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Series Editor IntroductionSeries Editor Introduction

The Nutrition and Health series of books have, as an overriding mission, to provide
health professionals with texts that are considered essential because each includes: 1) a
synthesis of the state of the science, 2) timely, in-depth reviews by the leading researchers
in their respective fields, 3) extensive, up-to-date fully annotated reference lists, 4) a
detailed index, 5) relevant tables and figures, 6) identification of paradigm shifts and the
consequences, 7) virtually no overlap of information between chapters, but targeted,
inter-chapter referrals, 8) suggestions of areas for future research and 9) balanced, data-
driven answers to patient/health professionals questions which are based upon the totality
of evidence rather than the findings of any single study.

The series volumes are not the outcome of a symposium. Rather, each editor has the
potential to examine a chosen area with a broad perspective, both in subject matter as well
as in the organization of their volume. The international perspective, especially with
regard to public health initiatives, is emphasized where appropriate. The editors, whose
trainings are both research and practice oriented, have the opportunity to develop a
primary objective for their book; define the scope and focus, and then may invite the
leading authorities from around the world to be part of their initiative. The editor/authors
are encouraged to provide an overview of the field, discuss their own research and relate
the research findings to potential human health consequences. Because each book is
developed de novo, the chapters are coordinated so that the resulting volume imparts
greater knowledge than the sum of the information contained in the individual chapters.

Of the 22 books currently published in the Series, only two have been given the title
of Handbook. These two volumes, 1). Handbook of Clinical Nutrition and Aging and 2.)
Handbook of Drug-Nutrient Interactions, are comprehensive, detailed and include ex-
tensive tables and figures, appendices and detailed indices that add greatly to their value
for readers. Moreover, Handbook contents cut across a wide array of health profession-
als’ needs as well as medical specialties. The Nutrition and Health Series now will include
its third Handbook volume.

“Handbook of Nutrition and Ophthalmology” written entirely by Dr. Richard Semba
is a very welcome addition to the Nutrition and Health Series and fully exemplifies the
Series’ goals. This volume is especially timely since the aging of the population is
predictive of a greater potential for age-related eye diseases that can result in blindness
and other adverse health outcomes. Dr. Semba, who is Professor of Ophthalmology at the
Wilmer Eye Institute at Johns Hopkins University, is a global leader in nutrition research
and has published extensively on the role of vitamin A deficiency in childhood blindness.
Dr. Semba is also the co-editor of the well-received volume, “Nutrition and Health in
Developing Countries” in this Series, that he co-edited with Dr. Martin Bloem. In this
new text, Dr. Semba has actually given readers three major complimentary volumes in
one. The first “volume” includes the expert detailed descriptions of the clinical conse-
quences of single nutrient deficiencies including excellent photo examples of the ocular
consequences of these deficiencies. There are separate chapters for vitamin A, B vita-
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mins, zinc, vitamin C and essential fatty acids. The second “volume” contains extensive
discussions of the nutrient in question, its discovery, a full discussion of the pathologies
associated with the deficiency as well as food sources of the nutrient and a global perspec-
tive of where each essential nutrient deficiency is still found in this 21st Century. The last
“volume” contains in-depth discussions of the major eye diseases including cataract,
macular degeneration, diabetic retinopathy, retinal vascular diseases, ocular conse-
quences of inborn errors of metabolism, and nutritional amblyopias. Two additional
chapters provide the bridges between the clinical conditions including obesity and the
finding of pro-inflammatory states that cut across many of the eye diseases discussed
within this comprehensive volume. The inclusion of molecular explanations for the role
of the nutrients in the eye helps us to understand the relevance of ocular pathophysiology
in the clinical setting to its pertinence for academic researchers. This text is the first to
synthesize the knowledge base concerning ophthalmology, immune function and nutri-
tion for the practicing health professional as well as those professionals who have an
interest in the latest, up-to-date information on eye function and its implications for
human health and disease.

This volume serves a dual purpose of providing in-depth focus on the biological
functions of certain essential nutrients as well as examining the current clinical findings
associated with the consequences of deficiency diseases and puts these into historic
perspective as well as pointing the way to future research opportunities. Dr. Semba, as
the editor, is an internationally recognized leader in the field of ophthalmologic research
as well as clinical outcomes. He is an excellent communicator and he has worked tire-
lessly to develop a book that is destined to be the benchmark in the field because of its
extensive, in-depth chapters covering the most important aspects of the complex inter-
actions between cellular functions, diet, eye function, and its impact on disease states. As
an example, Dr Semba has included explanations of how all of the cells of the immune
system, included subsets of T and B lymphocytes, macrophages and Natural killer cells
that  interact to affect the development of infectious acute and chronic diseases that cause
adverse effects on the eye including diarrheal disease, HIV infection, malaria, measles
and tuberculosis.

The introductory chapters provide readers with the basics so that the more clinically-
related descriptions can be easily understood. The editor has included 12 informative
chapters in the volume. Hallmarks of all of the chapters include complete definitions of
terms with the abbreviations fully defined for the reader and consistent use of terms
between chapters. Key features of this comprehensive volume include the informative
introduction at the beginning of each chapter, more than 170 detailed tables and informa-
tive figures, an extensive, detailed index and more than 3200 relevant historic and up-to-
date references that provide the reader with excellent sources of worthwhile information
about diet and eye health. As an example, there are over 1000 references in the first
chapter on vitamin A and nutritional blindness that include citations from Hippocrates,
papers published in the 1600s as well as papers just recently published on the web. Dr.
Semba has examined each of the original references, rather than relying on other authors’
past reviews, a heroic accomplishment.

In conclusion, “Handbook of Nutrition and Ophthalmology” written entirely by Dr.
Richard Semba provides health professionals in many areas of research and practice with
the most up-to-date, well referenced volume on the importance of nutrition in determin-



ing the health of the eye and eyesight and the effects of chronic nutrient deficiencies on
related chronic diseases/conditions that can adversely affect human health. This volume
will serve the reader as the benchmark in this complex area of interrelationships between
ophthalmology, eye diseases associated with nutrient deficiencies in childhood as well
as loss of eyesight associated with less than optimal intakes in adulthood and old age.
Moreover, students as well as practitioners can better understand the complexities of
these interactions because of the extensive discussions of the physiological functions of
the nutrients that are associated with eye health. Dr. Semba is applauded for his efforts
to develop the most authoritative resource in the field to date and this excellent text is a
very welcome addition to the Nutrition and Health Series.

Adrianne Bendich, Ph.D., FACN

Series Editor Introduction ix
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Even prior to the invention of the ophthalmoscope in 1851, nutritional deficiencies
such as xerophthalmia were known as important causes of vision loss. Many of the toxic
effects of nutritional deficiencies on the eye had been described in case reports and series
by the early part of the 20th century. However, it has only been more recently, beginning
in the 1970s, that the interrelationships between nutrition and chronic ocular diseases,
e.g., cataract, age-related macular degenerations (AMD) have been examined in large
population-based studies (e.g., the Beaver Dam Eye Study, the Blue Mountains Eye
Study) and randomized controlled clinical trials (e.g., the Age-Related Eye Disease
Study [AREDS]). This has, in part, been made possible by the development of standard-
ized protocols to assess these conditions by grading of fundus and lens photographs, as
well as the development of more robust nutritional epidemiologic instruments to describe
the intake of dietary nutrients and supplements.

These studies have provided new insights regarding nutritional exposures and the
prevalence of chronic eye diseases (e.g., associations of dietary saturated fats and leafy
green vegetables with AMD, the associations of dietary intake vitamin E, riboflavin and
folate with nuclear sclerotic cataract). Findings of associations between specific nutri-
ents, especially deficiencies and ocular disease are also important in understanding the
possible pathogeneses of these chronic ocular conditions.

Application of findings from these studies through dietary supplementation may have
an impact on the incidence and progression of AMD and cataract although clinical trials
data are necessary before any recommendation in favor of supplement use is made.
Confirmation of nutritional epidemiological findings from observational studies by ran-
domized controlled clinical trials is critical because of the potential problem of uncon-
trolled confounding. That is, the failure to measure and control for other exposures (e.g.,
healthy lifestyles, physical activity) that may explain, in part, the earlier finding in cohort
studies of reduced risk of cardiovascular disease in association with hormone replace-
ment therapy (HRT) and the contrary finding in the large randomized controlled clinical
trial, the Women’s Health Initiative, showing an increased risk of acute myocardial
infarction from such treatment. Confounding by indication, that is, taking a supplement
or drug for a specific condition where an effect is ascribed to the treatment although it may
be due to the underlying disease for which the treatment is given may also be another
problem limiting the interpretation of data from observational studies. For example, zinc
supplements were found to be associated with higher risk of incident late AMD in some
epidemiological studies. However, the REDS showed that when an anti-oxidant multi-
vitamin supplement was given there was a statistically significant 28% reduction in the
risk of progression to end stage AMD compared to those taking placebo.

The application of findings from studies on nutrition and chronic eye disease e.g.,
AMD and cataract have great importance as the population ages and the burden of such
conditions increase. At present, the strongest associations found in epidemiological stud-
ies of chronic eye diseases have been with non-modifiable factors (e.g., age, genetic
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factors, race with AMD). Only a few modifiable risk factors have been found (e.g.,
smoking with AMD). Finding specific associations of dietary factors with AMD, cataract
and other chronic eye diseases are important because diet is modifiable and such modi-
fications may have the potential of reducing the burden associated with these diseases.
With this in mind, the new book by Semba will be important to dieticians, ophthalmolo-
gists, optometrists, and the lay public interested in role of nutrition in eye disease. It
examines the historical and recent evidence concerning the role of dietary changes in
preventing both acute and chronic eye disease.

Dr. Semba’s text covers the broad field of nutrition and ophthalmology. The content
of the 12 chapters covers specific disease entities e.g., AMD and age-related cataract,
diabetic retinopathy, and inborn errors of metabolism) and specific nutrients (e.g., vita-
mins C, E, A, and B-complex, zinc, fatty acids) and their relation to ocular disease. It is
a unique text, in that all chapters were written by one author and cover a large area of
material ranging from an historical overview, epidemiology, pathology and treatment of
the condition. There are three identified themes within the text, the first emphasizing the
efficacy of long-term “healthy” diet, the second the importance of historical perspective
of diet and eye disease, and the third the importance of two putative pathogenetic mecha-
nisms, oxidative stress and inflammation. The text provides important and new authori-
tative information on the relation of nutrition to ocular disorders which will reward the
reader with a wealth of insightful information.

Ronald Klien, MD, MPH
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In the last three decades, substantial progress has been made in demonstrating the
importance of good nutrition to eye health. Nutrition plays a major role from early infant
development through childhood and on through older age as a determinant of visual
function and eye disease. I have emphasized three broad themes in the Handbook of
Nutrition and Ophthalmology. The first is that the adoption of a healthy diet as a major
life-long habit will likely have an impact on reducing a substantial proportion of visual
impairment and blindness. A major problem facing ophthalmology will be the large
increase in diabetic retinopathy that is expected to follow the worldwide epidemic of type
2 diabetes and obesity. The second theme is that a historical perspective is essential to
understanding current challenges in ophthalmology, medicine, and public health. Many
of the eye diseases caused by nutritional deficiencies were well described when mal-
nutrition was more highly prevalent in some parts of the world. In situations of conflict,
famine, and natural disasters, the same eye diseases are seen repeatedly—a poignant
example is the recent epidemic of nutritional amblyopia in Cuba. Vitamin A deficiency
was once a major cause of childhood blindness in developed countries and today still
remains the leading cause of blindness among children in developing countries. The third
theme in the Handbook of Nutrition and Ophthalmology is that many nutrients play a role
in oxidative stress and inflammation. This idea has emerged as a major underlying
hypothesis in the pathogenesis of eye diseases. Much more work is still needed to exam-
ine the possible intermediary steps between healthy diets and aging-related eye diseases,
and this area is likely to be a fruitful one for investigation in the future.

As may be apparent, some of the chapters in this book are longer than others, and in
many ways this reflects the level of knowledge in different areas. For example,
xerophthalmia is an ancient scourge and there is perhaps more known about vitamin A
and nutritional blindness than is known collectively about all the other nutritional
deficiencies and eye health. Nutritional amblyopia has a long and complex history, and
the relationship between the B complex vitamins and nutritional amblyopia is complex.
Less is known about the roles of vitamin C in eye health. The  role of carotenoids, zinc,
and other nutrients in age-related macular degeneration is a story that is still evolving.
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1

From: Nutrition and Health: Handbook of Nutrition and Ophthalmology
By: R. D. Semba © Humana Press Inc., Totowa, NJ

1 Nutritional Blindness
(Vitamin A Deficiency Disorders)

1. INTRODUCTION

Nutritional blindness is a term used to describe xerophthalmia (from the Greek xeros,
dry, and ophthalmia, inflamed eye) and keratomalacia, or corneal necrosis, caused by
vitamin A deficiency. According to estimates of the World Health Organization (WHO),
nutritional blindness remains the leading single cause of blindness among children world-
wide (1,2). Xerophthalmia and keratomalacia are only one aspect of a more complex
deficiency disease, known as the vitamin A deficiency disorders, that includes anemia,
growth retardation, immune suppression, inflammation, and increased morbidity and
mortality from infectious diseases. Nutritional blindness is best understood in the context
of the larger syndrome of the vitamin A deficiency disorders, as the factors that may pre-
cipitate nutritional blindness are intricately tied to the problems of infectious diseases,
hygiene, poor nutrition, and poverty. Young children and women of reproductive age are
at the highest risk of vitamin A deficiency, and programs are currently focused on reaching
these two high risk groups. The elimination of vitamin A deficiency in developing coun-
tries is one of the major challenges in public health and ophthalmology, as the blindness,
morbidity, and mortality from the vitamin A deficiency disorders are largely preventable.

2. HISTORICAL BACKGROUND

A historical perspective on vitamin A deficiency is emphasized because many of the
conditions that existed in developed countries in the 19th century and early 20th century
are similar to the conditions that are found in many developing countries today. Much
of what was learned about the eradication of vitamin A deficiency in the United States
and Europe in the first half of the 20th century has some relevance for research, programs,
and policy in developing countries. There was a remarkable growth in knowledge on the
vitamin A deficiency disorders that preceded the characterization of vitamin A and was
often based on empirical observation. The period of the 1920s and 1930s was especially
important in our current understanding of the relationship of vitamin A deficiency to
blindness and mortality, and findings from this era had a strong influence that resulted
in changes in medical practice, public health, and health policy in regard to vitamin A. Yet
much of these earlier accomplishments have gone largely unappreciated or excluded in
literature reviews by some investigators today. In the history of vitamin A, many obser-
vations have been made repeatedly, and even as early as 1882, Hilário de Gouvêa noted:
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“O que ha de muito curioso no historico da xerophthalmia por vicio de nutrição, é que
todos ou quasi todos os autores que a observaram e descreveram, presumiram fazel-
o pela primeira vez.”

“It is very curious in the history of xerophthalmia due to nutritional disorders that all
or nearly all authors who have observed and described it believed themselves to be the
first to do so” (3).

This view from the late 19th century should be well considered, as in the last three
decades, many so-called “new” findings in the field of vitamin A are rediscoveries or
refinements of previous observations that were made in the 19th and early 20th centuries
when vitamin A deficiency was a public health problem in Europe and the United States.
This recurring theme is emphasized throughout the chapter.

2.1. Early Perspectives on Xerophthalmia
Night blindness, a clinical manifestation of vitamin A deficiency, has been known

from antiquity. In the Hippocratic writings, Epidemics VI, night blindness was described
among children with whooping cough (4). In the first century AD, Celsus noted the
ingestion of animal liver (a rich source of vitamin A) as a treatment for night blindness
in De Medicina (5). During the European era of exploration and colonization, night blind-
ness was found to be indigenous among populations in Africa (6,7), the East Indies (8),
Brazil (9), and China (10). Night blindness appeared to be common among some groups
of poorly nourished soldiers, sailors, slaves, pregnant women, and children in the 18th
and 19th centuries (11–14). In 1816, the French physiologist François Magendie (1783–
1855) fed dogs an experimental diet of sugar and water alone and noted that they developed
corneal ulcers and died (15). A few years later in France, Félix-Séverin Ratier (1797–1866)
observed bilateral corneal ulcers in a poorly nourished 6-mo-old infant who developed
diarrhea and died (16). The British physician Joseph Brown (1784–1868) (17) and the
French physician Charles Billard (1800–1832) (18) observed corneal ulcers in poorly fed
infants. Later, in the 1840s, the British ophthalmologist William Bowman (1816–1892)
also described a case of keratomalacia in an infant whose mother stopped breast-feeding
when she was sent to the workhouse (19). It is notable that all four physicians drew com-
parisons with the corneal ulcers in Magendie’s dogs and raised the question whether this
was related to faulty nutrition. As noted by Brown: “Compare this case with Magendie’s
account of the dogs fed, or rather starved, on sugar” (17).

In 1863, Pierre Bitot (1822–1888), Professor of Anatomy at the School of Medicine
in Bordeaux, described “une tache nacrée ou argentée” (“a pearly or silvery patch”) on
the conjunctiva among children suffering from night blindness at the Hospice des Enfants
Assistés in Bordeaux (20). He observed 29 children, mostly orphans and abandoned
children between the ages of 6 and 19 yr, from 1859 through 1861. Bitot provided a detailed
description of the location of the patches and the clinical course of the lesions, and
described the reappearance of the lesions after the patches were scraped off the conjunc-
tiva. He examined the lesions microscopically and described the findings as “une altéra-
tion non encore décrite, une production squameuse spéciale de l’épithélium conjonctival”
(“a yet undescribed alteration, a specific squamous production of the conjunctival epi-
thelium”) (20). His classic description of the lesions is reproduced under Subheading
3.2.1. Bitot was born in Podensac, a small town southeast of Bordeaux. He finished his
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medical studies in Bordeaux and received his doctor of medicine in Paris in 1848. Bitot
became physician for the Bureaux de Charité in 1849 and professor of anatomy at the
School of Medicine in Bordeaux in 1854. In 1856 he became chief surgeon of the Bordeaux
homes, and during his tenure he made his important clinical observations of xeroph-
thalmia. The patches of keratinized, squamous metaplasia that occur on the bulbar con-
junctiva are considered pathognomonic for vitamin A deficiency and are now known as
Bitot spots.

Bitot’s report was followed three weeks later in the same journal by a report by a mili-
tary physician, Jean-Antoine Villemin (1827–1892), who had made similar observations
and noted that the epithelial changes affected the cornea in addition to the conjunctiva
(21). Abraham Netter (1818–1904), a physician in the military hospital in Strasbourg,
had also observed the conjunctival lesions in adults with night blindness. He proposed
that the conjunctival spot was an epiphenomenon, and that it was not the cause of night
blindness but was rather related to sunlight exposure (22). In 1866, Robert Blessig (1830–
1878), an ophthalmologist from St. Petersburg who had studied at the University of
Dorpat, described the entire spectrum of disease, from conjunctival xerosis, to Bitot spots,
corneal xerosis, keratomalacia, and formation of a corneal opacity (23). Blessig sometimes
observed conjunctival xerosis and Bitot spots among individuals who also had signs of
scurvy (23). Other detailed descriptions were made in Brazil by Manuel da Gama Lobo
(1832–1883), who termed the condition “ophthalmia brasiliana” (24). In his report, Gama
Lobo noted that four children with cornea ulceration, diarrhea, and malnutrition later
died, and “in our view, these children died of inanition as a consequence of nutritionally
limited fare which was given in insufficient quantity” (24).

Earlier descriptions exist of pathological changes of the conjunctiva among individu-
als with night blindness, but none of the descriptions are as complete as those provided
by Bitot. For example, in 1855, Mecklenburg, a physician for the Deutsch-Krone (now
present-day Walcz, Poland) district prison, described “constant dryness of the eyes” and
conjunctival changes among poorly nourished prisoners who had night blindness: “Die
Augen hatten etwas Gläsernes, Gläzendes, nie fand sich Röthung der Conjunctiva, sie
erschien im Gegentheil gläzend weiss, fast perlmutterartig” (“The eyes had something
glassy, shining about them, there was never a redness in the conjunctiva, on the contrary
it appeared a shiny white, almost like mother-of-pearl”) (25). “Gegen Abend—eine bestim-
mte Stunde konnte Niemand angeben—schwand bei Allen das Sehvermögen, bei den
meisten in so hohem Grade, dass sie sich führen und sich manchen Schabernack, wie sie
sagten, gefallen lassen mussten; ein Theil dieser letzteren konnte weder bei Mond-noch
Kerzenlicht sehen” (“Toward evening—no one could indicate a precise hour—vision
disappeared in all of the patients, for most to such a high degree that they had to be led
about and had to put up with many a practical joke, as they said; a portion of this last group
could see neither by moonlight or candlelight”) (25).

Anton Christian August von Huebbenet (1822–1873), Chief Physician of the Russian
Army in the Crimea, described his experiences with epidemics of night blindness among
laborers and soldiers in Russia to his colleagues of the Medical Society of the Hospitals
of Paris in 1860 (26). Von Huebbenet was born in Gute Ulpich, Livland (Baltic region)
and studied medicine at the University of Dorpat. He was professor at Vladimir Univer-
sity in Kiev and director of the surgical department of the Hospitalklinik, where he had
an interest in eye diseases. Von Huebbenet took part in the Crimean War in Sebastopol
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in 1854–1855 and became concerned with the health of soldiers. In Russia, Von Huebbenet
noticed “certain changements dans l’aspect du globe oculaire; sa surface présente un
certain degré de sécheresse, la conjonctive s’altère et devient le siege d’une desquama-
tion épithéliale. Ce sont de petites écailles qui se dessèchent et dont les cellules sont
atteintes de dégénérescence graisseuse, d’atrophie” (“some changes in the appearance of
the eyeball, its surface presents a certain degree of dryness, the conjunctiva changes and
is the site of epithelial destruction. These are little scales that become dessicated; their
cells have experienced fatty degeneration and atrophy”) (26). Von Huebbenet observed
that night blindness and eye changes usually appeared during the Lenten fasts and dis-
appeared after the fast was broken (26).

In Portugal, a year before Bitot published his report of conjunctival lesions associated
with night blindness, the military ophthalmologist João Clemente Mendes (b. 1819)
clearly described the association between xerophthalmia and night blindness (27). He
detailed an outbreak of night blindness that affected 16 boys and 6 girls in an orphanage
that housed 93 boys and 109 girls aged 7 to 15 yr. Mendes reported: “Uma doença, a
xerophthalmia, que não vimos mencionada por ninguem como acompanhando a cegueira
crepuscular, foi observada entre nós no asylo dos orphãos da febre amarella em novembro
de 1860” (“An illness, xerophthalmia, that we have not heard mentioned before as accom-
panying night blindness, was observed by us in an asylum among orphans with yellow
fever in November of 1860”). “Em todos os casos se manifestou a alteração da conjunc-
tiva em maior ou menor grau, sendo para notar que algumas creanças tiveram a xeroph-
thalmia sem hemeralopia” (“In all cases there was an alteration of the conjunctiva of greater
or lesser degree, being notable that some children had xerophthalmia without night blind-
ness”) (27).

2.2. Characterization of Vitamin A
The existence of vitamin A was shown through a long process that spanned a period

of over 130 yr. More than 60 yr after Magendie’s experiments with dogs, Nicolai Lunin
(1853–1937) and Carl Socin at the University of Dorpat showed that mice could not sur-
vive on purified protein, fat, carbohydrate, and mineral salts alone, but were able to survive
if supplemented with milk or egg yolk (28,29). Cornelis Pekelharing (1848–1922) and
Frederick Hopkins (1861–1947) both conducted studies that also suggested there was
something essential in milk that supported life (30,31). Wilhelm Stepp (1882–1964)
extracted lipids from milk with alcohol-ether that contained the active substance (32,33),
and Elmer McCollum (1879–1967) and Marguerite Davis, working at the University of
Wisconsin, used ether to extract these lipids from cod-liver oil (34). At Yale University,
Thomas Osborne (1859–1929) and Lafayette Mendel (1872–1935) made the seminal
observation that infectious diseases in vitamin A-deficient animals were quickly allevi-
ated by introduction of butter fat or cod-liver oil in the diet (35,36). In 1916, this growth-
promoting and anti-infectious substance was termed “fat-soluble A” (37). The search for
vitamin A in other foods revealed that certain plant foods, such as spinach and cabbage
(38), carrots (39), and alfalfa and clover (40) had the same properties as “fat-soluble A”
in experimental animal studies. In 1929, Thomas Moore (1900–1999) demonstrated that
β-carotene could be converted to vitamin A (41). The structure of vitamin A was deduced
in 1931 by Paul Karrer (1889–1971) (42,43), and vitamin A was crystallized in 1937 (44).
The synthesis of pure vitamin A was not achieved until 1947 (45,46). The role of vitamin
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A as a precursor for the visual pigment, rhodopsin, was elucidated by George Wald (1906–
1997). The investigations by Wald helped to complete a long line of investigation that
began with early observations relating night blindness with lack of vitamin A (47).

2.3. Vitamin A Deficiency and Increased Mortality in Children:
Lessons From Denmark

From 1909 to 1920, the Danish ophthalmologist Olaf Blegvad (1888–1961) docu-
mented cases of xerophthalmia, or clinical vitamin A deficiency, among children in
Denmark (48). From 1911 to 1917, there was a strong, gradual increase in the number
of cases of keratomalacia, the most severe eye lesion of vitamin A deficiency, followed
by a decline in 1918 and 1919 and then an increase in 1920. During the same period in
neighboring Sweden, there was no epidemic of xerophthalmia. Blegvad showed that the
export of butter and cheese from Denmark and increased consumption of margarine
within the country were linked with the increase in vitamin A deficiency. The manufac-
ture of margarine ceased in 1917 after a German submarine blockade halted importation
of raw materials, and butter, which was produced in Denmark at an expensive price, was
then rationed at a more affordable cost for the poor after December 21, 1917. On May
1, 1919, butter rationing ceased (Fig. 1) (48). The mortality rate observed among 434
children with xerophthalmia was about 21%, with the highest mortality noted among
younger infants. The high mortality of children was attributed to infections and the lack
of vitamin A, and it resembled the infections and mortality found in animals experimen-
tally raised on a vitamin A-deficient diet (48). Blegvad concluded that efficacious treat-
ment with whole milk or cod-liver oil containing vitamin A reduced the mortality of
children with xerophthalmia (49).

Carl Bloch (1872–1952), a pediatrician in Copenhagen, also dealt with the epidemic
of xerophthalmia and provided important descriptions of the epidemiology and treat-
ment of vitamin A deficiency (50). Bloch observed that the number of cases of children
admitted with xerophthalmia at the State Hospital in Copenhagen rose from 1912 to 1917
and then dropped dramatically in 1918 (Fig. 2) (51). The abrupt decline in cases of xeroph-
thalmia in 1918 coincides with butter rationing for the poor in 1918 (Fig. 1). Bloch noted
that xerophthalmia was associated with lack of milk and green vegetables in the diet and
that children with xerophthalmia had retarded growth. He concluded that vitamin A
deficiency was characterized by a decline in immunity, increased severity of infections,
and a higher risk of death. Child mortality was reduced by providing foods contain-
ing vitamin A. Bloch advocated the provision of milk, cream, butter, and cod-liver oil to
treat eye disease, promote growth and development, and to reduce infectious diseases
of children (50,52). Bloch noted that “the death rate among children is considerable after
recovery from xerophthalmia; hardly two thirds of these children reach the age of 8
years” (52).

The concerns about vitamin A deficiency clearly extended beyond children who had
xerophthalmia, or clinical vitamin A deficiency. The concept of subclinical vitamin A
deficiency was widely discussed in major medical journals in the 1920s. Based on the
observations in Denmark and animal studies, Erik Widmark (1889–1945), Professor of
Medical and Physiological Chemistry at the University of Lund, concluded in The Lancet
“...there must be in a population in which xerophthalmia occurs a much larger number
of cases in which the deficiency in vitamin A, without producing the eye disease, is the
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cause of a diminished resistance to infections, of general debility, and of malnutrition”
(54). A state of subclinical vitamin A deficiency was acknowledged as “the borderline
between health and disease” where a child would appear healthy, but in the face of an infec-
tion would do less well because of an underlying vitamin deficiency (55). The emphasis
shifted from targeting children with xerophthalmia to ensuring adequate vitamin A status
of children in populations.

2.4. Ellison’s Landmark Trial and Other Therapeutic Trials
of Vitamin A, the “Anti-Infective” Vitamin, 1920–1940

Vitamin A became known as the “anti-infective” vitamin, and from 1920 through 1940,
this vitamin underwent considerable evaluation in at least 30 therapeutic trials, from den-
tal caries to pneumonia to measles. These studies were conducted during a period when
there was an increased awareness of the problem of infant and child mortality in Europe

Fig. 1. Relative amount of butter used each year (oblique lines), substitutes made from animal fats
(white spaces), and vegetable fat substitutes (black spaces). From December 1917 to May 1919
butter was rationed so that even the poor could afford it. (Reprinted from ref. 48, with permission
from Elsevier.)



Chapter 1 / Nutritional Blindness 7

and the United States (56). It should be emphasized that these trials were not conducted in
populations with clinical vitamin A deficiency, i.e., xerophthalmia, was widespread; it was
thought that vitamin A would reduce morbidity and mortality from infections in children
and adults with subclinical vitamin A deficiency. Among the important discoveries dur-
ing these trials was that vitamin A supplementation reduced mortality from measles in
children (57,58) and reduced the morbidity of puerperal sepsis in women (59,60).

In 1932, Joseph Ellison (b. 1898), a physician in London, discovered that providing
vitamin A to children with measles could reduce their mortality by 58% (57). During the
1931–1932 measles epidemic in London, Ellison assigned 600 children with measles at
the Grove Fever Hospital (Fig. 3) to one of two groups of 300 children each. One group
received vitamin A and the other group did not receive vitamin A. Overall mortality rates
in the vitamin A and control groups were 3.7% and 8.7%, respectively, representing a
58% reduction in mortality with vitamin A treatment. Ellison’s study, published in the
British Medical Journal in 1932, was the first trial to show that vitamin A supplemen-
tation reduces mortality in young children with vitamin A deficiency. With the introduc-
tion of antibiotics in the mid-1930s, greater attention was paid to sulfa antibiotics and
later penicillin, and there was an accompanying decline in the number of vitamin A trials.

Fig. 2. Frequency distribution of 72 children admitted to the Rigshospital, Copenhagen for xerophthal-
mia from 1912 to 1919. (Reprinted from ref. 48.)
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Vitamin A became a mainstream preventive measure: cod-liver oil was part of the
morning routine for millions of children—a practice promoted by physicians and popu-
larized by the pharmaceutical industry (56). The production and importation of cod-liver
oil in the United States totaled 4,909,622 lbs in 1929 (61). In the early 1930s in England,
the annual consumption of cod-liver oil was 500,000 gallons per year (62). Much of the
world’s supply of cod-liver oil, and hence, vitamins A and D, came from the commercial
fisheries of New England, Norway, and Newfoundland. As noted in the British Medical
Journal, “cod-liver oil was in use in almost every working-class household, and local
authorities spent considerable sums in purchasing bulk supplies for hospitals and sani-
toriums” (63). In England, a proposal to tax cod-liver oil in the Ottawa Agreements Bill
in the House of Commons in 1932 raised protests, as there was concern that child mor-
tality would increase if the price of cod-liver oil increased and it became less accessible
to poor people. As reported in both The Lancet and the British Medical Journal, one legis-
lator who supported an amendment to exempt cod-liver oil from the proposed taxation
noted that many a child in the north of England “owed its life to being able to obtain cod-
liver oil” (62,64). Two British physicians also supported the amendment in letters pub-
lished in The Lancet (62). One expert from the Lister Institute of Preventive Medicine
noted: “It is evident that any steps which may raise the price and lower the consumption
of cod-liver oil, especially in the winter, would have deleterious effect on the health of
the population, involving particularly the well-being of the children of the poorer classes”

Fig. 3. Grove Fever Hospital in Tooting, London, site of Ellison’s landmark trial in 1932 that showed
that vitamin A treatment reduced mortality in young children with measles. (Photo courtesy of the
St. George’s Medical School Library.)
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(62). The concerns of physicians and legislators alike that children receive sufficient
vitamin A to protect against the well-known morbidity and mortality of vitamin A defi-
ciency were clearly expressed.

2.5. Public Health Measures to Improve Vitamin A Status
in the United States and Europe

By the 1940s, it was widely recognized and accepted that adequate vitamin A nutriture
was necessary for resistance to infectious diseases (65). Increased morbidity from infec-
tions was clearly ascribed to a deficiency of a single nutrient—vitamin A. As summa-
rized in 1941, “It has been thoroughly established, during the last decade, that a deficiency
of vitamin A in the diet, not only leads to interference with normal growth and well being,
but lowers the natural resistance of the individuals to infection” (66). The widespread
acceptance of this thesis is shown by the practices of the medical profession and public
health organization that focused on the eradication of vitamin A deficiency. Major health
organizations, including the League of Nations Health Committee, the Women’s Foun-
dation for Health, the Council of British Societies for Relief Abroad, and the Medical
Research Council of Great Britain, emphasized the importance of ensuring adequate
vitamin A intake in populations in order to increase resistance to infectious diseases (67–
70). These concerns were also echoed in nutrition textbooks and research monographs
at the time by such influential nutritionists, physicians, and public health leaders such as
Robert McCarrison (71), Jack Drummond (72), and Edward Mellanby (73) in England,
Georges Mouriquand (74) in France, Giambattista Bietti (75) in Italy, Robert Ammon
(76) in Germany, and Henry Sherman (77), Mary Swartz Rose (78), and Wilson Smillie
(79) in the United States. Public health measures that were taken to improve vitamin A
status of children were institution of school milk programs, fortification of milk and
margarine with vitamin A, and the promotion of home gardening (80,81).

In the United States, the Council on Foods and Nutrition of the American Medical
Association recommended in 1939 that margarine be fortified with vitamin A (82). In the
early 1950s, skimmed milk, which lacked vitamin A, was fortified with 2000 IU of vita-
min A per quart, and in 1961, the Food and Nutrition Board of the US National Nutrition
Council and the Council on Foods and Nutrition of the American Medical Association
reaffirmed their endorsement that margarine, fluid skim milk, and dry nonfat milk should
be fortified with vitamin A (84). Federal assistance for providing milk for school children
began in 1940 in Chicago and New York. The Special Milk Program was authorized in
1954 and was implemented in order to encourage fluid milk consumption by serving milk
at the lowest possible price or at no cost for eligible students. The Special Milk Program
became part of the Child Nutrition Act of 1966. Milk consumption in the schools in-
creased more than 10-fold in the period between 1946–1947 and 1969–1970, from 228
million half pints of milk served to 2.7 billion half pints served under the Special Milk
Program of the Child Nutrition Act (84).

2.6. Vitamin A Deficiency, Infection, and Mortality in Developing Countries—
A Recurring Theme

With improvements in nutrition, hygiene, and living standards, vitamin A deficiency
gradually disappeared from Europe and the United States. The Joint Food and Agricul-
tural Organization (FAO)/WHO) Expert Committee on Nutrition focused on vitamin A
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deficiency as a public health problem in developing countries in the 1950s. The FAO/
WHO Expert Committee on Nutrition recognized that dried skimmed milk production
had increased greatly after World War II, and that it was a “surplus” food being considered
for distribution in developing countries in the form of food aid. The expert committee
recommended that dried skimmed milk be fortified with vitamin A (85).

In 1948, Vulimiri Ramalingaswami (1921–2001) drew attention to the important asso-
ciation between diarrheal disease and vitamin A deficiency among young children seen
at the Nutrition Clinic of the Nutrition Research Laboratories in Coonor, India (86). He
noted that diarrheal disease and altered gastrointestinal pathology were consistent fea-
tures of vitamin A deficiency, both in humans and in experimental animal models, and
that the diarrheal disease resolved with administration of vitamin A (48,50,87–91). In a
small therapeutic trial involving children with xerophthalmia and diarrheal disease,
Ramalingswami divided children into three groups: (1) children with keratomalacia and
Bitot spots who received daily high doses of vitamin A, (2) children with Bitot spots who
were treated with standard bowel-binding substances such as kaolin and bismuth carbon-
ate, and (3) children with Bitot spots and diarrhea who were treated with sulfa antibiotics.
In the first group, keratomalacia and Bitot spots improved and diarrhea resolved with
vitamin A treatment. In the latter two groups, diarrhea continued until the children were
switched to treatment with vitamin A, after which the diarrhea resolved (86). Ramalinga-
swami concluded: “From these observations and from a consideration of the literature,
it is concluded that a deficiency in vitamin A, diarrhea occurs which responds specifi-
cally to vitamin A” (86).

In 1958, the National Institutes of Health organized a conference on beriberi, iodine
deficiency, and vitamin A deficiency (92). At the conference, H.A.P.C. Oomen (1902–
1986), who had spent many years working in the field, reported that children with xeroph-
thalmia in Indonesia often had intestinal and respiratory disease, and made an impassioned
plea:

“Xerophthalmia has been the most bitter pill for me to swallow during 18 years of
doctor’s work in Indonesia. The over and over repeated experience of discovering a child,
recently blinded, in the arms of the mother; having to tell her that I now could nothing
more to save its eyesight; remembering that I could have done so with a few spoonsful
of cod-liver oil some days ago; these things still enter my nightmares. They belong to
the most vivid examples of what disprivileged people in underdeveloped regions some-
times miss... More printing space nowadays is devoted to a few cases of hypervitami-
nosis A, induced by an irresponsible vitamin racket, than to the thousands of small
children who die or get blind every year due to the lack of a handful of vitamin A units.
What on earth is nutritional science good for, if, even in the atom age, it is not capable
to counteract one of the foulest consequences of bad nutrition?”

In 1962 a world-wide assessment of xerophthalmia was organized by WHO and showed
that vitamin A deficiency was a major health problem in many parts of the world, espe-
cially in south Asia, southeast Asia, sub-Saharan Africa, and Central America (93). The
investigators concluded: “There appears to be a universal relation between infectious
disease and xerophthalmia.” “Not only may deficiency of vitamin A itself play an important
role in lowering the resistance to infection...but infectious diseases themselves predis-
pose to and actually precipitate xerophthalmia” (93). The “survey,” a collection of existing
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data, showed that some 43 countries had significant vitamin A deficiency among pre-
school children, and this study formed the original basis for WHO’s current database for
vitamin A deficiency, which is periodically updated as new data become available (94).

Further attention was given to vitamin A deficiency at an international conference held
in 1963 in Bellagio, Lake Como, Italy on “How to Reach the Pre-School Child.” It was
noted that the mortality rates for preschool children in developing countries was some-
times forty times greater than in affluent countries. The participants concluded that there
was a real need for emergency action, for a “crash program” to make the world aware of
the serious extent of the problem of child mortality and address nutritional needs of chil-
dren (95). The following year, an international conference on “Prevention of Malnutri-
tion in the Pre-School Child” was held by the National Academy of Sciences in Washington,
D.C. Among the conclusions of the conference were that “the mortality rate among mal-
nourished children with xerophthalmia is very high” and “present evidence enforces the
ominous conclusion that the incidence of xerophthalmia is increasing” (96). Included in
the discussion were pilot schemes for giving large doses of vitamin A to children at risk
in countries where xerophthalmia is common (97). Paul György (1893–1976) reported
the results of an intervention trial in Indonesia in which a teaspoon of red palm oil was
given daily to preschool children in pilot villages, regardless of whether they had xeroph-
thalmia or not. After 2 mo, the prevalence of xerophthalmia dropped from 6.5% to 0.6%
(95,98). György was enthusiastic about the results but cautioned: “As stated in the recom-
mendation of the Como Conference, any ‘crash action program’ for the pre-school child
should dovetail with long-term projects already in progress, such as maternal and child
health centers, agricultural extension, community development and nutrition education.”

In 1965, the Western Hemisphere Nutrition Congress was organized by the Ameri-
can Medical Association, and W. Henry Sebrell (1901–1992), the former director of the
National Institutes of Health, noted “vitamin A deficiency... is becoming increasingly
recognized as a serious condition which is widespread in some parts of this hemisphere.
Vitamin A deficiency accounts for widespread blindness or impaired vision and to a large
extent contributes to high mortality” (99). The Interdepartmental Committee on Nutri-
tion for National Defense of the US National Institutes of Health conducted surveys in
which data on vitamin A deficiency were collected. Vitamin A deficiency was consid-
ered a major health problem in many countries, including Jordan (100), Ethiopia (101),
Vietnam (102), Thailand (103), Lebanon (104), and East Pakistan (105). These surveys
defined vitamin A deficiency as a public health problem if more than 5% of the population
had plasma or serum vitamin A concentration <0.35 μmol/L or more than 15% had con-
centrations <0.70 μmol/L (106). A high prevalence of Bitot spots was described among
children in Lebanon (104), East Pakistan (now Bangladesh) (105), and Ethiopia (101).
In 1966, photographs of the stages of vitamin A deficiency, including conjunctival xero-
sis, Bitot spots, corneal xerosis, corneal ulceration, keratomalacia, corneal staphyloma,
and scarring were published in the Bulletin of the World Health Organization (107).

From 1959 to 1965, the Interdepartmental Committee on Nutrition for National Defense
conducted dietary surveys in eight South American countries and the West Indies. The
Office of International Research (formerly the Interdepartmental Committee on Nutrition
for National Defense), in collaboration with the Institute of Nutrition of Central America
and Panama, made similar studies in the six Central American countries from 1965 to
1967. A technical group meeting was held at the Pan American Health Organization in
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1968 in which it was stated: “From experiments in animals... it can be assumed that
prolonged low intake of vitamin A and its precursors may have serious effects on growth
and development and on resistance to infectious diseases.” “The regular occurrence of
xerophthalmia cases in an area is indicative of a very serious preschool public health
nutrition problem. The high case fatality rate of at least 25 per cent contributes to under-
estimation of its magnitude. The severity of the eye lesions and the fatality are inversely
related to age, and are greater in males than females” (108). At this meeting in 1968, the
technical group at the Pan American Health Organization made comprehensive recom-
mendations for the control of vitamin A deficiency, including the administration of oral
high-dose vitamin A one to four times per year to infants and preschool children where
vitamin A deficiency is a public health problem, oral high-dose vitamin A to lactating
women immediately after delivery, fortification of foods such as dried skim milk with
vitamin A, and promotion of nutrition education, increased agricultural production of
vitamin A-rich food sources, and greater professional training in regard to vitamin A
deficiency (108).

With the growing interest in the relationship between nutrition and infection, in 1965,
an expert committee at WHO recommended a systematic review of the literature, and this
resulted in an influential work, Interactions of Nutrition and Infection, published in 1968
(109). Nevin Scrimshaw, Carl Taylor, and John Gordon reviewed the large body of clin-
ical and experimental evidence that had accumulated and concluded: “One of the first
recognized features of avitaminosis A, increased susceptibility to infection, has had
strong confirmation” (109). As shown in this section, the scientific conferences, expert
committee meetings, and reviews conducted during the 1950s and 1960s indicate that
most scientists had little doubt that vitamin A deficiency played an important role in
blindness, increased morbidity from infectious diseases, and death.

Indonesia appeared to be one of the countries with the highest prevalence of vitamin
A deficiency in the world (107). Early work by Dutch and Indonesian investigators such
as C. D. Ouwehand, Johannes Tijssen (1881–1948), Sie Boen Lian, and others showed
that xerophthalmia and keratomalacia were common in the Netherland East Indies (110–
113). In the 1950s, H.A.P.C. Oomen provided detailed descriptions of xerophthalmia in
Indonesia (114), and during the late 1960s, Johanna ten Doesschate (1912–1989) con-
ducted epidemiological investigations in Indonesia that identified risk factors for xeroph-
thalmia, including inadequate dietary intake of vitamin A and carotenoids, Ascaris infection,
diarrheal disease, tuberculosis, measles, artificial feeding, prematurity, and lower socioeco-
nomic status (115). The main cause of blindness among infants and young children in
Indonesia was vitamin A deficiency, and follow-up of small children who had become blind
showed that about 30% had subsequently died (115).

2.7. Initiation of National Programs
of Vitamin A Supplementation in the Early 1970s

Community-based high-dose vitamin A supplementation was advocated by several
scientists (116–118). A 4-yr field study conducted in India in the late 1960s showed that
an annual dose of 300,000 IU of vitamin A to children aged 1 to 5 yr reduced the prev-
alence of Bitot spots and keratomalacia (119). In 1971, a national program to distribute
high-dose vitamin A capsules, 200,000 IU every 6 mo, to all children between the ages
of 1 and 5 yr was initiated in India (120,121). The distribution of vitamin A was carried
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out by the personnel of the primary health centers, maternal and child health centers, and
family-planning centers (121). From 1973 to 1975, the government of Indonesia con-
ducted a pilot program of high-dose vitamin A capsules every 6 mo to every preschool
child in 20 selected subdistricts in the island of Java (122). In 1972, the Ten-Year Health
Plan approved by the Third Special Meeting of Ministers of Health of the countries of
the Americas adopted the formal goal to reduce the prevalence of vitamin A deficiency
by about one-third and to promote legislation to enforce the fortification of foods with
vitamin A (123). Vitamin A fortification of sugar was implemented in Guatemala in 1974
with the underlying rationale of improving growth and increasing resistance to infectious
diseases in children (124). In the late 1970s, the Indonesian government also began to
consider vitamin A fortification of wheat flour, sugar, or monosodium glutamate (MSG)
(125). After further deliberation, of the three, only MSG was considered a suitable car-
rier. Indonesian government officials were concerned that fortification of MSG would
appear to be government endorsement of a commercial product. An analysis by Carl Fritz
at Helen Keller International in 1982 showed that fortification of MSG with vitamin A,
even if only 10% effective, would be cost-effective in reducing mortality of an estimated
20,000 Indonesian children each year (125).

The “Xerophthalmia Club” and Xerophthalmia Club Bulletin were founded in Jerusa-
lem in 1971 at the Conference on the Prevention of Blindness, and H.A.P.C. Oomen was
elected its first president. The bulletin was produced three times a year and was meant
to provide an interdisciplinary tool to inform and coordinate efforts to eradicate vitamin
A deficiency. In 1974, an expert group met in Jakarta, Indonesia under the auspices of
WHO and the US Agency for International Development. A standardized classification
of xerophthalmia, criteria for defining vitamin A deficiency as a public health problem,
and dosage schedules for vitamin A were adapted (126).

The International Vitamin A Consultative Group (IVACG) was established in 1975 with
support from the US Agency for International Development (127).

2.8. Further Investigations of the Relationship
Between Vitamin A Deficiency and Child Mortality

In longitudinal studies conducted in Indonesia in the late 1970s, Alfred Sommer (b.
1942) and colleagues noted that children with Bitot spots and night blindness had a higher
risk of mortality (128), and this observation led to further vitamin A clinical trials in the
1980s and 1990s (129,130). The larger trials were conducted in developing countries
such as Indonesia, India, Nepal, Sudan, Ghana, Bangladesh, and Brazil, and these studies
showed that vitamin A supplementation or fortification could reduce child mortality
from diarrheal disease but not lower respiratory disease (130–132). There have been at
least 70 clinical trials conducted in the last 15 yr that have evaluated the potential effect
of improving vitamin A status on morbidity and mortality from infectious diseases such
as measles, diarrheal disease, acute lower respiratory infection, respiratory syncytial virus
infection, malaria, tuberculosis, HIV infection, maternal mortality, infant mortality, and
infections in older adults. The contemporary trials revisit many of the same issues that
were addressed in vitamin A trials conducted in the 1920s and 1930s (56). The types of
interventions with vitamin A include community-based high-dose supplementation, dis-
ease-targeted high-dose supplementation, low-dose daily supplementation, weekly sup-
plementation, and fortification of MSG (130,132).
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WHO currently recommends high-dose vitamin A supplementation for children with
xerophthalmia, acute measles, and diarrheal disease in developing countries where vita-
min A deficiency is a public health problem (133). Some developing countries have
adopted programs of intermittent, high-dose vitamin A capsule distribution for infants
and children, a measure that may reduce diarrheal morbidity and mortality and is largely
considered a temporary solution until other remedies can be found (132). The contem-
porary distribution of vitamin A capsules to children in the community in developing
countries resembles the widespread home use of cod-liver oil by the teaspoon or capsule
for children in the early half of the 20th century in Europe and the United States. Cur-
rently, a return to cod-liver oil is no longer a viable option: the cod fisheries have nearly
been depleted in the North Atlantic, and synthetic vitamin A is a relatively inexpensive
source for supplements or fortification. Milestones in the history of vitamin A are high-
lighted in Table 1.

3. BIOCHEMISTRY AND METABOLISM OF VITAMIN A

3.1. Structure and Characteristics of Vitamin A
Vitamin A is a generic term that is used to describe compounds that have the biological

activity of retinol, such as all-trans retinol, retinyl palmitate, retinyl oleate, and retinyl
stearate, and provitamin A carotenoids such as α-carotene, β-carotene, and β-cryptoxan-
thin (Fig. 4). The term “retinoid” refers to both naturally occurring forms of vitamin A
and synthetic analogs of retinol, with or without biological activity. All-trans retinol has
a molecular weight of 286 and consists of a substituted cyclohexenyl (β-ionone) ring, a
tetraene side chain, and a primary hydroxyl group at position C-15. The hydroxyl group
can be esterified with long-chain fatty acids to form compounds such as retinyl palmitate
and retinyl stearate, which are common forms of vitamin A in animal tissues and prod-
ucts. Active metabolites of retinol include all-trans retinoic acid and 9-cis retinoic acid,
probably found in all nucleated cells, and 11-cis retinal is found in the retina, where it
plays a role in the visual cycle.

3.2. Dietary Sources and Metabolism of Vitamin A

3.2.1. FOOD SOURCES OF VITAMIN A
Vitamin A is available in dietary sources as either preformed vitamin A or as provi-

tamin A carotenoids. Rich dietary sources of preformed vitamin A include egg yolk,
liver, butter, cheese, whole milk, and cod-liver oil. In animal foods, vitamin A is mostly
in the form of retinyl esters, such as retinyl palmitate. In many developing countries, the
consumption of foods containing preformed vitamin A is limited, and provitamin A caro-
tenoids often comprise the major dietary source of vitamin A (134). The major provita-
min A carotenoids consist of α-carotene and β-carotene, found in such foods as dark green
leafy vegetables, carrots, sweet potatoes, mangoes, and papayas, and β-cryptoxanthin,
found in foods such as oranges, tangerines, and kiwi fruit. Recent studies show that the
bioavailability of provitamin A carotenoids is probably lower than previously believed
(135,136). Many factors can affect the absorption and utilization of carotenoids, includ-
ing the digestibility of the food matrix, food particle size, fat level, presence of vitamin
E, amount of carotenoids in the meal, and the presence of deficiencies of iron, zinc, and
vitamin A (137).
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Table 1
Highlights in the History of Vitamin A

Antiquity Night blindness described in Hippocratic writings, Epidemics VI (4), and
ingestion of liver described as treatment by Celsus in De Medicina (5)

17–18th century Night blindness encountered in indigenous populations worldwide (6,8–10)
1816 Magendie shows that dogs fed sugar and water developed corneal ulcers

and died (15)
1824–1849 Corneal ulcers described in poorly fed infants (16–19)
1855–1863 Conjunctival alterations described by Mecklenburg (25), von Huebbenet 26),

Mendes (27), and Bitot (20)
1881 Lunin shows substance in milk is necessary for survival in mice (28)
1911 Stepp extracts lipids from milk with alcohol ether that support life (32,33)
1912 Hopkins shows “accessory factors” in milk are essential for life (31)
1913 McCollum and Davis extract lipids from cod-liver oil with ether that

support life (34); Osborne and Mendel show butter-fat contains something
essential for life (35)

1911–1920 Bloch and Blegvad describe epidemic of xerophthalmia with high mortality
among Danish children during period when butter unavailable to the
poor (48–52)

1920–1940 More than 30 trials conducted of vitamin A as prophylaxis or treatment to
reduce morbidity and mortality of measles, puerperal sepsis, and other
conditions (56)

1931 Karrer describes structure of vitamin A (42,43)
1932 Ellison discovers that vitamin A supplementation reduces mortality in

children with measles (57)
1930–1950 High consumption of cod-liver oil in households in Europe and the United

States
1932 Outcry in British House of Commons over bill to tax cod-liver oil over fear

it would make cod-liver oil too expensive for the poor and increase
morbidity and mortality among British children (62–64)

1937 Vitamin A crystallized (44)
1939 Fortification of margarine with vitamin A recommended in the United

States (82)
1947 Synthesis of vitamin A (45,46)
1948 Ramalingaswami shows vitamin A therapy reduces severity of diarrhea (86)
1951 Role of vitamin A in visual cycle shown by Wald (47)
1960s Interdepartmental Committee on Nutrition for National Defense surveys

show vitamin A deficiency highly prevalent in some developing countries
1963 International conference in Bellagio, Italy on “How to Reach the Pre-School

Child” concludes that mortality among children with xerophthalmia is
high (96)

1965 Western Hemisphere Nutrition Congress concludes vitamin A deficiency
accounts for substantial blindness and mortality among children (99)

1966 Special Milk Program authorized
1968 Relationship between vitamin A deficiency and infection recognized by

Scrimshaw, Taylor, and Gordon (109)
1970s India and Indonesia commence national programs to distribute high-dose

vitamin A capsules to preschool children (120–122)
1974 International Vitamin A Consultative Group organized
1983 Sommer reports Bitot spots and night blindness are associated with increased

mortality (128)
1980–1990s Clinical trials show that vitamin A supplementation reduces morbidity and

mortality of preschool children from diarrheal disease (130)
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3.2.2. DIGESTION AND ABSORPTION OF VITAMIN A IN FOODS

In the stomach, foods containing vitamin A and carotenoids undergo proteolysis and
are released from protein. The presence of fat in the small intestine stimulates the secre-
tion of cholecystokinin, which stimulates the secretion of bile from the gall bladder and
the secretion of pancreatic enzymes. Retinyl esters and carotenoids are insoluble in water
and within the small intestine are solubilized within bile acid micelles. The presence of
fat in the small intestine improves the absorption of retinol and carotenoids by increasing
the size and stability of the micelles. In the gut lumen, dietary retinyl esters are hydro-
lyzed to retinol (138) and then undergo reesterification during absorption (139). The
pancreatic enzyme, pancreatic triglyceride lipase, plays an important role in hydrolysis
of retinyl esters (140). The brush border membrane in the gut also has hydrolytic activity
(141,142) that has been attributed to intestinal phospholipase B (143). Carboxylester
lipase was usually considered to be involved in hydrolysis of retinyl esters, but recent
work in the carboxylester lipase knockout mouse shows that dietary retinyl ester diges-
tion is not affected by absence of this pancreatic enzyme (144).

Retinol is absorbed in the intestine by both a saturable, carrier-mediated process and
a nonsaturable, simple passive diffusion process (145–147). It has been hypothesized that
a retinol transporter, not yet characterized, exists on the luminal side of the enterocyte (148).
In the cytoplasm of the enterocyte, free retinol appears to be sequestered by cellular
retinol-binding protein (CRBP) II, a 16-kDa polypeptide with a single retinoid binding
site (149). CRBP II will bind all-trans-retinol, 13-cis-retinol, and all-trans-retinal, but
not other cis isomers of retinol (150). CRBP II is found in high concentrations in the small
intestine (151,152), and upregulation of CRBP II mRNA occurs during pregnancy and
lactation (153) and during retinoid deficiency in the rat model (154). CRBP I is also
present in enterocytes, but at a much lower concentration than CRBP II (155).

The uptake of β-carotene by enterocytes appears to occur by simple passive diffusion
(156), and a saturable, carrier-mediated process has also been proposed (150). Within the
enterocyte, β-carotene is either absorbed intact and passes into the portal circulation,
undergoes enzymatic cleavage by β-carotene 15,15'-dioxygenase to retinal (157–160), or

Fig. 4. Structure of carotenoids and vitamin A.
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is converted to retinoic acid (161,162). β-carotene can be cleaved centrally via β-carotene
15,15'-dioxygenase or may undergo excentric cleavage in which β-apocarotenals are pro-
duced (163–165). In the rat model, central cleavage appears to be the dominant form of oxi-
dation of β-carotene, although small amounts of β-apocarotenals (8', 10', 12', and 14')
were detected (166). In the presence of oxidative stress, β-carotene 15,15'-dioxygenase
may be downregulated with more formation of excentric cleavage products (167,168).
Retinal is reduced to retinol by retinal reductase activity that is present in microsomes (169).

The two sources of retinol in the enterocyte (retinol that is absorbed directly by the
enterocyte and retinol generated through cleavage of β-carotene and subsequent reduc-
tion of retinal to retinol) have the same metabolic pathway of esterification with long-
chain fatty acids and release into the lymphatic circulation. In the enterocytes, lecithin-
retinol acyltransferase (LRAT) and acyl-CoA-retinol acyltransferase (ARAT) are thought
to be involved in the esterification of retinol, with retinyl esters formed by LRAT targeted
for secretion in chylomicrons and retinyl esters formed by ARAT targeted for storage (148).
The four main retinyl esters are produced in a proportion of about 8:4:2:1 for retinyl pal-
mitate, retinyl stearate, retinyl oleate, and retinyl linoleate (170,171). The amount and
type of fatty acids ingested with preformed vitamin A in the diet can modulate the pattern
of retinyl esters that are secreted in chylomicrons (172). Chylomicrons are spherical
lipoprotein particles of 75–450 nm in diameter that are composed of triacylglycerols,
unesterified and esterified cholesterol, phospholipids, apolipoproteins, unesterified and
esterified retinol, carotenoids, and other fat-soluble vitamins. The assembly of chylomi-
crons occurs in the endoplasmic reticulum and requires apoB48, microsomal triglyceride
transfer protein, phospholipids, and triglycerides (173,174). The secretion of retinyl esters
is dependent on the secretion of chylomicrons and is one of the last steps in the molecular
assembly of chylomicrons (175). Intraluminal factors such as pH, bile, and fatty acids
modulate the secretion of retinyl esters into the lymphatic and portal circulation (176).
Chylomicrons are secreted by exocytosis from the basolateral surface of the enterocyte
into the mesenteric and then thoracic duct lymphatic circulation and on into the general
circulation.

3.2.3. UPTAKE AND STORAGE OF VITAMIN A IN THE LIVER AND OTHER TISSUES

In the general circulation, chylomicrons are converted to chylomicron remnants in a
process that involves both the hydrolysis of the chylomicron triacylglycerols by lipopro-
tein lipase, an enzyme located on the luminal surface of capillary endothelial cells (177),
and the transfer of apolipoproteins, phospholipids, and carotenoids to other lipoproteins
or cell membranes. Most of the retinyl esters contained in the chylomicrons do not trans-
fer to other lipoproteins and are largely cleared by the liver (178,179). Other tissues take
up retinyl esters, such as the mammary gland during lactation (180–182), muscle, adipose
tissue, and kidneys (183), lung (184), and blood leukocytes (185). Chylomicron remnants
are rapidly removed from the circulation by the liver. In normal healthy humans, it is
generally thought that the liver contains about 90% of the body stores of vitamin A; how-
ever, the distribution of vitamin A stores during deficiency and disease states is unclear
(186). The liver absorbs most of the retinyl esters in chylomicrons (187,188). Chylomi-
cron remnants are removed by the liver between the endothelial cells and hepatocytes
within the space of Disse (189). The chylomicron remnants bind to receptors on the hepa-
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tocytes such as low-density lipoprotein (LDL) receptor and apo E (190), or chylomicron
remnant receptor (189).

Retinyl esters are hydrolyzed by retinyl ester hydrolase (191), and within the hepato-
cyte, retinol is found within endosomes (192). Retinol is transferred to the endoplasmic
reticulum, where it binds to retinol-binding protein (RBP). The retinol and RBP complex
is translocated to the Golgi complex and then secreted from the hepatocyte (186). Retinol
is transferred from hepatocytes to stellate cells (193), and most of the vitamin A stored
within the liver is found in stellate cells (194–196), where it is stored as retinyl esters in
lipid droplets (186). Some retinol bound to RBP is not taken up by stellate cells and enters
the blood (186). Circulating retinol may leave and enter the liver many times in a process
known as retinol recycling (197). Two enzymes, LRAT and CRAT, can esterify retinol
in stellate cells, of which LRAT is considered the more important enzyme for retinol
esterification (198). In vitamin A-deficient rats, LRAT activity is low in the liver but is
rapidly upregulated after an oral dose of retinol, suggesting that low LRAT activity may
be a mechanism by which retinol is made available for secretion to plasma and delivery
to target tissues during a state of vitamin A deficiency (198,199).

Carotenoids are also delivered to tissues via chylomicrons, and carotenoids accumu-
late in high concentrations in adipose tissue. Higher doses of β-carotene were associated
with higher serum concentrations of all-trans retinoic acid in rabbits (200). β-carotene
can be converted to all-trans retinoic acid in the intestine, testes, lung, and kidney without
retinol as an obligatory intermediate (162,201). The processing of carotenoids from chy-
lomicron remnants by the liver has not been well characterized.

3.2.4. VITAMIN A IN THE CIRCULATION

The major form of circulating retinol in the blood is as retinol bound to RBP (202), and
about 95% of plasma RBP is associated with transthyretin (TTR) in a one-to-one molar
ratio. RBP is a single-polypeptide chain with a molecular weight of about 21,000 and a
binding site for one molecular of all-trans retinol (203). In addition to retinol, other forms
of retinoids found in plasma include all-trans retinoic acid (204), 13-cis-retinoic acid, 13-
cis-4-oxoretinoic acid (205,206), all-trans retinyl β-glucuronide, and all-trans retinoyl β-
glucuronide (207). The relative concentrations of various retinoids in human plasma are
retinol (1–2.5 μmol/L), retinyl esters (0.03–0.3 μmol/L), retinoic acid (0.003–0.03 μmol/
L) and retinyl β-glucuronide (0.002–0.01 μmol/L) (207,208). Other retinoids such as 9-
cis-retinoic acid, 9,13-di-cis-retinoic acid, and 14-hydroxy-4,14-retro-retinol have been
described in human plasma after consumption of liver (209). Retinoic acid also circulates
bound to albumin (210). Some insight into the importance of RBP transport of retinol has
come from a study of two siblings who had two point mutations in the RBP gene, and
normal growth and development but extremely low concentrations of plasma retinol,
plasma RBP, and night blindness (211). These observations suggest that retinyl esters in
chylomicrons, retinoic acid bound to albumin, and other circulating forms of vitamin A
may provide a sufficient supply of vitamin A to most tissues except the retina (211).

Retinol is released from the liver into the circulation in the form of holo-RBP (all-trans
retinol bound with RBP in a 1:1 molecular complex). Under normal circumstances, plasma
retinol concentrations are usually maintained at what is considered a normal homeostatic
level, or “set-point” for individuals (212). This level may vary from individual to individ-
ual, but is usually in a concentration of about 1–3 μmol/L in healthy adults. Plasma retinol
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concentrations will decrease when hepatic retinol stores become inadequate, and this
usually occurs when there is insufficient dietary intake of vitamin A for a prolonged period.
Plasma retinol concentrations will increase to high levels above the normal range when
vitamin A intake is excessive. Various disease states can decrease plasma retinol concen-
trations, including protein-energy malnutrition (213,214), hypothyroidism (215), zinc
status (216), and inflammation and infection (217), or increase plasma retinol concentra-
tions, such as renal disease (218).

Retinol is recycled between the liver and peripheral tissues, as shown by kinetic
studies (219). In rats, about 90% of retinol that left the circulation was recycled and not
irreversibly metabolized (219). The recycling of retinol appears to be tightly regulated
and dependent on the amount of hepatic vitamin A, and extrahepatic tissues contribute
a large proportion to the retinol that circulates in plasma (219,220). The half-life of holo-
RBP is about 12 h (221). As noted earlier, a large portion of dietary carotenoids pass into
the circulation intact within chylomicrons. It is estimated that there are more than 40
dietary carotenoids that may be absorbed, metabolized, and/or utilized by the human body
(222). The main dietary carotenoids found in human plasma include α-carotene, β-caro-
tene, β-cryptoxanthin, lutein, zeaxanthin, and lycopene, but other carotenoids and their
oxidation products have been identified in human plasma (223). Most carotenoids in the
plasma are transported by LDLs, and carotenoids can be delivered to peripheral cells that
express the LDL receptor (224).

3.2.5. VITAMIN A UPTAKE BY TISSUES

Retinol is taken up by peripheral tissues in a processs that has not been well charac-
terized. Some cells, such as retinal pigment epithelial cells and parenchymal and stellate
cells of the liver, have specific surface receptors for RBP (225). Circulating all-trans
retinoic acid is taken up by cells, as it is able to move through cell membranes in an un-
charged state and enter cells. In steady-state tracer studies in rats, the percentage of all-
trans retinoic acid derived from the plasma was high for the liver and brain, but lower
for the spleen and eyes (226). All-trans retinoic acid may act on cells through retinoy-
lation, or the acylation of all-trans retinoic acid by protein (227–229). All-trans retinoic
acid may be incorporated into proteins of cells through posttranslation modification in
which a retinoyl-CoA intermediate is formed and is followed by the transfer and covalent
binding of the retinoyl moiety to protein (230).

3.3. Retinoic Acid Receptors and Gene Regulation
Vitamin A exerts its effects via retinoic acid and retinoid receptors, which are found

in the nucleus of the cell. Retinol is converted to all-trans-retinoic acid and 9-cis retinoic
acid in the cytoplasm. Retinoic acid influences gene activation through specific receptors
which belong to the superfamily of thyroid and steroid receptors (231). Retinoic acid
receptors (RARs) act as transcriptional activators for many specific target genes. The
RAR is expressed as isoforms, referred to as RAR α,β, and γ, and retinoid-x receptor (RXR)
is also expressed as isoforms, referred to as RXR α, β, and γ (232). All-trans retinoic acid
is a ligand for RARs, whereas 9-cis retinoic acid is a ligand for both RARs and RXRs.
9-cis-retinoic acid is functionally distinct from all-trans-retinoic acid, and inter-conver-
sion may exist between the two isomers. Each RAR and RXR has a specific DNA-binding
domain by which these nuclear receptors may effect transcriptional activity.
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The DNA sequences which interact with RAR and RXR are known as retinoic acid
response elements (RAREs). RAR and RXR receptors form heterodimers, which bind to
DNA and control gene expression. In addition, RXR receptors also can form heterodimers
with the thyroid hormone receptor, vitamin D3 receptor, peroxisome proliferator-activated
receptors, and a number of “orphan receptors.” Most RAREs seem to occur in the regu-
latory region of genes. In the presence of 9-cis retinoic acid, RXR/RXR homodimers may
form and recognize a subset of RAREs or inhibit the formation of certain heterodimers.
Orphan receptors such as chicken ovalbumin up-stream promoter transcription factor
(COUP-TF) (233), ARP-1, TAK1 (234), RVR (235), RZR (236), and thymus orphan
receptor (TOR) (237) may repress or modulate the induction of genes by retinoic acid.
The three-dimensional structures of several different DNA-binding complexes of RXR
have been elucidated (238–240). RARs and RXRs may interact with multiple transcrip-
tional mediators and/or corepressors, adding an enormous level of complexity to regu-
lation of retinoic acid responses. Other vitamin A metabolites in the retroretinoid family
may support biological functions via a pathway that is distinct from the retinoic acid path-
way. 14-hydroxy-4,14-retro retinol supports whereas anhydroretinol inhibits cell growth
(241,242). In addition, the oxoretinoids may play a role as RAR ligands (243).

Recently described nuclear receptor-associated proteins, such as SMRT/N-CoR, Sin3,
and histone deacetylases (HDACs)-1 and -2 and histone acetylases (CBP/p300 and P/
CAF), appear to function as corepressors and coactivators of transcription. A binary para-
digm has emerged as an attempt to explain how these proteins work. Unligated receptors
bind to response elements of target genes and repress transcription through recruitment
of a repressor complex containing corepressors, and transcription is repressed (244,245).
Under these conditions, DNA is compact and packaged into chromatin. Ligand binding
causes the dissociation of corepressor proteins and promotes the association of coacti-
vators with liganded receptors. Coactivators associated with complexes displaying histone
acetyltransferases (HAT), methultransferase, and kinase or ATP-dependent remodeling
(SWI/SNF) activities lead to changes that reduces the compact nature of chromatin (245).
The corepressors then dissoaciate, and a mediator complex known as the Srb and media-
tor protein-containing complex (SMCC) assembles. SMCC mediates the entry of the tran-
scriptional machinery to the promoter, with resulting initiation of transcription (245).

3.4. Dietary Requirements for Vitamin A
The Food and Nutrition Board of the Institute of Medicine has made new recommen-

dations of vitamin A intake by life stage and gender group (Table 2) (246). These Dietary
Reference Intakes (DRIs) are reference values that are quantitative estimates of nutrient
intakes to be used for planning and assessing diets in apparently healthy people and
include Recommended Dietary Allowances (RDAs), Estimated Average Requirement
(EAR), and Adequate Intake (AI) (246). The RDA is defined as “the dietary intake level
that is sufficient to meet the nutrient requirement of nearly all (97 to 98 percent) healthy
individuals in a particular life stage and gender group.” The EAR is defined as “a nutrient
intake that is estimated to meet the requirement of half of the healthy individuals in a life
stage and gender group.” AI is defined as “a recommended intake value based on ob-
served or experimentally determined approximations or estimates of nutrient intake by
a group (or groups) of healthy people that are assumed to be adequate—used when an
RDA cannot be determined” (246).
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4. CLINICAL FEATURES

Vitamin A is required for normal immunity, maintenance of mucosal surfaces, growth,
reproduction, vision, and hematopoiesis. The vitamin A deficiency disorders consist of
a syndrome that includes night blindness, pathological changes of the conjunctiva, cornea,
and retina, and blindness, immune suppression and increased inflammation, increased
morbidity and mortality from some infectious diseases, growth failure, and anemia.

4.1. Xerophthalmia and Keratomalacia
The WHO classification of xerophthalmia is shown in Table 3. This classification was

first adopted in 1976 (126), with minor modification in 1982 (247). The ocular signs are

Table 2
Dietary Reference Intakes for Vitamin A (μg RAE/d)

Age and gender category AI EAR RDA

Infants, 0–6 mo 400 – –
Infants, 7–12 mo 500 – –
Children, 1–3 yr – 210 300
Children, 4–8 yr – 275 400
Boys, 9–13 yr – 445 600
Girls, 9–13 yr – 420 600
Boys, 14–18 yr – 630 900
Girls, 14–18 yr – 485 700
Adult men ≥19 yr – 625 900
Adult women ≥19 yr – 500 700
Pregnant women, 14–18 yr – 530 750
Pregnant women ≥19 yr – 550 770
Lactating women, 14–18 yr – 885 1200
Lactating women ≥19 yr – 900 1300

AI, Adequate Intake; EAR, Estimated Average Requirement; RDA,
Recommended Dietary Allowance. Data from ref. 246.

Table 3
World Health Organization Classification of Xerophthalmia

XN Night blindness
X1A Conjunctival xerosis
X1B Bitot spot
X2 Corneal xerosis
X3A Corneal ulceration/keratomalacia involving less than

one-third of corneal surface
X3B Corneal ulceration/keratomalacia involving one-third

or more of corneal surface
XS Corneal scar
XF Xerophthalmic fundus



22 Handbook of Nutrition and Ophthalmology

classified in order of severity from night blindness (XN) to corneal ulceration and kera-
tomalacia that involves one-third of the cornea or greater (X3B). A corneal scar (XS) is
not a sign of active vitamin A deficiency. Xerophthalmic fundus (XS) is usually consid-
ered to be a rare condition.

4.1.1. NIGHT BLINDNESS

Vitamin A is the biochemical precursor to rhodopsin, which is essential to the visual
cycle in rod photoreceptors and night vision. The earliest clinical manifestation of vita-
min A deficiency is often night blindness. Vision is normal during the day, but the vita-
min A-deficient individual may have difficulty distinguishing objects at night. A typical
history may involve a child who bumps into furniture or objects at night and is afraid to
come to the mother when called. In areas where vitamin A deficiency is endemic, it is not
uncommon that the condition is well recognized by local people and has a specific name,

Fig. 5. Night blindness in a public health poster from Indonesia.
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such as kwak moin “chicken blindness” in Cambodia, or buta ayam “chicken eyes” in
Indonesia (chickens lack rod photoreceptors and have poor night vision). This phenom-
enon is shown in a public health poster from Indonesia (Fig. 5).

4.1.2. CONJUNCTIVAL XEROSIS

Vitamin A is essential for the maintenance of normal mucosal epithelia, including the
conjunctiva. The normal conjunctiva consists of nonkeratinized columnar epithelium
with mucin-secreting goblet cells. During vitamin A deficiency, there is loss of mucin
and goblet cells, increased keratinization, and a transition to stratified squamous epithe-
lium. The bulbar conjunctiva may appear dry and roughened, and on oblique illumination
may have a pebble-like or bubbly appearance (Fig. 6). The surface of the epithelium may
not easily be wetted by tears. Conjunctival xerosis is often associated with night blind-
ness, an observation that was made as early as 1855 (25). Conjunctival xerosis is not con-
sidered a good diagnostic indicator of vitamin A deficiency, as it is often overdiagnosed
in nutrition surveys. Bitot spots are a more well demarcated area of conjunctival xerosis
and are considered separately under Subheading 4.1.3.

The pathological changes in the conjunctiva are related to the role that vitamin A plays
in the regulation of mucin and keratin expression. In rats, membrane-spanning mucin
ASGP (rMuc4) and secretory mucin rMuc5AC were downregulated during vitamin A
deficiency (248). The alterations in mucin gene expression occurred in goblet cells and
stratified epithelium of the cornea and conjunctiva, and once severe keratinization oc-
curred, mRNA for rMuc5AC and ASGP were no longer detectable (248). In the rabbit
model, vitamin A deficiency is associated with keratinization of the conjunctiva, with up-
regulation of AE1 (56.5 kd), AE3 (65–67 kd), and AE2 (56.5 and 65–67 kd) keratins (249).
Following treatment with vitamin A, the conjunctiva changes from keratinized, stratified
squamous epithelium without goblet cells to normal columnar epithelium with goblet cells
(250,251). The loss of keratinization following vitamin A therapy appears to precede the
restoration of goblet cells, which appear more slowly in response to treatment (251).

Around the beginning of the nineteenth century, the terms “xerosis,” “xerophthalmia,”
and “xerophthalmos” were often used to describe dryness and associated changes of the
eye that were considered to be related to conditions such as exposure, scrofula, syphilis,
trachoma, and dryness of the eyes in older adults (252–256). The term “xerophthalmia”
was applied in relationship to night blindness, corneal ulceration, and keratomalacia after
further clinical observations and the development of ideas in the 1860s (20,27).

4.1.3. BITOT SPOT

A well demarcated patch of keratinized, squamous metaplasia of the bulbar conjunc-
tiva, known as a Bitot spot, is considered pathognomonic for vitamin A deficiency. Pierre
Bitot’s original description from 1863 (20) is worth repeating:

“La forme de cette tache diffère non-seulement selon les sujets, mais encore aux deux
yeux d’un même individu. En général, elle est triangulaire, à sommet externe; la base,
voisine de la cornée, est un peu concave. Dans quelques cas, elle était circulaire ou
ovalaire; dans d’autres, simplement linéaire. Le plus souvent, les particules qui la
composent sont agglomérées de façon à constituer une surface ponctuée, chagrinée;
d’autres fois ces particules se disponsent en séries ou lignes flexueuse, parallèles, qui
donnent à la tache l’aspect d’une surface ondulée ou ridée.”
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“The shape of this patch differs not only from subject to subject, but also differs from
eye to eye in the same individual. In general, it is triangular [à sommet externe], the
base, which is near the cornea, is slighty concave. In some cases, it was circular or
oval; in others, simply linear. Most frequently, the particles that compose it are grouped
in such a way as to make up a stippled, distressed surface; in other cases these particles
are arranged in a series or in flexible parallel lines that give the patch the appearance
of a wavy or wrinkled surface.”

Bitot spots are usually located on the temporal bulbar conjunctiva in the interpalpebral
zone of one or both eyes. The spots may have a foamy, “cheesy,” “greasy,” or granular
appearance (Fig. 7). If vitamin A deficiency is more severe or longstanding, Bitot spots
may also be found on the nasal bulbar conjunctiva on one or both eyes. Thus, any com-
bination of one to four Bitot spots may be found in one individual. The number of Bitot spots
generally correlates with the severity of vitamin A deficiency and low serum retinol con-
centrations (257). It appears that if the Bitot spots are longstanding, there may be a point
beyond which the keratinizing squamous metaplasia is irreversible even with vitamin A
supplementation. Bitot spots that do not respond to vitamin A therapy have been termed
“nonresponsive Bitot spots,” and this phenomenon gave rise to earlier observations of Bitot
spots in individuals with normal serum retinol concentrations (258,259). If the spots are
rubbed or scraped off the bulbar conjunctiva, they usually reappear after a few days if the
patient has not received substantial improvement in vitamin A intake through diet or
supplementation.

The histopathology of Bitot spots has been studied extensively and described repeat-
edly in the scientific literature (20,260–276). The lesion consists of keratinized squa-
mous epithelium with keratohyalin granules in the granular layer. The surface of the
lesion may contain desquamated epithelial cells, amorphous debris, and bacteria and/or
fungi. Goblet cells are absent. No differences in histopathology have been noted between

Fig. 6. Conjunctival xerosis. (Courtesy of Task Force Sight and Life.)
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Bitot spots that are responsive or nonresponsive to vitamin A treatment; however, in the
latter, the conjunctiva surrounding the Bitot spot is relatively normal (275). Many inves-
tigators have described the presence of a Gram-positive bacillus, Corynebacterium xero-
sis, in Bitot spots. The organism, also known as Bacillus xerosis, Bacterium xerosis and
Bacterium colomatti, and Corynebacterium conjunctivae, received its present designa-
tion from Karl Lehmann (1858–1940) and Rudolf Neumann (1868–1952) in 1899 (277).
The bacteria appears to be a commensal organism that does not normally produce eye
pathology. P. Colomiatti described an organism from Bitot spots taken from young boys
in a correctional institution (278). John Elmer Weeks (1853–1949) obtained pure cultures
of the “double bacillus” and inoculated a rabbit cornea using a Graefe knife that had been
dipped in the bacterial culture. The cornea healed without suppuration. Other experi-
ments were conducted in with inoculations in the conjunctival sac, and the rabbit devel-
oped no reaction (261). Studies conducted by Eugen Fraenkel (1853–1925) and Ernst
Franke (1857–1925) at the Allgemeinen Krankenhause in Hamburg, showed that xerosis
bacillis were nonpathogenic (279). In 1898, Stephenson attempted to induce xerosis in
another human subject by inoculation of the conjunctiva with the frothy material from
the conjunctiva and by injecting the conjunctiva of another subject with pure cultures of
the xerosis bacilli; this inoculation produced no resulting pathology (280).

4.1.3. CORNEAL XEROSIS

With more severe vitamin A deficiency, the cornea may also undergo squamous meta-
plasia with keratinization, and the cornea appears hazy and rough instead of smooth and
transparent (Fig. 8). The earliest change in corneal xerosis is a punctate keratitis charac-
terized by fine pin-point lesions in the corneal epithelium (281–284). The punctate kerati-
tis is more visible with fluorescein staining, and the intensity of the punctate keratitis is

Fig. 7. Bitot spot. (Courtesy of Task Force Sight and Life.)
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greatest in the inferonasal part of the cornea (283). Corneal xerosis may be more apparent
in the inferior portion of the cornea, and there may be underlying stromal edema that is
detectable on slit lamp examination (285). In more severe disease, the cornea has a peau
d’orange appearance, and there may be accumulations desquamated, cornified epithe-
lium that may slough off or form large xerotic plaques on the cornea (285) (Fig. 9). Foreign
body sensation, photophobia, and irritation have been described in patients with corneal
xerosis (285).

Fig. 8. Corneal xerosis. (Courtesy of Task Force Sight and Life.)

Fig. 9. Corneal xerosis with desquamated epithelium. (Courtesy of Task Force Sight and Life.)
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In the vitamin A-deficient rat, keratinization occurs in the corneal epithelium with
thickening of the stroma (286). The changes occur without any evidence of a preinflam-
matory lesion or bacterial infection (286). Pathological changes in the cornea of vitamin
A-deficient mice included keratinizing epithelium with loosened outer layers and kera-
tohyalin granules in cells of the intermediate and superficial regions, variegated, invagi-
nated nuclei and mitochondria of the basal cells, and occasional free and phagocytized
bacteria on the loosened outer layers of the keratinized epithelium (287). In vitamin A-
deficient guinea pigs, punctate corneal irregularities were common, and scanning elec-
tron microscopy showed extensive areas of surface epithelial cells lifting off the cornea
and large, mound-like irregular projections distributed sparsely over the plasmalemma,
in comparison to primary microvilli and no evidence of plasmalemmal disruption in
vitamin A-sufficient control animals (273). Studies in vitamin A-deficient rabbits showed
multiple punctate epithelial erosions that progressed with a peau d’orange appearance
and later with development of polycystic microbullae in the central region of the cornea
with underlying stromal edema (288). In more severe deficiency, necrotizing stromal
infiltrates developed beneath keratinized plaques, with eventually ulceration of the cor-
neal stroma (288). Vitamin A deficiency also affects glycoprotein synthesis in the rat
corneal epithelium (289).

4.1.5. CORNEAL ULCER

Corneal ulceration may follow corneal xerosis, and the typical corneal ulcer associ-
ated with vitamin A deficiency is round or oval with a relatively clean, punched-out
appearance, as if the cornea had been altered with a small trephine (Fig. 10). With full-
thickness ulceration, the iris may prolapse through the ulcer. Secondary infection may
occur. In a large series of 100 patients with vitamin A deficiency and xerophthalmia in
the Philippines, among those with corneal ulceration or perforation, the most common
isolates were Pseudomonas aeruginosa, Streptococcus pneumoniae, and Moraxella spp.,

Fig. 10. Corneal ulcer. (Courtesy of Task Force Sight and Life.)
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with P. aeruginosa cultured from 35% of cases that had a corneal perforation (290). Most
of the subjects had concurrent infections such as gastroenteritis, bronchopneumonia, and
upper respiratory infection, and about one-third had severe malnutrition.

Experimental animal studies show that the healing process is impaired after various
traumatic injuries to the cornea in vitamin A deficiency. After epithelial abrasions of the
cornea, vitamin A-deficient rats progressed to extensive epithelial defects and stromal
ulceration, often with an intense inflammatory reaction and bacterial infection (291).
Impaired wound healing was also observed in vitamin A-deficient rabbits (292). Recov-
ery from thermal burns to the cornea was slower in vitamin A-deficient compared with
control rats (293), and polymorphonuclear leukocytes appear to play a role in the wors-
ening of ulcerative lesions (294). Vitamin A deficiency appears to be associated with
impaired epithelial migration and impaired production of fibronectin, a glycoprotein that
plays a role in adhesion, chemotaxis, and tissue repair (295). The plasminogen activator-
plasmin system has been implicated in corneal ulceration (296), but lack of tissue plas-
minogen activator has been found in the center of induced corneal wounds in vitamin
A-deficient rats (297). After mechanical abrasion of the cornea in vitamin A-deficient
rats, infiltrates of polymorphonuclear leukocytes were observed, but reepithelialization
occurred without severe stromal degradation (298). In contrast, stromal incision in vita-
min A-deficient rats resulted in marked stromal degradation, which suggested that stro-
mal injury was more important than polymorphonuclear leukocytes in the pathogenesis
of corneal ulceration in vitamin A deficiency (298). Vitamin A-deficient rabbits in the
late stages of xerophthalmia were more susceptible to experimental infection with P.
aeruginosa than animals in the early stages of xerophthalmia or control animals (299).
Following induced trauma, P. aeruginosa infection and ulceration were worse in vitamin
A-deficient compared with control rats (300). The production of collagen in rabbit cor-
neal keratocytes is modulated by retinoids, which suggests an additional mechanism for
vitamin A in the maintenance of cornea integrity (301).

Matrix metalloproteinases, collectively known as matrixins, are proteinases that are
involved in degradation of the extracellular matrix, and these include collagenases, gela-
tinases, stromelysins, and matrilysins (302). Corneal ulceration in vitamin A deficiency is
influenced by the production of proteinases, which can be produced by the cornea (303–
308), inflammatory cells (309), and bacteria (310). The expression of different protein-
ases in the cornea may vary during vitamin A deficiency and might explain conditions
that occur with differences in proteolysis. Under conditions of vitamin A deficiency, with
decreased proteolysis, epithelial cells may not exfoliate properly, and with increased
proteolysis, superficial punctate keratopathy and increased corneal keratocyte loss may
occur (311). Cathepsin D, an aspartic proteinase, was increased threefold in the corneas
of vitamin A-deficient rabbits compared with pair-fed control rabbits (311). The produc-
tion of collagenase in the cornea is increased in vitamin A-deficient rats compared with
control rats (293,305).

Retinoids modulate the expression of numerous proteins such as matrix metallopro-
teinases and plasminogen activator through alteration of gene transcription and through
interaction of retinoic acid receptors with transcription factors such as c-Jun and c-Fos
at the activator protein (AP)-1 site (312). The promoter region of the collagenase gene con-
tains an AP-1 responsive element that is repressed by retinoic acid (313). RARs do not
appear to bind directly to the AP-1 site but appear to bind with c-Jun to form an inactive
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complex that does not upregulate collagenase expression (313–315). Interleukin (IL)-1,
a potent mediator of inflammation, shows increased activity in the cornea of vitamin A-
deficient rats after mechanical injury in comparison to corneas of control rats (316). IL-
1 stimulates and retinoic acid inhibits collagenase transcription through inhibition of
c-Fos (317). The combination of increased IL-1 activity and deficiency in retinoic acid
may both potentially contribute to the increased expression of collagenase in corneal ulcer-
ation and keratomalacia associated with vitamin A deficiency.

4.1.6. KERATOMALACIA

Keratomalacia is characterized by melting of the cornea (Fig. 11). In the late 19th
century, keratomalacia was not uncommon in Europe and was noted primarily among
young infants. Albrecht von Graefe (1828–1870) noted: “although the illness concerned
here is not exactly a frequent one, hardly a semester passes when I do not see an incidence
of it, and at times I have seen three or four cases within a month. The general picture
offered, with some variation of details, is uniform to such an extent that I always held to
the idea that a constant general affection must be present in the organism” (318). Von
Graefe found that the illness usually occurred within a few weeks of birth, especially
among infants with pale appearance, loss of tone, poor nutrition, decline in appetite, and
diarrhea (318). Von Graefe recognized that the condition began with a lesion of the bulbar
conjunctiva that was “dull, dry, covered with fine scales and raised in appearance with per-
pendicular wrinkles” and “depleted of its natural moisture,” and that this “acute xerosis”
was connected to the corneal destruction that followed. Von Graefe attributed the corneal
ulceration to encephalitis, since autopsy findings had suggested brain inflammation among

Fig. 11. Keratomalacia. (Courtesy of Task Force Sight and Life.)
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infants who had died with keratomalacia. Julius Hirschberg (1843-1925), a disciple of
Von Graefe, described how apparently healthy infants developed anorexia, diarrhea, maras-
mus, and then rapidly progressed with xerophthalmia in both eyes (319). Intestinal hel-
minthiasis increases the risk of keratomalacia in children (320,321). Keratomalacia was
described in a child with familial hypo-retinol-binding proteinemia (322) and also has
been described in acrodermatitis enteropathica (323).

Keratomalacia has also been described among adults, usually in association with severe
diarrheal disease (324–326), and sometimes in association with unusual dietary practices,
alcoholism, and severe cachexia (see Subheading 5.3.10.). The ocular pathology of kera-
tomalacia has been described in a few reports (327,328), including a 27-yr-old woman
who followed a “cult” vegetable and grain diet, developed night blindness, keratomalacia,
and died (328). Bilateral corneal melting was noted with minimal inflammatory reaction,
despite a large corneal perforation. Keratomalacia has been produced in vitamin A-defi-
cient animals (329). A discussion of the biological mechanisms that have been implicated
in the pathogenesis of corneal ulceration and keratomalacia was discussed under Sub-
heading 4.1.5. Secondary infection may play a role in keratomalacia (330) but does not
appear to be the initiating event (331). Some investigators believe that protein malnutrition
is an important contributing factor to keratomalacia because of keratomalacia is more
common among individuals with protein energy malnutrition (332,333).

4.1.7. XEROPHTHALMIC FUNDUS

Xerophthalmic fundus (fundus xerophthalmicus) is a condition characterized by fine
white, cream-colored, or greyish dot-like, oval, or linear opacities in the retina. It usually
occurs among individuals with night blindness, conjunctival xerosis and/or Bitot spots.
In 1894 in Freiburg, Karl Baas (1866–1944) described a 15-yr-old field hand with night
blindness, conjunctival xerosis, and a large amount of small white dots located in the
retina (334). The condition was associated with liver disease and called “ophthalmia
hepatitica.” Otmar Purtscher (1852–1927) described more cases of “ophthalmia hepati-
tica” in Klagenfurt, Austria in 1900 (335). In 1915, Sanroku (or Saroku) Mikamo described
a 12-yr-old boy from Fukuoka, Japan who had night blindness (336). The boy worked for
a rice dealer and was known to have been healthy all his life. He began to bump into
furniture at night and had dropped a rice bowl, and even after scolding, he continued to
have difficulty making his way around when it became dark. One evening he was pouring
water into a tub to take a bath, and his friends were astonished to see him pouring the water
onto the ground, as he could not see well and had missed the tub completely. The fol-
lowing day he was taken to the eye hospital, where it was noted that he had Bitot spots
and small white dots in the equatorial zone of the fundus of both eyes. The fundus findings
were depicted (Fig. 12) (336). The patient was noted to have a narrowed visual field, and
laboratory investigations revealed that the boy had hookworm infection. During treat-
ment with cod-liver oil, the night blindness and Bitot spots disappeared after a few days,
but it took several weeks for all the white dots in the fundus to disappear (336).

In 1922, Robert E. Wright described “a mid-peripheral belt of discreet white spots”
in the fundus of patients with night blindness and keratomalacia in Madras, India (337).
Misao Uyemura reported two cases of xerophthalmic fundus in 1928 seen at the eye clinic
of Keio University in Tokyo (338), and the condition became known later as Uyemura’s
syndrome (339). Adalbert Fuchs (1887–1973) described another case while he was a
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visiting professor at Peking Union Medical College (340), and additional cases were
described in Japan (339,341,342), China (343,344), Italy (345,346), and Germany (347).
The retinal lesions are located most commonly in the peripheral retina and are usually
found in both eyes. As noted by Teng Khoen Hing: “It is striking that in the flourishing
cases, where it looks as if they have been scattered lavishly over the surface of the fundus,
the granules are glaringly white like sugared caraway seeds. In these cases, we see many
‘sugared caraway seeds’ grow together to ramify like a clover-leaf, or we see them in a
row along the vessels, so that the vessels look as if they get a shell in their course in some
places” (348). The whitish lesions are located deeper in the retina than the retinal blood
vessels. In 1933, Yatsutake described bilateral visual field constriction in a patient with
xerophthalmic fundus (342).

Although xerophthalmic fundus is often described as a rare condition, most individu-
als who are encountered in the field with Bitot spots and/or night blindness do not gen-
erally receive a dilated fundus examination and the condition may be overlooked. In the
largest published cases series, Teng Khoen Hing examined hundreds of outpatients seen
at the Cicendo Eye Hospital in Bandung, Indonesia who had xerophthalmia in a period
from about 1956 to 1961 (349). Of 190 subjects with night blindness, 23.7% had xeroph-
thalmic fundus, and of 600 subjects with conjunctival xerosis, Bitot spots, corneal xero-
sis, or keratomalacia, 35% had xerophthalmic fundus. The highest prevalence of xeroph-
thalmic fundus was found among children aged 5–14 yr. Of 321 cases of xerophthalmic
fundus that were reported, 93% had night blindness, conjunctival xerosis, or both (349,
350). An additional case of xerophthalmic fundus was described from Cicendo Eye Hos-
pital in 1978 (351). The severity of xerophthalmic fundus appears to correlate with more
longstanding vitamin A deficiency and lower serum vitamin A concentrations (352,353).
The highest risk group for xerophthalmic fundus appears to be those in the age group from
5 to 14 yr (350). Xerophthalmic fundus can usually be differentiated from other fundus
conditions with white dots, such as retinitis punctata albescens and fundus albipunctatus,

Fig. 12. Fundus xerophthalmicus. (From ref. 336.)
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because xerophthalmic fundus is often associated with other signs of vitamin A deficiency
(conjunctival xerosis, Bitot spots, corneal xerosis, and so on), and the white lesions resolve
after treatment with vitamin A (350).

Vitamin A deficiency has been shown to induce histopathological changes in the rod
photoreceptors of the retina in experimental animal models (354–360). These changes
consist of degeneration of rod outer segments, the external limiting membrane, the retinal
pigment epithelium, the outer molecular layer and the inner nuclear layer (356,357). The
pathological changes in rod outer segments with prolonged vitamin A deficiency in the
rat model includes distention or dispersion of disc into vesicles, and the appearance of
vesicles in the pigment epithelium and between processes of the pigment epithelium
(Fig. 13). In contrast, normal rod outer segments show regular organization of outer

Fig. 13. Rat model, changes in outer segments after vitamin A-deficient diet for 23 wk. (Reprinted
from ref. 360, with permission of Investigative Ophthalmology and Visual Science.)
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segment discs and close contact with processes of the pigment epithelium (360). Auto-
radiographic studies show that the rate of rod outer segment renewal and removal is
impaired by vitamin A deficiency (361). Vitamin A-deficient rats with degeneration of
the rod photoreceptors may recover to almost normal appearance after refeeding with
vitamin A over 10 to 18 wk (357). Refeeding of deficient animals is associated with an
increase in rod outer-segment density (362).

Xerophthalmic fundus has been described in a 20-yr-old man who stopped consuming
food sources of vitamin A for about 5.5 yr because he thought it would reduce his epi-
leptic seizures (363,364). His serum retinol concentrations were as low as 0.14 μmol/L
when he was seen as an outpatient (363). The patient refused any treatment with vitamin
A and later developed bilateral corneal xerosis. He was eventually admitted on an emer-
gency basis to the hospital with fever, anorexia, abdominal pain, and corneal ulceration.
After treatment with daily vitamin A therapy for 3 mo, the yellowish dots in the fundus
decreased in size and disappeared (365). A hereditary defect in the gene for serum RBP,
a heterozygous missense mutation Ile41Asn and Gly75Asp, is associated with xeroph-
thalmic fundus (366). Fundus examination of two siblings with the condition showed small
dots representing focal loss of retinal pigment epithelium (366). The white dots charac-
teristic of xerophthalmic fundus appear as window defects in the retinal pigment epithe-
lium in fluorescein angiograms (351).

4.1.8. CORNEAL SCAR

The sequelae to corneal ulcer and keratomalacia include the formation of a corneal
scar or leucoma (Fig. 14). Corneal scarring can arise from causes other than vitamin A
deficiency, such as following trauma and infectious keratitis unrelated to vitamin A, thus,
the interpretation of corneal scarring must be made with caution in surveys. The corneal
scarring that occurs with measles and vitamin A deficiency cannot be distinguished from
corneal scarring from vitamin A deficiency without measles. Many surveys of the causes

Fig. 14. Corneal scar. (Courtesy of Task Force Sight and Life.)
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of blindness in schools for the blind may simply classify the corneal scarring as due to
“vitamin A deficiency/measles.” The prevalence of vitamin A deficiency as ascertained
by institutional surveys should be considered extremely conservative estimates, since
corneal ulceration and keratomalacia are associated with high mortality rates. In Hyderabad,
India, a longitudinal study of 32 children who had been hospitalized for keratomalacia
revealed that nearly one-third died within 3 to 4 mo after discharge from the hospital (367).

4.1.9. OTHER

Widely dilated pupils have been described since at least the seventeenth century among
individuals with night blindness, and often the pupils constrict weakly or not at all when
a light source such as candlelight is used to illuminate the eyes. Pupillary dilation has
formed the basis for a test of vitamin A deficiency (see Subheading 6.2.6.).

4.2. Immune Suppression and Inflammation
Vitamin A modulates many different aspects of immune function, both nonspecific

(innate) immunity (i.e., maintenance of mucosal surfaces, natural killer (NK) cell activ-
ity, and phagocytosis) and specific (adaptive) immunity (i.e., generation of antibody
responses). Some aspects of immunity are not affected by vitamin A deficiency. Much
of our knowledge of vitamin A and immune function is based on experimental animal
studies involving mice, rats, and chickens, and from in vitro studies involving modula-
tion of specific cell lines with retinoids. The effects of vitamin A deficiency on immune
function are summarized in Table 4.

4.2.1. MUCOSAL IMMUNITY

The mucosal surfaces of the body include the respiratory, gastrointestinal, and genito-
urinary tracts as well as the cornea and conjunctiva. There are at least seven known mech-
anisms by which vitamin A deficiency impairs mucosal immunity: (1) loss of cilia in the

Table 4
Vitamin A and Immune Function

Function Effect of vitamin A deficiency

Maintenance of mucosal surfaces Loss of cilia in respiratory tract
Loss of microvilli in gastrointestinal tract
Loss of goblet cells and mucin in respiratory,

gastrointestinal, and genitourinary tracts
Squamous metaplasia of conjunctiva, cornea with loss

of goblet cells and mucus and keratinization of ocular
surfaces

Function of immune effector cells Impaired neutrophil, natural killer cell, monocyte/
macrophage, and lymphocyte function

Altered cytokine production
Impaired T- and B-cell activation

Antibody production Impaired antibody responses to T-cell-dependent antigens
and T-cell-independent type 2 antigens

Lymphopoiesis Altered T-cell subsets
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respiratory tract, (2) loss of microvilli in the gastointestinal tract, (3) loss of mucin and
goblet cells in the respiratory, gastrointestinal, and genitourinary tracts, (4) squamous
metaplasia with abnormal keratinization in the respiratory tract, (5) alterations in anti-
gen-specific secretory immunoglobulin (Ig)A concentrations, (6) impairment of alveo-
lar monocyte/macrophage function, and (7) decreased integrity of the gut. In early studies
of vitamin A deficiency in autopsy studies of humans and experimental animals, the
findings included widespread pathological alterations in the respiratory, gastrointestinal,
and genitourinary tracts (87,368,369). During vitamin A deficiency, there is loss of mucin
and goblet cells from the conjunctiva and squamous metaplasia of the conjunctiva and
cornea (285,370) and impaired wound healing (298). Vitamin A is involved in the expres-
sion of both mucins (248,371) and keratins (249,372,373). Lactoferrin, an iron-binding
glycoprotein involved in immunity to bacteria, viruses, and fungi, appears to be modu-
lated in the tear film of children by vitamin A supplementation (374). Loss of mucin and
alterations in keratins in vitamin A deficiency may increase susceptibility to experimen-
tal ocular infection with pathogens such as Herpes simplex virus (375) and Pseudomonas
(299,300). Other corneal alterations in experimental vitamin A deficiency include struc-
tural abnormalities of the epithelial basement membrane complex (376).

In the respiratory tract, pathogens are constantly trapped and removed by the muco-
ciliary elevator in the normal tracheobronchial tree. Vitamin A-deficient animals show
loss of ciliated epithelial cells and mucus and replacement by stratified, keratinized epi-
thelium (377–379). The terminal differentiation of keratins is modulated by vitamin A
(380,381) and mucin gene expression is regulated by all-trans retinoic acid (382,383).
Such broad pathological changes in the tracheobronchial tree may be reflected in the
observation that vitamin A-deficient mice are more susceptible to ozone-induced lung
inflammation (384).

Vitamin A deficiency is associated with morphological and function alterations in the
gut that may predispose individuals to more severe diarrheal disease. Vitamin A defi-
ciency in rats is associated with a large reduction in goblet cells in duodenal crypts (385)
and impaired biliary secretion of total secretory IgA (386). Reduced villus height was
observed in the jejunum of vitamin A-deficient rats that were not challenged with any
gastrointestinal pathogens (387). Vitamin A-deficient mice were more susceptible to the
destruction of duodenal villi following experimental challenge with rotavirus (388). The
genitourinary tract is also adversely affected by vitamin A deficiency, with replacement
of normal transitional epithelium with stratified squamous epithelium and expression of
distinct types of keratins (389). Changes in the genitourinary epithelia may contribute to
increased urinary tract infections in vitamin A-deficient children (390).

Vitamin A deficiency may affect both the concentrations of secretory IgA on mucosal
surfaces and specific IgA responses in the gut. In vitamin A-deficient chickens, the con-
centrations of total IgA were lower in the gut than in control animals (391). Vitamin A-
deficient BALB/c mice that were challenged with influenza A had a lower influenza-
specific IgA response than control mice (392). Vitamin A-deficient mice had significantly
lower serum antibody responses against epizootic diarrhea of infant mice (EDIM) rota-
virus infection compared with pair-fed control mice (393). An impaired ability to respond
with IgA antibodies to oral cholera vaccine was demonstrated in vitamin A-deficient rats
(394). Vitamin A treatment prevented the decline in IgA in the intestinal mucosa of pro-
tein-malnourished mice (395). Recent studies in IL-5 receptor-knockout mice suggest
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that IL-5 may play an important role in vitamin A-induced modulation of mucosal IgA
(396). In vitro studies with HT-29 cells, a human intestinal epithelial cell line, indicate
that vitamin A may be involved in the regulation of polymeric immunoglobulin receptor
by IL-4 and interferon-γ (397). These data suggest that vitamin A is involved in regulation
of IgA transport in response to mucosal infections. Human and animal studies suggest
that vitamin A status may also influence gut integrity and healing. Using the urinary lac-
tulose/mannitol excretion test, increased gut permeability was found in infants, and the
gut integrity improved following vitamin A supplementation (398). Vitamin A-deficient
rats had impaired healing of surgically-induced anastamoses of the colon compared with
control rats (399).

4.2.2. NATURAL KILLER CELLS

NK cells play a role in antiviral and antitumor immunity that is not major histocompati-
bility complex (MHC)-restricted, and NK cells are involved in the regulation of immune
responses. Vitamin A deficiency appears to reduce both the number and activity of NK
cells. In experimental animal models, vitamin A deficiency reduced the number of NK cells
in the spleen (400,401) and peripheral blood (402). The cytolytic activity of NK cells is
reduced by vitamin A deficiency (401,402). In aging Lewis rats, marginal vitamin A
status reduced the number of NK cells in peripheral blood and the cytolytic activity of
NK cells (403). There have been few studies of vitamin A status and NK cells in humans.
Children with AIDS who received two doses of oral vitamin A, 60 mg retinol equivalents
(200,000 IU), had large increases in circulating NK cells compared with children who
received placebo (404).

4.2.3. NEUTROPHILS

Neutrophils play an important role in nonspecific immunity because they phagocytize
and kill bacteria, parasites, virus-infected cells, and tumor cells. The function of neutro-
phils appears to be impaired during vitamin A deficiency. Retinoic acid plays an impor-
tant role in the normal maturation of neutrophils (405). Experimental animal studies show
widespread defects in neutrophil function, including impaired chemotaxis, adhesion,
phagocytosis, and ability to generate active oxidant molecules during vitamin A defi-
ciency (406,407). In rats challenged with Staphylococcus aureus, impaired phagocytosis
and decreased complement lysis activity were found in vitamin A-deficient rats com-
pared with controls rats (408). Vitamin A treatment was shown to increase superoxide
production by neutrophils from Holstein calves (409). During vitamin A deficiency, an
increase in circulating neutrophils has been observed in some experimental animal stud-
ies (410), and this has been attributed in part to impaired apoptosis of myeloid cells (411).
Vitamin A inhibited neutrophilic infiltration in rats undergoing induced lung granuloma
formation, and histological evidence suggested that vitamin A suppressed the expression
of nuclear factor-κB (412).

4.2.4. HEMATOPOIESIS

Vitamin A deficiency appears to impair hematopoiesis of some lineages, such as CD4+

lymphocytes, NK cells, and erythrocytes. In humans, clinical vitamin A deficiency has
been characterized by lower total lymphocyte counts and decreased CD4+ lymphocytes
in peripheral blood, and CD4+ lymphocyte counts or percentage increased after vitamin
A supplementation (404,413). Vitamin A supplementation does not appear to have any
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long term effect on CD4+ or CD8+ lymphocyte subsets among infants without clinical
vitamin A deficiency (414). In the vitamin A-deficient rat, lower NK cell, B-cell, and
CD4+ lymphocyte counts were found in peripheral blood, and these counts responded to
retinoic acid supplementation (411). Retinoids have been implicated in the maturation
of pluripotent stem cells to cell lineages that produce different hematopoietic cell lines
such as lymphocytes, granulocytes, and megakaryocytes. Retinoids also appear to play
a role in the maturation of differentiation of pluripotent stem cells into multipotent (colony-
forming unit granulocyte erythroid macrophage mixed [CFU-GEMM]) cells, and differ-
entiation and commitment of CFU-GEMM into erythroid burst-forming units (BFU-E)
and then into erythroid colony-forming units (CFU-E) (415–417).

4.2.5. MONOCYTES/MACROPHAGES

Macrophages are involved in the inflammatory response and in the phagocytosis of
viruses, bacteria, protozoa, fungi, and tumor cells. Macrophages secrete a wide variety
of cytokines, including tumor necrosis factor (TNF)-α, IL-1β, IL-6, and IL-12. The effect
of retinoids on monocyte differentiation has been studied in leukemic myelomonocytic
cell lines such as HL-60, U-937, and THP-1 (418–420). Retinoids appear to influence
both the number and activity of macrophages (421,422). Vitamin A-deficient animals may
have increased numbers of macrophages in lymphoid tissues (423). In vitro studies sug-
gest that all-trans retinoic acid decreases TNF-α production in a murine macrophage cell
line (424) and regulates IL-1β expression by human monocytes (425) and human alveo-
lar macrophages (425). All-trans retinoic acid inhibited IL-12 production in activated
murine macrophages (427) and caused a twofold increase in phagocytosis in murine mac-
rophages (428). Expression of IL-1 may be modified by retinoids in murine macrophages
(428,429). In the rat model, vitamin A deficiency was associated with reduced phago-
cytic function of macrophages (408). In experimental Salmonella infection in the rat,
vitamin A supplementation improved phagocytosis by macrophages (430).

4.2.6. LANGERHANS CELLS

Langerhan cells serve as antigen-presenting cells in the skin. Dietary vitamin A in-
creases contact sensitivity to a variety of chemical agents in the murine model, and this
observation may be related to vitamin A-related modulation of the numbers and function
of Langerhans cells (431,432). Retinoic acid treatment in vivo increases the ability of
human Langerhans cells to present alloantigens to T-lymphocytes and is associated with
increases in surface expression of HLA-DR and CD11c, two molecules involved in anti-
gen presentation (433).

4.2.7. T-LYMPHOCYTES

Vitamin A deficiency may influence T-lymphocyte-related immunocompetence
through such mechanisms as a decrease in numbers or distribution, changes in pheno-
type, alterations in cytokine production, or decreased expression or function of cell
surface molecules involved in T-cell signaling (434). There is some evidence that each
of these mechanisms may play a role in the immunosuppression associated with vitamin
A deficiency. The effects of vitamin A deficiency on lymphopoiesis were discussed
previously in “Hematopoiesis.” In preschool children with clinical and subclinical vitamin
A deficiency in Indonesia, high-dose vitamin A supplementation was associated with an
increase in the proportion of circulating CD4+CD45RA+, or “naïve” CD4+ lymphocytes,
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suggesting that vitamin A influences lymphopoiesis (413). Activation of T-lymphocytes
requires retinol (435). In human peripheral mononuclear cells, retinol is a cofactor in
CD3-induced T-lymphocyte activation (436). All-trans retinoic acid has been shown to
increase antigen-specific T-lymphocyte proliferation (437) and expression of IL-2 recep-
tors (438). In a trial in Bangladesh, vitamin A supplementation improved responses to
delayed type hypersensitivity skin testing among infants who were supplemented to higher
vitamin A levels (439).

Vitamin A appears to modulate the balance between T-helper type 1-like responses
and T-helper type 2-like responses in experimental animal studies, and this has been the
prevailing paradigm for the last decade, as reviewed in detail elsewhere (440). According
to this model, vitamin A deficiency causes a shift toward T-helper 1-like responses, whereas
vitamin A supplementation causes a shift toward T-helper 2-like responses. There is little
evidence to support this model for human vitamin A deficiency, and in fact, clinical
observations are not consistent with this model. Vitamin A supplementation enhances
immunity to a wide variety of infections such as tuberculosis, measles, malaria, HIV infec-
tion, and diarrheal diseases, in which the specific immune-protective immune responses
have been characterized as either T-helper 1-like or T-helper 2-like responses.

In mice, Trichinella spiralis infection usually stimulates a strong T-helper type 2-like
responses, characterized by strong parasite-specific IgG responses and a cytokine profile
dominated by IL-4, IL-5, and IL-10 production. However, in vitamin A-deficient mice,
infection by T. spiralis results in low production of parasite-specific IgG and a cytokine
profile dominated by interferon (IFN)-γ and IL-12 production (441–443). Lymphocyte
stimulation to concanavalin A or β-lactoglobulin was higher and production of IL-2 and
IFN-γ was higher in lymphocyte supernatants from vitamin A-deficient rats compared
with control rats, suggesting that vitamin A deficiency modulates a shift toward T-helper
type 1-like responses in rats (444). Vitamin A appears to inhibit IFN-γ, IL-2, and granulo-
cyte/macrophage colony-stimulating factor (GM-CSF) by type 1 lymphocytes in vitro
(445). The effect of high-level dietary vitamin A on the shift to T-helper type 2-like
responses in BALB/c mice has been used to explain the apparent lack of benefit of vitamin
A supplementation for acute lower respiratory infections in humans (446). The enhance-
ment of T-helper type 2-like responses by vitamin A may be modulated via 9-cis retinoic
acid and RXRs (447). Vitamin A-deficient mice show overproduction of IFN-γ (448) and
both retinol and retinoic acid appear to downregulate expression and transcription of IFN-
γ (449,450). In a mouse model, vitamin A deficiency at the time of antigen exposure was
associated with diminished development of T-helper 1 memory cells and increased devel-
opment of IL-10-producing T-helper 2 cells (451).

4.2.8. B-LYMPHOCYTES

Vitamin A deficiency impairs the growth, activation, and function of B-lymphocytes.
Activated B-lymphocytes depend on retinol but not retinoic acid (452–454). B-lympho-
cytes have been shown to utilize a metabolite of retinol, 14-hydroxy-4,14-retro-retinol,
instead of retinoic acid, as mediator for growth (241). The effects of retinol and all-trans
retinoic acid on immunoglobulin synthesis B-lymphocytes has been examined in human
cord blood and adult peripheral mononuclear cells (455–458). A T-cell-dependent anti-
gen was used to induce differentiation of human B-lymphocytes into immunoglobulin-
secreting cells, and all-trans retinoic acid increased the synthesis of IgM and IgG by these
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cells. Highly purified T-lymphocytes incubated with retinoic acid enhanced IgM synthe-
sis by cord blood B-lymphocytes, suggesting that retinoic acid modulates T-cell help
through cytokine production (458). Apoptosis in B-lymphocytes appears to be mediated
via RAR (459). In common variable immunodeficiency, a B-cell deficiency syndrome
characterized by defective antibody production, T-cell and monocyte dysfunction, and
recurrent infections, vitamin A supplementation was associated with enhanced anti-CD40-
stimulated IgG production, serum IgA concentrations, and lymphocyte proliferation to
phytohemagglutinin (460).

4.2.9. ANTIBODY RESPONSES

The hallmark of vitamin A deficiency is an impaired capacity to generate an antibody
response to T-cell-dependent antigens (444,461), including tetanus toxoid (462,463) and
diphtheria antigens in humans (464), tetanus toxoid and other antigens in animal models
(465–467), and T-cell-independent type 2 antigens such as pneumococcal polysaccharide
(468). Antibody responses are involved in protective immunity to many types of infec-
tions and are the main basis for immunological protection for many vaccines. Depressed
antibody responses to tetanus toxoid have been observed in vitamin A-deficient children
(462) and in vitamin A-deficient animals (469,470). Vitamin A deficiency appears to
impair the generation of primary antibody responses to tetanus toxoid, but if animals are
repleted with vitamin A prior to a second immunization, the secondary antibody responses
to tetanus toxoid are comparable to control animals (466). These findings suggest that
formation of immunological memory and class switching are intact during vitamin A
deficiency, despite an impaired IgM and IgG response to primary immunization. Human
peripheral blood lymphocytes from subjects previously immunized against tetanus toxoid
were used to reconstitute control and vitamin A-deficient mice with severe combined
immunodeficiency. After challenge with tetanus toxoid, vitamin A-deficient severe com-
bined immunodeficient (SCID) mice had a 2.9-fold increase in human anti-tetanus toxoid
antibody compared with a 74-fold increase in control SCID mice (471). In healthy children
without vitamin A deficiency, vitamin A supplementation did not enhance antibody re-
sponses to tetanus toxoid (472). These findings suggest that vitamin A supplementation
is unlikely to enhance antibody responses in subjects who are not vitamin A-deficient.
Other evidence that vitamin A is needed for the generation of antibody responses has been
noted in retinol-binding protein knockout mice, where serum vitamin A concentrations are
extremely low and associated with circulating Ig concentrations (473).

4.3. Increased Infectious Disease Morbidity and Mortality
Vitamin A deficiency increases susceptibility to some types of infections, and there is

currently an extensive literature regarding vitamin A deficiency and infection in experi-
mental animal models, as can be found in reviews elsewhere (440,474–477).

4.3.1. DIARRHEAL DISEASES

Vitamin A supplementation or fortification has been shown to reduce the morbidity
and mortality of diarrheal diseases among preschool children in developing countries.
The reduction in diarrheal disease mortality appears to account for most of the reduction
in overall mortality when vitamin A is given through fortification or supplementation on
a community level. The main causes of diarrheal diseases among children in developing
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countries are rotavirus, Escherichia coli, and Shigella, Vibrio cholerae, Salmonella, and
Entamoeba histolytica. The epidemiology, clinical features, immunology, and pathogen-
esis of diarrhea may differ according to characteristics of the pathogen, such as production
of toxins, tissue invasion, fluid and electrolyte loss, and location of infection. In general,
host defenses in the gut include gastric acidity, the presence of normal microflora, gut
motility, mucus production, integrity of microvilli, local secretion of antibody, and cell-
mediated immunity, and vitamin A deficiency may impair some of these host defenses.

Large community-based clinical trials of vitamin A supplementation in Tamil Nadu,
Nepal, and Ghana show that vitamin A supplemention reduced mortality from diarrheal
disease but not pneumonia in preschool children (478,479). Vitamin A may reduce the
morbidity of diarrheal disease through restoration of gut integrity (480) and enhancement
of immune function (440,477). Urinary losses of vitamin A during diarrhea may be sub-
stantial in some children (481,482), and persistent diarrhea may reduce the bioavailability
of vitamin A (483). Vitamin A supplementation (60 mg retinol equivalent [RE]) reduced
morbidity in children with acute shigellosis (484) but the effects of vitamin A supplemen-
tation on other specific diarrheal pathogens has not been completely clarified.

4.3.2. MALARIA

Vitamin A supplementation may reduce the morbidity of Plasmodium falciparum
malaria. P. falciparum causes an estimated 1–2 million deaths worldwide each year. A
recent randomized, placebo-controlled clinical trial was conducted in Papua New Guinea
to examine the effects of vitamin A supplementation, 60 mg RE every 3 mo, on malarial
morbidity in preschool children (485). Children between 6 and 60 mo of age were ran-
domly allocated to receive vitamin A or placebo every 3 mo. A weekly morbidity surveil-
lance and clinic-based surveillance were established for monitoring acute malaria, and
children were followed for 1 yr. Vitamin A significantly reduced the incidence of malaria
attacks by about 20–50% for all except extremely high levels of parasitemia. Similarly,
vitamin A supplementation reduced clinic-based malaria attacks, which consisted of
self-solicited visits to the clinic by mothers who thought that their children should be seen
because of fever. Vitamin A supplementation had little impact in children under age 12 mo
and greatest effect from 13 to 36 mo of age.

4.3.3. HIV INFECTION

Vitamin A supplementation may have some benefit for HIV-infected children and
pregnant women in developing countries. Low plasma or serum concentrations of vita-
min A or intake of vitamin A has been associated with increased disease progression,
mortality, and higher mother-to-child transmission of HIV (486). Periodic high-dose
vitamin A supplementation seems to reduce morbidity among children born to HIV-
infected mothers (487) and diarrheal disease morbidity in HIV-infected children after
discharge from the hospital for acute lower respiratory infection (488). A recent controlled
clinical trial in Uganda shows that periodic high-dose vitamin A supplementation, 30 RE
every 3 mo, reduces morbidity and mortality of HIV-infected children (489). A study in
Malawi, which used vitamin A supplementation, 10,000 IU/day, found no increased risk
of mother-to-child transmission of HIV, and in fact, the results were suggestive that
vitamin A was protective against late mother-to-child transmission of HIV through breast-
feeding (490). Vitamin A supplementation does not appear to influence HIV load in the
blood (491).
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4.3.4. TUBERCULOSIS

Although malnutrition and vitamin A deficiency seem to be major risk factors for the
progression of tuberculosis, clinical management usually involves chemoprophylaxis
and chemotherapy alone. Cod-liver oil, a rich source of vitamins A and D, has been a
standard treatment for tuberculosis in the past. The role of nutrition and tuberculosis
remains a major area of neglect, despite the promise that micronutrients have shown as
therapy for other types of infections and the long record of the use of vitamins A and D
for treatment of pulmonary and miliary tuberculosis in both Europe and the United States.
High-dose vitamin A supplementation may reduce the morbidity of tuberculosis in chil-
dren (492). A recent placebo-controlled trial from Indonesia suggests that daily supple-
ments of vitamin A and zinc given to adults with pulmonary tuberculosis improves the
lesion area observed on chest radiograph after 2 mo of tuberculosis chemotherapy, but
not at 6 mo follow-up (493). Vitamin A and zinc were associated with earlier clearance of
tubercle bacilli from sputum, but no effects were observed on the number of cavities, the
surface area of cavities, hemoglobin concentrations, or different anthropometric indica-
tors of nutritional status (493). Studies have not been conducted which address the use
of multivitamins and minerals or vitamins A plus D as adjunct therapy for tuberculosis.

4.3.5. INFECTIONS IN PREGNANT AND LACTATING WOMEN

Weekly vitamin A or beta carotene supplementation appeared to reduce the risk of
infectious disease morbidity and mortality among pregnant women in Nepal, suggesting
that vitamin A status may be important in pregnancy-related morbidity and mortality
(494,495). Vitamin A or β-carotene reduced all-cause mortality, and further work is needed
to both replicate these findings and to determine the types of infections that might be
reduced through improving vitamin A status during pregnancy. The recent trial in Nepal
is consistent with two earlier trials from England that showed vitamin A supplementation
reduced the morbidity of puerperal sepsis (496,497).

4.4. Growth Retardation
Growth retardation is common among children in developing countries and is consid-

ered the best global indicator of physical well-being in children (498). It has long been
known that vitamin A-deficient animals exhibit growth failure. Retinoic acid is known
to regulate growth hormone gene expression (499). In Indonesia, children with xeroph-
thalmia had reduced linear and ponderal growth (500). Clinical trials show that vitamin A
supplementation has an impact on growth, but these effects are strongest in children with
more severe vitamin A deficiency (501). In a trial from Aceh, Indonesia, periodic high-dose
vitamin A supplementation was associated with greater ponderal growth among boys but
not girls (502). In West Java, Indonesia, children in program villages that received vita-
min A-fortified MSG had greater linear growth than children from villages without the
fortified product (503). Another trial from central Java showed that vitamin A supplemen-
tation improved linear growth among preschool children (504). Vitamin A supplementat-
ion did not have a significant effect on growth among preschool children with mild to
moderate vitamin A deficiency in South India (505). Vitamin A supplementation appeared
to have greatest effect on weight gain in children during the season in which intake of
vitamin A-rich foods was lowest and infectious disease morbidity was the highest (506).
In Tanzania, vitamin A supplementation improved linear and ponderal growth among
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infants with HIV infection and malaria, respectively, and reduced the risk of stunting
associated with persistent diarrhea (507). It should be noted that in most clinical trials of
vitamin A supplementation, children with night blindness and/or Bitot spots were excluded
from participation and treated with vitamin A. Some trials also excluded children with
severely malnourished children. Thus, analyses of the effect of vitamin A supplementa-
tion on child growth from large clinical trials have been limited to children with less
severe vitamin A deficiency.

4.5. Anemia
Anemia is commonly associated with vitamin A deficiency and its pathogenesis ap-

pears to be multifactorial, related to both the anemia of infection and impairment of iron
metabolism.

4.5.1. HISTORICAL BACKGROUND

In the 19th century, it was recognized that anemia often occurred in individuals with
night blindness, and this observation led some clinicians to conclude that anemia was
among the underlying causes of night blindness (508–511). The administration of cod-liver
oil, a potent source of vitamin A, was widely used to treat anemia in the 19th century (512–
514). Animal and human studies in the early 20th century suggested that vitamin A defi-
ciency was related to abnormalities of hematopoiesis and iron metabolism. Vitamin A-
deficient rats developed areas of gelatinous degeneration in the bone marrow (515) or a
reduction in hematopoietic cells in bone marrow (87). Hemosiderosis of the liver and
spleen were described in autopsy studies of vitamin A-deficient infants (368), thus link-
ing vitamin A deficiency to abnormalities of iron metabolism. The association between
vitamin A deficiency and anemia was often described (280,516–518), and it was observed
that vitamin A therapy increased hemoglobin concentrations in humans (519–520).

In 1940, Karl-Heinz Wagner (b. 1915) at the University of Leipzig noted that adults
who were given an experimental vitamin A-deficient diet for 6 mo developed low hemo-
globin and hematocrit (521). In England, 16 conscientious obejctors were given a vitamin
A-free diet of varying duration from 11 to 24 mo (522). Although no data were presented,
the authors report no apparent abnormalities in hemoglobin, and it is notable that subjects
on the vitamin A-free diet received red meat, a rich source of heme iron, throughout the
study. Vitamin A deficiency in the rat (523,524) and dog (525) was associated with anemia.
The provision of vitamin A to deficient rats resulted in a rapid rise in hemoglobin, leading
one group of investigators to conclude: “blood regeneration cannot take place without the
presence of vitamin A” (526). Vitamin A-deficient pony fillies developed decreased hemat-
ocrit and red blood count compared to control animals (527), and vitamin A-deficient
rhesus monkeys developed moderate to severe anemia that was correctable with vitamin
A treatment (528). Lower hemoglobin concentrations were found in chicks fed a vitamin
A-deficient diet compared with controls (529). Experimental vitamin A deficiency was
also associated with an increase in hemoglobin and hematocrit (523,530–532), a contrast-
ing effect attributed to hemoconcentration and abnormalities of water metabolism during
the later stages of vitamin A deficiency (532,533).

In 1978, Hodges and colleagues reported the impact of vitamin A deficiency on hemato-
poiesis in humans (534). Eight middle-aged men were given vitamin A-deficient diets
of either (1) a liquid casein formula virtually devoid of vitamin A, (2) a solid diet of soy
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protein, selected vegetables, bread, and desserts, all low in vitamin, and (3) a diet com-
posed of regular foods low in vitamin A. The vitamin A depletion time ranged from 359
to 771 d, with a slow decrease in plasma retinol noted over the depletion period. All men
received 18–19 mg of iron daily, but mild anemia occurred which was associated with
the drop in plasma retinol. Plasma retinol concentrations of >1.05, 0.70–1.05, and <0.70
μmol/L were associated with mean hemoglobin concentrations of 156 ± 5, 129 ± 10, and
118 ± 7 g/L, respectively (p < 0.01). Repletion of vitamin A-deficient subjects with either
β-carotene or vitamin A was associated with a rise in hemoglobin concentrations. This
study provided an important demonstration of the effect of vitamin A deficiency on
anemia in humans and provided much stimulus for the laboratory and epidemiological
investigation of anemia and vitamin A deficiency of the last two decades.

4.5.2. EPIDEMIOLOGY OF THE ANEMIA OF VITAMIN A DEFICIENCY

A close association between vitamin A deficiency and anemia has been shown in many
nutritional surveys from around the world, and perhaps this is not surprising, given the
widespread prevalence of nutritional anemia and vitamin A deficiency in developing
countries (535). Most of these epidemiological surveys did not identify the underlying
causes of anemia, and often the proportion of subjects with concurrent vitamin A deficiency
and anemia are not stated. The surveys generally demonstrate that there is often a high prev-
alence of vitamin A deficiency and anemia in the same population. The food sources that
protect against respective nutritional anemia and vitamin A deficiency overlap somewhat,
i.e., some green vegetables, liver, but in general do not coincide a great deal, thus, it is rea-
sonable to expect that populations at risk of these two nutritional problems would differ.

From 1954 to 1968, more than 30 nutritional and medical surveys were conducted
around the world using methods developed by the Interdepartmental Committee on Nutri-
tion for National Defense (ICNND) (106,534). In the nutrition survey from Paraguay,
hemoglobin and plasma retinol concentrations were highly correlated, with a correlation
coefficient of 0.90 (536). Pooled data from surveys conducted in Vietnam, Chile, Brazil,
Uruguay, Ecuador, Venezuela, Guatemala, and Ethiopia showed a high correlation (r =
0.77, p < 0.0001) between hemoglobin and plasma retinol concentrations (534). A corre-
lation between hemoglobin and plasma or serum retinol concentrations has been described
in many studies, including studies of preschool children from Pakistan (r = 0.38, p <
0.0001) (537), school-aged children in Central America (r = 0.21, p < 0.05) (538), school-
aged children from Bangladesh (r = 0.31, p < 0.001) (539), children in India (r = 0.52,
p < 0.001) (540), adolescent girls in Malawi (r = 0.16, p = 0.08) (541), and older adults
in Vienna (r = 0.56, p < 0.001) (542). During the second trimester of pregnancy, pregnant
women in Malawi had a correlation between plasma vitamin A and hemoglobin concen-
trations (r = 0.26, p < 0.0001) (Semba et al., unpublished data). In Honduras, 15.5% of
children in a national survey had both vitamin A deficiency and anemia (543).

Several clinical trials or intervention studies have been conducted that assessed the
impact of improved vitamin A status on hemoglobin and anemia. The impact of improving
vitamin A status through fortification was addressed in a community-based trial in Indo-
nesia by Muhilal and colleagues (503). Villages were randomly allocated to receive either
unfortified MSG or vitamin A-fortified MSG for 5 mo. In the villages receiving fortified
and unfortified MSG, mean hemoglobin concentrations of preschool children changed
by +10 g/L and −2 g/L, respectively. In a controlled trial of iron, vitamin A, or vitamin A
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plus iron administration to anemic children aged 1–8 yr, vitamin A supplementation
significantly increased hemoglobin, hematocrit, serum iron, and percent transferrin satu-
ration, but had no apparent effect on total iron binding capacity or serum ferritin (544).

In northeast Thailand, children who received high-dose vitamin A, 60 mg RE, had
higher serum iron and percent transferrin saturation compared with control children at
2 mo postsupplementation, but these differences disappeared by 4 mo postsupplemen-
tation (545). Further investigation involving school children with conjunctival xerosis
showed that children who received 60 mg RE vitamin A had a significant increase in
hemoglobin, hematocrit, serum iron, and percent transferrin saturation at 2 wk following
supplementation, whereas no changes in these indicators occurred in the control group
(546). In a controlled, clinical trial involving preschool children in Indonesia with clin-
ical and subclinical vitamin A deficiency, vitamin A supplementation, 60 mg RE, was
associated with a significant increase of 21 g/L hemoglobin and a significant increase in
plasma ferritin among those children who were anemic at enrollment (547). A recent study
among anemic school children in Tanzania showed that daily vitamin A supplementation
was associated with an increase in hemoglobin of 13.5 g/L at 3 mo following enrollment,
and a larger increase of 22.1 g/L was observed in children who received both vitamin A
and iron (548).

In a study conducted in Bangladesh, women of childbearing age were randomly allo-
cated to receive iron, vitamin A plus iron, or vitamin A plus iron and zinc (549). Significant
increases in hemoglobin were observed only among women who received vitamin A,
iron, and zinc. The lack of an effect of vitamin A alone on hemoglobin was attributed to
the relative lack of vitamin A deficiency among women in this population. In two parallel
clinical trials involving 120 HIV-infected and 120 HIV-negative adult, injection drug users
in Baltimore, Maryland, two consecutive doses of vitamin A, 60 mg RE, had no impact
on hemoglobin concentrations (Deloria-Knoll et al., unpublished data). In this popula-
tion, HIV-positive and HIV-negative subjects had a low prevalence of anemia and vita-
min A deficiency, and the lack of an effect might also be attributed to the relative lack
of anemia and vitamin A deficiency in this population.

Studies conducted among pregnant women suggest that vitamin A supplementation
alone during pregnancy can increase hemoglobin concentrations (550). In West Java,
Indonesia, 251 anemic pregnant women were randomly allocated to receive iron, 60 mg/
d, vitamin A, 2.4 mg RE/d, iron, 60 mg/d plus vitamin A, 2.4 mg RE/d, or placebo for 8 wk.
After supplementation, the proportion of women who were not anemic in the iron, vita-
min A, vitamin A plus iron, and placebo groups was 68%, 35%, 97%, and 16%, respec-
tively. Other studies have also explored the use of vitamin A combined with iron and
or folate (551,552). In a population with a high prevalence of iron deficiency anemia,
weekly vitamin A supplementation reduced anemia by 9% during pregnancy and postpar-
tum compared with controls. A study conducted in Tanzania suggests that daily multivit-
amins, but not 30 mg of β-carotene per day, increased hemoglobin concentrations among
HIV-positive pregnant women (553). In Indonesia, pregnant women who received weekly
vitamin A and iron supplementation had a greater increase in hemoglobin than women
who received weekly iron or daily iron (554). There was an accompanying decrease in
serum ferritin among women who received vitamin A and iron, suggesting to the investiga-
tors that vitamin A supplementation increased the utilization of iron for hematopoiesis.
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4.5.3. PATHOPHYSIOLOGY

There are many potential biological mechanisms by which vitamin A deficiency could
cause anemia. These mechanisms fall into three general categories: (1) modulation of ery-
thropoiesis, (2) modulation of immunity to infectious diseases and the anemia of infec-
tion, and (3) modulation of iron metabolism. There is probably some overlap between
these mechanisms, as erythropoiesis and iron metabolism are modulated by infection.

Erythropoiesis. The process of red blood cell formation involves the differentiation
of pluripotent stem cells into multipotent (CFU-GEMM) cells, and differentiation and
commitment of CFU-GEMM into BFU-E and then into CFU-E (555). Development of
BFU-E into erythroblasts requires stem cell factor (SCF), GM-CSF, or IL-3 and erythro-
poietin. Development of CFU-E into proerythroblasts requires erythropoietin alone (556).
Proerythroblasts mature through several stages to orthochromatic erythroblasts, at which
stage the nucleus undergoes pyknotic degeneration, and after the nucleus is extruded, the
cell is known as a reticulocyte. Hemoglobin synthesis occurs during the differentiation
of CFU-E into erythrocryte precursors (557) and continues until the reticulocyte matures
into a mature erythrocyte (558). Reticulocytes are released from the bone marrow about
18 to 36 h prior to final maturation into erythrocytes. Control of erythropoiesis is regu-
lated by erythropoietin, a 34-kDa glycoprotein that is produced by the renal cortical cells
in response to hypoxia, and erythropoietin induces erythroid progenitor cells to differ-
entiate into proerythroblasts (559). In the erythrocyte lineage, CFU-E have the highest
density of erythropoietin receptors on their surface and depend on erythropoietin for their
survival (560).

Retinoids and erythropoiesis. The effects of retinoids on erythroid progenitors has
been studied in CD34+ hematopoietic progenitor cells, which consist of a heterogenous
population of CFU-GEMM, BFU-E, and CFU-E, and in CD36+ cells, which consist of
intermediate and late erythroid progenitors (late BFU-E and CFU-E) in purified eryth-
rocyte systems (561,562). All-trans retinoic acid was shown to stimulate human BFU-
E colony formation, suggesting that retinoids were involved in erythropoiesis (563). All-
trans retinol did not enhance growth of erythroid progenitors in this in vitro culture system
that involved fetal calf serum, a rich source of vitamin A (563). Subsequent studies using
progenitor cells from human peripheral mononuclear cells in serum free media showed that
both retinyl acetate and all-trans retinoic acid stimulated d16 (early) erythroid colonies,
and a synergism was noted between retinoids, erythropoietin, and insulin-like growth
factor (IGF)-I (564). The impact of retinoids on erythropoiesis is complex and depends
on the stage of erythrocyte development (565).

Retinoids appear to regulate apoptosis, or programmed cell death, in erythropoietic
progenitor cells, but the nature of this interaction may be bidirectional (566). All-trans
retinoic acid appear to stimulate the survival of purified CD34+ cells obtained from mid-
trimester fetal blood (567). In CD34+ hematopoietic progenitor cells isolated from nor-
mal adult human bone marrow, all-trans retinoic acid induced apoptosis of CD34+ cells
and CD34+CD71+ cells stimulated with erythropoietin (568). By using selective ligand
agonists, it was noted that both RARs and RXRs were involved in retinoic acid-mediated
apoptosis of erythroid progenitor cells. The effects of retinoids on hematopoiesis are
complex and depend on culture conditions, maturation stage of the cells, and cytokines
used for stimulation. Whether vitamin A status in humans has any influence on apoptosis
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of erythropoietic progenitor cells has not been determined. Many studies have shown that
vitamin A supplementation increases hemoglobin concentrations. Whether retinol, all-
trans retinoic acid, and related retinoids mediate their effects in vivo on erythroid pro-
genitor cells is not known.

Modulation of erythropoietin production by retinoids. The 3'-enhancer region for the
erythropoietin gene contains a sequence homologous to DR-2, a steroid-responsive ele-
ment that appears to be regulated by retinoic acid (569). In vitamin A-depleted rats,
intragastric administration of all-trans retinoic acid was associated with an increase in
serum erythropoietin concentrations within 4 h of dosing, but within 24 h, serum erythro-
poietin concentrations returned to original levels (569). Vitamin A, but not vitamin E or
vitamin C, was shown to have a dose-related effect on the production of erythropoietin
in human hepatoma cell lines HepG2 and Hep3B (570). Experimental observations of the
modulation of erythropoietin by vitamin A have currently been limited because a renal
cell culture model has not been established, and current in vitro models utilize human
hepatoma cell lines. Alternatively, modulation of erythropoietin production by vitamin
A has been studied in isolated, perfused rat kidneys, and perfusion with vitamin A or the
antioxidant desferrioxamine was shown to increase renal erythropoietin synthesis (571).
Regulation of erythropoietin gene expression appears to involve both hypoxia and reac-
tive oxygen species (572). Studies in embryonal carcinoma cells suggest that retinoic
acid stimulates erythropoietin gene transcription in an oxygen-dependent manner (573).

Recently, a clinical trial was conducted to determine whether vitamin A supplementa-
tion would modulate plasma erythropoietin concentrations in pregnant women in Malawi
(574). Two hundred three women in the second trimester of pregnancy were randomly
allocated to receive daily vitamin A (3 mg RE), iron (30 mg), and folate (400 μg) vs iron
(30 mg) and folate (400 μg) (control). At enrollment, 50% of the women were anemic
(hemoglobin <110 g/L). Mean (SD) change in hemoglobin from enrollment to 38 wk was
5 <12 g/L (p = 0.003) and 7 < 16 g/L (p = 0.003) in the vitamin A and control groups,
respectively. There were no significant differences between vitamin A and control groups
in the slope of the regression line between log10 erythropoietin and hemoglobin at enroll-
ment or 38 wk, and between enrollment and follow-up within either group. We concluded
from this trial that vitamin A supplementation did not influence erythropoietin produc-
tion and is not a biological mechanism by which vitamin A modulates anemia.

The anemia of infection. The anemia of infection refers to the anemia observed in
individuals in the setting of chronic infection, and it is considered a syndrome within the
broader category of the “anemia of chronic disease” (575) or “anemia of inflammation.”
The anemia of infection is a hypoproliferative anemia in which hypoferremia is found
despite adequate reticuloendothelial iron stores, and the anemia is usually normocytic
and normochromic. HIV infection (576) and tuberculosis (577) are two well-known causes
of the anemia of infection. Anemia is also common in children with acute infections (578).
Inflammatory cytokines, such as TNF-α, IL-1, and IFN-γ have been implicated in the ane-
mia of infection, as they appear to interfere with erythropoiesis (579). TNF-α and IFN-γ
also appear to induce hypoferremia and increase ferritin production (580). Human recom-
binant TNF-α inhibited CFU-E from bone marrow mononuclear cells but not CFU-E gen-
erated from human peripheral mononuclear cells, suggesting that TNF-α inhibited CFU-E
through an accessory cell in bone marrow, and marrow fractionation studies suggested
that a bone marrow stromal cell was responsible for the inhibitory effects of TNF-α on
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CFU-E (581). Hepcidin, the recently discovered iron regulatory hormone, plays a role in
the anemia of inflammation (582), and its relationship to the anemia of vitamin A defi-
ciency has not been elucidated.

Other biological mechanisms that may contribute to the anemia of infection include
shortened red cell survival, impaired erythropoietin production in response to anemia,
inhibited response of erythroid progenitors to erythropoietin, and increased apoptosis of
erythroid progenitors (575). Iron mobilization from reticuloendothelial iron stores is
reduced during the anemia of infection, and decreased serum iron in the setting of infection
is well known and implicated in the host response against infection (583). As described
later, decreased mobilization of iron from the liver and spleen also occurs during vitamin
A deficiency, and it is not entirely clear whether the same phenomenon during the anemia
of infection is related (535). Although it has been hypothesized that vitamin A may mod-
ulate the acute phase response, and thus, RBP and transferrin, a controlled clinical trial
in Indonesia did not show any effect of vitamin A supplementation, 60 mg RE, on acute
phase proteins (α1-acid glycoprotein and C-reactive protein) when given to preschool
children with clinical and subclinical vitamin A deficiency (584).

Vitamin A and iron metabolism. There are several lines of evidence to show that vita-
min A modulates iron metabolism (585). In experimental animal models, vitamin A defi-
ciency increased iron concentrations in the liver (529,533,586–588), spleen (533,589),
and femur (587). During vitamin A deficiency, iron absorption appeared to be enhanced
(588,589) and bone marrow uptake of iron impaired (588). In vitamin A-deficient rats,
the incorporation of 59Fe in erythrocytes was reduced by 40–50% compared with control
animals, suggesting that during vitamin A deficiency, iron is trapped in the liver and
spleen and not effectively released for erythropoiesis by bone marrow (533,590). Vita-
min A repletion in deficient rats stimulated the utilization of iron stores in spleen and
bone (591). Vitamin A deficiency did not affect the osmotic fragility of erythrocytes in
vitamin A-deficient rats, providing some evidence against increased hemolysis as a
mechanism for anemia during vitamin A deficiency (590), and recent studies show that
erythropoiesis and erythrocyte turnover were not affected by mild vitamin A deficiency
in rats (592).

Poor vitamin A status has been associated with low iron binding capacity and percent
transferrin saturation (545,593) but not low circulating transferrin concentrations (593).
Iron metabolism was examined in a large study of preschool children, aged 1–5 yr, before
and after a program of vitamin A-fortified sugar (594). Two years after vitamin A forti-
fication, indicators of iron status, such as serum iron, percent transferrin saturation, and
ferritin concentrations increased. A recent study suggests that gut integrity in infants, as
measured by urinary lactulose:mannitol excretion test, is influenced by vitamin A supple-
mentation (595), and these findings suggest another mechanism by which vitamin A
status could affect the absorption of nutrients involved in erythropoiesis. In studies using
cereal-based diets with labelled 59Fe or 55Fe, both vitamin A and β-carotene enhanced the
absorption of nonheme iron in human adults (596).

4.6. Other
Skin lesions and renal calculi were once considered to be a clinical manifestation of

vitamin A deficiency, but no causal association has been demonstrated between vitamin
A deficiency and these two conditions.
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5. EPIDEMIOLOGY

5.1. Prevalence and Incidence
Worldwide, there are an estimated 140 million preschool children and 7.2 million preg-

nant women who have vitamin A deficiency (597). In low-income countries worldwide,
there are an estimated 453,000 children with blindness or severe visual impairment, and
200,000 have corneal scarring attributed mostly to measles and vitamin A deficiency (2).
There is a close synergism between measles and vitamin A deficiency that can result in
blindness, and of an estimated 30 million children who develop measles each year, there
are an estimated 15,000–60,000 children who become blind (598). Others have sug-
gested that there may be about 350,000 children who go blind from vitamin A deficiency
annually (599).

5.2. Global Distribution
The prevalence of vitamin A deficiency is higher in developing countries in southeast

Asia, south Asia, east Asia and the Pacific region, sub-Saharan Africa, the Middle East,
northern Africa, and Central and South America (Fig. 15) (600,601). Vitamin A defi-
ciency is considered a public health problem in about 78 countries worldwide, and the
geographical distribution of vitamin A deficiency follows the same general pattern as for
poverty, malnutrition, and greater burden of infectious diseases such as diarrheal disease
and malaria. Vitamin A deficiency is often defined as a public health problem based on
any of the following criteria among children aged less than 6 yr: (1) prevalence of night

Fig. 15. Geographic distribution of vitamin A deficiency worldwide (World Health Organization).
(Reprinted from ref. 601, with permission of the American Society for Nutritional Sciences.)
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blindness >1.0%, (2) prevalence of Bitot spots >0.5%, (3) prevalence of corneal xerosis
and/or ulceration >0.01%, (4) prevalence of xerophthalmia-related corneal scars >0.05%
(600). Supportive biochemical evidence of deficiency is a prevalence of serum retinol
<0.35 μmol/L in >5% (600).

In the following section, the prevalence of vitamin A deficiency is described in studies
from selected countries where there is sufficient data in the published scientific literature.
Many surveys of vitamin A deficiency have appeared as internal or local government
reports and not in the scientific literature, and many reports up to 1995 have been summa-
rized by WHO (600). The quality of survey design ranges from rigorous population-based
cluster sampling to convenience samples. For some countries, there has been little pub-
lished in the scientific literature within the last decade, and in some cases, prevalence data
are available before and after the implementation of vitamin A programs. The existence
of programs to improve vitamin A status, especially through high-dose vitamin A capsule
distribution, is also described in this section where data are available, as vitamin A pro-
grams have generally had a demonstrable impact on the prevalence of vitamin A defi-
ciency in many countries. Although some developing countries have officially adopted a
national policy of vitamin A capsule distribution, the extent of implementation and cover-
age can vary considerably.

5.2.1. SOUTHEAST ASIA

Cambodia. The first national survey to assess the prevalence of vitamin A deficiency
in Cambodia was conducted in 2000 by Helen Keller International (602,603). The prev-
alence of xerophthalmia among children aged 18–60 mo was 0.7% (602), and the preva-
lence of xeropthalmia among nonpregnant women was 2% (603). The survey revealed that
high-dose vitamin A supplementation was reaching 10–55% of children aged 6–59 mo
and 1–13% of postpartum women. The government of Cambodia integrated high-dose
vitamin A capsule distribution into national immunization days for polio in 1996 (694).

Vietnam. The prevalence of xerophthalmia has declined in Vietnam since the mid-
1980s. In a survey in 1985 of 14,238 preschool children in the Hanoi region and the
provinces of Vinh Phú, Hà Nam Ninh, Hà So.n Bình, and Håi Phòng, the overall preva-
lence of xerophthalmia was 0.78%. Active corneal xerophthalmia was found in 0.08%,
and 0.13% of children had corneal scarring from xerophthalmia (605). In 1984, a study
of 2207 preschool children in Hoang Thi Luy, Ngo Nhu, and Phan Ke Ton and the vicin-
ity of Ho Chi Minh City showed that 0.24% had night blindness, 0.13% had Bitot spots,
0.13% had corneal xerosis, and 0.27% had corneal scarring (606). In the Vietnam Na-
tional Blindness Survey conducted 1985–1988, of 34,214 preschool children, 0.37% had
night blindness, 0.16% had Bitot spots, 0.07% had corneal xerosis, and 0.12% had cor-
neal scarring (607). A program of high-dose vitamin A capsule distribution commenced
in Vietnam in 1988 (607). The program started in seven pilot districts and expanded to
all communes of the country by 1993 (607). By 1994, when the National Vitamin A
Deficiency survey was conducted in 25 provinces, of 37,920 preschool children, 0.05%
had night blindness, 0.045% had Bitot spots, 0.005% had corneal xerosis, and 0.048%
had corneal scarring (607). The 1994 survey was conducted 2 mo following the July 1994
round of universal high-dose vitamin A capsule distribution to preschool children, and
the coverage of preschool children was nearly 94% (607). Surveys conducted since the
1980s show a clear reduction in the prevalence of clinical vitamin A deficiency among
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preschool children. The number of children with xerophthalmia who were admitted to the
main hospitals in Vietnam has decreased greatly from 1990 to 1999 (Fig. 16) (608).

Laos. A survey conducted in 1995 of 3376 children aged 0–71 mo and 680 mothers
in 17 provinces showed that night blindness occurred in 0.7% of children aged 24–71 mo
and in 5.4% of lactating women (609). Night blindness was found in 11.5% of pregnant
women (609).

Thailand. A survey conducted in northeastern Thailand in 1985 showed a prevalence
of night blindness of 1.3% and of Bitot spots of 0.4% among preschool children (610).
An estimated 20% of preschool children had subclinical vitamin A deficiency in north
and northeast Thailand in a survey that used conjunctival impression cytology and rela-
tive dose response (RDR) to measure vitamin A deficiency (611). Screening indicators
have been used to identify areas at risk for vitamin A deficiency in Thailand (611). A sur-
vey of 178 preschool children from three rural villages in Chiang Mai province showed
that 14% had serum retinol concentrations <0.70 μmol/L (613). A study of 262 lactating
women in rural Chiang Mai province in 1999 showed that 73.6% had breast milk retinol
concentrations <1.05 μmol/L (614).

Malaysia. There have been reports of xerophthalmia in Malaysia since the 1920s, but
the prevalence of clinical vitamin A deficiency declined by the 1970s (615). A survey
among more than 200 aborigine children under age 15 yr in Perak, Malaysia showed that
night blindness occurred in 16% and Bitot spots in 2.8% (616). A recent survey by the
government and UNICEF suggested that less than 5% of 400 children under age 5 yr had
serum retinol levels <0.70 μmol/L (615).

Singapore. Vitamin A deficiency is not a public health problem in Singapore, which is
among the countries with the highest standards of living in the world. It is notable that
keratomalacia was once present and showed a steady decrease in incidence since World
War II (617).

Myanmar. The government of Myanmar began a program of high-dose vitamin A cap-
sule distribution in 1996 (618).

Indonesia. As noted previously, vitamin A deficiency has been recognized as a serious
problem in Indonesia since the 1900s (110–115,619). High-dose vitamin A capsule dis-

Fig. 16. Temporal decrease of admissions for xerophthalmia in Vietnam. (Adapted from ref. 608.)
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tribution was introduced in Indonesia in 1971, and an evaluation of capsule distribution
by the Indonesian government in 1972–1973 showed that the prevalence of Bitot spots
was reduced in children that received capsules (620). The Ministry of Health began more
expanded distribution of high-dose vitamin A capsules to preschool children in 1973, and
the number of children who received capsules increased from about 74,000 in 1973–1974
to nearly 1 million in 1982–1983. A national survey for vitamin A deficiency was con-
ducted in 1977–1978 (285). The prevalence of Bitot spots was as high as 2.4% in Aceh and
2.0% in Ambon, and overall, the prevalence of Bitot spots was 1% (621). A national survey
in 1992 showed that the prevalence of active xerophthalmia declined by 75% and active
corneal disease declined by 95% since the 1977–1978 survey (622). Similarly, admis-
sions for xerophthalmia at Cicendo Eye Hospital in Bandung showed a large decline from
1981 to 1992 (623).

5.2.2. SOUTH ASIA

Pakistan. A survey of 532 children, aged 6–60 mo, from the slums of Karachi showed
that inadequate dietary intake of vitamin A and subclinical vitamin A deficiency were
common (624).

Surveillance for xerophthalmia in hospitals of northwest Pakistan revealed 76 chil-
dren with blinding xerophthalmia in 12-mo period between 1996 and 1997 (625). Serum
vitamin A concentrations have been described in preschool children in Pakistan (626).

India. A survey of vitamin A deficiency was conducted among 164,512 children less
than 6 yr old in 16 districts of 11 states in India from 1997 to 2000 and showed the highest
prevalence of night blindness and Bitot spots of 5.17% and 4.71%, respectively, in Gaya
district (627). In Dibrugarh district, 19.62% of pregnant women reported having night
blindness (627). The prevalence of Bitot spots was 1.8%, 0.7%, and 0.7% based on pooled
data from seven states from surveys conducted in 1975–1979, 1988–1990, and 1996–1997
(628). A study of 308 children under age 6 yr showed that 35.7% had abnormal impres-
sion cytology that was suggestive of subclinical vitamin A deficiency (629).

Bangladesh. Xerophthalmia was recognized in the early 1970s to be the leading cause
of blindness among children (630). Vitamin A capsule distribution was initiated in 1973,
with periodic dosing given through the Bangladesh Programme for the Prevention of
Blindness. A national survey conducted in 1982–1983 showed that vitamin A deficiency
was a major public health problem in areas of Bangladesh (630). In 1991, vitamin A
capsules were distributed to infants at the time of childhood immunization contacts and
also on national immunization days (631). A national survey conducted in 1997–1998
showed that the prevalence of night blindness among preschool children decreased from
3.76% in 1982–1983 to 0.66% (631).

Nepal. Xerophthalmia is a major cause of childhood blindness in Nepal (632). In
1989–1991, at baseline in an intervention trial in Sarlahi, an area in lowland Nepal, 2.8%
of 4318 preschool children had xerophthalmia (633). Xerophthalmia has been described
in 3–13.2% of preschool children in various parts of Nepal in the early 1990s (600).

Bhutan. Nutritional surveys conducted in the 1980s showed on the basis of prevalence
of xerophthalmia and serum retinol levels that vitamin A deficiency was a significant public
health problem (600).

Sri Lanka. The average prevalence of Bitot spots in a national survey in 1987 was 0.3%,
with some districts showing a higher prevalence (600).
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5.2.3. EAST ASIA AND PACIFIC

Mongolia. A survey in 1992 showed that of 1679 children, 0.8% had Bitot spots (634).
Of 576 children, aged 7–72 mo, seen in Ulaanbaatar and nine aimags (provinces) in 1998,
night blindness was found in 0.16% and 19.8% had serum retinol concentrations <0.70
μmol/L (634).

Philippines. A survey in Quezon, Northern Samar, and Zamboanga del Sur provinces
of 11,378 children, aged 6–83 mo, showed that 1.6–4.4% had night blindness and 0.6–
2.7% had Bitot spots (635). In Mindanao, a survey of 248 preschool children in a rural
area near Davao City showed that 29% had serum retinol <0.70 μmol/L (636). In 1993,
a national nutrition survey showed that vitamin A deficiency was a public health problem
among children and pregnant and lactating women (637). Country-wide distribution of
high-dose vitamin A capsules to children aged 12–59 mo began in 1993 and continued
semiannually for 6 yr (638). A national nutrition survey conducted in 1998 showed that low
plasma retinol concentrations were common among preschool children and pregnant and
lactating women, despite the presence of high-dose vitamin A capsule distribution pro-
grams (637). In 1999, vitamin A capsule distribution was integrated with health care
services for children aged 0–59 mo that included immunization, deworming, dental
hygiene, and other child health issues (638).

Solomon Islands. A survey conducted in 1991 in Guadacanal, Western Province, and
Malaita of children aged 6–72 mo showed that 0.52% had night blindness and 1.42% had
Bitot spots (639). Vitamin A initiatives are currently be conducted through the Solmon
Islands Development Trust.

Kiribati. Vitamin A deficiency was common in Kiribati (640). In 1989, a survey of 4617
children, aged 6–72 mo, showed that 8.16% had nightblindness and 11.12% had Bitot
spots (639,641). Since the time of the survey, a national vitamin A capsule distribution
program, nutrition education, and home gardening projects were implemented (641).

Cook Islands. A survey conducted in 1992 of 338 children, aged 6–72 mo, showed that
night blindness occurred in 0.59%. No Bitot spots were found (639).

Tuvalu. A survey of 1053 children, aged 6–72 mo, conducted in 1991 showed that 0.19%
had night blindness and 0.09% had Bitot spots (639).

Vanuatu. In 1991, a survey of 1785 children, aged 6–72 mo, showed that nightblindness
and Bitot spots occurred among 0.06% and 0.06%, respectively (639).

Republic of the Marshall Islands. A survey conducted among 919 preschool children,
aged 1–5 yr, in 1994 showed that 59.9% had serum retinol concentrations <0.70 μmol/L
(642). A nationwide vitamin A capsule distribution program has been adopted, but sporadic
cases of xerophthalmia are still found (Neal Palafox, personal communication, 2005).

Micronesia. An outpatient clinic-based study showed that nightblindness and Bitot
spots were relatively common among preschool children in Moen, Truk (644). Vitamin
A supplementation was begun in Chuuk and Pohnpei in 1993 and 1998, respectively
(645). A survey conducted in Kosrae and Yap in 1999 showed that 63.3% and 33.8% had
serum vitamin A levels ≤0.70 μmol/L, respectively (644).

5.2.4. SUB-SAHARAN AFRICA

Sudan. In a survey of 3461 children under age 5 yr in the eastern Sudan in 1983, the
prevalence of Bitot spots was 9.5% (645). The prevalence of Bitot spots was 3.7% among
children in a displaced community around Omdurman during a drought in 1986 (646).
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A survey in five districts of northern Darfur in 1988 showed a prevalence of night blind-
ness and Bitot spots of 0.52% and 0.1% among children under 6 yr of age (646). Xeroph-
thalmia was found in 2.9% of children aged 6 to 72 mo of age in five rural areas of Khar-
toum and Gezira provinces in northern Sudan (647).

Ethiopia. Xerophthalmia has been recognized as a major public health problem in
Ethiopia (648–651). In a national survey, conducted in 1980–1981, of 6636 children aged
6 mo to 6 yr, 1% had Bitot spots, and a prevalence of 1.6% was noted in the pastoral zone
(652). A survey conducted among 14,740 school children in the Shoa region of central
Ethiopia showed that 0.91% had Bitot spots (652). In Agaro in southwest Ethiopia, of 432
children, aged 6–59 mo, 4.2% had night blindness and 2.1% had Bitot spots (654). Night
blindness and Bitot spots were found in 17% and 26.5% of children aged 6 mo to 6 yr in
the Dodota district in central Ethiopia (655). In a survey conducted among 15,087 chil-
dren, aged 6–71 mo, in Harari, Tigray, Southern National Nationalities and People Region,
and Oromiya, night blindness and Bitot spots were found in 0.97% and 3.6%, respec-
tively (656). In Jimma, southwest Ethiopia, of 628 children, aged 6–59 mo, 0.48% had
Bitot spots and 0.16% had corneal scarring (657). Dietary intake of vitamin A among
children was extremely low (657). In Arssi zone of Dodotana sire district, 188 preschool
children and 214 school-aged children were examined for the presence of xerophthalmia.
Night blindness and Bitot spots were found among 7.2% and 2.2% of the children (658).

Eritrea. In a national survey conducted in 2002, of 2131 children, aged 6–59 mo, the
prevalence of night blindness and Bitot spots was 0.6% and 6.2%, respectively (659). The
prevalence of corneal xerosis was 4.1% (659).

Kenya. Vitamin A deficiency was observed in Kenya as earlier as the 1920s (660) and
has been periodically recognized in rural areas (661) and prisons (662). In southwestern
Kenya, high household income was associated with a greater household level of dietary
vitamin A consumption but not increased dietary vitamin A intake by preschool children
(663). In a survey of 6435 children, aged 6–72 mo, in 14 districts of eight provinces in
Kenya conducted in 1994, 1% had Bitot spots (664). Vitamin A deficiency as assessed
by conjunctival impression cytology was highly prevalent among children aged 4 to 7 yr
in two high-risk areas of Kenya (665). A high prevalence of vitamin A deficiency was
recently described among lactating women in Kenya based on low breast milk retinol
concentration (666).

Uganda. The magnitude and distribution of vitamin A deficiency have not been deter-
mined on a national level in Uganda (667). A study conducted in the 1960s suggested that
serum vitamin A concentrations were low among adults attending an outpatient clinic of
Mulago Hospital in Kampala (668). Xerophthalmia was a major cause of blindness among
Sudanese refugees seen in Uganda (669). The Ministry of Health of Uganda adopted a
policy of vitamin A capsule distribution in 2001.

Tanzania. A survey was conducted among 12,880 children in Mbeya, Iringa, and Kagera
regions in Tanzania from 1983 to 1985 (670). Xerophthalmia tended to cluster in certain
villages (670). Inadequate consumption of vitamin A-rich foods was noted among children
with Bitot spots in rural Tanzania (670).

Congo. A survey of 415 preschool children in South Kivu province showed that 0.7%
had night blindness and 19.7% had serum retinol <0.35 μmol/L (672).

Malawi. Vitamin A deficiency was shown to be a problem of importance in the lower
Shire Valley, with xeropthhalmia found among 3.9% of children under the age of 6 yr
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(673). In a study of 650 children aged 2–6 yr in Salima and Dedza in 1988, night blindness
was found in 1.4% and Bitot spots in 0.2% (674). A national household and school-based
micronutrient survey was conducted in 2001 that showed low serum retinol concentra-
tions consistent with vitamin A deficiency among nearly 60% of young children and almost
90% of nonpregnant women (675). Vitamin A deficiency is common among lactating
women in Malawi (676,677).

Zimbabwe. A survey of 207 lactating women and their infants in the Makhaza area
showed that 40% of the women had serum retinol <0.70 μmol/L and 76% had low liver
stores of vitamin A (678). Vitamin A deficiency was described as a public health problem
in 1991 in some districts (600).

Zambia. A study of lactating women who were bringing their children to the under five
clinic in a shanty town outside of Ndola showed that 38% had serum retinol <1.05 μmol/
L (679). A study of 381 preschool and 814 school-aged children in Ndola district showed
that serum retinol <0.35 μmol/L was uncommon except in a shanty town where 22% of
children had serum retinol <0.35 μmol/L (680). Vitamin A deficiency was also common
among randomly selected children, aged 7–19 mo, attending a pediatric clinic (681). A
national survey showed the 65.7% of children under five and 21.5% of women had serum
vitamin A levels <0.70 μmol/L, and the rates of night blindness were 6.2% and 11.6%,
respectively (682).

Angola. A survey conducted in eight provinces showed that subclinical vitamin A
deficiency was common among children under the age of 5 yr (683). High-dose vitamin
A capsule distribution was integrated with childhood immunization days in 1999. A hos-
pital-based record review showed that xerophthalmia remained a major cause of blindness
among children in Luanda in the early 1990s (684).

Mozambique. In Mozambique, an estimated 2.3 million children under the age of 5 yr
are vitamin A-deficient (685). Vitamin A deficiency was identified as a major public
health in a survey of four provinces in 1998 (686). The Ministry of Health began vitamin
A capsule distribution for preschool children and infants aged 6–12 mo in 1999 initially
through national immunization days and through maternal and child health campaigns
(687). Vitamin A capsule distribution is now integrated with routine child health services
but coverage is about 45% (685).

Botswana. A national survey of micronutrient deficiencies in children and women was
conducted in 1994 and showed that 35% of children aged 0–71 mo had serum retinol
<0.70 μmol/L (688).

South Africa. A national survey conducted in 1994 showed that vitamin A deficiency
is an important public health problem in eight provinces (689). The national policy includes
high-dose vitamin A supplementation to children aged 6–60 mo and to all mothers 6–8 wk
post delivery and targeted supplementation for children with severe undernutrition, per-
sistent diarrhea, measles, or xeropthalmia (690).

Senegal. A survey conducted among preschool children in the groundnut belt of Sene-
gal in 1991 showed that 0.2% had Bitot spots and 11.4% had abnormal conjunctival
impression cytology consistent with vitamin A deficiency (691). A high prevalence of sub-
clinical vitamin A deficiency was described among children aged 24–48 mo in the Louga
region (692).

Mali. In 1991, a survey of 207 children, aged 4–7 yr, in western Mali showed that 2%
had night blindness but none had Bitot spots (693). A survey of 3032 children aged 1–4 yr
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in the Djenne and Yelimane districts in 1999 showed that 0.8% and 3.2% had night blind-
ness, respectively, and a high proportion of children had low serum retinol concentra-
tions (694). Since 1998, vitamin A supplementation has been integrated with national
immunization days, and additional coverage is provided through regional micronutrient
days (695). Two cross-sectional surveys conducted in the Mopti region in 1997 (696)
prior to implementation of vitamin A capsule distribution and in 1999, 4 mo after vitamin
A capsule distribution, showed that the prevalence of xerophthalmia was lower in 1999
than in 1997 (697).

Mauritania. Vitamin A deficiency has been a public health problem in Mauritania (698),
especially after drought seasons (699). Vitamin A deficiency was detected among chil-
dren attending community health centers using conjunctival impression cytology (700).

Chad. Surveys conducted after a drought in 1984 and after a normal crop in 1985 showed
that xerophthalmia was a public health problem (701).

Burkina Faso. Xerophthalmia has been described in Burkina Faso (702,703). Vitamin
A deficiency was found to be a public health problem among children aged 6–14 yr in
Boulgou province (704).

Niger. Serum vitamin A concentrations were low among children and pregnant and
breast-feeding women from refugee camps and nearby villages in the Sahel region (705).
A national survey conducted in 1988 showed that 2% of children aged 6–72 mo had night
blindness. The prevalence of night blindness was high in Tera, Tillaberi, and Ouallam
Provinceds (600). High-dose vitamin A capsule distribution was integrated with national
immunization days in 1997 (706).

Ghana. A national program of vitamin A supplementation originally distributed vita-
min A capsules on National Immunization Days, and the program was expanded in 2000
to provide at least two capsules a year to preschool children (707).

Benin. A small hospital-based study showed that a high proportion of malnourished
children had abnormal impression cytology consistent with vitamin A deficiency (708).
Vitamin A deficiency is considered to be more prevalent in areas in the northern part of
the country (600).

Cameroon. Among 135 children, aged 3–15 yr, in northern Cameroon, mean serum
retinol concentrations were 0.47 μmol/L (709). In the Central Province (forested zone)
of Cameroon, 85% of 231 children, aged 6–15 yr, had serum retinol concentrations <0.70
μmol/L (710).

5.2.5. NORTH AFRICA

Algeria. Plasma vitamin A concentrations in volunteers from schools, blood donor cen-
ters, and among hospital staff in Algeria were lower than values reported in Europe (711).

Morocco. A national survey for vitamin A deficiency in 1996 showed a low prevalence
of xerophthalmia but a high proportion of children with low serum retinol concentrations
(712). A study of 1453 children and 1004 women from different areas of Morocco showed
that subclinical vitamin A deficiency was widespread (713). In a survey from northwest
Morocco, a large proportion of children aged 6–59 mo had an inadequate intake of vita-
min A (714).

Tunisia. Early case reports suggested that vitamin A deficiency was present in Tunisia
(715), but vitamin A deficiency has not recently been identified as a public health problem
in this country.
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Egypt. Early investigations of vitamin A deficiency in Egypt were focused on serum
retinol concentrations in infants with marasmus (716) and intestinal parasites (717).

A national nutrition survey conducted in 1978 showed 4 of nearly 10,000 preschool
children had Bitot spots (718). In 1995, a national survey involving 1629 children, aged
6–71 mo, in 5 of the 26 governates of Egypt showed that 11.3% of the children had plasma
retinol concentrations 0.35–0.70 μmol/L and 0.6% had plasma retinol <0.35 μmol/L (718).
The prevalence of xerophthalmia was assessed among 10,664 children in the Beheira
governate in 1996. The prevalence of Bitot spots ranged from 0.09% to 0.21% among
children under 72 mo of age (718). In Atries, a traditional rural village north of Giza, 94%
of 47 preschool children had serum retinol <0.70 μmol/L and 65.9% had serum retinol
<0.35 μmol/L (719). Periodic high-dose vitamin A supplementation was evaluated as early
as 1982 among school-aged children in Cairo (720). Consumption of vitamin A-rich plant
foods was also found to increase serum retinol concentrations (721).

5.2.6. MIDDLE EAST

Jordan. Early investigations showed that blinding xerophthalmia was a major prob-
lem in Jordan in the 1960s (722), and the prevalence of xeropthalmia decreased by 1975
(600). Surveys in poor areas of Jordan show that vitamin A deficiency is still a public health
problem. A high prevalence of vitamin A deficiency was described among urbanized,
Bedouin children (723).

Iran. A survey conducted in four provinces in Iran among preschool and school-aged
children showed that Bitot spots occurred among children in Beshagard, a remote, impov-
erished area (724). A survey of 1173 children, aged 24–72 mo, in Sistan and Baloochestan
provinces in southeast Iran showed that inadequate dietary intake of vitamin A was com-
mon and that 0.6% of children had night blindness (725).

Yemen. A survey conducted in 1992 among 2438 children, aged 1–5 yr, in western
Yemen showed that night blindness was present in 0.5%, Bitot spots in 1.7%, corneal
ulceration in 0.04%, and corneal scarring in 0.04% (726).

Djibouti. A countrywide survey of the prevalence of vitamin A deficiency was con-
ducted in 1988 (727). The prevalence of night blindness and Bitot spots among children
under 6 yr of age in rural areas was 0.26% and 1.04%, respectively (727).

5.2.7. CENTRAL AND SOUTH AMERICA

Mexico. A survey conducted in 1993 of 489 preschool children showed that 4.8% of
urban and 29.5% of rural children had serum retinol concentrations <0.70 μmol/L (728).

Guatemala. A national survey conducted in 1995 of 1517 children, aged 12–59 mo,
showed that 15.8% had serum retinol concentrations <0.70 μmol/L (728). In a survey
conducted in five rural hamlets in the region of Alta Verapaz, serum retinol concentra-
tions were measured in 502 children aged 6–78 mo. Twenty-two percent of boys and 18%
of girls had serum retinol <0.7 μmol/L (729).

El Salvador. In a country-wide prevalence survey conducted in 1973, of 9508 children
aged 1–6 yr, the prevalence of Bitot spots was 0.053% (730). A survey in 1988 of 720
children under the age of 5 yr showed that 36.0% had serum retinol concentrations <0.70
μmol/L (728).

Honduras. In a national survey conducted in 1996 of 1572 children, aged 12–59 mo,
13.6% had serum retinol <0.70 μmol/L (728).
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Nicaragua. A national micronutrient survey in 1993 showed that 31.3% of children aged
12–59 mo had serum retinol <0.70 μmol/L (731). The Nicaraguan government began
high-dose vitamin A capsule distribution in 1994 through national immunization days.

Panama. A survey conducted in Panama in 1992 of 1566 preschool children showed
that 6.1% had serum retinol concentrations <0.70 μmol/L (728).

Colombia. The 1977–1980 National Health Survey in Colombia showed that among
children under 5 yr of age, 24.1% had serum retinol <0.70 μmol/L (732). In a national
survey conducted in 1995, of 2187 children aged 12–59 mo, 13.6% had serum retinol
<0.70 μmol/L (728).

Venezuela. A survey conducted in urban and rural slums in and around Maracaibo
showed that more than one-fifth of children aged 24–85 mo had serum retinol <0.70
μmol/L (733), and some clustering was noted between vitamin A deficiency and anemia
(734). A survey of children aged 2–14 yr in a low-income community of Valencia showed
that 0.7% had serum retinol concentrations <0.70 μmol/L and 0.6% were at high risk of
vitamin A deficiency by dietary assessment (735).

Ecuador. In the 1985 National Nutrition and Health Survey in Ecuador, 13.9% of chil-
dren in rural areas and 11.9% of children in urban areas had serum retinol <0.70 μmol/L
(736). In 1993, a survey conducted by the Health Research Institute of the Ministry of
Public Health of Ecuador in five provinces showed that of 1232 children, aged 12–59 mo,
18% and 2% had serum retinol concentrations <0.70 and 0.35 μmol/L, respectively
(736). The prevalence of low serum retinol concentrations was higher in the 1993 survey
compared to the 1985 survey, however, the most recent survey was designed to assess
vitamin A deficiency in the more impoverished provinces of Ecuador.

Peru. A survey of 362 preschool children in Piura and 220 preschool children in Puno
showed that 32.8% and 14.1% had serum retinol concentrations <0.70 μmol/L, respec-
tively (728).

Bolivia. In the Andean Subregion, of 891 children, aged 12–71 mo, 11.3% had serum
retinol <0.70 μmol/L (728). A high prevalence of subclinical vitamin A deficiency has
been reported among young children and women of childbearing age in Bolivia (737).

Brazil. Clinical vitamin A deficiency has been most commonly described in northeast
Brazil, the poorest and least developed region of the country. As noted in the historical
section of this chapter, many important early observations on xerophthalmia were made
in Brazil in the 19th century (3,24). In the Sertão region of northeast Brazil in 1981–1982,
1.9% of preschool children had Bitot spots in the period between harvests (738). In the
Jequitinhonha valley in Minas Gerais in the early 1980s, 8.9% of preschool children had
serum retinol <0.35 μmol/L (739). A survey was conducted in 1998 in Sergipe State in
northeastern Brazil involving 607 children aged 6–60 mo, and 9.6% had serum vitamin
A levels <0.35 μmol/L (740).

5.3. Risk Factors for Vitamin A Deficiency
Vitamin A deficiency is more common among poor families in developing countries,

and along with poverty are many associated risk factors such as low maternal and paternal
education, lack of land, crowding, poor hygiene, increased infectious disease morbidity,
geographic isolation, lack of a home garden, and inadequate intake of vitamin A. Infants,
preschool, and primary school-aged children are at higher risk for vitamin A deficiency,
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and boys are affected more often than girls. Breast-feeding practices such as no breast-
feeding, early weaning, or rapid weaning are associated with an increased risk of vitamin
A deficiency. Pregnant women and nonpregnant women of childbearing age are at higher
risk of vitamin A deficiency. Vitamin A deficiency tends to cluster in households and in
villages, with higher risk of xerophthalmia among children within the same family, and
within mothers and their children. The relationships of risk factors for vitamin A defi-
ciency are shown in Fig. 17.

5.3.1. POVERTY

In developing countries, low socioeconomic status is a strong risk factor for vitamin
A deficiency, as many families living in poverty cannot afford vitamin A-rich sources of
animal foods such as eggs and meat and may have lower consumption of plant sources
of vitamin A. However, the effects of poverty extend beyond food availability and quality
of the diet. Poverty is also associated with lower quality of housing, lack of running water,
poor sanitation, crowding, and an increased burden of infectious diseases. A poor level
of education (see Subheading 5.3.2.), lower income, lack of land, and no home garden
(see Subheading 5.3.9.) are part of the general complex of poverty. These factors together
may increase the burden of infectious diseases and its associated morbidity, and infec-
tious diseases such as diarrheal disease and measles are well known risk factors that may
precipitate xerophthalmia (see Subheading 5.3.6.).

Fig. 17. Risk factors for vitamin A deficiency.



Chapter 1 / Nutritional Blindness 59

Early studies in Copenhagen showed that xerophthalmia was more common in chil-
dren who came from poor families (49). Investigations in Indonesia conducted in the
1930s and later have shown an association between poverty and xerophthalmia (115,741).
Vitamin A intake and dark adaptation testing were worse among the poorest families in
a study of families in Pennsylvania conducted in the late 1930s (742). In a country-wide
survey in Indonesia in the late 1970s, principal bathing facility and principal occupation
of the head of the household were associated with an increased risk of xerophthalmia (285).
In the 1982–1983 Bangladesh nutrition survey of vitamin A deficiency that involved
11,618 rural households and 18,660 preschool children, the risk of xerophthalmia was
associated with several indicators of low socioeconomic status, including not having a
garden or a tin roof on the house (743). Households without a wristwatch, radio, or bicycle
had a 1.5–3.2 greater risk of having a child with xerophthalmia. Nearly 80% of blind chil-
dren came from landless households (743). In Malawi, xerophthalmia was more common
in families where the head of the household was a farmer or fisherman compared with a
tradesman or merchant (673). Low socioeconomic status, as reflected by an unprotected
water source, no private latrine, and bamboo walls of the house, was associated with xeroph-
thalmia among households in Indonesia (744).

In a study of 29,615 children, aged 6–72 mo, in northern Sudan, lack of water piped into
the compound and relative poverty (as determined by the household dwelling, family pos-
sessions, and personal appearance of family members) were associated with an increased
risk of xerophthalmia (647). In a case-control study from Nepal, the risk of xerophthalmia
in children was inversely associated with household socioeconomic conditions (745). A
thatched roof (odds ratio [OR] 3.25, 95% confidence interval [CI] 2.00–5.29), lack of an
upper story of the house (OR 5.92, 95% CI 2.97–11.81), and lesser ownership of a radio
(OR 2.52, 95% CI 1.34–4.75), a watch (OR 1.75, 95% CI 1.02–3.01), cattle (OR 2.12,
95% CI 1.35–3.32), or goats (OR 1.59, 95% CI 1.06–2.36) was associated with xeroph-
thalmia (745). In a population-based study of 5352 children, aged 0–5 yr, in Cameroon,
risk factors for xerophthalmia included a roof made of leaf or straw (OR 3.97, 95% CI
2.00–7.88), an indicator of low economic status (746).

Xerophthalmia has been associated with larger household size in Indonesia (285) and
larger family size in urban Bangladesh (747), but no relationship was found between
xerophthalmia and household size in Malawi (673). In Bangladesh, a family size of three
or more children compared to one or two children was associated with an increased risk
of xerophthalmia (OR 3.2, 95% CI 1.61–6.50) (748). Larger overall fluctuations in poverty
may account for changes in the incidence of xerophthalmia over time. In Egypt between
1912 and 1931, the incidence of xerophthalmia in government ophthalmic hospitals peaked
in 1913 and in 1918–1919, the former peak coinciding with economic crisis in Egypt and
the latter peak coincided with poor conditions in the country at the end of World War I (749).

5.3.2. EDUCATION

A low level of education for the mother, father, or both, appears to be a strong risk fac-
tor for xerophthalmia among children. In Bangladesh, maternal education was an indepen-
dent risk factor for xerophthalmia in her child, after adjusting for occupation of the head
of the household, landholding, and other potential confounders (743). The relative risk for
a child to have xerophthalmia if the mother had no schooling compared to at least 6 yr
of schooling was about three (743). In Malawi, the risk of a household having a child with
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xerophthalmia was higher if the head of the household had no formal schooling compared
with any formal education (OR 1.38, 95% CI 1.05–1.82) (673). A maternal education
level of less than 6 yr was associated with xerophthalmia among households in Indonesia
(744). In northern Sudan, literacy of the mother, father, or both was protective against
xerophthalmia (647). A level of maternal education less than 9 yr was associated with
vitamin A deficiency in rural Mindanao in the Philippines (636). Maternal literacy was
associated with lower risk of xerophthalmia in her child (OR 0.10, 95% CI 0.01–0.76)
in Nepal (745).

5.3.3. GEOGRAPHIC LOCATION

Xerophthalmia has been described in more isolated, difficult-to-reach villages and
households in developing countries. It is more common in rural than urban settings,
although xerophthalmia may be found in some slum areas of large cities. A large distance
from the house to the nearest road of >20 kilometers was a risk factor for xerophthalmia
(OR 2.64, 95% CI 1.06–6.57) among preschool children in Cameroon (746). Among
nonpregnant women of childbearing age in Cambodia, the prevalence of night blindness
was higher in the more isolated rural provinces of Rattanakiri and Otar Meanchey (603).

5.3.4. AGE

Infants, preschool children, and women of childbearing age are at the highest risk of
vitamin A deficiency. Risk factors for vitamin A deficiency among women are discussed
separated in sections 3.1.13. and 3.1.14. The reported age distribution of xerophthalmia
among infants and children varies, depending on whether the study population is com-
munity-based or based on case reports from hospitals or clinics. In general, community-
based surveys suggest that the peak age for xerophthalmia among children is about 4–6
yr of age. For example, among preschool children in Jordan, the prevalence of xeroph-
thalmia was highest between 50 and 60 mo of age for girls and 40 and 70 mo of age for
boys (750). In a survey of 1715 children, aged 1–16 yr, in Cebu, Philippines, the overall
prevalence of xerophthalmia was 2.7%, and of children aged 1–3, 4–6, 7–9, 10–13, and
14–16 yr, the prevalence of xerophthalmia was 1.4, 4.7, 3.3, 1.8, and 3.4%, respectively
(751). In a country-wide survey of 13,450 preschool children in Sri Lanka, the prevalence
of Bitot spots among children aged 6–11, 12–23, 24–35, 36–47, 48–59, and 60–71 mo
was 0.1, 0.2, 0.8, 1.4, 1.4, and 2.1%, respectively (752). In the lower Shire Valley of
Malawi, the highest rates of active xerophthalmia (night blindness, Bitot spots, corneal
xerosis, corneal ulceration) were found in children aged 3–5 yr (673). The prevalence of
xerophthalmia among children aged 6–72 mo in northern Sudan was highest among
children aged 4–6 yr (647). In a survey of 11,378 preschool children in three underserved
provinces of the Philippines, the prevalence of xerophthalmia was twice as high for chil-
dren 6 yr of age compared with children under 2 yr of age (635). In western Yemen, children
aged 4–5 yr were at greater risk of xerophthalmia than children younger than 4 yr of age
(OR 2.9, 95% CI 1.6–5.4) (726).

In hospital and clinic-based reports, the risk of xerophthalmia is higher among younger
children and infants. Younger children are more prone to severe eye disease and are more
likely to be brought to the hospital or clinic by their mothers. Studies in the early 20th
century provide some insight into the age distribution in severe eye disease. Among 430
cases of keratomalacia seen in Copenhagen from 1909 to 1920, the median age was about
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8 mo (48). In a consecutive series of 1149 children seen in a 2-yr period in the mid-1960s
in an outpatient clinic in Surabaya, Indonesia, xerophthalmia was most common among
children who were 2–4 yr of age (115). Of 162 children with corneal xerosis, corneal
ulceration, or keratomalacia seen at Cicendo Eye Hospital, Bandung, Indonesia, between
1977 and 1978, 33% of children admitted were 2 yr of age (285). Of 117 children admitted
to the same hospital for xerophthalmia between 1981 and 1992, the peak age category of
hospitalization was 2–3 yr of age (623).

The presence of vitamin A deficiency among primary school-aged children has not
been well characterized, as most surveys of vitamin A deficiency have focused on infants
and preschool children. Given the higher prevalence of night blindness and Bitot spots
among children aged 4–6 yr in community-based studies, this suggests that the risk of
vitamin A deficiency may extend to primary school-aged children. In a survey of 4991
children, aged 0–12 yr, in the Sertão, an arid region of northeast Brazil, the prevalence
of Bitot spots was 1% in school-aged children and 0.3% in preschool children (p < .005)
(738). A higher prevalence of xerophthalmia has been reported among school-aged
children compared with preschool children in Ethiopia (753). Xerophthalmia was reported
among individuals up to 19 yr of age in a survey of 149 villages in Bangladesh in 1981
(754). In a study of 1325 children displaced by famine in Ethiopia, the prevalence of Bitot
spots was 3.35% among children aged 7–14 yr compared with 0.93% among children
aged 0–6 yr (755). Inadequate vitamin A intake and low serum retinol concentrations have
also been reported in school-aged children (756,757) and in adolescent girls (758). In
some cases, the presence of Bitot spots may not necessarily reflect active vitamin A defi-
ciency, especially among older children. With prolonged vitamin A deficiency, the squa-
mous metaplasia of the conjunctiva may become irreversible, even if the individual has
returned to a state of replate vitamin A status.

5.3.5. GENDER

Among preschool children, boys have often been reported to be at higher risk of
xerophthalmia than girls (115,635,639,641,726,747,751,759,760). Boys were at higher
risk than girls of having xerophthalmia in northern Sudan (OR 1.70, 95% CI 1.48–1.95)
(647), in the Republic of Kiribati (OR 1.32, 95% CI 1.05–1.67) (641), and in western
Yemen (OR 2.1, 95% CI 1.2–4.0) (726).

5.3.6. BREASTFEEDING

Early reports have often linked corneal ulceration and keratomalacia with lack of
breastfeeding. Masamichi Mori (1806–1932), in his detailed description of 1511 chil-
dren with “hikan,” or xerophthalmia and keratomalacia in Japan, noted that the condition
rarely occurred in children under age 12 mo unless the infant received total or partial
artificial feeding instead of breast milk (761). In 1906, Adalbert Czerny (1863–1941) and
Arthur Keller (1868–1934) described xerophthalmia among children in Breslau who
were fed flour-based preparations as a substitute for milk or breast-feeding, and xeroph-
thalmia was part of a syndrome they termed “Mehlnährschaden” that included wasting,
poor weight gain, depressed immunity, and increased infections (762). In the late 1930s,
hundreds of cases of xerophthalmia were reported among infants and young children in
Java who received sweetened condensed milk or skimmed milk instead of breast milk by
Maria van Stockum (Otten-van Stockum) (1885–1940) (763) and by J.H. de Haas (764).
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In the 1940s, keratomalacia was described among infants in Singapore who were fed
sweetened condensed milk, a poor source of vitamin A (765).

Lack of breastfeeding, early cessation of breastfeeding, introduction of vitamin A-
poor complementary foods, and rapid weaning are associated with vitamin A deficiency
(115,285,747,766–770). In a country-wide survey in Indonesia, breast-feeding was less
common among 358 children with Bitot spots compared with matched controls or other
normal children (767). In a case-control study of breast-feeding and weaning patterns in
Malawi, xerophthalmia was associated with weaning onto porridge, a shorter weaning
interval, and early cessation of breast-feeding (769). Another case-control study at a diar-
rhea treatment center in Dhaka, Bangladesh showed that breastfeeding was protective
against xerophthalmia (OR 0.26, 95% CI 0.14–0.49) (770). The frequency of breast-
feeding was highly protective against xerophthalmia in Nepal (745). In a case-control
study of 666 children with xerophthalmia and 816 children without xeropthalmia in the
Republic of Kiribati, current breastfeeding was protective against xerophthalmia (OR
0.30, 95% CI 0.19–0.46) (641).

5.3.7. INFECTIOUS DISEASES

Vitamin A deficiency is characterized by impaired immune function and increased
susceptibility to some infectious diseases. In general, the morbidity of infectious diseases
is more severe among individuals with vitamin A deficiency. Diarrheal disease, tubercu-
losis, measles, whooping cough, pneumonia, Ascaris infection, and human immunodefi-
ciency virus infection are associated with vitamin A deficiency, and in many situations,
an episode of disease will precede a case of xerophthalmia.

Diarrheal disease. A history of diarrheal disease is common among children with
xerophthalmia (115,285,369,647,722,743,745,747,754,761,771–775). In 1833, the Brit-
ish ophthalmologist Richard Middlemore (1804–1896) observed individuals with chol-
era around Birmingham who “consequent to an attack of cholera” developed “ulceration
or sloughing of the cornea—and suppuration of the eyeball.” He noted: “In nearly every
instance the disease of the eye occurred as the symptoms of cholera were subsiding” and
“sometimes the cornea appeared to ulcerate or slough, without having been preceded by
any appreciable amount of inflammation” (776). In Bangladesh, all children with mul-
tiple corneal ulcers or keratomalacia had a history of diarrhea in the preceding 4 wk (743).
In northern Sudan, a history of diarrhea (three or more loose watery stools within 24 h)
in the previous 7 d was associated with xerophthalmia (OR 1.22, 95% CI 0.98–1.53) (647).
In lowland Nepal, children were at higher risk of xerophthalmia if they had dysentery for
1 to 6 d in the previous 7 d (OR 2.13, 95% CI 1.02–4.46) or dysentery for ≥7 d (OR 5.81,
95% CI 1.11–30.58) (745). Previous diarrhea or dysentery was also associated with
xerophthalmia in Bangladesh (754). In Ethiopia, the prevalence of diarrhea was twice as
high in children with xerophthalmia than among children without xerophthalmia (655).
In a random sample of 700 children, aged 0–6 yr, at Saddam Paediatric Hospital in Iraq,
xerophthalmia was found in 29% and was associated with diarrheal disease (774). In a
study of 400 children, aged 6–59 mo, with acute diarrhea in rural Bangladesh, 7.8% had
night blindness and 2.7% had Bitot spots (775). In the Republic of Kiribati, recent diar-
rhea was associated with xerophthalmia (OR 1.45 95% CI 1.10–1.89 (641).

Measles. The association between measles and vitamin A deficiency has been exten-
sively documented and reviewed in detail elsewhere (598). In 1874, Friedrich Bezold
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(1842–1908), a physician in Munich, described keratomalacia in a 5-mo-old infant fol-
lowing an attack of measles (777). Other detailed descriptions were made by the Greek
ophthalmologist, Alexios Trantas (1867–1961), in Constantinople at the turn of the century
(778,779). These are early examples of many reports of corneal ulceration and keratoma-
lacia associated with acute complicated measles (722,768,780–795). In Bangladesh,
nearly 10% of children with active corneal lesions (X2/X3) had a history of measles
within the preceding 4 wk (743). In the Republic of Kiribati, a recent history of measles
was associated with corneal xerophthalmia (OR 7.73, 95% CI 1.78–33.65) (641).

Respiratory disease. A history of respiratory disease has often been reported in children
with xerophthalmia (115,285,673,750) and autopsy series of infants who died with kera-
tomalacia often show evidence of bronchopneumonia (368,369). In longitudinal studies
in Indonesia, a previous episode of respiratory disease increased the risk of a child having
xerophthalmia (796), and an episode of xerophthalmia increased the risk of subsequently
having an episode of respiratory disease (797). Acute measles complicated by lower respir-
atory infection are associated with xerophthalmia (795). Maternal night blindness has
been associated with increased risk in their infants of nasopharyngeal colonization with
S. pneumoniae (798).

Tuberculosis. Xerophthalmia is associated with tuberculosis in infants and children,
and most of these cases typically consist of infants with marasmus or kwashiorkor who
had corneal ulceration or keratomalacia (115,369,751,786,799,800). Sydney Stephenson
(1862–1923) described tuberculosis in nearly 20% of the children he saw with keratoma-
lacia in London at the turn of the century (799). There were 3 cases of tuberculosis among
17 autopsies of infants and children with keratomalacia that were conducted by Lewis
Sweet (1902–1950) and his colleague H. J. K’ang at Peiping Union Medical College (369).
Tuberculosis may be underestimated in its association with vitamin A deficiency among
infants and children, given the difficulty of confirming the diagnosis of tuberculosis in this
age group.

Other infections. Otitis media has been associated with xerophthalmia in many studies
(49,115,368,369,643). Kenneth Blackfan (1883–1941) and S. Burt Wolbach (1880–1954)
described cases of otitis media in their autopsy series of infants who had died with kera-
tomalacia in Boston (368). Whooping cough has occasionally been reported in associa-
tion with xerophthalmia (751,780). Intestinal helminth infections such as ascariasis have
been associated with vitamin A deficiency and malabsorption of vitamin A (115,801–
804), and keratomalacia has been described in association with giardiasis (805). In 1823,
the German ophthalmologist Theodor Heinrich Wilhelm Lerche (1791–1847) described
an association between intestinal worm infections and night blindness among the general
population in St. Petersburg (806). Lerche received his medical degree at the University
of Dorpat in 1812 and moved to St. Petersburg, where he noted diarrheal illnesses, helmin-
thiasis, and night blindness, especially around the time of the great fasts (806). Small-pox,
which has been eradicated worldwide, was once associated with xerophthalmia (807).

5.3.8. DIET

Xerophthalmia is commonly associated with an inadequate intake of dietary vitamin
A (49–52,115,285,636,647,744,746–748,751,767,775,808–811). A lower intake of vit-
amin A from plant sources was associated with a higher risk of night blindness among
children in Bogor, Indonesia (808). The intake of vitamin A per head in families was
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adequate, but there was an unequal distribution of vitamin A-containing foods among
members of the household (808). In a case-control study of 466 children, under age 6 yr,
with Bitot spots and/or corneal xerophthalmia and matched controls in Aceh, Indonesia,
the risk of xerophthalmia increased with less frequent consumption of dark green leafy
vegetables (OR 6.4, 95% CI 3.4–12.2), yellow fruits or vegetables (OR 4.6, 95% CI 2.7–
7.7), egg (OR 2.2, 95% CI 1.5–3.3), or meat and fish (OR 2.4, 95% CI 1.5–3.8) (744). Chil-
dren with xerophthalmia who were younger than 3 yr of age appeared to be a higher risk
of dietary imbalance than were older children (744). In northern Bangladesh among chil-
dren under the age of 9 yr, no consumption of fish, meat, milk, or eggs (OR 4.90, 95% CI
2.03–11.81), yellow fruits (OR 3.90, 95% CI 1.57–9.85), or dark green leafy vegetables
(OR 2.50, 95% CI 095–6.47) was associated with an increased risk of night blindness (748).

5.3.9. HOME GARDENS

In many rural areas in developing countries, home gardens are an important source of
plant sources of vitamin A and may provide protection against vitamin A deficiency. In
Bangladesh, the relative risk of having a child with active corneal lesions (X2/X3) was more
than three times greater for households with no garden (743). In the Republic of Kiribati,
the presence of a fruit and vegetable garden project was associated with a decreased risk
of xerophthalmia (OR 0.70, 95% CI 0.52–0.93) (641).

5.3.10. MALNUTRITION

It has long been recognized that corneal ulceration and keratomalacia are more com-
mon among infants with severe malnutrition, as reflected in numerous case reports and
case series from around the world (3,16–18,23,24,49,51,52,113,115,261,285,318,337,
368,369,750,761,762,764,780,784,786,799,800,805,812–884). Community-based stud-
ies also show that xerophthalmia is associated with malnutrition (641,745,760). Among
100 malnourished children up to 8 yr of age seen in New Delhi, India, the prevalence of
xerophthalmia increased with the severity of malnutrition (885). Keratomalacia has been
described in association with pellagra (868), rickets (835), and scurvy (886). Nearly one-
third of adults with beriberi in the Philippines had marked impairment of dark adaptation
(887). Corneal ulceration was described in an adult with ulcerative colitis who purposely
eliminated all fresh fruits and vegetables from her diet (888). A 39-yr-old man presented
with bilateral keratomalacia after he had been on a “healthy diet” of brown rice, pulses,
and alfafa sprouts for 7 yr, with no animal or dairy products (889). In 1890, the German
ophthalmologist Wilhelm Uhthoff (1853–1927) described a large series of adults with
alcoholism, poor nutrition, and xerophthalmia (890). Keratomalacia was described in a
57-yr-old German man with alcoholism, wasting, and acute pancreatitis (891). In India,
infants fed on soy milk for 10 to 12 wk developed xerophthalmia and keratomalacia (892).
At the time, the soy milk product was not fortified with any vitamins (893).

In a study of 213 malnourished children, aged 4–60 mo, in Sudan, 29% had xeroph-
thalmia (894). Among children aged 6–35 mo attending a diarrheal treatment center in
Dhaka, Bangladesh, the risk of vitamin A deficiency was higher if the child was <60%
of the National Center for Health Statistics median of weight-for-age (OR 3.8, 95% CI 1.8–
8.0) (770). The association between xerophthalmia and malnutrition has been observed
among preschool children in an urban slum in India (811). In Bangladesh, night blindness
was associated with protein energy malnutrition, as assessed by mid-upper arm circum-
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ference (895). A higher prevalence of both wasting and stunting were described among
children with xerophthalmia compared to children without xerophthalmia in a community-
based survey of Bangladesh (760). In Nepal, xerophthalmia was also associated with
stunting and wasting (745). Subclinical vitamin A deficiency was associated with protein
energy malnutrition among preschool children in Zaire (896). In the Republic of Kiribati,
xerophthalmia was associated with mild wasting (OR 3.07, 95% CI 2.33–4.04), moderate
wasting (OR 3.55, 95% CI 2.04–6.18), and severe wasting (OR 3.82, 95% CI 2.73–5.35),
where wasting categories were defined as mid-upper arm circumference ≥10 to <25th
percentile, ≥5 percentile to <10th percentile, and <5th percentile, respectively (641). Lower
serum retinol concentrations have been associated with stunting and wasting in studies
from Ethiopia (655,656).

5.3.11. SEASON

The incidence of xerophthalmia can have a seasonal pattern in some parts of the world,
and these fluctuations are related to the availability of vitamin A-rich foods and patterns
of morbidity related to seasonal infections. In the late nineteenth century when malnu-
trition and diarrhea were more common in London, the peak of cases of keratomalacia
coincided with the peak in the diarrhea cases in July–August (799). The examples of sea-
sonality of xerophthalmia are most dramatic from the past in places where xerophthalmia
was widespread. In Germany in 1922, the peak incidence among 30 cases of keratoma-
lacia was in May (831) (Fig. 18). In Tianjin, China, a single peak of xerophthalmia was
reported from December through April (897) (Fig. 19), however, in nearby Beijing, the
incidence of xerophthalmia was highest in January through March and again in July, with
the first peak was attributed to scarcity of green vegetables during the winter, and the
second peak was attributed to the appearance of diarrhea and dysentery in the summer

Fig. 18. Seasonality of keratomalacia in Germany, 1922. This historical example from Europe is
typical of seaonality described in developing countries today. (Reprinted from ref. 831.)
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(369). In Tunisia, cases of xerophthalmia were also reportedly more common at the end
of the hot summer and were associated with chronic diarrhea (872). The seasonal inci-
dence of more than 15,000 cases of xerophthalmia among children was examined in four
ophthalmic hospitals in India, Indonesia, and Vietnam (898). In Bangalore, India, there
were more cases of xerophthalmia seen from April to June, and this coincided with a
relative scarcity of green vegetables and milk and with a higher prevalence of summer
diarrhea. In Surabaya and Bandung, Indonesia, the incidence of xerophthalmia was
highest from about March to September. In Hanoi, Vietnam, there were two periods in
which xerophthalmia was highest, from April to June and from October to December
(898). In a longitudinal study of 312 children, aged 0–4 yr, in rural West Bengal, the
incidence of night blindness and/or Bitot spots had a small peak in November–December
and in a larger peak in May–June (899). The prevalence of Bitot spots was highest in the
pre-monsoon season in West Bengal (899). In longitudinal field studies in Indonesia, the
number of children with corneal involvement in xerophthalmia was highest in March
through August (285). Among children admitted to Cicendo Eye Hospital in Bandung,
Indonesia, the peak month of admissions was in March, which corresponds to the dry
season (623). The periodicity of xerophthalmia in some populations needs to be taken in
account when conducting epidemiological surveys of vitamin A deficiency. Xerophthal-
mia was also reported to increase after crop failure in Russia (900).

5.3.12. MALABSORPTION

Cystic fibrosis. Cystic fibrosis is an autosomal recessive disease that affects primarily
Caucasian populations and is characterized by exocrine pancreatic insufficiency, altered
pulmonary mucosal immunity, and other abnormalities affecting the liver, sweat glands,
and genitourinary tract (901). Exocrine pancreatic insufficiency causes malabsorption of

Fig. 19. Seasonality of xerophthalmia in Tianjin, China. (Reprinted from ref. 897.)
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fat and fat-soluble vitamins such as vitamin A, and problems such as steatorrhea and poor
weight gain. Cystic fibrosis is caused by a mutation in the FES1 gene that encodes the cystic
fibrosis transmembrane conductance regulator. Individuals with cystic fibrosis are at a
high risk of developing vitamin A deficiency because of malabsorption of vitamin A (902).
One study of 36 infants less than 2 mo of age in Colorado showed that vitamin A defi-
ciency was present among 21% of those diagnosed with cystic fibrosis by newborn screen-
ing (903). There have been many case reports of xerophthalmia associated with cystic
fibrosis (904–913). Low plasma vitamin A concentrations and impaired dark adaptation
appear to occur frequently in cystic fibrosis, even among clinically stable, eutrophic, and
retinol-supplemented adolescents (914). Night blindness and conjunctival xerosis may
still occur despite vitamin A-supplementation among adolescents with cystic fibrosis,
especially if they have liver disease (909).

Pulmonary exacerbations of cystic fibrosis are associated with an increase in inflam-
mation and a decrease in plasma retinol concentrations (915). Xerophthalmic fundus has
been reported in an 18-yr-old girl with cystic fibrosis who developed night blindness (908).
Regular monitoring of serum retinol concentrations in individuals with cystic fibrosis has
been recommended because vitamin A deficiency may still occur despite vitamin A supple-
mentation (902). Low serum retinol concentrations were reported to have no correlation
with pancreatic sufficiency in cystic fibrosis (916). Regular monitoring of serum retinol
concentrations and adherence to vitamin A supplementation may help patients with
cystic fibrosis avoid problems with night blindness (917,918). A study of vitamin A con-
centrations in the liver among fifteen patients with cystic fibrosis from 8 to 34 yr of age
show that hepatic retinol concentrations decrease with age (919). These findings are
suggestive that long-term vitamin A supplementation is unlikely to increase the risk of
hypervitaminosis A in patients with cystic fibrosis (919). A transient increase in intracra-
nial pressure, as manifested by a bulging anterior fontanelle, was reported in two 9-mo-old
infants with cystic fibrosis and xerophthalmia after receiving high-dose vitamin A (913).

Celiac sprue. Celiac sprue, also known as celiac disease and gluten-sensitive enterop-
athy, is a condition of the proximal small intestine that is characterized by malabsorption
(920,921). The condition is associated with injury to the small intestine after the inges-
tion of wheat gluten or related rye and barley proteins and improves on treatment with
a gluten-free diet. The condition has a genetic predisposition and may occur in one of
every 120–300 persons in both Europe and the United States (921). It mostly occurs in
Caucasians but has been reported occasionally in other ethnic groups. Abnormal T-cell
mediated immune responses against ingested gluten may occur in those that are geneti-
cally predisposed together the disease (921). Common clinical manifestations include
diarrhea, failure to thrive, and abdominal distention in children, and diarrhea and iron
deficiency anemia in adults. Children and adults with celiac disease may have abnormal
absorption of oral vitamin A (922). During active sprue, vitamin A absorption is severely
impaired, but during remission of disease, the absorption of vitamin A may be satisfac-
tory (923). Plasma retinol concentrations are reduced in patients with sprue compared
with normal individuals (924). Keratomalacia was reported in a 64-yr-old man with a
history of celiac sprue after he developed persistent diarrhea in spite of adherence to a
gluten-free diet (925).

Other conditions. Night blindness associated with vitamin A deficiency has been re-
ported with intestinal bypass surgery for morbid obesity (926–930). In addition to night
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blindness, conjunctival xerosis (926) and Bitot spots (927) have also been reported after
intestinal bypass surgery. Xerophthalmia and keratomalacia have been described in an
infant with obstructive biliary cirrhosis (931). Night blindness has been associated with
alcoholic liver disease (932–934). Severe protein energy malnutrition is associated with
impaired intestinal absorption of vitamin A (935).

5.3.13. PREGNANCY

Night blindness has long been recognized among pregnant women, with hundreds of
cases reported in the literature (936–961). The requirement for vitamin A increases dur-
ing pregnancy, and many women may not have adequate intake of vitamin A and subse-
quently develop night blindness. In general, night blindness is more common in pregnant
women from poor families and in association with complications of pregnancy such as
hyperemesis, anorexia, diarrhea, and other concomitant infections. In a study conducted
in 1889–1892 in Nishne Tagilsk in the Urals, O. Walter noted that night blindness among
pregnant women seemed to peak in February through April, and a large proportion indi-
cated that they had repeatedly been night blind during pregnancy (941). At a time when
vitamin A deficiency was prevalent in Europe, Theodor Birnbacher and Emanuel Klaften
noted that night blindness was more common among pregnant women than nonpregnant
women of childbearing age (944), and Birnbacher attributed the night blindness to lack of
vitamin A (946). Carsten Edmund (b. 1897) and Svend Clemmesen (b. 1901) in Copen-
hagen concluded that night blindness in pregnant women was due to vitamin A deficiency
because the night blindness was promptly cured after treatment with parenteral vitamin A
(947). After margarine was fortified with vitamin A in 1936–1937 in Denmark, they noted
a decrease in the number of cases of pregnant women with night blindness (947). Parul
Christian has recently brought attention to night blindness during pregnancy as an indica-
tor of vitamin A deficiency (962).

5.3.14. NONPREGNANT WOMEN OF CHILDBEARING AGE

Night blindness has also been reported among nonpregnant women of childbearing
age in India (963), Bangladesh (964), Nepal (965), and Cambodia (603). In the 1930s,
Adalbert Fuchs reported that night blindness and keratomalacia occurred among lactat-
ing women in Mysore, India (966). A strong risk factor for night blindness among women
of childbearing age is night blindness during the most recent pregnancy (603). However,
it does not appear that vitamin A deficiency during the last pregnancy alone is the main
determinant of night blindness, as one might expect that the point prevalence of night
blindness would be highest immediately following pregnancy. Instead, the risk of night
blindness appears to be consistently high and steady for many months following delivery
(Fig. 20), which suggests that there are women who have greater risk overall of night blind-
ness because of poor intake of vitamin A-rich foods (603). Among nonpregnant women
in Cambodia, in a final multivariate analysis, risk factors for night blindness included mate-
rials of the wall of the house (OR 1.4, 95% CI 0.9–2.0), land ownership ≥0.5 hectares (OR
1.4, 95% CI 1.0–1.9), night blindness in the last pregnancy (OR 44.5, 95% CI 29.2–67.8),
parity >3 (OR 1.5, 95% CI 1.0–2.1), diarrhea within the last 2 wk (OR 1.9, 95% CI 1.3–2.8),
maternal body mass index (OR 1.8, 95% CI 1.2–2.7), and lack of consumption of vitamin
A-rich animal foods in the last 24 h (1–60 REs, OR 1.1, 95% CI 0.7–1.6, ≥60 retinol equiv-
alents, OR 0.7, 95% CI 0.4–1.0) (603).
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5.1.15. INSTITUTIONALIZATION

Xerophthalmia has been reported in mental hospitals, prisons, and orphanages where
the diet may be inadequate in vitamin A (967–970). In Calcutta, corneal ulceration oc-
curred among prisoners recovering from cholera and was thought to be the result of
malnutrition (971). Bitot spots and corneal leucomas were described among inmates of
a mental hospital in Mathari, Kenya (969). In Kampala and Luzira Prisons in Uganda in
the 1920s, corneal ulceration was observed among inmates who were fed a diet poor in
vitamin A (970). No cases of xerophthalmia and corneal ulceration were reported from
Mengo Prison, where the inmates were fed four pounds of sweet potato (a rich plant
source of vitamin A) each day (970). Xerophthalmia was noted to be common in local
prisons in Malawi in the 1980s (Moses Chirambo, personal communication). Medical staff
and aid workers who deal with prisoners in developing countries should be aware that the
presence of night blindness, Bitot spots, or corneal xerosis among inmates indicate a poor
quality diet that is low or devoid of vitamin A-rich foods.

6. DIAGNOSIS OF VITAMIN A DEFICIENCY

6.1. Clinical Diagnosis
Vitamin A deficiency can be diagnosed on the basis of clinical signs and symptoms

as described under Subheading 3. The most commonly used clinical indicators of vitamin

Fig. 20. Point prevalence of night blindness after delivery among women in Cambodia. (Reprinted
from ref. 603.)
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A deficiency are night blindness and Bitot spots. Although the earlier literature may refer
to night blindness and Bitot spots as “mild” vitamin A deficiency, the presence of clinical
vitamin A deficiency actually represents a later, more severe state of vitamin A defi-
ciency. A simple history of night blindness can be used as a diagnostic indicator for
vitamin A deficiency (972) and is especially useful in areas where vitamin A deficiency
is endemic. As noted previously, Bitot spots are considered pathognomonic for vitamin
A deficiency. Individuals who have had longstanding clinical vitamin A deficiency may
develop irreversible squamous metaplasia of the conjunctiva, and Bitot spots in these
individuals may not respond to vitamin A therapy. Thus, Bitot spots may not necessarily
represent active vitamin A deficiency, especially among school-aged children. Infants or
children with corneal xerosis, corneal ulceration, or keratomalacia are at an extremely
high risk of dying, and great attention must be paid to treatment of vitamin A deficiency
and supportive measures (see Subheading 7). Corneal scarring is sometimes used as a
indicator of past vitamin A deficiency, however, other conditions such as trauma and
bacterial ulceration can also leave a corneal scar after the corneal has healed, thus, cor-
neal scarring may be relatively nonspecific. A history of measles associated with corneal
scarring may improve the specificity of the diagnosis of vitamin A deficiency.

6.2. Assessment of Vitamin A Status
A wide variety of methods are available to assess vitamin A status, and the more

commonly utilized techniques include serum retinol concentrations, breast milk retinol
concentrations, conjunctival impression cytology, dark adaptometry, RDR test, and
modified relative dose response (MRDR) test (973,974). Liver retinol concentrations are
often considered the “gold standard” for vitamin A status, but liver biopsy is highly
invasive and rarely used s. The methods for the assessment of “vitamin A status” are
sometimes not directly comparable, as the endpoints of these measures are quite differ-
ent, i.e., (1) intake of vitamin A (dietary assessment), (2) hepatic reserves of vitamin A
(RDR, MRDR), (3) circulating vitamin A (serum retinol), (4) effect of vitamin A on
function (dark adaptometry, pupillary threshold, conjunctival impression cytology), and
(5) total body vitamin A stores (deuterated retinol dilution technique). To give some
examples, a child could have adequate intake of vitamin A, as demonstrated by dietary
assessment, but show impaired dark adaptometry because of malabsorption of vitamin
A as a result of intestinal parasites. A lactating woman could have high breast milk retinol
concentrations but low serum levels of retinol because of inflammation.

6.2.1. SERUM RETINOL CONCENTRATIONS

Serum or plasma retinol concentrations are widely used to assess the vitamin A status
of populations (see Subheading 4), but are considered less reliable for assessment of
vitamin A status in individuals (973,974). Serum retinol can be measured using high
performance liquid chromatography (973), and unless measurements are made immedi-
ately, serum or plasma samples should be stored at −70°C or less prior to analysis. In large
surveys, the frequency distribution of serum retinol concentrations can provide useful
information about the general vitamin A status in a population. The proportion of people
with serum retinol concentration <0.70 μmol/L is used by WHO to determine whether
vitamin A deficiency is a public health problem (975). Mild, moderate, and severe vitamin
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A deficiency as a public health problem in a population is thought to be reflected by a
prevalence of ≥2 to <10%, ≥10 to <20%, and ≥20%, respectively (975).

Although serum retinol concentrations are widely used as an indicator of vitamin A
status, this assessment method may have some limitations. In the 1940s, longitudinal
studies of vitamin A status in adults showed that upper respiratory infections and epi-
sodes of fever were associated with a depression in blood retinol concentrations (976).
Decreased plasma vitamin A concentrations were observed during infections such as pneu-
monia (977), and autopsy studies showed normal hepatic vitamin A stores among children
who had decreased plasma vitamin A concentrations prior to death (978).

RBP is a negative acute phase protein, and in the presence of inflammation or infec-
tion, retinol-binding protein and retinol concentrations may decrease (217,979).

 In order to avoid overestimating the prevalence of vitamin A deficiency in popula-
tions with a high prevalence of infections, it has been proposed that individuals with
elevated acute phase proteins be excluded or that serum retinol concentrations be “ad-
justed” (980). However, the approach to exclude individuals with infection or depend on
“adjusted” retinol values may result in selection bias, as the remaining individuals with-
out infection may be healthier and no longer representive of the population that is being
surveyed (981). Because vitamin A deficiency is a syndrome characterized by immune
suppression, increased susceptibility to infections, and elevated acute phase proteins
(584,676,982), the exclusion of individuals with low plasma retinol concentrations and
elevated acute phase proteins may also lead to an underestimation of the prevalence of
vitamin A deficiency in some populations (981). Serum retinol concentrations could theo-
retically be affected by iron deficiency (983,984). Because serum retinol levels are thought
to be under homeostatic regulation in the individual, some studies have not shown any
response of serum retinol concentrations to vitamin A supplementation (974).

6.2.2. BREAST MILK RETINOL CONCENTRATIONS

Breast milk retinol concentrations are considered a good indicator of vitamin A defi-
ciency among lactating women (985), and procurement of a milk sample is less invasive
than taking a venous blood sample. Milk retinol concentrations can be measured using
high-performance liquid chromatography (974). WHO utilizes a cut-off of breast milk
retinol of ≤1.05 μmol/L (or ≤8 μg/g milk fat) to define the prevalence of vitamin A defi-
ciency (975). Mild, moderate, and severe vitamin A deficiency as a public health problem
in a population is thought to be reflected by a prevalence of <10%, ≥10 to <25%, and
≥25%, respectively (975). Breast milk retinol concentrations generally increase follow-
ing vitamin A supplementation (985).

Unlike serum retinol concentrations, breast milk retinol concentrations do not appear
to be affected by systemic inflammation (986). The two major sources of vitamin A in
the circulation that are available for uptake by the mammary gland for secretion in breast
milk are retinol carried by retinol-binding protein and retinyl esters carried by chylomi-
crons. Studies in animals suggest that chylomicrons provide at least one-third to one-half
of vitamin A to mammary gland tissue during lactation for secretion into milk (181), and
that in rats, milk retinol can vary with dietary vitamin A intake even when plasma retinol
concentrations are relatively unaffected (182). Animal studies show that there may be a
homeostatic mechanism by which the transfer of retinol from the circulation to breast
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milk is protected within a fairly large range of liver vitamin A stores and serum retinol
concentrations (180). In the rat, moderate restrictions of dietary fat or protein had little
effect on transfer of vitamin A from dam to pup, but more severe dietary restrictions had
a negative impact on milk volume (180). All of these observations suggest that breast
milk retinol is shielded from changes in plasma retinol because the mammary gland
utilizes a large proportion of retinyl esters that have entered the circulation after absorp-
tion in the gastrointestinal tract. A recent study of breast milk concentrations among
women with a high prevalence of inflammation shows if defined by milk retinol concen-
trations, vitamin A deficiency would be a moderate public health problem in the study
population (986). However, if serum retinol concentrations were used as the indicator of
vitamin A status, and those with inflammation were excluded as advocated by Thurnham
and colleagues (980), it would lead to the erroneous conclusion that vitamin A deficiency
were not a public health problem in this study population (986).

The concentration of retinol can be expressed per gram of fat in milk if a creamatocrit
is obtained, or can be expressed as concentration of retinol per volume of milk. In casual
breast milk samples, the measurement of breast milk retinol per gram of fat was found to
be the most accurate indicator of response to vitamin A supplementation (987), but another
study found that breast milk vitamin A was most sensitive to changes in vitamin A status
when expressed as retinol per volume of breast milk (988). Breast milk retinol concen-
trations decline over time following delivery (989), thus it may be necessary to adjust for
time postpartum in comparing breast milk concentration between groups of women.

6.2.3. CONJUNCTIVAL IMPRESSION CYTOLOGY

Conjunctival impression cytology (CIC) is a method in which cells taken from the
bulbar conjunctival surface are stained and examined microscopically (973). The basis
for this technique dates to the early twentieth century, when scientists noted that kera-
tinization and loss of goblet cells and mucus in the conjunctival epithelium occurred in
experimental animals and in humans with vitamin A deficiency. The degree of keratini-
zation in conjunctival smears was used as a method to diagnose vitamin A deficiency by
Sweet and K’ang in the 1930s (369). John Youmans (1893–1979) and colleagues exam-
ined conjunctival smears that were stained with hematoxylin and eosin, and they noted
keratinization of the conjunctival epithelium in adults suspected of having vitamin A
deficiency (990). The investigators concluded that conjunctival smear cytology was
inadequate for the assessment of vitamin A deficiency because of the great variability in
keratinized cells and the lack of response after treatment with vitamin A (990). In another
study of conjunctival smear cytology, histological changes were validated against another
index of vitamin A status, and the percentage of keratinized cells had poor correlation with
plasma retinol concentrations (991). In conjunctival smear cytology, the loss of goblet
cells and mucus and loss of nuclei in epithelial cells were considered important indicators
of xerosis due to vitamin A deficiency (992).

In CIC, cells are sampled by applying cellulose acetate filter paper to the bulbar con-
junctiva, and then the sample is stained using periodic acid-Schiff (PAS) to stain the mucin
of goblet cells and hematoxylin to stain the nuclei of epithelial cells (993,994). Another
variation of this method is to transfer the cells onto a glass slide before staining (995). The
CIC technique is relatively inexpensive, does not require cold storage of samples, and
requires a microscope and stains, but difficulties with CIC include problems with interpre-
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tation of cytologic changes, confounding by conjunctivitis, and poor correlation of CIC
with other measures of vitamin A status such as serum retinol levels and RDR testing (996,
997). Trachoma and conjunctivitis, which may be common in many populations, inter-
feres with the interpretation of CIC (998).

The abnormal cytologic changes seen in CIC should theoretically return to normal
following vitamin A supplementation. In a placebo-controlled clinical trial in Indonesia
involving 236 preschool children with and without xerophthalmia, the abnormalities
seen in CIC at the baseline exam (994) did not respond by five weeks following high-dose
vitamin A supplementation (Semba, unpublished data). In the same children, most Bitot
spots disappeared five weeks after vitamin A supplementation (257). In another study,
abnormal CIC did not respond to vitamin A supplementation until 70–110 d after high-
dose vitamin A supplementation (999). It is unclear why large lesions such as Bitot spots
would dramatically disappear within five weeks after high-dose vitamin A supplementa-
tion, but microscopic lesions of keratinization and goblet cell loss should require months
to return to normal.

6.2.4. DARK ADAPTOMETRY

Dark adaptation is a process in which the rod photoreceptors fully regenerate rhodop-
sin in darkness after exposure to a bright light. The process takes approx 30–35 min. In
vitamin A deficiency, rhodopsin levels in the retina decline, and dark adaptation is
impaired. The relationship between impaired dark adaptation and vitamin A deficiency
was investigated extensively in the 1930s and 1940s (1000,1001). The threshold for light
perception progressively decreases during dark adaptation. A transient plateau is reached
at 1–5 min in normal, vitamin A-sufficient people, and after several minutes, there is a
transition from cones to rods, with a progressive decrease in threshold until about 30–35
min when the final rod threshold is reached. In vitamin A-deficient individuals, the thresh-
old for dark adaptation is higher. Clinical dark adaptometers can be used to assess dark
adaptation, but these instruments tend to be less suitable for field use and for use among
children, who may not cooperate with the conditions of testing. Portable dark adaptometry
has been used in the field for measuring the time it takes for children to identify letters
illuminated by a dim light after the eye has been exposed to bright light (1002). Another
procedure, termed rapid dark adaptation time, involves measuring the time it takes for
a subject to sort white, blue, and red disks into three piles under lighting conditions con-
sistent with rod illumination after the eyes have been exposed to bright light (1003).

6.2.5. RELATIVE DOSE RESPONSE AND MODIFIED RELATIVE DOSE RESPONSE

The RDR and MRDR tests are used to assess liver reserves of vitamin A. These tests rely
on the principle that during vitamin A deficiency, apo-retinol-binding protein (unbound to
retinol) accumulates in the liver. After a small oral dose of vitamin A is delivered, holo–-
retinol-binding protein (bound to retinol) is released by the liver into the circulation. The
RDR test involves taking a blood sample, giving a standard oral dose of vitamin A, and
then drawing a second blood sample 5 h after administration of the vitamin A dose. The
response is measured as a percentage: RDR = (A5 – A0)/A5, where A5 = serum retinol
concentration 5 h after dosing, and A0 = serum retinol concentration before dosing (1004).
An RDR of ≥20% is considered to indicate inadequate liver vitamin A reserves. Although
the RDR test has been used successfully in some clinical and field studies, the obvious
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drawback is the need to draw two successive blood samples on subjects and to have them
wait for five hours between the two blood drawings. The RDR test may not be reliable
among subjects who have infections and an acute phase response (1005). The MRDR test
involves giving a single oral dose of 3,4-didehydroretinol, which will also combine with
apo–retinol-binding protein in the liver to form holo-retinol-binding protein released
into the circulation. A blood sample is drawn 4–6 h after dosing, an the molar ratio of 3,4-
didehydroretinol/retinol (DR/R) is measured in the serum. A DR/R ratio of ≥0.06 is con-
sidered to be consistent with inadequate vitamin A status (1006).

6.2.6. PUPILLARY THRESHOLD

Pupillary threshold is a measure of pupil diameter in subjects that are exposed to low
illumination. In people with vitamin A deficiency, the pupil does not constrict normally to
light because the amount of rhodopsin in the retina is reduced. Measurement of pupil diam-
eter during dark adaptation was proposed as an objective test for vitamin A deficiency as
early as the 1930s, but initial testing in vitamin A-deficient rabbits was negative (1007).
In the pupillary threshold test, a battery-powered, hand-held illuminator is placed over the
eyes, with one eye exposed to a yellow-green, light-emitting diode (LED) that has 12
intensity settings and the contralateral eye illuminated obliquely with a red LED. The
subject has both eyes exposed to a bright light and then undergoes dark adaptation for 10
min in a dark tent. Pupillary threshold is measured by having the right eye fix on a non-
accommodative target at two meters (to prevent pupillary constriction with accommo-
dation) under conditions of increasing stimulus intensity. The left eye is observed using
the red LED and a 2.5× loupe until a pupillary response is clearly visible (1008). Pupillary
threshold has been tested among young children in Indonesia (1008) and India (1009),
and among pregnant women in Nepal (1010). Pupillary threshold correlates with serum
retinol concentrations and responds well following vitamin A supplementation (1009).

6.2.7. DIETARY ASSESSMENT

A simplified dietary assessment questionnaire was developed by the International
Vitamin A Consultative Group to identify populations at risk for vitamin A deficiency
(1011). The questionnaire is adapted for use in different populations, based on locally
available sources of vitamin A-rich foods. Food composition tables are used to categorize
local foods into high, moderate, and low, depending on vitamin A content of the food and
usual portion sizes. Local workers administer the questionnaire to determine the intake
and portion size in the last 24 h, and then the usual frequency of intake on a daily, weekly,
and monthly basis (1011). A food frequency questionnaire has also been developed by
Helen Keller International and uses 24-h recall (602).

6.2.8. OTHER TESTS

Serum –RBP. Serum RBP has been advocated as a surrogate measure for serum retinol
(1012–1014). Serum RBP and retinol are highly correlated, and RBP can be measured
using simple immunodiffusion assays (1012) or by enzyme-linked immunosorbent assay;
however, as an indicator of vitamin A status, serum RBP has the same limitations of serum
retinol under conditions of inflammation or infection.

RBP/TTR ratio. The ratio of RBP to TTR has been advocated as a method to measure
vitamin A status in the presence of inflammation (1015). During the acute phase response,
serum RBP and retinol decrease, but TTR may not decrease, thus, it is thought that a low
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molar ratio of RBP/TTR can identify people with vitamin A deficiency in the presence of
infection (1015). Despite these theoretical considerations, the RBP/TTR ratio has shown
poor sensitivity and specificity as an indicator of vitamin A status when applied in studies
among hospitalized children in Africa (1016) and among children with inflammation (1017).

Retinoyl β–glucuronide (RAG) hydrolysis test. The RAG hydrolysis test is based on
the measurement of retinoic acid in serum (1018). After oral administration of RAG in vita-
min A-sufficient animals, RAG is slowly hydrolyzed to retinoic acid, but in vitamin A-defi-
cient animals, the hydrolysis of RAG to retinoic acid is more rapid, and higher retinoic
acid concentrations are found in serum (1019). The RAG hydrolysis test is currently
undergoing evaluation among children in India (A. Barua, personal communication).

Isotope dilution technique. An isotope dilution technique using deuterated retinol has
been used to quantitatively estimate total body reserves of vitamin A in humans (1020,
1021). The technique can detect changes in total body stores of vitamin A in response to
different daily vitamin A supplements (1022). The deuterated-retinol-dilution technique
has been used to show that consumption of vitamin A-rich plant foods can improve total-
body vitamin A stores among men in Bangladesh (1023).

7. TREATMENT OF VITAMIN A DEFICIENCY

7.1. Vitamin A Capsules
High-dose vitamin A supplementation is recommended for immediate treatment of

infants, children, and adults (except women of reproductive age) with xerophthalmia
according to the treatment schedule shown in Table 5. Women of reproductive age who
have night blindness or Bitot spots should be treated with ≤10,000 IU/day or weekly
doses of ≤25,000 IU. If women of reproductive age have acute corneal lesions (corneal
xerosis, corneal ulceration, keratomalacia), they should be treated as in Table 5. Retinyl
palmitate in oily solution, as contained in capsules, is recommended to be taken by mouth.
The oral route of administration should be used in almost all cases, and for infants and
young children, the capsule can be cut with scissors and the oily solution squeezed into
the mouth. Children with corneal xerosis, corneal ulceration, or keratomalacia are usually
admitted to the hospital, and this also helps facilitate adjunct support and administration
of the vitamin A dose on the following day. For children with night blindness and/or Bitot
spots, the subsequent doses of vitamin A can be given to the parent or guardian for admin-
istration in the home. Parenteral therapy should be avoided unless the child cannot swallow

Table 5
Treatment Schedule and Vitamin A Dose
for All Age Groups Except Women of Reproductive Age

Timing Vitamin A dose

Immediately on diagnosis
<6 mo of age 50,000 IU
6–12 mo of age 100,000 IU
>12 mo of age 200,000 IU

Next day Same age-specific dose
At least 2 wk later Same age-specific dose
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or has severe repeated vomiting, and if parenteral therapy is used, water-miscible prepara-
tions of vitamin A should be used. Intramuscular injections of oil-miscible preparations
of vitamin A are not well absorbed (285,1024).

7.2. Adjunct Treatments
Active xerophthalmia is often accompanied by diarrheal disease, measles, and intestinal

helminthiasis, and it can also be associated with protein energy malnutrition. Secondary
infections of the eye may also be present. All efforts should be made to treat the underlying
conditions with appropriate hydration, supportive care, and antibiotics if indicated (598).

8. PREVENTION OF VITAMIN A DEFICIENCY

8.1. Dietary Modification
Increased consumption of vitamin A-rich foods is an ideal goal in populations that are

at high risk for vitamin A deficiency, and strategies to increase consumption include nutri-
tion education and promoting homestead food production. These approaches usually
involve efforts to increase the intake of preformed vitamin A from animal sources (eggs,
milk, fish liver oils, dairy products) and provitamin A carotenoids (dark green leafy
vegetables, carrots, mango, papaya, red palm oil), and the groups that are initially tar-
geted are infants, preschool children, and pregnant or lactating women. Fruits and vege-
tables are a major source of vitamin A among women of childbearing age in Bangladesh
(1025). In Tanzania, nutrition and horticultural education improved knowledge and prac-
tices in regard to vitamin A intake in children (1026). Consumption of dark green leafy
vegetables and eggs increased in Indonesia after initiation of a social marketing campaign
to increase consumption of these foods (1027). In rural South Africa, vitamin A intake was
higher among children from household with a home garden compared to those without
a home garden (1028). Serum retinol levels were higher among preschool children in a
village where home gardens and nutrition education were implemented compared to a con-
trol village (1028). In Burkina Faso, both vitamin A intake and serum retinol increased
among mothers and children after implementation of a project promoting consumption
of red palm oil (1030).

8.2. Food Fortification
Fortification of foods such as sugar, margarine, and noodles with vitamin A has been

used to improve vitamin A status in populations (1031). As previously noted, vitamin A
fortification of margarine and milk were recommended by the American Medical Asso-
ciation and practiced in the United States since the mid-20th century. The basic principles
concerning food fortification are that the fortified food is (1) regularly consumed by the
target population, (2) produced in a centralized fashion, (3) not noticeably different in
taste, smell, or appearance to the nonfortified food, and (4) retains stability and bioavail-
ability by the time it reaches the level of household consumption (1031). Thus, in rice-
producing countries, rice would be a poor vehicle for fortification, because it is produced
by many households and lacks a centralized point where the rice could be fortified. For-
tification of sugar has been used in Central America since the 1970s (see Subheading 2.7.)
(124). In households in Guatemala and El Salvador, sugar contains about 9 mg of vitamin
A per kilogram and contributes 45–180% of the RDI for people older than 3 yr of age
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(1031). Among poor urban toddlers in Guatemala, fortified foods (mostly fortified sugar,
margarine, and Incaparina) contribute about one half of the RDI (1032). Fortification of
MSG was used in pilot programs in Indonesia and the Philippines in the 1970s and 1980s
(503,1033), but the color instability of the vitamin A in MSG and cost were some barriers
to implementation of fortified MSG on a wider scale. Vitamin A-fortified margarine
improved serum retinol levels and protected against xerophthalmia in Filipino preschool
children (1034). Ideally, vitamin A-fortified foods should reach the most remote and
impoverished families, as these constitute a higher-risk group for vitamin A deficiency. In
remote Indonesia, salt and monosodium glutamate were widely consumed in most house-
holds, whereas instant noodles were consumed less in poorer families (1035).

8.3. Control of Infectious Diseases
Given the close relationship between some infectious diseases and vitamin A deficiency,

the control of diseases such as measles (598) and diarrheal diseases would likely reduce
the risk of xerophthalmia among infants and preschool children. Thus, programs aimed
at more effective measles vaccines, prevention of diarrheal diseases, and malaria control
would likely have an effect on reducing xerophthalmia. Treatment of intestinal parasites
such as Ascaris lumbricoides may help to improve the vitamin A status of children who
consume a diet high in provitamin A carotenoids (1036,1037).

8.4. Breastfeeding Practices
As noted previously, breastfeeding is protective against xerophthalmia because breast

milk provides a major source of vitamin A for infants. Breast milk also provides other
essential nutrients and immunological factors that help protect infants against infectious
diseases. Maternal education and promotion of breastfeeding is a strategy that helps to
reduce the risk of vitamin A deficiency among infants and young children.

8.5. Plant Breeding
Plant breeding has the potential to increase the provitamin A content of several staple

foods crops such as rice and cassava (1038). The β-carotene synthetic pathway from the
daffodil (Narcissus pseudonarcissus) has been introduced into the endosperm of rice
(Oryza sativa) (1039). The resulting prototype line is known as “Golden Rice” (1040),
but this genetically engineered rice has not yet seen widespread use. Transgenic tomato
plants have been produced that have higher β-carotene content compared with the regular
tomato (1041). Potential hurdles to the use of genetically engineered sources of vitamin A
include special interest groups that are opposed to any form of genetically engineered crops.

8.6. Vitamin A Capsule Distribution
As noted under Subheading 2.7., as early as the 1970s, periodic high-dose vitamin A

supplementation was implemented in various programs in different developing countries
(1042–1044). Periodic high-dose vitamin A supplementation has now been adopted by
many countries for the prevention of vitamin A deficiency among preschool children,
such as Bangladesh, Indonesia, Vietnam, Nepal, the Philippines, and Thailand (1045–
1047). In developing countries where vitamin A deficiency is endemic, the dosage of
vitamin A given for prophylaxis is 200,000 IU orally every 4–6 mo for children >12 mo
of age and 100,000 IU orally every 4–6 mo for infants 6–12 mo of age (133). It is also
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recommended that mothers receive 200,000 IU orally within 8 wk of delivery. Although
many countries have policy recommendations regarding postpartum vitamin A supple-
mentation to mothers, the coverage of these programs has been generally low. Vitamin A
supplementation has been integrated with national immunization days in some countries
(1048). Vitamin A capsule distribution was originally considered to be a short term mea-
sure to prevent vitamin A deficiency among preschool children while other measures,
such as dietary interventions and food fortification were implemented, but many coun-
tries have had vitamin A control programs involving vitamin A capsule distribution for
two decades or longer.

9. CONCLUSIONS

Vitamin A deficiency remains a leading cause of morbidity, mortality, and blindness
among preschool children in developing countries worldwide. The consequences of
vitamin A deficiency include impaired immune function, growth retardation, anemia,
xerophthalmia, and blindness. Diverse long-term strategies, including nutrition educa-
tion, food fortification, and homestead food production are needed to prevent vitamin A
deficiency in developing countries. Ultimately, family-based approaches are required to
address vitamin A deficiency, because pregnant women and women of childbearing age
are at high risk of vitamin A deficiency in many countries and are not reached by vertical
programs such as vitamin A capsule distribution. Xerophthalmia and blindness tend to
occur among children who are not reached by programs aimed at improving vitamin A
status through capsule distribution, fortification, and nutritional interventions. Further
work is needed to characterize these households in order to formulate strategies to reach
the remaining “out-of-reach” children.
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2 Cataract

1. INTRODUCTION

Age-related cataract is the leading cause of blindness worldwide, accounting for about
42% of all blindness (1). An estimated 25 million individuals worldwide were blind as
a result of cataract in 2000 (2). Given a large aging population, by 2020, it is estimated
that there will be 54 million blind persons among those 60 yr of age and older, and the
vast majority of cases of blindness will be due to cataract (1). Both the incidence and
prevalence of cataract are higher in developing countries compared with developed coun-
tries. More than 90% of the cases of blindness will be in developing countries, where the
“backlog” of individuals with untreated cataract has been steadily increasing because of
a shortage of trained personnel and resources. Any potential interventions that could delay
the progression of cataracts, such as dietary modification or nutritional supplementation,
would have a significant impact on the prevalence of blindness. More than 1 million cata-
ract operations are performed each year in the United States at a cost of about $3.4 billion
to Medicare alone (3).

2. HISTORICAL BACKGROUND

In the 1920s, studies conducted among rats suggested that deficiency of B complex
vitamins could result in cataracts (4). Subsequent investigation showed that among the
B vitamins, the addition of riboflavin to the diet was effective in preventing lens opacities
in rats (5–7). Riboflavin was later shown to be essential in the diet to prevent cataracts
in pigs (7), salmon (9,10), and cats (11). The significance of these findings for humans
was unclear, but these studies gave early support to the idea that nutritional deficiencies
could be associated with the formation of cataracts. By the early 1960s, there was still
no conclusive evidence to show that the human lens could be damaged by malnutrition
(12). The hypothesis that malnutrition is related to the pathogenesis of cataract has been
vigorously pursued in the last several decades, as reviewed in this chapter.

3. EPIDEMIOLOGY

3.1. Definitions
Cataract is a condition where the crystalline lens of the eye is no longer completely

transparent. There are three general types of age-related cataract that occur in anatomi-
cally distinct areas of the lens: nuclear cataract, cortical cataract, and posterior subcap-
sular cataract. Nuclear cataract involves the nucleus of the lens. Cortical cataract involves
the cortex of the lens and is usually characterized by wedged-shaped spokes from the
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periphery towards the center. Posterior subcapsular cataract is located just anterior to the
posterior lens capsule. These types of opacities may occur alone or in combination with
one another (Fig. 1) (13). With age, the lens nucleus begins to change from colorless to
yellow, and later in the life the lens nucleus can become brown (Fig. 2) (14).

3.2. Grading of Lens Opacities
Epidemiological studies of cataract have been aided over the last two decades by the

development of different systems to classify and grade lens opacities by various research
groups (15–29). In these lens classification systems, the clinical appearance of the lens
or lens photographs can be compared with a set of standard photographs. The Lens Opac-
ities Classification System has been most commonly adapted by different research groups
(30–32), and other major cataract grading systems include the Wilmer (21), Oxford (17),
and Wisconsin grading systems (24). Recently, consensus has been reached on a simpli-
fied cataract grading system that would allow for easier comparisons across countries for
common forms of cataract (33).

3.2. Prevalence and Incidence
Worldwide, an estimated 25 million persons were blind from cataract in 2000 (2). Much

of the current knowledge regarding the epidemiology of cataract has been derived from

Fig. 1. Venn diagram for 297 subjects with nuclear, cortical, or posterior subcapsular cataract in the
1971–1972 National Health and Nutrition Examination Survey. (Reprinted from ref. 13, with per-
mission of Oxford University Press.)

Fig. 2. Lenses of a (A) young and (B) old donor showing the accumulation of brown chromophores
in the lens with age. (Reprinted from ref. 14, with permission of Elsevier.)
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important large studies conducted over the last two decades that include the Framingham
Eye Study in Framingham, Massachusetts, the Beaver Dam Eye Study in Beaver Dam,
Wisconsin, the Blue Mountains Eye Study near Sydney, Australia, the Waterman Study of
the Chesapeake Bay, Maryland, the Salisbury Eye Evaluation Project in Salisbury, Mary-
land, the Nurses’ Health Study, the Longitudinal Study of Cataract, and the Physicians’
Health Study. The definition of cataract has not necessarily been comparable across stud-
ies, as studies have often relied on different classification systems for lens opacities. Thus,
estimates of prevalence and incidence will vary according to the criteria and grading sys-
tem used to define cataract.

3.2.1. PREVALENCE

From 1962 to 1970, prevalence and incidence data on blindness due to cataract were
collected in the United States, with blindness defined as best corrected acuity of 20/200
or less in the better eye or visual field limited to 20 degrees (34). Among adults aged 45–
64, 65–74, 75–84, and ≥85 yr, the prevalence of cataract blindness was 23.0, 52.6, 128.4,
and 492.2 per 100,000 and the incidence was 3.5, 4.9, 14.0, and 40.8 per 100,000 (34).

The overall prevalence of cataract in the National Health and Nutrition Examination
Survey (1971–1972) for white men and women aged 45–64 yr was reported as 5.6% and
2.1%, respectively (35). Among black men and women aged 45–64 yr, the prevalence was
8.3% and 8.5%, respectively (35). For white men and women aged 65–75 yr, the preva-
lence of cataract among white men and women was 21.6% and 26.8%, respectively, and
for black men and women aged 65–76 yr, the prevalence of cataract was 38.3% and 39.1%
(35). Among adults aged 45–74 yr, the prevalence rates of nuclear, cortical, and posterior
subcapsular cataracts was 10.0%, 7.3%, and 3.1%, respectively (13).

In the Beaver Dam Eye Study, among adults aged 43–84 yr, the prevalence of more
severe levels of nuclear cataract (more than level 3 in a 5-step scale) was 17.3% (36).
Cortical opacities were found in 16.3% and posterior subcapsular opacities were found
in 6.0% of the population (36). Posterior subcapsular opacities occurred 4.5 more often
in the presence of cortical opacities, and 5.6 more often in the presence of level three or
worse (on a scale of five) nuclear sclerosis (36). The prevalence of visually significant
cataract (best corrected acuity of 20/32 or 20/30, depending on the study) in the worse
eye among men aged 55–64 yr was 3.9% in the Beaver Dam Eye Study (36). Among male
participants, aged 52–85 yr, in the Framingham Eye Study, the prevalence of nuclear, cor-
tical, and posterior subcapsular cataract was 25.2%, 14.1%, and 8.1%, respectively (37).

In the Blue Mountains Eye Study, among individuals aged 49–96 yr, the prevalence of
moderate or advanced nuclear opacities was 53.3% in women and 49.7% in men, and the
prevalence of moderate cortical cataract was 25.9% in women and 21.1% in men (38).
Overall, the prevalence of nuclear, cortical, and posterior subcapsular cataracts among
adults ≥49 yr of age was 12.4%, 17.5%, and 5.4%, respectively (38). The age-adjusted prev-
alence of lens opacity, as assessed by Lens Opacities Classification System (LOCS) III,
among 1206 Chinese men and women, aged 40 yr or older in Singapore, was 22.6% for
nuclear opacity, 23.9% for cortical opacity, and 7.0% for posterior subcapsular opacity (39).

3.2.2. INCIDENCE

Over a 5-yr period in the Beaver Dam Eye Study, among individuals 43–86 yr of age,
the cumulative incidence rates of nuclear, cortical, and posterior subcapsular cataract in
right eyes only were 12%, 8%, and 3%, respectively (40). Over a 10-yr period in the same
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study, among individuals 43–86 yr of age, in right eyes, the crude incidence rates for
nuclear, cortical, and subcapsular cataract were 19.4%, 17.4%, and 6.1%, respectively (41).
The 10-yr incidence for any type of cataract for either eye was 38.0%. In the Longitudinal
Study of Cataract, which involved 764 participants in a clinic-based population with
median age 65 yr, the 5-yr incidence rates for new cortical and posterior subcapsular opaci-
ties was 7.7% and 4.3%, respectively (42). The 5-yr incidence rates for new nuclear opac-
ities, among those free of nuclear opacities at baseline, was 6% after 2 yr and 8% after
5 yr of follow-up (43). The incidence rates of cataract may vary somewhat between stud-
ies, depending on the classification system used to grade lens opacities (42).

3.2.3. DEVELOPING COUNTRIES

Both the prevalence and incidence of cataracts is higher in developing countries com-
pared with developed countries (44–46). The age-adjusted prevalence of cataract in Punjab,
India, was almost three times higher than that observed in Framingham (45). In India, the
incidence of cataract blindness has been estimated as 0.0581 per person-year for those
aged 65 yr and older, with annual cumulative incidences of 5.64% (46). If these rates are
extrapolated to all of India, the investigators suggest that there are 3.8 million new cases
of cataract blindness each year (46). Greater sunlight exposure and poorer nutritional status
in developing countries are among the main risk factors that might explain the higher prev-
alence and incidence of cataracts in developing countries, as discussed later.

3.3. Nutritional Risk Factors for Cataract
Although many epidemiological studies have shown significant associations between

risk of nuclear, cortical, and posterior subcapsular cataract and various nutritional fac-
tors, including vitamins, carotenoids, and minerals, observations have not been consis-
tent between studies. There has been greatest interest in the relationship between plasma
antioxidants such as the major dietary carotenoids, vitamin E, vitamin C, riboflavin, and
selenium and the pathogenesis of cataract. Of the vitamins, trace elements, and other
nutrients that have been examined, studies seem to suggest that there is a protective effect
for a higher intake or levels of vitamin E, riboflavin, and folate for nuclear cataract. Many
of these epidemiological studies utilized lens grading systems for a more precise defini-
tion of different types of cataract. Some studies have used a cross-sectional design in which
nutritional status, as measured by dietary assessment or plasma/serum concentrations of
nutrients, is compared with the presence of cataract. Other studies have assessed nutri-
tional status at baseline at then examined the relationship between nutritional status and
incident cataract. The assumption in both these study designs is that nutritional status in
general does not change a great deal over time.

3.3.1. MULTIVITAMINS

Most studies suggest that multivitamin supplementation is associated with a decreased
risk of nuclear cataract or incident cataract (32,47–52). In the Lens Opacities Case-Con-
trol Study, regular use of multivitamins was associated with a decreased risk for all cataract
types (odds ratio [OR] 0.63) (32). Lower risk of incident cataract was found among male
physicians taking multivitamins in the Physician’s Health Study (OR 0.73, 95% confi-
dence interval [CI] 0.54–0.99) compared to nonusers (47). Multivitamin use for greater
than ten years was associated with a decreased risk of nuclear cataract (OR 0.6, 95% CI
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0.5–.08) (48) and with a decreased risk of incident nuclear cataract (OR 0.6, 95% CI 0.4–
0.9) (50). In Barbados, there was no significant relationship found between multivitamin
supplementation for at least one week per month and nuclear cataract (53). Multivitamin
supplementation for at least once per week for a year or more was associated with a
decreased risk of nuclear cataract in the Longitudinal Study of Cataract (OR 0.69, 95%
CI 0.48–0.99) (49). Multivitamin supplementation does not appear to be associated with
risk of cortical cataract (48,50,51,53,54) or posterior subcapsular cataract (48,50,51,54).

3.3.2. VITAMIN A
Some studies have suggested that higher plasma vitamin A concentrations or total

vitamin A intake is associated with a reduced risk of nuclear cataract (51,55,56), but the
overall relationship does not appear to be consistent (48,57). Severe vitamin A deficiency
results in xerophthalmia, impaired immunity, growth failure, and higher morbidity and
mortality from some infectious diseases, and cataract is not considered as part of the
syndrome of severe vitamin A deficiency (see Chapter 1). No significant relationship
has been found between vitamin A in supplements, vitamin A dietary intake, or plasma
vitamin A concentrations and cortical cataract (48,54,56,57) and posterior subcapsular
cataract (51,56).

3.3.3. CAROTENOIDS

The seven major dietary carotenoids consist of α-carotene, β-carotene, β-cryptoxan-
thin, lutein, zeaxanthin, and lycopene. These dietary carotenoids are found in a variety
of fruits and vegetables and are strong antioxidants. α-carotene, β-carotene, β-crypto-
xanthin, and lutein are found in spinach and other dark green leafy vegetables, and good
sources of β-carotene include carrots, papaya, and mango. Oranges and kiwi fruits are
good sources of β-cryptoxanthin. Zeaxanthin is found in high concentrations in corn, and
good sources of lycopene are tomatoes and tomato products. Epidemiological studies of
cataract have used both dietary intake of carotenoids, as derived from food composition
tables, and serum or plasma concentrations of carotenoids. Serum or plasma carotenoids
are considered to be more accurate than dietary assessment in measuring the dietary intake
of carotenoids (58). The biochemistry and functions of carotenoids and the relationship
between lutein and zeaxanthin and age-related macular degeneration are presented in
more detail in Chapter 4). Although many of the carotenoids have been considered sepa-
rately in epidemiologic analyses, there may be considerable overlap of carotenoids in some
common foods. Studies have not shown a consistent relationship between different dietary
carotenoids and nuclear cataract in cross-sectional and prospective studies (52,55,57,59–
61). No consistent relationships have been reported between dietary intake or plasma/
serum concentrations of α-carotene, β-carotene, β-cryptoxanthin, lutein, zeaxanthin, lyco-
pene, or total carotenoids and nuclear cataract. Likewise, no consistent relationships have
been found between dietary intake or plasma/serum concentrations of carotenoids and
cortical cataract or posterior subcapsular cataract. Of the major dietary carotenoids, per-
haps lutein and zeaxanthin are of the greatest interest in relationship to cataract, because
these are the two major carotenoids that have been found in the human lens (62). A recent
study suggests that women who consumed fruits, vegetables, and whole grains consistent
with healthy eating and the Dietary Guidelines for Americans had lower prevalence of early
age-related nuclear lens opacities (63).
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3.3.4. VITAMIN D
Vitamin D, which consists of a group of fat soluble seco-sterols, is synthesized in the

skin on exposure to ultraviolet B in sunlight, and is also available in a few foods such as
fatty fish, fish liver oils, eggs, in vitamin D-fortified foods such as milk and breakfast
cereals, and in vitamin supplements that contain vitamin D. Severe vitamin D deficiency
results in rickets in children and osteoporosis in adults, and cataract is not known to be
part of the syndrome of vitamin D deficiency. Vitamin D intake in supplements has not been
associated with risk of nuclear or cortical cataract (48). The relationship between a good
laboratory indicator for vitamin D status, such as plasma or serum 25-hydroxyvitamin D,
and risk of cataract has not been well characterized.

3.3.5. VITAMIN E

Vitamin E is a term used to describe a group of lipid-soluble tocol and tocotrienol
derivatives that are considered to have vitamin E activity. α-Tocopherol appears to be the
most biologically relevant form of vitamin E for human health (58). The biochemistry,
metabolism, and functions of vitamin E are presented in detail in Chapter 4. The relation-
ship between dietary intake of vitamin E or plasma concentrations of vitamin E and
nuclear cataract has been addressed in many studies (49,51,52,55,57,59–61,64–66). In
general, assessment of dietary intake of vitamin E may be problematic because a major
portion of vitamin E intake may come from cooking oils, and many individuals may not
know what types of oils were used in the preparation of foods (58). Various studies sug-
gest that higher dietary intake or plasma concentrations of vitamin E are protective against
nuclear cataract (49,52,64), although one study has shown that higher serum α-tocophe-
rol concentrations are associated with a higher risk of nuclear cataract (59). Two studies
suggest that there is an association between vitamin E status and cortical cataract (65,66),
but among studies there has not been a consistent association between vitamin E status and
cortical cataract. No significant relationship has been found between vitamin E intake or
plasma/serum concentrations of vitamin E and posterior subcapsular cataract except one
study that shows a vitamin E intake of 5–10 mg/d is associated with higher risk of posterior
subcapsular cataract (67). In a case-control study from Finland involving 47 cases and
94 controls, low serum concentrations of α-tocopherol were associated with an increased
risk of cataract (68).

3.3.6. VITAMIN C
Vitamin C, or ascorbic acid, is a strong antioxidant that is thought to protect the pro-

teins of the crystalline lens from oxidation. The biochemistry, metabolism, and functions
of vitamin C are presented in Chapter 9. Severe vitamin C deficiency is characterized by
scurvy, and cataract is not considered to be part of the clinical syndrome of scurvy. No
consistent relationship has been found between dietary intake or plasma concentrations
of vitamin C and nuclear cataract (48,49,51,52,55–57,61). Likewise, there are few data
to support the association between vitamin C intake or plasma vitamin C concentrations
and risk of cortical cataract or posterior subcapsular cataract. In the guinea pig model,
prolonged marginal ascorbic acid deficiency was associated with lower lenticular ascor-
bic acid concentrations but it did not cause increased cataract formation or increased lipid
peroxidation in the lens (69).
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3.3.7. THIAMIN

Thiamin is a water-soluble vitamin that plays a role in the metabolism of carbohydrates
and branched-chain amino acids. The biochemistry, metabolism, and functions of thiamin
are presented in more detail in Chapter 7. Severe thiamin deficiency results in the beriberi,
and cataract is not considered to be part of the clinical syndrome of beriberi. Data from
the Beaver Dam Eye Survey suggests that the total dietary intake of thiamin is protective
against nuclear cataract in men but not women (55). In the Blue Mountains Eye Study, total
dietary intake of thiamin was protective against nuclear cataract (56). No significant rela-
tionships have been found between thiamin intake or supplementation and cortical cata-
ract (48,51,56), or posterior subcapsular cataract (51,56).

3.3.9. RIBOFLAVIN

Riboflavin is a precursor to the coenzymes FMN and FAD and other covalently bound
flavins that are involved in many oxidation-reduction reactions. Riboflavin has strong
antioxidant activity through its role in the glutathione redox cycle. The biochemistry,
metabolism, and functions of riboflavin are presented in more detail in Chapter 7. Ribo-
flavin deficiency has been associated with cataract in experimental animal models, but
the association between riboflavin deficiency and cataract in humans is less clear. Epide-
miological studies suggest that a higher dietary intake of riboflavin is associated with lower
risk of nuclear cataract (52,55,56). No significant relationship has been found between
riboflavin intake or supplementation and cortical cataract or posterior subcapsular cataract.
The relationship between laboratory indicators of riboflavin status, such as erythrocyte
glutathione reductase, erythrocyte flavin, or urinary flavin and risk of cataract has not been
characterized. In a subsample of subjects from the Nurses’ Health Study, higher long-term
intake of riboflavin and/or thiamin was associated with reduced progression of nuclear
lens opacities over 5 yr of follow-up (70).

3.3.10. NIACIN

Niacin is a generic term for nicotinic acid, nicotinamide, and derivatives that have the
biological activity of nicotinamide. Niacin is a water soluble vitamin that plays a central
role in oxidation and reduction reactions of both catabolic pathways of carbohydrates,
lipids, and proteins, and anabolic pathways of fatty acid and cholesterol synthesis. The bio-
chemistry, metabolism, and functions of niacin are presented in more detail in Chapter 7.
Severe niacin deficiency results in pellagra, and cataract is not considered to be part of the
clinical syndrome of pellagra. Two studies suggest that low dietary intake of niacin is asso-
ciated with a higher risk of nuclear cataract (55,56). No significant relationship has been
described between dietary niacin intake and cortical cataract or posterior subcapsular
cataract.

3.3.11. PYRIDOXINE

Vitamin B6, or pyridoxine and related compounds, plays a role in gluconeogenesis,
metabolism of amino acids, hormone modulation, immune function, erythrocyte func-
tion, lipid metabolism, and neurotransmitter synthesis. No significant relationship has
been found between pyridoxine intake in supplements and nuclear cataracts (48,51) or
posterior subcapsular cataract (51). Individuals with the highest pyridoxine intake in
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supplements had an increased risk of cortical cataract in the Beaver Dam Eye Study (OR
2.0, 95% CI 1.1–3.7) (48).

3.3.12. FOLATE

Folate is a generic term used to describe a family of compounds with the activity of
folic acid, including folylpolyglutamates and folic acid (pteroylglutamic acid) and its
derivatives. Folate plays an important role as coenzymes in the synthesis of nucleic acids
and amino acids, and folate deficiency has been linked with nutritional amblyopia, as
discussed in detail in Chapter 7. Higher folate intake has been associated with lower risk
of nuclear cataract among men and women in the Beaver Dam Eye Survey (55) and in
the Nurses’ Health Study (52). No significant association has been found between folate
intake and cortical cataract or posterior subcapsular cataract.

3.3.13. VITAMIN B12

Vitamin B12 is a generic term for corrinoids that have the biological activity of cyano-
cobalamin. Deficiency of vitamin B12 has been linked with nutritional amblyopia. The
biochemistry, metabolism, and functions of vitamin B12 are presented in more detail in
Chapter 7. In the Blue Mountains Eye Study, vitamin B12 supplementation of >8.0 μg per
day was associated with a decreased risk of nuclear cataract and decreased risk of cortical
cataract (51).

3.3.14. ZINC

Zinc is involved in the metabolism of nucleic acids, protein, and lipids, synthesis of hor-
mones, and apoptosis, as presented in more detail in Chapter 8. Dietary zinc intake has
not been associated with the risk of nuclear cataract, cortical cataract, or posterior sub-
capsular cataract (56), but there have been relatively few studies to examine the relation-
ship between zinc status and cataract. The relationships between the various nutrients and
the three major types of cataracts in different studies are summarized in Tables 1–3.

3.3.15. PROTEIN

Low consumption of protein foods was associated with a higher risk of concurrent cata-
ract in the Punjab (45). Authors believe that low total protein consumption may account
for as much as 40% of the excess prevalence of cataract in the Punjab region compared
with that in the United States (45). Low protein intake was also associated with increased
risk of nuclear cataract, posterior subcapsular cataract, and mixed cataracts in India (30).

3.3.16. ANTIOXIDANT INDEX

A composite “antioxidant index” based on various combinations of glutathione per-
oxidase, glucose-6-phosphate dehydrogenase, ascorbic acid, vitamin E, and carotenoids
has been utilized to relate antioxidant systems to cataract (30,71). In India, a high anti-
oxidant index (glutathione peroxidase, glucose-6-phosphate dehydrogenase, ascorbic
acid, and vitamin E combined) was associated with a decreased risk of posterior subcap-
sular cataract (OR 0.23, 95% CI 0.06–0.88) and decreased risk of combined nuclear and
posterior subcapsular cataract (OR 0.12, 95% CI 0.03–0.56) (30). Another antioxidant
index, consisting of high concentrations of at least two or three vitamins or nutrients
(vitamin C, vitamin E, carotenoids) were associated with a reduced risk of cataract (71).
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3.3.17. FRUIT AND VEGETABLE INTAKE

In the Women’s Health Study, a higher intake of fruits and vegetables was associated
with a 10–15% reduced risk of cataract (72). The higher level of intake of fruits and
vegetables was considered greater than the lowest quintile, or >3.4 servings of fruits and
vegetables per day. In the Nurses’ Health Study, of 479 participants aged 52 to 73 yr with-
out previously diagnosed cataract, those who had a higher intake of fruit had a decreased
risk of developing nuclear opacities (OR 0.58, 95% CI 0.32–1.05) (63).

3.3.18. FAT INTAKE

There is limited information on the relationship between dietary fat intake and cata-
ract. In the Nurses’ Health Study, of 440 women without cataract, cancer, or diabetes, at
baseline, intake of total fat and selected fatty acids was calculated based on five food-
frequency questionnaires between 1980 and the time of a study eye examination in 1993–
1995. Linoleic and linolenic acid intakes were associated with nuclear opacity, but not
with cortical or posterior subcapsular opacity (73).

3.3.19. DIETARY GLYCEMIC LOAD

Hyperglycemia may theoretically cause cataracts through disruption of the polyol path-
way and increased oxidative stress. A recent large study showed that dietary glycemic load,
an indicator of the quality and quantity of carbohydrates in the diet, and glycemic index,
a measure of the comparison of the relative plasma glucose response to a specific food
compared with a standard source, were not related to the risk of cataract extraction (74).

3.3.20. BODY MASS INDEX

Some studies have suggested an association between high body mass index and risk
of cataract (30,75–79), while others have found no association (80). When compared to
a body mass index (weight/height2 in kg/m2) of <21, women in the Nurses’ Health Study
with body mass index of 23 to <25, 25 to <29, and ≥29, had a relative risk for cataract
extraction of 1.56 (95% CI 1.11–2.18), 1.46 (95% CI 1.05–2.03), and 1.65 (95% CI 1.17–
2.32), respectively (75). In a prospective study, men with a body mass index of 22 to <25,
25 to <27.8, and ≥27.8 had a relative risk of incident cataract of 1.54 (95% CI 1.04–2.27),
1.46 (95% CI 0.98–2.20), and 2.10 (95% CI 1.35–3.25), respectively (76). Higher body
mass index was associated with an increased risk of nuclear cataract, posterior subcap-
sular cataract, and cataract extraction (76). In a prospective cohort study involving 714
individuals, aged 52–80 yr, followed for approx 13 yr, a higher body mass index at base-
line was associated with an increased risk of cortical opacities (78). An increase in body
mass index over time was associated with an increased risk of posterior subcapsular opac-
ities, and no relationship was found between body mass index and nuclear lens opacities
(78). A case-control study in northern Italy suggested that both current body mass index
and a history of clinically relevant obesity were associated with cataract extraction (77).
In addition to high body mass index, abdominal adiposity, as assessed by the waist-to-
hip ratio, was an independent risk factor for incident cataract in the Physicians’ Health
Study (79). In the Blue Mountains Eye Study, obesity, defined as a body mass index ≥30,
was associated with an increased risk of cortical cataract (OR 1.6, 95% CI 1.2–2.2) and
subcapsular cataract (OR 2.1, 95% CI 1.3–3.5) (81).
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The biological mechanism that might explain such an association is not clear, however,
potential causal factors that have been associated with obesity include increased serum
uric acid concentrations (31,32,64), higher levels of systemic inflammation (82), and
glucose intolerance and insulin resistance (83,84). Obesity is associated with elevations
in angiotensinogen, transforming growth factor β, tumor necrosis factor α, interleukin
6, C-reactive protein, and other cytokines and inflammatory mediators, thus, the relation-
ship between obesity and cataract is likely to be complex (85). People with high body
mass index are at higher risk of endothelial dysfunction, the metabolic syndrome, and
other factors that are associated with a low grade proinflammatory state, as discussed in
greater detail in Chapters 4 and 10.

3.4. Other Risk Factors for Cataract
Many different epidemiological risk factors have been identified for cataract, and

these include race, gender, social and demographic factors, cigarette smoking, infectious
and chronic diseases, nutritional status, environmental factors, and drugs, as has been
summarized in some reviews (86–88).

3.4.1. AGE

Increasing age is a well known risk factor for cataract (37,45,86,87,89). The overall
prevalence of cataract in the Tibet Eye Study and the Beijing Eye Study by age and sex
is shown in Fig. 3 (44).

3.4.2. RACE

In the Lens Opacities Case-Control Study, non-whites were at a higher risk of cortical
cataract (32). In the 1971–1972 National Health and Nutrition Examination Survey, blacks
were at a higher risk of cataract (89). Blacks, when compared with whites, had a higher
risk of nuclear or cortical cataract (13). In the Barbados Eye Study, nuclear opacities were
most common among whites, whereas cortical opacities were most common among those
of African descent (90). In the Salisbury Eye Evaluation project, among blacks, the risk
of having cortical opacities was high (OR 4.0, 95% CI 3.3–4.8) and among whites, the
risk was higher of having nuclear opacities (OR 2.1, 95% CI 1.7–2.6) and posterior sub-
capsular opacities (OR 2.5, 95% CI 1.7–2.6) (91).

3.4.3. GENDER

Women appear to be at slightly higher risk of cataract (31,37,89), and the risk may be
specifically associated with cortical cataract (13,31,32,92). Data from 1973–1975 in the
Framingham Eye Study suggested that among persons aged 52–85, the sex-specific rates
of nuclear, cortical, and posterior subcapsular opacities were 27.9%, 17.1%, and 9.7%
for women and 22.6%, 10.6%, and 6.4% for men (37). In the Indian subcontinent, a higher
prevalence of cataract has been described in young women compared to men (93). In the
Beaver Dam Eye Study, the sex-specific prevalence rates for late cataract in the right eye
was 18.7% for women and 11.0% for men (36), and age-adjusted rates show that women
were at higher risk for incident cataract over a 10-yr period (41). In the Lens Opacities
Case-Control Study, women were at higher risk for cortical cataracts only (32). The
reasons why women are at higher risk of cataract are not known. In a recent case-control
study conducted among women in India, childbearing was associated with an increased
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risk of cataract (94). Women with more than three babies had a higher risk of cataract
compared to women with one to three babies (OR 2.2, 95% CI 1.3–3.5), and the risk was
even higher for women who had 7–11 babies (OR 4.6, 95% CI 2.0–10.6) (94). Multiple
pregnancies may put women at higher risk for micronutrient deficiencies, episodes of
hyperglycemia, and other factors that could theoretically contribute to the pathogenesis
of cataract.

3.4.4. FAMILY HISTORY

In the Italian-American Cataract Study in Parma, Italy, a history of one or more siblings
or parent(s) with cataracts was associated with higher risk of cortical, posterior subcap-
sular, and mixed cataract (31).

3.4.5. CIGARETTE SMOKING

Several studies have shown an association between smoking and increased risk of
cataract (32,84,95–100). Smoking generates free radicals and may potentially affect oxi-
dative stress in the lens itself. Cigarette smokers have been shown to have dietary habits
that include a lower intake of dietary antioxidants such as vitamin C, vitamin E, and caro-
tenoids. Smokers may have higher general levels of oxidative stress owing to free radicals
generated by smoking as well as a lower intake of dietary antioxidants. In the City Eye
Study conducted in London, the relative risk for nuclear lens opacity ranged from 1.0 for
past light smokers through 2.6 for past heavy smokers to 2.9 for present heavy smokers
(96). Cigarette smoking was associated with increased risk of nuclear lens opacities in

Fig. 3. Prevalence of cataract in the Tibet Eye Study and Beijing Eye Study by age and sex. (Reprinted
from ref. 44. Copyright © 1989, American Medical Association. All rights reserved.)



Chapter 2 / Cataract 143

a study of 838 watermen of the Chesapeake Bay in Maryland (97). Among women and
men in the Beaver Dam Eye Study, 10 pack-years of cigarette smoking was associated
with increased risk of nuclear sclerosis (OR 1.09, 95% CI 1.04–1.16 and OR 1.09, 95%
CI 1.05–1.14, respectively) and posterior subcapsular cataract (OR 1.06, 95% CI 0.98–
1.14, OR 1.05, 95% CI 1.00–1.11, respectively) (99). Smoking was associated with in-
creased risk of both severe nuclear cataract (OR 1.3, 95% CI 1.1–1.6) and posterior
subcapsular cataract (OR 1.5, 95% CI 1.5–8.2) in the Blue Mountains Eye Study (100).

3.4.6. DIABETES MELLITUS

Diabetes mellitus has been associated with an increased risk of cataract among adults
less than 65 yr old, with relative risks of 4.02 and 2.97 described in the Framingham Eye
Study and the Health and Nutrition Examination Survey, respectively (101). Diabetes
was associated with increased risk of cortical cataracts, posterior subcapsular cataracts,
and mixed cataracts in the Len Opacities Case-Control Study (32). Aldose reductose may
play a role in cataract formation in diabetics (102). In diabetic animals, administration
of quercitrin, an inhibitor of aldose reductase, reduced the accumulation of sorbitol in the
lens and delayed the development of cataract (103). Diabetes was also associated with
an increased risk of cataract in the 1971–1972 National Health and Nutrition Examina-
tion Survey (89), especially posterior subcapsular cataract (13).

3.4.7. ULTRAVIOLET LIGHT EXPOSURE

Ultraviolet radiation is divided by wavelength into ultraviolet (UV)-A (400–320 nm),
UV-B (320–290 nm), and UV-C (<290 nm). Most UV-C is absorbed by the ozone layer
(104). Various epidemiological studies have suggested a link between UV-B exposure
and cataract (13,89,92,105). In the Nepal Blindness Survey, the prevalence of cataract
was higher among residents from villages that received an average of 12 h of sunlight per
day compared to those from villages with 7 h of sunlight per day (OR 3.8, p = 0.001) (104).
In a study conducted among watermen of the Chesapeake Bay, cortical lens opacities
were associated with high levels of cumulative UV-B exposure, but no association was
found between nuclear cataract and UV-B exposure (105). In a case-control study in Mary-
land, 168 aphakic cases with a history of posterior subcapsular cataract were matched
with 168 controls by age, sex, and referral pattern (106). A history of high exposure to
UV-B was associated with an increased risk of posterior subcapsular cataract (106).
Increasing UV-B light exposure was also associated with cortical lens opacities among
community-dwelling adults, aged 65–84 yr, in Salisbury, Maryland (OR 1.10, 95% CI
1.02–1.20) (107). Individuals who had job locations or leisure activities in the sunlight
were at a higher risk of cortical cataract in Italy (31).

3.4.8. DEHYDRATION/DIARRHEA

Severe diarrheal disease and dehydration have been implicated in the pathogenesis of
cataract through possible osmotic, metabolic, and nutritional stresses on the lens. Three
case-control studies have identified severe dehydrating diarrhea as a risk factor for catar-
act in India (108–110). In two studies in India, about 40% of cataract in the population
was considered to be attributable to severe dehydration or life-threatening diarrheal dis-
ease (108,109). Dehydrational crises from severe diarrhea were identified as a major risk
factor for cataract in a recent case-control study from Nagpur, India (110). Severe diarrhea
was also identified as a risk factor for cataract in Oxfordshire, England (111). In contrast,
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no association was found between risk of cataract and lifetime history of severe diarrhea,
including cholera, in a case-control study conducted in Tamil Nadu state in India (112). No
association was found between a diarrheal disease (an episode confining the individual
to bed for 1 d) and cataract (30). Another study from Bangladesh did not find an associa-
tion between severe diarrhea and risk of cataract (113).

3.4.9. ALCOHOL CONSUMPTION

Alcohol consumption has been associated with an increased risk of cataract (84,95).
A two-fold higher risk of cataract was found among individuals who had four or more
drinks per day (95). In a case-control study, heavy alcohol use (>91 grams of alcohol per
week) was associated with a higher risk of posterior subcapsular cataract (OR 2.70, 95%
CI 1.04–6.98) when compared with no alcohol use (114). In the Beaver Dam Eye Study,
a history of heavy drinking (four or more drinks per day) was associated with a higher
risk of nuclear (OR 1.34, 95% CI 1.12–1.59), cortical (OR 1.36, 95% CI 1.04–1.77), and
posterior subcapsular cataract (OR 1.57, 95% CI 1.10–2.25) (115). Current wine con-
sumption was associated with a decreased risk of nuclear cataract (OR 0.84, 95% CI
0.74–0.94). Current alcohol intake was also associated with an increased risk of incident
nuclear cataract in the Beaver Dam Eye Study (OR 1.01, 95% CI 1.0–1.02 per 100 g
ethanol per week) (40). In the Blue Mountains Eye Study, those who had at least one drink
per day had a reduced risk of cortical cataract compared to nondrinkers (OR 0.7, 95% CI
0.6–0.9) (100). Heavy alcohol consumption (four or more drinks per day) was associated
with nuclear cataract in current smokers (OR 3.9, 95% CI 0.9–16.6) (100). A “u” shaped-
relationship between alcohol consumption and cataract has been suggested, with total
abstinence from alcohol and heavy consumption of alcohol being associated with a higher
risk of cataract (Fig. 4) (116).

3.4.10. DRUGS

The use of systemic corticosteroids has been associated with an increased risk of pos-
terior subcapsular cataract (32,117). The use of inhaled corticosteroids has been associ-
ated with an increased risk of both nuclear and posterior subcapsular cataracts (118) and
with an increased risk of undergoing cataract extraction (119). In the Nurses’ Health Study,
there was no evidence to support the idea that aspirin use was associated with a decreased
risk of cataract (75). Other drugs reported to be associated with cataract include allopurinol
and phenothiazines, but the epidemiological data are incomplete (87).

3.4.11. LEAD EXPOSURE

Lead exposure is associated with cognitive dysfunction, hypertension, and increased
oxidative stress in older adults. Lead exposure has recently been linked with age-related
cataract in older men in the Normative Aging Study (120). Among 663 men, aged 60 yr
and older, tibial lead concentrations were associated with an increased risk of cataract.

3.4.12. OTHER FACTORS

A low level of education has been associated with cataract in many different studies
(30,31,45,89,106). Low level of education was associated with nuclear, posterior sub-
capsular, and mixed cataract in India (30). The association between low level of educa-
tion and cataract appears to be an independent association, as other confounding factors
such as dietary intake or sunlight exposure do not explain the association (87). Low
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handgrip strength has been associated with higher risk of cataracts (31). The reason for
the association between low handgrip strength, an indicator for sarcopenia, and cataract
is not clear, but recently, it has been shown that low handgrip, knee, and hip strength in
older women is associated with low plasma carotenoid concentrations (121). A recent
study from France suggests that low plasma albumin and transthyretin concentrations
were associated with an increased risk of cataract (122).

3.5. Cataract and Mortality
Several studies have suggested that lens opacities or a history of cataract surgery is

associated with an increased risk of death (123–130), but not all studies have confirmed
this association (131). In Boston, survival was compared between 167 patients under-
going cataract surgery and 824 patients undergoing other surgical procedures (123). In
cataract patients, the age- and sex-adjusted mortality ratio was 1.78 (95% CI 1.23–2.58),
and the increased mortality was not strongly related to diabetes mellitus (123). An analysis

Fig. 4. Relative risk for cataract expressed as odds ratio plotted against six categories of ethanol con-
sumption. (Reprinted from ref. 116, with permission of S. Karger AG, Basel.)
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from the Framingham Heart Study suggested that overall, lens opacities were associated
with significantly higher mortality, but that age- and sex-adjusted mortality was stronger
among individuals with diabetes (death rate ratio 2.62, 95% CI 1.46–4.71) than those
without diabetes (death rate ratio 1.17, 95% CI 0.88–1.57) (124). In a study of 473 older,
nondiabetic adults in a small English town, those with nuclear cataract at baseline exami-
nation had an increased risk of death (adjusted relative hazard for mortality 1.52, 95%
CI 1.15–1.99) (125).

Cataract surgery was associated with increased standardised mortality ratio in a study
from Sweden, but only in young patients and in patients who had complicating diseases
such as diabetes and cardiovascular disease (126). In patients 75 yr of age and older, the
standardized mortality ratio was 0.91 (p = 0.06), whereas in those 45–74 yr of age, the
standardized mortality ratio was 1.33 (p = 0.05). In the Blue Mountains Eye Study, of
3654 subjects aged 49 yr and older who were followed from a baseline period of 1992–
1994 until 1999, 16.5% of the subjects died. After adjusting for factors associated with
mortality, individuals who had any visual impairment at baseline had an increased mor-
tality risk (relative risk [RR] 1.7, 95% CI 1.2–2.3) (127). The presence of nuclear cataract
(RR 1.4, 95% CI 1.1–1.8), cortical cataract (RR 1.3, 95% CI 1.0–1.5), and posterior
subcapsular cataract (RR 1.4, 95% CI 1.1–1.8) were also associated with an increased risk
of death. In Parma, Italy, a study of 1429 individuals showed that mixed type of cataracts
with nuclear and posterior subcapsular cataract was significantly associated with an in-
creased risk of death (128). The biological mechanisms that might explain the association
between cataract and mortality include systemic processes relating to aging or increased
oxidative stress and inflammation (127,130).

4. CLINCAL FEATURES

For clinical features of nuclear cataract, see Fig. 5; for clinical features of cortical cata-
ract, see Fig. 6; and for clinical features of posterior subcapsular cataract, see Fig. 7.

5. PATHOGENESIS OF CATARACT

The pathogenesis of nuclear cataract, cortical cataract, and posterior subcapsular
cataract may differ as related to such factors as the anatomic location and the age of the
lens fibers. The nucleus consists of lens fibers that were formed during embryonic and
fetal life, whereas the cortex consists of lens fibers that were formed later in life. Lens
fibers at the surface of the lens are formed recently, within weeks to months. The lens is
located in a low oxygen environment due to the lack of a blood supply, and the lens epi-
thelium and fibers primarily derive energy from glycolysis, using glucose from the aqueous
humor (132). Nutrients in the aqueous humor need to diffuse the longest distance to reach
the lens fibers of the nucleus. In general, the lens is subject to oxidative stress from
molecular oxygen and free radicals generated by mitochondria. Superoxide radicals,
peroxide, hydroxyl radicals, and single oxygen are major reactive oxygen species that
may be produced in the lens (133). Glutathione is the main antioxidant which protects
the lens from oxidative damage (133,134). A common feature of many types of cataracts
is a reduction in lens glutathione (134). Glutathione has been hypothesized to protect
against cataract formation by preventing the formation of high molecular weight protein
aggregates responsible for light scattering and lens opacification, by preserving mem-
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Fig. 5. Nuclear cataract. (Courtesy of Walter Stark.)

Fig. 6. Cortical cataract. (Courtesy of Walter Stark.)

brane–SH groups involved in cation transport and permeability, and by detoxifying
hydrogen peroxide and other free radicals (134).

Another important antioxidant that may protect the lens against oxidative stress is
ascorbic acid (135). Ascorbic acid is actively transported from the blood into the aqueous
humor, where it is found in high concentrations (135,136). Presumably, ascorbic acid
also reacts with free radicals and protects the lens from oxidative damage (135,137).
Catalase may also protect the lens against oxidative damage from hydrogen peroxide
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(138), and transferrin in the aqueous humor may bind iron and protect the lens from free
radical damage generated by ferrous ions (139). The accumulation of protein aggregates
in the lens can increase light scattering (140,141).

5.1. Nuclear Cataract
Oxidative stress in the nucleus can result in damage to lens proteins and lipids, disulfide

linking of proteins, protein aggregation, and increased light scattering (133,134,142,143).
An increase in lipid peroxidation and protein oxidation has been linked to impairment of
glutathione-dependent reduction (134,144–146). The lens contains low molecular
weight, fluorescent compounds known as UV filters that absorb UV radiation from 295
nm to 400 nm. The concentrations of UV filters, 3-hydroxykynurenine, kynurenine, and
3-hydroxykynurenine glucoside, decrease linearly with age in the human lens, and oxi-
dized glutathione also decreases in the lens nucleus with age (Fig. 8) (144). A lower con-
centration of glutathione in the lens with age may allow an increased rate of posttransla-
tional modification of crystallins (134). Impaired diffusion of glutathione in the lens may
result in lowered concentration of glutathione in the lens nucleus (145) and possible
covalent linking of UV filters to crystallins in the lens (144). A barrier to transport of
metabolites within the lens may prevent antioxidants from reaching the lens interior and
thus allow oxidation of nuclear components (146). The aggregation of minor lens con-
stituents may contribute to the initiation of lens opacification (147). Nuclear cataract is
associated with extensive hydroxylation of protein-bound amino acid residues, which
suggests a role for hydroxyl radicals (148). Perhaps the strongest evidence for the role
of oxidative stress in the pathogenesis of nuclear cataract comes from a study of 25 patients
who were given hyperbaric oxygen therapy (149). All treated patients developed myopic
refractive changes with treatment, and seven of fifteen patients with clear lens nuclei

Fig. 7. Subcapsular cataract. (Courtesy of Walter Stark.)
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prior to treatment developed nuclear cataract with reduced visual acuity (149). Oxygen,
in excessive amounts, can be toxic to the lens through the generation of reactive oxygen
species.

5.2. Cortical Cataract
Cortical cataract is often most pronounced in the inferior nasal quadrant of the lens

(92,150,151), the part of the lens most exposed to ultraviolet radiation. Cortical cataract
is associated with disruption of the lens fiber cells, formation of vesicles from membrane
constituents such as cholesterol and phospholipid, and protein alterations (14,152). Studies
of clear human lenses show that ruptured membranes of superficial fibers appear as early
as the fourth decade of life (14). Age-related cortical lens changes have been mainly attrib-
uted to membrane disorganization induced by increased oxidative stress (14). Ultravio-
let-B, or shorter wavelength UV light, appears to be more damaging to the eye than UV-A
(105). Other studies suggest that chronic UV-A exposure could also generate free radicals
and damage the lens. On exposure to UV light >300 nm, the chromophores in the human
lens appeared to initiate photooxidative processes leading to oxidation of endogenous
antioxidants glutathione and ascorbate (153). Old human lens proteins absorb more UV-
A than UV-B light, which has suggested that UV-A should be considered in the pathogen-
esis of cortical cataract (154). It is unclear why UV light exposure would cause cataract in
the lens fibers that are more shielded by the pigmented iris epithelium from light expo-
sure, especially when the pupil is constricted in bright light. With depletion of strato-
spheric ozone, UV-B exposure may increase, with higher risk of cortical cataracts (155).

Fig. 8. Concentrations of reduced glutathione in humans lens as a function of age. Linear regression
lines shown for nucleus (solid line, solid dots) (r = −0.47, p = 0.002, n = 38) and cortex (dotted line,
open dots) (r = −0.68, p < 0.0005, n = 38) of the lens. (Reprinted from ref. 144, with permission of
Investigative Ophthalmology and Visual Science.)
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5.3. Posterior Subcapsular Cataract
Posterior subcapsular cataract is characterized by migration of superficial epithelial

cells posteriorly from the equator, with enlarged epithelial nuclei and disorganization of
postequatorial nuclear rows (156). Posterior subcapsular cataract can be induced by ioniz-
ing radiation (157) and by corticosteroids. Oxidative stress can adversely affect the DNA
of lenticular epithelial cells, thus giving rise to germinative epithelial cells with aberrant
DNA and abnormal development (14).

5. TREATMENT OF CATARACT

Cataract is usually treated by surgical removal of the cloudy lens and implantation of
an intraocular lens. The quality of cataract surgery and the quality of outcomes of cataract
surgery can vary considerably. The main strategy for reducing the burden of blindness
from cataract is to find interventions that can delay the onset of cataract.

6. PREVENTION OF CATARACT

6.1. Evidence From Clinical Trials for Nutritional Interventions
Several clinical trials have been conducted to determine whether nutrients, alone or

in combination, can reduce the incidence of lens opacities and the incidence of cataract
operations (Table 4) (158–163). These studies generally suggest that micronutrient sup-
plementation in well nourished adults is unlikely to reduce either the incidence of cataract
or the incidence of cataract surgery.

6.1.1. LINXIAN CATARACT STUDIES

The Linxian cataract studies consisted of two clinical trials (“dysplasia trial” and
“general population trial”) conducted in rural communes of Linxian, China from 1986
to 1991 (158). Linxian is a county in north central China that has a high rate of esophageal
cancer and high prevalence of micronutrient deficiencies, and the main objective of the
studies was to determine whether vitamin/mineral supplements could reduce the risk of
esophageal/gastric cancer (158). Participants also received eye examinations and cata-
ract grading at enrollment and at the end of the trials. In the dysplasia trial, 2141 partici-
pants, aged 45 to 74 yr, were randomized to receive multivitamin/mineral supplement or
placebo. In a stratified analysis, among individuals aged 65 to 74 yr there was a 36%
reduction in the prevalence of nuclear cataract (OR 0.57, 95% CI 0.36–0.90), whereas
among individuals aged 45 to 64 yr, there was no significant impact of multivitamin/
mineral supplementation. In the dysplasia trial, the micronutrients contained in the sup-
plement included beta carotene, and many of the vitamins and minerals were at levels that
exceeded the Recommended Dietary Allowance (RDA) for adults. For example, the study
used a daily dose of zinc of 45 mg, when the RDA for men and women is 11 mg and 8 mg,
respectively.

In the general population trial, individuals aged 45 to 74 yr were randomly allocated in
a factorial design to examine the effects of four different vitamin/mineral combinations
(vitamin A/zinc, riboflavin/niacin, vitamin C/molybdenum, and selenium/α-tocopherol/
β-carotene). The risk of nuclear cataract was reduced among those who received riboflavin/
niacin compared to those who did not receive riboflavin/niacin, with the strongest effect
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found among those aged 65 to 74 yr. There was no significant effect of vitamin/mineral
supplements on cortical cataract in either trial. Although the number of subjects with pos-
terior subcapsular cataract in the general population trial was small, the data suggested
that riboflavin/niacin might increase the risk of posterior subcapsular cataract. These two
trials suggest that in a rural area of China with a high prevalence of micronutrient defi-
ciencies, vitamin/mineral supplements may reduce the risk of nuclear cataracts.

6.1.2. ROCHE EUROPEAN AMERICAN CATARACT TRIAL

The Roche European American Cataract Trial (REACT) study was a randomized,
double-masked, placebo-controlled clinical trial of micronutrient supplementation to
prevent age-related cataract in 297 adults aged ≥40 yr in Boston and in the United King-
dom (159). Patients were recruited in outpatient ophthalmology clinics and were eligible
if they had immature age-related cataract in one or both eyes. Patients in the United States
were evaluated using LOCS II, and patients in the United Kingdom were evaluated using
the Oxford lens grading system. The outcome measure was lens opacification as assessed
by a digitized image of the lens, rather than visual function. The study began in 1990 and
concluded in 1995, and the results were published in 2002 (159). Patients were randomly
allocated to receive a micronutrient supplement (α-tocopherol 200 mg, ascorbic acid 250
mg, β-carotene 6 mg) or placebo. There was a small but significant effect of treatment in
lowering the risk of lens opacification among patients at the US site but not the UK site
after 2 yr, but after 3 yr, there was a positive effect of treatment in both study sites. The
authors noted that the rate of cataract progression is nonlinear, as it tends to be faster in
the later than the earlier stages (53,90), thus, long-term progression of cataract, as assessed
in this study, is likely to be highly conservative (159). If the treatment effect of 1.6% per
3 yr is extended for a 21-yr period, the authors noted that the difference would be 10.2%.
Even a 10% reduction in the rate of cataract progression could potentially reduce the
number of cataract operations by 49% (159).

6.1.3. AGE-RELATED EYE DISEASE STUDY

The Age-Related Eye Disease Study (AREDS) was an 11-center, double-masked, clin-
ical trial in which subjects were randomly allocated to receive antioxidants (vitamin C,
vitamin E, β-carotene) or no antioxidants (160). Subjects with more than a few small
drusen were also randomized to receive tablets with or without zinc and copper as part
of a trial in which the outcome was age-related macular degeneration. Of 4629 partici-
pants, aged 55–80 yr who had at least one natural lens present, the antioxidant combina-
tion had no significant effect on risk of progression of lens opacities or for cataract surgery.
Subjects who were using supplements at the time of enrollment were offered a commer-
cial daily multivitamin and mineral supplement at RDA dosages to take throughout the
study (Centrum, Whitehall-Robins Healthcare, Madison, NJ). Of the participants, 55%
were taking supplements and almost all chose to take the commercial supplement, and
an additional 15% of subjects chose to take the commercial supplement. Thus, the study
provided daily multivitamin and mineral supplements to nearly 70% of the study partici-
pants, in addition to the antioxidants or no antioxidants assigned to each participant. The
study showed that use of a high-dose supplement containing vitamin C, vitamin E, and
β-carotene had no impact on the development or progression of cataract in a relatively
well-nourished cohort of older adults, many of whom were already taking vitamins.
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6.1.4. ALPHA-TOCOPHEROL BETA-CAROTENE CANCER PREVENTION TRIAL, FINLAND

In the Alpha-Tocopherol Beta-Carotene (ATBC) trial, 28,934 male smokers, aged 50–
69 yr, were randomized to receive α-tocopherol, 50 mg/d, β-carotene, 20 mg/d, both α-
tocopherol and β-carotene, or placebo for 5 to 8 yr (161). During follow-up, 425 men had
cataract surgery, and the number of cases of cataract surgery in the α-tocopherol, β-caro-
tene, α-tocopherol plus β-carotene, and placebo groups was 112, 112, 96, and 105, respec-
tively. Neither α-tocopherol or β-carotene supplementation affected the incidence of
cataract extraction among these male smokers in Finland (161).

6.1.5. PHYSICIANS’ H EALTH STUDY, USA

In this trial involving 22,071 male physicians, aged 40–84 yr, participants were ran-
domly assigned to receive β-carotene, 50 mg on alternate days, or placebo, for 12 yr
(162). The outcome measures include incident, age-related lens opacity that reduced visual
acuity based on self-report confirmed by medical record review, and rate of cataract extrac-
tion. Between the β-carotene and placebo groups, the overall incidence of cataract was
not significantly different (RR 1.00, 95% CI 0.91–1.09), and the overall rate of cataract
extraction was not significantly different (RR 1.00, 95% CI 0.89–1.12) (162).

6.1.6. VITAMIN E, CATARACT AND AGE-RELATED MACULOPATHY TRIAL, AUSTRALIA

In this clinical trial in Melbourne, Australia, 1193 participants, aged 55–80 yr, with early
or no cataract were randomized to receive either 500 IU natural vitamin E in soybean oil
or placebo for 4 yr (163). The incidence and progression of cataract were assessed with
clinical lens opacity grading and computerized analysis of digital lens images. The 4-yr
cumulative incidence rates among those who received vitamin E and those who received
placebo was 12.9% and 12.1%, respectively, for nuclear cataract (p = 0.77), 4.5% and
4.8%, respectively, for cortical cataract (p = 0.77), and 1.7% and 3.5% for posterior
subcapsular cataract (p = 0.08). There was no difference in the rate of cataract extraction
between the two groups. This study shows that vitamin E in a daily dose of 500 IU did
not reduce the incidence or progression of nuclear, cortical, or posterior subcapsular
cataracts (163).

7. CONCLUSIONS

Short-term micronutrient supplementation in well nourished adults appears to have
little impact on the incidence or progression of cataract. Although some data suggest that
micronutrient supplementation may have an impact on the incidence of cataract in popu-
lations with a high prevalence of micronutrient deficiencies, such as Linxian, China,
there is little other data to support the idea that micronutrient supplementation will pre-
vent the onset or progression of cataract in other developing world populations. The amount
of oxidative damage to the lens during the lifetime of an individual may be cumulative,
thus, supplementation with antioxidant micronutrients in later adulthood may have little
impact. There is the theoretical problem of “too little, too late” for late onset of micro-
nutrient supplementation, if the actual window for intervention is earlier in life. The ces-
sation of smoking and avoidance of excessive lifetime UV light or sunlight exposure
remain the two major strategies to reduce the risk of cataract. Several areas of research
have been identified. The relationship between nutritional factors and cataract has gen-
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erally been studied in populations where nutritional status is relatively good, i.e., in the
United States and Europe. The relationship between nutrient deficiencies and cataract
needs to be addressed in populations that actually have a relatively high prevalence of nutri-
tional deficiencies, i.e., low income and middle income countries. Future studies should
examine the effect of improving nutritional status early in life, rather than supplementing
with micronutrients in middle age or later. Ideally, long-term changes in lifestyle and diet
rather that supplementation would be preferred. The relationship between laboratory
indicators of riboflavin status, such as erythrocyte glutathione reductase, erythrocyte
flavin, or urinary flavin and risk of cataract has not been characterized. Further investiga-
tion is needed into the possible relationship between lutein and zeaxanthin and cataract.
The most important nutritional intervention for the reduction of cataract may be the pre-
vention of obesity and its associated risk of diabetes mellitus, however, further large epi-
demiological studies are needed to demonstrate the long-term consequences of preventing
obesity and its impact on cataract. Given the relationship between dietary antioxidants
and inflammation, it may be possible that the association between dietary antioxidant status
and cataract in some epidemiological studies is actually reflecting the level of systemic
inflammation. Further studies are needed to address the relationship between antioxidant
nutritional status after taking into account the effects of inflammation, as might be reflected
by elevations in acute phase proteins and proinflammatory cytokines.
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3 Age-Related Macular Degeneration

1. INTRODUCTION

Age-related macular degeneration is the leading cause of visual loss among adults
aged 65 yr or older in the United States and Europe. With increases in life expectancy and
a growing cohort of older adults, the public health impact of age-related macular degen-
eration on blindness and visual disability is expected to grow even larger in prominence
(1). Currently, one in five people over age 65 are living with age-related macular degen-
eration, and adults with advanced macular degeneration have a markedly reduced quality
of life and need for assistance with activities of daily living (1). Although most cases of
age-related macular degeneration were once considered largely untreatable, recent data
from clinical trials demonstrate that micronutrient supplements may help to prevent the
development of more severe disease and visual loss. New research on the relationship
between lutein and zeaxanthin may provide further insights towards preventive strate-
gies for age-related macular degeneration.

2. HISTORICAL BACKGROUND

The disciform variant of age-related macular degeneration was described as early as
1875 by Hermann Pagenstecher (1844–1932) and Carl Phillip Genth in Wiesbaden (2).
In 1885, the condition was termed senile macular degeneration by Otto Haab (1850–
1931) in Zurich (3). Various names have been used to describe age-related macular dege-
neration (4), including “degeneratio maculae luteae disciformis” by Johann Nepomuk
Oeller (1850–1932) in 1905 (5). In 1926, Paul Junius (b. 1871) and Hermann Kuhnt (1850–
1925) modified Oeller’s designation to Die scheibenförmige Entartung der Netzhautmitte
(6), or “disciform degeneration of the macula,” a term that came widely used in ophthal-
mology. In 1920, Jan van der Hoeve (1878–1952), an ophthalmologist in Leiden, proposed
that certain wavelengths of light can produce age-related macular degeneration (7).

The first description of yellow pigment in the macula has been attributed to Francesco
Buzzi (1751–1805), an ophthalmologist in Milan (8,9). This finding was independently
confirmed by the German physician and anatomist Samuel Thomas von Soemmering
(1775–1830), who observed yellow pigment in the macula during dissection of cadaver
eyes. At the time, Soemmering believed that there was an actual hole in the center of the
macula (10). Further studies were conducted by Everard Home (1756–1832), who dis-
sected the eyes of humans, monkeys, bullocks, and sheep, and concluded that only the
human and the monkey eye contained the yellow spot in the macula (11). After the devel-
opment of the ophthalmoscope in the mid-19th century, controversy evolved regarding
the existence of macular yellow pigmentation (9). The variability in observation of yellow
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pigmentation in the macula was likely related to the wavelength of light that was used
in the ophthalmoscope, as the yellow color was more readily visible with the use of red-
free light (9). In 1945, George Wald (1906–1997) observed that the macular pigment in
humans had the same absorption spectrum as crystalline leaf xanthophyll. The extra-
macular portions of the retina were also noted to contain some xanthophyll, but at a lower
concentration per unit area than the macula. Extraction of the yellow pigment from human
maculas yielded a hydroxy-carotenoid that Wald believed was lutein or leaf xanthophyll
itself, noting “this marks the first appearance of a carotenoid of this type in a mammalian
retina” (12).

3. EPIDEMIOLOGY

3.1. Definitions
The epidemiology of age-related macular degeneration has been fairly well character-

ized among different populations worldwide in the last three decades. Comparisons
between studies, especially the earlier studies, has been somewhat limited because of the
different definitions of age-related macular degeneration, lack of agreement in grading
the disease, and variable use of standardized fundus photographs or examination alone.
Consensus on an international classification and grading system was only reached in
1995 (13). The term “age-related maculopathy” refers to a disorder of the macular area of
the retina characterized by soft or confluent drusen, areas of increased pigment in the outer
retina or choroid associated with drusen, and areas of depigmentation or hypopigmenta-
tion of the retinal pigment epithelium. Late stages of age-related maculopathy are called
age-related macular degeneration and include dry or geographic atrophy and wet, also
known as neovascular, disciform, and exudative age-related macular degeneration (13).

3.2. Incidence and Prevalence

3.2.1. INCIDENCE

The incidence of age-related macular degeneration has been studied in risk groups and
population-based studies (14–18). Two hundred patients with macular drusen were fol-
lowed for an average of 4 yr, and the highest rate of visual loss occurred in those in the
seventh decade and beyond (14). Of 71 patients who presented with bilateral macular
drusen alone, the 5-yr cumulative risk of developing severe visual loss due to maculopathy
was 12.7% (15). In a prospective study of 126 patients with bilateral drusen seen at
Moorfields Eye Hospital, the cumulative incidence of new exudative or nonexudative
lesions was 23.5% by 3 yr follow-up (16). In the Beaver Dam Eye Study, the incidence
and progression of retinal drusen, retinal pigmentary abnormalities, and signs of late age-
related maculopathy were studied over 5 yr among 3583 adults, aged 43–86 yr of age
(18). The incidence of age-related maculopathy lesions was higher among adults 75 yr
of age or older, and after adjusting for age, the incidence was 2.2 times higher among
women than men (18). The 5-yr incidence of late age-related maculopathy, defined by
the new appearance of either exudative macular degeneration or pure geographic atrophy
at follow-up, was 0.9%. In the Chesapeake Bay Waterman Study, a cohort restricted to
men of a particular occupation with half the men under 50 yr of age, the 5-yr incidence
of late age-related maculopathy was 0.2% (17).
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3.2.2. PREVALENCE

The prevalence of age-related macular degeneration increases with age. Among adults
<55, 55–64, 65–74, 75–84, and ≥85 yr of age in the Blue Mountains Eye Study in Aus-
tralia, the prevalence of end-stage age-related macular degeneration (neovascular dis-
ease or geographic atrophy) was 0, 0.2, 0.7, 5.4, and 18.5%, respectively (19). Data from
the Framingham Eye Study suggest that the prevalence of age-related macular degenera-
tion is 8.8% in one or both eyes in adults over age 52 yr (20). In the Beaver Dam Eye Study
involving 4685 adults 42 to 84 yr old, drusen were found in the macula of at least one eye
in 95.5% of subjects (21). Late age-related macular degeneration, defined as the presence
of exudative disease or geographic atrophy, was found in 0.1, 0.6, 1.4, and 7.1% of indi-
viduals aged 43–54, 55–64, 65–74, and ≥75 yr, respectively (21).

3.3. Risk Factors
The epidemiology of age-related maculopathy and age-related macular degeneration

has been examined in some large major surveys, including the Framingham Eye Study
(20,22), a case-control study in Baltimore (23), the first National Health and Nutrition
Examination Survey (NHANES) (24), the Eye Disease Case Control Study (25), and the
Blue Mountains Eye Study (19). Some risk factors for age-related macular degeneration
are shown in Table 1.

3.3.1. AGE

Increasing age is a strong risk factor for age-related macular degeneration (19,26,27).
In the first NHANES, individuals aged 55–64 yr and 65–74 yr had an adjusted prevalence
odds ratio (OR) (95% confidence interval [CI]) for age-related macular degeneration of
2.13 (1.67–2.71) and 4.54 (2.80–7.36) compared with individuals aged 45–54 yr (24).

3.3.2. RACE

Age-related macular degeneration appears to be more common and severe among
whites than blacks (28). In a study of 3444 black adults, aged 40 to 84 yr, from the Bar-
bados Eye Study, early age-related macular degeneration was found in 23.5% of subjects

Table 1
Risk Factors for Age-Related Macular Degeneration

Increasing age
Race
Female gender
Family history
Iris color
Hyperopia
Cardiovascular disease
Cigarette smoking
Inflammation
Low grip strength
Low carotenoid status
Obesity
Sunlight exposure
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(28). Late age-related macular changes, the most visually disabling for of age-related
macular degeneration, was found in only 0.6% of black adults, suggesting that the sever-
ity of age-related macular degeneration is less among blacks than whites (28). Race was
not found to be a significant risk factor for age-related macular degeneration in the first
NHANES (24), but the study relied on clinical examination by individuals with varying
levels of experience and a standardized diagnosis of age-related macular degeneration
was not certain (28). The prevalence of age-related macular degeneration in the non-
institutionalized US population ≥40 yr of age was 9.2%, based on NHANES III, and the
prevalence was higher among non-Hispanic whites (9.3%) compared with non-Hispanic
blacks (7.4%) and Mexican Americans (7.1%) (29).

3.3.3. FEMALE GENDER

Most epidemiological studies suggest that women are at higher risk of advanced age-
related macular degeneration and visual loss than men (19,25,26). In the Beaver Dam Eye
Study, women had a higher risk of developing neovascular age-related macular degen-
eration than men (18).

3.3.4. FAMILY HISTORY

A family history of macular disease has been identified as a strong risk factor for age-
related macular degeneration in a large case-control study in Baltimore (OR 2.9, 95% CI
1.5–5.5) (23). In two case reports, age-related macular degeneration was described in
monozygotic twins (30). In nine twin pairs with age-related macular degeneration, the fun-
dus appearance and the incidence of visual impairment were similar (31). Other factors,
including diet, geographical background, and medical history, were also essentially the same
in the twin pairs (31). In a study of 119 unrelated subjects with age-related macular degen-
eration in Boston, age-related macular degeneration had a higher prevalence among rela-
tives of subjects, suggesting that age-related macular degeneration has a familial component
and that genetic or shared environmental factors may contribute to its development (32).

3.3.5. IRIS COLOR

Blue iris color has been associated with increased risk of age-related macular degener-
ation (23). In a case-control study involving 102 cases and 103 controls in the United King-
dom, light stromal iris pigmentation was associated with age-related macular degeneration
(33). Light-colored irises were identified as one of six major risk factors for age-related
macular degeneration in a case-control study involving 1844 cases and 1844 matched con-
trols in France (34). In a study of 650 white patients with age-related macular degeneration
and 363 control patients, light-colored irides were found in 76% of patients compared with
40% of controls (35). Light iris pigmentation was associated with more extensive retinal
disease in patients who had unilateral neovascular age-related macular degeneration (36).

3.3.6. HYPEROPIA

Hyperopia was identified as a risk factor for age-related macular degeneration in the
first NHANES (24) and in a large case-control study in Baltimore, Maryland (23). In the
Eye Disease Case Control Study, hyperopes (greater than +1 diopter) had an increased
risk of neovascular age-related macular degeneration (25). One potential but rather spec-
ulative explanation for the association between hyperopia and age-related macular degen-
eration may relate to the use of eyeglasses. Myopes, who may wear eyeglasses for most
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of their lives, could have possible reduced sunlight exposure compared to hyperopes,
who may wear eyeglasses largely after middle age.

3.3.7. CARDIOVASCULAR DISEASE

Cerebrovascular disease was identified as a risk factor for age-related macular degen-
eration in the first NHANES (24). Individuals with a systolic blood pressure of 130–149,
150–169, and ≥170 mmHg had adjusted prevalence odds ratios (95% CI) of 1.15 (1.02–
1.29), 1.31 (1.04–1.66), and 1.50 (1.06–2.13), respectively compared with individuals
with a systolic blood pressure of <130 mmHg (24). In a case-control study in Baltimore,
individuals with low hand grip strength and a positive history of cardiovascular disease
had a higher risk of age-related macular degeneration (OR 1.9, 95% CI 1.03–3.34), and
a history of cardiovascular diseases was defined as myocardial infarction, angina, other
heart problems, arteriosclerosis, hypertension, other circulatory problems, stroke, and/or
transient ischemic attacks (23). In a large case-control study in France, arterial hyperten-
sion (OR 1.28, 95% CI 1.09–1.50) and coronary artery disease (OR 1.31, 95% CI 1.02–
1.68) were associated with age-related macular degeneration (34). In the Rotterdam Study,
age-related macular degeneration was associated with plaques in the carotid bifurcation,
plaques in the common carotid artery, and lower extremity arterial disease (37). Elevated
plasma fibrinogen levels were associated with late age-related macular degeneration in
the Blue Mountains Eye Study (38).

Epidemiological studies have not shown a consistent relationship between cardiovas-
cular disease and late age-related macular degeneration (18,20,25,26,39). In the Patholo-
gies Oculaires Liées à l’Age (POLA) Study conducted among 2584 adults aged 60–95 yr
in Sète, France, a history of cardiovascular disease was associated with a decreased risk
of soft drusen (40). No association was found between cardiovascular disease and late
age-related macular degeneration (40). Systemic hypertension was found to be a signifi-
cant risk factor for choroidal neovascularization in the fellow eye among patients who
had known choroidal neovascularization from age-related macular degeneration in one
eye (41). Severe hypertension was associated with neovascular age-related macular degen-
eration in a case-control study involving 182 patients with neovascular disease and 235
control subjects (42).

3.3.8. INFLAMMATION

In the Age-Related Eye Disease Study, elevated C-reactive protein was associated with
increased risk of age-related macular degeneration (43). C-reactive protein was mea-
sured using a high sensitivity assay in 183 adults without any maculopathy, 200 adults
with mild maculopathy, 325 adults with intermediate disease, and 222 with advanced
age-related macular degeneration. After adjusting for age, sex, and other variables includ-
ing smoking and body mass index, C-reactive protein concentrations were associated
with increased risk of intermediate and advanced age-related macular degeneration (43).
In a prospective study, 251 adults aged 60 yr and older with nonexudative age-related
macular degeneration with visual acuity of 20/200 or better in at least one eye were
followed for an average of 4.6 yr. Participants in the highest quartile of C-reactive protein
had an increased risk of progression of age-related macular degeneration (relative risk
[RR] 2.10, 95% CI 1.06–4.18) compared to those in the lowest quartile of C-reactive
protein (44). Elevated interleukin-6 was also related to an increased risk of progression
of age-related macular degeneration (RR 1.81, 95% CI 0.97–3.36).
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3.3.9. CIGARETTE SMOKING

Several studies have identified cigarette smoking as a risk factor for age-related macu-
lar degeneration (23,25,39,45,46). In a case-control study conducted in Baltimore, Mary-
land, cigarette smoking was identified as a significant risk factor for age-related macular
degeneration among males only (OR 2.6, 95% CI 1.15–5.75) (23). Current cigarette
smoking was associated with increased risk of neovascular age-related macular degen-
eration in the Eye Disease Case-Control Study (25). In the Copenhagen City Heart Study,
smoking was associated with risk of atrophic maculopathy (39). In the Beaver Dam Eye
Study, exudative macular degeneration was significantly associated with current smok-
ing among females (OR 2.5, 95% CI 1.01–6.20) and males (OR 3.29, 95% CI 1.03–10.50)
compared with ex-smokers or nonsmokers (47). Whether smoking plays a causal role in
age-related macular degeneration is not clear, and potential biological mechanisms in-
clude increased atherogenesis and increased oxidative stress caused by smoking (48). In
the Rotterdam Study, 36 individuals with atrophic age-related macular degeneration and
65 individuals with neovascular age-related macular degeneration were identified among
6174 persons aged 55 yr and older (49). Among subjects younger than 85 yr, current
smokers had a 6.6-fold increased risk of neovascular age-related macular degeneration
compared to subjects who did not smoke (49). Former smokers also had an increased risk
of neovascular age-related macular degeneration compared with nonsmokers (49). Ciga-
rette smoking was an independent risk factor for incident age-related macular degenera-
tion in the Nurses’ Health Study (50). Smoking cigarettes for more than 40 yr was a risk
factor for age-related macular degeneration in a study from Australia (51).

Lower plasma carotenoids have been described among smokers compared with non-
smokers (52,53), and as described in Chapter 7, it is well known that cigarette smokers
have a lower intake of many vitamins compared with comparable nonsmokers (54–59).
Smokers are less likely to consume fresh fruits, vegetables, salad, and whole grain cereals
compared with nonsmokers, and the consumption of saturated fat, sugar, and alcohol are
higher (58). In a case-control study, macular pigment density was compared between 34
smokers and nonsmokers matched by age, sex, dietary patterns, and overall eye, skin, and
hair color pigmentation (60). Although cases and controls were matched by dietary intake
of carotenoids, nonsmokers had over twice the macular pigment density of smokers (60)
(Fig. 1). In a study of healthy adults in Japan, serum concentrations of zeaxanthin were
inversely correlated with the number of cigarettes smoked per day (61).

3.3.10. GRIP STRENGTH

Decreased grip strength has been associated with age-related macular degeneration in
both the Framingham Eye Study (20) and in a large case-control study in Baltimore (23).
Grip strength is an indicator of sarcopenia, or loss of skeletal muscle mass, among older
adults (62). Decreased grip strength may be associated with age-related macular degen-
eration because of oxidative stress may contribute to the pathogenesis of both sarcopenia
and age-related macular degeneration. Oxidative stress has been hypothesized to con-
tribute to sarcopenia in older adults because skeletal muscle and nervous tissues do not
have the high repair capacities that occur in more mitotically active tissues (63). Changes
in skeletal muscle that occur with aging include the accumulation of lipofuscin, which
may be formed by the oxidative polymerization of lipids, greater lipid peroxidation, and
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an increase in mitochrondrial DNA deletions (63). In sarcopenia, most of the loss in
strength results from an age-related decrease in muscle mass (62).

3.3.11. NUTRITIONAL FACTORS

Dietary intake. The Beaver Dam Eye Study from Beaver Dam, Wisconsin has pro-
vided a wealth of epidemiological data regarding the relationship between nutritional
factors and age-related macular degeneration. An inverse association was noted between
intakes of provitamin A carotenoids and dietary vitamin E and the incidence of large
drusen over 5 yr (64). An inverse association was also found between zinc intake and the
incidence of retinal pigmentary abnormalities over 5 yr (64). Adults 43–86 yr of age who
were in the highest quintile of dietary intake of zinc from foods had a lower risk of early
age-related macular degeneration (OR 0.6, 95% CI 0.4–1.0) compared with subjects in
the lowest quintile of dietary intake of zinc from foods (65). Carotenoid intake was not
associated with risk of early or late age-related macular degeneration (65). A high intake
of saturated fats and cholesterol were associated with a higher risk of early age-related
macular degeneration (66). These data support that hypothesis that atherosclerosis and
related factors are involved in the pathogenesis of age-related macular degeneration (66).

In the first NHANES, conducted between 1971 and 1972, a high frequency of consump-
tion of fruits and vegetables rich in vitamin A (provitamin A carotenoids and other dietary
carotenoids) was associated with a lower risk of age-related macular degeneration (24).
The adjusted prevalence odds ratios (95% CI) for age-related macular degeneration among
those consuming fruits and vegetables rich in vitamin A one to three, four to six, and seven
or more times per week, compared to less than one time per week, were 0.89 (0.80–1.00),
0.71 (0.50–1.00), and 0.59 (0.37–0.99) (24). The relationship between plasma micronutri-
ent concentrations and age-related macular degeneration were examined in the Baltimore
Longitudinal Study of Aging (67). In this study, a protective association was found between
a high “antioxidant index” consisting of plasma ascorbic acid, α-tocopherol, and β-carotene,

Fig. 1. Frequency distribution of macular pigment optical density for smokers and nonsmoking con-
trols. (Reprinted from ref. 60, with permission of Elsevier.)
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and age-related macular degeneration, adjusting for age, sex, and nuclear opacity (67).
No association was found between reported dietary intake of carotene, zinc, vitamin A,
or vitamin C and age-related maculopathy in the Blue Mountains Eye Study (68). A high
dietary intake of carotenoids was associated with a lower risk of age-related macular degen-
eration in the Eye Disease Case-Control Study (69). No relationship was found between
vitamin E or vitamin C consumption and age-related macular degeneration (69). The
assessment of dietary intakes was assessed using a semi-quantitative food frequency ques-
tionnaire (70). No association was found between dietary intake of carotenoids, vitamin
C, zinc, and the incidence of early age-related macular degeneration in the Blue Moun-
tains Eye Study (71).

In the Nurses’ Health Study and Health Professionals Follow-Up Study, 77,562 women
and 50,866 men 50 yr of age and older were followed for 18 and 12 yr, respectively (72).
There were 464 incident cases of early age-related maculopathy and 316 incident cases
of neovascular age-related maculopathy. Men and women who consumed three or more
servings per day of fruit had a reduced risk of neovascular age-related maculopathy (RR
0.64, 95% CI 0.44–0.93) compared to those who consumed less than 1.5 servings per day,
but a similar relationship was not found for the risk of early age-related maculopathy (RR
0.86, 95% CI 0.64–1.15). Men and women who consumed four or more servings per day
of vegetables did not have a reduced risk of early age-related maculopathy (RR 1.50, 95%
CI 0.69–1.77) or neovascular age-related maculopathy (RR 1.06, 95% CI 0.73–1.56)
compared to those who ate two or less servings of vegetables per day (72). There was no
significant relationship found between quintiles of intake of lutein/zeaxanthin and risk
of either early age-related maculopathy or neovascular age-related maculopathy.

Intake of dietary fat was associated with an increased risk for age-related macular degen-
eration. In a prospective study of participants in the Nurses’ Health Study and Health Pro-
fessionals Follow-up Study, those in the highest quintile of total fat intake had an increased
risk of developing age-related macular degeneration (RR 1.54, 95% CI 1.17–2.01) com-
pared to those in the lowest quintile of intake. Higher intake of linoleic acid was also
associated with an increased risk of developing age-related macular degeneration (73).
In a multicenter case-control study of 349 subjects with advanced neovascular age-related
macular degeneration and 504 subjects without age-related macular degeneration but
with other ocular diseases, higher vegetable fat consumption was associated with an ele-
vated risk of age-related macular degeneration (OR 2.22, 95% CI 1.32–3.74) for those in
the highest vs the lowest quintile of intake (74). A higher intake of vegetable, monounsat-
urated, and polyunsaturated fats and linoleic acid, rather than total fat intake, was associated
with a greater risk of advanced age-related macular degeneration, and the diets that were
high in omega-3 fatty acids and fish were inversely associated with risk for age-related
maculopathy when intake of linoleic acid was low (74). In a prospective cohort study of
261 adults with nonexudative age-related macular degeneration who had mean follow-
up of 4.6 yr, higher total fat intake was associated with an increased risk of progression
to more advanced age-related macular degeneration (75). Those in the highest quartile of
total fat intake had an increased risk of progression (RR 2.90, 95% CI 1.15–7.32) compared
to those in the lowest quartile. Intake of animal fats was also associated with an increased
risk of progression (RR 2.29, 95% CI 0.91–5.72) in comparing the highest quartile with the
lowest quartile. Consumption of nuts was also protective against progression of macular
degeneration (75).
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In the Rotterdam Study, dietary intake was assessed at baseline (1990–1993) using a
semi-quantatitive food frequency questionnaire (76). Incident age-related macular degen-
eration was assessed over follow-up until 2004. Of 4170 people who participated in the
follow-up and were at risk of age-related macular degeneration, incident disease occurred
in 560 subjects. An above-median intake of β-carotene, vitamin C, vitamin E, and zinc
was associated with a 35% reduced risk (hazard ratio [HR] 0.65, 95% CI 0.46–0.92) of
developing age-related macular degeneration (76).

Supplement use. In the Physician’s Health Study I, during mean 12.5 yr of follow-up of
21,120 men, 279 incident cases of age-related maculopathy were observed (77). Those who
used vitamin E supplements had a decreased risk of age-related maculopathy (RR 0.87,
95% CI 0.53–1.43) and users of multivitamin supplements had a reduced risk (RR 0.90,
95% CI 0.68–1.19), but none of the results reached statistical significance. It appeared
that those who take certain types of supplements were unlikely to show large reductions
in age-related maculopathy (77).

Serum or plasma nutrients. In the Eye Disease Case-Control Study, serum concentra-
tions of carotenoids, vitamin C, vitamin E, and selenium were compared between 421 cases
with neovascular age-related macular degeneration and 615 controls (25,78). A reduced
risk of age-related macular degeneration was found in the upper two tertiles of carote-
noids compared with the lowest tertile (25,78). Of all the case-control studies of its kind,
the Eye Disease Case-Control Study had the largest sample size of adults with age-related
macular degeneration and therefore the greatest statistical power for discerning differences
in different nutrients between cases and controls. No significant association was found
between vitamin C, vitamin E, or selenium and age-related macular degeneration (25). No
relationship was found between plasma carotenoids, including plasma lutein, α-tocophe-
rol, vitamin A, and age-related maculopathy in a case-control study involving 65 cases and
controls seen at Moorfields Eye Hospital (79). In a case-control study from the Beaver Dam
Eye Study, serum β-carotene, lutein, zeaxanthin, and α-tocopherol were not associated
with age-related macular degeneration (80). The statistical power to examine a relationship
between serum lutein/zeaxanthin and age-related maculopathy and age-related macular
degeneration may have been more limited because these carotenoids were only measured
in a subsample of case-control pairs (80). No inverse relationship was found between lutein
and zeaxanthin in the diet or serum and any for of age-related maculopathy in NHANES
III (81). In a case-control study of subjects from the Blue Mountains Eye Study, no relation-
ship was found between serum α-tocopherol concentrations and age-related macular degen-
eration (82). A borderline association was found between plasma α-tocopherol and late
age-related macular degeneration in a population-based study of macular degeneration
in France (83). In a case-control study involving 46 people with age-related macular degen-
eration and 46 controls, no relationship was found between total carotenoids, vitamin C,
vitamin E, zinc, and age-related macular degeneration (84). The relationships between
nutritional status and age-related macular degeneration in some of these studies are high-
lighted in Table 2.

Macular pigment. Several methods have been used for the in vivo measurement of
macular pigment and have been reviewed in detail elsewhere (85). These methods include
heterochromatic flicker photometry, in which a subject tries to eliminate the flicker in a
visual stimulus that alternates between two different wavelengths, and photographic mea-
surement of macular pigment by comparison of images obtained using blue and green
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illumination (86). In a case-control study of 56 donor eyes with age-related macular
degeneration and 56 control eyes without age-related macular degeneration, the concen-
trations of lutein and zeaxanthin in concentric regions centered on the fovea was signifi-
cantly less in eyes with age-related macular degeneration than eyes that did not have the
disease (87). An age-related decline in macular pigment optical density has been observed
in healthy subjects (88). Subjects with age-related macular degeneration in one eye only
had lower macular pigment density in the unaffected eye compared with healthy controls
with no history of age-related macular degeneration (88).

Obesity. In the POLA Study, conducted among 2584 residents of Sète, in the south of
France, aged 60–95 yr, high body mass index (>30 kg/m2) was associated with a twofold
increased risk of late age-related macular degeneration (40). A recent prospective study
showed that body mass index was associated with the risk of developing age-related mac-
ulopathy (89). The relationship between body mass index in four categories (lean, <22.0;
normal 22.0–24.9; overweight, 25.0–29.9; and obese, ≥30) and incident age-related
maculopathy was examined in 21,121 men participating in the Physicians’ Health Study.
After adjusting for age, aspirin and β-carotene treatment, and cigarette smoking, the RR
of visually significant dry age-related maculopathy was lowest in men with normal body
mass index. Compared with normal men, the RR (95% CI) among men who were lean,
overweight, and obese was 1.43 (1.01–2.04), 1.24 (0.93–1.66), and 2.15 (1.35–3.45), respec-
tively, suggesting a J-shaped relationship between body mass index and incidence of dry
age-related maculopathy (89). In a prospective cohort study in a hospital-based retinal
practice, progression of age-related macular degeneration was associated with higher body
mass index, higher waist circumference, and higher waist–hip ratio (90).

3.3.12. SUNLIGHT EXPOSURE

In the Beaver Dam Eye Study, the amount of leisure time spent outdoors during the
summer was associated with exudative macular degeneration (OR 2.26, 95% CI 1.06–4.81)
but no association was found between estimated ambient ultraviolet (UV)-B exposure and
age-related macular degneration (91). No association was found between age-related
macular degeneration and the amount of ocular UV-A and UV-B light exposure among
838 Maryland watermen in the Chesapeake Bay (92), but a history of greater exposure to
blue and visible light were associated with a higher risk of disease (93). In a case-control
study involving 409 cases and 286 control subjects in Australia, cases with age-related
macular degeneration were found to have lower median annual sun exposure than controls
(94). In a small study involving 26 cases and 24 controls, the extent of dermal elastosis
in sun-protected dermis was associated with age-related macular degeneration, suggest-
ing to the investigators that increased susceptibility of elastic fibers to photic degenera-
tive stimuli was a new risk factor (95).

3.3.13. OTHER FACTORS

Moderate wine consumption was associated with decreased odds of developing age-
related macular degeneration in the first NHANES (96). In the Beaver Dam Eye Study,
consumption of beer in the past year was related to greater odds of developing increased
retinal pigment degeneration (OR 1.13, 95% CI 1.05–1.88), and wine consumption was
not related to either early or late age-related macular degeneration (97). In the Blue Moun-
tains Eye Study, no relationship was found between beer or wine intake and early or late
age-related macular degeneration, but an increased risk of early age-related macular
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degeneration was found among those who drank spirits (98). Alcohol use appears to have
little effect on plasma carotenoid concentrations (99).

4. CLINICAL FEATURES

4.1. Age-Related Maculopathy
Age-related maculopathy is defined as a disorder of the macular area of the retina

characterized by “soft drusen,” discrete whitish-yellow spots external to the neuroretina
or retinal pigment epithelium (Fig. 2), areas of increased pigmentation or hyperpigmen-
tation associated with drusen, and areas of depigmentation or hypopigmentation of the
retinal pigment epithelium (13). Drusen are localized depositions of hyaline-like mate-
rial at the level of retinal pigment epithelium and Bruch’s membrane. “Soft drusen”
represent localized detachments of the retinal pigment epithelium that occur in a cleav-
age plane between basal linear deposits and the remainder of Bruch’s membrane. Basal
linear deposits consist of vesicular and amorphous material located external to the base-
ment membrane of the retinal pigment epithelium and within the inner aspect of Bruch’s
membrane. Basal laminar deposits consist of amorphous or granular eosinophilic material
that is located between the plasma membrane of the basement membrane of the retinal
pigment epithelium. These relationships are depicted in Fig. 3. Hard drusen, which have
distinct borders, are common and not thought to be associated with the development of
visual loss from age-related macular degeneration (100). Hard drusen are not considered
part of age-related related maculopathy (13).

4.2. Age-Related Macular Degeneration
Age-related macular degeneration is considered to be a late state of age-related mac-

ulopathy and has been divided into two categories (13).

Fig. 2. Age-related macular degeneration with multiple soft drusen. (Courtesy of James P. Dunn.)
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4.2.1. DRY AGE-RELATED MACULAR DEGENERATION (GEOGRAPHIC ATROPY)
Dry age-related macular degeneration is characterized by sharply delineated round or

oval areas of hypopigmentation or depigmentation in which there is an apparent absence
of retinal pigment epithelium and areas in which choroidal vessels are more visible than
in surrounding areas (Fig. 4).

4.2.2. WET AGE-RELATED MACULAR DEGENERATION

(NEOVASCULAR, EXUDATIVE, OR DISCIFORM)

Wet age-related macular degeneration is characterized by any of the following: sub-
retinal or sub-retinal pigment epithelium neovascular membrane(s), detachment(s) of
the retinal pigment epithelium, epiretinal, intraretinal, subretinal, or sub-retinal pigment
epithelium scar or glial tissue or fibrin-like deposits, subretinal hemorrhages, and hard
exudates within the macula and not related to other retinal vascular disease (13) (Fig. 5).

Fig. 3. Diagram of basal laminar deposits.

Fig. 4. Geographic atrophy. (Courtesy of Jay M. Haynie.)
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5. PATHOPHYSIOLOGY

5.1. Pathological Features of Age-Related Macular Degeneration
Age-related changes in Bruch’s membrane include an increase in thickness from child-

hood to adult life (101,102), and an accumulation of debris on both sides of the elastic
layer, a change that begins to occur in the second decade and is common by 20–60 yr of
age (103). The main source of the debris appears to be the retinal pigment epithelium (103).
Basal laminar deposits are thought to consist of abnormal, undigested material from the
retinal pigment epithelium (104). Drusen appear to form by budding or evagination of
a portion of retinal pigment epithlium into the subpigment epithelial space, followed by
degeneration and disintegration of the basement membrane of the budded portion and
deposition of this vesicular, granular, tubular, and linear material in the space external to
the retinal pigment epithelium (104) (Fig. 6). Choroidal perfusion on fluorescein angio-
graphy also appears to show diffuse thickening of Bruch’s membrane (105). With increas-
ing age, there is also an increase in lipofuscin granules in the retinal pigment epithelium
(106). Normal aging is also associated with an increase in major histocompatibility com-
plex (MHC) class II immunoreactivity in retinal vascular elements, and a further increase
in MHC-II immunoreactivity was associated with incipient age-related macular degener-
ation (107). A granulomatous reaction to Bruch’s membrane has been described in age-
related macular degeneration (108). There appears to be a continuum of pathological changes

Fig. 5. Neovascular age-related macular degeneration. (Courtesy of Egbert Saavedra.)
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in age-related macular degeneration, and disturbances of retinal pigment epithelium pig-
mentation, drusen, thickening of Bruch’s membrane, and formation of basal laminar
deposits are associated with loss of photoreceptor outer segments and atrophy of the chorio-
capillaris (109). Visual impairment and blindness can follow the loss of photoreceptors
from the macula.

Fig. 6. Formation of drusen (Reprinted from ref. 104, with permission of Elsevier.)
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5.2. Oxidative Stress

5.2.1. OVERVIEW

The current hypothesis under widespread investigation is that oxidative stress contrib-
utes to the pathogenesis of age-related macular degeneration (110–117). Oxygen is
required for energy-producing intracellular reactions, but in the process of oxidation,
reactive oxygen species can be produced. Antioxidants, such as carotenoids, vitamin C,
α-tocopherol, and bilirubin are thought to balance prooxidants such as reactive oxygen
species. In addition, cells have enzyme systems with antioxidant activity such as super-
oxide dismutase, catalase, and glutathione peroxidase. Oxidative stress is used to describe
the condition in which there is an imbalance due to a relative deficiency of antioxidants.
With oxidative stress, reactive oxygen species can cause damage to DNA, lipids, proteins,
and carbohydrates, and cell damage and tissue destruction may result. Reactive oxygen
species, such as superoxide anion (O2

•~), hydroxyl radical (OH•), hydrogen peroxide
(H2O2), and singlet oxygen (1O2) can be generated through various processes in the retina
including mitochondrial respiration, phagocytosis of rod and cone outer segments by the
retinal pigment epithelium, reaction of blue light with lipofuscin, reaction of light with
endogenous porphyric photosensitizers in the choroid, xanthine oxidase, NADPH-depen-
dent oxidase system, auto-oxidation of catecholamines, and prostaglandin H2 synthase
(114). There are at least five major reasons why the retina may be subject to an extremely
high degree of oxidative stress: (1) the retina is well vascularized and has a greater degree
of oxygen consumption than any other tissue, (2) there is a high level of exposure to cumu-
lative irradiation, (3) photoreceptor outer segments are rich in polyunsaturated fatty
acids, which can readily be oxidized, (4) the retina contains photosensitizers, and (5)
phagocytosis of photoreceptor outer segments by the retinal pigment epithelium produces
reactive oxygen intermediates (117). In vitro studies with human retinas suggest that lipid
peroxidation is greatest in the macular region and that lipid peroxidation increases in the
human retina with age (118). Some antioxidants and antioxidant enzyme systems that are
thought to protect the retina from increased oxidative stress are shown in Table 3.

5.2.2. ANTIOXIDANT ENZYME SYSTEMS IN THE RETINA

Enzyme systems in the retina that function in reducing reactive oxygen species include
glutathione peroxidase, catalase, and superoxide dismutase. Glutathione acts as an anti-
oxidant by reducing peroxides in a reaction catalyzed by glutathione peroxidase, a sele-
nium-dependent enzyme. Glutathione is found in high concentrations in the retina and
retinal pigment epithelium (119). Exogenous glutathione was found to protect culture
human retinal pigment epithelial cells from oxidative injury (120). These in vitro studies
suggested that glutathione and its amino acid precursors could protect retinal pigment
epithelium from oxidative injury. Retinal pigment epithelium appears to synthesize glu-
tathione directly from amino acid precursors (121). Individuals with age-related macu-
lar degeneration were found to have significantly lower plasma glutathione concentrations
compared with age-matched healthy controls (122). In addition, plasma glutathione con-
centrations appeared to decrease with increasing age (122).

Catalase is an iron-dependent enzyme that dismutates hydrogen peroxide to water and
molecular oxygen, protecting tissues against oxidative damage. The retinal pigment epi-
thelium contains extremely high levels of catalase activity (123), with a level of activity
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that is six times higher than that found in other ocular tissues (124). In a study of donor eyes
of adults 50 to 90 yr of age, catalase activity in the retinal pigment epithelium decreased
with age and with the presence of macular degeneration (124). In vitro studies demon-
strate that zinc can induce catalase expression in cultured fetal human retinal pigment
epithelial cells (125), suggesting a potential mechanism by which zinc status might influ-
ence catalase activity in vivo. In a primate model of age-related macular degeneration,
lower catalase activity and markedly lower zinc concentrations were found in affected
retinas compared with control retinas (126).

Two forms of superoxide dismutase are found in human retinal pigment epithelium,
a copper-zinc superoxide dismutase and a manganese superoxide dismutase (127). Manga-
nese superoxide dismutase may play a potential role in protecting mitochondria from oxi-
dative damage (127). Two other enzymes that may potentially play a role in the pathogenesis
of age-related macular degeneration are heme oxygenase-1 and -2 (128). These enzymes
convert heme, a pro-oxidant, to biliverdin. Biliverdin is converted to bilirubin, a strong anti-
oxidant, by bilverdin reductase. In an immunohistochemical study of 21 eyes obtained
postmortem from donors aged 42 to 94 yr, copper and zinc superoxide dismutase activity
in cytoplasm and lysosomes from macular retinal pigment epithelial cells increased with
age, whereas catalase immunoreactivity decreased with age (128). Heme-oxygenase-1
and heme-oxygenase-2 reactivity were significantly higher in macular retinal pigment
epithelial cells from eyes with neovascular age-related macular degeneration, suggesting
that these two enzymes are upregulated in age-related macular degeneration (128).

Oxidative stress in the retina may ultimately induce apoptosis in retinal pigment epi-
thelial cells. Increased apoptosis was found in cultured human retinal pigment epithelial
cells that were exposed to a chemical oxidant, t-butylhydroperoxide (129). Mitochondria
play an important role in regulating signal transduction in apoptosis, and an early change
preceding apoptosis is a decreased in inner transmembrane potential (130). Mitochon-
drial membrane potential was altered by t-butylhydroperoxide in these studies, suggest-
ing that the oxidant induced apoptosis in retinal pigment epithelial cells as a consequence
of changes induced in mitochrondria (114,129). Antioxidant enzyme activity in red blood
cells does not appear to correlate with age-related macular degeneration (131), which

Table 3
Antioxidants and Antioxidant Enzymes in the Human Retina and Their Putative Functions

Factor Functions

Glutathione peroxidase Reduces organic hydroperoxides
Glutathioine reductase Regenerates glutathione
Superoxide dismutase Catalyzes dismutation of superoxide into

oxygen and hydrogen peroxide
Catalase Scavenges hydrogen peroxide
Metallothionein Scavenges hydroxyl radicals
Lutein and zeaxanthin Absorb energy from singlet oxygen
Vitamin E Protects polyunsaturated fatty acids from

auto-oxidation
Vitamin C Protects against lipid peroxidation
Zinc Cofactor for copper-zinc superoxide dismutase
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suggests that the disease severity of age-related macular degeneration might relate more
closely to localized oxidative stress in the retina, rather than biomarkers of oxidative
stress in peripheral blood.

5.2.3. EFFECTS OF PHOTIC IRRADIATION

Photochemical injury to the retina has been described in rats (132,133) and primates
(134–136) exposed to visible light. The retinal pigment epithelium appears to be the most
susceptible to light-induced damage (133). Blue light of 441 nm wavelength (which does
not induce an appreciable temperature rise in the retina), was sufficient to induce retinal
damage in the primate after 1000 s of exposure (136). The primary lesion occurs in the
retinal pigment epithelium and results in hypopigmentation (135). Increased lipid hydro-
peroxide has been found in rod outersegments exposed to light (137). Photic injury to the
retina was also found in rhesus monkeys that were exposed to the light of an indirect oph-
thalmoscope (138). The damage was more severe in the perifoveal zone compared to the
foveal area, which is consistent with the idea that macular pigment protects the foveal
region from photic injury (138). Carotenoid pigments have been hypothesized to protect
the eye against photo-oxidative stress (139). The role of carotenoids in the retina is pre-
sented under Subheading 5.3.9.

5.2.4. PHOTOSENSITIZATION

Photoactive compounds in erythrocytes, such as protoporphyrin IX, a precursor mole-
cule to hemoglobin, have been proposed to play a role in the pathogenesis of age-related
macular degeneration (140). On exposure to light, protoporphyrin IX generates superox-
ide anion and singlet oxygen, and these reactive oxygen species could potentially damage
vascular endothelium of the choriocapillaris, Bruch’s membrane, and the retinal pigment
epithelium (140). In a mouse model of protoporphyria, exposure to blue light was associ-
ated with a time and light-dependent increase in choriocapillary and subretinal pigmental
epithelium basal laminar-like deposits (141). A model using liposomes has also been used
to examine the effect of visible light on photosensitizers (142). When carotenoids were
incorporated into a model using liposomal membranes, there was less lipid peroxidation
and lysosomal lysis (142).

5.2.5. LIPOFUSCIN

Lipofuscin, a heterogeneous material composed of lipids, proteins, and different fluo-
rescent compounds, accumulates within the retinal pigment epithelium with aging (143).
Photoreceptor loss in the human retina has been associated with increasing lipofuscin accu-
mulation (144). The age-related increase in lipofuscin may be an important mechanism in
the pathogenesis of age-related macular degeneration. Lipofuscin appears as yellow-brown
refractile granules, and these “aging pigments” are thought to be due to the accumulation
of lysosomal residual bodies containing the end products of photoreceptor outer segment
phagocytosis (145,146). Some of the fluorophores in retinal pigment epithelium appear to
be metabolites of vitamin A (147–149). The fluorescence of lipofuscin granules increases
with age (146). Lipofuscin may act as a sensitizer for the generation of reactive oxygen
species, as singlet oxygen, superoxide anion, and hydrogen peroxide, can be produced on
exposure to blue light (150–153). In an in vitro study, cultured human retinal pigment epi-
thelium were fed lipofuscin granules, and on subsequent light exposure, severe damage
was seen in these retinal pigment epithelial cells compared to control cells (154). Dietary
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restriction of vitamin A (147) or caloric restriction (147) has been shown to reduce lipo-
fuscin accumulation in rats.

5.2.6. VASCULAR ENDOTHELIAL GROWTH FACTOR

Vascular endothelial growth factor (VEGF) is an endothelial cell-specific mitogen and
an inducer of angiogenesis (156). VEGF has been shown to play a role in retinal neo-
vascularization (157), and the expression of VEGF is upregulated by hypoxia and oxi-
dative stress through hypoxia-inducible factor (HIF)-1α, which binds to the VEGF-A
promoter and induces transcription and through nuclear factor (NF)-κB, a transcription
factor that is induced by redox balance (158).

5.3. Carotenoids

5.3.1. INTRODUCTION

Carotenoids are a group of pigments found in the plant and animal kingdoms that vary
across the spectrum from yellow, orange, and red to violet in color. Fruits and vegetables
are rich plant sources of carotenoids. There are more than 600 carotenoids found in nature,
of which about 50 have been identified in the human diet (159) and 34 have been described
in human serum (160). The major dietary carotenoids are α-carotene, β-carotene, β-cryp-
toxanthin, lycopene, lutein, and zeaxanthin. Of these, α-carotene, β-carotene, and β-cryp-
toxanthin can be converted into retinol and thus, have been termed provitamin A carote-
noids. Lycopene, lutein, and zeaxanthin do not have vitamin A activity and are referred to
as nonprovitamin A carotenoids. Recently, there has been a great deal of interest in caro-
tenoids because epidemiological studies have shown associations between high intakes
of fruits and vegetables and lower incidence of some cancers, decreased risk of cardiovas-
cular disease, and reduced risk of age-related macular degeneration (161,162).

5.3.2. HISTORICAL BACKGROUND

Some of the major carotenoids were first isolated in the 19th century and early 20th
century, and the advent of chromatography helped to accelerate scientific understanding
of these substances. In 1831, Heinrich Wilhelm Ferdinand Wackenroder (1798–1854),
an analytical chemist at the Pharmaceutical Institute in Jena, discovered carotin in the
root of the carrot (163). William Christopher Zeise (1789–1847) conducted further inves-
tigations on carotin in Copenhagen and gave it an empirical formula of C5H8 (164). In
his studies, August Husemann proposed that carotin contained oxygen (165), and in 1861,
A. Arnaud established that carotin is a hydrocarbon (166). In 1869, Johann Ludwig Wil-
helm Thudichum (1829–1901), a chemist at St. Thomas’s Hospital in London, found that
parts of plants and animals contain a yellow crystallizable substance, which he named
“luteine” (167). A dark red pigment, later identified as lycopene, was isolated from Tamus
communis in 1873 (168) and from tomatoes by the French botanist Pierre-Marie-Alexis
Millardet (1838–1902) in 1875 (169). C. A. Schunck showed that the red pigment iso-
lated from tomatoes, which he termed lycopene, has a different absorption spectrum than
carotene (170). In 1907, the correct formula C40H56 was assigned to carotene by Richard
Willstätter (1873–1942), and 3 yr later, Willstätter determined that lycopene, with the for-
mula C40H56, is an isomer of carotene. Lutein was isolated from egg yolk in 1912 by Will-
stätter and Escher (171).
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The term carotenoids was originally proposed in 1911 by Mikhail Semenovich Tswett
(or Tsvett) (1872–1919), a botanist in Warsaw who pioneered the chromatographic analy-
sis of plant pigments (172,173). By 1922, six carotenoids had been crystallized and ana-
lyzed (carotene, lycopene, xanthophyll, lutein, fucoxanthin, and rhodoxanthin) (174). In
1929, a new carotenoid, zeaxanthin, was isolated from maize by Karrer and associates
(175,176), and its chemical structure was described in 1931–1932 (177,178). The conver-
sion of β-carotene to vitamin A was demonstrated in 1930 (179). Paul Karrer (1889–1971),
a Swiss chemist, elucidated the structures of vitamin A and β-carotene (180,181), two
scientific accomplishments for which he received the Nobel Prize in chemistry in 1937.

5.3.3. BIOCHEMISTRY OF THE CAROTENOIDS

Carotenoids are characterized by a polyisoprenoid structure, a long conjugated chain
of double bonds known as the polyene chain, and near symmetry around a central double
bond (182). In general, well known trivial names based on the source from which the caro-
tenoid was isolated—such as lycopene and zeaxanthin—are used instead of the structural
name based on accepted chemical nomenclature (183). The polyene chain consists of a
central, long system of alternating double and single bonds, and in this conjugated sys-
tem, the π-electrons are effectively delocalized over the length of the chain (182). Dietary
carotenoids that are the most common in human plasma are either carotenes, 40-carbon
hydrocarbons, or xanthophylls (oxocarotenoids), 40-carbon hydroxylated compounds.
Carotenes include α-carotene, β-carotene, and lycopene, and xanthophylls include lutein,
zeaxanthin, and β-cryptoxanthin (Fig. 7). Carotene consists of polyenes with carbon and
hydrogen only, whereas xanthophylls consist of oxygenated polyenes. The all-trans iso-
mer is the most common and stable form of carotenoids found in foods, but cis isomers exist
and may also be produced by heating, as in cooking (159).

Carotenoids are hydrophobic molecules, and thus, carotenoids interact with lipophilic
elements of the cell, such as the lipid membrane bilayer. Carotenoids are commonly
located within cell membranes, and the location of specific carotenoids within the mem-
brane structure depends on the chemical structure of the carotenoid. The physical prop-
erties of carotenoids include the absorption of visible light, the ability to play a role in
singlet-singlet energy transfer, and the ability to quench singlet oxygen (184). The long
conjugated double bond system of carotenoids allows the carotenoids to absorb light, and
the absorption of visible light depends on their specific chemical structure. The absorp-
tion of light energy produces a transition π → π* in which one of bonding π-electrons of
the polyene chain is promoted to a previously unoccupied π* antibonding orbital (182). The
π-electrons are delocalized over the polyene chain, and the energy that is needed to pro-
duce the transition of π → π* is small and corresponds to light in the visible spectrum of
400–500 nm (182). Lutein and zeaxanthin are yellow carotenoids that absorb blue light.
β-carotene appears orange, and lycopene absorbs light at longer wavelengths and appears
red. In photosynthesis, carotenoids act as antenna pigments, absorb light, and transfer
this energy to chlorophylls (185).

The carotenoids have distinctive photochemical properties related to having two low-
lying electronic excited singlet states (186). The strong absorption of light in the visible
region has been attributed to the transition from the ground state S0 to the second singlet
excited state S2 (182). Carotenoids can also accept excitation energy from highly reactive
singlet oxygen, 1O2, and this allows carotenoids to protect against damage caused by a
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combination of light and oxygen (187,188). Singlet oxygen is highly reactive and can
damage DNA and lipids. The reaction with singlet oxygen generates a triplet excited
carotenoid:

1O2 + carotenoid → 3O2 + 3carotenoid*

The triplet excited carotenoid then dissipates the energy harmlessly through rotational
and vibrational interactions to recover the ground state:

3carotenoid* → carotenoid + thermal energy

Thus, carotenoids can serve to deactivate potentially harmful 1O2 (188). The ability of caro-
tenoids to protect against photosensitization depends on the number of conjugated double
bonds (189). Carotenoids can also quench peroxyl radicals (190) and can inhibit lipid
peroxidation (191). The carotenoids were the first singlet oxygen quenchers to be char-
acterized and are among the most effective quenchers known (192). Of the major dietary
carotenoids in humans, lycopene appears to have the best singlet oxygen quenching
ability (193).

5.3.4. DIETARY SOURCES OF CAROTENOIDS

The three major dietary carotenoids in the US diet are β-carotene, lutein, and lycopene
(194). Vegetables and fruits such as carrots, spinach, collard greens, apricots, and canta-

Fig. 7. Structures of major dietary carotenoids.
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loupe are rich in β-carotene. Tomatos are a rich source of lycopene. Lutein and zeaxan-
thin, which accumulate in the human macula, are found in high concentrations in food
sources such as egg yolk, corn, orange juice, honeydew melon, and orange pepper (195)
(Table 4). The carotenoid content of normal US diet is 1.3–3 mg/d of lutein and zeaxan-
thin combined and about 2.5–3.5 mg/d of β-carotene (194,196). Most studies of the
carotenoid composition of foods provide data on lutein and zeaxanthin together or lutein
alone (197), as special laboratory techniques are needed to provide separation of lutein
and zeaxanthin peaks in high performance liquid chromatography analyses. The human
diet is dominated by one stereoisomer of lutein, 3R,3'R,6'R)-β,ε-carotene-3,3'-diol, and
one stereoisomer of zeaxanthin, the 3R,3'R stereoisomer (85). The ratio of lutein to zea-
xanthin in the human diet ranges from 7:1 to 4:1 (85). Although in the US diet, lutein dom-
inates over zeaxanthin, in some parts of the world where the corn is the main dietary staple,
zeaxanthin may potentially dominate over lutein. Fresh spinach and corn meal may con-
tain small amounts of 13-cis-lutein and 13-cis-zeaxanthin, and these isomers may be found
in human plasma (198).

5.3.5. ABSORPTION, STORAGE, AND METABOLISM OF CAROTENOIDS

The absorption of carotenoids depends on several factors, including the matrix within
the fruit or vegetable, the physical processing of the foods during cooking and prepara-
tion, and the amount of fat consumed with the meal. The amount of carotenoids that is
absorbed may vary widely, with greater than 50% absorption of carotenoids in palm oil
or pharmacological preparations to as low as 1–2% with raw carrots (199). The bioavail-
ability of carotenoids in foods is increased both by cooking and by decreasing the particle
size of the food through slicing, chopping, or blending. Heating is thought to denature
the protein in protein-pigment complexes in plant tissues and allow the release of caro-
tenoids (199). More prolonged heating or higher temperatures in cooking may convert
many of the carotenoids with all-trans configuration to cis isomers (200). After foods
containing carotenoids are ingested, the carotenoids are incorporated into micelles within

Table 4
Lutein and Zeaxanthin Concentrations in Some Foods (Mole %)

Food Lutein Zeaxanthin

Orange pepper 8 37
Egg yolk 54 35
Corn 60 25
Orange juice 15 20
Honeydew melon 17 18
Mango 2 16
Orange 7 15
Red seedless grapes 43 10
Zucchini squash 47 5
Kiwi fruit 54 0
Pumpkin 49 0
Spinach 47 0
Broccoli 22 0
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the intestinal lumen. Carotenoids are insoluble in water and must be solubilized within
bile acid micelles to facilitate absorption. Micelles with carotenoids are passively absorbed
across the brush border of enterocytes. Low levels or absence of dietary fat will greatly
reduce the absorption of carotenoids (201,202).

Carotenoids taken in large amounts may interfere with one another’s absorption (203,
204). β-carotene in large amounts can interfere with the absorption of lutein (203,204).
Healthy men who took purified β-carotene in capsules (12 and 30 mg) daily for 6 wk
showed significant declines in plasma lutein concentrations, suggesting that pharmalog-
ical doses of β-carotene can interfere with lutein absorption or metabolism (205). The
absorption and metabolism of carotenoids may also be affected by intake of vitamin E, by
alcohol intake, malabsorption, intestinal parasites, thyroid status, and liver disease (199).
Vitamin A, iron, and zinc status may affect the carotenoid absorption and metabolism
(199). Consumption of alcohol has been reported to increase plasma α-carotene and β-
carotene concentrations and decrease lutein/zeaxanthin concentrations in nonsmoking,
premenopausal women (206). Plasma carotenoid concentrations appear to respond fairly
rapidly to changes in dietary intake of carotenoids. In eleven healthy subjects, plasma
carotenoid concentrations fell by about 60% after 2 wk on a low-carotenoid diet (207).

Carotenoids that are taken up by enterocytes may by secreted into lymph unchanged
or may be subject to enzymatic cleavage, which may occur centrally or asymmetrically.
β-carotene, for example, may be cleaved centrally by β-carotene 15,15'-dioxygenase or
by excentric cleavage mechanisms (208,209). Some β-carotene is converted to vitamin
A within enterocytes. Excentric cleavage of carotenoids can result in a variety of aldehyde,
alcohol, and epoxide metabolites, and the functions, if any, of these derivatives are largely
unknown (159). Carotenoids are transported in lymph within chylomicrons to the general
circulation. Lipoprotein lipase hydrolyzes much of the triglyceride in the chylomicron,
which yields a chylomicron remnant that is taken up largely by hepatocytes (159). Hepato-
cytes incorporate dietary carotenoids into lipoproteins, and under fasting conditions, up to
75% of hydrocarbon carotenoids in plasma are found in the low-density lipoprotein (LDL)
fraction (210). Under fasting conditions, α-carotene, β-carotene, and lycopene are found
primarily in the LDL fraction and lutein and zeaxanthin are found in the high-density lipo-
protein (HDL) fraction (209). The estimated total body content of carotenoids is 140 mg,
of which 84% is found in adipose tissue and 10% is found in the liver (210). The relative
concentrations of carotenoids in various tissues in the human body are shown in Table 5
(211–214). The retina contains the highest concentration of carotenoids found in the human
body.

Experimental animal studies involving carotenoids are limited because absorption of
carotenoids is relatively poor in rodents such as rats, mice, and hamsters (208). In addition,
other species such as chicks, rabbits, pigs, and sheep break down β-carotene in the gastro-
intestinal tract and absorb little β-carotene intact (208). In contrast, humans can absorb a
small amount of β-carotene intact and can accumulate relatively large concentrations of
carotenoids. The ferret, Mustela putorius, appears to absorb carotenoids in a manner sim-
ilar to humans, and the ferret has been used as a model for β-carotene metabolism (208).

5.3.6. GENERAL FUNCTIONS OF CAROTENOIDS

The carotenoids are perhaps best described as being conditionally essential nutrients,
as suboptimal health may result from low intake of particular carotenoids. By definition,
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carotenoids are not essential nutrients, as a low or absent intake of carotenoids, in the
presence of an adequate intake of preformed vitamin A, do not result in signs of a defi-
ciency disease and death. Lutein and zeaxanthin might be considered to be conditionally
essential nutrients, as strong evidence is accumulating that these two carotenoids are
essential for eye health (215). The best-documented function of carotenoids for human
health is the role of provitamin A carotenoids as precursors to vitamin A (159). Carote-
noids may play a role as antioxidants (216,217), as immune enhancers (218), as media-
tors of gap junction communication (219), and may influence reproduction. Carotenoids
have been described as being both prooxidants and antioxidants (217). β-carotene has
been shown to act as a prooxidant, but this may occur under experimental conditions of
high oxygen tension or high carotenoid concentrations that might not be relevant to
human physiology (217). In humans, in vivo studies suggest that dietary carotenoids may
reduce some laboratory biomarkers for oxidative stress, such as plasma malondialdehyde
concentrations (considered a marker for lipid peroxidation) and 8-OhdG (considered a
marker for DNA damage) (217). Potential roles for carotenoids in the retina are presented
in detail under Subheading 5.3.9.

5.3.7. REQUIREMENTS FOR CAROTENOIDS

Currently, there is insufficient evidence to define dietary reference intakes for the major
dietary carotenoids, although sufficient data exist to support existing recommendations
for increased consumption of fruits and vegetables (220).

5.3.8. ASSESSMENT OF CAROTENOID STATUS

Serum or plasma carotenoid concentrations are considered the best indicator of caro-
tenoid status (220), but this laboratory assay requires analysis by high performance liquid
chromatography and storage of plasma or serum samples at −70°C. In NHANES III (1988–

Table 5
Reported Concentrations of Mixed Carotenoids in Human Tissues

Carotenoid concentrations
Tissue  (nmol/g) Reference

Macula a 100.7 211
Adrenal gland 33.7 212

9.4 214
Testes 26.3 212

7.6 214
Liver 5.0 212

5.1 214
5.1 213

Fat 3.3 212
0.8 214

Ovaries 2.6 212
0.9 214

Serum 1.1 214
Brain <0.04 214

aLutein plus zeaxanthin in perifoveal retina, per g protein.
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1994), the median concentrations of lutein + zeaxanthin (not separated in this laboratory
procedure) for 40-yr-old adults was 0.35 μmol/L with a 5th and 95th percentile of 0.16
and 0.72 μmol/L, respectively (159). Food frequency questionnaires can be used to assess
dietary intake of carotenoids. In older adults, reasonable correlations have been described
between estimated intakes of α-carotene, β-carotene, β-cryptoxanthin, and lycopene and
their respective plasma concentrations, but correlations were weak for lutein/zeaxanthin
(221). Correlations between plasma carotenoids and dietary intake estimated by food fre-
quency questionnaires may be better among younger than older adults (222).

5.3.9. ROLE OF CAROTENOIDS IN THE RETINA

Macular pigment consists primarily of two carotenoids, lutein and zeaxanthin (223–
226). These carotenoids have an intense coloration due to extensive conjugation in the
polyene chain (85) and give the macula its yellowish color. Zeaxanthin is found as two
isomers, 3R, 3'R-zeaxanthin and meso-zeaxanthin (227) (Fig. 8). Zeaxanthin and meso-
zeaxanthin differ in relation to the stereochemistry of the secondary hydroxyl groups at
the 3' position. Lutein, zeaxanthin, and meso-zeaxanthin represent about 36%, 18.%, and
18% of the total carotenoid content of the retina (85). Several minor carotenoids, consist-
ing of additional isomers of both lutein and zeaxanthin, have also been identified in retinal
extracts (228). In the inner macula, the concentration of zeaxanthin is approximately
twice that of lutein, but lutein becomes the dominant carotenoid with increasing eccentric-
ity from the fovea (229). Studies in primates show that there is a high degree of symmetry
in the lutein and zeaxanthin concentrations in corresponding sections of the retinas between
the left and right eyes of individual animals (230). The distribution of macular pigment
stereoisomers in the human retina has been mapped. In the adult retina, the concentration
of lutein increases and the concentration of meso-zeaxanthin decreases with radial dis-
tance from the fovea (229). The concentration of macular pigment reaches almost 1 mM
within the central macula, which is about three times the concentration of carotenoids in
normal human sera (85). In the primate retina, the highest concentrations of macular
pigment are located in the inner retinal layers (231,232) (Fig. 9).

Fig. 8. Zeaxanthin isomers. (After ref. 227.)
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Serum lutein and zeaxanthin concentrations have been positively correlated with mac-
ular pigment density in human subjects (233). A high concentration of lutein has been
described in subretinal fluid in subjects with rhegmatogenous retinal detachment, which
supports the hypothesis that lutein is transported from the blood into the retina (234). The
isomer meso-zeaxanthin is found in human serum in extremely low concentrations, and
it is not clear whether meso-zeaxanthin in the plasma is the source for meso-zeaxanthin
in the retina (85). It has been hypothesized that a yet undescribed isomerase converts
lutein to meso-zeaxanthin by migration of the 4',5' double bond in lutein to the 5',6' position
to form meso-zeaxanthin (229). In the human eye, iris, ciliary body, and retinal pigment
epithelium and choroid also contain high concentrations of carotenoids, accounting for
about one-half of the eye’s total carotenoids and about 30% of the total lutein and zea-
xanthin found in the eye (235). Carotenoids have been reported to bind to tubulin with the
receptor axon layer of the fovea (236), specifically to the paclitaxel-binding site of the
β-tubulin subunit of microtubules in the primate retina (237). Other reports show that lutein
and zeaxanthin are associated with rod outer segments in the peripheral retina of humans

Fig. 9. Cross-sections of a rhesus macaque macula showing the distribution of macular pigment (dark
region). Highest concentrations of macular pigment are in the inner retinal layers, lying between incip-
ient light and the photoreceptors. (Reprinted from ref. 252, with permission of Investigative Ophthal-
mology & Visual Science.)
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(238), and the concentrations of lutein and zeaxanthin in rod outer segment membranes
is 2.7 times more concentrated in the perifoveal compared with the peripheral retinal region
(231). The mean total concentrations of lutein and zeaxanthin in the inner, medial, and outer
regions of the retina are lower in human eyes with age-related macular degeneration com-
pared with control eyes (239) (Fig. 10).

Macular pigment absorbs and attenuates blue light (240). Currently, the hypothesis
that has received the most active investigation is that macular pigment serves to protect the
retina from excessive oxidative stress (85). The functions of macular pigment may also
include the reduction of chromatic aberration (241), thus, an alternative or perhaps com-
plementary hypothesis is that macular pigment improves visual resolution by absorbing
short-wave light (242). Older adults showed a differential loss of sensitivity of short-wave-
length-sensitive-cone (S-cone) in the retinal periphery compared with younger adults,
suggesting that macular pigment may protect the fovea from light damage (243).

Macular pigment density has been studied in detail in humans using noninvasive psy-
chophysical measurements with tabletop devices that employ light-emitting diodes (244).
In a study of 217 subjects, macular pigment density appeared to decline with age, and
lower macular pigment density was sgnificantly lower in women than men, was lower

Fig. 10. Comparisons of the mean total concentrations of lutein and zeaxanthin in the inner, medial,
and outer regions of the retina in donor eyes with age-related macular degeneration and control eyes.
(Reprinted from ref. 239, with permission of Investigative Ophthalmology & Visual Science.)
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in those with light versus dark colored irises, and was low among current smokers who
smoked >10 cigarettes per day (245). Macular pigment density appears to be well cor-
related between the two eyes of the same individual (246). Males have been shown to
have higher macular pigment densities than females, despite similar plasma carotenoid
concentrations (247). Plasma lutein and zeaxanthin concentrations were positively corre-
lated with macular pigment density among both men and women (247) (Fig. 11). Visual
sensitivity appears to be preserved in older adults who have high macular pigment den-
sity (248). Among individuals with stable dietary patterns, macular pigment densities
appear to change little over time (249). Studies in monozygotic twins suggest that macu-
lar pigment density may vary according to dietary intake (250).

There have not been many experimental animal studies of carotenoid deprivation,
partly because of the limitations mentioned under Subheading 5.3.5. In one study, mon-
keys raised on a xanthophyll-free diet showed a total loss of macular pigment that was
accompanied by an increase in drusen-like bodies at the level of pigment epithelium (251).
Another study showed that no detectable macular pigment and practically no plasma xan-
thophylls were found in monkeys raised on semipurified diets without carotenoids, and
clinical histopathology showed vacuolated retinal pigment epithelial cells that corre-
sponded to window defects in the retinal pigment epithelium (252).

Fig. 11. Relationship of macular pigment optical density to plasma lutein and zeaxanthin concentra-
tions for men (r = 0.62) and females (r = 0.30). (Reprinted from ref. 247, with permission of Elsevier.)
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5.3.10. INTERVENTION STUDIES WITH CAROTENOIDS

Some pilot intervention studies have used carotenoids to increase macular pigment or
improve vision. Spinach and corn are rich and easily accessible dietary sources of lutein
and zeaxanthin. In one trial, 13 subjects received spinach and corn, spinach alone, or corn
alone, and increases in macular pigment density were seen in most, but not all, subjects after
4 wk (253). In another study, two subjects consumed lutein esters, equivalent of 30 mg of
free lutein per day, for 140 d. Over the first 40 d, serum concentrations of lutein increased
10-fold, and macular pigment density increased by 21% and 39% in the two subjects (254).
The investigators estimated that lutein supplementation may have produced a 30–40%
reduction in blue light reaching the photoreceptors, Bruch’s membrane, and the retinal pig-
ment epithelium (254). In another dietary intervention study, seven subjects consumed
spinach and corn daily for 15 wk, and macular pigment density and carotenoid concentra-
tions in serum, buccal mucosal cells, and adipose tissue were measured at baseline, 4, 8,
and 15 wk and 2 mo postintervention (255). Daily consumption of spinach and corn resulted
in a significant increase in macular pigment density at 4 wk compared to baseline. In a cross-
sectional study, lutein concentrations in adipose tissue and macular pigment were com-
pared between 13 women and 8 men. There was a significant positive correlation between
lutein concentrations and adipose tissue and macular pigment among men, but a negative
correlation among women, suggesting that there may be sex differences in lutein metabo-
lism (255). Lutein supplementation of 20 mg lutein ester/day increased macular pigment
optical density in patients with age-related maculopathy (256).

In a small uncontrolled study, 14 male patients with atrophic age-related macular degen-
eration received 5 oz of spinach, four to seven times per week (257). Short-term improve-
ment in visual function was found in one or both eyes (257). Lutein supplementation was
associated with short-term visual improvement among subjects with retinitis pigmentosa
and related retinal degenerations who were recruited and followed via the internet (258).
In another study of lutein supplementation, 20 mg/d, for 58 patients with retinitis pig-
mentosa or Usher syndrome, serum lutein concentrations increased significantly by 6 mo,
but only about half of the patients showed an increase in macular pigment density (259).
Carotenoid extracts from the Gou Zi Qi berry (Lycium chinense) contain high concen-
trations of zeaxanthin, and retinal zeaxanthin increased after supplementation in rhesus
monkeys (260). Recently, a clinical trial was conducted with 90 adults at a Veterans Admin-
istration hospital who had atrophic age-related deteneration (261). Participants were ran-
domized to receive lutein, 10 mg/d, or lutein 10 mg/d in combination with an antioxidant,
multivitamin and mineral supplement, or a placebo for 12 mo. There was a small improve-
ment in Snellen equivalent visual acuity by 5.4 letters in the lutein only group and 3.5 let-
ters in the lutein plus antioxidant, multivitamin, and mineral supplement group compared
with placebo (261). Some studies that have attempted to increase macular pigment or
improve vision by dietary modification and supplementation are highlighted in Table 6.

5.4. Vitamin E

5.4.1. INTRODUCTION

Vitamin E is a term used to describe a group of lipid soluble tocol and tocotrienol deriv-
atives that are considered to have vitamin E activity. There are eight naturally occurring
forms of vitamin E, but α-tocopherol appears to be the most biologically relevant form
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of vitamin E for human health (220). Vitamin E is thought to function as an antioxidant and
appears to protect polyunsaturated fatty acids from oxidative damage. Although vitamin
E has been implicated in the pathogenesis of age-related macular degeneration, a recent
large clinical trial shows that high-dose vitamin E supplementation alone has no effect
on the incidence of age-related macular degeneration (262).

5.4.2. HISTORICAL BACKGROUND

In 1922, Herbert McLean Evans (1882–1971) and Katherine Scott Bishop (1889–1976)
demonstrated the existence of a dietary factor that was essential for reproduction in rats
(263). This factor became known as the “antisterility vitamine” or “X factor,” and was
later named vitamin E by Barnett Sure (1891–1960) in 1924 (264). Following the isolation
of pure vitamin E, the name tocopherol was proposed, from the Greek, tokos (offspring)
and pherein (to bear) with the suffix -ol, signifying an alcohol (265). A large international
symposium on vitamin E was organized in London in 1939 by the Society of Chemical
Industry (266).

5.4.3. BIOCHEMISTRY OF VITAMIN E

The eight naturally occurring forms of vitamin E are α-, β-, γ-, and δ-tocopherol and
α-, β-, γ-, and δ-tocotrienol. The tocopherols consist of a chromanol ring with a long satu-
rated (phytyl) side chain, and the tocotrienols consist of chromanol ring with an unsaturated
side chain. Because the β-, γ-, and δ-tocopherols and α-, β-, γ-, and δ-tocotrienols are not
converted to α-tocopherol by the α-tocopherol transfer protein in the liver, these seven
other natural forms of vitamin E are not considered to contribute towards the vitamin E
requirement of humans. The liver maintains concentrations of α-tocopherol in plasma, and
the only stereoisomers that are maintained are RRR-α-tocopherol (2,5,7,8-tetramethyl-
2R-(4'R, 8'R, 12' trimethyltridecyl)-6-chromanol), which occurs in foods, and 2R-stereo-
isomeric forms of α-tocopherol that are found in synthetic all racemic-α-tocopherol which
include “d-α-tocopherol” (220) (Fig. 12). 2S-stereoisomers of synthetic, all racemic-α-
tocopherol are not maintained in human plasma (267,268) or tissues (220) and do not
contribute towards the vitamin E requirements of humans. γ-tocopherol, found in human
plasma in low concentrations, is not transported to tissues but is metabolized and and
excreted.

5.4.4. DIETARY SOURCES OF VITAMIN E

The richest food sources of vitamin E are certain oils, such as wheat germ oil, sunflower
oil, and safflower oil, sunflower seeds, almonds, peanut butter, wheat germ and margarine.
The vitamin E content of some common foods is shown in Table 7 (269). Beef, chicken,
fish, and most fruits and vegetables have little vitamin E. Rich sources of RRR-α-toco-
pherol, the most important source of vitamin E for humans, are wheat germ oil, safflower
oil, and sunflower oil, whereas corn and soy oils are richer in γ-tocopherol. Vitamin E sup-
plements are often labeled as “natural vitamin E” or “d-α-tocopherol” and consist of
RRR-α-tocopherol that has been manufactured by methylation of γ-tocopherol found in
vegetable oils.

5.4.5. ABSORPTION, STORAGE, AND METABOLISM OF VITAMIN E
The absorption of vitamin E is facilitated by biliary and pancreatic secretions and the for-

mation of micelles in the gastrointestinal lumen (Fig. 13). As with other lipids, vitamin E
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Fig. 12. Isomers of α-tocopherol.

is emulsified in the stomach and small intestine and mixed with bile acids and pancreatic
secretions. The vitamin E in supplements is usually manufactured in the form of toco-
pheryl esters, which require pancreatic esterases for hydrolytic cleavage. Vitamin E is
passively absorbed across the brush border of enterocytes in the small intestine. Entero-
cytes secret vitamin E to chylomicrons in the lymph, and the enterocytes do not appear
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to discriminate between forms of vitamin E in the packaging of chylomicrons. RRR-α-
tocopherol appears to be better absorbed than other forms of vitamin E (220). The absorp-
tion of vitamin E has been variously reported to range from 15% to 85% (270–272), and
the proportion of vitamin E that is absorbed decreases with increasing intake of vitamin
E (273,274).

The liver takes up chylomicron remnants which contain vitamin E. Vitamin E is secreted
from the liver in very low-density lipoproteins (VLDLs), and α-tocopherol is the only
form of vitamin E to be resecreted by the liver (275). Hepatic α-tocopherol transfer pro-
tein transfers α-tocopherol between liposomes and microsomes (276). The major lipo-
protein in VLDLs is apolipoprotein B-100, which is retained as VLDLs are catabolized
by lipoprotein lipase to form LDLs and HDLs. LDLs interact with receptors for apolipo-
protein B in peripheral tissues (276). High concentrations of α-tocopherol are found in
adipose tissue, the adrenal glands, liver, and skeletal muscle. More than 90% of the vita-
min E in the human body is found in fat droplets in adipose tissue (277).

5.4.6. FUNCTION OF VITAMIN E

The main function of vitamin E appears to be as an antioxidant which protects mem-
branes and lipoproteins against excessive lipid peroxidation. No specific, required meta-
bolic function has yet been identified for vitamin E. Vitamin E appears to protect polyun-
saturated fatty acids within membrane phospholipids and plasma proteins by scavenging
peroxyl radicals (276,278). Lipid oxidation can occur during normal aerobic metabolism
and during disease processes. Polyunsaturated fatty acids can give up loosely bound
hydrogen to highly reactive free radicals, thus becoming fatty acid radicals. Fatty acid radi-
cals take up oxygen and become peroxyl radicals, where they can attack further polyun-

Table 7
Vitamin E Content of Some Foods

Vitamin E
Food (mg/100 g)

Wheat germ oil 150
Sunflower oil, linoleic (less than 60%) 41
Sunflower seeds 39
Almonds 26
Peanut oil 16
Corn oil, salad or cooking 14
Margarine, regular, hard, corn (hydrogenated) 12
Peanut butter, smooth style, no salt 8
Peanuts, all types, raw 8
Spinach, cooked, boiled, drained 2
Butter 2
Whole egg, hard-boiled 1
Ground beef, 10% fat 0.4
Chicken breast, roasted 0.3
Whole wheat bread, commercially prepared 0.3
Apples, raw with skin 0.2

From ref. 269, with some values rounded for clarity.
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saturated fatty acids. Vitamin E protects polyunsaturated fatty acids against autoxidation
by breaking this chain by trapping peroxyl radicals and yielding a stable lipid hydroper-
oxide molecule:

polyunsaturated fatty acids + free radical (R•) → fatty acid radical (R•)

fatty acid radical (R•) + O2 → peroxyl radical (ROO•)

peroxyl radical (ROO•) + vitamin E → lipid hydroperoxide
(ROOH) + vitamin E radical (O•)

In the absence of vitamin E, the chain reaction can continue with autoxidation of poly-
unsaturated fatty acids:

peroxyl radical (ROO•) + polyunsaturated fatty acids → lipid hydroperoxide
(ROOH) + fatty acid radical (R•)

fatty acid radical (R•) + O2 → peroxyl radical (ROO•)

One tocopherol molecule can protect about 100 molecules of polyunsaturated fatty acids
from autoxidative damage, and biological membranes usually contain about 1% as many
molecules of vitamin E per molecules of polyunsaturated fatty acids (276). Other activi-
ties of vitamin E may include scavenging of singlet oxygen (279).

5.4.7. REQUIREMENTS FOR VITAMIN E
The dietary reference intakes for vitamin E have been determined recently (220) (Table

8). The Adequate Intake (AI) is the recommended level of intake for infants. The Estimated
Average Requirement (EAR) is the daily intake value that is estimated to meet the require-
ment of half of the healthy individuals in a group. The Recommended Dietary Allowance
(RDA) is defined as the EAR plus twice the coefficient of variation (CV) to cover 97–
98% of individuals in any particular group.

Fig. 13. Absorption, storage and metabolism of α-tocopherol.
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5.4.8. EPIDEMIOLOGY OF VITAMIN E DEFICIENCY

Clinical vitamin E deficiency is rare in humans. Premature infants are at higher risk of
vitamin E deficiency, which can result in a hemolytic anemia. Among older infants, chil-
dren, and adults, overt vitamin E deficiency is rare. Individuals who may be at higher risk
of vitamin E deficiency are those with malabsorption syndromes, pancreatic insufficiency,
short bowel syndrome, and abetalipoproteinemia, an inborn error of metabolism (see
Chapter 12, Subheading 2). A genetic abnormality in α-tocopherol transport protein has
been described (280).

5.4.9. ASSESSMENT OF VITAMIN E STATUS

The most commonly used laboratory test for the assessment of vitamin E status is the
measurement of plasma α-tocopherol concentrations by high-performance liquid chro-
matography (281). Vitamin E deficiency has been defined as a plasma concentration of
α-tocopherol <11.6 μmol/L (<5.0 μg/dL). The plasma α-tocopherol (μmol/L) to plasma
cholesterol (mmol/L) ratio has also been advocated for identifying vitamin E deficiency,
with a ratio <2.2 indicating risk of vitamin E deficiency (281). Dietary vitamin E intake
is difficult to assess from food frequency questionnaires because the source of oil used
in food preparation is often unknown, and this uncertainty may add to measurement error
for vitamin E status from dietary surveys (282). Smoking does not appear to influence
plasma vitamin E concentrations (283).

5.4.10. CLINICAL MANIFESTATIONS OF VITAMIN E DEFICIENCY

Vitamin E deficiency is characterized by a peripheral neuropathy with degeneration of
large-caliber axons in the sensory neurons, loss of deep tendon reflexes, skeletal myopathy,
and a pigmented retinopathy (284).

5.4.11. ROLE OF VITAMIN E IN THE RETINA

Photoreceptor outer segments are rich in polyunsaturated fatty acids, thus, there has been
great interest in the potential role of α-tocopherol as an antioxidant in the retina. α-toco-
pherol appears to be almost equally distributed between the retina, retinal pigment epithe-

Table 8
Dietary Reference Intakes for Vitamin E (mg/d of ααααα-Tocopherol)

Age and gender category AI EAR RDA

Infants, 0–6 mo 5 – –
Infants, 7–12 mo 5 – –
Children, 1–3 yr – 5 6
Children, 4–8 yr – 6 7
Boys and girls, 9–13 yr – 9 11
Boys and girls, 14–18 yr – 12 15
Adult men ≥19 yr – 12 15
Adult women ≥19 yr – 12 15
Pregnant women – 12 15
Lactating women – 16 19

AI, Adequate Intake; EAR, Estimated Average Requirement; RDA,
Recommended Dietary Allowance. Based on ref. 220.
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lium, and choroid, and these layers combined contain about 2.9 mg α-tocopherol per 100
g wet weight (285). The adult human eye does not appear to be especially enriched in α-
tocopherol compared with other tissues of the body such as adipose tissue, liver, or brain
(285). Vitamin E concentrations were examined in a study of 70 eyes from donors aged
9 to 104 yr (286). Higher vitamin E concentrations were found in the retinal pigment epi-
thelium than the retina, and no differences were found in vitamin E concentrations of the
retinal pigment epithelium between the macula and peripheral regions (286). The amount
of vitamin E in the retina was lower in the macula compared with the peripheral region
(286). In contrast, the concentrations of vitamin E were measured from the foveal center
to the periphery of the retinas of rhesus monkeys, and the highest concentrations of vita-
min E were found in the foveal center with a minimum near the foveal crest (287).

Studies in animal models suggest that retinal pathology results from experimental
vitamin E deficiency. In primates fed a vitamin E-deficient diet, a macular degeneration
developed after 2 yr (288). The macular degeneration was characterized by degeneration
of photoreceptor outer segments and a massive accumulation of lipofuscin in the pigment
epithelium (288), a condition similar to that described in vitamin E-deficient dogs (289).
The disruption of photoreceptor outer segments was attributed to increased lipid per-
oxidation (288). Weanling rats that were raised with a diet deficient in vitamins A and E
lost 92% of rod nuclei at 35 wk, compared with losses of 34% and 20% among rats raised
on diets deficient in vitamin A or E alone, respectively (290). Vitamin E deficiency resulted
in the extensive deposition of lipofuscin deposits in the retinal pigment epithelium.
Combined antioxidant deficiency produced by diets deficient in vitamin E, selenium,
chromium, and sulfur amino acids resulted in loss of photoreceptor cells and pathological
changes in the retinal pigment epithelium (291). In rats deprived of dietary vitamin E, the
depletion of vitamin E from rod outer segments and retinal pigment epithelium took
considerably longer than it did for other ocular tissues or for blood and other organs (292).
These findings suggested that vitamin E concentrations are conserved in the retina rela-
tive to other tissues and blood (292).

Experimental animal models show that additional dietary vitamin E does not protect
the retina against light damage, which is contrary to the idea that vitamin E might protect
photoreceptor outer segments from photochemical damage. In albino rats, vitamin E and
selenium-supplemented animal showed marked light damage effects compared with vita-
min E and selenium-deficient animals (293). Vitamin E supplementation did not protect the
retina against damage from cyclic light exposure in rats (244). In adult humans, it is un-
clear whether vitamin E supplementation can increase vitamin E concentrations in the
retina. Premature infants are born with lower concentrations of vitamin E in the retina,
but supplementation with vitamin E did not result in much elevation of vitamin E in the
retina (295). Recently, a large randomized, double-masked, placebo-controlled clinical
trial in Australia showed that daily supplementation with vitamin E had no impact on the
incidence of early age-related macular degeneration (262). 1193 healthy participants
between 55 and 80 yr of age received vitamin E, 500 IU, or placebo, daily for 4 yr. The
incidence of early age-related macular degeneration was 8.6% and 8.1% in the vitamin
E and placebo groups, respectively (RR 1.05, 95% CI 0.69–1.61). The incidence of late age-
related macular degeneration was 0.8% and 0.6% in the vitamin E and placebo groups,
respectively (RR 1.36, 95% CI 0.67–2.77). These findings are consistent with observa-
tional studies that have shown that vitamin E status is not associated with age-related



202 Handbook of Nutrition and Ophthalmology

maculopathy or age-related macular degeneration (64,65,78–80,95). In the Alpha-Toco-
pherol Beta-Carotene Study, there was no beneficial effect of α-tocopherol or β-carotene
supplementation on the occurrence of age-related maculopathy (296).

5.5. Zinc
The retina and choroid contain the highest concentrations of zinc of any tissue in the

human body. General aspects of zinc and eye health are presented in detail in Chapter 8.
As mentioned previously under Subheading 5.2.2., zinc is a cofactor for copper-zinc super-
oxide dismutase and is involved in the regulation of catalase activity, two important anti-
oxidant enzyme systems in the retina. Two small clinical trials of zinc supplementation
for macular degeneration were conducted that had contrasting results (297,298). A ran-
domized, double-masked, placebo-controlled clinical trial involving 151 subjects with
drusen or macular degeneration showed that daily zinc supplementation, 100 mg twice
per day, decreased visual loss over 12–24 mo of follow-up compared with placebo (297).
In addition, subjects who received zinc showed less progression of visible drusen in fun-
dus photographs at the final study visit compared to subjects who received placebo (297).
The second randomized, placebo-controlled clinical trial involving 112 subjects with exu-
dative age-related macular degeneration in one eye, showed that oral zinc, 200 mg/d, did
not reduce the risk of developing the exudative form of disease in the second eye (298).

6. DIAGNOSIS
The characteristics of age-related maculopathy and age-related macular degeneration

have been presented previously under Subheading 4.2. The differential diagnosis of age-
related macular degeneration includes basal laminar drusen (cuticular drusen), pattern
dystrophy, and central serous chorioretinopathy (100).

7. TREATMENT
A small proportion of patients who develop neovascular age-related macular degen-

eration may benefit from laser photocoagulation (299,300). Photodynamic therapy using
photosensitizing agents in combination with low intensity laser light has been shown to be
effective in the treatment of subfoveal choroidal neovascularization (301,302). Another
possible treatment is submacular surgery to remove choroidal neovascular membranes
(303). Anti-VEGF therapy has been shown to reduce visual loss in neovascular age-related
macular degeneration (304). Ranibizumab (Lucentis, Genentech) is a humanized antibody
fragment that binds and inhibits VEGF. Recent studies show that ranibizumab is well
tolerated and safe (305). A recent phase III clinical trial, Anti-VEGF Antibody for the
Treatment of Predominantly Classic Choroidal Neovascularization (ANCHOR), showed
that ranibizumab therapy significantly improved vision and gave superior results than
photodynamic therapy (306). Most patients with visual loss from age-related macular
degeneration do not have choroidal neovascularization, and the potential prevention of
visual loss with nutritional supplements is discussed later.

8. PREVENTION
Recently, the Age-Related Eye Disease Study, a double-masked, placebo controlled

clinical trial involving 3640 participants aged 55–80 yr, showed that supplementation
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with antioxidants (vitamin C 500 mg, vitamin E 400 IU, β-carotene 15 mg) plus zinc (80
mg zinc oxide) and copper (2 mg cupric oxide) could reduce the development of age-
related macular degeneration (307). This clinical trial has provided the most definitive
evidence to date that antioxidants and zinc may play a role in the pathogenesis of age-
related macular degeneration. The clinical trial involved four treatment groups in a 2 H
2 factorial design: antioxidants, zinc, antioxidants + zinc, and placebo. The primary out-
come measures of the trial were (1) progression to advanced age-related macular degen-
eration, and (2) at least a 15-letter decrease in visual acuity score. The mean follow-up
in the study was 6.3 yr. There were originally 4757 participants enrolled in the trial, and
the participants were divided into four categories at enrollment, based on the severity of
their clinical disease: (1) no age-related maculopathy, (2) mild or borderline age-related
maculopathy consisting of multiple small drusen, single or nonextensive intermediate
drusen, pigment abnormalities, or a combination of these, with visual acuity of 20/32 or
better in both eyes, (3) at least one large druse, extensive intermediate drusen, geographic
atrophy not involving the center of the macula, or a combination of these, and visual
acuity of 20/32 or better in at least one eye, and (4) visual acuity of 20/32 or better and
no advanced age-related macular degeneration (geographic atrophy involving the macula
or evidence of choroidal neovascularization) in the study eye, and the fellow eye with
lesion of advanced age-related macular degeneration or visual acuity less than 20/32 and
age-related macular degeneration abnormalities sufficient to explain reduced visual acuity
as determined by examination of photographs at the reading center (306). The supplements
in the study used nutrients at 5–15 times the RDA.

The results of this large study showed that supplementation with antioxidants plus zinc
was protective against the development of advanced age-related macular degeneration
(OR 0.72, 99% CI 0.52–0.98). When stratified analyses were restricted to the higher risk
subjects, antioxidants plus zinc (OR. 0.66, 99% CI 0.47–0.91) or zinc (OR 0.71, 99% CI
0.52–0.99) were associated with reduced odds of developing advanced age-related mac-
ular degeneration. Antioxidants with zinc were also associated with a reduced risk of mod-
erate visual loss (OR 0.73, 99% CI 0.54–0.99) (Fig. 14) (306). The investigators conclude
that adults over 55 yr of age who have at least one large druse or noncentral geographic
atrophy in one or both eyes, or those with advanced age-related macular degeneration in
one or both eyes, should consider taking an antioxidant supplement plus zinc such as that
used in the study (307). Contraindications to these high-dose supplements include smok-
ing. It has been estimated that 8 million people aged 55 yr or older in the United States have
monocular or binocular intermediate or monocular advanced age-related maculopathy
(308). In the next 5 yr, an estimated 300,000 people with age-related maculopathy would
avoid advanced age-related maculopathy and any associated vision loss if they received
antioxidant supplementation (308).

9. CONCLUSIONS

Significant progress has been made in the last two decades in our understanding of the
pathogenesis of age-related maculopathy and age-related macular degeneration. Dietary
modification and antioxidant nutritional supplementation show promise as approaches
to the prevention of visual loss from age-related macular degeneration. The Age-Related
Eye Disease Study demonstrated that a supplement high in antioxidants could reduce the
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progression of age-related macular degeneration. Further research is needed to confirm
the various hypothesized roles for macular pigment in the retina, including reduction of
oxidative stress and improvement in visual acuity. It is still not known whether dietary
modification or antioxidant nutritional supplementation at early stages of age-related
macular degeneration will reduce the risk of progression of disease. Such studies would
require extremely large sample sizes and long-term follow-up. Binding proteins and trans-
port proteins for macular pigment must be characterized, and the origin of macular pig-
ment needs to be verified. Further work is needed to elucidate the role, if any, of minor caro-
tenoids in the retina. Clinical trials needed to determine whether dietary interventions with
xanthophylls can protect against age-related macular degeneration. A new nationwide

Fig. 14. Probability of visual acuity loss by treatment group in the Age-Related Eye Disease Study.
(Reprinted from ref. 306. Copyright © 2001, American Medical Association. All rights reserved.)
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study sponsored by the National Institutes of Health, Age-Related Eye Disease Study 2
(AREDS-2) will evaluate lutein and zeaxanthin and omega-3 fatty acids in the reduction
of rise to progress to advanced age-related macular degeneraion. New methods are needed
which can objectively measure macular pigment in vivo in the retina without relying on
response of subjects. Further studies are needed to determine why women are apparently
at higher risk for age-related macular degeneration. Further studies are needed to deter-
mine whether lutein and zeaxanthin in the retina can actually inhibit lipid peroxidation.
The relationship between antioxidant nutritional status, systemic inflammation, and risk
of age-related macular degeneration requires further elucidation.
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4 The Obesity Epidemic
Implications for Eye Health

1. INTRODUCTION

The global epidemic of obesity is likely to have long-term and egregious consequences
for eye health through different biological pathways and eye diseases. Obesity leads to
an increased risk of diabetes, and in turn, diabetes is associated with diabetic retinopathy
and an increased risk of cataract. Diabetic retinopathy is becoming the next big “epide-
mic” of eye disease. Obesity is associated with an increased risk of hypertension and athero-
sclerosis, and there is likely to be an associated increased risk of retinal vascular disease.
Obesity may possibly increase the risk of age-related macular degeneration, as obesity
is associated with relatively low plasma lutein and zeaxanthin concentrations and higher
levels of inflammation. Obesity is also associated with an increased risk of cataract among
individuals without diabetes, although the causal link has not yet been elucidated. As
emphasized in this chapter, the long-term prevention of obesity-related eye disease must
focus on the childhood period, as childhood obesity is an extremely strong predictor of
adult obesity and diabetes.

2. HISTORICAL BACKGROUND

William Banting (1797–1878), an undertaker, was an early writer on obesity in Letter
on Corpulence, Addressed to the Public (1863) (1). Banting was five feet five inches tall,
and at age 66 he weighed 202 pounds. He wrote: “I could not stoop to tie my shoes, so
to speak, nor to attend to the little offices humanity requires without considerable pain
and difficulty which only the corpulent can understand, I have been compelled to go
downstairs slowly backward to save the jar of increased weight on the knee and ankle
joints and have been obliged to puff and blow over every slight exertion, particularly that
of going upstairs.” Banting was advised to avoid bread, butter, milk, sugar, beer, and
potatoes, and in following this regimen, he began to lose about one pound per week. Given
the success of losing weight with his new diet, Banting wanted to spread the message to
the public. The prevalence of obesity was not well described in Banting’s time, however,
the great success of his Letter, which went into several editions, seems to indicate that
obesity was perhaps not uncommon among some populations in Europe.

Adolphe Quetelet (1796–1874), a Belgian statistician and astronomer, conceived of
the body mass index (BMI) with the formula weight/height2 in Physique sociale; ou essai
sur le développement de ses facultés de l’homme (1869) (2). Quetelet’s formula for BMI
became widely used and is the current standard for defining obesity in adults. In 1921,
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Elliot Joslin (1869–1962), a physician, noted that a large proportion of patients with
diabetes were overweight (3). The prevalence of diabetes decreased in countries that expe-
rienced food shortages during World War I, as observed by Harold Himsworth (1905–
1993), former secretary of the Medical Research Council in England (4). The Metropolitan
Life Insurance Company developed actuarial tables based on the relationship of weight
and mortality in adults. These “desirable weight” tables were based on height, weight, and
type of frame, for men and women aged 25 yr and over (5).

3. Patterns of the Nutrition Transition
The emergence of obesity as a prominent public health problem relates to long-term

demographic changes and diet shifts that have been termed the nutrition transition (6).
There are five broad patterns of the nutrition transition in human history, and these
patterns do not necessarily represent a temporal sequence, as in some locations in the
world different patterns may still coexist. In Pattern 1, Collection of Food, the diet was
high in carbohydrates and fiber and low in fat. In this hunter-gatherer society, wild animal
meat was consumed. In Pattern 2, Famine, agriculture was evolving and the diet was less
varied and subject to variation and episodic famines. In Pattern 3, Receding Famine,
societies made some progress in reducing famines, and the consumption of fruits and
vegetables and animal proteins increased, and starchy staples were less important in the
diet. In Pattern 4, Degenerative Disease, a diet high in total fat, cholesterol, sugar and
carbohydrate and low in polyunsaturated fats and fiber predominates, and this diet is
often accompanied by an increase in sedentary lifestyle, higher obesity, and increased
degenerative diseases (6). Pattern 5, Behavioral Change, reflects concern about modify-
ing the diet in order to reduce risk of disease and prolong life. There is an increased intake
of fruits and vegetables and carbohydrates, and a reduced intake of processed foods,
meat, and dairy products.

4. DEFINITIONS

The World Health Organization (WHO) classifies obesity in adults based on BMI
(weight/height2) in metric units (kg/m2). The cut-offs and ranges for the categories of
underweight, normal, overweight, pre-obese, and obese are considered to represent the
risk of comorbidities (7) (Table 1). In 1997, WHO held an expert consultation on obesity,
which indicated a new shift in emphasis by this organization, which had usually focused
on issues of breastfeeding and malnutrition. The upper limit of the normal range of a BMI
of 24.9 was considered as a compromise to the United States, where higher levels of BMI
were considered “normal” (7). Scientists from Asian countries have proposed an alterna-
tive classification system for obesity, because comorbidities such as diabetes and hyper-
tension were considered higher among Asians than others in the WHO classification.
Under this alternative classification, normal range is 18.5 to 22.9; overweight is ≥23; at-
risk is 23 to 24.9; Obese I is 25 to 29.9; and Obese II is ≥30 kg/m2 (7).

There is no clear definition of obesity in children, but many studies have used a BMI
between the 85th and 95th percentile of the National Health and Nutrition Examination
Survey (NHANES) to define overweight, and BMI greater than the 95th percentile to
define obese (8). The International Obesity Task Force (IOTF) recently has proposed a
new classification system for overweight and obese in children (9). The IOTF analyzed
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six large nationally representative cross-sectional growth studies in Brazil, Great Britain,
Hong Kong, the Netherlands, Singapore, and the United States. Each study population
had more than 10,000 subjects with ages ranging from 6 to 18 yr, and for each population,
centile curves were drawn so that at 18 yr, they passed through the adult cut off points
of 25 and 30 kg/m2 for overweight and obesity. The resulting curves were then averaged
to provide age- and sex-specific cut off points from 2 to 18 yr of age. The 85th and 95th
centiles of the US BMI reference has been recently proposed as a cut-off point for child
overweight and obesity, respectively, but this is far from universally accepted (9).

5. EPIDEMIOLOGY OF THE GLOBAL OBESITY EPIDEMIC

5.1. Prevalence and Incidence in Adults
Worldwide, it is estimated that 250 million people are obese, and that by 2025, there

will be 300 million obese individuals (10). Among adults aged 45–59 yr, the regions with
the highest prevalence of obesity and overweight are North America, Europe, and north-
ern Africa, and the prevalence is clearly higher among women than men worldwide (7).
Most available data show that there is a progressive increase in obesity rates in countries
worldwide, but that the rates of increase vary greatly. Obesity prevalence rates have been
projected to 2025 in various countries of the world, such as the United States, England
and Wales, Mauritius, Australia, and Brazil (11) (Fig. 1). Obesity is increasingly becom-
ing a problem of poor people, a trend that has been attributed to the cheapness of pro-
cessed, energy-dense foods and time spent watching television (7). Although it was once
commonly thought that obesity would be largely restricted to the socioeconomic elite in
developing countries, a review of studies conducted in developing countries between
1989 and 2003 shows that obesity is a problem that shifts to lower socioeconomic groups
as the gross national product per capita increases in a country, and that women are
affected earlier in this shift than men (12).

5.2. Prevalence and Incidence in Children
The global prevalence of overweight among children is 3.3%, as shown by a study of

160 nationally representative, cross-sectional surveys from 94 countries where over-
weight was defined as weight-for-height >2 standard deviations from the NHANES/WHO

Table 1
World Health Organization Classification of Obesity

Classification BMI (kg/m2) Risk of comorbidities

Underweight <18.5 Low (but risk of other clinical problems increased)
Normal range 18.5 to 24.9 Average
Overweight ≥25
Pre-obese 25 to 29.9 Increased
Obese class 1 30.0 to 34.9 Moderate
Obese class 2 35.0 to 39.9 Severe
Obese class 3 ≥40 Very severe

From ref. 7.
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international reference median (13). The countries with the highest prevalence of over-
weight children are located mainly in the Middle East, North Africa, and Latin America.
Of countries with trend data, overweight increased in 16 of 38 countries (13). The global
disparities in nutrition and health are apparent when undernutrition is compared with
overweight worldwide, as undernutrition still remains a major problem in Africa and
Asia, while overweight is more prevalent in other regions (13) (Fig. 2). It is estimated that
about 22 million children under 5 yr of age are overweight worldwide (14).

5.3. Regions of the World

5.3.1. UNITED STATES AND CANADA

Currently more than half of the population in the United States is overweight and 20%
are obese (10). There has been a large increase in obesity between the first US NHANES
in 1960–1961 and the US NHANES III in 1988–1994 (15). In NHANES III, among
individuals aged 20–74 yr, 59.3% of men and 49.6% of women were overweight (BMI
≥ 25 kg/m2), and 19.9% of men and 24.9% of women were obese (BMI ≥ 30 kg/m2) (15).
A large increase in overweight and obesity has also been observed in Canada (16). The
prevalence of overweight increased from 48% to 57% among men and 30% to 35%
among women from 1981 to 1996 (16). In the same interval, the prevalence of obesity
increased from 9% to 14% among men and 8% to 12% among women (16). The estimated
number of deaths per year attributable to obesity among adults in the United States is
280,000 based on hazard ratios from all subjects and 325,000 based on hazard ratios from
only nonsmokers and never-smokers (17). In Canada, about 57,000 deaths have been
attributed to overweight and obesity from 1985 to 2000 (18).

Childhood obesity is considered the most serious and prevalent nutritional disorder in
the United States (19), as 22% of children are overweight and 11% are obese, with girls

Fig. 1. Historic, current, and projected obesity prevalence rates for the United States, England, and
Wales, Mauritius, Australia, and Brazil, 1960–2025. (Reprinted from ref. 11, with permission of
Macmillan Publishers Ltd.)
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Fig. 2. Weight-for-height distribution of preschool children in 94 countries. (Reproduced from ref. 13,
with permission of The American Journal of Clinical Nutrition. © Am J Clin Nutr. American Society
for Nutrition.)
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being more affected than boys (8,20). In a 20-yr period between NHANES I and NHANES
II, the prevalence of overweight and obesity increased more than twofold for young girls,
but for young boys it increased about 25%. But in children older than 6 yr of age, there has
been a doubling of obesity prevalence among boys as well as girls (21). In the Bogalusa
Heart Study, the trends in relative weight and obesity were examined among 5- to 24-yr-
olds between 1973 and 1994. The prevalence of overweight increased by about twofold
between 1973 and 1994, with the largest increases seen in 19- to 24-yr-olds (22). In the
United States, the highest prevalence of overweight among boys and girls is among
Mexican American children, intermediate among non-Hispanic black children, and low-
est in non-Hispanic white children (14). The obesity rates among American Indian chil-
dren and adolescents are higher than in all other racial groups in the United States (23).

5.3.2. EUROPE

Among adults in Europe, the prevalence of obesity (BMI ≥ 30 kg/m2) is about 10–20%
among men and 15–25% among women (10), which is less than in the United States.
However, the prevalence of overweight (BMI 25–29.9 kg/m2) is more than 50% in
Germany, Finland, and Great Britain. The prevalence of obesity is higher in southern and
eastern Europe, especially among women, with higher prevalence of obesity associated
with low education, low income, marital status, high parity, cessation of smoking, and
low physical activity (24). From 1980 to 1997 in England and Wales, there has been an
increase in obesity in adult men from 6% to 17% and in adult women from 8% to 20%
(25). In contrast, there have been limited increases in the prevalence of obesity in France.
From 1980 to 1991, in two cross-sectional studies involving random sample of households,
there were slight increases in the prevalence of obesity and overweight among women
but no change among men (26). From 1985 to 1997 in southwestern France, prevalence
rates for obesity among men increased from 10% to 13% and in women remained stable
at 11% (27). Among adolescents, the prevalence of overweight in 1997–1998 was highest
among those in Ireland, Greece, and Portugal, but the prevalence of overweight among
adolescents in Europe was less than in the United States (28).

5.3.3. AFRICA

Northern African and sub-Saharan Africa represent different phases of the nutrition
transition. Although sub-Saharan Africa has the lowest prevalence of obesity and over-
weight of any large region in the world, this area has not been spared the general trend
toward obesity. The prevalence of obesity and type 2 diabetes mellitus is slowly increas-
ing in some areas of sub-Saharan Africa, and urban areas are more affected than rural areas
(29,30). Studies from Mali, Nigeria, and Tanzania show that increases in BMI are accom-
panied by an increase in the prevalence of diabetes (30). In the Demographic and Health
Survey in South Africa in 1998, 29.2% of men and 56.6% of women were overweight
(BMI ≥ 25 kg/m2) (31). Among preschool children in Africa, undernutrition remains the
dominant problem compared with overweight; however, in countries undergoing tran-
sition, such as Algeria, South Africa, and Egypt, both wasting and overweight have high
prevalence (13).

5.3.4. LATIN AMERICA

Latin America is undergoing rapid demographic change and nutritional transition,
with a decline in deaths from infectious diseases and an increase in deaths from noncom-
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municable chronic disease (32,33). Obesity has increased from 1974 to 1997 in Brazil
(34,35), and in a situation of nutrition transition in Brazil, higher income was a risk factor
for obesity, whereas education was protective (35). The prevalence of obesity has approx-
imately doubled in Brazil from 1975 to 1997 (33), and whereas in 1975 the ratio of obesity
to underweight was 1:2, the ratio was 2:1 by 1997 (36). In Chile, the prevalence of obesity
in large urban populations appears to have increased from 6% to over 15% in men and
from 14% to about 23% in women from 1988 to 1997 (33). Obesity and overweight are
highly prevalent, especially among women, in Mexico, Costa Rica, and many Caribbean
countries (32). In data from 13 countries in Latin America, the prevalence of overweight
among children aged 1–5 yr ranged from 6% in Haiti to 24% in Peru (32). The highest
prevalence of overweight in children and obesity in women were found in urban areas and
households with higher socioeconomic status (32).

5.3.5. RUSSIA AND THE FORMER RUSSIAN STATES

In the Russian Federation, the Russian Longitudinal Monitoring Survey from 1992 to
2000 shows that among men and women aged 19 to 55 yr, the prevalence of overweight
(BMI ≥ 25 kg/m2) has remained relatively stable at 50% but the prevalence of obesity
(BMI ≥ 30 kg/m2) increased from 13.3% to 16.0% (37). In Kazakhstan, a survey of over
25,000 individuals over 15 yr of age showed that obesity occurred in 23.7% (38).

5.3.6. SOUTH ASIA AND SOUTHEAST ASIA

The prevalence of central obesity was high in a random sample of adults aged 25–64
yr from a city in Kerala, India (39). A survey conducted in an urban slum area in northern
India showed that 15.6% of women and 13.3% of men had BMI ≥ 25 kg/m2 (40). In the
National Health Survey of Pakistan, 1990–1994, the proportion of adults aged 25–44 yr
who had BMI ≥ 25 kg/m2 was 9% for men and 14% for women in rural areas and 22%
for men and 37% for women in urban areas (41). Increasing urbanization, higher energy
dense diets, and reduce physical activity are contributing to the rise of obesity in Pakistan
and other parts of south Asia (41). The trend towards obesity has been associated with
a rise in the prevalence of diabetes in India. India now has the largest number of people
with diabetes of any given country (42). In 1995, there were an estimated 19.4 individuals
with diabetes in India, and the number is expected to rise to 57.2 million by 2025 (42).

5.3.7. EAST ASIA AND PACIFIC

In Japan, the National Nutrition Surveys show that the prevalence of overweight and
obesity has increased in the 20-yr period from 1976 to 1995 among adults aged 20 yr and
older (43). Among men, the prevalence of overweight (BMI 25–29.9 kg/m2) increased
from 14.5% to 20.5%, and the prevalence of obesity (BMI ≥ 30 kg/m2) increased from
0.8% to 2.0%. Among women, the prevalence of overweight and obesity decreased slightly
during this same period (43). From 1976 to 2000, there was a trend of increased BMI and
obesity among boys and girls in Japan (44). In a large study from Kagoshima City, in-
creases in obesity occurred among elementary school children from 1989 to 2001–2002
(45). In China in 1992, the prevalence of overweight (BMI 25–29.9 kg/m2) and obesity
(BMI ≥ 30 kg/m2) were 10.7% and 1.6% among men, respectively, and 15.4% and 1.6%
among women, respectively (46). Using the same definitions, in South Korea in 1995,
the prevalence of overweight and obesity among men was 18.0% and 0.8%, respectively,
and among women was 19.9% and 2.2% (48). The prevalence of obesity in some Pacific
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Island populations is among the highest reported in the world. The age-standardized
prevalence of obesity in Nauru was 64.8% among men and 70.3% among women, and
in Western Samoa, 47.7% of men and 70.4% of women were obese (48). Where longitudi-
nal data are available, there have been dramatic increases in obesity over time in the Pacific
region (48).

5.3.8. AUSTRALIA AND NEW ZEALAND

In the Australian Diabetes, Obesity and Lifestyle (AusDiab) Study, a cross-sectional
study of 11,247 adults aged ≥25 yr from 42 randomly selected districts throughout Austra-
lia, the prevalence of overweight and obesity among men was 48.2% and 19.3%, respec-
tively, and the prevalence of overweight and obesity among women was 29.9% and
22.6%, respectively (49). The prevalence of obesity increased 2.5-fold compared to data
from 1980 (49). Low education level, higher television viewing time, and lower physical
activity were each strongly associated with obesity (49). In the 1995 National Nutrition
Survey in Australia, 45% of men and 29% of women were overweight, and 18% of men
and women were obese (50). There are more than 350,000 individuals who are reported
to have diabetes in Australia (51). In the 1997 National Nutrition Survey in New Zealand,
40.4% of males and 30.1% of females were overweight, and a further 14.7% of males and
19.2% of females were obese (52). There has been an increase in overweight and obesity
from the 1989 National Nutrition Survey, when 32% were overweight and 11% were
obese (52).

6. PATHOGENESIS

6.1. High Fat Intake
High dietary fat intake increases the risk of obesity, as demonstrated by randomized

clinical trials and experimental animal studies (53). The energy density of high dietary
fat may be a factor in its role in obesity (54). Dietary fat appears to have a weak effect
on both satiation and satiety, which may also explain why high fat foods can lead to over-
consumption (55).

6.3. Television
The number of hours watching television is a strong predictor of adolescent obesity.

Among 4063 children, aged 8–16 yr, in NHANES III, 1988–1994, 26% of the children
watched four or more hours of television per day, and 67% watched at least 2 h per day
(56). Forty-two percent of black children watched four or more hours of television per
day, which was the highest rate of any group. Boys and girls who watched television four
or more hours per day had significantly greater body fat and BMI than those who watched
television less than 2 h per day. Less vigorous activity was reported for girls and especi-
ally non-Hispanic black girls. Children who watched more television were less likely to
participate in vigorous activity and tended to have higher BMI (56). A strong dose–
response type of relationship was found between hours of television watching and both
the prevalence and incidence of overweight (defined as BMI > 85th percentile for age and
gender) in a nationally representative cohort of 746 youths aged 10–15 yr (57) (Fig. 3A,B).
Television watching may be linked to obesity because of the passiveness of television
viewing and the excess of poor nutritional products being advertised (58) (Fig. 4). More
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than half of all youth in the United States have a television set in the room where they sleep
(59). The average high school graduate will likely have spent 15,000 to 18,000 h watch-
ing television but only 12,000 h in school (58).

6.4. Low Physical Activity
Sedentary lifestyles are associated with a positive energy balance and weight gain.

Physical activity accounts for about 15–30% of total energy expenditure (60). Data from
studies conducted around the world suggest that if the physical activity level (energy
expenditure/basal metabolic rate) is <1.8, there is about a sevenfold increase of being
overweight (61). These figures can be translated into practical terms using some esti-
mates. For example, an adult male aged 30–60 yr who weighs 70 kg and is fairly seden-
tary (employed in a low-energy occupation such as office work) would have a physical

Fig. 3. Estimated prevalence (A) and incidence (B) of overweight children by amount television
viewed per day in 1990. All estimated are weighted, and incidence rates are per 4-yr follow-up.
(Adapted from ref. 57.)
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activity level of 1.58, placing him at high risk of overweight and obesity (61). To achieve
a physical activity level of at least 1.7, this individual would need to expend at least 300
calories per day, which would require 20 min of rapid jogging at a speed of 12 km/h or
1 h of walking at a speed of 4 km/h. If the person has time constraints and is too busy dur-
ing the week, it would be challenging to transfer this exercise to the weekend, as the same
objective of an average activity level of 1.7 would require jogging for 2.5 h or walking
7 h (61). Such considerations suggest that major lifestyle changes may be needed for
many individuals in order to reduce the risk of obesity. Despite the increasing prevalence
of obesity, evidence suggests that most physicians and health care professionals in the
United States do not advise their overweight and obese patients about strategies to lose
weight (62).

There has been a steady decline in physical activity among children and adolescents
in the United States (63). The 1995 Nationwide Personal Transportation Survey showed
that less than one-third of children who lived within a mile of school actually walked to
school (59). In the United States in 1991, 42% of high school students were enrolled in
daily physical education classes, but by 1997, this rate had fallen to 27% (59).

6.5. Poor Community Design
Urban sprawl, lack of sidewalks, and the propensity to drive instead of walk has an

impact on overweight and obesity. In the Behavioral Risk Factor Surveillance System,
pooled data from 1998, 1999, and 2000 were used to examine the relationship between
obesity and urban sprawl in 206,992 adults (64). The country sprawl index was signifi-
cantly associated with minutes walked, obesity, BMI, and hypertension, and residents of
sprawling counties were less likely to walk during leisure time and more likely to weigh
more and to have hypertension compared with those from more compact counties (64).
In a travel survey of 10,878 participants in the Atlanta, Georgia region, land-use mix was
significantly associated with obesity, with each quartile increase in land-use mix being

Fig. 4. Walt Handelsman cartoon: “Bobby darling, did you see this?” Copyright Times Picayune.
(Reprinted with permission of ©Knight-Ridder Tribune Media Services. All rights reserved.)
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associated with a 12.2% reduction in the risk of obesity (65). Each additional hour spent
in the car each day was associated with a 6% increase in risk of obesity, whereas each
additional kilometer walked per day was associated with a 4.8% decrease in the risk of
obesity (65). Obesity was strongly related to daily vehicle miles of travel in a study of
data from the California Health Interview Survey 2001 (66).

6.6. Childhood Obesity as a Predictor of Adult Obesity
High birth weight is a predictor of overweight and obesity in adulthood, as demon-

strated by data from 71,100 women in the Nurses Health Study I and 92,940 women in
the Nurses Health Study II (67). In children, a high BMI is predictive of being overweight
at age 30 (68). The risk of obesity in adulthood for both nonobese and obese children is
greater if at least one parent is obese (69). A study of health records of 854 subjects in
Washington States showed that parental obesity more than doubled the risk of adult obes-
ity in later life among both obese and nonobese children under 10 yr of age (69). Using
BMI-for-age growth charts from the Centers for Disease Control for males and females
aged 2–20 yr, a child or adolescent with high BMI percentile has a high risk of being
overweight or obese at age 35 yr, and the risk increases with age (70). In the Bogalusa Heart
Study, of children who were overweight (BMI ≥ 95th percentile) at ages 2 to 17 yr, 77%
remained obese by ages 18 to 37 yr, (BMI ≥ 30) (71).

Childhood obesity is associated with an increased risk of coronary artery disease and
diabetes (71). In children, truncal obesity is associated with increased triglycerides and
very low-density lipoprotein (VLDL) cholesterol and decreased high-density-lipopro-
tein (HDL) cholesterol and apoliprotein A-1 (72). In a sample of 9,167 children from the
Bogalusa Heart Study, children with BMI >95th percentile had higher risk of elevated
total cholesterol, triglycerides, fasting insulin, and higher diastolic blood pressure com-
pared with children with BMI less than the 95th percentile (73). Obese adolescents are
at higher risk of hypertension and coronary artery disease (74). In an autopsy study of 150
subjects aged 6 to 30 yr who died accidentally, atherosclerotic lesions were already found
at an early age and to be correlated with risk factors such as total cholesterol and ponderal
index (75). Among adolescents in the United States, the incidence of type 2 diabetes has
increased by nearly a factor of 10 (76). The ratio of females to males was 1.7 to 1, and
females were more likely to be diagnosed about 1 yr earlier than male patients (76).

7. IMPLICATIONS OF THE OBESITY EPIDEMIC FOR EYE HEALTH

The obesity epidemic has important consequences for general health, including an
increased risk of cardiovascular disease, endometrial cancer, osteoarthritis of the knee
and hips joints, respiratory disorders, and sleep apnea (10). However, the obesity epidemic
may have the greatest implications for diabetes mellitus worldwide.

7.1. The Obesity Epidemic and Diabetes Mellitus
The obesity epidemic has been accompanied by an increase in people with impaired

glucose tolerance, the metabolic syndrome, and of diabetes mellitus and its complica-
tions. In the Behavioral Risk Factor Surveillance System, a random-digit telephone sur-
vey conducted in all states in 2000, BMI, self-reported diabetes, and other information
were collected from 184,450 adults aged 18 and over (77). The prevalence of obesity
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(BMI ≥ 30 kg/m2) was 19.8% and the prevalence of diabetes was 7.3%. Mississippi had
the highest rate of obesity (24.3%) and diabetes (8.8%). Colorado had the lowest rate of
obesity (13.8%). Only 24.4% of US adults consumed fruits and vegetables five or more
times daily. Self-reported diabetes increased by nearly 50%, from 4.9% in 1990 to 7.3%
in 2000 (77). The prevalence of obesity increased by 61% from 1991 to 2000 (77) (Fig. 5).
In the survey, 27% of adults reported that they did not engage in any physical activity, and
another 28.2% were not regularly active. This study may have underestimated obesity
and diabetes, because these diseases are more prevalent among poor people, and poor
people are more likely to be without a telephone.

Impaired glucose tolerance, defined as hyperglycemia (with glucose values intermedi-
ate between normal and diabetes) following a glucose load, is thought to affect 200 million
people worldwide (78). Approximately 40% of people with impaired glucose tolerance
will progress to diabetes within 5–10 yr. The metabolic syndrome is defined as at least
one of the following three conditions: (1) type 2 diabetes, (2) impaired glucose tolerance,
and (3) insulin resistance, plus at least two of following three conditions: (1) hyperten-
sion, (2) obesity (BMI ≥ 30 kg/m2 or waist–hip ratio >0.90 for men, >0.85 for women),
(3) hypertriglyceridemia (triglycerides ≥1.7 mmol/L) or low HDL (<0.9 mmol/L for men,
<1.0 mmol/L for women), and (4) microalbuminuria (urinary albumin excretion rate ≥20
μg/min or albumin/creatinine ratio ≥30 mg/min) (78). The overall prevalence of the
metabolic syndrome among US adults ≥20 yr of age is estimated to be 23.7%, with a
prevalence of 43.5% among those 60–69 yr of age (79). Adults with diabetes have a higher
risk of diabetic retinopathy if they have the metabolic syndrome (80).

7.2. The Changing Epidemiology of Diabetic Retinopathy
The prevalence of diabetes mellitus is increasing with the emerging obesity pandemic,

and in turn, the prevalence of diabetic retinopathy and related blindness is likely to
increase. Currently, it is estimated that there are 150 to 200 million individuals with
diabetes worldwide; this figure is project to increase to 221 million by 2010 and 300
million by 2025 (78,81). The prevalence of diabetes increased greatly from 1958 to 2000
in the United States (82) (Fig. 6) and is projected to continue to rise at an accelerated rate
(82). The largest projected increases will be in Asia, Africa, and Latin America (78) (Fig.
7). In 1995, the prevalence of diabetes in adults was estimated to be 4.0%, and this figure
is predicted to rise to 5.4% by 2025. From 1995 to 2025, in developed countries, there
will be a 42% increase, from 51 to 72 million, and in developing countries there will be
a 170% increase, from 84 to 228 million (83). Obesity increases the risk of diabetic retin-
opathy among patients with type 2 diabetes who are already obese (84,85). The risk of
retinopathy (at least one microaneurysm, hemorrhage, or hard exudates, or neovascular-
ization with or without fibrous proliferation, or laser coagulation scars ) was higher in a
subsample of adults with elevated BMI from the Hoorn Study, a population-based study
of 2484 adults, aged 50–74 yr (86).

7.3. Economic Impact
In 1997, the direct medical expenditures related to diabetes in 1997 totaled $44.1

billion ($7.7 billion for diabetes and acute glycemic care, $11.8 billion due to excess
prevalence of related chronic complications, $24.6 billion due to excess prevalence of
general medical conditions) (87). The total expenditure for people with diabetes was
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$10,071 per capita, compared with $2669 for people without diabetes. In 1997, there were
98,224 physician visits and 16,110 emergency room visits related to ophthalmologic
problems (87).

7.4. Obesity and Other Eye Conditions
As covered elsewhere in this book, obesity is associated with higher risk of cataract

(Chapter 2) and a higher risk of age-related macular degeneration (Chapter 3). A causal
relationship between obesity and these two major eye diseases has not been established,
thus, it is unclear whether the obesity epidemic will be associated with an increase in
cataract and age-related macular degeneration.

Fig. 6. Prevalence of diagnosed diabetes and the number of people with diabetes in the United States,
1958 to 2000. (Reprinted from ref. 82, with permission of the American College of Physicians.)

Fig. 7. Number of people with diabetes (in millions) for 2000 and 2010 (top and middle values,
respectively), and the percentage increase. (Reprinted from ref. 78, with permission of Macmillan
Publishers Ltd.)
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8. PREVENTION

There are two main prevention strategies to reduce obesity: primary prevention, which
aims to prevent the development of obesity, and secondary prevention, which aims to
reverse obesity after the condition has been identified. The treatment of longstanding
obesity is sometimes called tertiary prevention but is equivalent to treatment rather than
prevention. Prevention strategies must address the entire life span, as there are intergen-
erational effects of obesity. For the prevention of pediatric obesity, Richard Deckelbaum
and Christine Williams have proposed three levels for prevention: (1) primordial preven-
tion, which has the aim of maintaining normal BMI throughout childhood and adoles-
cence, (2) primary prevention, which has the aim of preventing overweight children (BMI
in 85th to 95th percentiles) from becoming obese, and (3) secondary prevention, which
has aim to treat obese children (BMI >95th percentile) to reduce comorbidity and reverse
overweight and obesity (14). Obese children younger than age 10 who have obese parents
may benefit most from efforts at prevention (69). Although many different approaches
are advocated for the prevention of obesity and make empirical sense, it should be noted
that in many areas there is a paucity of data from controlled prevention trials. The Ameri-
can Academy of Pediatrics issued a policy statement in 2003 regarding the prevention of
pediatric overweight and obesity, with specific conclusions and recommendations (88)
(Table 2).

8.1. Prevention in the Perinatal Period
The risk for type 2 diabetes, hypertension, and coronary artery disease may be related

to fetal nutrition, a line of investigation that has been pursued by David Barker and
colleagues in Southampton (89). This has become known as the “fetal origins of disease”
hypothesis (90). Size at birth has been shown to be a determinant of increased risk of
glucose intolerance and obesity in adult life (89). In addition, both low birthweight and
high birthweight are associated with an increased risk of death among those who later
develop diabetes (91). Maternal nutrition education for pregnant women may help to
ensure normal birth weight.

8.2. Promotion of Breastfeeding
The encouragement of breastfeeding is recommended by the American Academy of

Pediatrics (88). The promotion of increased breastfeeding and continuous breastfeeding
until at least 6 mo of age, with a delay in the introduction of solid foods until after 6 mo
of age has been advocated by Deckelbaum and Williams (14).

8.3. Reduction of Sedentary Behavior and Increased Physical Activity
School-based interventions have included modification of school food service, enhanced

physical education, health and nutrition education, and reduction of time watching tele-
vision and videos. In the Child and Adolescent Trial for Cardiovascular Health (CATCH)
study, a controlled intervention involving school food service, physical education, and
classroom curricula had an impact on reducing energy intake from fat and increasing
physical activity, but there was no significant impact on body size, blood pressure, or
cholesterol levels (92). A randomized, controlled, school-based trial showed that reduc-
tion of television, videotape, and video game use led to decreases in BMI, triceps skinfold
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Table 2
American Academy of Pediatrics Policy Statement:
Prevention of Pediatric Overweight and Obesity

Summary/Conclusions
1. Prevalence of overweight and its significant comorbidities in pediatric populations has rapidly

increased and reached epidemic proportions.
2. Prevention of overweight is critical, because long-term outcome data for successful treatment

approaches are limited.
3. Genetic, environmental, or combinations of risk factors predisposing children to obesity can and

should be identified.
4. Early recognition of excessive weight gain relative to linear growth should become routine in pediatric

ambulatory settings. Body mass index (BMI) (kg/m2) should be calculated and plotted periodically.
5. Families should be educated and empowered through anticipatory guidance to recognize the impact

they have on their children’s development or lifelong habits of physical activity and nutritious eating.
6. Dietary practices should be fostered that encourage moderation rather than overconsumption,

emphasizing healthful choices rather than restrictive eating patterns.
7. Regular physical activity should be consciously promoted, prioritized, and protected within families,

schools, and communities.
8. Optimal approaches to prevention need to combine dietary and physical activity interventions.
9. Advocacy is needed in the areas of physical activity and food policy for children; research into

pathophysiology, risk factors, and early recognition and management of overweight and obesity;
and improved insurance coverage and third-party reimbursement for obesity care.

Recommendations
1. Health supervision

a. Identify and track patients at risk by virtue of family history, birth weight, or socioeconomic,
ethnic, cultural, or environmental factors.

b. Calculate and plot BMI once a year in all children and adolescents.
c. Use change in BMI to identify rate of excessive weight gain relative to linear growth.
d. Encourage, support, and protect breastfeeding.
e. Encourage parents and caregivers to promote healthy eating patterns by offering nutritious snacks,

such as vegetables and fruits, low-fat dairy foods, and whole grains; encouraging children’s
autonomy in self-regulation of food intake and setting appropriate limits on choices; and modeling
healthy food choices.

f. Routinely promote physical activity, including unstructured play at home, in school, in child care
settings, and throughout the community.

g. Recommend limitation of television and video time to a maximum of 2 h per day.
h. Recognize and monitor changes in obesity-associated risk factors for adult chronic disease, such

as hypertension, dyslipidemia, hyperinsulinemia, impaired glucose tolerance, and symptoms of
obstructive sleep apnea syndrome.

2. Advocacy
a. Help parents, teachers, coaches, and others who influence youth to discuss health habits, not body

habitus, as part of their efforts to control overweight and obesity.
b. Enlist policy makers from local, state, and national organizations and schools to support a

healthful lifestyle for all children, including proper diet and adequate opportunity for regular
physical activity.

c. Encourage organizations that are responsible for health care and health care financing to provide
coverage for effective obesity prevention and treatment strategies.

d. Encourage public and private sources to direct funding toward research into effective strategies
to prevent overweight and obesity and to maximize limited family and community resources to
achieve healthful outcomes for youth.

e. Support and advocate for social marketing intended to promote healthful food choices and
increased physical activity.

From ref. 88.
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thickness, waist circumference, and waist-to-hip ratio (93). In an intervention known as
Planet Health, 1295 ethnically diverse students from grades 6 and 7 were randomized to
receive curricula related to decreasing television viewing, decreasing consumption of
high-fat foods, increasing fruit and vegetable intake, and increasing physical activity
(94). The intervention led to decreased obesity among girls but not boys (94). In a child-
hood obesity clinic, a controlled intervention to reduce sedentary behavior and increase
physical activity decreased pediatric obesity (95).

The Centers for Disease Control and Prevention and the American College of Sports
Medicine have recommended that every adult should accumulate 30 min or more of mod-
erate-intensity physical activity each day (96). Physical activity alone has been shown
to lead to modest reductions in weight among overweight and obese adults (97). The Task
Force on Community Prevention Services of the Centers for Disease Control recently
reviewed nutrition, physical activity, and a combination of these and other behavioral
interventions (98). Based on evidence of effectiveness, the Task Force recommended
multi-component interventions that included nutrition and physical activity to control
overweight and obesity among adults in the workplace (98). The Task Force showed that
there was insufficient evidence to determine the effectiveness of a combination of nutri-
tion and physical activity interventions in the school setting to reduce overweight and
obesity (98).

8.4. Diet
Among school-aged children, dietary strategies aimed at improving diet quality include

school-based lunch programs, nutrition education, and eating a family dinner every day. In
the Baltimore public schools, a classroom intervention known as the Eat Well and Keep
Moving Program was implemented among primarily black fourth graders (99). The inter-
vention focused on decreasing consumption of total and saturated fats and increasing
fruit and vegetable intake, as well as reducing the amount of time watching television and
increasing physical activity. Cross-sectional survey data showed that students in the inter-
vention schools reported less consumption of total energy from fat and saturated fats,
higher fruit and vegetable intake, and higher consumption of fiber compared with students
from control schools (99). Among 8677 girls and 7525 boys aged 9–14 yr, children who
ate a family dinner every day had a higher intake of fruits and vegetables, a higher intake
of several nutrients, lower glycemic load, and a lower intake of saturated and trans fat as
percent of energy compared with children who ate at a family dinner less frequently (100).
In addition, children eating a family dinner every day had less consumption of fried food
away from home and soda consumption (100). This study shows that a family dinner is
associated with healthful dietary patterns. In obese adolescents, a program of diet and
exercise for 20 wk reduced multiple risk factors for coronary heart disease by 41% com-
pared with controls, whereas dietary intervention alone reduced multiple risk factors by
about 15% (74).

Most adults who are trying to lose weight do not follow guidelines for reducing caloric
intake and increasing physical activity (101). If such recommendations are followed,
these are usually of short duration. Popular diets are often tried, and these types of diets
have been classified by Marjorie Freedman and colleagues as (1) high-fat, low carbohy-
drate, high protein diets, the so-called “Atkins” diet, (2) moderate-fat, balanced nutrient
reduction diets that are high in carbohydrate and moderate in protein, such as the United



236 Handbook of Nutrition and Ophthalmology

States Department of Agriculture (USDA) diet, DASH diet, and Weight-Watchers diet, and
(3) low-fat to very-low-fat, high-carbohydrate, moderate-protein diets, such as the “Ornish”
and “Pritkin” diets (101). An evidence-based review of various diets shows that low-fat,
low-calorie diets are more successful in maintaining weight loss (101). This diet is high
in fruits and vegetables, complex carbohydrates (whole grains and legumes), and low-
fat dairy, and rather than be adapted for a short period of “diet,” should form the basis of
everyday food choices (101). Randomized trials of low-carbohydrate diets have failed to
show that the popular Atkins-style diet was more effective than others (102), with no weight
differences between low-carbohydrate and energy restricted diet at 12 mo (103–105).

9. CONCLUSION

The worldwide obesity epidemic is leading to an increase in diabetes mellitus, which
in turn will likely be associated with an increase in diabetic retinopathy. Prevention of
overweight and obesity will require an integrated approach: improved community design
and city planning that encourages walking, reduction of sedentary behaviors and time
spent watching television and video games, a lifetime adaptation of healthy eating pat-
terns of a diet high in fruits and vegetables, whole grains, and legumes, and low-fat dairy
products. Urgent action is needed to prevent and treat overweight and obesity. The health
consequences not only include diabetes and diabetic retinopathy: unless the trend is
reversed, it is likely that a decline in life expectancy could occur in the United States in
the 21st century (106).
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5 Nutrition and Diabetic Retinopathy

1. INTRODUCTION

Diabetic retinopathy is a microvascular complication of diabetes mellitus that can lead
to substantial visual loss and blindness. As noted in Chapter 4, the prevalence of diabetes
is projected to increase worldwide as a result of the obesity epidemic, and it is anticipated
that there will be an accompanying increase in diabetic retinopathy and related visual
impairment and blindness. A large portion of diabetes can be linked to obesity and poor
nutrition. The relationships between specific nutrient deficiencies and diabetic retinopa-
thy have not been consistently demonstrated. Current theories of the pathogenesis of
diabetic retinopathy include the role of oxidative stress in the upregulation of vascular
endothelial growth factor, with subsequent increase in vascular permeability and stimu-
lation of neovascularization. Diabetes can be prevented among high-risk individuals by
lifestyle changes that include the adoption of healthy diets combined with moderate
exercise. Among those with diabetes, glycemic control and control of hypertension can
reduce the risk of diabetic retinopathy.

2. EPIDEMIOLOGY

2.1. Prevalence and Incidence
Diabetic retinopathy is a frequent cause of visual impairment and blindness among

middle to older aged adults and is commonly seen in clinical practice. Among adults
older than 40 yr in the Unitd States, diabetic retinopathy accounted for 5.4%, 7.3%, and
14.3% of blindness among whites, blacks, and Hispanics, respectively, and accounted for
4.3%, 14.5%, and 13.0% of poor vision among whites, blacks, and Hispanics, respec-
tively (1). Diabetic retinopathy is estimated to result in blindness for more than 10,000
people with diabetes each year in the United States (2). The Wisconsin Epidemiologic
Study of Diabetic Retinopathy (WESDR) (1980–1982) showed that among persons with
mostly type 1 diabetes, the prevalence of diabetic retinopathy ranged from 17% in those
who had diabetes less than 5 yr to 97.5% in those who had diabetes for 15 or more years
(3). In the same group, the prevalence of proliferative diabetic retinopathy ranged from
1.2% in persons with diabetes for less than 10 yr to 67% in person with diabetes for more
than 35 yr. Among people diagnosed with diabetes at age 30 or older, the prevalence of
diabetic retinopathy ranged from 28.8% in those with diabetes for less than 5 yr to 77.8%
in those who had diabetes for 15 or more years (4). In this older group, the prevalence
of proliferative diabetic retinopathy ranged from 2% in those with diabetes less than 5 yr
to 15.5% in those with diabetes for 15 or more years. The incidence of diabetic retinopathy
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is higher among people with type 1 diabetes compared with type 2 diabetes. In the WESDR,
the overall incidence of any diabetic retinopathy was 40.3% over a 4-yr interval. Among
people with mostly type 1 diabetes, the incidence was 50.9%, and among people who
were diagnosed after age 30, 47.4% of those insulin and 34.4% of those not taking insulin
had developed retinopathy by 4 yr of follow-up (5).

2.2. Risk Factors for Diabetic Retinopathy
Several epidemiological risk factors have been identified for diabetic retinopathy

(Table 1).

2.2.1. DURATION OF DIABETES

The length of time a person has had diabetes is a major risk factor for the development
of diabetic retinopathy, as shown in the WESDR (3,4) and other large cohort studies, such
as the Pittsburgh Diabetic Morbidity and Retinopathy Studies (6) and a study of 339
patients in Denmark (7).

2.2.2. GLYCEMIC CONTROL

In the Diabetes Control and Complications Trial, a study of 1441 patients with insulin-
dependent diabetes mellitus, aged 13–39 yr, intensive treatment (self-administration of
insulin at least three times a day by injection or pump, with doses adjusted based on blood
monitoring with the goal of normoglycemia) slowed progression of retinopathy com-
pared with conventional treatment (8). The cumulative 8.5-yr progression of retinopathy
was 54.1% with conventional treatment and 11.5% with intensive treatment (8). Partici-
pants in this trial were informed of the benefits of intensive therapy. They were then
followed by their own physicians, and follow-up showed that the reduction in risk of
progression of retinopathy with intensive therapy persisted for at least 4 yr beyond the
trial (9,10). In the UK Prospective Diabetes Study of 3867 newly diagnosed patients with
type 2 diabetes, intensive blood glucose control with sulphonylureas or insulin signifi-
cantly reduced the risk of microvascular complications, including need for retinal pho-
tocoagulation (11).

2.2.3. HYPERTENSION

In a recent clinical trial involving nineteen hospital-based clinics in the United Kingdom,
758 patients with hypertension and type 2 diabetes mellitus were allocated to a tight blood
pressure control program with angiotensin-converting enzyme inhibitor or β-blockers as
the main therapy, and 390 were allocated to a less tight blood pressure control program
(12). The median follow-up to the end of the trial, death, or the last date at which vital status

Table 1
Risk Factors for Diabetic Retinopathy

• Longer duration of diabetes
• Poor glycemic control
• Hypertension
• Elevated serum lipid levels
• Anemia
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was known was 8.4 yr. The tight blood pressure control group showed fewer microaneu-
ryms, hard exudates, and cotton-wool spots at follow-up and were less likely to undergo
photocoagulation (12). The cumulative incidence of blindness in one eye was 3.1 per
1000 patient-years in the tight blood pressure control group and 4.1 per 1000 patient-
years in the control group (relative risk [RR] 0.76, 95% confidence interval [CI] 0.29-
1.99, p = 0.046). In the Appropriate Blood Pressure Control in Diabetes (ABCD) Trial,
subjects were stratified into hypertensive and normotensive subjects and were random-
ized to intensive or moderate control of blood pressure. Intensive control of blood pres-
sure did not influence progression of diabetic retinopathy during 5 yr of follow-up in the
hypertensive group (13), but in the normotensive group, intensive control of blood pres-
sure retarded the progression of diabetic retinopathy (14). In the Steno-2 Study, eighty
patients with microalbuminuria and type 2 diabetes were randomly assigned to receive
intensive treatment for control of blood pressure, reduction of serum cholesterol and tri-
glycerides, light-moderate exercise, smoking cessation, and aspirin therapy, and eighty
patients were referred to their general practitioner (15). During mean follow-up of 7.8 yr,
the patients who received intensive therapy had a lower risk of diabetic retinopathy
(hazard ratio [HR], 0.42, 95% CI 0.21–0.86) (15). These three clinical trials suggest that
aggressive control of hypertension in patients with type 2 diabetes can reduce progres-
sion of diabetic retinopathy.

2.2.4. SERUM LIPID LEVELS

Elevated serum cholesterol levels have been associated with severity of hard retinal
exudates in diabetic retinopathy (16,17), and elevated serum triglyceride levels were asso-
ciated with increased risk for high-risk proliferative diabetic retinopathy (18).

2.2.5. ANEMIA

A low hematocrit was associated with an increased risk of developing high-risk prolif-
erative diabetic retinopathy in the Early Treatment Diabetic Retinopathy Study (ETDRS)
(18). In a cohort of 1691 diabetic patients in Finland, anemia, defined as hemoglobin <12
g/dL, was associated with an increased risk of having any retinopathy (odds ratio [OR] 2.0,
95% CI 1.2–3.3) (19). In a stratified analysis involving people with retinopathy who had
low hemoglobin levels, there was an increased risk of having severe retinopathy compared
to mild retinopathy (OR 5.3, 95 CI 2.3–12.6) (19). The study from Finland did not classify
anemia according to the World Health Organization criterion of <12 g/dL for women and
<13 g/dL for men. The investigators concluded that diabetics with normocytic anemia
had an increased risk of retinopathy, especially more severe retinopathy (19).

Case reports have provided anecdotal evidence that anemia may be related to diabetic
retinopathy. Three patients with mild to moderate background diabetic retinopathy devel-
oped severe iron deficiency anemia and showed rapid progression to proliferative diabetic
retinopathy (20). One patient with diabetic retinopathy showed resolution of microaneu-
rysms after treatment of his iron deficiency anemia with blood transfusions, iron supple-
ments, and B complex vitamin supplements (21). Correction of anemia with erythropoietin
therapy has also been associated with improvement in diabetic macular edema (22).

In general, studies linking anemia with diabetic retinopathy have not characterized the
type or types of anemia that are associated with retinopathy, and this is an issue that is criti-
cal to understanding whether anemia plays a role in the pathogenesis of diabetic retinopathy
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or is perhaps more closely related to the inflammation associated with diabetes and its
associated morbidity. Among people 65 yr and older in the National Health and Nutrition
Examination Survey (NHANES) III, diabetes mellitus is associated with the anemia of
chronic inflammation (23). Hepcidin, a recently discovered iron regulatory hormone, is up-
regulated by inflammation and leads to the anemia of chronic inflammation by blocking
iron absorption in the enterocytes and iron release by macrophages (24). Studies are needed
to characterize hepcidin in the anemia associated with diabetes. It is likely that the anemia
associated with diabetic retinopathy falls into the category of anemia of chronic inflam-
mation, but further investigations are needed to address this hypothesis.

2.2.6. OBESITY

Obesity and overweight have been linked with diabetic retinopathy, but body mass
index is also associated with other risk factors associated with diabetic complications. In
a study in Croatia, obesity was associated with a high risk of retinopathy (25). In a study
of 592 patients with type 1 diabetes, a higher body mass index was associated with retinop-
athy, but this relationship was not significant after adjusting for duration of diabetes and
hemoglobin A1c (26).

3. NUTRITION AND DIABETIC RETINOPATHY

3.1. Vitamin C
A consistent relationship between vitamin C and diabetic retinopathy has not been

demonstrated. Some early studies suggested that vitamin C might play a role in microvas-
cular disease and diabetes, but findings were variable (27–33). In a study from NHANES
III (1988–1994) that involved a subsample of 998 people age 40 or older who had diabetes
and fundus photographs, no significant relationships were found between serum vitamin
C concentrations and risk of diabetic retinopathy (34). Retinopathy in NHANES III was
evaluated by nonmydriatic fundus photographs of one randomly chosen eye for all par-
ticipants. Retinopathy was originally graded as no retinopathy, mild nonproliferative
retinopathy, moderate nonproliferative retinopathy, and proliferative retinopathy, but
was used in the analysis as any versus no retinopathy, and about 20% of the sample had
any retinopathy (34). Although serum ascorbate is used to indicate vitamin C status, its
use is limited because large fluctuations in serum ascorbate can occur, and a single measure
reflects only recent intake rather than body stores (35). In the San Luis Valley Diabetes
Study in southern Colorado, an increased dietary intake of vitamin C was associated with
an increased risk of diabetic retinopathy in a cross-sectional study. The study involved
387 participants (82 with background diabetic retinopathy, 39 with preproliferative dia-
betic retinopathy, and 17 with proliferative diabetic retinopathy, and dietary assessment
involved 24-h recall (36). There was no significant relationship between vitamin C intake
and diabetic retinopathy in the Atherosclerosis Risk in Communities (ARIC) Study (37).

3.2. Vitamin E
Vitamin E is a chain-breaking antioxidant (reviewed in Chapter 3) that has been hypoth-

esized to play a role in diabetes and diabetic retinopathy. No consistent relationship has
been demonstrated between vitamin E and diabetic retinopathy in human studies. In ani-
mal studies, vitamin E-deficient rats developed retinal vascular abnormalities such as
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increase in retinal capillary basement membrane thickness and accumulation of lipofuscin
in capillary walls (38), and abnormal retinal blood flow in diabetic rats was reduced by vita-
min E treatment (39). No significant relationship was found between intake of vitamin E
and glycosylated hemoglobin among diabetic patients (40). Diabetic retinopathy was not
associated with lower plasma vitamin E levels among sixty patients with diabetes (41),
and a study of young type 1 diabetic patients showed not differences in serum vitamin E
levels between those with retinopathy and other complications and no complications (42).
Higher plasma vitamin E levels were found in patients with poor glycemic control and high
lipid levels (43). In the San Luis Valley Diabetes Study, higher dietary intake of vitamin
E was associated with an increased risk of retinopathy (36). No significant relationships
were found between serum α-tocopherol and diabetic retinopathy in NHANES III (34)
or between dietary vitamin E intake and diabetic retinopathy in the ARIC study (37).

In small pilot trials, high doses of vitamin E reduced glycosylated proteins after 1–2 mo
of supplementation (44), and a modest daily dose of vitamin E reduced glycosylated hemo-
globin (45). Vitamin E supplementation reduced lipid peroxidation in type 2 diabetic
patients with retinopathy (46). One study showed an apparent increase in retinal blood
flow in diabetic patients after high-dose vitamin E treatment (47). In the Heart Outcomes
Prevention Evaluation (HOPE) study, the effect of vitamin E on cardiovascular outcomes,
including myocardial infarction, stroke, mortality, and secondary outcomes that included
laser therapy for diabetic retinopathy, was examined in a 2 × 2 factorial design involving
ramipril, a nonsulfhydryl angiotensin-converting enzyme inhibitor, and vitamin E. Among
the 3654 subjects in the study with diabetes, vitamin E did not have any significant effect
on the cardiovascular outcomes or on history of laser therapy for diabetic retinopathy (48).

3.3. Zinc
The effects of zinc supplementation on markers of oxidative stress have been studied

in two pilot studies in patients with diabetes. In patients with insulin-dependent diabetes
with and without retinopathy, zinc supplementation reduced markers of lipid peroxidation
(49). In patients with type 2 diabetes who had hemoglobin A1c >7.5%, zinc supplementa-
tion, 30 mg/d, for 6 mo decreased plasma thiobarbituric acid reactive substances, a marker
for lipid peroxidation, compared with placebo (50).

3.4. Healthy Dietary Pattern
A recent study of 407 men and women with diabetes in Australia suggested that a pat-

tern of dietary intake consistent with a Mediterranean type of diet was protective against
diabetic retinopathy (51). The Mediterranean diet is characterized by a high intake of
vegetables, legumes, fruits and nuts, cereals, and olive oil, a moderate intake of dairy prod-
ucts, and a low intake of meat and poultry. These data are consistent with a large emerging
literature that shows a Mediterranean diet is protective against diabetes (52), peripheral
artery disease in diabetics (53), inflammation (54), and mortality (55), as further discussed
in Chapter 10 in relation to the age-related proinflammatory state. Another large study
suggests that quality of diet is related to diabetic retinopathy. Among 1041 subjects with
type 1 diabetes in the Diabetes Control and Complications Trial, a high consumption of
total fatty acids and low consumption of dietary fiber were each associated with a higher
rate of progression of diabetic retinopathy (56).
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4. CLINICAL FEATURES

Diabetic retinopathy is generally classified as (1) nonproliferative retinopathy, charac-
terized by microaneuryms, blot and flame-shaped hemorrhages, and hard exudates (Fig. 1),
(2) preproliferative retinopathy, characterized by findings in (1) and in addition, by intra-
retinal microvascular abnormalities (IRMA), venous beading an loops, and cotton-wool
spots, and (3) proliferative diabetic retinopathy, characterized by neovascularization of the
retina and/or optic disc, vitreous hemorrhage, preretinal hemorrhage, fibrovascular prolif-
eration, and retinal detachment (Fig. 2). Diabetic macular edema, or diabetic maculopathy,
can result from leaking of blood vessels around the macular area. International clinical dia-
betic retinopathy and diabetic macular edema disease severity scales have been proposed
(57). This new classification is based on five stages of severity for diabetic retinopathy
(Table 2) and a classification for diabetic macular edema (Table 3). The diagnosis and
evaluation of diabetes mellitus have been summarized in detail (2,58).

5. PATHOGENESIS

5.1. Diabetic Retinopathy
Many theories have been proposed for the pathogenesis of diabetic retinopathy, as

recently reviewed by Robert Frank (59). The proposed mechanisms include increased
production of sorbitol by aldose reductase, inflammation, reactive oxygen species (ROS),
advanced glycation products, altered gene expression, increased growth hormone and
insulin-like growth factor 1, upregulation of vascular endothelial growth factor (VEGF),
and reduction of pigment-epithelium-derived factor (PEDF) (59). Activation of protein
kinase C has also been implicated in microvascular changes in diabetes (60). None of these

Fig. 1. Background diabetic retinopathy. (Photo courtesy of Neil Bressler.)
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Fig. 2. Proliferative diabetic retinopathy. (Photo courtesy of Neil Bressler.)

Table 2
Diabetic Retinopathy Disease Severity Scale

Proposed disease severity level Findings observable on dilated ophthalmoscopy

No apparent retinopathy No abnormalities
Mild nonproliferative diabetic retinopathy Microaneurysms only
Moderate nonproliferative diabetic retinopathy More than just microaneurysms but less than

severe nonproliferative diabetic retinopathy
Severe nonproliferative diabetic retinopathy Any of the following: more than 20 intraretinal

hemorrhages in each of 4 quadrants; definite
venous beading in 2+ quadrants; prominent
intraretinal microvascular abnormalities in
1+ quadrants and no sign of proliferative
retinopathy

Proliferative diabetic retinopathy One or more of the following:
neovascularization, vitreous/preretinal
hemorrhage

Reprinted from ref. 57, with permission of the American Academy of Ophthalmology.
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mechanisms has been conclusively demonstrated, and therapeutic approaches that include
aldose reductase inhibitors, aspirin, antioxidants, aminoguanidine, hypophysectomy,
growth hormone-receptor blockers, and other modalities have not been successful. Some
of the proposed biological mechanisms overlap, particularly those that involve ROS,
inflammation, and the potent angiogenesis factor, VEGF.

The VEGF family of growth factors includes VEGF-A, VEGF-B, VEGF-C, VEGF-D,
placenta growth factor, and the viral VEGF homolog VEGF-E (61). VEGF-A, the most
well studied of these factors, plays a role in increased vascular permeability and angio-
genesis. VEGF-A is secreted by retinal pigment epithelial cells on the side facing the
choriocapillaris (62) and by Müller cells (63). Expression of VEGF-A is upregulated by
hypoxia and the transcription factor hypoxia-inducible factor (HIF)-1α, which binds to
the VEGF-A promoter and induces transcription (64). Nuclear factor (NF)-κB, a transcrip-
tion factor that is induced by redox balance (65), also plays a role in the expression of
VEGF (66). Thus, ROS may upregulate VEGF expression by retinal cells such as Müller
cells and retinal pigment epithelium, leading to proliferation of new blood vessels in the
retina (Fig. 3) (59). PEDF is a potent angiogenic inhibitor and anti-inflammatory factor
that appears to have a reciprocal relationship with VEGF (67). Elevated levels of VEGF-
A have been described in the ocular fluids of patients with diabetic retinopathy (59,68),
as well as higher levels of advanced glycation end products (AGEs), lower total antioxi-
dant status (69), and higher lipid peroxidation (70). AGEs can be generated by the non-
enzymatic reaction of glucose and free amino acid reactive groups of proteins (71). Higher
levels of markers for oxidative stress have been found in subretinal fluid from patients with
diabetic retinopathy (72). NF-κB is also a key transcriptional factor in the upregulation
of interleukin (IL)-6, and VEGF concentrations in aqueous and vitreous humor were sig-
nificantly correlated with IL-6 levels in the aqueous and vitreous of patients with diabetic
retinopathy (ρ = 0.793 and ρ = 0.737, respectively) (73).

Table 3
Diabetic Macular Edema Disease Severity Scale

Proposed disease severity level Findings observable on dilated ophthalmoscopy

Diabetic macular edema apparently absent No apparent retinal thickening or hard
exudates in posterior pole

Diabetic macular edema apparently present Some apparent retinal thickening or hard
exudates in posterior pole

If macular edema is present, it can be
categorized as:

Mild diabetic macular edema Some retinal thickening or hard exudates in
posterior pole but distant from the center
of the macula

Moderate diabetic macular edema Retinal thickening or hard exudates
approaching the center of the macula but
not involving the center

Severe diabetic macular edema Retinal thickening or hard exudates involving
the center of the macula

Reprinted from ref. 57, with permission of the American Academy of Ophthalmology.
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5.2. Systemic Diabetes Mellitus
Hyperglycemia is known to result in the generation of reactive oxygen and nitrogen

species. Joseph Evans and colleagues have proposed that hyperglycemia and free fatty
acid-induced activation of NF-κB and other oxidative stress-sensitive pathways play a
role in the complications of diabetes (Fig. 4) (74). Obesity, a sedentary lifestyle, and a poor
quality diet can increase reactive oxygen and nitrogen species, as reviewed in Chapter 10.
According to this unifying hypothesis, hyperglycemia can lead to mitochrondrial dys-
function, with the increased production of ROS. NF-κB and other stress-induced signal-
ing pathways, such as p38 mitogen-activated protein kinase (MAPK) and NH2-terminal
Jun kinases (JNKs)/stress-activated protein kinases (SAPKs) are activated by ROS. These
transcription factors are involved in the upregulation of inflammatory cytokines and VEGF
(74). The sorbitol stress pathway and AGEs also contribute to diabetic complications.
Thus, antioxidants are proposed as possible therapeutic interventions to prevent the com-
plications of diabetes (74). The hypothetical model for the pathogenesis of diabetic com-
plications is fairly consistent with the pathogenic mechanisms described under Subheading
5.1. for diabetic retinopathy.

6. TREATMENT

The main modalities for treatment of diabetic retinopathy are retinal laser photoco-
agulation and vitrectomy (58). Focal laser treatment is used for diabetic retinopathy in
the presence of cystoid macular edema. Panretinal photocoagulation is used for high risk
proliferative diabetic retinopathy. The use of panretinal photocoagulation is often con-
sidered in relation to other factors such as rate of progression, compliance, pregnancy,

Fig. 4. Proposed general theory for pathophysiology of diabetes involving oxidative stress. (Reprinted
from ref. 74. Copyright © 2002, The Endocrine Society.)
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impending cataract surgery, and presence of type 1 or type 2 diabetes. Vitrectomy is used
for treatment of nonclearing vitreous hemorrhage, traction retinal detachments, and active
progressive proliferative diabetic retinopathy, and in some cases, refractory macular
edema (2). Experimental therapies undergoing evaluation for diabetic retinopathy include
protein kinase C inhibitors, anti-VEGF agents, and corticosteroids (2,75).

7. PREVENTION

7.1. Prevention of Diabetic Retinopathy in Diabetics
An important long-term approach for the prevention of diabetes and visual loss and

blindness due to diabetic retinopathy is the permanent adoption of lifestyle and dietary
changes that prevent overweight and obesity, as presented and discussed in Chapter 4 or
that prevent the development of diabetes among high risk individuals. Many patients who
are referred to ophthalmological clinics for management and treatment of diabetic retinop-
athy have already had longstanding diabetes.

7.2 Prevention of Diabetes in People at High Risk
Major lifesyles changes can reduce the incidence of diabetes in people at high risk. A

large, randomized clinical trial involving 3234 nondiabetic persons with elevated fasting
and postload plasma glucose concentrations has shown that the incidence of diabetes can
be prevented with lifestyle changes (76). The adoption of healthy low-calorie, low-fat
diet (following the Food Guide Pyramid [77] and equivalent of a National Cholesterol
Education Program Step 1 diet [78]) and moderate exercise can reduce the incidence of
type 2 diabetes by nearly 60% (Fig. 5) (76). In a study of 522 middle-aged, overweight
subjects (172 men and 350 women) with impaired glucose tolerance, subjects were ran-
domized to individualized counseling aimed at reducing weight, total intake of fat, and
intake of saturated fat, accompanied by increasing fiber intake and physical activity (79).
At the end of 1 yr, the mean (SD) loss of weight in the intervention and control groups
were 4.2 (5.1) kg vs 0.8 (3.7) kg (p < 0.001), and at the end of 2 yr the respective loss of

Fig. 5. Cumulative incidence of diabetes by study group in the Diabetes Prevention Program Research
Group trial. (Reprinted from ref. 76. Copyright © 2002, Massachusetts Medical Society. All rights
reserved.)
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weight was 3.5 (5.5) kg vs 0.8 (4.4) kg (p < 0.001). The cumulative incidence of diabetes
was 11% in the intervention group and 23% in the control group by the end of 4 yr (Fig. 6).
Changes in lifestyle reduced the incidence of diabetes by 58% (p < 0.001) (79). Among
patients with diabetes, the most effective preventive measure is glycemic control, as noted
under Subheading 2.2.2. Blood pressure control may help to reduce the risk or progression
of diabetic retinopathy, and further trials are being conducted to address this issue (2).

8. CONCLUSIONS

Diabetic retinopathy is a leading cause of visual loss and blindness. A consistent rela-
tionship has not been demonstrated between single nutrients and diabetic retinopathy. A
healthy dietary pattern characterized by high fruit and vegetable intake appears to be pro-
tective against diabetic retinopathy, but causality has not been demonstrated by random-
ized controlled trials. Certain lifestyle patterns, such as poor dietary quality and lack of
physical activity, are factors that contribute to an increased risk of overweight, obesity,
and diabetes. Ultimately, the long-term strategy for the prevention of diabetic retinopathy
should be aimed at preventing obesity and overweight, and this is one of the major chal-
lenges in the area of nutrition and ophthalmology.

Fig. 6. Proportion of subjects without diabetes during trial. Vertical bars show 95% confidence inter-
val for the cumulative probability of remaining free of diabetes. (Reprinted from ref. 79. Copyright
© 2001, Massachusetts Medical Society. All rights reserved.)
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6 Retinal Vascular Disease

1. INTRODUCTION

Nutritional factors are important risk factors for coronary artery disease, cerebrovas-
cular disease, and peripheral vascular disease, and recently, the role of nutritional factors
in the pathogenesis of retinal vascular disease has gained increasing attention. In the last
two decades, clinical investigation has established that hyperhomocysteinemia is a major
risk factor for vascular disease, including retinal vascular disease. Hyperhomocystein-
emia can largely be treated or prevented by improving folate, vitamin B12, and vitamin B6

intake through dietary modification, fortification, or supplementation. Other nutritional
problems, such as disorders of iron metabolism, anorexia nervosa, and lipid abnormali-
ties are also presented in this chapter in relationship to retinal vascular disease and other
ocular abnormalities. The relationship of nutritional factors to diabetic retinopathy is cov-
ered in Chapter 5, and the association of age-related macular degeneration and cardio-
vascular disease is discussed separately in Chapter 3.

2. HYPERHOMOCYSTEINEMIA

2.1. Historical Background
In 1969, the pathologist Kilmer McCully observed that a child with elevated plasma

homocysteine who died with homocystinuria had vascular lesions that were similar to those
found in older adults with arteriosclerosis (1). McCully noted: “the metabolic effects of
homocysteine that lead to arterial damage are obscure, and the observations presented in
this report suggest a promising area for future research in the pathogenesis of arterioscle-
rosis” (1). The homocysteine theory of arteriosclerosis was further refined in 1975, when
arteriosclerotic plaques were found in the aorta and arteries of rabbits that were admin-
istered homocysteine, methionine, or homocysteic acid, both parenterally and in a syn-
thetic diet (2). The distribution and features of the lesions produced by sulfur amino acids
were similar to those found in human arteriosclerosis (2). In 1976, patients with coronary
artery disease were found to have higher concentrations of homocysteine-cysteine mixed
disulfide than controls after a methionine load, providing further support for the idea that
elevated homocysteine is related to vascular disease (3). The hypothesis that homocysteine
is involved in the pathogenesis of arteriosclerosis has been confirmed in many studies over
the last two decades.

2.2. Homocysteine Metabolism
Homocysteine is a sulfur amino acid that is derived from the essential sulfur amino

acid, methionine. Methionine is found in dietary proteins, and under normal conditions,
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methionine is metabolized to homocysteine, and homocysteine may be metabolized via
two different pathways back to methionine, or further metabolized to cystathionine and
cysteine (Fig. 1). Excess homocysteine is metabolized to homocystine and excreted in
the urine. In the metabolism of homocysteine, folate, vitamin B6, and vitamin B12, play
important roles as coenzymes, thus, a deficiency of any of these B complex vitamins can
influence plasma homocysteine concentrations. Vitamin B6 is a coenzyme in the trans-
sulfuration of homocysteine to cysteine. Folate and vitamin B12 are coenzymes for N-5-
methyltetrahydrofolate: homocysteine methyltransferase in the remethylation of homo-
cysteine to methionine. Homocysteine is also remethylated to methionine via betaine:
homocysteine methyltransferase. In the plasma, homocysteine exists in different forms:
(1) as homocysteine bound to plasma proteins, primarily albumin (~80%), as homocystine
(two homocysteine molecules linked together) and as cysteine-homocysteine (~15%), and
as free reduced homocysteine (~5%). Total homocysteine, sometimes abbreviated as
tHcy, refers to the sum of these three forms of homocysteine.

Hyperhomocysteinemia is defined as a sustained elevation above normal of homocys-
teine and closely related analogs (homocystine, cysteine-homocysteine) in plasma or
serum (5). Homocysteine regulation can be disturbed by inadequate status of the three
B vitamins that are involved in the balance of homocysteine and methionine. Because of
the close relationship between homocysteine metabolism and folate, vitamin B6, and vita-
min B12 status, plasma homocysteine concentrations are also used as markers for deficien-

Fig. 1. Relationship between methionine and homocysteine.
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cies of these B complex vitamins (5). There are other factors that can alter homocysteine
metabolism and cause hyperhomocysteinemia, including inborn errors of metabolism,
such as cystathionine β-synthase deficiency, methionine synthase deficiency, transco-
balamin II deficiency, chronic renal disease, hypothyroidism, and some drugs (Table 1).
Homocystinuria due to cystathionine β-synthase deficiency is presented elsewhere in
Chapter 12.

Homocysteine appears to inhibit several different anticoagulant systems, such as the
protein C anticoagulant pathway, antithrombin III, human umbilical vein endothelial cells
ecto-ADPase, and endothelial cell tissue plasminogen activator (6). Disruption of these
vessel wall-related anticoagulant systems by homocysteine may potentially account for
the increased thrombosis that occurs with hyperhomocysteinemia.

2.3. Relationship Between Folate Status and Homocysteine
An inverse relationship has generally been found between folate concentrations and

total homocysteine concentrations in serum or plasma. An inverse relationship between
serum folate and total homocysteine concentrations was described in 1987 by Kang and
colleagues (7). Subjects with subnormal serum folate concentrations had more than a 1.65
higher concentration of serum total homocysteine than those with normal serum folate
concentrations. An inverse correlation was also found between low serum vitamin B12

concentrations and serum total homocysteine when those with serum folate >18 ng/mL

Table 1
Causes of Hyperhomocysteinemia

A. Inherited defects
1. Enzyme deficiencies

a. Cystathionine β-synthase
b. Methylenetetrahydrofolate reductase
c. Methionine synthase
d. Cobalamin coenzyme synthesis

2. Transport defects
a. Transcobalamin II deficiency
b. Cobalamin lysosomal transporter

B. Acquired defects
1. Nutritional

a. Cobalamin (vitamin B12) deficiency
b. Folic acid deficiency
c. Pyridoxine (vitamin B6) deficiency

2. Metabolic
a. Chronic renal disease
b. Hypothyroidism

3. Drug-induced
a. Methotrexate and other folate antagonists
b. Nitrous oxide and other cobalamin antagonists
c. Azaribine and other pyridoxine antagonists
d. Estrogen antagonists

Reproduced from ref. 4, with permission of Routledge/Taylor
& Francis Group, LLC.
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were excluded (7). Elevated serum total homocysteine was described in 18 of 19 patients
with folate deficiency (8). A significant inverse relationship was found between plasma
folate and plasma homocysteine concentrations among men with and without coronary
artery disease (9). Suboptimal folate status was found in 59.1% of men with hyperhomo-
cysteinemia (10). Studies in the Framingham Heart Study cohort also showed that plasma
homocysteine was inversely correlated with plasma folate concentrations (11).

Randomized clinical trials have shown that folic acid supplementation will reduce
serum or plasma total homocysteine concentrations (12–14). In a randomized controlled
clinical trial of folate supplementation, 500 μg per day, 500 μg every other day, or placebo,
total homocysteine concentrations decreased among women taking either dose of folate
compared with placebo (14) (Fig. 2). Meta-analysis of twelve randomized clinical trials

Fig. 2. Impact of folate supplementation on total homocysteine concentrations among women. Mean
plasma total homocysteine (tHcy) concentrations during 4 wk of folic acid supplementation and 4 and
8 wk after the end of the intervention period in 144 healthy, nonpregnant women, by intervention
group. (Reproduced from ref. 14, with permission of American Journal of Clinical Nutrition. Copy-
right © Am J Clin Nutr. American Society for Nutrition.)
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of folic acid showed that folic acid supplementation lowered blood homocysteine con-
centrations, and greater effects of folic acid were noted when subjects started out with
lower folate concentrations or higher blood homocysteine concentrations before treat-
ment (15) (Fig. 3). Dietary folic acid reduced blood homocysteine concentrations by 25%
(95% confidence interval [CI], 23–28%), and the effect of folic acid was similar for doses
from 0.5 to 5 mg per day. In a placebo-controlled, dose ranging study, the effect of low
dose folic acid on plasma homocysteine concentrations was examined in 95 patients with
documented coronary artery disease (16). The doses consisted of 400 μg, 1 mg, or 5 mg
of folate or placebo for 3 mo, in addition to vitamin B12 and vitamin B6. A similar decrease
in homocysteine concentrations was found in all three folate treatment groups, and there
was no change in the placebo group (16).

In 1996, the Food and Drug Administration issued a regulation that required all enriched
flour, rice, pasta, cereal and other grain products to be fortified with folic acid (140 μg per
100 g) in order to reduce the risk of neural tube defects in newborns. Plasma folate and
total homocysteine concentrations were compared in archived samples from the Fram-
ingham Offspring Study cohort between subjects who were seen before and after manda-
tory folic acid fortification went into effect. Between these two periods, among those who
did not take vitamin supplements, the prevalence of high homocysteine concentrations
(>13 μmol/L) decreased significantly from 18.7 to 9.8%, and prevalence of low plasma
folate concentrations significantly decreased from 22.0 to 1.7% (17).

2.4. Relationship Between Vitamin B6 Status and Homocysteine
Vitamin B6 serves as a coenzyme in the transsulfuration of homocysteine to cysteine,

but clinical studies suggest that the relationship between plasma total homocysteine

Fig. 3. Reductions in blood homocysteine concentrations with folic acid supplements, stratified by
pretreatment blood concentrations of homocysteine, folate, and vitamin B12. (Reproduced from ref.
15, with permission of BMJ Publishing Group.)
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concentrations and vitamin B6 is not as strong as that between plasma total homocysteine
and folate or vitamin B12, respectively. Administration of vitamin B6 (pyridoxine) has
been shown to improve the response to the methionine loading test among subjects with
vascular disease and elevated total homocysteine concentrations (18).

2.5. Relationship Between Vitamin B12 Status and Homocysteine
Plasma or serum total homocysteine concentrations are usually elevated among patients

with vitamin B12 deficiency (19). Asymptomatic vitamin B12-deficient subjects had higher
total plasma homocysteine concentrations compared with controls (23.8 vs 11.5 μmol/L,
respectively p < 0.0001) (20). Plasma total homocysteine concentrations returned to nor-
mal after administration of hydroxycobalamin to vitamin B12-deficient subjects (20).
The relationship between total homocysteine and vitamin B12 deficiency is sufficiently
strong that total homocysteine concentrations may be useful in the diagnosis of cobala-
min deficiency (21), and elevated serum total homocysteine concentrations may facili-
tate the diagnosis of cobalamin deficiency among individuals who have cobalamin defi-
ciency with normal serum cobalamin concentrations (22) or cobalamin deficiency without
anemia (23).

2.6. Epidemiology of Hyperhomocysteinemia
Plasma homocysteine concentrations are generally higher in men than women, and

mean concentrations increase with age (24) (Fig. 4). Among individuals receiving vitamin
supplements, the normal frequency distribution and reference range for plasma homocys-
teine concentrations has been predicted, with a 95% reference range for plasma homo-
cysteine of 4.9 to 11.7 μmol/L (25). In the third National Health and Nutrition Examina-
tion Survey (NHANES), age-adjusted geometric mean total homocysteine concentrations
among non-Hispanic men and women were 9.6 and 7.9 mmol/L, among non-Hispanic
black men and women were 9.8 and 8.2 mmol/L, and among Mexican-American men and
women were 9.4 and 7.4 mmol/L (24). The risk for hyperhomocysteinemia may need to
be reassessed, since mandatory folate enrichment was implemented in the United States
in 1996. Individuals who are carriers or heterozygotes for cystathionine β-synthase defi-
ciency can have slightly elevated plasma total homocysteine concentrations (26), which
may put them at higher risk for retinal vascular disease. The frequency of carriers is esti-
mated to be 1 of 200 in the US population. Other inborn errors of metabolism that may cause
hyperhomocysteinemia are relatively rare and include vitamin B12 defects (CbC, D, E,
F, G) and methylenetetrahydrofolate reductase deficiency (MTHFR). Recently, thermo-
labile variants of the enzyme MTHFR recently discovered, and 5% to 16% of individuals
may be homozygous for the enzyme and up to 50% may be heterozygous (27). MTHFR
polymorphism does not seem to be associated with increased risk of vascular disease
(28,29). Other factors that may influence plasma total homocysteine concentrations in-
clude medications such as fibrates, carbamazepine, phenytoin, methotrexate, and tri-
methoprim (30).

2.7. Hyperhomocysteinemia and Cardiovascular Disease
Elevated plasma or serum total homocysteine concentrations are associated with an

increased risk for cardiovascular disease. The number of studies that examined the rela-
tionship between homocysteine and cardiovascular disease has accelerated at a steep
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pace over the last two decades (31), and meta-analysis of over two dozen of these studies
suggests that 10% of the population risk for coronary artery disease is related to elevated
total homocysteine concentrations (32). Another recent meta-analysis suggests that lower
blood homocysteine concentrations are associated with a modest 11% lower risk for ische-
mic heart disease and 19% lower risk of stroke (33).

Subjects with coronary artery disease have been shown to have significantly higher
plasma or serum total homocystene concentrations than controls (9,34). A case-control
study from Great Britain showed that subjects who died with ischemic heart disease had
higher serum homocysteine levels than controls, 13.1 vs 11.8 μmol/L, respectively (35).

Fig. 4. Smoothed geometric mean serum homocysteine concentration by age group, sex, and race-
ethnicity in males (---) and females (—) in the third National Health and Nutrition Examination
Survey. (From ref. 24, with permission of the American Journal of Clinical Nutrition. Copyright ©
Am J Clin Nutr. American Society for Nutrition.)
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Higher plasma total homocysteine concentrations are associated with an increased risk
of myocardial infarction. In the Physicians’ Health Study, 271 of 14,916 male physicians
had a myocardial infarction during 5 yr of follow-up (36). A case control study showed
that those who had a myocardial infarction had significantly higher plasma homocys-
teine than matched controls (11.1 ± 4.0 vs 10.5 ± 2.9 μmol/L, respectively, p = 0.03).
Individuals with plasma homocysteine above the 95th percentile of the control distribu-
tion had a three-fold increased risk of myocardial infarction (36). A prospective study of
587 patients with angiographically confirmed coronary artery disease showed a graded
relationship between plasma homocysteine concentrations and subsequent mortality
(Fig. 5), and 3.8% of those with plasma homocysteine <9 μmol/L died vs 24.7% of those
with plasma homocysteine ≥15 μmol/L (37).

Other studies have shown relationships between serum folate concentrations and
myocardial infarction or risk of death from heart disease. In a case-control study of 130
patients hospitalized for their first myocardial infarction, mean plasma homocysteine
concentrations were higher in cases than controls, and plasma homocysteine was inver-

Fig. 5. Estimated survival among patients with coronary artery disease, according to plasma total
homocysteine levels. (Reprinted from ref. 37. Copyright © 1997, Massachusetts Medical Society. All
rights reserved.)
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sely correlated with plasma folate and vitamin B12 concentrations, but not with plasma
vitamin B6 (38). Adults with decreased serum folate concentrations had an increased risk
of death from fatal coronary heart disease in the Nutrition Canada Survey (39). In another
study from the Physicians’ Health Study, risk of acute myocardial infarction or death from
coronary artery disease was associated with folate and vitamin B6 concentrations (40).
Men with the lowest 20% of folate levels (<2.0 ng/mL) had a relative risk of 1.4 (95%
CI 0.9–2.3) for acute myocardial infarction or death due to coronary artery disease com-
pared with those in the top 80%. For those the lowest 20% compared with top 80% of
vitamin B6, the relative risk was 1.5 (95% CI 1.0–2.2) (40).

2.8. Hyperhomocysteinemia and Peripheral Vascular Disease
Elevated plasma or serum total homocyteine concentrations have been associated with

an increased risk for venous and recurrent thrombotic disease in many different studies,
as reviewed elsewhere (41). In a case control study of 185 patients with history of re-
current venous thrombosis and 220 controls, homocysteine concentrations were measured
after oral methionine loading (42). Hyperhomocysteinemia was defined as >90th percen-
tile of homocysteine concentration post-methionine dose in the controls. Of 185 patients
with recurrent thrombosis, 25% had fasting homocysteine concentrations above the 90th
percentile of the controls (odds ratio [OR] 3.1, 95% CI 1.8–5.5) (42). In the Leiden Throm-
bophilia Study, plasma homocysteine concentrations were higher among 269 patients
with a first episode of deep venous thrombosis compared with 269 healthy controls matched
by age and sex (43). 10% of cases and 4.8% of controls had homocysteine >18.5 μmol/L
(OR 2.5, 95% CI 1.2–5.2).

2.9. Hyperhomocysteinemia and Cerebrovascular Disease
Hyperhomocysteinemia is associated with increased carotid artery intimal-medial wall

thickening (44) and increased risk of stroke (45). In a study from the United Kingdom,
serum was collected from 5661 men, aged 40–59 yr, who were randomly selected from
population of one general practice in each of 18 towns. During follow-up, there were 141
incident cases of stroke among those with no history of stroke at screening. Serum total
homocysteine was determined in 107 cases and 118 control men. Total homocysteine con-
centrations were 13.7 vs 11.9 μmol/L (p = 0.004) in cases and controls. The relative risk
of stroke increased in a dose-response fashion from the 2nd, 3rd, and 4th quartiles of the
homocysteine distribution, relative to the first. The relationship between homocysteine
and stroke was strong, even after adjusting for other factors such as cigarette smoking,
hypertension, and high-density lipoprotein (HDL) cholesterol (45).

Both elevated plasma homocysteine concentrations and low plasma folate or vitamin
B6 concentrations were associated with increased risk of stroke, peripheral vascular dis-
ease, and coronary artery disease (46). In a case control study conducted in nine European
countries, 750 cases of atherosclerotic vascular disease were matched with 800 controls
(47). The relative risk for vascular disease in the top fifth compared with the bottom four
fifths of the control fasting total homocysteine distribution was 2.2 (95% CI 1.6–2.9) (47).

2.10. Hyperhomocysteinemia and Retinal Vascular Disease
Hyperhomocysteinemia is associated with retinal vascular disease, including central

retinal vein occlusion, branch retinal vein occlusion, and central retinal artery occlusion.
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Prior to more widespread recognition of hyperhomocysteinemia as a risk factor for retinal
vascular disease, epidemiological studies showed that risk factors for retinal vein occlusion
included hypertension, diabetes mellitus, ischemic heart disease, and cerebrovascular dis-
ease (48). In a study from the Wilmer Institute, 197 patients with central retinal vein occlu-
sion were compared with National Health Interview Survey patients, and diabetes mellitus
and hypertension were risk factors for central retinal vein occlusion (49). The Eye Disease
Case-Control Study Group investigated 270 patients with branch retinal vein occlusion
and 1142 control patients, and risk factors for branch retinal vein occlusion included a
history of hypertension, glaucoma, increased body mass index at 20 yr of age, and higher
serum levels of α2-globulin (50). Risk factors for hemiretinal vein occlusion included
hypertension and diabetes mellitus (51). In the Blue Mountains Eye Study, glaucoma,
hypertension, history of stroke, and history of angina were associated with retinal vein
occlusion (52). Diabetes mellitus, glaucoma, and hypertension have also been identified
as risk factors for retinal vein occlusions in another case-control study (53). Increased
blood viscosity has been identified as a risk factor for central retinal vein occlusion (54,
55), and other potential risk factors have been discussed elsewhere (56,57).

An association between homocystinuria and retinal artery occlusions has appeared in
case reports. Bilateral central retinal vein occlusions were described in a 6-yr-old child
with homocystinuria (58), and early reports of optic atrophy and sclerotic arteries in homo-
cystinuria may have been late findings related to retinal artery occlusion (59,60). In a case
report, a 24-yr-old man developed bilateral central retinal vein occlusions, and plasma
homocysteine concentrations were found to be 26.2 μmol/L (61). Retinal vein occlusions
as reported in series of children and young adults (62,63) may have included cases of
unrecognized hyperhomocystinuria. Elevated homocysteine was found in a 33-yr-old
man with central retinal vein occlusion who had no vascular risk factors except cigarette
smoking (64).

In a study of 19 patients under the age of 50 yr who had retinal vein occlusion or retinal
artery occlusion, 4 of 19 patients had elevated homocysteine concentrations after meth-
ionine loading test, leading the investigators to conclude that hyperhomocysteinemia
was associated with increased risk of premature retinal artery and retinal vein occlusions
(65). In a case-control study, 74 patients with central retinal vein occlusion were found to
have plasma homocysteine concentrations of 11.58 μmol/L compared with 9.49 μmol/L in
controls (66). Plasma homocysteine concentrations were studied in 74 cases with non-
arteritic anterior ischemic optic neuropathy, central retinal vein occlusion, and central
retinal artery occlusion and 81 controls, and significantly elevated plasma homocysteine
concentrations were found among the cases with retinal vascular disease (67). Elevated
plasma homocysteine was associated with nonarteritic ischemic optic neuropathy in two
younger adults without diabetes (68). In a case-control study, 87 cases of central retinal
vein occlusion, hemiretinal vein occlusion, branch retinal vein occlusion, or central retinal
artery occlusion were matched with 87 controls (69). Mean plasma homocysteine con-
centrations were significantly higher in all disease groups compared with controls, and
when adjusted for other factors, OR, 2.85, 95% CI 1.43–5.68. Mean plasma homocysteine
in cases and controls was 12.9 vs 10.7 μmol/L (p < 0.0001) (69). Although the homozy-
gous genotype for the thermolabile methylenetetrahydrofolate reductase enzyme (TT geno-
type) has been associated with vascular occlusive disease, in a recent case-control study,
the TT genotype was not associated with increased risk of retinal vascular disease (70).
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In contrast, a study from Israel of 59 patients with retinal vein occlusion showed a signif-
icant association between the TT genotype and retinal vein occlusion (71).

2.11. Prevention of Hyperhomocysteinemia
Several studies have shown that serum or plasma total homocysteine concentrations

can be reduced to normal following folate supplementation (14,15,72) or a combination of
folate and other B vitamin supplements (73). There may be a potential benefit of reducing
13,500 to 50,000 deaths from coronary artery disease annually by increasing the intake of
folic acid (32). Clinical trials are currently in progress to examine the effects of B vitamin
supplementation on risk of recurrent stroke or death from cardiovascular disease (74–76).

3. DISORDERS OF IRON METABOLISM

Although iron deficiency and iron deficiency anemia are extremely common, there have
only been isolated case reports where severe iron deficiency has been associated with reti-
nal vascular disease. Excess iron stores have been implicated in the pathogenesis of the reti-
nopathy of prematurity.

3.1. Iron Deficiency
Iron is essential for oxygen and energy metabolism and is a constituent of hemoglobin,

myoglobin, cytochromes, and other iron-containing enzymes. Iron deficiency is the most
common micronutrient deficiency worldwide, affecting a large proportion of children and
women in both developed and low income countries. Iron deficiency may potentially con-
tribute to retinal vascular disease through anemia and compromised oxygen delivery to
the retina, but such a biological mechanism has not been well elucidated.

3.1.1. BIOCHEMISTRY OF IRON

Iron is element 26 in the periodic table and has an atomic weight of 55.85. Iron exists
in two oxidation states in aqueous solution, either Fe2+, the ferrous form, or Fe3+, the ferric
form. Iron can change between these forms, enabling it to serve as a catalyst in redox reac-
tions by donating or accepting electrons. Iron-containing compounds play key roles in
oxygen and energy metabolism. The role of iron in oxidative stress is presented in further
detail under Subheading 3.2.1.

3.1.2. DIETARY SOURCES OF IRON

Foods that are rich in iron include liver, beef, veal, fish, eggs, soybeans, broccoli, green
beans, and pasta. The absorption of iron depends on factors which include overall iron
status, the mixture of foods in the meal, and the presence of vitamin C. From an economic
standpoint, animal foods that contain heme iron tend to be more expensive and may be
a barrier to obtaining iron-rich sources of food in low income situations.

3.1.3. ABSORPTION, STORAGE, AND METABOLISM OF IRON

Foods that contain iron are absorbed via two different pathways, one for heme iron found
in animal products, and the second for absorption of non-heme iron, mostly iron salts, that
are found in dairy products and plant foods. The bioavailability of heme iron in foods of
animal origin is higher than that for iron from foods of vegetable origin. The absorption
of iron in the upper intestine is regulated by the body’s need for iron, and the iron content



268 Handbook of Nutrition and Ophthalmology

of the body is highly conserved. Factors that enhance the absorption of dietary iron include
vitamin C. Phytates and polyphenols in plant foods can inhibit the absorption of dietary
iron. Iron is taken up by duodenal enterocytes and transferred into the plasma in the form
of bilirubin and iron transported by transferrin. About two-thirds of the total iron of the
human body is found in the form of hemoglobin in circulating erythrocytes, with the re-
mainder in liver stores and in myoglobin in muscle tissue.

3.1.4. FUNCTIONS

Hemoglobin, myoglobin, and cytochromes contain a heme protein, or iron-porphyrin
prosthetic group, that bind iron in the center of a porphyrin ring. Hemoglobin combines
with oxygen in the pulmonary circulation and becomes largely deoxygenated in the capil-
lary circulation, where it delivers oxygen to tissues. In severe anemia, the hemoglobin
content of erythrocytes is reduced, decreasing oxygen delivery to tissues and leading to
chronic tissue hypoxia. Myoglobin in muscle transports and stores oxygen needed for
muscular contraction. Cytochromes a, b, and c are involved in oxidative phosphorylation
and the production of cellular energy. Cytochromes serve as electron carriers in transform-
ing adenosine disphosphate (ADP) to adenosine triphosphate (ATP), the primary energy
storage compound. Cytochrome P450 is found in microsomal membranes of liver and
intestinal mucosal cells. Other non-heme, iron-containing enzymes include NADH dehy-
drogenase and succinate dehydrogenase, hydrogen peroxidases, catalase, peroxidase, aco-
nitase, phosphoenolpyruvate carboxykinase, and ribonucleotide reductase.

3.1.5. REQUIREMENTS FOR IRON

The Food and Nutrition Board of the Institute of Medicine has made new recommen-
dations for iron intake by life stage and gender group (77) (Table 2). The Adequate Intake

Table 2
Dietary Reference Intakes for Iron (mg/d)

Age and Gender Category AI EAR RDA

Infants, 0–6 mo 0.27 – –
Infants, 7–12 mo 6.9 – 11.0
Children, 1–3 yr – 3.0 7.0
Children, 4–8 yr – 4.1 10.0
Boys, 9–13 yr – 5.9 8.0
Girls, 9–13 yr – 5.7 8.0
Boys, 14–18 yr – 7.7 11.0
Girls, 14–18 yr – 7.9 15.0
Adult men ≥19 yr – 6.0 8.0
Adult women, 19–50 yr – 8.1 18.0
Adult women >50 yr – 5.0 8.0
Pregnant women, 14–18 yr – 23.0 27.0
Pregnant women, 19–50 yr – 22.0 27.0
Lactating women, 14–18 yr – 7.0 10.0
Lactating women, 19–50 yr – 6.5 9.0

AI, Adequate Intake; EAR, Estimated Average Requirement; RDA, Recommended
Dietary Allowance. Based on ref. 77.
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(AI) is the recommended level of intake for infants. The Estimated Average Requirement
(EAR) is the daily intake value that is estimated to meet the requirement of half the healthy
individuals in a group. The Recommended Dietary Allowance (RDA) is defined as the
EAR plus twice the coefficient of variation (CV) to cover 97–98% of individuals in any
particular group.

3.1.6. EPIDEMIOLOGY OF IRON DEFICIENCY

Iron deficiency is the most common nutritional deficiency worldwide, affecting half
of children and women and a quarter of men in developing countries (78) and 7–12% of
children and women in industrialized countries (79,80). In the United States, iron defi-
ciency remains a major problem of women. Among women aged 20–49 yr in NHANES III
(1988–1994), iron deficiency and iron deficiency anemia were found in 11% and 5% of
women, respectively (81). These data, which used a conservative estimate for iron defi-
ciency, suggest that at least 7.8 million women of childbearing age have iron deficiency
and 3.3 million have iron deficiency anemia in the United States (81). There is a common,
erroneous perception that iron deficiency and iron deficiency anemia are no longer impor-
tant nutritional problems in the United States, but the prevalence rates for iron deficiency
and iron deficiency anemia have not changed in the last 30 yr and may actually be increas-
ing (82). Low income and minority women of childbearing age are the highest risk group
for iron deficiency in the United States (81).

3.1.7. ASSESSMENT OF IRON STATUS

Iron deficiency is often diagnosed using laboratory indicators such as serum or plasma
ferritin, total iron-binding capacity, transferrin saturation, erythrocyte protoporphyrin,
serum or plasma transferrin receptor, and red cell indices (5,83). Use of these laboratory
indicators have been described in detail elsewhere (5,83) and can be briefly summarized
as follows. A serum or plasma ferritin <12 μg/L is considered to be consistent with iron
deficiency among individuals >15 yr of age. Ferritin is a positive acute phase reactant,
thus, in the presence of inflammation or infection, ferritin concentrations can be elevated
in the presence of iron deficiency. Thus, serum or plasma ferritin should be considered as
a conservative indicator of iron deficiency. Recent data suggest that a cut-off of 30 μg/L
may be more appropriate for defining iron deficiency in adults (84–87). Among adults,
a transferrin saturation <16%, total iron-binding capacity >400 μg/dL, erythrocyte proto-
porphyrin >70 μg/dL, and serum transferrin receptor >8.5 mg/L, have been used, separately
or in combination, to define iron deficiency (5). Many of these indicators can also be
affected by infection or inflammation. Red cell indices showing a microcytic, hypochromic
anemia are consistent with iron deficiency. Iron deficiency anemia is usually defined as
anemia in combination with one or more iron status indicators that are consistent with iron
deficiency. According to World Health Organization criteria for the diagnosis of anemia,
the cut-off points for hemoglobin are as follows: children aged 6 mo–6 yr, <110 g/L; chil-
dren aged 6–14 yr, <120 g/L; adult males, <130 g/L; adult females, nonpregnant, <120
g/L; and adult females, pregnant, <110 g/L (5).

3.1.8. CLINICAL MANIFESTATIONS OF IRON DEFICIENCY

The main manifestation of iron deficiency is anemia, and anemia may cause fatigue,
reduced work capacity, and reduced capacity for thermoregulation in cold environments.
Among pregnant women, iron deficiency anemia has been associated with low birth weight,
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prematurity, and increased fetal death. Iron deficiency in children is associated with im-
paired psychomotor and cognitive development and behavioral abnormalities. Nonspeci-
fic symptoms and signs of iron deficiency anemia include shortness of breath and pallor.
Conjunctival pallor, especially in the cul-de-sacs, is a nonspecific ocular sign of severe
iron deficiency.

3.1.9. RETINAL VASCULAR DISEASE ASSOCIATED WITH IRON DEFICIENCY ANEMIA

Severe iron deficiency anemia may compromise oxygen delivery to the retina, and there
have been occasional case reports of iron deficiency anemia associated with background
retinopathy, venous stasis retinopathy, central retinal artery occlusion, central retinal vein
occlusion, and non-arteritic ischemic optic neuropathy. Chronic severe iron deficiency
anemia has been associated with retinal hemorrhages and cotton wool spots (88), and there
do not appear to be differences in the retinopathy associated with iron deficiency versus the
anemia of chronic disease (89). Central retinal vein occlusion was reported in a 44-yr-
old woman who presented with blurred vision, dyspnea, and a hemoglobin concentration
of 62 g/L (90). Venous stasis retinopathy was described in a 36-yr-old woman who pre-
sented with acute onset of blurred vision in one eye, a microcytic, hypochromic anemia,
and a hemoglobin concentration of 72 g/L (91). The patient had a 1-yr history of heavy
menstrual flow in which she would typically use 20 pads per day for 5 d. The venous stasis
retinopathy improved rapidly after blood transfusion, and further investigation showed
that her menorrhagia was due to a large leiomyoma (91). A partial central retinal artery
occlusion was described in a 13-yr-old girl with iron deficiency anemia (92). Central
retinal vein occlusion was reported in a 37-yr-old woman with iron deficiency anemia
and hemoglobin concentration of 94 g/L (93). The patient had no history of glaucoma,
cardiovascular disease, hyperlipidemia, diabetes mellitus, cigarette smoking, intravenous
drug use, oral contraceptive use, or use of any other medication. The patient was treated
with oral ferrous sulfate and fibrinolytic therapy. By 2 wk, her vision had improved to
20/20 and had remained stable (93). Nonarteric ischemic optic neuropathy was reported
in a 50-yr-old woman with hypermenorrhea, serum ferritin <5 μg/L, and hemoglobin con-
centration of 73 g/L (93). Severe iron deficiency anemia may also potentially accelerate
the course of diabetic retinopathy (94).

3.1.10. PAPILLEDEMA ASSOCIATED WITH IRON DEFICIENCY ANEMIA

There have been rare case reports of papilledema associated with iron deficiency anemia
(95–97). In one case report, a 42-yr-old man developed iron deficiency from bleeding
hemorrhoids and presented with iron deficiency anemia, papilledema, and severe thrombo-
cytosis (98). All three findings responded to treatment with oral iron supplementation (98).

3.2. Excess Iron Stores
Excess iron stores, or iron overload, is the opposite end of the spectrum and is less

common than iron deficiency. A recent study conducted among exclusively white, older
men and women living in the community of Framingham, Massachusetts showed that
elevated iron stores were found in 12.9% of the subjects, and iron overload was considered
more of a problem than iron deficiency among older white Americans (99). Although
iron overload, an excess of total body iron, has been linked with accelerated disease pro-
cesses (100), including heart disease (101), cancer (102), and diabetes (103), strong evi-
dence showing a definitive causal relationship is lacking.
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3.2.1. EXCESS IRON STORES AND RETINOPATHY OF PREMATURITY

Iron has been hypothesized to cause oxygen radical injury and increase the risk of reti-
nopathy of prematurity (104,105). Retinopathy of prematurity is a fibrovascular prolif-
eration of the retina found mainly in very premature infants. Premature infants may lack
effective antioxidant systems, which may allow greater damage to tissues from free radi-
cals. Much of the antioxidant activity of plasma is associated with two iron-associated
antioxidants, ceruloplasmin and transferrin (105). Ceruloplasmin catalyzes the oxidation
of ferrous to ferric iron, and apotransferrin serves as an antioxidant by binding ferric ions.
Preterm infants have low plasma concentrations of ceruloplasmin and transferrin and high
levels of transferrin saturation (106). Sullivan has hypothesized that retinopathy of prema-
turity is primarily a disorder of iron-associated antioxidant deficiency, thus, he termed the
condition the “oxygen radical disease of prematurity” (105). The capacity of the iron-
associated antioxidant system in premature infants may be unable to handle exogenous
iron, and oxygen radical injury may increase because of the role of iron in the formation
of highly reactive hydroxyl radical (•OH) from superoxide (O2

−), known as the Haber-
Weiss reaction:

O2
− + Fe3+ → O2 + Fe2+

2O2
− + 2H+ → O2 + H2O2

Fe2+ + H2O2 → Fe3+ + OH− + •OH

Several studies have been conducted to examine the hypothesis that iron status is related
to the retinopathy of prematurity. In a study of 184 very low-birthweight infants con-
ducted in two neonatal intensive care units in Liverpool, frequency of blood transfusion
and gestational age were independently associated with retinopathy of prematurity (107).
Two previous studies had suggested an association between blood transfusion and ret-
inopathy of prematurity in low-birthweight infants (108,109). In a prospective study
of 56 very low-birthweight infants, those who developed retinopathy of prematurity had
significantly high serum iron (OR, 1.90, 95% CI 1.06–3.90) and transferrin saturation
(OR 1.73, 95% CI 1.03–3.27) in the first week of life than those without retinopathy, after
controlling for potential confounding variables (110). An observational study involving
114 very low-birthweight infants showed that the relative risk of developing retinopathy
of prematurity was 6.4 (95% CI 1.2–33.4) for infants who received 16.45 mL/kg and 12.3
(95% CI 1.6–92.5) for infants who received >45 mL/kg of blood transfusion (111). Infants
who developed retinopathy of prematurity had significantly higher serum ferritin concen-
trations and lower transferrin concentrations than infants without retinopathy of prematur-
ity, but these differences were not significant after adjusting for transfusion volume (111).

In a study of 230 preterm infants who were randomly allocated to receive treatment with
recombinant human erythropoietin and iron (1 mg/kg/d intravenously from the second
to the fourth week, and then 12 mg/kg/d orally until the seventh week) or no treatment
(control), 43.8% of the treated group and 21.7% of the control group developed retinopathy
of prematurity (p = 0.0007) (112). There was a significant positive correlation between
serum ferritin concentrations at the second, fourth, and sixth week of treatment and the
severity of the retinopathy of prematurity. The investigators suggested that iron supple-
mentation increased retinal free iron and may have contributed to the oxidative injury to
retinal vessels (112).
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3.2.2. EXCESS IRON STORES AND MACULAR DEGENERATION

Aceruloplasminemia is a rare autosomal recessive disease that is associated with iron
overload. A mutation in the ceruloplasmin gene results in impaired iron export from sev-
eral tissues and the accumulation of iron in the retina, brain, and pancreas. In a case report
from Japan, a 56-yr-old man was found to have a retinal degeneration with yellowish dis-
coloration of the fundus and midperipheral retinal pigment epithelium cell atrophy (113).
Multiple subretinal yellowish-white lesions and retinal pigment epithelium cell atrophy
was described in a Caucasian man with aceruloplasminemia (114). Biopsy of the conjunc-
tival epithelium revealed Perls’ Prussian blue-positive epithelial cells, indicating tissue
iron overload.

4. ANOREXIA NERVOSA

Anorexia nervosa, a disorder characterized by self-imposed weight loss, endocrine dys-
function, and an altered view of eating and weight, usually in young women, has rarely been
associated with retinal vascular disease and cataracts in case reports. Anorexia nervosa
is similar to a state of semistarvation, and accompanying changes include elevated plasma
carotenoids, hypercholesterolemia, altered thyroid hormone and cateocholamine metab-
olism, amenorrhea, reduced libido, and constipation. Anorexia nervosa has been associated
with central retinal vein occlusion and cataracts. Whether these eye conditions are causally
related to anorexia nervosa or are chance associations is not clear. A 21-yr-old woman
with anorexia nervosa presented with central retinal vein occlusion and vision of 20/200
(115). In the year after the divorce of her parents, the patient lost 18 kg, and at presenta-
tion, her body mass index (weight/height2) was 16.1. She had severe iron deficiency anemia
with a hemoglobin concentration of 65 g/L. Following treatment with oral ferrous sulfate
and a high calorie and protein rich diet, the vision returned to 20/20 (115). Bilateral sub-
capsular cataracts have also been described in women with anorexia nervosa (116,117).
Anorexia nervosa has not been associated with ocular signs of vitamin A deficiency, despite
low levels of vitamin A intake (118).

5. HYPERLIPIDEMIAS AND LIPEMIA RETINALIS

Lipemia retinalis is a rare fundus abnormality that is associated with primary and secon-
dary hyperlipidemia. The condition is characterized by pale, creamy or milky white retinal
blood vessels and a salmon-colored fundus due to elevated triglycerides in the retinal and
choroidal circulation.

5.1. Hyperlipidemias
Lipemia retinalis has been described in different primary hyperlipidemias: Type I (exog-

enous hyperlipemia), Type III (remnant hyperlipidemia), Type IV (endogenous hyperlip-
emia), and Type V (mixed hyperlipemia) and with secondary hyperlipidemias. Primary
disorders associated with Type I are familial lipoprotein lipase deficiency and C-II apo-
lipoprotein deficiency. Type III is associated with familial dysbetalipoproteinemia. Type
IV is associated with familial hypertriglyceridemia (mild form), familial multiple lipo-
protein-type hyperlipidemia, sporadic hypertriglyceridemia, and Tangier disease. Type
V is associated with mixed hyperlipemia are familial hypertriglyceridemia (severe form),
familial lipoprotein lipase deficiency, and C-II apolipoprotein deficiency. These disorders
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have been reviewed in detail elsewhere (119). The hyperlipidemias that have been asso-
ciated with lipemia retinalis are summarized in Table 3 (119,120). The most common
secondary hyperlipidemia associated with lipemia retinalis is chylomicronemia that results
from uncontrolled diabetes mellitus.

5.2. Historical Background
In 1880, the ophthalmologist Albert G. Heyl (1847–1895) presented a case report at

the Philadelphia County Medical Society of a 20-yr-old man with diabetes mellitus and
wasting who complained of dimness of sight (121). Fundus examination revealed light
salmon-colored retinal blood vessels. Heyl noted: “On pricking the finger, a drop of blood
would escape, having very much the color of a piece of pink coral, followed by a thick,
whitish fluid, of the color and consistence of an oil-emulsion...” Since Heyl’s description,
there have been numerous case reports in the literature of lipemia retinalis (122–139). In
most of these cases, lipemia retinalis was associated with severe diabetes mellitus.

5.3. Clinical Presentation
Idiopathic hyperlipemia is associated with lipemia retinalis, lid xanthelasmas, and

corneal arcus, and is rarely associated with lipid interstitial keratitis (140), iris xanthomas
(135), and yellowish lesions in the deep retina that are thought to represent small intra-
retinal xanthomas (141). Type III hyperlipoproteinemia has been associated with Schnyder
central stromal corneal dystrophy and lipemia of the limbal vessels (142). In a experimen-
tal canine model, hyperlipoproteinemia caused deposition of lipid in peripheral cornea
but did not any appreciable fundus lesions (143). Lipemia retinalis has been described
in rhesus monkeys with thyroid suppression and long-term ingestion of a high-cholesterol
diet (144). A grading system was developed for lipemia retinalis, consisting of Grade I

Table 3
Hyperlipidemias Associated With Lipemia Retinalis

Primary disorder  Phenotype Frequency Lipid Features

Familial lipoprotein I, V Very rare ↑ Chylomicrons Childhood onset;
lipase deficiency pancreatitis, eruptive

xanthomas
Familial C-II I, V Very rare ↑ Chylomicrons Sometimes protein

deficiency asymptomatic;
pancreatitis,
abdominal pain,
hepatosplenomegaly

Familial dysbetalipo- III Rare ↑ LDL, VLDL Cardiovascular disease,
proteinemia diabetes, tuberous

xanthomas, striae
palmaris

Familial hypertri- IV 1% ↑ VLDL Asymptomatic; moderate
glyceridemia (mild) increase in coronary

heart disease risk

LDL, low-density lipoprotein; VLDL, very low-density lipoprotein. Modified from refs. 119,120.
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(early) in which the peripheral vessels have a creamy tint, Grade II (moderate) in which
there is extension of cream-colored vessels towards the disc, and Grade III (marked) in
which all vessels are cream-colored with arteries being indistinguishable from veins, and
the fundus has a salmon color (145). Lipemia retinalis generally occurs when plasma
or serum triglyceride concentrations reach 28 mmol/L (145). The condition has been
described in a 29-d-old infant (146).

In order to study retinal vascular abnormalities associated with hyperlipidemias, fluo-
rescein angiography was conducted in 40 patients with hyperlipidemia, 99 patients with
retinal vein occlusion, and 40 patients without retinal vein occlusion (147). Of the 40
patients with hyperlipidemia, there were 8 patients with type IV and V hyperlipidemia
who had retinal arterial abnormalities consisting of peripheral vessel closure, leakage of
fluorescein from the peripheral vasculature, or evidence of retinal infarction. Of the 99
patients with retinal vein occlusion, there was a significantly higher prevalence of hyper-
lipidemia in the retinal vein occlusion group compared with the control group (148). In
a study comparing 26 patients with hyperlipidemia with 22 controls, there were no differ-
ences noted in retinal arterioles between the two groups, suggesting that hyperlipidemia
alone is not a risk factor for the development of retinal arteriolar changes (149). Histopatho-
logical findings in lipemia retinalis include progressive obstruction of retinal vessels with
lipid, deposition of lipid within large and small vessels in the choroid, and lipid deposi-
tion within the retina (150).

5.4. Laboratory Findings
Lipemia retinalis is often associated with striking visible changes in venous blood that

is drawn for analysis. The blood may appear grossly lipemic, with cloudy or milky plasma
(139,142,150). Laboratory studies show elevated cholesterol and triglycerides, and de-
pending on the disorder involved, elevations in low-density lipoproteins and very low-
density lipoproteins. Secondary causes of elevated lipoproteins, such as diabetes mellitus,
hypothyroidism, kidney disease, excessive alcohol intake, and liver disease need to be
excluded.

5.5. Management of Hyperlipidemias
The initial approach to hyperlipidemia is to reduce dietary intake of cholesterol and

saturated fats, increase exercise, reduce alcohol intake, and stop smoking, as appropriate.
Affected patients should be advised to lower their intake of egg yolks, whole-milk dairy
products, and red meat, and substitute fruits, vegetables, and whole-grain food products.
Coconut oil, palm oil, and hydrogenated vegetable oils should be replaced in cooking with
olive oil or non-hydrogenated vegetable oils. Treatment with niacin or statins may be indi-
cated, and such therapy should be undertaken by the patient’s primary care physician. Lip-
emia retinalis usually improves with a reduction in fat intake and other therapies aimed
at reducing triglycerides, although longstanding lipemia retinalis can lead to massive
lipid exudation and irreversible vision loss (138).

6. CONCLUSIONS
Nutritional disorders such as inadequate folate, vitamin B6, vitamin B12 status, severe

iron deficiency, excess iron stores, anorexia nervosa, and hyperlipidemias are associated
with increased risk of retinal vascular disease. If further work confirms the causal rela-
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tionships between nutritional disorders and the retinal vascular diseases discussed in this
chapter, this would suggest that a large proportion of retinal vascular disease may be pre-
ventable with better nutrition. Studies are needed to determine whether mandatory folic
acid fortification of bread flour and other food products since 1996 has had an apparent
impact on the incidence of retinal artery or retinal vein occlusion in the United States. It
is unclear whether daily folic acid or B complex vitamin supplementation in patients with
retinal vein occlusion will reduce the risk of having a subsequent retinal vein occlusion
in the opposite eye. Although iron deficiency and iron deficiency anemia could theoreti-
cally contribute to retinal hypoxia and progression of diabetic retinopathy, it is unclear
whether such a relationship may exist among young women with diabetes mellitus who
have iron deficiency or iron deficiency anemia. Further studies are needed to determine
whether milder forms of hyperlipidemia are associated with an increased risk of retinal
vascular disease. Controlled clinical trials may be needed to confirm the hypothesis that
excess iron stores are involved in the pathogenesis of the retinopathy of prematurity.
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7 Nutritional Amblyopia and B
Complex Vitamin Deficiencies

1. INTRODUCTION

Nutritional amblyopia is defined as retrobulbar optic neuropathy with bilateral visual
loss, central or cecocentral scotomas, and dyschromatopsia due to dietary deficiency.
The condition is generally reversible if treated with proper diet and vitamins within 2 or
3 mo of onset of visual loss, but the prognosis for visual recovery is worse with longstand-
ing disease and atrophy of the papillomacular bundle. Associated findings may include
skin, mucosal, neurological, gastrointestinal, and hematological signs and symptoms char-
acteristic of specific or mixed B vitamin deficiencies involving thiamin, niacin, folate,
vitamin B12 and/or riboflavin. Riboflavin deficiency has been linked with cataract.

2. PUBLIC HEALTH SIGNIFICANCE

In the early twentieth century, nutritional amblyopia was not uncommon, perhaps
accounting for up to 1% of patients seen in ophthalmological practice. With the rise in
socioeconomic standards and hygiene, improved knowledge of nutrition, and manda-
tory fortification of some foods with B vitamins, the incidence of nutritional amblyopia
decreased in many industrialized countries. Nutritional amblyopia was the focus of atten-
tion during World War II and the Korean War, when a large proportion of prisoners of war
developed the disease under the conditions of dietary deprivation during captivity. The
largest single epidemic of nutritional amblyopia occurred in Cuba from 1991 to 1994, when
over 50,000 individuals developed optic neuropathy and/or peripheral neuritis and other
symptoms during a period of food rationing. The recent outbreak in Cuba is a reminder
that epidemics of nutritional amblyopia can occur under conditions of widespread dietary
deprivation. In the future, the disorder can be anticipated to occur again under conditions
of famine, food shortage, war, strife, and captivity where the intake of some B complex vita-
mins is not adequate.

3. HISTORICAL BACKGROUND

Nutritional ambyopia was described as early as the late 19th century in Jamaica and
in Japan. Henry Strachan, a senior medical officer in Jamaica, described a syndrome that
was characterized by dimness of sight, numbness and cramps in the hands and feet, a burn-
ing sensation in the soles of the feet and palms of the hands, often with absent knee jerks
and occasional hearing loss. With more advanced disease, individuals developed muscle
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wasting, difficulty walking, and “claw” hand and foot (1,2), findings that were consistent
with advanced beriberi (3). Patients developed retrobulbar involvement of the optic nerve,
with occasional hyperemia of the optic disc and a well marked scotoma, but optic atrophy
was not observed. Dermatological findings included irritation and ezcema at the margin
of the nostrils and mouth, with redness of the lips and inside of the mouth, and with loss
of surface epithelium of the tongue. The disease seemed to occur nearly always among
black Jamaicans, and Strachan had the opportunity to observe and treat 510 patients and
to make more detailed observations on 121 of these patients.

The treatment adopted by the Public Hospital of Kingston consisted of bed rest, nourish-
ing food, and quinine and strychnine in modest doses combined with iodide of potassium.
No patients died. Strachan raised the question whether the condition was caused by “the
poison of beri-beri” as beriberi was widely attributed to some type of toxin at the time.
Strachan also speculated that a toxin produced by malaria parasites was possibly the cause,
however, he concluded that “good food was important” in treatment of the disease (1). At
the same time as Strachan’s work in Jamaica, several Japanese physicians began to describe
large case series of adults with beriberi who had reduced vision, central or centrocecal sco-
tomas, and temporal optic disc atrophy (4–6). Visual recovery was noted when the patients
were put on a diet protective against beriberi (3).

4. EPIDEMIOLOGY

Nutritional amblyopia has usually been described in epidemic or sporadic form, pri-
marily among impoverished individuals, prisoners of war, inmates in jails, poorly fed
soldiers, alcoholics, refugees, students in boarding schools where the diet is poor, among
people subject to economic or trade embargo, and in populations following natural disasters
such as hurricanes, droughts, or crop failures. Nutritional amblyopia has been described
nearly worldwide. An estimated 1–7% of British prisoners-of-war who survived captiv-
ity in southeast Asia in Japanese prison camps during World War II were affected by nutri-
tional amblyopia (7,8). In the recent epidemic in Cuba, the attack rate of neuropathy was
461.4 per 100,000 (9). The incidence of nutritional amblyopia in many industrialized
countries has dropped since the beginning of the 20th century.

5. CLINICAL FEATURES

Nutritional amblyopia typically presents as a gradual decrease in vision, with difficulty
reading and recognizing faces. Most patients complain that the decrease in vision has taken
place over several days or weeks. A central or cecocentral scotoma is usually present,
either as a scotoma to red or green or as an absolute scotoma. The absolute scotoma rarely
exceeds five degrees in diameter. At first, there may be no associated ophthalmological
findings. Slight hyperemia of the optic disc and occasional retinal hemorrhages may occur
in the early stage of the disease, and later, temporal disc pallor and loss of the papillomac-
ular bundle are usually seen. The condition may fluctuate with temporary changes in diet.
The condition is generally reversible if treated with proper diet and vitamins within 2 or
3 mo of onset of visual loss, but the chance of visual recovery is decreased with longstand-
ing disease and atrophy of the papillomacular bundle. Associated findings may include
skin, mucosal, neurological, gastrointestinal, and hematological signs and symptoms
characteristic of specific or mixed B vitamin deficiencies.
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6. PATHOGENESIS

Nutritional amblyopia is caused by deficiencies of one or more B complex vitamins,
and clinical and experimental evidence suggests that thiamin deficiency, niacin deficiency,
vitamin B12 deficiency, and folate deficiency alone or in combination may cause nutri-
tional amblyopia. The clinical presentation of many patients with nutritional amblyopia
shows that multiple B vitamin deficiencies may occur simultaneously, and the metabo-
lism of many B vitamins is closely interrelated, with a deficiency in one vitamin affecting
the metabolism of another. So-called “tobacco-alcohol amblyopia” and “tobacco ambly-
opia” should be considered nutritional amblyopia, as these apparent disorders have not
stood rigorous scrutiny over the last few decades. The epidemiological and experimental
evidence implicating tobacco as the primary etiology in so-called “tobacco amblyopia”
is weak. Many of the so-called “tropical amblyopias”occurring in epidemic form are likely
due to dietary deficiency. The role of specific micronutrients in the pathogenesis of nutri-
tional amblyopia is presented below.

6.1. Thiamin Deficiency
Thiamin is a water-soluble vitamin that plays a role in the metabolism of carbohydrates

and branched-chain amino acids. Thiamin deficiency is the cause of several disorders,
most notably beriberi, a syndrome that involves the cardiovascular and nervous systems,
Wernicke encephalopathy and Korsakoff psychosis, usually found among chronic alco-
holics, and more rare conditions such as congenital lactic acidosis, intermittent ataxia of
childhood, and subacute necrotizing encephalomyelopathy (Leigh disease). Thiamin defi-
ciency has been implicated as a cause of nutritional amblyopia, and there are three lines
of evidence that support this idea: (1) the association of disorders of thiamin deficiency with
nutritional amblyopia, (2) experimental animal models of thiamin deficiency, and (3)
reversal of nutritional amblyopia with thiamin treatment in humans.

6.1.1. HISTORICAL BACKGROUND

Beriberi has been known since antiquity in Asia, where it was described in ancient
Chinese and Japanese medical texts (10). In the East Indies, Jacob de Bondt (1592–1631)
noted that the word “beriberi” was derived from a local word for sheep because of the
tottering walk of those affected by the disease (11). Polished rice began to be consumed
more widely in Japan during the Tokugawa era (1603–1867), and a large epidemic of kakké,
or beriberi, occurred in Edo, now present day Tokyo, in 1691. Beriberi became highly prev-
alent in the Japanese navy, and a physician, Kanehiro Takaki (1849–1920), found that
provision of more meat, beans, and milk in the standard diet would virtually eliminate beri-
beri from the navy (12). In the East Indies, the Dutch physician Christaan Eijkman (1858–
1930) produced a disease resembling human beriberi in chickens that were fed polished
rice, and rice polishings were found to protect against this type of polyneuritis in chickens
(13–15). Human investigations conducted in mental institutions (16,17), in prisons
(18,19), and in labor camps (20) showed that those who ate unpolished rice, which still
contained the germ of the rice, had a lower risk of developing beriberi compared to those
who ate polished rice. In spite of the large reduction of beriberi in the Japanese military
with early dietary reforms, the incidence of beriberi reached a peak in the Japanese civil-
ian population in the 1920s. Worldwide, the highest incidence of beriberi has occurred
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in east and southeast Asia, and most reports of nutritional amblyopia associated with beri-
beri have come from this region and are summarized later in the section.

In 1911, Casimir Funk (1884–1967), working at the Lister Institute in London, claimed
to have isolated a substance, “vitamine,” that prevented beriberi (21). Although further
work did not verify Funk’s claim, his term “vitamine” endured and was later shortened
to “vitamin.” Umetaro Suzuki (1874–1943) and colleagues prepared a crystalline sub-
stance from rice bran, named “oryzanin” which protected chickens from polyneuritis (22).
In the East Indies, two Dutch chemists, Barend Jansen (1884–1962) and Willem Donath
(1889–1957), succeeded in isolating thiamin in 1926 (23). Thiamin was synthesized by
Robert Williams (1886–1965) and Joseph Cline (b. 1908) in 1936 (24). Fortification of
family flour and baker’s white bread with thiamin, riboflavin, niacin, and iron began in
the United States in the early 1940s, with a subsequent marked reduction in cases of beri-
beri and pellagra seen in urban hospitals serving the poor, such as Bellevue Hospital in New
York City (25). Similar action was taken in Great Britain and Canada at this time, but other
countries followed much later. The mandatory thiamin enrichment of bread flour in the
1990s was associated with a subsequent reduction in the prevalence of Wernicke-Korsakoff
syndrome in Australia (26,27). In the nomenclature of thiamin, obsolete terms for this
vitamin include vitamin B1, oryzamin, torulin, polyneuramin, vitamin F, antineuritic vita-
min, and antiberiberi vitamin. General historical accounts of beriberi and thiamin can be
found elsewhere (10,28–30).

6.1.2. BIOCHEMISTRY OF THIAMIN

Thiamin has the formula 3-(4-amino-2-methylpyrimidin-5-ylmethyl)-5-(2-hydroxy-
ethyl)-4-methylthiazolium and consists of one pyrimidine ring and one thiazole ring that
are linked by a methylene group (Fig. 1). In a normal adult, about 80% of total thiamin
is found in the form of thiamin pyrophosphate (TPP), with about 10% as thiamin triphos-
phate (TTP), and the remainder as thiamin monophosphate (TMP) and thiamin (30a).
The four forms of thiamin can be introconverted by tissue enzymes: (1) thiamin pyro-
phosphokinase (TPK) catalyzes the formation of TPP from thiamin and adenosine triphos-
phate (ATP), (2) TPP-ATP phosphoryl transferase (P-transferase) catalyzes the formation
of TTP from TPP and ATP, (3) thiamin monophosphatase that hydrolyzes TMP to form
thiamin, (4) thiamin pyrophosphatase that hydrolyzes TPP to form TMP, and (5) thiamin
triphosphatase that hydrolyzes TTP to form TPP. Thiamin hydrochloride, a commercial
form of thiamin, is a white crystalline substance that is water-soluble and relatively stable
in dry form, but it can be destroyed in soluble form by heat at pH >5.0 and can be cleaved
by sulfites that are used in the processing of some foods.

6.1.3. DIETARY SOURCES OF THIAMIN

The richest dietary sources of thiamin are yeast, pork, and legumes. The thiamin content
of cereal grains is high in the germ portion but low in the endosperm, thus, removal of the

Fig. 1. Structural formulas of thiamin and thiamin pyrophosphate.
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germ through food processing, as in highly milled polished rice and white flour, will
substantially reduce the thiamin content of cereals. Fruits and vegetables, dairy products,
and seafood are not good dietary sources of thiamin. The thiamin content of some selected
foods is shown in Table 1 (31). Some types of food processing can destroy thiamin, such
as high temperatures during cooking, and the addition of sodium bicarbonate to preserve
the green color of vegetables and legumes. After losses following some types of food pro-
cessing, there is relatively little quantitative data regarding the bioavailability of thiamin,
and most evidence suggests that the thiamin in most foods tested is highly available for
absorption and utilization by humans (32).

6.1.4. ABSORPTION, STORAGE, AND METABOLISM OF THIAMIN

During digestion, thiamin phosphoesters in food are broken down by phosphatases to
yield free thiamin in the intestinal lumen. The jejunum and ileum in the small intestine
are the main sites for thiamin absorption, and thiamin is absorbed by both active transport
and passive diffusion. At low concentrations in the intestinal lumen, thiamin is mainly
absorbed through active transport. At higher concentrations, active transport follows
saturation kinetics and some passive diffusion occurs (33). The entry of thiamin into the

Table 1
Thiamin Content of Some Selected Foods

Food Thiamin (mg/100 g)

Rice bran, crude 2.75
Yeast, dry baker’s 2.36
Pork, sirloin, broiled 0.95
Bread, French 0.52
Garbanzos or chickpeas, dry 0.48
Bacon, cured and cooked 0.46
White beans, dry, raw 0.44
Bread, pumpernickel 0.33
Dark rye flour 0.32
Bread, pita, unenriched 0.28
Corn, sweet, white, raw 0.20
Barley, pearled 0.19
Spinach, boiled 0.09
Cassava, raw 0.09
Egg, hard boiled 0.07
Chicken breast roast 0.07
Sirloin steak, trimmed, broiled 0.07
Orange, navel, raw 0.07
Carrots, raw 0.07
Rice, long grain, unenriched, cooked 0.07
Baked potato with skin 0.06
Turnip, raw 0.04
Rice, short grain, unenriched, cooked 0.02

Based on US Department of Agriculture National Nutrient Database for
Standard Reference (http://www.nal.usda.gov/fnic/foodcomp/search) (31).
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enterocyte is reduced by ethanol administration and aging (34). Single large doses of oral
thiamin greater than 5 mg are mostly unabsorbed (35–37). In the blood, thiamin is trans-
ported mostly within erythrocytes as TPP, and about 20% is bound to proteins in the plasma
as free thiamin and TPP. The total thiamin content of the normal adult human body is about
30 mg (0.11 mmol), and the biological half-life of thiamin is about 9-18 d. The highest
concentrations of thiamin are found in the liver, heart, kidney, and brain. Skeletal muscle,
because of its overall mass, contains about 40–50% of the total thiamin in the human
body. Thiamin metabolites are mostly excreted in the urine, and pyrimidine carboxylic
acid, thiazole acetic acid, and thiamin acetic acid are the main urinary metabolites of thia-
min. In healthy lactating women, human milk thiamin content increases with the progres-
sion of lactation, and mature milk contains about 200 μg/L of thiamin (38). The absorption
of thiamin may be impaired during folate or protein deficiency (39,40).

6.1.5. FUNCTIONS

Thiamin, in the form of TPP, acts as a coenzyme in the oxidative phosphorylation of
α-ketoacids and in transketolase reactions, two processes that are important in carbohy-
drate and lipid metabolism (Fig. 2). Pyruvate, α-ketoglutarate, and α-ketoacids derived
from leucine, isoleucine, and valine (all branched chain amino acids) undergo oxidative
decarboxylation through multienzyme complexes that include TPP and are located within
the mitochondria. Pyruvate undergoes oxidative decarboxylation by pyruvate dehydro-
genase to form acetyl-coenzyme A (CoA), and CoA subsequently enters the tricarboxylic
acid (Krebs) cycle. α-ketoglutarate undergoes oxidative decarboxylation by α-ketoglut-
arate dehydrogenase to succinyl-CoA in the tricarboxylic acid cycle. α-ketoacids derived
from branched-chain amino acids undergo decarboxylation by branched-chain dehydro-
genase. In the cytoplasm, a TPP-dependent transketolase is involved in the transketolation
of ketosugars that contain three to seven carbons. This pathway is important for the pro-
duction of nicotinamide adenine dinucleotide phosphate (NADPH) for many biosynthe-
tic reactions including fatty acid synthesis, for conversion to pentoses, especially ribose-
5-phosphate, a component of many important molecules such as RNA, DNA, ATP, CoA,
NAD, and FAD, and for interconversion of ketosugars, some of which can enter the
glycolysis pathway (41). Thiamin has been postulated to play a role in nerve conduction.
TTP may influence the gating mechanism for Na+ and K+ transport via (Na+-K+)-ATPase.
Thiamin deficiency may potentially affect metabolism of some neurotransmitters, as ace-
tylcholine, γ-aminobutyric acid, glutamate, and aspartate are produced primarily through
the metabolism of glucose (41).

6.1.6. REQUIREMENT FOR THIAMIN

The Food and Nutrition Board of the Institute of Medicine has made new recommen-
dations of thiamin intake by life stage and gender group (42) (Table 2). The Adequate
Intake (AI) is the recommended level of intake for infants. The Estimated Average Re-
quirement (EAR) is the daily intake value that is estimated to meet the requirement of half
the healthy individuals in a group. The Recommended Dietary Allowance (RDA) is
defined as the EAR plus twice the coefficient of variation (CV) to cover 97–98% of indi-
viduals in any particular group. The requirements for thiamin increased with pregnancy
and lactation. Increased catabolism during infection, inflammatory, trauma, or surgery
can increase the demand for thiamin. Studies in healthy human volunteers suggest that
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a higher carbohydrate intake will increase the requirement for thiamin (43). It has been
thought that the requirement of thiamin is increased by physical exercise, since thiamin,
as thiamin pyrophosphate, plays an important role in energy-producing metabolic path-
ways, but there is not much data to support this idea (44).

6.1.7. EPIDEMIOLOGY OF THIAMIN DEFICIENCY

Beriberi has been described nearly worldwide, and over the last 200 yr, the highest
prevalence of beriberi has been found in Japan, China, southeast Asia, the Malay archipel-
ago, New Guinea, Melanesia, south Asia, parts of Africa, northeast Brazil, the Caribbean
region, and Newfoundland. Nutritional amblyopia associated with beriberi has also been

Fig. 2. Thiamin-dependent metabolic pathways.
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generally described within this geographical distribution. Heinrich Botho Scheube de-
picted the known areas for beriberi in Die Beriberi–Krankheit in 1894 (45) (Fig. 3), and
the map demonstrates how widespread beriberi was at the turn of the century. The main
risk factors for beriberi include an inadequate dietary intake of thiamin-containing foods,
low socioeconomic class, low educational level, chronic alcoholism, and inadequate
parenteral nutrition. Prolonged high consumption of tea or coffee and folate deficiency
also increases the risk of thiamin deficiency. Increased excretion of thiamin can occur
with diuretics, suggesting that diuretics may be a risk factor for thiamin deficiency (46).
Impaired thiamin status occurs among an estimated 5% of the population over 60 yr
of age in North America (47) and laboratory evidence of inadequate thiamin status has
been found 12–23% of institutionalized and noninstitutionalized older adults (48–50).
Adults with human immunodeficiency virus infection may be at higher risk of Wernicke
encephalopathy (51).

6.1.8. ASSESSMENT OF THIAMIN STATUS

The three most widely used procedures for the assessment of thiamin status are mea-
surement of erythrocyte transketolase activity, thiamin concentrations in the blood, and
urinary excretion of thiamin (52). Transketolase is an enzyme that requires thiamin pyro-
phosphate, thus, erythrocyte transketolase assay is a functional test of thiamin status.
Erythrocyte transketolase activity is measured with and without the addition of thiamin
pyrophosphate. In the erythrocyte transketolase thiamin pyrophosphate stimulation assay,
the thiamin pyrophosphate effect, or “TPP effect” is interpreted as normal, low, and defi-
cient when values are 0–15%, 16–24%, and >25%, respectively (52). Serum and whole
blood thiamin concentrations can be measured using high-performance liquid chromatog-
raphy. Whole blood thiamin concentrations of 6.96 ± 1.26 μg/dL have been described in
normal patients compared with 2.29 ± 1.06 μg/dL in patients with beriberi (53). Urinary
excretion of thiamin is commonly used to assess thiamin status and is considered to cor-
respond well with the development of thiamin deficiency. Urinary thiamin reflects more
recent dietary intake of thiamin. Random urine samples are usually collected and the thia-

Table 2
Dietary Reference Intakes for Thiamin (mg/d)

Age and gender category AI EAR RDA

Infants, 0–6 mo 0.2 – –
Infants, 7–12 mo 0.3 – –
Children, 1–3 yr – 0.4 0.5
Children, 4–8 yr – 0.5 0.6
Boys and girls, 9–13 yr – 0.7 0.9
Boys, 14–18 yr – 1.0 1.2
Girls, 14–18 yr – 0.9 1.0
Adult men ≥19 yr – 1.0 1.2
Adult women ≥19 yr – 0.9 1.1
Pregnant women – 1.2 1.4
Lactating women – 1.2 1.4

AI, Adequate Intake; EAR, Estimated Average Requirement;
RDA, Recommended Dietary Allowance. Based on ref. 42.
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min concentration is expressed per gram of creatinine. For adults, urinary thiamin is con-
sidered deficient, low, and acceptable according to the values of <27, 27–65, and ≥66 μg
thiamin/gram creatinine (52). Guidelines for younger age groups are found elsewhere (52).

6.1.9. CLINICAL MANIFESTATIONS OF THIAMIN DEFICIENCY

Thiamin deficiency may present as beriberi and Wernicke-Korsakoff syndrome, and
a deficiency in thiamin-dependent enzymes may result in childhood syndromes such as
Leigh syndrome and congenital lactic acidosis. Beriberi among adults usually falls into two
principle forms, dry (paralytic or nervous), and wet (cardiac), and the disease among infants
is known as infantile beriberi (54). Among adults, the onset of beriberi may be marked
by a mild anorexia, mild tachycardia, and malaise. A symmetrical hypesthesia usually
occurs, starting in the lower extremities, finger tips, lower abdomen around the umbilicus,
and in the perioral region (54) (Fig. 4). Patients often describe a numb or burning sensation

Fig. 3. Historical map showing worldwide distribution of beriberi in 1894. (From ref. 45.)
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in the legs and toes. Early in the disease, there may be a slight pretibial edema, and patients
may complain of pain in the extremities, especially calf tenderness. Loss of Achilles
tendon and patellar reflexes are common. There are no pathognomonic findings in beri-
beri, and the disease is often categorized as dry or wet based on the predominance of signs
and symptoms.

Dry beriberi is characterized by peripheral neuropathy with a symmetrical impairment
of sensory, motor, and reflex functions. Neurological findings include flaccid paralysis
of the extensor muscles, with “wrist drop” (3) (Fig. 5) and “foot drop.” Patients have an
impaired ability to rise up from a squatting position. Muscular atrophy and tenderness
and pain in the muscles make walking and sleeping difficult, and in the advanced stage,
patients may become cachectic. Wet beriberi is characterized by palpitations and dyspnea
on exertion, with wide pulse pressure, cardiomegaly, and signs of congestive heart failure,
such as pitting edema in the extremities. An acute fulminant form of beriberi, “shoshin,”
has been described and is characterized by tachycardia, dyspnea, cyanosis, cardiomegaly,
circulatory collapse, and high mortality. Infantile beriberi generally occurs among breast-
fed infants whose mothers have thiamin deficiency but may occur among milk and formula-

Fig. 4. Hypesthetic areas in a beriberi patient. (From ref. 54.)
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fed infants. Clinical findings include aphonia, tachycardia, vomiting, pallor, irritability,
cardiomegaly, convulsions, and sudden death.

6.1.10. NUTRITIONAL AMBLYOPIA ASSOCIATED WITH THIAMIN DEFICIENCY

Reduced vision and central scotomas were described among many patients with beri-
beri in Japan by Hori (4) in 1888. Kono described amblyopia and bilateral central scoto-
mas in six patients with beriberi (5), and the cause of the amblyopia and central scotoma
in patients with beriberi was attributed to retrobulbar neuritis (6). Many more cases of
nutritional amblyopia were described in Japan at the turn of the century, including the
description of temporal disc pallor and the involvement of the papillomacular bundle
(6,55,56). In Brazil, a “weakening of the optic nerve” was described in a case of beriberi
(57), and reduced vision with beriberi, termed “beriberi amblyopia” was described among
patients in the Philippines (58). Outbreaks of retrobulbar optic neuritis were reported
among soldiers with beriberi in Nanking, China (59,60) and in adults with beriberi in
Peking (61). Other cases were reported from Argentina (62) and also in Newfoundland
(63), where beriberi outbreaks were widespread among people who depended on finely
milled white flour as the main staple (64,65).

From 1927 to 1930, about 60 patients with retrobulbar neuritis were seen per year at
Tokyo Imperial University, and 89.5% of the men and 82.6% of the women had symptoms
of beriberi (66). Most of the cases of retrobulbar neuritis had a diet that consisted princi-
pally of polished rice. Among the patients with beriberi and retrobulbar neuritis, 31.5%
had temporal pallor of the disc, 5.5% had retinal hemorrhages, 14.7% had hyperemia of
the papilla, and 16.8% had an abnormal fundus reflex (66). A large proportion in a series
of ninety patients presenting with central scotoma in Japan also had beriberi (3). Patholog-
ical findings of the eyes of patients with beriberi showed degeneration of the papillomac-
ular bundle with atrophy of the myelin sheaths (67), and the findings were similar to those
in so-called “alcohol amblyopia.” By the late 1930s, it was well established that nutri-
tional amblyopia occurred in beriberi (54,68), but with the decline of beriberi worldwide,
many of these clinical observations were subsequently forgotten.

6.1.11. OPTIC ATROPHY ASSOCIATED WITH WERNICKE-KORSAKOFF SYNDROME

Reduced vision with bilateral central or cecocentral scotomas has been described among
patients with the Wernicke-Korsakoff syndrome, a symptom complex that is found in alco-

Fig. 5. Wrist drop in a patient with dry beriberi. (From ref. 3.)
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holic and nonalcoholic, nutritionally depleted patients and that is related to underlying
thiamin deficiency (69). Wernicke disease is defined as a neurologic disorder with ophthal-
moparesis, nystagmus, ataxia, and an acute confusional-apathetic state (69). Korsakoff
syndrome is characterized by abnormalities of mentation in which memory and learning
are affected out of proportion to other cognitive functions in otherwise alert and respon-
sive patients (69). These two entities are considered to be part of the same disease process,
and the symptom complex that comprises both Wernicke disease and the amnesic state has
been designated as the Wernicke-Korsakoff syndrome (69). In a large series of 232 patients
with Wernicke-Korsakoff syndrome in whom visual fields could be tested, six patients,
or 3%, had bilateral central or centrocecal scotomas and intact peripheral visual fields
(69). The amblyopia associated with Wernicke-Korsakoff syndrome has been character-
ized histopathologically by a degeneration of the optic nerves, chiasm, and tracts that is
more or less confined to the papillomacular bundle (70,71) (Fig. 6).

6.1.12. OPTIC ATROPHY ASSOCIATED WITH LEIGH SYNDROME

Bilateral optic atrophy is a common finding in Leigh syndrome, or subacute necrotiz-
ing encephalomyelopathy, a disorder characterized by somnolence, blindness, deafness,
and spasticity (72). Leigh syndrome is a heterogeneous group of progressive neurodegener-
ative disorders that has been attributed to deficiencies in mitochondrial enzymes, including
the pyruvate dehydrogenase complex that contains TPP (73), cytochrome C oxidase (74),
and NADH dehydrogenase (75). The symptoms of Leigh syndrome typically appear in
infancy and include failure to thrive, developmental delay, hypotonia, ataxia, nystagmus,
optic nerve atrophy, and ophthalmoplegia (76). The literature regarding the ophthalmolog-
ical findings of Leigh syndrome has been reviewed elsewhere (76). The typical pathologic
findings in Leigh syndrome are bilateral atrophy of the maculopapillary bundle (77).
Infants and children with Leigh syndrome have been reported to respond favorably to
thiamin treatment (76–79). Leigh syndrome, so-called “tobacco-alcohol” amblyopia, and
Cuban epidemic optic neuropathy all show similar bilateral involvement of the maculo-
papillary bundle (80).

Fig. 6. Degeneration of the papillomacular bundle. (From ref. 71.)



Chapter 7 / Amblyopia and B Deficiency 293

6.1.13. EVIDENCE FROM EXPERIMENTAL ANIMAL MODELS

Experimental animal models show that thiamin deficiency results in damage to the retina
and optic nerve. Optic nerve degeneration has been described in birds with experimental
polyneuritis (81–83), and reduced vision has been described in thiamin-deficient pigeons
(84). Rats fed on synthetic diets without vitamin B complex vitamins also developed
degeneration of the optic nerve (85). Lesions of the eighth cranial nerve in the region of
the vestibular and cochlear nuclei were also found in thiamin-deficient rats (86). Demye-
lination of the sciatic nerve occurred among Sprague-Dawley rats that were fed a basal
diet supplemented with purified B complex vitamins without thiamin, and optic nerve
changes in deficient animals consisted of swelling of the retinal ganglion cells that was
reversible with thiamin administration (87). In carefully designed studies using pair-fed
animals and experimental diets supplemented with purified vitamins, Frederick C. Rodger
showed that chronic thiamin deficiency caused degeneration of the optic nerve and retinal
ganglion cells in rats (88). Although myelin degeneration has been considered as the cen-
tral characteristic nervous system lesion of thiamin deficiency (89), it is not clear whether
myelin degeneration occurs as the primary or secondary event during thiamin deficiency
(90). In careful pair-fed experiments using electron microscopy, thiamin-deficient rats
had degeneration of small myelin sheaths of distal and intramuscular nerves and atrophy
and degeneration of skeletal muscle (91).

6.1.14. EVIDENCE OF HUMAN STUDIES OF EXPERIMENTAL THIAMIN DEFICIENCY

In experimental studies, beriberi was produced among adults receiving a diet in which
polished rice was the main staple (16–19). These studies generally involved neurological
assessment and had no mention of any detailed eye examinations. In one study in Bilibid
prison in Manila, disturbances in vision were reported by one subject on a diet of polished
rice (19). In another study of experimental thiamin deficiency, reduced vision was reported
by one subject who developed beriberi (92). In Japan, three patients with reduced vision,
bilateral central scotomas, and beriberi were admitted to the hospital and fed a diet rich
in vitamin B (93). When the patients were starting to recover their visual acuity, they were
then fed a thiamin-deficient diet consisting of 400–500 grams cooked polished rice, three
times per day. Their symptoms of beriberi were exacerbated, and their visual acuity, which
had been improving, began to decline again. The patients then received oryzanin extract,
with subsequent recovery of visual acuity to normal and recovery from beriberi. The author
noted that relapse of beriberi and amblyopia could be induced by a thiamin-deficient diet
and could subsequently be cured by addition of oryzanin, a rich source of thiamin, in the
diet (93). In thiamin deprivation studies involving patients from a psychiatric hospital in
Minnesota, no ocular abnormalities were described among four subjects with acute severe
deficiency (94), five subjects with mild deficiency (95), and two others with moderate
deficiency (96). Although mild neuropathy was present, the classic syndrome of beriberi
was not produced among these patients (96).

6.1.15. TREATMENT OF NUTRITIONAL AMBLYOPIA WITH THIAMIN

There have been only a few detailed reports of treatment of nutritional amblyopia with
thiamin alone, as most affected individuals have been reportedly treated with B complex
vitamins, brewer’s yeast, or marmite, a commercial yeast preparation. However, some
existing reports suggest that nutritional amblyopia is associated with thiamin deficiency
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in the absence of some other B vitamin deficiencies, and that thiamin treatment is asso-
ciated with improvement in the disease.

Nutritional amblyopia was treated successfully with thiamin in two US servicemen who
adopted a high-protein, low-carbohydrate diet in order to lose weight (97). The first patient,
a 33-yr-old jet pilot, originally weighed 238 lbs, and on a diet of cheese, meat, eggs, and
fish, with occasional green leafy vegetables, his weight dropped to 185 lbs in 5.5 mo. He
began to note numbness and tingling in his toes, and 2 wk later, he had difficulty seeing the
“meatball,” a red light on the aircraft carrier deck that guides the pilot’s landing. The eye
examination was normal except for reduced visual acuity, dyschromatopsia, and bilateral
central scotomas. The patient had a serum transketolase level of 66 μg/dL (consistent with
thiamin deficiency), and his serum folate and vitamin B12 concentrations were normal.
After treatment with a regular diet and 50 mg thiamine per day, his serum transketolase
level rose to 145 μg/dL and his vision recovered.

The second patient was a 36-yr-old aircraft mechanic who weighed 221 lbs. He restricted
his diet to cheese, eggs, and red meats, plus vitamin C, 500 mg/d. After 4.5 mo, he devel-
oped reduced visual acuity, bilateral central scotomas, and bilateral temporal disc pallor
with loss of nerve fibers from the papillomacular bundle. His serum transketolase level was
60 μg/dL, and his serum folate and vitamin B12 concentrations were normal. After treatment
with a regular diet and 50 mg thiamin per day, his visual acuity returned to normal and
the scotoma disappeared from the left eye. Mild temporal disc pallor and a small scotoma
remained in the right eye. His serum transketolase level rose to 148 μg/dL. Neither smoked
tobacco or drank alcohol, and tests for syphilis were negative. The diet of meat and dairy
products that was adapted by these two men was insufficient in thiamin but high in folate,
niacin, riboflavin, and vitamin B12.

In another report, two children developed nutritional amblyopia while being treated
with a ketogenic diet for control of childhood seizures (98). The children were not receiv-
ing vitamin supplements as recommended. In both children, the serum transketolase levels
were low, and serum folate and vitamin B12 concentrations were normal. Thiamin was
given with B complex vitamin supplements, and the vision improved. Parenteral hyperali-
mentation without vitamins may increase the risk of nutritional amblyopia (99,100). A
22-yr-old male was hospitalized after a motor vehicle accident and developed eye signs
of Wernicke syndrome, including nystagmus, abducens palsy, and bilateral optic neur-
opathy, after 4 wk of parenteral hyperalimentation without vitamins (99). Serum thiamin
concentrations were 11 ng/dL (normal 20–50 ng/dL). After receiving an additional 300 mg
thiamin for 4 wk, his neurological deficits recovered. A 35-yr-old man with ulcerative coli-
tis developed bilateral optic neuropathy and an oculomotor palsy after receiving paren-
teral hyperalimentation without thiamin for about 4 wk. He was diagnosed as having
Wernicke syndrome, and after treatment with subcutaneous thiamin (25–50 mg), his visual
acuity returned to normal but the patient had residual loss of nerve fibers in the papillo-
macular bundle of both eyes (100).

6.2. Niacin Deficiency

Niacin is a generic term for nicotinic acid, nicotinamide, and derivatives that have the
biological activity of nicotinamide. Niacin is a water soluble vitamin that plays a central
role in oxidation and reduction reactions of both catabolic pathways of carbohydrates,
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lipids, and proteins, and anabolic pathways of fatty acid and cholesterol synthesis. Niacin
deficiency results in pellagra, a deficiency disease often characterized by “the four Ds,”
dermatitis, diarrhea, dementia, and death. Nutritional amblyopia has been associated with
pellagra, and several reports suggest that administration of niacin alone can improve the
disease. Less work has been done on the pathogenesis of neurological lesions in niacin-
deficient animals.

6.2.1. HISTORICAL BACKGROUND

Pellagra was described among the peasants of Spain by Gaspar Roque Francisco Narciso
Casal y Julian (1680–1759) in a posthumous work Historia natural y médica del prin-
cipado de Asturias in 1762. Casal practiced medicine in Oviedo, Asturias, and there he
encountered a disease known locally as mal de la rosa. The disease was heralded by a red
discoloration of the skin and was soon accompanied by diarrhea and mental changes. The
skin lesions of pellagra, including a pigmented rash around the neck that later became
known as “Casal’s necklace,” were illustrated in Casal’s work (101). A French physician,
François Thiérry (1718–1792) visited Casal in Madrid, and based on Casal’s observa-
tions, published the first description of pellagra in 1755 (102). Théophile Roussel (1816–
1903) made more detailed descriptions of pellagra in peasants in France who subsisted
on corn (103,104), and Gaetano Strambio (1752–1831) described pellagra among Italian
peasants who ate polenta (105). The term pellagra was introduced by Francesco Frapolli
(d. ca. 1773) in Italy in 1771, from the Italian words pelle (skin) and agra (rough) (106).

Although many early observers attributed pellagra to a dietary problem, in was a
common belief that pellagra might be caused by an infection or food toxin (107–109).
Pellagra became widely prevalent in the South of the United States, and by 1916, for exam-
ple, it was the second leading cause of death in South Carolina. Outbreaks of pellagra
seemed to occur more commonly in asylums, jails, and poorhouses (110). In 1914, Joseph
Goldberger (1874–1929), a physician in the US Public Health Service, conducted investi-
gations of pellagra in South Carolina and showed that pellagra could be prevented by sup-
plying milk, butter, and lean meat in the diet (111,112). Goldberger conducted the famous
Rankin Prison Farm Experiment, in which a syndrome thought to be pellagra was produced
among prison volunteers by a restricted, mainly cereal diet (113). A diet that resulted in
pellagra among humans also produced a disease identical to black tongue in dogs (114),
showing that black tongue was canine pellagra. Nicotinic acid was so named because it
was found to be an oxidation product of nicotine. Nicotinic acid was first isolated by
Casimir Funk in 1911, who originally thought that his isolate from yeast and rice polishings
was the factor that prevented beriberi (21) (see Subheading 6.1.1.). Niacin was implicated
as the deficient dietary factor involved in the etiology of pellagra in 1937 (115). The his-
tory of pellagra has been reviewed elsewhere (116–118).

6.2.2. BIOCHEMISTRY OF NIACIN

Niacin is a term used to describe two different compounds, nicotinic acid and nicoti-
namide, that have the biological activity of this member of the B group of vitamins.
Nicotinic acid is also known as pyridine-3-carboxylic acid, and nicotinamide is also known
as niacinamide. The structure of nicotinic acid and nicotinamide are shown in Fig. 7.
Nicotinic acid contains a pyridine ring with a carboxylic acid group at position 3, whereas
nicotinamide contains a carboxyamide moiety at this position. Niacin is a component of the
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coenzymes nicotinamide adenine dinucleotide (NAD) and NADPH. Obsolete names for
niacin include vitamin PP, pellagra preventive factor (PP factor), pellagramine, and niamid.

6.2.3. DIETARY SOURCES OF NIACIN

Rich dietary sources of niacin include red meat, liver, fish, poultry, legumes, eggs, oil
seeds, cereal grains, yeast, and corn. Preformed niacin is found in foods in the form of
nicotinamide, nicotinic acid, and related pyridine nucleotide coenzymes, NAD(H2) and
NADP(H2). L-Tryptophan, the amino acid precursor to nicotinic acid, is found in dietary
protein. The content of niacin in food depends on both preformed niacin and tryptophan,
thus, the niacin content of foods is expressed as niacin equivalents (NE). NE are defined
as niacin content in milligrams plus one one-sixtieth the tryptophan content in milligrams
(119). The niacin content of selected foods is shown (Table 3) (31). The bioavailability
of preformed niacin in foods is increased by alkaline pH. Although corn is rich in niacin,
most of the niacin in corn is biologically unavailable. In North and South America, treat-
ment of corn with alkali, as in the grinding of tortillas with water and calcium hydroxide,
released the protein-bound niacin and made it available for absorption (120).

Fig. 7. Structure of nicotinic acid and nicotinamide.

Table 3
Niacin Equivalents in Some Foods

Food Niacin equivalents (mg/100g)

Liver, beef, braised 23.65
Chicken breast, no skin, roasted 19.71
Peanuts 16.22
Rice, white, unenriched, long-grain, dry 6.96
Fish, white, raw 6.56
Beef, lean, ground, raw 5.56
Cheese, cheddar 5.41
Bread, wheat flours, unenriched 3.31
Peas, green, raw 2.70
Eggs, whole, boiled 2.61
Corn bread, unenriched, dry mix 2.10
Potatoes, whole, raw 1.58
Milk, whole 1.35
Molasses 0.93
Beer 0.51
Red wine 0.22
Lard 0

Based upon US Department of Agriculture National Nutrient Database for Standard
Reference (http://www.nal.usda.gov/fnic/foodcomp/search) (31), where nicotinic acid
equivalents are calculated as available nicotinic acid + tryptophan/60.
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6.2.4. ABSORPTION, STORAGE, AND METABOLISM OF NIACIN

Nicotinic acid and nicotinamide are rapidly absorbed in the stomach and intestine by
both a saturable transport mechanism at low concentrations and through simple diffusion
at high concentrations. In the enterocytes, nicotinamide is largely converted to NAD. The
primary form of niacin circulating in the blood is nicotinamide, released from NAD by
NAD glycohydrolases in the intestinal mucosa. The liver metabolizes nicotinic acid and
nicotinamide to NAD, and the liver has some storage capacity for NAD. Tryptophan is con-
verted to NAD in the liver. In a niacin-replete state, niacin is methylated to N1-methylnico-
tinamide (NMN), and NMN and other related oxidation products are excreted in the urine.

6.2.5. FUNCTIONS OF NIACIN

Niacin, nicotinamide, and tryptophan serve as precursors for NAD and NADP. NAD and
NADP play central roles in oxidation and reduction reactions (121). Dehydrogenases use
NADP as coenzymes to oxidize or reduce substrates through hydrogen transfer at the C-
4 position of the pyridine ring. NAD+ is reduced to NADH in glycolysis, the oxidation of
acetate in the tricarboxylic acid cycle, β-oxidation of fatty acids, oxidative decarboxylation
of pyruvate, and other reactions. The potential free energy stored in carbohydrates, lipids,
and proteins is transferred to NADH, which is used to form ATP. NADP dehydrogenases
are used in the synthesis of fatty acids and cholesterol. NAD is involved in mono-ADP-ribo-
sylation, in which the ADP-ribose moiety is transferred from NAD to an amino acid residue
on proteins. The amino acids modified by mono-ADP-ribosylation include arginine and
cysteine.

6.2.6. REQUIREMENT FOR NIACIN

The Food and Nutrition Board of the Institute of Medicine has made new recommen-
dations of niacin intake by life stage and gender group (42) (Table 4). The requirements
for niacin may potentially be higher during iron, riboflavin, or vitamin B6 deficiency, as
there are interactions between these respective nutrients and niacin metabolism. Defi-
ciency of these nutrients could decrease the conversion of tryptophan to niacin (42).

Table 4
Dietary Reference Intakes for Niacin (mg/d Niacin Equivalents)

Age and gender category AI EAR RDA

Infants, 0–6 mo 2a – –
Infants, 7–12 mo 4 – –
Children, 1–3 yr – 5 6
Children, 4–8 yr – 6 8
Boys and girls, 9–13 yr – 9 12
Boys, 14–18 yr – 12 16
Girls, 14–18 yr – 11 14
Adult men ≥19 yr – 12 16
Adult women ≥19 yr – 11 14
Pregnant women – 14 18
Lactating women – 13 17

aPreformed niacin for infants, 0–6 mo.
AI, Adequate Intake; EAR, Estimated Average Requirement; RDA,

Recommended Dietary Allowance. Based on ref. 42.
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6.2.7. EPIDEMIOLOGY OF NIACIN DEFICIENCY

Pellagra was once common in countries such as France, Italy, Spain, Portugal, and the
United States in the late 19th and early 20th century, and the disease still appears in parts
of Africa, south Asia, and China. In developed countries, pellagra may occur among
alcoholics (122). The main cause of niacin deficiency is an inadequate intake of foods
that contain bioavailable niacin and tryptophan. Both vitamin B6 and riboflavin deficien-
cies may contribute to niacin deficiency because vitamin B6 and riboflavin are coenzymes
for kynureninase and kynurenine hydroxylase, respectively, in the conversion of trypto-
phan to nicotinic acid. As a result of these interactions, riboflavin deficiency is character-
ized by some of the same signs and symptoms that are found in pellagra, such as stomatitis,
cheilosis, and glossitis. Long-term isoniazid treatment for tuberculosis may increase the
risk of niacin deficiency, since isoniazid depletes vitamin B6. Copper is also required in
the conversion of tryptophan to nicotinic acid, and copper deficiency may increase the
risk of niacin deficiency. In Hartnup disease, an autosomal recessive disorder, the absorp-
tion of tryptophan is impaired, increasing the risk of niacin deficiency. Optic atrophy has
also been associated with copper deficiency, vitamin B6 deficiency, and isoniazid therapy,
but the biological mechanisms involved in the pathogenesis of optic atrophy in these cases
are unclear. Rare inborn errors of tryptophan metabolism include tryptophanuria, xanth-
urenic aciduria, and kynureninuria.

6.2.8. ASSESSMENT OF NIACIN STATUS

The most commonly used indicators of niacin status are measurements of nicotina-
mide metabolites in the urine such as N1-methyl nicotinamide and N1-methyl-2-pyridone-
5-carboxylamide (2-pyridone). Both of these metabolites may be reduced in generalized
malnutrition. The interpretation of these assays may be more problematic in pregnancy
and diabetes mellitus. The preferred assay for niacin status is the ratio of 2-pyridone to
N1-methyl nicotinamide in urine (123), with deficient, marginal, and adequate status indi-
cated by a ratio of <1.0, 1.0–1.3, and 1.3–4.0, respectively (124). The ratio of these metab-
olites can be measured in a casual fasting urine sample.

6.2.9. CLINICAL MANIFESTATIONS OF NIACIN DEFICIENCY

Most patients with pellagra do not present with a classic triad of dermatitis, diarrhea,
and dementia (125–127). Pellagra has such protean manifestations that even the most
experienced specialists of the past, such as Cesare Lombroso, noted: “We have seen that
pellagra varies not only from district to district but also from individual to individual...on
this account no suffering or enormous suffering may be admitted, so giving rise to the
saying that there are no diseases, only sick people” (118). In a series of 4121 patients with
pellagra from an endemic area, the following proportion of patients had specific features:
dermatitis (85%), glossitis (61%), edema (51%), diarrhea (50%), stomatitis (45%), neur-
opathy (40%), and dementia (26%) (128). In a study in Baltimore, 18 adults who were
all had the typical skin lesions of pellagra had the following other clinical features: edema
(56%), neuropathy (56%), dementia (50%), diarrhea (39%), glossitis (39%), and stomatitis
(11%) (122). The skin lesions of pellagra consist of an erythematous, pigmented, exfolia-
tive dermatitis that occurs usually on the face, neck, dorsal surface of the hands and wrists,
elbows, and top of the feet and ankles (128) (Figs. 8 and 9). A “weeping,” erythematous
pigmented dermatitis may occur on the scrotum or labia majorum in pellagra.
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6.2.10. NUTRITIONAL AMBLYOPIA ASSOCIATED WITH PELLAGRA

Nutritional amblyopia has been described in patients with pellagra and in patients who
had the signs and symptoms of pellagra combined with beriberi. In Italy in the nineteenth
century, there were several reports of reduced vision and optic atrophy among adults with
pellagra (129–131). Decreased vision and optic atrophy were described in 55 patients
with pellagra (132). In 1917, Phinizy Calhoun described decreased vision, central scoto-
mas, and mild optic atrophy in adults with pellagra in Georgia (133). He later expanded
his investigation to the Georgia State Sanitarium in Milledgeville, where the superinten-
dent allowed him to perform eye examinations on many of the several hundred inmates
with pellagra. At the time, many pellagra patients with mental alterations and dementia
were placed in asylums. Calhoun described ten cases with reduced vision, central or para-
central scotomas, optic atrophy, and loss of the papillomacular bundle (134). He also
thought that the visual fields were mildly contracted in some patients (133,134). In a report
from Savannah, Georgia, 58 patients with pellagra were examined at the US Marine Hos-
pital, and the patients typically presented with red tongue, diarrhea, and a burning sensa-
tion in the feet. One-third of the patients complained of “dimness of vision,” and it is unclear
whether the patients had an eye examination (135). In a study of 55 patients at the Illinois
State Hospital for the Insane in Bartonsville, Illinois, several patients were found to have

Fig. 8. Pellagrous dermatitis in a young women. (From ref. 128.)
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optic atrophy (136). Reduced vision, central scotomas, and retrobulbar neuritis were
described in three patients with pellagra, of whom one originally presented with retrobulbar
neuritis before the signs of pellagra appeared (137). Other case reports in the literature have
described an association between pellagra and optic neuritis or optic atrophy (138–141).

The nutritional amblyopia described among patients with pellagra in Italy and the
United States is similar to some of the disorders that have been loosely described as
“tropical amblyopia.” In 1917, Henry Harold Scott (1874–1956) observed an outbreak of
visual loss among laborers on sugar cane estates in Jamaica. The disorder consisted of
decreased vision, glossitis, angular stomatitis, numbness in the lower extremities, burn-
ing in the feet, and decreased deep tendon reflexes (142). The epidemic was originally
noted in the neighborhood of Spanish Town (St. Jago de la Vega), the old capital of Jamaica,
among both men and women cane cutters who were previously in good health. The epi-
demic began during the cutting and carrying of the crop and ceased after the cane had been
cut. Scott noted that the laborers did not generally eat breakfast prior to coming to the fields,
preferring to eat sugar cane for breakfast and then throughout the day. Scott remarked that
the “central neuritis” of the affected plantation laborers and the disorder described by
Strachan (1,2) were similar and thought that those affected in the sugar plantation had
signs and symptoms of both pellagra and beriberi (142).

Fig. 9. Symmetrical dermatitis of the hands. (From ref. 128.)
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A disorder characterized by dimness of vision, glossitis, angular stomatitis, and par-
esthesias in the extremities was also described in Sierra Leone (143). The condition was
brought to the attention of the medical officer, when he was asked to investigate an out-
break of the disease among students in a girls school that was “notorious for its bad diet.”
The condition was treated successfully using cod-liver oil, a rich source of vitamin A, and
marmite, a rich source of B complex vitamins. The author believed that the disease was
similar to the disorder described in Jamaica by Scott (142), but the condition became known
later as the “A and B avitaminosis of Sierra Leone” (144).

From 1929 to 1937, D. G. Fitzgerald Moore, a colonial medical officer, observed more
than 5000 cases of nutritional amblyopia associated with pellagra in Nigeria (145). The
syndrome was well-known in areas of Nigeria and had a fairly consistent presentation of
glossitis, angular stomatitis, scrotal or vulvar dermatitis, and decreased vision. Typically
the patient would complain of decreased central vision for both reading and distance, and
the first visible ophthalmic finding would be a slight temporal pallor of the optic disc. The
problem was originally called to his attention when he found young adolescents with the
disease in certain boarding schools (146). In schools with established dietaries there was
no disease, but in other schools with no controlled dietary the disease could be rampant
with over one-quarter of the students affected (147).

When Moore first encountered cases, he used cod-liver oil with malt and an iron-rich
tonic without much effect, but then found that patients would recover quickly when
marmite was added to the treatment (147). Moore later realized that the disease in Nigeria
was the same as that described by Wright in Sierra Leone (148). In the boarding schools,
the syndrome occurred among the “self-feeders” who made their own food every day:
“The boys began the day by eating a cabin (dog) biscuit in the early morning, followed at
noon by a very badly-prepared mixture, cooked by themselves, of gari (kassava or manioc)
soup, with little or no green food; of meat, they had 1 oz. only every three days; there was
very little protein of any kind. Their evening meal was little better. In fact, these boys
were living on gari (kassava) as their main food, which was almost entirely carbohydrate”
(149). The disease would often improve after the school children went home to their
parents for the holidays.

Moore thought that the disease was due to a dietary deficiency, but he also thought that
the boys were consuming cassava of bad quality (149). In another school in southern
Nigeria with 80 pupils, Moore found that all the girls had nutritional amblyopia, but none
of the boys were affected (150). The school was located in a remote area and had provi-
sions brought by canoe twice a week, and food was distributed equally to students of each
sex. The food in the school was “seriously deficient in proteins.” “Further inquiry showed
that the boys augmented their diet daily by the simple expedient of catching and roasting
the land crabs that existed in countless numbers in the vicinity. This was not permissible
to the girls, who were kept in strict seclusion” (151). The authorities in Nigeria recognized
the problem with their boarding schools, and they formed special dietetic committees to
make recommendations for approved dietaries in the schools (152). These measures
were aimed at terminating the bad feeding practices applying to the “boarding-in” and
“self-feeder” type of students in the boarding schools.

A similar condition was described in epidemic form among children following a devas-
tating hurricane and subsequent period of food shortage in Jamaica (153). Affected chil-
dren presented with “dark eyes,” glossitis, angular stomatitis, abnormal dry, and thickened
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skin lesions, and the condition responded well to cod-liver oil and a liberal diet. The
disease also occurred in endemic form among children from poor urban families, and in
1945, 74 children were seen with the disease at the School Clinic in Kingston, Jamaica
(153). Unless discovered by routine school exam, children did not complain of “dark eyes”
until their vision dropped to 6/24, 6/60 or less. “Dark eyes” in local terms meant that the
child was not able to see the blackboard, or that the print was running together. Altered
color vision was common. In the early stages of the disease, the fundus was normal, but
later there was temporal pallor of the disc. Ataxia was found in one child, and 10 of the 74
children developed deafness. Most of the children recovered with a treatment of brewer’s
yeast, and impaired vision did not improve unless the glossitis and angular stomatitis
were also cured. One visiting ophthalmologist noted the similarity between the condition
among children in Jamaica and the clinical presentation of nutritional amblyopia in pris-
oners-of-war (154).

In the 1930s, Landor and Pallister conducted studies among inmates of Singapore and
Johore prisons that suggested niacin could be used to treat nutritional amblyopia (155).
Autoclaved yeast could prevent experimental black tongue in dogs but would not prevent
polyneuritis (156). Under the high temperature of autoclaving, the niacin in yeast was
stable but thiamin was destroyed. A syndrome of nutritional amblyopia, paresthesias,
and scrotal dermatitis was found in about 7% and 6.4% of prisoners who had been interned
for more than 1 yr in the Singapore and Johore prisons, respectively (155). Prisoners in both
prisons received parboiled rice, which has been found to be protective against thiamin
deficiency since it contains a relatively large portion of the germ. Yeast, whether auto-
claved or fresh, was found to be effective in treatment of this syndrome (155). The heat-
stable portion of yeast was later shown by other investigators to contain riboflavin and vita-
min B6, thus adding to the difficulties in attributing the therapeutic effect to niacin alone.

6.2.11. MACULOPATHY ASSOCIATED WITH MEGADOSES OF NIACIN

(NIACIN MACULOPATHY)
Megadose niacin therapy has been associated with a reversible maculopathy that is

characterized by cystoid macular edema (157). High dose niacin therapy is sometimes
used in patients with hypercholesterolemia. It has been reported that niacin maculopathy
occurs in about 0.67% of patients who are taking high doses of niacin (158). Niacin macu-
lopathy causes cystoid spaces in the inner nuclear and outer plexiform layers, and these
abnormalities resolve with discontinuation of niacin (159).

6.3. Folate Deficiency
Folate is a generic term used to describe a family of compounds with the activity of folic

acid, including folylpolyglutamates and folic acid (pteroylglutamic acid) and its deriva-
tives. Folate plays an important role as coenzymes in the synthesis of nucleic acids and
amino acids, thus, cells that undergo more rapid synthesis such as hematopoietic cells and
epithelial cells are affected more early in folate deficiency. Nutritional amblyopia has
been associated with folate deficiency, and several reports demonstrate that folate alone
can be used to treat the disease.

6.3.1. HISTORICAL BACKGROUND

In the 1930s, Lucy Wills (1888–1964) described megaloblastic anemia among preg-
nant women in Bombay, India, and the anemia responded to injections of liver or to yeast
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and marmite taken orally (160–162). This unknown hematopoietic factor became known
as “Wills’ factor.” A growth factor in spinach was termed “folic acid” in 1941 (163). The
factor that cured megaloblastic anemia was isolated from liver and yeast, and pteroyl-
glutamic acid was synthesized in 1945 (164). Megaloblastic anemia was attributed to
folate deficiency alone until subsequent work led to the isolation of vitamin B12, the
second major dietary factor that prevented this type of anemia. The fortification of cereal
grains with folate became mandatory in the United States after January 1, 1998 (42), and
fortification appears to have had an impact on overall improvement of folate status
among adults in the United States (165).

6.3.2. BIOCHEMISTRY OF FOLATE

Folates are compounds that contain pteroylglutamic acid, a 2-amino-4-hydroxy-pterid-
ine moiety linked via a methylene group to a p-aminobenzoylglutamate moiety (Fig. 10).
This family of compounds differs in the pyrazine ring, which can contain other forms of
substitutions, and by the p-aminobenzoylglutamate moiety, which can contain additional
glutamates. In foods, the number of glutamates can number from one to nine. Pteryolmono-
glutamic acid is not common in foods but is the form of folate used in vitamin supplements
and in food fortification. Obsolete names for folate include Wills factor, vitamin M, fac-
tor U, and vitamin Bc.

6.3.3. DIETARY SOURCES OF FOLATE

The richest natural sources of folate are liver, yeast, dark green leafy vegetables,
legumes, and certain fruits. The folate content of certain foods is shown in Table 5 (31).
It is currently recognized that the folate content in available food composition databases
are generally inaccurate and tend to underestimate the amount of folate contained in
foods. The folate yield from foods is higher than contained in most databases, as recent
methods have shown that traditional methods did not yield a complete release of folate
from the food matrix (42). The bioavailability of naturally occurring folates in mixed
diets is about 50% (166).

6.3.4. ABSORPTION, STORAGE, AND METABOLISM OF FOLATE

Most folates in food consist of reduced polyglutamates, and these are hydrolyzed in
the gut to monoglutamates. Absorption of folate takes place in the small intestine, pri-
marily in the jejunum. Folates are transported across the intestinal mucosa by a saturable,
carrier-mediated system and also by passive diffusion. The metabolism of folate involves
the reduction of the pyrazine ring to the active tetrahydro form, the elongation of the
glutamate chain by addition of glutamates, and the acquisition and oxidation or reduction
of one-carbon units at the N-5 and/or N-10 positions of the 2-amino-4-hydroxy-pteridine
moiety (167). In the circulation, folate occurs as free folate in plasma, folate bound to

Fig. 10. Structure of pteryolglutamic acid.
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albumin and other plasma proteins, and folate within erythrocytes. The normal adult
human body contains about 5–10 mg, with about half of the total body folate found in the
liver. The enterohepatic recirculation of folate plays an important role in folate balance.
About 0.1 mg of biologically active folate is excreted in the bile each day and a large
proportion is reabsorbed and reutilized. Excessive alcohol use interferes with the entero-
hepatic recirculation of folates. Most of the folate that enters the glomerulus is reabsorbed
in the proximal renal tubule, thus most secreted folate is reabsorbed (167).

6.3.5. FUNCTIONS OF FOLATE

Folate coenzymes are involved in the transfer of one-carbon units in nucleic acid and
amino acid metabolism. These reactions include (1) the de novo synthesis of purines, (2)
the methylation of deoxyuridylic acid to thymidylic acid in pyrimidine synthesis, (3) the
interconversion of serine and glycine, (4) the catabolism of histidine, (5) the conversion
of homocysteine to methionine, (6) the generation of formate into the formate pool, and
(7) the methylation of transfer RNA in mitochondrial protein synthesis. Both vitamin B12
and folate are required for the synthesis of thymidylic acid. The conversion of 5-methyl-
tetrahydrofolate to tetrahydrofolate by methionine synthetase requires vitamin B12 as a
cofactor, and vitamin B12 deficiency can result in a megaloblastic anemia that is clini-
cally indistinguishable from the megaloblastic anemia of folate deficiency. The relation-
ship between vitamin B12 and folate has been explained by the methyl trap hypothesis,
where non-functional 5-methyl-tetrahydrofolate accumulates and the level of other meta-
bolically active folate coenzymes undergo a concomitant reduction (167).

6.3.6. REQUIREMENT FOR FOLATE

The Food and Nutrition Board of the Institute of Medicine has made new recommen-
dations of folate intake by life stage and gender group (42) (Table 6).

Table 5
Folate Content of Certain Foods

Food Folate (μg/100 g)

Bakers yeast, dry 2340
Beef liver, pan fried 260
Chickpeas, boiled 172
Spinach, boiled 146
Peanuts, dry roasted 145
Beans, kidney, boiled 130
Egg, boiled chicken 44
Orange juice 30
Lean ground beef, broiled 10
Beer, 12 fluid ounces 6
Chicken, breast, fried 4
White rice, polished, unenriched, cooked 3

Based on US Department of Agriculture National Nutrient
Database for Standard Reference (http://www.nal.usda.gov/fnic/
foodcomp/search) (31).
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6.3.7. EPIDEMIOLOGY OF FOLATE DEFICIENCY

The risk of folate deficiency is increased with insufficient dietary intake of folates,
alcoholism, and malabsorption. The demand of folate is increased under conditions of
pregnancy, lactation, and malignancy. Alcohol and certain drugs may play a role in reduc-
ing the absorption of folates through inhibition of folate hydrolase in the brush border of
the intestine. Some drugs can interfere with absorption or utilization of folates, such as
phenytoin, barbiturates, metformin, methotrexate, pentamidine, sulfasalazine, trimetho-
prim, and triamterene (168,169).

6.3.8. ASSESSMENT OF FOLATE STATUS

Folate status is usually assessed through measurement of plasma folate concentrations,
erythrocyte folate concentrations, plasma homocysteine concentrations, hypersegmen-
tation of neutrophils, and the deoxyuridine suppression test (52). The earliest stage of
folate deficiency involves a drop in serum folate, followed by a decrease in erythrocyte
folate. With further depletion of folate, the deoxyuridine suppression will be abnormal
and homocysteine concentrations are elevated. Megaloblastic anemia occurs in the most
advanced stage of folate deficiency. The different criteria for folate deficiency are shown
for each test (52) Table 7. Plasma folate concentrations are sensitive to acute decreases
in folate intake, whereas erythrocyte folate concentrations reflect body folate stores at the
time of erythropoiesis.

6.3.9. CLINICAL MANIFESTATIONS OF FOLATE DEFICIENCY

The classic finding in folate deficiency is a megaloblastic anemia that is indistinguisha-
ble from the megaloblastic anemia caused by vitamin B12 deficiency. Other clinical mani-
festations that have been associated with folate deficiency include fatigue, weakness, dys-
pnea, and anorexia. Angular stomatitis, recurrent aphthous ulcers, and glossitis have
been described in folate deficiency. Pallor of the skin and mucous membranes may occur
in the presence of anemia.

Table 6
Dietary Reference Intakes for Folate (μg/d of Dietary Folate Equivalents)

Age and gender category AI EAR RDA

Infants, 0–6 mo 65 – –
Infants, 7–12 mo 80 – –
Children, 1–3 yr – 120 150
Children, 4–8 yr – 160 200
Boys and girls, 9–13 yr – 250 300
Boys and girls, 14–18 yr – 330 400
Adult men and women ≥19 yr – 320 400
Pregnant women – 520 600
Lactating women – 450 500

AI, Adequate Intake; EAR, Estimated Average Requirement; RDA, Recommended
Dietary Allowance. Based on ref. 42.
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6.3.10. NUTRITIONAL AMBLYOPIA ASSOCIATED WITH FOLATE DEFICIENCY

It is reasonable to surmise that many of the patients who were thought to have so-called
“tobacco alcohol amblyopia” may actually have had other nutritional problems that
included folate deficiency, either isolated or combined with other deficiencies. The
effect of chronic alcoholism on folate metabolism is well documented. In a study of 26
patients with nutritional amblyopia and 36 control patients, serum folate and red blood
cell folate concentrations were significantly lower in the cases than the controls, whereas
vitamin B12 concentrations were not significantly different between the two groups (170).
Six patients with bilateral progressive visual loss, poor color vision, and central or ceco-
central scotomas, had laboratory evidence of folate deficiency and had normal vitamin
B12 levels. Treatment with oral folic acid, 1 mg/d, resulted in visual improvement in all
patients (171). All patients consumed tobacco, alcohol, or both, and did not alter their use
of these substances during folic acid therapy. Other case reports exist in which patients
with nutritional amblyopia and folate deficiency responded to folate treatment (172,173).
Folate deficiency has also been associated with a neuropathy (174), but the pathophysi-
ology has not been well elucidated.

6.4. Vitamin B12 Deficiency
Vitamin B12, or cobalamin, is a generic term for corrinoids that have the biological

activity of cyanocobalamin. Vitamin B12 is essential for normal formation of the blood
and for neurological function. On the molecular level, vitamin B12 plays an important
role in amino acid and fatty acid metabolism and in DNA synthesis. Deficiency of vita-
min B12, like deficiency of folate, will result in impaired production of tetrahydrofolate
necessary for thymidine synthesis, hence, a similar clinical picture of megaloblastic anemia
can occur with either deficiency. In addition, vitamin B12 deficiency is characterized by
glossitis, papillary atrophy of the tongue, and in advanced deficiency, by neuropathy and
spinal cord dysfunction.

6.4.1. HISTORICAL BACKGROUND

Early descriptions of a fatal anemia were made by James Combe (1796–1883) in 1824
(175) and Thomas Addison (1793–1860) in 1849 (176). The anemia became known as
pernicious anemia because of its high mortality, and in 1884, subacute combined degenera-

Table 7
Selected Assays for Folate Deficiency

Assay Deficient Low Acceptable

Serum folate (ng/mL) <3.0 3.0–5.9 ≥6
Serum folate (nmol/L) <6.8 6.8–13.4 ≥13.4
Erythrocyte folate (ng/mL) <140 140–159 ≥160
Erythrocyte folate (nmol/L) <317 317–355 ≥356
Hypersegmentation of neutrophils (%)a – – <3.6
Deoxyuridine suppression test – – <10%
Plasma homocysteine (μmol/L) – – <12

aLobe average.
Based on ref. 52.
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tion of the spinal cord was described in associated with pernicious anemia by Otto
Leichtenstern (1845–1900) (177). Optic atrophy was noted in a patient with pernicious
anemia in 1895 (178). In 1926, George Minot and William Murphy demonstrated that a diet
of beef liver would cure pernicious anemia (179). Pernicious anemia was attributed to the
absence of an intrinsic factor in gastric juice by William Castle (b. 1897) (180). Cobalamin
was crystallized by Edward Rickes and associates in 1948 (181). The history of vitamin B12

has been recounted in detail elsewhere (182).

6.4.2. BIOCHEMISTRY OF VITAMIN B12

The term “vitamin B12 ” is used by nutritionists to describe cobalamins with the activ-
ity of cyanocobalamin, but, strictly speaking, the chemical definition refers to cyanocobal-
amin, or α-(5,6-dimethyl-benzimidazolyl)-cobamide cyanide (Fig. 11). Cyanocobalamin
consists of four reduced pyrroles in a macrocyclic ring termed a corrin, linked to a
nucleotide that lies nearly perpendicular to the corrin. Inside the ring is a central cobalt
atom. Corrinoids refer to compounds that contain a corrin nucleus with a tetrapyrrolic
ring structure. Cyanocobalamin bears some structural relationship with other cyclic tetra-
pyrroles in nature, such as heme and chlorophyll.

6.4.3. DIETARY SOURCES OF VITAMIN B12

Vitamin B12 is synthesized solely by bacteria. It is not produced by plants and does not
occur in vegetables or fruit, unless bacterial or fecal contamination is present in these
plant foods. Vitamin B12 is found in animal tissues, and the original source of the vitamin
B12 in animal tissues is bacteria. Rich sources of vitamin B12 include liver, beef, lamb,
shellfish, fish, egg yolk, and fermented cheeses. The vitamin B12 content of some foods
is shown in Table 8 (31).

6.4.4. ABSORPTION, STORAGE, AND METABOLISM OF VITAMIN B12

Vitamin B12 is released from the protein matrix of foods through mastication and pep-
sin digestion. Cobalamins are then bound by high-affinity glycoproteins, including intrin-

Fig. 11. Structure of cyanocobalamin.
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sic factor (IF). IF is secreted chiefly by parietal cells in the stomach and is necessary for
the absorption of cobalamin in the ileum. Other glycoproteins, such as haptocorrins (Hc)
and transcobalamin (TC) II, bind to cobalamin. In the duodenum, Hc bind mostly to in-
active corrinoids and cobalamin analogues and facilitates their excretion in the feces. The
IF-cobalamin complex is taken up by specific receptors in ileal mucosal cells, and this
uptake is limited to about 1.5–2.0 μg of cobalamin per meal. In the ileal cell, the cobalamin
moiety is converted to methyl-cobalamin and adenosyl-cobalamin, and these cobalamins
are then released in the blood bound to TC II. Cobalamin is taken up by cells in the body
by a receptor specific for TC II. The total body content of vitamin B12 is 3–5 mg, of which
half is found in the liver. Vitamin B12 is secreted in the bile and is largely reabsorbed and
available for metabolic use. This tight enterohepatic cycle can be interrupted if intrinsic
factor is reduced or absent, in which case most or all of the vitamin B12 is lost in the feces.

6.4.5. FUNCTIONS OF VITAMIN B12

Vitamin B12 serves as an essential cofactor for methylmalonyl-CoA mutase and meth-
ionine synthetase. Methylmalonyl-CoA mutase requires adenosyl-cobalamin to convert
L-methylmalonyl-CoA to succinyl-CoA, a step that occurs in the degradation of amino
acids (valine, isoleucine, methionine, and threonine) and odd-numbered fatty acids. Meth-
ionine synthetase requires methyl-cobalamin in the folate-dependent methylation of homo-
cysteine to methionine. Thus, vitamin B12 is linked to nucleic acid metabolism with its
role in the conversion of methyltetrahydrofolate to tetrahydrofolate. Tetrahydrofolate is
involved in the synthesis of thymidylate (see Subheading 6.3.5.).

6.4.6. REQUIREMENT FOR VITAMIN B12

The Food and Nutrition Board of the Institute of Medicine has made new recommen-
dations of vitamin B12 intake by life stage and gender group (42) (Table 9). Although the
RDA is calculated to meet the requirements of nearly all individuals for the maintenance
of hematological status and normal vitamin B12 concentrations, about 10–30% of older

Table 8
Vitamin B12 Content of Some Foods

Food Vitamin B12 (μg/100 mg)

Beef liver, fried 83.1
Lamb, trimmed, broiled 2.28
Sirloin steak, trimmed, broiled 1.91
Shrimp, cooked 1.49
Egg, hard boiled 1.11
Cod fish, cooked 1.05
Whole milk 0.44
Chicken breast, stewed 0.27
Carrots 0
Rice 0
Potatoes 0
Any Fruits 0

Based on US Department of Agriculture National Nutrient Database for
Standard Reference (http://www.nal.usda.gov/fnic/foodcomp/search) (31).
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people may be unable to absorb naturally occurring vitamin B12. The Food and Nutrition
Board recommends that adults older than 50 yr of age meet the RDA for vitamin B12
through the consumption of foods that are fortified with vitamin B12 (42).

6.4.7. EPIDEMIOLOGY OF VITAMIN B12 DEFICIENCY

Individuals at higher risk for vitamin B12 deficiency include complete vegetarians
(those who consume no animal products, including meats, eggs, and dairy products), and
those with atrophic gastritis, a gastrectomy, bacterial overgrowth of the small intestine,
fish tapeworm (Diphyllobothrium latum) infection, disease or resection of the terminal
ileum, and pancreatic insufficiency. Older adults, especially those living in institutions,
are at higher risk of malabsorption of cobalamin and subsequent vitamin B12 deficiency.
In pernicious anemia, autoantibodies against H+K+-adenosine triphosphatase in parietal
cells lead to loss of gastric parietal cells and eventual deficiency of intrinsic factor needed
for vitamin B12 absorption. Recent studies suggest that 2–3% of adults older than 60 yr
may have autoantibodies to parietal cells (183,184). Strict vegetarians who are breast-
feeding have a higher risk of vitamin B12 deficiency in their infants (185).

Several inherited disorders of vitamin B12 deficiency are known, and these include
congenital deficiency of methylene reductase and methionine synthetase, transcobalamin
II deficiency, disorders of adenosylcobalamin and methylmalonyl-CoA mutase, and
defects in cobalamin synthesis (186). Cobalamin C disease has been associated with bilat-
eral optic atrophy, and early cobalamin treatment did not prevent the development of
optic atrophy (187). A pathological study of eyes obtained from a young girl with cobala-
min C type vitamin B12 defect revealed partial optic atrophy, macular degeneration, and
loss of nerve fibers and ganglion cells between the fovea and optic disc (188). The Imers-
lund-Grasbeck syndrome occurs in children and is characterized by megaloblastic anemia,
proteinuria, and ataxia (189,190).

6.4.8. ASSESSMENT OF VITAMIN B12 STATUS

The most widely used method for the assessment of vitamin B12 status is the measure-
ment of serum cobalamin, and although deficiency is usually defined as a serum vitamin
B12 concentration <150 pg/mL, clinical signs of vitamin B12 deficiency has been described

Table 9
Dietary Reference Intakes for Vitamin B12 (μg/d)

Age and gender category AI EAR RDA

Infants, 0–6 mo 0.4 – –
Infants, 7–12 mo 0.5 – –
Children, 1–3 yr – 0.7 0.9
Children, 4–8 yr – 1.0 1.2
Boys and girls, 9–13 yr – 1.5 1.8
Boys and girls, 14–18 yr – 2.0 2.4
Adult men and women ≥19 yr – 2.0 2.4
Pregnant women – 2.2 2.6
Lactating women – 2.4 2.8

AI, Adequate Intake; EAR, Estimated Average Requirement; RDA,
Recommended Dietary Allowance. Based on ref. 42.
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even in the presence of normal or only marginally reduced serum vitamin B12 concentra-
tions. The Schilling test is used to determine whether absorption of vitamin B12 is reduced.
A small oral dose of radioactive vitamin B12 is administered during fasting, and after a
flushing dose of 1000 μg of intravenous nonradioactive vitamin B12, radioactive vitamin
B12 is measured in urine collected over a 48-h period. In patients with pernicious anemia,
usually less than 3% of the administered dose is excreted in the urine, whereas in normal
healthy individuals, more than 8% is excreted (123). The deoxyuridine suppression test
is also used to detect vitamin B12-deficient and/or folate-deficient erythropoiesis.

6.4.9. CLINICAL MANIFESTATIONS OF VITAMIN B12 DEFICIENCY

Vitamin B12 deficiency is characterized by hematopoietic, gastrointestinal, and neuro-
logical alterations, including megaloblastic anemia, glossitis, papillary atrophy of the
tongue, and in advanced deficiency, by neuropathy and spinal cord dysfunction. The neuro-
logical syndrome of vitamin B12 deficiency may begin with symmetrical paresthesias in
the hands and the feet, and loss of proprioception and vibratory sense, and later there may
be spastic ataxia. Patients may complain of a “pins and needles” or burning sensation in the
extremities. Degeneration of the dorsal and lateral columns of the spinal cord is associated
with paresthesias and sensory ataxia (191). Impaired bowel function may occur and mani-
fests as constipation. As noted in the following section, nutritional amblyopia can be the
presenting sign of vitamin B12 deficiency. The neurological manifestations of vitamin
B12 deficiency may precede the development of megaloblastic anemia. Abnormal visual
evoked potentials have been documented in untreated patients presenting with pernicious
anemia, and these findings suggest that involvement of the visual pathways may occur
in advance of any visual complaints during vitamin B12 deficiency (192).

6.4.10. NUTRITIONAL AMBLYOPIA ASSOCIATED WITH VITAMIN B12 DEFICIENCY

Visual loss from vitamin B12 deficiency can occur through nutritional amblyopia and
through hemorrhagic complications associated with severe megaloblastic anemia. Optic
atrophy (193) and bilateral central scotomas (194) have been described as the presenting
sign in pernicious anemia (193), although more typically other findings of vitamin B12
deficiency are present (195,196). A high incidence of pernicious anemia has been found
among patients who were originally presumed to have so-called “tobacco alcohol am-
blyopia” or “tobacco amblyopia,” and nutritional amblyopia in these patients resolved
after treatment with vitamin B12 (197). Vitamin B12 absorption, as indicated by Shilling
tests, seems to be impaired among individuals who are heavy or active smokers (198,199).
Mean serum cobalamin concentrations were lower among 65 subjects with so-called
“tobacco amblyopia” compared with healthy pipe smokers and healthy nonsmokers (200).
Nutritional amblyopia has been described among vitamin B12-deficient patients infected
with Diphyllobothrium latum (201). One hundred two fish tapeworm carriers were exam-
ined, and four patients had reduced vision, bilateral cecocentral scotomas, and serum vita-
min B12 concentrations consistent with deficiency. Deworming was followed by improve-
ment in visual acuity and visual fields. Nutritional amblyopia has also been described in
pernicious anemia associated with partial gastrectomy (172) and in vitamin B12 deficiency
following resection of the ileum (202).

In a recent case report, a previously healthy 29-yr-old woman with microcytic, hypochro-
mic anemia was found to have a carcinoid tumor tumor in the posterior wall of the stomach
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(203). The tumor was excised, and 30 mo after the operation, the patient presented with
a history of impaired vision. The patient reduced vision, bilateral optic atrophy, low serum
vitamin B12 levels, and an abnormal Shilling test, and administration of intramuscular vita-
min B12 restored the serum vitamin B12 levels but her optic atrophy was irreversible.

6.4.11. EVIDENCE FROM EXPERIMENTAL ANIMAL MODELS

Degeneration of the papillo-macular bundle has been found in monkeys on an experi-
mental vitamin B12-deficient diet (204,205). Sixty-four monkeys, of which 61 were rhe-
sus monkeys, Macaca mulatta, were divided into three groups (1) a vegetarian diet, (2)
a vegetarian diet followed by treatment with vitamin B12, and (3) a B12-supplemented diet
for more than 2 yr. Among the monkeys of the three groups, 65.2%, 44.8%, and no ani-
mals developed visual degeneration, respectively. Serum vitamin B12 concentrations at
the time of death were lower in the vitamin B12-deficient animals compared with the sup-
plemented animals. Degeneration of the papillo-macular bundle found in animals in group
1 and 2 (vitamin B12-deficient monkeys, and resupplemented monkeys) but not in con-
trols, which were normal. The pathological findings consisted of a reduction of the gan-
glion cells of the central area of the retina and degeneration of the papillo-macular bundle
along its entire length. The lesions consisted of patchy, spongiform, sudanophilic areas of
degeneration involving the myelin sheaths more than the axons. These lesions were accom-
panied by astrocytic nuclear hypertrophy and an increase in the number of microglia. A
significant correlation was found between the temporal extent of the central area of degen-
eration and serum vitamin B12 concentration before the time of death. The papillomacular
bundle was considered more susceptible to disease because of the higher density of neu-
roglia in the bundle; astrocytes and oligodendrocytes and their associated need metabolic
and energetic support (204,205).

6.4.12. TREATMENT OF NUTRITIONAL AMBLYOPIA WITH VITAMIN B12

The nutritional amblyopia associated with pernicious anemia has been treated success-
fully with vitamin B12 therapy alone (173,194,206). For example, in a typical case report,
a 47-yr-old woman with subacute combined degeneration of the spinal cord and retrobul-
bar neuritis was diagnosed as having pernicious anemia and was treated with vitamin B12.
After a course of 3 mo, her visual acuity improved considerably and her neurological symp-
toms disappeared by 5 mo. By 12 mo, visual acuity was nearly normal (207). Nutritional
amblyopia associated with pernicious anemia usually resolves if the eye condition is treated
with vitamin B12 soon after presentation (208), but longstanding cases do not respond to
treatment (209). Hydroxycobalamin has been shown to be more effective in the treatment
of nutritional amblyopia than cyanocobalamin (173). Patients with megaloblastic anemia
and visual findings such as hemorrhagic retinopathy, reduced visual acuity, and dyschroma-
topsia showed a striking increase weight when they were treated with vitamin B12 (172).

6.5. So-Called “Tobacco-Alcohol Amblyopia”
The disease entity, so-called “tobacco-alcohol amblyopia,” or “tobacco amblyopia,” can

be found in the older ophthalmological literature. This term has largely been abandoned in
favor of the term nutritional amblyopia. The relationship between tobacco use and/or alco-
hol use and retrobulbar neuropathy is not directly causal (210–212). In an extensive review
of so-called “tobacco amblyopia,” Potts concluded that the relationship between tobacco
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use and amblyopia was weak because there is (1) no relationship between the amount of
tobacco used and the severity of the disease, (2) no relationship between the amount of nico-
tine in the tobacco and the severity of disease, (3) no association between duration of use
and severity of disease, (4) a variable effect of cessation of tobacco use and therapeutic
effect, and (5) an unexplained discrepancy in incidence in the second quarter of the 20th
century. In spite of an increase in tobacco use during that period, so-called “tobacco ambly-
opia” became increasingly rare. From 1913 to 1934, about 1% of ophthalmology patients
seen in Edinburgh were diagnosed with so-called “tobacco amblyopia,” but for unknown
reasons the disease began to decline in the latter part of that period (213,214). The disease
was considered to be more common among pipe and cigar smokers, and there has not been
an increase in cases of so-called “tobacco amblyopia” with the recent resurgence of cigar
smoking. Various toxins in tobacco have been implicated in the pathogenesis of so-called
“tobacco amblyopia,” including nicotine, cyanide, and some unknown toxins (215–219).
Others have argued that poor quality tobacco could cause the disease (220,221).

Smokers are at a higher risk of nutritional amblyopia mainly because of their dietary
habits, as many studies have shown that cigarette smokers have a lower intake of many
vitamins compared with comparable nonsmokers (222–227). Smokers are less likely to
consume fresh fruits, vegetables, salad, and whole grain cereals compared with nonsmok-
ers. The consumption of saturated fat, sugar, and alcohol are higher among smokers (226).
It is also well established that alcoholics in general are at higher risk of poor nutrition
(228), and there is little evidence to demonstrate that heavy alcohol use itself is toxic to
the optic nerve. Alcoholism is the most common cause of folate deficiency in the United
States and occurs in up to 80% of chronic alcohol abusers (228). Thiamin deficiency is
also common in alcoholics and is associated with Wernicke-Korsakoff syndrome (see
Subheading 6.1.11.). Other problems with water-soluble vitamins in alcoholics include
pyridoxine deficiency and deficiency of vitamin B12.

Although many clinicians had long observed that so-called “tobacco-alcohol amblyo-
pia” was more common among malnourished and impoverished patients, early work by
Frank D. Carroll (b. 1907) helped to establish in a more definitive manner that nutritional
deficiencies were the underlying etiology of the retrobulbar neuropathy seen in patients
with so-called “tobacco-alcohol amblyopia.” In 1935, Carroll noted that so-called “tobacco-
alcohol amblyopia” accounted for 0.3–0.5% of patients admitted to the eye clinic of the
Massachusetts Eye and Ear Infirmary (229). In his initial case series of 55 patients, he
noted that about half the patients were unemployed and had increased their use of tobacco
and alcohol since they stopped working. He originally advocated abstinence from tobacco
and alcohol as a treatment for the disease. The following year, Carroll ob-served that ten
patients with so-called “tobacco-alcohol amblyopia” also had skin lesions typical of pel-
lagra and/or a polyneuritis (230). All the patients had inadequate diets, and he suspected
that defective nutrition was the underlying etiology of so-called “tobacco-alcohol ambly-
opia.” Later case reports suggested that patients with so-called “tobacco-alcohol amblyo-
pia” would recover when given thiamin supplements even though they continued heavy
alcohol and tobacco use throughout treatment (231). In further investigations, Carroll
divided patients with so-called “tobacco-alcohol amblyopia” into four groups consisting
of the following treatments: (1) a well balanced diet, (2) a usual diet plus vitamin B com-
plex, (3) an inadequate diet plus vitamin B complex, and (4) an inadequate diet plus thia-
min alone (232). During treatment, all the patients were instructed to continue their usual
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use of alcohol and tobacco. All 26 patients in the study showed improvement of the
disease. These data and further studies suggested that thiamin treatment alone would be
effective (232,233). Blood transketolase levels consistent with thiamin deficiency have
been described in patients with so-called “tobacco-alcohol amblyopia” (234).

Other studies have shown significantly lower serum vitamin B12 concentrations among
patients with so-called “tobacco amblyopia,” and the condition responded to treatment
with vitamin B12 (235). Three patients who continued to smoke as heavily as before also
improved with vitamin B12 therapy. Other have reported improvement in so-called “tobacco
amblyopia” among individuals who continued smoking but improved on vitamin B12 ther-
apy (236). Although some clinicians claim to have identified “pure” cases of so-called
“tobacco amblyopia” (237,238), it is notable that the condition responds to vitamin B12

treatment, despite continued smoking and/or drinking (235,238–241). Some have specu-
lated that vitamin B12 deficiency is involved in the pathogenesis of eye disease because
of the role of hydroxocobalamin in the metabolism of cyanide (242,243) or methionine
metabolism (244).

The syndrome of so-called “tobacco-alcohol amblyopia” was responsive to a well
balanced diet or treatment with B complex vitamins (245,246). An autopsy report of a
patient with so-called “tobacco-alcohol amblyopia” revealed extensive liver disease,
peripheral neuropathy, cerebellar degeneration consistent with chronic malnutrition (246).
In the 1960s, Maurice Victor proposed that the term “tobacco-alcohol amblyopia” be
abandoned, because the main underlying etiology was nutritional (246). Carroll later also
adopted the term “nutritional amblyopia” (247). The incidence of so-called “tobacco-
alcohol amblyopia” or “tobacco amblyopia” has decreased greatly during the 20th century
(212,248,249), and the decrease is likely due to general improvements in diet as well as
mandatory fortification of flour and bread with thiamin, riboflavin, and niacin in the 1940s
(see Subheading 6.1.1.).

6.6. Nutritional Amblyopia During Times of War

6.6.1. INTRODUCTION

Nutritional amblyopia has appeared in epidemic form among prisoners in concentra-
tion camps and civilians subject to severe food shortages during times of war. It has also
been described among poorly nourished soldiers in times of peace. Sometimes nutritional
amblyopia was an isolated finding, but usually it was associated with other signs and
symptoms of dietary deficiencies suggestive of beriberi, pellagra, riboflavin deficiency,
and vitamin B12 deficiency. Other synonyms for nutritional amblyopia included “starva-
tion amblyopia,” “camp amblyopia,” “camp eyes,” “kampoogen” in Dutch, “malnutrition
amblyopia,” “Inanitionsamblyopie” in German, “avitophthalmia,” “avitaminotic retrobul-
bar neuritis,” “avitaminosis amblyopia,” “beriberi optic neuritis,” “tropical nutritional ambly-
opia,” and “amblyopia cum polyneuropathia.”

6.6.2. CLINICAL PRESENTATION

Nutritional amblyopia was often described among previously well nourished, healthy
soldiers who were suddenly captured and made prisoners of war. For example, many
cases occurred among soldiers who were captured after the surrender of Singapore to the
Japanese during World War II. Typically, the onset of visual symptoms in prisoners of
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war occurred within 4–12 mo of captivity. A decrease in vision occurred over many days
or weeks. The main complaint was usually blurred vision with difficulty reading and rec-
ognizing faces because of a decrease in central vision. Bilateral central scotomas were
present, and ophthalmic findings sometimes included slight hyperemia of the optic discs
early during the disease. With longstanding disease, bilateral temporal disc pallor would
be present. There were occasional reports of bilateral constriction of peripheral vision and
minute changes in the macula, but most reports noted normal peripheral vision and no mac-
ular findings. Often the patients reported that they were more comfortable seeing in dim
light rather than bright light. Photophobia, lacrimation, and retrobulbar pain were some-
times present. The most common findings associated with nutritional amblyopia among
prisoners of war included a large loss of weight, “burning feet” or paresthesias of the
extremities, perioral numbness, glossitis, angular stomatitis, dermatitis consistent with
pellagra, and signs and symptoms of beriberi. Nutritional amblyopia often occurred in
epidemic form after an outbreak of dysentery in the prison camps.

6.6.3. STUDIES OF AFFECTED PRISONERS OF WAR AND CIVILIANS

Early reports. Nutritional amblyopia was reported as early as 1870 during the siege
of Paris by the Germans, during which there was an increase in so-called “tobacco ambly-
opia” (220), and as recently as the Vietnam War among captured US airmen (170). Dur-
ing World War I, retrobulbar neuritis among soldiers was attributed to nutritional deficiency.
Thirty patients with decreased vision and central scotomas were reported by Dinser in
1919 (250). Bad living conditions, unknown toxins, and the heavy strain of war were
implicated as the cause of retrobulbar neuritis seen in soldiers and civilians (251–253).
Many of these reports came from populations subjected to extreme dietary deprivation, but
the majority of the cases were thought to be due to multiple sclerosis, tobacco, alcohol,
or to be idiopathic in nature (254–256). During the Spanish Civil War, a series of 98 patients
with nutritional deficiencies was described from Madrid (257,258). A large proportion
of the patients had retrobulbar neuritis, and other associated neurological problems in-
cluded paresthesias such as “burning feet” and glossitis. At the end of the Spanish Civil
War, physicians in the military hospitals began to see nationalist soldiers with decreased
vision, central scotomas, and temporal disc pallor (259). These soldiers had been held pris-
oners of war by the Marxist army and were fed small portions of rice and lentils during cap-
tivity. The vision of the soldiers recovered when they were given a vitamin-rich diet (259).

World War II. Most of the reported cases of nutritional amblyopia during the time of
war came from World War II. As noted by the Dutch ophthalmologist Henri Marinus
Dekking (1902–1966):

“Nature, that most unscrupulous vivisectionist, has just finished one of her greatest
experiments: a war. Of all her vast laboratories, the South East Asia theater of war has
yielded some very remarkable results from an ophthalmological standpoint. Hundreds
of thousands of men, women and children have been kept in cages for almost four years,
and have been subjected to all kinds of deficient diets and to incredible physical and
mental strains” (260).

Nutritional amblyopia was observed by physicians who were interned in prison camps,
by those practicing among civilians during military occupation, and by many ophthal-
mologists who examined patients who had been repatriated from prison camps through-
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out Asia at the end of World War II. Some of the cases reported in the camps may have
also appeared in later case series when the prisoners were examined and processed prior
to their return home, and there was also some overlap in the reporting of cases from dif-
ferent internment camps following the war.

The British ophthalmologist, Sir Harold Ridley (1906–2001), examined about 500
prisoners of war who had problems with a deterioration of vision in captivity while im-
prisoned in Siam (261). Most of these men were forced to work on the Bangkok-Moulmein
railway from October 1942 to March 1943, and their diet consisted primarily of polished
rice with a vegetable stew comprised of pumpkin, yam, sweet potato, bringal, Chinese
radish, and Chinese cabbage. The meat ration was variable and always small, and some-
times it was possible for the prisoners to purchase eggs and bananas. Nutritional amblyopia
was accompanied in many cases by skin lesions of pellagra, edema of the lower extremities,
beriberi, glossitis, and angular stomatitis. Nerve deafness was often present. Night blind-
ness was a rare complaint. In further work, a total of several hundred prisoners of war from
Siam, Malaya, and the Netherlands East Indies were examined, and about 1% of the men
were found on release to have impairment of vision of 2–3 yr duration (8). About half the
patients with nutritional amblyopia also had beriberi. Ridley noted that among the prison-
ers, eggs were considered a valuable remedy, and the officers, who had better access to
eggs while in captivity, were relatively spared of nutritional amblyopia (8).

The total incidence of nutritional amblyopia among prisoners who were repatriated
from the Far East was estimated to be 6.8% (262). Frederick C. Rodger examined 238
prisoners with nutritional amblyopia who were repatriated from Singapore, Hong Kong,
Java, Borneo, Ambon, Formosa, and Saigon. From the time of internment, the onset of
nutritional amblyopia was reported as 0–4 mo (2.4%), 5–9 mo (28.2%), 10–14 mo (59.3%),
15–19 mo (6.7%), and 20 mo and greater (3.3%). The average time to onset of disease
was 11.2 mo. The diet varied between the different prison camps, and the incidence of
nutritional amblyopia was higher in some camps than others. In most cases, the onset of
visual disturbances was associated with beriberi (262,263). At the end of the war, over 3000
Royal Air Force personnel who were repatriated from Japanese prison camps passed
through a reception unit in England and received eye examinations (264,265). Two hun-
dred of the men showed decreased vision and central scotomas, and bilateral temporal
disc pallor was common. These men had more longstanding disease and showed little
response to treatment. One hundred and thirty six cases were evaluated and examined a
second time (265), and 101 of the 163 men had come from Ambon and 42 from Java. The
dietary situation in Ambon was considered the worse, as extra food could not be obtained
by the prisoners. The most common associated findings were beriberi, pellagra, and “burn-
ing feet” (265,266). In one location, over half of the cases of nutritional amblyopia appeared
after a dysentery epidemic swept through the camp. The medical officers provided the
most severely affected men with badges that said “blind” in order to denote their condition
to their captors in the prison camps (266).

Nutritional amblyopia was also found among American soldiers who had been repatri-
ated from Camp Omori, Camp Ofuna, Shinegawa Hospital, and the Kempi (Military
Police) Headquarters in Tokyo (267). In captivity, the pilots and personnel from B-29
bombers were singled out for punitive incarceration, and they were placed on half rations
of 300 g of rice per day. Most of the patients had been interned for about 6–9 mo and had
lost around 44 lbs in weight. In 40 patients, reduced vision, central scotomas, and optic disc
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pallor were common, and other associated findings included glossitis and beriberi. One
patient died shortly after admission with beriberi heart. In another case series of six Ameri-
can soldiers repatriated from Japanese prison camps after capture on Wake Island, Correg-
idor, and Bataan, beriberi and pellagra were associated with nutritional amblyopia (268).
These soldiers had longstanding disease and developed permanent visual disability.

Singapore. In February 1942, the British surrendered in Singapore after relatively short
combat with the Japanese (269), and the plight of these soldiers has been particularly well
documented (270,271). The number of cases of nutritional amblyopia that appeared per
week was documented in one prison camp (269) (Fig. 12). The large majority of the
British soldiers had undergone relatively little hardship and was healthy at the time of cap-
ture. A week following capitulation, 52,000 troops were marched sixteen miles to Changi,
and some of them were interned locally. In July 1942, about 5.5 mo after capture, there
was an epidemic of burning feet in the Changi prison camp. About 500 prisoners of war
with burning feet were studied, and 13%, or about 65 cases, had nutritional amblyopia
(272). Later in October 1942 to July 1943, nutritional amblyopia reached epidemic pro-
portions in the Changi prison camp, with the number of inpatients exceeding 500 in one
period (273). The condition was bilateral, with loss of vision due to involvement of the
papillomacular bundle. During the peak of the epidemic of nutritional amblyopia, burn-
ing feet affected about 75% of the cases. Other associated findings incluced stomatitis
and glossitis (30–80%). Scrotal dermatitis affected up to 80% of the cases, and about 1%
had nerve deafness (273). The treatment for nutritional amblyopia consisted of marmite,
and the prognosis was excellent if the history of visual loss was short. For cases that had
more than 2 mo without treatment, the prognosis was poor. Most patients responded to
treatment within 2–3 wk, with many patients improving from 6/60 or worse to 6/6. Of
about 1300 patients treated in the hospital, 95.5% showed improvement, 4% remained
stationary, and 0.5% got worse (273).

Fig. 12. Incident cases of nutritional amblyopia, Changi prison camp, 1942–1945. (From ref. 269.)
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After the surrender of Singapore, the local population was subjected to dietary dep-
rivation, as the price of meat, eggs, fish, fats, fresh and dried beans rose so high that many
people were unable to obtain them. By July 1942, cases of nutritional amblyopia began to
appear among civilians in Singapore (274). The condition was usually accompanied by
angular stomatitis, glossitis, and sometimes scrotal or labial dermatitis, and many patients
also had recent problems with beriberi. Nutritional amblyopia also appeared among
civilians in the Changi Jail in December 194, and about one hundred cases appeared in
a 2-mo period in June 1943 (274). During the Japanese occupation of Singapore, many
civilians were interned locally for about 3.5 yr. In a civilian interment camp of 3000 men,
5.5% were affected with nutritional amblyopia (7). One hundred and forty-five of these
cases were studied more closely, and associated findings included parathesias (27%),
altered tendon reflexes (28%), glossitis (15%), and scrotal dermatitis (6%) (7). Other
neurological case histories included diplopia and deafness (275).

Hong Kong. The incidence of nutritional amblyopia was higher in Hong Kong than
Singapore (270). In the last 6 mo of 1940, with a fall in wages and rise in unemployment,
pellagra became common in Hong Kong among civilians (276). Cases of nutritional
amblyopia began to appear, and associated findings included parathesias, weakness of
the extremities, glossitis, and angular stomatitis. The cases occurred among the poorer
classes of Hong Kong. Patients recovered with a treatment of nicotinic acid and better diet
(276). About 2 yr later, Hong Kong was occupied by the Japanese, and many civilians from
Hong Kong were interned. In one civilian camp that contained about 1300 men, 900
women, and 300 children under age 16, there were 370 cases of nutritional amblyopia
(270,277). The diet of the camp provided 1700 calories with 42 g of protein, 23 g of fat,
and an estimated daily intake of thiamin, riboflavin, and niacin of 0.38 mg, 0.70 mg, and
8.1 mg, respectively (277), compared with the current RDA of 1.2 mg, 1.3 mg, and 16 mg,
respectively, for an adult male (42). Many of the cases had burning feet and peripheral
neuropathy.

Nutritional amblyopia was also reported from military internment camps in Hong Kong.
In one camp, 174 cases were reported (278). After nearly 4 yr of captivity in Hong Kong
and the Japanese islands, an estimated 20% of Winnipeg Grenadiers of Canada developed
nutritional amblyopia (279). The Grenadiers left Winnipeg in October 1941 and were
captured by the Japanese in December 1941. The caloric intake during captivity dropped
to 1700 to 2300 calories per day and then further to 1200 to 1500 calories per day because
of spoiled food. In the first few months of internment, most men lost 35–40 lbs of weight.
Nutritional amblyopia began in epidemic proportions in August 1942 and reached a peak
September and October of 1942. Most of the men developed wet or dry form of beriberi,
pellagra, and “hot feet” (279). There was little opportunity for the prisoners of war to
trade or purchase food with guards during captivity, and about 60% of the men reported
decreased visual acuity at some time during captivity. About 6% of the Canadian prisoners
of war were left with permanent visual disability from nutritional amblyopia (280).

Burma and Thailand. The infamous Bangkok-Moulmein railway work camps, popu-
larly known through the film The Bridge On the River Kwai (1957), were notable for their
extreme degree of dietary deficiencies and nutritional amblyopia (261,281,282). Other
reports of nutritional amblyopia came from Nakom Paton (288), Rangoon (284,285). Most
of the cases were associated with beriberi (285). After the end of the war, some of the
repatriated European and Indian soldiers were examined in Secunderabad, India (286).
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Among 3667 sick prisoners of war who were received in India, there were 185 cases of
nutritional amblyopia. Burning feet were commonly associated with the eye disease, and
a relapse of eye disease was often seen in patients who developed dysentery (286).

Philippines. Many American soldiers who were captured in the Pacific theater during
World War II were held prisoner of war by the Japanese in the Philippines. Soldiers who
were captured in Bataan and Corregidor in April and May 1942 were placed in prison
camps and given a daily diet of about 300 gms polished rice and a thin soup of low grade
vegetables and weeds (287). Meat was almost completely lacking for the diet, and rarely
a pig would be slaughtered to feed a group of 2500 men. Within the first 4 mo of imprison-
ment, men developed beriberi, scurvy, pellagra, and ariboflavinosis, and of 6500 men
interned in Cabanatuan, 2700 died in the first year. Nutritional amblyopia began to appear
in September 1942, about 5–6 mo after capture. After about 2 to 4 wk, retrobulbar pain
and burning sensation was reported, with lacrimation and photophobia. The main ocular
findings were temporal optic disc pallor and central scotomas. At one point during the
internment, the rice polisher broke, and prisoners of war were given unpolished rice for
2 mo. As reported by Bloom: “A definite improvement in the condition of the men resulted
during this time. On returning to the diet of polished rice, they suffered a recurrence of
former symptoms.” Nutritional amblyopia was noted to be more prevalent among pris-
oners of war who refused to eat the soup and among those who bartered their food for
cigarettes (287).

In a report of eight patients with nutritional amblyopia who were liberated from prison
camps in the Philippines, all were noted to have beriberi, seven of the eight had pellagra,
and all but one had developed some degree of bilateral nerve deafness (288,289). Bilibid
prison in the heart of Manila, once used for a thiamin deprivation study among death row
inmates earlier in the century (19), became a prison hospital for American prisoners
during World War II. Sick American prisoners of war from prison camps around the Philip-
pines were referred to Bilibid for treatment by staff of the US Navy Medical Corps. At
one time, 90% of camp inmates in a total census of about 3000 men had developed some
degree of nutritional amblyopia, which they termed “beriberi optic neuritis” (290). During
the Japanese occupation of the Philippines, nutritional amblyopia also reached epidemic
proportions among the civilian population in December 1942 (291). From 1940 to 1941,
72 cases of retrobulbar neuritis were seen at the Philippine General Hospital in Manila,
but from 1942 to 1943, 451 cases were reported (291).

Dutch East Indies (Indonesia). In the Dutch East Indies, nutritional amblyopia was docu-
mented in several prison camps. In one extraordinary account from the Bandung (Ban-
doeng) camp in West Java, Otto de Raadt, an otorhinolaryngologist, kept detailed medical
records of patients with nutritional amblyopia. When the Bandung camp was closed by
the Japanese and the prisoners moved, de Raadt buried the notebooks, and after the end of
the World War II, the hidden records were dug up and formed the basis for a detailed report
(292). One physician noted that ocular complaints were rare among prisoners of war dur-
ing almost 2 yr of captivity in “Struyswijk” prison in Batavia, where inmates received a diet
of unpolished rice, some vegetables, “tempe kedele” made from soy beans, and occasion-
ally beans or peas (293). However, in camps in or near Bandung, where the diet consisted
of polished rice and a thin porridge of tapioca, 150 cases of nutritional amblyopia were
seen, mostly accompanied by beriberi, and other outbreaks of nutritional amblyopia were
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reported in Adek, Log, and Banjoebiroe camps, where polished rice was the main dietary
staple (293). In Tjimaji camp, Java, nutritional amblyopia was reported among 7–8% of
the internees (260). One physician found that thiamin treatment was effective in treating
nutritional amblyopia (294).

Middle East. Nutritional amblyopia was described among 112 German prisoners of
war who were held captive in Egypt, and associated findings included ataxia (21%), nerve
deafness (11%) and both ataxia and nerve deafness (8%) (295). The cases occurred in a
camp of about 10,000 men where diarrhea, dysentery, malnutrition, pellagra, ariboflavin-
osis, and scurvy were common. Although the recommended diet for the camp was supposed
to consist of 3574 calories per day, with sufficient B complex vitamins, the actual con-
ditions were far different because of wartime conditions and shortages (295). Nine cases
of nutritional amblyopia were described among German soldiers held prisoners of war
by the British in the Mediterranean region (296). Associated findings included burning
feet, tinnitus and deafness, hoarseness, weakness in the legs, and dermatitis consistent
with pellagra (296).

Europe. Although there were thousands of prisoners of war and civilian prisoners held
in different camps in Europe and Russia during World War II, there were only relatively
rare reports of nutritional amblyopia compared with southeast Asia and the Middle East.
This led some to speculate that the tropical heat or excessive sunlight were a predisposing
factor that could explain the high incidence of the disease in the tropics (260). Such cli-
matic and environmental factors do not explain the cases of nutritional amblyopia reported
during World War I and the Spanish Civil War (259). After World War II, Berlin became
a transit center for Eastern refugees and prisoners of war, and some cases were described
among prisoners returning from Russia (297). Other cases were described among the
civilian population of Berlin, which was subjected to poor dietary conditions in the latter
part of the war (297). Clinical examination of thousands of Poles who were released from
Russian concentration camps in 1943 did not reveal any cases of nutritional amblyopia
(298). Although the internees received a poor diet, the main staple was black bread, 450–
500 g a day, which would provide 1.03–1.15 mg of thiamin per day, close to the current
RDA for thiamin.

Korean War. Nutritional amblyopia also affected American servicemen who were
held prisoner of war in North Korea (299). A total of 3745 Americans held prisoner of war
were repatriated from prison camps in Korea. In spring of 1953, during “Operation Little
Switch,” 149 of the most seriously ill prisoners were released. The remaining prisoners
were released in August and Septmber 1953 in “Operation Big Switch” after hostilities had
ceased. Twenty-two men were found to have nutritional amblyopia, and common associ-
ated findings were beriberi, diarrhea, dysentery, peripheral neuropathy, and night blind-
ness. Four of the patients had hearing loss (299).

Vietnam War. In the Repatriated Prisoners of War program, American servicemen
were seen after being released from North Vietnam (170). Most of the prisoners of war at
that time were aviators who had been shot down and were not ground troops. Of 332 ser-
vicemen seen, there were 3 cases of nutritional amblyopia. All three men had been captured
in the period from 1963 to 1967, and the diet consisted mostly of turnip soup, potato soup,
and no fats. After 1968, vitamins arrived from the Red Cross for the entire population of
prisoners in North Vietnam, and no further cases of nutritional amblyopia were seen (170).
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6.6.4. ETIOLOGY AND TREATMENT

Nutritional amblyopia among prisoners of war and civilians during times of war is
largely consistent with that described in outbreaks of beriberi and pellagra (263,300). In
the prison camps, the physicians usually treated the patients with yeast, marmite, B com-
plex vitamins, thiamin alone, niacin alone, thiamin and niacin together, eggs, larger rations,
rice polishings, local legumes, and any other vitamins they could find under conditions
of extreme scarcity. Good responses to therapy were often described with most of these
different treatments. From these reports, it is difficult to evaluate the relative efficacy of
the treatments, as these were not controlled studies. In many cases, the physicians ran out
of vitamins, and often they did not distinguish between treatment of acute cases, which
would be expected to recovery quickly, and longstanding cases, which would not be
expected to respond much to treatment. There is an anecdotal report of 70 hospital staff
members who took daily thiamin as prophylaxis during a widespread outbreak of nutri-
tional amblyopia in the prison camp and did not develop the disease (278), but there is
another report where nutritional amblyopia developed among prisoners on thiamin treat-
ment for beriberi (277).

There can be no doubt that the diets of the prison camps were insufficient in calories,
proteins, fats, and most B complex vitamins (301–304). There are well documented out-
breaks of beriberi, pellagra, scurvy, ariboflavinosis, and night blindness in many differ-
ent prison camps (305). Although there were limited rations in the camps, the survival
of many prisoners often depended on on their ability to purchase extra food on the black
market and from local people who came to the camps (306). The provision of vitamins
and extra rations from the International Red Cross were also thought to have made a differ-
ence in the long-term health of the prisoners (307). The reports of nutritional amblyopia
during times of war are summarized in Table 10.

6.7. Case Study: The Cuban Neuropathy Epidemic

6.7.1. INTRODUCTION

In November 1991, several middle-aged men with loss of vision were seen at the Abel
Santamaría Hospital in Pinar del Río, the westernmost province of Cuba (308). The men
were diagnosed as having retrobulbar optic neuritis. In the ensuing months, about 14 to
36 new cases began to appear each month, and by July 1992, 168 cases had accumulated.
In August 1992, 22 inmates from Ariza Prison in Cienfuegos were admitted to Aldereguía
Provincial Hospital with edema, painful dysesthesias of the feet and legs, difficulty ambu-
lating, sensory ataxia, and weakness. The patients were thought to have beriberi, and they
responded to treatment with a better diet, thiamin, and B complex vitamins. By the end of
1992, there were 472 cases identified, and by March 1993, there were 4461 cases in total
(309) (Fig. 13).

A task force was organized to deal with the epidemic on March 20, 1993 (308). The group
was chaired by Comandante Fidel Castro Ruz and coordinated by the Civil Defense for
Disaster Relief, the Ministry of Public Health, and the Cuban Academy of Sciences (310).
The epidemic was distributed across the entire island of Cuba (9) (Fig. 14). An island-
wide effort began to identify cases and promote early treatment, using some 18,000 family
doctors involved in the primary care system. An increase in reported cases continued,
many patients having isolated neuropathies, neuropathies associated with optic neuropathy
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and/or deafness. In early June 1993 there was a large decline in the incidence of cases
which coincided with distribution of multivitamin supplements to the entire population
of Cuba. Distribution of the vitamins began in May 1993. By January 14, 1994, there was
an official tally of 50,862 cases. The history of the epidemic has been summarized else-
where (308,310,311).

6.7.2. EPIDEMIOLOGY

The cases were classified as having either an optic or peripheral form, although com-
bined forms of the disease were common. Eighty-seven percent of the cases occurred in
adults between 25 and 64 yr of age, and the individuals at the lowest risk were children
<15 yr, pregnant women, and adults >65 yr old. The national cumulative incidence of all
forms of neuropathy, optic and/or peripheral, was 461.4/100,000 persons (9). In total, the

Fig. 13. Profile of the epidemic (the Direction National de Estadisticas, MINSAP, Cuba). (From refs.
308,309.)

Fig. 14. Incidence rate of neuropathy, by geographic region. (From ref. 9.)
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proportions who were considered to have primarily optic and peripheral forms of the
disease were 52% and 48%, respectively (9). The lack of a strict case definition for neu-
ropathy was seen as a limitation in the epidemiological investigations (311).

A case control study was conducted in Pinar del Río in September 1993 order to iden-
tify epidemiological risk factors for optic neuropathy (312). One hundred twenty-three
patients with severe optic neuropathy were identified and matched to cases by sex, munic-
ipality, and age (within 5 yr). The risk of optic neuropathy was lower among in those who
had higher intakes of energy, and as a proportion of total energy, animal protein, animal
fat, methionine, riboflavin, pyridoxine, and vitamin B12 (312) (Table 11). Although the
study did not assess nutritional status of thiamin, niacin, folic acid, vitamin B12, pyridox-
ine, or riboflavin using biochemical assays, serum measures of vitamin A, major dietary
carotenoids, and selenium were assessed. Low serum lycopene, α-carotene, β-carotene,
and selenium concentrations were associated with an increased risk of optic neuropathy.
Various behavioral and circumstantial factors were also studied (312) (Table 12). Factors
that appeared to protect against optic neuropathy were having relatives overseas, raising
chickens at home, and eating frozen cassava. Going without lunch or breakfast during the

Table 11
Relation of Dietary Intake of Various Nutrients and Cassava to the Risk of Optic Neuropathy

Variable (intake as proportion of total energy)a Odds ratio 95% Confidence interval

Energy 0.2 0.1–0.5
Animal protein 0.3 0.1–0.6
Animal fat 0.2 0.1–0.5
Methionine 0.3 0.1–0.6
Cassava 3.0 1.3–6.6
Thiamin 0.5 0.2–1.1
Riboflavin 0.3 0.2–0.7
Niacin 0.5 0.2–1.0
Pyridoxine 0.4 0.2–0.9
Folic acid 0.5 0.2–1.1
Vitamin B12 0.2 0.1–0.4

aThe odds ratio is for the highest quartile compared with the lowest quartile. From ref. 312.

Table 12
Relation of Various Types of Behavior and Circumstances to the Risk of Optic Neuropathy

Variable Odds ratio 95% Confidence interval

Having relatives overseas 0.4 0.2–0.6
Raising chickens at home 0.4 0.2–0.7
Eating lunch <5 times per week 4.4 1.7–11.6
Eating breakfast less than once per week 2.2 1.3–3.7
Going whole days without food 5.9 1.8–15.0
Eating any frozen cassava 0.3 0.1–0.5

Reprinted from ref. 312. Copyright © 1995, Massachusetts Medical Society. All rights reserved.
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week or going whole days without food increased the risk of optic neuopathy. Tobacco
use, particularly cigar smoking, and high cassava consumption, relative to total energy
intake, were both associated with an increased risk of optic neuropathy.

Another case-control study by Mas Bermejo and colleagues (313) showed there was
an increased risk of disease with smoking (odds ratio [OR] 4.9, 95% confidence interval
[CI] 2.5–9.3), irregular diet or missing meals (OR 4.7, 95% CI 2.5–8.8), combined smok-
ing and drinking history (OR 3.5, 95% CI 1.7–7.4), weight loss (OR 2.8, 95% CI 2.2–3.6),
excessive sugar consumption (OR 2.7, 95% CI 2.0–3.7) and heavy drinking (OR 2.3 95%
CI 1.0–5.4). Pesticide exposure and household contact were not associated with an
increased risk of disease. Another case-control study from the Isle of Youth, Cuba involved
34 cases with bilateral optic neuropathy and 65 healthy controls matched by residential
block and age (314). Risk factors that were associated with increased risk of optic neurop-
athy included weight loss in the last 12 mo and low body mass index. Dietary intake was
assessed using a semiquantitative study of intake frequency, and the intake of calories
and nutrients was lower and the consumption of alcohol was higher in cases than controls.
Intake of all B complex vitamins (thiamin, riboflavin, pyridoxine, niacin, and folic acid)
was significantly associated with eye disease. Foods that were protective against disease
were tubers and starchy roots (>125 g/d), beans (>120 g/d), oil (>15 g/d), and meat prod-
ucts extended with soybean flour (>15 g/d). Smoking was associated with disease in
univariate analysis, but when smoking and alcohol consumption were put in a multivari-
ate analysis with protein, calorie, and nutrient intake, the effect of smoking and alcohol con-
sumption became statistically nonsignificant. This study suggested that foods which contain
cyanogenic glucosides, such as yuca (cassava), cabbage, and beans, are not associated
with disease, and in fact, some of these were protective against disease.

6.7.3. CLINICAL ASPECTS

The optic neuropathy in the Cuban epidemic was characterized by slowly progressive
loss of vision in both eyes, loss of red-green color vision, and sometimes photophobia,
burning eyes, lacrimation, and retrobulbar pain (308). Bilateral central or cecocentral
scotomas were present and the peripheral visual field was normal. In most cases the optic
discs were normal, but 12% had slight hyperemia of optic nerve heads. Loss of nerve fibers
in the maculopapillary bundle was a typical finding, and in the context of the Cuban epi-
demic, was considered pathognomonic (308,315) (Fig. 15). In advanced cases, bilateral
temporal optic disc pallor occurred (316) (Fig. 16).

The other neurological findings included a peripheral neuropathy characterized by
“burning feet,” tingling, and hyperesthesia of the feet and legs. Bilateral foot drop with
a steppage gait and paralysis of hand dorsiflexors were not uncommon and were consistent
with beriberi. A dorsolateral myeloneuropathy was evidenced by an increase in urinary
frequency, impotence in males, weakness of the legs, and difficulty walking. Gait altera-
tions and frequent falls were often present. Sensorineural deafness, tinnitus, were common.
Rarely, there was horseness or dysphagia. In a group of 602 patients with optic neuropathy
studied by Santiesteban and colleagues, about one-third presented with skin and mucous
membrane lesions consistent with undernutrition, 32% had associated myeloneuropathy,
and 21% had hearing deficits on audiometry (317). No fatal cases were reported in the epi-
demic (9,308). A study of sural nerve biopsies in affected patients showed axonal dystrophy
with loss of myelinated nerve fibers, especially large caliber myelinated fibers (318).



Chapter 7 / Amblyopia and B Deficiency 327

6.7.4. RESPONSE TO TREATMENT

Confirmed cases were hospitalized and treated with intravenous B-group vitamins and
folic acid, and nearly all patients recovered. Less than 0.1% of patients were left with mod-
erate to severe sequelae (308). Oral supplements of B-complex vitamins and vitamin A

Fig. 15. Loss of papillomacular bundle in a Cuban patient with nutritional amblyopia. (Reprinted from
ref. 315. Copyright © 1994, American Medical Association. All rights reserved.)

Fig. 16. Bilateral temporal optic disc pallor. (Reprinted from ref. 316. Copyright © 1993, American
Medical Association. All rights reserved.)
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were provided by the Cuban government through community-based family physicians
to persons in Pinar del Río province in March 1993 and to persons in other provinces start-
ing in May 1993. The incidence of cases decreased during May–June 1993. For patients
with optic neuropathy, the vitamin treatment resulted in marked improvement of visual
acuity and color vision, except in patients who had a long delay in time of onset of symp-
toms to vitamin treatment.

6.7.5. INVESTIGATIONS OF OTHER CAUSES OF THE EPIDEMIC

A toxin hypothesis was “vigorously pursued” during initial investigations of the Cuban
epidemic (308). Home brewed rum, contaminated tobacco, bush tea, insecticides, dietary
cyanogens in cassava, and toxic legumes were among the suspected sources of toxins that
could cause the epidemic (308). No toxins were identified, and the epidemiological profile
of the outbreak did not fit the toxin theory. It made little sense that home brewed rum, made
in thousands of different households with limited distribution, would suddenly appear in
epidemic form across the entire island. Many affected individuals did not drink alcohol.
Although smokers were at higher risk of optic neuropathy, the disease occurred among non-
smokers as well. Other food products, such as bush tea and cassava, were also made pro-
duced locally with limited distribution. The only common vehicle for a toxin was edible
oil and flour, and these products did not come from a single point source, but rather from
many different countries (319). The pattern in an epidemic caused by a toxin in food would
show clustering in families and involvement of children, and this did not occur (319). It
was even speculated that contaminated poultry feed with antimetabolites such as amprolium
could have entered the food supply and caused the outbreak (320). If this were the cause
of the epidemic, then the epidemiological pattern would have been the opposite, with chil-
dren, pregnant women, and adults >65 yr old affected, because individuals in these groups
had better access to animal protein such as chicken and eggs during the outbreak.

A genetic hypothesis was also investigated during the Cuban epidemic. The clinical
presentation of reduced vision, central or cecocentral scotomas, occasional disc hyperemia,
and later, bilateral temporal disc pallor, are also similar to that found in Leber hereditary
optic neuropathy. Some affected patients were screened for mitochondrial DNA muta-
tions associated with Leber hereditary optic neuropathy, but these studies did not show
any association (321–323). The epidemiological profile of a widespread epidemic in Cuba
is not consistent with that expected in a relatively rare genetic condition.

6.7.6. THE SOCIAL AND DIETARY SITUATION

The social and economic situation in Cuba in the period prior and during the epidemic
was influenced both by the collapse of the Soviet Union and an economic embargo by the
United States (308,324). A recent hurricane had also destroyed the already compromised
food crops (325). Food and oil imports were in short supply, and there was a shortage of
meat, pork, chicken, fish, eggs, dairy products, and vegetable oil (308). Food rationing
was implemented by the Cuban government, but children, pregnant women, and adults
>65 yr old received a larger ration of milk and eggs (316).

Nutritional studies conducted during and following the epidemic demonstrate that the
Cuban population is highly vulnerable to some dietary deficiencies, such as that for thia-
min, riboflavin, niacin, and vitamin B12 (308,312,327–330). Jimenez and colleagues mea-
sured vitamin levels in 105 patients with several forms of the disease and asymptomatic
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controls. Serum thiamine and TPP effect (TPPE) were normal in only 38% of the patients
and 45% of controls, indicating widespread deficiency of thiamin in the population (308).
Both patients with neuropathy and unaffected control patients had biochemical evidence
of thiamin depletion, and the severity of thiamin deficiency was higher in Pinar del Rio,
where the disease was most common, and lower in Havana, where the prevalence of dis-
ease was less (326). Two years after the epidemic, vitamin B intake was assessed among
141 healthy middle-aged men in Havana (329). The subjects were seen every 3 mo for
1 yr, and dietary intake and status of thiamin, riboflavin, pyridoxine, folate, and vitamin B12
were measured. Deficient status was noted for all B complex vitamins that were studied
except for pyridoxine (329). Further studies also showed that dietary intakes of zinc,
vitamin C, and vitamin E were also low in comparison with international reference ranges
(329). In another study conducted after the epidemic, smokers were found to have lower
concentrations of circulating α-carotene, β-carotene, β-cryptoxanthin, and riboflavin than
nonsmokers (330).

The recent epidemic in Cuba is reminiscent of a previous epidemic of amblyopia and
peripheral neuropathy that began during the Spanish-American War (331). Domingo L.
Madan reported an epidemic increase in cases of amblyopia and peripheral neuropathy
characterized by numbness and pain in the toes and feet, accompanied by muscle weak-
ness. The food supply was disrupted during the war, and in May 1898, the United States
began a naval blockade of Cuba after declaring war on Spain. This blockade was considered
to have contributed to the food shortage and poor quality of food, and the outbreak of eye
disease was considered amblyopia due to malnutrition, informally called “amblyopia of
the blockade” (331). In 1993, there is no doubt that the social, political, and economic
circumstances in 1993 contributed to widespread food shortages, and arguments arose
regarding how the collapse of the Soviet Union, the US trade embargo with Cuba, natural
disasters, and national government contributed to the epidemic (332–334).

6.7.7. CONCLUSIONS FROM THE CASE STUDY

Nearly one century after Henry Strachan made an early description of nutritional ambly-
opia in Cuba in 1897 (2), the island was revisited by the largest known epidemic of nutri-
tional amblyopia. Although various etiologies were considered, the circumstances of food
rationing, widespread B complex vitamin deficiencies, epidemiological characteristics of
the epidemic, clinical presentation of disease, therapeutic response to B complex vitamins,
and prevention of further cases with widespread distribution of multivitamin supplements
all demonstrate that the underlying etiology of this epidemic was nutritional in nature.

7. DIAGNOSIS OF NUTRITIONAL AMBLYOPIA
The diagnosis of nutritional amblyopia is based on the clinical features of decreased

vision, and central or cecocentral scotoma as described under Subheading 5 above. None
of the ophthalmological findings are specific for nutritional amblyopia, and the diagnosis
should be based on clinical findings, history, and laboratory biochemical evidence of a
B vitamin deficiency or combined B complex vitamin deficiencies. Early findings may
include slight hyperemia of the optic disc and occasional retinal hemorrhages. Dilation
and tortuosity of small retinal vessels with the arcuate areas of the nerve fiber layer have
been described as early changes (335). The absolute scotoma rarely exceeds five degrees
in diameter. In the late stage of disease, temporal disc pallor and loss of the papillomacular
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bundle are usually seen. Associated findings may include skin, mucosal, neurological, gas-
trointestinal, and hematological signs and symptoms characteristic of specific or mixed
B vitamin deficiencies. With associated thiamin deficiency, there may be symmetrical
hypesthesia, numb or burning sensation in the legs and toes, loss of Achilles tendon and
patellar reflexes, flaccid paralysis of extensor muscles, and other findings as described
under Subheading 6.1.9. With associated niacin deficiency, there may be an erythematous,
pigmented exfoliative dermatitis, neuropathy, diarrhea, dementia, glossitis, stomatitis, and
other findings described under Subheading 6.2.9. Megaloblastic anemia and other clinical
manifestations of folate deficiency as described under Subheading 6.3.9. may occur. With
associated vitamin B12 deficiency, there may be megaloblastic anemia, glossitis, papillary
atrophy of the tongue, and in advanced deficiency, neuropathy and spinal cord dysfunc-
tion as described under Subheading 6.4.9. The differential diagnosis of nutritional ambly-
opia includes Leber hereditary optic neuropathy (336) and toxic optic neuropathies (337).
Riboflavin deficiency has also been associated with nutritional amblyopia (see Subhead-
ing 9.9.6.) and should considered in the differential diagnosis. Hyperhomocysteinemia
has been associated with optic neuropathy and is discussed in Chapter 6.

8. TREATMENT OF NUTRITIONAL AMBLYOPIA

All cases of suspected or confirmed nutritional amblyopia should be treated as soon as
possible with daily B complex vitamins or multivitamins that include B complex vitamins,
combined with proper diet that includes foods rich in thiamin (e.g., whole grain breads),
niacin (e.g., meat, fish, poultry), folate (e.g., beans, green leafy vegetables), and vitamin B12
(e.g., meat, poultry, whole milk). Nutritional amblyopia is generally reversible if treated
with proper diet and vitamins within 2 or 3 mo of onset of visual loss, but the chance of visual
recovery is decreased with longstanding disease and atrophy of the papillomacular bundle.

9. RIBOFLAVIN DEFICIENCY

Riboflavin is an essential coenzyme for redox reactions in many different metabolic
pathways. Riboflavin deficiency, or ariboflavinosis, is of importance in ocular health
because it has been associated with corneal vascularization and cataracts. Some of the epi-
demiological data regarding riboflavin and cataracts are presented in Chapter 3. Cataracts
have not been identified as part of the clinical syndrome of riboflavin deficiency in humans,
but riboflavin may play a long-term role in the pathogenesis of cataract because of its
activity in protecting the crystalline lens against oxidative damage. As with other vitamin
B complex deficiencies, such as pellagra and beriberi, riboflavin deficiency was once more
common and has declined in prevalence in many developed countries with improvements
in socioeconomic standards, better diet, and the fortification of flour, bread, and breakfast
cereals with riboflavin. Riboflavin deficiency rarely occurs as an isolated deficiency and
is often associated with other vitamin B complex deficiencies.

9.1. Historical Background
Although Alexander Wynter Blyth (1844–1921) described a yellow pigment “lacto-

chrome” in milk in 1879 (338), the significance of this substance as a vitamin was not rec-
ognized until many years later. The “water-soluble B” fraction that prevented experimental
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beriberi (339) was subsequently separated into a heat-labile portion, vitamin B1, or thiamin,
and a heat-stable portion, vitamin B2, or the “antipellagra” factor (340,341). It soon became
apparent that vitamin B2 was actually a complex that contained at least three factors: “lacto-
flavin,” vitamin B6, and “vitamin PP,” or the “antipellagra” factor niacin. A yellow pig-
ment with green fluorescence was isolated from bottom yeasts in 1932 (342) and was found
to be a protein composed of an apoenzyme and a yellow cofactor that served as coenzyme.
The following year, this water-soluble pigment “lactoflavin” was isolated in pure form
(343,344). The growth-promoting activity of whey was associated with the concentration
of yellow pigment that was present (345). Riboflavin was synthesized in 1935 by Richard
Kuhn in Heidelberg (346) and Paul Karrer in Zurich (347). Most of the investigations con-
cerned with the corneal vascularization associated with riboflavin deficiency were con-
ducted in the 1940s and 1950s.

9.2. Biochemistry of Riboflavin
Riboflavin, or 7,8-dimethyl-10-(1'-D-ribityl) isoalloxazine, has a basic structure con-

taining an isoalloxazine ring, and the main coenzymes that are derived from riboflavin are
flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) (Fig. 17). Riboflavin
is yellow and has a high degree of natural fluorescence. It is moderately soluble in aqueous
solutions, a factor that limits the amount of the vitamin that can be delivered parenterally.
Riboflavin is sensitive to degradation by ultraviolet light, a quality that has allowed ribo-
flavin to be used as an experimental agent in photochemical keratodesmos for repair of
lamellar corneal incisions (348,349). Obsolete names for riboflavin include vitamin B2,
vitamin G, lactoflavine, lactoflavin, ovoflavin, hepatoflavin, uroflavin, lyochrome, rat
growth factor, and cataract-preventive factor.

9.3. Dietary Sources of Riboflavin
Rich dietary sources of riboflavin include milk, meat, liver, dairy products, eggs, and

riboflavin-fortified cereals and breads. Vegetables that are higher in riboflavin include
broccoli and brussel sprouts.

Fig. 17. Structural formulas of riboflavin, flavin mononucleotide (FMN), and flavin adenine dinucleotide
(FAD).
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The riboflavin content of some selected foods is shown in Table 13 (31). The extent of
riboflavin bioavailability from foods has not been well characterized (350). It is esti-
mated that 95% of food flavin or a maximum of about 27 mg of riboflavin can be absorbed
per single meal or dose (351). Most of the riboflavin in foods is found in the form of FAD
and FMN.

9.4. Absorption, Storage, and Metabolism of Riboflavin
The upper ileum is the main site for riboflavin absorption. Prior to absorption, FAD and

FMN are hydrolyzed in the gut. Absorption of flavins occurs through a saturable, sodium-
dependent, active transport system, rather than passive diffusion. Riboflavin is best absorbed
in the presence of food (352). In the blood, flavins are transported either tightly bound to
immunoglobulins or are more loosely bound to albumin. The metabolism of riboflavin is
tightly regulated. There is no body storage of riboflavin, thus, megadoses of riboflavin, as
used by some vitamin enthusiasts, are rapidly excreted in the urine.

9.5. Functions of Riboflavin
Riboflavin is a precursor to the coenzymes FMN and FAD and other covalently bound

flavins. These flavoenzymes play a role in many oxidation-reduction reactions. FAD is part
of the respiratory chain and is involved in energy production. Flavoenzymes are involved
in one-electron transfers, dehydrogenase reactions, hydroxylations, oxidative decarboxy-
lations, and dioxygenations. Riboflavin also has strong antioxidant activity through its role
in the glutathione redox cycle. Glutathione peroxidase breaks down reactive lipid per-
oxides, a process that requires reduced glutathione. Reduced glutathione is produced by the
FAD-containing enzyme glutathione reductase. Riboflavin deficiency may lower the FAD

Table 13
Riboflavin Content of Selected Foods

Food Riboflavin (mg/100 g)

Yeast extract spread 14.30
Yeast, bakers, dry 5.47
Liver, fried beef 3.43
Kidney, lamb cooked 2.07
Egg, hard-boiled 0.51
Cheese, cheddar 0.38
Beef, ground, lean broiled 0.18
Milk, whole 0.18
Peanuts, raw 0.14
Broccoli, raw 0.12
Potatoes, baked with skin 0.11
Chicken, breast roasted 0.11
Orange 0.05
Apple 0.03
Onion, boiled 0.02
Rice, short-grain, cooked, unenriched 0.01

Based on US Department of Agriculture National Nutrient Database for
Standard Reference (http://www.nal.usda.gov/fnic/foodcomp/search) (31).
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available for glutathione reductase and inhibit the ability to deal with reactive lipid per-
oxides and oxidative stress. There are many different flavoenzymes, and these include
mitochondrial electron-transfer flavoprotein, mitochondrial NADH dehydrogenase, gluta-
thione reductase, monoamine oxidase, and microsomal FAD-containing mono-oxygenase
(353). There are complex interactions between some micronutrients, as niacin requires
FAD for the formation of niacin from tryptophan, and FMN is needed for the conversion
of vitamin B6 to pyridoxal 5'-phosphate.

9.6. Requirements for Riboflavin
The Food and Nutrition Board of the Institute of Medicine has made new recommenda-

tions of riboflavin intake by life stage and gender group (42) (Table 14). The AI is the rec-
ommended level of intake for infants. The EAR is the daily intake value that is estimated
to meet the requirement of half the healthy individuals in a group. The RDA is defined
as the EAR plus twice the CV to cover 97–98% of individuals in any particular group. The
requirements for riboflavin increase with pregnancy and lactation. Physical activity may
increase the requirement for riboflavin, but there is still insufficient evidence to change
general recommendations for riboflavin intake (Food and Nutrition Board 1998).

9.7. Epidemiology of Riboflavin Deficiency
Inadequate riboflavin status, as defined by laboratory assessment and dietary intake,

is highly prevalent in many parts of the world, and specific reports have come from Great
Britain (354), Spain (355), Saudi Arabia (356), The Gambia (357), Nigeria (358,359),
Zimbabawe (360), China (361), Brazil (362), Mexico (363), and Guatemala (364). Ribo-
flavin deficiency is relatively common in countries that do not require the fortification of
foods, such as flour, with riboflavin. Individuals who eat a diet low in dairy products and
meat are at more likely to develop riboflavin deficiency, and strict vegetarians who do
not take vitamin supplements with riboflavin are at especially higher risk of riboflavin
deficiency (365). Diseases such as diabetes mellitus, cancer, and cardiac disease may

Table 14
Dietary Reference Intakes for Riboflavin (mg/d)

Age and gender category AI EAR RDA

Infants, 0–6 mo 0.3 – –
Infants, 7–12 mo 0.4 – –
Children, 1–3 yr – 0.4 0.5
Children, 4–8 yr – 0.5 0.6
Boys and girls, 9–13 yr – 0.8 0.9
Boys, 14–18 yr – 1.1 1.3
Girls, 14–18 yr – 0.9 1.0
Adult men ≥19 yr – 1.1 1.3
Adult women ≥19 yr – 0.9 1.1
Pregnant women – 1.2 1.4
Lactating women – 1.3 1.6

AI, Adequate Intake; EAR, Estimated Average Requirement; RDA,
Recommended Dietary Allowance. Based on ref. 42.
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increase the risk of riboflavin deficiency (367–369). Phototherapy with ultraviolet light for
certain skin disorders and neonatal jaundice may increase the risk of riboflavin defi-
ciency, as riboflavin can be deactivated by ultraviolet light.

9.8. Assessment of Riboflavin Deficiency
Laboratory tests for riboflavin status include urinary excretion of riboflavin and erythro-

cyte glutathione reductase activity (52). The body does not store riboflavin, thus, ribofla-
vin in excess of requirements is excreted in the urine. Urinary excretion of riboflavin is
negligible if the dietary intake of riboflavin is low. Riboflavin status in adults has been
defined as deficient, marginal, and acceptable for urine riboflavin of <40, 40–119, and
≥120 μg, respectively, per 24-h urine collection (52). If 24-h urine collection cannot be
undertaken, riboflavin can be measured in a random urine sample and expressed as μg ribo-
flavin per gram creatinine. Using random urine samples, riboflavin status in adults has
been defined as deficient, marginal, and acceptable for urine riboflavin of <27, 27–79, and
≥80 μg, respectively, per gram creatinine (52). Urine riboflavin measurements are limited
in that they are influenced by sudden withdrawal of riboflavin from the diet, are relatively
insensitive to low and moderate intakes of riboflavin, and do not necessarily reflect long
term riboflavin status.

The method of choice for assessment of riboflavin status is the erythrocyte glutathione
reductase assay. Erythrocyte glutathione reductase is a flavoenzyme that is present within
red blood cells, and it requires FAD as a cofactor. Holo-glutathione reductase consists
of the enzyme associated with FAD. With long term riboflavin deficiency, there is a pro-
gressive loss of FAD from the enzyme, leaving intact apo-glutathione reductase. The assay
measures the amount of unsaturated, or apo-glutathione reductase activity, in a blood sam-
ple. A fresh blood sample is taken and lysed, and glutathione reductase activity is measured
both with and without FAD added to the blood sample. In riboflavin deficiency, the added
FAD combines with apo-glutathione reductase and forms functional holo-glutathione
reductase, and there is a resulting increase in activity. In the riboflavin-sufficient state, there
is mostly holo-glutathione reductase present, thus the added FAD will not cause much
change in activity of the enzyme. The result of this test is expressed as the activity coeffi-
cient (AC), or the activity with added FAD over the activity without added FAD. For all
ages, the activity coefficients that define deficient, marginal, and acceptable riboflavin
status are 1.40, 1.20–1.40, and <1.20, respectively (52).

9.9. Clinical Manifestations of Riboflavin Deficiency
9.9.1. GENERAL SIGNS AND SYMPTOMS OF HUMAN RIBOFLAVIN DEFICIENCY

Riboflavin deficiency is characterized by soreness and burning of the lips, mouth, and
tongue, cheilosis, angular stomatitis, seborrheic dermatitis, and glossitis (370–372). These
findings are not specific for riboflavin deficiency and also occur in pellagra, or niacin defi-
ciency, and folate deficiency. Cheilosis is defined as shallow ulcerations or crusting and
chapping of the lips. Angular stomatitis consists of redness and maceration of the angles
of the mouth, and this may progress to bleeding fissures, fissures covered with yellow
crusts, and scars at the angles of the mouth. The seborrheic dermatitis is found in the naso-
labial and nasomalar folds, the alae nasi, the vestibule of the nose, and around the outer
and inner canthi of the eyes. The glossitis is characterized by a purplish-red or magenta-
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colored tongue with smooth, flattened papillae. Although these oral and facial lesions have
been considered by some to be specific for riboflavin deficiency alone (373), there has
never been conclusive evidence to separate these lesions from pellagra. Riboflavin defi-
ciency is so widely distributed in small amounts that absolute, total depletion apparently
never occurs, and there have been no reports of deaths from riboflavin deficiency (374).

9.9.2. PERIPHERAL CORNEAL VASCULARIZATION IN HUMANS

Riboflavin deficiency has been reportedly associated with peripheral corneal vascu-
larization in humans (375–385), but despite numerous reports, it is uncertain whether this
ocular finding can be definitively attributed to riboflavin deficiency. Burning and itching
of the eyes, photophobia, and a subepithelial keratitis have also been described in ribofla-
vin deficiency (378,386,387). Angular blepharitis may be present and accompany angular
stomatitis (388). Peripheral corneal vascularization is not considered pathognomonic for
riboflavin deficiency and has been reported to occur among individuals who are more sev-
erely riboflavin-deficient. The corneal vascularity that occurs in riboflavin deficiency has
been defined as a condition in which newly formed blood vessels leave the limbic plexus
and centripetally enter the subepithelial space of the true cornea (389), and a slit lamp is
necessary to see these vessels (376) (Fig. 18). In areas of the world where riboflavin defi-
ciency was more common, there have been large case series of patients with superficial
keratitis and corneal vascularization who responded well to riboflavin therapy (390,391).

Initially, there was a great deal of confusion caused by the inappropriate use of the
terms “conjunctivitis,” “engorgement of the limbic plexus,” and “circumcorneal injec-
tion” to describe corneal lesions associated with riboflavin deficiency (382,392,393).
These vague descriptions led to apparent misdiagnosis and overdiagnosis of ocular signs
of riboflavin deficiency (394), with some surveys reporting a prevalence of riboflavin defi-
ciency of 50–100% based on the particular interpretation of the vascular abnormality
(395–400). One study in The Gambia reported that 37% of 536 Europeans and 5% of 1700
Africans had corneal vascularity, but the prevalence of angular stomatitis, cheilosis, and
glossitis was much higher among Africans than Europeans (401). With slit lamp examina-
tion and strict criteria for peripheral corneal vascularization, i.e., actual invasion of clear
cornea by vessels from the limbus, the prevalence of riboflavin deficiency based on ocular
criteria has been much lower in various surveys (382,392,402). Corneal vascularization
from riboflavin deficiency was reportedly common in India (403) and China (404). Other
corneal conditions, such as previous trauma and trachomatous pannus, have been reported
to flare up under conditions of riboflavin deficiency (405,406). Recently, riboflavin defi-
ciency has been linked with the maintenance of the corneal and conjunctival epithelium
and goblet cells in riboflavin-deficient rats (407).

The differential diagnosis of peripheral corneal vascularization includes acne rosacea,
phlyctenular keratitis, trachoma, chemical burns, and previous infections of the cornea,
such as bacterial and viral keratitis. The purported cornea vascularization of riboflavin
deficiency has been reported to be accompanied by other signs of riboflavin deficiency,
such as angular stomatitis, cheilosis, and glossitis. The purported corneal vascularization
seen in riboflavin deficiency reportedly resolves within 3–6 wk with daily oral riboflavin
therapy (389). It is not known whether long-standing riboflavin deficiency results in a
more refractory state of corneal vascularization to riboflavin therapy. Riboflavin therapy
has been attempted for many conditions with corneal vascularity, including acne rosacea,
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syphilitic keratitis, phlyctenular keratitis, and herpes zoster keratitis, with mostly negative
results (377,408–414). Riboflavin therapy did not reverse the corneal vascularization of
patients that were considered to have the signs of riboflavin deficiency, but it appears that
most of these patients had corneal vascularization associated with rosacea keratitis (415).

9.9.3. PERIPHERAL CORNEAL VASCULARIZATION IN EXPERIMENTAL DEFICIENCY

Early investigations showed that peripheral corneal vascularization could be pro-
duced in riboflavin-deficient rats (Fig. 19) (416–419). Riboflavin deficiency in rats has
been used as an experimental model for the study of corneal vascularization (420). After
12 wk on a riboflavin-deficient diet, rats develop a slight polymorphonuclear infiltrate
beneath the corneal epithelium, and by 14 wk, the leukocytes extend into the deeper cor-
neal stroma. By the 16th week of deficiency, blood vessels grow into the cornea stroma
from the limbus. The leukocytes disappear by 24 wk of riboflavin deficiency, leaving
persistent corneal vascularization (420). The presence of keratitis in the experimental ani-
mal model is consistent with reports of a subepithelial keratitis in humans with riboflavin
deficiency (378) and provides some clues as to the presence of abnormal blood vessels
in the cornea. The healing of the cornea in riboflavin deficiency may be exacerbated by
ultraviolet light exposure (421).

Attempts have been made to produce riboflavin deficiency experimentally in humans
by a low-riboflavin diet (422–425) or by administration of galactoflavin, a riboflavin
antagonist (426–428). In four adult subjects kept on a low-riboflavin diet of 0.8–0.9 mg
riboflavin/d for 9 mo, no signs of riboflavin deficiency developed, including glossitis,

Fig. 18. Corneal vascularization purportedly associated with riboflavin deficiency. (From ref. 376, with
permission.)



Chapter 7 / Amblyopia and B Deficiency 337

angular stomatitis, or corneal vascularization (422). No corneal vascularity was noted
in six subjects who received a diet containing 0.9 mg riboflavin per day (423). The daily
intake of riboflavin in these studies (422,423) was close to the EAR of riboflavin (0.9 mg/
d for women, 1.1 mg/d for men) (42), and perhaps it is not surprising that no signs of
riboflavin deficiency occurred in these so-called “deficiency” experiments. Corneal vas-
cularization was not found in three subjects who had a diet of about 0.5 mg riboflavin per
day, but the study was terminated after only 5 wk (424). In another study, fifteen male
subjects were given 0.6 mg riboflavin per day for over 1 yr, and no subjects developed
corneal vascularization (429).

Galactoflavin-induced riboflavin deficiency resulted in a syndrome of sore throat,
cheilosis, angular stomatitis, glossitis, seborrheic dermatitis, and anemia, and these changes
were reversible with administration of riboflavin (426–428). Some of the patients devel-
oped peripheral neuropathy. The signs and symptoms of riboflavin deficiency were in-
duced rapidly after 10–25 d of galactoflavin administration, but peripheral corneal vascu-
larization and cataracts were not found among the 11 study subjects during this short time
period (427,428).

9.9.4. RIBOFLAVIN DEFICIENCY AND CATARACTS

Riboflavin was once known as the “cataract-protective factor” after studies demon-
strated that riboflavin deficiency would produce cataracts in many different species of

Fig. 19. Drawing of peripheral corneal vascularization in a riboflavin-deficient rat. (From ref. 417, with
permission of the Rockefeller University Press.)
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animals, including mice (430), rats (416,432–441), cats (442), dogs (443), and pigs (444).
In the early stages of cataract formation, the cataracts are reversible with administration
of riboflavin (435). Early efforts were made to apply these findings to humans by treat-
ment of senile cataract with riboflavin therapy (445,446). The flavins FAD and FMN are
found in high concentrations in the lens, cornea, and retina (447,448), suggesting an
important role for riboflavin in the eye. Riboflavin deficiency has been shown to alter the
composition of lens proteins in rats (449) and to lower the glutathione reductase activity
of the lens (450–452). Reduced glutathione protects the lens from photo-oxidative stress,
and riboflavin is required by glutathione reductase for the regeneration of reduced gluta-
thione. A controlled clinical trial in China suggests that riboflavin/niacin supplements
may protect against nuclear cataracts (453). The epidemiological studies regarding nutri-
tion and cataract in humans are discussed in detail in Chapter 3.

9.9.5. RIBOFLAVIN DEFICIENCY AND RETINAL VASCULAR DISEASE

Recent studies suggest that riboflavin could potentially be involved in the pathogene-
sis of vascular disease, including retinal vascular disease, through its role in the metabolism
of homocysteine (455). High plasma concentrations of homocysteine have been associ-
ated with diabetic retinopathy (456,457). Animal studies suggest that riboflavin metabo-
lism is altered in diabetes (458,459), and riboflavin deficiency has been described among
children with diabetes mellitus (367). The relationships between riboflavin status, homo-
cysteine, and diabetic retinopathy have not been well characterized in humans.

9.9.6. RIBOFLAVIN DEFICIENCY AND NUTRITIONAL AMBLYOPIA

Nutritional amblyopia has been described among children and adults with pellagra. It
has been difficult to distinguish pellagra from riboflavin deficiency in these reports, as
multiple deficiencies in B complex vitamins were probably present. Some clinicians have
classified glossitis and angular stomatitis without dermatitis as pellagra sine pellagra,
and others have considered that this syndrome actually represents pure riboflavin defi-
ciency. Riboflavin deficiency was also present among prisoners-of-war in South and
Southeast Asia during World War II, where a significant proportion of prisoners developed
nutritional amblyopia (Subheading 6.6.).

9.10. Treatment of Riboflavin Deficiency
Riboflavin deficiency can be treated with oral riboflavin, 5 mg, two or three times daily.

Nutrition education, with emphasis on increasing intake of food sources rich in riboflavin,
i.e., meat and dairy products, should be part of an integrated approach to long term pre-
vention of riboflavin deficiency. Riboflavin deficiency can be prevented in strict vegetar-
ians by a daily multivitamin supplement.

10. CONCLUSIONS

Nutritional amblyopia may occur among individuals who have a diet poor in B com-
plex vitamins, and the general settings include alcoholism and malnutrition, dietary depri-
vation in prisoners, and nutritional deficiencies following natural or man-made disasters
such as crop failures and economic hardships. Although some have argued that nutritional
amblyopia is due to one specific B deficiency, there are multiple examples from the clin-
ical and experimental literature that suggest that nutritional amblyopia may occur with
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thiamin, niacin, folate, or vitamin B12 deficiency, or a combination of these deficiencies.
Since B complex vitamins are often found in the same foods, the risk of combined B com-
plex deficiencies is probably higher. Clinical riboflavin deficiency is rare in developed
countries where riboflavin fortification of flour and other foods in common. Clinical
riboflavin deficiency is purportedly associated with corneal vascularization, and there
appears to be an increased risk of cataracts associated with low riboflavin status. Ribo-
flavin appears to be involved as a key antioxidant in the protection of the lens from photo-
reactive damage, but further work is needed to elucidate the role of riboflavin in cataract
formation.
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8 Zinc and Eye Health

1. INTRODUCTION

Zinc plays an essential role in growth, neurodevelopment, immunity, reproduction, and
a wide range of physiological processes, including metabolism of nucleic acids, protein,
and lipids, synthesis of hormones, and apoptosis. Zinc deficiency is common in develop-
ing countries worldwide (1), and zinc supplementation studies suggest that zinc deficiency
may be widespread in North America among infants, children, and pregnant women (2).
Acrodermatitis enteropathica, an inborn error of zinc metabolism, is characterized by
compromised immunity and skin and ocular findings. Zinc deficiency can also occur in
Crohn disease and among individuals receiving total parenteral nutrition without suffi-
cient zinc. The retina and choroid contain the highest concentrations of zinc of any tissue
in the human body. Zinc plays an important role in eye health, and recent investigations
have demonstrated a causal link between zinc status and age-related macular degenera-
tion. The role of zinc in age-related maculopathy and age-related macular degeneration
are presented in greater detail in Chapter 4, under Subheading 5.4.

2. HISTORICAL BACKGROUND

Zinc was used empirically as both an oral and topical therapeutic agent for a variety
of human illnesses in the nineteenth century (3). In 1854, zinc was detected in the ashes
of vegetables by the German botanist Alexander Braun (1805–1877) (4). Zinc was first
recognized to be an essential factor for plant growth by the French plant physiologist,
Jules Raulin (1836–1896). Raulin studied the type of nutrients, especially minerals, that
were needed for the growth of Aspergillus niger, and concluded that zinc was essential
for growth (5). In 1877, zinc was described in human muscle and liver (6) and in plants
(7), and subsequent investigations revealed the presence of zinc in a wide variety of plants
and animals (8). Birckner, after finding high zinc concentrations in egg yolk and human
milk, argued on teleological grounds that this element “exerts an important nutritive func-
tion, the nature of which is not at present understood” (9). In the 1920s, efforts were made
to establish an essential role for zinc in animal models. Despite problems with producing
control diets and low zinc diets, these studies suggested that growth and survival of
experimental animals was improved by zinc (10–13). With experimental advances, zinc
deficiency was convincingly produced in rats (14,15). Further studies showed that hor-
mone production and alanine metabolism were impaired during zinc deficiency (16,17)
and that accompanying pathology included atrophy of the thymus, corneal vasculariza-
tion, and hyperkeratosis and parakeratosis of the skin and esophagus (18). Enzymes such
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as carbonic anhydrase and kidney phosphatase were found to contain zinc, suggesting an
important basic role for zinc (19,20).

Although zinc was considered by many to be an essential mineral by the late 1930s
(21–23), many thought that zinc deficiency could not be a practical problem in human
nutrition because of the widespread occurrence of zinc in nature (24). Variations in the
zinc concentrations in blood, colostrum, milk, and tissues of humans were known, but no
characteristic manifestations of a suspected zinc deficiency were identified (25). William
Eggleton showed that the average amount of zinc ingested in a well balanced diet was about
12 mg per day (26). Low concentrations of blood, hair, and fingernail zinc were described
among patients with beriberi and pellagra in China (27,28). Metabolic studies of zinc
absorption and excretion were used to establish the daily requirements for zinc (28–30).
Zinc deficiency in pigs, or parakeratosis, was described in 1955 (31). Human zinc defi-
ciency was described in the 1960s when a syndrome of dwarfism, delayed sexual matu-
ration, and iron deficiency anemia was found in young men who practiced geophagia and
had low dietary intakes of zinc (32). Growth and sexual maturation occurred with zinc
supplementation, showing that zinc was a limiting essential nutrient (33,34). Zinc supple-
mentation increased sexual maturation faster than a well-balanced diet (35). In 1974, the
Food and Nutrition Board of the National Research Council of the National Academy of
Sciences established the recommended dietary allowance for zinc. The history of human
zinc deficiency has been summarized elsewhere (36).

3. BIOCHEMISTRY OF ZINC

Zinc, a small ion with atomic number of 30 and atomic weight of 65.37, occurs in a
divalent state (Zn++) in living organisms and is a strong Lewis acid, or electron acceptor.
Zinc is the most abundant intracellular trace element (37). In biological systems, zinc
does not exhibit direct redox chemistry. It has a high affinity for electrons and typically
binds to proteins, amino acids, peptides, and nucleotides, with an affinity for thiol groups,
hydroxy groups, and electron-rich ligands.

4. DIETARY SOURCES OF ZINC

Animal proteins constitute the richest dietary source of zinc, and foods that are especially
rich in zinc include shellfish, red meat, liver, kidney, and chicken (38). Whole grains, pork,
eggs, dairy products, nuts, beans, lentils, chickpeas, and peas contain moderate concen-
trations of zinc. Poor sources of zinc include fish, fruits, vegetables, butter, and fats. White
breads contain little zinc, as milling removes the zinc-rich bran and germ portions of grains.
Drinking water is a minor source of zinc in most populations. The zinc content of some
common foods is shown in Table 1 (38). Dietary intakes of zinc can vary greatly, depend-
ing on other factors in the diet which may inhibit or enhance zinc absorption. In many
populations in developing countries, the consumption of meat and animal products is low
and intake and dietary fiber is high, a principle factor contributing to zinc deficiency.

The absorption and availability of dietary zinc can be greatly reduced by substances
in plant foods such as phytates (inositol hexaphosphate), fiber, oxalate, tannin, and lignins
(39–41). Zinc forms insoluble complexes with phytate, and these complexes reduces the
bioavailability of dietary zinc (42). Phytates and other factors are found in high concentra-
tions in whole grains, legumes, leafy vegetables, soy products and formula (43,44), coffee,
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and tea. Zinc absorption studies have shown, for example, that little zinc is absorbed after
ingestion of a beef taco because the phytates in the corn tortilla reduce the availability
of zinc in the beef (41). Other factors that may interfere with zinc absorption include iron,
especially when the iron:zinc ratio exceeds 2:1, and calcium, as found in dairy products.
Soaking and fermentation of plant foods can reduce the content of phytic acid (45).

5. ABSORPTION, METABOLISM, AND STORAGE OF ZINC

Zinc is absorbed in the small intestine, primarily the duodenum and jejunum (46). The
small intestine plays a central role in zinc metabolism and homeostasis, as the absorption
of zinc depends on both zinc status and the dietary intake of zinc. Low zinc intake increases
the efficiency of absorption of zinc. Zinc is absorbed by passive diffusion down a concen-
tration gradient and also through an active, energy-dependent carrier-mediated process
(47,48). The absorption of dietary zinc can range from 1% to 80%, and zinc absorption
is increased during pregnancy and lactation (49). Diarrheal disease may interfere with the
absorption of zinc and contribute to accelerated fecal losses of zinc. In the enterocytes,
metallothionein and cysteine-rich intestinal protein play a role in transmucosal transport
of zinc (50,51). Zinc released into the mesenteric capillaries and the portal circulation is
bound to albumin and most is taken up by the liver (52). In the plasma, about 60% of zinc
is bound to albumin, about 40% is bound to α2-macroglobulin, and a small fraction is
bound to amino acids (53,54). Plasma zinc represents about 0.1% of total body zinc. In
adults, the total body zinc content is estimated to be about 1.5 g in women and 2.5 g in men.
The total body zinc content of adults may be maintained with the absorption of about 5
mg/d of zinc (55).

There is no specific storage organ for zinc in the body. Most of the zinc in the body
is found in skeletal muscle and bone and is largely unavailable for other nutritional func-
tions in the body. Zinc is found in high concentrations in the pancreas and gonads. The
highest concentrations of zinc in the human body are found in the choroid and the retina

Table 1
Approximate Zinc Content of Selected Foods

Zinc
Food (mg/100 mg)

Oysters, raw 16.40
Beef liver, pan fried 5.45
Beef kidney, simmered 4.22
Sirloin, lean, roasted 3.54
Cheese, cheddar 3.11
Chicken, dark meat, roasted 2.80
Clams, raw 1.35
Chicken, light meat, roasted 1.23
Shrimp, raw 1.09
Salmon, raw 0.58
Spinach, boiled 0.57
Butter 0.01

From ref. 38.
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(Table 2) (56). There appear to be two major zinc pools in the body, one with a short half-
life and another with a long half-life. The liver, pancreas, kidney, and spleen have more
rapid turnover of zinc than bone, muscle, and central nervous system. Zinc is excreted
mostly in the feces from pancreatic, biliary, gastric, and intestinal excretion. Lesser amounts
of zinc are excreted in the urine, sweat, and through turnover of skin, hair, nails, and
through menstrual blood loss, human milk, and semen. About 2–3 mg of zinc are excreted
per day in human milk during the first several weeks postpartum, decreasing to 1 mg/d
by 2–3 mo postpartum and declining dramatically beyond this period (57).

6. FUNCTIONS OF ZINC

6.1. General Functions
Zinc is essential for immunity, growth, neurological transmission, and reproduction

(58). Zinc is involved in the function of more than 300 zinc metalloenzymes that are
involved in a wide range of structural, catalytic, and regulatory processes (59). Zinc is
an essential component in at least one enzyme in every class of enzyme (60), including
oxidoreductases, hydrolases, lyases, and transferases. Zinc plays an important structural
role in zinc fingers, protein complexes which form a tetrahedral complex with zinc and
provide structural stability for small polypeptides (61). The region of the protein contain-
ing the zinc binding domain is essential for binding to DNA and initiation of transcrip-
tion. An estimated 1% of the human genome codes for zinc finger proteins (62). Zinc has
been hypothesized to play a role in the stability of membranes because of its ability to
stabilize thiol groups and phospholipids and to quench free radicals (63). Zinc plays an
essential role in the function of polymorphonuclear leukocytes, natural killer cells, T and
B lymphocytes, and the generation of antibody responses (64). In biological systems,

Table 2
Zinc Concentrations in Human Tissues

Zinc
Tissue (μg/g dry weight)

Choroid 472
Retina 464
Ciliary body 227
Optic nerve 170
Hair 150
Pancreas 135
Bone 100
Liver 58
Kidney 55
Skeletal muscle 51
Cornea 41
Skin 32
Heart 23
Lens 21
Plasma 1

Based on refs. 37,54,56.
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zinc acts as an antioxidant by interacting with sulfhydryl groups of macromolecules and
by inducing metallothionein, a strong free-radical scavenger (65). Zinc is a cofactor for
Cu-Zn superoxide dismutase, a component of the antioxidant system (66). Zinc plays a
role in synaptic transmission, the activity of growth hormone, the polymerization of tubu-
lin, and signal transduction (2,58,62).

6.2. Functions of Zinc in the Eye
It has been hypothesized that zinc has several important functions in the retina and

retinal pigment epithelium, such as modification of plasma membranes in photorecep-
tors, interaction with the light response of photoreceptors, interaction with vitamin A
metabolism, antioxidant activity, modulation of synaptic transmission, and involvement
in taurine metabolism (67,68) (Fig. 1). Many purported roles for zinc in the retina and
retinal pigment epithelium have not been confirmed, and current molecular, physiologic,
and histological investigations have recently been reviewed in detail elsewhere (67,68).
In general, experimental zinc deficiency does not appear to affect the total zinc content

Fig. 1. Functions of zinc in the retina and retinal pigment epithelium. (Reproduced from ref. 68, with
permission of the Journal of the American College of Nutrition.)
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of the retina (69), and although zinc is involved in many metalloenzymes, only a few zinc
metalloenzymes have been shown to have reduced activity during zinc deficiency (68).
Zinc is found in the disc membranes of photoreceptor outer segments and may play a role
in protein–protein interactions and membrane conformation (70). Zinc may play a role
in rhodopsin phosphorylation (71). Retinol dehydrogenase is a zinc metalloenzyme that
catalyzes the oxidation of retinol to retinal in the visual cycle, and it has been hypothe-
sized that zinc deficiency will impair the activity of retinol dehydrogenase. However,
experimental studies show that the rate of rhodopsin regeneration after extensive bleach-
ing of the retina is not significantly different between zinc-deficient and pair-fed control
rats (72). These findings are not consistent with the hypothesis that zinc deficiency inter-
feres with the activity of alcohol dehydrogenase in the retina.

Zinc may be involved in the regulation of the light response, but the precise roles for zinc
are unclear. The distribution of zinc appears to shift within the photoreceptor, depending
on the light adapted state. During light adaptation, the highest concentrations of histo-
chemically-reactive zinc are found in the inner segment of photoreceptors, whereas dur-
ing dark adaptation, the highest concentrations of zinc appear to be in the perikarya (67,
73). Zinc may be needed in the inner segments for outer segment membrane synthesis
(67). Another potential role for zinc in the retina and retinal pigment epithelium is as an
antioxidant (74). Zinc is a cofactor in Cu-Zn superoxide dismutase, an enzyme in the anti-
oxidant system, and is involved in the synthesis of metallothionein, a free radical scavanger.
The concentrations of metallothionein in both the retina and retinal pigment epithelium
are decreased and indicators of oxidative stress are increased in zinc-deficient rats com-
pared to pair-fed control rats (74). These findings suggest that the retina is vulnerable to
greater damage from oxidative stress and are consistent with the general idea that margi-
nal zinc status may contribute to the free radical damage to the eye with aging and macu-
lar degeneration (74). The epidemiological data regarding zinc and age-related macular
degeneration are presented elsewhere in this book (Chapter 4, Subheading 5.4.). Zinc is
found in high concentrations in the terminal synaptic regions of photoreceptors, and it
is thought to play a role in synaptic transmission (75,76). The retinal degeneration that
occurs in experimental taurine deficiency is exacerbated by zinc deficiency, suggesting
an interaction between taurine and zinc (77,78). Morphological changes, such as inclu-
sion bodies in the cytoplasma of the retinal pigment epithelium, have been noted in the
retinas of zinc-deficient rats (79).

The lens contains about 21 μg/g of zinc, which is much lower a concentration of zinc than
found in the retina, choroid, and optic nerve (Table 2). In contrast to the retina, zinc concen-
trations in the aqueous humor and lens decrease during experimental zinc deficiency (69).
Although zinc deficiency causes cataract in rainbow trout (80), and cataracts have been
described in acrodermatitis enteropathica, as described under Subheading 10.2. below, the
relationship between zinc status and cataract is still unclear. In human cataractous lenses,
the zinc concentrations appear to be increased (81,82). Most of the zinc in the lens is bound
in an inexchangeable form, but about 5–8% appears to be part of the exchangeable pool
(83). Zinc supplementation has been proposed for prophylaxis of cataracts (84), but defini-
tive evidence for the role of zinc in preventing cataracts is lacking (see Chapter 3).

Some corneal collagenases appear to be zinc metalloenzymes (85). Both oral and topical
zinc have been shown to have little effect on corneal wound healing, as measured by tensile
strength of the wound (86).
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7. REQUIREMENTS FOR ZINC

The dietary requirements of individuals for zinc have been established by the Food and
Nutrition Board (87) (Table 3). The Adequate Intake (AI) is the recommended level of
intake for infants. The Estimated Average Requirement (EAR) is the daily intake value
that is estimated to meet the requirement of half the healthy individuals in a group. The
Recommended Dietary Allowance (RDA) is defined as the EAR plus twice the coeffi-
cient of variation (CV) to cover 97–98% of individuals in any particular group.

8. EPIDEMIOLOGY OF ZINC DEFICIENCY

Zinc deficiency is suspected to have a high prevalence worldwide, but the importance
of zinc nutriture to human health has only been realized in the last few decades. Conse-
quently, epidemiological data on zinc deficiency has lagged behind that for other more
well known vitamin and mineral deficiencies. Zinc intake data from the Third National
Health and Nutrition Examination Survey (1988–1994) in the US population suggest that
adequate zinc intake was only reached by 55.6% of the population based on the 1989 RDA
for zinc (88). Young children aged 1–3 yr, adolescent females aged 12–19 yr, and persons
≥71 yr of age were at the greatest risk of inadequate zinc intakes (88). Zinc supplemen-
tation studies in North America also suggest that women of childbearing age and preg-
nant women are at higher risk of zinc deficiency (89). The risk of zinc deficiency is higher
among those with alcoholic liver disease (90) and Crohn disease.

9. ASSESSMENT OF ZINC DEFICIENCY

The most commonly used indicator of zinc status is the measurement of serum or plasma
zinc concentration (91). Under the conditions of dietary zinc deficiency, the circulating
levels of zinc fall rapidly. Flame or graphite furnace atomic absorption spectrometry is

Table 3
Dietary Reference Intakes for Zinc (mg/d)

Age and gender category AI EAR RDA

Infants, 0–6 mo 2 – –
Infants, 7–12 mo – 2.5 3
Children, 1–3 yr – 2.5 3
Children, 4–8 yr – 4 5
Boys and girls, 9–13 yr – 7 8
Boys, 14–18 yr – 8.5 11
Girls, 14–18 yr – 7.3 9
Adult men ≥19 yr – 9.4 11
Adult women ≥19 yr – 6.8 8
Pregnant women, 14–18 yr – 10 12
Pregnant women, 19–50 yr – 9.5 11
Lactating women, 14–18 yr – 10.9 13
Lactating women, 19–50 yr – 10.4 12

AI, Adequate Intake; EAR, Estimated Average Requirement; RDA,
Recommended Dietary Allowance. Based on ref. 87.
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usually used to measure zinc concentration in blood and other biological samples. Serum
or plasma zinc concentrations <0.75 μg/mL (<11.5 μmol/L) are considered inadequate,
0.75–0.85 μg/mL (11.5–13.0 μmol/L) are considered low or borderline, and 0.85–1.25
μg/mL (13.0–19.0 μmol/L) are considered normal (92). Serum or plasma zinc concen-
trations can be affected by the acute phase response, exercise, aging, malnutrition, and
other factors, and some caution must be taken in the interpretation of this assay. Recent
studies suggest that serum or plasma zinc concentrations are acceptable as indicators of
zinc status in population-based studies (93–96). The collection of blood for zinc measure-
ments requires the use of trace element-free blood collecting tubes, as zinc values can be
artificially increased through zinc contamination in some plastics and rubber stoppers.
Hemolyzed samples should not be used for serum or plasma zinc determinations. Other
assays that have been used for measuring zinc status include hair and fingernail zinc con-
centrations, leukocyte zinc, and urinary zinc excretion, but these assays have been more dif-
ficult to perform, hard to interpret, and are not considered reliable (92).

10. CLINICAL MANIFESTATIONS OF ZINC DEFICIENCY

10.1. General Clinical Manifestations
The clinical manifestations of zinc deficiency vary widely, and zinc deficiency is not

associated with any pathognomonic finding (Table 4). Severe zinc deficiency is charac-
terized by relatively symmetrical skin lesions in the extremities, perioral, and perianal
regions, with alopecia and diarrhea. Hypogonadism, delayed sexual maturation, and growth
retardation have been described in adolescents with zinc deficiency (32). In older adults,
marginal zinc deficiency can be associated with anorexia and impaired taste (hypogeusia).
Zinc deficiency during pregnancy has been associated with low birth weight, preterm
delivery, and increased complications during delivery (97,98). Maternal and early infant
zinc deficiencies may adversely influence infant neurodevelopment (99).

10.2. Ocular Findings in Acrodermatitis Enteropathica
Acrodermatitis enteropathica was described in 1943 by Niels Danbolt (1900–1984) and

Karl Closs (b. 1904) in Norway (100). The syndrome was characterized by a fairly symme-
trical dermatitis around the mouth, eyes, nares, anus, and protruding parts of the body,

Table 4
Clinical Manifestations of Zinc Deficiency

Growth retardation
Hypogonadism
Delayed sexual maturation
Immunodeficiency
Increased infections
Diarrhea
Delayed wound healing
Skin lesions
Impaired dark adaptation
Anorexia
Impaired taste (hypogeusia) and smell (hyposmia)
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such as the head, trunk, and extremities, hence the term “acrodermatitis.” Other features
included total alopecia, photophobia, blepharitis, growth retardation, chronic diarrhea,
and steatorrhea. The disease was originally attributed to an unknown defect in the gastro-
intestinal tract, and initial attempts to treat the disease with vitamins, liver preparations,
hormones, and other agents were not successful (100). A description of a syndrome sim-
ilar to acrodermatitis enteropathica appeared as early as 1902, at which time the disease
was called “epidermolysis bullosa hereditaria” (101). Diiodohydroxyquin was used as
specific therapy for acrodermatitis enteropathica (102–104), and although some individ-
uals responded well to treatment, cases of optic neuropathy was reported after prolonged
treatment (105,106). Diiodohydroxyquin was shown later to augment intestinal zinc
absorption, thus providing a basis for its mode of action. In 1973, acrodermatitis entero-
pathica was associated with zinc deficiency, and zinc therapy was found to reverse the dis-
ease (107–109). Acrodermatitis enteropathica was also associated with depressed cellular
immunity (110,111), and immune alterations could be corrected with zinc therapy (112).
Homozygosity mapping has placed the acrodermatitis enteropathic gene on chromoso-
mal region 8q24.3 (113). The molecular basis for the abnormality of zinc metabolism in
acrodermatitis enteropathica is currently unknown and may involve zinc transport pro-
teins (114,115).

The most commonly noted ocular findings in acrodermatitis enteropathic are blepha-
ritis, conjunctivitis, and photophobia. There can be a vesico-bullous dermatitis in the lateral
canthal regions, and cilia of the brow and lid margin may be lost (116). Corneal lesions,
consisting of a brown, band-like area of intra- and sub-epithelial cornification at the
superior limbus with radial fan-like stripes and central opacities, have been described in
children (117) and adults (118). Corneal sensation is normal (118). The subepithelial radial
lines in the cornea respond to treatment and are not ghost vessels (118). The ocular his-
topathology of acrodermatitis enteropathica includes thinning of the corneal epithelium,
loss of epithelial polarity, anterior corneal scarring and loss of Bowman’s membrane,
cataract formation, ciliary body atrophy, retinal degeneration, loss of pigment from the
retinal pigment epithelium, and optic atrophy (119). Electron microscopy has shown focal
destruction of Bowman’s membrane with replacement by plasma cells and irregularly
aligned collagen fibers (120). Other findings that have been described in acrodermatitis
enteropathica include punctal stenosis (118), and cataracts (121). Keratomalacia has been
described in one child with acrodermatitis enteropathica who was receiving parenteral
vitamin A (122). Children with acrodermatitis enteropathica have been reported to show
gaze aversion, and this lack of eye-to-eye contact has been thought to represent a reliance
on peripheral vision rather than central cone vision (123,124).

10.3. Acquired Zinc Deficiency
A syndrome of acute zinc deficiency has been described in both infants (125) and adults

(126–128) receiving total parenteral alimentation without sufficient zinc. The clinical
findings resemble acrodermatitis enteropathica and include dermatitis, alopecia, and diar-
rhea, but it is unclear whether corneal or lenticular changes occur under these circum-
stances, as detailed slit lamp examinations were not described in these studies (125–127,
129,130). In Crohn disease, zinc absorption is reduced (131), and patients have been re-
ported to have low plasma and hair zinc concentrations and hypogeusia (132). Skin lesions
resembling acrodermatitis enteropathica, hypogonadism, and growth retardation have
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also been described in Crohn disease (133), but no corneal lesions have been described.
Crohn disease has been associated with a subepithelial keratopathy (134), but it is unknown
whether zinc deficiency might play a role.

10.3. Zinc Deficiency and Impaired Dark Adaptation
There are at least two potential mechanisms by which zinc status could influence the

metabolism of vitamin A. Zinc is required for the synthesis of retinol-binding protein
(135,136), and zinc is needed for the function of alcohol dehydrogenase, which reoxidizes
rhodopsin to retinaldehyde in the visual cycle (137). Abnormal dark adaptation was re-
ported among six patients with alcoholic cirrhosis, low serum zinc (<70 μg/dL), and low
serum vitamin A (15–37 μg/dL or 0.526–1.29 μmol/L) concentrations. Improvements in
dark adaptation thresholds occurred in 2 wk among three patients given oral zinc sulfate,
220 mg/d. Two patients who received oral vitamin A, 10,000 IU/d for 2–4 wk, did not
show a change in threshold until oral zinc was added. A sixth patient treated with both
vitamin A and zinc attained a normal threshold within 2 wk (138,139). Liver disease has
been associated with vitamin A deficiency and abnormal dark adaptation (140,141), and
zinc deficiency and vitamin A deficiency often occur together in chronic alcoholics (142).
In a case report, a patient with Crohn disease with impaired dark adaptation responded to
zinc supplementation but the dark adaptation curve never returned completely to normal
(143). Among pregnant women with night blindness in Nepal, zinc supplementation alone
did not restore night vision or improve dark adaptation but may possibly have improved
night vision when combined with vitamin A (144). In Thailand, zinc supplementation, 25
mg/d, improved dark adaptation times among children with marginal zinc status (144).

11. TREATMENT AND PREVENTION OF ZINC DEFICIENCY

Zinc deficiency may generally occur due to one or more mechanisms, including inade-
quate intake of zinc, interference with absorption and bioavailability of dietary zinc, in-
creased losses of zinc, impaired utilization of zinc, and increased requirement for zinc,
as during pregnancy, lactation, and periods of rapid growth. Strategies to prevent zinc
deficiency generally include dietary diversification, supplementation, fortification, and
improving zinc availability in plant sources. Increasing the intake of foods with a high con-
tent of zinc such as meat and animal products may be an economic challenge in many
settings in developing countries. Other dietary approaches include increasing the intakes
of foods which enhance zinc absorption, modifying foods through fermentation, soaking,
or other measures to reduce phytic acid content (45). Zinc supplementation is a possible
means of preventing zinc deficiency, but it is thought that supplementation must be given
often, i.e., daily, and there may be programmatic impediments towards daily supplementa-
tion. However, zinc supplementation may have a role in high-risk situations, such as preg-
nancy, lactation, and early childhood (57,146). A potential complementary strategy to
reduce zinc deficiency is that breeding of plants which are low in phytic acid and high
in sulfur-containing amino acids which promote zinc absorption (147).

12. CONCLUSIONS

The highest concentrations of zinc in the human body are found in the retina and choroid.
Zinc plays a role in the function of photoreceptors and synaptic transmission in the retina.
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It also serves as an antioxidant for the retina and retinal pigment epithelium. The precise
roles that zinc plays in ocular function are currently under investigation, and recent clin-
ical trials suggest that zinc has an important role in the pathogenesis of age-related macular
degeneration. Inadequate dietary intake of zinc is probably more widespread worldwide
than previously recognized. Although zinc deficiency has been associated with impaired
dark adaptation, these reports have involved extremely small numbers of subjects, and
there is little evidence to show that zinc deficiency is the cause of night blindness of any
public health magnitude.
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9 Vitamin C and Eye Health

1. INTRODUCTION

Vitamin C is a water-soluble vitamin that is essential for the biosynthesis of collagen,
carnitine, and catecholamines. It serves as a strong antioxidant and protects proteins, lipids,
and DNA from oxidative damage. The eye contains the highest concentrations of vitamin
C found in the human body. Vitamin C is important to eye health because of its role in pro-
tecting the proteins of the crystalline lens from oxidation, in serving as a free radical scaven-
ger in the retina, and in promoting wound healing in the cornea. Scurvy, the classic syndrome
of vitamin C deficiency, includes some findings of ophthalmological importance, includ-
ing vascular abnormalities of the conjunctiva, dry eyes, and hemorrhages of the conjunc-
tiva, orbit, anterior chamber, and retina. Vitamin C may become increasingly important
to ocular health with demographic changes such as increasing life span and a larger aging
population, and with the continued depletion of the stratospheric ozone layer (1).

2. HISTORICAL BACKGROUND

Scurvy has been known since antiquity, and it became a more prominent disorder with
the expansion of European maritime exploration and trade beginning in the late 15th cen-
tury. Scurvy accounted for a great deal of morbidity and mortality among seafarers, sol-
diers, and explorers, and among civilians during times of famine and sieges (2,3). Although
there are many early descriptions of the empirical use of citrus fruits and certain plants
for the prevention and treatment of scurvy, the idea of scurvy as a nutritional deficiency
disorder did not gain stronger ground until the early 20th century. In 1907, Axel Holst
(1861–1931) and Theodor Frölich (b. 1870) produced experimental scurvy in the guinea
pig (4), a step that facilitated the characterization of the anti-scorbutic factor. The anti-
scorbutic factor was isolated in the laboratories of Albert Szent-Györgyi (1893–1986) (5)
and Charles Glen King (1896–1988) (6) in 1932. The following year, the structure of
ascorbic acid and its synthesis were described by Norman Haworth (1883–1950) and
Edmund Langley Hirst (1898–1975) (7). In 1937 Haworth received the Nobel Prize in
Chemistry for his work on the chemical structure of vitamin C. The descriptions of vita-
min C in the ocular tissues and investigations of vitamin C as a protective factor for the
eye began almost immediately after the description and synthesis of ascorbic acid in the
1930s (8–22).
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3. BIOCHEMISTRY OF VITAMIN C

Vitamin C is a generic term for ascorbic acid, dehydroascorbic acid, and all compounds
that have the biological activity of ascorbic acid. Ascorbic acid, or L-ascorbic acid, is chem-
ically defined as 2-oxo-L-theo-hexono-4-lactone-2,3-enediol and consists of a five-mem-
ber ring with two enolic hydrogens (Fig. 1). The enolic hydrogens are important in the
structure of L-ascorbic acid, because they provide electrons for its function as an antioxi-
dant. These electrons can be lost easily, providing strong reducing power for L-ascorbic
acid. L-ascorbic acid can be oxidized to L-dehydroascorbic acid via the ascorbyl radical,
a relatively stable free radical. L-dehydroasorbic acid can be reduced back to the inter-
mediate free radical and then to L-ascorbic acid. Dehydroascorbic acid can be hydrolyzed
irreversibly to diketogulonic acid. Humans, other primates, guinea pigs, and bats are among
the few mammals that cannot synthesize ascorbic acid from glucose because of a lack of
the enzyme gulonolactone oxidase (23). Obsolete names for vitamin C include hexuronic
acid, cevitamic acid, antiskorbutin, and scorbutamin.

4. DIETARY SOURCES OF VITAMIN C

Rich dietary sources of vitamin C include peppers, citrus fruits, broccoli, brussel sprouts,
and cauliflower (Table 1) (24,25). Orange juice is rich in vitamin C, and many commer-
cially available fruit drinks that have a small proportion of fruit juice are fortified with
vitamin C. Vitamin C is also available in the form of multivitamins and also as megadose
supplements. The vitamin C content of vegetables can be reduced by long cooking at high
temperature. Ascorbate is the main form of vitamin C in most foods, constituting about
80–90% of the total vitamin C (25).

5. ABSORPTION, STORAGE, AND METABOLISM OF VITAMIN C

Ascorbic acid is absorbed in the intestine through a sodium-dependent, active transport
process that is dose dependent and saturable and also by the process of simple diffusion
(25). Simple diffusion predominates with high intakes of ascorbic acid. About 70–90%
of ascorbic acid is absorbed with the usual dietary intake of ascorbic acid, but the amount
absorbed may drop to 50% with higher doses, as with vitamin C supplements of 1 g. Larger
megadoses of vitamin C may cause diarrhea and abdominal discomfort because a signifi-
cant proportion of the unabsorbed ascorbic acid is degraded in the intestinal lumen. Vita-
min C circulates as ascorbic acid free in the plasma, bound to albumin, within erythrocytes,

Fig. 1. Structural formulas of L-ascorbic acid and L-dehydroascorbic acid.
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and concentrated within neutrophils, lymphocytes, and platelets. Dehydroascorbic acid
accounts for <2% of total vitamin C concentrations in the blood (25). Dehydroascorbic
acid is readily reduced back to ascorbic acid, thus maintaining the total body stores of
vitamin C, but some dehydroascorbic acid is hydrolyzed to diketogulonic acid and metab-
olized to other products that include oxalic acid, threonic acid, L-xylose, and ascorbate-
2-sulfate (26). There is little renal excretion of ascorbic acid when the dietary intake of
vitamin C is less than about 80 mg/d, but renal excretion of ascorbic acid increases at
higher intakes (27). The symptoms of scurvy may occur when the total body pool of ascor-
bic acid is less than 300 mg (28). The vitamin C content of some human tissues and fluids
is shown in Table 2 (26,29). The cornea epithelium and crystalline lens contain some of the
highest concentrations of vitamin C in the human body.

6. FUNCTIONS OF VITAMIN C

Vitamin C is known to play a role as electron donor for several important enzymes in
humans that are involved variously in collagen biosynthesis, Cq1 complement synthesis,
carnitine biosynthesis, cephalosporin synthesis, norepinephrine biosynthesis, pyridine
metabolism, tyrosine metabolism, and the activation of peptide hormones (26). L-ascorbic
acid functions as a protective antioxidant for reactions that require reduced iron (Fe2+)
or copper (Cu1+) metalloenzymes (30). In collagen biosynthesis, the enzyme prolyl hydrox-
ylase requires oxygen, ascorbic acid, iron, and α-ketoglutarate in order to convert peptide-
bound proline to hydroxyproline. Ascorbic acid is required as a cofactor for the enzymes
6-N-trimethyl-L-lysine hydroxylase and γ-butyrobetaine hydroxylase in the two-step

Table 1
Vitamin C Content of Selected Foods

Vitamin C
Food (mg/100 g)

Rose hips 250–800
Chili peppers 200–400
Parsley 200–300
Black currants 150–200
Broccoli 70–163
Brussel sprouts 90–150
Lemons 50–80
Oranges 40–78
Spinach 35–40
Limes 30–40
Potatoes 10–30
Tomatoes 9–30
Chicken 15–20
Apples 5–10
Beef 1–2
Pork 1–2
Cow’s milk 0.5–2

Adapted from refs. 24,25.
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hydroxylation of 6-N-trimethyl lysine to carnitine. In the biosynthesis of norepinephrine,
dopamine-β-hydroxylase requires ascorbic acid in the conversion of dopamine to norepi-
nephrine. Some peptide hormones have a terminal amide group which requires α-amidation
in order to have biological activity. The enzyme peptidyl glycine hydroxylase requires
ascorbic acid as an electron donor in α-amidations of hormones such as thyrotropin-
releasing hormone, adrenocorticotropic hormone, vasopressin, oxytocin, and cholecys-
tokinin (31). Vitamin C is a strong antioxidant and has been shown to protect against lipid
peroxidation and DNA damage in a wide variety of studies (26).

7. REQUIREMENT FOR VITAMIN C

The Food and Nutrition Board of the Institute of Medicine has made new recommen-
dations of vitamin C intake by life stage and gender group (Table 3) (32). For definitions
of Adequate Intake (AI), Estimated Average Requirement (EAR), and Recommended
Dietary Allowance (RDA), see Chapter 1, Subheading 3.4. The requirement for vitamin C
is an estimated 35 mg/d higher among smokers because of increased oxidative stress and
metabolic differences (32).

8. EPIDEMIOLOGY OF VITAMIN C DEFICIENCY

Scurvy is rare in developed countries, but it is occasionally seen among individuals
who have odd food habits with little consumption of fruits or vegetables, in situations of
alcoholism or drug abuse, in heavy smokers, in patients with cancer, and in elderly men
who live alone. In developing countries, scurvy may occur in refugee camps, prisons, and
during periods of drought and food shortage. Scurvy has been described in a subject on
a Zen macrobiotic diet (33). The clinical presentation of such patients may be unusual,
as in hemarthrosis in a patient who shunned fruits and vegetables (34), purpura in an
“unrepentant carnivore,” (35), painful gait with bruising in a child with peculiar dietary
habits (36), lower extremity rash in a heavy smoker (37), and purpura and gingivitis in
older adult patients with cancer (38,39). Scurvy may be increasing among the institution-

Table 2
Vitamin C Content of the Human Eye
and Cornea Related to Other Tissues

Vitamin C
Tissue (μmol/100 g wet)

Corneal epithelium 1100
Leukocytes 40–800
Pituitary gland 227–284
Adrenal glands 170–227
Crystalline lens 142–176
Brain 74–85
Liver 57–91
Heart muscle 28–85
Skeletal muscle 17
Plasma 1.7–8.5

From refs. 26,29.
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alized elderly and alcoholics in the United States (40). Borderline to deficient vitamin C
status is relatively more common among some risk groups in developed countries, such
as institutionalized older women (41) and elderly men living alone in the community
(42). In the National Health and Nutrition Examination Survey (NHANES) II, 3% of the
overall population aged 3–74 yr and 16% of black males aged 55–74 yr had low plasma
vitamin C concentrations (43). A higher prevalence of low vitamin C concentrations was
also found among cigarette smokers and among those with low incomes (43).

Infantile scurvy is a condition that occurs among infants and young children who do not
receive sufficient amounts of vitamin C. The disease was more common in the late 19th cen-
tury and early 20th century, when infant formula or weaning diet did not contain adequate
amounts of vitamin C (44,45). The disease is also known as Barlow disease, after a clin-
ical description made in 1883 by Sir Thomas Barlow (1845–1945) (46). Occasional cases
of infantile scurvy still occur in developed countries (47,48), usually among infants who
were fed cow’s milk and no formula or supplements containing vitamin C.

9. ASSESSMENT OF VITAMIN C STATUS

The laboratory diagnosis of vitamin C deficiency is usually made either by measurement
of serum or leukocyte ascorbic acid concentrations. Serum ascorbic acid concentrations
usually reflect short term intake of vitamin C, whereas leukocyte ascorbic acid concentra-
tions are considered to reflect more long term vitamin C status (49). In NHANES II, serum
ascorbic acid concentrations were classified as deficient, low, and acceptable, based on
ranges of <11, 11–23, and >23 μmol/L, respectively (50). The preferred method for mea-
surement of ascorbic acid concentrations in serum is by high performance liquid chro-
matography. Leukocyte ascorbic acid concentrations have been defined as deficient,
low, and adequate based on ranges of <57, 57–114, and >114 nmol/108 cells (49).

Table 3
Dietary Reference Intakes for Vitamin C (mg/d)

Age and gender category AI EAR RDA

Infants, 0–6 mo 40 – –
Infants, 7–12 mo 50 – –
Children, 1–3 yr – 13 15
Children, 4–8 yr – 22 25
Boys and girls, 9–13 yr – 39 45
Boys, 14–18 yr – 63 75
Girls, 14–18 yr – 56 65
Adult men ≥19 yr – 75 90
Adult women ≥19 yr – 60 75
Pregnant women, 14–18 yr – 66 80
Pregnant women ≥19 yr – 70 85
Lactating women, 14–18 yr – 96 115
Lactating women ≥19 yr – 100 120

AI, Adequate Intake; EAR, Estimated Average Requirement; RDA,
Recommended Dietary Allowance. Based on the Food and Nutrition
Board (32).
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10. CLINICAL MANIFESTATIONS OF VITAMIN C DEFICIENCY

10.1. General Systemic Manifestations of Scurvy
Scurvy in adults is characterized by petechiae, ecchymoses, inflamed and bleeding

gums, follicular hyperkeratosis, coiled hairs, perifollicular hemorrhages, arthralgias, joint
effusions, and impaired wound healing. Old, formerly healed scars and fractures may
spontaneously recur (51). Fatigue, dyspnea, gingivitis, and loosening of teeth are often
present. Anemia is associated with scurvy. Infantile scurvy is typically characterized by
subperiosteal and intramuscular hemorrhages. The gums may be red, swollen, and prone
to bleeding. The condition is often described in badly nourished infants with poor weight
gain. The infant often lies on his back in the “frog position” with one thigh everted and
flexed at the abdomen in order to reduce pressure on a painful, swollen leg (Fig. 2) (52).
Petechiae and ecchymoses are less common among infants than adults with scurvy.

10.2. Ophthalmological Findings During Scurvy
Ocular findings during scurvy are rare and are usually related to bleeding complications,

as hemorrhages have been described in the eyelids, conjunctiva, orbit, iris, and retina.
The most common ocular finding in infantile scurvy is unilateral proptosis, sometimes
associated with eyelid ecchymoses. Over the last 125 yr, there have been numerous case
reports of proptosis in infantile scurvy since an early clinical description made by Hugo
Magnus (1842–1907) in 1878 (52–77). The average age of infants and young children
who presented with exophthalmos and scurvy has been 10.5 mo (range 7–24 mo) (52).
The subperiosteal regions of long bones and the orbit appear to be prone to hemorrhage
because of their rapid physiologic growth. The exophthalmos is firm, nonpulsatile, and
occurs spontaneously, usually with no history of trauma. The orbital plate of the frontal
bone is the most frequent site of hemorrhage, and for unknown reasons, the left eye seems
to be more susceptible (52,60). The exophthalmos will usually resolve within 1–3 wk
with vitamin C therapy (Fig. 3) (52,64). Corneal ulceration has been described in one case
of severe exophthalmos and exposure (73). Eyelid ecchymoses may also occur without
proptosis, causing a “black eye” (60,65).

Fig. 2. Marked hematoma of the left eyelid in infantile scurvy. Hematoma is masking the exophthal-
mos. Note characteristic flexion of the leg, or “frog position” of infantile scurvy. (From ref. 52, with
permission of the Archives of Ophthalmology.)
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In a collective report of infantile scurvy in North American in the late 19th century, a
committee of the American Pediatric Society reported “swelling or protrusion of one or
both eyes” in 49 of 379 cases, or 12.9% (78). This report and others (68) suggest that orbi-
tal hemorrhage with exophthalmos was not uncommon at a time when infantile scurvy
was more prevalent. Other ocular findings that have been described in infantile scurvy
include retinal hemorrhages (56,79) and hemorrhage into the anterior chamber (62). Orbi-
tal hemorrhages rarely may occur in adults with scurvy (66). Bilateral superior subperio-
steal orbital hematomas were recently described in a 13-yr-old girl with spontaneous uni-
lateral proptosis and scurvy (Fig. 4) (80). Orbital hemorrhage with proptosis has also been
found in monkeys with experimental scurvy (81,82). From a medico-legal point of view,
infantile scurvy should be considered in the differential diagnosis of “battered baby” or
“shaken baby” syndrome, as eyelid ecchymoses, orbital hemorrhage, hyphema, and
retinal hemorrhages can occur in a poorly nourished infant with scurvy in the absence of
any physical trauma.

The most common finding among adults with scurvy is subconjunctival hemorrhage
(83). Ocular lesions such as conjunctival hemorrhages and small conjunctival varicosities
have been described in adults who were experimentally deprived of vitamin C after 74–
95 d (83). Retinal hemorrhages have been occasionally described among adults with scurvy
(84–92). The fundus appearance is characterized by retinal hemorrhages, exudates, and
cotton wool spots (91,92). The retinopathy of scurvy is similar to both background dia-
betic retinopathy and the retinopathy of HIV infection, and it should be considered in the
differential diagnosis in poorly nourished adults and among infants with failure to thrive.
In a typical case, a 48-yr-old white, divorced, unemployed man developed painful bruising
in the leg muscles (92). He did not have any ocular complaints, but he noted that his gums
were bleeding, and one tooth had recently fallen out. For the last 2 yr, the patient had not
eaten any fresh fruits or vegetables and had subsisted on tinned foods, meat pies, boiled

Fig. 3. Spontaneous exophthalmos in an infant with scurvy, before and after treatment. (From ref. 64,
with permission of the Journal of the American Medical Association.)
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eggs, white bread, and milk. Physical findings included gum hemorrhages, extensive mus-
cle bruising, and petechiae. Ocular examination revealed retinal hemorrhages and exu-
dates (Fig. 5A). The retinal hemorrhages and exudates resolved after 3 wk of vitamin C
treatment (Fig. 5B). In one case report, the hemorrhagic diathesis of scurvy was severe
enough to complicate cataract surgery (93).

10.3. Vitamin C and Corneal Wound Healing
Vitamin C, through its essential function in collagen synthesis and metabolism, appears

to play an important role in corneal wound healing. The corneal epithelium contains the
highest concentration of vitamin C found in the human body, 1100 μmol/100 g wet weight,
or about three hundred times the concentration of ascorbic acid found in the plasma (29).
High concentrations of ascorbic acid have also been described in the corneal epithelium
of many different mammals (94–99). The concentrations of ascorbic acid are lower in the
corneal stroma, corneal endothelium, and aqueous humor than in the corneal epithelium
(29,99). Ascorbic acid is concentrated through active transport by the ciliary body into
the aqueous humor (100–107). The concentrations of ascorbic acid in the aqueous humor
are about 20–25 times higher in the aqueous humor than in the plasma. The corneal
endothelium takes up L-dehydroascorbic acid from aqueous humor, transports it into the
cornea, and reduces it to ascorbic acid (108,109). The physiological mechanisms that
account for the extremely high concentrations of vitamin C in the corneal epithelium have
not been well characterized. The transport and metabolism of vitamin C in ocular tissues
has been reviewed in detail elsewhere (110–112).

The importance of vitamin C to corneal integrity was shown in guinea pigs that devel-
oped corneal epithelial edema, disruption of the normal collagen pattern in the stroma,

Fig. 4. Coronal computed tomographic scan of a 13-yr-old girl with scurvy reveals bilateral superior
subperiosteal orbital hematomas. (From ref. 80, with permission of the Archives of Ophthalmology.)
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mitochrondrial degeneration, extensive alterations in basal cells, and loss of Bowman’s
membrane (113). After thermal injury to the cornea, scorbutic guinea pigs healed with
greater corneal vascularization than normal guinea pigs (114). Roswell Pfister and col-
leagues have conducted an extensive series of studies of the effects of vitamin C on cor-
neal ulceration in rabbits. Corneal ulceration after alkali injury was prevented by parenteral
administration of ascorbic acid (115), and further studies showed that corneal ulceration
followed alkali injury in 22% of rabbits treated with subcutaneous ascorbic acid com-
pared with 60% of controls (116). Subcutaneous ascorbic acid treatment also increased
the strength of corneal wounds (117). Ascorbic acid, given topically, reduced the incidence
of corneal ulceration following alkali injury (118). Following severe alkali burns, the con-
centrations of ascorbic acid drop to about one-third normal levels in the rabbit eye (119).
The ultrastructure of the corneal ulcers resembles the morphological changes noted in
experimental scurvy, and corneal ulceration appears to occur when fibroblasts lack suf-
ficient collagen for repair (119). The combination of topical sodium citrate, which inhibits
polymorphonuclear leukocytes, and ascorbic acid has been shown to be the most effec-
tive in treatment of corneal ulceration following experimental severe alkali injury in
rabbits (120–122). In contrast, systemic treatment with ascorbic acid does not appear to
affect the healing rate of the corneal epithelium in very mild alkali burns in the rabbit
(123). Topical epidermal growth factor appears to increase ascorbic acid concentrations
in aqueous humor and corneal wounds in rabbits (124).

Ascorbic acid has been used in the treatment of corneal ulceration for more than 50 yr.
In 1950, Boyd and Campbell conducted a placebo-controlled clinical trial of oral vitamin
C, 500 mg three times daily, for 51 patients seen at the Glasgow Eye Infirmary with small,
acute corneal ulcers (125). Patients who received vitamin C had significantly accelerated
healing of deep ulceration compared with those who received placebo (Fig. 6). No sig-
nificant effect was noted for more shallow ulcers. Ascorbate treatment of corneal ulcera-
tion caused by alkaline burns was also reported by others (126). In 1961, Stellamor-Peskir

Fig. 5. Retinal hemorrhages and exudates in a 48-yr-old man with scurvy. (From ref. 92, with per-
mission of Eye.)
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published a case series of 693 patients with alkali burns who were treated with both local
and systemic ascorbic acid (127). Topical and/or oral ascorbate therapy has been used in
the treatment of alkali burns of the cornea in some centers (128–131). In an 11-yr retrospec-
tive review of 121 cases with alkali burns, a treatment protocol that included topical ascor-
bic acid 10%, oral ascorbic acid, 500 mg four times per day, and sodium citrate, an inhibitor
of neutrophils, appeared to be beneficial for grade 3 but not grade 1 or 2 alkali burns (131).

Wound healing following glaucoma filtration surgery may potentially be influenced
by ascorbic acid in the aqueous humor, as reviewed in detail elsewhere (132). Ascorbic acid
has been shown to stimulate type I and type III collagen in human Tenon’s fibroblasts
(133). A recent prospective study of 249 adult patients who underwent trabeculectomy
showed no relationship between ascorbic acid concentrations in the aqueous humor and
outcome of glaucoma filtering surgery (134).

10.4. Vitamin C and Cataracts
Although cataracts are not associated with scurvy (135), which usually occurs as an

acute clinical syndrome, there is some evidence that long term vitamin C status may be
related to the pathogenesis of cataracts. Vitamin C appears to play a role in reducing photo-
reactive damage to the lens through two mechanisms: first, as a filter for ultraviolet light
reaching the cornea and lens, and second, in protecting the lens from oxidative stress. As
mentioned previously, the concentration of ascorbic acid in the human corneal epithelium
is about 1100 μmol/100 g wet weight, the highest concentration of vitamin C that has been
found in the body (29). The ascorbic acid concentrations in the corneal epithelium (136)
and aqueous humor (137) are much higher in diurnal than nocturnal mammals, suggesting
that ascorbic acid may play a role in protecting the eye against damage from ultraviolet

Fig. 6. Mean intensity of fluorescence of deep corneal ulcers among patients treated with oral vitamin
C (circles) compared with placebo (solid dot). (Reprinted from ref. 125, with permission of the British
Medical Journal.)
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radiation (138,139). A clue may come from two closely related species of spiny mice,
Acomys russatus, a diurnal species, and Acomys cahirinus, a nocturnal species (Fig. 7). The
ascorbic acid concentration in the aqueous humor of the diurnal species was 35 times higher
than in the aqueous humor of the nocturnal species (139). These important comparative
observations are consistent with the hypothesis that ascorbic acid in the aqueous humor
and cornea are adaptations to solar radiation, similar to pigmentation in the skin (136–140).

The vitamin C concentration in the corneal epithelium of reindeer is about 2233 μmol/
100 g wet weight, or about twofold higher than that found in humans (136). Reindeer live
usually live at higher elevations (>1000 meters above sea level) in an environment par-
tially covered with snow, and the ultraviolet light exposure is high. In contrast, the lynx,
a nocturnal feline, has a vitamin C concentration in the corneal epithelium of 82 μmol/
100 g wet weight (136). What is the potential effect of vitamin C in the human cornea?
Given an even distribution of ascorbic acid in the corneal epithelium, ascorbic acid alone
would absorb 77% of the incident radiation reaching the basal layer of the epithelium (29).
An estimated 99.96% of radiation at 260 nm would be absorbed by ascorbic acid in the epi-
thelium and intervening tissues and fluids before reaching the lens (29). Thus, Brubaker

Fig. 7. Concentrations of ascorbic acid in the aqueous humor of two closely related species of spiny
mice, Acomys russatus, a diurnal species, and Acomys cahirinus, a nocturnal species. (Illustration by
Frank Corl.)
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has proposed that at 260 nm, ocular ascorbic acid would have a Sun Protective Factor
(SPF) of 4 for the basal layer of the cornea and SPF 2500 for the lens epithelial layer. In vitro
studies show that ascorbic acid in the cornea absorbs a significant amount of ultraviolet
(UV) radiation (136,140). The cornea epithelium acts as a UV filter through three mecha-
nisms: (1) absorption of UV-B radiation below 310 nm wavelength, (2) fluorescence-
mediated ray transformation to longer wavelengths, and (3) fluorescence reduction (136).

UV light exposure causes lipid peroxidation in the lens epithelium, changes in lenticular
proteins, and damage to DNA in the epithelium (141). Free radicals, such as superoxide
and hydrogen peroxide, may be balanced by ascorbic acid, glutathione, other antioxidants
such as vitamin E and carotenoids, and by enzymes such as superoxide dismutase (142–
144). Vitamin C-deficient guinea pigs sustain significantly more damage to the lens epi-
thelium from UV light than normal guinea pigs, an observation consistent with the hypoth-
esis that vitamin C protects the lens against the cataractogenic effect of UV radiation in
sunlight (141,145). Dietary ascorbic acid has been shown to protect guinea pigs against
heat-induced damage to proteins of the lens (146).

Vitamin C appears to reduce the severity of experimentally induced cataracts (142,147–
149). In young rats, selenite increases the peroxidation of lens lipids and can be used to
experimentally produce cataracts. Administration of vitamin C can largely prevent cataract
formation by selenite (148). In the experimental model of galactose-induced cataract in
guinea pigs, ascorbic acid appeared to reduce the development of cataract through pro-oxi-
dant, rather than antioxidant effects (149). In diabetic rats, supplementation with vitamin
C was shown to reduce the leakage of gamma-crystallin protein from lenses and a reduction
of cataract (150). The vitamin C concentration in the guinea pig lens appears to decrease
with age even with the same level of dietary intake of vitamin C (151). Ascorbate was pro-
tective against oxidative stress in the mouse lens (152).

Although most evidence suggests that vitamin C is protective against cataracts in expe-
rimental animals, others have shown that physiological concentrations ascorbic acid may
increase the brunescence of bovine lenses in vitro (153). Ascorbic acid appears to have
the potential to cause cross-linking of lens proteins, suggesting a Maillard reaction (154).
The metabolism of L-dehydroascorbic acid to diketogulonic acid may play a role in the
formation of lens opacities, as diketogulonic acid may be further oxidized to oxalic acid,
perhaps explaining the presence of crystalline particles of calcium oxalate in the lens
(155). In humans, there is much suggestive epidemiological evidence but little direct evi-
dence to show that vitamin C is protective against senile cataract (144,156). The concen-
trations of ascorbic acid in the lens and aqueous humor were significantly correlated with
concentrations in the plasma in humans (157). The concentrations of ascorbic acid in the
lens appear to decrease with severity of cataracts (158,159). The epidemiological studies
of vitamin C and cataract are discussed in detail elsewhere in Chapter 3 (Subheading 3.3.6.).

10.5. Vitamin C and the Retina
Ascorbic acid may function to protect the retina from photic damage (160,161). The

retina appears to take up ascorbic acid through an energy dependent process (162), and
the concentrations of ascorbic acid and dehydroascorbic acid in the retina, subretinal
fluid, and pigment epithelium suggest a movement of ascorbate from the vitreous cavity
into the subretinal space (163). Concentrations of vitamin C are about twenty times higher
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in the retina than in the plasma (161). With intense light exposure, excessive energy must
be disposed, otherwise photodynamic reactions may produce free radicals and cause
oxidative damage to the retina (161). In guinea pigs, the dominant form of vitamin C is
ascorbic acid in the neural retina and dehydroascorbic acid in the retinal pigment epithe-
lium (164). After mild photic damage to the retina, the concentrations of ascorbic acid
decrease in the neural retina, and the concentrations of dehydroascorbic acid increase in
the retinal pigment epithelium (164,165). Rats supplemented with vitamin C were signif-
icantly protected against photic injury in the retina compared with unsupplemented con-
trol rats (166). In studies monkeys fed a vitamin C-deficient diet and vitamin C-enriched
diet, retinal photic injury in vitamin C-deficient monkeys was characterized by more severe
tissue damage, an exaggerated repair response, and more advanced retinal degeneration
(161). Ascorbic acid protects rats against retinal light damage (167). Whereas L-ascorbic
acid functions as both a coenzyme and antioxidant, D-ascorbic acid, the stereoisomer, is
considered to function as an antioxidant only. Both L-ascorbic acid and D-ascorbic acid
protected rats against light damage to the retina, suggesting that ascorbic acid plays pri-
marily an antioxidant role in protecting the retina (168).

10.6. Vitamin C in Human Tears
Human tears contain a high concentration of vitamin C in comparison with plasma

(169), and the lacrimal gland is capable of uptake, metabolism, and secretion of ascorbic
acid in tears (170). The concentration of ascorbic acid in human tears has been found to
range from 220–1310 μmol/L, with the lower values found with higher tear flow rates
(169). Another study described a mean ascorbic acid concentration of 665 μmol/L in basal
tear secretions (171). The amount of ascorbic acid that is recovered may vary a great deal
depending on the method of tear collection (172).

11. PREVENTION AND TREATMENT
OF MARGINAL VITAMIN C STATUS AND DEFICIENCY

Vitamin C deficiency is rare and can be prevented with adequate intake of foods that
are rich in vitamin C, such as fruits, vegetables, fruit juices, and vitamin C-fortified cereals
and fruit-flavored drinks.

The requirement of vitamin C is higher for smokers. Infantile scurvy has largely dis-
appeared from developed countries with vitamin C-fortified infant formula, better knowl-
edge of nutrition, and improved feeding practices, but sporadic cases of infantile scurvy
occur due to lack of knowledge by the parents. In contrast, marginal vitamin C status
appears to be more common (43) and consumption of vitamin C-rich foods could be
increased. For example, in the United States, only 9% of Americans consume the two fruits
and three vegetables recommended by the National Cancer Institute and the National
Research Council/National Academy of Science (173). There appears to be little evidence
to support the use of megadose vitamin C supplements for eye health, and doses of vita-
min C above 2 g per day are associated with increased risk of gastrointestinal disturbances,
nephrolithiasis, increased uric acid excretion (32). There is little evidence to support the use
for vitamin C eyedrops, except as treatment for severe alkali burns to the cornea, and crys-
talline deposits of the cornea have been described with the use of vitamin C eye-drops (174).
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12. CONCLUSIONS

Vitamin C plays an important role in eye health through several different functions:
as a potent antioxidant to protect the lens and retina from oxidative stress, as an absorber
of UV radiation in the cornea and aqueous humor, and as a factor involved in the synthesis
and metabolism of collagen in the cornea. Scurvy, the clinical deficiency syndrome of
advanced vitamin C deficiency, has well known ophthalmological manifestations that are
primarily related to hemorrhagic complications, and these findings include hemorrhages
of the eyelids, conjunctiva, anterior chamber, iris, retina, and orbit. The long term con-
sequences of marginal vitamin C status on ocular health are not clear, but could include
increased risk of cataract and retinal disease. The role of vitamin C status in the patho-
genesis of cataracts in humans needs further exploration, especially in populations that
are at high risk of marginal and deficient vitamin C status. Further studies are needed to
characterize the relationship between vitamin C in tears and potential roles of vitamin C
in protecting the cornea and conjunctiva. The relationship between vitamin C in tears and
the metabolism of vitamin C in the cornea epithelium has not been characterized. Whether
vitamin C concentrations in tears are reduced in certain disease states or among certain risk
groups, i.e., smokers and those with low dietary vitamin C intake is unclear. It is not known
whether low vitamin C concentration in tears has any adverse effect on ocular health, such
as with herpes keratitis or ocular surface abnormalities. Although experimental animal
studies and some human observational studies suggest that topical and oral vitamin C is
beneficial for alkali burns, conclusive evidence from a rigorously conducted, multicenter
clinical trial has not been obtained. The long term consequences of marginal vitamin C
status and retinal disease, such as age-related macular degeneration and diabetic retinopa-
thy, are not well understood.
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10 The Age-Related Proinflammatory
State and Eye Disease

1. INTRODUCTION

A low-grade inflammatory state is common among older adults and has been linked
to a variety of common aging-related processes such as insulin resistance, dyslipidemia,
coagulation, lymphocyte activation, and increased catabolism, with increased risk of athero-
sclerosis, sarcopenia, osteoporosis, frailty, disability, cognitive impairment, and mortality.
Inflammation has been associated with some eye diseases such as age-related macular
degeneration, cataract, and diabetic retinopathy and is likely part of more widespread dys-
regulation that involves multiple systems. Nutrition plays an important role in the patho-
genesis of the proinflammatory state, as antioxidant nutrients such as the plant polyphe-
nols, carotenoids, tocopherols, ascorbate, tocopherols, selenium and other antioxidants
are involved in maintaining redox balance. Both dietary and endogenous advanced gly-
cation end products can increase oxidative stress and inflammation. The underlying trig-
gers for the proinflammatory state include reactive oxygen species (ROS), and ROS can
damage biomolecules directly and also activate transcriptional factors that are central in
the upregulation of inflammatory cytokines. Although much work has focused on nutri-
ents and eye diseases, further insight is needed to examine the relationship between anti-
oxidant nutrients, oxidative stress, systemic inflammation, and eye diseases.

2. BIOMARKERS IN THE PROINFLAMMATORY STATE

The proinflammatory state is characterized by increased concentrations of cytokines
and acute phase proteins (1,2). Tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-
6, and IL-18, and C-reactive protein (CRP), fibrinogen are among the cytokines and acute
phase proteins that may be elevated in this proinflammatory state (3). Anti-inflammatory
cytokines are involved in the control of the proinflammatory cytokine response, and
major anti-inflammatory cytokines include transforming growth factor (TGF)-β, IL-1
receptor antagonist (Ra), IL-4, IL-10, IL-11, and IL-13 (4). The relationship between
inflammation and chronic diseases has been more intensively studied for chronic diseases
and conditions such as endothelial dysfunction, the metabolic syndrome, atherosclerosis,
cardiovascular disease, and Alzheimer disease. Recently studies have begun to address
the relationship between inflammation and eye diseases, and studies have been mostly
limited to TNF-α, IL-6, CRP, and fibrinogen. Some of the more well-studied biomarkers
are discussed as follows.
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2.1. Interleukin-1βββββ
IL-1β is a proinflammatory cytokine that is produced by a variety of cells including

macrophages, endothelial cells, glia, and neurons (5). IL-1β is an inducer of TNF-α, IL-2,
and cyclooxygenase-2, inducible nitric oxide synthase, and intercellular adhesion mole-
cule (ICAM)-1 (1). Nuclear factor (NF)-κB is an important regulator of the transcription
of IL-1β (5). Within the central nervous system, overproduction of IL-1β has been impli-
cated in cognitive decline (6) and Alzheimer’s disease (7), but the relationship between ele-
vated circulating IL-1β and Alzheimer’s disease is less clear (6). In the InCHIANTI study
of aging, high serum IL-1β was associated with congestive heart failure and angina (8).

2.2. Tumor Necrosis Factor-ααααα
TNF-α, a member of the TNF cytokine superfamily, is a proinflammatory cytokine

produced by a variety of cells, including macrophages and adipocytes (9). TNF-α binds
to two cell surface receptors, TNF receptor (TNF-R)I and TNF-RII, and beyond other
activities, stimulates the production of other cytokines such as IL-6 (9). The interaction
of TNF-α with TNF-RI activates several signal transduction pathways, including NF-κB
(10). TNF-RII signaling appears to play a role in chronic inflammatory disorders (11).
TNF-α appears to inhibit erythropoiesis by inhibiting erythroid progenitor cells (12) and
negatively regulating the maintenance of cycling human hematopoietic stem cells (13), and
elevated TNF-α is associated with defective erythropoietin production (14). Elevated
serum TNF-α, soluble IL-2 receptor (IL-2R), and IL-8 levels have been described in pa-
tients with proliferative diabetic retinopathy (15) (Fig. 1).

2.3. Interleukin-6
IL-6 is produced by macrophages and T lymphocytes and has both pro- and anti-inflam-

matory roles. TNF-α and IL-1β both stimulate the release of IL-6, and IL-6 plays a central

Fig. 1. Mean serum interleukin (IL)-8 and tumor necrosis factor (TNF)-α levels according to stage
of diabetic retinopathy (DR): no DR (NDR) (n = 16), nonproliferative DR (NPDR) (n = 18), prolifera-
tive DR (PDR) (n = 19), and controls (n = 15). Levels of IL-8 and TNF-α were significantly higher
in PDR and NPDR patients than controls. (Reprinted from ref. 15, with permission of Macmillan
Publishers Ltd.)
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role in inflammation by inducing the production of acute phase proteins, including
fibrinogen and CRP, and by contributing to lymphocyte activation, leukocytosis, throm-
bocytosis, fever, and a general shift toward catabolism in metabolic pathways (16). IL-6
also appears to limit the extent of an inflammatory response by downregulating the release
of TNF-α and IL-1β and promoting the release of IL-1Ra and soluble TNF-RI (17). NF-
κB plays a major role as a transcription factor for IL-6 (16). The receptor complex that
mediates the activity of IL-6 consists of an 80-kDa receptor subunit and a 130-kDa sig-
nal-transducing element, gp130 (18). Soluble IL-6 receptor (sIL-6R) consists of the 80 kDa
subunit, and sIL-6R forms a stimulatory complex with IL-6 that regulates cellular events
through direct activation of gp130 in a process known as trans signaling (18). Only few
cell types have a complete IL-6 receptor on their surface, but because gp130 is ubiqui-
tous, the presence of sIL-6R may make many cell types sensitive to the effects of IL-6.
Elevated circulating IL-6 levels were independently associated with the progression of
age-related macular degeneration in the Progression of Age-Related Macular Degenera-
tion Study (19). Elevated plasma IL-6 levels were associated with macular edema in a
study of 159 patients with diabetic retinopathy (20). No significant differences in serum
IL-6 levels were found between 62 patients with less severe vs 31 patients with severe dia-
betic retinopathy (21). The same study described significant elevations in two chemokines
in serum, regulated on activation, normal T-cell expressed and secreted (RANTES) and
stromal cell-derived factor (SDF)-1α, in patients with severe compared with less severe
retinopathy (21).

2.4. Interleukin-18
IL-18 is a pleiotropic proinflammatory cytokine that is produced by a variety of cells,

including macrophages, adipocytes, lymphocytes, and endothelial cells (22,23). IL-18
regulates T-helper immune responses, induces IFN-γ production, and is considered to be
an important mediator of atherosclerosis (23). IL-18 amplifies the inflammatory cascade
by inducing the expression of cytokines, chemokines, and adhesion molecules, and both
redox balance and TNF-α induce IL-18 through NF-κB activation (24). Elevated IL-18
levels were associated with elevated serum triglycerides (25), insulin resistance (26), the
metabolic syndrome (27), obesity (28), and diabetes (29). Consumption of high-fat meals
(30) and hyperglycemia (31) induced elevations in serum IL-18 levels. Elevated IL-18
was an independent predictor of unstable angina and cardiovascular death in adults with
coronary artery disease (32) and of coronary events in healthy, middle-aged men (33).
Studies of IL-18 gene polymorphisms support the idea that IL-18 plays a causal role in
atherosclerosis and related complications (34).

2.5. C-Reactive Protein
CRP is a plasma protein that is largely produced by hepatocytes after an inflammatory

stimulus (35). CRP is a pattern recognition molecule that binds to sites that are exposed
during cell death or on the surfaces of pathogens and is considered part of the innate
immune response (35). The expression of CRP is mostly regulated by IL-6 and IL-1β
(35), but we recently demonstrated that leptin can stimulate the production of C-reactive
protein, independent of IL-6 (36). Elevated CRP is associated with an increased risk of
coronary heart disease (37–39), stroke and cognitive impairment (40). Elevated levels of
plasma CRP were associated with anemia in the InChianti study (41) and in the Valsartan
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Heart Failure Trial (42). Elevated circulating CRP levels were independently associated
with the progression of age-related macular degeneration in the Progression of Age-
Related Macular Degeneration Study (19), but no association between CRP and age-related
macular degeneration was found in the Cardiovascular Health Study (43).

2.6. Fibrinogen
Fibrinogen, the major plasma protein coagulation factor, is produced by hepatocytes.

Fibrinogen serves as the precursor of fibrin and is an important determinant of platelet
aggregation and blood viscosity (44). Fibrinogen is an acute-phase protein, and elevated
fibrinogen is a risk factor for cardiovascular disease (45,46) and is an independent pre-
dictor of mortality (47–49). Fibrinogen was inversely correlated with hemoglobin among
adults with anemia of chronic inflammation (50). In the Diabetes Control and Complica-
tions Trial (DCCT), elevated fibrinogen was associated with an increased risk of progres-
sion of diabetic retinopathy (51,52). Higher plasma fibrinogen levels have been described
in diabetic patients with retinopathy compared with healthy controls (53,54). Fibrinogen
was not correlated with the severity of retinopathy in the DCCT/Epidemiology of Dia-
betes Inverventions and Complications (EDIC) study (55). The EURODIAB Prospective
Complications Study, among 1215 people with type 1 diabetes, fibrinogen was associated
with the incidence of retinopathy over 7.3 yr of follow-up (56). Fibrinogen was no longer
associated with incident retinopathy after adjusting for other risk factors such as hemo-
globin A1c, fasting triglyceride levels, waist-to-hip ratio, and duration of diabetes (56).
In a study of 150 adults with type 2 diabetes, elevated fibrinogen and duration of diabetes
were independently associated with diabetic retinopathy in multiple regression analyses
(57). In the Blue Mountains Eye Study, elevated fibrinogen was independently associated
with risk of age-related macular degeneration (58).

2.7. Transforming Growth Factor-βββββ1
TGF-β an important regulator of cell proliferation and differentiation, is produced by

T-lymphocytes and a variety of other cells (59). TGF-β belongs to a group of structurally
related cytokines collectively known as the TGF-β superfamily, and the isoform TGF-β1
(generally referred to as TGF-β) is the first-described and best-studied member of the group
(60). TGF-β inhibits monocyte/macrophage MHC class II expression, suppresses the pro-
liferation and differentiation of T- and B-cells, and limits the synthesis of proinflammatory
cytokines such as TNF-α (59). TGF-β has both pro- and anti-inflammatory effects, depend-
ing on the cellular context. The effects of TGF-β as an anti-inflammatory cytokine are sug-
gested by TGF-β1 knockout mice, which show multifocal, severe inflammatory reactions
(61). Reduced TGF-β activity is implicated in the pathogenesis of atherosclerosis (59).

2.8. IL-1 Receptor Antagonist
IL-1 Ra is produced by monocyte/macrophages, neutrophils, and other cells, and its

main role is to block the proinflammatory activity of IL-1β by binding to the IL-1 receptor
without initiating signal transduction (62). The balance between IL-1 and IL-1Ra may
relate to the severity of rheumatoid arthritis, inflammatory bowel disease, and other inflam-
matory diseases (62). Serum IL-1Ra is elevated in response to inflammation (63), as it is
produced by the liver as an acute-phase protein in amounts about 100-fold higher than
serum IL-1 (64,65); greater levels of IL-Ra are needed to functionally inhibit IL-1 in target
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cells (62). Thus, IL-1Ra is a strong marker for inflammation. The effects of IL-1Ra as an
anti-inflammatory cytokine are suggested by IL-Ra knockout mice, which can develop
an inflammatory arthritis or vasculitis, depending on genetic background (62). The recom-
binant form of IL-1Ra, anakinra, has been approved for clinical use in the treatment for
rheumatoid arthritis (66).

2.9. Interleukin-10
IL-10 is a multifunctional anti-inflammatory cytokine that is produced by a variety of

cells, including monocyte/macrophages and lymphocytes. The main function of IL-10
appears to be the limitation and termination of inflammatory responses (67). IL-10 sup-
presses the synthesis of proinflammatory cytokines such as TNF-α, IL-6, and IL-1β (67,
68) and reduces the production of chemotactic factors such as IL-8 or CC chemokines (69).
Low serum IL-10 is associated with cardiovascular disease, such as unstable angina (70).
Among patients with unstable angina, higher serum IL-10 was predictive of a decreased
risk of cardiovascular events (71). Elevated serum IL-10 was associated with a more favor-
able prognosis among patients with acute coronary syndromes and elevated CRP levels
(72). Regular physical activity increased serum IL-10 and reduced IL-6 in healthy older
men (73) and in patients with coronary heart disease (74).

3. THE CYTOKINE NETWORK IN THE PROINFLAMMATORY STATE

Cytokines function as an integrated network and comprise a series of differentiated
responses (1–3). The general dichotomy of pro- and anti-inflammatory mediators is use-
ful conceptually but may oversimplify what is a complex network where the activity of dif-
ferent cytokines and inflammatory mediators probably depend on multiple factors. The
inflammatory response is a plastic network composed of redundant signaling among sev-
eral different mediators, and these mediators have a reciprocal relationship with other bio-
logical subsystems, including oxidative/anti-oxidant balance, hormone regulation, and
the nervous system (75). Most studies have utilized single markers of inflammation, and
much work remains to be done to characterize inflammatory phenotypes based on multiple
markers of inflammation.

4. UPREGULATION OF THE PROINFLAMMATORY STATE

4.1. Reactive Oxygen Species
ROS are ubiquitous reactive derivatives of O2 metabolism that are found in all biologi-

cal systems. ROS are formed as intermediates in reduction-oxidation (redox) processes
that lead from oxygen to water, and ROS participate in cell signaling and regulation (76).
The role of ROS and oxidative stress in the proinflammatory state are shown in Fig. 2.
It is estimated that 5% of total oxygen metabolism of liver tissues results in the produc-
tion of ROS (77). Excessive production of ROS that exceeds endogenous defense mecha-
nisms can result in oxidative damage to DNA, protein, and lipids. In the classic definition
of Helmut Sies, oxidative stress refers the condition in which the balance between oxidants
and antioxidant defenses is upset and excess ROS cause oxidative damage to nucleic
acids, proteins, and lipids (78). Among the major ROS are O2

− (superoxide), H2O2 (hydro-
gen peroxide), OH• (hydroxyl radical), R-COO• (fatty acid peroxyl radical), nitric oxide
(NO), and ONOO– (peroxynitrite). Many ROS have extremely short half-lives and are
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difficult to measure directly in humans, however, the oxidative damage generated by ROS
is usually used as a marker for oxidative stress (Subheading 7.2.). Nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases, membrane-associated enzymes that cata-
lyze the one electron reduction of oxygen using NADH or NADPH as the electron donor,
are major sources of superoxide (79). Superoxide is also produced by xanthine oxidase,
an enzyme that catalyzes two terminal steps of purine metabolism (80), by mitochondrial
respiratory chain complexes (81), cyclooxygenase, and cytochrome p450 (76). Endothe-
lial nitric oxide synthase (eNOS) is a cytochrome p450 reductase-like enzyme that cata-

Fig. 2. Reactive oxygen species and upregulation of inflammatory cytokines.
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lyzes flavin-mediated electron transport from the electron donor NADPH to a prosthetic
heme group (82). In the absence of L-arginine, eNOS can become uncoupled and produce
superoxide and hydrogen peroxide (82). NO produced by nitric oxide synthase in combi-
nation with superoxide can generate peroxynitrite (83). External sources of ROS include
cigarette smoke (84), heavy alcohol use (85), and ultraviolet light exposure (86).

4.2. Advanced Glycation End Products
Advanced glycation end products (AGEs) are a heterogenous group of macromole-

cules that are formed by the non-enzymatic glycation of proteins, lipids, and nucleic acids
(87,88). AGEs can be produced by lipid peroxidation and are also produced by glucose
during hyperglycemia (89). AGEs can modify native molecules by cross-linking and by
binding to several cellular receptors, including the receptor for advanced glycation end
products (RAGE) (88). AGEs have been implicated in some chronic diseases and con-
ditions such as diabetes, inflammation, renal disease, and Alzheimer disease (87). The
binding of AGEs to RAGE results in activation of NF-κB and upregulation of inflamma-
tory cytokines (88). In animal models, dietary AGE restriction resulted in reduced cir-
culating AGEs levels and decreased progression of atherosclerosis (90) and diabetes
(91). Proliferative diabetic retinopathy has been recently associated with upregulation of
RAGE and its ligands (92).

Commonly consumed foods also contain AGEs in varying amounts, with much higher
levels of AGEs found in fatty and fried foods and low levels found in fruits and vegetables
(87) (Figs. 3 and 4). The highest AGE levels per serving were found in frankfurters, fried
chicken, roast beef, hamburgers, chicken nuggets, French fries, cream cheese, butter, and
processed cheese (87). In an intervention study involving a crossover design in 24 dia-
betic subjects, a diet high in AGEs was associated with increased markers of inflamma-
tion (93). A recent pilot study has shown that a meal high in saturated fats (hamburger,
French fries) is followed by large elevations in serum IL-6 concentrations (Luigi Ferrucci,
personal communication). These studies are consistent with the idea that dietary AGEs
can increase systemic inflammation and potentially contribute to chronic diseases. Fur-
ther work is needed to characterize the relationship between AGEs and eye diseases.

Fig. 3. Advanced glycoxidation end products (AGEs) in selected meat, poultry, and fish, per serving.
(Adapted from ref. 87.)
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5. ANTIOXIDANT DEFENSE MECHANISMS
Antioxidant defense mechanisms include antioxidant enzymes such as superoxide dis-

mutase, catalase, thioredoxin, and glutathione peroxidase, and extrinsic compounds such as
carotenoids, tocopherols, ascorbate, selenium, and plant polyphenols, including flavonoids.

5.1. Antioxidant Enzymes
Superoxide dismutase (SOD) is an enzyme that catalyzes the breakdown of superoxide

into hydrogen peroxide. Several types of SOD are known, including copper- and zinc-
containing superoxide dismutase (Cu,ZnSOD), the major intracellular form, and man-
ganese-containing SOD (MnSOD), a form that is located primarily in the mitochondria
matrix (94). Extracellular SOD (EC-SOD) is the predominant SOD in plasma, lymph,
and the extracellular matrix of tissues (94). Catalase and thioredoxin are enzymes that
catalyze the breakdown of hydrogen peroxide to oxygen and water (95). Glutathione per-
oxidase is a selenoenzyme that plays an important role in the reduction of H2O2 and lipid
hydrogen peroxides (96).

5.2. Carotenoids
Carotenoids are pigmented compounds found in the flesh of fruits and vegetables, and

carotenoids can quench singlet oxygen and reduce peroxyl and alkoxyl radicals (97).
Major dietary carotenoids include α-carotene, β-carotene, β-cryptoxanthin, lutein, zeaxan-
thin, and lycopene. The biochemistry, metabolism, and role of carotenoids as antioxidants
are presented in detail in Chapter 3 (Subheading 5.4.). In the Women’s Health and Aging
Study, a population-based study of the causes of disability among older women living in
the community in Baltimore, Maryland, low serum carotenoids were a strong independent
predictor of subsequent rises in IL-6 (98). Low serum carotenoids were independent pre-
dictors of frailty (99), severe walking disability, and all-cause mortality (100). Low selen-
ium was also an independent predictor of all-cause mortality (100). Serum carotenoids
are considered the best biological markers for consumption of fruits and vegetables by the
Food and Nutrition Board of the Institute of Medicine (101).

Fig. 4. Advanced glycoxidation end products (AGEs) in snack foods, fruits, and vegetables per
serving. (Adapted from ref. 87.)
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Recent large epidemiological studies show that a higher intake of fruits and vegetables
is associated with a lower risk of cardiovascular disease (102–104) and all-cause mor-
tality (102–105). A dietary pattern characterized by increased consumption of fruits and
vegetables is associated with reduced markers of inflammation and endothelial dysfunc-
tion (106). Diets high in fruits and vegetables lower blood pressure (107–109) and reduce
markers of oxidative stress induced by acute hyperlipidemia (110). Adherence to the
Mediterranean diet, which is characterized by a high intake of fruits, vegetables, and whole
grains, and lower consumption of red meat and saturated fats is associated with lower cir-
culating levels of C-reactive protein, IL-6, and fibrinogen (111), and a recent trial showed
the Mediterannean diet reduced C-reactive protein and IL-6 in adults (112).

5.3. Vitamin E
Vitamin E acts as a chain-breaking antioxidant that prevents the propagation of lipid

peroxidation. The biochemistry, metabolism, and role of vitamin E as an antioxidant is
presented in detail in Chapter 3 (Subheading 5.4.).

5.4. Selenium
Selenium is an essential trace element for humans and plays an important role in nor-

mal cellular growth and function. Selenium is active as a component of selenoenzymes
that include antioxidant enzymes such as glutathione peroxidase, selenoprotein-P, gastro-
intestinal glutathione peroxidase, and thioredoxin reductase (113). Selenium is widely dis-
tributed in human tissues and is found mainly as selenomethionine and selenocysteine. The
selenium content in foods can vary widely, depending on the selenium content of soils
where foods of plant origin are grown and the selenium content of foods used as animal
feed. Clinically apparent selenium deficiency is generally rare and is characterized by an
endemic cardiomyopathy known as Keshan disease in China (114). In the United States,
over 95% of adults >70 yr of age in the National Health and Nutrition Examination Sur-
vey (NHANES) III, 1988–1994, had serum selenium concentrations greater than 100 μg/L
(115) that are considered consistent with adequate selenium status (116). Selenium plays
a role in redox regulation through selenoenzymes such as glutathione peroxidase and thio-
redoxin reductase (97). Low selenium intake is associated with low serum selenium and
lower activity of selenoenzymes (101).

5.5. Ascorbate
Vitamin C, or ascorbate, is a water-soluble vitamin that is essential for the biosynthesis

of collagen, carnitine, and catecholamines. It serves as a strong antioxidant and protects
proteins, lipids, and DNA from oxidative damage. Ascorbate acts as an antioxidant via its
ability to donate electrons (117). The biochemistry, metabolism, and role of ascorbate as
an antioxidant are presented in detail in Chapter 9.

5.6. Plant Polyphenols
Plant polyphenols, found in foods such as fruits, vegetables, wine, tea, and chocolate,

are reducing agents that decrease oxidative stress. Polyphenols are the most abundant group
of dietary antioxidants, and flavonoids account for about two-thirds of the dietary poly-
phenols (118). The relationship between polyphenols and risk of cardiovascular disease,
cancer, and other chronic diseases is emerging as a fairly recent area of investigation (119,
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120). Polyphenols may reduce the risk for cardiovascular disease through several possi-
ble mechanisms, as shown in Table 1 (119). Flavonoids are among the better known poly-
phenols, and there are over 8000 individual compounds known (121). The basic structure
of flavonoids is a flavan nucleus, consisting of 15 carbon atoms arranged in three rings (C6-
C3-C6), A, B, and C. The flavonoids are classified into flavones, flavanones, flavonols, fla-
vanolols, isoflavones, and other groups based on level of oxidation and patterns of substi-
tution of the C ring (121). Flavonoids act as antioxidants by inhibiting enzymes that gener-
ate superoxide anion and by reducing superoxide, peroxyl, alkoxyl, and hydroxyl radicals
(121). Dietary polyphenols have moderate antiangiogenic functions (Fig. 5) (122) and
have also been shown to be vasoprotective (123). Some of the more well-characterized fla-
vonoids are summarized in Table 2 (121,124). Plant polyphenols can be measured in serum
or plasma, but owing to the relatively short half-life, it is not optimal to utilize fasting blood
samples. Perhaps this has been one barrier to the study of serum polyphenols in epide-
miologic studies, as most study protocols involve the collection of fasting blood samples.

6. ANTIOXIDANT SUPPLEMENTS VS A HEALTHY DIET

The recent investigations of the relationship between inflammation, hypertension, car-
diovascular disease, and healthy diets that are rich in fruits, vegetables, and whole grains
(102–108) contrast sharply with early research from the 1980–1990s that focused on mega-
dose supplementation with single nutrients such as β-carotene and vitamin E for the pre-
vention of cardiovascular disease and/or cancer, with negative and even harmful results
(125,126). Many of the large clinical trials utilized nonphysiological megadoses of β-caro-
tene that increased serum β-carotene levels 10- to 12-fold above the normal range, and

Table 1
Proposed Mechanisms by Which Polyphenols May Reduce Risk for Cardiovascular Diseases

Oxidative stress
Scavenge reactive oxygen and nitrogen species
Chelate redox-active transition metal ions
Spare and interact with other antioxidants
Inhibition of the reduction oxidization-sensitive transcription factors
Inhibition of pro-oxidant enzymes
Inhibition of antioxidant enzymes

Growth of atherosclerotic plaque
Reduce adhesion molecule expression
Anti-inflammatory
Reduce the capacity of macrophages to oxidatively modify low-density lipoprotein

Platelet function and haemostasis
Inhibit platelet aggregation

Blood pressure and vascular reactivity
Promote nitric oxide-induced endothelial relaxation

Plasma lipids and lipoproteins
Reduce plasma cholesterol and triglycerides

Reprinted from ref. 119, with permission of Lippincott Williams & Wilkins.
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Fig. 5. Chemical structures of antiangiogenic polyphenols. (Reprinted from ref. 122, with permission
of Elsevier.)

it is now known that megadose β-carotene supplemention reduces levels of antioxidant
enzymes such as SOD and glutathione peroxidase (127) and acts as a prooxidant in high
concentrations (128,129). Excentric cleavage products of β-carotene can affect signal
transduction (130) and induce oxidative stress by impairing mitochondrial function (131,
132). The negative results of the megadose β-carotene and vitamin E supplementation
trials have led to a general perception that antioxidant nutrients do not play a role in
cardiovascular disease or cancer. Antioxidants likely function as a highly evolved, related
complex, and giving megadoses with one or few elements of this complex may create an
imbalance that impairs rather than improves function. Antioxidants in isolation or in high
doses may behave differently from mixtures or antioxidants and other polyphenols as
found naturally in fruits and vegetables. This may explain why dietary intake of fruits,
vegetables, and whole grains (which probably includes many if not all elements of this
complex) and not megadose single nutrient supplementation is associated with favorable
outcomes.

7. ROLE OF REDOX SIGNALING
IN THE EXPRESSION OF INFLAMMATORY CYTOKINES

7.1. Redox Signaling of NF-κκκκκB and AP-1
in the Expression of Inflammatory Cytokines

ROS play a critical role in the activation of the transcription factors NF-κB (133,134)
and AP-1 (135). NF-κB is a transcriptional regulator that is member of the Rel family pro-
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teins (134). NF-κB is maintained in the cytoplasm where it is bound to IκB. ROS enhance
the signal transduction pathways for NF-κB activation in the cytoplasm through serine
or tyrosine phosphorylation of IκB (134), and disruption of the IκB:NF-κB interaction is
followed by translocation of NF-κB from the cytoplasm to the nucleus, where NF-κB regu-
lates the transcription of IL-1β (5), IL-6 (16), and IL-18 (22). AP-1 is a nuclear transcription
factor that is regulated through synthesis of Jun and Fos proteins and their phosphoryla-
tion (135,136). Two signaling cascades, c-Jun N-terminal kinases (JNK) and p38 mitogen-
activated protein kinase (MAPK), lead to the induction of jun and fos genes (135). ROS
play an important role in the activation of both JNK and MAPK pathways (134,135,137).
Selenium is involved in signal transduction of AP-1 (97). Selenomethionine and seleno-
cysteine can attenuate the peroxynitrite-mediated activation of AP-1 and NF-κB (138).
The redox regulation of NF-κB and AP-1 are involved in the expression of many cytokines
that are elevated in the proinflammatory state, such as TNF-α, IL-1β, IL-6, and IL-18.
These cytokines, in turn, are involved in a complex cascade that involves the upregulation
of C-reactive protein (35) and feedback loops involving IL-10 and other inflammatory
mediators (67).

Table 2
Some Common Flavonoids and Their Sources in Food

Class Flavonoid Food sources

Flavones Apigenin Parsley, celery
Luteolin Red pepper
Chrysin Fruit skins
Rutin Red wine, buckwheat, citrus, tomato skin

Flavanones Hesperetin Oranges
Naringenin Citrus fruits
Naringinin Citrus fruits
Eriodictyol Lemons

Flavonols Quercetin Onion, lettuce, broccoli, tomato, tea, red wine,
berries, olive oil, apple skin

Kaempferol Leek, broccoli, endives, grapefruit, black tea
Myricetin Cranberries, red wine

Flavanonol Taxifolin Citrus fruits
Isoflavones Genistein Soybean

Genistin Soybean
Daidzein Soybean
Daidzin Soybean
Biochanin A
Formononetin

Flavanols (+)-Catechin Tea, chocolate
(−)-Epicatechin Tea, chocolate
(−)-Epigallocatechin Tea

Anthocyanidin Apigenidin Colored fruits
Cyanidin Cherry, raspberry, strawberry

Based on refs. 121,124.
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7.2. Oxidative Damage to DNA, Protein, and Lipids
by Reactive Oxygen Species

As noted previously, ROS can be involved in the pathogenesis of disease through two
major mechanisms, the first by upregulation of inflammatory cytokines, and the second
through direct damage to biomolecules. Most ROS have extremely short half-lives in vivo
and are difficult to measure directly in humans. Thus, in human studies, oxidative stress
is usually assessed by measuring oxidative damage to biomolecules due to ROS (139).

7.2.1. OXIDATIVE DAMAGE TO DNA
One of the most important targets of oxidative damage in cells is DNA, as damage to

DNA can readily accumulate in many types of cells (140). ROS-mediated DNA damage
occurs in the mitochondria, where most of the ROS are generated, and in the nucleus, both
from ROS generated in and outside of mitochrondria. DNA damage is thought to generally
increase with age (141).DNA damage can consist of single- and double-strand breaks, inter-
strand/intrastrand and DNA–protein cross-links, and other oxidation and fragmentation
products (142). In animal models, aging is associated with increased nuclear DNA damage
in the brain, liver, heart, kidney, and skeletal muscle. In human studies, oxidative damage
to DNA is often assessed using urinary 8-hydroxy-2'-deoxyguanosine (8-OHdG), a mea-
sure of the specific oxidation of the C-8 of guanidine (139,143), or single cell gel electro-
phoresis using peripheral blood mononuclear cells (PBMCs) (144). An international expert
panel on genotoxicity concluded that single cell gel electrophoresis, or the comet assay,
using PBMCs is the assay of choice for assessing cellular DNA damage in humans (145).

Elevated urine 8-OHdG occurs in diabetes and cancer patients (146,147), among smok-
ers (148), and among men with low serum β-carotene levels (149). The multicenter Project
Generale recently demonstrated that urine 8-OHdG is a strong independent predictor of
atherosclerosis (H. Poulsen, personal communication). PBMCs accumulate DNA damage
and mutation with increasing age (150–153), and oxidative stress-related factors are asso-
ciated with DNA damage (141,154–158), including exposure to carcinogens (153,159,
160), ionizing radiation (159,161), chemotherapy (162), hypoxia (163), toxic substances
(164–166), and cigarette smoking (153,164,167,168). Increased DNA damage in PBMCs
has been described in inflammation-related conditions such as coronary artery disease
(169,170), diabetes mellitus (171), Alzheimer disease (172,173), and cancer (174,175).
The capacity to repair induced DNA damage in lymphocytes may decrease with age (176),
but studies to date have been limited. In humans, DNA damage in PBMCs is increased
by hyperbaric oxygen treatment (177)and mutagens (178), and decreased by antioxidant
supplementation (179), vitamin E supplementation (180), and consumption of antioxi-
dant-rich fruit (181) and carotenoids (182,183). DNA damage in PBMCs decreased after
treatment with atorvastatin (184), which has antioxidant properties (185).Although oxida-
tive DNA damage has been studied in many disease states and conditions and oxidative
stress within the eye is implicated in ocular disease, the relationships between systemic
markers of oxidative DNA damage and eye diseases such as age-related macular degener-
ation, diabetic retinopathy, and cataract have not been characterized.

7.2.2. OXIDATIVE DAMAGE TO PROTEINS

Protein oxidation is the covalent modification of a protein that is induced either directly
by ROS (186), by-products of lipid and free amino acid oxidation (187), and reactive nitro-



404 Handbook of Nutrition and Ophthalmology

gen species (188,189). Oxidation preferentially affects certain protein side chains, especi-
ally Pro, Arg, Lys, and Thr residues, and when oxidized, these produce carbonyl groups
(aldehydes, ketones) (190). Protein carbonyls are the most studied marker of protein oxi-
dation (188–192). Protein carbonyls lead to loss of structural integrity, cell function (191,
193), and increased susceptibility to proteolysis (194,195). Protein carbonyls represent
several pathways of oxidative protein damage and are useful in epidemiological studies
because they are stable and relatively easy to measure (190). A disadvantage is that protein
carbonyls do not reflect any one specific pathway (188). More specific protein oxidation
products can be examined but may be limited by problems of low concentrations and
need for complex laboratory analyses (196). In model systems, induced oxidative stress
increases protein carbonyls in serum and tissues and is associated with skeletal muscle
atrophy (196–200). Increased protein carbonyls in tissue are associated with reduced life
span in animal models (201–203). Protein carbonyls increase in liver, brain, skeletal mus-
cle, and other tissues with age (189). In humans, elevated oxidized protein levels are found
in serum of older compared with younger adults (158,189,204) and among people with
cystic fibrosis (205,206) and acute renal failure (207). Elevated protein carbonyls have
been described in inflammation-related conditions such as Alzheimer disease (208), athero-
sclerosis (209), chronic renal disease (210), diabetes mellitus (211–213), and peripheral
artery disease (214). Protein carbonyls have been used as an outcome measure in an in-
creasing number of clinical trials (215). Protein carbonyls increase with intravenous iron
treatment (a known pro-oxidant) (216) and decrease after vitamin C (217) and grape juice
flavonoid intake (218). Oxidative damage to proteins, as reflected by circulating protein
carbonyls, appears to exquisitely sensitive to antioxidant nutrient status. Although protein
carbonyls are an important general marker for oxidative protein damage and have been
widely applied in epidemiologic studies, the relationship between markers of systemic
oxidative protein damage and eye diseases has not been characterized.

7.2.3. OXIDATIVE DAMAGE TO LIPIDS

Oxidative damage to lipids, or lipid peroxidation, occurs when polyunsaturated fatty
acids (PUFA) in cell membranes are exposed to ROS, resulting in altered cell membrane
structure, impaired function, and cell loss. The initial products of lipid peroxidation are
conjugated dienic lipid hydroperoxides, which decompose into alkanes and various alde-
hydes. Peroxidation of a specific PUFA, arachidonic acid, results in the generation of F2
isoprostanes (219,220). Isoprostanes generated initially in the cell membrane after reac-
tion with ROS and are chemically stable (221). Isoprostanes are then cleaved, presum-
ably by phospholipases, circulate in the plasma, and are excreted in the urine (221). The
most widely used measures of lipid peroxidation are F2 isoprostanes, hydroperoxides,
malondialdehyde, and breath hydrocarbons (222,223). Of these, the measurement of F2

isoprostanes using mass spectrometry is currently considered the best available biomarker
for lipid peroxidation (224). Increased levels of isoprostanes have been described in
many conditions that are characterized by increased inflammation, including coronary
heart disease (225–228), diabetes (227,228), congestive heart failure (229), and obesity
(230). F2 isoprostanes are also elevated in smokers (231,232). Although lipid peroxida-
tion has been studied in atherosclerosis and cardiovascular disease (224), the relation-
ship between systemic markers of lipid peroxidation and eye diseases has not been well
characterized.
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8. CONCLUSIONS

Although there is much evidence from animal and cellular studies that redox status is
a key factor in the upregulation of proinflammatory cytokines, surprisingly little work has
been done to characterize the relationship between oxidative stress, the proinflammatory
state, and eye diseases that occur in older adults. An underlying assumption in many of the
epidemiologic studies of the relationship between nutritional status and cataract (Chapter
2), age-related macular degeneration (Chapter 3), and diabetic retinopathy (Chapter 5)
is that low serum or plasma levels of antioxidant nutrients are consistent with increased
oxidative stress. In turn, oxidative stress is a major trigger for the inflammatory state,
which is presumably followed by eye disease. Investigations of markers of systemic oxi-
dative damage to DNA, protein, and lipids, and markers of systemic inflammation could
add greater insight into the pathogenesis of eye diseases.
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11 Essential Fatty Acids
and Visual Development in Infants

1. INTRODUCTION

The essential fatty acids, linoleic acid and α-linolenic acid, serve as precursors for long-
chain polyunsaturated fatty acids (LC-PUFAs) and as precursors for prostaglandins and
thromboxanes. The brain, retina, and other neural tissues are especially rich in LC-PUFAs,
especially docosahexaenoic acid (DHA) and arachidonic acid (AA). Essential fatty acids
cannot be synthesized de novo in the human body, and consequently humans must rely
on an adequate amount of essential fatty acids in the diet. Essential fatty acids and their
long-chain derivatives are available in the fetal period via transport across the placenta
and in the neonatal period through breast milk or infant formula. The specific essential
fatty acid intake from formula depends on the composition of oils used in the formula.
Early infancy may be critical time when visual and brain development of infants are sus-
ceptible to the effects of inadequate stores or deficient intake of essential fatty acids. Recent
clinical trials suggest that supplemental DHA has a beneficial effect on visual acuity in
the first months of life, especially for preterm infants, and a recent effort has been made
to reach a consensus about the dietary requirements for DHA for infants and pregnant
women (1).

2. PUBLIC HEALTH SIGNIFICANCE

Preterm infants are a high-risk group for a deficiency of essential fatty acids, and pre-
term births account for a large proportion of births in many countries. According to a
recent study of pregnancy outcomes by the World Health Organization, the prevalence
of preterm births, as a percent of live births, varies widely among countries, for example:
the United Kingdom (4.6%), Argentina (7.2%), Cuba (7.2%), Vietnam (13.6%), Sri Lanka
(14.0%), Nepal (15.8%), Indonesia (18.5%), and Myanmar (24.6%) (2). In the United
States, the prevalence of preterm deliveries among whites, Hispanics, and blacks is 9.3%,
10.2%, and 16.6%, respectively (2). This survey demonstrates that preterm infants con-
stitute a significant proportion of live births worldwide. Although the long term visual
consequences of essential fatty acid deficiency during early infancy have not been com-
pletely characterized, the potential consequences could be far reaching as a public health
issue given the potentially large numbers of infants at risk worldwide.

As a public health policy issue, efforts are being made to define what should be the rec-
ommended concentrations of essential fatty acids and their long-chain derivatives to be
contained in formula for optimal infant health. In North America, infant formulas for term
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infants usually contained linoleic acid and α-linolenic acid but not arachadonic acid or
DHA. Most research has focused on the question whether preterm and term infant formula
should be supplemented with arachadonic acid and/or DHA, in addition to linoleic acid
and α-linolenic acid. Recent technological advances in chemical and physical separation
of fatty acids has allowed the use of concentrated AA and DHA for clinical use, and many
preterm and term infant formulas in developed countries now contain AA and/or DHA (3).
In 2002 and 2003, infant formulas with added LC-PUFAs became commercially avail-
able for term and preterm infants in the United States (4).

3. HISTORICAL BACKGROUND
Early pioneering work on the chemistry of fatty acids was conducted by Michel-Eugène

Chevreul (1786–1889), professor of chemistry at the Manufactures Royales des Gobelins,
the French national tapestry workshop, and director of the Muséum d’Histoire Naturelle
in Paris. Chevreul showed that lard contained a solid and a liquid fat that he named stearin
and elain, respectively. His work on the chemistry of natural fats and oils was reported
in his influential monograph Recherches chimiques sur les corps gras (1823) (5). In
1822, Edmund Davy (1785–1851) reported that iodine could interact with fats, and this
observation eventually led the enumeration of the number of unsaturated bonds in fatty
acids by the “iodine number” of fats. The first phospholipid to be described was lecithin,
a substance isolated from egg yolk and found to contain both phosphorus and nitrogen
by Nicolas Théodore Gobley (1811–1876) in 1846. Further investigations led to the
description of kephalin by Johann Ludwig Thudichum (1829–1901) in 1884.

In the late 1920s, Herbert McLean Evans (1882–1971) and George Oswald Burr (b.
1896) described a deficiency disease among rats raised on a diet low in fat (6–8). Lafayette
Mendel (1872–1935) and his colleagues found that growth was improved when rats
received peanut oil in addition to vitamin A, but the investigators considered it inconclusive
whether the difference was due to fat alone (9). In 1929, Burr and his wife, Mildred M. Burr,
announced the essentiality of dietary fat in their research with rats. A syndrome consisting
of growth failure, scaly skin, kidney lesions, and necrosis of the tail was found when rats
were raised on a diet low in fat, and the syndrome was prevented or cured by the addition
of 2% fatty acids to the diet (10). Burr and Burr coined the term “essential fatty acids,”
and although the idea was initially received with controversy, further work established the
essentiality of some fatty acids (11).

In 1933, the pediatrician Arild Edstein Hansen (b. 1899) showed that infantile eczema
was associated with alterations in serum lipids, and the condition could be treated suc-
cessfully with corn oil or other unsaturated fatty acids (12,13). Further clinical investiga-
tions helped to establish that deficiency of essential fatty acids could occur among infants
(14,15). More definitive evidence for the importance of essential fatty acids came with
reports of essential fatty acid deficiency among infants and adults on total parenteral nutri-
tion without fats (16–19). By the mid-1970s, intravenous fat emulsions became generally
available, and linoleic acid was considered to be an important component of total par-
enteral nutrition (20). In 1982, a syndrome of neurological disturbances and blurred vision
was described in a young girl who was receiving total parenteral nutrition in which saf-
flower oil was the only source of lipid (21). The patient improved after soybean oil, high
in α-linolenic acid, was substituted for safflower oil. A more detailed history of fatty
acids can be found elsewhere (22).
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4. BIOCHEMISTRY OF FATTY ACIDS

Fatty acids are nonpolar hydrocarbon chains that vary in length from 2 to 30 carbon
atoms and have a terminal carboxylic group, with the overall formula: CH3-(CH2)n-COOH.
Fatty acids can be classified on the basis of chain length (short, 4-6 carbon atoms; medium,
8-12 carbon atoms; long, 14+ carbon atoms), or on the degree of unsaturation. Saturated
fatty acids have a chain of carbon atoms in which there are no C=C double bonds and each
carbon in the chain is bonded to hydrogen atoms except the carbon of the terminal car-
boxylic group. Monounsaturated fatty acids contain one C=C double bond in the chain.
Polyunsaturated fatty acids (PUFAs) contain more than one C=C double bond. LC-PUFAs
are fatty acids of 14 or greater carbon atoms with more than one C=C double bond. Most
PUFAs exist in the cis configuration in which the double bonds are interrupted by a methy-
lene group.

Fatty acids may be described using common or trivial names, systematic chemical
names, shorthand notation, or chemical formulae. Shorthand notation, or code, is a useful
way to describe fatty acids. The first number indicates the number of carbon atoms,
followed by a colon. The number following the colon is the number of unsaturated bonds.
The n or omega (ω) indicates the position of the first double bond, counting carbon atoms
from the methyl end of the fatty acid. The cis or trans configuration of each double bond
can be indicated at the end of the code. Most PUFAs are of the n-3, n-6, and n-9 families,
and are known alternatively as omega-3, omega-6, and omega-9 fatty acids. The common
names, systematic names, codes, and formulae of some PUFAs covered in this chapter
are shown in Table 1.

Linoleic acid and linolenic acid are “parent essential fatty acids” necessary for the syn-
thesis of long-chain fatty acids. LC-PUFAs of the n-6 family are synthesized from linoleic
acid through a process of desaturation and elongation (Fig. 1). In the n-3 family, the same
processes are involved, with a terminal step of β-oxidation in the formation of DHA (Fig. 1).
The n-6 and n-3 families of fatty acids compete for the same enzymes involved in desatura-
tion, and there can be relative inhibition of the enzyme system by fatty acid products from
either of the n-3 or n-6 families. Thus, an imbalance in the dietary intake of n-6 and n-3
precursor fatty acids can influence the resulting amount of LC-PUFAs of each family.
The derived essential fatty acids that contain 20 or more carbon atoms and 4 or more double
bonds are known as the long-chain polyenes, of which AA (20:4, n-6) and DHA (22:6,
n-3) have received special attention in studies of visual development because of their
high concentrations in the retina and brain.

5. ABSORPTION AND METABOLISM OF ESSENTIAL FATTY ACIDS

During fetal development, linoleic acid, α-linolenic acid, and long-chain polyenes, such
as AA and DHA, are accreted after placental transfer. Unesterified fatty acids, triacylglyc-
erols of very low-density lipoprotein (VLDL), fatty acids of low-density lipoprotein (LDL),
glycerolipids, and sterol esters are the most important sources of fatty acids for placental
transfer (23). AA and DHA appear to have different uptake and transport modes from the
placenta to the fetus (24). An estimated 31 mg of n-6 fatty acids and 15 mg of n-3 fatty acids
accumulate in fetal brain each week from 26 wk until delivery (25). An accretion of essen-
tial fatty acids also occurs in the fetal liver (26). The precise role of the fetal liver and brain
in the synthesis of LC-PUFAs is not clear, and during fetal development, the accretion
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of AA and DHA in the retina and brain appears to be largely dependent on the maternal sup-
ply (27). About 85% of DHA and more than 90% of the AA in the brain accrues between
26 and 40 wk of gestation (25).

In pregnant women, overall maternal essential fatty acid status declines continuously
from the first trimester until delivery (28). The absolute plasma concentrations of phospho-
lipid-associated AA and DHA increase by about 20% and 40%, respectively (28). The rela-
tive fatty acid concentration of linoleic acid does not change during pregnancy from 10 wk
of gestation until delivery, however, the relative concentrations of arachodonic acid and
DHA as percent of total fatty acids decrease progressively during pregnancy. At the same
time, indicators of a relative essential fatty acid deficiency increase during gestation (28).
The plasma phospholipid DHA content of multigravidae is lower than primigravidae (29).
During lactation, the mother loses about 70–80 mg of DHA per day in breast milk, but there
is little evidence that this loss causes any maternal depletion of DHA (30).

The essential fatty acid status of preterm infants is much lower than that for term infants.
Preterm infants have significantly lower levels of PUFAs in umbilical vessel walls than
term infants (31). The essential fatty acid composition of umbilical vessel walls is consid-
ered to reflect more long-term essential fatty acid status of the fetus (31). The concentra-
tions of n-3 and n-6 LC-PUFAs were lower among preterm compared with term infants
(31). Preterm infants also have much lower total body fat content compared with term

Fig. 1. Metabolism of n-6 and n-3 fatty acids.
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infants. A preterm infant of 1300-g birthweight has a total body fat content of about 30 g.
In comparison, a term infant of 3500-g birthweight has a total body fat content of about
340 g (32). Both preterm and term infants are able to synthesize AA from linoleic acid and
to synthesize DHA from α-linolenic acid (33–35). DHA appears to be a better substrate
than α-linolenic acid for accretion of DHA in the retina and brain, with an estimated bio-
equivalence, or relative efficacy, of about 7:1 (36).

6. DIETARY SOURCES OF ESSENTIAL FATTY ACIDS

6.1. Human Milk
About 200 different fatty acids have been identified in human milk, of which 40 are

polyunsaturated (37). Human milk provides the infant with about half of the total energy
intake in the form of lipids. In the first 4 to 6 mo of life, the infant accumulates about 1500
to 1600 g of lipids (38). LC-PUFAs are found in human milk throughout lactation (39).
During the first 3 mo of lactation, the relative concentrations of linoleic acid and linolenic
acid increase while the concentrations of long-chain polyenes decrease (40). The sources
of fatty acids include maternal diet, liberation from maternal body stores, and endog-
enous synthesis from precursor fatty acids, and recent studies suggest that maternal tissue
stores supply the major portion of PUFAs in human milk (41). Of the PUFAs, linoleic
acid is found in the highest concentration in human milk. Comparison of the fatty acid
composition of human milk across different cultures shows a high consistency in long-
chain polyene content of milk, except for the n-3 fatty acid content, which appears to
reflect maternal intake of sea fish (38). The DHA content in human milk samples varies
considerably between countries, with the lowest values being reported from the United
States (Fig. 2) (41). Low concentrations of DHA have recently been described in the breast
milk of mothers who had malnourished infants (42).

6.2. Food Sources
Most infant formulas usually contain vegetable oils that provide about 10–15 major

fatty acids (43). Recently, some commercial manufacturers have added AA and/or DHA
to infant formula (1,4). The PUFA content of human milk, vegetable oils, and fish oil is

Fig. 2. Docosahexaenoic acid content in human milk samples from different countries. (Reproduced
from ref. 41, with permission.)
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shown in Table 2 (23). Seed oils such as corn oil and safflower oil are rich in linoleic acid
and α-linolenic acid. A rich source of AA is egg yolk. Fatty fish is a good source of DHA,
especially salmon and mackerel (Table 3) (44,45). For vegetarians, the only source of
dietary n-3 fatty acids is linolenic acid, because the long-chain PUFAs of the n-3 family,
such as eicosapentaenoic acid and DHA, are found in fish and shellfish.

7. ASSESSMENT OF ESSENTIAL FATTY ACID STATUS

Laboratory methods that can be used for the assessment of essential fatty acid status
include measurement of 5,8,11-eicosatrienoic acid, the “Mead” acid (46), measurement
of osbond acid (47), use of the triene/tetraene ratio (20:3 n-9 to 20:4 n-6 ratio) (48,49),
and use of the essential PUFA index (50). The total amount of essential fatty acids and
long-chain polyenes in plasma or red blood cell phospholipids may be a useful indicator
of essential fatty acid status of an individual (50). In healthy individuals, 5,8,11-eicosatri-
enoic acid is only found in trace amounts in plasma, but in the absence of adequate dietary
intake of linoleic acid, an increase in plasma 5,8,11-eicosatrienoic acid may occur. In the
absence of DHA, the body will synthesize a larger amount of osbond acid, or docosoa-
pentanoic acid (22:5 n-6), and the ratio of DHA to osbond acid can be used as an indicator

Table 2
Percent Fatty Acid Composition of Human Milk Compared With Oils Used in Infant Formula

Fatty acid Human milk Corn Soybean Safflower Coconut Marine

Saturated
8:0 – – – – 6.5 –

10:0 1.2 – – – 5.4 –
12:0 5.2 – – – 46.7 –
14:0 6.7 – – – 18.8 9.5
16:0 22.1 12.6 10.4 6.6 9.8 20.3
18:0 8.2 2.4 4.0 2.6 3.2 3.6
20:0 – – 0.8 0.1 0.1 0.7

Monounsaturated
16:1 3.3 0.1 0.1 – – 13.2
18:1 36.3 25.0 22.3 11.6 7.2 14.4
20:1 0.7 – – – – 1.8
22:1 0.2 – – – – 0.3

Polyunsaturated n-6
18:2 12.7 58.0 55.1 78.4 2.0 1.2
20:2 0.4 – – – – 0.2
20:4 0.7 – – – – 1.1
22:5 0.2 – – – – 0.3

Polyunsaturated n-3
18:3 0.6 1.1 7.0 0.3 – 1.0
20:5 0.2 – – – – 18.1
22:5 0.4 – – – – 2.5
22:6 0.4 – – – – 8.7

Reprinted from ref. 23, with permission of Elsevier.
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of DHA status (50). The triene/tetraene ratio has been used to identify essential fatty acid
deficiency among patients who are receiving total parenteral nutrition and among children
with protein energy malnutrition (51). The PUFA index is the ratio between all essential
PUFAs (the sum of all n-3 and n-6 fatty acids) and all of the nonessential unsaturated fatty
acids (the sum of all n-7 and n-9 fatty acids). A higher essential PUFA index is thought
to reflect better essential PUFA status (50,52).

8. DIETARY REQUIREMENTS FOR ESSENTIAL FATTY ACIDS

A workshop was convened in April 1999 by groups that included the International
Society for the Study of Fatty Acids and Lipids (ISSFAL), the US National Institute on
Alcohol Abuse and Alcoholism, the US Office of Dietary Supplements at the National
Institutes of Health, and the Center for Genetics, Nutrition and Health. The purpose of the

Table 3
Linolenic Acid and Docosahexaenoic Acid Content of Selected Foods

Linolenic acid Docosahexaenoic acid
Food (g/100 g)  (g/100 g)

Linseed oil 53.3 0
Canola oil 11.1 0
Soybean oil 6.8 0
Margarine, hard 3.0 0
English walnuts 3.3 0
Soybean sprouts, cooked 2.1 0
Beef fat 0.6 0
Lamb fat 2.3 0
Butter 1.2 0
Surf clam Trace 0.1
Northern lobster 0 0.1
Atlantic white shrimp Trace 0.2
Blue crab Trace 0.2
Atlantic cod Trace 0.2
Blue mussel Trace 0.3
Atlantic squid Trace 0.3
Sardines, canned 0.5 0.6
Pacific herring 0.1 0.7
Coho salmon, farmed 0.1 0.8
European anchovy 0 0.9
Lake trout 0.4 1.1
Atlantic salmon, farmed 0.1 1.2
Bluefin tuna 0 1.2
King mackerel 0 1.2
Atlantic mackerel 0.1 1.6
Herring oil 0.6 4.3
Menhaden oil 1.1 7.9
Cod liver oil 0.7 9.5

Adapted from refs. 44,45.
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workshop was to reach a consensus regarding the status of dietary essential fatty acids
(1). The group endorsed the addition of AA and DHA to all infant formulas, and the
Adequate Intake for infants was defined (Table 4). The Adequate Intake is defined as an
estimated average requirement that is based on experimentally derived intake levels or
approximations of observed mean nutrient intakes by a group (or groups) of health people
(1). An upper limit was given for eicosapentaenoic acid because in amounts higher than
0.10% in infant formula, it may antagonize AA and interfere with infant growth. Other
recommendations for intakes for adults can be found in the consensus report (1).

9. OVERVIEW OF INFANT VISUAL DEVELOPMENT

The visual system of humans is rudimentary and functional at birth and undergoes
rapid development during the first few years of life (53,54). The fovea only reaches adult-
like structure by 45 mo of age (55). One week after birth, there is a shallow foveal depres-
sion, but thick cones lack outer segments. The outer segments of the cones continue to
develop, and a future fovea containing ganglion cells and pure photoreceptor layer of cones
can be identified by 22 wk of age. The density of cones in the fovea reaches adult levels by
3 yr of age (55). Myelination of the optic nerve proceeds centrifugally towards the globe,
and by 7 mo of age, virtually all fibers near the globe are myelinated (56). Sheath thickness
continues to increase during the first 2 yr (56). Myelination of the subcortical pathways is
complete by 3 mo (57). The cells of the parvocellular layer of the lateral geniculate nucleus,
responsible for color and high acuity, increase rapidly in size during the first 6 to 12 mo
of life (58), and cells of the magnocellular layer, involved in low-contrast sensitivity and
movement, approach adult size by 2 yr of age (58). The synaptic density of human visual
cortex increases rapidly in the first 8 mo of life, followed by a longer period of synapse
elimination which continues past 3 yr of age (59). Visual acuity develops rapidly during
the first several months of life, and by some tests, can reach 20/20 levels by 6 to 8 mo of
age (60). Some of the different tests of visual development that have been used in infants
are described in more detail under Subheading 11.11.1.

10. ROLE OF ESSENTIAL FATTY ACIDS IN RETINAL FUNCTION

10.1. Docosahexaenoic Acid in the Retina
DHA is found in very high concentrations in the retina, comprising up to 50% of the

phospholipids of human rod outer segment membranes (61). The DHA in the retina is
obtained from dietary sources and can also be synthesized from linolenic acid. The retina

Table 4
Adequate Intake for Infant Formula/Diet

Fatty acid % Fatty acids

Linoleic acid 10.0
Linolenic acid 1.50
Arachidonic acid 0.50
Docosahexaenoic acid 0.35
Eicosapentaenoic acid <0.10 (upper limit)
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conserves DHA through a tight mechanism of recycling. This mechanism maintains the
high concentrations of DHA in the retina, even under conditions of n-3 and n-6 fatty acid
deficiency (62–65). The high concentrations and tight recycling of DHA suggests that
there must be an important role for this fatty acid (66), and the precise roles of DHA in
retinal function are currently being elucidated.

The photoreceptor outer segments are specialized for absorbing photons of light and
consist of stacks of membranous discs that are rich in DHA-containing phospholipids. The
rod outer segment membranes contain major phospholipids which include phosphatidyl-
choline, phosphatidylethanolamine, and phosphatidylserine, in addition to smaller amounts
of phosphatidylinositol, phosphatidic acid, and sphingomyelin. Phosphatidylethanola-
mine and phosphatidylserine are particularly rich in DHA. Approximately 60 molecules
of DHA-rich phospholipid surround each visual pigment molecule in the disc membranes
of rods and cones (67). Rhodopsin comprises seven transmembrane helices and includes
an intradiskal domain, a transmembrane domain, and a cytoplasmic domain. The relation-
ship of rhodopsin to the disk membranes of the rod outer segment is shown in Fig. 3 (68).

10.2. Animal Studies of DHA Depletion and Retinal Function
Early animal studies showed that rats raised on a fat-free diet had abnormally low con-

centrations of DHA in the retina and diminished a-wave amplitudes on the electroretino-
gram (ERG) (69), an effect that was reversible with n-3 fatty acid supplementation (70).
Subsequent studies have shown that retinal function, as assessed by the ERG, also declines
in guinea pigs (71) and nonhuman primates (47,72,73) that are deficient in DHA. Infant rhe-
sus monkeys that were deficient in n-3 fatty acids had significantly decreased visual acuity
compared with control monkeys (Fig. 4). The a-wave of the ERG originates largely in the

Fig. 3. Relationship of a rhodopsin molecule to disk membranes of the outer segments. The chromo-
phore is 11-cis retinal which is bound within the rhodopsin molecule. The rhodopsin molecule is
surrounded by membrane phospholipids that are rich in docosahexaenoic acid. (Reproduced from
ref. 68, with permission of Elsevier.)
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photoreceptors, thus, DHA deficiency appears to be causing an abnormality in photore-
ceptor function (67).

10.3. Potential Functions for DHA in the Retina
DHA has been hypothesized to play a role in the regeneration of rhodopsin (66). When

the chromophore of rhodopsin, 11-cis retinal, is stimulated by light, it undergoes isomeri-
zation to all-trans retinal and leads to the formation of metarhodopsin II. Metarhodopsin
II is deactivated, and some of the all-trans retinal is converted to all-trans retinol, or vitamin
A. In the regeneration of rhodopsin, all-trans retinol is transferred to the retinal pigment
epithelium, and a new 11-cis retinal molecule made within the retinal pigment epithelium
is transferred to the rod outer segment. 11-cis retinal combines with opsin to form a new
rhodopsin molecule. The transfer of 11-cis retinal and all-trans retinol across the aqueous
interphotoreceptor matrix involves interphotoreceptor retinoid-binding proteins (IRBP)
(74). DHA has a high affinity for IRBP and is noncovalently bound to IRBP, and DHA
is found in high concentrations in rod outer segment and relatively lower concentrations
in the retinal pigment epithelium. Thus, a concentration gradient exists for DHA between
the rod outer segments and the retinal pigment epithelium.

Chen and colleagues have proposed that DHA modulates the transfer of retinoids be-
tween the rod outer segments and retinal pigment epithelium (75). In this model, as IRBP
is near the retinal pigment epithelium, it binds a saturated fatty acid, giving a high affinity
for binding 11-cis retinal. When the IRBP approaches the rod outer segment, DHA dis-
places the saturated fatty acid, causing a dissociation of 11-cis retinal from IRBP and bind-
ing with all-trans retinol. 11-cis retinal then moves into the rod outer segment to combine
with opsin and form rhodopsin. When IRBP returns to the retinal pigment epithelium
with all-trans retinol, saturated fatty acids displace DHA, releasing all-trans retinol. IRBP
then binds with 11-cis retinal to begin the cycle anew.

Fig. 4. Visual acuity thresholds (mean ± standard error of the mean) as determined by the preferential
looking method for control and omega-3 fatty acid-deficient infant monkeys. Mean values for the
deficient group (black dot) and control group (circles). (Adapted from ref. 47, with permission of
the author.)
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DHA has been proposed to have other roles in the retina, such as providing the optimal
physical environment in the membranes for the activation of rhodopsin in rod outer seg-
ments (76–78) and playing a role in the normal phagocytosis of rod outer segments by
the retinal pigment epithelium (79,80). DHA may provide the proper mechanical property
for rhodopsin function in the lipid bilayer (76). It has been hypothesized that DHA acts as
a “molecular spring” in the rod outer segment membrane when rhodopsin absorbs a photon
of light and the membrane expands (68). Alternatively, DHA may provide the proper
fluid environment in the membranes for the function of rhodopsin (78). In vitro studies
suggest that DHA may also protect photoreceptors against apoptosis, or programmed cell
death (81).

11. ESSENTIAL FATTY ACIDS IN VISUAL DEVELOPMENT OF INFANTS

11.1. Methods Used for Assessing Visual Development of Infants
The three main tools that have been used for the assessment of visual development

among infants have been the ERG, the visual evoked potential (VEP), and preferential
looking, a behavioral test (67). The ERG is an electrical potential across the retina that
is elicited by light, and it consists of an initial negative component, the a-wave, generated
primarily by photoreceptors, followed by a positive component, the b-wave, generated
by the inner retina (Fig. 5) (82). The ERG is recorded in a pharmacologically dilated eye
using a contact-lens electrode and topical anesthetic. The subject is presented with full
field stimulation with flashes of light (83). The rod and cone responses of the ERG can
be separated by adjusting the conditions of light and dark adaptation, wavelength of light,
flash rate, and stimulus intensity. The measurements from the ERG that are often com-
pared in clinical studies include the amplitude of the wave, the threshold (intensity of light
needed to reach a particular amplitude), and peak latency (the time from the flash until
the peak of the response), as reviewed in detail elsewhere (67). The ERG does not provide
any information regarding visual acuity.

The VEP is a measure of the electrical activity of the brain that is elicited by a change
of a visual stimulus and represents the overall processing of visual information from the
retina to the visual cortex (84). The VEP is recorded using small disk electrodes applied
to the scalp. The subject is usually placed before a video display that shows a checkerboard
or grating pattern. When the pattern reverses from dark to light and light to dark, this stim-
ulus elicits a signal that can be recorded. With rapid reversal rates, a steady-state response
is obtained, and the waveform resembles a continuous sine wave. The spatial frequency of
a pattern can be derived from the amplitude of the VEP using linear regression. The VEP
cannot give the locality of any lesion that may be causing decreased visual acuity, but
instead provides an overall measurement of visual acuity as perceived by the visual system
from the retina to the visual cortex.

Preferential looking methods of visual acuity are based on the natural tendency of infants
to look at a patterned target, such as a stripe or checkerboard pattern, rather than a blank
target of equal luminance (85). Most studies have relied on the Teller acuity card proce-
dure, a rapid version of the preferential looking method (86). In this test, the infant is held
in front of a panel that has two openings for presenting cards. The infant is presented with
a card that contains a black and white grating of a particular spatial frequency or a blank
gray card that is matched in luminance with the grating card. The observer looks through
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a peephole and judges whether the infant can see the card with the grating (Fig. 6). For
spatial frequencies that are well above threshold, the infant shows a correct preference
for 80–100% of judgments, but when the spatial frequency is beyond the limit that can be
detected by the infant, the correct judgment decreases to about 50%, which is that expected
by chance. In usual practice, a correct response level at 75% is customarily used as the
end point of the psychometric function (54,67).

The results of visual acuity testing in infants are usually expressed in terms of spatial
frequency or cycles per degree. A one octave difference in spatial frequency is equivalent
to a halving or doubling of the spatial frequency (54). Thus, there is a one octave difference
between 30 and 60 cycles per degree, or between 15 and 30 cycles per degree. The Snellen
equivalent of 30, 15, and 7.5 cycles per degree is 20/20, 20/40, and 20/80, respectively.
The acuity estimates of behavioral and VEP methods are generally well correlated, but
there are differences in the rapidity of visual acuity development between the two methods
(67). VEP acuity develops rapidly and attains nearly adult values (about 22 cycles/degree)
by 8–12 mo of age, whereas visual acuity as assessed by behavioral methods is about 1
cycle/degree (20/600 Snellen acuity) in the first month postpartum and then increases to
6–11 cycles/degree (about 20/100 Snellen acuity) by 12 mo of age. These differences
have been attributed to differences in stimuli, the methods of estimating the threshold,
and the rate of maturation of the visual cortex and other neural pathways involved in the
behavioral response to the visual stimulus (67).

11.2. Observational Studies
Some observational studies suggested that term infants who were fed formula that did

not contain long-chain polyenes had poorer vision than breast-fed infants (Table 5) (87,88).

Fig. 5. The electroretinogram response to a relatively bright white flash occurring at time 0 and
includes an initial a-wave followed by a larger b-wave. B-wave amplitude is measured from the trough
of the a-wave to the peak of the b-wave (vertical arrow). B-wave implicit time is measured from time
0 to the peak of the b-wave (horizontal arrow). (Reprinted from ref. 82, with permission of Elsevier.)
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In a study from Australia, breast-fed term infants had significantly better VEP acuity
compared with formula-fed term infants at 22 wk of age (87). In addition, with all infants
from the study combined, there was a significant correlation between DHA content of
erythrocytes and VEP acuity. The infant formula in the Australian study contained about
6–8% energy as linoleic acid and 0.5–0.8% energy as α-linolenic acid (87). In a longi-
tudinal comparison of term infants in Denmark, the increase in visual acuity as assessed
by Teller cards was more rapid in breast-fed compared with formula-fed infants from 1
to 4 mo of age (88).

Most observational studies of term infants have shown no difference in visual acuity of
infants who were breast-fed or formula-fed with formula that did not contain LC-PUFAs
(Table 5) (89–92). There was no difference in visual acuity assessed by Teller cards be-
tween breast-fed and formula-fed term infants at 14 d and 3 mo (89). The investigators con-
cluded that infant formula which contained α-linolenic acid as about 1% of total energy
was adequate for normal visual development (89). Further investigators of a larger group
of infants who had been breast-fed for various lengths of time or fed formula without AA
or DHA had no differences in visual acuity assessed by Teller cards at 9 mo of age (90).
A multicenter study of term infants conducted in seven centers in the United States and
Canada demonstrated no difference in visual acuity assessed by Teller cards at 3 mo of age
between breast-fed infants and infants fed either of two formulas. Formula 1 and 2 had a
linoleic acid and α-linolenic acid content of 18.0% and 1.9% vs 34.2% and 4.7%, respec-
tively, and neither formula contained AA or DHA (91). No differences were found between

Fig. 6. Teller acuity card procedure. The infant is held in front of gray screen; shield located at
chosen test distance assists in positioning infant and prevents person from holding the infant from
seeing the grating. Adult observer holds acuity cards up to opening in screen and watches child
through peephole in card. (Reprinted from ref. 86, with permission of Developmental Medicine and
Child Neurology.)
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breast-fed and formula-fed term in visual acuity assessed by Teller cards at 7 mo of age (92),
and a study of preterm infants in Australia found no difference in ERGs and visual acuity
assessed by Teller cards at 40 wk postconceptual age among preterm infants with a high
and low intake of human milk (93).

Potential confounding factors in observational studies include tobacco and alcohol use
during pregnancy, socioeconomic status, cultural differences among mothers who decide
to breast feed or use infant formula, educational differences, and birth weight (92,94).
Investigators turned to randomized, controlled clinical trials in order to address the issue
whether n-3 fatty acids were essential for visual development in preterm and term infants.

11.3. Clinical Trials in Preterm Infants
A series of controlled clinical trials has recently suggested that n-3 PUFAs improve the

visual development of preterm infants (95). At least five clinical trials have evaluated the
role of supplemental DHA or DHA plus AA in the visual development of preterm infants
(Table 6) (96–108). The characteristics of masking, randomization, assessment methods,

Table 5
Observational Studies of Essential Fatty Acids and Visual Acuity in Infants

Location           Groups                Findings/comments Reference

Australia Formula-fed (n = 8) Better VEP acuity in breast-fed  87
Breast-fed (n = 8) than formula-fed group at mean

age of about 22 wk; no DHA
or AA in formula

Canada Breast-fed (n = 17) No difference in Teller acuity at 89
Formula-fed (n = 18) 14 days and 3 mo between groups;

No LC-PUFA in formula
Denmark Breast-fed (n = 17) Greater increase in Teller acuity from 88

Formula-fed (n = 16) 1 to 4 mo in breast-fed group
Canada Breast-fed for: No difference in Teller acuity at 9 mo 90

<1 mo   (n = 40) between groups; no DHA or AA in
1–3 mo (n = 51) formula
4–6 mo (n = 95)
7–8 mo (n = 49)
>8 mo   (n = 92)

Milk/formula (n = 38)
Formula only (n = 68)

Australia Breast-fed, Teller acuity and ERG activity not 93
high intake (n = 9) different between groups at 40 wk

Breast-fed, post-conceptual age; preterm infants
low intake (n = 7)

USA/Canada Breast-fed (n = 56) No differences in Teller acuity at 3 mo 91
Formula 1-fed (n = 59) between the groups; no LC-PUFA in
Formula 2-fed (n = 57) formula groups

Netherlands Breast-fed (n = 48) No differences in Teller acuity at 7 mo 92
Formula-fed (n = 26)

VEP, visual evoked potential; DHA, docosahexaenoic acid; AA, arachidonic acid; LC-PUFAs, long-
chain polyunsaturated fatty acids, ERG, electroretinogram.
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duration of supplementation, balance of essential fatty acids in formula, and follow-up
of these trials has been reviewed in detail elsewhere (95,109).

An early trial, covered in several reports, showed that preterm infants given formula
supplemented with LC-PUFAs had better visual acuity as assessed by VEP at 36 wk and
VEP and Teller cards at 57 wk (96–100). Two other arms of the study included control
formulas that contained linoleic acid and linoleic and linolenic acids, respectively. In
addition, rod thresholds of the ERG were lower among the infants who received supple-
mental LC-PUFAs. In a study from Memphis, preterm infants were randomized to received
control formula without DHA and formula with dexahexaenoic acid (101–104). Visual
acuity, as assessed by Teller cards, was significantly better at 2 and 4 mo among infants who
received supplemental DHA compared with control formula, but no differences were
found at 6.5, 9, and 12 mo (Fig. 7). In a second trial from Memphis, better visual recogni-
tion memory and visual attention as assessed by the Fagan test was found among preterm
infants supplemented with DHA compared with control formula (105,106).

In a clinical trial conducted in Italy, infants who received supplemental LC-PUFAs had
significantly different flash VEP latency at 52 wk postconceptional age compared with

Table 6
Some Clinical Trials of Essential Fatty Acids and Visual Acuity in Preterm Infants

Location               Groupsa              Findings/comments Reference

United States Control formula 1 (n = 13) Better VEP acuity at 36 and 57 wk, 96–100
Control formula 2 (n = 16) better Teller acuity at 57 wk in
LC-PUFA (n = 14) LC-PUFA group than controls;
Breast-fed (n = 9) control formula 1 with linoleic acid,

formula 2 with linoleic and linolenic
acids; lower rod thresholds on ERG
in breast-fed and LC-PUFA groups
at 36 wk

United States Control formula (n = 34) Better Teller acuity at corrected age 101–104
DHA (n = 33) of 2 and 4 mo, but no differences

at 6.5, 9, and 12 mo
United States Control formula (n = 12) Better visual recognition memory 105,106

DHA (n = 15) and visual attention by Fagan test
in DHA group at 12 mo; feeding
until 2 mo past term

Italy Control formula (n = 15) Flash VEP latency in supplemented 107
LC-PUFA (n = 19) and breast-fed groups different from
Breast-fed (n = 10) control group at 52 wk postmenstrual

age
France Control formula (n = 9) No difference in VEP latency between 108

LC-PUFA (n = 13) groups after 30 d of treatment
Breast-fed (n = 11)

aThe main n used in the actual statistical analysis; some n may vary at different follow-up visits.
VEP, visual evoked potential; LC-PUFA, long-chain polyunsaturated fatty acids; DHA, docosahexaenoic

acid; ERG, electroretinogram.
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infants who received control formula (107). The investigators believed that the differ-
ences in the morphology and latencies of the flash VEP between the groups was due to
a slower maturation pattern of VEPs among the preterm infants who received formula
without DHA. No differences were found in VEP latency between preterm infants who
were randomized to receive formulas with or without LC-PUFAs and those who were
breast-fed (108).

Some of the clinical trials included fish oil, a rich source of DHA, and fish oil treatment
may have had a negative effect on infant growth (105,106). Supplementation with fish oil
may cause a decline in AA, and other studies that have provided both AA and DHA sup-
plementation have not shown any adverse effect on growth (95). A meta-analysis of four
of the trials shows that DHA supplementation to infant formula improves visual acuity
at 2 and 4 mo of age in preterm infants (Fig. 8) (110). The combined estimates of visual
acuity differences (± standard error of the mean) at 2 and 4 mo of age were 0.47 ± 0.14
and 0.28 ± 0.08 octaves, respectively (110).

11.4. Clinical Trials in Term Infants
Several randomized clinical trials of supplemental DHA have been conducted among

term infants (Table 7) (111–123), and the overall results appear to be mixed. No adverse
effects on growth have been reported in these trials involving term infants, despite the

Fig. 7. Visual acuity development in control (circle) and marine-oil-supplemented (solid dot) infants.
Control infants differed from supplemented infants: *p = 0.014, **p = 0.002. (Reprinted from ref.
102, with permission of the American Journal of Clinical Nutrition. © Am J Clin Nutr. American
Society for Clinical Nutrition.)
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fact that four trials utilized formulas with DHA alone (111,113,116,121), which resulted
in depletion of AA status of the infants (95).

In a controlled clinical trial in Australia, infants who were randomized to receive
formula containing supplemental DHA and eicosapentaenoic acid had better VEP acuity
at 16 and 30 wk compared with infants who received control formula (111). There were
no significant differences in VEP acuity between breast-fed and supplemented infants.
Better sweep VEP acuity was found among term infants at 2 mo who were breast-fed or
received formula supplemented with DHA and AA compared with infants randomized

Fig. 8. Meta-analysis of the effect of docosahexaenoic acid on visual acuity of healthy preterm infants,
showing differences in visual acuity as assessed by behavioral tests (A) and visual evoked potential
(B). Error bars are 95% confidence intervals. Individual studies are indicated by fine error bars. Large
diamonds with bold bars indicate combined visual acuity difference estimates, and bars that do not
span zero (horizontal line) indicate significant results. (Reproduced from ref. 110, with permission
of the American Academy of Pediatrics.)
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Table 7
Some Clinical Trials of Essential Fatty Acids and Visual Acuity in Term Infants

Location               Groupsa             Findings/comments Reference

Australia Control formula (n = 19) EPA + DHA and breast-fed group 111
EPA + DHA (n = 13) had better VEP acuity at 16 and
Breast-fed (n = 23) 30 wk compared with other groups
Partial breast-fed (n = 24)

United States Control formula (n = 20) DHA + AA group and breast-fed 112
DHA + AA (n = 19) groups had better sweep VEP acuity
Breast-fed (n = 19) at 2 mo, but no difference at 4, 6, 9,

or 12 mo
United States Control formula (n = 45) No difference in sweep VEP, Teller 113

DHA + AA (n = 46) acuity at 2, 4, 6, 9, and 12 mo
DHA (n = 43) between groups; 3 study sites
Breast-fed (n = 63)

Italy Control formula (n = 29) Brunet-Lézine developmental 114,115
LC-PUFA (n = 27) quotient higher in supplemented
Breast-fed (n = 30) and breast-fed group than control

at 4 mo but not 24 mo
Denmark Control formula (n = 11) No difference in sweep VEP between 116

DHA + LA (n = 14) different formula groups at 4 mo;
DHA (n = 12) better sweep VEP in breast-fed group
Breast-fed (n = 17) compared with groups fed formula

United States Control formula (n = 26) DHA + AA and DHA groups had 117
DHA + AA (n = 27) better sweep VEP acuity than
DHA (n = 26) control group at 6, 17, and 52 wk
Breast-fed (n = 29)

United Kingdom Control formula (n = 20) Better means-end problem solving 118,119
DHA + AA (n = 20) in supplemented group at 10 mo

but no difference at 9 mo; two
reports have internal inconsistencies

United Kingdom Control formula (n = 125) No difference in Bayley mental or 120
LC-PUFA (n = 125) psychomotor development indices
Breast-fed (n = 104) between groups at 9 and 18 mo

Australia Control formula (n = 21) No differences in VEP acuity at 16 121,122
DHA + AA (n = 24) and 34 wk between groups
DHA (n = 23)
Breast-fed (n = 46)

United States Control formula (n = 48) VEP in DHA + AA group better than 123
DHA + AA (n = 47) control group at 6, 17, 26, 52 wk

aThe main n used in the actual statistical analysis; some n may vary at different follow-up visits.
EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; VEP, visual evoked potential; AA, arachidonic

acid.

to receive control formula, but these differences were no longer significant at 4, 6, 9, or
12 mo of age (112). In contrast, a multicenter study in the United States found no dif-
ferences in visual acuity assessed by sweep VEP and Teller cards at 2, 4, 6, 9, and 12 mo
between term infants randomized to receive control formula, or formula supplemented
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with DHA and/or AA (113). Longer term follow-up at 39 mo also showed no differences
in visual motor function or visual acuity between formula or breastfed groups (124). In
a study conducted in the United States, term infants who received a formula containing
both DHA and AA had better VEP acuity than the control group at 6, 17, 26, and 52 wk
of age (123).

Better sweep VEP acuity was found among term infants at 6, 17, and 52 wk among
infants randomized to received formula containing DHA or DHA plus AA compared
with control formula (117). In contrast, no difference was found in sweep VEP acuity at
4 mo between infants who received supplemental DHA compared with controls in Den-
mark (116). Another trial in Australia also found no differences in VEP acuity at 16 and
34 wk between term infants who received control formula vs formula supplemented with
DHA (121,122).

A clinical trial in Italy showed that infants supplemented with LC-PUFAs had a better
Brunet-Lézine developmental quotient, a more global measure of development, at 4 mo
of age but not at 24 mo of age (114,115). In two reports from one trial, there were no
significant differences in means-end problem solving at 9 mo of age between infants
randomized to receive control formula or formula supplemented with AA and DHA, but
apparent differences were seen at 10 mo of age (118). In another trial that examined global
development, no differences were found in Bayley mental or psychomotor development
indices at 9 and 18 mo between infants randomized to receive control formula and for-
mula supplemented with LC-PUFAs (120).

A meta-analysis of some of the randomized trials suggests that visual acuity at 2 mo
of age is significantly better among term infants who received supplemental DHA, but
there were no significant differences at other ages (Fig. 9) (125). The combined visual
acuity difference (± standard error of the mean) measured by behavioral methods was
0.32 ± 0.09 octaves at 2 mo of age (125). Another analysis of 14 controlled trials in term
infants used “meta-regression” to examine the relationship between visual acuity at 4 mo
and the DHA effective dose. The results showed a strong and significant effect of DHA
equivalent dose on visual acuity response at 4 mo of age, especially when 10% conversion
of α-linoleic acid to DHA was considered (126).

11.5. Implications of the Clinical Trials
The clinical trials of n-3 LC-PUFAs generally show a beneficial effect on visual acuity

in preterm infants and perhaps an effect in term infants. Some of the discrepancies among
the clinical trials may be related to the use of infant formulas that contain inadequate n-3
fatty acids (<1.5–2.0% linolenic acid), differences in the source and composition of the oil
used as the source for DHA, and presence or absence of AA and eicosapentaenoic acid (43).
The period in which infants are vulnerable to low dietary n-3 fatty acid intakes appears
to be short. Although dietary n-3 fatty acids appear to influence the development of visual
acuity, the differences as demonstrated in these clinical trials disappear when children
are evaluated at a later age. The transient nature of these effects may lead some to con-
clude that the differences have no lasting importance, but other studies on visual develop-
ment suggest that early visual experience can be critical to later visual functioning (67).
Whether a relative deficiency in DHA early in infancy is related to any subsequent visual
problem, such as amblyopia or strabismus, or any later abnormality of cognitive or motor
development is unclear.
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Observational studies that have compared breast-fed and formula-fed infants suggest
that the expected difference or improvement in cognitive development with supplemen-
tal DHA would be about one-third of a standard deviation for the test scores. Using
standard sample size and power calculations, about 144 subjects per group or 288 sub-
jects total, would be needed to detect this difference with 80% power and a significant
level of 0.05 (127). To date, none of the clinical trials of supplemental LC-PUFAs and
neurodevelopment in infants, either preterm or term, have had adequate sample size and

Fig. 9. Visual acuity differences. Open symbols represent randomized comparisons (formula-fed
groups with long-chain polyunsaturated fatty acids (LC-PUFAs) vs formula-fed groups with LC-
PUFAs). Shaded symbols represent nonrandomized comparisons (human milk vs formula without
LCPUFAs). Diamonds represent combined acuity difference estimates of randomized comparisons.
(A) Acuity differences measured with behaviorally based tests. (B) Acuity differences measured
with visual evoked potentials. (Reproduced from ref. 125, with permission from Elsevier Science.)
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power (127). Studies of infant nutrition require large sample sizes and long follow-up, and
therefore can become extremely expensive to conduct (128). With recent recommenda-
tions regarding supplemental essential fatty acids (1), the provision of AA and DHA in
all infant formulas is likely to become the standard of care, and further clinical trials or
observational studies may become difficult to justify.

12. CONCLUSIONS AND RECOMMENDATIONS

The human retina contains an extremely high concentration of DHA, a PUFA of the
n-3 (omega-3) family. DHA appears to play an important role in the retina and is necessary
for the normal function of rhodopsin. Preterm infants are born with relatively low stores
of DHA, and in the past, infant formulas did not contain this n-3 fatty acid. A recent series
of clinical trials conducted with both preterm and term infants suggests that the addition
of DHA to infant formula will improve the development of visual acuity in the first few
months of life, especially among preterm infants. The differences in visual acuity between
infants fed formula with and without DHA disappeared after 4 mo of age, and it is unclear
whether there are long-term adverse consequences associated with lack of DHA in for-
mula. A recent expert consensus has been reached regarding essential fatty acids for infant
health, and it is now recommended that both AA and DHA be added to infant formula,
and this recommendation is largely being followed by industry. The addition of LC-
PUFAs to infant formula has raised the cost of formula feeding, and the actual long term
functional benefits still remain controversial (4).

Several important research issues remain to be addressed. The long-term effects of AA
and DHA on eye health are not known and need further characterization. There is a need
for adequate sample size and statistical power for clinical trials that assess the effects of
essential fatty acids on infant neurodevelopment. The possible effects of trans unsatur-
ated fatty acids on essential PUFA status of mothers and infants should be investigated.
The use and optimal composition of n-6 and n-3 fatty acids in PUFA supplements for preg-
nant women is not well known. Finally, the precise role of DHA in rod and cone outer
segments must be better characterized.
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12 Inborn Errors of Metabolism

1. INTRODUCTION

Nutritional modification or dietary supplementation can be used as a therapeutic approach
for some eye diseases that are due to inborn errors of metabolism. This chapter includes
abetalipoproteinemia (Bassen-Kornzweig syndrome), gyrate atrophy, Refsum disease,
galactosemia, oculocutaneous tyrosinemia (tyrosinemia type II, Richner-Hanhart syn-
drome), X-linked adrenoleukodystrophy, homocystinuria (cystathionine β-synthetase
deficiency), and Wilson disease. Other inborn errors of metabolism that are relevant to
ophthalmology and nutrition have been presented elsewhere in this book, including
cystic fibrosis (Chapter 1), Leigh syndrome (Chapter 7), and acrodermatitis enteropathica
(Chapter 8). Vitamin A supplementation has been reported to modify the clinical response
of two conditions, Sorsby fundus dystrophy and retinitis pigmentosa, and these two dis-
orders are included in this chapter.

2. ABETALIPOPROTEINEMIA (BASSEN-KORNZWEIG SYNDROME)

2.1. Historical Background
In 1950, Frank Bassen (b. 1903) and Abraham Kornzweig (b. 1900) described an 18-yr-

old Jewish girl, born to first cousins, who had an atypical retinitis pigmentosa, a history
of chronic diarrhea, diffuse involvement of the neurological system that resembled
Friedrich ataxia, and bizarre, crenated erythrocytes (1). Her younger brother also had the
same hematological findings and the beginnings of a pigmentary retinopathy, thus provid-
ing further evidence for a hereditary basis to the syndrome. Two years later, Karl Singer
and colleagues described a 13-yr-old Jewish boy, born to second cousins, with ataxia,
diarrhea, and crenated erythryocytes, which the authors termed “acanthrocytosis” (Greek,
akantha = thorn). There was no evidence of pigmentary retinopathy found. A puzzling
feature of the syndrome in the reported cases was “celiac disease” that started early in life
and was associated with malodorous, fatty stools (2). 19 yr of age, the same individual
had developed a pigmentary retinopathy and an extremely low serum cholesterol concen-
tration, suggesting that “the entire syndrome is basically an inborn error of fat metabo-
lism...” (3). The syndrome was also described among individuals whose parents were
unrelated (4,5). In 1960, H. B. Salt and colleagues described the absence of β-lipoprotein
in a young girl with steatorrhea and crenated erythrocytes. They termed the syndrome “a-
β-lipoproteinaemia” and concluded that it was an inborn error of metabolism with an
autosomal recessive mode of inheritance (5). The original term “acanthrocytosis” was
later replaced by acanthocytosis in the literature (5).
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2.2. Clinical Features
Abetalipoproteinemia is characterized early in infancy by fat malabsorption and growth

failure. In the second decade, neurological abnormalities begin to appear and include the
loss of deep tendon reflexes, loss of vibratory sense in the lower extremities, loss of
proprioception, progressive ataxia, and spastic gait. Neuropathological findings include
spinocerebellar degeneration. In the first decade, visual acuity and visual fields may be nor-
mal, but impaired dark adaptation may be present (6). A pigmentary retinopathy usually
appears in the second decade with gradual onset of night blindness, reduced color vision,
and blindness occurs by the fifth decade. The fundus appearance is characterized by
pigmentary abnormalities and bone spicules (Fig. 1) (7). There have been many case
reports in the last four decades (8–17). Angioid streaks have been described in abetalipo-
proteinemia (18,19). The ocular histopathology of abetalipoproteinemia is consistent with
that of advanced retinitis pigmentosa and includes loss of photoreceptors, invasion of

Fig. 1. Montage of photographs of a right eye (above) and left eye (below) of a patient with abetalipopro-
teinemia. Note clumping of pigment and bone spicules. (From ref. 7, with permission from Elsevier
Science.)
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pigmented cells into the neuroretina (20,21). Patients with abetalipoproteinemia usually
have a mild to moderate anemia with acanthocytes (Fig. 2) (22). Iron deficiency and/or
folate deficiency may also occur due to malabsorption (22), and malabsorption of vita-
min K may cause an elevated prothrombin time (23). The clinical and laboratory findings
of abetalipoproteinemia are summarized in Table 1.

2.3. Metabolic Aspects
Abetalipoproteinemia, a recessive disorder due to mutations of the microsomal triglyc-

eride transfer protein gene, is characterized by an abnormal lipid profile, with total plasma
cholesterol concentrations of 0.50–1.30 mmol/L (20–50 mg/dL) and low triglycerides
(22). There may be undetectable levels of very low-density lipoproteins (VLDLs), low-
density lipoproteins (LDLs), and apolipoprotein B. The fundamental metabolic defect
 in abetalipoproteinemia is a lack of apolipoprotein B, an essential component of chylo-
microns, VLDLs, and LDLs. Although it was originally thought that the defect was in the
apolipoprotein B gene itself (22), further studies showed that there was no structural defect
in the apoliprotein B gene (24–26) but rather a defect of the gene encoding the microsomal
triglyceride transfer protein (27–30). Microsomal triglyceride transfer protein forms a

Fig. 2. Blood smear (left) and scanning electron micrograph (right) of red blood cells from a patient
with abetalipoproteinemia, demonstrating the typical crenated appearance of acanthocytes. (Reprinted
from ref. 22. Copyright © 1993, American Medical Association. All rights reserved.)

Table 1
Clinical and Laboratory Findings in Abetalipoproteinemia

• Fat malabsorption
• Failure to thrive
• Loss of deep tendon reflexes
• Loss of vibratory sense in lower extremities
• Ataxia
• Spastic gait
• Night blindness
• Dyschromatopsia
• Pigmentary retinopathy
• Anemia with acanthocytes
• Abnormal lipid profile
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heterodimer with protein disulfide isomerase and functions in the loading of apolipopro-
tein B with lipid (31). In the absence of sufficient lipid, apolipoprotein B is rapidly degraded
before secretion (32,33). The gene for microsomal triglyceride transfer protein has been
localized to chromosome 4q22-24 (31). A mutation in the α-tocopherol transfer protein
gene also causes a syndrome similar to abetalipoproteinemia with progressive ataxia and
retinitis pigmentosa (34,35). To summarize, a defect in the production of microsomal
triglyceride transfer protein results in the impaired ability to package fat-soluble vita-
mins A, E, and K, into chylomicrons for transport from the intestine to the liver (Fig. 3).
The incorporation of vitamin E into VLDLs by the liver is impaired by the absence of micro-
somal triglyceride transfer protein, and the overall consequences are extremely low con-
centrations of chylomicrons, VLDLs, LDLs, and vitamins E, A and K (Fig. 3). The role
of microsomal triglyceride transfer protein in abetalipoproteinemia has been reviewed
in detail elsewhere (36).

2.4. Nutritional Approaches to the Treatment of Abetalipoproteinemia
In 1961, Angelo DiGeorge and colleagues demonstrated that provision of intravenous

lipids in the form of a cottonseed oil emulsion, a rich source of vitamin E, could reverse the
acanthocytosis in a patient with abetalipoproteinemia (32). Subsequent studies showed that
the abnormalities of the electroretinogram could be reversed in part by high-dose oral
vitamin A supplementation (38,39). An 11-yr-old girl with abetalipoproteinemia was
treated for 2.5 yr with parenteral vitamins A and E plus medium chain triglycerides, and
improvement in both neurological and visual deficits was noted (40). Oral supplemen-
tation with vitamins A and E appeared to halt any deterioration of visual function in eight
patients with abetalipoproteinemia (41), improved scotopic electroretinogram findings in
one patient (42), and delayed the progression of neurological and retinal lesions in others

Fig. 3. Vitamin E metabolism in abetalipoproteinemia, showing sites of defective synthesis of micro-
somal triglyceride transfer protein. (Illustration by Frank Corl.)
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(43,44). Long-term supplementation with massive oral doses of vitamin E for 12–18 yr
with dietary modification appeared to prevent retinopathy in six patients with abetalipo-
proteinemia (45). Patients with abetalipoproteinemia should avoid dietary fat, especially
long-chain saturated fatty acids, in order to reduce steatorrhea, and should take fat-
soluble vitamins. Oral supplementation with vitamin E, 150–200 mg/kg per day and vita-
min A, 25,000 IU per day or every other day, are recommended for patients (22). Monitor-
ing of vitamin E status is difficult because plasma vitamin E concentrations cannot be used
to monitor therapy, and alternatively, the measurement of vitamin E in adipose tissue has
been employed (46). Long-term follow-up of 10 patients with abetalipoproteinemia and
three patients with homozygous hypobetaliproteinemia showed that despite vitamin A
and E treatment, fundus changes and functional retinal changes can occur (47). Patients
with abetalipoproteinemia who receive long-term supplementation with vitamins A and
E do not seem to have enhanced oxidative stress (48).

2.5. Familial Hypobetalipoproteinemia
Familial hypobetalipoproteinemia, a related defect in the assembly and secretion of apo

B-containing lipoproteins in the liver and/or intestine, is a mildly symptomatic genetically
heterogeneous autosomal trait characterized by plasma total cholesterol, LDL-cholesterol,
and apolipoprotein B levels below the fifth percentile (49). Most people with familial hypo-
betalipoproteinemia are simple heterozygotes who are asymptomatic, and a large propor-
tion of patients may develop nonalcoholic fatty livers. Malabsorption and mild diarrhea
may occur in some patients (49). Familial hypobetalipoproteinemia is due to a truncation-
specifying mutation of the APOB gene on chromosome 2, or linkage to chromosome 3
(3p21), or absent linkage to both APOB and to 3p21 (49). “De novo” mutations of apolipo-
protein B (50) and mutations in the microsomal triglyceride transfer protein have also
been described in familial hypobetalipoproteinemia (51). Progressive retinal degenera-
tion can occur in homozygous familial hypobetalipoproteinemia as with abetalipoprotein-
emia (47). A 51-yr-old white woman with familial heterozygous hypobetalipoproteinemia
presented with night blindness and bilateral symmetric depigmentation of the posterior
pole (52). Pigment clumping and pavingstone degeneration were present in the retinal
periphery. By 75 yr of age, at which time the patient died, the vision had declined to hand
motions. Ocular pathology revealed loss of photoreceptors and massive deposition of a
basal linear deposit contaning macrophages and processes of glial cells, with calcification
in some segments (52). Familial hypobetalipoproteinemia is also treated with oral supple-
mentation of vitamin A and vitamin E (47).

3. GYRATE ATROPHY

3.1. Clinical Features
Gyrate atrophy is a progressive chorioretinal dystrophy that is inherited as an autosomal

recessive trait. The disease is chararacterized by an underlying defect in a pyridoxal phos-
phate (PLP)- or vitamin B6-dependent mitochondrial matrix enzyme, ornithine-δ-amino-
transferase. Gyrate atrophy presents in childhood with myopia, and by age 10 yr, there
is usually impaired peripheral vision and night blindness. Subcapsular cataracts occur in
the second decade, and patients often require cataract extraction. The degree of myopia
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may reach the range of 5–10 diopters. Sharply demarcated areas of chorioretinal atrophy
are located initially in the midperiphery of the retina (Fig. 4), and in advanced disease, the
areas of chorioretinal atrophy coalesce and encroach on the posterior pole (53). Loss of
vision occurs slowly, with blindness occurring in the fourth and fifth decade (53). The
ocular histopathology of gyrate atrophy has been described (54). Patients with gyrate
atrophy are usually asymptomatic except for ocular problems, and systemic manifestations
include fine, straight, and sparse hair and general muscle weakness (55). Recently, degen-
erative lesions in the white matter have been observed by magnetic resonance imaging in
patients with gyrate atrophy (56). The clinical and laboratory findings in gyrate atrophy
are summarized in Table 2.

3.2. Metabolic Aspects
Ornithine-δ-aminotransferase is involved in the introconversion of ornithine to pyr-

roline-5-carboxylate (Fig. 5), and a defect in ornithine-δ-aminotransferase leads to a 10-

Fig. 4. Fundus appearance in gyrate atrophy. (Reprinted from ref. 57, with permission of Elsevier.)

Table 2
Clinical and Laboratory Findings in Gyrate Atrophy

• Progressive myopia
• Reduced peripheral vision
• Night blindness
• Chorioretinal atrophy
• Other: straight sparse hair, general muscle weakness
• Elevated plasma ornithine
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to 15-fold increase in ornithine in body fluids. Small reductions in plasma glutamate,
glutamine, lysine, and creatinine also occur in gyrate atrophy. Ornithine is formed in the
body from arginine in the urea cycle. Patients with gyrate atrophy have a great variability
in the severity of the disease and their therapeutic response to pyridoxine (vitamin B6), and
this variability is likely related to the amount of residual ornithine-δ-aminotransferase that
may be present. Elevated plasma ornithine concentrations were noted in gyrate atrophy
patients in 1973 (57) and associated with a defect in ornithine-δ-aminotransferase in 1988
(58). The ornithine-δ-aminotransferase has been cloned and is located on chromosome
10q26. More than 60 different mutations have been identified at the ornithine-δ-amino-
transferase locus. Gyrate atrophy has been described worldwide, and some ornithine-δ-
aminotransferase gene mutations appear to be unique to certain racial or ethnic groups (59).
The V332M mutation (60,61), A226V mutation (62), and E318K mutation (63) have been
identified as pyridoxine-responsive. Patients who are responsive to pyridoxine generally
have a more slowly progressive disease.

3.3. Experimental Animal Studies
In experimental animal studies, intravitreal injections of L-ornithine in the eyes of rats,

rhesus monkeys, and cynomolgus monkeys resulted in degeneration of retinal pigment
epithelium and secondary degeneration of adjacent photoreceptor cells (64). No changes
were noted after similar intravitreal injections of arginine. An ornithine-δ-aminotransfer-
ase-deficient mouse model has been developed by gene targeting (65). Mice in this model
develop hyperornithinaemia and a slowly progressive retinal degeneration, with the pri-
mary insult appearing the retinal pigment epithelium (66). Restriction of dietary arginine
has been shown to reduce ornithine accumulation and completely prevent the retinal degen-
eration in this mouse model (67). Electron micrographs of the retina from ornithine-δ-
aminotransferase-deficient mice on an arginine-restricted diet and standard diet are shown
in Fig. 6 (67).

Fig. 5. Pathways of ornithine metabolism.
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3.4. Nutritional Approaches to the Treatment of Gyrate Atrophy
Two types of nutritional modification may have some therapeutic effect for gyrate

atrophy: (1) arginine restriction, and (2) supplementation with vitamin B6. Given that
gyrate atrophy is a rare, slowly progressive disease, the studies evaluating these therapies
consist of case studies of treated patients rather than controlled clinical trials (Table 3)
(68–75). In order to restrict arginine intake, patients must reduce natural protein intake
and take a powdered form of essential amino acids and supplementary vitamins and
minerals (76). Arginine restriction can result in large decreases in plasma ornithine (69),
but many patients may find it difficult to adhere strictly to this diet. In one case, a woman
on an arginine-restricted diet showed some objective improvement in visual measures
(70). Studies of sibling pairs suggest that long-term reduction of ornithine may slow the
retinal degeneration of gyrate atrophy (71). In a long-term observational study of 27
patients with gyrate atrophy, of whom 17 elected to comply with an arginine-restricted
diet and ten were unable to comply, those who adhered to an arginine-restricted diet had
slower progression of visual function, as measured by sequential electroretinography
and visual field examinations (77).

A small proportion of patients with gyrate atrophy will respond to vitamin B6 treatment
with reductions in plasma ornithine (75,78). Pyridoxal phosphate is the active form of vita-
min B6 and a co-factor for ornithine-δ-aminotransferase. Pyridoxine responders are likely
to have ornithine-δ-aminotransferase alleles that have mutations affecting the vitamin B6
binding site of the enzyme (67). Typical doses of pyridoxine that have been used for
adults in these studes are 500–750 mg/d (77). In comparison, the Recommended Dietary
Allowance for vitamin B6 for adult men and women is 1.7 mg/d and 1.5 mg/d, respec-
tively (79). Other attempts to slow the progress of gyrate atrophy with creatinine, lysine,
or proline supplementation have suggested a possible slowing of eye disease (68,80–82),
but the small numbers of treated patients and lack of controls make it difficult to make

Fig. 6. Electron micrographs of the retinas from ornithine-δ-aminotransferase-deficient mice on an
arginine-restricted diet (left) and standard diet (right). (Reprinted from ref. 67. Copyright © 2000,
National Academy of Sciences, USA.)
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Table 3
Evaluation of Nutritional Interventions for Gyrate Atrophy

Characteristics
of patients                                  Observations Reference

Creatinine Supplementation
7 patients Supplementation for 1 yr; some progression of chorioretinal 68

disease in 3 patients, slight progression in 1 patient
Arginine Restriction

7 females, Mean threefold reduction in plasma ornithine; 4 patients could 69
2 males, not continue to follow strict diet; length of follow-up ranged 70
aged 11–46 yr from 4–32 mo; 2 women (ages 37 and 46) had longer

follow-up (1 patient had improvement in dark adaptation
and visual fields and the other had no change)

6 pairs of affected 5- to 7-yr reduction of plasma ornithine was associated with 71
siblings slower progression of ocular disease in treated vs untreated

sibling comparisons
Pyridoxine Supplementation

With Low-Protein, Low-Arginine Diet
5 patients, Reduction in plasma ornithine of 60% or more within 4–8 wk; 72

aged 12–30 yr 4 of 5 patients showed no improvement in visual acuity, visual
fields, dark adaptation, or fundus appearance; the patient with
poorest control of plasma ornithine showed progression; none
of patients could strictly adhere to restricted diet at home

Pyridoxine Supplementation
7 patients 3 responded to supplementation with >50% reduction in serum 73

ornithine and rise on serum lysine to normal; electroretinogram 74
improved in 1 patient

Proline Supplementation
4 patients Progression of disease in 2 patients; no change in chorioretinal 75

disease in 2 patients; supplementation from 2–5 yr

definitive conclusions about these therapies. Lysine supplementation has recently been
shown to reduce plasma ornithine concentrations by 21–31% with 1–2 d in pyridoxine
unresponsive patients with gyrate atrophy, but the ocular consequences are not clear (83).

4. REFSUM DISEASE

4.1. Clinical Features
In 1946, Sigvald Refsum (1907–1991) described a syndrome characterized by retinitis

pigmentosa, chronic polyneuropathy, cerebellar ataxia, and an increase in protein concen-
trations in the cerebrospinal fluid without an accompanying pleocytosis, and he termed
the condition “heredopathia atactica polyneuritiformis” (84). Anosmia, neurogenic
impairment of hearing, and cardiomyopathy are usually present, and pupillary abnormal-
ities, lens opacities, skeletal malformations, and skin changes resembling ichthyosis have
sometimes been described (85). An accumulation of phytanic acid (3,7,11,15-tetramethyl-
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hexadecanoic acid) was noted in 1963 (86), and patients with the disease were shown to
have a defect in the α-oxidation mechanism of β-methyl-substituted fatty acids (87,88).
The onset of disease is variable and can occur in the first through third decades. The
pigmentary retinopathy in Refsum disease is characterized by fine granular pigmenta-
tion, and the bone spicule type of pigmentation is less frequent (89). In advanced disease,
waxy-appearing optic discs and attenuated vessels are often present. The ocular pathol-
ogy of Refsum disease has been described (90). An infantile form of Refsum disease was
described in 1982 (91) and is characterized by the appearance during the first year of life
by a pigmentary retinopathy, nystagmus, deafness, hypotonia, hepatosplenomegaly,
growth retardation, mental retardation, and dysmorphic facial features such as epicanthal
folds, a flat nasal bridge, and low-set ears (91,92).

The term “classical Refsum disease” has been applied to patients who have elevated
phytanic acid due to a defect in the α-oxidation of phytanic acid and to distinguish them
from infantile Refsum disease, in which phytanic acid oxidation is abnormal due to an
absence of peroxisomes. Refsum disease is an autosomal recessive disorder (93,94), and
heterozygotes usually have normal plasma phytanic acid concentrations and no neuro-
logical signs or symptoms. The diagnosis of Refsum disease should be considered in
patients who present with retinitis pigmentosa, as it has been suggested that perhaps 1 of
20 patients may have Refsum disease (95). Adult Refsum disease is usually diagnosed
by measurement of phytanic acid levels in patients with retinitis pigmentosa and asso-
ciated polyneuropathy or short metacarpals (96). Smell testing has been advocated as an
additional tool for diagnosis of adult Refsum disease (96). The clinical and laboratory
findings in Refsum disease are summarized in Table 4 (97). A case of mild pigmentary
retinopathy has been described in a patient with Refsum disease who did not present until
he was 47 yr old (98).

4.2. Metabolic Aspects
Phytanic acid is a dietary-derived isoprenoid fatty acid that is found in high concen-

trations in foods such as lamb, beef, liver, canned tuna packed in oil, ham, and dairy

Table 4
Clinical and Laboratory Findings in Refsum Disease

• Retinitis pigmentosa
• Peripheral neuropathy (motor and sensory)
• Cerebellar findings
• Cardiac abnormalities
• Symptoms of cranial nerve involvement
• Neurogenic hearing loss
• Anosmia
• Abnormal pupillary reflex
• Miosis
• Skeletal abnormalities
• Skin changes—ichthyosis
• Increased cerebrospinal fluid protein without pleocytosis
• Elevated plasma phytanic acid concentration

Reproduced from ref. 97, with permission of The McGraw-Hill Companies.
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products (99). In classical Refsum disease, the plasma concentrations of phytanic acid
are elevated. Patients with Refsum disease have a mutation in the gene that encodes phy-
tanoyl-CoA 2-hydroxylase, a peroxisomal enzyme that allows α-oxidation of phytanic
acid to 2-hydroxyphytanoyl-CoA (100–102). 2-hydroxyphytanoyl-CoA is then converted
to pristanic acid (103,104) (Fig. 7). Refsum disease can also be caused by mutations
in the gene for the peroxisomal targeting signal (PTS)2 gene (105). Histopathological
studies have shown that the concentrations of phytanic acid are extremely high in the
retina, exceeded only by the concentrations found in the liver and heart (106).

Fig. 7. The α-oxidation pathway of phytanic acid. Refsum disease is caused by a defect in phytanoyl-
CoA hydroxylase.
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4.3. Nutritional Approaches to the Treatment of Refsum Disease
Dietary treatment for Refsum disease was first attempted when Eldjarn and colleagues

showed that a negative phytanic acid balance could be achieved by a diet low in phytanic
acid (107). Refsum initiated similar treatment in two affected patients, with a dietary regi-
men that included removal of butter fat, all visible fat from meat, and avoidance of fruit
and vegetables, and these patients had a pronounced reduction in serum phytanic acid con-
centrations to the normal range (85). Two patients with Refsum disease who were placed
on a diet that was low in phytanic acid and phytol showed a slow drop in phytanic acid
concentrations in blood and adipose tissue and improvements in ulnar nerve conduction,
and an improvement of pain, touch, and proprioception (108). Green vegetables contain
phytols and were originally excluded from the diet for patients with Refsum disease. The
phytol in green vegetables is largely unabsorbed, and exclusion of green vegetables is now
considered unnecessary (97). Available evidence suggests that progression of eye disease
and neurological problems can be slowed or halted by dietary treatment (97). The normal
Western diet contains about 50 mg of phytanic acid, and the goal of dietary therapy is to
reduce the phytanic acid content of the diet to less than 10 mg per day, as described by
Masters-Thomas and colleagues (99,109). A combination of plasmapheresis and diet has
been used to minimize plasma phytanic acid concentrations (110–112).

5. GALACTOSEMIA

5.1. Clinical Features
In 1908, August Ritter von Reuss (1841–1924) described a breast-fed infant with growth

failure and galactose in the urine (113). The infant was given substitutes for milk, and the
galactosuria resolved, but the infant died after 3 wk in the hospital. Friedrich Göppert
(1870–1927), a professor of pediatrics at Göttingen, reduced the dietary milk and sugar
content of a 2-yr-old child with galactosuria, and noted an improvement in the galactosuria
(114). Galactosemia was considered to be due to an abnormality in galactose metabolism
(115), and cataracts were described in an affected infant (116). Cataracts are the main clin-
ical feature of galactosemia, and they are usually found in the first weeks of life. Severe
diarrhea, abdominal distention, vomiting, and failure to thrive are usually present. Galac-
tosemia is a general term for genetic disorders of galactosemia that can be due to inherited
defects in three enzymes, and the most common defect is due to a deficiency in galactose-
1-phosphate uridyltransferase, resulting in classical galactosemia. The clinical and labo-
ratory findings in classical galactosemia are shown in Table 5. The second most common
defect is in galactokinase, and cataracts are usually present (117–122). Pseudotumor
cerebri has also been described in galactokinase deficiency (123–124). Most patients
with the third enzyme deficiency, uridine diphosphate galactose 4'-epimerase, are asymp-
tomatic, and this defect is rare. The cataracts that occur in galactosemia may be due to the
conversion of accumulated galactose to galactitol via the aldose reductase pathway with
resulting increased osmolarity in the crystalline lens (125). Vitreous hemorrhage has been
described in infants with untreated galactosemia (126).

5.2. Metabolic Aspects
Galactose is a carbohydrate that is found in milk and milk products in the form of the

disaccharide lactose. During digestion, lactose is hydrolyzed by lactase in the brush border
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of the intestine to glucose and galactose. Galactose is a major energy source for infants,
and to utilize this energy, galactose must be metabolized to glucose. There are three
major enzymes involved in the metabolism of galactose: (1) galactokinase, (2) galactose-
1-phosphate uridyltransferase, and (3) uridine diphosphate galactose 4'-epimerase. Galac-
tosemia can result from a deficiency in any of these three enzymes. The main metabolic
pathway for galactose metabolism is shown in Fig. 8. Galactokinase activity is highest
in the liver and in erythrocytes. Galactokinase phosphorylates galactose to galactose-1-
phosphate. The gene for galactokinase has been mapped to chromosome 17p24 (127).
Galactose-1-phosphate is catalyzed to glucose-1-phosphate by galactose-1-phosphate
uridyltransferase in a step that involves reaction with UDP-glucose. The gene for galac-
tose-1-phosphate uridyltransferase has been mapped to chromosome 9p13 (128). UDP-
galactose is converted back to UDP-glucose by uridine diphosphate galactose 4'-epi-
merase (Fig. 8). The gene for uridine diphosphate galactose 4'-epimerase has been mapped
to chromosome 1p36 (129). The relative frequencies of mutations for galactokinase,
galactose-1-phosphate uridyltransferase, and uridine diphosphate galactose 4'-epimer-
ase in different populations are presented in great detail elsewhere (130).

Screening for galactosemia can be conducted using a fluorescent spot test (Beutler test)
(131), and screening is provided in many countries as part of routine care. In the Republic
of Ireland, screening for galactosemia was conducted on 1.2 million infants from 1972 to
1992, and 55 cases of classical galactosemia were detected, giving an estimated frequency
of classical galactosemia of 1:23,000 (132). In the United States, most hospital nurseries
provide screening for galactosemia (133). Screening may result in earlier diagnosis of
galactosemia (134).

5.3. Nutritional Approaches to the Treatment of Galactosemia
The nutritional approach to galactosemia is the discontinuation of breast milk and milk-

based formulas. Guidelines for the initial and long-term management of patients with
galactosemia have been published elsewhere (135). Milk substitutes that are considered
suitable for infants with galactosemia include soy-based formulas such as Isomil®, Pro-

Table 5
Clinical and Laboratory Findings of Classical Galactosemia

• Cataracts
• Vomiting, diarrhea
• Full fontanelle
• Lethargy, hypotonia
• Failure to thrive
• Jaundice, hepatomegaly
• Bleeding or excessive bruising
• Metabolic acidosis
• Gonadal dysfunction
• Abnormal Beutler test
• Abnormal liver function tests

The clinical findings in galactokinase deficiency are similar except
that liver and kidney abnormalities are not present.
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sobee®, or Pregestemil®, or Nutramigen® (133,135). Patients must refrain from milk and
dairy products throughout life. Galactose is present in small amounts in some fruits, veg-
etables, and legumes (136), but these appear to be insignificant and not restricted accord-
ing to current recommendations (135). The cataracts and other systemic abnormalities
rapidly respond to dietary restriction of galactose. Slit lamp examinations are recom-
mended for infants at the time of diagnosis and then every 6 mo until 3 yr of age, and then
annually. Slit lamp examinations may be helpful in monitoring dietary adherence (125).
Dietary restriction does not appear to prevent all the complications of galactosemia, as
developmental delays, speech abnormalities, and gonadal failure in women (137,138).
Some infants may continue to have elevated erythrocyte galactose 1-phosphate levels
despite treatment with a low-galactose (soy) formula, and galactose-free, elemental for-
mula may be needed to decrease erythrocyte galactose 1-phosphate levels to the treatment
range (139).

Fig. 8. Metabolism of galactose. Sites of possible enzyme deficiencies are indicated by (*).
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6. OCULOCUTANEOUS TYROSINEMIA
(TYROSINEMIA TYPE II, RICHNER-HANHART SYNDROME)

6.1. Clinical Features
A syndrome consisting of hyperkeratotic lesions of the hands and feet, dendritic cor-

neal lesions, and mental retardation was described by Hermann Richner in 1938 and Ernst
Hanhart (1891–1973) in 1947 (140,141). Earlier reports of a similar syndrome were made
in the 1920s (142,143). This autosomal recessive disorder is extremely rare and has been
described in case reports (144–156). Although the syndrome has been described among
many different groups, it appears to be more common among individuals of Italian descent
(157). Affected individuals are often born to consanguinous parents, and cutaneous lesions
usually appear in the first year of life. Hyperkeratosis occurs on the palmar and plantar sur-
faces and fingertips, and morphologically the skin appears thickened with fissures, and
there may be considerable pain with pressure, as in walking. Some patients may be so
severely affected that they have great difficult ambulating.

The ocular manifestations consist of photophobia, redness, lacrimation, and dentriti-
form corneal lesions, and these signs and symptoms may appear as early as the first month
of life but usually occur within the first decade. The dentritiform lesions sometimes resem-
ble herpetic keratitis, and patients may be treated with antiviral medications before the
correct diagnosis is made. The keratitis appears to be due to the crystallization of tyrosine
in the cornea, as suggested by experimental animal models (158). The affected human
cornea shows vacuolar degeneration with inclusion bodies within the vacuoles and degen-
eration of collagen fibers (152). The characteristic clinical and laboratory findings of oculo-
cutaneous tyrosinemia are summarized in Table 6. Decreased visual acuity may result
from corneal opacities and scarring, and recurrence of corneal deposits in a graft has been
described after lamellar keratoplasty in a patient not on dietary therapy (159).

6.2. Metabolic Aspects
The halllmark of oculocutaneous tyrosinemia is the presence of elevated tyrosine

concentrations in the blood and urine (160,161) due to an inborn error of metabolism
involving a defect in tyrosine aminotransferase, the enzyme that converts tyrosine to p-
hydroxyphenylpyruvate (162,163). Urinary metabolites of tyrosine, 4-hydroxyphenyllactic
acid, 4-hydroxyphenylacetic acid, N-acetyltyrosine, and 4-tyramine, are also elevated.
Tyrosine is available from exogenous dietary sources and from the metabolism of pheny-

Table 6
Clinical and Laboratory Findings in Oculocutaneous Tyrosinemia

• Photophobia, redness, eye pain, lacrimation
• Dentritiform keratitis
• Corneal erosions
• Intraepithelial and deep corneal ulceration
• Painful hyperkeratotic and erosive lesions of palms and fingertips, plantar surface of feet;
• sometimes elbows and knees
• Variable degree of mental retardation
• Elevated plasma tyrosine concentrations
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lalanine (Fig. 9). Tyrosine aminotransferase is found in high concentrations in the liver
and is also found in mitochrondria, except in cells of ectodermal origin, which may explain
why there is a particular accumulation of tyrosine in the cornea, hands, and feet (155). Over
two dozen different mutations of tyrosine aminotransferase have been described (163,
164). The diagnosis of oculocutenous tyrosinemia is based on clinical findings as well
as hypertyrosinemia and elevated tyrosine and tyrosine metabolites in the urine.

6.3. Nutritional Approaches to the Treatment
of Oculocutaneous Tyrosinemia

Dietary restriction of tyrosine and phenylalanine can reduce and prevent the skin and
eye lesions, and clinical improvement is usually seen within a few weeks of commencing
dietary therapy. Complete resolution of clinical symptoms is possible with adherence to
therapy (165). Recurrence of eye and skin lesions can occur if the dietary therapy is stopped
(161). Commercial tyrosine- and phenylalanine-free supplements are available.

7. X-LINKED ADRENOLEUKODYSTROPHY

7.1. Clinical Features
In 1923, Ernst Siemerling (1857–1932) and Hans Creutzfeldt (1885–1964) described

a boy with bronzed skin, dysphagia, spasticity, and behavioral abnormalities who later

Fig. 9. Tyrosine metabolism.
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developed tetraplegia, seizures, and died (166). The disease was later known as adrenoleu-
kodystrophy, a disorder that falls within the general category of leukodystrophy, defined
as a progressive disease of myelin in which a genetically determined metabolic defect
results in the destruction or failed development of central white matter (167). The term
adrenoleukodystrophy has been applied to two distinct entities: X-linked adrenoleuko-
dystrophy and neonatal adrenoleukodystrophy, and in this section the term will apply to
the X-linked form of the disease. Adrenoleukodystrophy is a rare disorder, and although
the exact incidence is not known, in the Netherlands for example, it appears to have a
frequency of one in 100,000 male births (168).

Adrenoleukodystrophy can present as several phenotypes such as a childhood cerebral
form, an adrenomyelopathy, an Addisonian phenotype with adrenocortical insufficiency,
cerebral forms that present in adolescence or adulthood, an asymptomatic form, and with
other atypical presentations (168,169). Childhood cerebral adrenoleukodystrophy is the
most frequent phenotype, and onset occurs between three and 10 yr of age with poor
school performance, deterioration of vision, and reduce auditory discrimination and then
rapid progression to seizures, spastic tetraplegia, and dementia (168). The childhood form
is an intensely inflammatory cerebral myelinopathy that results in reduced visual acuity,
homonymous hemianopia, cortical blindness, and optic atrophy, and loss of ganglion
cells from the macula and nonspecific optic atrophy have been described in histopathology
(170,171). Adrenomyelopathy is a noninflammatory axonopathy. It is the common form
in adults that usually presents in the third and fourth decades with spastic paraparesis, dis-
turbed vibration sense in the lower extremities, and voiding difficulties. Reduced visual
acuity and optic disc pallor appear to be due to demyelination in the visual pathways (172).
The prevalence of abnormal color vision is higher among patients with adrenomyeloneu-
ropathy than matched controls (173). Patients with cerebral adrenoleukodystrophy often
have characteristic findings on magnetic resonance imaging (174). The clinical and labor-
atory findings of X-linked adrenoleukodystrophy are summarized in Table 7.

7.2. Metabolic Aspects
The main biochemical abnormality of X-linked adrenoleukodystrophy is the accumu-

lation of saturated unbranched very long chain fatty acids such as hexacosanoic acid and

Table 7
Clinical and Laboratory Findings in X-Linked Adrenoleukodystrophy

• Childhood cerebral adrenoleukodystrophy
• Reduced visual acuity
• Poor school performance
• Visual field defects, optic atrophy
• Seizures
• Rapid neurological progression
• Adrenomyelopathy
• Spastic paraparesis
• Reduced vibratory sense in extremities
• Difficulty urinating
• Increased long chain fatty acids in plasma
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tetracosanoic acid in tissues and body fluids. These fatty acids are normally degraded
within peroxisomes, but patients with adrenoleukodystrophy have a defect in β-oxidation
of these very long chain fatty acids. Peroxisomes are small intracellular organelles that are
found in almost all cells except mature erythrocytes, and their functions include the β-oxi-
dation of very long chain fatty acids, biosynthesis of plasmalogens and bile acids, and gly-
oxylate detoxification (168). The gene predisposing to adrenoleukodystrophy was mapped
to Xq28 (175) and isolated (176). The ALD (ABCD1) gene encodes the ALD protein, one
of four ATP-binding casette transporters found in the peroxisomal membrane, and over
340 ALD mutations have been reported (167). The diagnosis of adrenoleukodystrophy can
be based on increased concentrations of very long chain fatty acids in plasma or culture
skin fibroblasts or by mutation analysis (167). Gas chromatography/mass spectrometry
(177) and electrospray ionization mass spectrometry (178) methods have been developed
for detection of very long-chain fatty acids. Very long-chain fatty acids up to 32 carbons
have been described in plasma of patients with X-linked adrenoleukodystrophy (179).

7.3. Nutritional Approaches to the Treatment of Adrenoleukodystrophy
Various dietary interventions have been attempted for the treatment of adrenoleukodys-

trophy, including restriction of dietary hexacosanoic acid (180), restriction of dietary very
long chain fatty acids with administration of glyceryl trioleate oil (169), and restriction of
dietary very long chain fatty acids with administration of Lorenzo’s oil, a highly purified
oil mixture containing a 4:1 mix of glyceryl trioleate and glyceryl trierucate (181). The
early results of these interventions yielded disappointing results in regard to the clinical
course of the disease in patients who were already symptomatic (169). Although Lorenzo’s
oil has been shown to reduce levels of very long chain fatty acids, functional deterioration
continued to occur in treated patients (181). Long-term treatment with Lorenzo’s oil did
not modify the course of the disease in adult onset adrenoleukodystrophy (182), but early
treatment may have slowed the progression of disease somewhat in children with adreno-
leukodystrophy (183). A recent multicenter study involving 104 asymptomatic boys who
were less than 6 yr old and had a normal magnetic resonance imaging (MRI) showed that
treatment with Lorenzo’s oil reduced the risk of developing neurological abnormalities
and changes in MRI (184). Bone marrow transplantation may provide stabilization of
disease in boys or adolescents in the early stages of inflammatory brain disease (185).

8. HOMOCYSTINURIA
(CYSTATHIONINE βββββ-SYNTHETASE DEFICIENCY)

8.1. Clinical Features
Patients with elevated homocystine concentrations in urine were described in 1962 (186,

187), and 2 yr later the enzyme defect was identified as a deficiency in cystathionine β-syn-
thetase (188). Homocystinuria is an autosomal recessive disorder characterized by ectopia
lentis, myopia, osteoporosis, biconcave vertebrae, scoliosis, thinning and lengthening of
long bones (dolichostenomelia) and other skeletal abnormalities, variable degrees of men-
tal retardation, psychiatric disturbances, and vascular occlusions (189). Ectopia lentis is
found in about 90% of patients and usually presents in untreated individuals at about 2 yr
of age (190). Prior to dislocation, the lens may exhibit phacodonesis, and iridodonesis
may be a sign that the lens has dislocated. The lens may dislocate into the anterior chamber
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(Fig. 10) and may also cause pupillary block glaucoma. Optic atrophy, iris atrophy,
anterior staphylomas, lenticular opacities, and corneal opacities may also be common
(191). The clinical and laboratory findings in homocystinuria are summarized in Table 8.
The diagnosis of homocystinuria is often missed and should be suspected in patients who
present to the ophthalmologist or optometrist with high myopia, ectopia lentis, and skel-
etal, vascular, and/or central nervous system abnormalities (192).

8.2. Metabolic Aspects
Methionine is an essential sulfur amino acid that is found as a component of dietary

proteins. In the United States, the average diet contains about 35 mg methionine plus

Fig. 10. Patient with homocystinuria who developed lens dislocation into the anterior chamber.
(Reprinted from ref. 191, with permission of the American Academy of Ophthalmology.)

Table 8
Clinical and Laboratory Findings in Homocystinuria (Cystathionine βββββ-Synthase Deficiency)

• Ectopia lentis
• Myopia
• Osteoporosis
• Thinning and lengthening of long bones (dolichostenomelia)
• Biconcave vertebrae
• Scoliosis
• Other skeletal abnormalities
• Mental retardation
• Psychiatric disturbances
• Vascular occlusions
• Malar flush (“rosy cheeks”)
• Elevated fasting plasma homocysteine
• Elevated fasting plasma methionine
• Elevated urinary homocyteine and related metabolites
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cysteine per gram of protein (193). Methionine is transported across the intestinal mucosa
by neutral amino acid transport systems and circulates free in the plasma until uptake by
tissues such as the liver. Methionine is metabolized to homocysteine via the intermediates
S-adenosylmethionine and S-adenosylhomocysteine (Fig. 11). Homocysteine then under-
goes transsulfuration to form cysteine or can undergo remethylation to form methionine
again. The metabolism of homocyteine to cysteine involves two enzymes, cystathionine
β-synthase and cystathionine γ-lyase, both which require pyridoxal 5'-phosphate (vita-
min B6) as cofactors (Fig. 11). The most common cause of homocystinuria is cystathion-
ine β-synthase deficiency, but there are also other genetic defects in the conversion of
homocysteine to methionine that may lead to elevated plasma homocysteine concentra-
tions (189). Human cystathionine β-synthase cDNA has been cloned (194), and many
cystathionine β-synthase mutations have been described (189). The gene for cystathion-
ine β-synthase has been mapped to chromosone 21q22.3 (195). The zonular fibers contain
fibrillin, a 350-kDa glycoprotein that is rich in cysteine residues, suggesting a possible
pathogenic mechanism for cystathionine β-synthase deficiency and ectopia lentis (196).

Homocystinuria occurs in 1 of 52,544 births in Ireland (197) and 1 of 60,000 births in
New South Wales, Australia (198), but the worldwide frequency may be somewhat lower,
between 1:200,000 and 1:335,000 (189). A national newborn screening program in Ireland
used a bacterial inhibition assay for initial screening at 3–5 d of life to detect high blood
methionine concentrations, and for infants with high blood methionine, further diagnos-
tic studies included analysis for blood concentrations of methionine, free homocystine,
and cystine (199). Screening programs have used different criteria for detection of homo-
cystinuria, and early screening may miss many cases of patients who are responsive to vita-
min B6 therapy (189). Overall, about 44% of patients with homocystinuria appear to be
responsive to vitamin B6 therapy, but proportion of patients that are responsive to vitamin
B6 therapy as detected in newborn screening programs is about 14% (189). Thus, most
patients who are responsive to vitamin B6 therapy are detected after the newborn period.

8.3. Nutritional Approaches to the Treatment of Homocystinuria
In 1967, G. Winston Barber and George Spaeth reported that three patients with homo-

cystinuria responded to high doses of pyridoxine (vitamin B6) of 250 to 500 mg/d with
a dramatic decrease in plasma and urine homocysteine and decreases of plasma methionine
concentrations to the normal range (200). Cystathionine β-synthase requires pyridoxal-5-
phosphate, formed from vitamin B6, as a cofactor (Fig. 11), and the provision of vitamin
B6 may increase the residual enzyme activity in some patients. As mentioned previously,
an estimated 44% of patients are responsive to vitamin B6 therapy. The daily doses of vita-
min B6 used by different groups have ranged from 100–800 mg/d for adults and 150–500
mg/d for infants and children (201). In addition to vitamin B6 supplementation, current
strategies include dietary methionine restriction, supplementing with cystine, giving folate
and vitamin B12 in addition to vitamin B6 and betaine supplementation (201,202). The
safety issues of high doses of vitamin B6 have been reviewed by Adrianne Bendich and
Marvin Cohen (203). For adults, doses of 500 mg/d for up to 2 yr appears to be safe (203),
but doses of 500 mg/d for infants have been associated with respiratory failure (189).

Detailed guidelines for therapy and monitoring of homocystinuria are presented in
detail elsewhere (189). Although most infants detected by newborn screening are not
responsive to vitamin B6, the first step is to determine whether the infant will respond to
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Fig. 11. The metabolism of methionine to homocysteine to cysteine. Homocysteine can also be
remethylated back to methionine. The main cause of homocystinuria is β-cystathionine synthase defi-
ciency (*). Both β-cystathionine synthase and cystathionine γ-lyase require pyridoxal 5'-phosphate
as cofactors.
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vitamin B6 therapy at an initial dose of 250 mg/d for 4–6 d. Plasma methionine, homocys-
tine, and/or total homocysteine are monitored daily. Most infants who are responsive to
vitamin B6 will show at least a partial biochemical response to this initial treatment (189).
If a response is observed, then the dose of vitamin B6 is reduced in 50 mg/d decrements
to determine the lowest dose that achieves a response. Dietary methionine restriction can
be used for infants that are not responsive to vitamin B6, and methionine-free, cystine-
supplemented synthetic mixtures are available (189). In individuals who are diagnosed
as having homocystinuria that is not responsive to vitamin B6 after the newborn period,
dietary methionine restriction and/or betaine supplementation can be used, but adherence
is often difficult (202). The rationale for betaine supplementation is to utilize an alterna-
tive pathway involving the remethylation of homocysteine to methionine by betaine-homo-
cysteine methyltransferase (204).

Early detection and treatment of homocystinuria appears to reduce the risk of lens dis-
location and progressive myopia (205,206). In a study of 19 patients with homocystinuria
in Ireland, of 14 who had early dietary intervention in the newborn period, none devel-
oped ectopia lentis after mean follow-up of 8.2 yr. Of five patients who did not receive
treatment until childhood, three had prexisting ectopia lentis, and two without ectopia
lentis subsequently developed the condition (197). Patients with late diagnosis of homo-
cystinuria or poor control appear to have worse myopia and problems with ectopia lentis
(207). Treatment to lower plasma homocysteine significantly reduces the risk of vascular
complications (208) and mental retardation (202,208). Betaine treatment has been shown
to reduce the risk of vascular events (209).

9. WILSON DISEASE (HEPATOLENTICULAR DEGENERATION)

9.1. Clinical Features
In 1912, Samuel Alexander Kinnier Wilson (1878–1937) described a disorder char-

acterized by progressive degeneration of the lenticular nuclei associated with hepatic
cirrhosis (210). This disorder was also described earlier in the nineteenth century by
Friedrich Theodor Frerichs (1819–1885) (211). Wilson disease is an inborn error of copper
metabolism that is transmitted as an autosomal recessive trait. The main ophthalmological
finding is the Kayser-Fleischer ring, which consists of fine granular deposition of copper
in the periphery of Descemet’s membrane (212). This characteristic ring was described by
Bernhard Kayser (1869–1954) and Bruno Fleischer (1874–1965) (213–215). The Kayser-
Fleischer ring may be visible only by slit lamp microscopy and appear as a brownish haze
in the cornea periphery (Fig. 12). The Kayser-Fleischer ring is usually a golden-brown color
but other color variations include green, yellow, blue, ruby red, or a mixture of these colors
(212). The ring usually begins in the superior and inferior cornea at the limbus and spreads
circumferentially until a complete ring is formed. Unilateral Kayser-Fleischer ring has
been described (216). Electron dense deposits consisting of copper are found in Descement’s
membrane and the adjacent corneal stroma (Fig. 13) (217). Although the Kayser-Fleischer
ring may disappear with penicillamine therapy and low copper diets (218), there is not
a close correlation between the Kayser-Fleischer ring and neurological findings (219).
Kayser-Fleischer rings are not pathognomonic for Wilson disease and can also occur in
other conditions associated with abnormal copper metabolism such as primary biliary
cirrhosis, chronic active hepatitis, and other diseases (212,220,221). About 15–20% of
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patients may have a so-called “sunflower” cataract (218,223). The cataract consists of a
central disk-shaped opacity of iridescent powdery deposits under the anterior and pos-
terior capsule with spoke-like radiations. Loss of accommodation has been described in
two patients with Wilson disease (223).

Patients with Wilson disease typically present with hepatic or neuropsychiatric disease.
In children, the most common initial finding is liver dysfunction (224). Liver disease can
range from a mild elevation in liver enzymes to chronic active hepatitis to massive liver
failure. Liver biopsy may show micronodular cirrhosis with copper deposition. Patients
who present with neuropsychiatric disease may present later in life, in the third or fourth
decade, and presentation can be highly variable. Neurological signs and symptoms may
resemble those found in Parkinson’s disease, with reduced facial expression and dyarthria,
and there may be tremor, personality changes, depression, and schizophrenia.

The clinical and laboratory findings of Wilson disease are shown in Table 9.

9.2. Metabolic Aspects
Copper is an essential nutrient that plays a role in copper-containing enzymes involved

in a wide variety of processes, including respiration, protection against oxidative stress,
hormone metabolism, iron metabolism, and hematopoiesis. Copper is a transition metal
that has properties of redox chemistry that lend well to the transfer of electrons, thus, many
biological reactions are catalyzed by copper-containing enzymes. Among the copper-
containing enzymes important in humans are cytochrome c oxidase, copper/zinc superox-
ide dismutase, ferroxidase II, monoamine oxidase, tyrosinase, and dopamine β-hydroxyl-
ase. The average human adult contains a total of about 110 mg of copper (225). The average
dietary copper intake is about 2 mg per day (226), and about 30–75% of dietary copper is
usually absorbed, primarily in the duodenum. Foods that are rich in copper include oysters
and shellfish, chocolate, nuts, and legumes, and the bran and germ of cereal grains are
rich in copper.

Fig. 12. Kayser-Fleischer ring. (Courtesy of W. Richard Green.)
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Copper is transported in the circulation bound primarily to albumin, and much of the
copper is taken up by the liver, where it is incorporated into ceruloplasmin, a glycoprotein
that contains six to seven copper atoms. The liver releases ceruloplasmin, and plasma
ceruloplasmin accounts for about 60–65% of plasma copper (227). Copper is taken up by
cells that have specific ceruloplasmin receptors on their surface. The main route of copper
excretion is through biliary excretion into the gastrointestinal tract and feces, with only
minor amounts lost through urine, sweat, hair, and skin.

Wilson disease is due to a defect in copper-transporting adenosine triphosphates
(ATPase) in the trans-Golgi network of cells (228–230). The Wilson disease gene was
localized to chromosome 13 (231), specifically to 13q14.3 (232). The absence or dysfunc-
tion of the Wilson ATPase interferes with copper transport and biliary copper secretion.
More than 100 different mutations have been identified in patients with Wilson disease
worldwide (233). The secretion of ceruloplasmin by the liver is impaired in Wilson disease,
and often plasma ceruloplasmin concentrations are below normal values. If fever or inflam-

Fig. 13. Electron dense deposits consisting of copper are found in Descemet’s membrane and adja-
cent corneal stroma in Wilson disease. (Reproduced from ref. 217, with permission from BMJ
Publishing Group.)
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mation is present, ceruloplasmin concentrations may be elevated by ceruloplasmin is a
positive acute phase reactant. Urinary copper concentrations are often elevated (233).
The diagnosis of Wilson disease is made on the basis of physical examination, slit lamp
examination, and laboratory analyses (233).

9.3. Nutritional Approaches to the Treatment of Wilson Disease
The treatment of Wilson disease consists of chelation therapy with D-penicillamine,

combined with other strategies to lower dietary copper or reduce copper absorption. Foods
rich in copper, such as shellfish, chocolate, nuts, legumes, and wheat germ must be avoided.
Zinc interferes with copper absorption, thus, administration of zinc supplements may help
reduce dietary copper absorption. Zinc supplementation has been advocated for asympto-
matic patients who had been diagnosed with Wilson disease in childhood but have ele-
vated serum transaminases (234).

10. MENKES DISEASE

Menkes disease is an X-linked disorder characterized by growth failure and unusual
kinky hair. The disease was reported by John Menkes in 1962 (235) and was associated with
a defect in copper absorption by David Danks and colleagues in 1973 (236). The Menkes
gene is located on the long arm of the X chromosome (237). Transport of dietary copper
across the gut results in low serum copper concentrations, but copper accumulates in the
duodenum, kidney, and pancreas. Copper is required for cytochrome C oxidase, superoxide
dismutase, tyrosinase, lysyl oxidase, and other enzymes. Loss of tyrosinase activity results
in lack of hair pigmentation. Abnormalities in elastin and collagen production result in
weakening of connective tissue, and diverticuli of the bladder, uterus, and other organs.
Infants with the classic form of Menkes disease usually present by 2–3 mo of age with
growth failure and seizures, an abnormal facies with sagging jowls, and white or grey hair
with fine curling like steel wool (pili torti). Skeletal defects such as osteoporosis, rib frac-

Table 9
Clinical and Laboratory Findings in Wilson Disease

• Kayser-Fleischer rings
• “Sunflower” cataract
• Azure lunulae in the fingernails
• Hepatic disease
• Chronic active hepatitis
• Fatty liver
• Cirrhosis
• Neuropsychiatric disease
• Tremor
• Dysarthria
• Diminished facial expression
• Personality changes
• Depression
• Schizophrenia
• Elevated urinary copper concentrations
• Reduced serum ceruloplasmin
• Elevated hepatic copper in liver biopsy
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tures, and metaphyseal dysplasia occur. Ophthalmic findings may include optic atrophy,
ptosis, and iris hypoplasia and hypopigmentation (238). Laboratory studies show serum
copper concentrations <0.75 μg/mL (<11.8 μmol/L) and low serum ceruloplasmin con-
centrations. Parenteral administration of copper may correct copper deficiency but does
not usually stop the progressive neurological degeneration in infants with Menkes dis-
ease (239). Most children with the classic form of Menkes disease die by age three, but
those with milder clinical variants may survive for many years.

11. SORSBY FUNDUS DYSTROPHY

11.1. Clinical Features
In the 1940s, Arnold Sorsby (1900–1980) and colleagues described an unusual fundus

dystrophy characterized by choroidal neovascularization, bilateral central visual loss,
and progressive atrophy of the peripheral choroid and retina (240,241). The disorder has
an autosomal dominant mode of inheritance, and the condition has also been termed
Sorsby pseudoinflammatory macular dystrophy, pseudoinflammatory chorioretinal degen-
eration of the posterior pole, and hereditary hemorrhagic macular dystrophy. Patients
usually present with a central scotoma in one or both eyes in the fifth decade of life with
exudation and retinoschisis in the macula with accompanying subretinal hemorrhages
and choroidal neovascularization (242–244). The acute lesion heals and is followed by
atrophic degeneration of the retina and choroid in the macular region and severe central
visual loss (242). Prior to the loss of vision, fundus changes may include pigment epithe-
lial atrophy, small drusen-like lesions or “colloid bodies” in the macula, angioid streaks,
and plaque-like subretinal deposits of yellowish material in the macula (245,246). Night
blindness may be the earliest symptom of Sorsby fundus dystrophy (247). Onset of visual
disturbances may occur as early as the second decade (248). Ocular histopathology shows
outer photoreceptor atrophy in the macula, and atrophy of the choriocapillaris, large cho-
roidal vessels, and pigment epithelium in the posterior pole (249). Lipid-rich extracellu-
lar deposits accumulate in Bruch’s membrane, and it has been suggested that these deposits
interfere with the normal transport of nutrients, such as vitamin A, from the choriocapillaris
to the retinal pigment epithelium (250). Sorsby fundus dystrophy can resemble punctate
inner choroidopathy (251).

11.2. Genetic and Metabolic Aspects
Sorsby fundus dystrophy was genetically linked with chromosome 22q13-1qter (252).

The 22q13-1qter region also contains the gene for tissue inhibitor of metalloproteinases
(TIMP)-3. The tissue inhibitors of metalloproteinases are a family of small homologous
proteins that function in the inhibition and activation of matrix metalloproteins, promo-
tion of cell growth, matrix binding, inhibition of angiogenesis, and induction of apoptosis
(253). Patients with Sorsby fundus dystrophy have mutations in the gene for TIMP-3
(254–261). TIMP-3 is a component of Bruch’s membrane (262) and retinal pigment epi-
thelial cells (263). In Sorsby fundus dystrophy, the thick extracellular deposits found in
Bruch’s membrane have high concentrations of TIMP-3 (264,265). TIMP-3 may possibly
induce retinal pathology by inducing apoptosis in retinal pigment epithelial cells (266)
and promoting choroidal neovascularization (267). Deposition of dimerized TIMP-3 has
also been hypothesized to play a role in the pathogenesis of the disease (268).
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11.3. Treatment of Sorsby Fundus Dystrophy With Vitamin A
Many patients with Sorsby fundus dystrophy have night blindness, and abnormal dark

adaptation and altered rhodopsin kinetics suggested that the metabolism of vitamin A
might be adversely affected in the retina (250). Oral vitamin A supplementation, 50,000
IU/d, was reversed night blindness in patients with Sorsby fundus dystrophy (269), add-
ing some weight to the hypothesis that the thickened deposits in Bruch’s membrane act
as a barrier for diffusion of vitamin A from the choriocapillaris to the photoreceptors. The
similarities of dark adaptation between vitamin A deficiency and Sorsby fundus dystrophy
have been examined (270). Vitamin A supplementation at the dose of 50,000 IU/d should
be administered under the supervision of a physician, and this dose is contraindicated in
women of childbearing age who are not on reliable contraception and pregnant women
(271). In one case report, a woman with Sorby fundus dystrophy and choroidal neovascu-
larization responded to steroid treatment (251).

12. RETINITIS PIGMENTOSA

12.1. Clinical Features
Retinitis pigmentosa is a general term used to describe a heterogeneous set of heritable

disorders characterized by retinal degeneration. This group of hereditary photoreceptor
degenerations has a worldwide prevalence of about 1 in 4000 (272). The typical clinical
findings are night blindness with progressive loss of peripheral visual field and then loss
of central vision. Ophthalmoscopic features include attenuated retinal blood vessels, a
waxy, pale-appearing optic disc, and intraretinal pigment deposits that sometimes resem-
ble “bone spicules.” Cystoid macular edema and cataract are sometimes present. Some
forms of retinitis pigmentosa, such as abetalipoproteinemia (Bassen-Korzweig syndrome)
and gyrate atrophy, have been presented earlier in this chapter. The ocular histopathology
of retinitis pigmentosa has been well characterized. In early disease, there is a loss of the
number of rod and cone photoreceptors. The inner nuclear layer undergoes degeneration.

12.2. Metabolic Aspects
Many of the genes for retinitis pigmentosa have not yet been identified. Thaddeus Dryja

and colleagues have provided an extensive review of the genes that cause retinitis pigmen-
tosa (273). Some of the genes encode rhodopsin, structural proteins important in the outer
segments of photoreceptors, and enzymes involved in the rod phototransduction cascade.

12.3. Nutritional Intervention for Retinitis Pigmentosa
As early as the late 1930s, vitamin A treatment was reported to improve the clinical

course of retinitis pigmentosa (274,275). In 1993 it was reported that oral vitamin A sup-
plementation, 15,000 IU/d, slowed the decrease in amplitude of the electroretinogram
(ERG) among patients with retinitis pigmentosa (276). These findings showed promise
for patients with retinitis pigmentosa (277). Further inquiry showed that vitamin A sup-
plementation was also associated with a slower loss of visual field area among the same
patients with retinitis pigmentosa (278), and several studies have shown a correlation
between visual field size and ERG amplitude (279). Investigation in two transgenic
mouse models for retinitis pigmentosa demonstrate that a high vitamin A diet slowed the
course of photoreceptor degeneration in mice with the threonine-17 → methionine (T17M)
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mutation but not in mice with the proline-347 → serine (P347S) mutation (280). These
results suggested that vitamin A was beneficial for class II rhodopsin mutants, as in the
T17M mutation, but not for class I rhodopsin mutants, as in the P347S mutation (280).
Oral vitamin A supplementation at the level of 15,000 IU/d appears to be safe for the
treatment of retinitis pigmentosa in healthy adult men and nonpregnant women who eat
a regular diet without excessive intake of food high in vitamin A (281). Annual monitoring
of liver enzymes and triglycerides is recommended for patients on supplementation (281).
A recent randomized controlled clinical trial shows that docosahexaenoic acid, in addi-
tion to vitamin A supplementation, does not slow the course of disease of patients with
retinitis pigmentosa (282). A subgroup analysis suggested that for patients who were
commencing vitamin A therapy, the addition of docosahexaenoic acid slowed the course
of the disease for 2 yr (283).

13. MAPLE SYRUP URINE DISEASE

Maple syrup urine disease is a rare autosomal recessive disorder characterized by
deficiency of branched-chain α-keto acid dehydrogenase with resulting accumulation of
branched-chain amino acids leucine, isoleucine, and valine and branched-chain α-keto
acids. In 1954, John Menkes and colleagues described four infants with progressive
cerebral degeneration and urine that had an odor resembling maple syrup (284). Subse-
quent investigations showed high concentrations of leucine, isoleucine, and valine (285)
and 2,4-dinitrophenylhudrazones in the urine (286). Six loci contribute to the branched-
chain α-keto acid dehydrogenase complex. There are five phenotypes of the disease:
classic, intermediate, intermittent, thiamine-responsive, and dihydrolipoyl dehydrogenase
(E3)-deficient (287). The worldwide frequency of maple syrup urine disease is approxi-
mately 1 in 185,000 births, but in the inbred Old Order Mennonite population of Lancaster
and Lebanon Counties in Pennsylvania, the frequency has been reported as 1 in 176 new-
borns (288).

The classic phenotype of maple syrup urine disease is the most common form and
includes neonatal onset of poor feeding, weight loss, alternating hypertonia and hypotonia,
ketoacidosis, and maple syrup odor to the urine. Ophthalmic findings include optic atrophy,
ophthalmoplegia, strabismus, nystagmus, and cortical blindness (289,290). Loss of corneal
epithelium has been described in one infant with isoleucine deficiency (291). Treatment
of maple syrup urine disease consists of limiting the dietary intake of leucine, isoleucine,
and valine. A trial of thiamin therapy is recommended to determine whether the infant
may have a thiamin-responsive form of the disease (287). Commercial synthetic formu-
las are available for maple syrup urine disease, and long-term dietary management can
reduce the morbidity and mortality associated with the disease.

14. MOLYBDENUM COFACTOR DEFICIENCY
AND ISOLATED SULFITE OXIDASE DEFICIENCY

Molybdenum cofactor deficiency and sulfite oxidase deficiency are two related inborn
errors of metabolism that are associated with severe neurological abnormalities, ectopia
lentis, and mental retardation. Molybdenum cofactor deficiency is characterized by defi-
cient activity of three enzymes: sulfite oxidase, xanthine dehydrogenase, and aldehyde
oxidase, whereas isolated sulfite oxidase deficiency is associated with deficient sulfite
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oxidase activity, but normal molybdenum cofactor, xanthine dehydrogenase, and aldehyde
oxidase activity. Combined sulfite oxidase deficiency and xanthine oxidase deficiency
has also been described (292). Both molybdenum cofactor deficiency and sulfite oxidase
deficiency are characterized by seizures, psychomotor retardation, facial dysmorphia,
hypertonia and hypotonia, dilated ventricles, and brain atrophy. Spherophakia and ectopia
lentis are associated with both molybdenum cofactor deficiency and isolated sulfite oxi-
dase deficiency (293–296). Elevated S-sulfocyteine concentrations may be used for the
diagnosis of sulfite oxidase deficiency. Molybdenum cofactor deficiency is not revers-
ible with dietary measures, but there have been reports of some success with limiting the
dietary intake of sulfur amino acids in sulfite oxidase deficiency (297).

15. OTHER

Familial hyperlysinemia is an autosomal recessive disease in which there is a defect in
lysine degradation due to defective α-aminoadipic semialdehyde synthase (298). The clin-
ical manifestations include subluxation of the lens (299). Dietary restriction of proteins
may help to reduce plasma lysine concentrations but does not appear to influence long-term
development, which may be normal despite high levels of lysine (300).

16. CONCLUSIONS AND RECOMMENDATIONS

Some inborn errors of metabolism show that nutritional modification or intervention
can reduce the risk of visual loss and blindness or slow progression of disease. In other
conditions, nutritional interventions have had limited effects. The research agenda for
these diverse groups of metabolic diseases includes understanding the pathogenic mecha-
nisms involved in Refsum disease, measuring the long-term effects of a phytanic acid-
restricted diet on the progression of ocular disease, determining whether a galactose-free,
rather than galactose-restricted, diet in the first 6 mo of life will have better long-term
outcome. Effective therapies are needed for the treatment of Menkes syndrome.
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