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RADIATION TOXICITY: A PRACTICAL GUIDE



INTRODUCTION

WILLIAM SMALL JR., M.D.
GAYLE WOLOSCHAK, Ph.D.

The Robert H. Lurie Comprehensive Cancer Center, Northwestern University Medical School, Chicago, IL.

Since the discovery of radium by the Curies,' radiotherapy has offered incalculable
benefits for cancer patients. Radiation is used in a wide variety of tumors for both
curative and palliative indications. Advances in treatment delivery, diagnostic imaging,
and treatment planning systems have improved tumor control and, in many cases, reduced
toxicity.

A. ANTICIPATED APPROACHES TO REDUCTION OF TISSUE TOXICITY

BY RADIATION

Despite these advances, radiation toxicity remains a major obstacle to effective therapy.
In fact, the dose of radiotherapy that can be administered is often limited by the toxic
effects of the therapy. For example, in the treatment of cervical cancer, there is good
evidence of a dose—response for both the control of disease® and the risk of toxicity.’
This dose—response relationship has also been observed in prostate cancer.*> The ability
to target radiotherapy and avoid normal tissue outside the planned radiotherapy field
has been dramatically improved with the development of conformal radiotherapy and
intensity-modulated radiation therapy. Future developments in these areas will no doubt
further enhance the risk-benefit ratio of treatment.

Another approach that is likely to significantly reduce normal tissue toxicity is the
rising use of diagnostic imaging and treatment delivery. Image-guided radiation therapies
that are currently being developed will allow for simultaneous imaging of the tumor
and treatment of the tumor in an individual. This will permit individualized care such
that the tumor will be treated while the normal tissue will be spared as much as possible
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by actually visualizing the treatment area during the delivery of therapy. This will allow
for a reduction in planning target volumes now added to the target to account for set
up errors and internal organ motion.

Finally, special emphasis is being placed on understanding why some individuals have
different levels of radiation toxicity than others. Once these markers have been identified,
it may be possible to predict which patients are likely to have normal tissue toxicity
complications from radiation exposure. For example, it is now known that expression
of TGF-beta is associated with the development of lung fibrosis following radiation
exposure.® Characterization of the molecular basis of this response may lead to the
establishment of particular genotypes or polymorphisms in the TGF-beta gene or its
promoter that are predictable of a fibrotic response in a patient. Identification of such
patients who are at-risk for fibrosis development and those who are not could permit
dose escalation in selected patients who are not likely to develop fibrosis. The extension
of this to other types of radiation toxicities and other genes might eventually lead to the
profiling of each patient for susceptibilities and treatment planning based on expected
radiation responses.

B. ACUTE AND LONG-TERM TOXICITY

Radiotherapy toxicity is generally separated into acute toxicity and long-term toxicity.
Acute toxicity occurs during or shortly after the radiotherapy whereas long-term toxic-
ity can manifest itself months to years after the completion of the treatment. Both acute
and long-term toxicities show a dose-threshold and therefore fit into the realm of deter-
ministic responses to radiation (as opposed to cancer development which is considered
a stochastic response with no threshold).

It is generally accepted that acute toxicity occurs by direct cytotoxicity to rapidly
proliferating normal tissue cells. The exact etiology behind long-term radiotherapy
toxicity is somewhat a matter of controversy. The two major theories are (1) that long-
term toxicity is caused by the depletion of slowly proliferating stem cells and (2) thatlong-
term damage is related to damage to the vasculature. In actuality, the exact etiology is
probably much more complex than our current level of understanding permits, involving
depletion of stem cells, changes in vasculature, and alterations in cellular factors including
cytokines, small molecular mediators, and others.

As advances in treatment modalities are made, more focus is shifting to a close exam-
ination of quality-of-life issues. They are particularly relevant to radiation therapy since
the consequences of toxicity can be debilitating and dramatically affect bodily func-
tion. Even when disease is controlled, the short- and long-term eftects of radiother-
apy can have a significant impact on the quality-of-life. Patients who receive curative
radiotherapy for head and neck cancers are often left with a dry mouth and consequently
have great difficulty in eating and swallowing. Patients who receive pelvic radiotherapy
will in many instances be left with sexual difficulties.

The purpose of this book is to provide a framework for considering normal toxicities
when using radiotherapy for cancer treatment. While long-term toxicities often cannot
be reversed, approaches have been developed that will permit a reasonable quality of
life. Considerations to be made in treatment decisions, approaches to alleviate some
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consequences of tissue toxicity, and other similar matters are all discussed in the chapters
that follow. It is hoped that this will be a guide to the Radiation Oncologist, Medi-
cal Oncologist, Oncology Nurses, Radiation Therapists, and all who are involved in
treatment of patients with radiation.
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1. The Management of Radiation-Induced
Brain Injury

EDWARD G. SHAW, M.D. AND MIKE E. ROBBINS, Ph.D.

Comprehensive Cancer Center of Wake Forest University School of Medicine, Winston-Salem, NC

INTRODUCTION

Neoplasms of the central nervous system (CNS) are a pathologically diverse group of
benign and malignant tumors for which a variety of management strategies, including
observation, surgery, radiation therapy, and/or chemotherapy, are employed. Shown in
Table 1 are the usual radiation doses used to treat primary and metastatic brain and
spinal cord tumors, which span a broad range of total doses and doses per fraction.
Regardless of the type of CNS tumor treated, what usually limits the dose of radi-
ation that can be utilized, and therefore what typically determines the local control
and cure rate of that tumor, are the tolerance doses of the adjacent or underlying nor-
mal tissues in and around the CNS. This chapter will outline the biologic and clinical
principles of CNS radiation tolerance and the management of radiation-induced CNS
injury.

A. PATHOGENESIS OF RADIATION-INDUCED CNS INJURY
A1. Classical Model of Parenchymal or Vascular Target Cells

Vascular abnormalities and demyelination are the predominant histological changes seen
in radiation-induced CNS injury. Classically, late delayed injury was viewed as due
solely to a reduction in the number of surviving clonogens of either parenchymal, i.e.,
oligodendrocyte,® or vascular, i.e., endothelial,® target cell populations leading to white
matter necrosis.
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Table 1. Radiation treatment recommendations for primary central nervous system tumors

Gross tumor Clinical Total dose (Gy)/
Pathologic type volume (GTV) tumor volume number of fractions
Glioblastoma (WHO 1V) 60/30 or 64.8/36
anaplastic astrocytoma
(WHO III)*
Initial field Edema and enhancing GTV + 2-3 cm 46/23 or 50.4/28
tumor margin
Boost field Enhancing tumor GTV + 2-2.5 cm 14/7 or 14.4/8
margin
Astrocytoma (WHO II)H Edema (and enhancing GTV + 1-2 cm 50.4/28 to 59.4/33
tumor if present) margin’
Pilocytic Astrocytoma Enhancing tumor GTV + 1-2 cm 50.4/28 to 55.8/31
(WHO I) margin?
Meningioma’ Enhancing tumor GTV + 1-2 cm 50.4/28 to 59.4/33
margini
Medulloblastoma and 55.2/34 to 55.8/35
anaplastic ependymoma
Initial volume Entire brain and spine GTV + 1-2 cm 30.6/17 to 36/24
margin§
Boost volume Enhancing tumor GTV + 12 cm 19.8/11 to 25.2/14
margin
Ependymoma Enhancing tumor GTV + 1-2 cm 50.4/28 to 59.4/33
malrgini

* For anaplastic astrocytomas that are non-enhancing, plan similarly to a low-grade diffuse astrocytoma.

 Most astrocytomas (WHO 1) are non-enhancing. The tumor (i.e., edema) is best seen on the T2-weighted MRI. If there
is enhancing tumor, plan similarly to a glioblastoma multiforme.

{ Reduce to a 1-cm margin after 50.4 Gy if total dose exceeds 50.4 Gy.

1 Malignant meningiomas should be planned similarly to glioblastoma multiforme. For meningeal hemangiopericytoma, the
CTV should include the GTV + 2-3 cm margin.

§ Margin at skull base should be about 1 ¢m, including cribiform plate. Margin on spinal canal should be 1.5-2 cm except
inferior border of lower spine field, which should be at bottom of S3.

Data from Levin et al.,’ Scally et al.,? Kun,? and Halperin et alt

Vascular Hypothesis

Proponents of the vascular hypothesis argue that vascular damage leads to ischemia
with secondary white matter necrosis. In support of this hypothesis is the large amount
of data describing radiation-induced vascular changes including vessel wall thicken-
ing, vessel dilation, and endothelial cell nuclear enlargement.®® Quantitative studies
in the irradiated rat brain have noted time- and dose-related reductions in the num-
ber of endothelial cell nuclei and blood vessels prior to the development of necrosis.®
Further, recent boron neutron capture studies in which radiation was delivered essen-
tially to the vasculature alone still led to the development of white matter necrosis.’
In contrast, radiation-induced necrosis has been reported in the absence of vascular
changes.” Moreover, while the vascular hypothesis argues that ischemia is responsi-
ble for white matter necrosis, the most sensitive component of the CNS to oxygen
deprivation, the neuron, is located in the gray matter, a relatively radioresistant region.
Thus, it seems unlikely that radiation injury is due solely to damage to the vasculature

alone.
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Parenchymal Hypothesis

The parenchymal hypothesis for radiation-induced CNS injury focuses on the oligo-
dendrocyte, required for the formation of myelin sheaths. The key cell for the generation
of mature oligodendrocytes is the oligodendrocyte type 2 astrocyte (O-2A) progenitor
cell.! Trradiation results in the loss of reproductive capacity of the O-2A progenitor
cells in the rat CNS."!? It is hypothesized that radiation induces loss of O2-A progen-
itor cells, leading to a failure to replace oligodendrocytes and demyelination. However,
a mechanistic link between loss of oligodendrocytes and demyelination has yet to be
established. Further, while the kinetics of oligodendrocytes is consistent with the early
transient demyelination seen in the early delayed reactions, it is inconsistent with the
late onset of white matter necrosis.'” Thus, it is unlikely that loss of O2-A progenitor
cells and oligodendrocytes alone can lead to late radiation injury.

Recent findings suggest that the classic model of parenchymal or vascular target
cells is oversimplistic. Pathophysiological data from a variety of late responding tissues,
including the CNS, indicate that the expression of radiation-induced normal tissue
injury involves complex and dynamic interactions between several cell types within a
particular organ.”!'*!> In the brain, these include not only the oligodendrocytes and
endothelial cells, but also the astrocytes, microglia, and neurons. These now are viewed
not as passive bystanders, merely dying as they attempt to divide, but rather as active par-
ticipants in an orchestrated, yet limited, response to injury.'® This new paradigm offers
an exciting new approach to radiation-induced normal tissue morbidity, i.e., the possi-
bility that radiation injury can be modulated by the application of therapies directed at
altering steps in the cascade of events leading to the clinical expression of normal tissue
injury. Since such a cascade of events does not occur in tumors, where direct clono-
genic cell kill predominates, such treatments should not negatively impact antitumor
efficacy.

A2. Astrocytes

Astrocytes make up approximately 50% of the glial cell population in the brain, and
are up to 10 times more numerous than neurons in the mammalian CNS.!” Once
viewed as playing a mere supportive role in the CNS, astrocytes are now recognized as
a heterogeneous class of cells with many important and diverse functions in the nor-
mal CNS."® Astrocytes secrete a variety of cytokines, proteases, and growth factors that
regulate the response of the vasculature, neurons, and oligodendrocyte lineage in the
normal CNS.!”?" Recent data suggest that hippocampal astrocytes are capable of regu-
lating neurogenesis by instructing the stem cells to adopt a neuronal fate.?’ In addition,
astrocytes assume a critical role in the reaction of the CNS to various forms of injury,
including radiation, and are vital for the protection of endothelial cells, oligodendro-
cytes, and neurons from oxidative stress.?! In response to injury, astrocytes exhibit two
common reactions, a relatively acute cellular swelling and a more chronic hypertrophy—
hyperplasia. Of note, time- and dose-dependent increases in astrocyte number have
been observed in the irradiated rat and mouse brain.®®2? In addition to increased cell
number, an increase in GFAP staining intensity indicative of reactive astrocytes has been
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observed.?? However, the precise pathogenic mechanism(s) impacted by the astrocyte
in radiation-induced CNS injury remains unknown.

A3. Microglia

Microglia contribute approximately 10% of the total glial cell population in the adult
CNS.%* Microglia respond to virtually any, even minor pathological event in the CNS,
and in most pathological settings are assisted by infiltrating macrophages.>* Upon acti-
vation, they can proliferate, phagocytose, and enhance or exacerbate injury through
the production of reactive oxygen species, lipid metabolites, and hydrolytic enzymes.>*
Irradiation of the CNS has been shown to result in increased numbers of microglia
in areas of tissue injury, and can occur during the latent period before the clinical
expression of injury.?>?* Thus, microglia may play a role in determining the severity of
radiation-induced injury in the CNS.

A4. Neurons

In view of the classic model of radiation-induced normal tissue injury, where DNA
damage and loss of slowly turning over stem cell populations led to late effects, the
non-proliferating neuron was thought to be radioresistant and a non-participant in
radiation-induced CNS injury. Recent data documenting chronic and progressive cog-

26728 and adults® ! following whole brain or large

nitive dysfunction in both children
field irradiation have suggested that neurons are indeed sensitive to radiation. More-
over, in vivo and in vitro experimental studies have shown radiation-induced changes
in hippocampal cellular activity, synaptic efficiency and spike generation,®*% and in
neuronal gene expression.>* Thus, it seems likely that radiation-induced alterations in
neuron function play a role in the development and progression of radiation-induced
CNS injury. An additional and important component of radiation injury is the relatively

recent observation that irradiation can inhibit hippocampal neurogenesis.

A5. Neural Stem Cells/Neurogenesis

The hippocampus is central to short-term declarative memory and spatial information
processing. It consists of the dentate gyrus, CA3 and CA1 regions. The dentate gyrus
represents a highly dynamic structure and a major site of postnatal/adult neurogen-
esis. Residents in the hippocampus are neural stem cells, self-renewing cells capable
of generating neurons, astrocytes, and oligodendrocytes.*>** Neurogenesis depends on
the presence of a specific neurogenic microenvironment; both endothelial cells and
astrocytes can promote/regulate neurogenesis.”’*” Experimental studies have indicated
that brain irradiation results in increased apoptosis,®® decreased cell proliferation, and a
decreased stem/precursor cell differentiation into neurons within the neurogenic region
of the hippocampus.>* = Rats irradiated with a single dose of 10 Gy produce only 3%
of the new hippocampal neurons formed in control animals.*” Of note, these changes
were observed after doses of radiation that failed to produce demyelination and/or white
matter necrosis of the rat brain.

Further evidence demonstrating the importance of the microenvironment for success-
ful neurogenesis comes from studies showing that non-irradiated stem cells transplanted
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into the irradiated hippocampus failed to generate neurons; this may reflect a pro-
nounced microglial inflammatory response, since neuroinflammation is a strong inhibitor
of neurogenesis.** In contrast to the reduction in neurogenesis, gliogenesis appears to
be preserved following irradiation.

A6. Current Thinking on the Pathogenesis of Radiation-Induced CNS Injury

On the basis of the assumption that the CNS has a limited repertoire of responses to
injury, the response of the CNS to other forms of insult has been used by Tofilon and
Fike'® to model the pathogenesis of radiation-induced damage. In this model, radiation
not only causes acute cell death, but also induces an intrinsic recovery/repair response
in the form of specific cytokines and may initiate secondary reactive processes that result
in the generation of a persistent oxidative stress and/or chronic inflammation.

A7. Laboratory Studies of Therapeutic Interventions for
Radiation-Induced CNS Injury

As noted earlier, radiation-induced CNS injury has been well characterized in terms of’
histological criteria as well as radiobiological parameters. In contrast, details of the molec-
ular, cellular, and biochemical processes responsible for the expression and progression
of radiation-induced CNS injury currently are limited. Thus, the rational application
of interventional procedures directed at reducing the severity of late radiation injury is
currently problematic. To date, several pragmatic but nonspecific approaches have been
used.

Intrathecal administration of the classic radioprotector WR-2721 (Amifostine) before
spinal cord irradiation resulted in a dose-modifying factor of 1.3 and a prolongation
of median latency to myelopathy by 63% at the EDs.*> Fike et al. observed that
the polyamine synthesis inhibitor a-difluoromethylornithine reduced the volume of
radionecrosis and contrast enhancement in the irradiated dog brain;* a delayed increase
in microglia was also noted.* Hornsey et al. hypothesized that treating rats with the iron-
chelating agent desferrioxamine would reduce hydroxyl-mediated reperfusion-related
injury in the irradiated spinal cord.*® Rats were fed a low-iron diet from 85 days
after local spinal cord irradiation and received desferrioxamine (30 mg in 0.3 mL, sc,
3 times/week) from day 120, the time at which changes in vascular permeability were
noted. The onset of ataxia due to white matter necrosis was delayed and the incidence
of lesions was reduced after single doses of 25 and 27 Gy. Dexamethasone also delayed
the development of radiation-induced ataxia along with a reduction in regional capillary
permeability. In contrast, indomethacin did not appear to affect any of these endpoints.
In the pig, administration of the polyunsaturated fatty acids y-linolenic acid (GLA;
18C:3n-6) and eicosapentaenoic acid (EPA; 20C:5n-3), starting the day after spinal
cord irradiation, was associated with a reduced incidence of paralysis, from 80% down
to 20%.%” More recently, El-Agamawi et al. reported that GLA significantly reduced
the onset of paralysis following spinal cord irradiation in 5-week-old rats.* Prophylac-
tic hyperbaric oxygen (HBO) has also been used to try and prevent radiation-induced
myelopathy in a rat model. Using a dose of 65 Gy in 10 fractions with or without
30 HBO treatments following the irradiation, Sminia et al. did not demonstrate any
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preventive value to HBO. In fact, there was a “tendency toward radiosensitization” in the
HBO-treated rats.*” Administration of ramipril, an angiotensin converting enzyme
inhibitor, from 2 weeks after stereotactic irradiation with a single dose of 30 Gy,
until 6 months postirradiation, was associated with a reduction in the severity of optic
neuropathy.®”

Attempts have been made to rectify the radiation-induced decrease in neurogenesis.
Rezvani et al.>! transplanted neural stem cells 90 days after irradiation of the rat spinal
cord with a single dose of 22 Gy. While 100% of the irradiated rats treated with saline
exhibited paralysis within 167 days of irradiation, the paralysis-free survival rate of rats
treated with neural stem cells was approximately 34% at 183 days. These findings are
somewhat controversial; non-irradiated stem cells transplanted into the irradiated rat
hippocampus failed to generate neurons, although gliogenesis was spared.*’ Preliminary
data suggest that IGF-1 may show efficacy in not only preventing radiation myelopathy
in adult rats,>> but also in ameliorating the radiation-induced cognitive dysfunction

observed in the rat following whole brain irradiation.>?

B. CLINICAL ASPECTS OF CNS RADIATION TOLERANCE

The radiation tolerance of the CNS is dependent on a number of factors, including total
dose, dose per fraction, total time, volume, host factors, radiation quality (linear energy
transfer), and adjunctive therapies. Table 2 defines the role of these factors in radiation
tolerance and injury to the brain, as well as ways they might be modified to increase
tolerance (i.e., reduce injury).>*>°

Table 3 shows partial and whole organ tolerance doses for the brain and spinal cord,
and includes doses predicted to result in a 5% and 50% probability of injury 5 years
following treatment with radiation (TD 5/5 and TD 50/5, respectively).’>>” These
values are derived from mathematical models of brain and spinal cord tolerance based
on the clinical data describing the instances of radiation injury and the total doses and
fraction sizes at which they occurred. None of the mathematical models account for the
factors listed in Table 2, nor do they adequately predict radiation tolerance or injury.

Table 2. Factors associated with radiation tolerance of the normal central nervous system tissues

Factor®* Factors for increased risk of injury Tolerance increased by
Total dose Higher total dose Decreasing total dose, hyperfractionation,
radiosensitizers

Dose per fraction Dose per fraction >180-200 cGy Decreasing dose/fraction to < 180-200 cGy

Volume Increased volume, e.g., Decreasing volume, e.g., partial-organ
whole-organ radiation radiation

Host factors Medical illness, e.g., hypertension, Unknown, possibly radioprotectors
diabetes

Beam quality High LET radiation beams, e.g., Low LET beams, e.g., photons
neutrons

Adjunctive therapy Concomitant use of CNS toxic Avoid concomitant use of CNS toxic

drugs, e.g., methotrexate

*Total time is not a major determinant of normal CNS tissue tolerance.

IDefined as multiple daily fractions, usually two with doses per fraction of <180-200 cGy, usually 100~120 cGy, separated
by 4-8 hours, to total doses higher than those given with “standard” fractionation.

Data from Leibel and Sheline®* and Schultheiss et al.>
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Table 3. Tolerance doses for normal central nervous system tissues™

CNS tissue TD 5/5 (Gy) TD 50/5 (Gy) End point
Rubin, et al.
Brain Infarction, necrosis
Whole 60 70
Partial (25%) 70 80
Spinal cord Infarction, necrosis
Partial (10 cm length) 45 55
Emami, et al.
Brain Infarction, necrosis
One-third 60 75
Two-thirds 50 65
Whole 40 60
Brainstem Infarction, necrosis
One-third 60 -
Two-thirds 53 -
Whole 50 65
Spinal cord Myelitis, necrosis
5cm 50 70
10 cm 50 70
20 cm 47 -
Cauda equine 60 75 Clinically apparent nerve
damage
Brachial plexus Clinically apparent nerve
damage
One-third 62 77
Two-thirds 61 76
Whole 60 75

*Assumes 2 Gy per fraction, 5 days per week.
Data from Rubin®® and Emami et al.>’

The power-law model described by Sheline et al.>®

Nominal Standard Dose formula®

represents a modification of the Ellis

Neuret = (D)(N_O'“)(T_”m),

where D is the total dose, N is the number of fractions, and T is the time.
The linear quadratic model links the response to fractionated irradiation to the frac-
tional reproductive survival of clonogenic target cells. Fractionation data can be analyzed

using the formula shown below:®"

E = n(ad + Bd?),

where the effect (E) is a linear and quadratic function of the dose per fraction (d) and a
function of the fraction number (n). This equation allows the determination of the o/
ratio, a measure of the bendiness of the underlying putative target cell survival curve.
For the brain and spinal cord, an average /B ratio of 2 Gy appears appropriate.°’

On the basis of these various models, the TD 5/5 for the whole brain and for part of
the brain is 50 = 10 Gy and 60 =£ 10 Gy, respectively. For a 10-cm segment of the spinal
cord, the TD 5/5 is 45-50 Gy (Table 3). Although the TD 50/5 value for the spinal
cord is lower than that of the brain, there are not good data to support this difference.
Rather, the sequelae of spinal cord radiation injury are perceived as greater than those of’
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Table 4. Tolerance doses for miscellaneous normal tissues of the cranium

Normal tissue TD 5/5 (Gy) TD 50/5 (Gy) Manifestations of severe injury
Ear (middle/external) 30-55 40-65 Acute or chronic serous otitis
Eye

Retina 45 65 Blindness

Lens 10 18 Cataract formation
Optic nerve or chiasm 50 65 Blindness

Data from Emami et al.,>” Sklar and Constine,®> Gordon et al.,* and Cooper et al.®’

brain injury; therefore, tolerance doses have been arbitrarily lowered. In clinical practice,
TD 5/5 and 1/5 values of 60-65 and 50-55 Gy for partial brain irradiation and TD 5/5
and 1/5 values of 55-60 and 45-50 Gy for a limited segment of the spinal cord are
commonly used. Clinical data have born out these somewhat empiric dose ranges. In
a study of 203 adults with supratentorial low-grade glioma, patients were randomized
to partial brain treatment fields with either 50.4 Gy in 28 fractions of 1.8 Gy each or
64.8 Gy in 36 fractions of 1.8 Gy.®> Radiation necrosis developed in 1% of patients
who received 50.4 Gy and 5% of those who had 64.8 Gy. In a retrospective study of
53 head and neck cancer patients undergoing typical posterior cervical treatment fields
including the cervical spinal cord to doses of 56—60 Gy in fraction sizes of <2 Gy, the
incidence of radiation myelopathy was 1.9%.% In a subsequent study of 1048 lung cancer
patients treated with thoracic radiation on three Medical R esearch Council Lung Cancer
Working Party clinical trials, the only patients who developed radiation myelopathy were
those treated with 3 Gy fractions or larger. The 2-year risk of radiation myelopathy was
2.2-2.5% among patients receiving thoracic spinal cord doses of 17 Gy in 2 fractions
or 39 Gy in 13 fractions. The authors concluded that a total cord dose of 48 Gy given
in 2-Gy fractions was safe.®* These data emphasize the importance of both total dose
and dose per fraction in determining CNS tolerance to radiation. These concepts are
implied in the neuret model of brain tolerance in which fraction size, which is related
to “N” (number of fractions), is far more important than “7T” (time), given that the
exponent for N is much larger than that for T. The TD 5/5s given for brain and spinal
cord tolerance assume a fraction size of 180200 c¢Gy per day. For primary CNS tumor
patients being treated with curative intent, fraction size should rarely exceed 200 c¢Gy
daily, and in most situations, should be 180-200 c¢Gy (including areas or volumes of “hot
spots”). Fraction sizes greater than 200 cGy daily (usually 250-300 cGy) are commonly
used for palliation of brain metastases and spinal cord compression, but only because
such patients are not expected to live long enough to manifest normal tissue injury.
Table 4 shows the tolerance doses for other normal tissues of the CNS, including
the brainstem, eye, ear, optic chiasm, optic nerve, and pituitary gland. The clinical

manifestations of severe injury to these structures are listed.®>=¢7

C. QUANTITATIVE SCORING OF CNS TOXICITY

Radiation injury is usually described in terms of its time course and severity. Acute
injury occurs during the course of brain and spinal cord irradiation, and is extremely
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Table 5. RTOG and EORTC central nervous system toxicity tables

1

2

3

Acute toxicity grade: brain

Fully functional status
(i.e., able to work)
with minor
neurological
findings; no
medication needed

Chronic toxicity grade: brain
Moderate headache;

Mild headache; slight

Neurological findings

sufficient to require
home care; nursing
assistance may be
required; medications
including steroids
and anti-

Neurological findings
requiring
hospitalization for
initial management

Severe headaches;

Serious neurological

impairment that
includes paralysis,
coma, or seizures

> 3 per week despite
medication and/or
hospitalization
required

Seizure or paralysis;

lethargy great Lethargy severe CNS coma
dysfunction (partial
loss of power or
dyskinesia)
Chronic toxicity grade: spinal cord
Mild Lhermitte’s Severe Lhermitte’s Objective neurological Monoplegia,
syndrome syndrome findings at or below paraplegia, or
cord level treated quadriplegia

Grade 0 toxicity, none; grade 1, mild; grade 2, moderate; grade 3, severe; grade 4, life threatening; grade 5, fatal.
Data from Cox et al.®®

uncommon, although acute side effects of radiation do occur, such as fatigue, hair loss,
and skin erythema. More common are the early delayed reactions, which occur several
weeks to months after radiation has been completed, and the late delayed reactions, which
occur beyond several months (and usually between 1 and 2 years) following treatment.

Clinically, radiation-induced toxicities are usually graded as mild, moderate, severe,
life-threatening, or fatal, and are defined in an organ-specific manner. Table 5 shows the
toxicity tables used for brain tumor clinical research protocols by the Radiation Therapy
Oncology Group (RTOG) and its European counterpart, the European Organization
for the Research and Treatment of Cancer (EORTC).%® Alternatively, the National
Cancer Institute (NCI) Common Terminology Criteria for Adverse Events version 3.0
can be used (http://ctep.cancer.gov/reporting/ctc.html). To measure quality-of-life in
brain tumor patients undergoing combined modality therapy including brain radiation,
the Functional Assessment of Cancer Therapy (FACT) scale is used, including the brain
subscale.®’

Early delayed reactions are thought to occur, at least in part, due to the effects of
radiation on the oligodendroglial- or myelin-producing cells, resulting in an interruption
of myelin synthesis. Myelin forms a concentric sheath that surrounds the axons or nerve
fibers. In the brain, this is clinically manifested as somnolence, increased irritability, loss
of appetite, and sometimes an exacerbation of underlying tumor-associated symptoms or
signs. When this symptom complex occurs in children following whole brain radiation,
it is called the “somnolence syndrome”. In the spinal cord, symptoms of demyelination
include electric shock-like paresthesias radiating into the arms that occur with flexion
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of the neck, or UHermittes syndrome. These early delayed reactions are nearly always
transient, lasting several weeks to months, and do not predict for subsequent injury.”” Late
delayed reactions, on the other hand, are usually irreversible. The underlying mechanisms
of the late delayed reactions are thought to include (but are not limited to) injury to
the capillary endothelium leading to narrowing or obliteration of the arteries supplying
blood to the brain or spinal cord, or direct damage ofits tissues. For both the early and late
delayed reactions, the result is radiation necrosis, which is tissue damage to the substance
or white matter of the brain or spinal cord. The clinical symptoms and signs of radiation
necrosis are the direct result of the tissue damage, or indirectly result from swelling of
the adjacent normal tissues in response to the necrotic material. Brain necrosis may be
asymptomatic if it occurs in a non-critical area, but usually is associated with symptoms
that are location-specific [e.g., necrosis in the right posterior frontal lobe (motor strip)
would result in a left hemiparesis|. Spinal cord necrosis is usually symptomatic, and may
include sensory and motor loss in the legs or arms and legs, depending on the level of
the injury, as well as sphincter impairment of the bowel and bladder.

D. MANAGEMENT OF RADIATION-INDUCED CNS INJURY
D1. Acute Reactions

The most common acute reactions associated with brain radiation include fatigue, hair
loss, and skin erythema. The onset of fatigue is generally several weeks after the first
radiation treatment. It is usually mild to moderate in severity. Typically, the fatigue
persists for several months after the completion of treatment but may be chronic in
a small percentage of patients. One characteristic of the fatigue associated with radia-
tion therapy is a lack of improvement by rest. Methylphenidate (Ritalin) can be used
to treat the fatigue that usually occurs in patients receiving whole brain radiation.”! It
also improves the cognitive dysfunction and depression in these patients. The usual dose
of methylphenidate is 10 mg bid, escalating to 30 mg bid in 1-2-week increments as
tolerated. The dose-limiting toxicities are anxiety and insomnia. Hair loss occurs in the
same time frame as fatigue, about 2—3 weeks into a course of fractionated whole- or
partial-brain radiation. Complete or near-complete hair regrowth is the rule, though it
may take 6 months to a year. There are no known treatments to accelerate or maximize
hair regrowth. Skin erythema is managed symptomatically with anti-inflammatory and
moisturizing creams, typically 1% hydrocortisone or Aquaphor, which are applied twice
to four times daily or as needed for patient comfort. Moist desquamation behind the ears
and in the external auditory canals may develop following whole brain radiation. Treat-
ment usually involves skin creams and Cortisporin otic suspension. Rarely, debridement
of the external canals by an otolaryngologist may be necessary.

D2. Early Delayed Reactions

There are no known interventions or therapies to prevent or treat the early delayed reac-
tions involving the brain or spinal cord thought to occur because of transient demyeli-
nation.
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D3. Late Delayed Reactions

Although edema and necrosis of the white matter are classified as late delayed reactions,
edema of the brain and spinal cord can occur as an early or late effect of radiation.
The treatment of radiation-induced edema is more of an art than a science and typically
involves the use of corticosteroid medications. Oral dexamethasone is usually used in ini-
tial doses of 4 mg bid for mild symptoms and 4 mg qid for moderate to severe symptoms.
Doses in excess of 10 mg qid (40 mg daily) do not increase the likelihood of clinical ben-
efit. The initial dexamethasone dose is usually maintained during the course of radiation,
with a slow taper (2—4 mg every 5—7 days) as tolerated thereafter. For life-threatening
edema, intravenous dexamethasone is used, 10-25 mg as a bolus followed by 4-10 mg
qid. If these patients do not respond to dexamethasone, intravenous mannitol may be
required. Patients on dexamethasone should receive gastritis prophylaxis (with ranitidine
or an equivalent medication) and appropriate treatments for hyperglycemia (oral hypo-
glycemic agents or insulin) and oral thrush (Huconazole 200 mg for day 1, then 100 mg
daily for 6 days) should they arise. Prophylaxis for pneumocystis pneumonia using one
double strength trimethoprim/sulfamethoxizole (Bactrim) daily two to three times per
week is commonly used in children as well as adults also taking temozolomide (Témodar)
chemotherapy.”>7® Patients taking dexamethasone chronically (1 month or longer) usu-

o, central

ally become Cushingoid, characterized by fatigue, weight gain, facial swelling,

obesity, muscle wasting (particularly in the extremities), striae, and arthralgias. Treat-
ment is symptomatic. The physical manifestations of chronic dexamethasone use can
take months to resolve after its discontinuation.

Necrosis of the brain (or spinal cord) can be difficult to clinically and radiographi-
cally differentiate from tumor recurrence.”* Since cerebral radiation necrosis is always
accompanied by edema, the initial management of clinically suspected or pathologi-
cally proven necrosis is with corticosteroids, as previously described. Several adjunctive
medical treatments for cerebral radiation necrosis have been anecdotally described as
being helpful to arrest or reverse the process, such as HBO, warfarin (Coumadin), and
antioxidant vitamins.”>’® There is no proven value for these interventions in addition to
or instead of dexamethasone. In steroid unresponsive patients, surgical resection of the
necrotic lesion, provided it can be safely performed, will often allow the dexamethasone
dose to be reduced and also provide relief from the symptoms and signs of mass effect
associated with the cerebral edema.

The late delayed eftect of whole brain radiation, cognitive dysfunction, can occur
with total doses as low as 20 Gy in adults and 24 Gy in children given with con-
ventional fractions of 1.8-2 Gy.”’~”? Symptoms range from cognitive slowing, poor
concentration, difficulty in multi-tasking, decreased short-term (and eventually long-
term) memory, word-finding problems, and decreased IQ (in children), to a progres-
sive Alzheimer’s-like dementia, which is also characterized by urinary incontinence
and gait disturbance.?”8~%7 There are no proven preventive or therapeutic interven-
tions for radiation-induced cognitive dysfunction. Table 6 lists potential agents derived
from the broader literature on brain injury (including radiation-induced injury, stroke,
and trauma). The Wake Forest University School of Medicine Comprehensive Cancer
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Table 6. Possible preventive and therapeutic interventions for late radiation-induced brain injury

Cytokines (growth factors)
IGF1
CNTF
PDGF
VEGF
bFGF

Antioxidants/free radical scavengers
NAC
Cysteine
Methionine
Glutathione
Sodium thiosulfate
Melatonin
Vitamins C and E
‘WR2721 (Amifostine)
MnSOD
PUFAs

Other agents
Donepezil
Cox-1 and Cox-2 inhibitors
Vasoactive drugs
Angiotensin inhibitors
DFMO
Ginkgo biloba
Ginseng
Erythropoetin/Darbepoetin

Regenerative approaches
Glial cell transplantation (O-2A progenitor cells, mature oligodendrocytes)
Neural stem cell transplantation
Combined agents/approaches

Center, through its Community Clinical Oncology Program Research Base, has several
clinical trials that are addressing therapies for symptomatic late radiation-induced brain
injury. In a recently completed Phase II study in 35 patients, donepezil (Aricept) 10 mg
daily was given for 6 months with serial assessment of quality-of-life and neurocognitive
function.®® A similar study is ongoing using ginkgo biloba 40 mg tid based on the data
from randomized trials in dementia.%’
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INTRODUCTION

During the treatment of neoplastic diseases, unavoidable toxicities to normal cells may
be produced. The mucosal lining of the upper respiratory and gastrointestinal tracts is a
prime target for radiotherapy-related toxicity due to its rapid cell turnover rate. The oral
cavity is highly sensitive to direct and indirect toxic eftects of radiation therapy (RT); this
is attributable to multiple factors such as a diverse and complex microflora, trauma to oral
tissues during normal oropharyngeal function, and the high mucosal cell turnover rates.

The most common oral complications related to RT are mucositis, infection, sali-
vary gland dysfunction, taste dysfunction, and pain. These complications can lead to
secondary complications such as dehydration, dysgeusia, and malnutrition.

Radiation of the head and neck (H&N) can irreversibly injure oral mucosa, vas-
culature, muscle, and bone. This can result in xerostomia, dental caries, trismus, soft
tissue necrosis, and osteoradionecrosis (ORN). Severe oral toxicities can compromise
delivery of optimal radiation-therapy protocols. For example, dose reduction or treat-
ment schedule modifications may be necessary to allow for resolution of oral lesions.
In cases of severe oral morbidity, the patient may no longer be able to continue cancer
therapy; treatment is then usually discontinued. These disruptions in dosing due to oral
complications can thus directly affect patient survivorship.

Management of oral complications of cancer therapy includes identification of high-
risk populations, patient education, initiation of pretreatment interventions, and timely
management of lesions. Assessment of oral status and stabilization of oral disease prior
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Table 1. Tolerance doses (TDs5/5—TDsq/5) to whole-organ irradiation

Organ Single dose (Gy) Fractionated dose (Gy)
Brain 15-25 60-70
Eye (lens) 2-10 612
Skin 15-20 30-40
Spinal cord 15-20 50-60
VCTS 10-20 50-60
Mucosa 5-20 65-77
Peripheral nerve 15-20 65-77
Muscle >30 >70
Bone and cartilage >30 >70
Thyroid 30-40

VCTS = vasculoconnective tissue systems.

Modified from Rubin P. 1989. The law and order of radiation sensitivity, absolute versus relative.
In: Vaeth JM, Meyer JL, eds. Radiation Tolerance of Normal Tissues. Frontiers of Radiation
Therapy and Oncology, vol 23. Basel: S. Karger, pp 7-40.

to cancer therapy are critical to overall patient care. This care should be both preventive
(i.e., including careful examination of the gingival and assessment of early, treatable
periodontal disease) and/or therapeutic (including the extraction of irreversibly damaged
teeth) as indicated to minimize risk for oral (i.e., poor wound healing and ORN) and
associated systemic complications (such as subacute bacterial endocarditis and associated
complications).

Radiation doses traditionally deemed safe should be carefully reevaluated within the
context of multidisciplinary management, as these doses can lead to severe late eftects in
different vital organs. Previously defined radiation tolerance doses' (TDs /5 and TDsq)5;
Tables 1 and 2) remain as valuable guides by establishing reasonable dose—volume guide-
lines for two-dimensional radiotherapy. However, these data are being complemented
by more modern analyses utilizing three-dimensional dose—volume information. These
newer studies and cooperative group protocols place special emphasis on the volume of’
the organ irradiated, in addition to absolute dose limits, in recognition of the inhomoge-
neous dose distributions made possible by conformal and intensity-modulated treatment
planning. As a prominent example, particular attention has been devoted to the study
the dose—volume effects and quality-of-life (QOL) predictors following partial parotid

2—12

gland irradiation, whereas the dosimetric predictors of oral mucositis and esophageal

Table 2. Normal tissue tolerance to therapeutic irradiation

TDs/5 volume TDs5 volume
Organ 1/3 2/3 3/3 1/3 2/3 3/3 Selected endpoint
Brain 60 50 45 75 65 60 Necrosis infarction
Brain stem 60 53 50 - - 65 Necrosis infarction
Spinal cord 5 cm 10 cm 20 cm 5 cm 10 cm 20 cm Myelitis
50 50 47 70 70 - Necrosis

Modified from Emami, B, J Lyman, A Brown, et al. 1991. Tolerance of normal tissue to therapeutic irradiation. Int ] Radiat
Oncol Biol Phys 21:109-122.
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dysfunction post-RT are in need of further study. In addition, mathematical models
such as the nominal standard dose, time—dose factor, and cumulative radiation effect
have been supplanted by the linear-quadratic equation'® using the a/f ratio and its
clinical applicability to normal tissue complication probability estimates.

Tables 1 and 2 summarize previously defined whole- and partial-organ tolerances.

A. ETIOLOGY AND PATHOGENESIS

Elimination of preexisting dental/periapical, periodontal, and mucosal infections, insti-
tution of comprehensive oral hygiene protocols during therapy, and reduction of other
factors that may compromise oral mucosal integrity (e.g., physical trauma to oral tissues)
can help reduce the frequency and severity of oral complications in cancer patients. Such
complications can be acute (developing during therapy) or chronic (developing months
to years after therapy). Radiation is not only associated with acute oral toxicities, but may
also induce permanent tissue damage leading to multiple life-long risks of tooth decay,
infection, and ORN among others. Multiple prospective studies have demonstrated

increased acute toxicities with the addition of chemotherapy to radiation, 10

particu-
larly when administered concurrently. However, the contribution of chemotherapy to
the late toxicity profile post-RT is in need of further study.

Acute effects of H&N irradiation frequently include ulcerative oral mucositis, clini-
cally similar to that seen with high-dose chemotherapy. In addition, radiation can also
induce late tissue damage that results in permanent dysfunction of vasculature, connec-
tive tissue, salivary glands, muscle, and bone.!”*!® Loss of bone vitality occurs secondary
to injuries to osteocytes, osteoblasts, and osteoclasts as well as from a relative hypoxia
due to reduction in vascular supply. These changes can lead to soft tissue necrosis and
ORN that result in bone exposure, secondary infection, and severe pain.

Late oral complications of RT are chiefly a result of chronic injury to vasculature, sali-
vary glands, mucosa, connective tissue, and bone. Types and severity of these changes are
directly related to radiation dosimetry, including total dose, volume irradiated, fraction
size, and duration of treatment. Mucosal changes include epithelial atrophy, reduced vas-
cularization, and submucosal fibrosis. These changes lead to an atrophic, friable barrier.
Fibrosis involving muscle, dermis, and/or the temporomandibular joint (TM]) results in
compromised oral function. Salivary tissue changes include loss of acinar cells, alteration
in duct epithelium, fibrosis, and fatty degeneration. Compromised vascularization and
remodeling capacity of bone leads to risk for ORIN.

Unlike that associated with chemotherapy, radiation damage is anatomically site-
specific; toxicity is localized to irradiated tissue volumes. The degree of damage is
dependent on the treatment regimen-related factors including type of radiation used,
total dose administered, and field size/fractionation. Compared with chemotherapy-
related effects, an important clinical feature characterizing radiation-induced tissue
damage deserves mention. Irradiated tissues tend to manifest permanent damage
that places the patient at continual risk for oral sequelae. The oral tissues are thus
more easily damaged by subsequent toxic drug or radiation exposure, and normal
physiologic repair mechanisms are compromised as a result of permanent cellular
damage.
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B. PATIENT EDUCATION AND DENTAL EVALUATION PRECEDING IRRADIATION

The severity of oral complications in cancer patients can be reduced significantly when
an oral care plan is initiated prior to treatment. Primary preventive measures, such as
appropriate nutritional intake, effective oral hygiene practices, and early detection of
oral lesions are important pretreatment interventions. The involvement of a dental team
experienced with oral oncology may also reduce the risk of oral complications via either
direct examination of the patient or in consultation with the community-based dentist.
The evaluation should be done as early as possible prior to treatment. The examination
allows the dentist to determine the status of the oral cavity prior to cancer therapy, and
to initiate necessary interventions that may reduce oral complications during and after
that therapy.

C. PRACTICAL ASPECTS OF ACUTE AND LATE EFFECT MANAGEMENT
FOLLOWING CANCER THERAPY

C1. Pain Management'’

Estimated to affect 50-80% of cancer patients and correlating with decreased QOL, pain
is frequently multifactorial. Among H&N cancer patients, the etiology of pain may be
treatment-related or tumor-related. Recent evidence indicates that cancer pain may be
undertreated in many instances.

A number of pain management regimens have been developed. Although the par-
ticular drugs and dosing schedules used may vary among institutions, protocols should
incorporate the guidelines established by the World Health Organization.?” According
to this system, pain should be evaluated regularly (in the case of RT, weekly or more
frequently as needed), classified as mild, moderate, or severe, and treated accordingly.

Mild pain should be treated using acetaminophen-based products, moderate pain
should be managed by codeine-based analgesics, and severe pain should be treated with
morphine or fentanyl-based regimens.

C2. Oral Hygiene

Routine, systematic oral hygiene is important for reducing the incidence and severity
of oral sequelae of cancer therapy. The patient must be informed of the rationale for the
oral hygiene program as well as the potential side effects of cancer chemotherapy and
RT. Effective oral hygiene is important throughout cancer treatment, with emphasis on
oral hygiene beginning prior to initiation of that treatment. Considerable variation exists
across institutions relative to specific non-medicated approaches to baseline oral care,
given limited published evidence. Most non-medicated oral care protocols utilize topical,
frequent (every 4—6 hours) rinsing with 0.9% saline. Additional interventions include
dental brushing with toothpaste, dental flossing, ice chips, and sodium bicarbonate rinses.
Patients utilizing removable dental prostheses or orthodontic appliances have the risk of
mucosal injury or infection.

Dental brushing and flossing represent simple, cost-effective approaches to bacterial
dental plaque control.

Periodontal infection causes risk for oral bleeding; healthy tissues should not bleed.
Discontinuing dental brushing and flossing can increase risk for gingival bleeding, oral
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infection, and bacteremia. We recommend the removal of bacterial plaque using gentle
debridement via a soft or ultra-soft toothbrush during therapy in order to minimize
the risk of infection. Mechanical plaque control not only promotes gingival health,
but may also decrease the risk of exacerbation of oral mucositis secondary to microbial
colonization of damaged mucosal surfaces.

Oral rinsing with water or saline while brushing will further aid in removal of dental
plaque dislodged by brushing. Rinses containing alcohol should be avoided. Since the
flavoring agents in toothpaste can irritate oral soft tissues, toothpaste with relatively
neutral taste should be considered. Patients skilled in flossing without traumatizing
gingival tissues may continue flossing throughout radiotherapy administration. Flossing
allows the removal of dental bacterial plaque and thus promotes gingival health.

The oral cavity should be cleaned after meals. If xerostomia is present, plaque and food
debris may accumulate secondary to reduce salivary function and more frequent hygiene
may be necessary. In addition, it is important to prevent excessive dryness of the lips in
order to reduce risk for tissue injury. Mouth breathing and/or xerostomia secondary to
anticholinergic medications used for nausea management can induce the condition. Lip
care products containing petroleum-based oils and waxes can be useful. Lanolin-based
creams and ointments, however, may be more effective in protecting against trauma.

All patients should receive a comprehensive oral evaluation several weeks prior to the
initiation of radiation. In accordance with recent studies, we recommend a minimum
interval of 2 weeks prior to commencement of RT.?! This timing provides an appro-
priate interval for tissue healing in the event invasive oral procedures including dental
extractions, dental scaling/polishing, and endodontic therapy are necessary. Such inter-
ventions are principally directed at reducing the risks of soft tissue necrosis and ORN.

Candidiasis is the most common clinical infection of the oropharynx in irradiated
patients. Patients receiving H&N radiation are frequently colonized with Candida, as
demonstrated by an increase in quantitative counts and rates for clinical infection. Can-
didiasis may exacerbate the symptoms of oropharyngeal mucositis. Treatment of oral can-
didiasis in the radiation patient has primarily utilized topical antifungals such as nystatin
and clotrimazole. Compliance can be compromised secondary to oral mucositis, nausea,
and pain and difficulty in dissolving nystatin pastilles and clotrimazole troches. The use of
systemic antifungals including ketoconazole and fluconazole to treat oral candidiasis has
proved effective and may have advantages over topical agents for patients experiencing
mucositis. Bacterial infections may also occur early in the course of head/neck radiation
and should be treated with antibiotics appropriately targeted to culture and sensitivity
data. It is our recommendation to request cultures in the cases of (a) failed antimicrobial
trials when a bacterial, fungal, or combined infectious process is suspected, (b) obvi-
ous constitutional symptoms (fever, elevated white count, etc.). In such cases, formal
interdisciplinary evaluation (by the Head and Neck Surgery, Medical Oncology, and/or
Infectious Disease services) is often sought to rule out competing sources of infection.

The risk of dental cavities increases secondary to a number of factors including shifts
to a cariogenic flora, reduced concentrations of salivary antimicrobial proteins, and loss
of mineralizing components. Treatment strategies must be directed to each component
of the caries process. Optimal oral hygiene must be maintained. Xerostomia should be



28 Radiation Toxicity: A Practical Guide

managed whenever possible via salivary substitutes or replacements. Caries resistance
can be enhanced via use of topical fluorides and/or remineralizing agents.

Increased colonization with Streptococcus mutans and Lactobacillus species increases the
risk of cavity formation. Cultural data can be useful in defining the level of risk in
relation to colonization patterns. Of interest, topical fluorides or chlorhexidine rinses
may lead to reduced levels of Streptococcus mutans but not Lactobacilli. Due to adverse
drug interactions, fluoride and chlorhexidine dosing should be separated by several
hours. Remineralizing agents that are high in calcium phosphate and fluoride have
demonstrated salutary in vitro and clinical eftects. Delivering the drug via customized
vinyl carriers may enhance the intervention. This approach extends the contact time of
active drug with tooth structure, which leads to increased uptake into the enamel.

Necrosis and secondary infection of previously irradiated tissue is a serious com-
plication for patients who have undergone radiation for H&N tumors. Acute effects
typically involve oral mucosa. Chronic changes involving bone and mucosa are a result
of the process of vascular inflammation and scarring that in turn result in hypovascu-
lar, hypocellular, and hypoxic changes. Infection secondary to tissue injury and ORN
confounds the process.

D. STUDIES ADDRESSING SPECIFIC ISSUES REGARDING TREATMENT-RELATED
TOXICITIES IN IRRADIATED H&N CANCER PATIENTS

D1. Xerostomia

Among RT sequelae following the treatment of H&N tumors, reduction in salivary
flow due to salivary gland damage is of particular clinical concern. Often permanent
and identified by patients as having a negative impact on QOL, xerostomia can result in
serious functional impairment and patient discomfort. Clinical experience with conven-
tional irradiation of H&N tumor subsites has demonstrated a steep and rapid reduction
in salivary flow rate (FR), ranging from 18% to 50% 1 week after initiation of RT.??732
Several strategies have been implemented in an attempt to minimize radiation-induced

xerostomia. Randomized trials have documented the benefits of amifostine,>>3*

pilo-
carpine (PC),%3 and, more recently, the pre-RT surgical transfer of submandibular
glands to the submental space.’”-*® These treatment options are further described below.

As demonstrated by the prospective studies of Chao et al.** and Eisbruch and

9
colleagues,® -4

the reduction in saliva production correlates with the clinical mani-
festations of xerostomia and its adverse impact on QOL. Frequent signs and symptoms
of xerostomia include dryness, burning sensation of the tongue, fissures at lip commis-
sures, atrophy of the dorsal tongue surface, difficulty in wearing dentures, and increased
thirst. Saliva is necessary for the normal execution of oral functions such as taste, swal-
lowing, and speech. Unstimulated whole salivary FRs of less than 0.1 mL/minute are
considered indicative of xerostomia (normal salivary FR = 0.3—0.5 mL/minute). Xeros-
tomia produces the following changes in the mouth, which collectively cause patient
discomfort and increased risk of oral lesions:

e Salivary viscosity increases with resultant impaired lubrication of oral tissues.
* Buffering capacity is compromised with increased risk for dental caries. Oral flora
become more pathogenic.
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Table 3. Management of the xerostomic patient

Plaque removal Tooth brushing

Flossing

Other oral hygiene aids
Remineralization Topical high concentration fluorides

Children: topical and systemic

Adults: topical

Remineralizing solutions
Antimicrobials Chlorhexidine solutions (rinses)

Povidone iodine oral rinses

Tetracycline oral rinses
Sialogogues Pilocarpine

Bethanechol

Antholetrithione (Sialor™)

Note: Prescription strength fluorides should be used, non-prescription fluoride preparations are inadequate in the face of
moderate to high dental caries risk. If drinking water does not have adequate fluoride content to prevent dental decay, then
oral fluoride (i.e., drops, vitamins, etc.) should be provided.

Modified from Schubert, MM, DE Peterson, and ME Lloid. 1999. Oral complications. In: Thomas ED, Blume KG, Forman
§J, eds. Hematopoietic Cell Transplantation, 2nd ed., Malden, Mass: Blackwell Science Inc., pp 751-763.

¢ Plaque levels accumulate due to the patient’s difficulty in maintaining oral hygiene.
Acid production after sugar exposure results in further demineralization of the teeth
and leads to dental decay.

e Mechanical cleansing ability is affected, thereby contributing to dental caries and
progressive periodontal disease. Development of dental caries also is accelerated in the
presence of xerostomia due to reduction in delivery to the dentition of antimicrobial
proteins normally contained in saliva.

Patients who experience xerostomia must maintain excellent oral hygiene to minimize
risk for oral lesions. Periodontal disease can be accelerated and caries can become ram-
pant unless preventive measures are instituted. Multiple preventive strategies should be
considered (Table 3).

D2. Dosimetric Predictors of Xerostomia

Important predictors of the degree of dysfunction include radiation dose, technique,
and volume of glandular tissue in the radiation field. The clinical implementation of
image-based treatment planning, improved patient immobilization, and the introduc-
tion of 3-D conformal radiotherapy techniques have allowed significant refinement in
portal design. More recently, intensity-modulated RT (IMRT) techniques now permit
the concave sculpting of the dose distribution near the parotid gland borders, thereby
significantly reducing the mean parotid doses while still permitting the delivery of tumo-
ricidal doses to nearby target regions. As a result, multiple investigators have attempted
to characterize the dose—response characteristics of the salivary glands following confor-
mal irradiation,>3->-0:8710.39.41749 Apy ypdated analysis of a prospective trial evaluating
conformal parotid-sparing irradiation conducted at Washington University™ continues
to suggest an exponential reduction in parotid FR as a function of mean dose. The mean
dose threshold for stimulated saliva flow expected to result in late grade 4 xerostomia®!
(defined as <25% of pretreatment level) was 26 Gy. In addition, the study revealed a
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Measured Data
[ Logistic Model

Wilcoxon| P, P,
Avs.B | 0.0018 | 0.0001
0.8 -[ I Avs. C | 0.0072 [<0.0001

Bvs. C | 0.9200 | 0.0043
Avs. B+C| 0.0003 |<0.0001

0.4p

Probability of Grade 4 Xerostomia

b L1

1 1
A (N=27) B (N=18) C (N=10)
Patient Group

Figure 1. Probability of grade 4 xerostomia as a function of parotid gland mean dose. Patients were divided
into three groups according to whether (a) both parotid glands, (b) one parotid gland, or (¢) no parotid gland
received a mean dose of at least 25.8 Gy. The average measured relative stimulated saliva flow at 6 months was
computed for each group and used to calculate the probability of G4 xerostomia. The results were compared
with the logistic model prediction for each group. Error bars represent one standard deviation. Pyyr) = two-
tailed P-values for the intergroup comparisons using saliva measurement (logistic model prediction).

70% incidence of xerostomia for patients in whom both parotid glands received a mean
dose of at least 25 Gy; the risk was much smaller for patients in whom one or both
parotid glands was spared (Figure 1).

A number of recent clinical publications have validated the potential for decreased
late salivary toxicity with the use of conformal parotid-sparing irradiation in a num-
ber of H&N treatment subsites. The patterns of failure following parotid-sparing irra-
diation have also been reported and remain unchanged compared with conventional
irradiation,*’+3? suggesting no evidence of tumor protection. In an update of the Uni-
versity of California, San Francisco, experience with treatment of nasopharyngeal cancer,
Lee et al.** showed excellent loco-regional progression-free and overall survival rates
at 4 years of 98% and 88%, respectively, among 67 patients treated with IMRT. They
also reported the time-course of post-RT xerostomia (at 12 and 24 months). Remark-
ably, at 24 months post-RT, less than 10% of patients experienced late RTOG grade
>2 xerostomia.>® Similarly, in a report of 430 patients with oropharyngeal carcinoma
comparing conventional radiotherapy versus IMRT, Chao et al.” demonstrated equiv-
alent loco-regional control rates at 2 years in comparable cohorts receiving definitive
or postoperative radiotherapy. Despite the equivalent tumor control, patients treated
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with IMRT had significantly lower rates of late grade 2 xerostomia (17-30%) com-
pared with 75% among patients receiving conventional irradiation. More recently, Chao
et al.* analyzed treatment outcomes following definitive or postoperative IMRT among
74 patients with locally advanced oropharyngeal carcinoma. At 4 years, treatment out-
comes were encouraging, with estimated loco-regional control and overall survival rates
of 87%. Moreover, rates of late xerostomia were consistent with the prior findings (12%
of patients had late grade 2 xerostomia).

D3. Surgical Management of Xerostomia

Jha et al.” have conducted a prospective study evaluating the efficacy of surgical transfer
of one submandibular salivary gland to the submental space. Among 76 enrolled patients,
the salivary gland transfer was done in 60 patients, and 43 had salivary gland transfer
and postoperative RT. At a median follow-up of 14 months, 81% experienced none or
minimal xerostomia, and 19% developed moderate to severe xerostomia. There were
no significant postoperative complications. In response to the encouraging results from
this trial, the submental transfer technique is undergoing evaluation in a prospective
multicenter study (RTOG 0244).

D4. Mucositis

Oral mucositis results from radiation-induced mitotic death of the basal cells of the
oral mucosal epithelium. While it represents'” an expected side effect of RT to the
H&N; its severity varies from mild discomfort to severe pain. Patient-related risk factors
for its development include poor nutritional status, poor dental hygiene, dental caries,
poorly fitting dentures or oral prosthetics, and habits such as tobacco and alcohol use.
Treatment-associated risk factors include RT dose and volume, fractionation regimen,>*
treatment site, use of concurrent chemotherapy, and surgical treatment.

The clinical course of mucositis is well described; characteristic symptoms include
erythema, edema, tenderness, pain, difficulty in swallowing, and hoarseness. The typical
onset of symptoms is approximately 2 weeks after initiation of RT. Symptoms may persist
up to 4 weeks after completion of the therapy, or longer when concurrent chemotherapy
is utilized.

Management is directed toward (1) minimizing continued exposure of the affected
mucosa by chemical or mechanical irritants (such as tobacco and alcohol, or poorly fitting
dentures), (2) maximizing the patients’ nutritional status, (3) emphasizing oral hygiene,
as discussed previously in this chapter, and (4) maintaining adequate pain management.
In addition, specific medical therapy (described below) can be instituted adjunctively
when necessary.

E. MEDICAL MANAGEMENT OF XEROSTOMIA AND MUCOSITIS
E1. Amifostine
Unfortunately, some patients treated with conformal parotid-sparing irradiation and the

majority of patients receiving bilateral neck RT using conventional methods continue
to experience debilitating xerostomia. Therefore, the potential for additional sparing
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of normal tissues beyond that achievable with IMRT continues to elicit considerable
research efforts. One such endeavor involves the joint utilization of IMRT and radiopro-
tectors, chemical compounds that reduce the biological effects of irradiation in normal
tissues. As the first cytoprotective drug to attain approval as a radioprotector in the
United States and the European Union, WR-2721 (amifostine; Ethyol, MedImmune
Pharmaceuticals) is the best studied agent to date. Originally developed by the United
States Army in studies conducted at Walter Reed Hospital, amifostine was selected from
a group of more than 4400 chemicals screened because of its superior radioprotec-
tive properties and safety profile.”® Of particular relevance to H&N cancer, the drug
is known to concentrate in the salivary glands, achieving an estimated dose reduction
factor of 2.0 in these organs.

The effectiveness of this radioprotector was recently examined in a multi-institutional,
international Medlmmune Oncology phase III trial. The study included 315 patients
with H&N cancer? treated with conventional RT with and without amifostine. Primary
end points included the incidence of grade >2 acute xerostomia, grade >3 acute mucosi-
tis, and grade >2 late xerostomia and were based on the worst toxicity reported. The
amifostine dose was 200 mg/m?/day intravenously 15-30 minutes before each fraction
of RT. Standard fractionated RT (1.8-2.0 Gy/day for 5 days/week for 57 weeks, to a
total dose of 50-70 Gy) was used in this study. Amifostine significantly reduced grade
>2 acute xerostomia from 78% to 51% (P < 0.0001) and grade >2 chronic xerostomia
from 57% to 34% (P = 0.002). Median saliva production was greater with amifostine
(0.26 g vs. 0.10 g, P = 0.04). Amifostine did not reduce mucositis. With and with-
out amifostine, 2-year local-regional control, disease-free survival, and overall survival
were 58% versus 63%, 53% versus 57%, and 71% versus 66%, respectively. Side eftects
associated with amifostine included nausea, vomiting, and hypotension.

Antonadou et al.>* reported the results of a prospective study designed to determine
the efficacy of prophylactic administration of amifostine in protecting against acute and
late toxicities from radiochemotherapy in patients with H&N cancer. Fifty patients
were randomized to receive CRT (2-Gy fractions, 5 days weekly, to a total of 60-74 Gy,
depending on the tumor localization and TNM classification) and carboplatin. Ami-
fostine (300 mg/m?) was administered in the study group only 15-30 minutes before
RT for 6-7.5 weeks. The primary study end point was the grading of acute and late
non-hematologic toxicities (mucositis, dysphagia, and xerostomia) induced by chemora-
diotherapy. Secondary end points included treatment duration, hematologic toxicity, and
clinical outcome. The results showed that treatment duration was significantly shorter in
the amifostine-treated group (P = 0.013), because treatment interruptions were more
frequent in the control group. Acute toxicities (mucositis and dysphagia) were less severe
in the amifostine-treated group. By week 3, all in the control group experienced grade
2 mucositis compared with only 9% in the amifostine-treated group (P < 0.0001).
By week 5, 52.2% of the patients in the control group experienced grade 4 mucositis
compared with 4.5% in the amifostine-treated group (P = 0.0006). Similar results were
obtained for dysphagia. At 3 months of follow-up, only 27% of patients in the study
group experienced grade 2 xerostomia compared with 73.9% in the control group
(P = 0.0001). Eighteen months after therapy completion, the proportion of patients
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with grade 2 xerostomia was 4.5% versus 30.4% for each respective treatment group
(P = 0.047). Cytoprotection with amifostine did not affect the treatment outcome.
This randomized trial demonstrated the efficacy of amifostine in reducing mucositis
and dysphagia resulting from chemoradiotherapy in patients with H&N cancer. Fur-
thermore, amifostine reduced the severity of late xerostomia, a side effect of RT with
long-lasting consequences.

In an effort to prevent the need for daily amifostine infusions during irradiation and
its associated morbidity, a randomized Phase II trial evaluated the feasibility of subcu-
taneous (SQ) administration of amifostine during fractionated radiotherapy.>® Patients
were randomized to receive radiotherapy or radiotherapy supported with SQ amifos-
tine. Forty patients with pelvic malignancies, 60 with lung cancer, and 40 with H&N
cancer were enrolled into the study. All H&N cancer patients had local or regional
disease that justified extended-field irradiation. Overall, amifostine was interrupted in
10 patients (14.2%) for fever, rash, or severe asthenia. A significant reduction of pha-
ryngeal, esophageal, and rectal mucositis was noted in the amifostine arm (P < 0.04).
Among H&N cancer patients, the experimental group experienced a reduction in grade
3 or 4 mucosal toxicity compared with the control group (P = 0.02). Radiation-induced
xerostomia was noted in 15 (75%) of 20 patients in the RT-alone arm versus 11 (58%)
of 19 patients in the amifostine arm (P = 0.32). Response rates could not be assessed
among the H&N cancer patients.

E2. Other Cytoprotective Strategies

Saliva substitutes or artificial saliva preparations (oral rinses containing hydroxyethyl-,
hydroxypropyl-, or carboxymethylcellulose) are palliative agents that relieve the discom-
fort of xerostomia by temporarily wetting the oral mucosa.

Pilocarpine

Pilocarpine is the only drug approved by the US Food and Drug Administration for use as
a sialogogue (5 mg tablets of PC hydrochloride). The role of PC, a parasympathomimetic
agent, in the treatment of radiation-induced xerostomia has been studied extensively dur-
ing the last two decades. Early, small randomized studies were the first to demonstrate a
benefit for the post-RT use of PC. Two subsequent, large, randomized trials by Johnson
et al.’® and LeVeque et al.*® confirmed the benefits of PC and concluded that approxi-
mately 50% of the patients experienced some relief of xerostomia symptoms. The latter
study also demonstrated improvement in salivary flow. Interestingly, no correlation was
observed between the improvement of salivary flow and the functional improvement
demonstrated by the patients. The high response rate to placebo of approximately 25%
seen in these studies, however, was not explained. In an attempt to further elucidate
the mechanism of action of PC and correlate response with RT parameters, Horiot
et al.%” subsequently conducted a subsequent randomized trial. PC was administered
orally at 15 mg/day with a 5 mg optional increase at 5 weeks up to a daily dose of 25 mg
beyond 9 weeks. Results indicated 75% compliance; 38 patients (26%) stopped treatment
before week 12 for acute intolerance (sweating, nausea, vomiting) or no response. No

severe complication occurred. Ninety seven patients (67%) reported significant relief of
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symptoms of xerostomia at 12 weeks. Within 12 weeks, the size of the subgroup with
normal food intake almost doubled, while the size of the subgroup with (nearly) impos-
sible solid food ingestion decreased by 38% (47 vs. 29 patients). The impact on QOL was
considered important or very important by 77% of the responders. No difference was
found according to dose—volume radiotherapy parameters. The authors concluded that
oral PC hydrochloride acts primarily by stimulating minor salivary glands; PC can be of’
benefit to patients suffering of severe xerostomia regardless of radiotherapy dose—volume
parameters; and all responders are identified by 12 weeks post-RT.

The treatment is initiated at 5 mg orally, 3 times daily; the dose is then titrated
to achieve optimal clinical response and minimize adverse effects. Some patients may
experience increased benefit at higher daily doses; however, incidence of adverse effects
increases proportionally with dose. The patient’s evening dose may be increased to 10 mg
within 1 week after starting PC. Subsequently, morning and afternoon doses may also
be increased to a maximum 10 mg/dose (30 mg/day). Patient tolerance is confirmed by
allowing 7 days between the increments. The most common adverse effect at clinically
useful doses of PC is hyperhidrosis (excessive sweating); its incidence and severity are
proportional to dosage. Nausea, chills, rhinorrhea, vasodilation, increased lacrimation,
bladder pressure (urinary urgency and frequency), dizziness, asthenia, headache, diar-
rhea, and dyspepsia are also reported, typically at dosages greater than 5 mg, 3 times
daily. Pilocarpine usually increases salivary flow within 30 minutes after ingestion. Max-
imal response, however, may occur only after continual use. Pilocarpine may exert a
radioprotective effect on salivary glands if given during RT to the H&N.

Biafine

Biafine is a hypotonic oil and water emulsion thought to stimulate skin healing mecha-
nisms through the selective recruitment of macrophages and the stimulation of granu-
lation tissue. Biafine products have been used in patients undergoing RT in France for
over 25 years. The potential benefit of Biafine may be clinically significant in the H&N
patient population because of the proportion of grades 2 and 3 toxicities experienced.
RTOG 99-13 is a recently completed study designed to compare Biafine with usual
institutional practices and to evaluate its use as a prophylactic agent in reducing skin tox-
icity. Patients were randomized into one of the three arms: Arm 1, using a pre-declared
institutional preference regimen not to include Biafine; Arm 2, with tid application of
Biafine at the initiation of therapy; and Arm 3, with tid application of Biafine after the
initiation of skin symptoms. Results are pending.

Vitamin E and Pentoxifylline

Vitamin E (VE) is a fat-soluble vitamin existing in a variety of forms in many foods. The
most common form of VE in a Western diet is known as alpha-tocopherol. VE is con-
sidered to have antioxidant properties and VE supplements have been tested in a number
of conditions including: malabsorption disorders, hematologic disorders, cardiovascular
disease, and cancer. VE has been proposed as a potential radioprotector. A prospective,
double-blind randomized trial in H&N cancer patients treated with RT was designed
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to test the hypothesis that VE provides oral mucosal protection. An oil solution of either
VE (400 mg) or placebo was rinsed twice a day over the oral cavity. Radiation doses
ranged from 50 to 70 Gy per 5 to 7 weeks in conventional fractionation. The density of
the incidence of severe mucositis was evaluated in both the arms. Results indicated that
severe mucositis was more frequent in the placebo group (54 events/161 patients-week =
33.5%) than in the VE group (36 events/167 patients-week = 21.6%, P = 0.038). VE
reduced the risk of severe mucositis by 36%. The investigators concluded that VE is effi-
cacious in reducing the incidence of severe radiotherapy-induced mucositis in patients
with H&N tumors treated with RT.

Pentoxifylline is a xantine derivative that acts by decreasing blood viscosity. Its use is
well established in patients with chronic peripheral arterial disease and other cardiovas-
cular conditions. Recent studies have demonstrated a reduction in chronic radiation-
induced fibrosis (RIF) among breast and H&N cancer patients®® receiving pentoxifylline
and vitamin E. Pentoxifylline may also have a role in the treatment of chronic trismus.>’
Further studies should be performed to confirm these findings; at present, it is reasonable
to consider the use of pentoxifylline and VE in the treatment of RIE

E3. Skin Toxicity

Analogous to oral mucositis,' skin toxicity is an expected, usually temporary side effect
of RT to the H&N. Risk factors predictive of its development include poor nutritional
status, fair complexion, history of extensive sun exposure, diabetes mellitus, and certain
collagen vascular diseases (i.e., scleroderma or lupus). Treatment-associated risk factors
include the use of large irradiation fields, treatment with tangential fields, electron beam
therapy, altered fractionation regimens, and use of concurrent chemotherapy and surgical
treatment.

The clinical course of skin toxicity is also well-characterized; in order of severity,
manifestations include erythema, hyperpigmentation, and dry and moist desquamation.
The typical onset of symptoms is approximately 2 weeks after initiation of RT; these
may persist up to 4 weeks after completion of the therapy.

Management emphasizes (1) careful cleansing of the skin, (2) moisturizing treated
skin using a hydrophilic moisturizer (Aquaphor, Eucerin creme, or aloe vera gels), (3)
preventing mechanical or chemical irritation of treated skin (such as resulting from tight
clothing or perfumes), and (4) maintaining adequate pain management. In the cases of’
moist desquamation, extra precautions should be taken to minimize the possibility of
skin infection and associated treatment delays.

E4. Osteoradionecrosis

The unilateral vascular supply to each half of the mandible results in ORN, most fre-
quently involving mandible versus maxilla. Presenting clinical features include pain,
diminished or complete loss of sensation, fistula, and infection. ORN typically occurs
within the first 3 years post-diagnosis, although it is thought that patients remain at
indefinite risk. The diagnosis of ORN relies on the clinical examination of chronically
exposed bone. Radiographic findings include decreased bone density and pathologic
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fractures. Pathologic fractures can occur, as the compromised bone is unable to appro-
priately undergo repair at the involved sites. Risk for tissue necrosis is in part related to
trauma or oral infection; however, idiopathic cases can also occur.

The incidence of ORN is somewhat difficult to estimate from the retrospective series,
as it depends on the primary site and volume irradiated, and degree of comorbidities in
the studied patient population. Indeed, review of the literature reveals widely ranging
incidence rates from 0.4% to 56%.% A recent report by Reuther et al.’! evaluated the
incidence of ORN in a large cohort of 830 patients and showed an overall incidence of
8.2%. The most common location was the body of the mandible. Unfavorable prognostic
factors included male gender, advanced stage, segmental mandibular resections, and tooth
extractions (found responsible for up to 50% of cases).

Management of Osteoradionecrosis

Patients who develop ORN should be comprehensively managed, including elimination
of trauma, avoidance of removable dental prosthesis if the denture bearing area is within
the necrosis field, assuring adequate nutritional intake, and discontinuation of tobacco
and alcohol use. Topical antibiotics (e.g., tetracycline) or antiseptics (e.g., chlorhexidine)
may contribute to wound resolution. Wherever possible, coverage of the exposed bone
with mucosa should be achieved. Analgesics for pain control are often eftective. Local
resection of bone sequestrae may be possible.

Hyperbaric oxygen therapy (HBO)®> ™4

is generally recommended for the manage-
ment of ORN, in that it increases oxygenation of irradiated tissue, promotes angio-
genesis, and enhances osteoblast repopulation and fibroblast function. HBO is usually
prescribed as 20-30 dives at 100% oxygen and 2—2.5 atm of pressure. If surgery is needed,
10 dives of postsurgical HBO are recommended. Unfortunately, HBO technology is
not always accessible to patients who might otherwise benefit.

Partial mandibulectomy may be necessary in severe cases of ORN. The mandible
can be reconstructed to provide continuity for aesthetics and function. In a report
of 29 cases, Chang et al.®® reviewed the M.D. Anderson Hospital experience with
treatment of advanced mandibular ORN with free flap reconstruction. At a mean follow-
up of 33 months, they reported a 21% complication rate and a 14% flap loss rate.
A multidisciplinary cancer team including oncologists, oncology nurses, maxillofacial
prosthodontists, general dentists, hygienists, and physical therapists is appropriate for
management of these patients.

E5. Trismus

Musculoskeletal syndromes may develop secondary to radiation and surgery. Lesions
include soft tissue fibrosis, surgically induced mandibular discontinuity, and parafunc-
tional habits associated with emotional stress caused by cancer and its treatment. Patients
can be instructed in physical therapy interventions including mandibular stretching exer-
cises as well as use of prosthetic aids designed to reduce severity of fibrosis. It is important
that these approaches be instituted prior to the development of trismus. If clinically sig-
nificant changes develop, several approaches including stabilization of occlusion, trigger
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point injection and other pain management strategies, muscle relaxants, and/or tricyclic
medications can be considered.

E6. Dysphagia and Esophageal Toxicity

Dysphagia can be a prominent symptom in chemotherapy or head/neck radiation
patients. Etiology is likely associated with several factors including direct neurotoxi-
city to taste buds, xerostomia, infection, and psychologic conditioning.

A total fractionated radiation dose of more than 3000 Gy reduces acuity of sweet,
sour, bitter, and salt tastes. Damage to the microvilli and outer surface of the taste cells
has been proposed as the principal mechanism for the loss of the sense of taste. In many
cases, taste acuity returns 2—3 months after completion of RT. However, many other
patients develop permanent hypogeusia.

Zinc supplementation (zinc sulfate 220 mg, twice a day) has been considered on a
therapeutic basis in view of known antioxidant properties. A recently reported random-
ized trial®® showed that the use of zinc supplementation produced a significant reduction
in the severity of radiation-induced mucositis and oral discomfort (taste was not eval-
uated as a primary endpoint). These data are in need of further validation; however, it
is reasonable to consider the use of zinc supplementation until such evidence becomes
available.

Recent publications have attempted to quantitate the degree of pharyngeal trans-
port dysfunction following chemoradiotherapy.'® In a series of 15 patients with locally
advanced H&N cancer receiving concomitant hydroxyurea and hyperfractionated irra-
diation, Kotz et al. performed post-RT videofluoroscopic swallow function studies and
observed posterior pharyngeal dysfunction characterized by impaired pharyngeal con-
strictor motility in 12 patients (80%). All patients exhibited pharyngeal abnormalities
limiting bolus transport and clearance. In a series of 29 patients with unresectable H&N
cancer, Eisbruch et al.%” performed serial (pretherapy at 1-3 months post-RT and at
6—12 months post-RT) swallowing studies with videofluoroscopy and esophagograms.
Posttreatment changes included reduced inversion of the cricopharyngeal muscle and
laryngeal closure, promoting aspiration. The rate of aspiration increased significantly in
the early and late post-RT studies.

Loss of appetite can also occur in cancer patients concurrent with mucositis, xerosto-
mia, taste loss, dysphagia, nausea, and vomiting. QOL is compromised as eating becomes
more problematic. Oral pain upon eating may lead to selection of foods that do not
aggravate the oral tissues, often at the expense of adequate nutrition. Modifying the
texture and consistency of the diet, adding between-meal snacks to increase protein
and caloric intake, and administering vitamin, mineral, and caloric supplements can
minimize nutritional deficiencies.

Nutritional counseling may be required during and following the therapy; main-
tenance of appropriate caloric and nutrient intake should be emphasized. Nasogastric
feeding tubes or percutaneous esophageal gastrostomy may be required when swallow-
ing is significantly impaired. Total parenteral nutrition represents a means to provide
adequate nutrition but is generally reserved for patients who cannot eat due to mucositis
or nausea, as opposed to dysgeusia alone.
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When cancer therapy-associated mucositis has resolved, nutritional counseling must
consider long-term complications including xerostomia, increased caries risk, altered
ability to masticate, and dysphagia. Consideration must thus be given to taste, texture,
moisture, calories, and nutrient content.

Cancer patients undergoing high-dose chemotherapy and/or radiation can experience
fatigue related to either disease or its treatment. These processes can produce sleep
deprivation or metabolic disorders, which collectively contribute to compromised oral
status. For example, the fatigued patient will likely have impaired compliance with mouth
care protocols designed to otherwise minimize risk of mucosal ulceration, infection, and
pain. In addition, biochemical abnormalities are likely involved in many patients. The
psychosocial component can also play a major role, with depression contributing to the
overall status.

E. SUMMARY

e Toxicity from H&N cancer irradiation is complex and multifactorial. The nature
and severity of the side effect profile for a given patient result from the interplay of
patient-related, tumor-related, and treatment-factors.

Among the side effects studied, skin toxicity and mucositis represent the most com-
mon acute effects of irradiation. Supportive care is essential to prevent superimposed
infection and other complications that might lead to treatment breaks or, in extreme
cases, discontinuation of therapy.

Technological advances with conformal radiotherapy techniques have allowed for

increasing salivary gland sparing. Further protection may be achieved with existing
and future medical therapies.

Swallowing dysfunction following chemoradiation for laryngeal cancer is significant
and may persist for 1-2 years. Efforts should be made to ensure proper patient education
and reassurance in this regard.
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INTRODUCTION

Without regard to normal tissue complications, most tumors could likely be eradicated
by irradiation through escalating the dose. However, normal tissue complications limit
our ability to administer the dose necessary for tumor control. Tumor control probability
(TCP) for a given tumor is represented by a sigmoid curve in which an increase in dose
results in greater tumor cell kill. Likewise, the normal tissue complication probability
(NTCP) is represented by a second sigmoid curve sitting to the right of the TCP curve
(Figure 1). The relationship between these two sigmoid curves is called the therapeutic
ratio (see Figure 1). Ideally, the TCP and NTCP curves are separated so that a tumoricidal
dose can be delivered without concern for toxicity. A clinical example is irradiating the
para-aortic lymphatics in patients with resected stage I seminomas, in which tumoricidal
dose (25 Gy) is less than the TDs/5 for adjacent normal tissues. On the other hand,
epithelial malignancies, such as carcinomas, require doses between 45 and 50 Gy for
subclinical disease, and 65 and 80 Gy or higher doses for gross disease, which are beyond
tolerance for most organs. Potential means of modifying the therapeutic ratio include
radiation sensitizers that can shift the TCP curve to the left, and protectors that can shift
the NTCP curve to the right. Examples of sensitizers include chemotherapy, oxygen, and
hypoxic cell sensitizers. Examples of radiation-sparing approaches include amifostine and
conformal or intensity modulated radiation therapy (IMRT) (see Figure 1). This review
describes treatment-related pneumonitis and esophagitis; parameters for predicting these
complications, their prevention, and management.
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Figure 1. The relationship between the sigmoid curves representing tumor control probability (TCP) and
normal tissue complication probability (NTCP) is termed the therapeutic ratio.

A. COMPLICATIONS OF IRRADIATION TO THE THORAX

Emami et al." published partial-volume irradiation parameters for various organs in a
report from an NCI designated task force. The parameters were derived from a review
of the literature and from clinical opinions of experienced radiation oncologists. The
parameters for lung and esophagus are given in Table 1. These dose limits have defined
partial organ tolerances. Toxicity end points are a 5% complication rate at 5 years (TD5,5)
and a 50% complication rate at 5 years (TDs5) for different volumes irradiated. These
toxicity parameters are incomplete. At the time of publication, the task force acknowl-
edged that the current information leading to these parameters was “less than adequate”.
For normal tissues within the thorax, radiation tolerance data were compiled in an era
before the use of biological modifiers and conformal radiation therapy.

Table 1. Normal tissue tolerance of therapeutic irradiation: traditional estimates

Organ 1/3 2/3 3/3 Selected end point

TDs 5 volume

Lung 4500 3000 1750 Pneumonitis

Esophagus 6000 5800 5500 Clinical stricture/perforation
TDsq5 volume

Lung 6500 4000 2450 Pneumonitis

Esophagus 7200 7000 6800 Clinical stricture/perforation

*TDs;5 and TDs5 represent the estimated dose for each organ volume or partial organ volume resulting in a 1-5% risk and
a 50% risk, respectively, at 5 years. From Emami et al.!, with permission.
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The pathophysiology of radiation injury is generally categorized as acute or late
toxicity. Acute toxicity occurs during or immediately after a course of radiation therapy.
It typically resolves within 4—6 weeks after completion of therapy. Late toxicity occurs
months to years after a course of irradiation. Both types may lead to significant morbidity
and/or mortality.

Chemotherapy alters the therapeutic ratio by shifting the TCP and NTCP curves to
the left, enhancing the cytotoxic eftect on both tumor cell and normal cell populations.
Three-dimensional conformal radiation therapy (3D CRT) shifts the NTCP curve to
the right, enabling tumor dose escalation while keeping the NTCP relatively constant.
3D CRT enables the radiation oncologist to precisely determine the dose—volume rela-
tionship delivered and therefore to analyze toxicity more accurately than was previously
possible.

B. LUNG TOXICITY

The lungs are particularly sensitive to irradiation. Lung injury by irradiation is related
to both dose and volume effects. The TDs /5 for one-third, two-thirds, and three-thirds
lung is 45, 30, and 17.5 Gy, respectively.! The acute complication of lung injury by
irradiation is radiation pneumonitis. The late effect of lung injury is lung fibrosis. Both
can be severely debilitating or even fatal.

This section reviews our present understanding of the biology of lung injury by
irradiation, updates the dose—volume lung tolerances given in Table 1, and discusses
areas of potential modification of the therapeutic ratio in favor of enhancing TCP.

B1. Radiation-Induced Lung Damage

Before we describe the pathophysiology of lung damage, it is important to clarify the
distinction between damage and morbidity. Although these terms are often used inter-
changeably, they refer to different concepts. Damage refers to structural changes within
the organ that occur as a result of irradiation. Morbidity is a clinical term describing
signs or symptoms that develop in a patient as a result of the damage. Irradiation damage
may be detected on biopsy or subsequent x-rays, or may remain subclinical.

The need to clarify this important difference relates to anatomic considerations. The
lung is a system of branching ducts and accompanying blood vessels that ultimately ter-
minate in alveoli, the sacs at which gas exchange takes place. The functional subunit of
the lung is the acinus, which includes the terminal bronchiole and the respiratory bron-
chioles, which terminate in the alveolar sac, each bearing many alveoli. Lung damage in
response to irradiation becomes clinical (i.e., morbidity develops) after a critical number
of acini are destroyed.

Lung damage by irradiation was first documented as early as the 1920s.2 The two main
phases of radiation injury, radiation pneumonitis and fibrosis, were described by Evans
and Leucutia in 1925.% Radiation pneumonitis is the acute injury phase and lung fibrosis
is the resultant chronic injury.! These two phases of damage are clearly separated in time.
Radiation pneumonitis occurs within the first 6 months after the organ is treated, and
fibrosis occurs after 1 year. The study of lung injury by radiation in animals has identified
two additional subclinical phases of injury, the latent and intermediate phases.



46 Radiation Toxicity: A Practical Guide

The weeks to months that precede the appearance of radiation pneumonitis are
referred to as the latent period. No overt histopathologic, radiographic, or clinical signs
or symptoms of radiation damage are observed during this period. However, electron
microscopic examination of tissues from animals irradiated previously shows degranu-
lation and loss of type II pneumocytes with loss of surfactant and loss of basal laminar
proteoglycans, resulting in swelling of the basement membrane and transudation of
proteins into the alveolar spaces, indicating increased capillary permeability and sug-
gesting a loss of endothelial cells within the first month after whole-lung irradiation.*™®
The endothelial cells become vacuolated and pleomorphic and may slough, leading
to denudation of the basement membrane and increased capillary permeability.” With
the advent of new molecular techniques, knowledge of the latent phase changes has
increased. Depending on the radiation dose, latent phase changes may resolve or may
progress to the next phase of radiation pneumonitis.

Classic radiation pneumonitis occurs within the first 6 months after lung irradiation
(Figure 2). Tables 2 and 3 show the grading definitions for acute and late lung toxic-
ity, respectively. The characteristic histologic findings are acute inflammatory changes,
including a prominent inflammatory cell infiltrate in the alveoli and in the pulmonary
interstitium. The inflammatory infiltrate consists of macrophages, lymphocytes, and
mononuclear cells, and is not predominantly neutrophils. Characteristically, pneumoni-
tis occurs 2—3 months after radiation and persists for up to 7 months. Generally speak-
ing, as the radiation dose increases the latent period becomes shorter and the onset
of classic pneumonitis occurs earlier. Because it takes months for the characteristic
symptoms and corresponding microscopic changes of classic radiation pneumonitis to
develop, it has been hypothesized that the target cells in which radiation injury is
initiated represent a slowly dividing cell population. The leading candidates are the

CXR Portal Film

s

Figure 2. Chest x-ray and portal film correlating classic radiation pneumonitis.
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Table 2. NCI/CTC (version 3) acute pneumonitis/pulmonary infiltrates

Grade Description

0 No change over baseline

1 Asymptomatic, radiographic findings only

2 Symptomatic, not interfering with activities of daily living

3 Symptomatic, interfering with activities of daily living; O, indicated
4 Life-threatening; ventilatory support indicated

Death

w1l

Table 3. RTOG/EORTC late lung morbidity grading criteria

Grade Description

0 No change over baseline

1 Asymptomatic or mild symptoms (dry cough), slight radiographic appearances

2 Moderate symptomatic fibrosis or pneumonitis (severe cough), slight radiographic appearances
3 Severe symptomatic fibrosis or pneumonitis, dense radiographic changes

4 Severe respiratory insufficiency/continuous oxygen/assisted ventilation

type IT pneumocyte® and the vascular endothelial cell.”"!! The type Il pneumocyte is
suspected because of measured dose-dependent changes in the phospholipid component
of lavage fluid as early as 24 hours after irradiation.'> The vascular endothelial cell is
suspected on the basis of observations that it is the cell most likely to divide soon after
irradiation and that edema is a consistent finding in the interstitium and air spaces after
irradiation.

Patients who survive the acute pneumonitis phase of damage enter the intermediate
phase, which is characterized by the resolution of acute exudative pneumonitis. Light
microscopy reveals the presence of foamy macrophages in the air spaces, along with
hyperplasia of type II pneumocytes.

Radiation fibrosis develops insidiously months to years after irradiation. The patho-
genesis of this process remains largely unknown. Two forms of fibrosis have been
described in mice and humans. Interstitial fibrosis is characterized by collagen depo-
sition in the alveolar wall, bounded by the basement membrane of the lung epithelium
on one side and the basement membrane of the endothelium on the other. The second
form of fibrosis is an intra-alveolar process characterized by masses of collagen in the
alveolar spaces.

Classic radiation pneumonitis characteristically occurs within the irradiated portal.
However, approximately 10-15% of patients may experience signs or symptoms of
radiation pneumonitis that do not fit the classical definition. A sporadic form of radiation
pneumonitis has been described.!® Several factors suggest that this syndrome may be
different from the classical form of radiation-induced lung damage: (a) it affects 10-15%
of patients; (b) the symptoms frequently resolve without sequelae; (c) it frequently
develops within 2—6 weeks after completion of radiation; and (d) unirradiated lung may
show infiltrates on x-ray. Sporadic radiation pneumonitis is believed to represent an



48 Radiation Toxicity: A Practical Guide

immune-mediated hypersensitivity pneumonitis. At present there is no animal model in

which this entity could be studied.

B2. Predicting Radiation Pneumonitis

Normal lung tissue is highly sensitive to low doses of irradiation (Table 1). Therefore,
whereas TCP may be predicted by the high dose distribution around the tumor target,
NTCP is predicted by the dose—volume relationship of the low-dose region. Several
authors have contributed to our fund of knowledge about this complex problem. As
a result, several parameters have been reported to be predictive of pneumonitis. Mean
lung dose (MLD) i1s the simplest parameter and is clinically useful. The volume of total
lung receiving above a certain dose is reported as 15, (=20 Gy)14 or I3y (>30 Gy).15
The MLD, V5, and V3, parameters have the advantage of being easily calculated. Other
more complicated calculations involve DVH reduction techniques which reduce the
DVH of an organ to a single effective uniform dose (EUD): effective lung dose (Vig),'°
the NTCP calculation model,'”>'® and the functional subunit model of Niemierko."
These parameters are technically more difticult to calculate and, thus, are not as widely
applied.

Kwa et al.?"

performed mathematical modeling to compare two DVH reduction
techniques, the NTCP (Kutcher model) and functional subunit models, predicting
pneumonitis. The two techniques provided predictions that were very similar to those
predicted by MLD for total doses up to 80 Gy.

A pooled analysis of 540 patients who received thoracic irradiation at five institutions
reported that 73 patients developed grade 2 or greater pneumonitis.?’ After o/ calcu-
lation adjustments for fraction size, the physical dose distribution was converted to the
biologically equivalent dose distribution given in fractions of 2 Gy, dose—volume his-
tograms were calculated, and an MLD was derived, which was the only factor analyzed
in the study. In all five centers, a higher MLD was correlated with an increased risk for
pneumonitis (Figure 3). On the basis of this large pooled analysis, MLD appears to be
a good indicator of pneumonitis risk.

Investigators from the Netherlands Cancer Institute and the University of Michigan
pooled dosimetric and toxicity data for 382 patients treated to the thorax for lymphoma,
lung, and breast cancers.?! Thirty-seven and 7 patients developed >grade 2 and >grade
3 pneumonitis, respectively. Different NTCP models were compared for the ability
to predict pneumonitis, including the general parallel model, the Lyman—Kutcher—
Burman (LKB) model, the MLD model, and the volume above threshold (1¢,) model.
The general parallel and LKB models are mathematical reductions of a sigmoid-shaped
dose—volume histogram to an equivalent uniform dose. The 15, model is a special case
of the parallel model. Examples include 15y and 13,. The MLD is a special case of the
LKB model. The investigators concluded that MLD was the most accurate parameter
of these models.

Prospective data from Washington University reported on 99 patients treated with
definitive conformal irradiation to doses ranging from 50 to 70 Gy (1.8-2 Gy per
day).™ This population consisted mainly of patients with locally advanced disease: 22%
had stage I cancers, 5% stage 11, and 72% stage III. Most patients received elective nodal
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Figure 3. Curve representing the incidence of radiation pneumonitis by mean lung dose. From Kwa et al.®*
with permission from Elsevier Science Publishing.

irradiation to 50 Gy to treat microscopic tumor, followed by a boost to the planning
target volume encompassing gross disease. The development of grade 2 or greater pneu-
monitis was 14% at 6 months, 17% at 12 months, and 24% at 24 months. The most
important prognostic factors for radiation pneumonitis, in order of statistical signifi-
cance, were percent volume of total lung receiving a dose greater than 20 Gy (V4),
total MLD, eftective lung dose (V.g), and location of the primary tumor (lower lobe
worse). On multivariate analysis, 15, was the single best predictor of this complication.
There was a strong correlation between 15, and severity of pneumonitis. When 15
was less than 22% there was no clinical grade 2 or greater pneumonitis. When 15 was
22-31% the incidence was 8%, and when 14 was greater than 32% grade 3 pneumoni-
tis was encountered. In patients with a T3y of >40%, there was a 36% incidence of
grades 2-5 pneumonitis. Three patients in this group died of unequivocal radiation-
induced pneumonitis (Table 4). On the basis of these data, the RTOG conducted a
phase I/II dose escalation study in patients with non-small cell lung cancer (NSCLC)
for whom the total dose prescribed to the PTV depended on 13, (RTOG 93-11).2
The incidence of >grade 3 late pneumonitis or fibrosis was approximately 7% and 15%
for patients with a 15y <25% receiving 70.9 Gy and >70.9 Gy, respectively. Likewise,
the incidence of >grade 3 late pneumonitis or fibrosis was 15% for patients with a
159 between 25% and 36% receiving doses of 70.9 Gy or greater. Investigators from
Duke University> reported lung toxicity data in 201 patients treated with conformal
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Table 4. Predicting radiation pneumonitis

Variable Cut-offs > grade 2 Incidence of pneumonitis (%)
% Total lung <22 0
Volume >20 Gy (T4) 22-32 7
32-40 13
>40 36
Total lung mean dose <20 Gy 8
>20 Gy 24

radiation therapy for thoracic tumors. Chemotherapy was delivered in 120 patients.
Concurrent chemotherapy and radiation therapy were given in 37 patients. Radiation
therapy doses ranged from 26 to 86.4 Gy with 85% of patients receiving >60 Gy. A
minimum follow-up of 6 months was required. Of 201 patients, 39 developed radiation
pneumonitis, including 1 grade 4, 27 grade 2, and 8 grade 3. Comparison of multiple
dosimetric factors in their database showed that 155, MLD, or NTCP (LKB model)
alone was the best predictors of radiation pneumonitis. Comparisons of the incidence
of radiation pneumonitis for each of these parameters are illustrated in Figure 4. Each
of the above studies reported dosimetric parameters that are based on the total lung
volume. Investigators from Memorial Sloan-Kettering Cancer Center chose to evaluate
both the total and subtotal lung volumes (ipsilateral and contralateral lung, upper and
lower lung zones).>* Dosimetric parameters included EUD (Vg), the functional subunit
model (Fgym), MLD, T4, and NTCP. Of the 49 patients studied, 9 developed grade 3
or greater radiation pneumonitis. Significant predictors for RP were MLD, D.g, and
Fy.mwhen total lung volumes were considered. For ipsilateral lung volumes, RP risk
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Figure 4. Curves correlating pulmonary toxicity rates with mean lung dose, NTCP, and 15y or 139. From
Hernando et al.?? with permission from Elsevier Science Publishing.
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correlated with MLD, Deg, Fgum, and TV35. When the lower half of the lungs were
considered, MLD, D, and NTCP were predictors of RP. Values calculated for the
upper lung zones and for the contralateral lung did not correlate with RP risk.

The administration of concurrent chemotherapy with radiation therapy appears to
increase the risk of radiation pneumonitis compared to sequential chemoradiation or
radiation therapy alone. Patients with NSCLC treated on the RTOG 9311 dose esca-
lation study did not experience increased acute or late complications whether or not
2 cycles of chemotherapy were delivered prior to definitive radiation therapy.?? Tsujino
et al.® reported a retrospective review that included 65 patients who received concur-
rent chemotherapy using various doublets. Grade 2 or greater radiation pneumonitis
rates for 15 values of <20%, 21-25%, 26—30%, and >31% were 8.7%, 18.3%, 51%, and
85%, respectively. These rates are slightly higher than what has been reported without

concurrent chemotherapy. Onishi et al.2

reported 3 deaths from radiation pneumonitis
in 32 patients treated with radiation therapy and weekly docetaxel for stage III NSCLC.
Although these two studies identify this problem, further investigation will be necessary
to quantify acceptable dosimetric parameters in the setting of concurrent chemoradia-
tion.

Our clinical practice is to limit normal lung doses as much as possible for each patient,
while delivering a tumoricidal dose of 60-70 Gy, depending on the clinical scenario.
The rates of severe pneumonitis are very high for patients with 15, values exceeding
36% or MLDs exceeding 25 Gy. Therefore, such patients are not treated with these
plans, but are often referred for chemotherapy to volume-reduce and/or treated with
the smallest possible radiation field (e.g., gross tumor volume only).

In summary, several dosimetric factors appear to be effective in predicting radiation
pneumonitis, including MLD, TV, V39, Vig, and NTCP calculations. Which parameter
to use remains a matter of debate. For ease of calculation and predictability, MLD and
the volume of lung receiving 20 Gy are reliable. Each of the above parameters needs
to be re-tested in databases of lung cancer patients treated with concurrent chemother-
apy and radiation therapy in order to confirm or modify predictions of pneumonitis
risk.

B3. Management of Radiation Pneumonitis

There is a surprising lack of literature to guide the management of this complication.
Therefore, the following represents the management strategy of our own institutions.
The typical patient returns to the medical and/or radiation oncology clinic for follow-up
evaluation complaining of a cough, low-grade fever, shortness of breath, or any com-
bination of these symptoms. The differential diagnosis includes infectious pneumonitis,
pulmonary embolism, tumor recurrence, and radiation pneumonitis. A thorough his-
tory is obtained, paying particular attention to the timing, severity, and duration of
symptoms. Radiation pneumonitis generally occurs 1-6 months following completion
of the radiation therapy. Patients should be asked about any recent medical interventions,
including surgical procedures, chemotherapy, or antimicrobial therapy. Patients contin-
uing to receive chemotherapy may be at risk for development of infectious pneumonia.
Patients having surgery may be at greater risk for pulmonary embolism. The presence
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of hemoptysis is concerning for central tumor recurrence or pulmonary embolism. The
physical examination should concentrate on the vital signs (temperature, pulse, respira-
tory rate, and blood pressure), and the examination of the chest. The laboratory work-up
should initially consist of a complete blood count (with differential) and a chest x-ray.
A thin-cut CT using the pulmonary embolism protocol can be helpful. Patients receiv-
ing chemotherapy and experiencing a neutropenic fever are admitted to the hospital
and placed under neutropenic precautions. Patients with a productive cough, a high
white blood cell count, and infiltrates on chest x-ray are given antibiotics and should be
monitored closely for persistent symptoms.

If the cough is non-productive, the white blood cell count is normal, and the
x-ray shows infiltrates in the distribution of the radiotherapy portals, the patient is us-
ually initiated on prednisone with a presumed diagnosis of radiation pneumonitis. The
typical prescription is 50—60 mg per day for 1 week, decreasing slowly by 10 mg/week.
The dose is tapered slowly because some patients experience a rebound pneumonitis
with a faster tapering schedule. In some cases, patients may need to maintain a low-
dose prednisone schedule for more extended periods of time. Referral to pulmonary
medicine should be considered, as clinically indicated.

It has been our experience that some patients experience a rapid decline in pulmonary
function as a result of overwhelming respiratory failure. Radiation pneumonitis is almost
always on the list of differential diagnoses including adult respiratory distress syndrome,
infectious pneumonia, pulmonary embolism, and broncholitis obliterans with organizing
pneumonia (BOOP). Patients experiencing respiratory failure may require intensive care
and mechanical ventilation. As such, patients presenting with symptoms of cough, fever,
and shortness of breath should be managed cautiously.

C. FUTURE DIRECTIONS RELATED TO LUNG TOXICITY

Much more needs to be learned in order to avoid or minimize lung toxicity from
radiation therapy. The possible mechanisms can be broken down into improved radiation
delivery, medical interventions designed to impede the inflammatory response of normal
lung to irradiation, and the ability to predict inflammatory response based on genetic
predisposition.

IMRT has the potential to concentrate the prescribed radiation dose within the target
volume and reduce the dose to surrounding normal structures. Clinical experience with
IMRT techniques is growing but is mainly limited to head and neck, brain, and pelvic
malignancies. Thoracic and abdominal malignancies are problematic with respect to
tumor excursion secondary to ventilatory and/or heart motion. IMRT can be applied
but the beam apertures must be large enough to account for this motion. Larger beam
apertures irradiate more normal tissue and negate any potential advantage of IMRT.

27730 to gate the linear accel-
31,32

Investigations are under way to control respiratory motion,
erator to “beam on” during selected phases of the ventilatory cycle, or to track tumor
excursion by dynamic movement of multileaf collimators during therapy.>!*3 Investi-
gations in four-dimensional imaging of the lung (x, y, and z coordinates with time)
will undoubtedly enhance the ability to gate the linear accelerator or track individual

tumors for radiation therapy delivery.3*3>
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Captopril is an angiotensin-converting enzyme (ACE) inhibitor that may protect
target endothelial cells against radiation-induced cell killing. Preclinical studies show
that captopril reduces endothelial dysfunction after irradiation and reduces radiation-
induced lung fibrosis in rats.*®3” On the basis of these exciting data, a randomized phase
II clinical trial is open through the Radiation Therapy Oncology Group (RTOG 0123)
in which patients are randomized to maintenance captopril or not following completion
of radiation therapy. The role of amifostine, the radioprotector, in lung cancer will be
reviewed in the next section.

There is a wide clinical variation in the degree of acute pneumonitis and lung fibrosis
among patients who have been treated similarly. These differences suggest a variation
in lung radiosensitivity from person to person. Investigators at Duke University®® have
shown that the cytokine transforming growth factor-f1 (TGF-f1) can be used to predict
the risk of radiation-induced lung injury. They recently reported the results of a clinical
trial in which patients achieving normal TGF-f1 plasma levels following 73.6 Gy of
accelerated hyperfractionated radiation therapy received a boost to total doses of 80
and 86.4 Gy, respectively. Grade 3 or greater complications occurred in 4 of 24 patients
treated to 73.6 Gy, 1 of 8 patients treated to 80 Gy, and 2 of 6 patients treated to 86.4 Gy,
respectively. There were 3 grades 4-5 complications, each of which occurred in patients
treated to the lower dose (i.e., persistently elevated TGF-B1 levels), suggesting that
persistently elevated plasma TGF-B1 identifies patients who are at a greater risk of
severe complications. Subsequent trials confirming this relationship are being planned.

D. ESOPHAGEAL TOXICITY

The radiotherapeutic management of thoracic malignancies often exposes the esophagus
to high levels of ionizing radiation. After 2—3 wecks of conventionally fractionated
radiotherapy, patients often complain of dysphagia and/or odynophagia. This acute
reaction to radiation can cause significant morbidity from dehydration and weight loss
that can lead to treatment interruptions. In rare instances, patients may experience
perforation or obstruction. The late reactions of the esophagus to radiation usually
involve fibrosis of the organ, which can lead to strictures. Patients may experience
various degrees of dysphagia and may require endoscopic dilatation. As with the acute
reaction, rare cases may involve perforation or fistula formation. Tables 5 and 6 define
the grading of acute and late esophageal toxicity, respectively.

Table 5. NCI/CTC (version 3) acute esophagitis grading criteria

Grade Description

0 No change over baseline

1 Asymptomatic pathologic, radiographic, or endoscopic findings only

2 Symptomatic, altered eating/swallowing (e.g., altered dietary habits, oral supplements);
IV fluids indicated <24 hours

3 Symptomatic and severely altered eating/swallowing (e.g., inadequate oral caloric

or fluid intake); IV fluids, tube feedings, or TPN indicated >24 hours
Life-threatening consequences
5 Death

~
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Table 6. RTOG/EORTC late esophagitis morbidity grading criteria

Grade Description

0 No change over baseline

1 Mild fibrosis; slight difficulty in swallowing solids; no pain on swallowing

2 Unable to take solid food normally; swallowing semisolid food; dilatation may be indicated

3 Severe fibrosis; able to swallow only liquids; may have pain on swallowing; dilatation required
4 Necrosis/perforation, fistula

Emami et al.! have reported TDs/5 and TDs5¢/5 values for stricture and perforation of
the esophagus. The issue of acute and late esophagitis was not addressed. Even with the
limited end points of stricture/perforation, the authors acknowledged: “The data. . . are
quite soft. . . especially since few authors have attempted to define a dose volume rela-
tionship.”

Data regarding the clinical and dosimetric predictors of acute and late esophagitis
have become particularly important in this era of radiation therapy dose escalation and
combined chemo-RT regimens. Further intensification of these therapy regimens will
require further characterization of dose-limiting toxicities such as esophagitis. This fur-
ther characterization must include the dose limits for radiation only and also elucidation
of the effect of sequential and concurrent chemotherapy on these dose limits.

D1. Clinical Studies

The occurrence of esophagitis first became evident once skin toxicity was no longer
limiting, after the advent of megavoltage radiation therapy. In 1957, Seaman and
Ackerman® at the Mallinckrodt Institute of Radiology reported on 20 patients with var-
ious degrees of esophagitis after treatment for lung cancer delivered via a betatron with
24 MEV photons. Four cases were severe. Some of the patients underwent autopsy.
They appeared fairly unremarkable, but thickening was noted in the muscularis and
submucosa.”

Seaman and Ackerman also noted that radiologic findings were rare and that, when
apparent, narrowing of the esophageal lumen was most common. They suggested that
the tolerance of the esophagus is 6000 rad given at 1000 rad/week. These figures are
similar to those suggested by Emami et al.!

Goldstein et al.** reported on 30 patients who developed esophagitis after thoracic
irradiation. Most had no abnormality on barium swallow; however, among those with
any findings altered motility was most common. Lepke and Lipshitz*! reported on 250
patients treated with thoracic irradiation. Forty patients had abnormal esophagrams.
Only 1.6% (1/63) of those treated with radiation therapy only had esophageal abnor-
mality. This compared to 7.7% (10/132) or nearly a fivefold increased incidence among
those treated with combined chemotherapy and RT.

Several large trials have shown that the esophagus is able to tolerate relatively high doses
of radiation therapy alone with conventional fractionation. Furthermore, platinum-based
induction chemotherapy does not appear to significantly lower esophageal tolerance.
Dillman et al.*? reported the results of a randomized trial comparing induction vinblas-
tine and cisplatin followed by 60 Gy versus 60 Gy alone. There was a similar incidence of
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esophageal toxicity (<1%) in both arms. These incidences were similar in the comparable
arms of the RTOG 88-08 study.*?

The addition of concurrent chemotherapy to radiation therapy lowers the tolerance
of the esophagus to radiation therapy. This has resulted in markedly higher incidences of
esophagitis with concurrent chemotherapy and radiation therapy with conventional frac-
tionation versus radiation therapy alone with conventional fractionation. Most investiga-
tors have reported their results according to the RTOG/EORTC grading scale. Hirota
et al. validated this scale via endoscopy performed at the end of a course of radiation
therapy, with or without chemotherapy, in patients treated with thoracic malignancies
(Spearman rank correlation coefficient = 0.428; P < 0.0001). Endoscopic grade 3
esophagitis was observed in none of the patients receiving radiation alone and in 27%
of patients treated with concurrent chemoradation therapy (P = 0.004).

Choy et al.** have reported a 46% incidence of acute grades 3—4 esophagitis during
treatment with concurrent chemo-RT consisting of weekly paclitaxel and carboplatin
and 66 Gy of RT in 2-Gy daily fractions. Byhardt et al.*> described the toxicity results
from five RTOG trials for patients with lung cancer using radiation- and cisplatin-
based chemotherapy. The investigators divided patients into three groups according
to treatment: (a) neoadjuvant chemotherapy and definitive radiation; (b) neoadjuvant
chemotherapy followed by concurrent chemoradiation; and (c) concurrent chemother-
apy and hyperfractionated radiation. The incidence of grade 3 or greater acute esophagi-
tis was significantly higher for group ¢ versus groups a and b (Figure 5). Similarly, late
esophagitis showed a trend toward significance in the hyperfractionated group (8% vs.
2% and 4%; P = 0.077).

Data from Washington University on patients treated with definitive radiotherapy
or chemoradiation indicate that concurrent chemotherapy was the predominant factor
# Overall, 16 patients (8%) developed acute
or late grades 3—5 esophagitis. Fourteen of the 16 patients who developed esophagi-
tis received concurrent chemoradiation. The other two patients developing grade 3

leading to treatment-related esophagitis.

esophagitis received maximum esophageal doses of >69 Gy. The use of concurrent
chemotherapy and a maximum point dose to the esophagus of >58 Gy was predictive
of grade 3 or greater esophagitis on multivariate analysis.

D2. Dosimetric Studies

Recent publications have attempted to define the clinical and dosimetric predictors of
esophagitis. Much of this work continues to evolve. Maguire et al.*’ have reported on
91 patients, of whom 10 had acute grade 3 or higher esophagitis. Twelve patients had
late grade 3 or higher esophagitis. Forty-eight percent of patients were treated with
concurrent chemotherapy. Fifty-seven percent of patients were treated with hyperfrac-
tionated RT. No factors were found to significantly associate with acute esophagitis on
univariate analysis. Factors significantly associated with late esophagitis on multivari-
ate analysis included percent organ volume treated greater than 50 Gy and maximum
percent treated greater than 80 Gy. In addition, length of 100% circumference treated
greater than 50 Gy was significant on univariate analysis only.

Werner-Wasik et al.*® also analyzed clinical and dosimetric predictors of esophagitis
in 105 patients treated for lung cancer, 58 of whom received concurrent chemotherapy
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Figure 5. Incidence of >grade 3 esophagitis according to chemoradiation strategy grouping. From Byhardt
et al.*® with permission from Elsevier Science Publishing.

and seven of whom were treated with twice-daily fractionation. The median time to
first occurrence of esophagitis was 15 days for all patients; 16 days for patients receiv-
ing conventional RT alone; 17 days for patients receiving induction chemotherapy
followed by conventional RT; 19 days for patients receiving concurrent chemotherapy
with conventional RT; and 13 days for patients receiving concurrent chemotherapy with
hyperfractionated RT. The median duration of acute esophagitis was 14 days for patients
treated with RT alone; 19 days for patients receiving induction chemotherapy followed
by RT; 29 days for patients treated with concurrent chemotherapy with conventional
RT (P = 0.004 compared to RT alone); and 87 days for patients treated with concurrent
chemotherapy with hyperfractionated RT (P = 0.002 compared to RT alone). Figure 6
shows the esophagitis index (EI) (area under the curve) for each risk group. Specific
rates of > grade 3 esophagitis by treatment groups were 6%, 0%, 18%, and 43% for RT
alone, induction chemotherapy followed by radiation, concurrent chemotherapy with
daily RT, and concurrent chemotherapy with twice-daily RT, respectively.

The problem with predicting acute esophagitis risk using irradiated length or full
circumference methods is that the boost fields often treat a portion of the esophageal
circumference. Thus, the partial circumferential dose is neglected with these methods.
Bradley et al.*’ published a dosimetric analysis or esophagitis risk in 166 patients treated
with radiation alone, induction chemotherapy followed by radiation therapy, or con-
current chemoradiation therapy. Clinical esophagitis was scored by RTOG/EORTC
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Figure 6. Esophagitis Index in different treatment groups (group 1 = daily fractionated radiation therapy
with or without induction chemotherapy; group 2 = daily fractionated radiation therapy with concurrent
chemotherapy; group 3 = twice-daily radiation therapy with concurrent chemotherapy.*®

criteria during weekly visits during the course of therapy. Dosimetric data were recon-
structed to produce both dose—surface area and dose—volume histograms for each patient.
On multivariate analysis, the most predictive parameters for > grade 2 acute esophagitis
were the surface area receiving >55 Gy (P < 0.0005), the volume receiving > 60 Gy
(P <0.001), and the use of concurrent chemotherapy (P = 0.001). Specific predictions
of >grade 2 acute esophagitis by irradiated surface area or volume with or without
concurrent chemotherapy are shown in Figures 7 and 8.

D3. Management of Acute Esophagitis

Literature regarding the management of acute esophagitis is scarce. As such, the fol-
lowing reflects the practice of our institutions. Patients generally begin to complain of
burning or pain on swallowing during the third to fourth week of a course of radiation
therapy and during the second and third week of a course of chemoradiation. The pain
described may be similar to heartburn from gastroesophageal reflux disease. Findings at
the time of physical examination may be normal. Patients may have signs of dehydra-
tion including weight loss, increased heart rate, orthostatic hypotension, dry mucosa,
and skin tenting. A thorough examination should be performed to look for signs of
oropharyngeal candidiasis.

The management of chemoradiation-induced esophagitis will vary based on the
patient’s symptoms and physical signs. Early symptoms are managed medically. Patients
are typically given a prescription for “magic mouthwash”, a cocktail consisting of cherry
maalox (4 oz), benadryl elixer (4 o0z), viscous lidocaine (100 ml), and mycostatin oral
suspension (1 oz). Instructions are to swallow 5-10 ml every 2—-3 hours as needed. For
patients who cannot tolerate this mixture, narcotics are prescribed (i.e., MSIR liquid
or fentanyl patches). Oropharyngeal candidiasis should be treated with oral antifungal
therapy (nystatin or fluconazole). It may be helpful to initiate a proton pump inhibitor



58 Radiation Toxicity: A Practical Guide

09t RT T

Incidence of esophagitis

0 0 20 40 60 80 100 120

A55 (cm?)

Figure 7. Curves representing the incidence of >grade 2 acute esophagitis by the surface area of the
esophagus receiving >55 Gy (p < 0.0005). RT = radiation therapy with or without induction
chemotherapy. CRT = radiation therapy with concurrent chemotherapy. From Bradely et al.* with
permission from Elsevier Science Publishing.
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Figure 8. Curves representing the incidence of >grade 2 acute esophagitis by the volume of the esophagus
receiving >60 Gy (p = 0.001). RT = radiation therapy with or without induction chemotherapy. CRT =
radiation therapy with concurrent chemotherapy. From Bradely et al.* with permission from Elsevier
Science Publishing.
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to decrease acid reflux irritation. Indeed, some investigators begin such therapy at
the outset, prior to the development of any symptoms. Examples of proton pump
inhibitors include omeprezole, esomeprazole, lansoprazole, and pantoprazole. If dehy-
dration occurs, rehydration is usually best managed by encouraging the patient to increase
oral fluid intake. For patients who cannot sustain oral hydration, intravenous fluids are
indicated. On occasion, some patients will be unable to maintain adequate hydration
despite the management outlined above. Alternative considerations include a gastros-
tomy tube or a break from radiation therapy.

McGinnis et al.>® studied the utility of sucralfate suspension in preventing acute
esophagitis in a prospective, double-blind randomized trial involving patients who
received thoracic radiotherapy. Surprisingly, 58% of patients in the experimental arm
dropped out of the study, mainly because of nausea and vomiting ascribed to sucralfate.
The incidence of esophagitis was similar in the two arms. It was noted that the sucralfate
suspension used in the study was not identical to the commercially available formulation.

D4. Preventive Strategies

Although accurate volumetric parameters have yet to be defined, minimizing the amount
of esophagus irradiated is an obvious means of limiting radiation esophagitis. Unfor-
tunately, this is often impossible in the treatment of thoracic malignancies due to the
anatomic distribution of the GTV and clinical target volume (CTV).

Recently, several randomized trials have studied the role of amifostine, a radiopro-
tector, in the setting of lung cancer. Amifostine (Ethyol; WR-2721) is an organic thio-
phosphate selected from over 4400 compounds screened by the US Army as the best
radioprotective compound. Amifostine is dephosphorylated at the tissue site to its active
metabolite (IWR-1065) by alkaline phosphatase.’’ Once inside the cell, WR-1065,
the free thiol, acts as a potent scavenger of oxygen free radicals induced by ionizing
radiation.>?

Randomized phase IT or III studies of amifostine in lung cancer have demonstrated
mixed results regarding the ability of this agent to reduce esophagitis and/or pneu-
monitis. Antonadou et al.>® randomized 146 lung cancer patients receiving standard
thoracic radiation to Famifostine (340 mg/m? prior to daily RT). They found signifi-
cant reductions in grade >2 esophagitis and pneumonitis (P < 0.001). In a subsequent
randomized phase II trial by the same group,>* 73 stage III NSCLC patients receiving
concurrent chemotherapy (either paclitaxel 60 mg/m? or carboplatin AUC 2) once
weekly during standard RT were randomized to Zamifostine (300 mg/m? IV daily
prior to treatment). They reported a significant reduction in grade >3 esophagitis and

1.5 reported the results of a randomized trial of amifostine

pneumonitis.>* Komaki et a
in 60 patients performed in the context of concurrent chemotherapy (cisplatin and oral
etoposide) and hyperfractionated radiation therapy (1.2 Gy BID to 69.6 Gy). In this
study, amifostine was administered 500 mg IV daily (prior to the AM RT fraction) for
2 days each week during the chemoRT. Komaki et al.>® reported that morphine intake
to reduce severe esophagitis was significantly lower in the amifostine arm (7.4% vs.
31%, P = 0.03), as was the rate of acute pneumonitis (13.7% vs. 23%, P = 0.04). As

a follow-up to this trial, Gopal et al.®® reported that the administration of amifostine
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had a protective effect on residual pulmonary function following treatment. They found
a sharp decline in DLCO (diffusion capacity of carbon monoxide) values at radiation
doses above 13 Gy given without amifostine, and above 36 Gy when amifostine was
administered. In a randomized phase II study testing subcutaneous amifostine (500 mg
daily before RT), Koukourakis et al.>° reported a reduction in esophageal toxicity among
60 patients receiving thoracic RT (WHO grade 0/1 vs. 3/4, P = 0.08; grade 0/1 vs.
2—4, P = 0.02).

Other randomized phase I1I trials of amifostine in stage IIIl NSCLC, however, have not
demonstrated a significant benefit to amifostine. Leong et al.>’ studied 60 patients who
were treated with 2 cycles of paclitaxel (175 mg/m?) and carboplatin (AUC 6) followed
by radiation (64 Gy) with concurrent weekly paclitaxel (60 mg/m?). In this double-
blinded study, patients were randomized to receive 740 mg/m? of amifostine versus
placebo before each dose of paclitaxel and carboplatin. Although Leong et al. noted
a trend toward reducing the severity of esophagitis in the amifostine arm, this finding
did not reach statistical significance.’’ Moreover, the preliminary results of another
randomized phase III trial in stage I[II NSCLC (N = 100) of concurrent RT (64.8 Gy)
with weekly paclitaxel (50 mg/m?) and carboplatin (AUC) followed by 2 cycles of
consolidation gemcitabine and cisplatin famifostine (200 mg/m? IV daily prior to RT
and 500 mg IV weekly before chemotherapy) have so far demonstrated no cytoprotective
benefit of amifostine.>®

Of all of the studies testing the role of amifostine in lung cancer, RTOG 98-01 is
the largest trial (N = 243) and the only one that was performed in the setting of a
multi-institutional cooperative group. Eligibility criteria stipulated medically inoperable
stage II or unresectable stage IIIA/B NSCLC patients with a KPS >70, age >18, and
weight loss <5%. Two hundred and forty-three patients received induction paclitaxel (P)
225 mg/m? 1V: day 1, 22; carboplatin (C) AUC 6: day 1, 22 followed by concur-
rent weekly paclitaxel (50 mg/m? IV); carboplatin (AUC 2) and hyperfractionated
RT (69.6 Gy @ 1.2 Gy BID) starting day 43. Patients were randomized at registra-
tion to Famifostine (A) 500 mg IV four times per week (mostly before the afternoon
RT fraction). Toxicity was assessed via NCI-CTC & EORTC/RTOG criteria, physi-
cian dysphagia logs (PDL), daily patient swallowing diaries and QOL (EORTC QLQ
C30/LC-13). Swallowing area under the curve (AUC) analyses were calculated from
patient diaries and PDL. Two hundred and forty-three patients were enrolled from
9/98-3/02. One hundred and twenty patients were randomized to amifostine, 123 to
no amifostine (1 patient was ineligible). Baseline demographics were comparable for
each arm. Seventy-three percent received amifostine per protocol or with a minor devi-
ation. Grade >3 esophagitis rate was 30% with amifostine versus 34% without amifostine
(P = 0.9). Similarly, there was no reduction in the rates of pneumonitis. However, based
on patient diaries, the swallowing AUC dysfunction during chemoradiation was lower
with amifostine (Z-test P = 0.03), especially among females (P = 0.006) and patients
>065 years (P = 0.003). RTOG 98-01 is unique in that it is the only study of ami-
fostine in lung cancer that included a prospective, validated quality-of-life instrument
(EORTC-QLQ-C30 and QLQ-LC-13 questionnaires).’>*" While overall QOL was
not significantly different between the two arms, it is noteworthy that the symptom of
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pain showed significantly more clinically meaningful improvement and less deterioration
at 6 weeks of follow-up (vs. pre-treatment) on the amifostine arm (P = 0.003). This
is despite the fact that the amifostine arm was associated with significant increases in
nausea and vomiting (mostly grades 1 and 2), cardiovascular toxicity (mostly transient
hypotension), and fever/febrile neutropenia. The median survivals on both arms were
comparable (A: 15.5 months vs. no-A: 15.6 months, P = 0.65).

Opverall, RTOG 98-01 does not support the hypothesis that amifostine reduces
esophagitis (or pneumonitis) in the context of chemotherapy and twice-daily radiation
for patients with locally advanced/inoperable NSCLC. At the same time, some of the
secondary endpoints (e.g., patient-derived self-assessments) suggest a possible advantage
to amifostine that should be further explored with alternative dosing/administration
schedules. Preliminary results in this context appear promising with subcutaneous
amifostine®® which is certainly more “user-friendly” to use in the radiation clinic. At
this time, the role of amifostine in lung cancer remains unclear.

Other strategies to minimize esophagitis should also be investigated. Emerging data
utilizing 3-D conformal radiation with chemotherapy suggests that promising results
can be obtained with significantly less esophagitis.’! Ultimately, further improvements
may be obtained with more sophisticated technology, such as IMRT, making sure to
account for tissue inhomogeneity and respiratory/target motion.*> An entirely differ-
ent “biologic” strategy under development involves the use of manganese superoxide
dismutase.®® Ultimately, the goal of treatment must be to improve not only the quantity,
but also the quality of survival of patients with lung cancer.

E. CONCLUSION

Three-dimensional conformal radiation therapy has greatly enhanced our understand-
ing of partial organ tolerances of lung and esophagus to radiotherapy. Concurrent
chemotherapy appears to shift the TCP and NTCP dose—response curves to the left
for both lung and esophagus. Much additional work remains to be performed before
biological modifiers, either radiosensitizers or radioprotectors, become a more inte-
gral part of therapy. Summaries of clinical data indicate that both patient-related and
treatment-related factors contribute to normal tissue toxicity in these organs.
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Breast cancer is probably among the most common diagnoses found on daily patient
treatment lists in the majority of Radiation Oncology departments. This makes
understanding what type of toxicity to expect from radiation for breast cancer and its
management of prime importance, since it aftects significant numbers of patients daily.
Radiation for breast cancer is predominantly to the intact breast for early stage disease
with post-mastectomy radiation comprising a smaller proportion of radiation delivered
for this diagnosis. The acute toxicity that develops as well as the type of late sequelae that
can occur in each of these treatment scenarios is similar. During intact breast or chest-wall
radiation, the organs commonly at risk for radiation injuries that manifest as acute and late
toxicity include skin, chest wall, lung, and heart. When regional nodal irradiation is
added, the shoulder, brachial plexus, and axillary lymphatics are also at risk for potential
injury.

In general, radiation for breast cancer post-lumpectomy and post-mastectomy is very
well tolerated by most patients and does not significantly impair their daily activities.
Acute side effects of treatment are generally common in occurrence, self-limiting,
and resolve within 4-6 weeks after the treatment is completed. Skin reactions and the
constitutional symptom of fatigue dominate the early toxicity profile. Late toxicity or
permanent sequelae can be divided into two groups: the more common effects on
the appearance of the breast such as persistent breast edema, hyperpigmentation, and
fibrosis and those that are very uncommon but can have significant health consequences
as a result of permanent injury to other organs such as brachial plexopathy, radiation
pneumonitis, cardiac morbidity, or secondary malignancy.
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A. ACUTE REACTIONS

Al. Skin

Skin reaction is the most common side effect during breast cancer radiation. Over 90%
of women who receive radiation for breast cancer will as a result develop some skin
changes during their course of treatment.'

Skin is divided into two main sections: the outermost layers or epidermis and the
deeper layers or dermis. Acute radiation changes in the skin primarily reflect injury to
the epidermis.>> The epidermis is composed of several layers. The stratum corneum is
the outer most layer, which is made up of flattened dead cells and comprises approx-
imately 25% of the total epidermal thickness. Beneath the stratum corneum is a thin
layer called the stratum granulosum, which is a transitional layer between the non-viable
stratum corneum above and the viable layers below. The viable layers include the stra-
tum spinosum, which contains mostly post-mitotic cells. The deepest layer, where the
majority of the cell division occurs, is the basal cell layer. The basal cell layer is the
primary target for radiation injury that results in the clinically visible acute radiation
skin reactions.

Approximately half the cells produced in the basal layer undergo the process of terminal
transition.? From the basal layer, post-mitotic cells enter the more superficial viable layer
stratum spinosum, then into the transitional region or the stratum granulosum. In this
layer, the cells become flattened, lose the nucleus and other organelles, and ultimately
become mature, keratinized, or cornified cells of the stratum corneum. From the stratum
corneum, cells detach and desquamate, but are continually replaced by cells produced
in the basal layer that undergo terminal transition. The entire epidermis turns over on
average in about 30 days.

The thickness of the dermis varies from 1 to 3 mm and contains blood vessels, nerves,
hair follicles, and various glands. The dermis is subdivided into two layers: the superficial
papillary layer and the deeper reticular dermis. The papillary layer is highly vascularized.
The reticular dermis has the characteristic bundles of collagen fibers that give the skin
its biomechanical properties.>3

Radiation-induced changes in the skin are characterized by several phases. A tran-
sient early erythema can be seen within a few hours after radiation and subsides after
24-48 hours.? This is believed to be an inflammatory response, i.e., histamine-like sub-
stances are released that cause dermal edema and skin erythema from the permeability
and dilatation of capillaries. The main erythematous reaction occurs 3—6 weeks after
the radiation begins and reflects a varying severity of loss of epidermal basal cells. It has
been shown that the fields treated with 2 Gy daily fractionation do not show changes in
the basal cell density until total doses of 2025 Gy are delivered.® The reddening of the
skin is thought to represent a secondary inflammatory reaction or hyperemia.?® With
higher radiation doses, there is a marked reduction in the number of mitotic cells and
an increase in degenerate cells. If cells are not being reproduced at the same rate in the
basal cell layer and the normal migration of cells to the stratum corneum continues, the
epidermis becomes denuded in the time equivalent to its natural turnover, or approx-
imately 30 days. When sufficient numbers of clonogenic cells in the basal layer persist
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to sustain repopulation, atypical thickening of the stratum corneum may be seen and
the patient will experience dry flaking skin in the treated area, or dry desquamation.
This is typically seen at doses >45 Gy. If new cell proliferation is inadequate, moist
desquamation with exposed dermis and oozing of serum occurs. The repopulation of
the basal layer of the epidermis after irradiation is predominantly from the surviving
clonogenic cells within the irradiated area. This is typical of moist desquamation that
occurs between the does of 45 and 50 Gy with 2 Gy fractionation. Total skin doses of
>60 Gy are associated with moist desquamation that does not heal as well.>* When an
area of irradiated skin is completely denuded of clonogenic epithelial cells, the healing of
moist desquamation must occur totally as a result of the division and migration of viable
cells from the skin around the irradiated area. When large areas of skin are irradiated to
high doses such that the reproductive cells in the basal layer are depleted, cell migration
from the edges of the field can be ineftective. In such situations, secondary ulceration
involving the loss of dermal tissue can occur as a result of infection or trauma.

If radiation continues at a time when moist desquamation is evident, then further
injury may lead to dermal and subcutaneous necrosis. Necrosis has been characterized
by the damage of blood vessels in the dermis and is evidenced by the loss of endothelial
cells and reduction in dermal blood flow prior to the onset of necrosis.

The radiation doses utilized for breast cancer treatment are typically 45-50.4 Gy
with 1.8-2.0 Gy fractionations to larger fields for the intact breast, chest wall, or nodal
sites. Cumulative doses of 60—-66 Gy may be given to smaller boost volumes of the
lumpectomy site or chest wall. With this standard dosing, breast radiation will result in
80-90% of patients developing some skin erythema and dry desquamation; in 30-50%
of patients, the erythema is more severe and is associated with skin tenderness; in 5-10%
of patients, patchy moist desquamation confined mostly to skin folds can be seen; and
in <5% of patients, confluent moist desquamation occurs. !

An understanding of what to expect for a typical acute skin reaction from standard
breast cancer radiation is important so that a foundation exists for evaluating products
and techniques that hope to prevent or treat these symptoms. A useful prospective study
was done that carefully documented the skin reactions each week of 126 breast cancer
patients receiving breast radiation after lumpectomy and axillary node dissection.! In
this study, the whole breast received 45 Gy in daily fractions of 1.8 Gy with a 20 Gy
electron boost delivered by 1 field daily with 2 Gy fractions. Patients were treated
5 days/week. A modified Radiation Therapy Oncology Group (RTOG) scoring system
for acute skin reactions was used, which made patchy moist desquamation limited to
skin fold scored as 2.5 instead of 2 (Table 1). The irradiated breast was divided into
eight sections for observation: sternum, axilla, UOQ, UIQ, LOQ, LIQ, nipple, and
inframammary fold. In addition to the skin observations, a VAS pain score and written
description of topical agents used was recorded as well. The range of skin reactions
recorded in the nine regions of the breast is shown in Table 2. This demonstrated that
during weeks 1-2, skin reactions are uncommon. During week 3, almost 50% of the
patients had developed mild erythema and for up to 12% more severe erythema was
seen. By week 4, about 80% of the patients demonstrated skin changes with 20% of these
being more severe. The emergence of patchy moist desquamation in skin folds was also
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Table 1. RTOG acute toxicity scoring for skin*

Toxicity score 0 1 2 3 4
Description  No change Follicular, faint or dull ~ Tender or bright =~ Confluent moist Ulceration,
over erythema, dry erythema, desquamation,  hemorrhage,
baseline desquamation, patchy moist other than skin  necrosis
epilation, decreased desquamation,*  folds, pitting
sweating moderate edema
edema

*Confined to skin folds.

Table 2. Acute skin toxicity (range) in 126 breast cancer patients during a course of breast radiation after
lumpectomy.! Patients (%) demonstrating modified RTOG toxicity score

Score
Week 0 1 2 2.5 3 4
1 98-100* 0-1 0-1 0 0 0
2 94-98 0-5 0-1 0 0 0
3 33-46 40-48 4-18 0 0 0
4 16-22 49-65 4-18 0 0 0
5 4-8 52-67 24—40 1-8 0-2 0
6 6-16 38-63 6-33 2-10 0-2 0
7 8-28 41-57 6-38 0-10 0-2 0

*All percentages estimated from bar graph.

Table 3. Worse observed skin toxicity with best supportive care during a course of breast radiation
following lumpectomy. Patients (%) with RTOG SCORE

Study N 0 1 2 3 4
Porock!* 126 8 63 31 2 0
Fischer!” 89 7 58 32 3 0

*Weeks 5 and 6.

seen in week 4. The frequency of reactions was at its worse during weeks 5—6. Patchy
moist desquamation occurred in four sites: sternum, axilla, UOQ, and inframammary
fold during the radiation course, and confluent moist desquamation occurred only in
the axilla. This description of the acute skin reaction for breast radiation is confirmed
when one looks at the best supportive care arm of the RTOG 97-13 study (Table 3)
and finds very similar percentages of acute toxicity scores.

The pain scores associated with the acute skin reactions in the Podrock study are listed
in Table 4. From this it is seen that, overall, the vast majority of patients did not develop
significant pain associated with their course of breast radiation. The highest frequency
of pain scores >0 occurred during week 6. At that time, 17% of patients developed pain:
9.6% scored their pain as 1-3 or mild, 6.3% scored it at 4-6 or moderate, and 0.9% had
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Table 4. Distribution of 126 breast cancer patients according to VAS pain scores during a course of breast
radiation following lumpectomy’

Pain VAS (%)

Week 0 1 2 3 4 5 6 8 9

1 99.2 0.8

2 98.4 0.8 0.8

3 96.8 2.4 0.8

4 92.8 0.8 0.8 1.6 3.2 0.8

5 87.3 1.6 2.4 3.2 1.6 2.4 0.8 0.8

6* 83.2 2.7 6.0 0.9 1.8 1.8 2.7 0.9
7t 88.6 4.4 0.9 1.8 1.8 2.7

f‘N: 115.

TN =114.

Reprinted with permission.

severe pain scored at 9. By week 7, this fell to 12% scoring >0 on the pain scale and 6
was the highest pain level scored.

Multiple factors in this population were found to be associated with more severe acute
skin reactions. These included mean patient weight, breast size >D-cup, lymphocele
aspiration, and being a current smoker.'

The use of topical agents was also recorded in this study. The percent of patients using
a topical agent by week was 0%, week 1; 11%, week 2; 37%, week 3; 53%, week 4; 56%,
week 5; 57%, week 6; and 39%, week 6. The choice of cream in this study was based on
the nurse’s assessment. These experiences lead them to recommend light moisturizers
in the early phase of treatment, with a switch to thicker oil-based products for the peak
of the reaction if necessary.

There have been numerous studies evaluating the benefit of applying a topical agent
to the skin during the course of breast radiation (Table 5). Although studies examining
various topical agents appeared shortly after x-ray therapy emerged a century ago,” this
discussion will focus on studies primarily in breast cancer patients published since 1990.
The intention of most of these studies has been prevention of, instead of treatment for,
acute radiation skin toxicity.

A Canadian study evaluated the impact of not washing versus washing the skin on the
acute skin reactions for 100 breast cancer patients.® The washing patients had significantly
lower worst RTOG acute toxicity scores (P < 0.04), and less frequently developed moist
desquamation (14% vs. 33%, P < 0.03). No significant difference between arms for the
occurrence of dry desquamation was seen—74% no washing and 56% washing arm.
On univariate analysis, washing, chemotherapy, concomitant chemotherapy schedule,
weight >165 Ib, and dosimetric hotspot were all predictors ofworse acute skin toxicity.
On multivariate analysis, concomitant chemotherapy schedule, weight >165 b, and
dosimetric hotspot remained the strongest predictors of increased skin toxicity. Non-
washing was weakly associated (P = 0.06).

Another study from Norway evaluated no cream versus the use of Bepanthen® cream
during radiotherapy in 86 patients with each patient serving as their own control.”
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Bepanthen®, or dexpanthenol cream, had been used extensively at the reporting insti-
tution for acute skin reactions. Eighty percent of the patients were breast cancer patients
and the rest were laryngeal cancer patients. Each patient applied the Bepanthen® cream
twice-daily beginning with the first day of treatment to half the field and none to
the other half. The evaluators were kept blinded. Three patients discontinued the
Bepanthen® cream because of “untoward or allergic” reactions. There was a statisti-
cally significant reduction in desquamation with the use of the cream. With further
analysis, this effect on desquamation was mainly for “low-grade lesions.” The authors
concluded that there was no overall significant effect of the ointment. Chamomile cream
and almond ointment have also been studied in breast cancer patients in a similar fashion
using the patient as her own control. Neither agent had a significant overall effect, but
the almond ointment did reduce grade II toxicity.®

An interesting study reported a significant reduction in high-grade skin toxicity with
the use of hyaluronic acid 0.2% cream (lalugen®) compared to placebo in a population
of predominantly head and neck cancer patients.'” A double-blind randomized trial
was performed in 134 patients (68% had head and neck cancer, 22% breast cancer, and
10% pelvic cancer) with the agents applied twice daily (1-2 hours after treatment and
evening) for 10 weeks. No concomitant medications were allowed. The hyaluronic acid
group had significantly delayed onset of skin reactions, overall less severity in toxicity,
and faster resolution of reactions than the placebo group.

Aloe vera has been used by various institutions for radiation-induced skin toxicity.! ™3
Aloe vera is an extract derived from the tropical cactus genus, Aloe. It is avail-
able over the counter in a variety of preparations and used generally for other
types of dermatitis such as sunburn. The North Central Cancer Treatment Group
(NCCTG) and the Mayo Clinic collaboratively conducted a randomized, prospec-
tive trial evaluating aloe vera gel as a prophylactic agent for acute skin toxicity in
breast cancer patients receiving either intact breast or chest-wall irradiation.!! Two
separate studies were conducted: the first was randomized in a double-blinded man-
ner to aloe vera gel or a placebo gel, and then 108 women were randomly assigned
aloe vera gel or observation. Gel application was BID and began within the first
3 days of RT and continued for 2 weeks afterward. The study allowed treatment
with other topical agents once a skin reaction was demonstrated. Patients with
marked erythema and pruritus were to use 1% hydrocortisone cream. An acute tox-
icity scoring system, somewhat similar to the one established by RTOG (Table 1)
was used; however, only dry desquamation was scored as grade 2 and any moist desqua-
mation was scored as grade 3. No significant differences were found between the two
arms in either of the study leading the authors to conclude that aloe vera was unable to
decrease radiation-induced dermatitis. No mention was made of the agents used for the
“treatment” of dermatitis during the study and no analysis was performed to evaluate
if this may have confounded the study’s results. The scores of health care providers and
patients were examined and revealed that they were highly correlated. It is notable that
36% of the time, patients judged their dermatitis to be more severe than did their health
care provider, and for only 7% did patients judge their dermatitis as less severe than the
physician (P < 0.0001).
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Another randomized trial found some benefit from aloe vera gel in reducing erythema
associated with radiation but inferior to an aqueous cream for relief of dry desquamation
and pain.'? In this study, 225 patients after lumpectomy for early stage cancer were
randomized in a double-blinded fashion to use aqueous cream or 98% aloe vera gel on
their skin during breast radiation. The aloe vera or aqueous cream was applied three times
daily beginning with RT and continued for 2 weeks post-treatment. This study found
that the cumulative probability for pain (26% vs. 16%, P = 0.03) and dry desquamation
(70% vs. 41%, P < 0.001) was greater in the aloe vera arm compared to aqueous cream.
The cumulative probability for pruritus was also higher in the aloe vera arm but did not
reach statistical significance. However, statistical significance was obtained for increased
>grade 2 erythema in the aqueous cream arm (P = 0.06). Subjects in either arm with
a bra cup > size D were significantly more likely to experience severe erythema when
compared to smaller breast sizes.

Finally, a third study compared aloe vera gel plus mild soap to mild soap alone in a
randomized blinded manner in a heterogeneous group of cancer patients receiving RT.!?
This study reported that for patients who had not shown skin reactions by 27 Gy, those
patients using aloe vera had a significant delay in the onset of skin reactions (P = 0.013).
This led the authors to speculate that aloe vera is protective for radiation dermatitis in
some people.

Topical steroids have also been commonly used for the management of acute radiation
skin reactions for breast cancer patients.'*”'® A small double-blind randomized study
from Sweden compared mometasone furoate MMF (Elocon®) with an emollient cream
in 50 breast cancer patients.'* The agents were applied once daily, 3 times a week until
24 Gy, and then once daily until 3 weeks post-treatment. Patients using the steroid cream
had statistically lower maximal erythema scores, P = 0.011. Less itching and burning
symptoms were reported with the MME but it did not reach statistical significance and
there was no difference in VAS pain scores between the two agents.

Another smaller double-blind randomized trial compared 0.1% methylprednisolone
(Advantan®) to 0.5% dexpanthenol (Bepanthen®) in 31 breast cancer patients receiving
breast radiation after lumpectomy.'> Using a 15-point scoring system, there were fewer
patients with scores >4 in the steroid group (P < 0.05), and slightly lower mean scores
with methylprednisolone treatment. A skin-specific quality-of-life (QOL) tool (Skindex)
demonstrated significant reduction in the dimension of embarrassment (P < 0.05) and
approached significance for the dimensions of fear (P = 0.06) and physical discomfort
(P = 0.057). The authors concluded that the use of corticosteroid reduced the clinical
severity of radiation dermatitis and lessened its negative impact on the patients skin-
related QOL.

Biafine is a water-based emulsion for dermal wound healing that has been used widely
in France for the management of acute radiation skin reactions. Four recent studies have
evaluated its efficacy in this role.'” " The RTOG conducted a randomized phase III
trial comparing Biafine to the best supportive care for preventing or reducing acute
skin toxicity in 172 women receiving breast radiation after lumpectomy.!” There was no
statistical difference in maximum toxicity, time to development of >grade 2 toxicity, or
resolution of toxicity between the two arms. Large-breasted women (D-cup or larger)
had a higher frequency of >grade 2 toxicity, overall. Biafine use was associated with
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statistically less toxicity at 6 weeks post-RT in large-breasted women (P = 0.002).
Patients with >grade 2 toxicity had significantly worse QOL (P = 0.048).

A phase II study evaluated Biafine for 60 breast cancer patients receiving concomitant
breast radiation with CMF chemotherapy.!® Eighty-three percent had grade 2 toxicity
and 2% grade 3. The authors concluded that this was less than what would probably
occur with no topical therapy in this clinical scenario.

A small prospective study from Israel evaluated acute skin toxicity in 74 women
receiving breast radiation after lumpectomy randomly assigned to Biafine, Lipiderm, or
observation.! Lipiderm is a moisturizing cream popular in Israel. Patients could have
additional topical therapies for radiation skin reaction if clinically warranted. There was
no significant difference between the three arms for the %grades 3—4 reactions or the
mean maximal score.

Finally, Biafine was compared to Calendula in 254 breast cancer patients undergo-
ing radiation following lumpectomy or mastectomy in a Phase III randomized study
from Lyon, France.”’ Calendula is fabricated from a plant of the marigold family and
commercially available in France. It is used for the topical treatment of irritant der-
matitis, skin lesions, and superficial burns.?’ The radiation to the intact breast was
52 Gy in 2 Gy fractions with 5 MV accelerator and a 10 Gy boost to the tumor bed
with electrons. After mastectomy, the chest wall received 46 Gy with electrons. The
ointment was applied at the beginning of RT, twice daily until completion. No other
prophylactic agent was allowed, but treatment of > grade 2 toxicity with other topical
agents was permitted. Acute skin toxicity was evaluated according to the RTOG scale in
four regions: breast or chest wall, inframammary fold when present, axilla, and within
the supraclavicular field. There was a lower incidence of grades 2—3 acute skin toxicity
with the use of Calendula compared to Biafine, 41% versus 63%, respectively (P <
0.001). Grade 3 toxicity was observed in 7% who used Calendula, and in 20% who used
Biafine (P = 0.034). When these results were examined by treated region, it was found
that significant reductions in acute toxicity were primarily in the inframammary fold,
axilla, and the supraclavicular field. There were no significant reductions in acute skin
toxicity over the breast, chest wall, or internal mammary regions. The mean maximal
pain score on the VAS was 1.54 for the Calendula and 2.1 with Biafine (P = 0.03). A
multivariate analysis of factors associated with radiation-induced skin reactions during
breast cancer treatment found that a body mass index > 25 (P < 0.001) and type of
ointment used (P < 0.001) were most predictive. For patients undergoing lumpectomy,
chemotherapy prior to RT (P < 0.001), BMI > 25 (P<0.001), and ointment used (P =
0.001) were risk factors for skin toxicity. The authors conclude that Calendula should be
proposed as preventative treatment for patients undergoing radiation for breast cancer.

In summary, the multiple studies above that examined primarily prophylaxis of acute
skin toxicity by a topical agent demonstrated some reduction in toxicity with hyaluronic
acid and Calendula application. Washing the irradiated skin was also associated with less
severe skin reactions. In general, topical steroids reduced symptoms, particularly ery-
thema and pruritus. Aqueous cream application reduced the occurrence of dry desqua-
mation in comparison to aloe vera.

At the Medical College of Wisconsin, all the breast cancer patients are put on a
light moisturizer (Clean and Moist®) during their first week of treatment to be used
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twice daily and continued until 4 weeks post-radiation. If patients cannot tolerate this
product, they are instead given Biafine or some other comparable moisturizer. A switch
is made to a thicker oil-based product (typically Aquaphor®) as necessary later in the
treatment course depending on the severity of reactions that develop. Patients are asked
to apply the moisturizer at least 2 hours before each radiation treatment to minimize
a potential bolus effect. A steroid cream (e.g. Synalaar, Lidex) is prescribed for those
patients who develop significant pruritus and/or a raised bumpy follicular rash associated
with their skin erythema. Patients are encouraged to take acetaminophen, ibuprofen,
or other over-the-counter non-steroidal pain relievers as directed for breast discomfort.
For that small percentage of patients who develop pain >3/10 on the VAS scale that
does not respond to the measures above, a narcotic analgesic is prescribed. We have
commonly used Ultracet or Tylenol with codeine for this as tolerated. We find the
most common need for narcotic type pain medication is to help patients sleep more
comfortably at night. It is our observation that patients experience two different types of
breast discomfort during radiation. The first type is associated with the skin reaction and
is localized to the most severe skin changes. This is the discomfort for which analgesics
are most often prescribed. The second type is sharp shooting pains in the breast that
patients tend to report in the latter half of treatment that are unrelated to the severity
of the skin reaction. Patients refer to these as “zingers,” or “electric shock™ type pains.
These become less frequent following the completion of treatment and resolve over the
next several weeks.

On average, >80% of acute skin toxicity during breast radiation is grades 1-2 with
moist desquamation confined to the skin fold areas such as the axilla or the inframammary
fold. The incidence of grade 3 acute skin toxicity in the studies detailed above (and in
Table 5) averaged about 11% (range 0-40%). When moist desquamation does occur, it is
recommended that the RT is held or, if possible, the affected area of the skin is blocked
out of the field, particularly when radiating for breast conservation. Moist desquamation
is associated with an increased risk of late telangiectasia development that can contribute
to cosmetic failure.

Very little information exists examining the optimal method for managing radiation-
induced moist desquamation. Instead, moist desquamation has been approached with the
general principles of wound healing that applies to injuries from other mechanisms. The
prevailing philosophy has been that wound healing is more rapid in a moist environment.
As a result, hydrocolloid (HC) dressings have been used increasingly for radiation-
induced moist desquamation. HC dressings are pliable sheets made of material such as
pectin or gelatin with a polyurethane backing. Studies have demonstrated their benefit
in a wide range of injuries including pressure sores, leg ulcers, donor sites, and minor
burns.?""?2 The HC dressing absorbs wound exudate and forms a gel that keeps the
wound surface moist. It has also been shown to be an effective barrier for bacteria. They
are best for low to moderate exudate wounds. There are limited data examining their
efficacy in radiation-induced moist desquamation. One study compared a Tegaderm
type dressing to a conventional dressing (hydrous lanolin gauze) in 16 patients and
found shorter overall healing time in patients where the Tegaderm type dressing was
used.? Other studies have demonstrated that occlusive HC dressings reduced healing
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time for management of moist desquamation.?* An interesting study from Hong Kong
randomly assigned 42 patients with mostly head and neck cancers who had developed
moist desquamation to a HC dressing or application of gentian violet for management.?
There was no significant difference in the overall healing time between the two therapies.
However, although patients assigned to HC dressings experienced increased discomfort
associated with dressing changes, patients were more satisfied with the HC dressings
and rated them with a higher mean comfort score (P = 0.0002) and a better aesthetic
acceptance (P = 0.007).

When moist desquamation occurs from breast radiation, our clinic uses HC dressings.
The challenge is to get these dressings to conform and stick to areas such as the axillary,
inframammary, or supraclavicular folds. Frequently, a secondary dressing such as dry
gauze or an ABD is placed over the HC dressing and then gauze mesh tubes (Stockinette)
or gauze bandage (kerlex) is fitted around the thorax to keep everything in place. The
dressing is removed for treatment. After treatment, the nursing staff gently cleans and
débrides as much as possible any necrotic material within the desquamating area with
normal saline and reapplies the dressing. Patients change the dressings again at home
as necessary depending on the amount of exudate. It has been our experience, as well
as others,! that patients with tender, dry desquamation are more comfortable with the
application of a HC dressing.

Avoidance of moist desquamation is a major goal of the skin care strategy during
radiation therapy for breast cancer. In review of the studies above, larger BMI, patient
size, and/or breast size, and skin folds were consistent predictors of more severe skin
reactions. It is crucial that this be taken into consideration at the time of simulation when
the patient’s treatment position is set and immobilization established. When establishing
the patient’s treatment position, techniques should be used to minimize significant infra-
mammary or axillary redundant skin folds where the incidence of moist desquamation
is high. This can be a challenge to accomplish for larger and/or ptotic breasts that tend
to hang laterally on the chest wall or inferiorly on the abdominal wall. A breast ring and
cup have been advocated for this purpose.?® These are fitted around or over the breast
and fastened to keep the breast upright on the chest wall to avoid skin redundancies.
These have been shown to have some bolus effect and can worsen acute skin toxicity.?®
Our institution and others have used a prone breast radiation technique in this group of
women with larger and/or ptotic breasts.””-?® Using a 3-dimensional radiation therapy
technique, a homogenous dose distribution can be achieved comparable to the supine
position in patients with smaller breasts.

Concurrent chemotherapy with breast radiation has also been associated with worse
acute skin toxicity in many series.?’ >* Select series are shown in Table 6 demonstrating
a higher rate of grade 3 skin toxicity with combined modality therapy. Anthracycline-
based chemotherapy in particular has been associated with severe acute skin toxicity
when given concomitantly with breast radiation.’’** Conflicting results are observed
with concomitant CMF and paclitaxel chemotherapy. Caution is advised in delivering
chemotherapy together with breast radiation given the potential for worse acute toxicity
and no consistent evidence that it ofters a benefit in terms of survival and/or local regional
recurrence rates over sequential therapy.
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A2. Fatigue

During radiation for breast cancer, patients will commonly report that they feel fatigued.
Fatigue in breast cancer patients receiving radiation seems to be mild to moderate in
intensity and develops in a characteristic pattern. This is illustrated in a small study that
reported on 15 women who demonstrated mild fatigue (2—4 on a 10-point scale) dur-
ing a course of radiation for early stage breast cancer. The intensity of fatigue peaked at
the 4th week, plateaued through the 7th week, and then dropped beginning with the
11th week.?® Similarly, a different study in 30 breast cancer patients receiving radiation
reported that fatigue peaked at weeks 4—6 and returned to baseline level 1 month after
treatment.>® Another study examining fatigue with a FACT fatigue subscale demon-
strated that 43% of 52 women receiving breast radiation developed significant fatigue
(score >37) and in 54% minimal or no fatigue was found. They reported that fatigue
increased during the first few weeks of breast radiation, peaked at week 4 and then
remained stable until 2 weeks after RT and was beginning to return to the baseline
levels by 6 weeks post-treatment.>”

Although radiation-related fatigue may be mild to moderate and dissipate within
several weeks after the treatment is completed, when present, it can have a significant
effect on patients’ daily functions and overall QOL. This is demonstrated in a study
evaluating fatigue with the Fatigue Severity Scale in 35 patients with prostate cancer
and 34 with breast cancer, comparing scores prior to treatment and 1 week afterward.*®
Using this tool, 69% of the patients report of subjective fatigue that was relatively modest,
and 28% demonstrated an increase in severe fatigue (score of >42) from a baseline of
19%. Measures by the EORTC QOL scale demonstrated significant decreases in role,
cognitive, and social functioning as well as global QOL during radiation. In this and the
previous study, an important predictor of fatigue level after radiation was the baseline
fatigue prior to starting the treatment. A different study evaluated fatigue in 76 breast
cancer patients at 6 time points: pre-RT, 2 weeks into treatment course, end of RT,
and 3 and 6 months post-RT using Pearson Byars Fatigue Feeling Checklist.>* This
study, in contrast to previous ones, demonstrated fatigue onset in the first week of
treatment, stabilizing thereafter, and resolving by the end of RT. Fatigue scores were
back to pre-treatment level by the 3 and 6 month follow-up. Subjects in this study
had significant alterations in functional activities from the start of radiation until its
completion. Alteration in functional activities returned to baseline by 3 months after
treatment. This study also evaluated Fatigue Relief Strategies to determine how patients
managed their fatigue. Seventeen self-initiated strategies were assessed. The strategy of
sit and sleep were consistently the most frequently used strategy and scored as the most
effective.

During a course of breast radiation, patients should be guided about self~management
of fatigue, that is, prioritizing essential activities and deferring, postponing, or delegating
activities that are non-essential. Patients who work full-time are advised that they may
need to reduce their work hours during the last 2 weeks of breast radiation and for
2 weeks afterward. A discussion about what type of documentation a patient needs to
reduce work hours if necessary may be in order. Treatment of specific causes related to
fatigue should be done, e.g., anemia, depression, anxiety, and insomnia.*’ In addition,
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convincing clinical evidence has emerged that exercise can be an effective strategy for
management of fatigue related to breast cancer treatment.

One such study examined the effect of exercise on fatigue levels by randomizing 46
women aged 35-64 receiving breast radiation after lumpectomy*! to an exercise program
versus usual care during treatment. In the exercise group, 86% reported exercising for at
least 30 minutes >3 times per week and the usual care tended to decrease their activity
level as the treatment progressed. One hundred percent of patients in the study reported
fatigue during treatment, but the fatigue scores were lower for the exercise group.
Anxiety, depression, and difficulty sleeping were common for both groups; however,
greater symptom intensity was found in the usual care group.

On the basis of this, we guide our patients to rest when they feel tired and to be
active when they feel good. All the patients are counseled about the benefits of exercise
for minimizing fatigue symptoms during treatment. Patients are encouraged to maintain
their exercise routines when they feel well and given support if they express interest in
beginning the exercise programs during treatment.

B. LATE TOXICITY
B2. Breast Appearance

The main goals of breast conservation therapy in early stage breast cancer are to provide
primary tumor control comparable to mastectomy and to preserve an acceptable cosmetic
appearance of the breast. An unsatisfactory cosmetic outcome should be considered as a
potential late toxicity. The rate of poor or fair cosmetic outcome in most series is 15-20%

42—46,

or less. #8750 It has been demonstrated in many studies that surgical factors including

#5:46 and scar orientation,* have the largest

the extent or volume of surgical resection
impact on breast appearance and the cosmetic outcome.*>™* The use of chemotherapy
and patient factors such as breast size, older age, and race have also been associated
with more frequent cosmetic failures. ¥ However, several radiation treatment factors
are associated with poorer cosmetic outcomes as well. It is important to consider these
factors when planning radiation treatment to minimize the late toxicity rate. Table 7 lists
the cosmetic outcomes from single institution retrospective studies that have analyzed
the impact of radiation techniques on subsequent cosmetic outcome.

Wazer et al. from New England Medical center at Tufts demonstrated an increase

in fair/poor cosmetic outcomes with larger chest-wall separations (24 ¢cm mean) and

Table 7. Physician assessed cosmetic results from breast conservation therapy

F/U Excellent Good Fair Poor Radiation factors associated
Institution N (years) (%) (%) (%) (%) with poorer cosmesis
Tufts U*® 234 42 41 47 9 3 Heterogeneous RT dose;
Boost; use of >2 fields
Harvard/JCRT*++ Breast dose >50 Gy; use of
<1981 504 8.9 58 28 10 4 >2 fields; boost dose >18
1982-1985 655 5.6 73 23 35 05 Gy; implant boost
Washington U* 458 4.4 38 44 15 4 Use of >2 fields; breast

dose >50 Gy; no
compensator filters
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greater maximal dose inhomogeneity (13% mean) at the central axis.*® The use of a
boost and a supraclavicular and/or axillary field were the other factors associated with a
higher proportion of fair/poor cosmetic outcomes. In this study, an electron boost, but
not an interstitial implant boost, was associated with the decline in cosmetic outcome.
Patients in this study were treated with 6 MV photons, 81 patients with an implant
boost, and it is not stated what proportion were treated to >2 fields.

The effect of radiation technique on the cosmetic result was demonstrated by the
Joint Center for Radiation Therapy and Harvard Department of Radiation Therapy
when it compared cosmetic results in two difterent cohorts of patients treated between
1970-1981 and 1981-1985.** In the earlier cohort, 85% received a 3-field technique,
95% an implant for boost, 33% > 50 Gy breast dose, and 85% >18 Gy boost dose. The
institution had previously found that the use of >2 fields, an implant boost, boost dose
>18 Gy and a breast dose >50 Gy were associated with poorer cosmetic outcomes.*®+
Treatment techniques had changed during the latter time interval, such that 55% received
a 3-field technique, 47% an implant for boost, 5% >50 Gy breast dose, and 42% >18 Gy
boost dose. The cosmetic results were significantly better with the techniques used in the
latter period (Table 7). When examined, there was no influence of the boost, number
of fields treated, and/or the daily dose on cosmetic outcome in the latter cohort.**

Washington University* similarly found that the percentage of excellent/good cos-
metic outcomes decreased with the use of more than 2 fields (P = 0.034), and increasing
radiation dose to the entire breast (P = 0.024). With increasing separations at the central
axis, a relative deterioration occurred in excellent/good ratings, especially with the use
of lower energy, 4 MV photons. This is inferred to be from the dose inhomogeneity
that occurs with the larger chest-wall separation. The effect of dose homogeneity on
cosmetic outcome is again demonstrated in this study by a significantly higher frequency
of excellent/good cosmetic scores (82%) that occurred with the use of compensating
filters compared with no use of compensating filters (59%) (P = 0.002). Daily fraction
size (1.8 vs. 2.0 Gy), boost versus no boost, and the type of boost did not influence cos-
metic outcome in this series.* Other studies have confirmed the influence of radiation
therapy factors on cosmetic outcomes. For instance, Ryoo et al.*? reported that the use
of a wedge in the breast tangents was a significant factor for obtaining a good cosmetic
result.

The cosmetic failure rates reported in all of these studies reflect treating physician
observation. Studies that include patient-rated cosmetic evaluations demonstrate fairly
good concordance with physician-rated cosmesis and satisfaction with a range of cos-
metic outcomes.*>>"

In an attempt to objectively measure cosmetic outcome, Pezner et al. developed a
Breast Retraction Assessment (BRA) that quantified the amount of retraction of the
treated breast in comparison to the untreated one by measuring the lateral and vertical
displacement of the nipple.** On multivariate analysis in order of descending importance,
patient age >60, extensive breast resection, patient weight >150 pounds, and upper
quadrant primary site were the most significant factors related to breast retraction after
BCT. None of the RT parameters studied were associated with breast retraction. Subset
analysis related that the volume of the boost had some relation to retraction, but did not
reach statistical significance.
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Table 8. Cosmetic outcome from EORTC 22881/10882 Boost versus no boost trial®!

No boost Boost
Score (%) Post-OP 3-YEAR Post-OP 3-YEAR
Excellent 37.4 41.7 34.8 32.7
Good 47.3 43.9 45.0 38.2
Fair 13.7 13.1 18.8 25.8
Poor 1.6 1.4, P=0.23 1.4 3.3, P<0.001

The effect of the boost on the cosmetic result was evaluated in a randomized trial,
EORTC 22881/10882.3" In this trial, 5569 stage I and II breast cancer patients who
had received lumpectomy, axillary dissection, and breast radiation up to 50 Gy over 25
fractions were randomized between a boost of 16 Gy or no boost if the lumpectomy
resection margins were negative. Cosmetic outcome in each arm was assessed by two
methods postoperatively and at 3 years: by a 5-physician panel evaluating photographs
in a sample of 713 patients (Table 8) and by the percentage BR A relative to a reference
length in a sample of 1141 patients.

Postoperatively, there was no significant difference in cosmetic assessment between
the two arms, but by 3 years, the patients in the boost arm had a significantly lower rate
of excellent/good cosmetic outcome and nearly double the rate of fair outcomes (13%
no boost vs. 25.8% boost) (P = 0.0001). Very few patients in either arm had a poor result
at either time period. By the panel assessment, the boost group had significantly worse
median scores for all the items evaluated—appearance of the surgical scar, breast size,
breast shape, nipple position, and areola shape. Interestingly, despite the observations of
the panel, the difference in the percentage BRA was small, less than 1% between the two
arms. Even in the larger sample size, this difference reached only borderline statistical
significance (P = 0.04).

In contrast, radiation did not have a deleterious effect on cosmetic outcome in a subset
of 101 women accrued to the Milan I1I trial that randomized women with breast cancers
<2 cm in size to quadrantectomy (QUAD) or quadrantectomy plus breast irradiation
(QUART).>>3* Radiation consisted of 50 Gy whole breast dose followed by a “scar”
boost of 10 Gy, all delivered with 2 Gy fractionation. This study also evaluated cosmesis
with two separate measures: an objective measurement of nipple and breast displacement
to assess symmetry; and second, with a subjective rating by physicians and patients. There
was not a statistical difference in cosmetic outcome between the QUAD versus QUART
by either measure.>> The absence of a negative effect from radiation in this trial may
be as a result of the lower total dose to the boost area of 60 Gy versus 66 Gy in the
ETORTC trial.

In summary, there is a whole host of patient and treatment factors that can contribute
to cosmetic failure as a late toxicity from breast conservation therapy. However, the
radiation factors that influence the cosmetic outcome in most series are the use of a boost,
greater than 2 fields (i.e., the addition of a supraclavicular, axillary, or internal mammary
field), the total dose, and dose heterogeneity in the breast fields. Newer radiation therapy
planning methods such as 3-dimensional conformal therapy or intensity-modulated
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radiation therapy can produce more homogeneous dose distributions through the breast.
However, CT-based treatment planning for breast cancer is still emerging. In 1999, the
Patterns of Care Study demonstrated that a CT was used for radiation treatment planning
in only 17% of intact breast cases and 15% of those irradiated post-mastectomy.>*>

The efficacy of the boost for improving local control, particularly in certain subsets
of patients, has been demonstrated.>*>” Care should be taken that the boost is delivered
using the appropriate techniques to minimize morbidity. Careful image-guided local-
ization of the cavity will help reduce excess breast tissue being taken to higher doses
unnecessarily.

B2. Augmented or Reconstructed Breast Appearance

Breast cancer patients who receive radiation to an augmented breast following lumpec-
tomy or a reconstructed breast following mastectomy have a higher risk of cosmetic
failure.

Augmentation

Breast augmentation preceding the diagnosis and treatment of a breast cancer can create
a clinical conundrum. The appearance of the breasts is, typically, particularly important
in this patient group; yet, their risk for cosmetic failure following breast conservation
therapy is higher in some studies. Table 9 lists the rate of excellent or good cosmetic
results in multiple studies demonstrating a wide range of outcomes.>®”% Three studies
demonstrate acceptable rates of 85-100% excellent/good cosmesis, but in the other 3,
only 27-45% of patients achieved this result. Fairly uniform radiation techniques were
used among these studies with the augmented breast receiving on average a range of
45-50 Gy with cobalt, 4 or 6 MV photons and subsequent boosts of 10-20 Gy delivered
in most cases. The primary cause of cosmetic failure in irradiated augmented breasts is
capsular contracture, which has been demonstrated to occur in 57-65% of cases.>? 02
The average time interval for onset of capsular contracture was reported at 22 weeks.%?
Mark et al. reported that the capsular contracture seemed related to the type of the
implant (silicone 64% and saline 40%) and was more likely with sub-muscular (64%)

Table 9. Cosmetic outcome following lumpectomy and breast irradiation in women with previous breast
augmentation

Mean follow-up % Excellent/good or % Bakers

Institution (author) N (mo.s) 1-2* cosmetic outcome
Beaumont (Victor)>® 8 32 100

Van Nuys (Handel)® 26 NA 27*

Memorial SK (Ryu)®° 3 24 33t

Cornell U. (Chu)®* 7 43 85

USC, UCLA (Mark) 21 22 43

John Wayne Cancer 20 45 85

Institute (Guenther)®

166% ultimate after one patient had surgical revision for capsular contracture.
NA means not available.
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versus sub-glandular (50%) placement.®? Baker’s classification provides an assessment
of capsular contracture. Baker I is a soft breast or implant with no deformity, II—the
implant has a slightly thickened consistency with slight deformation, III—the implant is
firm to hard and moderate deformity of the breast is noted, and IV—the implant is hard
and there is severe breast deformity. There is an inherent risk of capsular contracture
from breast implants in general unrelated to radiation. The overall incidence of capsular
contracture after cosmetic breast augmentation with implants is 12% and is significantly
greater for breast reconstruction following mastectomy for cancer treatment (34%) or
cancer prophylaxis (30%).%*

Surgical revision can improve the cosmetic outcome from capsular contracture in an
augmented breast in some cases. At Memorial Sloan Kettering, Ryu reported that 2
patients underwent surgical revision with a subsequent excellent result.®’ Eight patients
in the Van Nuys experience underwent revision surgeries after capsular contracture. Five
patients had a capsulectomy and a new implant placed and 4 (80%) subsequently had an

excellent cosmetic outcome.””

Reconstruction

An increasing percentage of breast cancer patients who are ineligible for breast con-
serving therapy or who have more locally advanced breast cancer are seeking recon-
struction of the breast following mastectomy.®> The options for breast reconstruction
are tissue expansion with subsequent prosthetic implant placement or autologous tis-
sue reconstruction. Immediate breast reconstruction during the same surgical period as
the mastectomy provides the psychological benefit of waking-up post-procedure with
a breast mound in place. However, a dilemma has emerged in that there is clinical evi-
dence that breast reconstructions that undergo radiation have a higher risk of cosmetic

58—62,66—71

failure, while even a larger percentage of mastectomy patients may now be

considered candidates for treatment since publication of a survival advantage in a subset
of women who receive post-mastectomy RT.”>73

Table 10 lists the cosmetic outcome from immediate expander/implant breast recon-
struction that underwent a course of post-mastectomy irradiation. In three of these
studies, there was a low rate of acceptable cosmetic outcome.”® %% The radiation treat-

ment was similar in these studies with the chest wall/reconstructed breast receiving

Table 10. Cosmetic outcome following mastectomy with implant reconstruction and subsequent
irradiation for primary or recurrent breast cancer

Mean follow-up % Excellent/good cosmetic

Institution (author) N Cancer (months) outcome
Beaumont (Victor) *% 13 Primary 32 54
Cornell (Chu)®! 27 Recurrent 30 93
Washington U. (Kuske)®® 65 68% Primary 48 45
Memorial SK (Ryu)®’ 11 Recurrent 24 56
Memorial SK (Cordeiro)®’

RT 68 Primary 34 80

No RT 81 Primary 34 88 (P = ns)
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on average of 50 Gy with cobalt, 4 or 6 MV photons, standard fractionation, and an
electron boost to the chest wall was used for many. A similar radiation technique was
used at MD Anderson Cancer Center for 12 patients, 6 post-mastectomy with implant
reconstruction, and 6 cancers arising in a previously augmented breast.®> Comparable
results were noted with no excellent, 33% good, and 42% poor cosmetic outcomes.
In two studies,’®® the use of bolus application during radiation was associated with a
significantly worse cosmetic outcome. At Beaumont Hospital,>® 87% of patients who
were treated without bolus application had a good to excellent result compared to 37%
who were treated with bolus application (P = 0.016). Similarly, Kuske et al.?® from
Washington University reported that the use of a bolus layer was the only radiother-
apy factor found to influence cosmetic results: 81% of patients with no bolus had an
excellent/good cosmetic result versus 37% of patients for whom bolus was used during
radiation (P = 0.003). In this study, the use of bolus also resulted in a higher complica-
tion rate (51% vs. 23%, P = 0.048). The use of compensators or wedges was associated
with a lower complication rate but did not have a significant effect on cosmesis. Eight
of 70 reconstructed breasts in this study were treated without a compensator or wedge
and all of these patients experienced complications (P = 0.036).

Two studies in Table 10 reported a high rate of acceptable cosmetic outcome from
irradiation of expander/implant reconstructions.®’*” Chu et al. from New York Hospi-
tal, Cornell University Medical Center, reported a 93% excellent/good and 7% fair/poor
cosmetic result in 27 patients with recurrent breast cancer 1 month to 10 years following
mastectomy and silicone implant reconstruction.®! Nine patients in this study received
“wide-local field technique” and were not treated to the entire reconstructed breast.

The other study with acceptable cosmetic results was recently reported from Memo-
rial Sloan Kettering and looked at 687 breast cancer patients who underwent immedi-
ate tissue expander/implant reconstruction following mastectomy.®’ At this institution,
patients underwent mastectomy with placement of the tissue expander. Tissue expan-
sion was continued during chemotherapy; and then 4 weeks following the comple-
tion of chemotherapy, the tissue expander was exchanged for the permanent implant.
Post-mastectomy radiation began 4 weeks after this exchange. Eleven percent of 81
irradiated implants were subsequently removed versus 6% of 542 non-irradiated cases.
The ultimate success rate for implant reconstruction was 90% versus 99% for irradi-
ated and non-irradiated cases, respectively (P = 0.001). The 81 irradiated cases were
matched to 75 non-irradiated control cases. There was an 80% excellent/good cos-
metic result after post-mastectomy radiation that was not statistically different from the
88% noted in the non-irradiated cases.®” Non-irradiated cases did have a higher rate of
very-good/excellent cosmetic result. Overall, 68% of the irradiated patients developed a
capsular contracture compared with 40% of those non-irradiated (P = 0.006). Irradiated
patients were more likely to develop a Baker’s grade III contracture (33.3% vs. 9.3%),
but there was no significant increase in grade IV or severe contracture. Sixty-seven per-
cent of irradiated patients were satisfied with their reconstructions and 72% stated that
they would choose the same form of reconstruction again. The authors concluded that
although irradiation increased the incidence of implant complication and contracture,
the rates of reconstructive success and patient satisfaction remained high.
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The long-term cosmetic consequences of irradiation following an autologous breast
reconstruction have been contradictory. Kuske et al. reported that cosmetic results in
8 patients who underwent PMR after immediate transverse rectus abdominis myocu-
taneous (TRAM) flap reconstruction were good/excellent in 87% despite a 63% com-
plication rate.®® Similarly, a study by Zimmerman et al. from UCLA, reported 90%
patient-rated good/excellent cosmesis in 21 patients who underwent radiation follow-
ing immediate free TRAM flap breast reconstruction and had a mean follow-up interval
of 19 months.% Other series have demonstrated worse complication rates from radiation
after TRAM flap reconstruction.”! This inconsistency is illustrated by two reports with
similar outcomes but different conclusions. Nineteen patients who received radiation
after pedicled TRAM flap reconstruction were compared to 108 patients who under-
went radiation prior to a similar reconstruction at Emory University.”’ Thirteen or
68% of the 19 cases irradiated post-TRAM reconstruction had local recurrence of can-
cer requiring radiation. There was no significant difference in the rate of complication
for an irradiated TRAM (31%) versus radiation pre-TRAM (25%) flap reconstruction.
There was a 17% complication rate for 572 non-irradiated TRAM flap reconstruc-
tions at the institution overall. The authors concluded that the complication rate does
not change whether a patient receives radiation before or after her TRAM flap recon-
struction, only the nature of the complication changes (fat necrosis instead of fibrosis).
A similar retrospective study from MD Anderson Cancer Hospital also compared the
complication rate for post-mastectomy radiation after (n = 32) and before (n = 70)
free TRAM flap breast reconstruction.”! The delayed reconstruction was performed an
average of 43 months post-completion of radiation. There was no difference in the rates
of early complications (vessel thrombosis, partial flap loss, total flap loss, and mastectomy
flap necrosis) between the two groups. There were significantly more late complications
(fat necrosis 43.8%, flaps with volume loss 87.5%, and flaps with contracture 75%) in the
immediate reconstruction group compared to the group that underwent reconstruction
after completion of radiation (fat necrosis 8.6%, flaps with volume loss 0%, and flaps
with contracture 0%). Twenty-eight percent of the 32 flaps that were irradiated required
additional flap or an external prosthesis to correct the volume loss. On the basis of this
experience, the authors concluded that patients who are candidates for free TRAM
flap breast reconstruction and need post-mastectomy radiation, reconstruction should
be delayed until radiation therapy is complete. Unfortunately, neither of these studies
provided physician- or patient-rated cosmetic data or patient satisfaction scores.

An interesting study from the Michigan Breast R econstruction Outcome Study eval-
uated factors that influenced complication rates in a prospective cohort of 326 women
who underwent breast reconstruction after mastectomy from 1994 to 1998. Twenty-
three plastic surgeons from 12 centers in Michigan, Pennsylvania, Louisiana, and Ontario
contributed patients to the survey.”* Sixty-four percent were immediate reconstruc-
tions and 24% were expander/implant, 55% were pedicle tram flap, and 21% were free
TRAM flap reconstructions. No significant difterences were observed across procedure
types with regard to patient demographics or comorbidities. Complication data were
collected 2 years after reconstruction. Overall, there were no complications in 54.6%,
1 complication in 29.1%, and 2 complications in 16.3%. Twenty-three percent had one
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major complication, and 8% had 2—3. Multivariate analysis to assess the effect of recon-
struction type and timing while controlling for patient age, body mass index, smoking,
chemotherapy, and radiation demonstrated that only immediate reconstruction and body
mass index were significantly associated with higher total complication rates. For TRAM
flap reconstructions, the major complication rates were 36% in the immediate group
and 18% in the delayed group (P = 0.002). Trends for higher complication rates were
noted with radiation therapy and chemotherapy in separate analyses. Radiation before
or after surgery for an expander/implant reconstruction was associated with higher over-
all complication (P = 0.08) and major complication (P = 0.07) rates. Chemotherapy
was associated with significantly higher major complications in TR AM flap procedures
(P=0.03).

B3. Chronic Pain

Breast cancer patients can report pain in the irradiated breast, chest wall, or nodal regions
for years after treatment. A survey of 127 breast cancer survivors who were on average
3 years post-treatment was done and revealed that 27% reported chronic pain.”> The pain
was rated mild in severity for 90% of patients. The sites of pain affected were breast 86%,
ipsilateral arm 69%, and ipsilateral axilla 81%. Pain in all three sites was reported in 58%.
The prevalence of pain was 27% after lumpectomy with RT, and 23% after mastectomy
alone. The impact of irradiation on breast pain has been reported from two randomized
studies. A companion study to assess breast pain was done at Princess Margaret Hospital
during a prospective trial that randomized breast cancer patients older than 50 years to
tamoxifen alone or tamoxifen and breast RT after lumpectomy.”® This study found that
radiation did not adversely aftect breast pain up to 12 months post-treatment. Another
QOL study that accompanied a randomized trial of observation versus breast RT after
lumpectomy demonstrated that patients did have increased breast pain during irradiation
and up to 2 years post-treatment. At 2 years no difference between the treatment groups
could be detected in the rates of skin irritation, breast pain, and being upset by the
appearance of the breast.””

B4. Fibrosis

Skin thickening or fibrosis of the breast or chest wall can occur after radiation for breast
cancer. An analysis was done for complications after BCT in 294 patients treated at
MD Anderson Cancer Center from 1990 to 1992.7® Breast radiation was delivered with
standard fractionation to a total prescribed dose of 50 Gy. Fibrosis was noted to develop
in 29%, but only 3.7% experienced grade 2 (moderate) and 0.3% grade 3 (impaired
ROM) fibrosis.”® Similar to the findings associated with cosmetic failure, breast fibrosis
developed more commonly in patients treated with additional radiation fields (38% vs.
21%, P = 0.001) and in patients who received a boost (33% vs. 22%, P = 0.04).

The influence of total dose and fraction size on the development of subsequent breast
fibrosis is demonstrated by a study from the University of Hamburg that evaluated long-
term radiation sequelae using LENT-SOMA criteria® in three groups of women who
had undergone BCT with a minimum of 6 years follow-up: group 1 received 60 Gy
total breast dose with 2.5 Gy fractions (1983—1987, n = 45); group 2—55 Gy total dose
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with 2.5 Gy fractions (1988—-1993, n = 345); and group 3—55 Gy total dose in 2 Gy
fractions (1993-1995, n = 200). Grades 2—3 breast fibrosis developed in 58%, 51%, and
20% of patients in groups 1— 3, respectively.”’

The effect of hypofractionation and the latency for developing subcutaneous fibrosis
was studied by Bentzen et al. from Aarhus, Denmark. Fractionation studies compared
two groups of breast cancer patients treated with post-mastectomy irradiation between
1978 and 1982: 163 women treated with a minimum target dose of 36.6 Gy to mid-
axilla in 12 fractions of 3.05 Gy delivered twice weekly versus a sample of 66 women
treated with a total dose of 40.92 Gy to mid-axilla over 22 fractions of 2.04 Gy delivered
5 fractions per week.®! This study found that the incidence of fibrosis increased with
time during the first 4 years of follow-up. By 3.2 years, 90% of the fibrosis had been
expressed. A longer latency was demonstrated for the most severe fibrosis at 4.4 years,
in comparison to grade 1 fibrosis which had developed by <2 year. The incidence of
moderate to severe fibrosis was nearly double in the hypofractionated, 2 fraction per
week schedule, 96% versus 45% in the 5 fraction per week schedule.®!

Certain patient populations may be at risk for developing exaggerated fibrotic reac-
tions following radiation. Patients with certain collagen vascular diseases (CVDs) may
represent such a subset and are discussed later. Breast cancer patients who are heterozy-
gous for the Ataxia Telangiectasia Mutation (ATM) have been reported to have more

. . .o )
severe fibrosis following radiation.®?

B5. Skin Telangiectasia and Atrophy

Telangiectasia or dilatations of the dermal vasculature that lie within a few millimeter of
the epidermis can occur following radiation for breast cancer. Several studies examining
post-mastectomy radiation have demonstrated that the incidence of telangiectasia is

81,84

affected by total radiation dose,®+*>% larger fraction size, and the occurrence of

moist desquamation.?%7

The Gothenburg fractionation trials conducted during post-mastectomy radiation in
Sweden in the 1970s examined the effect of radiation dose, fraction size, and dose-
rate on the development of telangiectasia (as a measure of late skin reaction) following
radiation with 12—13 MeV electrons.?>3* These studies used patients as their own control
comparing effects on the right versus left irradiated parasternal region. At greater than
5 years of follow-up, the frequency of mild, moderate, and severe telangiectasia was
79%, 49%, and 20%, respectively, for 2.61 Gy delivered daily 5 times per week for
21 fractions (54.81 Gy total dose) versus 100%, 79%, and 30%, respectively, for 5 Gy
delivered twice weekly for 9 fractions (45 Gy total dose) (P < 0.01).3* Another study in
the Gothenburg series confirmed that the occurrence of telangiectasia were greater for
4 Gy delivered twice per week for 10, 11, and 12 fractions compared to 2 Gy delivered
5 times per week daily for 25, or 30 fractions. Within each fractionation schedule, the
incidence of telangiectasia rose significantly with increasing total dose. Another study
used four fractions of 7.2 Gy given once-a-week to compare the effect of delivering
the dose per fraction over 4 minutes versus 32 minutes.®> Prolongation of the treatment
time resulted in a significant reduction in the incidence of telangiectasia: 85%, 65%, and
23%, respectively, for the minimal, distinct, and severe telangiectasia for the 4 minute
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treatment time versus 62%, 32% and 6%, respectively, for the prolonged treatment time
of 32 minutes (P < 0.01). Bentzen et al. in the Aarhus fractionation studies described
above,! also reported the effect of fraction size and the latency for development of
telangiectasia. Like fibrosis, the incidence of telangiectasia increased over time. It was
not until after 4.7 years of follow-up time that 90% of the telangiectasia was expressed.
The incidence of moderate to severe telangiectasia was 81% in the 2 fractions per week
schedule versus 62% in the 5 fractions per week schedule.

With the incorporation of these concepts into modern radiation practice, the inci-
dence of telangiectasia is less frequent after post-mastectomy radiation. The overall
incidence of telangiectasia was 59% at 5 years for 120 post-mastectomy patients whose
chest wall was irradiated using 12 or 15 MeV electrons with 50-50.4 Gy over 2528
fractions, 5 days-a-week. The use of a scar boost for 10-16 Gy with 9 MeV electrons
was the only factor found to be predictive for the development of telangiectasia.®

The development of telangiectasia after breast conserving therapy is less common but
still related to fraction size and total dose. The University of Hamburg study outlined
above evaluating fibrosis, demonstrated the effect of dose and fraction size on subsequent
development of telangiectasia.”” Grades 2-3 telangiectasia developed in 29%, 17% and
6%, respectively, for 60 Gy delivered with 2.5 Gy fractionation 4 days-a-week, 55 Gy
with 2.5 Gy fractionation 4 days-a-week, and 54 Gy with 2 Gy fractionation given
5 days-a-week with cobalt-60 teletherapy. Pezner et al. reported an overall 18% incidence
of telangiectasia by 5-9 months following breast radiation that gradually increased to
30% by the second year of follow-up in 119 patients who underwent BCT and received
50-50.4 Gy at 1.8-2 Gy per fraction. On multivariate analysis, boost, patient age >60,
and use of regional nodal fields was predictive for developing telangiectasia.*? The
incidence of telangiectasia was 7% for the no boost group (1 = 72), compared to 36%
for the 47 that were boosted (P < 0.001). An even lower rate of telangiectasia was
reported in the women evaluated for cosmetic outcome on the Milan III trial where
the incidence was 3% in the QUART versus 0% in the QUAD arms.>?

The development of telangiectasia is also associated with the occurrence and severity
of moist desquamation during the acute skin reaction.*®®” From the Aarhus data, the
estimated incidence of severe telangiectasia after 44 Gy in 22 fractions increases from
27% to 49% in patients who developed >grade 2 moist desquamation (10-49% of the
field) as an early radiation reaction.®

Patients who are distressed by the appearance of the telangiectasia can be poten-
tially treated with pulsed dye laser (PDL). PDL is an established treatment for cutaneous
telangiectatic disorders and is considered both efficacious and safe.® A study of 8 patients
with telangiectasia post-mastectomy demonstrated that in 7 who finished PDL treat-
ment, there was 100% vessel clearance occurred in the treated areas.®” Three patients
required three treatments, 3 patients needed two treatments, and 1 patient was treated
just once to obtain clearance.

B6. Collagen Vascular Diseases

These are a heterogeneous group of diseases that have been considered as a relative
contraindication for breast conserving therapy with radiation because of sporadic reports
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of severe acute and late-treatment-related toxicity.””?! A study from Yale University
specifically examined the incidence of acute and late toxicity after breast radiation for
conservative therapy in the setting of CVD.?? They identified 36 cases of CVD (17
rheumatoid arthritis (RA), 5 systemic or discoid lupus (S or DL), 4 scleroderma (SCD),
4 Raynaud’s, 2 Sjogren’s, 4 dermatomyositis/polymyositis) among the 1677 patients in
their database who had undergone BCT, and matched each case to two control patients
of similar age, tumor, and treatment factors. The breast was irradiated to a median
dose of 48 Gy followed by a boost to the lumpectomy site to a total median dose of
64 Gy. There was no significant difference in acute toxicity for the CVD group overall
compared to the controls. When analyzed by specific CVD, only the SCD subset was
associated with an increased risk of acute toxicity. A significantly greater incidence of
late toxicity was found between the CVD (17%) and control groups (3%) (P = 0.0095).
Again, this was limited to the 4 SCD patients when this was analyzed by specific CVD.
The late toxicities noted in 3 SCD patients were fibrosis-necrosis, ulceration-necrosis,
and cord paralysis-dense fibrosis. The authors concluded that patients with SCD have
higher rates of complications after breast irradiation, but that other CVD should not be
considered contraindications.

Three other retrospective series have examined the relationship between CVD and
radiation-induced complications. Two hundred nine patients with CVD with a vari-
ety of malignancies underwent irradiation to a median dose of 45 Gy (13-81 Gy) at
Massachusetts General Hospital from 1960 to 1985.”> Most patients, 131 (60%) had
RA and the other 78 had non-RA CVD (28 patients had S or DLE, 17 polymyositis/
dermatomyositis, 16 SCD, 8 ankylosing spondylitis, and four mixed connective tissue
disorder). The patients in the RA group did not have higher rates of acute or late radi-
ation toxicities. The non-RA CVD did not have higher acute toxicity rates, but had
a significantly greater percentage of late complications, 21% versus 6% at 5 years (P =
0.0002).

Another series from the University of lowa studied 61 patients with CVD who had
been irradiated for various malignancies to matched-control groups of 61 irradiated
patients without CVD.** Of the patients with CVD, 39 patients had RA, 13 had S or
DLE, 4 had SCD, 4 had dermatomyositis, and 1 had polymyositis. Those with SLE had
a non-significant higher rate of acute toxicity as compared to the control group (36% vs.
18%, P = n.s.). Patients with RA had a non-significant increase in late complications
when compared to the control group (24% vs. 5%, P = n.s.). Among the late toxicities
observed in the RA group were perforated sigmoid colon, small bowel obstruction, soft
tissue necrosis, radiation pneumonitis, and fatal constrictive pericarditis. Patients with
CVD treated with palliative doses of RT (<40 Gy) had acute and late complication rates
equivalent to the controls.

Finally, another recent retrospective study from the University of Louisville com-
pared acute and late toxicity from radiation for various malignancies in 38 patients with
documented CVD to 38 matched-control cases.” There was not a significantly higher
incidence of acute or late toxicity when the two groups were compared. However, the
few SCD patients in this study had a higher rate of grade III acute and late complication
following irradiation.
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Breast cancer patients with CVD should be made aware of the potential for exagger-
ated acute and late toxicity related to radiation treatment, but should not be considered
ineligible for breast conservation with radiation. From three retrospective studies so far,
it appears that patients with SCD and other non-RA CVD may be at the highest risk
for severe toxicities such that breast radiation in this group should be approached with
caution.

B7. Lymphedema, Shoulder Immobility, and Brachial Plexopathy

These three toxicities are discussed together as they are all primarily consequences of
supraclavicular and/or axillary irradiation in the treatment of breast cancer.

Lymphedema

Arm edema or lymphedema in breast cancer patients is caused by an interruption of the
normal filtration process that occurs between capillaries, interstitial tissue, and lymphatic
vessels in the arm. Under normal circumstances, capillary pressures force fluid into the
interstitium and reabsorption pressures pull most of the fluid back into the capillary at the
venous side. The remainder of the filtered fluid and protein are removed by lymphatic
vessels. Without the functioning lymphatic system, protein, cells and non-reabsorbed
fluid remain in the interstitial tissue. The stasis of fluid in the subcutaneous tissues of
the arm leads to increased weight and girth of the extremity. Patients with arm edema
secondary to breast cancer therapy can experience difficulty performing skills at home or
work because of functional impairment, psychological distress as a result of the change
of body image, and chronic pain, leading to significantly reduced QOL.%*%7% The
primary treatment factors contributing to arm edema are the extent of axillary node
dissection and nodal irradiation. There are multiple other clinical factors that have been
associated with an increased subsequent risk of lymphedema, of these, infection!??101
and obesity!'® are frequently reported.

Until recently, axillary node dissection was a standard part of the surgical management
of invasive breast cancer regardless of tumor size or nodal involvement. The incidence
of subsequent lymphedema in several studies is shown in Table 11 and averages about
13%. Studies with longer follow-up tend to show a greater incidence of arm edema.

Increased rates of lymphedema have been reported with more extensive dissection, !’ 104

greater number of nodes removed, "> 197198 and splitting the pectoralis muscle.'”” Sen-
tinel lymph node biopsy has resulted in significantly less morbidity with estimates of
subsequent lymphedema being <1-3%.!10:111

The addition of supraclavicular and/or axillary radiation following a dissection results
in a higher incidence of lymphedema. The incidence of lymphedema following axillary
node dissection and nodal irradiation ranges from 9% to 58% in the studies presented
in Table 12. Increased rates of lymphedema have been described in association with
both the British Columbia and the Danish Breast Cancer Cooperative Group (DBCG)
82B and 82C randomized trials that reported a survival advantage with the addition
of chest wall and comprehensive nodal RT following mastectomy and chemotherapy.
In the British Columbia trial, symptomatic lymphedema was reported in 9% of those
irradiated versus 3% in the non-RT arm.”? Hojris reported 14% lymphedema from
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Table 11. Incidence of arm lymphedema after axillary dissection

Institution (author) N Measure Nodal RT (%) Lymphedema (%)
Johns Hopkins (Lin)*? 283  Arm circumference >2cm 6 16
Memorial Sloan Kettering, 263  Arm circumference >2cm 0 13
(Peterek) '
Wessex Radiotherapy (Ivens)'’> 126 Arm circumference, water 0 10

displacement >200 cc

Table 12. Incidence of arm lymphedema after axillary dissection and nodal irradiation

Institution (author)  Year N Surgery Measure AND (%)  AND + RT (%)
Royal Marsden 1986 200  BCS*35%  Limb volume of 9.3t
(Kissen) 104 >200 cc
7.4 3831
Odense University 1988 57 Mastectomy ~ Arm 11 46
(Ryttov) 12 circumference
>2.5cm
Umea and Lund 1991 136 Mastectomy  Volume 21 58
University displacement
(Segenstrom)'"3 >150 cc
Netherlands 1998 691 Mastectomy ~ None given 6 28
Cancer Inst.
(Bijker)!*
Aarhus University 2000 84 Mastectomy  Arm circumfer- 3 14
(Hogris)'"? ence/limb
volume >200
cc
MD Anderson 2002 294 BCSY Arm 10 18
Cancer Center circumference
(Meric)”8 >3 cm
Massachusetts 2003 7275 BCSY Arm 1.8 8.9
General Hosp. circumference
(Powell)!1> “frequently”
>2 cm

fBCS, breast conserving surgery.
"Axillary sampling.
*Axillary clearance.
Tan patients received breast irradiation.
SNo axillary dissection done in 14% of population.
irradiated versus 3% from non-RT in 84 women who had all been treated on the
DCBG 82B and 82C trials at a single institution (Table 12). The extent of dissection
prior to nodal irradiation impacts the rate of subsequent edema.'® For instance, the
risk of symptomatic edema in patients treated at JCRT/Harvard was 4% after RT alone
without dissection, 6% after level I/1I dissection plus axillary radiation versus 36% after
a complete AND with axillary RT.!% The incidence of arm edema following nodal
irradiation in an un-dissected axilla ranges from 4% to 8%.13:104

Breast irradiation alone after lumpectomy and axillary node dissection seems to have
a negligible effect on the incidence of lymphedema. The average incidence of lym-
phedema in the studies listed in Table 13 is 15%, which is similar to what is reported in
the studies in Table 11 with axillary node dissection alone. The randomized trial from
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Table 13. Incidence of arm lymphedema following breast conserving surgery, axillary node dissection, and
breast irradiation

Institution N Measure AND*(%)  Nodal RT (%)  Lymphedema (%)

Memorial Sloan 282  Arm circumference 100 24 12.1
Kettering >2.5 cm
(Werner) '10

Northwestern 183  Arm circumference 82 0.01 17.5
University >2.0 cm
(Kiel)'%

City of Hope 37  Arm circumference 86 0 14
(Pezner) 7 >2.5 cm

Centro per lo Studio 601  Arm circumference 100 0 17.9
e la Prevenzione >5% difference

Onocologica
(Herd-Smith)'%%

*Axillary node dissection.

the Uppsala-Orebro Breast Cancer Study that studied cancer recurrence from lumpec-
tomy alone versus lumpectomy and breast irradiation in 381 women also evaluated arm
morbidity."!” Complete arm circumference data were available from 273 patients (117
in the RT group and 155 in the non-RT group). There was no associated difference
between arm edema or any of the other arm symptoms evaluated (pain, numbness,
impaired shoulder mobility) with the addition of breast irradiation. The number of
nodes dissected was an important determinant of arm morbidity. At 3—12 months fol-
lowing treatment, arm symptoms were reported in 53.6% who had >10 lymph nodes
found in the axillary specimen versus 33.6% who had <10 found. The frequency of arm
symptoms reduced with time, such that at 13—36 months, the rate of arm symptoms was
33% and 19.5% for >10 versus <10 nodes found, respectively.

Radiation technique may influence the risk of lymphedema. Large fraction size and
the inadvertent overlapping of fields have been associated with an increased incidence
of arm edema.'™® Johansson et al. reported on 150 patients treated with RT in the
mid-1960s following radical mastectomy. The patients were divided into three groups
based on their fractionation: 4 Gy x 11 fractions delivered over 21 days; 4 Gy x 11
fractions delivered over 15 days; and 3 Gy x 14-15 fractions delivered over 20 days.
With a follow-up of >30 years in surviving patients, the incidence of lymphedema
was 70% and 69% from the two 4 Gy fractionation schedules versus 25% in the 3 Gy
fractionation schedule (P < 0.0001). The patients in the 3 Gy fractionation group were
treated with much smaller supraclavicular and internal mammary fields that may also
have contributed to their lower rates of arm edema.

In the 1998-1999 Patterns of Care Study of post-mastectomy irradiation, the frac-
tionation was <2 Gy in 97%, and 93% were prescribed a total dose between 45 and 50.4
Gy using 6 MV photons.>> However, only 15% of the patients had CT-based treatment
planning. A heterogeneous dose distribution can potentially lead to delivery of an unin-
tentional larger fractions size and over-dosage in an area of the field that contains critical
normal tissue. For instance, a 15-20% hot spot in a supraclavicular field dosed to 50.4 Gy
over 25 fractions at a depth of 3 cm could lead close to 58—60 Gy being delivered with
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2.2-2.3 Gy fractionation (Figure 1a). This is compounded with the use of an additional
posterior axillary field that was used in 40% of the patients in the PCS post-mastectomy
study.®® This field was dosed most frequently to mid-axilla in the PCS study using
6 MV photons. When this field is used and dose prescribed at mid-axilla, it is important
to watch the cumulative dose at D = 3 cm anteriorly, as the fractionation at this site
with the combined supraclavicular field and exit from the posterior axillary field can
become significantly higher than intended (Figure 1b). Omitting the posterior axillary
field has resulted in lower rates of lymphedema in some retrospective studies. There was
a 3% rate of lymphedema reported in 82 node-positive patients treated at the University
of Michigan with supraclavicular irradiation only after a level I/11 axillary dissection. '’

Complete decongestive therapy (CDT) of complex physical therapy has become a
commonly recommended therapy for management of lymphedema.'*" 2! The goal of
CDT is to reduce arm edema to a minimum level, maintain the results, and prevent
infections. It has four main components: (1) manual lymph drainage, (2) skin and nail
care, (3) compression bandaging and/or garments, and (4) therapeutic exercise. The
efficacy of CDT was evaluated in a prospective trial of 20 breast cancer patients after
diagnosis of lymphedema. Following CDT, there was a median decrease in girth of
1.5 ¢cm and median volume reduction of 138 cc. During follow-up at 6 and 12 months,
there was a mild increase in girth and volume but stabilized at less than 1 cm and 100
cc below study entry.!?> Other studies have demonstrated symptomatic and objective
measures of response to CDT.'?

Hyperbaric oxygen therapy (HBOT) has demonstrated effectiveness when studied for
management of radiation associated sequelae of the mandible, bladder, soft tissue, as well
as breast.'** A recent Phase I trial from Royal Marsden Hospital evaluated HBOT in 21
patients with chronic lymphedema following nodal irradiation for breast cancer.'?> Only
3 of 19 patients achieved the primary treatment goal of a >20% relative reduction in
volume. A larger percentage of patients (6/13) had evidence of improved clearance rate
of radiotracer uptake on lymphoscintigraphy after HBOT. Twelve of 19 patients reported
symptomatic improvement. Given these findings, HBOT deserves further study.

There have been several pharmacological agents studied for treatment of lymphedema.
Two randomized trials have evaluated coumarin. An initial study in 31 breast cancer
patients with arm edema and 21 patients with leg edema were randomized in a double-
blind, crossover design to receive coumarin or placebo for 6 months. Each reported
a >20% reduction in volume following coumarin therapy.'*” A second trial random-
izing 140 women with arm edema following breast cancer treatment with the same
double-blind cross over design failed to demonstrate any benefit from the coumarin and
reported a 6% rate of hepatotoxicity.'?® Dafilon, a flavanoid, did not have an overall
significant effect when evaluated in a randomized trial in 94 patients.'?® However, in 24
patients with severe edema there was a significant reduction in arm volume. Selenium
for treatment of radiation-associated lymphedema has been prospectively studied in 12
breast cancer patients with arm edema and 36 patients with endolaryngeal edema.'?’
Sodium selenite at 350 pg/kg for a total daily dose typically of 500 pg daily over 4-6
weeks was used. Ten of the 12 breast cancer patients demonstrated a significant reduction
of arm circumference measures. Given this finding, further investigation is warranted.
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Figure 1. (a) Supraclavicular field. Isodose distribution from a prescription of 50.4 Gy to a depth of 3 cm
with 6 MV photons and 1.8 Gy fractions. (b) Supraclavicular field with a posterior axillary boost (PAB).
Isodose distribution for 50.4 Gy to a depth of 3 cm with 6 MV photons and 1.8 Gy fractions for the
supraclavicular field. PAB dosed 10.6 Gy to mid-plane with 0.38 Gy fractions.
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Shoulder Immobility

Impaired shoulder movement is primarily the consequence of axillary treatment. The
type of surgical treatment and whether nodal irradiation is used influence the probability
of subsequent shoulder consequences.

The cause of impaired shoulder motion following axillary node dissection and radi-
ation is probably multifactorial. Damage to the pectoralis muscle is most likely an
important factor for the development of shoulder dysfunction. Analysis of the Aarhus
fractionation studies for post-mastectomy irradiation revealed that the occurrence of
shoulder impairment post-treatment increased with increasing absorbed dose and the
more hypofractionated schedule.'?® This gives credence to fibrosis of the pectoralis
muscle and/or other chest-wall musculature as the main pathogenesis for impaired
shoulder function post-irradiation. However, injury to ligaments, cartilage, joint cap-
sule, vasculature, peripheral nerves, and lymphatic drainage may all contribute, directly
or indirectly.

The impact of surgical procedure on shoulder movement was studied by Sugden
et al. in 141 women treated for breast cancer in 1991 and assessed for arm function
by a single observer 18 months post-treatment. Ninety-three women were assessed
pre-RT and 18 months post, and the remaining 48 were only assessed post-treatment.
Shoulder motion was measured for impairment in six movements: abduction, flex-
ion, extension, both supination and/or pronation. The type of operation was the
most important factor for the development of shoulder problems. Before RT, the
incidence of a reduction in at least one shoulder movement was 78% for mastec-
tomy patients and 43% in the lumpectomy group (P < 0.01)." Eighteen months
post-treatment, the incidence of any reduced shoulder movement was 79% for the
mastectomy patients and 35% in the lumpectomy group (P < 0.01).13% Seventy-
three percent had reduction in any of the shoulder movements measured following
RT versus 35% who did not have axillary RT (P < 0.001). Patients with persistent
shoulder dysfunction before RT had a 60% chance of persistent movement prob-
lems afterward, as compared to 24% with normal pre-RT shoulder movement (P <
0.001).

Review of Table 14 demonstrates three other studies with higher rates of shoulder
impairment following post-mastectomy irradiation.'" 12114 In these studies, impaired
shoulder mobility ranged 2-6.8% following mastectomy alone versus 8-38% after the
addition of irradiation. There has been less shoulder impairment reported after lumpec-
tomy, axillary node dissection, and breast irradiation.”®13%13! Deutsch reported a 1.5%
rate of impaired shoulder motion in 232 post-lumpectomy patients and Meric et al.
reported that 1.4% had decreased range of motion in 294 breast conservation patients.
Arm mobility was among the arm symptoms that were not affected by the addition of
breast RT following lumpectomy in the Upsala-Orebros randomized trial of lumpec-
tomy and axillary node dissection & breast irradiation described above.''” Similarly,
in the NIH randomized trial between MRM versus lumpectomy, node dissection, and
irradiation, there was no significant difference in either treatment arm for shoulder range

of motion at 1 year follow-up.'*
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Table 14. Incidence of impaired shoulder mobility after irradiation

Nodal Surgery

Institution (author) N Surgery RT (%) Measure (%) Surgery + RT (%)
Netherlands Cancer 691 Mastectomy 70 Patient self report 3.4 8*

Inst. (Bijker)'! 18.91
University of Oxford 39  Mastectomy 35 Measured ROM¥ 719 819

(Sugedn) '3 102 Lumpectomy 318 598
Aarhus Univ. Hosp. 84  Mastectomy 100 Measured ROM 2 16

(Hogris)m9
Odense University 57  Mastectomy 23 Measured ROM 6.8 38

(Ryttov)''?

*Axillary sampling.
fAxillary clearance.
 Range of Motion.
ﬂMastectomy patients.
SLumpectomy patients.

Brachial Plexopathy

Brachial plexopathy after radiation therapy is uncommon and typically seen only when
regional nodal irradiation has been delivered. The clinical syndrome most frequently
presents with paresthesias, and is associated with pain and/or weakness in the ipsilat-
eral arm.'?*13% Weakness tends to be slowly progressive. The onset of symptoms can
be seen within 6 months of completing radiation. While some studies document that
most patients develop symptoms within 3 years,'** others have demonstrated that the
risk is progressive with time.!>>13¢ The entire brachial plexus is typically involved,!3*1%
though some cases have documented involvement of just the upper or lower trunk.
The mechanism of radiation-induced brachial plexopathy is not completely under-
stood, but it is suspected that fibrosis of tissue around peripheral nerves occurs with
injury to small vessels that leads to ischemia. Pathologic studies have shown loss of
myelin, fibrosis and thickening of the neurolemma sheath, and obliteration of the
vasonevum. %’

The incidence of brachial plexopathy in reported series for breast conservation is
very low. Pierce et al. from the Harvard group reported 20 (1.2%) of 1624 patients
developed brachial plexopathy. The median time to occurrence was 10 months (range
1.5—77 months) and in 17 (85%), the symptoms had completely resolved by 1-2 years.
Three women had severe, progressive symptoms for an overall rate of permanent brachial
plexopathy of approximately 0.2%.'% Supraclavicular/axillary radiation, axillary dose,
and the use of chemotherapy were significantly associated with the development of
brachial plexopathy. The 1117 patients treated with supraclavicular/axillary field devel-
oped brachial plexopathy in 1.8%, compared to none in the 507 patients treated to
the breast alone (P < 0.009). Of those women who received nodal irradiation, higher
rates of brachial plexopathy were seen with axillary doses >50 Gy (5.6% vs. 1.3%, P =
0.004), and the use chemotherapy (4.5% vs. 0.6%, P < 0.001). Other retrospective series
of BCT from single institutions confirm that brachial plexopathy is very rare when just

breast irradiation is delivered.”8 139140
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Table 15. Hypofractionated supraclavicular/axillary irradiation and brachial plexopathy

Brachial
F/U Prescribed total ~ Fraction  Fractions/ plexopathy
Institution (author) N (years) dose (Gy) size (Gy)  week Energy (%)
Hamburg (Bajrovic)'*! 140 8 60 3.0 4 Co-60 14
Odense (Olsen) ' 79 8 36.6 3.05 2 8-16 MV 35
Umea (Johansson)'3¢ 71 12 40 4 5 Co® 63

Brachial plexopathy as a late morbidity from supraclavicular/axillary irradiation has
been examined in older post-mastectomy series. In these studies, its incidence is associ-
ated with increasing fraction size and total dose (Table 15), similar to what is seen for late

fibrosis. In the series from Hamburg University,'*!

the 60 Gy in 3 Gy fractions was at a
maximum depth of 0.5 cm. It is estimated that the dose to the brachial plexus at a depth
of 3 cm was 52 Gy with a 2.6 Gy fraction. The rate of all brachial plexopathy grade
1 was 14% and all the damage was found to be progressive over the observation period,
so that the percentage of patients with >3 plexopathy was 2% after 5 years, 5.5% after
10 years, 11.8% after 15 years, and 19.1% after 19 years, respectively.!*! In the report
from Odense University by Olsen et al., patients had been treated according to the
DBCG 77 protocol. Of the 35% rate of brachial plexopathy, 19% had mild symptoms
of sensory disturbances and/or weakness, and 16% had severe symptoms that disabled
her in daily life."*? A very high rate of plexopathy was seen in the patients treated from
1963 to 1965 at the Umea University Hospital.'*® The prescription dose was 40 Gy in
11 fractions, but only 2 or 3 fields were treated per day so that the dose was given in 16-17
treatments over 3—4 weeks. Overlap occurred between the axillary and supraclavicular
fields so that the given dose to the brachial plexus was much higher. A retrospective
calculation showed that the dose to the brachial plexus was 54-57 Gy delivered over a
complex combination of 1.8 Gy, 3.4 Gy, and 5.2 Gy fractions. The mean time for onset
of BP was 4.2 years. There also was a progression of symptoms seen in this study over
the entire follow-up period that was as long as 34 years. Of the 17% of women alive at
34 years follow-up, 92% had paralysis on their arm. A 5% rate of vocal cord paralysis
that had onset at a mean of 19 years follow-up was also seen in this study. All of these
occurred in left-sided lesions indicating recurrent nerve involvement. '

Subsequent post-mastectomy studies have demonstrated a lower rate of BP following
nodal irradiation. One hundred and twenty-eight women irradiated on the DBCG 82B
and 82C post-mastectomy studies were evaluated with thorough neurological exams to
detect the presence of any neuropathy. The dose to the supraclavicular and axillary nodes
was 50 Gy in 25 fractions on this study. After a median follow-up of 4.1 years, mild
BP was noted in 9% and disabling symptoms in 5%. There was a higher incidence of
plexopathy following radiation in patients who received chemotherapy (P = 0.01) and
were younger than 47 years (0.04). Thirty three patients who did not receive radiation
had no occurrence of plexopathy. These numbers represented a significant reduction
in the incidence of BP when compared to the DBCG 77 trial."®® Interestingly, Hogris
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et al. evaluated 84 patients for the presence of late morbidity that had been treated at his
institution on the DBCG 82B and 82C trials. Paresthesias and weakness of the arm were
more common in the irradiated patients than in the non-irradiated patients. Subjective
complaints of paresthesia and weakness occurred in 7% and 28%, respectively, of the
irradiated patients, and in none and 19%, respectively, of the non-irradiated patients.
Objective examination revealed that 21% had paresthesias and 14% weakness in the
irradiated group, and 7% and 2%, respectively, in the non-irradiated group. No patient
had more than mild, grade I weakness measured.'”’

During the planning for supraclavicular or axillary nodal irradiation at our institution,
the axillary vessels are contoured as a structure within the axilla to be a surrogate for
the brachial plexus. It is our policy to not match over this structure to minimize the
potential for inadvertent overlaps. The area of the contoured vessels is monitored to
ensure that there are no dosimetric hotspots in or around the structure that would give
an unintentional higher dose (Figure 1b).

B8. Cardiac Morbidity

Radiation of the breast or chest wall for left-sided breast cancers can inadvertently deliver
significant doses to the heart. Radiation injury to the heart is seen most frequently in the
pericardium. The parietal pericardium develops variable degrees of fibrosis that replaces
the outer adipose tissue.'*> Although pericardial fibrosis can progress to constriction,
this is uncommon and adhesions between the pericardium and epicardium are rarely
seen. Accumulation of pericardial fluid is more commonly seen in this scenario. The
occurrence of pericarditis associated with the radiation for breast conserving therapy is
extremely uncommon. Pierce et al. reported 3 (0.4%) of 831 left-sided breast cancer
patients developed chest pain requiring inpatient evaluation at 2, 2, and 11 months post-
treatment.'*® Two of these patients had clinical syndromes consistent with pericarditis,
and the third had evidence of a minor myocardial infraction. Other single institution
series have reported no occurrence of pericarditis'*’ or incidences <1%.'*"

Pathologically, the myocardium is involved less frequently than the pericardium, but
tends to develop a more serious lesion.!* It is characterized by patches of diffuse fibrosis
affecting usually the anterior wall of the left ventricle and, less frequently, the right
ventricle. Myocardial fibrosis is thought to be a result of injury to endothelial cells of the
myocardial capillaries. Lesions to the coronary arteries are also presumed to be as a result
of endothelial cell injury. Injury to the intimal cells is followed by eventual replacement
of the damaged intima by myofibroblasts, deposition of platelets, and all the other events
that occur usually in atherosclerosis.

Radiation for left-sided breast cancer has been associated with increased morbidity
and mortality from ischemic heart disease.!**~1*7 Older radiation therapy techniques,
particularly those used for the initial post-mastectomy irradiation trials, included a signif-
icant portion of the heart. An initial meta-analysis of eight randomized post-mastectomy
radiation trials that began before 1975 demonstrated that for long-term breast cancer
survivors, patients who had received irradiation had higher subsequent mortality rates at
1015 years follow-up."** A subsequent analysis was done that examined cause-specific
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mortality, included more post-mastectomy trials, and had longer follow-up revealing that
there was not a significant difference in mortality after 10 years in those patients treated
with irradiation. In fact, there was a trend for improved survival for those who were
irradiated post-mastectomy. This modest survival benefit was offset by excess cardiac
mortality in irradiated patients.'* Most of the trials included in these initial overviews
used radiation techniques with either orthovoltage or Co-60 that are now considered
obsolete methods. These techniques compared to current ones with megavoltage radi-
ation have been shown to deliver higher radiation doses to a larger percentage of the
heart.

Cardiac mortality and the radiation treatment technique associated with it have
been studied extensively in the Stockholm trial."**~'*® This trial included 960 breast
cancer patients enrolled during 1971-1976 who were randomly allocated to preoper-
ative RT, postoperative RT, or to mastectomy alone. There was no decrease in overall
survival associated with radiation on this trial. Instead, there was a benefit with radiation
(pre- and post-RT vs. surgical controls) during the entire follow-up period that was of
borderline significance (P = 0.09). Each of the treatment techniques used in the trial
were modeled with CT planning in four current breast cancer patients. The consistently
largest irradiated heart volume was observed with left-sided tangential **CO fields. On
the basis of this analysis, the different radiation techniques used on the trial were classi-
fied into three groups of low, intermediate, and high cardiac dose—volumes. When the
records of the 960 patients in the Stockholm trial were linked with a Swedish registry
of death certificates, mortality due to ischemic heart disease was significantly higher in
the “high” dose—volume subgroup when compared to surgical control. In the low or
intermediate dose—volume subgroups, the mortality due to ischemic heart disease was
similar to surgical controls."*® An update of this analysis in 1998 with 20 year median
follow-up estimated a relative risk of myocardial infarction of 1.3 (95% CI 0.7-2.6) and
cardiac mortality of 2.0 (95% CI 1.0-3.9, P = 0.04) in the high volume group only. No
excess cardiac risk was observed in the lower dose—volume groups.'*’

This same group evaluated the proportion of heart volumes that was included in the
50% isodose (at least 25 Gy) from the dose—volume histogram (DVH) of 100 consecutive
left-sided breast cancer patients irradiated following lumpectomy during 1994-1995 and
compared it to the estimated heart volumes of patients treated on the Stockholm trial.
The mean irradiated heart volume that received at least 25 Gy in the 1994-1995 cohort
was 5.7% for the whole group and 11.9% in those with the highest volume.'*® The
highest heart-volume group comprised 6% of the population. In comparison, the mean
irradiated heart volume included in the 50% isodose for patients in the Stockholm
Trial was 25%. This study demonstrates that the majority of left-sided breast cancer
patients undergoing breast irradiation following lumpectomy do not receive irradiation
to substantial heart volumes when modern radiation techniques are used.

A population-based study from Ontario, Canada, of patients receiving post-
lumpectomy breast radiation during 1982-1987 demonstrated that 2% of women with
left-sided RT had a fatal MI compared to 1% of women who had right-sided RT.'*
No data about radiation technique were available. Two other population-based studies,
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one from Sweden for patients treated during 1970-1985, and the other from SEER
for patients treated in the US in 1973-1992, have reported a relationship between left-
sided breast cancer treatment and subsequent late cardiac events and mortality.!>* 13! In
addition, the meta-analysis of 40 randomized trials of RT involving 20,000 breast cancer
patients by the Early Breast Cancer Trialists Collaborative Group demonstrated that the
addition of RT resulted in a reduction in breast cancer mortality, but was nearly offset
by increased non-cancer mortality, particularly vascular.'>?

Three series from single institutions have not shown an increase in myocardial infarc-

tion (MI)!®* or cardiac-related mortality!>31%5

after 9-12 years follow-up, respectively,
in women radiated with more modern techniques as part of BCT.

Furthermore, no increase in morbidity or mortality from ischemic heart disease
occurred in those patients receiving radiation compared to the non-radiation group
in the DCBG 82B and 82C PMR trials that included 3083 women and have a median
follow-up >10 years."*® This is particularly important as all radiated patients enrolled
in these trials received regional nodal treatment including the internal mammary chain.
This underlies the importance of careful radiation treatment planning in order to mini-
mize the amount of heart within the fields for left-sided breast cancer.

Multiple techniques have been described to reduce the amount of irradiated heart-
volume during breast cancer treatment. These include adding a “heart block,”!>7:1%8

157 157,158 and

3-dimensional conformal therapy, >’ intensity-modulated radiation therapy,
respiratory gating.'>>1%" At our institution, the heart volume is contoured for all left-
sided breast cancer with CT treatment planning using the definition of heart used by
Geynes et al.'*® Our defined dose constraints are that the percent heart volume within
the 50% isodose is kept <8% for breast only irradiation and £10% for when regional
nodal irradiation is added. In some cases, we have used prone breast irradiation to reduce

the amount of heart-volume irradiated for left-sided cancers.

B9. Radiation Pneumonitis

Symptomatic radiation pneumonitis is uncommon when only the breast is irradiated
following breast conserving therapy. It typically onsets 2—3 months after completing
treatment with a clinical syndrome of cough, fever, shortness of breath, and radiologic
changes confined to the radiation therapy field.'®! Symptoms can persist for several
weeks and in general are self-limiting. Pulmonary fibrosis typically follows in the effected
portion of the lung.

Lingos et al. reported a 1% incidence of radiation pneumonitis in 1624 patients
treated during 1968-1985 for breast conserving therapy. The incidence increased to 3%
when nodal irradiation was added and 8.8% when nodal irradiation and chemotherapy
was delivered.'® Even higher incidences of radiation pneumonitis have been reported
following regional nodal radiation depending on the treatment technique with and
without chemotherapy. 1637165

The incidence of pneumonitis based on irradiated lung volumes from difterent radi-
ation therapy techniques used to treat breast cancer patients has been studied by Lind
et al."” On the basis of the report of Graham et al., 220 Gy (1%) was chosen as the
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ipsilateral lung tolerance level to document. The average irradiated ipsilateral lung vol-
umes at 220 Gy (T4¢) in 84 patients was: breast treatment only, 7%; breast 4 regional RT
(without internal mammary nodes), 20%,; breast 4 regional RT (with internal mammary
nodes), 30%; post-mastectomy local regional RT (with internal mammary nodes), 35%.
A positive correlation was found between the incidence of pulmonary complications
and increasing ipsilateral lung volumes receiving >20 Gy (P = 0.001). The incidence
of moderate symptomatic post-treatment pneumonitis (requiring steroid treatment) for
the respective lung volumes was 0.5%, 7.5%, 11%, and 11.5%.

The dose constraints for lung at our institution are as follows. For breast irradiation
alone, <10% of the ipsilateral lung should receive 220 Gy. For breast and/or chest wall
and regional nodal irradiation <25% of the ipsilateral lung should receive 220 Gy.

B10. Secondary Malignancy

The overall survival of early stage breast cancer is good so that there are increasing
numbers of long-term breast cancer survivors that need to be followed for the occurrence
of secondary malignancies.

It is well established that patients treated for one breast cancer have a higher risk of
subsequent contralateral breast cancer (CBC).'%7172 The risk for CBC averages between
1.1% and 1.5% per year. On the basis of the evidence from both randomized trials and
population-based studies, it does not appear that breast radiation to one breast increases
this risk for subsequent CBC. In the randomized trials evaluating breast conserving
therapy, the rate of subsequent CBC was similar in either the mastectomy or radiation
treatment arms. The Milan I trial that randomized 701 breast cancer patients to either
radical mastectomy or quadrantectomy and radiation demonstrated 28 CBC in the
mastectomy arm and 22 in the radiation group at up to 19 years follow-up.!”’ Ten-year
follow-up of the NCI randomized trial demonstrated 10 CBC in the 116 mastectomy
patients and 7 in the 121 who underwent lumpectomy and radiation.'® At 15-year
follow-up of the Institut Gustave, Roussy, 13 CBC occurred in the 91 patients treated
with mastectomy and 10 in the 88 patients who had radiation following tumorectomy. '

Multiple population-based studies have evaluated whether the incidence of CBC
could be linked to radiotherapy for the first breast cancer. A study from the Connecticut
Tumor Registry of 41,109 breast cancer patients treated between 1935 and 1982 revealed
655 CBC that were matched with 1189 controls did not demonstrate an overall increase
in CBC after radiation treatment.!”! A non-significant trend for increase in CBC was
seen in a subset of 45 women who were <45 years old at diagnosis and who were 10
years post-radiation treatments. A population-based study from Denmark looking at
529 breast cancer patients with CBC and 529 matched controls did not demonstrate
an increased risk of CBC after radiation for a first breast cancer.!”?> A 4.2% incidence
of CBC was documented for 134,501 breast cancer cases treated between 1973 and
1996 in the SEER database.!”® In this study, a cox proportional hazards regression
model demonstrated that radiation treatment for the first cancer was associated with an
increased risk of CBC after 5 years of follow-up (RR = 1.14, 95% CI 1.03-1.26, P =
0.001). This study was limited by the unavailability of confounding information, such
as tamoxifen use, that could affect the incidence of CBC. In conclusion, there has been
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no consistent evidence that the use of radiation for one breast cancer causes a second
CBC. However, adherence to radiation techniques that reduce the contralateral breast
dose is advised, especially in younger patients.

There is increasingly compelling evidence that breast cancer patients are at higher
risk of subsequently developing lung cancer following radiation; especially for those
who smoke. Data from SEER were used to assess the subsequent risk of lung cancer
in breast cancer patients that were irradiated. A total of 122 lung cancers developed in
13,750 women who received radiation and 473 in the 41,196 who were not radiated
(0.88% vs. 0.11%).17* This risk was confined to the ipsilateral lung. A population-based
study from the Danish Cancer Registry has also demonstrated a slightly elevated lung
cancer risk after 10 years in radiated breast cancer patients.!’® A study from the Con-
necticut Tumor Registry with an analysis for smoking history demonstrated that the
increased risk of subsequent lung cancer in the ipsilateral lung following radiation for
breast cancer was much greater for smokers than non-smokers.!”> The relative risk for
a subsequent ipsilateral lung cancer was 6.7 (95% CI 0.6-79.4) for non-smokers and
76.6 (95% CI 8.1-724) in smokers. No information was available in this study regard-
ing radiation technique, volume of lung radiated, or extent of smoking history. This
relationship between radiation for breast cancer, smoking, and secondary lung cancers
was further evaluated in a study from MD Anderson Cancer Center using 280 lung
cancer cases with a prior diagnosis of breast cancer matched to a group of 300 randomly
selected breast cancer cases who did not develop lung cancer.!”” Smoking increased the
odds of lung carcinoma in breast cancer patients who were not irradiated (OR 6.0,
95% CI 3.6—10.1). Irradiation did not increase the odds for developing lung cancer in
non-smokers (OR 0.5, 95% CI 0.3—1.1). The odds ratio for both smoking and irradi-
ation was 9.0 (95% CI 5.1-15.9). The volume of lung-irradiated during breast cancer
treatment may be an important determinant for risk of secondary lung cancer. This was
demonstrated in a study from the NSABP that found an increased risk of subsequent
ipsilateral lung cancer in patients who underwent chest wall and regional nodal irra-
diation following mastectomy but non-breast irradiation alone after lumpectomy.'”® In
summary, breast cancer patients who smoke should be strongly encouraged to quit. We
find in our clinic that breast cancer patients are very receptive to and successtul with
smoking cessation interventions. The amount of lung irradiated in all patients should
be minimized, but particular attention should be paid to smokers with low-risk breast
cancer.

Second primary sarcomas occur in or near the treatment field in approximately 0.1—
0.2% of patients at 10 years. At the Institut Gustave, Roussy, France, 6919 patients treated
for breast cancer, 11 developed secondary soft tissue sarcoma at a mean latency time of 9.5
years.!”? Similarly, 19 soft tissue sarcomas were noted in a population of 13,490 women
treated for breast cancer in Sweden between 1960 and 1980."% A higher incidence
of angiosarcoma, in particular, was demonstrated after irradiation for breast cancer in
194,798 cases in the SEER database.'® A total of 20 cases developed in 48,975 irradiated
patients versus 7 in the 146,303 non-irradiated cohort. This emphasizes the importance
of long-term follow-up for breast cancer patients who have been irradiated so that early
diagnosis and intervention of this rare complication can be done.
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The upper gastrointestinal tract lies within the radiation field for most thoracic and
abdominal cancers. Toxicity to the upper gastrointestinal tract often limits the radiation
doses that can be given. Radiation therapy causes both acute and late effects. The acute
effects of radiation include mucosal denudation, while late effects consist of fibrotic
changes leading to decreased mobility and ischemia. Multifield and conformal radiation
therapy, as well as patient positioning techniques, reduce the volume of normal tissue
exposed to radiation and can decrease the potential toxicity. However, the treatment of’
radiation toxicity is mainly supportive. The increasing use of concurrent chemotherapy
and radiation therapy has required enhanced awareness of potential effects and better
methods to decrease toxicity, as this combination of treatments is associated with a higher
rate of gastrointestinal toxicity. The first part of this chapter will review the pathologic
changes of acute and chronic radiation effects, and the second part will discuss clinical
effects, including radiation dosing and management of toxicities.

A. BIOLOGY OF RADIATION EFFECTS
A1l. Esophagus

Pathologic studies of animal models have been used to describe and characterize the
effects of radiation to the esophagus. Pathologic changes include an acute thinning of
the squamous epithelial layer with vacuolization and absence of mitoses, followed by
areas of complete denudation and areas of increased basal cell proliferation. Chronic
changes include focal coagulation necrosis of the muscularis mucosa and deep muscle as
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well as inflammatory changes around the ganglion cells of the mesenteric plexus in the
deep wall.!*? Physiologically, failure of the peristaltic wave and decreased relaxation of
the lower esophageal sphincter are seen.

Studies of radiation therapy on the human esophagus have demonstrated similar acute
and chronic effects. Studies of radiation therapy effects on the esophagus after radiation
to the mediastinum and lung showed clinical and endoscopic evidence of esophagitis.®*
The acute pathologic findings from doses of 3000 to 4000 cGy and 6000 to 7500 cGy
were similar to those seen in the mouse model of acute esophageal toxicity.* Studies by
Lepke and Libshitz® and Goldstein et al.® found chronic changes of abnormal motility,
aperistalsis, and failure to complete the primary peristaltic wave at 4-12 weeks after
completion of radiation therapy at doses of 4500-6000 cGy. Areas of distal aperistalsis
and resultant exposure of the lower esophagus to gastric acid were thought to be a
cause of esophagitis in these patients. Human studies of chronic histologic changes
after esophageal radiation show submucosal fibrosis and chronic inflammation of the
lamina propria. Fibrosis was also prominent in the muscularis, especially around the
muscle nerve plexus, and possibly the source of physiologic motility abnormalities and

stricture. Rare chronic ulceration was also seen.”8

A2. Stomach

Understanding of the pathologic response to radiation of the stomach is based mostly
on animal models. Post-radiation changes included ulcerative and erosive gastritis at
2-3 weeks, stomach dilatation and gastroparesis at 4 weeks to 7 months, and gastric
obstruction at 7 months in rats given doses between 1400 and 2300 c¢Gy.” The rats
were also found to have late changes of atrophic mucosa and intestinal metaplasia.
Histologic changes include coagulation necrosis of the parietal and chief cells of the
gastric mucosa.'’ In addition, there are mucosal sloughing and thinning and chronic
inflammatory changes. A rabbit model also showed gastric ulceration between 23 and
58 days after first external radiation dose of 4000 cGy.!!

A3. Small Intestine

Histologic damage to the small intestine is seen within hours after the radiation. The most
sensitive cells to radiation therapy in the small intestine are the crypts of Langerhans.'?
The epithelial lining of the small intestine constantly undergoes shedding and replenish-
ment, and damage to the actively proliferating cells results in an inability to replace cells
that are naturally shed, causing a generalized mucosal sloughing.'® With the sloughing,
the villi shorten, and the area of absorption is decreased.!* This damage is seen at doses
as low as 2000 to 3000 cGy. In 2—4 weeks, there is an infiltration of leukocytes with
crypt abscess formation. Ulceration may also occur. These effects peak within 3—4 weeks
after radiation therapy and then subside.'? Because of these effects, malabsorption of fat,
carbohydrates, protein, bile salts, and vitamin B12 occurs.’® There is also evidence of
altered gut motility acutely after radiation.'®

Late radiation effects occur at a median of 8-12 months following the radiation
therapy, though they can appear as late as years later.!” Progressive occlusive vasculitis

with foam cell invasion of the intima and hyaline thickening of the arteriolar walls, as
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well as collagen deposition and fibrosis occurs. The small bowel becomes thickened with
telengiectasia, while the vessel wall of small arterioles is obliterated,'® causing ischemia
of the small bowel. Lymphatic damage results in constriction of the lymphatic channels,
which contributes to mucosal edema and inflammation.'” The mucosa is atrophied, with
atypical hyperplastic glands and intestinal wall fibrosis.” Mucosal ulceration is common,
and can lead to perforation, fistulae, and abscesses. As the ulcers heal, there can be fibrosis
with narrowing of the intestinal lumen with subsequent stricture formation. The bowel
generally appears thickened and edematous. It should be noted that even if the gut

appears normal, patients can still be at risk of spontaneous perforation.?’

A4. Liver

Radiation-induced liver disease (RILD) is seen in 5—10% of patients when the whole
liver radiation dose reaches 3000-3500 cGy.2!??> The pathologic lesion in RILD is cen-
tral vein thrombosis at the lobular level, or venoocclusive disease, which results in marked
retrograde congestion leading to hemorrhage and secondary alterations in the surround-
ing hepatocytes.?* Fibrin deposition in the central veins is thought to be the cause of the
venoocclusive injury. It is unknown what stimulates the fibrin deposition, but there are
hypotheses that suggest that TGFB is increased in the setting of exposure to radiation,
and this in turn stimulates fibroblast migration to the site of injury, causing fibrin and
collagen deposition. Foci of necrosis are found in the affected portion of the lobules.?*
Severe acute hepatic toxicity changes often progress to fibrosis, cirrhosis, and liver failure.

A5. Kidney

The major focus of injury after radiation therapy is on the arterial glomerular region
rather than the tubular epithelium.?? The cortical rather than the medullary tubules are
involved, and this involvement usually follows, rather than proceeds, vascular alterations.
Glomerular damage can be seen months before tubular changes. Microangiography
dramatically shows glomerulosclerosis as a function of increasing dose, so that complete
obliteration of glomeruli occurs at single doses of 500-2000 ¢Gy. Animal experiments
show that histological changes of toxicity with low doses of radiation (15 c¢Gy) can occur

3 months after radiation.?

B. CLINICAL ISSUES
B1. Esophagus

Clinical radiation esophagitis presents as dysphagia or a substernal burning sensation,
with acute esophagitis occurring approximately 2 weeks after the initiation of radiation
therapy.!” Patients may describe a sudden, sharp, severe chest pain radiating to the
back. The symptoms may be confused with candidal esophagitis, which can occur in
conjunction with radiation esophagitis. These symptoms typically resolve after 2 days
without radiation treatment, but can last as long as 7-10 days. Perforation and bleeding
are rare in the acute phase.’® The occurrence of acute toxicity is not predictive of
chronic toxicity. Chronic toxicity presents most commonly within 4-8 months after

completion of radiation therapy, but can occur as long as years later.”” The symptoms of
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chronic toxicity include dysphagia from stenosis of the esophagus, strictures, or motility
abnormalities. Though rare, ulcerations can lead to hemorrhage and fistulas. Patients
can also present with pseudodiverticula.* Patients with symptoms of chronic radiation
effects should be evaluated with a barium swallow or upper endoscopy, as these patients
are at risk for cancer recurrence or new primary cancer, which can present as esophageal
stricture, ulceration, pseudodiverticula, and fistulas.

Much work has been done to investigate dose tolerance of the esophagus and addi-
tional factors that increase toxicity. Seaman and Ackerman treated patients at doses of
6000-7500 cGy.> Doses of 65007500 cGy did cause a severe esophagitis with stricture
in some patients. Three patients with moderate esophagitis received over 6000 cGy.
Their conclusion was that the upper limit of dose tolerance for patients was 6000 cGy
given at 1000 cGy per week. Other studies treated patients with 6000 ¢Gy and noted
a late complication rate of 1.2-18%.%® Using standard radiation therapy, doses of 4500~
6000 cGy are associated with acceptable toxicity.

With the increased use of conformal radiation therapy and concurrent use of
chemotherapy, further studies have been done to evaluate dose tolerance. Maguire et al.
evaluated 91 patients treated with radiation therapy for non-small cell lung cancer and
analyzed predictors of acute and late esophageal toxicity.?’ They found that the percent
organ volume and surface area treated with over 5000 cGy predicted for late esophageal
toxicity. Patients who had pre-existing gastroesophageal reflux disease and esophageal
erosion secondary to tumor were at increased risk for late toxicity. Hyperfractionation
was also associated with increased acute toxicity. Werner-Wasik et al. evaluated 277
patients treated with radiation therapy for non-small cell lung cancer.*” In this study, the
concurrent use of chemotherapy with either once daily or hyperfractionated radiation
therapy was associated with a significantly high incidence and grade of acute esophagitis
compared to radiation therapy alone. A study, by Singh et al., of patients with non-small
cell lung cancer who received conformal daily radiation therapy with or without con-
current chemotherapy found a maximal esophageal point dose of 6900 cGy for patients
treated with radiation therapy alone, and this was decreased to 5800 cGy for patients
receiving concurrent chemotherapy.®! Twenty-six percent of the patients receiving con-
current chemoradiotherapy developed grades 3—5 esophageal toxicity, while 1.3% of
patients who received only radiation therapy developed grades 3—5 esophageal toxicity.
The Radiation Therapy Oncology Group experience, using standard radiation ther-
apy techniques, found grade 3 or higher esophageal toxicity in 34% of patients treated
with concurrent hyperfractionated radiation therapy and chemotherapy, and in 1.3% of
patients treated with standard thoracic radiotherapy.®> From these data, the addition of
chemotherapy does increases the incidence of esophageal toxicity.

Treatment and prevention of radiation-induced esophagitis have come under recent
increased attention with the use of aggressive combination chemotherapy and radiation
therapy regimens. Treatment of acute esophagitis is based on the grade of symptoms
experienced by the patient (Table 1). Treatment interruptions of 1-3 days can ecase the
symptoms of acute esophagitis, but may result in compromise to the patient’s treatment
of cancer. Reassessment and modification of the treated fields may also help. Pharma-
cologic management includes systemic analgesics, with narcotic analgesics if necessary,
and topical analgesics, such as viscous lidocaine. Dietary modification, including pureed
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or soft foods and soups, can help maintain food and liquid intake. A recent study of
dietary modifications and pharmacological prophylaxis for radiation-induced esophagitis
appeared to decrease toxicity and avoid treatment interruptions.®® Dietary modification
included avoidance of smoking, alcohol, coftee, spicy or acidic foods or liquids, chips,
crackers, fatty, and indigestible foods. It was recommended to drink between meals, and
eat six light meals per day, consisting of semi-solid food, soup, purees, puddings, milk,
and soft breads.

Pharmacologic prophylaxis includes non-steroidal anti-inflammatory agents, antacids,
and proton-pump inhibitors. There has been some suggestion that non-steroidal anti-
inflammatory agents can help prevent esophagitis by decreasing inflammation.** Proton
pump inhibitors have not specifically been studied in patients receiving radiation therapy,
but large, placebo-controlled trials have shown that proton pump inhibitors can provide
significant relief and protection against ulceration in patients receiving chemotherapy.®
Promotility agents, such as metoclopramide, have been used to counteract the abnormal
motility effects of radiation and lessen the degree of esophagitis. Some will also treat for
possible candidal superinfection. Recently, amifostine has been studied as a protective
agent to the esophagus during chemotherapy and radiation therapy. Amifostine, an
organic thio-phosphate, is a scavenger of free radicals and serves as an alternative target
to nucleic acids for alkylating or platinum agents.*® In a randomized controlled trial
of patients treated with chemotherapy and radiation therapy for non-small cell lung
cancer, patients were randomized to receive amifostine or no drug. Patients who received
amifostine had a significantly lower incidence of acute esophagitis.’’ Other trials have
shown a similar protective effect,’®3° while others have not.* Larger, randomized,
placebo-controlled trials are planned.

Treatment of chronic esophagitis is also dependent on the degree of symptoms
(Table 2) Patients should be treated with analgesics as necessary. The chronic changes
to the esophagus are mainly fibrosis, and patients may require endoscopic dilatation,
sometimes on a regular basis. Dilatation can allow patients to eat at least soft foods
again.*!"*? Dilatations in advanced stricture can cause esophageal rupture and caution
should be exercised. Tube feedings are required for patients with weight loss of 20%
or greater, or for those who can only take liquids. Surgical intervention is needed for
patients who develop perforation or fistula. Patients with strictures or ulcerations should
also be evaluated to differentiate chronic radiation changes from cancer recurrence.

B2. Stomach

The clinical effect of gastric radiation in humans was originally described in the 1940s
in patients with testicular cancer who received large doses of abdominal irradiation.*?
Patients developed abdominal pain, nausea, vomiting, and sometimes hematemesis. Gas-
tritis and gastric ulcers were found within the radiation field. The healed ulcers could
result in obstruction or perforation up to months after radiation therapy.** Sell and
Jensen divided the post-radiation effects on the stomach into four categories: dyspepsia,
occurring 6 months to 4 years after irradiation; gastritis, occurring 1-12 months after
radiation; late ulceration, occurring 5 months after radiation; and acute ulceration,
occurring shortly after completion of radiation.*> Chronic gastric toxicity from necrosis
of parietal cells included decreased stomach acid secretion. Multiple studies of patients



116 Radiation Toxicity: A Practical Guide

treated with radiation for Hodgkin’s disease, testicular cancer, gastric cancer, and cervical
cancer have established dose tolerance limits for gastric radiation.***™*8 In these studies,
doses of 4000-6000 cGy were given to patients. Patients who received over 5000 cGy
experienced gastric ulceration and gastric ulcer associated with perforation at rates of
15% and 10%, respectively. If indicated, a recommended dose to the entire stomach with
conventionally administered radiation therapy is to 4500-5000 cGy, with a 5-10% risk
of severe radiation toxicity. If appropriate, reduced field boosts can be given to treat to
doses up to 5500 cGy with acceptable toxicity.

The combination of chemotherapy and radiation therapy decreases the tolerance of
the gastric mucosa to radiation. The most common combination of chemotherapy and
radiation therapy is 5-fluorouracil (5-FU) and radiation therapy. This regimen is given as
adjuvant therapy for gastric, pancreatic, and biliary cancers, and as neoadjuvant therapy
or treatment for locally advanced pancreatic cancer. 5-FU is a radiation sensitizer, but has
been given safely with radiation therapy at doses of 4500-5000 cGy without substantial
increases in toxicity. Paclitaxel and radiation therapy have been studied as combination
therapy for gastric cancer.* Weekly paclitaxel and 5040 cGy of external beam radiation
therapy showed an incidence of grades 3 and 4 esophagitis and gastritis of 15% and
11%. Gemcitabine in combination with radiation therapy has shown more significant
toxicity. Phase I studies of gemcitabine and concurrent radiation therapy for locally
advanced pancreatic cancer have found significant dose-limiting toxicities of nausea,
vomiting, dehydration, and gastric ulceration.””>' Lower gemcitabine doses are being
studied in combination with radiation therapy to 4500-5040 cGy. The combination of
5-FU, gemcitabine, and radiation therapy has also been studied. In the phase I trial of this
combination with radiation doses of 5940 cGy, significant occurrence of gastric ulcers
was found.>® This regimen remains under study with a radiation dose of 5040 cGy.

Treatment of nausea, vomiting, and dyspepsia is largely symptomatic. Antacids, H2
blockers, and anti-emetics are used. Anti-emetic regimens include 5HT3 inhibitors,
phenothiazines, metoclopramide, corticosteroids, benzodiazepines, antihistamines, and
anticholinergics. As with other side effects of radiation therapy, combined chemother-
apy and radiation therapy result in worsened treatment-induced nausea and vomiting.
Radiation-induced nausea and vomiting typically occur within the first 24 hours after
treatment. The incidence of nausea and vomiting in patients receiving upper abdom-
inal radiation is about 50-80%. Randomized trials of prophylactic 5HT3 inhibitors
have shown efficacy compared to placebo in preventing radiation-induced nausea and
vomiting.>® Narcotic and non-narcotic agents are used for pain. Patients with bleeding
ulceration require endoscopy. Argon laser coagulation has been used to temporarily con-
trol bleeding.>* Local injections of epinephrine and vasoconstrictor agents are also used,
but are also temporary measures. Repeat endoscopy and hemostasis can be attempted.
Blood transfusions should be performed as needed. For patients with intractable bleed-
ing, perforation, fistulae, or obstruction, surgery may be indicated.

B3. Small Intestine

The small intestine is highly radiosensitive, but the mobility of the small bowel protects
it to some extent from the effects of radiation damage. Small bowel toxicity is often
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the dose-limiting toxicity for patients receiving pelvic irradiation. The first case of
radiation enteropathy was described in 1897.%° The small bowel can be within the field
of treatment in stomach, pancreatic, rectal, and gynecologic cancers. Factors associated
with small bowel toxicity during radiation include the use of concurrent chemotherapy
with radiation therapy, previous abdominal or pelvic surgery, and cardiovascular diseases.
Toxicity ranges from acute diarrhea and abdominal pain to chronic changes of small
bowel ischemia, ulceration, and fibrosis.

Clinically, patients acutely experience diarrhea, abdominal pain, nausea and vomiting,
anorexia, and malaise. The symptoms subside with the pathologic effects and, typically,
spontaneously disappear 2—6 weeks after the completion of radiation therapy.>® However,
there is evidence to suggest that patients who develop acute small intestine toxicity may
be at risk for chronic effects.”” Chronic effects include malabsorption and diarrhea, with
more rapid transit times occurring in the affected bowel. This chronic malnutrition
may be severe, resulting in anemia and hypoalbuminemia. There can be bleeding from
ulceration and pain and bloating from strictures, as well as fevers from abscess. The
clinical syndrome is progressive with worsening symptoms and eftects with time.

Certain factors have been found to predispose patients to radiation toxicity to the
small intestine. Women, older patients, and thin patients have a larger amount of small
bowel in the pelvic cul-de-sac, which can increase the probability of radiation effect.>®
Patients with a history of pelvic inflammatory disease or endometriosis appear to be
at higher risk of complications.>*® Patients who have had previous abdominal surgery
can have adhesions that decrease the mobility of the small bowel, allowing it to be
consistently exposed to fractionated radiation therapy.’"®> In addition, patients with
prior pelvic surgery can have an increase in the amount of small bowel within the
pelvis, allowing increased exposure of small bowel during pelvis irradiation. Patients
with diabetes, hypertension, and cardiovascular disease have an increased risk of pre-
existing vascular damage or occlusion.®® These baseline changes are compounded by
the pathologic changes of chronic radiation injury, which include vasculitis obliterans
and ischemia, making patients with pre-existing vascular disease predisposed to small
bowel toxicity from radiation. Patients with collagen vascular disease and inflammatory
bowel disease also have a high risk of both acute and chronic radiation-induced injury.
Collagen vascular diseases, such as rheumatoid arthritis, systemic lupus erythematosis,
and polymyositis, and inflammatory bowel diseases have pathologic changes that include
transmural fibrosis, collagen deposition, and inflammatory infiltration of the mucosa.
The late effects induced by the radiation therapy to the small bowel are additive to
pre-existing injury from collagen vascular disease and inflammatory bowel disease, and
studies have shown that these patients have a lower gastrointestinal tolerance to radiation
therapy.?®%+%> Patients whose disease is quiescent or well-controlled do better than
patients with active disease.

Studies have addressed the effect of radiation dose and occurrence of small bowel
toxicity. Volume of the treatment field, total radiation dose, fraction size, treatment
time, and treatment technique all affect small bowel damage. Patients can receive 4500—
5000 cGy in 180-200 cGy daily fractions to a pelvic field without significant incidence
of toxicity.® For postoperative patients, radiation to 45005000 cGy in 5 weeks is
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associated with a 5% incidence of small bowel obstruction requiring surgery, while at
doses over 5000 cGy, the incidence rises to 25-50%.° Doses of >200 cGy per fraction
in the postoperative setting also increase risk of toxicity. At radiation doses of 7000 cGy
or greater, the incidence of toxicity rises precipitously.®” A study of different treatment
techniques to minimize the effect of pelvic radiation on the small bowel showed that a
smaller volume of irradiated bowel yielded less toxicity.’® In addition, treating patients
in the prone position with external compression and bladder distension decreased side
effects, likely from exclusion of portions of the small bowel from the radiation field.
Another study treating patients postoperatively with radiation to the pelvis noted a
decrease in toxicity to the small bowel by placing patients in the decubitus position.®’
The combination of radiation and chemotherapy is known to increase the risk of small
bowel toxicity. Most of the combination regimens of chemotherapy and radiation use
5-FU. Ina GITSG trial of postoperative bolus 5-FU at 500 mg/m? and radiation at 4000—
4800 cGy using parallel, opposed fields for patients with rectal cancer, the incidence of
severe small bowel complications was significantly higher in patients who received both
chemotherapy and radiation therapy than in patients who received radiation therapy
alone. The combination arm had two treatment-related deaths, which translated into
a 4% mortality rate.”"”! In additional trials where multiple field radiation techniques
were used, bolus 5-FU and radiation therapy showed no increase in chronic toxicity
when chemotherapy and radiation therapy were combined. There was, however, a mild
increase in acute diarrheal symptoms.®®”? The use of continuous infusional 5-FU with
radiation therapy has also been studied. Continuous infusional 5-FU with radiation
to 5040 cGy in 180 cGy fractions was associated with more acute diarrhea, but no
significant increase in chronic or severe small bowel toxicity.”> Capecitabine also appears
to enhance acute diarrhea, but not late effects, when combined with radiation.”
Treatment of small bowel radiation toxicity varies with the symptoms. Acute toxicity,
including diarrhea, nausea, vomiting, and abdominal cramping is treated symptomati-
cally. Anti-diarrheals such as loperamide, diphenoxylate with atropine, anti-cholinergic
agents, and opiates can be used. Anti-emetic agents are also used. A low fat, lactose-
free diet may also improve symptoms. A study of oral sulcralfate in patients receiving
pelvic irradiation noted a decrease in frequency and improvement in consistency of
bowel movements. In this study, not only acute effects were improved, but also chronic
effects at a year after completion of radiation seemed to be improved.”> Cholestyra-
mine to treat bile acid malabsorption has also shown some effect.”® Treatment with
anti-inflammatory agents such as buffered aspirin have also decreased some symptoms.””
Chronic effects of diarrhea can be treated symptomatically as above. However, in the
setting of malnutrition, total parenteral nutrition (TPN) can improve clinical outcome,
and methylprednisolone adds to the effects of TPN.”® Endoscopic control is used for
bleeding ulcers that can be reached by endoscopy. Significant bleeding not controlled
by endoscopy may be managed surgically. Small bowel obstruction is generally man-
aged conservatively with bowel rest. If the obstruction is severe or chronic, surgical
resection or lysis of adhesions may be used. Perforations and fistulae are managed surgi-
cally. It should be noted that many of these patients with chronic small bowel radiation
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toxicity are nutritionally depleted and are more susceptible to anastomotic leakage and
dehiscence after surgery. The postoperative mortality of these patients is significant and
must be taken into consideration before a decision to proceed with surgery is made.

B4. Liver

Radiation-induced liver disease is a clinical syndrome of anicteric hepatomegaly, ascites,
and elevated liver enzymes, particularly alkaline phosphatase. Alkaline phosphatase levels
are often elevated out of proportion to transaminases or bilirubin. The RILD occurs typ-
ically between 2 weeks and 4 months after completion of radiation therapy. Patients note
fatigue, weight gain, increased abdominal girth, and occasionally right upper quadrant
pain. Abdominal imaging with CT scan or MRI can be used in diagnosis. The RILD
can progress to a chronic phase, where patients can develop increased fibrosis and liver
failure.

Recent studies have emphasized the effect of volume addition to dose.* Although
radiation hepatopathy can occur within doses of 3500 and 4000 cGy to the entire
liver, significantly higher doses can be given with few clinical complications if sufficient
normal tissue is spared. Studies by Lawrence and colleagues report that if less than 25%
of the normal liver is treated with radiation therapy, there may be no upper limit on dose
associated with radiation hepatopathy.?® Estimates of the liver doses associated with a 5%
risk of RILD for uniform irradiation of one-third, two-thirds, and the whole liver are
9000, 4700, and 3100 cGy, respectively. Combination of chemotherapy and radiation
can increase liver damage if the chemotherapeutic agents are hepatotoxic. Such is the case
with chlorambucil, busulfan, and platinum drugs, used with radiation in bone marrow
transplantation. In contrast, fluoropyrimidines do not seem to increase radiation-related

hepatotoxicity.?!"”?

B5. Kidney

The original paper describing radiation toxicity to the kidneys was from Luxton and
Kunkler and Farr and Luxton in the early 1950s. They followed the outcomes of semi-
noma patients who were treated with abdominal bath radiotherapy.®’-#! They described
an initial acute radiation nephritis, appearing 6—12 months after radiation treatment,
including headache, vomiting, hypertension, fatigue, and edema. Patients could be found
to have proteinuria and microscopic hematuria. These acute effects resolved in some
patients, but in others it progressed into chronic radiation nephropathy. Chronic radia-
tion nephropathy ranged from benign hypertension to malignant hypertension, which
could be fatal.®?

Investigators have described the response and tolerance of both the kidneys to fraction-
ated radiation therapy.>* When both the kidneys are irradiated, renal tolerance is defined
at 2000 cGy. A dose—response curve shows an approximate threshold dose of 1500 cGy
(conventional fractionation) and a plateau at 4000 cGy. There is a 6—12 month latency
period before the expression of radiation nephropathy. Chronic radiation nephropathy
and hypertension do not develop until 12-18 months after treatment. Because renal
damage may not manifest for years after treatment, long-term follow up is important
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Table 1. RTOG Acute Radiation Morbidity Scoring Criteria, Esophagus

Score Symptoms Treatment
0 No change over baseline None
1 Mild dysphagia or odynophagia May require topical anesthetic or
non-narcotic analgesics/May require
soft diet
2 Moderate dysphagia or odynophagia May require narcotic analgesics/May
require pureed or liquid diet
3 Severe dysphagia or odynophagia with Requires NG feeding tube, IV fluids,
dehydration or weight loss(>15% from or hyperalimentation
pre-treatment baseline)
4 Complete ulceration, obstruction, Tube feedings, possible surgical

perforation, fistula

intervention

as the latency period may be greater than 10 years. Because of the recognition of the
limited tolerance of this organ to fractionated radiation therapy, radiation nephropathy
1S an uncommon toxicity.

Recent literature has examined the biochemical, radiologic, and clinical sequelae
of unilateral kidney irradiation.®® Available data suggest that irradiation of one-half or
less of a kidney is well-tolerated without serious long-term complications. Investigators
have also examined the outcome of patients receiving irradiation to 50% or more of
one kidney to doses of at least 2000 c¢Gy and have reported a limited risk of renal
nephropathy. If justified during the treatment of upper abdominal malignancies and if
the contralateral kidney is functioning normally, this should not be considered a dose
or volume-limiting tissue.

Treatment of radiation nephrotoxicity is supportive. Patients can be given a low
protein diet and fluid and salt restriction in an effort to decrease the renal work load.
Anemia is treated with erythropoietin. In the setting of renal failure, dialysis and renal
transplantation can be considered.

Table 2. RTOG Chronic Radiation Morbidity Scoring Criteria, Esophagus

Score Symptoms Treatment
0 No change over baseline None
1 Mild fibrosis and slight difficulty Diet modification, antacids
swallowing solids No pain on
swallowing
2 Unable to take solid food Dilatation may be needed
Normally swallowing semi-solid food Dietary modification
3 Severe fibrosis, able to swallow only Dilatation required
liquids, may have pain on swallowing May require tube feedings Analgesics
4 Complete ulceration, obstruction, Tube feedings, possible surgical

perforation, fistula

intervention
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INTRODUCTION

Radiation is used with or without chemotherapy to treat malignancies in the pelvis
that occur in gynecologic, genitourinary, and gastrointestinal organs. One of the most
sensitive organs in the pelvis can be the small bowel which is discussed in a separate
chapter (upper GI). Radiation can cause functional effects on other organs including
the rectum, anus, bone and bone marrow, bladder, urethra, ureter, vulva, vagina, uterus,
ovaries, testicles, and sexual organs. This chapter will discuss the pathologic and clinical
effects that can result during treatment and shortly thereafter. Long-term sequelae can
be seen at variable intervals following radiation. Prevention and management issues will
be discussed.

A. COMPLICATIONS RELATED TO GI EFFECTS
Al. Rectum

Pathogenesis

The mucosa of the large intestine is composed of a single layer of epithelial cells which
rest upon a basement membrane that lies on the lamina propria. These epithelial cells are
predominantly mucin-producing goblet cells, with interspersed absorptive cells. Their
undifferentiated progenitor cells, located in the bases of the crypts of Lieberkuhn, have
a turnover rate of 4-8 days. Both the rates of regeneration and maturation of these
cells and the rate of repair of non-lethally injured cells determine the tolerance dose for
radiation treatment.'+>
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Early injury at the cellular level is characterized by mucosal cell loss, acute inflam-
mation, eosinophilic crypt abscesses, and endothelial swelling in the arterioles can be
seen following radiation to the rectum.® A thickened and edematous lamina propria
with patchy fibroblastic proliferation and decreased mitotic rate within the mucosa are
seen.* At doses of 10 Gy mucosal production is decreased and mitosis of the crypt
cells is decreased.® At 50 Gy doses (administered in 20 fractions over 1 month) in
addition to mucosal cell injury and crypt shortening, infiltration of inflammatory cells
occurs,® accompanied by the accumulation of eosinophils and the degranulation of mast
cells. The pathogenesis of the early lesions depends on injury to the mucosal cells,
enhanced by ischemia due to endothelial cell injury and fibrin—platelet thrombi accu-
mulation. Cytokines secreted by the endothelial cells such as tumor necrosis factor
and transforming growth factor 3 contribute significantly to the development of the
early injury.® For example, tumor necrosis factor & contributes to repression of throm-
bomodulin which is usually induced by irradiation; this leads to an increase of thrombin
which in turn activates such injurious pathways as the activation of proteases, fibrin
deposition, etc. Recently, it was found in an experimental mouse model that radiation-
induced crypt damage can be minimized by avoidance of endothelial cell apoptosis
either by basic fibroblast growth factor (bFGF) administration or by deletion of the
sphingomyelinase gene.” Expression and activity of the tumor suppressor gene p53 are
also of major importance in preventing mitotic catastrophe in irradiated epithelial cells,®
while over-expression of the transcription factor NF-kB may also serve a radioprotective
role.

The development of delayed tissue injury starts to be apparent as early as at 6 months
posttreatment and may gradually worsen. This delayed colorectal injury is a result of
lesions in the slowly responding cells of connective tissues and blood vessels.® The
pathogenesis of the delayed injury is a result of the development of fibrosis in the stroma
and in the blood vessels, causing ischemia. On the other hand, there is a belief that
fibrosis may be initially caused by ischemia due to vascular deficiency,” or, alterna-
tively, by fibroblast dysfunction.!" Fibrogenic induction by cytokines mentioned above
in regard to early injury can result in protracted and/or irreversible gene expression
changes (e.g., thrombomodulin expression can be repressed for years posttreatment) and
tissue remodeling—fibrin deposition and collagen accumulation. Therefore, late changes
include subsequent fibrosis of connective tissue and endarteritis of the arterioles.'! This
fibrosis can lead to relative ischemia, and mucosal capillaries that attempt to compensate
for this develop telangiectasia with friable vessels that are prone to bleeding.!> More
severe ischemia can lead to ulceration, perforation fistula, or abscess formation.

Clinical Aspects

Radiation fields may include the entire rectum as when treating patients with external
beam for adjuvant radiation following resection of rectal cancer. Treatment may also
include a combination of external radiation and brachytherapy resulting in high doses
of radiation to a more localized area as when treating for intact cervical cancer. The last
decade has seen increasing interest in limiting the volume of rectum exposed to radiation,
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particularly when treating for non-rectal cancers, as when treating with conformal beams
shaped around the prostate or with prostate brachytherapy alone. Common observations
among all these treatments have included the correlation of higher doses and increased
volumes of rectum being directly proportional to chronic complications.

Acute symptoms of the rectum can be seen early in the course of radiation therapy
for cancers in the pelvic region. Symptoms usually begin following 20 Gy of standard
fractionation. Early symptoms may include tenesmus, bleeding, and diarrhea. One report
that documented acute rectal symptoms demonstrated acute grade 2 rectal complications
in 18% of prostate cancer patients at a mean dose of 38 Gy. Patients without diarrhea
had a mean rectal volume receiving a dose of at least 70 Gy—8.5 cm®. Patients with
grade 2 diarrhea had a volume of 16.5 cm®."® Although radiobiological doctrine has
been that acute symptoms are caused by an unrelated mechanism to late symptoms,
other authors have suggested that late complications may be related to the development
of acute complications.'* O’Brien et al. found that the presence of acute proctitis was
the only factor to predict any of the late rectal symptoms of urgency, frequency, and
diarrhea.’®

Late pathological changes result in rectal tissue ischemia, leading to mucosal friability,
bleeding, ulcers, strictures, and fistulae. Patients typically present with painless rectal
bleeding. Other symptoms include evacuation difficulties, frequent elimination, fecal
incontinence, and urgency which may also develop from alterations in anorectal func-
tion as discussed in the section on anal complications. At sigmoidoscopy, a spectrum of’
mucosal changes can be seen including mucosal pallor or erythema, prominent telang-
iectasia, friability, or fistulae.'® The onset of radiation proctitis is typically 12—18 months
following treatment. Patient-related factors that may increase the risk of proctitis include
hypertension, diabetes, and cerebrovascular disease that can all affect the vascular supply
in the radiated field.

A recent report correlated the dose—volume histograms (DVH) of the rectum to
the probability of rectal bleeding following radiation in a group of men treated with
either conventional or conformal radiation for prostate cancer.'” The analysis of rela-
tive DVH of the rectal wall (with and without the anal region) showed a significant
(P < 0.01) relationship between the irradiated volume and the probability of rectal
blood loss within 3 years for dose levels between 25 and 60 Gy. Similarly, another
report showed that the average percent volume DVH for the rectal wall of patients with
bleeding was significantly higher than those of patients without bleeding!® (Figures 1
and 2). One report compared a group of men treated with MRI-guided brachyther-
apy alone or with supplemental external beam radiation.!” The addition of external
beam radiation increased the incidence of grade 3 rectal bleeding from 8% to 30%
(P =0.0001).

Treatment for cervical cancer includes EBRT with brachytherapy. A rectal point is
chosen for dose calculations based on ICRU guidelines.>” Cumulative dose to this rectal
point of >75 Gy with low dose rate brachytherapy using tandem and ovoids has been
demonstrated to increase the risk of serious late rectal sequelae.?! There did not seem to
be a dose threshold for less severe complications. Patients treated with cylinders or line
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Figure 1. These two figures represent the average percent volume DVHs for patients with and without
bleeding. The solid curves with squares show the results for patients with bleeding, the dashed curves with
circles show the results for patients without bleeding. Reproduced with permission from Elsevier.'®
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Figure 2. The distributions of the 10,000 simulated differences in area between the average histograms for
bleeding and non-bleeding patients with simulated outcomes. The vertical arrows show the observed values
of the area differences in the data.!®
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sources that would treat a larger volume of rectum had an increased risk of moderate to
severe sequelae.?! Typically, cumulative doses to the I[CRU rectal point are limited to 65—
70 Gy from tandem and ovoids. There is no indication that concurrent chemotherapy
increases the risk of late rectal complications. Following treatment for cervix cancer
with chemotherapy and radiation or radiation alone, grades 3—5 rectal complications
occurred in 9% of patients in both the groups.> High dose rate brachytherapy requires
careful fractionation in order not to increase the risk of rectal complications.?® In order
to stay within the same biologically effective dose range, dose to the rectal point should
be limited to 60-70% of the prescribed dose to Point A.

Management

Acute symptoms of urgency and tenesmus can be treated with an antispasmodic such
as Lomotil or Imodium. Pain is treated systemically with a narcotic or non-narcotic
preparation titrated to the patient’s level of discomfort.

Chronic radiation proctitis typically includes bleeding, stricture formation, and/or fis-
tula. Biopsy of mucosal changes should be discouraged if they occur in an area that likely
received a high dose of radiation such as the anterior rectal wall. Biopsy may cause per-
sistent inflammation, decrease healing, and precipitate fistula formation. Interventions
include low residue diets and pain control. The patient’s hematocrit should be moni-
tored so that transfusion can be given as indicated. Some patients will have sequelae that
resolve in a few months with little intervention, while other patients will have a longer
course that may involve 1-2 years of rectal bleeding. Non-surgical therapies include
steroid enemas or Proctofoam with cortisone which is used to decrease inflammation.
Mesalazine can be used as an enema, delayed absorbing capsule, or rectal suppository.
This agent works as an anti-inflammatory agent directly on the bowel mucosa. Bleeding
from telangiectasias has been treated with thermal coagulation or formalin application.
Oral and rectal administrations of sucralfate have been described as a method of prevent-
ing proctitis. Sucralfate is an aluminum hydroxide complex of sulfated sucrose which
has been used to heal ulcers in the esophagus. It is postulated to reduce the extent of
microvascular injury. One study that compared rectal sucralfate to a combination of oral
sulfasalazine and rectal steroids demonstrated clinical improvement in 16/17 patients
compared to 8/15 patients in the steroid group. No endoscopic improvement was noted
between the two groups and follow-up in this study was only for 4 weeks.?* Another
prospective study of rectal sucralfate described a benefit in 3 patients for a minimum of
3 years.” It can be seen that there is no report that demonstrates a superior approach for
individual patients. Patients have variable presentations and degrees of sequelae. Most
reports in the literature represent small single institutional experiences with incomplete
follow-up. Quality-of-life data is limited.

Surgical treatment can be used if there is a failure of medical treatment, obstruction
caused by a stricture, or other serious complications such as perforation, abscess, or fistula.
Surgical options include diversion without resection, resection without anastomosis, and
resection with anastomosis. Because of the high morbidity and mortality in these patients
the simplest operation is preferred by most surgeons.?®
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A2. Anus

Pathogenesis

Mucosa above the anal orifice is made of stratified squamous epithelial cells which
show a rapid turnover and hence are very radiosensitive; this mucosa is involved in the
pathology of the early radiation injury in this region. Creation of microvascular thrombi
also contributes to early injury. Injury sustained by muscle, stromal, and vascular cells
which respond slowly to irradiation are the cause of the delayed anal radiation injury.
The pathogenesis of the late injury is linked with injury of fibroblasts and miofibroblasts,
leading to the development of severe fibrosis.® Histologically, pelvic irradiation has been
found to result in damage to the myenteric plexus of the internal anal sphincter of
patients with rectal cancer and these alterations seemed to be time-dependent. A trend
toward increased collagen deposition following irradiation has also been observed.?’

Tolerance dose of the normal tissue is considered to be a little above 65 Gy. When
external beam therapy is given alone, doses of 60—65 Gy are prescribed, close to the
tolerance dose in 1.8-2 Gy fractions over 67 weeks.?®

Acute grade 3 toxicity with 2-Gy fractions is 40%, while it is 75% with 2.5-Gy
fractions. Late radiation-related complications are observed in 15% of the patients, and
are more common when fractions higher than 2 Gy are used.?

Clinical Aspects

Radiation eftects on anorectal function have been increasingly recognized. Acute effects
on the anus include epithelial discomfort which may be aggravated by radiation-induced
diarrhea. Epithelial effects follow a sequential progression from erythema to desquama-
tion. Shallow erosions and ulcerations can develop which can lead to tenesmus. Direct
radiation to the anus can result in severe acute reactions that are exacerbated with the
use of chemotherapy.

Injury to the anal sphincter complex after pelvic radiotherapy has been reported.
There is limited information available on sphincter continence following radiation with
or without chemotherapy for anal carcinoma. Evaluation of the sphincter is complicated
by the fact that the sphincter may have been damaged by the disease process itself.
The reported rates of colostomy following EBRT for complications range from 0% to
7%.27731 Strictures of the anus or ulceration are the most commonly reported reasons for
intervention. Actual data reporting subjective and objective measurements of function
are limited. One report found complete continence in 56%, liquid soiling in 26%, solid
soiling in 17%, and complete incontinence in 6% of colostomy free survivors of anal
cancer.”? Manometry measurements on these patients demonstrated that both resting
pressures and maximum squeeze pressures were decreased.

There have been inconsistent outcomes of anorectal studies after pelvic radiother-
apy not directed to the anus. The most common changes include decreased resting
anal canal pressures and decreased rectal volumes which are consistent with fibrosis.>®
The reported effects have been conflicting because of the mixture of retrospective and
prospective investigations, different radiotherapeutic regimens, as well as the variance
in pretreatment sphincter function, rectal capacity, and bowel activity. In addition, the
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intra- and inter-individual reproducibility of anorectal manometry values, even under
standard conditions in healthy volunteers, is low.>*

A recent report from Yeoh et al. evaluated 35 patients following radiation for prostate
carcinoma.’® One year following EBRT, 56% of patients had an increase in frequency
of defecation while 26% reported incontinence. Objective measurements made 1 year
after radiation revealed that volumes of rectal distension associated with perception of the
stimulus and desire to defecate were lower compared with baseline volumes, reflecting
a heightened rectal sensitivity in the patients.®> This may cause symptoms of urgency
that cause patients to limit their activities in order to remain near a bathroom.*® A
similar study involving a group of patients with cervical cancer demonstrated that 33%

of patients had late symptoms related to anorectal dysfunction.®’

Management

If direct radiation to the anus is not necessary as in prostate cancer, cervix cancer, or rectal
cancer, it may be possible to exclude at least a portion of the anus from the treatment
fields. This requires marking the sphincter with a radio opaque marker or identifying
it at CT simulation. Blocking this region from high dose radiation may decrease acute
and chronic complications.

If it is necessary to include the anus in the treatment field, aggressive skin care is
very important. In addition, a planned treatment break may actually shorten the overall
treatment time by improving the tolerance of the proposed regimen. Therapeutic inter-
ventions usually include antidiarrheal medications such as loperamide or codeine. Care
of the skin includes cleansing with gentle cleansers. Application of aloe, gentian violet,
and/or lidocaine can help manage symptoms.

Biopsy of the anus following high dose radiation can result in non-healing ulcera-
tion. Avoidance of this procedure is preferred but if a non-healing ulceration develops,
conservative management is generally used initially. This involves stool softeners, sitz
baths, and wound care. There have been reports of the use of hyperbaric oxygen in the
management of these complications.®® There are limited therapeutic interventions for
incontinence with the primary treatment being colostomy.

B. GU EFFECTS
B1. Bladder

Pathogenesis

The urinary bladder and ureters are covered by urothelium—mucosa made of transitional
epithelium of several layers of cells (from 3—4 in full to 5-7 in the empty bladder). These
cells are replenished by undifferentiated basal cells that divide so slowly that their mitotic
index cannot be measured.>” The surface layer of urothelium is made of large polyploid
cells connected by tight junctions and covered by a monomolecular film of sulfonated
polysaccharides or glycosaminoglycan that serves the need for internal impermeability

of the bladder.
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Following radiation treatment, the initial injury to bladder is mild, and the early
response linked with the urothelium occurs at 612 months. Therefore, mucosal cell
injury (loss of the surface layer of epithelial cells, resulting in the loss of bladder imper-
meability) becomes evident approximately at the same time when the late response
occurs, caused by injury of stroma and blood vessels.® Radiotherapy results in urothelial
cell enlargement, multinucleation, and vacuolization, although nuclear to cytoplasmic
ratios remain low.*” Enlarged nuclei may have large nucleoli, but degenerative nuclear
features are usually present. A reactive, tumor-like epithelial proliferation associated with
hemorrhage, fibrin deposits, fibroid vascular changes, and multinucleated stromal cells
is seen in chronic cases. The adjacent tissue is hemorrhagic with deposits of fibrin
and, deeper within the stroma, mesenchymal cells are often large and multinucleated.*'
The transitional epithelium becomes thin and numerous dilated submucosal capillaries
create a telangiectatic appearance. Bladder contracture can develop with muscle fiber
replacement.*? This late phase of radiation cystitis can occur months to years after ion-
izing radiation.

Clinical Aspects

Radiation effects on the bladder have been documented following treatment for various
pelvic malignancies including cervical cancers, prostate cancers, and bladder cancers. In
these instances, however, the function of the bladder may have been impaired by the
disease itself and separating radiation effects from disease effects may be difticult. Also,
dose to the bladder can vary with treatment to encompass a substantial portion of the
organ with external beam RT as in bladder cancer or for high dose delivered to a small
volume of the bladder as in cervical or prostate cancer where at least a portion of the
treatment may be delivered with brachytherapy.

Acute sequelae during radiation commonly include frequency and dysuria. These
symptoms typically occur following more than 20 Gy to the bladder with conventional
fractionation. Following completion of radiation, resolution of symptoms is seen in 2-3
weeks.

The tolerance doses (TD 5/5) for the whole bladder have been estimated to be
65 Gy. The tolerance increases if only two-thirds of the bladder is treated to 80 Gy.*
Another analysis of bladder complications demonstrates that complication rates appear
to be dependent on both the whole bladder dose (i.e., from external beam radiation) and
the maximum bladder dose (i.e., from brachytherapy)** (Table 1). Long-term sequelae
include persistent dysuria, severe pain, contracted bladder, vesicovaginal fistula, and
varying degrees of hematuria. Median onset of late complications after radiation is 13—
20 months.**

Lajer et al. followed 177 consecutive patients treated for cervical cancer prospec-
tively and documented subjective and objective urologic morbidity at regular follow-up
intervals.* Doses to the bladder were 46 Gy in 2-Gy fractions with additional dose
delivered to at least part of the bladder from brachytherapy. The cumulative incidence of
morbidity was found to increase throughout the study period until the 48-month follow-
up interval. The 5-year incidences of severe morbidity were 5%, moderate morbidity
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Table 1. Bladder complication summary in patients with or without chemotherapy.*

Approximate dose to Approximate maximum Approximate clinical
Disease treated > 50% of the bladder (Gy) bladder dose (Gy) complication rate (%)
Prostate 40 60-65 5
Bladder 50-65 50-65 620"
Cervix 40 65-75 5-10

40 >80 10-20
Rectal 40-50 40-50 0

*These results are in patients treated with or without chemotherapy.
"TMany of these symptoms may be due to the cancer.

27%, and mild morbidity was 25%. A subsequent study evaluated 36 patients who
were treated with curative intent with radiotherapy for cervical cancer.*® Urodynamic
examinations were performed on admission and at regular intervals after RT. Detrusor
instability and frequent small voiding did develop in 15-20% of patients during follow-
up. However, there was no control group for comparison which would have helped
to control for an unknown incidence of urologic morbidity which exists in the gen-
eral population.*” Hemorrhagic cystitis can occur from 6 months to 10 years following
pelvic irradiation.* Levenback et al. reported a 6.5% incidence seen in 1784 patients
treated with radiotherapy for stage IB cervical cancer.*’ Patients treated for cervical
cancer with combined external beam radiation and brachytherapy have a 5-10% inci-
dence of radiation cystitis with doses of 75 Gy to the bladder but the incidence increases
with higher doses.>” Recent reports using conformal radiation to the prostate have
reported the incidence of moderate to severe hematuria in a range of 3-5%.5! Notably,
bladder complications may be less dose-dependent than rectal complications as seen in

Table 2.

Management

Patients with mild to moderate urinary frequency may be treated symptomatically.
Phenazopyridine hydrochloride is frequently used to relieve these symptoms. It acts
as an analgesic on the bladder mucosa. Oxybutynin chloride is an antispasmodic that
relaxes the bladder smooth muscle and may relieve the symptoms of frequency and

Table 2. Distribution of patients by late complication grade according to dose. Data presented as the
percentage of patients, with the number in parentheses.”!

Group Grade 0 Grade 1 Grade 2 Grade 3 p*
Rectal complications

70-Gy arm 53 (78) 36 (53) 11 (16) 1(1)

78-Gy arm 46 (69) 28 (42) 19 (28) 7 (10) 0.006
Bladder complications

70-Gy arm 72 (106) 20 (29) 7 (11) 1)

78-Gy arm 66 (98) 22 (32) 10 (15) 3 (4) 0.63
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urgency. Pharmaceuticals used to increase bladder outlet resistance include ephedrine
hydrochloride, pseudoephedrine hydrochloride, and phenylpropanolamine.

The primary treatment modality for hematuria is bladder irrigation. Intravesical treat-
ments with silver nitrate, prostaglandins, or formalin have also been used. More serious
interventions can include embolization of the hypogastric arteries or urinary diversion
and cystectomy. Treatment with hyperbaric oxygen has also been tried with some success.
One report of 62 patients demonstrated complete resolution or marked improvement
in 86% of the treated patients.’> Another study with 40 patients treated with HBO
demonstrated good response in 30 (75%) patients. Failure of the treatment was seen
only in patients with very severe hemorrhagic cystitis.>’

B2. Urethra
Clinical Aspects

Urethral injury usually consists of stricture formation. For patients undergoing radiation
to the prostate, most reports have documented increased risk of stricture in patients who
have had prior transurethral resections of the prostate. Following therapeutic doses of
radiation ranging from 60 to 70 Gy, patients with prior TURP demonstrated stricture
rates of 6-16% compared to patients without prior TURP who had stricture rates
ranging from 0% to 5%.>*

Incontinence can also result following radiation to the urethra. Following radiation
to the prostate, incontinence rates have been reported as 1-2%.> Patients who have
had a transurethral prostate resection may have an increased risk of incontinence. One
study reported incontinence in 5.4% of patients who had a TURP compared to 1% of
patients who had not.* Incontinence following pelvic radiation in women is poorly
documented. Following radiation for cervical cancer, Parkin et al. reported that 45% of
women responding to a mailed questionnaire complained of incontinence.>® Pourquier
etal. documented that 11% of urinary complications were incontinence.”” Most modern
series do not report incontinence as a frequent complication. It is the author’s experience
that women who are treated with interstitial brachytherapy to the periurethral area have
frequent incontinence following treatment which might be attributed to the high doses
of radiation to the sphincter that probably result in fibrosis. Incontinence following
radiation and chemotherapy for bladder cancer has been described. Of 71 patients with
intact bladders, a questionnaire showed that flow symptoms occurred in 6%, urgency in
15%, and control problems in 19%. Of all women 11% wore pads. Urodynamic studies
demonstrated incontinence in 2 out of 32 patients.>®

Unfortunately, the mechanism of incontinence is poorly understood. Many variables
can affect incontinence in addition to damage to the urethral sphincter including age,
prior childbearing history, weight, comorbid medical conditions, bladder irritability,
and pelvic floor weakening. Urodynamics may be done on patients who suffer from
incontinence symptoms to better define the source of the problem.

Management

Intervention needs to be tailored to the individual patient.
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B3. Ureter
Clinical Aspects

Acute effects from radiation on the ureters are not clinically observed in patients. The
most frequent cause of ureteral injury after treatment for cancer is a progressive disease.
However, ureteral damage including stenoses, necrosis, and reflux from radiation has
been described.>® This complication is typically seen in patients treated with external
RT and brachytherapy for cervical cancer. In one series, the majority of ureteral com-
plications were seen with marked signs of radiation cystitis as well.>” The mean latency
time between RT and the manifestation of severe ureteral complications was 19.4 years
with a range of 0.5-41.5 years. Two other reports documented the incidence of ureteral
stricture. One report had an actual incidence of 1.5%,° while the second had an actu-
arial estimate of 1.2% at 10 years and 2.5% at 20 years.’! Because the occurrence is rare,
correlation with factors that increase the frequency of the damage is difficult. The use
of a midline block during external beam,®! deviation of the uterine tandem,%* combi-
nation of radical surgery and RT which may further compromise the vascular supply of
tissue,®> and transvaginal radiation®! have all been implicated as factors responsible for
increasing the risk of stricture. There are no dose response data for development of this
complication.

Management

Management of ureteral stenosis is individualized. An increased index of suspicion is
necessary for physicians following these patients since ureteral injury may not be man-
ifested for many years. Mild stenosis may be treated by placement of a ureteral stent.
Reimplantation of the ureters with an ureteroneocystostomy or ureteroileocystotomy
was successful in 5 out of 8 patients in one series.®! Other procedures to divert the
urinary stream may be used including placement of ileal conduits. Nephrectomy may
be required with recurrent urinary tract infections and a non-functional kidney.

B4. Lymphatics

Pathogenesis

The lymphatics of the lower extremity can be disrupted by either surgery or radiation to
the groin or pelvis. Evaluation of patients with lymphangiography following radiother-
apy demonstrates obstruction of the lymphatics with extravasation of the radiopaque
material from the lymphatics.** Microscopic examination of lymph nodes following
radiation has demonstrated thickening of the fibrous capsule and a decrease in the num-

ber of lymphocytes and reticulum cells with sparse germinal centers.®*

Clinical Aspects

Certainly, in patients who have both surgery and radiation the incidence of lymphedema
is usually increased.®® Lymphedema is underreported in the literature and may only be
called to the attention of the physician once the patient has difficulty finding shoes
or pants that fit or pain with standing or ambulation. Lymphedema causes effects on
mobility, self-image, finances, and appearance. Edema may be unilateral or bilateral. It
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can occur in as short a time as 3 months following treatment and may be mild or severe.
Cellulitis or infection in the extremity may precipitate the occurrence of lymphedema.
Edema usually begins as soft and pitting but may progress to become hard and brawny.

One recent series documented edema following hysterectomy with or without adju-
vant radiation. The incidence of lymphedema of the leg was 11% which was similar
in the surgery alone group.®® Another study retrospectively investigated the prevalence
of leg edema in gynecologic survivors. The diagnosis of lower limb lymphedema was
made in 18% of the total sample: 53% of these were diagnosed within 3 months of
treatment, 18% within 6 months, 13% within 12 months, and the remaining 16% up
to 5 years following treatment.®® Women most at risk for developing lower extremity
lymphedema were those who had treatment for vulvar cancer with removal of lymph
nodes and adjuvant radiotherapy. In this group, the prevalence was 47%. It is important
for all health care providers to include care and assessment of the legs particularly during
the immediate pre- and postoperative period. Another report of patients treated with
surgery and radiation for cervical cancer found patients (41%) had a unilateral increase
in volume of 5% or more in one leg compared with 15 healthy controls in whom the
difference between limbs did not exceed 4%.°” Of the 54 patients, 15 (28%) had a
slight swelling (>5% volume increase); 3 (6%) had moderate swelling (>10% volume
increase); and 4 (7%) had severe swelling (>15% volume increase), which was interpreted
as treatment-induced lymphedema. Twelve (22%) of the patients had lymphoedema that
was severe enough to cause symptoms.

Management

Management includes patient education of the causes and conditions that may exacerbate
their edema. No optimal management exists for treatment of this problem. Precautions
regarding skin care, avoidance of trauma, and checking for signs of infection in the leg
or foot should be discussed. Compression should be offered as soon as edema becomes
apparent. Early treatment is more likely to result in successful management. Compression
hose, wrapping the leg, and static compression devices have been used. Some patients
have been taught self~-massage, while others have professionally administered lymphatic
massage. Once edema develops, it will be a lifelong situation with which the patient
will have to coexist.

B5. Skin-Vulva

Pathogenesis

The vulva is covered by stratified squamous epithelium, overlying connective tissue
with elastic fibers, mucus-forming glands, sweat and sebaceous glands. The clitoris has
a cavernous vascular structure.®®

Radiation induces early vulvar lesions including gross erythema and edema. Basal
epithelial cells die due to injury or endothelial cell injury leading to microvascular
occlusions. Late injury includes loss of vulvar hair, depigmentation, atrophy of the

epithelium, and fibrotic induration.®
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Clinical Aspects

The skin over the pelvis has a similar tolerance to radiation of skin elsewhere in the body.
However, the vulvar tissues are very sensitive to radiation. Even mild erythema can cause
significant symptoms for the patient. Generally, erythema occurs around 20 Gy with
routine fractionation and can progress to moist desquamation fairly quickly after that.
Because of the anatomy certain structures in the vulva can self-bolus and cause early
reactions. Because of the early and painful reactions induced by vulvar radiation, many
treatment regimens for the anus and/or vulva have a planned treatment break included
to improve the acute tolerance of the treatment. As a matter of fact, acute reaction, moist
desquamation, is expected in 100% of the patients, while late effects such as fibrosis and
telangiectasia occur in 37% of the patients treated with 45-70 Gy; however, these effects

are minimized when dose is fractionated at 1.65-1.7 Gy.%%7°

Management

Good skin hygiene with cleansers will improve the skin tolerance. Utilizing Aquaphor
and aloe products will moisturize the skin and improve re-epithelization. The overuse
of sitz baths is discouraged because excess moisture will soften the skin and make it more
likely to macerate. Areas of moist desquamation may be painted with Gentian Violet
that works as an antibacterial agent and a skin barrier to moisture. The use of topical
2% lidocaine gel may enable less discomfort if used prior to urinating or defecating.

Following completion of radiation, the skin of the vulva can become atrophic and thin.
Telangiectasias can occur and cause bleeding with minor trauma. Soft tissue necrosis can
result and may require lengthy healing times. In order to minimize long-term radiation
complications to the pelvis, radiation fractionation schemes have used doses per fraction
of less than 180 cGy/fraction.

B6. Vagina

Pathogenesis

The lining of the vagina is made of stratified squamous epithelium over a connective
tissue lamina propria and longitudinal muscle fibers and elastic fibers.®® Radiosensi-
tivity of the squamous epithelium is significant and early vaginal injury is marked by
acute epithelial denudation with endothelial injury that may lead to thrombosis, edema,
and smooth muscle necrosis. Delayed injury involves severe fibrosis that may obliter-
ate portions of the muscle and vasculature potentially resulting in vaginal stenosis and

ulceration.®

Clinical Aspects

Vaginal mucosa is reasonably tolerant to radiation. An irradiation tolerance level of the
proximal vagina was suggested by Hintz in 1980.”" None of the patients treated to a
maximum dose of 140 Gy developed severe complications or necrosis of the upper
vagina. The distal vagina (introitus) and posterior wall are more sensitive to radiation.
Hintz suggested doses to the distal vagina not to be greater than 98 Gy. A recent report
of 274 patients with cervical carcinoma treated from 1987 to 1997 led to an estimated
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TD 5/5 of 175 Gy for combined external and brachytherapy.”? Serious complications
include mucosal necrosis or fistula formation. Less serious complications included vagi-
nal stenosis or shortening, formation of telangiectasia (which can lead to bleeding) or
thinning of the vaginal mucosa, and dryness. One study documented a decrease in vagi-
nal length following treatment with intracavitary radiation”® for patients with cervical
or endometrial cancer. Shortening occurred with a mean value of 1.5 cm compared to
pretreatment values. Another study of patients who were asked to document changes
1 year following radiation reported that 48% of patients felt their vaginal dimensions

were decreased following radiation for cervical cancer.”*

Management

Treatment issues for vaginal toxicity depend on the level of suspicion for a recurrence.
If soft tissue necrosis is observed, symptomatic management with antibiotics, estrogen
cream, and gentle irrigation may heal the area. Overzealous biopsy may contribute to the
formation of a fistula. But biopsy may be necessary if recurrent tumor is suspected. The
strategy for prevention of vaginal stenosis or shortening has been to encourage sexual
intercourse or use of vaginal dilators. Estrogen cream or systemic estrogen may also aid
in the rejuvenation of cells and increase the elasticity of the vagina. Early intervention
is necessary because once shortening and stenosis occur it is difficult if not impossible
to reverse. It has been suggested that psychoeducational intervention may increase the
compliance rate of some patients for vaginal dilatation and may reduce the sexual fears
of many patients.”> No optimal approach to vaginal dilatation is recognized. Recom-
mendations range from every day dilatation to twice weekly. Appropriate frequency and
satisfactory outcome probably depend on the patient’s age, surgical procedure, radiation
dose, tumor stage, and motivation. Hopefully, investigation will yield more information
regarding this topic in the future.

B7. Ovaries

Pathogenesis

Radiation to the ovaries can damage oocytes and result in premature menopause because
of ovarian failure of estrogen production. Primary germ cells, oocytes, are surrounded
by a single layer of granulosal cells embedded in the stroma to form ovaries. Enlargement
of oocytes and the proliferation of granulosal cells into Graafian follicles occur monthly
during the reproductive period of life, as well as proliferation of stromal cells in the
cortex. After menopause, arteries and veins develop endarteritis oblitrans and ovaries
are partially atrophied. A single layer of cells (germinal epithelium) from which oocytes
originated covers mature ovaries.®

Oocytes undergo meiosis and are relatively radioresistant (single dose LD50 is 4 Gy);
however, proliferating granulosal cells are very radiosensitive and their demise leaves
oocytes without support and Graafian follicles cannot be formed. Therefore, a total
dose of 24 Gy (fractionated in 2-Gy single doses) leads to ablation of ovaries due to the
loss of granulosa cells.”® Early radiation injury then comprises of necrotic changes in
proliferating granulosa cells, while other early changes include microvascular thrombi
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and endothelial cell swelling.”® Nevertheless, if the dose is sufficiently low, the primordial
follicles with non-dividing cells may survive and later develop normally. Late radiation
effects include atrophy and fibrosis, with thick walled and hyaline arterioles and venules.®
The effects on the ovary are dependent on the age of the patient and total dose to
the ovary. Low doses of radiation (4-7 Gy in 1-4 fractions) can result in permanent
menopause in women over 40 years of age.”” However, permanent sterility in young
women may not result until a total dose of 20 Gy is given.

Management

Radiation-induced ovarian dysfunction should be considered following not only direct
pelvic radiation, but also irradiation from inverted Y fields of Hodgkin’s disease treatment
or craniospinal irradiation. Estrogen replacement may be given to the patient if desired.

B8. Uterus

Pathogenesis

The uterus has four smooth muscle layers creating the myometrium, and is covered
with peritoneum and connective tissue adventia. The lamina propria has specialized
connective tissue cells, and the endometrium is made of columnar epithelium. The lower
uterus and cervix at the vaginal surface are covered by stratified squamous epithelium.
The cervical channel is covered by columnar mucus-forming glands. After menopause
the blood vessels develop endarteritis oblitrans.®®

The endometrial glands and stroma (lamina propria) are proliferating only when
stimulated by estrogen (and are therefore most radiosensitive at that stage). Henceforth,
early radiation injury of uterus is not dramatic. At 6—8 weeks post-intracavity irradiation,
cells of the endometrium and stroma are often enlarged and have bizarre nuclei, the
stroma is infiltrated by leukocytes, and fibrosis develops in all tissue layers. Delayed injury
resembles the postmenopausal uterus, and post-intracavity radiation endometrium and
adjacent myometrium show hyaline collagen scars (though fewer deep lesions than post-
external beam therapy).'®

‘When HDR intracavity brachytherapy was used for intrauterine therapy in four 8.5-
Gy doses, not more than 4.6% patients experience severe complications at 5 years.”®
External beam therapy if used without brachytherapy is prescribed near to the tolerance
dose, as total external beam dose of 45-50 Gy; in combination with brachytherapy it is
used usually at 20-40 Gy.?

Radiation to the uterus can result in impaired uterine growth and blood flow that
lead to early pregnancy loss and premature labor if pregnancy is achieved.”” Uterine vol-
ume correlates with the age at which radiation was received. Radiation at a young age
results in decreased volume. One study examined women who had received total body
irradiation (14.4 Gy). Four of 6 women with ovarian failure had reduced uterine vol-
ume, undetectable blood supply, and absent endometrium at baseline assessment. After
3 months of sex steroid replacement treatment, uterine blood supply and endometrial
response were not significantly different from controls. Uterine volume improved but
remained significantly smaller than controls.*’ Another study of patients treated with
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low radiation doses to the uterus for benign disease examined 1817 women treated with
intrauterine radium for uterine bleeding. The radiation dose to the uterus was at least
24 Gy. Three hundred and eleven patients were less than 40 years of age. Nineteen
patients became pregnant with 33 conceptions but only 6 live births resulted.®!

In the cervix, delayed injury may include the presence of atrophic squamous epithelial

cells often with such nuclei as to suggest dysplasia.®

B9. Testicles

Pathogenesis

The walls of the seminiferous tubules are made of a basement membrane over lamina
propria containing fibromyocytes and elastic fibers. Inside the tubules are postmitotic
Sertoli cells surrounded by spermatogonia A, spermatogonia B, primary and secondary
spermatocytes, spermatids, and spermazoa. In the stroma are blood and lymphatic vessels
and nerves, and cells of different types: fibroblasts, macrophages, mast cells, and Leydig
cells.®

Of these cells, in the postpuberty testis, spermatogonia B and then spermatocytes are
the most radiosensitive, followed by non-dividing spermatogonia A, with postmitotic
cells—spermatids and spermazoa being least sensitive. The Sertoli and Leydig cells are
comparatively radioresistant, surviving doses causing sterility. In the prepubescent testis,
Sertoli cells are the dominant cell type in seminiferous tubules, are still dividing, and are
therefore radiosensitive.® Therefore in prepuberal boys, irradiation can cause hormonal
imbalance and arrested entry into puberty.®®

Death of spermatogonia B and spermatocytes can be caused by cGy doses of irra-
diation, and follows an apoptotic pattern of cell death. This is accompanied by gene
induction of apoptosis-regulating genes such as p53 and myc, and cytokines such as
tumor necrosis factor alpha.®* Due to the fact that spermatogonia B are recruited from
the pool of less radiosensitive spermatogonia A, fractionated radiation may cause a more
severe oligospermia. A high dose of radiation, such as 30 Gy, causes significant cell death
of most cell types in testis, including Leydig cells, resulting in a decrease in testosterone.®
A late effect of irradiation is testicular atrophy, and this could probably be best attributed
to ischemia, by extrapolation from other tissues.®

Clinical Aspects

The testis is one of the most radiosensitive tissues in the body with a radiation dose as
low as 15 c¢Gy causing a significant depression in the sperm count.”” The testis may be
directly in the radiation field or receive scatter dose from a nearby field. Irradiation of
the testis during radiation usually involves fractionated doses that may cause more stem
cell killing than single-dose treatments.

Low doses of radiation kill spermatogonia which are difterentiating into spermato-
cytes. Therefore, low doses of radiation deplete the stem cells of these developing sperm
which result in decreased sperm production during the first 50—-60 days after irradia-
tion. Temporary oligo- or azoospermia result. Complete recovery takes place within
9-18 months after less than 1 Gy, 30 months for 2-3 Gy, and 5 or more years after



142 Radiation Toxicity: A Practical Guide

4-6 Gy.”” One study of 11 cancer patients who received 118-223 cGy delivered in 24—
35 fractions demonstrated temporary aspermia in all patients beginning about 3 months
after RT.3® Recovery of spermatogenesis was first noted between 10 and 18 months in
5 patients. Another group of patients who received fractionated doses of 19-178 ¢Gy to
the remaining testis following unilateral orchiectomy had azoospermia in 10-14 patients
who received over 65 CGy to the testis. Sperm reappeared in the semen with 30-80
weeks after the start of treatment.%

Direct testicular irradiation of 24 Gy results in ablation of the germinal epithelium
(responsible for sperm development) and Leydig cell function (responsible for testos-
terone) is seriously affected in most patients. Tsatsoulis et al. evaluated Leydig and
Sertoli cell function in 18 men who had undergone unilateral orchidectomy for a testic-
ular seminoma followed by 30 Gy in 20 fractions.®® The median testosterone level was
significantly less than in normal controls and 6 men had levels below the normal adult
male range. Leydig cell damage was suggested by the decreased testosterone/LH ratio.
Similarly, 10 of 12 boys demonstrated Leydig cell dysfunction 1-8 years after testicular
irradiation (24 Gy) for acute lymphoblastic leukemia.®” Lower doses of 3-9 Gy received
as a scatter dose to the testes in childhood in fractionated doses resulted in oligo- or
azoospermia many years later. LH and testosterone levels were normal indicating nor-
mal Leydig cell function. Also, another report demonstrated that low doses of testicular
irradiation (12-15 Gy) did not result in abnormal pubertal development in 12 of 13

boys, although 7 boys who were tested demonstrated azoospermia.”

Management

Androgen replacement therapy to enable normal puberal development and future sexual
function is required for patients with deficient testosterone production.

B10. Sexual Function

Women

Sexual function in women following radiation has been poorly evaluated. Most studies
focus on vaginal stenosis because it can be quantitated. However, measurement of vaginal
anatomy may not correlate well with overall sexual function.”’ Other factors including
dyspareunia, bleeding or concern of bleeding, and lubrication changes can also occur.”?

Jensen et al. evaluate 118 patients following radiation with a self-assessment question-
naire. Approximately 85% had low or no sexual interest, 35% had moderate to severe
lack of lubrication, 55% had mild to severe dyspareunia, and 30% were dissatisfied with
their sexual life.”*

Emotional distress after a cancer diagnosis and treatment can certainly cause disruption
in sexual function. Radiation following surgery has the potential for causing more sexual

dysfunction than radiation alone.”

Management

Intervention strategies have focused on vaginal dilatation. Robinson et al. found
increased compliance with the use of vaginal dilators and reduction of sexual fears in
women following careful counseling about potential sexual difficulties and suggestions
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on alternate sexual practices in addition to careful instruction in the use of a vaginal
dilator.”® Use of topical or systemic estrogens may decrease vaginal irritation and improve
lubrication. However, hormone replacement therapy may not be an option for many
patients who have hormone-sensitive tumors or other contraindications.

It is obvious that sexual dysfunction affects a high proportion of women receiving
radiation to the pelvis. Counseling of patients and their partners regarding potential
problems that may affect sexual function following RT should help patients to understand
anatomic changes and allay fears. More information is needed regarding intervention
strategies for dealing with various issues.

Men

Erectile dysfunction is a common sequela following curative local treatment for early-
stage carcinoma of the prostate. Most reports focus on erectile function although addi-
tional symptoms that affect sexual function can develop after either prostate brachyther-
apy or external beam radiation to that area of the body. Reported symptoms after
brachytherapy have included hematospermia, pain at orgasm, and alteration in the inten-
sity of orgasm.”* After EBRT symptoms have included a lack of ejaculation in 2-56% of
patients, dissatisfaction with sex life in 25-60%, decreased libido in 8-53%, and decreased
sexual desire in 12-58%.%*

The etiology of erectile dysfunction has been attributed to changes in the arteriolar
system supplying the corporal muscles. Goldstein et al. documented abnormal vascular-
ity by penile Doppler ultrasonography in all patients who had altered erectile function
after EBRT.” Similarly, Zelefsky and Eid documented abnormal distensibility of the
cavernosal arteries in patients with erectile dysfunction.”® Merrick et al. found no sig-
nificant difference in the mean dose to the neurovascular bundles between potent and
impotent men following brachytherapy.”” Approximately 50% of patients develop erec-
tile dysfunction within 5 years of prostate radiation. Factors related to the likelihood of
this occurrence include pretreatment potency, patient age, use of supplemental external
beam irradiation, radiation dose to the prostate, radiation dose to the bulb of the penis,
time since radiotherapy, and diabetes mellitus.”” Radiation dose to the bulb of the penis
seems to correlate with the risk of erectile dysfunction after EBRT and after BT.%%%
In the past, men who received brachytherapy for treatment have been believed to have
improved potency rates than patients treated with EBRT. However, selection bias can
favor these patients who may have a lower age, better performance status, and more
motivation to maintain potency.'”’ Another study investigated the erectile function and
satisfaction of men treated for prostate cancer with 3D conformal radiation or transper-
ineal prostate brachytherapy.'”! This report of 128 men suggested that either treatment
had a similar impact on erectile function and overall satisfaction. Another report of 201
men treated with MRI-guided brachytherapy with or without external beam irradia-
tion found that all patients (82-93%) experienced some degree of erectile dysfunction
compared with baseline function within 4 years after therapy.'”

Management

When sildenafil citrate was used at least two-thirds of patients reported rates of erectile
function comparable to or superior to baseline function.!’* Intracavernosal injection of
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prostaglandins can also be effective. Vacuum pumps and penile prosthesis can be used.
There is no doubt that better understanding of quality-of-life issues that may lead to
sexual counseling have the potential to improve sexual function. Radiation strategies

that limit radiation dose to the bulb of the penis may also improve sexual outcomes.'"

B11. Bone Effects

Pathogenesis

Radiation can affect the microvasculature of the mature bone. This injury causes
decreased blood supply to the periosteum which compromises osteoblastic function
and can result in an insufficiency fracture (IF). Insufficiency fractures of bone occur as
a result of physiological stress on bones with deficient elastic resistance. Irradiation can
damage osteoblasts, osteocytes, and osteoclasts and leave an acellular matrix that appears
radiographically normal. Such radiation-induced atrophy reduces the number of func-
tional and structural components of a tissue. These two processes can result in clinically
and radiographically significant bone atrophy. In addition, previously irradiated atrophic
bone is at risk for fracture, second malignancy, or infection, leading to true necrosis.'**
Resulting injuries include atraumatic femoral neck fracture, and osteonecrosis of the
femoral head or of the acetabulum.

When bone marrow is irradiated, permanent ablation or hypoplasia can occur. This
was demonstrated by failure of bone marrow to regenerate in-field after 30—40 Gy mantle
irradiation for Hodgkin’s disease.'”® However, marrow recovery has been demonstrated
to occur over extended periods depending on the volume irradiated.!” Irreversible
injury after greater than 50 Gy is a consequence of irreparable damage to the microvas-
culature manifested by irreversible bone marrow fibrosis.

Clinical Aspects

Insufficiency fractures have been described in postmenopausal women with osteoporosis,
in patients treated with high doses of corticosteroids, and in patients following radia-
tion exposure. Osseous complications are usually considered uncommon after radiation
with megavoltage radiation because of decreased absorption in bone compared to lower
energy machines of the past. However, they are important to recognize because the
differential diagnosis includes pelvic bone metastases.

In a retrospective study of scintigrams of 80 patients, Abe et al. reported that asymp-
tomatic IF was found in 34% of postmenopausal patients treated with adjuvant postoper-
ative radiation for endometrial cancer.!’” The incidence of symptomatic pelvic fractures
in several series of women treated for gynecologic malignancies ranges from 1.7% to 6%
following doses of 46-50 Gy to the whole pelvis.'”® 112 At least one report suggested
increased incidence of IF in women receiving brachytherapy in addition to EBRT.'"”
Pain in the pelvic area is the initial complaint of patients. The average time to onset of
symptoms is usually 11-12 months after radiation therapy. CT scans can reveal radio-
logical findings of IF, although MRI is currently the most sensitive modality for detect-
ing these lesions. Radionuclide bone scans reliably and non-invasively screen for bony
abnormalities in the pelvis and elsewhere. Increased radionuclide uptake at the fracture
site 1s informative, and a characteristic H-shaped pattern of uptake across the sacrum
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and sacroiliac joints often corresponds to horizontal and vertical fractures.''> Most IF is
multiple and the most common location for them is in the sacrum and pubic bones.

Femoral head/acetabular damage. The tolerance doses for the femoral head have
been estimated to be 52 Gy for the TD 5/5 and 65 Gy for the TD 50/5.*> One review
from Mallinckrodt reported that the cumulative actuarial incidence of femoral neck
fracture was 11% at 5 years and 15% at 10 years for patients who were treated APPA
to the pelvis with 18 MV photons.!'* No fracture occurred below doses of 42 Gy.
Multivariate analysis demonstrated that independent prognostic variables for increasing
the risk included cigarette use and radiographic evidence of osteoporosis.

Bone marrow sequelae. The bone marrow is one of the most radiosensitive organs
in the pelvis. Approximately 40% of the total body bone marrow reserve lies within the
pelvic bones as seen in Figure 3.''> Hematologic toxicity can be seen acutely during
radiation and exposure to radiation can result in long-term myelotoxicity. The radiation
dose, dose rate, and volume all affect the acute response of the bone marrow to therapy.
When small bone marrow volumes are irradiated, bone marrow in unexposed areas of
the body responds by increasing its population of progenitor cells meeting the demands
for hematopoiesis. Therefore, acute effects are not seen unless a substantial portion of
the marrow is exposed. With exposure to large bone marrow volumes, neutropenia
occurs in 2-3 weeks followed by thrombocytopenia and then anemia in 2-3 months.'!*
This is represented in Figure 4. The majority of chemotherapeutic agents aftect the
bone marrow in a similar way. Therefore, the combination of the two modalities can
be additive. Many patients receiving radiation are now treated with either sequential or
concomitant systemic chemotherapy and myelotoxicity can be a significant problem.

Management

Biopsy is not recommended because of the risk of trauma-inducing radiation necrosis
and also because of the low diagnostic efficiency. Histologic changes of hemorrhage,
fibrosis, necrotic bone fragments, trabecular bone, and cartilage growth can result in
misinterpretation by the pathologist.!”” Treatment of these lesions is usually conservative
with pain management, rehabilitation exercises, and restriction of weight bearing. Most
series report improvement and complete resolution in symptoms by 6—12 months.

Treatment for bone fractures following radiation has included Provera, Premarin,
calcium supplements, and pamidronate. One report reported a trend toward earlier
healing with drug treatment.'"’

Treatment planning in the pelvis should consider the volume of the boney pelvis that
is included in the radiation field. Techniques that reduce the bone volume and avoid
high dose areas in the bone should help to keep IF at 2 minimum level.

The management of patients with bone marrow toxicity can be divided into those
that are supportive and those that are preventative. Growth factor administration is now
a common supportive measure in patients with white cell deficiencies. Erythropoietin
is now approved for use in patients with depressed hemoglobin levels. Transfusion is
typically reserved for patients with hemoglobin levels below 8 g/dL or those that are
symptomatic from low levels with the goal of ameliorating physiologic responses more
quickly. Erythropoietin is typically used if hemoglobin levels are below 12 g/dL in order
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to improve tolerance to therapy' ° or improve “cancer-related fatigue” symptoms.
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Figure 3. Bone marrow distribution in adult humans as determined by autopsy finding: active areas are
shaded. The relative amount of red bone marrow in difference anatomic sites as a function of age.''*
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Figure 4. Temporal sequence of changes in numbers of neutrophils, platelets, and lymphocytes, and
hemoglobin after lethal total body irradiation. '

There is increased interest in prevention of bone marrow toxicity using bone marrow
sparing techniques with intensity-modulated radiation therapy. Brixey et al. evaluated
36 patients with uterine or cervical cancer who received treatment with IM-WPRT
and compared them to 88 patients treated to the same target volume and total dose with
conventional four-field WPRT as seen in Table 3. The comparison of pelvic BM
dose—volume histograms revealed that IM-WPRT planning resulted in significantly less
BM volume being irradiated compared with WPRT planning, particularly within the
iliac crests as seen in Figure 5. Administration of chemotherapy was held more often
in the WPRT group and patients treated with chemotherapy and WPRT experienced
more acute WBC toxicity. This report suggests that IMRT may be important for bone
marrow sparing when pelvic radiation is required and may improve the tolerance for
treatment that combines radiation with systemic chemotherapy.

Table 3. Comparison of doses to iliac crest bone marrow irradiated between whole pelvic radiation and
intensity-modulated radiation.'?

Dose (Gy) WPRT (% vol) IM-WPRT (% vol) p

10 94.9 97.3 0.007
20 88.8 78.1 <0.001
30 54.9 52.9 0.167
40 42.4 26.2 <0.001
45 32.1 151 <0.001

50 0 0.46 0.012
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INTRODUCTION

Irradiation of bone kills the cells that are responsible for bone maintenance and remodel-
ing that renders the irradiated bone brittle and prone to injury. Though the incidence of
bony injury has become increasingly uncommon with the use of megavoltage radiation
and improved planning and radiation delivery techniques, even when careful attention is
paid to radiation tolerance, bony injury can occur. Post-irradiation bony injuries include
mandibular osteoradionecrosis (MORN), pelvic insufficiency fracture, hip fracture, frac-
ture of long bones, rib fracture, and pediatric growth abnormalities. In this chapter, we
will review the incidence, risk factors, techniques for risk reduction, and management
of each of these bony radiation injuries.

A. MANDIBULAR OSTEORADIONECROSIS

Mandibular osteoradionecrosis is a hypocellular, hypovascular dissolution of bone fol-
lowing irradiation. The most vulnerable part of the mandible is the buccal cortex of the
premolar, molar, and retromolar regions.! The molar and premolar regions are the most
common sites of necrosis.>>

There are three distinct types of MORN (Table 1%), but all begin similarly as erythema
of overlying mucosa, which subsequently ulcerates to reveal the underlying necrotic
bone.> The diagnosis of MORN includes an appropriate clinical picture supported by

consistent bone scan, CT and/or MRI findings. Recurrent tumor should be ruled out.
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Table 1. Subtypes of mandibular osteoradionecrosis

Type I—trauma-induced MORN which occurs when radiation or surgical wounding are
coupled closely together

Type II—trauma-induced MORN which occurs years after radiation therapy. This is the
most common type

Type IlI—spontaneous MORN which can occur anytime after radiotherapy without any
obvious preceding surgical or traumatic event (6—24 months after radiotherapy)

Table 2. Risk factors for MORN

Presence of teeth’
Pre-irradiation dental morbidity
Volume of mandible irradiated
Radiation dose’

Fraction size

Tooth extraction

Male gender”

Use of orthovoltage equipment

The event that most commonly precipitates MORN 1is post-radiotherapy tooth
extraction because of poor dentition. Early work at MD Anderson Cancer Center
in the 1960s and 1970s demonstrated that those patients with teeth were at much higher
risk for MORN than those without teeth.® Before it was realized that this risk could
be reduced by appropriate dental care, all teeth in the anticipated radiation field were
extracted. Current practice does not include total teeth extraction but rather meticulous
dental care as outlined in Chapter 2 of this book.

Even with appropriate dental care, the risk of MORN is still greater in the den-
tulous patient than in the edentulous patient. In an early study, comparing these two
groups, even with aggressive dental care, those with teeth were still more than twice as
likely to develop mandibular necrosis than those with no teeth (24.2% vs. 11.9%).” In
another study, 64.8% of MORN cases were related to either dental extraction or dental
irritation.® In a third study of the patients who required extractions within 1 year of
radiotherapy, 60% developed MORN.®

The radiation tolerance of the mandible is not simply a function of dose (Table 2).
Factors including pre-irradiation morbidity, and volume of tissue irradiated are insepara-
ble from dose when considering the risk of mandibular necrosis. The presence of more
than one risk factor can have a synergistic effect on the risk of MORN. For example,
in one study, factors predicting for an increased risk of necrosis included disease site
related to the mandible, high dose (>8000 cGy), and the presence of teeth. A patient
with these features was almost 18 times more likely to develop mandibular necrosis than
patients without these risk factors.”

Though radiation dose is not the only factor affecting the risk of MORN, it is one
of the risk factors most readily controlled by the radiation oncologist. What then is
the radiation dose tolerance of the mandible? Emami et al. estimated the TD 5/5 for
the TM]J and mandible at 60 Gy and the TD 50/5 at 72 Gy, when treating the entire
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mandible using conventional fractionation. These values may be on the conservative
side. Bedwinek et al. found that spontaneous mandibular necrosis did not occur with
doses <60 Gy, it was 1.8% for doses between 60 and 70 Gy, and 9% with doses >70 Gy.*
In the UCSF experience, MORN risk was 85% for dentulous patients receiving more
than 75 Gy (50% for edentulous patients).!” None of the patients who received <65
Gy to the mandible developed osteonecrosis. A recent RTOG IMRT protocol sets
mandibular dose constraints at 70 Gy.!!

MORN risk also varies with fraction size. There is evidence in the literature that the
risk of MORN is substantially less in patients treated with hyperfractionated radiother-
apy at 1.2—1.5 Gy per fraction.!>13

It is important to note that the mandible may receive more than the dose prescribed
to tumor. In an analysis of the radiation plans of 18 patients treated with megavoltage
EBRT for oropharyngeal cancers, parts of the mandible (most notably the retromolar
region) received 101.3% =+ 3.8% (range 90.2-109.1%).'* Thus, parts of the mandible
may receive almost 10% more than the prescribed dose.

Radiation tolerance is similar in patients receiving brachytherapy as a component
of their radiation therapy. In the Stanford experience with base-of-tongue cancers, 41
patients received a combination of EBRT (median 50 Gy) followed by a low dose
rate 1°?Ir brachytherapy boost (median 26 Gy). Osteoradionecrosis occurred in 5%
of patients. In another series of 12 patients with base-of-tongue carcinomas treated
with 50 Gy EBRT (parallel opposed laterals) followed by neck dissection, and then
25-30 Gy interstitial brachytherapy (LDR !?IR), a single patient (8.3%) developed
osteoradionecrosis of the mandible. '

Though the timing of MORN is variable, most cases occur during the first year fol-
lowing radiotherapy (Table 3). The use of chemotherapy with radiotherapy can accelerate
the onset of MORN. In a retrospective review of 830 patients who received radiation as
component of their treatment for head and neck cancers, the time to onset of MORN
was significantly shorter (9 months) for the combination treatment than for the radio-
therapy alone (14 months).’

In summary, MORN continues to be a clinical problem especially when doses to
the mandible significantly exceed 6000 cGy. If there are predisposing risk factors, e.g.,
poor dentition and poor likelihood of post-radiotherapy dental care, or a large volume
of irradiated mandible, the risk of MORN will be increased for a given dose.

Al. Management

Prophylaxis to prevent toxicity is preferred. A dental evaluation prior to radiotherapy
should be considered mandatory for all patients who are to receive head and neck
irradiation. Ideally, the dentist should be experienced in the evaluation and management
of these pre-irradiation patients. Unsalvageable teeth should be extracted. A minimum
of 1 week—10 days should be allowed for healing prior to the initiation of radiotherapy.
If the timing of the therapy allows, 2-3 weeks healing time is preferred.’

Many patients who have developed MORN have been successfully managed with
conservative treatment. In our institution, the initial treatment for mandibular expo-
sure/injury following irradiation consists of measures to keep the exposed mandible
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Table 3. MORN timing, incidence, and correlation with dental extraction

MORN Time to Association with
Author N Site Dose incidence MORN extraction
Grant® 176 Tonsil 60-110 Gy 37.5% 83% <1 year Pre-XRT
extraction
15%,
post-XRT
extraction
44%
Bedwinek® 381 OC, OP, 50-80 Gy Overall: 14% 61% <1 year, 65% of MORN
NP 83% <2 years, cases
94% <3 years associated
with dental
extraction
— <60 Gy 0%
— 60-70 Gy 1.80%
— >70 Gy 9%
Hoppe'® 88 NP 65-70 Gy 2.3% NS
Morrish!? OC, OP, 50-75 Gy Overall: 22% Range: 1-72 All cases of
NP months, osteonecrosis
68% <1 associated
year with dental
extractions (9
cases)
occurred with
post-
radiotherapy
extractions
— <65 Gy 0%
— >75 Gy 50% Median: 10 Edentulous: 14%
(edentulous) months
— >75 Gy 85% Median: 22 Dentulous: 24%
(dentulous) months
Kaylie! 12 BOT 50 Gy EBRT  8.3% NS
+ 25-30
Gy brachy
Gibbs!” 41 BOT 50 Gy EBRT  4.9% >6 months
+ 26 Gy
brachy
Reuther’ 830  Head and 40-90 Gy, Overall: 8.2%, Range: 2-122  50% of MORN
neck Median: male: 9.6%, months, cases
60 Gy female: median: 13 associated
3.4% months with dental
extraction

clean and allow natural healing. We use saline and PERIDEX rinses and oral antibiotics

if needed. Hyperbaric oxygen (HBO) is also considered. Management is in cooperation

with an otolaryngologist/oral surgeon.

In the past, those who have not responded to, or who have progressed despite con-
servative therapy have had to undergo surgery. Patients who develop MORN late (>36
months) after radiotherapy, and those with more extensive MORN (including fracture

and/or fistula) are more likely to fail conservative therapy and require surgery.'®



7. Radiation-Induced Skeletal Injury 159

Table 4. Prophylactic HBO results

Author n MORN (w/HBO) MORN (w/0 HBO)
Marx?" 74 5.40% 30%

David* 24 4.20% —

Vudiniabola®! 3.40% 88%

HBO therapy is a potential adjunctive therapy that can be employed as a component of
conservative therapy or in conjunction with surgery. Radiation-induced microvascular
damage results in bony hypoxia, which can result in necrosis or fracture. Pressurized
oxygen overcomes hypoxia from damaged microvasculature by “forcing” supra-normal
levels of oxygen into tissues. In this non-hypoxic environment, it is more likely that
damaged tissues will heal spontaneously. HBO therapy consists of breathing oxygen
pressurized to 2.4 atm for approximately 60—90 minutes per session for ~15—40 sessions.*
This is done in single- or multi-patient chambers.

In most of the available literature, HBO is beneficial in the treatment of MORN
patients. In a review of 51 patients who received HBO as treatment for MORN, more
than 90% experienced improvement or healing with HBO both when HBO was the
only therapy, and when it was used in conjunction with surgery.* In a systematic review
of the HBO literature for treatment of mandibular necrosis, 13 of 14 (93%) publications
demonstrated a definite or probable benefit.!”

Because dental extraction following radiotherapy is the strongest predictor of MORN,
HBO can be given prophylactically to high-risk patients prior to post-radiotherapy dental
extraction (Table 4). Marx et al. performed a randomized trial comparing prophy-
lactic antibiotics versus prophylactic HBO in 74 patients requiring post-radiotherapy
extraction.?’ In the antibiotic group, 11/37 (29.7%) developed MORN versus only
2/37 (5.4%) in the HBO group. In a review of 24 patients who received prophylactic
HBO prior to post-radiotherapy extraction, only one (4.2%) experienced difficulties
in healing.* In another case series MORN occurred in 3.4% prophylaxed with HBO
versus 88% of those who did not receive HBO.>! While the use of prophylactic HBO is
still controversial, if it is available, it should certainly be considered in patients requiring
post-radiotherapy extractions.

HBO therapy is not without risk of side eftects. Potential complications include
damage to the eardrums or sinuses, seizure (1.3 per 10,000 treatments), pneumothorax
(rare), pulmonary oxygen toxicity (rare), and temporary visual refractive changes (rare).??

For further information on management, including information on pentoxyfylline
and vitamin E, see Chapter 2 of this book.

B. LONG BONE FRACTURE

Long bone fracture as a complication following radiotherapy is most commonly seen
following the higher doses used in the management of extremity sarcoma. Contemporary
publications on limb-sparing treatment of soft tissue sarcoma of the extremities report a
post-radiotherapy fracture incidence ranging from 4%2 to 8.6%.%* The most consistently
important risk factor for fracture is periosteal excision (Table 5).
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Table 5. Risk factors for long bone fracture

Periosteal excision (especially extensive periosteal excision)
Anterior thigh compartment tumor location
Close or positive margins

Alektiar et al. reported on 86 patients treated for soft tissue sarcoma of the knee
or elbow at Memorial Sloan-Kettering Cancer Center.>* Forty-six of the 86 patients
reviewed (53%) received radiotherapy as a component of their therapy. The major-
ity (82%) of patients who received radiation received a median of 45 Gy with LDR
brachytherapy via catheters placed at surgery; 18% received a 20 Gy brachytherapy
boost following 45 Gy EBRT. The overall actuarial 5-year fracture rate was 3%. The
actuarial 5-year fracture rate was 3% in the group that received radiotherapy versus 5%
in the group that did not; this difference was not statistically significant (P = 0.5).

Periosteal excision, which is sometimes necessary for margin clearance, can sub-
stantially increase the risk of fracture following radiotherapy. For example, Lin et al.
reported on 205 consecutive patients whose lower extremity sarcoma was managed
by limb-sparing surgery and radiation therapy at Memorial Sloan-Kettering Can-
cer Center.”> Twenty-six percent of the patients had undergone periosteal excision.
Nine of the 205 patients (4.4%) suftered from femoral fracture following treatment; all
9 patients had undergone periosteal excision. This represented a 5-year incidence of
29% for those who had undergone periosteal excision by Kaplan—Meier survivorship
analysis. Periosteal excision was the only independent risk factor for fracture.

Helmstedter et al. reported on 285 patients who were treated with surgery and radi-
ation therapy for soft tissue tumors.?® Seven percent experienced post-therapy fractures
after a mean of 40.5 months. Risk factors for fracture included anterior thigh compart-
ment primary site, extensive periosteal stripping, and a marginal or intralesional margin
of resection. The authors recommend consideration of prophylactic femoral rodding for
high-risk sarcoma patients at the time of surgical resection.?®

If a patient presents with a long bone fracture following extremity radiotherapy, an
orthopedic surgeon should be consulted immediately. After tumor recurrence with
resultant pathologic fracture is ruled out, management of the fracture should be by the
orthopedic surgeon.

In summary, long bone fracture is a relatively uncommon complication following
irradiation. Patients with multiple risk factors for post-radiotherapy fracture are at much
higher risk, and, where possible, treatment can be tailored to minimize post-treatment
morbidity should fracture arise (e.g., prophylactic femoral rodding as described above).

C. FEMORAL HEAD AND NECK

The radiation tolerance of the femoral head and neck is substantially lower than the
radiation tolerance of long bones. This complication is increasingly rare as routine pelvic
fields include blocking of the femoral neck and most of the femoral heads (Figure 1). If
the inguinal nodes must be treated, the femoral head and neck will unavoidably receive
a substantial radiation dose, and care must be taken not to exceed the radiation tolerance
of these structures.
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Figure 1. Pelvic field with femoral heads blocked.

Grigsby et al. reported on 207 patients who received groin irradiation as a component
of pelvic irradiation for advanced or recurrent cancers of the vagina, vulva cervix, and
endometrium.?” Most of the patients’ groins were irradiated as part of the primary
photon field, prescribed to midplane; 71 patients received groin boosts, most with
high-energy photons. The incidence of femoral neck fracture was 4.8%; 40% of those
patients with femoral neck fracture had fractures bilaterally. The actuarial cumulative
incidence of fracture was 11% at 5 years, and 15% at 10 years (the authors describe
these actuarial incidences as “excessive”). Mean doses were 52 Gy in those patients with
fractures, and 47.6 Gy in those without. Irradiation dose was not a significant predictor
of fracture, though there were no fractures with femoral neck doses below 42 Gy.
Cigarette use correlated with the likelihood of femoral neck fracture (P = 0.027); there
was also a correlation with radiologically confirmed pre-irradiation osteoporosis which
approached statistical significance (P = 0.068). With an absence of fractures below
42 Gy, these data would suggest that the TD 5/5 of the femoral neck is between 42 and
52 Gy.

C1. Therapy

Again, the best “therapy” for femoral head and neck fractures is prevention. Unless the
femoral head/neck must be in the treatment field to encompass the PTV, they should be
blocked. It is acceptable to include the most medial aspect of the femoral heads in order
to adequately cover the pelvic lymph nodes at risk. If the femoral heads or necks must
be treated, careful attention should be paid to keeping doses to these sensitive structures
as low as possible.

Surgical repair of femoral head/neck fractures following radiotherapy may require
special mechanical reinforcement due to the poor quality of bone following irradiation.
In a retrospective study of 71 total hip replacements for complications following pelvic
irradiation, the authors found a higher than typical post-replacement failure rate.”® When
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Table 6. Risk factors for osteoporotic fracture®? and osteonecrosis

Low body weight (<58 kg) Systemic lupus erythematous
Smoking tobacco Rheumatoid arthritis
1st degree relative with low-trauma fracture Steroid use

Personal history of low-trauma fracture

standard cemented components were used, 52% suffered acetabular loosening. When
acetabular reinforcement rings were used, the rate of aseptic acetabular loosening was
reduced to 19%.

D. PELVIS

Almost any part of the bony pelvis can fracture following pelvic irradiation, and fractures
have been observed following irradiation for almost all pelvic disease sites including

30 31

prostate,29 endometrium, cervix,”” and rectum.

Insufficiency fracture occurs as a result of normal stresses on weakened brittle bone.*”
Risk factors for pelvic insufficiency fracture following irradiation are similar to the risk
factors for osteoporotic fracture and osteonecrosis (Table 6). These risk factors appear
to increase the risk of osteoradionecrosis when they are present as comorbid conditions
as well. >

The most common presenting complaint in patients with radiation-induced pelvic
insufticiency fractures is pain. The incidence of symptomatic pelvic insufticiency frac-
tures following pelvic radiotherapy ranges from 2.7% to 17%, though there is evidence
to suggest that the incidence (including asymptomatic fractures) may be much higher.

At the lower end of this range, the incidence of severe radionecrosis in patients who
underwent pelvic radiotherapy (45 Gy EBRT + Brachytherapy) at Royal Marsden
hospital for carcinoma of the cervix was 2.7%.%" Erickson et al. found a somewhat
higher rate of symptomatic pelvic ischemic damage and/or fracture of 5.9% in the
Medical College of Wisconsin experience.”® They found that 101 of 1700 patients
developed ischemic damage and/or fracture. Ninety percent of these 101 patients were
symptomatic. The median radiation dose was 45 Gy to the whole pelvis and 55.8 Gy
to a reduced field. Median follow-up was 50 months, and median time until injury was
13 months. Seventy-three percent had multiple sites of injury on imaging. Symptoms
resolved after a median of 20 months. More than 90% had at least partial symptomatic
relief, and 57% enjoyed complete symptomatic relief.

In contrast, Ogino et al. found a significantly higher incidence of pelvic insufficiency
fracture of 17%.3* The authors reported on 335 women treated with radiation therapy
alone for advanced cervical cancer. Patients received 45-50 Gy EBRT and a total of
25-30 Gy high dose rate intracavitary brachytherapy. Radiation was delivered as 4 daily
fractions (1.8-2 Gy) and 1 weekly HDR treatment (5-6 Gy). A total of 57 of the
335 (17%) patients were found to have had pelvic insufficiency fracture. Eighty-two
percent of those patients with fractures were asymptomatic. One hundred percent of
the fractures involved the sacrum. Both body weight <49 kg and >3 deliveries were
significant predictors of fracture.
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In a paper that detailed the natural history of pelvic fracture following radiotherapy,
Blomlie et al. documented a higher-than-expected rate of pelvic insufticiency fracture.
Eighteen women who were to receive pelvic radiotherapy for IIB or IIIB cervical
carcinoma were followed with serial MRIs, before, during, and after treatment. The
patient population included both pre- and postmenopausal patients. Patients received
~46 Gy EBRT + ~44 Gy intracavitary brachytherapy, and underwent a total of
12 MRI scans. Eighty-nine percent of the women had MRI evidence of pelvic insuf-
ficiency fracture and almost all had more than 1 fracture. The diagnosis of fracture was
confirmed by CT, bone scan, or both. Postmenopausal women were more likely to suf-
fer fracture and had more fractures per patient than premenopausal women. The most
common fracture sites were the lateral sacrum (14/18) and medial ilium (10/18). No
fractures were seen outside of the radiation field. Most of the fractures were identified
between 3 and 18 months following radiotherapy. The majority of lesions (79%) sub-
sided and 11 of 41 (27%) disappeared completely. Of the total patient population, 59%
complained of pelvic pain during the observation period. Symptomatic patients had a
mean of 4 fractures, while asymptomatic patients had a mean of 1.8 fractures. All patients
had resolution of their pain during the study period.

The likelihood of fracture is much higher in symptomatic than in asymptomatic
patients. In a retrospective review by Abe et al., 80 patients who received pelvic radio-
therapy for endometrial cancer were evaluated with bone scan.*® Of the 25 patients
with pelvic pain, 21 (84%) were found to have insufficiency fracture(s), while only 6 of
55 (11%) asymptomatic patients were found to have insufficiency fracture(s).

In the patient with bony pelvic pain following radiotherapy, it is important to distin-
guish between bony metastases and pelvic insufficiency fractures. In a review of 8 cases
of pelvic insufficiency fracture, all patients presented with pain and bone scan abnormal-
ities in the pelvis only; no other bone scan abnormalities were identified.’’ Sixty-three
percent of these patients were initially diagnosed with bone metastases. Cervical and
endometrial cancers rarely metastasize to the skeleton (~15%), so in a patient with pain
and isolated pelvic bone scan findings, the diagnosis of insufficiency fracture should be
in the differential. If, on follow-up scan, the lesion progresses, or there are lesions outside
of the radiation field, bone metastases are more likely. If, however, the lesion(s) is resolv-
ing, the most likely etiology is post-radiotherapy insufficiency fracture. We have observed
cases where a patient with pelvic pain and a corresponding radiographic abnormality
was initially diagnosed with pelvic metastasis and were subsequently found have been
suffering from pelvic insufficiency fracture. This type of case exemplifies the importance
of patients maintaining good follow-up with their radiation oncologist.

D1. Therapy

Radiation oncologists who treat pelvic malignancies should attempt to ensure that their
patients have had the current standard screening for osteoporosis and appropriate therapy
if necessary. When insufficiency fractures do occur, they almost always resolve with con-
servative therapy including analgesics and physical therapy. Symptoms typically improve
within a month and resolve within 12 months.*® Bisphosphonates may help promote
healing and decrease the risk of subsequent fractures. Our current recommendations for
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insufficiency fractures are orthopedic consultation, appropriate analgesia and therapy for
any pre-morbid osteoporosis.

E. RIB FRACTURES

Rib fractures are a long recognized late complication of breast and chest wall irradiation.
In a review of the literature, Pierce et al. found that the incidence of rib fractures
following breast irradiation ranged from 0% to almost 20%,%’ though when restricting
the review to studies using “modern techniques”, the incidence was 1-3%. In other
contemporary series, the incidence of rib fracture following breast-conserving therapy
is well below 1%.*

Risk factors for post-irradiation rib fracture include high radiation dose, chemother-
apy, and large fraction size (Table 7).

Pierce et al. reported on 1624 patients who were treated at the Joint Center for
Radiation Therapy with breast-conserving therapy including conservative surgery and
radiation therapy.®® All patients were treated with megavoltage radiation, though some
were treated with 4 MV photons, and some were treated with 6 or 8 MV photons. With
a median tumor dose of 64.8 Gy (median 46 Gy whole breast 4+ boost), the incidence of
rib fracture was 1.8%. Seventy-three percent had radiographic confirmation of fracture.
Of women with rib fractures, 94% had more than 1 fracture, and the 4th, 5th, or 6th rib
was involved in 88% of women. Median time to fracture was 12 months. The incidence
of rib fracture was related to both photon energy and dose. Fracture was more common
in women who were treated with 4 MV (2.2%) versus 6 or 8 MV (0.4%) (P = 0.005).
Women who received <50 Gy whole breast dose had an incidence of 1.5% versus 5.3% for
those who received 50 Gy or more (P = 0.0001). The use of chemotherapy, though not
whether it was given before or after radiotherapy, was also found to be a risk factor for rib
fracture. For those patients who received less than 50 Gy to the whole breast, those who
were treated with chemotherapy had a risk of rib fracture of 2.3% versus 0.5% for those
who did not (P = 0.01). The authors found that the site of fractures corresponded to
dosimetric hot spots; the size and magnitude of these hot spots decreased with increasing
machine energy. All of the fractures healed without intervention.

Chemotherapy as a risk factor for rib fracture was delineated in greater detail in a paper
by Markiewicz et al. They reported on 1053 early stage breast patients who received
radiotherapy as a component of breast-conserving therapy.*! Patients were treated with
a median whole breast dose of 46 Gy followed by an electron or brachytherapy boost
of median dose of 16.6 Gy. With a median follow-up of 6.7 years, the incidence of rib
fracture in those who also received chemotherapy was 1.7% versus 0.5% for those who

Table 7. Risk factors for rib fracture following radiotherapy

Photon energy <6 MV

Whole breast dose >50 Gy
Chemotherapy

Dosimetric hot spots
Comprehensive nodal irradiation
Large fraction size




7. Radiation-Induced Skeletal Injury 165

did not; this difference was not statistically significant (P = 0.12). There was a difference,
though, in the subset of patients who received nodal irradiation and chemotherapy; their
incidence of rib fracture was 2.2% versus 0% in patients who received nodal irradiation
without chemotherapy (P = 0.02). The use of concurrent chemotherapy did not signifi-
cantly affect rib fracture incidence, though other authors have found an increase in the
rib fracture incidence with the use of concurrent chemotherapy.*? The use of hormonal
therapy did not alter the risk of rib fracture.

As would be expected in a late toxicity like rib fracture, its incidence increases
with increasing fraction size. Overgaard reported on 231 patients who received post-
mastectomy radiation.*> Thirty-six percent of the patients were treated to 50.8 Gy in
12 twice-weekly fractions (4.2 Gy/fraction), 35% were treated to 46.7 Gy in 12 twice-
weekly fractions (3.8 Gy/fraction), and 29% patients were treated to 51.3 Gy in 22 daily
fractions (2.33 Gy/fraction). Those treated with the larger fraction size had a signifi-
cantly higher incidence of rib fracture: 48% in the 4.2 Gy group, 19% in the 3.8 Gy
group, and 6% in the 2.33 Gy group.

E1. Management

As with all of the other sites discussed in this chapter, after confirming fracture, recur-
rent tumor must be ruled out.*> The vast majority of rib fractures will heal without
intervention.* Analgesics may be given as needed.

E. PEDIATRIC GROWTH ABNORMALITIES

The primary skeletal toxicity following pediatric irradiation is growth abnormality.
Growth abnormalities can be broadly grouped into loss of stature and problems associated
with asymmetric growth. The human skeleton grows from birth until late puberty. The
growth of the long bones takes place in the epiphyseal (growth) plate. As with several
other stem-cell based systems (skin, gut, mucosa, etc.) which contain rapidly dividing
cells, cells from the proliferative zone of the growth plate are especially sensitive to radi-
ation injury. Following irradiation of pediatric patients, bone growth retardation occurs
beginning at doses as low as 10 Gy, but doses above 15 Gy result in larger and more
lasting deficits in stature.**

Willman et al. reported on the Stanford experience with growth retardation following
irradiation.*® They demonstrated that doses >33 Gy to sub-total/total lymphoid fields
resulted in a loss of final attained stature of 7-8% (13 c¢m). Children who received lesser
doses, or radiation to smaller fields, did not experience as severe loss of stature.

Hogeboom et al. reported on the National Wilms Tumor Study Group’s (NWTSG)
experience with stature loss following childhood irradiation.** Over the last 30 years,
the NWTSG has reduced the recommended radiation dosage in successive protocols,
from as much as 40 Gy in NWTS 1 to as little as 10 Gy in NWTS 4. The authors
reviewed data on 7500 children who were registered with the NWTSG between 1969
and 1974; 2778 were evaluable and 1323 of these received radiation. They noted that
prior data, which indicated that the degree of radiation eftect on bone was dependent on
age at administration, modality/photon source, and field size, were confirmed by their
results. They found that radiation to the flank was a significant predictor of reduction
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Table 8. Height deficit following irradiation for Wilms tumor**

<1-year old
Group <15 Gy >15 Gy and >10 Gy
Height deficit 4 cm @ 16-yearsold, 4-7 cm by 7 ¢cm by >15-years
(cm) versus but 0 cm by > 15-years old old; 7.7 cm
unirradiated 18-years old predicted adult
counterparts height deficit

in stature, which was more pronounced in larger (e.g., abdominopelvic) fields, and in
children who received higher doses (Table 8). Younger children were especially sensitive
to radiation; irradiation doses of 10 Gy or more resulted in greater stature deficits than
seen in older children who received significantly greater dose. Children irradiated during
puberty were not at increased risk of radiation-induced stature loss when compared to
children irradiated at other ages.

The effects of chemotherapy 4 radiotherapy on stature loss were mixed: cyclophos-
phamide did not affect stature, while stature deficit was greater in those children who
received doxorubicin.

While loss of adult height results from bilaterally symmetric treatment fields, or to
fields that treat included vertebral bodies homogeneously, asymmetric fields can result
in differential growth. Treating one femur can result in marked asymmetry of the length
of the legs. Treating only 1/2 of a vertebral body can result in a growth differential
between the irradiated and unirradiated parts of even a single vertebral body result-
ing in scoliosis. The incidence and severity of scoliosis vary with bone dose and dose
inhomogeneity.*®

Chen et al. reported on 6 patients treated for childhood tumors (3 Wilms’
tumors, 2 neuroblastomas, and 1 lymphoma) who later developed post-radiation spinal
deformities.*” The mean radiation dose was 35.7 Gy. The deformities consisted of
kyphoscoliosis which were concave toward the irradiated side. The kyphotic compo-
nent was more severe than the scoliotic component. All cases were managed surgically.

In addition to observing the above described dose constraints, portal design can signif-
icantly influence the likelihood of growth abnormalities. As noted above the epiphyseal
plate is the most radiosensitive area of bone, and the site, which if irradiated, is most
likely to result in growth abnormalities. Each long bone contains both a proximal and
a distal epiphyseal plate. Bone growth occurs differentially between these two growth
centers. For example, 70% of the femoral growth occurs at the distal growth plate,
while 60% of the tibial growth occurs at the proximal growth plate.*® Knee portals for
Ewing’s sarcoma encompassing both the distal femur and proximal tibia resulted in the
most prominent extremity growth asymmetry.*+>° Additionally, radiation fields that split
growth plates or vertebral bodies can result in differential growth within the bone and
may result in deformity. Thus, if a growth plate must be included in a radiation field,
the entire growth plate should be irradiated.>! Therefore, if a vertebral body is to be
irradiated, the entire vertebral body should be in the field with enough margin to give
a homogenous dose to the entire vertebral body.>!
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G. OTHER PEDIATRIC SKELETAL TOXICITIES

As with adults, pediatric patients can suffer from long bone fracture following radiother-
apy. In a review of 93 consecutive Ewing’s sarcoma patients, 15% experienced fracture.
Fracture occurred most commonly in the femur, and was more common in patients
with tumors of the proximal 1/3 of the femur.>?

In addition to loss of stature and asymmetric growth abnormalities, slipped capital
femoral epiphysis (>25 Gy)> and avascular necrosis (>30 Gy)>* also occur following
hip irradiation. Significant craniofacial growth abnormalities can also occur following
WBRT. In one study, abnormalities were more common/more severe at 24 Gy versus
18 Gy.»

G1. Management

The primary management of pediatric growth abnormalities following irradiation is
surgery.”’” To avoid this invasive therapy, careful field design is essential in minimizing
the extent of the abnormalities.

Though there are no human data regarding radioprotectants in this setting, there is a
growing body of intriguing animal literature regarding the use of Amifostine to min-
imize growth abnormalities. In rat and rabbit models, the use of Amifostine prior to
irradiation results in a significant reduction in extremity,>® craniofacial,’’ and growth
plate58’59
tude of the reduction appears to correlate with the dose of Amifostine.

growth abnormalities as well as improvements in bone density.®” The magni-
58
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Radiation therapy has a direct effect on the skin. The effects of radiation can be dramatic.
Providers are challenged to classify and minimize both acute and late effects and to
manage the complications of treatment. Strategies to manage radiation skin reactions
are ongoing topics of research and have led to a variety of clinical management models.
Managing skin reactions can help alleviate distress caused by these symptoms and improve
quality-of-life during and following radiation therapy. In this chapter, we will describe
our institutional approach to skin management during radiation therapy.

A. NORMAL SKIN RESPONSE TO RADIATION

The skin-sparing capabilities of megavoltage, high-energy equipment, and increasingly
sophisticated treatment planning methods have reduced the incidence of severe skin
complications. However, certain acute and late side effects of radiation occur and, in
some instances, are expected and unavoidable as the radiation must enter, exit, or be
deposited near the skin to reach the target volume. Skin cells, because they originate from
a rapidly reproducing differentiated stem cell, are relatively radiosensitive. Skin reactions
occur as a result of inflammatory response and the depletion of actively proliferating cells
in a renewing cell population. Archambeau et al." describe the early and late changes
as dependent on the dose and are a reflection of changes in the cellular components of
the epidermis, dermis, and vasculature.

Normal skin response to radiation depends on numerous patient- and treatment-
related factors. Radiation factors include the beam type and energy, use of tangent fields,
use of tissue equivalent (bolus) material, weekly dose rate, accelerated fractionation,
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and field size. Patient factors include skin folds in the treatment volume, nutritional
status, comorbidities, and the use of irritants to irradiated skin.? Individual differences
in radiosensitivity and concurrent chemotherapy also influence skin tissue response to
irradiation.?*

There is a dose-dependent loss of cells from irradiation in the epidermis, dermis, and
microvasculature endothelium.® Dose above the tolerance of the tissue may eventually
result in necrosis. Acute skin reactions are a reflection of inflammatory response and the
inability of dermal and epidermal cells to keep up with the accelerated loss caused by
radiation.

Skin changes from radiation are apparent within days of the first exposure. Acute
effects of radiation are those that occur during and within 6 weeks of exposure while late
effects occur a few months to years after exposure to radiation. Acute effects of radiation
are usually considered temporary, as the normal cells are often capable of repair. Late
radiation effects are usually permanent and may become more severe as time passes. The
severity of acute and late effects is dependent on the dose of radiation, time over which
the total dose was delivered and the volume of tissue radiated. The presence and severity
of acute radiation skin reactions may predict late effects of radiation. Late skin effects
such as tissue fibrosis or necrosis can occur independent of acute reactions. Side effects
of radiation on the skin, both acute and late, are local and confined to the actual tissue
irradiated.

B. ACUTE SKIN EFFECTS

Acute skin reactions associated with radiation include erythema, dry desquamation,
hyperpigmentation, and moist desquamation (Table 1).'* All patients do not experience
all acute skin reactions. However, there may be a combination of reactions occurring

Table 1. Acute effects of radiation on skin

Tissue response Onset/Duration Clinical presentation

Faint to brisk redness that outlines
treatment field. Intensifies as treatment

Onset within 4—14 days of first treatment
(dose 10-30 Gy), peaks at 45 weeks.

Erythema

Dry desquamation

Hyperpigmentation

Moist desquamation

Resolves 2—6 weeks after last
treatment

As early as 3rd—4th week (40 Gy), but
typically by 5th—6th; earlier with
accelerated RT or chemotherapy.
Resolves 3—4 weeks after completion
of treatment

As early as 2-3 weeks of standard
fractionated radiation therapy,
depending on baseline skin
pigmentation. Usually resolves 3
months—1 year following completion
of treatment; occasionally chronic

Following 40-50 Gy or with
trauma/excess friction, bolus material,
or chemotherapy. Recovery usually
2-6 weeks after completion of
treatment

continues. Increased skin temperature.
Slight edema

Dryness, flaking, and peeling often
accompanied by itching, a layer of dry,
dead, dark skin can accumulate over
part or all of the treatment field and
will eventually slough off. Mild pain

Tanned appearance

Bright erythema, sloughing skin,
exposed dermis, serous exudates and
mucus oozing from skin surface.
Moderate pain
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simultaneously in the radiation treatment field. There are a number of factors influencing
the onset, duration, and intensity of acute skin reactions. These include

Skin folds in the neck, or behind ear lobe. Skin folds provide a warm, moist environ-
ment, and friction with movement, all of which contribute to increased risk for acute
reactions and skin breakdown.

e Some types of skin tolerate radiation better than others. The scalp has the great-
est tolerance followed in decreasing order by the face, neck, trunk, ears, groin, and
extremities.*

e Beam type: electrons generally increase skin reactions and photons are generally
deposited below the skin resulting in fewer acute skin reactions.

e The use of tissue equivalent materials, e.g., bolus, in close proximity to the skin will
increase the severity of the skin reaction.

* Age, skin integrity at initiation of treatment, nutritional status, and comorbidities also

influence skin response.

Previous radiation therapy to the same field, prior or concurrent chemotherapy

increase skin reactions.
e Patient compliance with daily skin care recommendations may diminish severity of
skin response.

Acute skin reactions can cause discomfort and varying degrees of somatic pain. If the
reaction progresses to moist desquamation, pain may increase and the risk of superficial
skin infection increases. Regular routine skin assessment is essential in minimizing and
managing skin reactions.

B1. Assessment of Acute Skin Effects

An evaluation of the skin should be performed before initiation of treatment to identify
factors that may increase the skin reaction. The purpose of a skin assessment is to
establish a baseline assessment for future comparison and to determine the severity
of skin alteration. The frequency of assessments vary with the patient’s condition and
needs; however, a visual examination of the skin within the treatment fields (including
exit sites) should be conducted once a week during treatment and at all regular follow-
up examinations. Skin should be assessed for color, drainage, odor, dryness, and the
presence of sloughing, necrosis, or infection. Patients should be questioned about the
presence of pain or pruritus.??

There are several grading systems for acute radiation skin reactions. The most recent is
the 2003 version of the Common Terminology Criteria for Adverse Events version 3.0
(CTCAE)."" Table 2 summarizes grading of acute skin reactions using this evaluation
scale. The Oncology Nursing Society’s Radiation Oncology Documentation tool® is
another instrument to assist health professionals to objectively monitor patients and
accurately document skin reactions (Table 3).

B2. Management of Acute Skin Reactions

Patient education regarding anticipated skin reactions (acute and late), time frame
for occurrence, onset and duration, as well as self care guidelines, promotes optimal
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Table 2. Acute radiation scoring criteria (CTCAE v3.0)

Grade
Adverse event 1 2 3 4 5
Rash: dermatitis Faint erythema Moderate to brisk ~ Moist desqua-  Skin necrosis Death
associated with or dry erythema; mation or ulceration
radiation desquamation patchy moist other than of full
desquamation, skin folds thickness
mostly confined and creases; dermis;
to skin folds bleeding spontaneous
and creases; induced by bleeding
moderate minor from
edema trauma or involved site
abrasion
Hyperpigmentation ~ Slight or Marked or — — —
localized generalized
Hypopigmentation  Slight or Marked or — — —
localized generalized
Pruritus/Itching Mild or localized  Intense or Intense or — —
widespread widespread,
interfering
with ADL
Alopecia Thinning or Complete — — —

patchy

outcomes. Table 4 provides frequent skin care recommendations for patients as well as

the rationale for the recommendations. Instructions for skin care after radiation is also

included. %2033

There are many preventive and interventional skin care regimens in use; however,

there is a paucity of scientific data to support most practice interventions. Goals of man-

agement include minimizing symptoms, promoting healing, and prevention of infec-

tion. Historically, clinical dogma suggests that no products (such as topical emollients) be
applied to skin in the treatment field just before treatment. The beliefis that the product

Table 3. ONS skin assessment scoring criteria

Skin integrity

NV RN = O

Drainage

B LN = O

No changes noted

Faint or dull erythema, follicular reaction, itching
Bright erythema, tender to touch

Dry desquamation with or without erythema
Small to moderate amount of wet desquamation
Confluent moist desquamation: edema
Ulceration, hemorrhage, or necrosis

None

Small to moderate amount of clear serous fluid: no odor noted
Moderate to large amount of serous fluid: no odor present
Moderate to large amount of serosanguineous fluid

Moderate to large amount of seropurulent fluid: foul odor present
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Table 4. Patient instructions for skin care during and after radiation therapy

While receiving radiation therapy, the skin in the treatment area may become dry, reddened, tanned, and
sensitive. Skin changes are usually gradual and become noticeable after 2 or 3 treatments, becoming
more obvious as treatment continues. Care must be taken to protect the skin and prevent trauma. The
following guidelines pertain only to the skin within the radiation treatment field.

During treatment

Shower or bathe using lukewarm water. Gently wash the area using fingertips. Rinse well and pat dry with
soft cloth

Avoid harsh soap. If it is necessary to use a cleaning solution, use baking soda and water (1/2 box to one
tub of water) or a creamy mild soap made for sensitive skin

Do not apply any ointment, cream, lotion, deodorant, perfume, cologne, powder, cosmetics, or home
remedy to the skin unless specifically instructed to do so. Kitchen cornstarch (unscented) may be used in
place of deodorant or to decrease itching. Apply lightly to dry skin using a powder puff or cotton ball

If instructed, apply a recommended mild, water-soluble lubricant to reduce itching and discomfort. Apply
2-3 times/day

Avoid shaving if possible. Use an electric razor if shaving is necessary

Avoid extreme temperatures to skin in the treatment area. Do not use water bottles, heating pads, sun
lamps, ice bags, etc.

Avoid tight-fitting clothing made of irritating fabric. Clothes made of cotton or cotton blends are preferred
over wool and polyester. If skin becomes irritated from clothing, change to a mild detergent or different
fitting garments

Avoid exposing skin to sun. Use wide-brimmed hats, long sleeves, and gloves to prevent exposure. Always
apply a sunscreen with an SPF of 15 or higher before sun exposure, even under lightweight clothing

Do not apply tape or adhesive bandages to skin in the radiation treatment field

Drink at least 3 qt of fluid each day

After treatment

Continue following the above guidelines for 2-3 weeks after the completion of treatment

Apply an unscented hydrophilic emollient (lotion or cream) 2-3 times each day for 1-2 months after
treatment and then daily. Application to damp (not wet) skin after bathing will help seal in moisturizers

Always avoid exposing previously irradiated skin to the sun. When this is not possible, use a sunscreen with
an SPF of 15 or greater

will act as a bolus and enhance the skin reaction. Burch et al.® investigated what occurs
on the skin surface when deodorants, powders, and creams are applied in the treatment
area prior to radiation treatments. Results indicated essentially no difterence in surface
dose of radiation. Skin reactions were not measured as the study used a phantom rather
than humans. Because of the lack of definitive data regarding the efticacy of skin care
products and regimens, most skin care guidelines are institution-specific and based on
habit, anecdotal experience, and provider preference. In our opinion, a thin layer (less
than 2 mm) of skin product should not be of concern for enhancing skin reactions
due to a “bolus effect”. Excess product may need to be removed to avoid interference
with set-up procedures or devices. Table 5 summarizes suggested skin care guidelines

for acute skin reactions.'®17:18,21,26,27,28,29

B3. Late Skin Effects

Late radiation changes are progressive and may begin to appear 10 weeks after
radiation."” Reactions may progress slowly and subclinically from months to years fol-
lowing treatment. Not all patients will have noticeable late effects, and those who do will
experience them in varying degrees. Several factors may increase the risk and severity
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Table 5. Management of acute radiation skin reactions

Reaction Agent/class

Application

Rationale

Comments

Mild cleanser
and
moisturizer

Normal skin

Erythema Cleanser and
moisturizer
Dry Lubricants—
desquamation  water-soluble,
petrolatum-
based
products
Topical
steroids—mild
Moist Lubricants—
desquamation  petrolatum or

lanolin based

Silvadene

Hydrogel
primary
wound
dressings

Daily and PRN

BID to TID

Increase frequency to
BID to TID +
PRN

Application is usually
0.25% BID

Keep area coated at
all times

Apply every 6 hours.
May alternate with
lubricants

Remove film from
one side and place
hydrogel portion
on the wound or
skin. Cover with
non-adherent
dressing such as
Telfa and secure
with paper tape
placed outside of
the radiation
treatment field.
May be used
following mild
astringent soaks

Promotes healthy
skin and prevents
infection. Helps
decrease incidence
of folliculitis.
Prevents dryness

Prevents dryness and
reduces discomfort
in treatment field

Decrease itching to
increase comfort,
stimulates
epithelialization,
and reduces the
risk of skin
cracking and
fissure formation

Anti-inflammatory
and anti-pruritic
action. Often used
when there is a
risk for
mechanical trauma
from scratching or
when sleep
disruption occurs
as a result of pruri-
tus/scratching

Protects area from air
which diminishes
pain. Provides
moist healing
environment

Seals and dries area.
Helps prevent
infection

Composed of 98%
water and 2%
cellulose fiber.
Maintains moist
environment,
protects newly
formed epithelial
cells from trauma,
and increases
comfort by
covering exposed
nerve endings.
Mildly absorbent

Avoid cleansers,
perfumes, and
deodorants as
they contain
chemicals and
heavy metal ions
that may irritate
skin and may
enhance skin
reactions

Good skin care can
help minimize
skin reaction

Discontinue use if
moist
desquamation
occurs

Use is controversial
as topical steroids
may result in
further thinning
of the epidermis
causing the skin
to be more
susceptible to
infection

May be messy and
need cleaning
and reapplication

Messy to use. May
traumatize new
skin when
cleaning

Expensive.
Difficult to
secure. Must not
be allowed to
dry. Dressing can
be removed and
reapplied for
routine soaks
and cleaning.
Must be
removed during
radiation
treatment
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Wound cleansers

and epithelial
stimulants

Occlusive
hydrocolloid
dressings

Cleanse wound with

gentle spray BID or
TID. Apply liberal
amount of gel to
denuded area and
cover with
non-adherent
dressing such as
Telfa. Secure with
paper tape placed
outside of the
radiation treatment
field or flexible

netting

Cleanse wound.

Choose dressing
size that provides
1.25-in margin
around wound.
Apply as directed
on package.
Dressing can
remain in place for
up to 7 days.
Removal—use
great care to
prevent harm to
new skin. If
necessary, small
amounts of sterile
saline may be used
to aid in removal

Cleanser aids in

debridement and
maintenance of
wound bed pH.
Does not harm
proliferating
fibroblasts. Wound
gel maintains moist
enVirOnlnent and
stimulates
epithelialization.
Promotes comfort
by covering
exposed nerve
endings

Maintains moist

environment.
Promotes rapid
epithelialization
and aids in
debridement.
Isolates wound
against bacterial
contamination.
Promotes comfort
by covering
exposed nerve
endings and
preventing friction.

Absorbent

Expensive. Difficult

to secure. Gel
must be applied
liberally to avoid
drying between
dressing changes.
Must be removed
during radiation
treatment

Cost-effective. Do

not use if infection
is present. May
produce
amalodoro
yellow-brown
fluid that may be
mistaken as an
infection. If this
occurs, remove
dressing, cleanse
wound, and apply
new dressing, if
needed. Should
not be used during
treatment as daily
removal disturbs
wound bed.

of late effects. These include the dose and volume of tissue irradiated with higher total
doses delivered to larger volumes increasing the risk. Tissues altered prior to radiation
(surgery for example) are more prone to late radiation skin effects. Late effects of the skin
may limit the total dose that can be delivered to a target in a re-irradiated setting. In turn,
this can affect the chance to cure. This is an area of more intense research in recent years.
Traditional dose limitations are being challenged and the long-term sequelae of increas-
ing radiation doses provide new data regarding maximum safe doses. Late skin reactions
associated with radiation therapy include photosensitivity, xerosis (dry skin), pigmenta-
tion changes, atrophy, fibrosis, telangiectasia, ulceration, and necrosis (Table 6).>! They
are more severe when daily fractions are 250-300 c¢Gy or higher. Treatment using daily
fractions of 180-200 c¢Gy markedly reduces the risk of late skin effects.’?>

B4. Assessment and Management of Late Skin Effects

Because late effects of radiation therapy cannot be altered once present, management
is aimed at symptom relief, prevention of infection, avoidance of skin breakdown, and
promotion of healing. Fortunately, late reactions are infrequent and vary in severity. The



Table 6. Late effects of radiation on skin

Tissue response

Onset/Duration

Clinical presentation

Physiological rationale

Photosensitivity

Hyperpigmentation
Hypopigmentation

Atrophy

Fibrosis

Telangiectasia

Ulceration and
necrosis

Begins during
treatment and is
lifelong

Refer to Table 1

May begin anytime
following resolution
of
hyperpigmentation.
Permanent

Following epidermal
regrowth.
Permanent

Usually begins 4-6
months following
completion of
treatment. May
worsen over time

May appear within
1 year and can
worsen up to 8
years post-radiation.
Permanent

Rare. May occur up
to 20 year following
treatment. Usually
occurs as a result of
inflammation and
trauma to
previously
irradiated tissue

Enhanced erythema
over skin exposed to
UV radiation from
sun and tanning
beds/booths

Lack of skin color

Thin and fragile
epidermis

Dense, hard, uneven
skin texture. If
extensive, may cause
considerable
induration

Purple-red, spider-like
appearance of blood
vessels in skin

Painful ulcers with red,
raised edges and a
shaggy, necrotic
base. Usually shows
little or no tendency
to epithelialize or
contract. Despite
local treatment,
ulcers tend to
deepen and become
more painful

Destruction of melanocytes in
the irradiated dermis and
slower melanin production
following irradiation reduce
the skin’s ability to protect
itself from UV rays

Radiation doses necessary to
eradicate cancer may
permanently destroy
melanocytes, which results
in the skin’s inability to form
pigment

Newly formed epidermis is
thinner. The epidermis
thickens over time, but never
attains its pre-irradiation
thickness

Fibroblasts, responsible for
producing collagen,
demonstrate uneven cellular
division resulting in faulty
collagen remodeling.
Fibrotic tissue results, giving
the skin an uneven texture

Dose and fraction
size-dependent. Basement
membrane thickening results
in a decreased permeability
of material through capillary
walls. With capillary
occlusion, there are fewer
functioning small vessels and
a decreased capacity for
capillary regeneration. This
results in increased pressure
of blood flow through
remaining undamaged
superficial structures

Although the mechanism is not
clear, late ulceration and
necrosis occur as a result of
connective tissue damage.
Electron microscopic studies
suggest that permanent
damage to fibroblasts and
their precursor cells prevent
stem cell replication,
angiogenesis, and wound
contraction. Occasionally,
sustained vascular occlusion
and tissue ischemia may be
responsible for ulceration
and necrosis

Adapted from Perez CA, Brady LW, Dow KH, Hilderly L], Margolin SG, et al. 1997. In: Sitton E, McDonald A, Groenwald,
SL, Frogge, MH, Goodman, M and Yarbro CH, eds. Cancer Nursing: Principles and Practice, 4th ed. Sudbury, MA, Jones

and Bartlett, 1997, p 775.
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Adverse event

Grade 1

Grade 2

Grade 3

Grade 4

Photosensitivity Painless erythema  Painful erythema Erythema with Life threatening;
desquamation disabling
Atrophy, Detectable Marked — —
subcutaneous fat
Induration/fibrosis  Increased density Moderate Dysfunction —
skin and on palpation impairment of interfering with
subcutaneous function not ADL; very
tissue interfering with marked density,
ADL; marked retraction, or
increase in fixation
density and
firmness on
palpation with
or without
minimal
retraction
Hyper/ Slight or localized ~ Marked or general — —
Hypopigmentation
Telangiectasia Few Moderate number ~ Many and —
confluent
Dry skin (xerosis) Asymptomatic Symptomatic, not Symptomatic,
interfering interfering with
with ADL ADL
Ulceration — Superficial Ulceration =22 cm  Life-threatening
ulceration size; operative consequences;
<2 cm size; debridement, major invasive
local wound primary closure intervention
care; medical or other invasive indicated (e.g.,
intervention intervention complete
indicated indicated (e.g., resection, tissue
hyperbaric reconstruction,
oxygen) flap or grafting)

CTCAE offers an objective grading system for late radiation skin reactions (Table 7).
Severe late effects of the skin are not usually painful unless associated with skin breakdown
or necrosis. Care is individualized based on patient assessment and type of reaction. Each
patient needs an individualized plan to improve skin texture and elasticity as well as to
reduce risks for trauma. Table 8 outlines methods to maintain skin texture and elasticity
as well as reduce risk for trauma. If skin breakdown or necrosis occurs, a local recurrence
of cancer should be ruled out. Referral to a chronic wound care specialist can facilitate
expert management and alleviate symptoms.

Pentoxifylline has been used to assist with healing of soft tissue necrosis. Pentoxifylline
appears to accelerate healing of soft tissue necrosis and may have some effect in fibrosis.” 1>
It produces dose-related Rheologic effects, lowers blood viscosity, improves erythrocyte
flexibility, and increases tissue oxygenation. In our institution, pentoxifylline 400 mg
(controlled release) every 8 hours combined with 400 i.u. of vitamin E three times daily
(or 1000 i.u. qd) is given for a minimum of 3 months and is continued for at least 1
month post-healing. Hyperbaric oxygen therapy has also been used to manage soft tissue
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Table 8. Patient instructions for management of late skin reactions

Skin texture and elasticity

Apply moisturizing lotion that includes vitamin E or aloe vera gel (not alone as it may be drying) to the
treatment field at least once a day

Avoid exposure to the sun or generously apply an appropriate sunscreen and repeat during sun exposure
(minimum of 15 SPF)

Initiate physical therapy with gentle massage or myofascial release to increase elasticity and to reduce
fibrosis and scar formation

Reduce risk for trauma

Avoid activities that increase risk of skin break or bruising

Avoid scratching, the use of adhesive tape, and other activities that increase skin friction

Avoid temperature extremes including hot water bottles, heating pads, ice packs and the use of sun lamps
Avoid activities that increase risk of lymphedema

Immediately report to the physician any skin changes or injury

From Higgs and Amdur in Watkins-Bruner, D., Moore-Higgs, G., and Haas, M. 2001. Outcomes in Radiation Therapy:

M

iltidisciplinary Management.

necrosis. It provides 100% systemic oxygen to increase angiogenesis, reduce local tissue

edema, and improve response to infection.

C.

10

SUMMARY

The response of skin to irradiation is highly complex and is dependent on many

ra

diation-related, patient-related, and treatment-related factors. No standardized treat-

ment of skin reactions related to radiation exists at this time. Ongoing research studying

ac

ute and late skin effects works to minimize reactions and improve patient quality-of-

life. However, research with strong methodology is needed to determine if any man-

agement strategy 1s superior.
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5-fluorouracil (5-FU) for
small intestine toxicity, 118
stomach toxicity, 116
ACE. See angiotensin-converting enzyme
acetabular damage, 145
acute toxicity, 4, 15. See also long-term toxicity
aloe vera for skin toxicity, 71
amifostine for
CNS injury pathogenesis, 11
esophagitis, 59, 60
pediatric growth abnormalities, 167
xerostomia and mucositis, 31-33
angiotensin-converting enzyme (ACE), 53
antioxidants, 18
anus toxicity, 131-32. See also pelvic toxicity
clinical aspects, 131
management, 132
pathogenesis, 131
aquaphor, 16, 138
astrocytes, CNS injury pathogenesis and, 9
ataxia telangiectasia mutation (ATM), 86
atrophy, 86, 178
augmentation, breast, 81

basic fibroblast growth factor (bFGF), 126
biafine for

skin toxicity, 72, 73

xerostomia and mucositis, 34
bisphosphonates, 163
bladder toxicity, 132-35

clinical aspects, 133

management, 134

pathogenesis, 132

bone effects (pelvic toxicity), 144—48
management, 145
pathogenesis, 144
bone fracture, long, 159-60
bone marrow sequelae, 145
BOOP, 52
BRA. See Breast Retraction Assessment
brachial plexopathy, 95, 96
brachytherapy, 126, 127, 134, 140
brain. See also CNS injury
acute toxicity grade and, 15
chronic toxicity grade and, 15
breast cancer, radiation toxicity in, 65-101
acute reactions, 66—78
fatigue, 77
skin toxicity, 66-76
late toxicity
brachial plexopathy, 95, 96
breast appearance, 78-81
breast augmentation, 81-82
breast reconstruction, 82-84
cardiac morbidity, 97-99
chronic pain, 85
collagen vascular diseases (CVD), 87, 88
fibrosis, 85, 86
lymphedema, 89-93
radiation pneumonitis, 99
secondary malignancy, 100, 101
shoulder immobility, 94
telangiectasia, 86, 87
skin toxicity from concurrent radiation and
chemotherapy, 76
Breast Retraction Assessment, 79
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captopril, 53
cardiac morbidity, breast cancer and,
97-99
CBC. See contralateral breast cancer
CDT. See complete decongestive therapy
central nervous system. See CNS
chemotherapy, 55, 56, 59
for stomach toxicity, 116
liver toxicity and, 119
rib fracture and, 164, 165
small intestine toxicity and, 117, 118
thoracic irradiation and, 45
CNS, 7-18
injury. See CNS injury
radiation tolerance aspects of, 12—14
toxicity, 14-16
acute (brain), 15
chronic, 15
spinal chord, 15
CNS injury. See also head and neck cancer; skeletal
injury
management, 16-18
acute reactions, 16
early delayed reactions, 16
late delayed reactions, 17
pathogenesis, 7-12
astrocytes, 9
for primary CNS tumor, 8
microglia, 10
neurogenesis, 10
parenchymal hypothesis, 9
therapeutic interventions, 11
Tofilon and Fike model, 11
vascular hypothesis, 8
therapeutic interventions for, 18
collagen vascular diseases (CVD), 87, 88
complete decongestive therapy (CDT), 92
contralateral breast cancer (CBC), 100,
101
corticosteroids, 144
CVD. See collagen vascular diseases
cytokine transforming growth factor, 53
cytokines, CNS injury and, 18

demyelination, 15, 16

desferrioxamine, 11. See also CNS injury
dexamethasone, 11

dilatation, 115

donepezil, 18

dose—volume histograms (DVH), 127, 128
dosimetric studies, 55-57. See also esophageal toxicity
dry desquamation, 176

dysphagia management in H&N cancer,

effective uniform dose (EUD), 48
eicosapentaenoic acid (EPA), 11
erectile dysfunction, 143. See also pelvic toxicity
erythema, 174, 176
esophageal toxicity, 53—61. See also esophagitis; lung
toxicity; upper gastrointestinal (GI) tract toxicity
clinical issues, 113-15
H&N cancer and, 37
management, 37, 57-59
radiation effects, 111-12

esophagitis
acute, 53, 57-59
amifostine for, 59, 60
chemoradiation-induced, 57
clinical studies, 54-55
dosimetric studies, 55-57
late, 54
management, 57-59
preventive strategies, 59-61
treatment, 114, 115
etiology, head and neck injury, 25
EUD. See effective uniform dose

fatigue, breast cancer radiation and, 77
femoral head and neck
fractures, therapy for, 161
injury, 160-62
femoral head damage, 145
fibrosis, 4, 178
breast cancer radiation and, 85, 86
lung, 45
interstitial fibrosis, 47
intra-alveolar process based, 47
fracture, 144. See also skeletal injury
femoral head and neck, 161
long bone, 159-60
rib, 164—65

gastrointestinal (GI) complications. See under pelvic
toxicity

gastrointestinal tract, upper. See upper gastrointestinal
tract

gastrourinary (GU) complications. See under pelvic
toxicity

gemcitabine, 116

GLA, 11

H&N injury. See head and neck cancer
HBO, 17. See hyperbaric oxygen
HBOT. See hyperbaric oxygen therapy
head and neck cancer, 23-38. See also CNS injury;
skeletal injury
dysphagia management, 37
esophageal toxicity management, 37
etiology and pathogenesis, 25
mucositis management
amifostine for, 31-33
biafine for, 34
pentoxifylline for, 35
pilocarpine for, 33
vitamin E for, 34
mucositis toxicity, 31
oral hygiene, 2628
osteoradionecrosis management, 35, 36
pain management, 26
patient education and dental evaluation preceding
irradiation, 26
skin toxicity management, 35
toxicities in, 28-31
trismus management, 36
xerostomia management, 31-38
amifostine for, 31-33
biafine for, 34
pentoxifylline for, 35
pilocarpine for, 33
vitamin E for, 34



xerostomia toxicity, 28-31
dosimetric predictors, 29-31
surgical management, 31

head and neck injury, femoral, 160-62
hematopoiesis, 145

hydrocolloid (HC) dressings, 74, 75
hyperbaric oxygen (HBO) for, 17

CNS injury pathogenesis, 11, 12

MORN, 158, 159

osteoradionecrosis management, 36

hyperbaric oxygen therapy (HBOT), 92
hyperpigmentation, 174, 178, 179
hypopigmentation, 174, 178, 179
hypoxia, 159

IGF-1, CNS injury and, 12

image-guided radiation therapy, 3

IM-WPRT, 147

insufficiency fracture (IF), 144

intensity modulated radiation therapy (IMRT),
43,52

kidney toxicity. See also upper gastrointestinal (GI) tract
toxicity
clinical issues, 119-20
radiation effects, 113

L'Hermittes syndrome, 16
Lactobacillus, 28
liver toxicity. See also upper gastrointestinal (GI) tract
toxicity
clinical issues, 119
radiation effects, 113
LKB model. See Lyman—Kutcher-Burman model
long bone fracture, 159-60
long-term toxicity, 4. See also acute toxicity
lung toxicity, 45-52. See also thoracic irradiation
pneumonitis
management of, 51-52
prediction of, 48-51
radiation-induced lung damage, 45-47
fibrosis, 45, 47
pneumonitis, 45, 46, 47
Lyman—Kutcher-Burman (LKB) model, 48, 50
lymphangiography, 136
lymphatics toxicity
clinical aspects, 136
management, 137
pathogenesis, 136
lymphedema, 89-93, 136, 137
complete decongestive therapy (CDT) for, 92
hyperbaric oxygen therapy (HBOT) for, 92

mandibular osteoradionecrosis (MORN)
management of, 157-59
risk factors for, 156
spontaneous, 156
trauma-induced, 156
mean lung dose (MLD), 48-51
methylphenidate, CNS injury and, 16
microglia, 10. See also CNS injury
moist desquamation, 174, 176
MORN. See mandibular osteoradionecrosis
mucositis, 31. See also xerostomia
amifostine for, 31-33
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biafine for, 34

pentoxifylline for, 35

pilocarpine for, 33

vitamin E for, 34
myelin, 15

necrosis, brain, 17

nephropathy, radiation, 119

neurogenesis, CNS injury pathogenesis and, 10
non-small cell lung cancer (NSCLC), 49, 51, 59
normal tissue complication probability (NTCP), 43
NTCP model, 48, 50, 51

oral hygiene, 26-28. See also head and neck cancer
osteoradionecrosis (ORN), 25, 35, 36. See also head
and neck cancer
ovaries toxicity, 139—-40. See also testicles toxicity;
vagina toxicity
management, 140
pathogenesis, 139
oxybutynin chloride, 134

parenchymal hypothesis for CNS injury, 9
pediatric growth abnormalities, 165-66
amifostine for, 167
management, 167
pelvic injury, 162—64. See also skeletal injury
pelvic toxicity
gastrointestinal (GI) complications
anus, 131-32
rectum, 125-30
gastrourinary (GU) complications
bladder, 132-35
bone effects, 144—48
lymphatics, 136-37
ovaries, 139-40
sexual function, 142—44
skin vulva, 137-38
testicles, 141-42
ureter, 136
urethra, 135
uterus, 140—41
vagina, 138-39
therapy for, 163
pentoxifylline for
skin reactions, 179
xerostomia and mucositis, 35
phenazopyridine hydrochloride, 134
pilocarpine, 33
pneumonitis. See radiation pneumonitis
prophylaxis, 115
pulsed dye laser (PDL), 87

QOL. See quality of life
quadrantectomy (QUAD), 80
quadrantectomy plus breast irradiation (QUART), 80
quality of life (QOL)
breast cancer patients and
radiation-related fatigue, 77
skin toxicity, 72, 73
in H&N cancer patients, 24, 28
thoracic toxicity and, 60

radiation-induced liver disease (RILD), 113, 119
radiation nephropathy, 119
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radiation nephrotoxicity, 120
radiation pneumonitis, 45, 46, 47. See also esophageal
toxicity
breast cancer toxicity and, 99
management of, 51-52
predicting of, 4851
mean lung dose (MLD) parameter, 48, 49, 51
NTCP model, 48, 50, 51
radiation tolerance. See tolerance
radiation toxicity, 3
acute, 4
breast cancer and, 65-101
CNS and, 14-16
esophageal, 53—-61
head and neck (H&N) cancer and, 28-31
mucositis, 31
xerostomia, 28—31
long-term toxicity, 4
lung, 45-52
pelvis, 12548
upper gastrointestinal tract, 111-20
reconstruction, breast, 82, 83, 84
rectum toxicity, 125-30. See also pelvic toxicity
clinical aspects, 126
management, 130
pathogenesis, 125
regenerative approaches, CNS injury and, 18
rib fractures, 164—65. See also skeletal injury
RILD. See radiation-induced liver disease
ritalin. See methylphenidate

secondary malignancy, breast cancer toxicity and, 100,
101
sexual function, 142—44. See also pelvic toxicity
men, 143
women, 142
sildenafil citrate, 143
skeletal injury, 155—67. See also head and neck cancer;
pelvic toxicity
femoral head and neck, 160—62
long bone fracture, 159-60
mandibular osteoradionecrosis, 155-59
pediatric growth abnormalities, 165-66
pelvis, 162—64
rib fractures, 164—65
skin changes, 171-80. See also skin toxicity
acute skin eftects, 172-75
assessment, 173
management, 173
late skin eftects, 175—80
assessment and management, 177
normal skin response to radiation, 171-72
skin erythema, 16
skin telangiectasia, 86
skin toxicity. See also vulva toxicity
aloe vera for, 71
biafine for, 72, 73
breast cancer radiation and, 6676
hydrocolloid (HC) dressings for, 74, 75
management in H&N patients, 35
small intestine toxicity. See also upper gastrointestinal
(GI) tract toxicity
clinical issues, 116—19
radiation effects, 112—13
somnolence syndrome, 15

spermatocytes, 141. See also testicles toxicity
spinal chord, chronic CNS toxicity and, 15
stem cells, neural, 10
stenosis, ureteral, 136
stomach (upper gastrointestinal tract toxicity)
clinical issues, 11516
radiation eftects, 112
Streptococcus mutans, 28
surgery for femoral head/neck fractures, 161

TCP. See tumor control probability
telangiectasia, 86, 178
temozolomide, 17
temporomandibular joint (TM]), 25
testicles toxicity, 141-42. See also ovaries toxicity;
vagina toxicity
clinical aspects, 141
management, 142
pathogenesis, 141
TGF-beta gene, 4
TGF-B1 plasma, 53
therapeutics for CNS injury, 11, 12, 18
thoracic irradiation. See also lung toxicity
complications, 44—45
esophageal toxicity, 53—61
radiation pneumonitis in, 45-52
tissue toxicity, 3
Tofilon and Fike model, 11
tolerance
CNS, 12-14
doses for
bladder, 133
femoral head, 145
head and neck injury, 24
MORN, 156, 157
total parenteral nutrition, 118
TPN. See total parenteral nutrition
TRAM (transverse rectus abdominis myocutaneous)
reconstruction, 84
trismus, 36. See also head and neck cancer
tumor control probability (TCP), 43

upper gastrointestinal (GI) tract toxicity,
esophagus
clinical issues, 113-15
radiation effects, 111-12
kidney
clinical issues, 119-20
radiation effects, 113
liver
clinical issues, 119
radiation effects, 113
small intestine
clinical issues, 116—19
radiation effects, 112—13
stomach
clinical issues, 115-16
radiation effects, 112
ureter toxicity, 136. See also pelvic toxicity
clinical aspects, 136
management, 136
urethra toxicity, 135
clinical aspects, 135
management, 135



urinary bladder. See bladder toxicity
uterus toxicity, 140-41

vagina toxicity, 138-39. See also testicles toxicity

clinical aspects, 138

management, 139

pathogenesis, 138
vascular hypothesis, 8. See also CNS injury
vitamin E, 34. See also mucositis; xerostomia
vulva toxicity, 137-38

clinical aspects, 138

management, 138

pathogenesis, 137
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WPRT, 147
‘WR-2721 radioprotector, 11. See also amifostine

xerostomia. See also mucositis
amifostine for, 31-33
biafine for, 34
dosimetric predictors of, 29-31
management of, 31-38
pentoxifylline for, 35
pilocarpine for, 33
surgical management of, 31
toxicity in H&N cancer patients, 28-31
vitamin E for, 34
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