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Preface

The molecular biology and mechanical properties of tendon and ligament healing
and soft tissue (i.e., tendon, ligament, capsular tissues) to bone are a vital aspect of
many surgical disciplines. Recent advances, both surgical and experimental, have pro-
vided great insight into new techniques, mechanisms of healing, and strategies for aug-
mentation and repair.

Repair and Regeneration of Ligaments, Tendons, and Joint Capsule provides a com-
prehensive review of some of the most important scientific and clinically relevant top-
ics in biology, biomechanics, and surgical reconstruction today. It is hoped that this
book will set the standard of excellence in these fields and become a valuable resource
for clinical understanding, postgraduate research, and resident training. In addition,
chapters on the shoulder, hand, and knee should be valuable to those involved in the
research and practice of sports medicine. The book is written by distinguished con-
tributors who have graciously provided new techniques and experimental findings in
their respective fields.

William R. Walsh, php
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Tendon Repair and Regeneration

An Quverview

Eric M. Bluman, Scott D. Allen, and Paul D. Fadale

INTRODUCTON

To fully understand the healing and regeneration of tendons, the relevant anatomy
of each of these structures must be first understood. Each tendon is made up of a
hierarchical arrangement of collagen bundles. These bundles—organized in parallel—
are responsible for the tendon’s tensile strength. Tendons are primarily composed of
type I collagen, but they also contain small amounts of types III, IV, V, and VI col-
lagen. Proteoglycans are also present with decorin predominating, but biglycan,
lumican, and fibromodulin have been detected as well. Proteoglycans are thought to
regulate the diameter of collagen fibers, separate individual fiber bundles, and mini-
mize the shear stresses that fibers experience as they move relative to each other dur-
ing normal function. Although tendons function primarily under tensile loads, they do
experience compressive loads passing around skeletal prominences. Some pressures
in these regions are substantial, with measurements reported in the range of 700 mmHg.
Glycosaminoglycan content in these areas is elevated relative to the rest of the tendon.
This is probably a functional adaptation, which allows for greater water content and
secondary structural resiliency under compressive conditions.

Adaptive changes in tendons are also observed in the flexor and extensor tendons of
the hand. At birth, both groups have identical mechanical properties, but as the flexor
tendons encounter a greater load (as a consequence of the biomechanical arrangement
of the hand), they become stronger and stiffer relative to their extensor counterparts.

The blood supply to tendons is paramount in their healing and maintenance. This
supply is from three sources: the perimesium, the periosteal insertion of the tendon,
and the paratenon. The paratenon derives its blood supply from the surrounding tis-
sues. Flexor tendons of the hand and wrist also have an additional blood supply—the
mesotenon that is condensed into the vincula. Avascular regions are believed to be
supplied by diffusion.

INFLAMMATORY AND TRAUMATIC PATHOLOGIES

The conditions that affect the tendons, as well as the manifestations of each, are
diverse. The mechanisms and pathogenesis of these injuries are also quite different.

From: Orthopedic Biology and Medicine: Repair and Regeneration of Ligaments, Tendons, and Joint Capsule
Edited by: W. R. Walsh © Humana Press Inc., Totowa, NJ
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4 Bluman, Allen, and Fadale

Tendinopathies may involve the tenosynovium, the peritenon, the tendon itself, or a
combination of these structures. One current view espouses that the initial condition is
inflammation of the peritenon secondary to overuse. If this inflammation becomes
chronic, the tendon proper may become inflamed or hypovascular as a result of reduced
perfusion through the peritenon. The resultant ischemia induces degenerative changes
in the tendon. This discussion is limited to those conditions affecting the tendon proper.

Before reviewing the healing of ligaments and tendons, the mechanisms of injury
must be discussed because they have a direct impact on how these structures heal.
There are three main mechanisms of tendon and ligament injury: laceration, contusion,
and tensile overload. Tensile overload may result in midsubstance tears, tears at the
musculotendinous junction, avulsion from bone, or avulsion fracture of the bone at the
insertion site.

One way in which these pathologies may be cognitively organized is by the acuity of
their onset. Lacerations, contusions, tears, and avulsion from bone are the most sudden
in their acuity. Although the treatment of these injuries may be similar, the reasons for
their occurrence are quite different. Because most tendons can handle tensile forces
greater than their accompanying muscles can generate and forces greater than the sheer
forces able to be withstood by the bones into which they anchor, midsubstance tears are
uncommon. For this reason, musculotendinous junction tears or avulsion fractures are
more typical. Midsubstance tears of tendons require pre-existing tendonopathy at, or
near the site, of the tear.

Paratenonitis, tendinosis, and enthesopathies are less acute in their onset. Paratenoni-
tis most commonly occurs as a result of overuse and is characterized by macroscopic or
microscopic injury to superficial collagen fibrils, tendon matrix, and the supporting
microvasculature that causes inflammation and, secondarily, pain. Overuse injuries
account for almost half of all occupational injuries in the United States, as well as half of
all sports injuries. The histologic appearance of paratenonitis has been described as angio-
fibroblastic hyperplasia. The inflammatory cells present are not characteristic of other
acute inflammatory conditions. It is not believed to be strictly an inflammation of the ten-
don proper; for this reason, the descriptor paratenonitis is more accurate than the term
tendonitis. Enthesopathies are defined as diseases that occur at the insertion site of muscle
tendons and ligaments into bone or joint capsules. Enthesopathies are not reviewed as
these are beyond the scope of this chapter.

Tendinoses are chronic degenerative conditions of tendons. More specifically,
tendinosis refers to intrasubstance degeneration without histologic or clinical signs of
inflammation within the tendon. The morphologic changes evident in tendinosis include
proliferation of fibroblasts, appearance of new capillary tufts, a decrease in collagen fibril
diameter, and a more wavy orientation of the collagen fibers. Matrix components also
show histologic changes. At the gross level, tendinosis shows thickened, condensed, and
dessicated-appearing regions. Histologically, tendinosis is characterized by interstitial
microscopic failure of the tendon substance or central tissue necrosis with mucoid degen-
eration (/). Because inflammation may or may not be a part of this process, it is unclear
whether paratenonitis is associated with symptoms.

At the biochemical level, degenerative tendons demonstrate an increase in type III
collagen and proteoglycan content. The type III isoform is generally perceived as linked
to regeneration of collagenous tissues. The tensile strength of collagenous tissues is
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inversely correlated with type III collagen content, as is an increased level of proteo-
glycan relative to collagen.

Although paratenonitis and tendonoses may be secondary to systemic disease, most
cases result from overuse syndromes, which all have some component of chronic
inflammatory response that occurs in or around the tissue. A “tendinosis cycle” has
been described in which tendinosis is caused by changes in the load experienced by
tendons that are not compensated by adaptations of the cell matrix. Microtears hap-
pen through pathologic tendinous tissue and eventually result in tissue failure if there
is not an adequate healing, reparative, or hypertrophic response (2).

Fluoroquinolones and Tendinopathy

Over the past decade, the increased use of fluoroquinolones as antimicrobial chemo-
therapeutic agents has resulted in numerous reported cases of fluoroquinolone-induced
tendinopathies. Some frank ruptures were reported to occur. Undoubtedly, hundreds of
other cases have occurred whose association with the use of these drugs went unrecog-
nized or were just not reported. An increased relative risk of Achilles tendon disorders
with the standard use of these drugs has been epidemiologically demonstrated, and it
is estimated at 3.2 times that of a control population. It appears that this increased risk
is limited to those patients who are over 60 yr of age. Concomitant use of these antibi-
otics with corticosteroids in those over age 60 further increases the risk to 6.7 times
that of a control population. The risk of tendinopathy increased in those currently using
the drugs, not in those who have used them in the past (3).

Shakibaei et al. demonstrated that even limited doses in a rat model of fluoroquinolone-
induced Achilles tendonitis resulted in degenerative alterations of the tenocytes. Electron
microscopic findings included multiple vacuoles and vesicles in the cytoplasm that had
developed from swellings and dilatations of cell organelles. Cells not only lost normal
cell-matrix interactions but also detached from the extracellular matrix as well (4).

The pathophysiologic effects that these drugs have on tendons is not fully character-
ized, but it is believed that the adverse effects are because of altered tendon fibroblast
metabolism. Culture of tendon fibroblasts with ciprofloxacin resulted in a 66% reduc-
tion in cell proliferation in comparison to controls cultures. Collagen synthesis was
decreased by up to half of control values, and proteoglycan synthesis was also dimin-
ished. These studies also suggested that fluoroquinolones stimulate tendon matrix deg-
radation with the upregulation of protease activity. At this point, it seems likely that
fluoroquinolones not only decrease the synthesis of tendon structural components, but
also accelerate the degradation of these components (5).

NORMAL HEALING RESPONSES

Tendons pass through three phases in their healing process that have characteristic
cellular, temporal and biomechanical patterns. The first phase is considered the inflam-
matory phase and occurs in the first week following injury. It starts with the migration
of macrophages from tissues surrounding the injury. During this phase, the macro-
phages remove necrotic tissue and hematoma from the area of the injury thereby pre-
paring the tissue bed for reconstruction. Collagenases and matrix metalloproteinases
have a key role in removing not only collagen debris, but also matrix components from
the site of injury (6).
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The second phase of the healing response is the fibroblastic phase. Fibroblasts pro-
liferate and begin to synthesize collagen and other proteins required for extracellular
matrix construction at this time. The fibroblastic phase is initiated approx 1 wk follow-
ing injury, but collagen synthesis reaches a maximum 3—4 wk after injury. The fibro-
blasts that drive this phase are believed to originate from locally resident cells of the
perivascular tissues (7). Revascularization at the injury site is also initiated during the
fibroblastic phase.

The last phase has been termed the remodeling phase. At approx 8 wk after injury,
the recently laid down collagen fibers are brought into orientation along the axis of
the tendon. The collagen fibers are originally oriented perpendicular to the long axis
of the tendon. It is during this period that adhesions may become more numerous
and tenacious. Older individuals have a lower metabolic activity within these struc-
tures that may be responsible for the diminished age-related tendon-healing capacity
observed.

Throughout tendon healing, there is a dynamic balance between collagen break-
down and synthesis. Initially, collagenase activity and collagen breakdown predomi-
nate, but these levels diminish and become equal to the rising synthesis levels by 4—6
wk postinjury. After this time, synthesis and remodeling occur at a much greater rate
than breakdown.

In the middle of last century, Mason and Allen demonstrated that the biomechani-
cal strength of surgical tendon repairs closely matches the histologic phases through
which tendons pass when healing. During the inflammatory phase, there is a decrease
in the tensile strength of the repair likely secondary to edema and tendon degradation.
In the fibroblastic phase, there is an increase in strength, which is further elevated
during the remodeling phase (§).

Investigations into the pathogenesis and normal healing responses of these condi-
tions is both reliant on, and severely hampered by, the animal models used to study
them. Most tendon, ligament, and capsular injuries result from either acute trauma to
the tissues or overuse syndromes. With the exception of lacerations, recreating either
acute or chronic soft tissue injuries in laboratory animals is difficult to perform and
standardize. Unlike the exquisite knock-out or knock-in recombinant techniques that
have resulted in transgenic animals to model single molecular defect diseases, no
elegant models for most tendon, ligament, and capsular disease amenable to repair
are available.

In the past, there was debate regarding whether healing of tendon injury was pre-
dominantly an intrinsic or extrinsic phenomenon. The extrinsic mechanism depends on
fibroblasts and inflammatory cells entering from the periphery of the injury to effect
repair of the tendon. The intrinsic mechanism involves migration of fibroblasts and
inflammatory cells from within the tendon and epitenon. It is now believed that tendon
healing involves both intrinsic and extrinsic mechanisms, with the latter predominat-
ing in the early phases and the intrinsic predominating in a more delayed fashion. Some
hypothesize that an imbalance favoring the extrinsic mechanism leads to increased
collagen content at the repair site, as well as a suboptimal level of collagen organiza-
tion and, hence, material properties of the reparative tissue. Consequently, predomi-
nance of the extrinsic mechanism may cause scar formation and adhesions between the
tendon and surrounding tissues.
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CONTRIBUTION OF THE NERVOUS SYSTEM IN TENDON HEALING

Until very recently, tendons were believed to be without direct innervation. Acker-
mann et al. have demonstrated that nerve fibers are present in healing tendon, suggest-
ing that the neuropeptides associated with these fibers may have a central role in cell
proliferation and angiogenic patterns observed in this process (9).

Using immunohistochemical techniques, this group showed that abundant neuronal
ingrowth was present in the early phases of healing rat tendon. Interestingly, there was
effective, complete regression of these neurons by 12—-16 wk after the start of healing.
Furthermore, a temporal pattern of specific neuropeptide expression was observed that
correlated with the nociceptive responses of experimental animals. They hypothesized
that the peripheral nervous system may modulate neuropeptide expression in relation
to the phase of tendon healing (/0). These findings seem to raise the question of whether
coupling of nociceptive and healing responses in animals may provide a protective
function by optimizing the physical environment in which tendons undergo healing.

REGENERATION OF TENDONS AFTER HARVESTING

Numerous investigators have reported the regeneration of the semitendinosis tendon
after harvesting for anterior cruciate ligament (ACL) reconstructive procedures. This
regeneration has been looked at clinically (using imaging modalities) and histologi-
cally. Feretti et al. looked at the regenerated tissue histologically in a limited number of
patients after they noted regrowth clinically. Six months after the procedure, they noted
fibroblastic proliferation surrounded by a few vessels and a sheath of fibrous tissue. In
those specimens looked at 2 yr postharvesting, there was a central thickened portion
with well-oriented tendon-like fibers and cells that appeared to be mature tenocytes
(11). These results were similar to those of Eriksson et al. (/2).

PHYSICAL MODIFIERS OF TENDON HEALING
Effects of Ultrasound and Shock Wave Therapy on Healing

The effect of ultrasound on tendon healing has been researched in both rat and
canine models. Using a canine tenotomy-tenorrhaphy model, Saini et al. demonstrated
that ultrasound-treated animals had less lameness in the early postoperative period,
fewer adhesions, histologically better union patterns, and earlier initiation of collagen
bundle formation than control animals (/3). The ultrasound-treated animal also
showed earlier improved ultrasonographic appearance of repaired tendon, but this dif-
ference diminished after longer term evaluation. deCunha et al. investigated the opti-
mal ultrasound mode for tendon healing. Utilizing both continuous and pulsed
treatment regimens, they evaluated healing parameters in a rat tenotomy repair model.
Histologic examination of the tendons showed that animals treated with the pulsed
mode showed better aggregation and organization of collagen bundles. Using the
pulsed mode decreased the time to healing relative to control animals that received
mock ultrasound treatments. Interestingly, treatment with the continuous mode did
not show the same shortened time to healing that the pulsed mode demonstrated (/4).

Utilizing a rat model of surgical Achilles tenotomy, Orhan et al. (/5) observed the
effect of low-energy extracorporreal shock wave therapy on the healing of surgically
created tenotomy sites. After transsection followed by either suture repair or sham



8 Bluman, Allen, and Fadale

operation, 500 shock waves were applied to the surgical site under ultrasound guid-
ance. Hydroxyproline levels were elevated in the tenotomized animal compared with
control groups, indicating that healing occurred at an accelerated rate in animals treated
with the shock wave therapy. Extracorporeal shock wave application has also been
shown to induce neovascularization at the bone tendon interface (/6).

BIOLOGIC MODIFIERS TO HEALING

At a gross level, physical stabilization (and some degree of approximation) of injured
tendons, ligament, and capsular tissue is required for proper healing. Modulation at the
molecular environment with biologic response modifiers may be required to more
closely approximate a native state once healing is complete. Gelberman and colleagues
believe that the limit is being reached of improving the healing of flexor tendon inju-
ries by manipulating repair techniques and rehabilitation variables alone. They suggest
that to improve tendon healing further, the focus must be more closely and critically on
the biologic response modifiers that affect tendon healing (/7). Several systemic and
local treatments have been applied to injured tendons toward this goal. Experimental
gene therapy of tendon and ligament healing is in its infancy but holds promise as a
therapeutic modality (/8).

Hyperbaric Oxygen Therapy

Because vascular ingrowth is a normal part of the inflammatory and healing process
seen after tendon injury, researchers have tried to augment the availability of oxygen to
the healing tendon. Hyperbaric oxygen allows a greater concentration of oxygen to be
delivered to tissues during intermittent treatments. Using a rat ligament laceration model,
Ishii et al. demonstrated that there was better gross and histologic healing in animals
exposed to hyperbaric treatments. A significant increase in the amount of collagen syn-
thesis was observed in animals exposed to oxygen at two atmospheres for 1 h/d for a
duration of 14 d (/9). The systemic nature of hyperbaric oxygen therapy precludes the
determination of whether a purely local phenomenon is being observed at the site of
ligament injury or whether systemic effects are also exerting an impact on healing.

Topical treatments seek to modify the local environment to promote better healing
at the injury site. Researchers have approached the use of such treatments from several
angles: creation of a physical scaffold onto which the body can base its reparative
processes, application of growth factors at the site of injury, and a combination of both
that allows the augmentation of scaffolds with growth factors. Modalities that have
been investigated include autografting, application of biologic response modifiers, and
local physical treatments.

Fibrin

The scaffold that is formed by a fibrin clot has been shown to have both chemotactic
and mitogenic properties. Attempts to exploit these properties have used both purified
fibrin glues and fibrin clots.

Recent investigations that compared fibrin glue to suture repair and conservative
treatment in a rabbit model of Achilles tendon healing demonstrated that application of

this glue to the injured site at the time of surgery resulted in better stiffness, maximum
force to rupture, and tensile stress to rupture compared to suture repair alone or conser-
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vative therapy. However, these differences were not evident at later time points (20).
Other researchers have reported that the addition of a fibrin clot to a rat rotator cuff
model caused a decrease in material properties (27).

BIOLOGIC RESPONSE MODIFIERS
The Bone Morphogenentic Protein (BMP) Family of Growth Factors

BMPs and CDMPs are members of the transforming growth factor-B (TGF-f3) super-
family that have been shown to enhance the formation of bone and cartilage formation
at fracture sites. BMP-12 is a recently discovered member of the BMP family. It is the
human homolog of mouse GDF-7. BMP-12 has been shown to induce some cells to
form tendon. Recent in vitro studies have shown that thBMP12 could increase the
proliferation of tendon fibroblasts and increase the gene expression of procollagen type
I and type III while decreasing the gene expression of decorin. It has been suggested
that BMP-12 has a role in early phases of regeneration of tendons (22).

BMPs and CDMPs can induce bone, cartilage, or tendon-like tissue depending on
the conditions in which they are applied. OP-1 (BMP-7) has been shown to be ineffec-
tive in the augmentation of tendon healing. Animals that received this factor after the
creation of surgically created tendon defects developed bony rests within the tendon
that compromised mechanical strength of the tendon. However, for those that received
CDMP-1 or -2, the area of healing tendon became bigger and stronger (23).

Rodeo’s group has used a combination of BMPs, as well as other growth factors, in
a rabbit model of autograft hamstring ACL reconstruction in an attempt to improve
tendon-to-bone tunnel healing. Histologic analysis demonstrated that animals treated
with a growth factor—-impregnated collagen sponge at the bone tunnel site had more
consistent interface between the tendon and bone with closer apposition of new bone
to the graft. The experimental grafts also had higher load to failure rates than the con-
trols (24).

Gene transfer of BMP-12 expression constructs into tenocytes of an in vivo tendon
laceration chicken model resulted in a twofold increase in the tensile strength and stiff-
ness of the repaired tendons (26).

Local injections of CDMP-2 into surgically created rat Achilles tendon defects
resulted in tendons that were 39% stronger than uninjected control animals at 8 wk
postinjury (25).

These growth factors show promise in augmenting the healing process of ligaments
and tendons. More work needs to be done to optimize the conditions for their use and
investigate the initiation of induction of tendon outgrowth from pluripotential tissues.
At present, fully matured tendon has not been formed de novo through the use of these
substances, but continuing work may prove that these substances are a key link in
either in vitro or in vivo growth of graft material.

Growth and Differentiation Factor-5

GDF-5 is essential for normal skeletal development and induces tendon- and liga-
ment-like structures at ectopic sites. GDF-5 was tested using a surgically created and
repaired rat model of Achilles tendon healing. Although histological tests positive for
type II collagen were present in the areas of the coated suture material used in this
study, experiments demonstrated thicker and stiffer tendons than controls (27).
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Modulation of Adhesion Formation

Strong repair of a deficient tendon unit alone will not suffice. In most cases, a repaired
tendon must maintain a substantial amount of its excursive ability to maintain function.
This ability is dependent on the ability to achieve a strong repair at the injury site and to
prevent adhesions from forming during the healing process. Adhesions can severely
restrict tendon gliding after tendon healing has occurred. As mentioned earlier, it is
thought that an overaggressive extrinsic healing response results in the formation of
these adhesions. Physical, pharmacologic, and biologic approaches have been used to
combat this problem.

5-Fluorouracil (5-FU) is a pyrimidine analog that exerts its effects by causing thy-
midine depletion and disrupting RNA processing. The use of this pharmacologic
agent as a topical applicant to prevent tendon adhesions has been reviewed by a num-
ber of investigators. Recently, groups have observed the molecular, cellular, histo-
logic, and functional outcomes in preventing adhesions after application of 5-FU to
repaired tendons. Khan et al. applied 5-FU to the sites of tendon repair in a rabbit
model. In addition to a less vigorous cellular response, they demonstrated a decrease
in the local levels of TGF-3, which is a known potentiator of the fibrotic response
(28). Another group using a similar protocol in a chicken model of tendon repair
looked at the microscopic and functional outcome of 5-FU as an inhibitor of tendon
adhesion formation. After suture repair of the flexor digitorum profundus 5-FU was
applied at four different concentrations to the tendon sheath for 5 min. Fewer adhe-
sions were observed histologically, and lower forces were needed for digit contrac-
tion relative to controls in animals that had concentrations of 25 mg/mL applied to
their repair sites (29).

Other groups have applied human amniotic fluid (30) or hyaluronic acid membranes
(31) to the sites of suture-repaired tendons and found that these treatments resulted in
fewer adhesions compared to control groups. Although further work needs to be done
to identify and isolate the factors responsible for the inhibitory properties of human
amniotic fluid, the latter treatment may provide an available, cost-effective, and conve-
nient physiochemical barrier by which peritendinous adhesions can be minimized or
prevented at repair sites.

Recently, application of supraphysiologic temperatures to areas of tendon repair has
been shown to decrease the amount of peritendinous adhesions without adverse affect
on gliding or strength of the treated tendons (32). The authors hypothesized that induc-
tion of heat shock proteins limited the local inflammatory response and subsequent
adhesion formation.

CONCLUSION

Tendon injuries continue to be costly and debilitating conditions. Although there
is a good understanding of the normal healing processes of these structures, how we, as
physicians, can augment the body’s natural healing and regenerative properties remains
a challenge. Recent advances in the surgical treatment and rehabilitation of these dis-
eases have not been met by advances in the biological augmentation of tendon healing.
As the physical treatment of these conditions is perfected, we must redouble our efforts
and investigations into maximizing the biology of tendon repair and regenerative pro-
cesses.
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Structure and Function
of Ligaments, Tendons, and Joint Capsule

Frederick H. Silver, Joseph W. Freeman, and Gino Bradica

INTRODUCTION

For vertebrates to achieve locomotion and to hurl objects efficiently, they must be
able to develop muscular forces, store elastic energy in tendon, and then transfer this
energy to the attached joints. After joint movement has been achieved, excess energy
dissipates by reverse transmission from the joint to the muscle—tendon unit, where it is
dissipated in the muscle. Locomotion and joint movement are the result of the coordi-
nated development of muscle forces that are transmitted to bone using the tendon. How-
ever, although muscle can generate force, the tendon stores most of the muscular force
as work (/). The tendon not only transmits the developed muscular force to the bone,
but it also acts as an energy storage device (2,3). Elastic energy is stored in the tendon
through reversible stretching of collagen molecules (3). Consequently, the muscle—
tendon unit produces energy that is transferred to the joint. Energy stored in the joint is
used for movement, and also leads to joint deformation. Ligaments and the capsule
attached to the joint function to seal the joint space and to provide passive stability by
limiting movement. Thus, energy generated by the muscle—tendon unit is used for
movement, and it is stored during ligament and capsule deformation. The energy stored
during ligament and capsule deformation is then transferred back to the muscle through
the tendon, where it dissipates as heat.

BACKGROUND

Elastic energy storage in tendons in the legs and feet of many animals is an impor-
tant mechanism that saves substantial quantities of muscular energy during locomo-
tion (4,5). During normal gait, potential energy is stored as strain energy in the muscles
and tendons that are stretched upon impact with the ground (4,5). Elastic recoil, pri-
marily by the tendons, converts most of the stored energy back to kinetic energy. Elas-
tic energy storage in tendons has been studied in several animal models. In the pig, the
digital flexor tendons are involved in the elastic storage of strain energy (6); the amount
of elastic energy stored in the digital flexor tendons decreases with age after the ani-
mal reaches maturity. In the turkey, direct measurement of force and fiber length in the
lateral gastrocnemius muscle reveals that the active muscle produces high force but
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little work, while the tendon produces most of the work because of elastic deformation
and recovery (/). A recent study in horses suggests that the muscle—tendon unit not
only stores energy during extension, but it also dissipates the energy after extension is
complete (7).

Although tendons are involved in energy storage and transmission in the musculo-
skeleton, ligaments and joint capsule (see Fig. 1A) function to stabilize synovial joints
by limiting movement (ligaments and capsule) and preventing loss of synovial fluid
that lubricates the joint (capsule). In accomplishing either energy storage or force trans-
mission, the tendon, ligament, and capsule must cyclically undergo reversible defor-
mation with limited structural reorganization. This chapter examines the structures of
these tissues and how energy is stored and transmitted at the molecular level. Structur-
ally, the tissues are made up of dense fibrous connective tissue with aligned collagen
fibers that are separated by rows of cells. Each tissue contains regions with specialized
structures and functions, such as the connections to muscle, cartilage, and bone. This
chapter only reviews the regions that make up the midsubstance of these tissues to
simplify the analysis. The composition and structure of these dense fibrous tissues is
now considered.

Dense Regular Connective Tissue: Structure and Development

Dense regular fibrous connective tissue, also termed the extracellular matrix (ECM),
consists of cells, aligned collagen and elastic fibers, proteoglycans, and water. Although
elastic fibers are present in the ligament and capsule, they are only minor components
of these tissues. Collagen is the most abundant protein in dense fibrous connective
tissue and forms essential mechanical building blocks in the musculoskeletal system. It
can be found in both fibril and nonfibril forms. The fibril-forming collagens provide
the structural framework of tissues and include types I, II, III, V, and XI collagens (8).
All fibril-forming collagens self-assemble into cross-striated fibrils with a characteris-
tic 67-nm repeat; they all share a triple helical region that is roughly 1000 amino acid
residues long with a length of about 300 nm (8). These collagens are synthesized within
cells in a precursor form termed procollagen, which has amino and carboxyl terminal
nonhelical ends that are approx 15.0 and 10.0 nm long, respectively (Fig. 1B). In addi-
tion, fibril-associated collagens with interrupted triple helical sequences, e.g., type XII
collagen, are found on the surface of collagen fibrils and may connect fibrillar col-
lagens to other components of the ECM (9).

The tendon, ligament, and joint capsule are composed primarily of type I collagen,
but they contain small amounts of types Il and V (/0-14). The type III collagen con-
tent has been reported to be 10% for ligament as opposed to 5% for tendon (/5). Col-
lagen types II, VI, XII, and XIV have also been reported to be in the ligament and
capsule (12,16,17). However, these collagens appear to be associated with fibrocarti-
lage that is found at the junction with bone, not in the midsubstance. The high content
of type I collagen in these joint tissues not only leads to mechanical stability, but it also
promotes elastic energy storage.

The mechanical stability of dense fibrous connective tissue and type I collagen in
the tendon, ligament, and capsule is related to the rod-like structure of type I collagen
and its inherent flexibility (/8,/9). The rod-like behavior of type I collagen was first
established based on the measurement of the translational diffusion coefficient (20—
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22). Yet, later measurements indicated that the type I collagen molecule had numerous
bends and was not completely rigid (23). Type II and III collagen molecules have
slightly higher translational diffusion coefficients and slightly shorter end-to-end dis-
tances (23), suggesting that the later collagen molecules are more flexible than type I
collagen. Results of recent modeling studies suggest that the types I-III collagen mol-
ecules are made up of alternating rigid and flexible domains that are conserved within
the collagen fibril with types II and III collagen molecules being more flexible than
type I (19). The flexible domains at first approximation coincide with the positively
stained bands in the collagen D period observed in the electron microscope after stain-
ing with heavy metals (/9,24).

The molecular basis for the flexibility of type I collagen derives from sequences that
lack the amino acids proline and hydroxyproline (Fig. 1B). These sequences are the
sites where bends can occur in the triple helix. Five sites have been identified by
Hofmann et al. (25) based on electron microscopic images; these sites occur at charac-
teristic distances of 30—45, 90-105, 150-157.5, 210-217.5, and 270-277.5 nm from
the C-terminus of the molecule. However, recent modeling studies suggest that addi-
tional flexible sites are present (/9). Results of another modeling study indicate that
sequences without the amino acid residues, proline and hydroxyproline, are able to
form internal loops (26) that give these regions more flexibility than the other regions
of the triple helix. Stereochemical maps constructed for dipeptides with amino and
imino acid residues also imply that the number of available conformations and, conse-
quently, the flexibility are increased in the absence of proline and hydroxyproline
(8,27). A flexibility profile as a function of axial displacement for the type I collagen
triple helix is shown in Fig. 2. This diagram suggests that the collagen triple helix can
be considered a composite of regions with varying degrees of stiffness. Regions of the
molecule that are devoid of proline and hydroxyproline appear to have the highest
flexibility, whereas regions with the sequence Gly-Pro-Hyp or sequences containing
lysine or hydroxylysine are very rigid. This variation in molecular flexibility affects
collagen self-assembly, as well as the resulting mechanical properties of tendons, liga-
ments, and joint capsule.

Research suggests that fibril diameters appear to be inversely related to collagen
molecular flexibility (/9) and that the application of external mechanical loading
appears to be consistent with stretching of the flexible regions (/9). Energy storage
during stretching is thought to be linked with an increase in steric energies owing to
van der Waals and electrostatic interactions that occur with the stretching of oppositely
charged pairs of amino acid side chains on collagen (see Fig. 2; 24). Modeling studies
on a five-molecule-wide subfibrillar structure composed of quarter-staggered collagen
molecules suggest that the most flexible regions are bands a3, a4, a2, b1, b2, and d and
regions between bands b1 and b2 and between bands c1 and c2 (see Fig. 2). These areas
are consistent with the flexible sites identified by Hofmann et al. (27) and are consis-
tent with Ramachandran plots constructed based on peptide sequences observed in col-
lagen (27).

Small amounts of types III and V collagen are found in mixtures with type I in the
tendon, ligament, and capsule in a single fibril, indicating that tissue-specific differ-
ences in mechanical properties may reflect different mixtures of these collagen types
(28,29). The recent belief that the type III collagen molecule is more flexible than the
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22 Silver, Freeman, and Bradica

type I collagen molecule reports that mixing collagen types would alter the elastic
modulus of collagen fibrils (/9).

Immunolocalization and/or chemical crosslinking studies have shown that collagen
types I and V can be present as heteropolymers (28). Although the type V molecule is
somewhat larger than that of type I, owing to the N-terminal domain, type V molecules
are assembled into typical quarter-staggered fibrils characteristic of type I collagen.
The mixture formation of such heterotrophic or heterotypic fibrils provides a way to
modulate self-assembly and modify mechanical properties (28). The presence of a large
N-terminal domain is likely to modify fibrillar packing and slippage of collagen mol-
ecules during mechanical deformation. Experimental observations on a mouse model
with a structurally abnormal o2(V) collagen chain indicate that the resultant collagen
fibrils are loosely packed in skin. This is consistent with the hypothesis that the large N-
terminus of the type V collagen molecule may regulate the growth of skin fibrils (30).

Knowledge of the relationship between cells and their ECM mostly comes from the
analysis of developing tendon. The association between collagen fibril development
and changes in mechanical properties has been studied extensively using the chick
extensor model (3/,32). In addition, mineralization and the related changes in the me-
chanical properties of turkey leg tendon have also been studied a great deal (24,32,33).
Although the structures of the ligament and capsule are not identical to that of tendon,
they are similar at first approximation.

Collagen Assembly in Developing Tendon

The ability of collagen molecules to assemble into crosslinked fibrils is an important
requirement for the development of tissue strength, as well as for the storage and dissi-
pation of elastic energy during locomotion. The process of collagen fibril formation is
under cellular control, possibly through feedback mechanisms associated with mecha-
nochemical transduction processes, but the tendency for collagen molecules to form
cross-striated fibrils is a property of the molecular sequence (34).

The tendon has a hierarchical structure, including collagen molecules, fibrils, fibril
bundles, fascicles, and tendon units that run parallel to the geometrical axis (35) as dia-
grammed in Fig. 3A. This architecture is important for its ability to transmit large loads
efficiently and also to store elastic energy during locomotion. The fundamental structural
element is type I collagen in the form of fibrils. Collagen is synthesized in a precursor
form, procollagen, which contains amino- (N) and carboxylic terminal (C) extensions
(36,37). These extensions have been shown to limit self-assembly of procollagen intra-
cellularly (38), and their removal by specific proteinases occurs prior to final fibril
assembly (39). The C-propeptides are essential for both the initiation of procollagen
molecular assembly from the constituent chains (40) and lateral assembly of procollagen

Fig. 3. (Opposite page) Structural hierarchy in the tendon. (A) This diagram illustrates the
relationship between collagen molecules, fibrils, fibers, fascicles, and tendon units. Although
the diagram does not show fibril subunits, collagen fibrils appear to be self-assembled from
intermediates integrated within the fibril. The structural hierarchy in the ligament and joint
capsule is similar to that of tendon, but other components, such as elastic tissue, are also present
in the latter types of connective tissue. (B) Scanning electron micrograph of a rat-tail tendon
fiber showing the fascicles (see asterisks) that make up the tendon unit.
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molecules. Procollagen molecular assembly in vivo initiates within intracellular
vesicles (41). These vesicles are thought to move from regions within the Golgi appa-
ratus to deep cytoplasmic recesses, where they discharge their contents. Studies on
embryonic tissue suggest that the N-propeptides remain attached to fibrils 20-30 nm in
diameter after collagen is assembled; however, after the N-propeptide is cleaved, fibril
diameters appear to increase. This observation suggests that the N-propeptide is asso-
ciated with the initiation of fibrillogenesis. The C-propeptide is removed before further
lateral fibril growth occurs (Fig. 4; ref. 42).

The C-propeptide of fibril-forming collagens appears to regulate later steps in the
assembly of procollagen into fibrils; it is removed from small-diameter fibrils during
growth (43) possibly when fibril fusion occurs. The C-propeptide has been observed in
fibrils with diameters between 30 and 100 nm (44) indicating that it is involved in the
initiation and growth of fibrils (Fig. 4). Procollagen and the intermediates, pN-collagen
(containing the N-propeptide) and pC-collagen (containing the C-propeptide), are
present in developing tendon up to 18-d embryonic (44,45). Collagen oligomers iso-
lated from developing chick tendons include 4-D staggered dimers (the collagen mol-
ecule is 4.4 D long, where D is 67 nm) of collagen molecules, suggesting that this is a
preferred molecular interaction for the initiation of collagen fibrillogenesis in vivo.
About 50% of the fibrils formed in 18-d-old chick embryos are bipolar (molecules run
in both directions along the axis of the tendon), whereas the other half is unipolar.
Analysis of the staining pattern of fibrils reveals that the axial zone of molecular polar-
ity isto be highly localized (46).

During chick tendon development, the structure and mechanical properties of the
tendon change rapidly (3/,32,46—48). The morphology of embryonic development of
collagen fibrils in the chick tendon has been studied and characterized extensively (3/,
32,35,48-52). Two levels of structural organization seem to occur during develop-
ment of chick hind limb extensor tendons (3/). Along the tendon axis, cytoplasmic
processes of one or more axial tendon fibroblasts are observed to direct formation of
groups of short collagen fibrils that appear to connect cells together (Fig. 5). A second
type of fibroblast that forms bundles of collagen fibers encircles groups of axial ten-
don cells. This type encircles groups of collagen fibrils with a sheath that separates
fascicles. Initially, axial tendon cells appear at both ends of growing fibrils (Fig. 5).
Once the fibrils begin to elongate, they are then packed closely side to side (Fig. 6).

Fig. 4. (Opposite page) Diagram modeling the role of N- and C-propeptides in type I
collagen self-assembly. The procollagen molecule is represented by a straight line with bent
(N-propeptide) and circular (C-propeptide) regions (see Fig. 1B). (A) Initial linear and lat-
eral aggregation is promoted by the presence of both the N- and C-propeptides. Linear and
lateral aggregation leads to the formation of the quarter-staggered packing pattern (see Fig.
2A) that is the characteristic fingerprint of collagen fibrils viewed in the electron microsope.
(B) (Continued on page 26) In the presence of both propeptides, lateral assembly is limited
and the fibrils are narrow. Removal of the N-propeptide results in lateral assembly of narrow
fibrils; removal of the C-propeptide causes the additional lateral growth of fibrils. As indi-
cated in the diagram, the presence of the N- and C-propeptides physically interferes with
fibril formation.
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Fig. 5. Directed cellular self-assembly of axial collagen fibrils during chick tendon develop-
ment. Transmission electron micrograph showing collagen fibrils (see arrow in box) from a 7-
d-old chick leg extensor tendon that appear to be connecting two fibroblasts during tendon
development. Insert shows a high-magnification view of the collagen fibrils that originate from
invaginations in the cell membranes on either side of the fibril. The collagen fibrils shown are
about 50 nm in diameter. Adapted from ref. 48.

Fig. 6. Lateral condensation of axial collagen fibrils and alignment of tendon fibroblasts.
Transmission electron micrograph showing collagen fibrils from a leg extensor tendon of a 10-
d-old chick. Note the fibrils (see arrow) and fibroblasts appear to be more highly aligned and
densely packed compared to the same structures at d 7. Fibrils shown have diameters of approx
50 nm, and the insert shows a high-magnification view of the relationship between the collagen
fibrils and the cell surfaces on either side of the collagen fibrils. Adapted from ref. 48.
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Fig. 7. Formation of crimp in axial collagen fibrils during development of chick extensor
tendon. Transmission electron micrograph showing collagen fibrils (C) from a leg extensor
tendon of a 17-d-old chick. Note the fibrils appear to be going in and out of the plane of the
section consistent with the formation of a crimped planar zig-zag pattern. Fibrils shown have
diameters of approx 100 nm. Adapted from ref. 48.

Later, a planar crimp is introduced into collagen fibrils, possibly from the contraction
of cells at the fibril ends or by shear stresses introduced by tendon cells between layers
of collagen fibrils (Fig. 7). Recent modeling studies show that the molecule and fibril
have many points of flexibility (/9), where crimp could develop.

In the cross-section, collagen fibers are made up of individual fibrils that appear to
be released from invaginations in the cell membrane (Fig. 8). Further collagen fibril
diameter growth occurs by adding materials that appear to originate inside the Golgi
apparatus. During lateral growth, these invaginations in the cell membrane disappear,
causing lateral fusion of fibrils (Fig. 9). Macroscopically, this results in increased fibril
diameter and length.

Birk and coworkers have studied the manner in which collagen fibrils are assembled
from fibril “segments” in developing chick tendon (52). During development, fibril
segments are assembled in extracytoplasmic channels defined by the fibroblast. In 14-
d-old chick embryos, tendon fibril segments are deposited as units 10-30 um in length.

Fig. 8. (Opposite page) Addition of axial collagen fibrils within invaginations in the cell
membrane to a growing fibril. (A) Transmission electron micrograph showing collagen fibril
formation in invaginations within the cell membrane of an extensor tendon from a 14-d-old
chick embryo. Collagen fibrils are seen as circular elements within collagen fibril bundles
(fibers). The collagen fibril bundle shown for illustration has two letter “x” connected by a
line that represents the collagen fibril bundle diameter (2 wm). Arrows are placed in micro-
graph areas where collagen fibrils appear to be in the ECM and are in close proximity to the
cell membrane. (B) Higher magnification views of areas shown in boxes labeled A, B, C, and
D in part (A), illustrating the close proximity between the collagen fibrils formed within
deep cytoplasmic recesses and the growing fibril bundle seen in the ECM (see arrow).
Adapted from ref. 48.
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Fig. 9. Transmission electron micrograph showing the lateral fusion of collagen fibrils at
d 17 of chick embryogenesis. This transmission electron micrograph shows several collagen
fibrils that appear to be in the fusion process (see arrows). Fusion leads to lateral growth and
increased collagen fibril diameters. The fibril bundle (fiber) diameter is still approx 2 um
before fusion similar to that observed on d 14. Adapted from ref. 48.

These segments can be isolated from tendon and studied by electron microscopy (57).
Holmes and coworkers have shown that fibrils from 12 d-old chick embryos grow in
length at a constant diameter (46) and that end-to-end fusion requires the C-terminal
end of a unipolar fibril (53). By 18 d, embryonic fibril growth occurs at both fibril ends
and is associated with increased diameter (46). Because fibril segments at 18 d cannot
be isolated from developing tendon, it is likely that fibril fusion and crosslinking occur
simultaneously.

In the mature tendon, collagen fibril bundles (fibers) have diameters between 1 and
300 um, and fibrils have diameters from 20 to over 280 nm (//; Fig. 3). The presence
of a crimp pattern in the collagen fibers has been established for rat-tail tendon (54) as
well as for patellar tendon and anterior cruciate ligament (ACL) (55); the specific
geometry of the pattern, however, differs from tissue to tissue. It is not clear that the
crimp morphology is actually present in tendons that are under normal resting muscu-
lar forces.
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Fig. 10. Relationship between PGs and collagen fibrils in the tendon. Transmission electron
micrograph showing positive-staining pattern of type I collagen fribrils from rabbit Achilles
tendon stained with quinolinic blue. This stain specifically stains PG filaments (arrows) at-
tached to collagen fibrils at the d and e bands. Adapted from ref. 71.

Role of Proteoglycans (PGs) in Tendon Development

The tendon contains a variety of PGs, including decorin (56), a small leucine-rich
PG that binds specifically to the d band of positively stained type I collagen fibrils (57),
as well as hyaluronan, a high-molecular-weight polysaccharide. Other small leucine-
rich PGs are biglycan, fibromodulin, lumican, epiphycan, and keratocan. In mature
tendon, the PGs are predominantly proteodermochondran sulfates (56). PGs are seen as
filaments regularly attached to collagen fibrils in electron micrographs of tendon stained
with Cupromeronic blue (Fig. 10; 58). In relaxed mature tendon, most PG filaments are
arranged orthogonally across the collagen fibrils at the gap zone—usually at the d and
e positively staining bands (57). In immature tendons, PGs are observed either orthogo-
nal or parallel to the D period (58), and the amount of PGs associated with collagen
fibrils in the tendon decreases with increased fibril diameter and age (59).

Animal models employing genetic mutations that lack decorin demonstrate collagen
fibrils with irregular diameters and decreased skin strength (60), whereas a model lack-
ing lumican shows abnormally thick collagen fibrils and skin fragility (6/). Downregu-
lation of decorin has been shown to cause the development of collagen fibrils with
larger diameters and higher ultimate tensile strengths in ligament scar (62). Models
without thrombospondin 2—a member of a family of glycoproteins found in ECM—
exhibit abnormally large fibril diameters and skin fragility (63). These observations
suggest that PGs, e.g., decorin and other glycoproteins found in the ECM, are required
for normal collagen fibrillogenesis. Decorin also appears to assist in the alignment of
collagen molecules and to facilitate sliding during mechanical deformation (64,65).
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Scott and coworkers studied the role of decorin in tendon development (57,59,64),
and their results suggest that interactions between collagen and PGs are an important
aspect. A specific relationship between PGs and the d band of the positive-staining
pattern of collagen fibrils exists (57). They speculated that PGs might (1) inhibit col-
lagen fibril radial growth through the interference with crosslinking and (2) inhibit
calcification by occupying the hole in the gap zone (57). Scott and coworkers subse-
quently demonstrated that the interactions between collagen and PGs could be broken
down into three phases during tendon development (59). During the first 40 d after
conception, collagen synthesis leads to the formation of thin fibrils in an environment
rich in PGs. Between d 40 and 120, when growth of existing collagen fibrils occurs, PG
and hyaluronan content decreased to a critical value. After 120 d fibril diameter growth
decreased, and the PG content per fibril surface area remained constant. Recently, Scott
(64) has proposed that small PGs act as tissue organizers, orienting and ordering col-
lagen fibrils.

Comparative Structure of the Tendon, Ligament and Capsule

Many studies exist in the literature on tendon structure; however, there are fewer
studies on the structure of the ligament and capsule. Fibril diameters for knee liga-
ments are reported to be between approx 59 and 85 nm (66,67), and those reported for
the capsule average about 45 nm. In ACL, the fascicles containing collagen fibrils are
reported to be 1-32 um in diameter (67). Although the collagen fibrils in the center of
the ACL are similar to those found in the tendon and show a parallel alignment with
respect to the tendon axis, the fibrils on the surface showed a crossing pattern (67). In
contrast, collagen fibrils in the posterior cruciate ligament are predominantly aligned
along the ligament axis (67).

Mineralization of Tendon

Although the mineralization of the tendon, ligament, and capsule appear to be patho-
logical responses to trauma or injury, there are examples in nature of tendon mineral-
ization that occur during development. The major leg tendons of the domestic turkey,
Meleagris gallopavo (including the Achilles or gastrocnemius tendon), begin to natu-
rally calcify when the birds reach about 12 wk of age (32). Whether this is an adaptive
response to increased loading or a pathologic response owing to overloading is unclear.
This seems to be in response to external forces, but the relationship between skeletal
changes and such forces is still not understood (68). The gastrocnemius is a relatively
thick tendon at the rear of the turkey leg that passes through a cartilaginous sheath at
the tarsometarsal joint and inserts into the muscles at the hip of the bird (32). After
passing through the sheath, the tendon divides into two portions, with a decrease in
total cross-sectional area relative to the original cross-section. This division results in
an alteration of the load borne by the sections after the bifurcation. Initiation of calcifi-
cation occurs at or near the point of bifurcation, then calcification proceeds along the
bifurcated sections (32).

Morphological observations indicate that initiation of calcification occurs on the
surface of collagen fibrils close to or at the center of the tendon in 15-wk-old animals
(69). This is associated with changes in the collagen fibril structure. The collagen fibrils
appear to become straighter and pack into narrower bundles, and to align with their D
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periods in register. Mineral is laid down within the gap region of the collagen D period
(69); the crystal ¢ axis is parallel to the long axis of the fibril. Later, mineralization
occurs within the fibril. Whether mineralization is linked with changes in PG content is
unclear.

In areas away from the mineralization site, tendon cells are spindle-shaped and
have cellular processes that extend into the ECM, eventually connecting with pro-
cesses of neighboring cells (32). The diameters of collagen fibrils in these areas range
from 75 to 500 nm. In regions near the site, the tendon cells appear to have increased
amounts of endoplasmic reticulum, Golgi apparatus, and thin cellular processes that
weave between tightly packed collagen fibrils (32). Vesicles containing calcium and
phosphate are also seen within and outside cellular processes and in regions where
mineralization is seen (32).

As the turkey gastrocnemius tendon mineralizes, there are associated changes in
both the mechanical properties and elastic energy storage. Mineralization appears to
increase the elastic modulus as well as increase the elastic energy storage at a fixed
strain (24,33). Thus, changes in mechanical properties of developing tendons reflect
changes in tendon structure and function.

Mechanical Properties of Developing Tendons

Understanding the relationship between the structure and mechanical properties of
dense regular connective tissue generally derives from analysis of the mechanical prop-
erties of developing tendon. The properties of developing tendons rapidly change just
prior to the onset of locomotion. McBride et al. (3/) reported that the ultimate tensile
strength (UTS) of developing chick extensor tendons increases from about 2 MPa (d 14
embryonic) to 60 MPa 2 d after birth. This rapid increase in UTS is not related to
changes in fibril diameter, but is associated with increases in collagen fibril lengths
(31), which is linked to the viscoelastic properties of tendons (2).

The relationship between tendon UTS and fibril length is based on an association
developed with fibril length and mechanical behavior. Measurements of stress-strain
curves and incremental stress-strain curves for tendon and self-assembled collagen
fibers suggest that both UTS and the elastic modulus are more dependent on fibril
length than diameter (2,33). Application of incremental strains to the tendon, followed
by measuring the initial and equilibrium stresses, yields information on the molecular
and fibrillar bases for energy storage and transmission in dense regular connective
tissue (Fig. 11). From the equilibrium stresses obtained at different strains, an elastic
stress-strain curve can be plotted while from the difference between the total and elas-
tic stress, a viscous stress-strain curve can be constructed (2,/9,70). The slope of the
elastic stress-strain curve is proportional to the elastic modulus of the collagen mol-
ecule and fibril; using hydrodynamic theory, the viscous stress is proportional to the
fibril length (2,33). Fibril lengths calculated from incremental stress-strain curves for
postembryonic rat-tail and turkey tendons are within the range of approx 400-800 um
(2,33). These fibril lengths are much greater than the fibril lengths observed prior to
the onset of locomotion, suggesting that increases in fibril length are associated with
energy storage and transmission.

When effective fibril lengths (calculated from mechanical measurements) are plot-
ted against reported values of the fibril lengths measured on chick metatarsal tendons
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Fig. 11. (A) Incremental stress-strain testing of the tendon. This diagram illustrates the con-
struction of an incremental stress-vs-strain curve from initial and equilibrium stress measure-
ments. The sample is loaded in tension by stretching to a predetermined strain increment at a
constant strain rate, then allowing the specimen to relax to equilibrium. The initial stress or
force is recorded, as well as the equilibrium stress or force. After equilibrium is achieved (i.e.,
the force does not change by >2% during a 20-min time interval), an additional strain increment
is added, and the cycle is repeated until the specimen fails. The total stress is obtained by
dividing the total force, Fi, by the cross-sectional area, whereas the elastic stress is obtained by
dividing the equilibrium force, Fe, by the cross-sectional area. The viscous stress is defined as
the difference between the total stress and elastic stress. (B) Total (open boxes), elastic (closed
diamonds), and viscous (closed squares) stress-strain curves for rat tail tendon. Error bars rep-
resent one standard deviation of the mean. The data were collected at a strain rate of 10%/min,
a strain increment of 5%, and a temperature of 22°C. The time required to reach equilibrium
ranged from 20 min to several hours for a single strain increment. Reproduced from ref. 2.

during development (49,57), a linear relationship is observed (71). Elevations in UTS
during development appear to be related to increased fibril lengths (24) and may be a
consequence of fibril fusion and crosslink formation in vivo.

On a molecular basis, the slope of the elastic stress-strain curve (elastic modulus)
can be related to the stretching of collagen triple helices within crosslinked collagen
fibrils (2,33). Results of molecular modeling studies suggest that stretching first occurs
in the flexible domains of the collagen molecule. Studies on self-assembled type I col-
lagen fibers show that in the absence of crosslinks, the elastic slope is reduced (2),
which indicates that crosslinks are important in mechanical coupling between collagen
molecules. Elastic energy storage is reported to be impaired in osteoarthritic cartilage
and is associated with decreased collagen fibril lengths, suggesting that fibril length is
a significant structural aspect of collagen mechanical behavior (2,72).

Previous studies have examined the mechanism by which mechanical energy is
translated into molecular and fibrillar deformation in the tendon (73-75). Several
reports show that up to a strain of 2% in tendons, molecular stretching predomi-
nates; increases in the collagen D period beyond 2% are because of molecular slip-
page (73-75). From data reported by Mosler et al. (73), it is concluded that the
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molecular strain is about 10% of the macroscopic strain. The remainder of the mac-
roscopic strain is from molecular and fibrillar slippage (30%; 73). Results of other
studies demonstrate that molecular stretching and sliding alone do not explain the
elastic and viscous behavior of tendons; the elastic response requires end-to-end
crosslinks between collagen molecules within fibrils (2,33). The magnitude of the
elastic constant is directly related to the collagen fibril length and therefore, the
number of collagen molecules crosslinked end-to-end in a series. The end-to-end
crosslink pattern may be specific to each tissue type (76), showing that energy stor-
age in skeletal and nonskeletal tissues may be different. Although the fibril diam-
eter does have a role in the magnitude of the elastic response, fibril length appears
to be the most important parameter in dictating elastic behavior.

The role of minor collagen types, such as type XII on the mechanical properties of
the tendon, is still unclear; however, recent evidence suggests that production of this
collagen is high in stretched collagen matrices and suppressed in relaxed matrices (77).
Genes for collagen type XII and tenascin-C, another matrix component, contain stretch-
responsive enhancer regions that upregulate the synthesis of these two components as a
result of increased mechanical loading (77). These observations imply that changes in
external mechanical loading conditions to the ECM cause the synthesis of matrix com-
ponents that modify the structure and possibly the mechanical properties.

Mechanical Properties of Mineralizing Tendons

The viscoelastic behavior of mineralizing turkey leg tendon has been reported dur-
ing the period between 12 and 17 wk (24,33 ). These studies indicate the elastic modu-
lus for type I collagen is between about 3 and 7.75 GPa, similar to that found for
rat-tail tendon (24,33). Fibril lengths obtained from the viscous component of the
stress-strain behavior are between 414 and 616 um, which is slightly smaller than
those found for rat-tail tendon, but significantly greater than those for developing
chick tendons (2,49,5/). Mineralization appears to increase the elastic modulus for
type I collagen and may lead to changes in elastic energy storage (24). However, it is
not clear whether tendon mineralization is an adaptive process associated with loco-
motion of adult birds; many similarities exist between the effectors involved in miner-
alization and mechanochemical transduction that occur at the cellular level. This is
discussed in more detail in a later section (Mechanochemical Transduction in the Ten-
don, Ligament, and Capsule.

Comparative Mechanical Properties of the Tendon, Ligament, and Capsule

These mechanical properties are difficult to compare owing to the large variation in
measured properties of these tissues. This variation is a result of viscoelasticity and the
strain-rate dependence of the material properties (//). Although the recent advance of
separating the elastic and viscous contributions has yielded a value of between 4 and 8
GPa for the elastic modulus (24,33,72), no reports of similar measurements have been
made for the ligament and capsule. The elastic modulus for tendon models at first
approximation is not strain-rate—dependent (28), whereas the viscosity calculated from
the viscous stress decreases with increased strain rate (78).

The maximum strength for tendons and ligaments ranges from about 13 to 300 MPa,
and the strain at failure and modulus values range from about 6% to 50% and 0.065 to
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8 GPa, respectively (see ref. /] for a review). Values for hip capsule ligament are
reported to be similar to those for other ligaments and range from about 76 to 286 MPa;
the reported strain to failure is between 8 and 25% (79). These values are likely to
depend on age and loading history through mechanochemical transduction processes.

Mechanochemical Transduction in Ligament, Tendon, and the Capsule

All dense connective tissue is loaded in tension during development under normal
physiologic conditions (3,/9,26,78). This tension is, in part, passive tension incorpo-
rated into the collagen fibril network during development and active cellular tension
that is applied by fibroblast-like cells found in the ECM. The active component of the
tension exerted by fibroblasts is altered in response to changes in the external loads
applied to the tissue. Thus, active cell tension balances both changes in external load-
ing to the tissue, as well as the stresses acting at an angle to the loading direction.
Therefore, the mechanism by which elastic energy is stored in dense regular connec-
tive tissue during locomotion is important not only in understanding the physiology of
the tendon, ligament, and capsule but also in linking external energy storage to genetic
responses that occur via fibroblast stimulation in these tissues.

ECMs found in ocular, pulmonary, musculoskeletal, cardiovascular, and dermal tis-
sues are all under tension under normal physiologic conditions, even in the absence of
external loading (26). This tension fulfills cosmetic functions (i.e., smooth skin is much
more appealing than wrinkled skin), and also sets up a state of dynamic mechanical
loading at the collagen fibril—cell interface that stimulates mechanochemical trans-
duction. As defined in this chapter, mechanochemical transduction refers to the effect
of stresses and strains on gene expression and the regulation of cellular protein syn-
thesis that results from changes in mechanical loading. At equilibrium, all external
forces acting on tissues, organs, and collagen fibrils must sum to zero. In addition,
increases in external loading cause increases in internal stresses that act on collagen
fibrils and at the collagen fibril—cell interface. Beyond this effect, the observation
that cells grown in collagen lattices exert a contractile force (80) suggests that under
normal physiologic conditions, cells apply tension to the attached ECM. This tension
leads to dynamic active stresses applied to the collagen network and also leads to
incorporation of passive tension in the collagen fibrils during development and matu-
ration of tissue scaffolds.

The basis of the active tension exerted by cells has been studied by growing vari-
ous cell types in collagen matrices. When isolated fibroblasts are grown in a reconsti-
tuted collagen matrix, they contract the matrix because of active tension exerted by
cells on the matrix (80). Additionally, the cells respond differently when the matrix is
stressed as opposed to unstressed (80). Fibroblasts cultured in collagen matrices not
only actively contract the matrix but also remodel it. These examples underscore the
importance of passive and active stresses in the mechanobiology of dense connective
tissue, as well as suggest the need to understand how mechanical loading is intrinsi-
cally related to genetic expression of the resident cells.

Effects of Physical Forces on Cell-ECM Interactions

The mechanical properties of dense regular connective tissue are dynamically depen-
dent on the properties of the crosslinked collagenous network and on cell-ECM interac-
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tions. Forces are transmitted to and from cells through the ECM with changes in
mechanical forces and cell shape acting as biological regulators (87). Ingber hypoth-
esized that cells use a tension-dependent form of architecture, termed tensegrity, to
organize and stabilize their cytoskeleton (8/). Mechanical interactions between cells
and their ECM appear to have a critical role in cell regulation by switching cells
between different gene products (77). The relationship between external loading and
changes in genetic expression of cells in dense connective tissue is significant to
understand joint physiology and disease.

At least two mechanisms exist by which external loads affect gene expression of
resident cells in ECM: cell-ECM and cell-cell interactions (79). Integrin adhesion
receptors that connect ECM components and cytoskeletal elements have been impli-
cated in mediating signal transduction through the cell membrane in both directions
(82). Integrin adhesion receptors are heterodimers of two different subunits termed o
and B (82). They contain a large ECM domain responsible for binding to substrates,
a single transmembrane domain and a cytoplasmic domain that usually consists of
20-70 amino acid residues (83). They mediate signal transduction through the cell
membrane in both directions. Binding of ligands to integrins transmits signals into
the cell and results in cytoskeletal reorganization, gene expression, and cellular dif-
ferentiation (outside-in signaling). On the contrary, signals within the cell can also
propagate through integrins and regulate integrin-ligand binding affinity and cell
adhesion (inside-out signaling; 83,84).

Eukaryotic cells directly attach to ECM collagen fibers via integrin subunits, ot1B1
and o132 (85), through a six-residue (glycine-phenylalanine-hydroxyproline-glycine-
glutamic acid-arginine) sequence (86) that is present in the b2 and d bands of the col-
lagen-positive staining pattern (Fig. 12). Integrins are transmembrane molecules that
associate via their cytoplasmic domains with a number of cytoplasmic proteins, includ-
ing vinculin, paxillin, tensin, and others (87). All these molecules are involved in the
dynamic association with actin filaments. In cultured cells, integrin-based molecular
complexes form small (0.5—1 pm) or point contacts known as focal complexes (88) and
elongated streak-like structures (3—10 um long). The elongated structures are associ-
ated with stress fibers containing actin and myosin, also known as focal contacts or
focal adhesions (89). Recent research suggests that integrin-containing focal complexes
behave as mechanosensors that exhibit directional assembly in response to local force
(90). It has been reported that collagen binding integrins are involved in up- or
downregulating collagen o1(I) and collagenase (matrix metalloproteinase 1 [MMP1])
mRNA depending on whether fibroblasts are unloaded (9/7) or loaded (see ref. 79 for a
review).

The effects of mechanical forces have been studied on isolated fibroblasts and fibro-
blasts cultured in a collagen matrix. Fibroblasts were cultured on flexible-bottom sur-
faces coated with fibronectin, laminin, or elastin aligned perpendicular to the force
vector (92). Mechanically loaded cells grown on laminin, elastin, or other substrates
expressed higher levels of procollagen mRNA and incorporated more labeled proline
into protein than unstressed cells do (92). Fibroblasts in cell culture that are not aligned
with the force direction show a several-fold increase in activity of MMP1, MMP2, and
MMP3, suggesting that cells unable to align with the direction of the applied load
remodel their matrix more rapidly than oriented cells (93).
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Fig. 12. Integrin-binding sites on collagen fibrils. All eukaryotic cells express integrin dim-
mers, o.1B1 and o231, which bind to specific amino acid sequences found in the b, and d bands
of the positive-staining pattern of type I collagen. This diagram illustrates the location of these
integrin-binding sites relative to the flexible domains found in type I collagen fibrils. Note the
integrin-binding sites are located in two of the larger flexible domains on type I collagen. Ingber
(81) has proposed that integrins act as mechanosensors that transduce external mechanical sig-
nals into changes in gene expression and the activation of secondary messengers. External
tensile and compressive forces applied to dense regular connective tissue lead to stretching of
the b, and d bands in the type I collagen and could possibly lead to stretching and deformation
of the integrin dimers in these bands. These events would lead to stimulation of mechanochemi-
cal transduction via the activation and release of secondary messengers. In this manner, exter-
nal tensile forces applied to dense regular connective tissue during locomotion could cause
changes in mechanochemical transduction and alteration of gene expression.

Fibroblasts grown in a three-dimensional (3D) collagen lattice have been shown to
align themselves with the direction of the principal strain (94) and adopt a synthetic
fibroblast phenotype characterized by the induction of connective tissue synthesis and
inhibition of matrix degradation (95). Cell contraction of 3D collagen matrices was
observed in the direction opposite to the direction of applied loads (96). Increased exter-
nal loading was followed immediately by a reduction in cell-mediated contraction (96).

Effects of External Loading on Cell-ECM and Cell-Cell Interactions

During cell adhesion to collagen in the ECM, the initial binding of integrins to their
ECM ligands leads to their activation and clustering and to the assembly of focal adhe-
sion complexes, which serve as “assembly lines” for signaling pathways. These path-
ways include protein kinases, adaptor proteins, guanidine-exchange factors, and small
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GTPases that are recruited to these sites and may directly trigger mitogen-activated
protein kinases (MAPK) pathways or growth factors, as well as activation of the nuclear
factor (NF)-xB pathway (97-99).

The contacts between two adjoining cell membranes are stabilized by specific cell
adhesion molecules, which include the Ca?*-dependent cadherins. These molecules
allow cell—cell communications (/00,101 ) and are involved in mechanochemical trans-
duction via cell—cell interactions. In some cell types, cadherins are concentrated within
adherens junctions that are stretch sensitive (/07,/02), and their extracellular domains
interact with cadherins on adjacent cells, whereas their cytoplasmic domains provide
attachment to the actin cytoskeleton via catenins and other cytoskeletal proteins
(101,102). The Rho family is required for the establishment and maintenance of
cadherin-based adherens junctions (/03). The type of cadherin expressed in a cell can
affect the specificity (/02) and physiologic properties of cell—cell interactions (/00).

Fibroblast—fibroblast interactions in dense connective tissue contribute to the gen-
eration of internal tension. Ragsdale et al. (/04 ) showed that fibroblasts were stretched
in tension after spontaneous contraction of neighboring cells. They postulated that
mechanical transmission of tensile forces occurs through adherens junctions in fibro-
blasts. Mechanical perturbation leads to a transient increase in intracellular calcium
that propagates from cell to cell (/05). Mechanical forces applied to fibroblast adherens
junctions activate N-cadherin-associated, stretch-sensitive, calcium-permeable chan-
nels, which increase actin polymerization and activate MAPK pathways (106 ).

G proteins are another family of membrane proteins believed to modulate mecha-
nochemical transduction pathways (/07). Mechanical stimulation changes the confor-
mation of G proteins, causing growth factor-like changes that initiate secondary
messenger cascades that lead to cell growth (/08). Cyclic strain was shown to signifi-
cantly decrease steady state levels of G proteins and adenylate cyclase activity in some
cell types (109).

In addition to the activation of signaling pathways, mechanical stress triggers the
activation of stretch-activated ion channels, which have been identified in numerous
cells (/10) and were studied extensively in muscle cells (///,112). Stretch-activated
channels permit passage of cations, including Ca?*, K*, and Na*, but a few anion chan-
nels are reported to be sensitive to mechanical stimulation (//0,/13). In muscle cells,
Ca”*influx through voltage-gated channels induces a transient elevation in intracellu-
lar Ca?* levels (114). Ca?* influx is activated by mechanical stimulation and catalyzes
membrane depolarization and cell contraction (112). The presence of extracellular Ca®*
appears to be a requirement for its influx owing to stretch-induced cell contraction in
muscle cells (/75). It enhances the sensitivity of intracellular calcium on subsequent
signal transduction through the activation of cascades, such as protein kinase C
(115,116). Strain-induced Ca’* signal transmission involves the actin microfilament
system because an actin polymerization inhibitor was found to abolish Ca>* responses
induced by mechanical strain (/17).

Both Ca?* and K* channels have been implicated in mediating stretch-induced
changes in cells (107). Ca** ion involvement in phospholipase C (PLC) activation has
been proposed, which catalyzes the generation of PLC-derived inositol phosphates
and diacylglycerol necessary for phosphokinase C activation (//8,/19). K* channel
involvement has also been postulated (/120,121; Fig. 13).
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Many cellular processes are triggered by the application of external mechanical
forces to cells found in dense connective tissue. Cell adhesion to collagen via integrin
receptors, stretch activation of ion channels, changes in cell membrane structure, stretch
activation of growth factor receptors, and stretch activation of cell junctions activate
signaling pathways that lead to the activation of MAPK pathways and changes in gene
expression. These processes are summarized in Fig. 13.

SUMMARY

The tendon, ligament, and capsule are all composed of dense regular connective
tissue primarily containing types I and III collagen, proteoglycans, and cells. The
physiologic function of these tissues is to store and transmit elastic energy to and from
bones in the joint to aid in locomotion. Forces generated by muscle are stored as elas-
tic strain energy during tendon deformation, then transferred to the bone to allow for
joint movement. Energy is stored during joint bending as strain energy in the liga-
ments and capsule, which limit joint motion. Excess energy remaining after joint move-
ment is transferred back to muscle through the attached tendon, where it is dissipated
as heat.

Energy storage in dense regular connective tissue occurs by stretching flexible
regions in collagen molecules and fibrils that are crosslinked into a 3D network.
External forces applied to dense regular connective tissue not only cause joint bend-
ing but are also transduced into cellular changes, e.g., changes in cell division and
gene expression through cell-ECM and cell—cell interactions. Cell-ECM interactions
involve cell surface integrins and focal adhesion complexes that activate secondary
messengers attached to the cell membrane. Once formed, focal adhesion complexes
affect several pathways, including the MAPK pathway. Cell-cell interactions occur
by activating cadherin-dependent cell junction stretch receptors that cause the release
of intercellular calcium and activation of secondary messenger pathways. Mechani-
cal stretching of cells also enables alterations in cell membrane ion permeability that
affects cell function. All these processes affect the balance between external loading
and cell-generated contractile forces, which ultimately lead to changes in composition
and mechanical properties of the ECM.
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Fig. 13. (Opposite page) Putative mechanisms for mechanochemical transduction in ECM.
Generalized oversimplified scheme for how external mechanical stress is transduced into
changes in cell genetic expression. Tensile stresses applied to the cell through direct stretch-
ing of the cell membrane, stretching of ion channels in the cell membrane, stretching of
intracellular junctions, or through release of growth factors leads to the activation of second-
ary messengers that lead to release of factors, such as NF-xB. NF-xB binds to promoter
sequences in genes (e.g., for tenascin-C and type XII collagen). (Continued)
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Fig. 13. (Continued) Stretching of ECM-integrin contacts and cell intercellular junctions are
known to trigger MAPK pathways (MAPKKK, MAPKK, and MAPK) via GTPase ras. MAPKs
translocate to the nucleus and activate transcription factors, such as AP-1 or SRF. Alternately,
members of the MAPKKK family have been shown to activate the I-kB kinase (IKK) complex
that phosphorylates I-xB and leads to the release of NF-xB, which translocates to the nucleus.
In the nucleus, NF-xB binds to its target promoter sequence. Another putative route for MAPK
activation is via autocrine release of growth factors and activation protein kinase C (PKC),
whereas mechanical stretch also catalyzes the activation of stretch-response promoter regions
in tenascin-C and type XII collagen genes in a similar manner to platelet-derived growth factor

B. (Adapted from ref. 79.)
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Tendons of the Hand
Anatomy, Repair, Healing, and Rehabilitation

Paul C. Stephens, Eddy Dona, Beata Niechoda,
Tracey Clarke, and Mark P. Gianoutsos

INTRODUCTION

This chapter provides a review of the current knowledge in tendon repair, healing,
and rehabilitation, which would clearly be incomplete without first reviewing tendon
anatomy in the hand.

Many excellent books offer comprehensive coverage of the anatomy of the hand (/—
5), but this is not within the context of this chapter; only anatomy of the tendons and
recent developments that have been reported are discussed.

TENDON ANATOMY
Retinacular System

The skin on the palm is the thickest in the body as a result of a thickened stratum
corneum in the epidermis layer (the dermis is as thick as on the dorsum of the hand).
The skin has a rich supply of sweat glands but contains no hair or sebaceous glands.
Examination of the palmar hand shows a multitude of flexor creases (“lines” of the
hand) and papillary ridges (fingerprints). The function of the latter is controversial, but
they may function to improve grip, like the tread on a car tire. Skin of the hand is held
firmly in place by its attachment to the underlying palmar fascia, and a tight network of
fibrous bands connects the two.

The palmar fascia is thickest in the center of the palm, where it forms the palmar
aponeurosis, which is continuous proximally with the flexor retinaculum and laterally
with the thinner fascia covering the thenar and hypothenar muscles. The palmar apo-
neurosis is reinforced by a superficial layer of longitudinal fibers continuous with the
tendon of palmaris longus; these longitudinal fibers are usually present even when
palmaris longus is absent (approx 15% of patients; 6).

The palmar aponeurosis is firmly attached to the underlying metacarpals. A fibrous
medial septum extends from the medial border of the palmar aponeurosis to the fifth
metacarpal, medial to which is the hypothenar compartment. A fibrous sheath also
extends from the lateral border to the first metacarpal, lateral to which is the thenar
compartment. A strong central fibrous band also reaches to the third metacarpal, caus-
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ing two potential spaces—the midpalmar space and the thenar space—important in
predicting the spread of infection in the hand. The palmar aponeurosis widens distally
in a fan-like shape before dividing into four bands, one for each finger.

A digital sheath to the thumb is usually absent, but some longitudinal fibers of the
palmar fascia curve over and blend with the fascia of the thenar eminence. A transverse
thickening of the palmar fascia at the metacarpal heads results in the superficial trans-
verse metacarpal or natatory ligament. Longitudinal fibers of the palmar fascia also
extend into the fingers. The pretendinous band is the longitudinal extension of the pal-
mar aponeurosis in the fingers, inserting into the base of the proximal phalanx. At the
level of the metacarpal head, it divides to blend with the spiral band and lateral digital
sheet (7,8). Grayson’s and Cleland’s ligaments are also in the digit and are essential for
normal cutaneous stability during digital movements (9).

Flexor Musculature and Tendons

The flexor muscles in the forearm are divided into two groups: superficial and deep.
The superficial group consists of pronator teres, flexor carpi radialis, palmaris longus,
flexor carpi ulnaris, and flexor digitorum superficialis (FDS). They have a common
origin on the anterior surface of the medial epicondyle of the humerus. The deep group
consists of flexor digitorum profundis (FDP), flexor pollicis longus (FPL), and prona-
tor teres.

Only the FDS, FDP, and FPL cross the wrist to act on the digits; therefore, only
these are further considered.

Flexor Digitorum Superficialis

The FDS has an oblique origin that arises from multiple sources on the volar surface
of the humerus, ulna, and radius; its origin also defines the upper limit of the Parona
space. It overlies the median nerve and ulnar vascular bundle in the forearm (/0). In the
midpart of the forearm, the superficialis muscle belly divides into four bundles, which
separate into a superficial and deep belly. The superficial layer sends tendons to the
middle and ring fingers, and the deep layer sends tendons to the index and small fingers
(10). The FDS tendon to the little finger is not present in all individuals (//—/3). Cadav-
eric studies in Japan estimate that it is totally absent in 2% of individuals (/4), and a
similar result of 2% was also reported in a clinical trial by Thompson et al. in 2002 (6).

Flexor Digitorum Profundus

The common muscle belly of FDP arises from the medial surface of the olecranon
and the upper three fourths of the ulna and interosseous membrane. The FDP to the
index finger often separates in the forearm, whereas the other three tendons are usually
partly together as they pass under the flexor retinaculum in the wrist. Once in the palm,
the three tendons separate, such that four tendons of FDP are present in the palm, one
passing to each digit. The lumbricals take their origin from the palmar section of FDP.

Flexor Pollicis Longus

The FPL arises from the anterior surface of the radius and adjacent interosseous
membrane. It is a unipennate muscle whose tendon forms on the ulnar side. The tendon
continues to receive muscle fibers until just above the wrist, which facilitates its iden-
tification during surgery. It is the only extrinsic flexor of the thumb.
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Carpal Tunnel

The transverse carpal ligament (TCL) is a strong fibrous band that measures 2—3 cm
in both its transverse and longitudinal planes. It spans the volar aspect of the wrist and
proximal palm, forming the roof of the carpal tunnel. Its proximal limit is the dominant
distal wrist crease. Its attachments are the hook of the hamate and pisiform medially
and the tubercle of the scaphoid and ridge of the trapezium laterally. The base of the
carpal tunnel is formed by the concave surfaces of the carpal bones, and the roof is
formed by the TCL. Thus, the TCL and carpal bones combine to create a fibro-osseous
tunnel.

The carpal tunnel is traversed by 10 structures: nine flexor tendons and the median
nerve. As mentioned previously, the tendons of FDS are separate and lie in two rows,
with the FDS tendons to the middle and ring fingers superficial to the tendons of the
index and little finger. The tendons of FDP lie deep to the tendons of FDS in one plane,
and only the FDP tendon to the index finger is separate from the others. The FDS and
FDP tendons share a common flexor sheath. The median nerve traverses the carpal
tunnel on the radial side of the FDS tendon to the middle finger. The FPL tendon has a
separate synovial sheath and traverses the carpal tunnel lateral to the tendons of FDS
and FDP, deep to the median nerve. For an illustration, see refs. /-5.

The common flexor sheath that invests the tendons of FDS and FDP in the carpal
tunnel is incomplete on the radial side. This common sheath extends into the palm. In
the little finger, it continues along the whole length of the flexor tendon to its insertion
at the distal phalanx. In the three remaining tendons, the common flexor sheath ends
just distal to the TCL. The synovial sheath of FPL (like that of the little finger) contin-
ues until its insertion on the distal phalanx (2).

Palm

Upon emerging from the carpal tunnel, the four tendons of FDS and FDP fan out to
enter their respective digital synovial sheaths. The FDS tendons are superficial to those
of FDP in the palm. As the tendons of FDP emerge from the carpal tunnel, they give
origin to the lumbrical muscles. The lumbrical muscles travel distally in the palm,
inserting into the lateral bands of the digits.

Digits

The flexor tendons are covered by a thin layer of adventitia or paratenon. The ten-
dons of FDS and FDP enter the flexor sheaths of the digits together, with the tendon of
FDS palmar to the tendon of FDP. As the tendon of FDS enters the flexor sheath, it
flattens out and bifurcates, allowing the tendon of FDP to continue through to its inser-
tion at the base of the distal phalanx. The two limbs of the FDS tendon rotate away
from the midline and wrap around the FDP tendon, with half the fibers crossing on the
palmar surface of the phalanx to insert dorsal to the FDP tendon on the palmar surface
of the proximal half of the middle phalanx (chiasma). The remaining fibers insert as
radial and ulnar slips on the diaphysis of the middle phalanx (/5). Thus, FDS forms a
tendinous bed in which the FDP tendon lies.

In the flexor sheath, both tendons are invested by a common synovial sheath that
commences at the A1l pulley and terminates at their insertion. Aside from the synovial
sheath of the little finger, this is continuous with the common flexor sheath of the wrist.
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Flexor tendons receive their nutrition from intrinsic and extrinsic sources. The intrin-
sic blood supply originates from multiple sources: the musculotendinous junction,
osseotendinous junction, longitudinal vessels within the paratenon and vincular vessels
(16,17). Extrinsic nutrition from the synovial fluid is also recognized an important source
of nutrients (/8,/9) and is covered in greater detail in the Tendon Healing section.

Each tendon possesses a short and long vincula. The short vinculum of both FDS
and FDP are close to their insertions. The long vinculum of FDP reaches the tendon
from the palmar surface of the proximal phalanx and passes between the two halves of
the FDS tendon. The long vinculum of FDS is doubled, as each half of the FDS tendon
distal to the chiasma possesses a separate vinculum. They also reach the FDS tendon
from the palmar surface of the proximal phalanx (/6).

Flexor Sheath

The digital flexor sheaths are retinacular structures that commence at the level of the
metacarpal heads and terminate at the base of the distal phalanx. They function with
the retinacular structures at the wrist (TCL) and in the palm (palmar aponeurosis pul-
ley) to promote efficient flexor excursion of the tendons. These three components rep-
resent a unique and complex biomechanical system that enables complete digital
flexion without limiting extension (20).

The flexor tendon pulleys start to differentiate with the flexor tendons around wk 9 of
intrauterine development (27 ). Five annular and three cruciform pulleys have been iden-
tified in each of the digits. The first annular pulley (A1) is at the level of the metacarpal
phalangeal joint (MCPJ). The majority of the fibers (2/3) arise from the palmar plate;
the remainder (1/3) arise from the proximal portion of the proximal phalanx. The second
annular pulley (A2) is located over the proximal portion of the proximal phalanx, and
the third (A3) is at the level of the proximal interphalangeal joint (PIPJ) and attaches to
its palmar plate. The first cruciform pulley (C1) is located between A2 and A3 over the
distal portion of the proximal phalanx. The fourth annular pulley (A4) is at the
midportion of the middle phalanx. The second cruciform pulley (C2) is between A3 and
A4, overlying the proximal portion of the middle phalanx. The fifth annular pulley (AS)
is located over the distal interphalangeal joint (DIPJ) and is attached to its palmar plate.
The third cruciform pulley (C3) is located between A4 and AS at the distal end of the
middle phalanx (20,22,23).

Zones of Flexor Tendon Injury

Zones of flexor tendon injury were first defined by Kleinert and Verdan in 1983
(24). They divided the flexor tendon into five anatomic zones. This is the most widely
used system to classify flexor tendon injuries.

Zone I: distal to the insertion of the FDS tendon.
Zone II: proximal origin of the A1l pulley to the insertion of the FDS tendon.
Zone III: from the distal edge of the TCL to the proximal edge of the Al pulley.

Zone IV: within the carpal tunnel, deep to the TCL.
Zone V: from the musculotendinous junction to the proximal edge of the carpal tunnel.

Extensor Musculature and Tendons

Like flexion, finger extension is manifested by two muscle groups: the extrinsic
and intrinsic extensors. The extrinsic extensors arise in the extensor (posterior) com-
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partment of the forearm and are primarily responsible for extension at the MCPJs,
and secondary extension at the PIPJ and DIPJ. The intrinsic muscles of the hand flex
the MCPJ and extend the PIPJ and DIPJ. Thus, the intrinsic and extrinsic extensors
have complimentary function at the interphalangeal joints and opposing function at
the MCPJs (25).

The extensor compartment of the arm contains 12 muscles arranged in two groups: a
superficial and deep group.

The superficial group contains the brachioradialis, extensor carpi radialis longus
(ECRL), extensor carpi radialis brevis (ECRB), extensor digitorum communis (EDC),
extensor digiti minimi (EDM), extensor carpi ulnaris (ECU), anconeus, and supinator.

The deep group consists of the abductor pollicis longus (APL), extensor pollicis
brevis (EPB), extensor pollicis longus (EPL), and extensor indicis propius (EIP).

The superficial muscles have a common extensor origin on the lateral epicondyle of
the humerus. The deep muscles originate from the posterior surface of the radius and/
or ulna and the interosseous membrane.

Functionally, they can be divided into three groups: (1) muscles that extend and
abduct/adduct the wrist (ECRL, ECRB, and ECU); (2) muscles that extend the fingers
(EDC, EIP, and EDM); and (3) muscles that extend and abduct the thumb (APL, EPB,
and EPL).

The muscles of the posterior compartment are innervated by the posterior interosseous
nerve, a branch of the radial nerve, and the radial nerve proper.

Extensor Retinaculum

At the wrist, the tendons of the extensor muscles are restrained by the extensor reti-
naculum—a band-like thickening of the deep fascia of the forearm. It is approx 2 cm
wide and lies obliquely across the dorsum of the wrist. It functions like the flexor reti-
naculum to prevent bow-stringing of the tendons. It is divided into six fibro-osseous
tunnels, which transmit the extrinsic extensor tendons from the extensor compartment
of the forearm to the dorsum of the hand (2). These are classically labeled I-VI, in a
radial to ulnar fashion.

I. APL and EPB: on the lateral aspect of the radius and transmits APL and EPB, which both
have a separate synovial sheath.

II. ECRB and ECRL: extends as far as the dorsal tubercle on the radius and transmits the
wrist extensors, ECRB and ECRL, which also have a separate synovial sheath.

III. EPL: ulnar to the dorsal tubercle, transmits the EPL with its separate synovial sheath.

IV. EDC and EIP: a shallow groove on the dorsum of the distal radius that transmits the four
tendons of EDC and the EIP tendon, all of which have a common synovial sheath.

V. EDM: over the distal radioulnar joint, transmits the EDM and its synovial sheath.

VI. ECU: at the base of the ulnar styloid, transmits the ECU and its flexor sheath.

The synovial sheaths of the tendons end distal to the extensor retinaculum; they are
not continued into the hand or digits.

ExTENSOR DiGgitorumM COMMUNIS

The EDC has a common muscle belly that splits, giving rise to three or four tendons
that pass under the extensor retinaculum in the fourth fibro-osseous tunnel, superficial
to the tendon of EIP. The tendons continue across the dorsum of the hand, inserting
into the extensor hood on the dorsum of the fingers. The EDC tendons to the index and
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long finger are usually a single tendon with a single insertion. The EDC tendon to the
ring finger is usually a double tendon with a single insertion, and the EDC tendon to
the little finger is variable in its presence, being absent in approx 50% of patients
(26,27).

ExTENSOR INDICIS PROPIUS

The tendon of EIP is initially deep to the EDC tendons in the fourth fibro-osseous
tunnel. In the dorsum of the hand, it runs distally on the ulnar side of the EDC tendon to
the index finger and inserts ulnar to the EDC tendon on the dorsal aponeurosis of the
index finger.

ExTENSOR DiGIT1 MINIMI

The tendon of EDM passes through the fifth fibro-osseous tunnel alone, typically
consisting of a double tendon with a double insertion into the dorsal aponeurosis of the
little finger.

JUNCTURAE TENDINUM

The function of the juncturae tendinum is to interconnect the extensor tendons on
the back of the hand. Its role is debated: they may be involved in spacing of the EDC
tendons, force redistribution, coordination of extension or stabilization of the MCPJs
(28). Its presence is variable; in 2001, von Schroeder and Botte (28) described three
subtypes:

Type 1: thin and filamentous, found primarily between the EDC tendons to the index and ring
fingers and the ring and little fingers.
Type 2: thicker and well defined, found primarily between the middle and ring fingers and the
ring and little fingers.
Type 3: slips between the middle and ring fingers and the ring and little finger, including EDM.
Two subtypes were defined:
Type 3y: splits and inserts into two adjacent fingers.
Type 3r: transverse junctional connection between two tendons.

In a recent study, Hirai et al. (29) concluded the dissection of 548 upper limbs that
the most common patterns were type 1 in the second intermetacarpal space, type 3r in
the third intermetacarpal space, and type 3y in the fourth intermetacarpal space.

DoRsAL APONEUROSIS

The dorsal aponeurosis or extensor expansion is a complex network of multidirec-
tional fibers that connect the extrinsic and intrinsic extensors. It can be divided into two
parts, each with three insertion points: a central part that is a continuation of the extrin-
sic extensor tendons and a lateral part that is a continuation of the intrinsic extensors.

The central portion of the dorsal aponeurosis consists of three insertion sites into
each of the three phalanges: sagittal bands into the proximal phalanx; central slip into
the middle phalanx; and terminal tendon into the distal phalanx.

The long extensors insert mainly into the sagittal bands and directly into the dorsum
of the proximal phalanx. The sagittal bands wrap around the distal metacarpal, MCPJ,
and proximal phalanx, which inserts into the volar plate of the MCPJ and the volar
periosteum of the proximal phalanx. They function primarily as extensors of the MCPJ
by lifting the proximal phalanx.



Tendons of the Hand 55

Longitudinal fibers of the long extensors continue through the sagittal bands and
across the dorsum of the proximal phalanx. At the midportion of the proximal pha-
lanx, it trifurcates, giving rise to the central and two lateral slips. The central slip
continues across the PIPJ to insert into the central tubercle on the dorsum of the
middle phalanx. The lateral slips continue distally and coalesce to form the con-
joined lateral bands (together with the lateral bands proper). The two conjoined lat-
eral bands then coalesce with the aid of the triangular ligament to from the terminal
tendon, which inserts into the dorsum of the distal phalanx. The long extensors can
function to extend the interphalangeal joints but only when the MCPJ is held in par-
tial flexion.

The lateral portion of the dorsal aponeurosis consists of three insertion sites into
each of the three phalanges: transverse retinacular ligaments into the proximal pha-
lanx; oblique retinacular ligaments and medial bands into the middle phalanx; and dis-
tal lateral band inserts into the distal phalanx.

The intrinsic muscles that control the dorsal aponeurosis include the lumbricals,
interossei, and abductor digiti minimi. At the proximal lateral angles of the triangle, the
insertion of the intrinsic extensors contribute to the formation of the sagittal bands. The
deep transverse metacarpal ligament separates the intrinsic extensors; the interossei
tendons run dorsal to it, and the lumbricals run palmer to it. The sagittal band functions
to centralize the central slip of the EDC tendon over the metacarpal heads at the MCPJ
level. Distal to the deep transverse metacarpal ligament, the intrinsic tendons merge to
from the lateral bands.

The lateral portions of the dorsal aponeurosis attach to the proximal phalanx via the
transverse retinacular ligaments. The fibers of the transverse retinacular ligaments run
approximately parallel to the fibers of the sagittal band. They form a sling around the
proximal phalanx, allowing it to be pulled volarly. Thus, the intrinsic muscles are pri-
marily responsible for flexion at the MCPJ. As the interossei are inserted into the dor-
sal aponeurosis more proximally than the lumbricals they can make a more significant
contribution to MCPJ flexion (25,30). The transverse retinacular ligaments also func-
tions to stabilize the extensor tendon over the PIPJ (31).

Distal to the transverse retinacular ligaments, the lateral bands continue as the
oblique retinacular ligaments and the medial bands. The oblique retinacular liga-
ments insert with the central slip into the central tubercle of the middle phalanx, and
the medial bands insert into the dorsolateral tubercles on either side of the central
slip. They function with the central slip to extend the PIPJ (25,31).

The lateral band continues distally and merges with the central slips to form the
conjoined lateral tendons. As mentioned previously, these merge to from the terminal
tendon that inserts into the dorsum of the distal phalanx (25).

Zones of Extensor Tendon Injury

Zones of extensor tendon injury were described by Kleinert and Verdan (24). They
defined eight zones—four odd-numbered zones overlying the digits and four even-
numbered zones overlying the intervening tendon segments—increasing in number
from distal to proximal. These zones overlie the following areas: zone I, DIPJ; zone II,
middle phalanx; zone III, PIPJ; zone IV, proximal phalanx; zone V, MCPJ; zone VI,
metacarpals; zone VII, carpal joints; and zone VIII, distal radius and ulna.
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Tendons of the Thumb
Flexor Pollicis Longus

As mentioned previously, the FPL is the only extrinsic flexor of the thumb. It
traverses the carpal tunnel lateral to the tendons of FDS and FDP, deep to the median
nerve. Emerging from the carpal tunnel, it extends into the thumb and inserts into the
base of the distal phalanx. FPL functions primarily to flex the interphalangeal joint of
the thumb; however, it also flexes the metacarpophalangeal and carpometacarpal joints
of the thumb and wrist. The deep head of the flexor pollicis brevis also flexes the
metacarpophalangeal joint.

Thumb Pulley System

The thumb has a unique pulley system, as defined by Doyle and Blythe in 1977
(32). They demonstrated the presence of one oblique and two annular pulleys (Al
and A2). The A1 pulley is a transverse retinacular pulley; its proximal 2/3 overlies
the MCPJ and its distal 1/3 overlies the proximal phalanx. The A2 pulley is also a
transverse retinacular pulley; its proximal 2/3 overlies the PIPJ and its distal 1/3
overlies the distal phalanx. The oblique pulley originates from the ulnar side of the
proximal half of the proximal phalanx and inserts into the radial side of the base of
the distal phalanx. A fourth variable annular pulley with three subtypes is recognized
by some authors (33).

Thumb Extension

Thumb extension is facilitated by three extrinsic muscles: APL, EPB, and EPL.
However, unlike the digits, there is no dorsal aponeurosis. These are well described in
Last’'s Anatomy (2).

ABDUCTOR PoLLicis LoNGus

APL arises from the back of the radius and ulna and the intervening interosseous
membrane and passes through the first fibro-osseous tunnel at the wrist. It usually
divides into two slips: one inserting into the base of the first metacarpal and the other
into the trapezium. Its mechanism of action is to extend the thumb at the carpometac-
arpal joint, but it also assists in wrist abduction and flexion.

ExTENSOR PoLLicis BREvis

EPB arises below APL from the radius and adjacent interosseous membrane. It also
passes through the first fibro-osseous tunnel with APL and it inserts into the base of the
proximal phalanx. It extends the metacarpophalangeal and carpometacarpal joints of
the thumb.

ExTENSOR PoLLicis LoNGUS

EPL arises from the ulna distal to APL, crossing the wrist in the third interosseous
tunnel and hooking around the dorsal tubercle (Lister’s tubercle) of the radius. It
inserts into the base of the distal phalanx. Its functions is to extend the interpha-
langeal joint of the thumb and also assists extension and abduction at the wrist.

Although there is no dorsal aponeurosis, EPL receives a fibrous expansion from
both the abductor pollicis brevis and adductor pollicis, which hold the long extensor
tendon in place. As such, both intrinsics are weak extensors of the thumb.
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TENDON REPAIRS
Flexor Tendon Repair

One of the greatest challenges hand surgeons face is to restore normal function to
the hands of patients who have sustained flexor tendon injuries.

Bunnell first coined the term “no man’s land” to refer to zone II flexor tendon inju-
ries in 1944, as results were so poor after tendon repair in this zone (34). He advocated
removing the injured tendon and replacing it with a tendon graft as a secondary proce-
dure.

However, during the 1960s, several surgeons challenged this practice by perform-
ing primary tendon repairs and, by the 1970s, this had become the preferred treatment
option (35-39). Despite several decades of primary repair as the accepted treatment
for flexor tendon injuries, achieving satisfactory postoperative hand function is still a
major challenge.

It is now widely recognized that much of the outcome after flexor tendon injury is
dependent on postoperative management and hand therapy. However, a sound surgical
technique is the foundation upon which this is built. Unfortunately, the best method for
repairing a flexor tendon is still highly debated, as each individual surgeon has their
own preferred techniques and protocols. The countless number of reported surgical
techniques to repair the injured flexor tendon surgery in the literature attests to this.
However, despite the controversy, all surgeons would agree on several basic principles
in relation to tendon repair.

» The technique should be relatively simple.

e It should involve minimal tendon handling.

e It should contain both a core and peripheral suture.

» Early postoperative mobilization by a hand therapist.

Early Mobilization

The best primary tendon repair will not restore satisfactory function if it is not ac-
companied with the appropriate early postoperative mobilization. Initially, protected
passive finger mobilization had been the standard postoperative protocol after repair
(24,40,41). The motion generated by passive mobilization had been shown to improve
tendon healing and reduce peritendinous adhesion formation, a significant problem
associated with postoperative immobilization (42—47).

With this initial insight into the benefits of passive mobilization, many authors
observed the use of controlled active mobilization protocols (48—54). Active mobili-
zation generates both increased tension and motion and has been shown to offer sev-
eral advantages over passive mobilization (49,53,54). The main advantage is
improved ultimate range of motion, thought to be caused by a decrease in adhesion
between the repaired tendon and peritendinous tissues. Other advantages include
minimal initial strength depression, greater tensile strength, improved tendon nutri-
tion, and a higher rate of healing. Thus, early active motion improves the strength
and gliding characteristic of healing tendons, leading to an improved hand function.
However, a repair technique must be used that can withstand the tensile forces gener-
ated by active mobilization, as the risk of tendon rupture becomes a significant con-
cern with any such protocol (55).
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Surgical Preparation

Tendon repair should be performed under tourniquet control and an appropriate anes-
thetic. The existing skin lacerations should be extended in a manner that balances access,
flap vascularity, and limitation of wound length. Avoidance of longitudinal incisions
passing volar to the joint axis is important in minimizing subsequent flexion contracture.
Most often, a zigzag volar pattern incision is employed, as described by Bruner (56). The
utmost care should be taken to identify and preserve the neurovascular bundles. The
tendon sheath should be opened enough to allow delivery of both proximal and distal
tendon stumps. Flexing the wrist and fingers and even “milking” the palm from a proxi-
mal to distal direction to deliver a retracted proximal tendon stump is a way to facilitate
this. Fine artery forceps passed down the flexor sheath can also be used; however, avoid
blindly grasping down the sheath. A thrombus visible within the sheath indicates that the
tendon stump is not too far away as these are often found on the end of the stump. If such
measures fail to produce the tendon stump, an incision should be made within the palm
or even at the wrist level (if necessary) to find it. Once found, it can then be passed
distally down the sheath with the help of a fine catheter, such as an infant-feeding tube.

Once both tendon stumps are within the surgical field, they can be secured in posi-
tion by passing a fine needle through each and adjacent soft tissues, taking care to
avoid the neurovascular bundles. If the tendon ends are jagged, these can be “cleaned”
by excising a minimal amount, ensuring that the tendons are not shortened too much as
this will result in a permanent finger flexion contracture. In the uncommon situation
where the tendon is lacerated at a very oblique angle (greater than 10 mm of the length
of the tendon) the repair could be performed using the Becker method (57). This method
was proposed as a means of repairing all tendon injuries via beveling the ends, and
although it provided a strong repair, it created a problematic shortening of the tendon
and is therefore no longer routinely used. An alternate method of such oblique lacera-
tions is to excise a minimal amount from each end to reduce the angle of the point of
division. Then proceed to repair the tendon with both a “core” and a “peripheral” su-
ture, as this is the preferred technique for all flexor tendon injuries.

The aim is to have a repair site that is smooth enough to allow minimal gliding
resistance within the sheath, and strong enough to withstand early mobilization so it
does not rupture or allow significant gap formation. The gap retarding qualities of flexor
tendon repair techniques are important; studies have shown that gap formation of as
little as 1-3 mm can result in increased peritendinous adhesion formation and adverse
clinical outcomes (58-60).

Core Repair

The most widely recognized form of tendon repair is that described by Kessler in
1973 (61). It is a two strand repair with two lateral “grasping” components on each side
of the tendon division. Pennington (62) described the “locking” loop modification of
the Kessler repair, where the transverse component of the suture passes anterior to the
longitudinal strands, locking onto a bundle of tendon fibers when the tendon is subject
to tensile forces. Locking repairs have been shown to afford more strength to the repair
than simple “grasping” loops (63—-65).

Hatanaka and Manske (66) further demonstrated that increasing the cross-sectional
area of the locking component increased the strength of the repair. Modified forms of
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the Kessler technique are probably the most commnonly applied surgical techniques in
tendon repair.

Numerous other techniques have been described, all of which aim to provide a stron-
ger repair (48,50,67—74). One typical theme from these techniques is that the strength
of the repair is proportional to the number of strands crossing it, with a four-stranded
repair being twice as strong as a two-stranded repair and, consequently, a six-stranded
repair being almost three times stronger. Several authors have even described eight-
stranded repair techniques (73,74). Unfortunately, increasing the strands per repair also
increases the techniqual complexity and, more importantly, the bulk of the repair.
Therefore, many of these multistrand techniques have not yet been used in common
practice.

Four-stranded repair techniques are usually favored because they provide sufficiently
increased strength without the bulk or tissue handling requirements of six- or eight-
stranded repairs (48,67,68,71). Kubota et al. (67) described a four-strand single-knot
modified Kessler repair, which provides four “locking” segments on either side of the
tendon division. However, McLarney’s (72 ) four-strand cruciate repair is perhaps ideal.
Although it is not as strong as Kubota’s four-strand modified Kessler technique (65), it
does provide the strength of a four-strand repair with the simplicity and tendon han-
dling requirements of only a two-stranded repair.

Suture material and caliber are also important aspects of tendon repair. Various
materials have been employed for the core suture. Larger caliber sutures are obviously
stronger than those that are smaller. But again, a balance between suture size and mini-
mal bulk must be met. For this reason, 3/0 or 4/0 suture material is generally preferred.
The ideal suture material would be a monofilament for handling ease (to allow easy
sliding within the tendon), maximal stiffness (to minimize the amount of stretch), and
bioresorbable. Unfortunately, no suture material yet fulfils all these criteria.

Uncertainties regarding the longevity of bioresorbable sutures, and the tissue reac-
tion they may provoke during resorption, has generally precluded their use. Prolene
and, to a lesser extent, Nylon, are typically the perferred sutures, as they are
nonresorbable monofilaments and are thus easy to handle. However, they are flawed
by their relatively poor stiffness qualities, resulting in a greater potential for stretch,
with subsequent gap formation and repair failure. Braided sutures, e.g., Ticron and
Ethibond, confer greater stiffness when compared with Prolene but can be difficult to
handle, especially when using four or more strands in the repair. This difficulty relates
to their inability to “slide” within the tendon once placed; therefore, adjusting indi-
vidual suture strand lengths and tension is extremely difficult. This is an important
issue, as Trail et al. (75) demonstrated that differential suture strand loading could
reduce the repair strength.

Ketchum et al. (76) showed that Supramid, a polyfilament ensheathed caprolactan
(Supramid, S. Jackson, Inc., Alexandria, VA), is a good suture material. It is nonre-
sorbable, slides within the tendon well, and has minimal extensibility. It is also one of
the few sutures available with two strands per needle, thus making multistrand repairs
relatively easy.

Another area of debate is the placement of the suture knot. Aoki et al. (77) have
shown using canine cadaver tendons that knots placed within the repair site can reduce
the strength of the repair. They also demonstrated that the greater the number of knots,
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the worse the tensile strength. Using a canine in vivo study, Pruitt et al. (53) also showed
that the early tendon tensile strength was worse when knots were placed within the
repair site. However, at 6 wk, there was no significant difference between those that
had knots placed either within or outside of the repair site.

Despite the early biomechanical advantages of knot placement outside of the repair
site, this does result in greater gliding resistance (78), with knots possibly catching on the
tendon pulleys. McLarney’s (72) original description of the cruciate four-strand repair
used an intratendinous placement of the suture knot, consequently avoiding these issues.
However, in our experience, most surgeons prefer to place the knot between the two
tendon ends. Ideally, utilizing a single continuous suture; thus, only one knot is required.

PERIPHERAL SUTURE

Much to the disappointment of the surgeon new to flexor tendon repair, the diagram-
matic perfection of coaptation is not usually met in practice. To this end, a circumferential
suture was used, originally as a tidy-up suture (35). However, it has been shown to confer
significant biomechanical advantages to the overall integrity of the repair, improving the
resistance to gap formation and providing as much as 50% of the ultimate load to failure
and stiffness (3,67,68,79-81). This makes it an important consideration, particularly in
those patients likely to commence on an early finger mobilization program.

Although originally described as an epitenon repair (35), as it only involved the epi-
tenon, Mashadi and Amis (82) showed the importance of the suture passing through the
tendon fibers. Therefore, it is preferably referred to as a circumferential component of
repairs, because all currently advocated methods pass through the tendon fibers. The
suture material of choice is generally a 6/0 or even a 5/0 monofilament, such as Prolene.

The simple running technique is likely the most commonly employed circumferen-
tial suture. The suture strands of this repair run along the line of the tendon fibers.
Attempts to improve this technique have been described with Diao et al. (79), who
found an 80% increase in repair strength when the bite depth was increased. Several
other modifications of the simple running repair have been described but are not rou-
tinely used by most surgeons (83).

Another method that has widespread use is the cross-stitch repair, described by
Silfverskiold and Anderson in 1993 (84). The transverse component of this method pro-
vides a stronger hold on the tendon as it runs perpendicular to the orientation of the
tendon fibers. A further development is the interlocking horizontal mattress technique,
recently described by some authors (85). This relatively easy method “locks” around the
periphery of the tendon when subject to tensile forces and has been shown to be biome-
chanically superior to the simple running and cross-stitch repairs in vitro. Various other
horizontal mattress methods have been reviewed that provide greater biomechanical prop-
erties in comparison to the simple running suture (35,82,86,87); however, many are
flawed by their complexity in design and are therefore not routinely used by many sur-
geons.

Like the core suture, studies have demonstrated that increasing the number of strands
crossing the repair site increases the repair strength (53).

SHEATH AND PULLEY

Every effort should be made to repair all aspects of the sheath, but this can be techni-
cally challenging. Theoretically, this would be expected to reduce peritendinous adhe-
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sion formation, yet, no strong evidence exists to support this. If a decision to repair has
been made, then this should be with a nonresorbable suture, such as 6/0 Prolene.

Evidence exists to encourage preserving and repairing the pulleys; as discussed
earlier, they are essential for normal finger functioning (/0,78,858-90). An absent or
incompetent pulley results in an increased moment arm, owing to tendon bowstringing,
requiring increased tendon excursion to produce the same arc of motion. Clinically,
this is associated with the loss of power, reduced range of motion, the risk of addi-
tional pulley rupture, and the development of fixed flexion contractures (97).

Biomechanically the most important pulleys are the A2 and A4 pulleys (88,89,92). It
may be necessary to open (otherwise known as “vent”) one of the pulleys to permit
greater access for tendon repair. If this is necessary, then this should be performed
dorso-laterally, allowing sufficient dorsal cuff to aid in its closure after the tendon
itself has been repaired. A repaired tendon that cannot move passively through its full
excursion with minimal resistance is another reason a pulley may need to be vented or
even partially excised. Kwai and Elliot (93) showed that in a series of 126 complete
zone II tendon transections, venting was required in 64% of A2 (56%) and A4 (8%)
pulleys. The mean size of their venting was 52% of the pulley length. Other biome-
chanical studies have shown that up to 75% of both the A2 and A4 pulleys can be
sacrificed with minimal decrease in the total finger flexion and without significant risk
of rupture (94-96).

In contrast to the A2 and A4 pulleys, the A3 pulley is considered to be of little
biomechanical importance. However, Tang and Xie (97) demonstrated that A3 and the
adjacent sheath spanning A2 to A4 does have an important part in restraining tendon
bowstringing at the PIPJ.

Zone Injuries

If sufficient distal stump exists, then tendon repair should be performed in the same
manner as described for zone II injuries. However, if the laceration is very distal, or if
the FDP has avulsed from the distal phalanx, then a different approach should be taken.
The traditional repair method was the pull-out suture tied over a button on the nail
plate, originally described by Bunnell (98). As it is a pullout method, the preferred
suture is therefore limited to a monofilament, such as Prolene. The duration of removal
is usually 6 wk, at which stage, sufficient healing at the tendon bone interface should
have occurred. Unfortunately, this technique has many disadvantages; it is unsightly,
requires a second, albeit minor, procedure to remove the suture and button, can act as a
source of suture tract infection, and it can cause discomfort to the nail region. Addi-
tionally, the results of this repair method are poorly reported. Moiemen and Elliot (99)
in a series of 14 such repairs, noted that six regained less than 50% of their normal
DIPJ flexion.

Much like zone II injuries, methods have been proposed to increase the strength of
the pull-out repair through various suture techniques or by increasing the suture strands
involved (17,100). However, this does not eliminate the problems encountered with
pull-out techniques.

Small bone anchors have been developed to secure soft tissues to bone, and several
have been advocated for use in FDP tendon fixation (/0/-/03). Bone anchors poten-
tially make it a simple one-stage repair and allow the use of more than two strands per
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repair (103). As suture pull-out is not required, braided, less extensible sutures can be
used with the potential for less gap formation at the tendon bone interface. But, like the
pull-out button technique, there is still a paucity of clinical trials in the literature.
Zones I1I-V injuries should be repaired in the same manner as zone Il injuries already
described. They tend to be less challenging in the absence of the digital sheath.

Partial Lacerations

The treatment of partially lacerated flexor tendons has been controversial. The pos-
sible complications associated with an unrepaired partial laceration include trigger-
ing, entrapment, or rupture (/04—110). Triggering creates discomfort during finger
motion, as the laceration site gets caught on the pulley edge. Entrapment is caused by
the inability of the laceration site to enter the pulley, resulting in limited range of
motion.

Several authors have demonstrated that suturing of a partially divided tendon causes
a reduction of the tensile strength of the tendon in vivo (//1,/12). Other authors have
shown that the threshold load levels to rupture human flexor tendons with major divi-
sions of their cross-sectional area (CSA) of up to 75% are higher than the physiologic
load levels measured during active motion, suggesting that these partial lacerations can
withstand in vivo forces associated with active mobilization (/13).

In a clinical study of 34 patients by Wray and Weeks (//4), functional results with
partial lacerations of up to 95% were excellent in 92% of cases. A similar study of 15
patients by Al-Qattan (//5) with a mean partial laceration of 71% (range 55-90%)
showed an excellent outcome in 93% at 6 mo.

The logical approach to partial flexor tendon lacerations would be to intraopera-
tively assess for any triggering. If such triggering exists, and the laceration is less than
75% of the tendon CSA, then the edges should be trimmed or beveled. If the laceration
is greater than 75% of the tendon CSA, then a standard core and circumferential suture
should be employed to coapt the edges. Although the remaining intact portion of the
tendon is almost certainly biomechanically superior than any repair technique, it does
facilitate tendon healing and maintains a normal caliber.

Extensor Tendon Repair

Extensor tendon injuries are more frequently encountered than flexor tendon inju-
ries, because they are less protected than flexor tendons. As highlighted previously,
their different anatomy entails that the treatment of such injuries differs to that of flexor
tendons. The type of injury, surgical approach, and potential deformity vary according
to the injury zone. Injuries and their respective treatments are categorized into the eight
zones described by Verdan (/16).

Zone I Injury (Mallet Finger)

Disruption of the extensor tendon over the DIPJ produces the characteristic flexion
deformity known as a mallet finger. A mallet finger may be open, but it is more com-
monly closed. They are classified into four types:

Type I. closed, with or without an avulsion fracture.

Type II: laceration at or proximal to the DIPJ with loss of tendon continuity.
Type III: deep abrasion with loss of skin, subcutaneous cover and tendon substance.
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Type IV:  which is designated into three categories:

A: transepiphyseal plate fracture of the distal phalanx in children.

B: hyperflexion injury with fracture of the articular surface of 20-50%.

C: hyperextension injury with fracture of the articular surface usually greater than 50%
and with early or late palmar subluxation of the distal phalanx.

Each type of injury warrants a different treatment, but in the majority of cases, splint-

ing alone will suffice.

Type I: continuous splinting of the DIPJ in full extension for 6 wk, followed by 2 wk of
night splinting.

Type II: a simple figure-of-eight suture to repair the tendon. The DIPJ is then splinted in
extension for 6 wk, followed by 2 wk of night splinting.

Type III: immediate soft tissue coverage and primary grafting or late reconstruction using a
free tendon graft.

Type IV: with the following treatments:

A: closed reduction. The extensor mechanism is attached to the basal epiphysis; thus,
closed reduction followed by splinting for 3—4 wk results in correction of the defor-
mity.

B: splinting for 6 wk with 2 wk of night splinting.

C: owing to the palmar subluxation, this injury is best managed operatively with open
reduction and internal fixation with a Kirschner wire. This should also be protected
with a splint for 6 wk, followed by wire removal and DIPJ mobilization.

Zone 1I Injury (Middle Phalanx)

A zone Il injury is usually secondary to a laceration or crush mechanism. If less than
50% of the tendon width is divided, then treatment involves routine wound care and
splintage for 7-10 d, followed by active mobilization. Injuries greater than 50% of the
tendon should be repaired with either a continuous running suture or several figure-of-
eight sutures using a nonresorbable 4-0 or 5-0 suture, which is followed by 6 wk of
splinting.

Zone 1II Injury (Boutonniere Deformity)

Disruption of the central slip overlying the PIPJ results in a Boutonniere deformity
with loss of extension of the PIPJ and hyperextension of the DIPJ. This may be a closed
or open injury. As a general rule, all open injuries over the PIPJ should be explored in
the operating theater. An early injury may not necessarily be associated with a Bouton-
niere deformity, as this usually develops 10-14 d after the initial injury, especially in
closed trauma (/7). As the tendon ends do not retract in this area, treatment is rela-
tively simple and requires several figure-of-eight sutures using a nonresorbable 4-0 or
5-0 suture, followed by up to 6 wk of splinting.

In closed injuries, localized swelling without the classic deformity are characteristi-
cally seen early. Diagnosis is best made by splinting the finger in extension for a few
days and reexamining the finger after the swelling settles down. Weak or absent exten-
sion of the PIPJ suggests central slip disruption (//8). Initial treatment of closed injury
should be splinting the PIPJ in extension for 4—6 wk and reapplication of a splint if the
deformity recurs.

Surgical indications for a closed Boutonniere deformity are: displaced avulsion frac-
ture at the base of the middle phalanx; axial and lateral instability of the PIPJ associ-
ated with loss of active or passive extension of the joint (//9); and failed nonoperative
treatment.
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Surgical treatment consists of securing the central slip to the middle phalanx with or
without the bony fragment. This may be helped by the use of a bony anchor in a non-
fracture avulsion injury. Splinting the PIPJ in extension is then required. If a bony
fracture is involved, mobilization is usually commenced after radiographic evidence of
union exists. If primary repair of the central slip is not possible, both lateral bands can
be longitudinally split and sutured together along the dorsal midline, thus recreating
the central slip. Another option is to create a turnover flap from the proximal portion of
the central slip, which is sutured to the distal end of the central slip. The proximal
defect is then closed primarily. These methods help prevent the development of a Bou-
tonniere deformity and will allow active flexion of the PIPJ.

Zone 1V Injury (Proximal Phalanx)

These injuries are more often partial and tend to only involve the broad extensor
retinaculum, not the lateral bands. For such partial injuries, if no loss of extension is
present, then repair is often not required, and early motion should be considered. Alter-
natively, a simple running or figure-of-eight suture using a nonresorbable 5-0 suture to
coapt the edges may be used. For complete lacerations, primary repair should be per-
formed followed by 6 wk of splinting in extension.

Zone V Injury (MCP])

An important aspect of injuries in this zone is that they are often owing to human
bites, and the potential complications can be significant. When associated with a
human bite, the incidence of complications is directly related to the time from injury
to treatment. Surgical exploration, thorough irrigation, and primary repair are indi-
cated. Arthrotomy should be considered if there are any concerns regarding MCPJ
involvement. All involved structures, including partial injuries, should be repaired.
Lateral bands should be repaired to prevent lateral migration of the extensor digi-
torum communis tendon and subsequent loss of metacarpophalangeal extension
(120,121). Repairs are satisfactorily carried out using figure-of-eight sutures with a
nonresorbable 4-0 or 5-0 suture.

For definite bite-related injuries, broad-spectrum antibiotics are always required,
and the wound is usually left open to heal by secondary intention or closed several days
if no clinical infection has developed.

Zone VI Injury (Dorsal Hand)

As the tendons are thicker and more oval shaped, repair should be performed using
a four-strand core suture with a nonresorbable 4-0 suture similar to that used in flexor
tendons. A peripheral suture is not required. Importantly, single or partial tendon lac-
erations in this zone may not result in a loss of extension at the MCPJ, because extensor
forces are transmitted from adjacent extensor tendons through the juncturae tendinum.
Hence, clinical examination cannot be relied on to assess tendon integrity, and all
wounds must be formally inspected with appropriate anesthetic support.

Zone VII Injury (Wrist)

Exposure in this region is limited because of the coverage by the extensor retinacu-
lum. Therefore, partial division or venting of the retinaculum is required to enable a
formal tendon repair, which should consist of a four-strand core suture as per zone VI
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injuries. Efforts should be made to preserve some segment of the retinaculum to pre-
vent tendon bowstringing.

Zone VIII Injury (Dorsal Forearm)

Repair of this zone can be difficult with complications in identifying individual ten-
dons with multiple tendon injuries and fibrous septa retracting into the muscle bellies
when the division occurs at the musculotendinous junction. Significant consideration
should be given to restoring wrist and thumb extension. For muscle bellies, multiple
figure-of-eight sutures are required. Splinting of the wrist in 45° extension, the meta-
carpophalangeal joint in 15-20° flexion, and, occasionally, the elbow at 90° of flexion
is required.

TENDON HEALING IN THE HAND
Microanatomy and Nutrition of the Tendon in the Hand

Tendons are remarkably organized structures adapted to transmit force generated by
muscle. Ancient surgeons commented on the tendon injuries and proposed various treat-
ments, including tendon repair. Due to Galen’s work and his profound influence on the
practice of surgery, tendon injuries were allowed to heal without intervention—this
method of treatment continued until the 19th century. Although early observations on
tendon morphology date back to the 18th and 19th centuries, it was not until the 20th
century that knowledge was truly advanced (/22).

The complexity of tendon structure can be appreciated on histological sectioning.
The major constituent of tendons is type I collagen (>80% of dry weight). Three chains
of collagen are coiled in a right-handed triple helix that are held together by covalent
bonds, forming a collagen molecule. The molecule is approx 1.5 nm in diameter and
300 nm long. By arranging collagen molecules in a quarter-stagger, oppositely charged
amino acids are aligned. Collagen molecules combine to form very strong structures:
microfibrils. Microfibrils combine to form subfibrils, which then form fibrils. Fibrils
are immersed in a matrix that is rich in proteoglycans, glycoproteins, and water. Tightly
packed fibrils become fascicles (Fig. 1).

The living components of the tendon—collagen-producing fibroblasts—reside between
fibrils. The longitudinal histological section demonstrates cell bodies, which appear char-
acteristically spindle-shaped and are orientated in rows between collagen bundles
(Fig. 2). Fibroblasts stain darkly when using basic histological stains, such as hema-
toxylin and eosin. Fascicles within the tendon are bound by loose connective tissue: the
endotenon. The endotenon contains fibroblasts, microvessels, lymphatics, and nerve end-
ings. The cross-section of the intrasynovial flexor tendon also reveals the existence of a
loose connective tissue layer surrounding the tendon, which constitutes the visceral syn-
ovial membrane or epitenon. Tendons that are not supported by the synovial sheath have
a layer of loose connective tissue surrounding them: the paratenon.

Early observations regarding the vascular pattern of tendons were linked to those of
tendon healing and the formation of adhesions. However, the German and French anato-
mists presented more systematic investigative work in the mid-19th century. Follow-
ing his cadaveric studies, Berkenbush in 1887 (/22) first described the vascular pattern
of the human flexor tendon. He concluded that the blood supply to the sheathed tendon
comes from the perimysium, periosteum, and the surrounding tissue via vessels in the
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sheath. Berkenbush was probably the first investigator to establish that both super-
ficialis and profundus tendons had consistent areas of avascularity. He also postulated
that the tendon was poorly nourished owing to this pattern of vascular supply.

Research by Arai in the early 20th century confirmed Berkenbush’s findings and
suggested the importance of diffusion in the process of tendon nutrition. In the 1960s
and 1970s several investigators revisited and further examined the theory of nutrition
by diffusion. In 1963 Potenza (/23) and later Lundborg et al. (/24) confirmed that the
avascular segments in the tendons are predominantly nourished by diffusion, whereas
the vascular parts derive their nutrition from vascular perfusion (/22).

Manske and coauthors (90,125) further defined and compared the effectiveness of
both processes in several animal species. Their work published in the 1980s concluded
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that although both diffusion and perfusion were important nutrient pathways to the
flexor and extensor tendons, diffusion was more effective than perfusion and could, in
the absence of perfusion, support most of the tendon (/9,90,126). Others, including
Lundborg et al. and Hooper et al. (124,127-129), further quantified the relative effi-
ciency of both processes using radioactive tracers.

Tendon Healing

The healing process of the injured tendon has been well documented (/30). After the
tendon has been incised and sutured, the healing process is initiated. It consists of three
stages: the inflammatory stage, collagen production, and scar maturation and remodel-
ling.

Following surgical repair, the incision site fills with a blood clot containing the
inflammatory cells, their mediators, and fibrin. Within the next few days, fibroblasts
arrive into the area. Collagen production can be detected on the third postoperative
day. Initially, the collagen products can be detected in the cytoplasm, but within days,
the collagen fibrils are visible under the microscope. The angiogenic activity in the
tendon stumps is markedly increased by d 7 (/317). After 2 wk, the tendon stumps
appear fused by the fibrous bridge that is formed by the migrating collagen type I
fibers. At this stage collagen fibers are positioned perpendicularly to tendon fibrils.
Within the next 2 wk, the remodeling process ensures a progressive parallel organiza-
tion of collagen fibers. Interestingly, only the collagen fibers within and around the
tendon organize in this parallel manner.

The fibroblasts in the repair zone appear to be of both intrinsic and extrinsic origin.
Further remodeling coincides with increased strength and reduced mass of scar tissue
and continues only in the presence of longitudinal stressing. The remodeling process
continues for approx 4 mo.

In the 1960s and 1970s, many researchers made significant contributions to the cur-
rent understanding of the healing cascade. Peacock (/32—-137) focused predominantly
on the cellular aspects of the healing and recognized the three phases of the healing
cascade as previously described. Potenza (/23,138,139) examined the importance of
proliferation and migration of the fibroblasts into the repair site. Both Peacock and
Potenza believed that the formation of fibrous attachments or adhesions was signifi-
cant in the delivery of cells and nutritional support to the repair zone. Later, cells exter-
nal to the tendon were identified as also having a role in the repair process, the extrinsic
repair (140-145).

Lindsay identified the inflammatory nature of adhesions and disputed their impor-
tance for the healing process. For the first time, his work demonstrated the existence of
the intrinsic and extrinsic processes of the cellular repair in chickens (/46—148).

Lundborg and associates (/24,/49—151) then examined the intrinsic contribution to
the healing cascade. They investigated the cellular behavior of cut rabbit tendons by
placing the excised segment in remote in vivo locations like the synovial cavity or
subcutaneously in the dialysing pouch. The results of these studies, which confirmed
the intrinsic capacity of the tendons to heal in the absence of adhesions, were later
disputed, as the environment in which tendons were placed was found to influence the
healing. However, it was not long before the in vitro studies of Becker and Graham
(152,153) once again demonstrated that the injured chicken tendons were capable of
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migrating intrinsic fibroblasts into the defect. These fibroblasts were responsible for
the production of new collagen fibrils.

Manske et al. and Gelberman et al. (18,19,46,122,125,154—156) validated the previ-
ous findings and confirmed the existence of the intrinsic reparative process in many
other species, including rabbit, dog, chicken, and monkey Harwood et al. and Boyer
et al. (130,131,157,158) further defined the molecular aspects of fibroblast behavior
and the angiogenesis process in the injury zone.

The healing process can be affected by several factors; one is the presence of a longi-
tudinal mechanical force at the time of tendon healing and regeneration. If the force
applied exceeds the strength of the early repair, this can cause separation of the injured
tendon at the weakest point. However, moderate physiological forces applied longitudi-
nally to regenerating intrasynovial tendon can be beneficial. Several researchers con-
firmed that early mobilization of repaired intrasynovial tendons reduces the occurrence
of adhesions and improves results of the repair (47,60,159-161).

Experimental studies comparing low and high levels of in vivo force during reha-
bilitation of dogs by Boyer et al. (/62,163) showed that tensile properties of repaired
tendons did not differ between the low- and high-force rehabilitation groups. In fact, it
was the suture technique that was primarily important in providing the strength of the
repair in the early postoperative period of 1— 6 wk.

Adhesions

Tendons surrounded by sheaths are always at risk of forming adhesions. Adhesions
to the surrounding sheath are the most common complication of flexor tendon healing.
Adhesions limit the smooth gliding motion of the tendon within the sheath and are
believed to be responsible for impaired hand function following flexor tendon repair.
Many aspects of adhesion formation have been studied to develop algorithms of treat-
ment that would avoid or minimize their formation (60,144,145,160,164-166).

Several investigators have concluded the importance of the sheath continuity as an
inevitable element in the process of tendon healing (/67-169). Peterson et al. (166)
concluded in his experimental studies in 1986 that continuity of the sheath had no
effect on flexor tendon healing; results of clinical studies (35,/70) have also supported
this point of view.

Various anti-inflammatory pharmaceuticals, e.g., antihistamines, steroids, and hyalu-
ronic acid, have been attempted to improve the clinical outcome (/54,171). These have
proved to be of little clinical use. Several different synthetic mechanical barriers have
also been used with mixed results (172,173).

Particular attention was devoted to various regimes of postoperative tendon mobili-
zation. Cooney et al. (/74) and Brunelli et al. (/75) reported success using passive
motion protocols. However, over the last two decades, the protocols of early active
motion have been accepted as the standard of care because of their superior results.

Until the biochemical model of the healing cascade of the intrasynovial tendon is
fully described, only marginal improvement in the surgical outcome of tendon injuries
will likely be observed.

Yet, some mediators clearly demonstrate key influence over the healing process. Lac-
tate has been shown to have a stimulatory effect on collagen production. Tissue hypoxia
stimulates lactate production by macrophages, whose presence in the area is known to
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Fig. 3. Splint position described by Kleinert. The wrist is flexed to 20° short of full flexion.
MP joints are flexed to 40°. Rubber band traction is applied only to the injured digit.

stimulate collagen production. Lactate is capable of further stimulating other growth
factors with positive influence on collagen production, such as transforming growth
factor-f (TGE-P). Klein et al. (158) used flexor tendon fibroblasts harvested from the
rabbit tendon, which were placed in tissue culture with an increased level of lactate. The
epitenon and tendon sheath fibroblasts have all proven to significantly increase their
collagen production in vitro in response to high lactate levels. Collagen I production by
epitenon cells increased 15% and production by endotenon tenocytes by 12%.

TENDON REHABILITATION
Flexor Tendon Rehabilitation

The ultimate goal of flexor tendon repair is to restore normal digital function. His-
torically, repaired flexor tendons were treated with immobilization (/617). This pro-
duced a strong repair but also led to uncontrolled tendon adhesion, loss of tendon
gliding, secondary joint contracture, and unsatisfactory digital function.

Scientific and clinical research since this time has demonstrated the beneficial effects
of applying early controlled stress to the healing tendon (43,45,49,160,176). Mobilized
tendons gain greater tensile strength, form fewer adhesions, and have better excursion,
resulting in improved digital function.

Rehabilitation programs that employ early motion principles have almost invariably
replaced immobilization and can be broadly categorized into three groups: passive flex-
ion/active extension, passive flexion/passive extension, and active flexion/active exten-
sion.

Passive Flexion/Active Extension

The first results of early passive motion were reported by Kleinert and associates
(38). Good to excellent results were achieved in 87% of cases using a postoperative
technique of passive flexion and active extension of the repaired digit (39).

After carefully controlled surgical repair, patients were placed in a dorsal forearm
based splint with the wrist flexed to 20° short of full flexion, the metaphalangeal (MP)
joints in 40° flexion, and the interphalangeal joints fully extended. Rubber band trac-
tion was applied to the tip of the injured digit and pulled toward a fixed point on the
forearm (Fig. 3). During exercise, the patient actively extended against the rubber band,
which passively returned the digit to a posture of flexion. The splint was discontinued
after 6 wk, at which time gentle active flexion exercises were commenced.
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Fig. 4. Modifications to the original Kleinert splint. Wrist is flexed to 20°. MP joints are
flexed to 90°. Rubber band traction is applied to all four fingers, and a palmar pulley is used to
increase distal joint flexion.

The Kleinert concept of passive controlled motion using rubber band traction has
remained among the most popular methods of rehabilitation, but many modifications to
the original regimen have been introduced (Fig. 4). Wrist flexion has been reduced to
neutral, lowering the tensile load at the repair site (/77). MP flexion has been increased
to 90°, facilitating the action of the intrinsic musculature in extending the interpha-
langeal (IP) joints (/617). A palmar pulley has been added to redirect the line of pull of
the traction toward the palm, increasing DIPJ flexion and improving FDP excursion at
this joint (/78,179). All four digits are placed in rubber band traction, reducing restric-
tion on tendon glide caused by adjacent digits not brought into full flexion (/80).

The complication of PIPJ flexion contracture, seen as a result of the sustained flex-
ion digit posture in the splint, has been addressed in several ways. First, patients are
encouraged to manually reduce rubber band tension to allow full active IP joint exten-
sion during exercise sessions. Second, traction is reduced or disconnected during sleep.

Exercise parameters have remained largely unchanged despite the numerous splint
modifications. Patients are instructed to perform 10 active extension exercises each
waking hour, and the splint is worn for 6 wk. After this, active movement is com-
menced. Return to full activity is not advised until 10-12 wk postoperatively, but
reducing the postoperative period to 8 wk has not been found to be detrimental (/87).

Passive Flexion/Passive Extension

An alternative method of rehabilitation that incorporated the concept of early motion
was described by Duran and Houser (/59). Immediately following repair, the patient
was placed in a dorsal forearm—based splint that extended to the proximal phalanges
but did not include the PIPJs. The wrist was held in 20° flexion. Rubber band traction
was applied to the injured digit and fixed to the distal forearm (Fig. 5).

Unlike the previously described programs, the rubber band traction was removed for
exercises performed twice daily and consisted of six to eight repetitions of passive
digital motion, designed to maximize differential tendon glide (Fig. 6). The dorsal splint
was removed at 4.5 wk, and the rubber band was attached to a wrist cuff. Passive
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Fig. 5. Dorsal-blocking splint used for the passive flexion/passive extension protocol. The
splint extends to the proximal phalanx and holds the wrist in 20° flexion.

€%

Fig. 6. Passive flexor tendon-gliding exercises. (A) Passive extension of the DIPJ glides the
FDP repair distal to the FDS repair. (B) Passive extension of the PIPJ glides both repairs distal
to the laceration site.

motion was continued and active extension commenced. The rubber band traction was
discontinued at 5.5 wk when active motion was permitted.

Although Duran and Houser’s (/59) original passive motion protocol is now rarely
followed in its entirety, passive digital motion is frequently incorporated into current
dynamic traction programs, and the more recently devised active motion programs.

Active Flexion/Active Extension

Excellent results using passive motion protocols have not been universally achieved
(182,183). This has raised doubts about the ability of passive digital motion to pro-
duce adequate excursion at the repair site, particularly in the presence of postoperative
hematoma and edema (/22,165). The addition of an active component to postopera-
tive mobilization has increased the excursion of tendon repair (184,185).

These findings have led to the development of early active mobilization programs.
However, the force generated by active muscle contraction is not easy to control, and
the challenge of such programs has been in maximizing tendon excursion without
exceeding the tensile limit of the repair.
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Early reports of active motion protocols demonstrate favorable motion outcomes
but unacceptably high rates of rupture (57,52,54,55,186). Ruptures may be attributable
to the use of repair techniques inadequate to withstand the tensile demands of active
motion, which is discussed previously in the section on tendon repairs.

In a typical program (/87), the patient is placed in a dorsal protective splint with the
wrist in neutral, MP joints in approx 40° flexion, and the IP joints extended. Therapy is
commenced 48 h postoperatively to allow time for the resolution of edema, which may
otherwise increase the resistance to tendon glide during active motion and contribute to
repair site deformation.

Under therapist supervision, the splint is removed, the wrist is placed in 20° exten-
sion to reduce the work of flexion, and the patient is asked to gently actively flex the
fingers through a limited range of motion over approx 10 repetitions. Flexion efforts
are alternated with passive digital flexion; active digital extensions are with the wrist in
modest flexion.

The patient is seen two to three times a week and supplements therapy sessions with
a home exercise program of passive digital motion within the splint. Active motion
may be added to the home exercise program after the first session (/88), or delayed for
up to 3 wk (/87). Treatment is progressed by the addition of place and hold exercises in
wk 2, active fist making in wk 4, and light pick-up activities in wk 5. The splint is
discontinued after the fifth postoperative week and light-resisted activities are intro-
duced at wk 6.

Extensor Tendon Rehabilitation

The extensor tendons’ contribution to the balance, power, dexterity, and range of
hand activities is fundamental, but injury to the extensors is often regarded as less
serious than injury to the flexors (/89). This attitude is reflected in the convention of
managing extensor injuries with postoperative immobilization. The extensor tendons
proximal to the extensor retinaculum are broad and flat, with a relatively high tendon-
to-bone interface, making them prone to peritendinous adhesion when immobilized
after injury. Long-term complications, such as extensor lag and loss of digital flexion,
have been observed as a result of static immobilization of repaired extensor tendons
(190). Efforts to prevent adhesion and restore the normal gliding function of repaired
extensor tendons have seen the development of postoperative programs incorporating
the concepts of early motion, thus effective in the management of repaired flexor ten-
dons (38,39,43,45,49,160,161,176).

The anatomical and biomechanical characteristics of the extensor tendons vary from
their origin in the distal forearm to their insertion into the terminal phalanx. Therefore,
a single postoperative program would be unsuitable to adequately treat all levels of
injury.

Rehabilitation programs will be described for each zone, following on from the dis-
cussion previosly in section “Extensor Tendon Repairs.”

Zone |

A disruption of the conjoined lateral bands in zone I results in an extensor lag at the
DIPJ. The deformity is commonly referred to as a mallet finger. Injuries may be closed
or open.
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Fig. 7. The prefabricated Stack splint immobilizes the DIPJ in slight hyperextension.

Fig. 8. A dorsal mallet finger splint maintains distal joint extension while allowing full
flexion of the PIPJ.

Treatment of the closed injury involves immobilization of the DIPJ in extension or
slight hyperextension. This may be achieved by the application of a suitable splint.
Prefabricated plastic splints are available for this purpose and have been found to be
highly effective (Fig. 7; 191,192).

More commonly, a custom-molded thermoplastic splint is applied to the digit to
ensure an exact fit. The splint extends from the tip of the finger to the PIPJ and may be
placed dorsally, volarly, or in the design of the prefabricated styles circumferentially.
The dorsal splint (Fig. 8) has the advantage of allowing unrestricted PIPJ flexion
(191,192) and interferes the least with sensory feedback from the finger tip during
hand function. It is customary to splint the DIPJ in some hyperextension, but care must
be taken to avoid pressure necrosis of the dorsal skin from a position of extreme hyper-
extension (/93).

The splint is worn continuously for a period of 6-8 wk, then for a further 2 wk at
night (191,194,195). During the final 2 wk, additional splint-weaning measures may be
employed. The patient may be instructed to apply the splint during the day if a lag is
observed and leave the splint in place until the next day. Alternatively, a sling of strap-
ping tape may be applied to gently support the DIPJ in extension.

Splint treatment is effective in restoring or improving extension in 50—75% of cases
(194,196,197). The remainder have persistent extensor lag and/or loss of terminal joint
flexion (/98). Gradual reduction of extensor lag has been observed in the months fol-
lowing treatment as the scar tissue bridging the extensor defect contracts (/95). While
it is recommended that splinting of the mallet finger be initiated as soon as possible
after injury, splinting has been shown to be beneficial even after delay in commencing
treatment (/99,200).
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Open injuries may be satisfactorily treated in the same manner as the closed injury.
Alternatively, a longitudinal K-wire can be placed through the extended DIPJ at the
time of repair (20/). The wire is removed at 6 wk, and a night splint is worn for a
further 2 wk. No difference has been found in the outcome between Stack splintage and
K-wire fixation (202).

Zone 11

Injuries from disruption of the lateral bands in zone II are splinted in the same man-
ner as for zone I. In the case of a single lateral-band injury, the digital extension splint
is usually removed at 10-14 d, and active movement is resumed (/92).

Zone 111

Disruption of the central slip in zone III results in a loss of active extension at the
PIPJ, and associated hyperextension of the DIPJ. The consequent posture is referred to
as a “boutonniere deformity,” thus named because of the apparent “button-holing” of
the PIPJ between the volarly displaced lateral bands in the space created by the injured
central slip. The injury can be closed or open.

Empirically, the boutonniere deformity (either open or closed) has been treated by
4-6 wk of immobilization in a static PIPJ extension splint (203,204). The DIPJ is kept
free to allow active and/or passive movement to prevent adhesions of the lateral bands
and contracture of the oblique retinacular ligaments.

Results of treatment by immobilization are frequently disappointing, particularly after
complex and open injuries. Characteristic extensor lag and loss of flexion of the IP joints
are attributable to extensor tendon adhesion at the proximal phalanx (/90,196,205).

To reduce tendon adhesion and improve outcome, early controlled motion programs
for open zone III injuries have been developed. Both passive (206—209) and active
(210) controlled motion programs have been described. Both are initiated within 5 d of
repair.

The passive motion program reported by Crosby and Wehbe (204) requires the
application of a dorsal, hand-based dynamic splint that holds the MP joints in neutral.
Rubber band traction provides passive PIPJ extension (Fig. 9). The patient is instructed
to flex the finger through a limited range of 30°, 10 times every waking hour in the
dynamic splint. The splint is discontinued after 4-6 wk when active motion is com-
menced.

The active motion program, termed “short-arc motion” (2/0), uses a series of static
digital splints for rest and exercise (Fig. 10). When not exercising, the involved digit is
immobilized in extension in a static volar digital splint. The immobilization splint is
removed every waking hour to allow 20 repetitions of PIPJ flexion through a range of
30°, guided by the first exercise splint. A second exercise splint is used to support the
PIPJ in extension, whereas the DIPJ is flexed 20 times through an unrestricted range of
motion.

If no lag develops during the first 2 wk of treatment, the first exercise splint is altered
to allow 40° of PIPJ motion in the third postoperative week and 50° during the fourth.
Splinting is discontinued 4—6 wk postoperatively. During exercise, the wrist is posi-
tioned in 30° of flexion, and the MP joint is supported in 0° of flexion to reduce the
workload on the EDC throughout the activity.
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Fig. 9. A hand-based dynamic splint for zone III extensor tendon injury. The splint allows
active PIPJ flexion, and the rubber band traction provides passive PIPJ extension.

Fig. 10. Exercise splints for “short-arc motion”. (A) The first splint allows 30° of PIPJ flex-
ion. (B) The second splint supports the PIPJ in extension and allows unrestricted DIPJ flexion.

Zones IV-VII

Disruptions to the extensor tendons in the region extending from the proximal pha-
langes to the wrist have been empirically managed by postoperative immobilization
(211). Techniques of early passive mobilization and, more recently, controlled active
mobilization (2/2-214) have yielded improved outcomes.

Immobilization

Following exploration and repair, the forearm is immobilized in a volar splint (Fig. 11)
with the wrist in approx 40° extension, the MP joints in 0-20° of flexion, and the IP
joints extended. The splint is discontinued after 3 wk, and standard rehabilitation tech-
niques follow to restore maximum active range of motion.
Early Passive Mobilization

Within the first five postoperative days, a dorsal forearm—based dynamic extension
splint (Fig. 12) is applied with the wrist in 20—-40° extension. Rubber band traction
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Fig. 11. Volar immobilization splint for zones V-VII extensor tendon injury. The wrist is
held in 40° extension and the MP joints in 20° flexion.

Fig. 12. Forearm-based dynamic extension splint. The splint allows active MP joint flexion,
and the rubber band traction passively extends the MP joints.

Fig. 13. Static volar splint for controlled active motion. The splint allows active MP joint
flexion to 45°. IP joint flexion is unrestricted.

holds the MP joint in extension. The patient is instructed to actively flex the MP joints
10 times every hour, with the traction device passively extending the joint to neutral.
The range of flexion is initially limited to 30° by a blocking device, which is progres-
sively adjusted each week to allow an increased range of flexion until the splint is
removed at 6 wk.

Controlled Active Mobilization

During the first three to four postoperative days, a palmar blocking splint (Fig. 13) is
applied, in which the hand rests in 30° and the MP joints in 45° flexion. The IP joints
are unsupported and able to move freely.
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The patient is instructed to actively flex and extend the MP and IP joints simulta-
neously within the confines of the splint 10 times every hour. MP extension is limited
to neutral during the first 2 wk. In the third week, the MP flexion block is increased to
70° and hyperextension exercises of the MP joints are added. The splint is discontinued
after 4 wk.

No difference exists in the outcome between dynamic extension splinting and con-
trolled active mobilization in patients with simple extensor tendon injuries in zones V
and VII. Therefore, controlled active mobilization is recommended in this patient
group, as it is simpler, cheaper, and requires less therapy time.

In practice, dynamic splinting remains the preferred treatment for multiple tendon
lacerations, complex injuries involving damage to underlying bone or joint, or injuries
associated with a loss of dorsal skin.

CONCLUSION

Advances in the understanding of the beneficial effects of early controlled stress on
the healing tissue revolutionized the management of tendon injuries. Repaired tendons
were once uniformly immobilized, and expectations of the restoration of digital func-
tion were poor. Now tendon repairs are subject to early motion rehabilitation protocols,
and recovery of good to excellent function of 80% or more is expected (2/5). Develop-
ments in suture techniques and materials have improved the tensile strength of tendon
repairs and have allowed the transition from passive mobilization to active mobiliza-
tion rehabilitation protocols after repair.

Despite these advancements, tendon rehabilitation remains a relatively complex
undertaking, requiring the application of a splint, treatment by a skilled hand therapist,
and a compliant and motivated patient. The future of tendon repair lies in the ability to
produce a repair that is immediately robust enough to withstand the demands of unpro-
tected hand function.
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Evolution of Concepts in Flexor
Tendon Surgery of the Hand

Randip R. Bindra

INTRODUCTION

Recovering function after a tendon injury to the hand continues to remain a chal-
lenge in clinical practice. Although suturing the two ends of a severed tendon may
seem to be the most intuitive method today, tendon lacerations have been controver-
sial for two centuries. Various researchers in both clinical and experimental fields
have held contrasting views on all aspects of tendon injuries, from physiology of the
normal tendon and its response to injury to the timing and technique of repair and
subsequent mobilization. This chapter aims to present a historical timeline of evolving
concepts of tendon surgery to provide insight into the parallel development of experi-
mental research and surgical techniques that are behind the current fundamental prin-
ciples of tendon surgery.

The turning point in modern flexor tendon surgery came with the controversial
report by Kleinert and coworkers presented at the annual meeting of the American
Society of Surgeons of the Hand in 1967 (/). The authors reported better results with
primary tendon repair than was then thought possible. The initial report was met with
disbelief, as it challenged scientific concepts of tendon healing of that time period (2).
Further improvements in surgical techniques led to more clinical reports of success
with primary tendon repair, resulting in a new wave of experimental investigations
into the healing process that brought on the modern concepts of tendon healing and
repair.

Tendons Should Not Be Repaired

The physician philosopher Galen (129—ca210 AD) began his work, the “Ars parva,”
in the ancient civilization of Pergamum in Greece and later found fame in Rome. Likely
the result of an inadvertent suture of a lacerated median nerve, he warned that attempts
to suture a tendon would result in severe pain, twitching, and, in extreme instances,
convulsions and death (3). At the time, there was no clear distinction between nerves
and tendons—a white tubular structure (the nerve) entered the muscle and a similar
looking structure (the tendon) exited at the opposite end. Galen called the latter a “neu-
ron”. Galean concepts (and misconceptions) dominated medicine for over a thousand
years in Europe, to such an extent that little heed was paid to Avicenna, an Arab physi-
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cian from Hamadan, Persia, around the 10 century who was the first to recommended
tendon repair after laceration or rupture.

Tendons Can Heal if Repaired

Avicenna’s prescription of tendon repair found a following 600 yr later when Ital-
ian Arabist Surgeons of the 17% century, such as Roger of Parma and Roland of Milan,
began to practice and advocate the operation of tendon repair. William of Salicet noted
that the two ends of a cut tendon could be brought into approximation and stitched as
was then done for skin and flesh to allow a better union and cicatrix. He also dispelled
the belief that the pain caused by the nerve and needle would lead to convulsions. This
belief spread to the French school, which developed during the Renaissance with Guy
de Chulise who recommended the repair of nerves and tendons in defense of the doc-
trine of William. Ambroise Paré, the famed French surgeon of the time, wrote about
the success of primary tendon repair that healed by first intention. Near the same
period, the Italian surgeon Andre Della Croce also advocated tenorrhaphy more de-
cidedly, devoting several pages to the operation in his work on surgery and reporting
several cases with success. In 1682, Meekren demonstrated the absence of pain in
tendons when he experimentally crushed tendon fibers and partially divided them in
experimental animals (3). However, other surgeons continued to follow Galean con-
cepts and wrote about the pain, swelling, inflammation, and convulsions that could be
caused by the needle penetrating nerves and tendons as it was directly transmitted to
the brain. The concern of a sharp needle prick in the tendon was such that Bienase
developed a technique to bring severed tendon ends together by placing silk sutures
around them.

Tendons Are Insensitive

A clear distinction between nerves and tendons was first proposed in 1752 by Von
Haller. His publication on the sensibility and irritability of various tissues conclusively
demonstrated that tendons were insensitive (4). This work received approval from the
French Academy of Science, paving the way for acceptance of tenorrhaphy in main-
land Europe. In the late 17" and early 18™ Centuries, tenorrhaphy was given a further
boost by several animal experimentations that showed successful healing of Achilles
and wrist tendons in dogs. This success then spread to England with Hunter’s experi-
ments on canine Achilles tendon, which illustrated healing with an encircling callus
similar to healing bone. His compilation of observations during the Seven Years’ War
(1756-1763) when he served as surgeon with the British army was entitled, A Treatise
on the Blood, Inflammation, and Gun-Shot Wounds. Published posthumously in 1794,
his book outlined fundamental principles of inflammation and tissue healing.

Antiseptic Surgery

In 1865, Louis Pasteur suggested that decay was caused by living organisms in the
air, which upon entering matter, caused it to ferment. Joseph Lister in Scotland made
the connection with wound sepsis and began to apply it in his practice with the use of
carbolic acid to disinfect wounds and to prepare the operative site for surgery. In 1867,
he established principles for “antiseptic” surgery, including tenets, e.g., instruments
must be disinfected, surgeons must wash their hands and wear clean clothes. German
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surgeons led by Robert Koch followed Lister’s antiseptic practices in surgery with
success in the Franco-Prussian War from 1870-1872. The turning point in antiseptic
surgery was the successful surgical wiring of a closed fracture of the patella by Lister
(1877) without infection. It became clear that it was possible to operate on extremities
without complication of infection and ensuing gangrene.

Tendons Can Be Reconstructed With Grafted Tissue

Experimental studies in the end of the 19™ century demonstrated that it was pos-
sible to directly transplant tendons between different species of animals. Peyrot (1886)
and Monod (1887) successfully used animal tendons to reconstruct tendon defects in
their patients. Following Mainzer’s report in 1902 of tendon lengthening using por-
tions of paralyzed tendons for poliomyelitis, several reports of tendon transfers began
to appear in the literature (4). Experimental studies of transplantation of tendon and
fascia became common in the early 1900s with reports by Kirschner and Rehn in Ger-
many and Lewis and Davis in the United States. The rapid progress in tendon surgery
then came upon an unexpected and apparently insurmountable complication—adhe-
sion and scarring of the grafted tissue. Biesalski (Berlin, 1910) offered some hope
when he found that adhesions could be avoided by using the autogenous sheaths of
tendons.

Tendon Injuries are Best Repaired With Tendon Grafts

Surgery on flexor tendons in the hand for repair or reconstruction became standard
practice by the first quarter of the 20" century. The use of palmaris longus and toe
extensors as tendon grafts in the hand were first reported by Lexer in Germany, in 1912
(4). Lexer effectively reconstructed flexor tendons lost after sepsis, ischemic contrac-
tures, and untreated lacerations. He established principles, such as placing the tendon
anastomosis distant from the skin incision, use of local skin flaps to prevent skin-ten-
don adherence, and commencement of motion as early as 6 d after repair.

In 1916, Leo Mayer published classic articles on tendon transplantation that describe
the science of tendon healing and the principles of surgical technique (5-7). Most of
Mayer’s work was done on the foot and ankle, and he demonstrated the anatomy of the
tendon sheath, blood supply of the tendon, and the concept of tendon and tendon—
sheath motion. In 1918, Sterling Bunnell wrote his first of several articles reviewing
the anatomy and physiology of tendons and the importance of the paratenon in provid-
ing an adequate gliding mechanism. He stressed that the basis for successful surgery in
the hand was the atraumatic surgical technique using a bloodless field with perfect
asepsis and careful assistance to avoid tissue damage. He also stressed the importance
of postoperative immobilization with planned mobilization delayed until 3 wk
postsurgery (8). Bunnell refined his surgical technique over the next 3 yr and described
an atraumatic suture technique to repair tendons.

In 1928, Bunnell presented further refinements in surgical techniques in hand sur-
gery (9). He demonstrated that not only tendons could be repaired but also damaged
digital nerves. He found that flexor tendons severed opposite the proximal phalanx—
the region he later called the “no man’s land” did not do well after suture, as the
junction became adherent in the narrow fixed channel, and the healed tendon did not
glide. He recommended that it was better to excise the entire tendon and replace it
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with a smooth graft with paratenon. The graft was sutured in place in the palm and at
the tip of the finger with more satisfactory gliding and function after healing. His
technique involved the use of braided silk placed in the tendon for a distance of three
or four zigzag stitches, starting a centimeter from the cut end of the tendon, and bury-
ing the knots within the tendon leaving minimum silk on the tendon surface. For reha-
bilitation, he suggested keeping the wrist in the flexion for 1 mo by means of an
adhesive band or a flat metal dorsal splint while allowing active motion with the con-
cept that the flexion of the wrist steals the muscle’s strength but allows full amplitude
of motion.

Timely Mobilization Benefits Healing

By now it had become clear that prolonged immobilization would lead to the for-
mation of significant adhesions and scarring with loss of motion. When Mason and
Allen studied the timeline of tendon healing in 1941, the prevailing belief was that
tendons healed simply by scar tissue formation that under physiological stresses con-
verted to tendon-like tissue (/0). A wrist tendon in a canine model was divided and
immediately repaired with a silk suture using a technique that incorporated two trans-
versely running sutures placed 1 cm from the cut end in each part of the tendon.
Sutures from either end were tied securely to bring the tendon ends together to allow
placement of a few fine approximating sutures. In contradiction to Bunnell’s philoso-
phy of burying the suture within the repair, their suture lay outside the tendon with
one knot on either side. The cut ends were closely approximated with a few fine silk
sutures. It was felt that this method of suture would leave tendon ends free to partici-
pate in the healing process. They examined the healing tendons at intervals varying
from 2 to 68 d by histological examination and tensile strength testing using a spring
scale.

Mason and Allen found two histological stages of tendon healing with cellular
contribution from both the tendon and surrounding tissues. The first stage involved
proliferation to form a fibroblastic cuff between and around the ends of the tendon.
They referred to this as the “stage of hyperplasia” which lasted about 14-16 d. The
second stage of repair resulted in the formation of tendon callus that ultimately con-
verted into the tendon and was referred to as the stage of “organization and differen-
tiation.” They concluded that connective tissues both around and within the tendon
were important in the healing process. However, variations in tensile strength over
the period of tendon healing demonstrated three distinct phases. During the first 4 or
5 d after suture, the tensile strength of the sutured tendon dropped considerably. At
this time, the tendon ends were soft and held together by a gelatinous exudate, and the
repair failed by suture pull-out of the tendon. This first healing phase was the “exuda-
tive stage”. The tensile strength rose rapidly after 5 d until d 14—16 to reach a plateau
by the d 19-21. This corresponded to the histological phase of fibroplasia. They found
that tendons allowed unrestricted use after 3 wk showed a sharp rise in tension and
were becoming 50% stronger than immobilized tendons after as little as
1 wk of motion. Mason and Allen concluded that the application of motion very early
after repair would be harmful, but at the 3-wk phase, motion was beneficial to the
repair process. They made the following recommendations regarding movement after
repair: motion too early is liable to cause marked reaction and thickening, and motion
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Fig. 1: The “suture at a distance” technique that was first employed for primary tendon
repair. Bunnell used a pullout suture placed in the proximal tendon to take tension off the
tendon repaired with fine sutures. The suture was tied over a button in the palm. Verdan placed
a transfixing needle in each part of the tendon for the same purpose. The needles were removed
after 3 wk.

must be built up gradually with active guarded motion followed by unrestricted use
later. This publication firmly established the concept of delayed active mobilization
after tendon repair and that motion begun in the first 2-3 wk postrepair was harmful.

Injured Flexor Tendons Can Be Repaired Primarily in Selected Cases

Near the same time period, Bunnell published his technique for primary repair of
severed tendons in the hand (/7). He excised the sublimis tendon to allow better glid-
ing of the repaired profundus. The laceration itself was repaired with very fine coapting
silk sutures. Tension was taken off the repair by placing a stainless steel pull-out suture
proximally in the tendon at the palm level (Fig. 1). The wire ends were delivered at the
interdigital web and tied over a button to allow removal after healing. In the first edi-
tion of his book, Surgery of the Hand, published 4 yr later, Bunnell presented the pre-
requisites for primary repair of severed tendons: repair must be done within 6 h
(infection was a prime concern in the preantibiotic era) by a surgeon skilled in this type
of surgery and with thorough debridement and covering of all vulnerable tissues (/2).

Sumner Koch used the Mason-Allen technique to perform primary repair of divided
flexor tendons under ideal circumstances (/3). Only five of 46 patients in this series
met his strict criteria for primary tendon repair and included fingers free from exces-
sive scar formation; uninjured synovial sheath to allow smooth gliding of the repair;
and intact pulley mechanism and mobile joints. If primary end-end repair could not be
achieved, he used the excised sublimis or a toe extensor as a bridge graft run through
the digit and connecting the profundus tendon in the distal finger and in the palm. The
injured hand was immobilized in a plaster with the wrist and elbow flexed for 6 or 7 d
with dressing changes at 3- or 4-d intervals. Active motion was allowed at the end of
the wk 3. A key principle in the postoperative period was that relaxation at the suture
line was achieved by flexion of the wrist and moderate flexion of the metacarpopha-
langeal joints, never at the interphalangeal joints, to avoid permanent flexion contrac-
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tures in them. Physical therapy began at the end of wk 4 with the purpose to stimulate
circulation by hydrotherapy and massage of the flexor muscle and to maintain passive
mobility of the finger joints.

Infection was the most common cause of failure in Boyes’ series of primary digital
flexor tendon repair published in 1947 (/4), followed by adhesion of the repaired digi-
tal flexor tendons in what he called the “critical zone.” The third cause of failure was
complications from poorly placed surgical incisions. Using Bunnell’s techniques, he
recommended exposure by midlateral incisions in the digits with additional transverse
incisions in the palm. He suggested primary tendon repair only in those cases in which
the wound was sharp, of short duration, and without any accompanying fractures or
soft tissue damage. In these ideal conditions, Boyes recommended removal of the sub-
limis down to its insertion and repair of the profundus tendon alone. He advocated
removal of the sheath overlying the repair and a lateral release of the pulleys to relieve
tension and prevent ischemic necrosis of the tendon ends. If conditions were less than
ideal, the wound was closed primarily after the excision of devitalized tissue. Joint
motion was maintained passively with a plan to return for a delayed repair of the ten-
dons 3 or 4 wk later using the Bunnell method of “suture at a distance” with fine inter-
rupted sutures at the repair site and stainless steel wire pullout placed proximally in the
palm.

In 1947, Littler reported successful management of flexor tendon injuries by recon-
struction with a free graft (/5). His principles for successful tendon grafting were (1)
excision of the entire fibrous flexor sheath except for the pulleys at the base of the
proximal and middle phalanges; (2) use of a Bunnell stainless steel pullout suture for
the distal juncture and a silk or nylon Bunnell suture at the proximal juncture in the
palm; and (3) suturing the graft at the lumbrical level in the palm and covering the
juncture with this muscle. He recommended complete immobilization for the first 3
wk, followed by removal of the skin sutures and pullout wire. Passive joint exercises
were started at 3 wk, progressing to active flexion exercises by wk 4. He believed
primary repair of the profundus tendon could be attempted if the tendon was divided at
the middle phalanx level. However, he thought that it was better to place the repair
junction as close to the profundus insertion as possible, even if it meant sacrificing a
portion of the distal tendon.

Guy Pulvertaft reiterated these principles in the Hunterian lecture delivered to the
Royal College of Surgeons in London in 1948. He recommended primary tendon repair
only when ideal circumstances existed; in these cases, he advised excision of the subli-
mis tendon and repair of the profundus alone. If immediate repair could not be pre-
formed, Pulvertaft felt that treatment with a tendon graft was appropiate once the
wounds had healed, the acute inflammation had resolved, and when full digital mobil-
ity was restored (16).

In his editorial (Journal of Bone and Joint Surgery, 1959), Mason pointed out the
strict criteria for primary repair of flexor tendons in the fibrous flexor sheath. In most
cases, it was best to simply cleanse and close the wound to promote healing to occur
and carry out repair by a tendon graft as a secondary procedure (/7). In the same issue,
Boyes reiterated that secondary reconstruction with a tendon graft done properly would
result in a higher output of satisfactory function than direct repair (/8). In the largest
series of the time, Kelly and coworkers retrospectively reviewed the outcome of 789
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tendon injuries. They recommended that injuries of the flexor tendons should be re-
paired primarily in the carpal tunnel and at the palmar level when the character of the
wound permitted. However, they felt that flexor tendons cut within the area of the
annular ligament had to adhere to survive, and the results of primary repair were sig-
nificantly poorer than those after secondary repair by tendon grafting (/9).

Other reports in the 1950s further consolidated the principles established by Sterling
Bunnell over three decades earlier (20-22):

1. Successful repair of both sublimis and profundus tendons in the finger was impossible,
and the flexor sublimis should be excised.

2. Primary suture of the flexor profundus within zone II or “no man’s land” rarely succeeded,
and the preferred treatment was a tendon graft extending from the palm to the tip of the
finger.

3. It was unsafe to commence motion before 3 wk.

Use of Prophylactic Antibiotics in Flexor Tendon Surgery

Although Fleming discovered penicillin as early as 1928, it was only in the 1940s
that it began to be produced on a large scale for widespread use. However, the scarcity
of drugs during World War II and a lack of universal agreement on the prophylactic
use of antibiotics saw little use of the drug after surgery, such as tendon repair, until
the 1950s. Thereafter, it became routine practice to administer prophylactic penicillin
intramuscularly for 6 d after tendon repair surgery (2/).

Primary Repair and Early Motion for All Flexor Tendon Injuries

Verdan from Switzerland felt that the policy of free tendon graft in preference of
tendon repair after injury was too rigorous (23). He felt that delayed tendon grafting
was only justified when general or local conditions did not allow immediate repair. He
proposed a technique of tendon repair that involved a 1-cm excision of the fibrous
flexor sheath, placement of two percutaneous transfixing needles in each segment of
the tendon, and accurate approximation of the tendon ends with four small epitenon
stitches using 6/0 arterial silk (Fig. 1). He removed the pins and splint 3 wk postopera-
tively to start motion and reported results comparable to tendon grafting. The premise
for this technique was relaxation of the repair by sutures placed some distance from the
division site, fine sutures at the repair site, and in-growth of healing elements from
surrounding tissues through the window in the tendon sheath.

Thus, the concept of primary tendon repair first began with the basic tenets of (1)
relaxation of the repair by sutures placed some distance from the site of division; (2)
accurate tendon reapproximation with a few fine sutures; and (3) excision of the
fibrous sheath to leave a window over the healing area to allow the in-growth of
elements of healing and blood supply.

In Israel, Kessler believed that tendon repair with a secure suture allowing early
motion would lead to primary healing without adhesions (24). He described a new type
of grasping suture and attempted controlled motion from the third day. His suture tech-
nique was not very different from that described by Mason and Allen two decades
earlier; in Kessler’s stitch, the longitudinal components of the suture were contained
within the tendon (Fig. 2). Experimenting on chicken tendons, he found that mild adhe-
sions did occur around the repaired tendon, but they were fine bundles aligned with the
direction of movement and did not significantly affect tendon excursion. He reported
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Fig. 2. The Mason-Allen core suture grasped the tendon with a transverse pass, and longitu-
dinal limbs of the suture were tied to approximate the tendon. The Kessler stitch was based on
the same concept, but the longitudinal limbs were placed within the tendon. Tajima further
refined the Kessler suture by burying the knots within the repair.

similar success in a small series using the same “grasping” stitch followed by early
motion.

Around the same time as Kessler’s report, Kleinert and Associates presented their
10-yr experience with primary repair of both flexor tendons in No Man’s Land. The
paper presented at the 1967 meeting of the American Society for Surgery of the Hand
became one of the most controversial presentations of the time (25). All lacerations
were sharp with minimal soft tissue damage, no contamination, and no associated bone
injuries. After tendon repair, their patients started immediate mobilization in an indig-
enous splint with rubber band traction that provided passive-finger flexion and allowed
active extension by the patient. They reported that 87% of results were good to excel-
lent on private service patients compared with 76% poor results on teaching service
patients, demonstrating that patient compliance was an important factor in the final
outcome of these injuries. In his discussion of the paper, Boyes found these estimates
to be the most outstanding results to date (26). Such astonishment and controversy
arose after the presentation that a committee of the society went to Louisville to exam-
ine patients and review the results for themselves (2)! The original presentation was
never published, and the first written article from Louisville appeared in 1973, where
the authors stressed the importance of early tendon mobilization—abolishing the con-
cept of postoperative immobilization for 3 wk as proposed by Mason 30 yr earlier (27).
Since the late 1960s, the practice of primary tendon repair followed by early motion
became popular and has been reported by several authors (28-317).

Duran proposed a controlled passive motion regime starting 2-5 d after surgery with
intermittent passive flexion and active extension of the digits (32). The advantage of
this regime was the reduced likelihood of joint contracture from continual flexion main-
tained by rubber bands in the Kleinert program. Duran’s regime resulted in improved
results over delayed mobilization in a comparative clinical study (33).
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First reports of early active mobilization after repair were proposed in separate
reports by Becker and Savage, who developed stronger repairs that could withstand
more aggressive rehabilitation (28,34). Small and colleagues in Belfast, Northern Ire-
land were the first to propose a simple protocol for controlled early active mobiliza-
tion of flexor tendons 48 h after routine repair using a Kessler core suture (29). This
regime required both active flexion and extension while protected in a splint and is
now referred to as the “controlled active motion” or “Belfast regime.” Subsequent
studies have confirmed its simplicity, safety, and effectiveness with even more active
repetitions every hour than originally proposed (30,35).

To provide more synergistic active digital motion, Strickland proposed a modifica-
tion of splinting as part of the controlled active motion protocol (36). A splint is fash-
ioned to hold the metacarpophalangeal joints in 60° of flexion. A hinge at the wrist
level allows full flexion and 30° extension of the wrist. The patient then passively
bends the digits into a composite fist and extends the wrist, actively maintaining the
fingers in a flexed position. The digits are then extended as the wrist is actively flexed.
This method provides more excursion and a physiological motion of the repaired ten-
don but requires fabrication of a special splint and sufficient understanding of this
synergistic movement by the patient.

The improved techniques of tendon repair supported by clinical reports of the safety
of active motion after repair has led to the adoption of controlled active mobilization
protocols that are started 1 or 2 d after routine flexor tendon repair.

The Flexor Tendon has Intrinsic Healing Capabilities

Early research into the process of tendon healing in the middle of the 20" century
suggested that tendon healing was mainly the result of reparative efforts of the sur-
rounding tissue and that adhesions were important for tendon healing. Peacock pointed
out the phases of tendon healing and felt that the tendon cells were not capable of
collagen production, and the migration of peripheral cells provided the blood vessels
and fibroblasts for collagen production (37,38). Supporting these observations, Potenza
further demonstrated that if blocking tubes were placed about the repair sites, prevent-
ing migration of granulation tissue from the sheath to the site of repair, healing was
delayed or prevented (39).

Successful clinical results that demonstrated tendon healing without adhesions in
the 1970s and 1980s challenged conventional beliefs and stimulated new research into
the science. Most prominent among investigators of the time were Gelberman, Lund-
borg, and Manske.

The first issue that required clarification was the vascularity of the tendon. How
could an avascular structure heal without in-growth of vessels or adhesions to the syn-
ovial sheath? As far back as 1887, Berkenbusch established that flexor tendons were
poorly vascularized within the sheaths (40). The short vincular vessels mainly remained
on the surface of the tendons, and watershed areas in between were avascular, leading
to the belief that synovial fluid diffusion was responsible for all or most of tendon
nutrition (39). Further clarification was provided by Manske and his associates with
the use of tracer uptake to study flexor tendon nutrition in experimental animals of
different species (4/). They noted a dual source of nutrition with diffusion more effec-
tive than perfusion and responsible for nutrition to the avascular segments of the ten-



96 Bindra

don. With demonstration of tendon healing in the avascular environment of the knee
joint and tissue culture media, it became clear that the reparative process of tendon
healing could proceed on nutrition derived from diffusion alone (42,43).

Experimental studies had previously suggested that revascularization of the flexor
tendons and grafts during the healing process took place from peritendinous tissues via
adhesions with minor contribution from the tendons’ own vessels (44,45). Gelberman
and coauthors were the first to document the vascular response associated with the
healing of flexor tendons without extrinsic vessel in-growth (46). In their canine study,
they showed extension of pre-existing vessels that initially extended on the tendon
surface and then penetrated the substance as intratendinous vessels through normally
avascular regions to reach the site of repair by 17 d postinjury. This vascular in-growth
phase coincided with an increase in the strength at the repair site and was positively
influenced by motion.

Effect of Motion on the Healing Process

In 1927, Garlock recommended active motion within limits of pain on the fifth post-
operative day after tendon repair (47). He felt that active motion was safer, because it
was limited by pain and that early motion would prevent adhesions with the sheath. He
based this on his experimental studies on the repair process in dogs, where he demon-
strated that scar tissue between the divided ends of the tendons progressively increased
in strength and density following d 5 without any initial weakening.

Unfortunately, Garlock’s work never seemed to gain clinical favor, and Bunnell’s
doctrine of immobilization for 3 wk prevailed. This was reinforced by Mason and
Allen’s experimental work in 1941 that demonstrated weakening of immobilized ten-
dons for several days after repair, and surgeons continued the practice of delaying
mobilization until 3 wk postrepair (10).

Following successful clinical reports of early motion in the 1970s, Gelberman and
coworkers studied the effects of mobilization with a comparative study in a canine
model (48). Tendons continuously immobilized did not show any significant increase
in strength until 12 wk. Tendons that were mobilized passively after a delay showed
increased strength in comparison to the immobilized groups at each time interval
beyond 3 wk. The most encouraging finding was that tendons passively mobilized
immediately after repair showed remarkably higher values to ultimate load at each
time interval than the two previous groups. In addition, tendon gliding measured by
angular rotation was low in immobilized tendons and notably higher in tendons in
both immediate and delayed mobilization groups at 6 wk, reaching normal values by
12 wk. Gelberman proceeded with microangiographic studies to correlate motion with
revascularization. Early tendon mobilization was associated with an increased num-
ber of vessels within the sheath, around the repair site and within the tendon at the
site of suture (49). Immobilization beyond 3 wk had a deleterious effect on the heal-
ing process with a significant reduction in tendon vascularity (50). The same group
then examined DNA content as an index of tissue cellularity to assess the effect of
mobilization on cellular response (5/). The results paralleled those of strength and
vascularity with significantly higher total DNA content at the repair site and in the
tendon sheath in mobilized versus immobilized tendons with the difference between
the groups progressively greater with time. Repair site cellularity was 140% greater;
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the sheath cellularity was 60% greater than the immobilized tendons at 12 wk. Immo-
bilized tendons showed no change in DNA content during the entire period studied.

Motion also changes the morphology of the healing tendon (5/). In a canine experi-
ment, tendons in early stages of healing were studied by light and electron microscopy.
Within 10 d after repair, mobilized tendons demonstrated a proliferative response of
the epitenon with a smooth covering over the repair and adhesion-free healing by 42 d.
The predominant origin of the repair site cell was the surface epitenon cell, rather than
the endotenon, and cells aligned along the motion axis. Little healing was noted in the
immobilized group by 10 d with predominance of collagen absorption between 21 and
42 d with few signs of protein synthesis. There was a lack of early epitenon response,
and tendon healed mainly by a delayed proliferation of endotenon cells.

The outcome of these studies is clear. Intrinsic tendon healing is possible indepen-
dent of in-growth of adhesions providing physiological loads are applied to the tendon
to stimulate vascularity, cellular activity, and collagen synthesis.

Evolution of the Surgical Incision

When surgeons first considered repair of flexor tendons in the hand, they simply
chose the direct approach, incising the finger down the middle, over the tendon, and
away from the important neurovascular structures. In his landmark paper on recon-
struction of the hand published in 1924, Bunnell was the first to condemn the anterior
approach because of the flexion contracture that inevitably resulted (52). He also
pointed out that the incision risked damaging flexor pulleys and created increased
potential for scarring over the repaired tendon. He recommended a lateral incision
that was neutral in respect to flexion extension of the digit or one that was placed
zigzag across flexion creases and, hence, would not contract longitudinally. He later
termed the lateral approach the “midlateral incision” and recommended that the inci-
sion be placed dorsal to the neurovascular bundle to avoid injury to the digital nerve,
which was elevated anteriorly with the flap.

The other approach popular at the time was the “anterolateral incision” described by
Kanavel and Mason in 1939 (53). The latter was centered over the digital nerve and
mobilized the volar skin flap, leaving the nerve (and digital artery) in place. The ante-
rolateral incision was notable for reduced bleeding, as the dorsal branch of the digital
artery was not violated but did cause some compromise of sensation in the volar flap.

Around 1952, an anteriorly placed zigzag approach began to find favor among hand
surgeons treating Dupuytren’s disease. Initially used for palmar fasciectomy, it was
also subsequently found to be useful for disease extending into the finger. Julian Bruner
first started using the zigzag approach for flexor tendon surgery in 1965 with its advan-
tages of direct access, extensibility, and preservation of neurovascular bundles (54).
The report presented at the Anglo-Scandinavian Symposium of Hand Surgery in 1967
saw the acceptance of this incision that now bears his name. Most hand surgeons cur-
rently use one of the three incisions previously described.

Evolution of the Core Stitch

The goal of hand surgeons has been to create a tendon repair strong enough to with-
stand immediate active motion regimes and allow an early return to normal activity.
Since Kleinert’s report of successful early mobilization after tendon repair, the litera-
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Fig. 3. The original Bunnell zigzag suture was utilized for securing the tendon-graft junction
in tendon graft surgery. Kleinert modified the suture for use in primary tendon repairs.

ture on hands surgery has been inundated with reports of various modifications of core
sutures with comparative biomechanical studies.

In the early 1920s, both Garlock and Bunnell described a similar technique to suture
tendons using a zig-zag suture placed within the tendon substance (9,47). However,
Bunnell did not suture the tendon ends together with this stitch. Instead, he approxi-
mated the tendon ends with a few fine sutures and used a zig-zag pullout suture in the
proximal tendon stump to take tension off the repair (9).

With the 1940s came the use of the Mason stitch with two transverse passes within
each tendon stump and longitudinal limbs of the suture running outside the tendon
from where they were knotted (Fig. 2; 10). This was the first description of an end-end
repair that was adopted for clinical use.

Kleinert and coworkers started to use a shorter version of the Bunnell suture for
primary end-end approximation of tendons in the 1950s and reported their series in
1967 (Fig. 3; I). In 1969, Kessler described his stitch, a modification of the Mason
stitch, where the entire suture was placed within the tendon. His technique had the
knots placed outside the tendon at opposite ends (Fig. 2; 24).

Kleinert and coworkers supplemented the “core” stitch with a simple running
epitenon stitch to tidy the tendon. Tajima modified the Kessler core stitch by inserting
the suture through the cut end of the tendon to allow the knots to be buried within the
repair site (Fig. 2; 55). This technique of suture placement within the tendon had the
additional advantage of providing a hold in each tendon end to enable manipulation
through a pulley (if necessary) without direct handling of the tendon itself. Later
reports from the Louisville group described the use of this modified Kessler stitch with
a simple running epitenon or a bowel-type Lembert inverting epitenon stitch (56).

Pennington indicated that correct placement of the transverse component of the
Kessler suture was critical to obtaining a “locking” stitch. It was essential to place the
transverse pass of the suture superficial to the longitudinal part of the suture. Longi-
tudinal traction applied to the suture would result in a tightening loop around the
enclosed tendon fibers, effectively locking the suture in place (57).
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Fig. 4. The Savage was the first multistrand core stitch introduced to increase repair strength.
Strickland added a second suture loop to his locking suture modification of the Kessler stitch to
create a four-strand repair. Using a double-armed looped suture, Silva et al. obtained an eight-
strand repair. The Tenofix uses a multistrand steel wire held between an anchor fixed in each
end of the tendon.

Urbaniak was one of the first researchers to compare mechanical properties of
suture materials and techniques that were in use in 1975 (58). Both in vitro and vivo
studies in a canine model demonstrated that Ethilon (monofilament nylon) had the
lowest tensile strength and Tevdec, a braided polyester suture, was the strongest. He
noted that tying a knot in a suture markedly altered its tensile strength, reducing it by
22-47% in all materials except steel, which only lost 10% of its original strength.
Sutures placed parallel to the collagen bundles of the tendon failed by pullout; sutures
oriented obliquely or transversely failed by breaking. The in vivo study in dogs (immo-
bilized after repair) showed that repair strength dropped during the first 10 d, more so
in the Bunnell suture, which he attributed to its strangling effect. Urbaniak measured
the normal forces in intact human digital flexor tendons and found that the Kessler
technique maintained adequate strength to withstand early motion against mild resis-
tance.

Tsuge from Japan introduced a new core suture that utilized looped nylon placed
within the tendon substance with its purported advantage of minimizing disturbance to
circulation. He recommended a few additional epitenon sutures (if required) for better
approximation (59). After 2 yr, he reported success in a clinical series using a simpli-
fied version of the stitch, but the stitch has not been widely adopted (60).

In 1978, Becker proposed conversion of the laceration to an oblique one, followed
by accurate approximation of the tendon ends with multiple fine interrupted sutures.
This suture did not find much use in clinical practice (61).

The use of multiple strands in the core stitch became popular after Savage demon-
strated increased strength of a suture construct when the number of strands was increased
(62). He devised a strong suture technique that involved multiple grasps of the ten-
don with six strands across the repair site and subsequently reported good results
with early motion in a clinical series (Fig. 4; 28). Using in vivo experimental studies,
others have confirmed that strength of the repair ultimately depends on the amount of
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strands utilized and a six-strand repair, such as the Savage repair or newer eight-
strand repairs that are the strongest (63,64).

In 1989 Strickland reported a further modification to the Kessler core stitch, adding
a locking loop to the Kessler stitch at each grasp in the tendon and burying the knots
within the repair (65). A few years later, he recommended an increase in the strands
across the repair site by adding a horizontal mattress stitch to the modified Kessler
stitch within the tendon (Fig. 4; 66).

Hotokezaka and coworkers reemphasized Pennington’s concept of the locking suture
technique when they experimentally showed that the locking loop configuration tight-
ens around bundles of tendon fibers under tension, providing greater tensile strength
than the grasping configuration, which does not tighten around but pulls through bundles
of fibers (67). Hatanaka then showed that using a larger core suture results in a greater
increase in the ultimate and gap strength values of locking loop core sutures. When a
smaller suture (e.g., 4-0) is used, the strength of the suture is the weakest factor; locking
loops do not provide any additional benefit over a grasping suture (68).

Lubbers recently developed a novel method of tendon repair—the device termed
“TenoFix,” which consists of two stainless steel anchors connected with a multifila-
ment 2-0 stainless steel suture (Fig. 4). An anchor is placed in each tendon end by a
small tenotomy that is 1 cm away from the laceration, and the steel suture is threaded
through the anchors. Once the tendon ends are approximated, the is suture fixed in
place by crimping a stop bead threaded onto the suture. Early clinical trials have dem-
onstrated equal efficiency when compared with a four-strand suture and lower rupture
rates (69).

Based on these studies, the most appropriate method to consider is a core suture with
a diameter as large as possible that employs a locking technique to provide better resis-
tance to gapping and a higher tensile strength.

Evolution of the Epitenon Stitch

In 1954, Kyle emphasized the importance of good coaptation of the tendon ends to
prevent the “unsatisfied fibers” not buried within the repair from growing outward and
forming adhesions with surrounding tissues (70). The earliest descriptions of repair
techniques always included fine “epitenon sutures” at the repair site to provide a neat
suture line and invert the tendon ends. Lister and colleagues suggested the use of a
simple running suture or a Lembert running suture as used in the bowel to invert the
epitenon (55). Mechanical studies in vitro, especially with the use of cyclic loading,
have demonstrated the significance of the epitenon stitch in the prevention of gapping
at the repair site (7/,72). Thus, it became clear that the epitenon stitch served three
functions: a smooth repair that would glide easily, reinforce strength, and prevent gap-
ping of the repair when mobilized.

In a chicken study, Lindsey illustrated that gap formation at the site of tendon repair
was associated with increased “callus” formation, leading to poor clinical function from
the increased adhesion formation and impaired tendon gliding (73). Seradge confirmed
this in a clinical series, which found the incidence of tenolysis correlated with the
amount of gap present at the repair site (74). Poorer clinical results were found in gaps
larger than 2 mm. Canine studies have demonstrated that gap size has a strong negative
effect on tensile properties, and tendons with gaps greater than 3 mm do not accrue
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Fig. 5. The simple running or the horizontal mattress epitenon stitches can tidy tendon ends
but pull out under tension. Locking looped epitenon sutures, such as the Lin or Silfverskiold,
add significant strength to the repair.

stiffness or strength from 10 to 42 d. Further studies by the same group have shown that
tendons with gaps larger than 3 mm have a 35% lower ultimate force and 53% lesser
rigidity in comparison to tendons with no gap or gaps less than 3 mm. However, adhe-
sions expected to develop in the presence of a gap are prevented if early motion is
instituted after repair (75).

Lin and coauthors suggested modification of the epitenon suture to create a locking
configuration that would significantly increase the repair strength (76). Subsequent
reports of various types of epitenon repairs have an increased strength up to 50%
(Fig. 5; 77,78).

Most authors recommend a strong core suture using a locking configuration with
four strands across the repair (79). Kessler-type core sutures that run parallel with the
tendon do not seem to withstand gapping even with four strands. It is essential to con-
sider the addition of a circumferential locking loop epitenon repair (80).

Evolution of Delayed Emergency

The concept of primary tendon repair within 6 h of injury as proposed by earlier
authors was challenged by Iselin in 1958 when he proposed that fresh hand wounds
could be closed late as a “delayed emergency” as long as they were kept clean (81).
Further confirmation of this concept was obtained from Madsen in 1963 when he
reported that wounds could be treated as a delayed emergency with infection rates
lower than 3% (82). He applied similar principles to flexor tendon injuries, demon-
strating that after cleansing the wound and daily dressing changes, tendon repair could
be delayed by 1-3 d with good results in 79% of a series of 53 flexor tendons (83).

Years later, delayed emergency was further modified. With cleansing and closure of
the wound on the day of the injury, Schneider and colleagues reported repair of flexor
tendons up to 3 wk later with results comparable to repair done primarily on the same
day of surgery (84). They did not use any antibiotics but only advocated tetanus pro-
phylaxis on the day the injury occurred.

Thus, the concept of modern tendon surgery was set. It was possible and indeed
preferable to delay the primary tendon repair for experienced surgeons and trained
personnel during daytime hours.
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CONCLUSION

During the past 2000 yr, several concepts have evolved in the field of tendon injury
and repair. Although the most notable advances have occurred in the last 25 yr, the
efforts of earlier surgeons and scientists with limited resources and techniques must
not be compromised, as it is the controversy raised in previous studies that has led to
the stimulation of thought and proposal of new techniques.

It is now known that tendons can heal without the development of adhesions if
approximated with a good surgical technique and rehabilitated early in the postop-
erative period. A good repair that is strong and can resist gapping and rupture after
active motion initiated soon after surgery will yield excellent results in the majority
of cases.
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Basic Science of the Shoulder Ligaments

Louis J. Soslowsky and Jeffrey S. Cartmell

INTRODUCTION

The joints of the shoulder enable a large range of motion, but because they are
relatively unconstrained, they can be inherently unstable. These shoulder joints are
supported by numerous ligaments, which contribute to the strength and stability of
the system. Knowledge of the material and structural properties of the shoulder liga-
ments is important in understanding shoulder function and in determining approaches
to develop improved methods for repair and reconstruction of injured shoulders.

This chapter outlines the anatomy, geometry, structure, histology, biomechanics
and effects on stability of the shoulder ligaments. A thorough review is provided for
each ligament. It should be noted that certain ligaments of the shoulder have been
more extensively studied than others. Therefore, these ligaments are discussed in
greater detail than other ligaments that have a paucity of available data in the litera-
ture. The ligaments are examined in anatomical order—medial to lateral—beginning
with the sternoclavicular attachments and concluding with the glenohumeral liga-
ments. The chapter ends with a review of the minor ligaments and ligaments with only
modest data available in the literature.

STERNOCLAVICULAR LIGAMENT
Anatomy

The sternoclavicular joint is a synovial joint—the only point of true articulation
between the arm and upper body. This joint consists of the medial end of the clavicle
and a notch in the superolateral aspect of the sternal manubrium. The oblique anterior
and posterior sternoclavicular ligaments support the anterior and posterior aspects of
the sternoclavicular joint, respectively. These ligaments pass downward and medially
from the sternal end of the clavicle to the anterior and posterior surfaces of the manu-
brium. Of these ligaments, the anterior sternoclavicular ligament is stronger than the
posterior sternoclavicular ligament (/,2).

ACROMIOCLAVICULAR LIGAMENT
Anatomy

The acromioclavicular ligaments, including the coracoclavicular ligament (CCL),
reinforce all aspects of the acromioclavicular joint capsule. In turn, the deltoid and
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Fig. 1. Lateral view of the coracoacromial arch and glenoid fossa. Note the distinct inser-
tions of the conoid and trapezoid ligaments on the clavicle and the close approximation of the
CAL and acromioclavicular ligament. (Reprinted from ref. 4).

trapezius muscles reinforce the superior acromioclavicular ligament. The deltoid inser-
tion and trapezius origin also have a role in supporting the acromioclavicular joint.
These ligaments act to limit movement of the clavicle relative to the scapula (/). The
low-threshold Ruffini neural receptor organs are commonly found in the acromioclav-
icular ligament in a similar quantity observed with acromioclavicular ligament and the
CCL (3).

CORACOCLAVICULAR LIGAMENT
Anatomy

A major support of the acromioclavicular joint is the CCL (see Fig. 1), which con-
nects the clavicle and coracoid process (at the point where the clavicle passes just
superior to the coracoid). The CCL is composed of two distinct components: the trap-
ezoid and conoid ligaments. Each component connects to different aspects of the bony
attachments (/). It originates anterolaterally to the conoid attachment on the coracoid
process and runs in an anterolateral-to-posteromedial direction to its attachment on the
inferior aspect of the clavicle at the clavicle’s trapezoidal line (/,4).

The conoid ligament originates in a wide pattern at the base of the coracoid process.
It then extends directly superior from the coracoid to its attachment on the inferior
aspect of the clavicle, where its attachment appears as a tapered apex. In some cases
(7.5%), the coracoid attachments of the trapezoid and conoid ligaments are confluent
(1,4-7).

Geometry

The trapezoid ligament is a horizontal ligament that is quadrilateral in shape, whereas
the conoid ligament has the shape of a vertically oriented, inverted cone. The trapezoid
ligament has a mean length of 15-19 mm and a mean width of 11-13 mm. At its clav-
icular attachment, the trapezoid ligament is 22 mm wide. The trapezoid ligament’s
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Table 1
Geometric Properties of the CCL
Under Simulated In Vivo Loading (n = 24)

Mean # standard

Geometric properties deviation

Medial conoid length 19.4+4.8
Conoid clavicular width 20.6 £3.6
Conoid coracoid width 10.6 £2.0
Conoid thickness: superior 8.6+1.6
Conoid thickness: medial 59+1.1
Conoid thickness: inferior 4.4+0.7
Anterior trapezoid length 193£2.6
Trapezoid clavicular width 21.7+£4.0
Trapezoid coracoid width 14.0+2.6
Trapezoid thickness: superior 16.0 £ 3.1
Trapezoid thickness: medial 5519
Trapezoid thickness: inferior 4.81+0.6

Source: ref. 8.

clavicular insertion is roughly three times as large as its coracoid insertion. Recent data
on the dimensions of the trapezoid ligament under simulated in vivo loading conditions
is presented in Table 1. The conoid ligament is slightly smaller than the trapezoid liga-
ment with a mean length that ranges from 13 to 19 mm, and its midpoint width ranges
from 5.5 to 11.5 mm. The insertion on the clavicle for the conoid ligament is approxi-
mately twice as large as its insertion on the coracoid. Data on the dimensions of the
conoid ligament under simulated in vivo loading conditions is also presented in Table 1
(1,4-8).

Harris et al. proposed a classification system for the three distinct types of conoid
ligaments observed. In type 1 ligaments, the common conoid ligament origin is seen.
In type 2 ligaments, a two-point attachment formed by the conoid ligament and trans-
verse scapular ligament extends from the medial scapular notch, across the coracoid
and to the clavicle. Type 3 attachments are a variation of type 2 ligaments, where an
accessory conoid lateral fascicle arises inferomedially from the junction of the superior
transverse scapular ligament and the conoid ligament. The prevalence of these liga-
ments types is varied: 52% show type 1 ligaments, 33% show type 2 cases, and 15%
demonstrate type 3 conoid ligaments (8).

Biomechanics
Elastic Response

Structural properties (peak load, stiffness, and elongation to failure) for the intact
CCL are similar to those of the isolated trapezoid and conoid ligaments, demonstrat-
ing that division of one of the CCL bands has little effect on its overall strength.
However, the energy absorbed at failure is significantly greater (by 73%) in the trap-
ezoid ligament related to the conoid ligament. The structural properties for the differ-
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Table 2
Structural Properties of the CCL

Mean = standard deviation

Peak Failure Energy

load Stiffness  elongation  absorbed

M) (N/mm) (mm) (Nm)?
Intact CCL (n=7) 500134 103+£30 7.7+19 1.6%£0.62
Isolated conoid ligament (n = 6) 394+ 170 105 +45 7.1+£2.1 1.1+£0.60

Isolated trapezoid ligament (n =6) 440t 118 84 £ 19 9.2+£26 19%0.53

Source: ref. 9.

ent regions are shown in Table 2. During tensile testing, the intact CCL and the iso-
lated conoid ligaments fail primarily in the ligament midsubstance or at the coracoid
insertion; the isolated trapezoid ligament fails primarily at its coracoid insertion (9).
With decreases in mean specimen age (70-57 yr), stiffness values remain the same,
but a slight increase in peak load is observed, showing age-related ligament degenera-
tion. In these cases, sample rupture occurs mostly in the ligament midsubstance (/0).

In Situ Loads

With the exception of posterior loading, the conoid and trapezoid ligaments both
bear similar in situ loads under all loading conditions. However, with posterior load-
ing, the in situ loads of the trapezoid ligament are three times greater than the loads
within the conoid ligament (7).

Stability

The CCL is the major support of the acromioclavicular joint. However, the CCL
alone cannot limit scapular rotation about the clavicle (/,/1). The acromioclavicular
ligament helps to prevent inferior acromioclavicular joint displacement during poste-
rior joint displacement (7).

The conoid ligament limits scapular depression associated with the clavicle and
inferior scapular rotation, and it also counteracts clavicle axial rotation. At large dis-
placements, the conoid ligament is the dominant restraint to acromioclavicular joint
rotation (/,5,/2). The trapezoid ligament provides scapular restraint during upward
clavicle displacement, and helps to prevent shear forces from occurring in the acro-
mioclavicular joint (/,4,5).

CORACOACROMIAL LIGAMENT
Anatomy

The coracoacromial ligament (CAL) is a trapezoidal shaped ligament twisted into a
helix between the coracoid and acromion (/3). As shown in Fig. 2, the CAL courses an
oblique pattern over the rotator cuff and shoulder capsule, with which it has a close
spatial relationship (4). In fetal development, the CAL is visible by 13-wk gestation as
a band that is continuous with the acromion’s undersurface. By 36-wk gestation, fibers
of the CAL are well organized (/4).
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Fig. 2. Anterior view of the right shoulder, demonstrating the anatomical position of the
CAL. The acromion (a) forms the origin of the CAL (b), which then attaches to the coracoid
process (c). The supraspinatus tendon (d) passes through the arch formed by the CAL. (Reprinted
from ref. 18).

Table 3
Geometric Properties of the CAL

Mean * standard deviation)

Length (mm) Thickness (mm) Width (mm) Area (mm?)

Lateral Band (n = 10) 34+£4.2 0.96 £0.33 8.0x2.1 8.0£3.8
Medial Band (n = 10) 324+3.1 0.99 +0.35 6.3+1.6 6.2+2.7

Source: ref. /8.

The origin of the CAL is on the proximal third of the coracoid’s lateral edge (stretch-
ing to the coracoid tip), where it attaches with the biceps tendon and coracobrachialis
muscles (4,13,15,16). The acromial attachment for the CAL is on the dorsal edge of the
acromion, where it inserts in a Y-shaped pattern on the anterior and inferior acromial
surfaces. The more superior fibers of the CAL blend with the deltoid attachments prior
to entering the acromion. The medial fibers also blend into the inferior surface of the
acromioclavicular joint. The more inferior fibers insert into the acromion via perios-
teum and fibrocartilage (4,13,16).

Geometry

The CAL has a variable shape, but it is predominantly quadrangular (48%) or Y-
shaped (42%), with the side of the ligaments curved, not straight. A small number of
CALs (8%) display a broad band ligament, where a difference of no more than 2 mm is
observed between the widths of the acromial and coracoid attachments. The broad band
is primarily found in taller individuals, but the length and gap distance between the
coracoid and acromion do not differ with CAL pattern (/7). Overall, the CAL averages
1.7 cm wide and 3.7 cm long (4). However, the CAL can be divided into two anatomi-
cally distinct bands: the lateral and medial bands. Both bands show similar length and
thickness, but the lateral band is wider and has a greater cross-sectional area (Table 3;



112 Soslowsky and Cartmell

18). The CAL origin on the coracoid is approx 37 mm in length; its attachment on the
acromion is 15 mm wide (4,13,15,16).

Structure and Histology

The CAL consists of tightly packed parallel bundles of nearly equal-diameter col-
lagen fibers. The structure is primarily acellular, but some elongated fibroblasts are
present between the collagen fibers. A small number of parallel elastic fibers are also
present (17,19,20). The CAL contains mechanoreceptors, primarily the low-threshold
Ruffini end organs with a lesser distribution of the fast-adapting Pacinian corpuscles
(3). Its vascularity includes arterial blood vessels on the posterior surface (13).

The cells of the CAL have a fairly uniform appearance throughout the ligament.
They are generally small and have an irregular shape owing to cytoplasmic protru-
sions. The cell interior is occupied mostly by the cell nuclei, and the remaining space is
taken up by rough endoplasmic reticulum, mitochondria, and a few intermediate fila-
ments (19).

The CAL displays age-related histological degeneration. In younger specimens,
closely packed collagen bundles, separated by thin strands of loose connective tissue
with sparse vascularity and curvilinear-shaped cells, are present. With age, the col-
lagen bundles become straightened out with a moderate increase in cellularity and a
decreased vascularity in the ligament midsubstance. However, increased vascularity in
periligamentous connective tissue is also observed with age (21/).

Biomechanics
Elastic Response
STRUCTURAL AND MATERIAL PROPERTIES

Mechanical testing demonstrates that the lateral CAL band is stronger than the medial
band of the CAL. The stiffness of the CAL lateral band does not vary with age (22). In
shoulders with rotator cuff tears, the lateral band of the CAL is shorter in length with a
decreased cross-sectional area relative to the lateral band from shoulders without rota-
tor cuff tears. Decreases in material, but not structural properties, are observed in the
CAL from rotator cuff—deficient shoulders associated with normal shoulders (Table 4).
The differences in these observed properties may partly be a result of impingement
seen in shoulders with rotator cuff tears subjecting the CAL to a more complex multi-
directional loading regime (/8,23).

In Situ Loads

Measurable in situ loads of 18.3 = 9.8 N (stress = 2.4 + 1.8 MPa) are present in the
CAL, which correspond to in situ strains of 4.9 + 2.9% in the CAL. Similar values for
in situ load and strain are observed in the CALs from shoulders with rotator cuff tears,
which is interesting given the decreased CAL length in these shoulders (23). This find-
ing demonstrates that although the ligament is under significant in situ load, the anec-
dotal evidence of a “stiffer” or “tighter” CAL with rotator cuff tears is not supported.

Failure Properties

The failure loads, but not the failure stress, of the CAL lateral band decreases with age.
During tensile testing, the mode of CAL failure varies between failure at the acromial
insertion (68%), coracoid insertion (24%), and the ligament midsubstance (8%; 22).
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Table 4
Structural and Material Properties
of the Lateral Band of the CAL (n =10)

Mean = standard deviation

Intact Rotator Cuff Torn Rotator Cuff

Failure load (N) 311.7£ 1274 305.4 £154.8
Failure displacement (mm) 7.8£2.0 75%£23
Stiffness (N/mm) 59.3+26.3 57.5+37.3
Failure stress (MPa) 46.9 +30.7 25.3+8.7¢
Total failure strain (%) 23.7+9.5 28.3+8.6
Ligament failure strain (%) 56x1.7 51£1.2
Total modulus (MPa) 291.6 £ 154 120.3 +£38.9¢
Ligament modulus (MPa) 1174.4 £ 437.7 658.4+£261.37

Source: ref. /8.
¢ Statistical significance (p < 0.05)

Viscoelastic Response

Cyclic loading of the CAL for 15 cycles (between 1% and 5% strain) results in a 4%
decrease in the peak load. In stress-relaxation experiments, the stress at equilibrium of
the CAL is 71.2 = 6.9% of the peak stress. With rotator cuff tears, larger decreases in
the peak load (during cyclic loading) and the stress at equilibrium during relaxation are
observed in the CAL relative to those seen from normal shoulders (/8,23).

Stability

The CAL stabilizes the superior lateral bony aspects of the shoulder and is a signifi-
cant stabilizer of the glenohumeral joint at low abduction levels. Specifically, the CAL
limits the anterior and inferior translation of both internally and externally rotated
glenohumeral joints (24,25). The CAL stabilizes the acromion and acromioclavicular
joint and is the final restraint to superior subluxation of the humeral head. Lastly, the
CAL reinforces the inferior capsular ligament. It may also act as a “soft tissue buffer”
between the acromion and clavicle and rotator cuff (4,16).

CORACOHUMERAL LIGAMENT
Anatomy

The coracohumeral ligament (CHL) is a trapezoidal ligament located in the superior
part of the shoulder capsule (on its nonarticulating surface) and runs parallel to and is
closely overlaid by the CAL. It is present in fetal development by 14-wk gestation as a
small band of tissue between the CHL and the CAL.

The origin of the CHL is at the most posterior point on the lateral aspect of the
coracoid process base (deep relative to the origin of the CAL). It appears as a broad
band (2.5 cm wide) and stretches from the root of the coracoid to about 1 cm from the
coracoid tip (covering approximately two thirds of the length of the coracoid process).
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The superior portion of the CHL originates on the medioposterior portion of the cora-
coid, whereas the inferior portion of the CHL originates 1 cm medially of the coracoid
tip (4,14,20,26-30).

The CHL passes over the top of the shoulder and fans out laterally before joining the
shoulder capsule. A small segment of the CHL blends with the rotator cuff attachments
as it attaches to the anterior aspect of the greater humeral tuberosity. A larger segment
extends posteriorly through the joint capsule (beneath the infraspinatus and over the
bicep tendons) to attach to the lesser tuberosity of the humerus. By attaching on either
side of the bicipital groove, the CHL provides a tunnel for the biceps tendon. Rendi-
tions of the CHL in the various layers of the rotator interval are shown in Fig. 3 (20,26,
28,31,32).

The CHL displays distinct anterior and posterior borders (32). On its lateral side, the
CHL covers the interval between the anterior border of the supraspinatus muscle and
superior border of the subscapularis muscle and tendon. At the lesser tuberosity, the
CHL blends with the insertion of the subscapularis tendon. In its inferior direction, the
CHL joins with the superior glenohumeral ligament (SGHL) (28).

Geometry

The CHL has a variable thickness, which is demonstrated by the fanning of the
cross-sectional area along its distal length (toward the humerus) with a midpoint value
of 53.7 + 3.2 mm?. Additionally, the CHL displays a variable humeral insertion with
75% of CHL specimens inserting into the rotator interval between the supraspinatus
and subscapularis tendons, rather than a direct bony insertion. An additional 25% of
CHLs insert into the supraspinatus tendon. Cooper demonstrated some variability in
CHL appearance, finding well-defined structures in only 76% of shoulders examined.
In the remaining shoulders, the CHL appeared only as a fold in the anterosuperior
glenohumeral capsule (15,27,33,34).

Structure and Histology

Histologically, the deep layer of the CHL (on the articular side) forms a portion of
the superior capsule. Conversely, the superficial layer partly covers the bursal side and
is embedded in fatty tissue with only a few collagen fiber bundles present. There is
only a clear demarcation between the CHL and other surrounding fiber bundles in
16.3% of observations (35).

The superior portion of the CHL shows an irregular organization of collagen fibers
that are interspersed with loose connective tissue and filled with fat and blood vessels.
The inferior portion of the CHL has an anterior region of disorganized collagen fibers
and a posterior region with distinct bundles of collagen fibers (30).

Biomechanics
Elastic Response
STRUCTURAL AND MATERIAL PROPERTIES
During mechanical testing at a strain rate of 100 mm/min, all CHL specimens failed
in the proximal ligament substance near the coracoid insertion. The ultimate load of the

CHL is 359.8 +40.3 N, corresponding to a stress of 6.7 MPa. The stiffness of the CHL
is 36.7 £ 5.9 N/mm. The CHL absorbs 2285 = 378.2 N-m of energy and stretches 35.9
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Fig. 3. (A) Anterolateral view of the right shoulder rotator interval that demonstrates the
superior layer of the lateral rotator interval (L), which contains the superior layer of the CHL.
These CHL fibers extend from the coracoid process (CP) to the insertions of the subscapularis
(SSC) and supraspinatus (SSP) muscles. (B) Second layer of the rotator interval of the same
shoulder. Fibers of the SSP and subscapularis blend with CHL fibers. (C) The third layer of
the rotator interval from the same shoulder, showing deep CHL fibers inserting into the greater
tuberosity (GT) and lesser tuberosity (LT). A, anterior covering band of long-head biceps
tendon; M, medial rotator interval; ISP, infraspinatus muscle; AC, acromion. (Reprinted from
ref. 33).

+ 11.9% prior to failure. This suggests that although the CHL is a capsular thickening,
it displays similar biomechanical behavior to ligaments (34).

In Situ Loads

With applied external anterior loading, the CHL carries internal loads at all angles
of abduction. However, during posterior loading, the CHL’s maximum in situ load is
observed at 0° of abduction, and decreases with increasing abduction angles (36).
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Stability

The CHL resists anterior and posterior subluxation of the humeral head (32). During
internal rotation, the CHL contributes to the subluxation force; in neutral rotation, the
CHL is a primary anterior constraint of the glenohumeral joint (37,38). The CHL also
limits external rotation and prevents inferior subluxation (28). With the inferior gleno-
humeral ligament (IGHL), the CHL is the primary restraint to external rotation in ab-
duction (39). The CHL (with the SGHL) contributes to joint constraint in both anterior
and posterior load application (36). Inferior stabilization by the CHL may be propor-
tional to compressive loads and displacements (40).

The CHL becomes taut in flexion and external rotation of the shoulder, as well as in
anterior and posterior translation of the humeral head. During lateral motion, CHL
tightening occurs earlier than during medial rotation. Therefore, release of the CHL
may aid in the treatment of frozen shoulders (20,41 ).

INFERIOR GLENOHUMERAL LIGAMENT
Anatomy

In 1981, Turkel et al. described the IGHL as a structure attached to the inferior,
anterior, and posterior margins of the glenoid labrum just below the epiphyseal line
and the humeral neck (42). In fetal development, the IGHL is present by 14-wk gesta-
tion and appears as several layers of poorly organized collagen fibers, which are better
organized than their surrounding capsular structure. With gestational time, the amount
of fibrous tissue increases while the cellularity decreases (/4,43).

The three glenohumeral ligaments are named for the location of their origins on the
humeral head. The IGHL origin is just below the articular margin on the inferior hu-
meral head (/5,44). Ticker et al. observed that the IGHL has an anterior and posterior
insertion into the humerus. The anterior insertion is inferior to the lesser tuberosity,
whereas the posterior insertion is inferior to the greater tuberosity, with an equal distri-
bution between V-shaped (with the axillary pouch forming the apex of the V) and
collar-like (entire IGHL attached inferior to the humeral head articular edge) attach-
ments (45).

The IGHL passes beneath the humeral head to insert primarily into the anterior infe-
rior glenoid. But the IGHL also inserts posteriorly into the posterior labrum and cap-
sule and has an axillary insertion directly into the bone. In the labrum attachment,
transitional zones of fibrocartilage and mineralized fibrocartilage are present between
the IGHL and glenoid bone. The fibrocartilage zone and glenoid attachments both have
a variable thickness, which decreases in the inferior direction along the glenoid (46,47).

The IGHL appears as a triangular structure that extends between the glenoid labrum,
triceps tendon, and the subscapularis muscle (48). As noted by Turkel, the
anterosuperior edge of the ligament is significantly thickened and termed the superior
band of the IGHL. There are also thickenings in the anteroinferior portion of the joint
capsule, which Turkel termed the “axillary pouch.” This pouch could be divided into
two portions: the anterior and posterior axillary pouch. The anatomic locations of the
three IGHL bands are demonstrated in Fig. 4 (42).

In contrast, O’Brien noted the IGHL was comprised of a superior band, posterior
band, and an axillary pouch in which both anterior and posterior bands of IGHL were
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Fig. 4. Anatomy of the three distinct regions of the IGHL from both intracapsular and extra-
capsular views. Also shown in the intracapsular view are the location of the MGHL and SGHL.
(Reprinted from ref. 45).

thickenings of the surrounding joint capsule. These bands showed well organized col-
lagen bundles running in the coronal plane (from the humerus to the glenoid). In the
axillary pouch, the bundles were thicker but less well-organized with intermingling of
fibers from inner and middle capsular layers. The posterior capsule appeared thinner
than the anterior capsule (44). However, further studies by Ticker et al. identified a
posterior band in only a small percentage (12.5%) of shoulders examined (45). The
difference between these observations may be a result of the external rotation of the
upper arm. As the arm is externally rotated, the posterior axillary pouch folds on itself
and appears to actually be a thickening of the joint capsule.

The IGHL helps to form the anterior border of the glenohumeral joint complex. In
this area of the joint capsule, a predominantly radial orientation of the fiber bundles
exists. Microscopic evaluation reveals crossing of superficial fiber bundles, oriented in
a circular manner. Fibers of the middle glenohumeral ligament (MGHL) also have a
role in this area of the joint capsule (Fig. 5; 35).
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Fig. 5. Collagen fiber bundle orientation in ligamentous structures of the anterior gleno-
humeral joint capsule. The fibers of both the MGHL and the IGHL are oriented primarily in a
radial manner. (Reprinted from ref. 35).

Table 5
Geometric Properties of the IGHL

Mean + standard deviation

IGHL region Length (mm)  Thickness (mm) Width (mm)
Superior band (n = 16) 41.3+4.5 2.79 £0.49 13.33 £ 2.66
Anterior axillary pouch (n = 16) 39.8+5.6 2.34+0.43 12.61 £3.05
Posterior axillary pouch (n = 16) 41.0+4.2 1.70 £ 0.55 10.86 £2.94
Mean (n = 48) 40.7+4.7 2.28 £0.66 12.27 +2.88

Source: ref. 51.

The IGHL is generally present, but its anatomy can be variable. Steinbeck found a
clearly defined structure in only 72% of cases studied. In the remainder of the cases, only
a thickening of the inferior glenohumeral joint capsule was seen (48,49). When the gleno-
humeral joint capsule is viewed in a layered approach, the IGHL is present in the deepest
layer (i.e., the layer closest to the joint; /5). Generally, the superior band of the IGHL
appears either band- or fan-like. However, in a few cases, cord-like ligament band pat-
terns were present (50).

Geometry

Bigliani et al. measured the average thickness of the IGHL as 2.28 + 0.66 mm with a
width of 12.27 + 2.88 mm. Assuming a rectangular cross-section, this yields an average
cross-sectional area of 40.7 + 4.7 mm?. The lengths and widths of individual bands are
all comparable in size (Table 5). Ticker et al. showed similar results but also showed that
the superior band is significantly thicker than both the anterior and posterior axillary
pouches. Additionally, the anterior axillary pouch is thicker than the posterior axillary
pouch. Within each region, the proximal portions of the IGHL bands (near the glenoid
insertion) are notably more thick than the middle or distal portions (Table 6; 45,517).
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Table 6
Thickness (mm) of the IGHL Bands
as Measured Along the Length of the Ligament

Mean = standard deviation

IGHL region Proximal Middle Distal

Superior band (n = 8) 2.63+0.48“ 2.15+0.41 1.91£0.36
Anterior axillary pouch (n = 8) 2.30+0.28 ¢ 1.89£0.46 1.65x0.46
Posterior axillary pouch (n = 8) 1.97+£0.73 ¢ 1.52 £0.65 1.27 £0.57
Mean (n = 24) 2.30+0.57 1.85+0.56  1.61 £0.52

Source: ref. 45.
¢ Proximal more than middle and distal within each region (p < 0.05).

Table 7
Geometric Data of the IGHL Superior Band

Mean =+ standard deviation

Region XS, (mm?)  Thickness (mm) Width (mm)
Glenoid insertion (n = 16) 73.5+7.5 29+0.2¢ 248+ 1.1
Midsubstance (n = 12) 61.7+6.77 2.6+0.2 23.3+£0.8
Humeral insertion (n = 12) 74.0+£7.0 2.6+0.2 28.5+£0.9

Source: ref. 46.
“ One-way analysis of variance (ANOVA): Midsubstance XS, significantly less; Glenoid
insertion thickness significantly greater; all widths significantly different (p < 0.05).

McMahon demonstrated similar geometric properties for the superior band (46); but
in a different study, he showed a thicker superior band with a cross-sectional area sig-
nificantly less in the midsubstance than near the insertion sites (Table 7; 52). Lee et al.
showed that the length of the superior band was 37.3 = 0.9 mm and that width, thick-
ness, and cross-sectional area do not change with age (53).

Structure and Histology

Bigliani et al. observed longitudinally organized fibers in the ligamentous portion of
the IGHL that has a consistent crimping pattern between regions (superior band and
axillary pouches). The fiber bundles appeared uniform in the ligament midsubstance
with increased fiber bundle interweaving near the bony insertion sites. The superior
band had greater interweaving in the midsubstance relative to other regions, whereas
the anterior axillary pouch had more crimping and less interweaving. This evidence
suggests that some variability in IGHL microcomposition exists (5/,54).

Invariably, the IGHL displays closely packed collagen fiber bundles. These fibers
generally follow a circular course through the joint cavity, but a percentage run at a 14°
angle into the bony edge of the scapular neck (55). Yet, Gohlke showed that there was
a fairly even distribution between fibers that insert into the labrum at acute angles
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Iahrum

triceps \\

tendon

Fig. 6. Schematics of collagen fiber bundles of the glenohumeral joint capsule as viewed using
polarized light microscopy. (A) External and (B) articular side surfaces of flat capsule specimens
that show fibers systems with predominately (C) circular and (D) radial orientations. ISP, infra-
spinatus muscle; SSP, supraspinatus muscle; SSC, subscapularis muscle. (Reprinted from ref. 35).

(53%) and those that are radially oriented (46%). Although a gross simplification, the
fibers with mostly a circular orientation are predominately in the superficial layer and
course around the joint to enter the labrum at acute angles (Fig. 6). The fiber bundles
with a radial orientation are located in the deeper joint layer on the articular side, where
they run from the glenoid to the humerus. These deeper fibers are believed to be stron-
ger (35). The fibers in the anterior axillary pouch run caudally and curve posteriorly
from the glenoid to their attachment on the anatomic neck of the humerus. In contrast,
the fibers in the posterior portion of the IGHL curve cranially and anteriorly from the
glenoid to their attachment on the humeral surgical neck (42).

Innervation of the glenohumeral ligaments comes from the axillary, suprascapular,
subscapular, and musculocutaneous nerves (43). All glenohumeral ligaments also dis-
play fast-adapting Pacinian corpuscles but not the low-threshold Ruffini end organs (3).

Biochemistry

The content of water, collagen, and the hydroxylysyl pyridinoline crosslink do not
significantly vary by region (Table 8). However, sulfated glycosaminoglycan (GAG)
content (a measure of the proteoglycan content) is much greater in the superior band
than in the anterior and posterior axillary pouches. Given the viscoelastic properties
present in this region the higher sulfated-GAG content in the superior band is notewor-
thy (54,56).

Biomechanics
Elastic Response
STRUCTURAL AND MATERIAL PROPERTIES

The Young’s modulus in the anterior axillary pouch was observed to be slightly
lower than the moduli values for the posterior axillary pouch and superior band at a
slow strain rate (0.01-0.1 % strain/s) that minimizes viscoelastic effects. Additionally,
in the posterior axillary pouch, the toe region modulus is greater than that of either the
anterior axillary pouch or the superior band. The decreased modulus in the anterior
axillary pouch may be a result of increased crimping in this region. (Table 9; 517).
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At a higher strain rate (10% strain/s), the modulus of the superior band (calculated
using the total specimen strain) is significantly greater than that of both the posterior
and anterior axillary pouches at this increased strain rate. Application of the exponen-
tial stress—strain association also indicates that the stiffness of the superior band in the
toe region is more than that of the axillary pouch. Ligament modulus at the faster strain
rate is generally double the total specimen modulus for each band (45).

Repetitive subfailure loading of the IGHL induces ligament laxity, as measured by
decreased peak loads and irrecoverable ligament elongation, where the axillary pouch
shows the greatest laxity. This laxity may be from microdamage (owing to nonrecover-
able deformation) and viscoelastic stress-relaxation effects. The micro-damage likely
occurs early in the loading regime as the crimped collagen fibers are cyclically
stretched. These microdamage effects are also cumulative, because increased cycling
frequency results in greater drops in peak loads. Presumably, some fiber recruitment
occurs during this microdamage process; more highly crimped fibers are recruited to
bear load as less crimped fibers are broken. Regional variations in microdamage may
be caused by variable collagen fiber micro-orientation between regions (52,57).

Collagen shortening via laser induction results in decreased energy absorption dur-
ing cyclic testing for the posterior band. This effect is not seen in other regions and may
be a consequence of increased collagen crosslinking or other extracellular matrix
changes from the laser-heating process (i.e., decreased water content). Additionally,
laser-treated specimens revealed greater yield strain and greater strain prior to plastic
deformation, both of which are suggestive of some matrix modification process (58).

Lee et al. illustrated that both material and structural properties of the IGHL superior
band tested with the shoulder in the position of apprehension differ with age. For struc-
tural properties, decreases in ultimate load (38.8%) and energy absorbed to failure
(38.1%) occur with the aging process. For material properties, decreases in modulus
(45.9%), failure stress (53.2%), and failure strain (39.4%) are observed with older
specimens (53).

The use of an exponential stress-strain law demonstrates that the stress-strain response
in the toe regions for each band is also different. Specifically, the anterior pouch shows
more strain than the other regions for the same applied stress. A possible explanation is
that the anterior pouch is composed of more highly crimped fibers in relationship to the
other regions and therefore requires greater elongation (corresponding to fiber recruit-
ment) before reaching the same stress level as other regions. However, increased prote-
oglycan content in the superior band may decrease the viscous component and thus
cause an increased strain response (517).

Bigliani et al. found strain variations along the IGHL length, and significant strain
was present near the insertions of the IGHL into the glenoid and humerus. This may
account for the greater viscoelastic effect seen in the IGHL insertion regions associated
with the ligament midsubstance. Specifically, the insertion site for the IGHL superior
band appears stiffer than those of the other regions (51/).

IN Situ LoaDs

Debski et al. measured the in situ IGHL loads during the application of an external
force. During anterior loading, the IGHL superior band carries increasing in situ forces
with increases in abduction, and a maximum in situ force occurs at 90° abduction.
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During posterior loading, the in situ force for the IGHL superior band is negligible, and
the posterior band carries only minimal loads during anterior loading. With posterior
loading, the IGHL posterior band forces increase with abduction, and a maximum force
is observed at 60° abduction (36).

FAILURE LOADS

When tested at a slow strain rate (0.01-0.1% strain/s), the IGHL failure stress (5.5 £
2.2 MPa) does not vary by region. However, the IGHL total midsubstance failure strain
is region-specific, and the anterior pouch fails at a remarkably higher strain (15.1 £
5.7%) than either the posterior pouch (9.9 = 5.3%) or superior band (8.3 = 3.2%).
Because the midsubstance failure strain represents only a percentage (35-45%) of the
total specimen strain, some strain variations must exist along the length of the IGHL
and may be indicative of regional differences in IGHL matrix organization and
microcomposition (57).

When measuring the mechanical properties of the isolated IGHL regions at a faster
constant strain rate (10% strain/s), the tensile stress of both the superior band and ante-
rior axillary pouch are each much greater than the tensile stress of the posterior axillary
pouch with no differences in strain energy density. Additionally, the faster strain rate
yields a midsubstance strain greater in the anterior axillary pouch relative to the other
regions, whereas the total specimen strain is only different between the anterior and
posterior axillary pouches (45).

Ligament failure location is dependent upon the strain rate used during testing. An
increase from a slow strain rate (0.01-0.1% strain/s) to a fast strain rate (10% strain/s)
results in a higher incidence of ligament midsubstance failures (35% slow, 54% fast).
Humeral insertion site failures also decrease with elevations in strain rate (25% slow,
8% fast), but the frequency of glenoid insertion failure does not change appreciably
(40% slow; 38% fast; 45,51,56).

When preconditioned before failure testing (at a fast strain rate), the mode of failure
becomes more evenly distributed: 25% failing at the glenoid, 33% failing in the mid-
substance, and 42% failing at the humerus (58). The failure mode of the isolated IGHL
superior band varies with age. In younger specimens mechanically tested with the
shoulder in apprehension, the failure modes were fairly evenly distributed among the
midsubstance and insertion regions. However, older specimens tested in the same man-
ner failed predominantly near the glenoid insertion site (53).

McMahon et al. analyzed material and structural properties regarding to failure loca-
tion of the IGHL superior band and showed that ultimate elongation and yield strain for
glenoid insertion failures were significantly greater than for samples that failed else-
where. No other structural or material property exhibited variation with failure loca-
tion. Failure location statistics were 64% glenoid insertion, 18% humeral insertion, and
18% ligament midsubstance (52).

Viscoelastic Response

Mechanical properties vary by strain rate and IGHL region studied. Because slow
strain rates lessen the viscoelastic effect in biologic tissues, and faster strain rates are
more clinically relevant, the comparisons of mechanical data at slow (0.01 and 0.1%
strain/s) and fast (10% strain/s) strain rates enable the evaluation of viscoelastic influ-
ences. As seen in Table 9, failure stress and modulus rise significantly in the superior
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band and anterior pouch with increased strain rate. The anterior pouch also demon-
strates decreased failure strain at the higher strain rates.

The implication of this data is that the IGHL superior band has greater stiffness
during the fiber recruitment phase and that collagen microcomposition in the IGHL
may differ based on region. Also, the higher proteoglycan content in the superior band
may cause viscoelastic stiffening because of collagen fibers uncrimping during load-
ing, which then compresses proteoglycan molecules, thus causing interstitial fluid flow
(45,51,54,56).

Stability

The IGHL is the primary static stabilizer to subluxation, especially at large dis-
placements (37,54). It is also an important passive stabilizer in external rotation, pro-
viding increasing stabilizing effects as the displacement increases, and it is the
dominant restraint to anterior dislocation (40,42,59). During external rotation, the ante-
rior components of the IGHL limit rotation; with internal rotation, posterior IGHL
components restrain rotation (60). Urayama et al. indicated that the superior band and
anterior axillary pouch are anterior stabilizers, whereas the posterior axillary pouch is
a posterior stabilizer (61). The IGHL is the leading joint constraint during anterior
loading (62,63).

With the CHL, the IGHL is the primary restraint to external rotation in abduction
(39). In all abduction positions, the IGHL maintains a cruciate orientation in the antero-
posterior plane (The cruciate orientation is a result of varying locations of the attach-
ments for each band.) During abduction, the IGHL provides the dominant constraint to
joint translation and limits humeral abduction (38,4/). Increasing shoulder abduction
increases the impact of the IGHL in limiting anterior translation. At 45° of abduction,
all the glenohumeral ligaments are at their loosest, resulting in the greatest amount of
total superior—inferior translation.

At increased anterior abduction angles, the anterior band takes over the duty to sta-
bilize the joint. At 90° of abduction, both the anterior and posterior portions of the
IGHL are parallel to the antero-posterior plane. These bands cradle the humeral head,
and internal or external rotation of the humeral head causes reciprocal tightening or
loosening of the anterior and posterior portions of the IGHL. This motion rolls the
humeral head back into place upon movement of the glenoid. As the IGHL tightens
with external rotation and abduction, it is the major limit to anterior and posterior insta-
bility at 90° abduction (29,49,64-66).

MIDDLE GLENOHUMERAL LIGAMENT
Anatomy

The MGHL is the second of three glenohumeral ligaments and is attached to the non-
articulating surface of the glenohumeral joint capsule (3/). In fetal development, the
MGHL is present by 14-wk gestation as a distinct thickening of the joint capsule (/4).

The MGHL originates on the lesser tuberosity of the humerus along the anatomic
neck and blends with the insertion of the subscapularis tendon into the humerus
(28,42,47). The MGHL then passes across the subscapularis tendon in an oblique man-
ner, appearing as a chisel-shaped band that widens laterally (47,67). The average width
of the MGHL is 1-1.5 cm, but width can range between 0.4 and 5 cm (35).
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The MGHL attaches proximally to the anterosuperior glenoid labrum (above the
epiphyseal line), and its attachment extends along the glenoid anterior aspect (42).
Gohlke showed that the MGHL glenoid insertion was at the labrum in 86% of cases
and at the glenoid rim in the remaining 14% (28,35,48). The fibers of the MGHL are
oriented primarily in a radial fashion (35).

The MGHL is the most anatomically variable of the three glenohumeral ligaments.
Steinbeck et al. observed the MGHL in 84.6% cases with an average diameter of 3.6
mm (range 2—5 mm) and an average width of 18 mm (range 6—25 mm). However, in
11.5% of cases studied, only a rudimentary MGHL was observed (48). Warner found
that a missing or rudimentary MGHL was present in eight of 11 shoulders studied (29).

Structure

The MGHL usually appears as a large fibrous band that blends into the labrum.
However, the it can also present as a cord-like structure, which may be attached to the
base of the biceps tendon and is contiguous with the anterior superior labrum, giving
the appearance of a sublabral hole (47).

Superiorly, the MGHL appears as an intra-articular band that becomes part of the
joint capsule as it descends to the humeral attachment. When the free intra-articular
band is short or absent, the MGHL presents only as a focal thickening or folding of the
joint capsule. The attachments of the MGHL are less than 1 cm in width on both the
glenoid and humerus (50).

Biomechanics
Elastic Response
IN Situ LoaDs

The MGHL is a factor in the passive and dynamic restraint of the glenohumeral
joint. In this role, the MGHL experiences in situ forces only during anterior loading,
coupled with a shoulder abduction of at least 30°, and reaches a maximum in situ force
at 60° abduction. When a 22 N compressive load is applied to the medial side of the
humerus, and an anterior load of 89 N is applied in the orthogonal directions, the MGHL
carries approx 35 N of load at 60° of abduction. In contrast, when an 89 N posterior
load (but not anterior load) is applied to the same circumstance, the MGHL carries a
maximum load of 5 N at 0° abduction. For 89 N of anterior loading, the angle of the
in situ force in the MGHL relative to the transverse plane decreases from —12° to —18°
as abduction increases from 30° to 90°. At the same time, the direction of force relative
to the scapular plane increases from 76° to 102° (36).

Stability

The MGHL (with the CHL) resists external rotation and prevents inferior sublux-
ation (28,37,63). As displacement increases during external rotation, the MGHL pro-
vides an increasing stabilizing force (59). During abduction, it shortens as the
glenohumeral joint rotates from 0° to 90°. This phenomenon is functionally important
in the adducted shoulder during neutral and external rotation (29,49). The MGHL lim-
its translation in neutral abduction and in abduction combined with external rotation
(38). It also offers anterior stability at low and medium abduction levels. The contribu-
tion of the MGHL decreases with high levels of abduction (>60°) but provides support
in concert with the IGHL (42,63,65,66).
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SUPERIOR GLENOHUMERAL LIGAMENT
Anatomy

The SGHL is the third of the glenohumeral ligaments and is attached to the non-
articulating edge of the glenohumeral joint capsule. The origin of the SGHL is near the
top of the lesser tuberosity of the humerus, and it blends with the anterior edge of the
CHL (beneath the superior edge of the subscapularis tendon) to insert into the fovea
capitas (28,31,47). In fetal development, the SGHL is present as thickenings of the
joint capsule by 14-wk gestation (/4).

The SGHL faces the glenohumeral joint cavity just ventral to the ligament of the
biceps tendon and running parallel to the cranial margin of the subscapularis muscle.
With the CHL, the SGHL forms the anterior covering band around the long head of the
biceps tendon. In 18.6% of cases, the SGHL branches in a cranial manner and crosses
under the biceps tendon, forming a part of the tendon’s fibrous canal (33,35,67).

The SGHL attaches to the glenoid labrum above the glenoid’s epiphyseal line near
the coracoid’s base and anterior to the long head of the biceps tendon. It blends with the
long head of the biceps prior to its bony insertion (28,42,47). The attachments of the
SGHL are small—Iess than 1 cm in width on both the glenoid and humerus (50).

Some variability in SGHL anatomy exists. Steinbeck et al. demonstrated that the SGHL
is present in 94% of shoulders examined. However, only a rudimentary structure exists in
29%, whereas the SGHL diameter in the remaining shoulders is in excess of 2 mm. A
significant number (73%) of SGHL’s come into contact with the long head of the biceps
tendon, and a much smaller number (17%) share an insertion with the MGHL (48§).

Geometry

The midpoint cross-sectional area of the SGHL is 11.3 + 1.6 mm?, but the ligament
tapers significantly from 20.4 + 3.0 mm? near its glenoid attachment to 9.0 + 1.2 mm? at
its humeral insertion. However, the SGHL’s midpoint cross-sectional area is significantly
less (by a factor of 5) than that of the CHL, with which it is closely associated (34).

Structure

The SGHL band appears equally as either a cord-like or fold-like structure (50).
Warner et al. observed that the SGHL was well developed in only half of the shoulders
observed (49). Although the thickness of the SGHL varies, it does so without any rela-
tionship to the age of the specimen (28). The majority of SGHL fibers insert directly
into the bone of the superior glenoid tubercle at a mean 20° angle. The remaining fibers
run in a curve to join the long head of the biceps tendon and insert near its origin (55).

Biomechanics
Elastic Response
IN Situ Loaps

With applied external anterior loading, the SGHL carries in sifu loads at all angles
of abduction. However, with posterior loading, the SGHL maximum in situ load is
observed at 0° of abduction and decreases with increasing abduction angles (36).

FAILURE LoADs

When mechanically tested at an extension rate of 100 mm/min, the SGHL elon-
gates 20.3 £ 4.5 % prior to failure, which occurs near the humeral insertion. It has a
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stiffness of 17.4 = 1.5 N/mm and an ultimate load of 101.9 = 11.5 N, corresponding to
a modulus of 9.0 MPa at the ligament’s midpoint. Also, the SGHL absorbs 384.4 +
77.7 N-m of energy prior to failure. In comparison to the CHL, SGHL stiffness is half
that of the CHL, and the ultimate load is one third that of the CHL. However, the
SGHL midpoint stress is greater than the CHL’s owing to its smaller midpoint cross-
sectional area (34).

Stability

With the CHL, the SGHL limits posterior dislocation and anterior translation, con-
tributing to the posterior subluxation force. At low abduction levels, the SGHL pro-
vides anterior stability. It shortens as the glenohumeral joint rotates and becomes one
of the primary stabilizers of inferior dislocation with increased arm abduction
(36,37,49,63,65,66). Inferior stabilization by the SGHL may be proportional to com-
pressive loads and displacements (40).

During inferior neutral laxity tests, the SGHL provides motion constraint (38). It
also offers an increasing stabilizing force with increased displacement during external
rotation (59).

OTHER LIGAMENTS

The coracoglenoid ligament has been described as a bundle of dense, parallel-ori-
ented collagen fibers with good vascularity that stretches between the coracoid and
superior glenoid tubercle. Its origin is in the middle of the posterior surface of the
coracoid process, between the two limbs of the acromioclavicular ligament. Its glenoid
insertion separates the inferior portion of the CHL and base of the coracoid process.
The existence of this ligament is controversial and is not recognized by the Termin-
ologica Anatomica (30).

The costoclavicular ligament is a bilaminar structure attached to the inferior surface
of the medial clavicle and the first rib. Its posterior component passes upward and
medially (2). The anterior portion of the costoclavicular ligament crosses medially from
the clavicle to the rib and is stronger than the posterior portion. Its length has been
reported to be from 10 mm to almost 30 mm during humeral abduction. The costoclav-
icular ligament limits the elevation and stabilizes the lateral clavicle end (/,5).

The interclavicular ligament crosses the superior aspect of the sternoclavicular joint
and joins the two clavicle ends. It is believed to provide stability to the superior aspect
of the joint capsule (/,2).

The spinoglenoid (or inferior transverse) ligament travels from the lateral base of
the scapular spine to the superior margin of the glenoid, fixing neurovascular bundles
within the spinoglenoid notch. It is composed of type I collagen fibers and has
Sharpey’s fibers present at the insertion site into the spine of the scapula. A direct
insertion into the periosteum of the scapular spine also exists. In up to 20% of cases,
the spinoglenoid ligament is missing (68,69). A superior transverse ligament also
exists. It arches the scapular incisures (69).

The transverse humeral ligament is composed of a few densely arranged layers of
the joint capsule extended between the greater and lesser tuberosities of the humerus.
Its function is to keep the long head of the biceps tendon in its groove. Some free
neurofilament endings are present in this ligament (43,70).
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CONCLUSION

The shoulder is composed of several joints, including the acromioclavicular joint, ster-
noclavicular joint, and the glenohumeral joint. The shoulder ligaments are an integral
part of the shoulder’s system because they provide stability and strength to these joints.

Although a significant body of work has been developed on some shoulder liga-
ments as revealed in this chapter, some gaps remain in the literature. Further under-
standing of the basic science of these ligamentous structures will aid in the treatment
of shoulder injuries. For example, given the role that the MGHL has in stability, little
is known about its basic mechanical properties and how these properties relate to its
stabilizing function. Similarly, the SGHL has an impact in anterior stability at low
levels of abduction, but not much is known about the viscoelastic response of this
ligament. An important question is whether the stability provided by the SGHL is
related to the application rate of the external force. Additionally, the anatomy of the
acromioclavicular and sternoclavicular ligaments has been well developed. However,
knowledge of the mechanics of these ligaments is lacking. Investigations into these
areas may help in understanding the underlying stabilizing effect that these ligaments
provide to the acromioclavicular and sternoclavicular joints.

One essential area for future research is how the structure and function of the shoul-
der ligaments are altered in various disease or pathologic states. This may be the first
step developing various treatment modalities. Some data has been presented here on
the changes in ligament mechanical properties in shoulders with rotator cuff tears or
impingement syndrome. Other pathologic conditions of interest include bursitis and
shoulder dislocations. Questions that need to be answered include: Are the properties
of shoulder ligaments altered in these conditions? How do alterations in pathologic
shoulders differ from the normal course of alterations observed with age? Based on the
answers to these questions, can treatment approaches be developed that alleviate patho-
logic conditions or slow down age-related degeneration of the shoulder ligaments?
These are just a few of the questions that should be answered to fully understand the
function of the shoulder ligaments and the effects that ligament degeneration has upon
the function and stability of the shoulder.
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History of Cruciate Ligament Repair

Development of Repair and Reconstruction

Jon Karlsson

INTRODUCTION

The first known description of the cruciate ligaments is approx 5000 yr old. The
anatomy of the knee was mentioned in the Smith Papyrus (3000 Bc). Hippocrates (460—
377 BC) described subluxation of the knee and correlated this to ligament injury. Al-
most 200 yr later, Galen (200—130 Bc) was the first to thoroughly describe the anatomy
of the soft tissue structures stabilizing the knee. Galen recognized the importance of
the ligaments to stabilize the joint and to restrict abnormal motion.

INTERNAL DERANGEMENT OF THE KNEE

The term “internal derangement of the knee” was used by Hey in 1782 (/), usually
to describe problems associated with knee motion. Surgical interventions were limited
prior to the introduction of anesthesia and Hey advocated prolonged immobilization.
“Internal derangement of the knee” was subsequently used to specify the functional
insufficiency linked to cruciate ligament injuries for more than 200 yr, despite that his
publications were more concerned with meniscal pathology than cruciate ligament
injury. In 1836, the Weber brothers from Germany (2) provided a detailed description
of the mechanics of joint motion and clarified the function of the intra-articular struc-
tures, as well as the importance of the periarticular components. They performed bio-
mechanical investigations and researched the abnormal movement of the tibia in the
cruciate deficient knee (2), which is the first description of the abnormal kinematics
correlated with cruciate ligament injury. The Weber brothers were also the first to
elaborate on the different anatomical bundles of the anterior cruciate ligament, i.e., the
anteromedial and posterolateral bundles. It has become evident that faulty kinematics
is partly a cause in the development of osteoarthrosis, which is found in approx 50% of
patients, 10—15 yr after a cruciate ligament injury. Only recently has the same ana-
tomical phenomenon been for the posterior cruciate ligament. Presumably, the differ-
ent anatomical bundles may be functionally important, but it has been questioned.

The French surgeon Bonnet from Lyon published extensive anatomical studies on
the mechanism of knee ligament injuries based on cadaveric dissections (3,4). He made
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several important observations that still hold true, such as the correlation of hemarthro-
sis and cruciate ligament rupture and the fact that the anterior cruciate ligament most
often ruptures from its femoral insertion, not the tibial insertion. He also stated the
cruciate ligament injuries were more frequent than previously reported.

Subluxation of the knee has been repeatedly related to cruciate ligament injury;
today, this is described as “giving-way” and the pivot shift test is used to grade this
phenomenon. Bonnet (3) described the subluxation of the knee in detail along with the
functional consequences. Furthermore, he reviewed the combination of medical col-
lateral ligament (MCL) rupture and cruciate ligament rupture. Interestingly, it took
more than 100 yr to fully appreciate the importance of combined MCL and cruciate
ligament ruptures (i.e., combined injuries), often believed to produce inferior func-
tional results. The treatment of combined injuries has been only recently understood.

In a later publication, Bonnet (4) evaluated the treatment of unstable knees using a
knee brace, which included a hinge for both the knee and hip. In the same publication,
he also mentioned the negative effects of prolonged immobilization and proposed a
machine to promote active and passive motion of the knee. The scientific background
of passive active motion was thoroughly described more than 100 yr later by Salter et
al. (5). Bonnet’s recommendations (4) of acute treatment of extremity injuries were far
ahead of his time. Some of these treatment modalities, e.g., early range of motion and
the use of cold packs, are often still the first line of defense in cases of sports injuries.

Nearly simultaneously in 1850, Stark (6) mentioned two cases of anterior cruciate
ligament ruptures that were successfully treated using a cast. More importantly, Stark
emphasized several important clinical signs associated with cruciate ligament injury,
such as giving-way, subluxation, and audible snapping (6). Clinical signs became more
apparent; in 1875, Noulis (7) described the clinical sign of the Lachman test for the
first time. Since then, this test has been the mainstay of the clinical evaluation of ante-
rior cruciate ligament rupture. Noulis reviewed both the anterior translation of the tibia
with the knee only minimally flexed and when the femur was firmly fixed with one
hand and the tibia was moved forward and backward with the other. He also noted a
backward movement of the tibia in 70° flexion in the case of posterior cruciate liga-
ment injury (7). It is interesting to note that the last decade has shown that 70° is the
best position to test posterior cruciate ligament insufficiency, and this is also the posi-
tion that the final fixation of reconstructed posterior cruciate ligament should be per-
formed. The “screw movement” of the knee joint was recognized and described by
Meyer in 1873, which has later been described as the “screw-home mechanism.” This
important concept introduced the understanding of the rotational aspect, which is pro-
duced by the inequality of the femoral condyles.

A NEW UNDERSTANDING

Segond (8), a French surgeon, was the first to publish a thorough description of
knee ligament injuries in 1879—both clinical signs and functional impairment. He
explained the pain reaction accompanied with rupture of the cruciate ligaments. He
also described the frequently heard “pop” and the importance of the rapidly evolving
joint effusion, which he presumed was because of hemarthrosis. Furthermore, he per-
formed a detailed clinical examination, including anterior-posterior shift of the tibia
upon femur with anterior cruciate ligament rupture. He also described the “Segond-
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fracture” (8). This small fracture is the tubercle of Gerdy and is thought to be pathogno-
monic of anterior cruciate ligament rupture and is well recognized today as an impor-
tant radiological sign.

EARLY TREATMENT
Conservative and Repair

Early descriptions of surgical treatment of knee disorders are focused on infectious
conditions—in most cases, tuberculosis. Paré performed the first known surgical cor-
rection of a knee dysfunction. He reported removal of a loose body from the knee joint
in 1558. The first surgical removal of a torn and displaced medial meniscus was per-
formed by Brodhurst in 1866. Annandale (9) introduced the antiseptic surgical tech-
nique; until then, surgical treatment of the knee joint had mainly been confined to
drainage of septic joints. Annandale founded arthrotomy of the knee joint, and he
studied the removal of loose cartilages in the joint in 1879, likely a part of the torn
meniscus (9). Allingham described several modifications of the arthrotomy technique.
In 1889, he performed a successful suture of a torn medial meniscus for the first time.
Katzenstein noted poor results after resection of the meniscus; therefore, he strongly
advocated suture of the torn meniscus rather than than total meniscectomy. To gain
the best access to the meniscus, he divided and subsequently reinserted the MCL.
However, his postoperative rehabilitation protocol was more interesting. He advo-
cated early mobilization without a cast using vigorous quadricep exercises and sug-
gested the patient should also learn the exercises before the surgery was performed.
Synovectomy was used for the treatment of chronic arthritis, introduced by Volkmann
for tuberculosis of the joint. Arthrodesis of the knee joint was first evaluated by Albert
in 1878 and further described by Hibbs, who fused a knee joint destroyed by tubercu-
losis in 1911.

The recognition of the treatment of anterior cruciate ligament injury was probably
first reported by Stark in 1850 (6). However, he advocated conservative treatment
using cast immobilization. It was not until 50 yr later that Battle (/0) published a
report of a successful repair of the anterior cruciate ligament with a 2-yr follow-up.
Robson (/1) reported an 8-yr follow-up of a repair of the anterior and posterior cru-
ciate ligaments in 1903. This is likely the first description of knee dislocation and
involved a patient who was a miner and injured his knee in an earthfall. The func-
tional recovery was complete, and the miner returned to heavy labor after the suc-
cessful surgical repair. Robson reported full extension, normal stability (no signs of
increased laxity), and only a minor limitation of flexion (//)—a result most knee
surgeons would be very proud of today.

The first publication that included several cases was by Goetjes in 1913 (/2). He
reported the results of 30 patients (he had operated on seven himself) and strongly
advocated repair (suture) of acute anterior cruciate ligament ruptures. He also reviewed
examination under anesthesia to establish a more exact diagnosis of the extent of liga-
ment injury, especially in difficult cases. The publication by Goetjes was very detailed
and featured a thorough description of the mechanism of injury based on cadaver
studies. He not only advocated surgical repair of acute injuries but also the reduction
of tibial spine injuries and cast immobilization in chronic cases. At this time, only
“repair” had been described, but later, “reconstruction” was advocated because it was
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shown that the results after repair were unsuccessful, at least in the medium and long
term. In 1916, Jones (/3) reported poor results after suture of acute ligament rupture.
Thus, repositioning the torn ligaments at the anatomical origin did not lead to a func-
tionally stable knee in the long term, which has been repeatedly shown during the last
10-20 yr. This led to a wave of conservative therapy, followed by the next step in knee
surgery: reconstruction of the torn anterior cruciate ligament.

CRUCIATE LIGAMENT RECONSTRUCTION

It is often reported that the concept of “reconstruction” was first introduced by
Hey Groves in 1917 (14). He used a part of the iliotibial tract, which was proximally
based and detached from the tibial insertion. Thereafter, it was rerouted through drill
holes in the femur and tibia to mimic the course and attachment sites of the normal
anterior cruciate ligament. It was, however, 5 yr earlier that Giertz (/5) from Sweden
performed an operation on a young girl who suffered from a unstable knee after
severe intra-articular infection at 1 yr of age. A staged operation was performed:
initially an osteotomy to compensate for the fixed flexion deformity, and then 2 wk
later, he reconstructed the knee using two strips of fascia lata, one on each side,
sutured to the medial and lateral femoral epicondyles proximally and the tibial tubercle
and fibular head distally. The functional result was reported as very satisfactory, and
the knee was stable. In 1914, Hesse (/6) studied reconstruction of both the anterior
and posterior cruciate ligaments using free fascia lata grafts, rerouted through drill
holes in the femur and tibia. A technique using a resected (and torn) meniscus to
replace the torn cruciate ligament was performed by zur Verth in 1914 and reported
by Holzel in 1917 (17). The initial result was satisfactory, but failure occurred after 9
mo. This evidence shows that several surgeons had innovative solutions for recon-
struction of unstable knees before Hey Groves reported his technique using the free
fascia lata graft in 1917 (/4). However, it took 20 yr until the extra-articular tech-
nique was well described by Bosworth and Bosworth in 1936 (/8). They used free
fascia lata grafts, woven in a cruciate ligament manner on both the medial and lateral
side of the knee. Mattj described a similar technique in 1918 (/9) also using a free
fascia lata strip.

COMBINED INJURIES

The significance of combined injuries, e.g., cruciate ligament ruptures, collateral
ligament ruptures and meniscal ruptures, was usually not recognized. In 1936,
Campbell (20) found a frequent correlation of combined ruptures of the medial menis-
cus, medial collateral ligament, and anterior cruciate ligament. This was later called
“the unhappy triad”, owing to the fact that the results were often described as unsat-
isfactory in patients with combined injuries. Campbell also introduced a reconstruc-
tion of the anterior cruciate ligament with a strip of patellar tendon routed through
drill holes in the femur and tibia (20), but this technique was not new. In 1932, zur
Verth reported for the first time the use of a patellar tendon strip, which was distally
attached to treat patients with chronic anterior cruciate ligament injuries. In 1935,
Wittek reported a “modified zur Verth-technique”, in which he sutured the proximal
end of the patellar tendon strip to the posterior cruciate ligament (2/-24).
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MODERN ERA OF CRUCIATE LIGAMENT
INJURIES AND THEIR TREATMENT

The modern era in treating cruciate ligament injuries began in 1938 with the publi-
cation by Ivan Palmer on the injuries to the knee ligaments (25). His publication was a
comprehensive treatise, including detailed descriptions of the anatomy and pathophysi-
ology. He also reviewed the current therapeutic options and proposed new concepts of
biomechanics correlated to injury and treatment. His work was a monumental step
forward to a better understanding of ligamentous injuries of the knee. Without doubt,
his studies opened a new field of cruciate ligament surgery, but it took decades until his
work was fully appreciated. O’Donoghue published his well-known study in 1950,
which stimulated researchers to reevaluate the treatment of cruciate ligament injuries
(24). He advocated treatment of the triad of torn meniscus, torn medial collateral liga-
ment and torn anterior cruciate ligament. His studies also negated the concept that
these injuries were devastating and could only be treated conservatively.

Another important description of a new surgical technique was by Jones in 1963
(26,27). In his own publication, this technique was considered simpler and more physi-
ological than previously described techniques. This procedure was called the “Kenneth
Jones technique” for several years (27). However, his approach was not anatomically
correct. He did not use a drill hole in the tibia but routed the patellar tendon strip with
a full-length bone block from the patella beneath the fat pad at the anterior aspect of
the tibia. The femoral drill hole was placed anteriorly in the intercondylar notch, just
posterior to the margin of the articular cartilage. This meant that the placement of the
reconstructed ligament was far too anterior in the knee. This incorrect (nonisometric)
placement has later been shown to be one of the most common reasons for failure of
the graft. Yet, Jones published very favorable results, e.g., maximal weight-bearing,
full extension, and completely stable knees. In 1966, the German surgeon Briickner
described another new method for anterior cruciate ligament reconstruction (28,29),
which was later called “Briickner plastic.” He advocated the use of the medial one
third of the patellar tendon (whereas Jones used the central part) that was distally
attached and routed through a tibial tunnel. On the femoral side, he used an inside-out
tunnel. This appears to be the first anterior cruciate ligament reconstruction that closely
resembles the modern principles. Briickner also discussed harvesting a free contralat-
eral patellar tendon graft using a conical bone block to fit in the tibial drill hole if the
ipsilateral patellar tendon was not available because of an old injury or any other rea-
son. It is interesting to note that the results of most techniques were reported as good
or excellent in the majority of patients.

ARTIFICIAL LIGAMENTS AND PROSTHESES

During the last decades, several attempts have been proposed to use artificial liga-
ments or even ligament prostheses. In 1933, Bircher published his experience of using
kangaroo tendons for the replacement of both anterior and posterior cruciate liga-
ments (30). He recommended early postoperative range of motion training, and the
results were reported as satisfactory in many cases. During the 1980s and 1990s, an
increased interest in using allografts was noted, and several publications have reported
the results as good. However, owing to problems of availability and the possible risk
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of disease transmission (HIV and/or hepatitits), the use of allografts has probably
diminished.

In 1903, Lange (31,32) proposed the use of silk sutures as prosthetic ligaments. He
reported four cases of flail knee joints, which were successfully stabilized using artifi-
cial silk ligament and combined with hamstrings (semitendinosus and semimembrano-
sus) plasty. Lange stated that silk was surrounded with fibrous tissue with time and that
it had an effective ability to produce solid and strong fibrous tissue, especially under
functional stress (37,32). The same idea was mentioned by Ludloff in 1927 (33), who
used a rather wide fascia lata strip and wrapped it around a strong silk suture as a kind
of an augmentation, an idea which later was popularized by Kennedy (ligament aug-
mentation device [LAD]; 30) and others (34—36). However, the success of silk sutures
was very limited. During the last two to three decades, several ligament augmentation
devices, as well as synthetic ligaments and ligament prostheses, were introduced (e.g.,
carbon fiber, polypropylene, and several others). These devices were either used as
ligament prostheses or load-shearing scaffolds. The use of scaffolds should theoreti-
cally reduce the load on the new ligament, at least during the immediate postoperative
period. This should also facilitate the early rehabilitation process and possibly encour-
age the in-growth of new collagen fibers. Regretably, it has been shown in several
publications that the functional results, including the restoration of knee laxity, were
either equivocal or inferior to traditional treatment methods. The complication rate has
also been markedly higher, such as the risk of particle wear. Artificial ligaments are
therefore hardly used today.

TODAY AND THE FUTURE

Approximately 20 yr ago, the first reports on arthroscopic treatment of cruciate liga-
ments were published. The first known arthroscopically-assisted anterior cruciate liga-
ment reconstruction was performed by Dandy in 1980 (28). He used a carbon-fiber
artificial ligament, which was supplemented by an extra-articular lateral augmentation.
During the last two decades, a rapid evolution of new methods has made cruciate liga-
ment repair a well-defined science. Today, almost all cruciate ligament reconstructions
are arthroscopically assisted using minimally invasive methods to minimize the surgi-
cal morbidity. The most common method is likely the use of a free central-third patellar
tendon graft, which has been used for almost 20 yr, producing predictably good results.
However, during the last 57 yr, use of hamstring tendons (semitendinosus/gracilis) has
gained popularity. However, it must be kept in mind that there are several unanswered
questions concerning the optimal treatment of cruciate ligament injuries. Hopefully, the
future will answer these questions, such as how to determine which patients should be
operated on, whether the risk of meniscal injuries can be reduced (37), whether the risk
of development of osteoarthrosis can be reduced, and if it is possible to reduce the
number of cruciate ligament injuries by some kind of prophylactic measures.
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7
Rotator Cuff

Richard O. Evans, Peter J. Hughes, and David H. Sonnabend

INTRODUCTION

Over the last 20 yr, the frequency of surgical intervention for rotator cuff tears has
risen dramatically. The surgery and postoperative rehabilitation has been mostly empiri-
cal with little scientific foundation. There is a wide range of pathology found in the
rotator cuff, particularly the horizontal cleavage tear or delamination, which is frequently
observed but rarely studied.

The rotator cuff is a complex tendon and is formed by the joining of the supraspina-
tus, infraspinatus, and teres minor tendons. The separate tendon of the subscapularis
muscle is sometimes included in the definition of the rotator cuff. It is a large flat
tendon that inserts along the greater tuberosity of the proximal humerus. The cuff func-
tions by holding the humeral head apposed to the glenoid. The musculotendinous cuff
is firmly adherent to the underlying glenohumeral capsule and provides circumferen-
tial reinforcement, except at the rotator interval and axillary recess. Recognition of the
cuff as being unique to animal species capable of bipedal locomotion and overhead
arm activity enhances the appreciation of its significance.

INCIDENCE

The precise incidence of rotator cuff pathology is not known; until recently, esti-
mates were based on postmortem studies (/—3). Some studies do not report age distri-
bution and correlation, some do not distinguish between partial and full thickness of
cuff tears, and others only report findings from the examination of the dorsal surface.
Many partial thickness tears are confined to the articular (deep) surface and are not
visible from the dorsal surface.

Human rotator cuff pathology is not uncommon. It includes full and partial thick-
ness tears, macroscopic visibility, and interstial cuff disease that can be identified by
numerous imaging techniques and histopathology. Cadaver studies indicate that partial
thickness tears, especially those on the deep (articular) side of the cuff, occur in the 40—
60 yr range, earlier in life, and more frequently than full thickness tears. The incidence
of interstitial tears is difficult to determine from clinical or cadaver studies. Tears of
partial thickness may propagate within the substance of the cuff producing lamination.

The cuff is composed of multiple orthogonally aligned fiber layers, where the thicker
layers run in the direction of the muscle origin (4). A great deal of the pathology in the
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rotator cuff reflects this microstructure. Healing of these defects, even after surgical
repair, is believed to be complex, unpredictable, and frequently incomplete.

By the seventh decade, the incidence of partial and full thickness tears combined is
reported to range from 30% to 50% (1,5). Although most series also report nearly equal
frequencies between right and left sides, other series disagree, and some authors report
significantly higher incidence in women than in men (5).

AETIOLOGY

There is no universal agreement regarding the etiology of cuff degeneration and dis-
ruption. In most cases, the pathology is probably multifactorial. Mechanisms include
relative hypovascularity, age-related connective tissue changes, mechanical impinge-
ment beneath the coracoacromial arch, single episodes of major trauma, and repeated
episodes of microtrauma (6—10).

Tears of the rotator cuff typically involve the supraspinatus tendon, and they will
often include the posterior cuff to a variable degree. The subscapularis tendon, although
less frequently involved, may be easily overlooked if not considered during diagnostic
evaluation. The torn rotator cuff can demonstrate variably shaped defects that should
be noted with surgical reconstruction. A vertical tear, in line with the course of the
tendon, can often be repaired with a side-to-side closure. Horizontal tears run trans-
verse to the normal course of the tendon and demonstrate variability in size and the
extent of retraction. Typically, closure of such defects requires a transosseous repair to
the greater tuberosity. Complex tears that contain both horizontal and vertical compo-
nents also occur and may require a combination of the techniques.

CLASSIFICATION

There is no universally accepted classification scheme for rotator cuff disease, mak-
ing studies difficult to compare. Aspects to consider when reviewing rotator cuff le-
sions include the duration, depth, and size of a tear, as well as the condition of the
muscle and tendon. Tears can be acute or chronic and may be associated with a variable
degree of weakness and discomfort. Gradation of partial-thickness lesions has been
described; however, difficulty lies in the definition and accurate assessment of such
lesions. For example, fraying of the tendon observed during an operation may be con-
sidered as a partial tear by some surgeons and not by others. Moreover, the incidence of
such lesions in relation to symptoms and the treatment results are not easily determined
because of variability in imaging capabilities, interpretation, and lack of uniformity in
classification.

Full-thickness tears may be described as small (<2 cm in diameter), medium (2—4 cm),
large (4-5 cm), or massive (>5 cm). Additionally, a torn rotator cuff may be retracted,
deficient, attenuated, or friable at the time of surgical assessment.

An arthroscopic classification has been developed by the Southern California Ortho-
paedic Institute (/7). This is a simple descriptive scheme that uses letters and numbers
to designate the pathological condition of the tendon, incorporating partial- and full-
thickness pathology.

IMAGING

Plain radiographs are important to eliminate other sources of shoulder pain, such as
calcific tendinitis, glenohumeral osteoarthritis, or destructive bone lesions. They pro-



Rotator Cuff 145

vide clinical help in diagnosing large rotator cuff tears but are not sufficient for scien-
tific studies (/2). Cuff arthrography is accurate for the detection of full-thickness rota-
tor cuff tears, but it is invasive and does not give precise information on tear size or the
condition of the rotator cuff muscles. The high-resolution real-time ultrasound has also
been used to evaluate the integrity of the rotator cuff (/3). Accuracy is operator-depen-
dent (13,14). A recent study in asymptomatic adults (5) has provided valuable informa-
tion, but this and other studies show that the ultrasound is not reliable (/5,/6). There-
fore, the ultrasound has not become a commonly employed method to assess the rotator
cuff. However, it retains the advantages of being quick, inexpensive, and noninvasive.

The muscle can be best assessed with the aid of quality magnetic resorance imaging
(MRI) scans on which cross-sectional area, degree of fatty infiltration, and alterations
in overall muscle signal intensity can be determined (/7-1/9). MRI is therefore the
investigation of choice because it shows the correlation of supraspinatus muscle atro-
phy in association with rotator cuff tears and partial thickness pathology (20).

CLINICAL SIGNIFICANCE

Postmortem studies suggest that degeneration of the rotator cuff is progressive with
age, but controversy continues to exist concerning the pathogenesis of rotator cuff dis-
ease. The heterogeneity of the disorder and the notion that rotator cuff disease may not
actually represent a continuum of the same process, but instead, is a compilation of
independent disorders, may partly explain the differing viewpoints on its origin. Epi-
demiological studies imply that the prevalence of symptomatic shoulder disorders may
decrease in years beyond middle age (27). It is not always possible to determine pre-
cisely what proportion of shoulder discomfort is caused by rotator cuff pathology, but
several studies (2/,22) support the widespread clinical impression that most shoulder
discomfort in middle and old age is because of rotator cuff pathology. Chard et al. (27)
and Chakravarty and Webley (23), studying apparently healthy people, suggested a
prevalence of identifiable symptomatic shoulder disorders of approx 20%, and indi-
cated that approx 70% of those cases involved the rotator cuff. These studies confirm
that an appreciable number of elderly people (=65 yr) are disabled by shoulder pain.
Interestingly, the annual incidence of a painful shoulder has been reported as the high-
est, and more than 2% per annum in the middle-aged group of 42-46 yr (22).

In addition to age, symptomatic shoulder pathology is also associated with heavy
manual labor. Biomechanical studies show that shoulder muscles are heavily loaded
when the arm is elevated and that the weight of hand-held tools increases the strain,
particularly in the spinati (24).

PATHOLOGY

Two contrasting pathogenetic mechanisms have been extensively described and
include vascular (intrinsic) causes and impingement (extrinsic) factors. But other eti-
ologies have also been reported that include trauma, congenital or developmental fac-
tors, and instability.

Vascular

The relationship between the microvascular blood supply of the rotator cuff and
tendon degeneration remains a subject of debate. Conflicting reports about the vascu-
larity of the supraspinatus tendon exist; however, in many investigations, the methods
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employed were limited. Moreover, although vascular-mediated mechanisms have been
suggested as an important factor in the genesis of rotator cuff disease, studies have
been unable to sufficiently attribute hypovascularity as a direct cause for observed
tears of the rotator cuff.

An early physiological study suggested that tendons received a vascular supply from
three sources: muscular, osseous, and direct tendinous sites (25). Subsequently, it was
proposed that a critical portion existed within the distal rotator cuff tendon, predispos-
ing it to degeneration and calcification (26). A vascular or ischemic mechanism was
recommended, which in association with trauma, leads to tearing of the rotator cuff.
This concept was reinforced when normal musculotendinous specimens were placed
under mechanical loads; the muscle became the initial point of failure (27). However,
if the tendon was compromised secondary to an interrupted blood supply and repeated
stress, it then became the first site of failure, while the muscle integrity was preserved.

Various cadaveric studies also confirmed a region of relative hypovascularity within
the distal rotator cuff tendon after arterial latex injection (28,29). They noted consistent
vascular patterns in their specimens which were independent of age, but they felt that
their methods were not entirely accurate to reflect age-related changes. Furthermore, a
study of cadaveric histology of the rotator cuff showed a decrease in vessel number,
size, and percentage of tendon occupied by vessels in both the distal supraspinatus and
infraspinatus tendons (30).

However, other researchers have failed to show similar reduction in vascularity of the
rotator cuff tendon. Research using both microangiographic and histologic techniques
to evaluate the tendon vascularity of the rotator cuff in cadavers showed adequate vas-
cularity when injections were performed on the abducted arm, but the vessels were
“wrung out” and no longer perfused in the adducted arm. They hypothesized that the
critical zone was subject to a transient hypovascularity that was mediated by arm posi-
tion (31).

Another cadaveric study revealed differential vascularity between the bursal and
articular surfaces of the rotator cuff. The bursal surface was observed to be well vascu-
larized, whereas the articular surface demonstrated a sparse arteriolar pattern (32). The
authors found that deficient tendon vascularity differentially predisposed the articular
surface of the rotator cuff to degenerative changes and failure.

Intraoperative laser Doppler flowtometry has also been used to assess rotator cuff
tendon vascularity in symptomatic patients. One investigation was aimed at clarify-
ing the discrepancy between surgical findings of increased vascularity in patients
with impingement within the supraspinatus tendon. The patients with tendinitis and
intact tendons always showed increased vascularity in the area of greatest mechanical
impingement—the critical zone. Increased vascularity was also observed at the ten-
don margins of those patients with partial-thickness tears. Patients with complete
tendon tears had differing degrees of vascularity at the tendon edges. The investiga-
tors concluded that impingement generates a hypervascular response that results in
the resorption of injured tendon fibers by neovascular tissue and mediates the pro-
gression of rotator cuff disease (33).

Impingement

Neer (8,34) initially popularized the concept of impingement syndrome, noting that
the rotator cuff was potentially subject to repeated mechanical insult by the coracoac-
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romial arch during arm elevation. He described three stages of the impingement syn-
drome that exist as a continuum, ultimately leading to tears of the rotator cuff: stage 1,
characterized by subacromial edema and hemorrhage; stage 2 included fibrosis and
tendonitis; and stage 3, rotator cuff failure that was characterized by partial or com-
plete tendon tears. He attributed 95% of all rotator cuff lesions to primary mechanical
impingement.

Acromion morphology has been implicated in the etiology of impingement syn-
drome and rotator cuff disease. A cadaveric study evaluating 140 anatomic specimens
(35) identified three predominant acromial forms. The acromion undersurface was cat-
egorized as flat (type 1), curved (type 2), or hooked (type 3). Of observed rotator cuff
tears, 70% were associated with hooked anterior acromions. Since this, the same group
(36) has verified these observations in a clinical setting in patients with various shoul-
der complaints.

Despite the strong association between degenerative subacromial hypertrophic spur
formation and full-thickness tears of the rotator cuff, a causal relationship remains
difficult to prove (26,35,37). The contribution of scapulothoracic movement is also
unclear.

Subacromial spurs have been thought to represent secondary changes that occur as a
result of the rotator cuff’s existing tears (38). Conversely, others have suggested that
observed lesions of the rotator cuff occur because of mechanical insult by inferiorly
projecting subacromial bony excrescences (34). The formation of such spurs has been
indicated to be owing to repeated tension exerted on the coracoacromial ligament (39).
Despite controversy over the initial lesion, subacromial spurs appear to have a role in
the development and progression of commonly observed rotator cuff tears. One histo-
logic evaluation of bursal side rotator cuff tears in surgical specimens revealed variable-
thickness tears of the supraspinatus, corresponding with areas of impingement of the
overlying acromion and coracoacromial ligaments. Avascular regions of the proximal
edge of the torn tendon were also seen. The combined findings led the authors to con-
clude that multiple etiologies, including both intrinsic and extrinsic causes, were
responsible for the observed abnormalities (40). The question of pathogenesis will likely
remain unanswered until controlled studies are conducted. Retrospective clinical and
cadaveric investigations remain limited in their ability to sufficiently address this issue.

Alternative sources of impingement have been implicated in the development of
rotator cuff disease. In certain patients, distally pointing acromioclavicular osteophytes,
the coracoid process, and the posterosuperior aspect of the glenoid can contribute to
shoulder pain and rotator cuff lesions (4/—43).

The impingement syndrome represents a specific diagnosis with characteristic find-
ings; however, clinical observation has suggested an overdiagnosis of this entity, which
may partly explain why some patients do not improve with accepted treatment meth-
ods. Despite the underlying etiology, the heterogeneity of rotator cuff disease, impinge-
ment syndrome, and other abnormalities that can mimic impingement disorders should
all be thoroughly considered to avoid potential pitfalls in diagnosis and treatment.

LAMINATION

Many full-thickness tears of the rotator cuff are associated with tendon lamination
(37). The deeper layer is generally thinner; at surgery, the deeper layer is often found
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to be retracted further that the dorsal layer (DS, personal observation). The multi-
laminar structure of the rotator cuff has been well described (4), but the mechanism is
not understood. It may be multifactorial. It is not uncommon to find a “rim rent” of the
deep surface in the critical zone of Codman (6), representing a partial-thickness tear.
A combination of effects, e.g., critical vascularity (9,37,44,45) and arteriolar intimal
hyperplasia (10), all render this zone of the supraspinatus prone to initial degeneration
and tearing. The layered nature of the cuff tendons lends itself to delamination. The
general principles of the histological structure are well described (4,46,47). The dor-
sal surface consists largely of longitudinally arranged larger diameter collagen fibers,
and the articular surface has an increasing number of transversally arranged collagen
fibers. Five histological layers describe this arrangement (4).

Nakajima et al. (47) studied the relationship between histology and biomechanics
of the supraspinatus. They showed differing mechanical properties between the two
surfaces, where the bursal side generally has greater tensile strength, which again
explains why many cuff tears arise on the distal part of the joint surface of the cuff
insertion.

The role of other mechanical factors, such as subacromial impingement and the
curved course of the rotator cuff over the humeral head, is difficult to define. Cuff
impingement (34) might add to the differential shear on the rotator cuff, exacerbating
interlaminar seperation. The passage of the supraspinatus tendon around the curve of
the humerus might also produce recurring deep surface pressures and a shearing effect.

The glenohumeral capsule’s impact in the production or exacerbation of lamination
tears is also difficult to assess. The “capsular cable” described by Burkhart (48) as
shielding the cuff insertion from stress, is not fully understood. The capsule of the
shoulder joint is certainly thinner within the crescent outlined by that cable. As the cuff
and capsule are effectively fused in that area, this may suggest a relative weakness in
that part of the cuff. As the capsular fibers in that area are largely transverse (46), the
capsular support to the cuff is relatively weaker than elsewhere, further predisposing
the cuff to the deep surface disruption. Burkhart describes a spectrum of cables and
crescents with “cable-dominant” and “crescent-dominant” rotator cuffs, emphasizing
the multifactorial etiology of delamination.

In an experimental study by the senior author (DS) reviewing the histology and
immunochemistry of 17 rotator cuff tears, five of the samples had synovial-like cells in
between the laminated layers. If the laminated layers of a rotator cuff are repaired to
each other, their surfaces should be curetted prior to suture, to remove any synovial
lining and to fecilitate the healing of the layers to each other. The continued presence
of synovial layers might prevent healing as synovial B type cells produce hyaluronate—
a recognized “joint lubricant.” Therefore, it may be advisable that all laminated tears
be curetted before suture repair.

Most rotator cuff tears occur at the tendon bone junction, and their repair involves
reattachment of tendon to bone at that site. Although tendon-to-tendon repair has been
studied in many species (49—51 ), tendon-to-bone repair is less well understood, and the
repair of the flat tendon to bone is only partially understood (52).

Tendons attach to bone via four sequential tissue zones: pure tendon, uncalcified
fibrocartilage, mineralized fibrocartilage, and bone (53,54). In first describing these
layers, Cooper and Misol (53) studied the patella tendon in adult dogs and noted that
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the collagen fibers were closely parallel. In contrast, they found that the collagen fibers
ran in numerous directions in the medial collateral ligament.

Most research of bone—tendon junctions and bone healing has involved tendons in
which the collagen fibers are oriented along the axis of the particular tendon being
studied. Considerable differences exist between the insertions of different tendons,
where collagen fibers are oriented longitudinally (54). As noted previously, the human
rotator cuff is multilayered with numerous orthogonal layers (4). Histologically, the
different layers (uncalcified fibrocartilage, calcified fibrocartilage and bone) appeared
very similar to the corresponding layers in other tendon bone junctions, but the mul-
tiple directions of the collagen fibers and the multiple potential lines of pull of the
human rotator cuff suggested that differences might exist in both rates and natures of
tendon bone healing.

The few reported studies of experimental bone tendon healing in animal shoulders
may not be entirely relevant to humans. The only reported study of shoulder tendon
repair in a primate model is that of Paulos and Franklin (55). This study recognized
the difference between the anatomy and function of primate and quadruped shoulders.
Unfortunately, few histological details are provided.

Rehabilitation following rotator cuff repair in the human is a gradual process. Most
surgeons begin with passive mobilization, proceeding to active assisted exercises and
closed chain exercises, and finally to active resisted exercises. The timing of these is
largely empirical. Paulos and Franklin (55) found that the adult monkey supraspinatus
regained 36% of projected strength recovery by 1 mo; 55% by 2 mo; 64% by 4 mo;
73% by 5 mo; 79% by 12 mo; and 100% by 30 mo. Miyahara et al. (56) found that the
adult dog supraspinatus regained 30% of projected strength by 2 wk; 62.5% by 6 wk;
and 82.5% by 24 wk. The rotator cuff repair in the adult dog never reached the tensile
strength of the normal shoulder. In a more detailed study of goat infraspinatus healing
to bone, Rodeo et al. (57) assessed load to failure, energy to failure, and stiffness with
two different repair techniques. The repair types did not significantly affect the out-
comes. Load to failure and energy to failure were both approx 20% of the control group
at 6 wk and 35% at 12 wk.

PATIENT CHOICE

Patients with rotator cuff problems will typically complain of pain, weakness, or
both. Many patients cannot recall an injury; in others, symptoms may have begun
after a trivial trauma. McLaughlin (58) noted about 25% of cadavers studied had a
rotator cuff tear and hypothesized that not all of these had been symptomatic in life.
Hence, if not all rotator cuff tears are symptomatic, the aim of nonoperative treatment
is to help a patient with symptomatic rotator cuff disease become asymptomatic. This
may involve activity modification, corticosteroid injections, and physical therapy. The
physiotherapy is primarily based on scapula stabilization, capsular stretching, and rota-
tor cuff strengthening.

Data suggests that nonoperative treatment of rotator cuff tears is successful in 33—
92% of cases, with most studies reporting a satisfactory result in approx 50% of
patients. Bokor et al. (59) reported on 53 patients with documented rotator cuff tears
undergoing nonoperative treatment at an average follow-up of longer than 7 yr. Of
patients, 75% had satisfactory pain relief, particularly those presenting after an acute
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injury. Patients with long-standing pain (>6 mo) did not respond well to nonoperative
therapy.

In our experience, nonoperative treatment for patients with rotator cuff disease
who present with pain works very well. All patients receive a trial of this treatment,
unless an acute traumatic tear is suspected from the history and examination. Further-
more, if weakness is a major or progressive symptom, then investigation and often
surgical intervention is expedited. Bassett and Cofield (60) reported that in patients
who have an acute injury and a full-thickness rotator cuff tear, repair within the first
3 wk resulted in the best surgical outcome.

The presence of a rotator cuff tear is not necessarily an indication for surgery—both
MRI (61) and cadaver studies (58) have shown asymptomatic patients with cuff tears.
The indications for surgical repair are the presence of pain or functional deficits that
interfere with activities and have not responded to conservative measures. Most sur-
geons would continue nonoperative treatment for at least 3—4 mo before considering
repair; when weakness is significant or progressive, more timely repair may be consid-
ered.

SURGICAL TECHNIQUE

Since Codman’s first description of rotator cuff repair in 1911, techniques for this
operation have evolved. Early reports (6) described various approaches, some crossing
the acromioclavicular joint and others splitting the anterior deltoid more laterally.
Acromium-splitting approaches have been popularized in the past (62,63). In 1972, Neer
(34) described combined acromioplasty and cuff repair through an anterosuperior inci-
sion. Since then, the reported outcomes of surgical rotator cuff repair have considerably
improved. A number of studies since that time have described successful repair of full-
thickness tears with a high degree of satisfactory results, reduced pain and improved
shoulder function (64-66). Some debate remains as to whether or not all cuff repairs
should be accompanied by acromioplasty and a limited subdeltoid bursectomy (67,68).
Other contentious issues in rotator cuff repair include the necessary extent, if any, of
distal clavicular excision.

Arthroscopic repair is now widely described and is performed once the glenohumeral
joint arthroscopy is completed, and the posterior portal may be redirected into the sub-
acromial space. A lateral or anterolateral portal is then created for instrumentation. An
arthroscopic bursectomy, anterior acromioplasty, and coracoacromial ligament resec-
tion may then be performed as needed. If there is a full-thickness tear, the cuff may be
mobilized with traction sutures. The most commonly used techniques of tendon repair
utilize the anterior, lateral, and posterior portals to place suture anchors in the tuberos-
ity, pass the sutures through the cuff tendon edge, and tie down the knots arthro-
scopically.

Various techniques have been described for suturing rotator cuffs. One important
study suggested that modified Mason-Allen sutures provided the best holding power in
a weak tendon while minimizing strangulation (66 ). However, simple sutures elongate
least under load and thus gap less in a strong tendon. The most accepted arthroscopic
techniques are placing suture anchors, threading the sutures through the edge of the
torn tendon, and then arthroscopically tying knots. Alternatively, a transfixing implant
(e.g., a tack or staple) may be used, or a suture anchor with attached suture may be
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threaded directly through the tendon edge. Attempts to place transosseous tunnels have
been made (69), but the risk of injury to the circumflex branch of the axillary nerve has
kept most surgeons to suture-anchor techniques. These approaches are still in rapid
evolution but do appear to reproduce the steps of the open repair well. The major
advantage of arthroscopic repair is believed to be the preservation of the deltoid origin.
However, Rockwood and Lyons (70) suggested that subperiosteal elevation of the del-
toid, as is performed with arthroscopic acromioplasty, may detach a large proportion of
the Sharpey fibers of the deltoid origin, causing substantial weakening.

In an arthroscopic-assisted approach, the initial procedure is the same as with an
arthroscopic repair, usually with an arthroscopic subacromial decompression. A small
incision is then used to directly repair the tear through a deltoid split without detach-
ment. This approach is especially useful for small- and medium-cuff tears. Although
some authors have made quite large skin incisions and still called it a “mini-open”
approach, if only a deltoid split is used, most surgeons have kept the incision small and
in the skin creases. This is the “portal-extension” approach, in which the anterolateral
portal is extended to a length of 3 cm (7/). This approach provides good exposure of
the supraspinatus and infraspinatus tendons, but access to the subscapularis and teres
minor is difficult.

Several authors have described extensive tendon mobilization to repair large defects.
Cofield (72) transposed subscapularis, and 25 out of 26 patients were satisfied with
their outcome. Debeeyre et al. (62) described supraspinatus advancement again with
satisfactory results. Latissimus dorsi transfers have been used to manage large defects
and patient pain (52), relief satisfaction was high (94%), and 80% of normal shoulder
function was achieved.

Massive irrepairable cuffs have also been treated with an anterior deltoid inlay flap
(73). In this study, 17 out of 20 patients were satisfied, and active forward flexion had
improved in 17 patients. Burkhart et al. (48) described a technique of partial repair of
the margins of a large tear to restore force transmission, and only one patient reported
unsatisfactory results.

Biologic and prosthetic grafts have been used by many authors with varying out-
comes. Heikel (74) used fascia lata to close cuff defects. Nevaiser et al. (75) reported
using freeze-dried cadaveric rotator cuff in chronic large tears. All 16 patients reported
a decrease in nocturnal pain. Synthetic cuff prostheses in the form of Teflon and
Marlex have also been indicated (38,76) in 23 of 25 patients with improved range of
movement and absence of pain in 23 of patients. More recently, a porcine small-intes-
tine graft, Restore (Depuy), has become commercially available. Although initial ani-
mal work shows improved healing (77), no human results are available yet.

PARTIAL-THICKNESS TEARS

Surgical management of partial thickness tears remains controversial; a wide range
of options exist, from conservative therapy to open rotator cuff debridement and repair.
Prior to arthroscopic surgery, excision and repair of significant partial-cuff tears was
common. However, since the advent of arthroscopic techniques, recommendations for
the operative management of partial tears vary between investigators. Essentially, there
are three surgical options: debridement alone, decompression and debridement, and
excision of damaged tendon with primary repair.
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Andrews et al. (78) reported good success with debridement in a young and athletic
group of patients. Snyder et al. (79) reported their results on arthroscopic cuff debride-
ment with or without subacromial decompression. They had 85% satisfactory results,
with similar results between those patients who had and did not have a decompression.
Arroyo et al. (80) noted that young overhead athletes frequently develop subacromial
scarring and bursitis owing to overuse and instability and that soft-tissue cleanout of
the subacromial space may be helpful. Altchek and Carson (87) studied 50 throwing
athletes with anterior shoulder pain, which was refractory to nonoperative treatment,
and found that most had fraying of the articular surface of the cuff. Debridement of this
area, combined with debridement of bursitis and coracoacromial ligament hypertrophy
when noted, was associated with favorable results in 80% of cases.

When deep-surface partial-cuff tears are associated with internal impingement, most
surgeons have employed simple debridement (82), but results are not well described in
the literature. However, this group are usually younger patients, who are often involved
in throwing sports and are therefore a different group from older patients with degen-
erative tendon failure.

In older patients, simple debridement has been shown as much less successful (83).
Investigators treated 57 partial-cuff tears with arthroscopic debridement alone and
found that only half achieved satisfactory results. In this more elderly group, subacro-
mial decompression appears to improve results (84,85). Gartsman (86) noted that 83%
of 40 patients with partial-thickness tears had major improvements in their shoulders at
an average of 29 mo after arthroscopic acromioplasty. However, others (87) observed
that the results of debridement and decompression of partial tears were not as favorable
as those from decompression in shoulders with intact cuffs.

PATIENT SATISFACTION

Not all repairs of the rotator cuff are associated with satisfactory pain relief or the
return of shoulder function. Realistic assessment of the likelihood of patient satisfac-
tion is an essential component of preoperative counseling. The surgeons are interested
in the precise range of motion and return to strength, whereas the patient’s interests are
in pain relief and restored ability to undertake activities of daily living, employment,
and recreation.

Many structural factors, such as tear shape and size, tissue quality, biceps integrity,
and degree of muscular atrophy may affect the outcome of rotator cuff repairs. How-
ever, several nonstructural variables may also be important, including patient age, gen-
der, workers’ compensation status, and revision surgery. In a major review of the senior
author’s patients (DS) in 667 repairs, the overall subjective patient satisfaction with the
outcome was 88%. This level of satisfaction is comparable to several other studies
evaluating rotator cuff outcomes based on both subjective and objective criteria (85,88—
92). Slightly fewer patients (83.5%) reported willingness to have surgery again.

Given that pain was the most common indication for surgery, with 95.6% of patients
reporting pain preoperatively, pain reduction is an important goal of surgery. In this
series rotator cuff repair was highly successful in reducing pain, where 79% of patients
reported improvement in daytime pain and 81% in nighttime pain. These results are
similar to those seen by several other series (/2,62,88,93). Nonetheless, there was a
subset of patients who reported that their pain was worse after surgery (3—5%). Results
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were also consistent with previous literature, showing that patients suffering compens-
able work-related injuries are less likely to do well following shoulder surgery than
noncompensable patients undergoing similar operations (65,85,94).

Several authors have reported that rotator cuff surgery is more effective for pain
relief than for improvement in strength and function (65,88,93). In our study, the
findings were similar; however, nearly 70% of patients did report that activities of
daily living were improved and that abilities to play sports or to return to work was
improved. For primary surgery, less than 3% of patients thought that they were worse
after surgery with these activities. Patient satisfaction in revision surgery has again
been reported as 76% (95), despite less improvement in activities of daily living.
Bigliani et al. (93) found similar results—52% satisfactory results—based on pain
and motion, but 81% of patients had satisfactory relief of pain. Both studies con-
cluded that the primary indication for repeat surgery was pain.

The reasons for poor functional outcome after revision surgery may be poor or defi-
cient cuff tissue, larger tears, persistent subacromial impingement, deltoid and cuff
muscle atrophy, deltoid detachment, prior lateral acromionectomy, persistent acromio-
clavicular (AC) joint tenderness, inadequacy or noncompliance of physical therapy,
and inadequate postoperative immobilization (76,91,93,96).
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Frozen Shoulder

Peter J. Hughes, Richard O. Evans, and Jerome A. Goldberg

INTRODUCTION

Idiopathic frozen shoulder, or adhesive capsulitis, is a common condition charac-
terized by a capsular pathology that is associated with pain and the progressive loss of
passive and active movement. Its incidence in the general population is approx 2% (1);
of these, 20-30% will develop the condition bilaterally. It is more common in females
(1), over 40 yr of age (2), and in the nondominant arm (3). A strong association exists
with diabetes mellitus (4) and, to a lesser extent, with thyroid disease (5).

Frozen shoulder syndrome was first described by Duplay in 1872 (6). He felt that
the pain and stiffness noted in these patients was not because of arthritis but was from
the soft-tissue pathology of the periarticular structures. In 1934, Codman (7) first pro-
posed the term “frozen shoulder.” He described a slow onset of pain felt near the
deltoid insertion, inability to sleep on the affected side, and painful and restricted
elevation and external rotation with a normal radiological appearance. The loss of
passive range of movement, particularly related to external rotation, has remained
pivotal to the diagnosis of frozen shoulder. However, Codman was unable to explain
the pathology. Only recently, the pathogenesis has become more clear but as yet, it is
not fully understood.

Matsen (8) has defined the condition experienced by patients with stiff shoulder
syndrome occurring de novo as an idiopathic global limitation of humeroscapular
motion that results from contracture and loss of compliance of the glenohumeral
joint capsule. These patients with primary idiopathic frozen shoulder comprise up to
5% of all patients with stiff shoulder syndrome (9). Harryman (/0) has emphasized
the importance of recognizing any previous history of trauma to categorize patients
with stiff shoulders. With a history of trauma or other preceding stimulus, another
group can be defined as having a limitation in humeroscapular motion after an injury,
low-level trauma, or part of an accompanying condition, which results in a contracture
of structures in the glenohumeral or humeroscapular motion interfaces. This second
group can be further subdivided by the injury or disease process and is analogous to
secondary adhesive capsulitis, as proposed by Lundberg (//), in which a known intrin-
sic, extrinsic, or systemic precursor can be identified. Cuomo (/2) believes it is inap-
propriate to include all various etiologies within secondary frozen shoulder. Frozen
shoulders because of systemic disorders, such as diabetes mellitus or hypothyroidism,
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only differ from the idiopathic group in their resistance to treatment and can be easily
included as part of this primary group. Intrinsic disorders, e.g., rotator cuff pathology,
merit their own subdivision, and treatment must be directed at the initial pathology and
the shoulder stiffness.

A multitude of pathologies can predispose to the frozen shoulder (/3). It can follow
fractures or dislocations about the shoulder, cervical or thoracic surgery, or immobili-
zation after any upper limb surgery. It can occur in association with soft-tissue patholo-
gies, such as rotator cuff and biceps tendonitis and can follow any degenerative shoulder
joint disease process. It has also been seen with cervical spine disorders, intrathoracic
pathology, and abdominal pathology. Clearly, as noted by Kozin (/4), many of these
conditions link the patient with a period of pain, immobility, or both.

Frozen shoulder research has been limited by the heterogeneous nature of the patient
groups presenting with shoulder stiffness, as represented by these various definitions.
Wiley (15) has reported on a series of 150 patients with presumed diagnosis of frozen
shoulder. After arthroscopic examination, only 37 patients were found to have primary
frozen shoulder. Other studies have confirmed the importance of arthroscopy in accu-
rately selecting patients for study (/6). Research performed without the control of
arthroscopy to exclude other pathologies must therefore be questioned. Improved iden-
tification of homogeneous patient groups will simplify treatment decisions and make
outcomes more predictable (/3).

NATURAL HISTORY
The Pathological Stages of Primary Frozen Shoulder

One of the most contentious issues regarding the frozen shoulder is defining the
exact natural history. It has traditionally been regarded as a self-limiting condition,
which universally settles over a variable time course (/7). Codman believed even the
most protracted cases recover with or without treatment in about 2 yr. Reeves (/8) has
performed a prospective longitudinal study of the natural history in 41 patients, and
three sequential stages were noted. An early painful stage was described as lasting
between 10 and 36 wk, followed by an intermediate stiff or frozen stage from 4 to 12
mo. Finally, a recovery stage was described that lasted from 5 to over 24 mo. Reeves
noted all but three of the patients ultimately obtained useful function in the affected
limb, but 25 patients showed some residual signs of mild range of motion limitation.
The overall impression of the frozen shoulder was that it was a self-limiting disorder
and that most patients would be expected to recover within 2.5 yr. Another important
observation of Reeves was that the length of the painful period could be directly related
to the length of the recovery period.

This self-limiting nature of the frozen shoulder has been challenged by others
(19,20). Shaffer and coworkers (6/) have followed up a cohort of 62 patients with
frozen shoulder for a mean time period of 7 yr. They found that 50% of patients still
had either stiffness or mild pain affecting the shoulder, and 60% of patients demon-
strated some loss of expected range of movement, particularly in external rotation.
Thus, although producing little functional disability, half of the patients remained
symptomatic. This evidence has led them to question whether the frozen shoulder
should be regarded as a self-limiting condition.
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The stages of adhesive capsulitis have been further investigated by Hannafin et al.
(21). They have correlated the clinical appearance and histology of patients with their
arthroscopic stage, as defined by Neviaser and Neviaser (3). Using this information,
they have produced a comprehensive classification of adhesive capsulitis divided into
four stages, which are summarized here.

In stage 1, symptoms have been present for less than 3 mo and consist of an aching
pain exacerbated at extremes of range of movement. Patients demonstrate a mild loss
of forward flexion, abduction, and internal and external rotation that invariably re-
solves upon administration of local anesthetic, as most of the loss of motion is owing to
synovitis, not capsular contraction. Arthroscopy shows a hypertrophic vascular syno-
vitis, and biopsy confirms the hypervascular nature of the synovium and normal mor-
phological structure of the underlying capsule.

In stage 2, “the freezing stage,” symptoms have been present for 3-9 mo. Signifi-
cant loss of all movement is present and is persistent even under anesthesia. At
arthroscopy, it is frequently difficult to introduce the arthroscope because of a loss in
capsular volume, and a diffuse, pedunculated, hypervascular synovitis is often seen.
Again, biopsy shows dense, proliferative, hypervascular synovitis, but there is also
perivascular scar formation and capsular fibroplasias with the deposition of disorga-
nized collagen fibrils and a hypercellular appearance. Inflammatory infiltrates are not
seen.

In stage 3, “the frozen stage,” symptoms have been present from 9 to 14 mo. Patients
often report a previous painful phase that has substantially settled, leaving a relatively
painless but stiffened glenohumeral joint. Arthroscopic appearance illustrates patchy
synovial thickening without hypervascularity, and biopsy shows dense, hypercellular
collagenous tissue.

In stage 4, “the thawing stage,” gradual improvement occurs between 15 and 24 mo.
There is little pain, and as capsular remodeling occurs, there is a progressive increase
in range of movement. Arthroscopic and histological correlations have not been inves-
tigated because surgery is unusual at this phase.

Other researchers have reported on the pathological appearance of frozen shoulder,
principally during open surgery for stage 3 disease. The macroscopic observations by
Neviaser (22) described “a thickened contracted capsule peeled from the humeral head
like an adhesive plaster from skin.” These observations, which led him to coin the
term “adhesive capsulitis,” remain true today. DePalma (/9) observed that the coroco-
humeral ligament is converted into a tough inelastic band of fibrous tissue, spanning
the interval between the corocoid process and the tuberosities of the humerus. He felt
this structure is thus converted into a powerful check rein. Therefore, he described the
division of this abnormal ligament to allow early restoration of movement.

Lundberg (/1) was first to find the similarity in pathology between frozen shoul-
der and Dupuytren’s disease, observing the prominence of fibroblast-type cells in
both tissues. This link has been confirmed in a study by Bunker, who identified a
highly vascular, cellular, collagenous tissue as the principle lesion. However, they
were unable to show any significant inflammatory component in their histological
investigations. They also commented that the synovium appeared inactive, but the
presence of an initial inflammatory stage cannot be excluded, as none of the speci-
mens were taken from patients in the early stage of disease.
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Etiology of Primary Frozen Shoulder

A number of mechanisms have been proposed to explain the etiology of the pri-
mary frozen shoulder. Early suggestions localizing the pathology to the rotator cuff—
bursa interface have been dismissed (6,7). Most agree that the defining pathology is
a capsular fibrosis, but the exact cause of this fibrosis is not clearly understood. An
inflammatory process has been suggested based on the histological observations of
synovial or subsynovial inflammatory reactions (//,20). This, in turn, has led inves-
tigators to attempt to identify a particular inflammatory stimulus in the frozen pri-
mary shoulder. Bulgen and coworkers have found increased levels of circulating
immune complexes together with an elevation of serum C-reactive protein level. This
is suggestive of an autoimmune type IV reaction (23). Reduced serum immunoglo-
bulin A levels have also been noted in patients with frozen shoulder, which have
persisted after recovery (24). Unfortunately, further studies have failed to confirm
this data (25). The absence of identified autoantibodies and lack of polyarthropathy
in association with the frozen shoulder mostly negates an autoimmune basis. An
infective stimulus—whether viral, bacterial, or fungal—is unlikely (26), as patients
do not report a prodromal illness or systemic symptoms. There is also no evidence
to link frozen shoulder causally with crystal arthropathy, reactive arthropathy, or
hemarthrosis (26). Bunker and coauthors (/5) have recently investigated the link
between frozen shoulder and fibromatoses, such as Dupuytren’s disease. Clonal chro-
mosomal abnormalities have been found in many of these conditions. Bunker has
detected chromosomal abnormalities in some patients with frozen shoulder, similar
to those found in Dupuytren’s disease, i.e., trisomy 7 and trisomy 8 (9). Both these
conditions appear to be linked to each other and to a high prevalence of diabetes
mellitus. In addition, these investigators have found an association between elevated
serum lipid levels and frozen shoulder (27). Serum lipid levels are also elevated in
patients with Dupuytren’s disease (28). These facts add further weight to the hypoth-
esis that idiopathic frozen shoulder is a variant of the fibromatoses.

Further work by Rodeo et al. (29) investigated the role of cytokines in the develop-
ment of the frozen shoulder. They identified a rise of both the platelet-derived growth
factor (PDGF) and transforming growth factor  (TGF-f) in the early stages of fro-
zen shoulder. PDGF has been shown to stimulate fibroblast proliferation, and TGF-f3
promotes extracellular matrix production, leading to fibrosis. The stages of frozen
shoulder, as already described, can be linked to the development of fibrosis. Hannafin
and coworkers (2/) have hypothesised that the initial hypervascular synovitis pro-
vokes a progressive fibroblastic response in the underlying capsule, which causes
progressive fibroplasias, thickening, and contracture. These stages are modulated by
the action of TGF-f3 and PDGF by both paracrine and autocrine abnormal upregula-
tion.

A recent link between protease inhibitors and the genesis of frozen shoulders has
also been proposed. In the work by Grasland et al., eight patients with HIV were
identified as developing frozen shoulder (bilateral in four patients) after treatment
with the protease inhibitor, indinavir (30). This may suggest a link between the
inhibition of metalloproteinases and development of abnormal fibrosis within the
joint.
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ABNORMAL BIOMECHANICS

Differences Between Primary Frozen
Shoulder and Posttraumatic Stiff Shoulder

Movement at the shoulder occurs between the two articular surfaces of the glenohu-
meral joint and between the scapula and thoracic wall in a ratio of 2:1 (3/). Movement
at the glenohumeral joint is facilitated by the mutual sliding of a set of bursal-lined
surfaces, including the deep sides of the deltoid, acromion, corocoid process, and its
tendons against the proximal humerus, rotator cuff, and long biceps head. Matsen et al.
(8) and Romeo have coined the term “humeroscapular motion interface” (HSMI) to
describe this articulation. Another term, the “scapulothoracic motion interface” has
also been proposed to describe the bursal-lined surface between the scapula blade
and thoracic wall. In a glenohumeral joint with healthy articular surfaces, stiffness can
occur with three scenarios: (1) contractures that produce shortening of capsule, liga-
ment or muscle-tendon units; (2) adhesions between gliding structures, e.g., the cuff
and biceps tendon; and (3) adhesions crossing the HSMI. Clearly, the first scenario can
explain primary frozen shoulder pathology with its recognized capsular contractures.
The capsule is known to be essentially lax during motion in mid-range (32). The
capsule’s distinct ligamentous structures become significantly tense only at the end-
range extremes of motion. Different regions of the joint capsule have specific functions
in limiting particular end-range motions. It is well recognized that the inferior glenohu-
meral ligament functions as a check rein for external rotation in abduction. In contrast,
ligamentous structures within the rotator interval are more important in restraining
external rotation in the adducted arm. Thus, we can link the findings of rotation loss
in neutral with the observation of tight, contracted structures in the rotator interval.

However, contractures are not limited to the rotator interval. Isolated contractures of
other capsulo-ligamentous structures can occur, leading to unusual patterns of motion
loss (26,33). Isolated posterior capsular contracture has been related to abnormal gle-
nohumeral motion. With a significant posterior contracture, the humeral head can be
translated antero-superiorly during motion, leading to compression of the rotator cuff
beneath the coracoacromial arch and thus impingement (32). Therefore, in the stiff shoul-
der associated with capsular contracture, potential exists to perform a limited release of
tight structures. Clearly, if the procedure is to be successful, the correct structures lim-
iting movement must be clarified.

The pathomechanics of some secondary frozen shoulders or posttraumatic stiff
shoulders may require a different explanation. Neviaser and Neviaser (3) have iden-
tified a group of patients with stiff shoulders that occur after trauma, who appear to
not have any capsular contracture. To explain these findings, we can look to the
HSMLI. If adhesions secondary to trauma or surgery cross the HSMI, then movement
will be limited depending on the position and extent of the involvement. It is not
known whether these patients settle with gradual improvement, as is the case with
most patients with primary frozen shoulder. Treatments aimed at the capsular struc-
tures are obviously misplaced in this patient group and are likely to fail. In practice,
however, it can be difficult to distinguish between the various groups of patients.
There is clearly a considerable overlap between the conditions and potential for pro-
gression from one to the other.
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DIAGNOSIS AND INVESTIGATIONS
History

Primary or idiopathic frozen shoulder is diagnosed from the history and investiga-
tion. As has been stated, it is a diagnosis of exclusion after other causes of painful
shoulder stiffness are precluded. As part of the assessment, an attempt should be made
to define the particular stage that the disease is presenting. This designation is invalu-
able in informing the patient about their individual prognosis and their best treatment.
Codman’s original description of the condition is still valid (7). Pain, in the early stages,
can be severe and usually radiates to the deltoid insertion. It is worse when the affected
shoulder attempts movement but can also be present at rest, invariably interfering with
sleep. The patient often notices a gradual loss of motion; specifically, movements over-
head and behind the back become difficult. Patients with rotator cuff pathology can
also present with these complaints, which can lead to difficulties in diagnosis. Enqui-
ries should be directed at identifying any coexistent pathology that might allow a diag-
nosis of secondary frozen shoulder. Patients should be questioned about their past
injuries. A history of major injury or surgery is easy to define. However, most patients
can associate only minor trauma with the onset of symptoms, and the ability to identify
the relevance of this can be difficult. Previous surgery predisposing to frozen shoulder
is not limited to operations on the shoulder. Axillary node dissections and neck dissec-
tions are often seen to predispose to frozen shoulder, particularly when associated with
radiotherapy (34,35). Cardiac surgery and neurosurgery are also regarded as being a
high risk regarding development of the frozen shoulder (36,37). An incidence of adhe-
sive capsulitis of 3.3% has been estimated in male postcardiac surgery patients (38).
The link between all these stimuli may be a period of immobility that is associated with
pain. A prospective study of frozen shoulder development in neurosurgical patients has
been performed. The condition occurred in 25% of patients and was related particu-
larly to impaired consciousness and hemiparesis. Other neurological conditions have
been linked to frozen shoulder and include Parkinson’s disease and Brachial neuritis.
In addition, the cervical spine should always be considered. Patients with cervical spine
intervertebral disc degeneration have been shown to be at a greater risk of developing
frozen shoulder (/7). Clearly, the importance of therapist guided rehabilitative mobili-
zation in all these high-risk groups cannot be over emphasized. Enquiries should also
be made concerning diabetes and thyroid disorders. Bridgman has found an incidence
of almost 11% in diabetic patients contrasting to an incidence of 2% in a nondiabetic
control group (4). Abnormal glucose tolerance tests have also been observed in 28% of
patients presenting with frozen shoulder (39).

Examination

To exclude pathology, examination should commence with an assessment of the
cervical spine. Both upper limbs should be properly exposed and formally examined.
Reviewing the passive and active shoulder range of movement and defining the rela-
tive contributions from both the glenohumeral and scapulothoracic articulations is
pivotal to grade the severity of the condition and also to analyze the future response to
treatment. Movements examined to a firm end point should include forward flexion,
abduction, and internal and external rotation both in neutral and abduction. It is pos-



Frozen Shoulder 165

sible to fix the scapula by holding the inferior pole of the scapular with the examiner’s
index finger and thumb. The examiner’s other arm then can be used to evaluate gleno-
humeral motion with the scapulothoracic articulation excluded. Most researchers in
this area have suggested a decrease in motion range of about 50% as a criterion for the
diagnosis of frozen shoulder (/0). If motion loss is not global, then the exact planes of
movement should be defined. Loss of external rotation in abduction suggests a con-
tracture in the antero-inferior capsule, whereas loss of external rotation in adduction
is more indicative of a contracture in the rotator interval. Loss of internal rotation in
either adduction or abduction suggests posterior capsule contracture. Movements
within the examined range of motion should be smooth and free from crepitus. As an
addition, a lignocaine injection can be performed to distinguish the loss of movement
associated with pain seen in impingement from the fixed decrease in movement noted
in frozen shoulder. Such injections can also be useful in helping to define disease
stage (21).

Investigations

No specific hematological tests are diagnostic for frozen shoulder. Although usually
normal, routine hematological and biochemistry tests should be performed. A fasting
blood glucose assessment is a sensible screening test useful in identifying patients with
impaired glucose tolerance who are presenting with shoulder stiffness (39). It is also
effective to perform an erythrocyte sedimentation rate, which may be elevated in up to
20% of patients (/).

A full series of shoulder radiographs should be obtained, including true antero-pos-
terior, scapular lateral, and axillary views. These images should show, by definition, a
normal joint appearance. Loss of bone density associated with disuse can be observed,
but a diagnosis of idiopathic frozen shoulder is excluded if any other pathology is
identified. Bone and soft-tissue tumors can occasionally mimic the presentation of fro-
zen shoulder, and plain radiographs are useful for their identification. A bone scan is
also useful to establish reflex sympathetic dystrophy. If there is any suspicion of the
presence of an unusual pathology, then a bone scan should supplement the plain radi-
ography. Diphosphonate bone scans have demonstrated an increased uptake in 90% of
patients with frozen shoulder (40). Scans have also shown a 50% increased activity on
the contralateral-unaffected side. Yet, bone scan activity does not help to predict dis-
ease severity or prognosis. Dynamic ultrasonography has been used in the frozen shoul-
der (41) to illustrate a constant limitation in the sliding movement of the supraspinatus
tendon against the scapula. Magnetic resonance imaging has been used to demonstrate
an increase in the capsule thickness in patients with frozen shoulder (42). Neither of
these modalities are useful in the routine management of frozen shoulder, but they are
useful in the investigation of those patients suspected of having a shoulder frozen sec-
ondarily to some other intrinsic pathology.

Arthrography has also been a method in the assessment of frozen shoulder. Neviaser
pioneered its use in the evaluation of the frozen joint (43). The joint’s volume typically
decreases between 10 and 12 mL with obliteration of the axillary recess and subscapu-
laris bursa. Although useful for diagnosing frozen shoulder, arthrography cannot be
used to differentiate between the primary and secondary forms of the disease (40). It
also cannot predict the extent and rate of recovery.
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TREATMENT

The natural history of the frozen shoulder has already been presented. Typically, it
is divided into four stages, lasting at least 18 mo and often with incomplete symptom
resolution. Treatment should be aimed at pain relief, improving the quality of the
recovery and reducing the time taken to achieve this recovery. High-risk groups include
patients undergoing shoulder, arm, and cardio-thoracic surgery and neurosurgery. Early
mobilization is of great importance in the prevention of shoulder stiffness symptoms.
However, most patients present well into the second stage with a significantly stiffened
shoulder. The first priority in treating patients is to control the pain. Without good pain
relief, rehabilitation will be inadequate and poorly tolerated. Patients should be com-
menced on a nonsteroidal anti-inflammatory medication provided there is no contrain-
dication to its use. Other analgesics can be added in for use in patients with severe
resistant pain. Opiate analgesics should be avoided, as dependency is a risk associated
with their use.

Conservative Therapy
Injections

Hannafin and Chiaia have presented a rationale for the use of an injection of steroid
and local anesthetic into the glenohumeral joint (44). If, after administration pain and
range of motion are both improved, then a diagnosis of stage 1 disease can be made.
However, if pain is improved, but motion is unimproved, then a diagnosis of stage 2
disease is made. It has been suggested that intra-articular steroid injections are more
effective if administered in the early stage of the disease. Neviaser suggested that the
presence of steroids can have little effect on established scar or contracture (45). This
view is supported by Hazelman (46), who has reviewed the effect of intra-articular
steroids using duration of symptoms at injection as the major variable. It appears
that patients injected within 3 mo of symptom onset have a significantly accelerated
improvement when compared with those patients injected more than 5 mo after symp-
tom commencement. If this is the case, then staging the patients is important in studies
analyzing outcomes posttreatment with intra-articular steroids. Intra-articular steroid
therapy is not benign. Detrimental effects on tendon structure and function have been
reported following their use (47). There is also a small, but substantial, risk of infection
associated with steroid injection. These factors have prompted several studies to deter-
mine their efficacy. Bulgen et al. (48) have performed a randomized study of steroids,
physiotherapy, ice, and benign neglect. Initially, the steroid group had the best response
to treatment, but no significant difference was found at final long-term review. In
another prospective randomized study with observer blinding, local steroid injections
were found to be as effective as physiotherapy alone or in combination (49). Such
injections were considered to accelerate recovery in the most cost-effective manner.
Thus, the use of steroids in the early disease stages does seem to have a role in speeding
recovery. However, the use of multiple steroid injections over a protracted time period
cannot be supported. It should also be noted that the intra-articular injection of steroids
without imaging control is at best unpredictable (50). In our unit, we routinely use
ultrasound control to ensure correct positioning of injections both above and beneath
the cuff.



Frozen Shoulder 167

Physiotherapy

The importance and effectiveness of physical therapies as applied to the frozen shoul-
der has been highlighted (44). Miller, Wirth, and Rockwood have presented a review of
50 patients treated with home therapy, moist heat, and anti-inflammatory medications
under close supervision by a physician (5/). At review, all patients regained significant
range of motion and returned to activities of daily living without pain. The objective of
such physical therapies is to restore function by reducing inflammation and pain, thus
allowing the reestablishment of normal shoulder mechanics. Historically, they have
taken the form of simple repetitive stretching exercises and have been shown to be
effective in the vast majority of cases (52). In the early stage, gentle pain-free mobiliza-
tion using the opposite arm can be used to decrease nociceptive input to break the cycle
of pain and muscle spasm. Exercises should progress to include ROM and pendulum
movements to increase the pain-free range of forward elevation, external rotation, inter-
nal rotation, and cross-body adduction. Wherever possible, this should be home-based
and self-directed after a single instructional session and occasional reviews with a phys-
iotherapist. In the resistant case, the therapist can adopt a more active role, possibly
involving the use of hydrotherapy, which provides an environment for passive-assisted
exercises. Other modalities can also be introduced, including transcutaneous electrical
nerve stimulation (TENS), cryotherapy, and ultrasound—all of which may act to decrease
pain perception. The effectiveness of a stretching-exercise program was investigated
(53). In a recent study, 64 patients (90%) reported a satisfactory outcome, and only five
patients (7%) proceeded to either manipulation under anesthesia (MUA) or arthroscopic
release. Patients with more severe pain and functional limitations before treatment had
relatively worse outcomes, but the early use of more interventional therapies could not
be supported. Most patients will have significant improvement by 12—16 wk (44). If
this is not apparent, or there is deterioration, then consideration should be given to more
interventional modalities.

Distension Arthrography

Distension arthrography or brisement is a hydrostatic technique where fluid is insuf-
flated into the glenohumeral joint to produce a stretching or rupture of the capsule (/7).
During the procedure, incremental injections of fluid lead to a progressive increase in
the intra-articular pressure to greater than 800 mmHg up to a maximum of 1500 mmHg
(10). Disruption of the capsule occurs at either the biceps tendon sheath or the subcora-
coid bursa. Investigators have reported distension arthrography to be a reliable, safe
and effective technique for treating frozen shoulder (54). Others have not found such
effective results. Harryman and coworkers found that treating a disease that affects the
whole capsule by simply rupturing a small area of the anterior capsule, without specifi-
cally reducing inflammation or lengthening the contracted capsule, is unlikely to be
effective in severe frozen shoulder (10).

Interventional Therapies
Manipulation Under Anesthesia

The most difficult decision with frozen shoulder management is if and when to
progress to operative treatment in what is regarded by some as a self-limiting condi-
tion. Neviaser and Neviaser have stated that operative intervention should be avoided
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while a patient is still experiencing severe pain and stiffness (3). They believe that this
circumstance is indicative of ongoing inflammation and that surgery at this stage is
likely to worsen the condition. In contrast to this view, Harrymann has indicated to
perform a gentle manipulation under anesthesia if the patient is unable to perform exer-
cises owing to severe pain, usually following a failed intra-articular steroid and local
anesthetic injection (/0). This discordance remains and will only be resolved by future
prospective studies of the management of patients with painful and stiff shoulders. In
addition, Harryman suggested manipulation in patients with increasing stiffness after
12 wk of physiotherapy or no improvement following 18—24 wk of physiotherapy.

The contraindications to closed manipulation have been summarized by Hannafin
(44) and include patients with osteopenia or, in the presence of fractures, neurological
injury, reflex sympathetic dystrophy, and instability. Manipulation is also relatively
contraindicated following recent surgical repair of soft tissues around the shoulder
because of the risk of disruption of the repair. The technique of closed manipulation
for frozen shoulder treatment has been previously described by Haines and Hargadon
(55). In our unit, we perform manipulation under a general anesthetic with a scalene
block. The block is advantageous in allowing immediate physiotherapy or continuous
passive motion to be performed in the first few hours after manipulation. Prime impor-
tance during MUA is given to holding the humerus as near to the proximal end as
possible to reduce the lever arm acting through the bone and thus limiting the risk of
fracture. The scapula is stabilized with one hand cupped over the point of the shoulder.
Return of motion is achieved by the use of steady controlled force addressing first the
flexion, then adduction to stretch the posterior capsule, followed by abduction with
both internal and external rotation. There is usually an audible release of soft tissues,
particularly with the return of flexion, and force should not be increased if such an
audible release is absent (/7).

A review of the literature reports results of shoulder manipulation alone or in combi-
nation with steroid injection to be extremely variable (/0). Those showing significant
improvement at 3 mo ranged from 25 to 90% with a mean of 70% improvement at
6 mo. In a randomized study of 30 patients, manipulation and steroid injection signifi-
cantly improved movement and pain in comparison to patients treated with steroid
alone (56). In addition, Hill and Bogumill have observed that MUA is a safe means to
treat frozen shoulder and significantly shorten the course of the disease. Opponents of
the use of MUA mainly do not question effectiveness but are more critical of the asso-
ciated damage that they feel can occur during the procedure. If the clinician is aware of
the contraindications to the use of MUA, it can be an effective therapy for the frozen
shoulder not responding to physiotherapy. As has been stated, MUA has a limited role
in the treatment of postsurgical shoulder stiffness.

Arthroscopic Release

As it has been described (3,43), arthroscopy has a role in the staging of frozen shoul-
der. The arthroscopic stages have been correlated to clinical examination and histo-
logical appearance by Hannafin et al. (27). The best clinical research with the frozen
shoulder has included arthroscopy to stage the disease, which allows a more effective
comparison of data from different studies. The lack of appropriate staging of the dis-
ease in previous studies has limited the value of such comparison (44). Arthroscopy
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performed prior to MUA can yield useful diagnostic information, allowing identifica-
tion of associated pathology, such as labral or cuff tears. The treatment of some associ-
ated pathology can also be addressed through the arthroscope. Arthroscopy performed
immediately after MUA has identified intra-articular hemarthrosis, avulsion of the
inferior capsule adjacent to or peripheral to the labrum, tears in the rotator interval
capsule with occasional labral avulsions, or capsular tears anterosuperiorly or antero-
inferiorly (/0,57). Such extensive, but variable, damage may explain the sometimes
poor results seen with MUA (58).

The best indication for the use of arthroscopy in the treatment of frozen shoulder
is for the small group of patients who continue to have motion loss even after MUA.
The advantages of this technique are its ability to perform precise selective capsular
releases, which can allow further MUA (if it is required) in a very controlled manner.
It also has a role in the postoperative stiff shoulder, lessening the risk of fracture or
retearing of repaired soft tissues. However, patients with extensive extra-articular
adhesions are probably better suited to open release. This technique, performed in
either the lateral decubitus or beach chair positions, is invariably accompanied by
difficulty with inserting the arthroscope into the joint, which is the result of the cap-
sular contracture and decrease in joint volume. A gentle MUA can facilitate entry but
will compromise the view because of the inevitable associated bleeding that ensues.
The biceps is identified, and a second working portal is sited just beneath this later-
ally. A release is performed from the axilla of the biceps tendon to the upper border
of the subscapularis tendon, thus freeing the rotator interval. This release normally
reverses the loss in external rotation and can be completed by a gentle MUA. Further
isolated releases of anterior or posterior capsule can be performed if more specific
isolated contractures are apparent. Release of a posterior contracture in patients with
limited cross-adduction is a specific example of this circumstance. To complete the
procedure, the subacromial space is visualized, and any further adhesions identified
here are released.

Warner and coworkers have reviewed their experience with arthroscopic capsular
release in 23 patients with resistant frozen shoulder (59). The procedure was followed
by 48 h of physical therapy using an in-dwelling scalene block. All movements increased
significantly and were within a mean of 7° of the values for the contralateral normal
shoulder. These improvements were obtained without complications. Ogilvie-Harris and
Wiley have reviewed manipulation vs arthroscopic release in 40 patients with resistant
frozen shoulder (58). All patients had experienced symptoms and functional loss despite
1 yr of nonoperative treatment. In the first group of 20 patients, MUA was performed
in association with arthroscopy. In the second set of 20 patients, arthroscopic division
of contracted structures was performed. At independent assessment between 2- and 5-
yr follow-up, there was no difference in ROM, but there was notably improved pain
relief and restoration of function in the arthroscopically released group. These cowork-
ers have observed that following 1 yr of adequate nonoperative treatment with patients
still having significant stiffness, arthroscopic release offers the best option for excel-
lent long-term results, especially in patients with diabetes mellitus. (This has been our
experience with regard to our own practice.) Clearly, in some circumstances, a simple
MUA appears overly aggressive, leading to disruption of normal and pathological tissue.
The ultimate result is thus less than optimal, but some patients have positive results
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following MUA. The answer as to which patients can be treated just with an MUA and
which patients require an arthroscopic release remains unclear.

Open Release

As with arthroscopic release, the objective with open release is to free up any adhe-
sions present. It gives the surgeon the ability to easily free up both intra- and extra-
articular structures. Open release is especially useful in treating patients after unsuccessful
arthroscopic release and after previous surgical repairs where manipulation might lead to
disruption. It is also particularly effective in circumstances where adhesions are pre-
dominantly in the HSMI; thus, it is often indicated in the posttraumatic surgical stiff
shoulder. Unfortunately, open release is associated with increased postoperative pain
when compared with either MUA or arthroscopic release and this can inhibit early mobi-
lization. The procedure is normally performed through a deltopectoral approach. Struc-
tures released usually include subacromial and subdeltoid bursal adhesions, the
corocohumeral ligament, and the rotator interval (/9,60), but a complete perilabral
capsular release around some or all of the glenoid can be performed (58). Ozaki and
coworkers have used open release to treat 17 patients with resistant frozen shoulder.
They identified the major tethering structure as a contracture of the corocohumeral liga-
ment and release of this restored motion in all patients. Therefore, open release can be
recommended as an effective therapy in the most resistant forms of frozen shoulder.
Such cases are fortunately rare. This technique is also very valuable in the management
of postsurgical shoulder stiffness unresponsive to simple physiotherapy.
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Capsular Shrinkage of the Shoulder

Current Clinical Status

Andrew L. Wallace

INTRODUCTION

Although arthroscopic treatment of the unstable shoulder remains a challenging area
of clinical development, in recent years, a better understanding of joint pathomechanics,
coupled with significant technological advances, have increased the multitude of tech-
niques at the surgeon’s disposal. Successive clinical results have generally improved,
but controversy still exists as to whether an arthroscopic approach can be effective for
all indications and patients.

The introduction of thermal capsular shrinkage was perceived by many as the ideal
solution—using an old idea with a new twist to deal quickly and simply with the com-
plex problem of excess capsular laxity. Unfortunately, the expansion rate of clinical
applications has, to some extent, exceeded the rate of discovery of the biological and
mechanical effects of capsular tissues derived from basic science. As more experimen-
tal studies have emerged, short-term clinical reports have also appeared, and it is now
an appropriate time to consider the practical role of this innovation in the treatment of
shoulder instability.

Similarly to the evaluation of any new treatment modality, two fundamental factors
must be considered: whether it works and whether it is safe.

SCIENTIFIC BASIS

The theoretical basis for thermal shrinkage is well established, and the details of
numerous basic science experiments are covered in a series of review articles (/-3).
Shrinkage is a property of the major structural component of connective tissues—type I
collagen, which is arranged in a fibrillar network. Essentially, the crystalline triple
helix undergoes a phase change at a critical temperature, as the heat-labile intramo-
lecular hydrogen bonds dissolve. Analagous to melting, this phenomenon is associated
with a significant shortening as the ordered quarter-stagger array of the collagen mol-
ecules collapses, leaving a tangled coil of individual o chains still linked together by
heat-stable covalent intermolecular bonds. Ultrastructurally, the collagen fibrils
enlarge and their margins become less distinct, coalescing with adjacent fibrils in a
denatured mass of protein in which the resident fibroblasts also undergo necrosis.
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Fig. 1. These transmission electron micrographs represent the medial collateral ligament
(MCL) of the adult rabbit (A) before treatment, (B) at 12 wk after treatment with thermal
shrinkage, and (C) at 12 wk after surgical division and plication of the ligament.

In vitro, capsular tissues and ligaments can shorten up to 50% of their original
unconstrained length, but this may take several minutes. In vivo, most studies have
demonstrated shortening in the range of 15-20% during short-term application of ther-
mal energy. This limit may restrict the extent of reduction in capsular volume that can
be achieved using the shrinkage technique. Nonetheless, decreased joint laxity and
translation have been shown experimentally after shrinkage, but this effect has a con-
sequence in mechanical terms. An inverse relationship exists between the extent of
shrinkage and the tissue stiffness; as the tissue shortens, it becomes more elastic and
liable to creep and stretch (4—6). Strength is also reduced, but the recovery rate is still
somewhat controversial. Some studies have suggested that mechanical properties are
back to normal within 30 d, but others have indicated that it may be up to 90 d before
strength and stiffness are sufficiently recovered (7,8).

The mechanism of remodeling of the thermally treated tissue is not well understood.
The major issue is whether the denatured matrix provides a useful scaffold for rapid
repopulation by fibroblasts and new collagen synthesis or instead must first be removed
and replaced completely, e.g., when a soft tissue defect heals in classic scar formation.
Some in vitro evidence shows that heat-treated tissue can enhance fibroblast migration,
and focal areas of new collagen production have been observed. In one study, biopsies
from the operated shoulder capsule were taken from 53 patients between 3 and 38 mo
after treatment at the time of stabilization of the symptomatic contralateral shoulder.
Even at 6 mo, there was increased cellularity when compared with normal capsule, but
by 12 mo, the histology appeared normal (9).

Recent work from our laboratory has shown that the ultrastructure of thermally
treated rabbit ligament tissue is similar to the scar tissue after gap healing in ligaments,
with a shift seen from the normal bimodal distribution of large and small collagen
fibrils toward a unimodal population of smaller fibrils (/0). The ultrastructure of liga-
ments that have been surgically plicated to achieve shortening is distinctly different;
the large fibrils are still present, but there are bundles of smaller fibrils interspersed
between them, suggesting another mechanism of matrix production (Fig. 1). Although
the pattern of remodeling is different, viscoelastic properties in both groups are similar
at 90 d, but still far from those of the intact control ligaments (Fig. 2).
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Fig. 2. The chart demonstrates that the creep strains in both thermal and plication groups
were almost identical at 12 wk but about twice as liable to creep as the intact control ligaments.
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Fig. 3. Temperature profiles for a bipolar end-effect thermal electrode using bovine capsular
tissue in vitro. Using fluoroptic thermometry, temperatures were measured between 0 and 5
mm deep to the tissue surface. Temperatures exceeded 45°C within 2 mm of the electrode tip.
Reproduced with permission from ref. /2.

MODALITIES OF THERMAL ENERGY DELIVERY

Initial studies of thermal shrinkage used the Holmium-YAG laser—the first laser
system designed for use with fiberoptic cables and in a saline environment. However,
the laser relies on absorption of light by water molecules in the tissue; therefore, the
probe tip must be held away from the tissue surface. Because of the relative expense of
laser generation and associated safety issues, many clinicians have preferred electro-
thermal energy generation using either monopolar or bipolar probes.

In theory, bipolar probes should have a more “local” effect than monopolar probes,
where the circuit is completed by transmission of current through the remote electrode.
But recent studies have shown that the temperature profile in the tissues below the
surface is remarkably similar in both types (/1,1/2). The temperature is highest at the
surface, decreasing with depth of penetration (Fig. 3).
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TECHNIQUES

In our practice (as in many centers) arthroscopic shoulder surgery is performed under
interscalene regional anesthesia, where the patients are sedated and placed in the beach-
chair position on the operating table. The beach-chair position facilitates examination
under anesthesia (EUA) and functional assessment during arthroscopy. However, these
evaluations can also be undertaken using the lateral decubitus position, but the traction
apparatus must be temporarily disengaged.

The EUA is an important component of the procedure, because it provides a link
between the patient’s subjective history and clinical signs and the arthroscopic find-
ings. Passive anterior, posterior, and inferior translation are estimated using the load
and shift test specified by Hawkins (/3). Elevation and rotation are added and transla-
tion is reassessed and graded 1—4 as described by Cofield (/4), as many patients with
multidirectional laxity may not necessarily have multidirectional instability (MDI).

Following insertion of the arthroscope through the standard posterior-viewing por-
tal, a diagnostic routine is followed. Starting at the biceps anchor, the anterior glenoid
margin and labrum is inspected. The arthroscope is then pushed forward between the
humeral head and glenoid so that the tip of the instrument lies in the anterior compart-
ment. By elevating the hand, the arthroscope is allowed to slide inferiorly; if it passes
into the axillary recess without resistance, the “drive-through” sign is positive. The
axillary recess is often enlarged. The arthroscope is then withdrawn posteriorly, allow-
ing inspection of the inferior and posterior labrum, returning to the biceps anchor. The
inspection is then completed by tracing the biceps tendon to its exit hiatus, then later-
ally along the insertion of the supraspinatus tendon on the humerus, noting the pres-
ence of any osteochondral (Hill-Sachs) defect. This defect is distinguished from the
bare area by the presence of an intervening intact ridge of normal cartilage. To fully
inspect the anterior labrum and exclude the presence of the anterior labral periosteal
sleeve avulsion or humeral avulsion of the glenohumeral ligaments lesion, an anterior-
viewing portal is recommended.

In the absence of any validated quantitative measurement technique for intraopera-
tive assessment of humeral translation, the drive-through sign is useful. But it should
be emphasized that although the drive-through sign is correlated with increased shoul-
der laxity, it does not always infer a diagnosis of instability, because it may be positive
in shoulders with other diagnoses (/5). Nonetheless, elimination of the drive-through
sign and volume reduction of the axillary recess can be utilized as an indicator of the
effectiveness of shrinkage at the time of application.

For application of thermal energy, we use an additional anterosuperior portal,
through which the probe can be inserted parallel to the arthroscope in the anterior
portal for shrinkage of the posterior capsule. The posteroinferior capsule can be
reached with the probe in the posterior portal. The arthroscope is then reinserted in the
posterior portal, and shrinkage is applied to the axillary recess and anterior capsule.
Although a supplementary posteroinferior portal has been described, its use may be
hazardous because of its association with injury to the axillary nerve (16).

The pattern of thermal energy application has been addressed in a recent study using
monopolar radiofrequency (RF) probes (§). Using the ovine joint capsule, a compari-
son was made between a “paint” technique, where contiguous areas are treated, with a
“grid” technique in which corridors of normal tissue were left untreated. Surprisingly,
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there was no difference in the degree of shrinkage (paint 29% vs grid 27%). However,
whereas the grid pattern was regarded as “healed” by 6 wk, there were still areas of
nonviable tissue in the paint group, and the tissue was weaker and less stiff. This evi-
dence suggests that the grid approach is just as effective and may facilitate more rapid
remodeling during the postoperative phase.

Because axillary nerve injury can have devastating consequences in terms of dura-
tion of rehabilitation and return to functional activity, caution should be taken when
using the probe in the axillary recess. In experimental studies using monopolar RF
probes, temperatures in the axillary nerve can frequently exceed 45°C using a conven-
tional paint technique and may even exceed the maximum “set point” (for example
67°C) established for the generator (/7). This is probably owing to delay in the feed-
back loop from the thermocouple to the probe tip but may also be a result of flow
effects of the irrigant solution, where the probe tip temperature may be falsely sup-
pressed. To reduce this risk, the probe tip should be kept in constant motion while in
contact with the tissue, and retreating areas already thermally treated should be avoided,
especially in the 5—7 o’clock zone (/6). Reducing the energy settings on the generator
and lowering the in-flow irrigation pressure may also be useful precautions (/8).

CLINICAL RESULTS

The first clinical reports published in the peer-reviewed literature on thermal shrink-
age were centered on its use as adjunctive treatment in the arthroscopic management of
posttraumatic anterior instability. In 1996, Hardy et al. (/9) researched 18 patients who
had labral repairs using an absorbable tack and then had laser-assisted capsular shrink-
age. At 1 yr postsurgery, there were no recurrences. In a similar review of patients
treated with monopolar RF shrinkage after labral repair with longer follow-up (2—4 yr),
Mishra (20) had a recurrence rate of 7%, and 38 of 42 patients were able to return to the
same level of sports activity. The Rowe score improved from a preoperative mean of
38-89 postoperatively. Range of motion was normal in 74% of cases, and the remain-
der had a loss of less than 10° of rotation in the abducted externally rotated position.

In 53 patients with anteroinferior instability managed arthroscopically, reviewed at
a minimum of 2 yr, Gartsman (2/) described the use of laser thermal shrinkage in 48
patients in addition to labral repair using suture anchors. Using this combined tech-
nique, failure occurred in only four cases between 9 and 18 mo after surgery. The
maximum reduction in motion was 5° strength improved by 60% after surgery, and
91% of patients achieved a good or excellent rating using the Rowe score. More than
80% returned to sports activity; although the authors regarded the technique as “devel-
opmental,” they felt that the results were comparable with those of open stabilization.

Monopolar RF shrinkage has also been used to treat the internal impingement syn-
drome seen in baseball pitchers when there is overuse and gradual stretching of the
anteroinferior capsule, presumed to be owing to “repetitive microtrauma.” As this
injury can be career-threatening, and the risk of restriction of motion from open-sta-
bilization surgery is considerable, shinkage is an appealing concept. Players undergo-
ing arthroscopy and debridement of lesions of the rotator cuff and labrum were
compared with those additionally having thermal shrinkage. Those players treated
with shrinkage had a higher rate of return to competition (97% at a mean of 8 mo vs
80% at a mean of 7 mo) and appeared to avoid reinjury, because at 30-mo follow-up,
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Table 1

Outcome of Arthroscopic Treatment for Multidirectional Instability
Number  Average Return Revision

Technique in group follow-up tosports Recurrence  surgery

Suture 26 52 mo 82% 3 (10%) 1 3%)

Laser 32 27 mo 88% 1 3%) 2 (6%)

Monopolar RF 30 28 mo 93% 2 (6%) 1 3%)

87% were still competent at the preoperative level in comparison to 61% in the con-
trol group (22).

Lyons et al. (23) reported on 26 patients with MDI who had been treated using laser-
assisted thermal capsulorrhaphy. Data was collected prospectively for a minimum 2 yr
follow-up after surgery. There was one recurrence in the group (4%), and 12 of 14
athletes (86%) were able to return to their previous level of sports activity.

Electrothermal shrinkage has also been compared with laser-assisted shrinkage and
arthroscopic suture plication in recent reports. Savoie and Field (24) reviewed three
consecutive series of patients with symptomatic MDI managed with suture plication,
laser or monopolar electrothermal shrinkage. Postoperatively, active movements were
restricted for 3—4 wk. Although not randomized, the results (see Table 1) were broadly
similar and highly satisfactory according to standardized outcome scales (UCLA, Rowe
and Neer-Foster measures).

However, these results were not replicated by Levy et al. (25), who also compared
laser and electrothermal shrinkage in patients with capsular or MDI-type instability. In
56 patients treated with laser-assisted shrinkage, recurrent symptoms occurred in 36%
at an average follow-up of 40 mo; in 34 patients treated using monopolar electrothermal
shrinkage, the failure rate was 24% at an average follow-up of 23 mo. Of course, it is
possible that the failure rate in the electrothermal group may have increased with longer
review, but it should also be noted that in most of these patients, active motion was
allowed between 4 and 7 d after surgery. This early active mobilization may explain the
discrepancy in comparison with the series reported by Savoie (24). Nonetheless, the
authors concluded that the minimal morbidity associated with arthroscopic thermal
shrinkage justified its role as an alternative to the open capsular shift procedure for
patients with MDI. Similar recurrence rates for the open capsular shift procedure have
been reported by Hamada (26), but follow-up was much longer.

The most up-to-date reports continue to support a favorable outcome for this pro-
cedure. In a study of naval recruits, Fitzgerald et al. (27) reviewed 30 patients with
MDI at a minimum of 24 mo after electrothermal shrinkage with a bipolar device.
The majority (70%) were able to return to full active military duties, including strenu-
ous physical exercise. There were no recurrent dislocations, but three patients (10%)
reported symptomatic episodic subluxations, and two subsequently had open-revi-
sion procedures. Although these findings were encouraging, the authors regarded
them as too premature to ascertain the “specific beneficial role” of shrinkage in the
treatment of MDI; yet, they did recognize a tendency for the rating scale scores to
improve even beyond 12 mo postsurgery.
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A similar-sized cohort of patients with MDI was followed prospectively by Frostick
et al. (28), who found a significant improvement in the Constant score from 59 to 81
when assessed 2 yr following capsular shrinkage. Even with a fairly conservative reha-
bilitation program (avoiding combined external rotation and abduction for at least 6 wk
after surgery), the authors found a complication rate of 16%, including recurrence (three
cases) and adhesive capsulitis (one case). They concluded that the early results were
positive but warned that the failure rate would probably increase in the longer term.

REHABILITATION

Based on evidence from basic scientific studies and general concern about the risk
of recurrent stretching during the remodeling phase (6), there has been a return to more
conservative rehabilitation programs in many centers (/6). During the first 3—4 wk,
external rotation in adduction is generally limited to the neutral position, with eleva-
tion in the scapular plane permitted to 90°. After the first month, the passive range of
motion is usually tight at these extremes, and a gentle active stretching program is
initiated for the next 4-8 wk (24,27). Proprioceptive retraining is also important at this
stage to restore a functional range (25). By 8—10 wk, isometric strengthening may com-
mence, progressing to isokinetic- and dynamic-resisted strengthening from 12 to 16
wk. During this latter phase, specific sports-related conditioning is begun, but contact
and collision sports should likely be avoided until 6 months after surgery. Using this
format, it has been shown that after 12 wk, 50% of patients regain full shoulder motion,
whereas in the remainder, deficits were less than 10—15° in abduction and rotation. In
this same group of 20 patients, external rotation strength was back to normal in 60% at
this stage. Isokinetic testing can be a useful objective quantitative method of defining
fitness to return to sports activity (29).

COMPLICATIONS

Set against the encouraging early clinical results, particularly in athletes for whom
open surgery poses major risks of stiffness and lengthy rehabilitation, concern exists
about the specific risks of the thermal procedure. Case reports of necrosis of the cap-
sule (30), leading to recurrence, and axillary nerve palsy (/8) have demanded a cau-
tious approach both to patient selection and technical application.

In a retrospective review, Anderson (3/) attempted to define risk factors for early
failure in 106 patients following monopolar RF shrinkage. Failure was defined as recur-
rent dislocation, the requirement for a revision operation, or a score of less than 70 on the
L’Insalata scale. They found a failure rate of 14% using these criteria at an average 13 mo
follow-up. Failure occurred at an average of 6 mo after surgery but ranged up to 16 mo.
Definitive risk factors included a history of previous surgery for the same condition and
a history of multiple dislocations. Evidence of involvement in contact sports or evidence
of MDI were probable risk factors. Surprisingly, neither age nor the presence of other
pathologic lesions were implicated as risk factors.

The most comprehensive attempt to define the incidence of problems was under-
taken by Wong and Williams (/6) when they surveyed 379 arthroscopic shoulder sur-
geons in North America and performed 14,277 arthroscopic procedures involving
thermal shrinkage for shoulder instability in the 5 yr preceding the survey. Recurrence
rates were 8.4% for the laser technique, 8.3% for monopolar probe, and 8.4% for the
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bipolar probes. Of these failures, about one third went on to undergo revision surgery.
Axillary nerve injury was reported in 1.4% and was notably more common after elec-
trothermal procedures, but nearly all were purely sensory and recovered in 2—4 mo.
There was no association with either the lateral decubitus or beach-chair position for
the procedure. Protracted shoulder stiffness—described as adhesive capsulitis—was a
rare complication and occurred in less than 0.1% of cases.

FUTURE ROLE

The current available evidence suggests that thermal capsular shrinkage can be effec-
tive in the arthroscopic management of shoulder instability, either as an adjunctive agent
for capsular redundancy following labral repair or as a first-line option in unidirectional
or MDI that is possibly related to repetitive microtrauma, where there is no caposulolabral
avulsion. Furthermore, the risks or morbidity associated with the technique appear to be
acceptably low and certainly favorably comparable with those related to open surgery.
Following shrinkage, there is a definite compromise of the material properties of the
capsular tissue, but whether this is a temporary or permanent effect is not yet fully known.
In fact, it may not ultimately matter. Although the scar-like lesion produced by thermal
energy application may have a poor mechanical performance, if there is sufficient vol-
ume produced by the remodeling process, then the structural requirements of the tissue
may still be met.

Shoulder instability is a clinical spectrum of conditions with a range of pathologies,
both at the structural level of the joint and at the neuromuscular control level. It may be
that shrinkage facilitates a recovery at both levels, effectively bringing the patient back to
stability without compromising mobility. Further work quantifying the respective contri-
bution of these components is required for its efficacy to be more fully understood.

At a more fundamental level, the introduction of this technology heralds a new era in
biological intervention in musculoskeletal injury and disease. Arnocsky has argued that
shrinkage is simply the stimulant for a new biological process, i.e., a “second chance” to
heal the soft-tissue defect and restore the anatomy of the joint to its original condition. It
should be also remembered that the initial effect seen at the time of surgery may bear
little relation to the final result, but a poor response to shrinkage generally predicts a
poor outcome for the patient (25). In some individuals, thermal alteration of capsular
tissue may be sufficient to offer a new foundation or platform for a coordinated dynamic
rehabilitation program. However, in others, the extent of redundancy of the capsule and
overall joint volume may preclude the shrinkage effect and may not provide any addi-
tional benefit.
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Evaluation of Tendons and Ligaments
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INTRODUCTION

Ligaments and tendons are important connective tissues throughout the body. Liga-
ments are the soft-tissue connections between bones, whereas tendons are the attach-
ments between muscle and bone. Allowing movement at a joint, ligaments provide
physical restraints to unwanted ranges of motion. Tendons, through their origins and
insertions, enable a muscle to act upon a particular joint while also giving some struc-
tural support. Both share similar structures and properties, which allows them to be
discussed simultaneously, but there are differences between the two. This chapter
explores current clinical and biomechanical test methods used to evaluate the normal,
diseased, and healing properties of these collagenous structures.

Both are composed of water (60-80% wet weight), elastin, glycolipids, proteogly-
cans, fibroblasts, and collagens. Type I collagen comprises 60—86% of the dry weight
arranged in tightly packed, parallel bundles often longitudinally along the axis of the
tendon or ligament. Each tendon/ligament is a complex bundle of fibers (/) arranged in
a hierarchal organization of ever-smaller fibrils down to collagen strands. Silver and
coworkers recently reviewed aspects of collagen self-assembly and its role in mechani-
cal properties (2). The in vivo formation of collagen fibers, and ultimately the connec-
tive tissues, is an area of continued research and interest.

Collagen is one of the strongest fibrous proteins; given its propensity and parallel
longitudinal arrangement in tendons and ligaments, these structures have high tensile
strengths. As both tissues transmit tensile loading, the axis of the tissue is orientated
across a joint, such that it lies in the optimal position for the transmission of force.
Given this function, the main goal of testing these tissues is first to assess their integ-
rity, then establish their respective biomechanical properties. These properties are often
used as a generic term in the literature and can be further clarified through structural
properties that are obtained from load vs displacement data or material properties from
stress vs strain. Static and viscoelastic, time-dependent properties of these tissues are
not only important from an experimental point of view but clinically as well.

Evaluation of the tendon and ligament properties has important clinical and biome-
chanical relevance. Clinically, tendons and ligaments have a vital role in the kinemat-
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ics of the musculoskeletal system. Evaluating their in vivo function has evolved as our
understanding of anatomy and biomechanics has progressed. Biomechanical testing of
tendons and ligaments in the laboratory setting has had a similar evolution in sophisti-
cation with continued development of new testing methods, techniques, and equip-
ment. This chapter examines the development of clinical- and laboratory-based testing
of tendon and ligaments from basic clinical examination, tensile experiments, to cur-
rent techniques using robotics.

CLINICAL EVALUATION

Clinical evaluation of tendons and ligaments is a complex issue that should consider
the region of the body being examined based on the complex nature of joints. All clini-
cal assessments begin with an understanding of the native anatomy of the bone as well
as soft-tissue constraints. These are complex problems given the varied kinematic and
clinical requirements of each individual joint. Three main classes can be examined
with the clinical function of a tendon or ligament in any joint, including a basic clinical
examination, imaging techniques, and operative assessment (when appropriate).

Clinical Examination

The clinical assessment of tendons involves detailed anatomical knowledge of the
musculoskeletal system, especially regarding the action of a particular muscle upon a
joint. When that has been established, assessing the ability of the subject to perform
specific movements indicates the integrity of the tendon in question. Confusion may
sometimes arise when several muscles act upon a joint in a similar manner, e.g., in
the shoulder. Here, accurate assessment is extremely difficult. It should also be noted
that if a subject has any abnormality along the neuromuscular pathway, this may also
lead to inaccurate results.

Ligaments provide physical restraints to unwanted movements at joints, thus provid-
ing stability. Testing relies on moving the particular joint into the position of instability
so that maximum tension is placed within the ligament. Clearly, if the ligament is absent
or damaged, the joint will become unstable, and the unwanted position will be attain-
able. Again, these tests depend on a detailed knowledge of anatomy and joint biome-
chanics. As with tendon testing, problems arise in joints where a complex arrangement
of ligaments generate multidirectional stability, and assessment of an individual liga-
ment is impossible.

Because of the large number of ligaments in the body, many tests exist to review
their integrity. Grading systems have been proposed that relate to whether the ligament
is intact, partially torn, or completely ruptured as determined by clinical findings. Over-
all, these are inaccurate and difficult to reproduce. Examples of specific ligament tests
include the anterior draw test, the Lachman test, and the pivot-shift test, which are all
associated with just the anterior cruciate ligament. Specific testing machines are avail-
able that are not necessarily more accurate than manual testing. However, they do pro-
vide a more objective measure of ligament integrity, which is particularly important
following surgical repair of a ligament.

The use of equipment to monitor the specific range of knee laxity has become clini-
cally appropriate following cruciate ligament injuries. Instrumented devices, such as
the KT 1000, provide a reliable measure of anterior (3—/4) and posterior knee laxity
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(3,10). Roentgen stereophotogrammetric analysis (RSA) has also been recently applied
to assess anteroposterior knee laxity (/4—17). The RSA technique is well known in the
arthroplasty field and utilizes Ta markers to determine the three-dimensional positional
changes. This technique provides greater insight into the knee motion after injury or
reconstruction but does require the implantation of permanent markers into the knee
and radiographs at low energy to document marker position in space.

Imaging

Imaging techniques help to determine the ligament or tendon integrity, but they do not
provide much information about the mechanical properties. Several useful imaging tech-
niques are available that allow assessment of both ligaments and tendons and include
arthrography, ultrasound, and magnetic resonance imaging (MRI). Arthrography is an
indirect method of evaluating ligament and tendon continuity. It relies on ligaments and
tendons to be arranged in such a way to create an enclosed space. A radio-opaque dye is
injected into this space, and a standard roentgenographic assessment is made. If there is
a breach in this envelope, the radio-opaque dye extravasates from the space, giving char-
acteristic appearances. This method can be used for assessing the integrity of the rotator
cuff in the shoulder and the triangular fibrocartilage (TFCC) in the wrist.

Ultrasound imaging also provides an effective modality to examine ligament and
tendon integrity. It is a safe, quick, and inexpensive method relying on the transmission
of sound waves through tissue and reflections back to the transducer. The ultrasound
images provide a real-time assessment of the area of interest, but there are many limita-
tions based on transducer frequency, imaging site, and resolution. The results of ultra-
sound diagnosis of rotator cuff tears have been reported to be highly user-dependent,
especially in the case of the rotator cuff (/8), but these results are controversial (/9,20).

Ultrasound has been used to assess the mechanical properties of the tendon in vivo
(21,22). Its measurements of tendon-aponeurosis elongation were taken during tensile
loading applied by contraction of the in-series muscle. Manganaris reports values simi-
lar to in vitro testing results, as well as differential strain along the tendon and evidence
of creep in vivo (2/,22). The in vivo monitoring of strain with ultrasound overcomes
many classic biomechanical concerns about the testing environment, clamping or hold-
ing issues, and loading conditions. Further consideration of these in vivo techniques
will be very important in the future evaluation of the biomechanical properties of ten-
dons and ligaments in vivo.

MRI is an extremely powerful tool for tendon and ligament evaluation because it
enables direct visualization of tissue composition owing to the high contrast. Not only
does it give information about the continuity of the tissues, but it also offers informa-
tion about any inflammation or healing in or around them. It is an extremely accurate
diagnostic modality, but the image quality is dependent on the strength of the magnet.
MRI has become the gold standard for the assessment of cruciate ligament injury (23—
35). It is also used extensively in the investigation of shoulder injuries, such as the
rotator cuff (36—40), and has become the preferred technique for these injuries.

Operative Assessment

With the advent of arthroscopy, minimally invasive surgery has become the method
of choice for the direct visualization of ligaments and tendons. This is particularly true
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in the knee and shoulder; yet, arthroscopic examination of the wrist, elbow, ankle, and
hip are possible and have gained popularity. It allows for instrumentation and, conse-
quently, therapeutic measures may be undertaken at the same time. To date, this has
been limited to the evaluation of cartilage stiffness.

EXPERIMENTAL BIOMECHANICAL TESTING

The mechanical properties of intact and injured tendons and ligaments in animals
and humans have been a topic of intense scrutiny for decades. Excellent review chap-
ters have been published over the years detailing the static and viscoelastic properties
of tendons and ligaments. Work published by Woo and his group (4/-54), Professor
Butler and his research group, along with Amis can provide the interested reader with
endless information related to tendon and ligament biomechanics. This chapter does
not seek to replicate or reproduce this vast amount of previously published works in
detail but rather to provide an overview and reference list of this early work and focus
on new testing methods and recent advancements in this field.

By their ultrastructure organization and composition, tendons and ligaments are pri-
marily considered as tensile-bearing structures. However, other forces (e.g., compres-
sion and shear) may be very important in a larger scheme. Although not completely
understood, connective tissue cells do respond to various mechanical forces in the pro-
duction and regulation of the extracellular matrix (55,56). Mechanical testing of ten-
don and ligaments is an all-encompassing field with studies that involve surgeons,
pathologists, anatomists, biologists, and engineers. Newcomers continue to enter the
field as new research pathways open, such as tissue engineering and gene therapy.
However, the foundation of mechanical testing is based on classic engineering with
techniques used to monitor load and displacement that establishes the basis for all mea-
surements.

Tensile properties of tendon and ligaments have been reported as isolated subunits
from a variety of anatomic sites in human and animal species as well as bone-liga-
ment-bone (42,50) or bone—tendon—muscle preparations (2/,22). Although tensile test-
ing forms the core of most biomechanical investigations of tendons and ligaments,
there are many other parameters that may be measured and reported. Structural proper-
ties can be obtained from load-vs-displacement data and often includes the ultimate
load (in N), displacement (in mm), energy (Nmm), and stiffness (N/mm). The material
properties are obtained by considering the cross-sectional area and gauge length to
reduce the load-vs-displacement data to stress vs strain and report the tensile stress (in
Pa), strain (without dimension), and elastic modulus (in Pa).

The classic sigmoid-shaped curve of tendons and ligaments have been emphasized
over the years to demonstrate the unique arrangements of these tissues. The initial non-
linear or toe region, followed by the linear region, where stiffness is usually reported,
and the failure region have been the foundation of many studies. Beyond a static or quasi-
static tensile test of tendons and ligaments, other testing methods have been reported.
These include: low-load properties (57) biaxial tensile testing, viscoelastic properties
[creep (27) and stress relaxation (85), hysteresis (64), free vibration, forced oscilla-
tion]; and thermoelastic tests. Professor Woo and his group introduced the technique of
a universal force sensor and robotics (44—46,48-50,53,58) to evaluate the mechanical
properties of ligaments under more realistic physiological loading. Clearly, the evolu-
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tion in biomechanical testing protocols will continue in collaboration with clinical-
based measures to provide information to diagnose and treat injuries to this region.

General Principles of Mechanical Testing of Tendon and Ligaments

As with any experimental technique, consideration must be made prior to testing
about the factors that may influence your results. The literature on mechanical testing
of tendons and ligaments often varies greatly from study to study. Although tensile
testing is fundamentally an easy test to perform, there are numerous obstacles to maneu-
ver and variables to consider before accurate biomechanical results can be obtained.
Tissue-specific factors, e.g., age of the sample and treatment (if any), along with experi-
mental factors, e.g., testing equipment (strain measurements and cross sectional area),
tissue storage and handling, and test methods (testing environment, gripping or clamp-
ing, rate, and orientation) all have an important impact. These factors must be consid-
ered regardless of the testing modality chosen (sample storage, gripping, loading
orientation, testing rate, method of cross-sectional area measurements, and method of
strain measurements). Sample storage in phosphate-buffered saline is traditionally
employed and has been reported not to significantly affect the properties of these
tissues.

Gripping of the Sample

To determine the load and displacement characteristic for any material, it has to be
held firmly in the testing apparatus. Mechanical testing of tendons and ligaments can
be performed on the tissue itself or the bone—tendon—muscle or bone-ligament bone
complexes, respectively. The method of gripping the sample is an important influence
on the overall data. Fixation can be achieved either directly or indirectly. In direct
fixation, the sample is simply held using the clamps of the tensile testing equipment.
With indirect fixation, the bone attached to the test material is used for clamp fixation,
which is particularly useful for testing ligaments. However, with the latter mode of
fixation, it is essential to differentiate between the biomechanical properties of the
bone—tissue unit and the tissue itself.

Given that the (tendon and ligament) tissue has the surface of a hydrated soft bioma-
terial, is relatively smooth, and has a partially independent arrangement of the fas-
cicles, fixation may not be easily achieved. The ideal goal of fixation is to uniformly
hold each fiber, but this rarely (if ever) achieved. Often, the sample will fail at the
points of fixation rather than midsubstance owing to the high stress concentration. Tis-
sues may be altered at their ends so that “hold” of the sample is easier without changing
the biomechanical properties, e.g., air-drying of the tendon ends. Haut described a
method where the tendon ends are allowed to dry and consequently become rigid while
keeping the central portion of the tendon hydrated.

Fixation of isolated ligaments, tendons, or muscle—tendon junctions is often required
for experimentation. Riemersma and Schambadt developed a system in which the ten-
don is frozen into the jaws of the clamp (59). Once frozen, the clamp is then tightened
to securely grip the frozen portion of tissue. It has been named “cryojaw” and has
produced good results because of the decreased stress concentrations at the tendon—
clamp interface. We have used this technique to provide fixation of isolated tendon-
braided constructs (60—63), and muscle—tendon subunits (64). Care should be taken



190 Hartright et al.

with this technique to not freeze the sample too long in the grips to prevent potentially
freezing the testing length of the sample.

Cross-Sectional Area

In the calculation of the stress—strain relationship, it is essential to accurately deter-
mine the cross-sectional area. This calculation allows comparisons to be made between
the biomechanical properties of materials of different dimensions. Given the com-
plex shape and geometry of the tissues, measurement of their dimensions is difficult
and, if inaccurate, ultimately produces errors in the stress-strain calculations. Meth-
ods for measuring the tissue dimensions can be divided into contact and non-contact
approaches.

The gravimetric method was popular in the 1960s and was employed extensively by
VanBrocklin and Ellis (65). Volumetric displacement (Archimedes’ principle) was
measured, and the cross-sectional area was calculated through division of the volume
by length. Direct conventional measurements traditionally use calibrated vernier cali-
pers. Geometric approximations must be assumed to exploit this method of measure-
ment; thus, it is only an approximation of the area. Unfortunately, because of the tissue
deformability, the area measured is dependent on the pressure applied and conse-
quently may lead to inaccuracies in area determination.

Noncontact approaches have been developed as a result of the difficulties faced
with the above methods of cross-sectional measurement. These rely on image recon-
struction techniques and employ various visual media to measure dimensions, e.g., the
laser micrometer system as reported by Lee and Woo (66). Accurate determination of
area is clearly vital in the determination of the stresses. Considerable differences in
area method measurements in various studies make direct comparison of stress data
difficult.

Strain

Monitoring deformation of the test sample is vital in any mechanical testing experi-
ment. The technique used to monitor deformation of the test sample has a major role in
the overall meaning of the strain data reported. Strain is defined as the change in length
of a substance normalized by the original length. This deformation system is often used
to determine the strain but is limited by the gripping factors and test specimen (i.e.,
bone-ligament—bone), as all may impact the overall deformation. The use of linear
variable differential transformers (LVDTs) accurately define deformation in a pre-
scribed gauge length (67). A video-based noncontact method has been reported by
Woo (68,69). Two or more reference lines (gauge lengths) are made on the sample
perpendicular to the direction of the loading axis, while a video dimension analyzer
records a video image of the sample and deformation of the markers during an applied
load. This method is particularly effective because of its lack of contact, it allows strain
measurements to be made at any point along the tissue, and enables the measurement
of midsubstance strains independent from bony insertions.

Other Factors

Numerous other factors that can influence the results of biomechanical testing of
tendons and ligaments have been well described (70). For example, the biomechanical
properties of tendons and ligaments vary depending on the sample orientation. As a
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rule, the maximal tensile strength is found longitudinally along the tissue axis. Conse-
quently, if the sample is not tested in that orientation, discrepancies arise with the
results. Other factors are tissue hydration, age, and source of the tissue. Regarding the
properties of healing tendons, ligaments, or tendon—bone interfaces, surgical proce-
dure, fixation techniques, and postoperative recovering programs can all affect the
results.

VISCOELASTIC PROPERTIES

Considering the complex hierarchical organization of tendons and ligaments, sur-
rounding proteins, and ground substance, it is not surprising that they demonstrate non-
linear viscoelastic properties that are both time- and history-dependent. This essentially
means that the elongation of the tissue is based not only on the amount of force but on
the time and history of force application. A Medline search reveals published literature
as early as 1969 on the viscoelastic properties of collagenous tissues (7/,72). Time-
dependent behavior of connective tissues has classically been examined using creep
(21,71,73-84), stress relaxation, or hysteresis experimental methods.

Creep is fundamentally simple to measure, where a constant load is applied to a
tissue and the progressive time-dependent elongation is measured. The elongation
amount should be measured with reference to markers on the sample rather than the
separation of the grips to ensure no slippage occurs. Stress relaxation is measured when
the sample is held at a fixed displacement and the corresponding load is measured vs
time. Lynch and coworkers (85) recently reported the stress relaxation behavior of
ovine tendons relating to fiber orientation and strain rate. These authors examined
samples aligned with the transverse to the tendon fiber direction to determine the aniso-
tropic properties of toe-region modulus (E,), linear-region modulus (£), and Poisson’s
ratio (v). Interestingly, they reported the fiber-aligned linear-region modulus (£) to be
strain-rate—dependent. Poisson’s ratio values were not found to be rate-dependent in
either the fiber-aligned or transverse direction. They concluded that the lack of strain-
rate dependence of transverse properties demonstrates that slow constant strain-rate
tests represent elastic properties in the transverse direction. In contrast, when tested
along the long axis of the samples, the strain-rate dependence of the modulus in the
linear region suggests that incremental stress-relaxation tests are required to deter-
mine the tendon’s equilibrium elastic properties (85). This study indicates continued
advances in our understanding of tendons and ligaments.

Hysteresis is another viscoelastic property that has been considered in the litera-
ture. A single cyclic loading and unloading of a tendon or ligament produces two
separate curves corresponding to whether a load is applied or withdrawn. These
curves form a hysteresis loop on the load-elongation graph. With repeated/cyclical
loading of a sample, its properties alter, and the amount of elongation increases with
each given load. Increasing cycles cause the loops to become more constant. When a
tendon or ligament is exposed to repeated loading, the area of hysteresis for the first
few loading cycles is comparatively greater than with later load cycles (Fig. 1).
Hence, with repeated loading, the load-elongation curve becomes more constant and
is referred to as preconditioning. This effect is important when testing tendons and
ligaments and should be calculated into experimental design to prevent inaccurate
results.
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Fig.1 Example of preconditioning a human ankle ligament.

Quasilinear Viscoelasticity

The quasilinear viscoelasticity (QLV) theory developed by Fung (86) has been used
successfully to describe these time- and history-dependent viscoelastic properties for
many soft tissues. This theory has also been used for ligaments and tendons (87).
Recently, the QLV theory has been further refined to account for a constant strain rate
(rather than an infinite strain rate or true step load, which is physically impossible to
achieve experimentally) and the subsequent stress relaxation. The QLV theory assumes
that the stress-relaxation function of the tissue can be expressed in the form:

()= G(1)o* (&) (1)

where 6¢(€) is the elastic response, i.e., the maximum stress in response to an instanta-
neous step input of strain €. G(¢) is the reduced relaxation function that represents the
time-dependent stress response of the tissue, which is normalized by the stress at the
time of step input of strain. If the strain history is considered as a series of infinitesimal
step strains (Ag€), then the overall stress-relaxation function will be the sum of all indi-
vidual relaxations. Thus, for a general strain history, the stress at time ¢, 6(¢), is given
by the strain history and convolution integral over time of G(?):

/ dc°(g) 2
5()= [ G(r-7) ag( )a—idt o

)
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The lower limit of integration is taken as negative infinity to imply inclusion of all
past strain history. In the experimental setting, one assumes that the history begins at
t = 0. Once G(¢), 6°(¢), and the strain history are known, the time- and history-depen-
dent stress can be completely described by Eq. 2. For soft tissues whose stress—strain
relationship and hysteresis are not over sensitive to strain rates, Fung has proposed the
following expression for G(#):

1=C{E1t—E1t}

T T
G(r)= 2 . ! 3
1+Cln-2
T
where
“
El()’)=J B dz (3a)

is the exponential integral, and C, T, and T, are material coefficients.
An exponential approximation has been chosen to describe the elastic stress—strain
relationship during a constant strain rate test:

c°(e)= A(eB€ - 1) 4)

where A and B are material coefficients. It is impossible to experimentally apply an
instantaneous strain to the test material and therefore impossible to directly measure
c°(e). To better approximate actual experimental conditions, it is necessary to replace
the instantaneous step load with a ramp load of constant finite strain rate y to a strain
level € at time #,. The corresponding stress rise during O < f < ¢, can then be written by
combining Equations 3 and 4 as:

c(t)—ﬂj{nc[a =) _p (’_T)}} BT

1+CIn 29 T2 T ©)
T
Similarly, the subsequent stress relaxation 6(¢) from 7, to ¢ can be described as:
|
t — —
o(1)=—ABY__ J{HC{El( 9 ﬂ}ew
1+CIn2 o T R ©)

Ty

Equations 5 and 6 are then normalized by dividing by the peak stress o(¢,) to elimi-
nate constant A.

min(t,to)
| {1 +C [El (t;;) —E, (';T)}} BT

o(t)

o(ty) tf{uc{a (t—r)_El (H)}} B )

T T
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With data from a stress-relaxation experiment, the material coefficients B, C, T,, and
T, can be determined by a nonlinear, least-square, curve-fitting procedure (88). Con-
stant A can be then computed by using either Egs. 5 or 6. For a known strain history,
these five constants, together with G(¢) and 6¢(¢), can be then used to determine the
stress at any time ¢, 6(¢), by using Eq. 3.

COMBINED ROBOTIC/UNIVERSAL FORCE
SENSOR ASSESSMENT OF TENDONS AND LIGAMENTS

A recent advance in biomechanical testing techniques and understanding of the prop-
erties of tendons, ligaments, and their reconstruction comes once again from the work
of Professor Savio Woo and colleagues (44,50,89). The use of robotic technology and
a universal force sensor that combines a six-degree freedom robotic manipulator and a
six-degree freedom force-moment sensor and control system represents a new era in
biomechanical testing of tendons and ligaments (44-46,48-51,53,58,89—-102). Along
with providing information about the passive knee flexion path (for controlling the
knee flexion positions) and straining specific knee structures, it can be used to measure
the in situ forces in tendons and ligaments. These forces are measured by recording
differences in forces and moments when repeating a prerecorded movement before and
after the removal of the ligament or tendon to be tested.

The testing of ligaments and tendons is relatively easy in principle. Yet, with the
unique biological properties of the tissues, the inaccuracies of clinical assessment, the
difficulties with experimental apparatus and sample maintenance (in vitro), testing of
these tissues is far from straightforward. Indeed, there is uncovered ground in this area
with exciting work still to be done.
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Healing of Ligament and Tendon to Bone

Andreas Weiler, Sven Scheffler, and Maria Apreleva

INTRODUCTION

Proper healing of tendon or ligament tissue to bone after injury or surgical repair is
a basic premise for the full restoration of the involved functional locomotor unit. While
during injury most ligament structures fail in midsubstance or by bony avulsion, tis-
sue failure directly at the ligament insertion site is relatively rare. Even in situations
where the ligament or tendon tissue shows degenerative changes prior to failure, e.g.,
in tears of the rotator cuff, failure occurs close to the tendon insertion site but does not
directly involve the tissue insertion to bone itself in most cases. In contrast, direct
tendon or ligament healing to bone is a mechanism that occurs after surgical repair of
tendon and ligaments, such as in rotator cuff repair, reconstruction of the cruciate liga-
ments with soft-tissue grafts, or with other surgical procedures of tendon grafting and
tendon repair to bone, as in hand or foot and ankle surgery.

Particularly in cruciate ligament reconstruction, solid osseous tendon incorporation
is essential for the long-term survival of the grafted tissue. In earlier years the bone-
patellar tendon—bone (BPTB) graft was the predominant graft source, but soft-tissue
grafts (e.g., hamstring tendons and the proximal part of the distal quadriceps tendon)
have recently become more popular. If a bone—tendon—bone graft is used, its osseous
incorporation inside the bone tunnel progresses via bone-to-bone healing. This mecha-
nism has been studied in the past, and a certain shear stability of the construct could be
expected around the fourth to sixth week (/—3). Alternatively, when a soft-tissue graft
is used in cruciate ligament reconstruction, its osseous integration in the bone tunnel
must progress by tendon-to-bone healing. This process has been previously investi-
gated in several animal models, and different timeframes of a solid tendon-to-bone
healing have been reported (4—/4). Because biological and mechanical boundary con-
ditions may have a strong influence on tendon-to-bone healing, including its resulting
clinical relevance, controversy still remains on the mechanisms that could be found
during early and late tendon-to-bone healing (15,16).

LIGAMENT AND TENDON INSERTIONS

The firm attachment of tendons and ligaments to the underlying bone is essential for
the force transmission between soft and hard tissue. These insertion sites present a
highly differentiated tissue structure that serves as a stress absorber during mechanical
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Fig. 1. An indirect type of ligament insertion. There is a broad zone of fibrous tissue (O)
connecting the periosteum (P) with the underlying bone (B) by a high density of Sharpey fibers
(From ref. 67.)

loading. In 1691, Havers described two principally different types of ligament or ten-
don insertion into bone (/7). He wrote:

“The tendons of many muscles do propagate their fibers to make some part of the perios-
teum; yet, I have observed that some of them, which have often great stress or depen-
dence upon them, when they act, have not been so kind, but penetrated this membrane
and were immediately inserted into the bone, so that I could distinguish the periosteum,
which lay like a circle round them” (/7).

In this report, Havers first described the presence of a direct and indirect type of ten-
don insertion to bone, which can be distinguished by its distinct histological structure. In
1957 and 1958, Biermann and Knese, two anatomists from Kiel, Germany, reported on
bone growth at tendon and ligament insertion sites and differentiated between periosteal-
diaphyseal (indirect) insertions (/8) and chondral-apophyseal (direct) insertions (/9).

An indirect type of insertion or so-called “periosteal insertion” is characterized by a
high number of collagen fibers that continue from the tendon into the underlying peri-
osteum and then into bone (Fig. 1). These fibers are named “Sharpey’s fibers,” in rec-
ognition of their first description by William Sharpey in 1856 (20). He described
perforating collagen fibers extending across bone lamellae “like nails driven perpen-
dicularly or slantingly through a board” and “as it were, bolt them together. The perios-
teum also contributes to give firmer hold to the tendons and ligaments where they are
fixed to bone; indeed, these fibrous structures become continuous and incorporated
with it at their attachment” (Fig. 2; 20,21). (A typical example for an indirect type of
ligament insertion is the tibial insertion of the medial collateral ligament of the knee. In
general, indirect insertion sites are mainly present with short ligaments or tendons,
which have a relatively large and broad insertion area to bone. The typical characteris-
tic of an indirect insertion type is the continuity of the periosteum distal and proximal
to the insertion site; thus, this type of insertion is also called a periosteal insertion.

In contrast, with a direct type of ligament insertion, the periosteum is noncontinu-
ous, and the tendon or ligament tissue is in direct contact with the underlying bone (22).
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Fig. 2. Sharpey fibers extending from the soft tissue deep into bone (Masson Goldner’s
trichrome stain, X400 original magnification)

Fig. 3 (A) Femoral insertion site of the ACL in a sheep, presenting a typical direct type of
ligament insertion (Masson Goldner’s trichrome stain, polarized light, X16 original magnifica-
tion). (B) Higher magnification of the direct ligament insertion. There are four distinct zones:
Lamellar bone (B), mineralized cartilage (MC), fibrocartilage (FC), and ligament tissue (L)
(Alcian Blue stain, polarized light, X100 original magnification).

The typical histological appearance of a direct insertion was initially described by
Dolgo-Saburoff in 1929 (23). At such attachment sites, there are four zones, consisting
of tendon, fibrocartilage, mineralized fibrocartilage, and bone (Fig. 3). Later studies
have confirmed this specific insertion anatomy using light and electron microscopy
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Fig. 4. (A) Mineralized cartilage tidemark (blue) between bone and fibrocartilage 24 wk
after ACL reconstruction in a sheep. Note the deep interdigitations extending into the lamellar
bone, thereby increasing the surface area (Alcian Blue stain, polarized light, X200 original
magnification). (B) Schematic drawing to demonstrate the resistance against shear forces by
building deep interdigitations between two materials of different stiffness. A separation of the
two materials is impossible. The shear stress results in a compression of both elastic materials,
which is proportional to its magnitude. (Reprinted from ref. 22.)

(18,19,21,22,24-31) and found it to be present with the cruciate ligaments, supraspina-
tus tendon, patellar tendon, Achilles tendon, deltoid muscle insertion, and many other
ligament and tendon insertions around the body. Dolgo-Saburoff further described the
presence of a “blue line”, the mineralized cartilage tidemark or cement line between
the fibrocartilage and the bone (23). The mineralized cartilage tidemark forms deep
interdigitations (Fig. 4), thus increasing the contact area between these mechanically dif-
ferent tissues and the strength of this unit to resist shear and tensile forces, as described in
1956 by Schneider (22). This tidemark has similarities to the mineralized cartilage
tidemark between the hyaline articular cartilage and subchondral bone, which also acts
as a shock absorber by reducing the stiffness gradient between the articular cartilage
and underlying bone, thus decreasing the likelihood of chondral shear injuries.
Schneider then found that the amount of fibrocartilage at the insertion site is not only
associated with the strength of the insertion, but also with the amount of soft-tissue
bending that occurs during motion (22,32). By embedding the collagen fibers into a
zone of fibrocartilage, their resistance (especially against shear) is increased (Fig. 5).
Messner investigated the development of the cruciate ligament insertions during growth
and found fibrocartilaginous tissue at the insertion where the epiphyseal cartilage was
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Fig. 5. (A) Schematic drawing of the resistance to shear stress by a metal spring in an
electronic cable. (B) Schematic drawing of the damping of shear stress in direct tendon inser-
tion zones. Black area, bone; stripe area, mineralized fibrocartilage; dotted area,
nonmineralized fibrocartilage. (Left) Incorporation of a tendon into bone without a fibrocarti-
lage zone. When the load is not aligned with the direction of the interdigitating channels of the
tendon fibers, an angulation of the tendon in front of its entrance into bone occurs during
movement. This causes tension stress at the convex site of the tendon angulation and results in
rupture of the respective tendon fibers. The compressive force at the concave site causes com-
pressive damages at the respective tendon fibers. (Right) Direct tendon insertion. By adding a
zone of mineralized and non-mineralized fibrocartilage in front of the bone, a reduction of the
tendon angulation (with a load direction as seen on the left side of the figure) can be achieved
to an extent that no further shear stress occurs. Special attention should be paid to the deforma-
tion of the cartilaginous zones! The appearance of the mineralized fibrocartilage is only mini-
mally altered, whereas the nonmineralized fibrocartilage undergoes significant deformation.
(Reprinted from ref. 22.)

replaced by bone. Thus, she concluded that the interposition of a fibrocartilagous zone
in the insertion may diminish the sudden change in stiffness between ligament soft-
tissue and bone (28). All these findings clearly indicate that the transition zone, com-
posed of mineralized cartilage and fibrocartilage, acts as a stress absorber by reducing
the stiffness gradient between the hard bone and the ligament or tendon.

It might be reasonable to conclude that in a direct ligament insertion, the mineral-
ized cartilage tidemark acts as a stress absorber between the insertion site itself and the
underlying bone, whereas the fibrocartilage layer also reduces the stiffness gradient
but, more importantly, protects the tendon or ligament tissue against shear (Fig. 5). In
1960, Pauwels, described the morphological cell transformation into chondroid cells
when the soft-tissue is exposed to compressive loads (33). Compressive loads are gen-
erated when fibers are bent or become under tension. Electron microscopy studies have
shown that chondral cells, which lie between the collagen fibers, get compressed be-
cause the fibers create a figure-of-eight course around the cells. (Fig. 6; 24,30).

In summary, the insertion site morphology reflects the local mechanical boundary
conditions. However, it remains unclear whether the mechanical environment also
influences the development of a direct chondroid or an indirect periosteal insertion.
Evidence suggests that the development of an indirect type of tendon insertion may be
related to growth. Hurov studied different ligament and tendon insertion sites around
the knee during growth in a rabbit model (29). He concluded that evidence exists that
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Fig. 6. Schematic drawing of the four histological zones of a direct ligament insertion: (1)
tendon, (2) fibrocartilage, (3) mineralized cartilage tidemark, (4) lamellar bone. The relation-
ship between the chondroid cells and collagen fibers is shown (left, relaxed status; right, status
under tension). By tensing the collagen fibers, the cells get compressed, thus acting as an addi-
tional stress absorbent. (From ref. 24.)

periosteal attachments (indirect insertion) are a necessary structural prerequisite for
compensatory movements and invariance of the relative positions of muscles, ten-
dons, and ligaments during long bone growth.

TENDON HEALING IN A BONE TUNNEL

The major indication for tendon tissue to be implanted into a bone tunnel is the recon-
structive surgery of the cruciate ligaments. Especially with soft-tissue grafts, (hamstring
tendons or the proximal part of a quadriceps tendon graft) and special allograft tissues,
two major problems are encountered. The first is to regain a neoligament with normal
tissue morphology and mechanical properties after graft remodeling; the second is to
reestablish the normal insertion to bone, thus reconstructing these highly specialized
transition zones between soft-tissue and bone, which is necessary for normal ligament
function.

Animal Models

To study tendon-to-bone healing, an adequate animal model needs to be considered.
Furthermore, when interpreting results of other studies, the animal model needs to be
fully understood, as different models may display vastly different results, and their
clinical relevance may be variable. Most studies investigating tendon-to-bone healing
in a bone tunnel used extra-articular tendon transfer procedures (4,7,10,12,13,34—40).
There are several advantages of extra-articular models. The implanted tendon tissue
does not undergo an extensive remodeling; therefore, the mechanical interface—strength
relationship is easier to study (4). In contrast, with an intra-articular model, as in ante-
rior cruciate ligament (ACL) reconstructions, the tendon tissue undergoes intensive
remodeling, which results in decreased mechanical properties of the tendon tissue dur-
ing the early remodeling phase, causing midsubstance failure of the graft. This pre-
cludes any conclusions about the strength of the tendon—bone interface (/6). Another
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advantage of an extra-articular model is that it can be easily performed in small ani-
mals, such as in rats and rabbits. Yet, an ACL reconstruction model in rats or rabbits is
generally questionable, because the dimensions of these knee joints hardly allow a
precise tunnel placement, which ultimately influences the outcome of reconstruction.
Even with larger animals (sheep, goats, or dogs), reconstructive surgery of the ACL or
posterior cruciate ligament are sometimes difficult to perform, as the dimensions of
these knees are still far from the human equivalent. Therefore, even studies on cruci-
ate ligament reconstruction in larger animals are somewhat limited regarding their
clinical relevance (4/). When studying specific variables, such as biologic interven-
tion procedures or details of the mechanical boundary conditions, extra-articular mod-
els are advantageous, because they present fewer variables (ligament remodeling,
synovial contact, and so on; 4,35).

When studying tendon-to-bone healing in the context of ACL reconstruction proce-
dures, an intra-articular model should be considered because of its closer resemblance
of the clinical situation. Recently, more literature shows the investigation of tendon-to-
bone healing of soft-tissue grafts in an intra-articular setting (5,6,9,11,14,16,42-49).
The clear advantage of these models is that graft-tunnel motion and a possible synovial
in-flow into the tunnel could be assessed, which are believed to be responsible for
tunnel enlargement, thereby improving the clinical relevance of these models. How-
ever, only a few studies used larger animals, such as dogs, sheep, or goats
(11,14,1643,44,48). Knowledge of tendon-to-bone healing pertaining to ACL recon-
struction is therefore still limited. However, intra-articular models in small animals are
generally questionable, and rats and rabbits should only be considered for extra-articu-
lar tendon-to-bone healing studies.

With extra-articular models, tendon transfer procedures around the calcaneus in rab-
bits (7,12,13), or implantation of the digital extensor tendon into the proximal meta-
physeal tibia in dogs, sheep, and rabbits (4,35-39), have been shown to be effective.
But what is the most appropriate graft source to investigate tendon-to-bone healing of
soft-tissue grafts? Numerous studies utilize a BPTB graft in sheep, goats, monkeys, or
dogs. This graft can be easily harvested and requires only one incision: the arthrotomy.
However, with soft-tissue grafts, controversy concerns the appropriate equivalent to
the human hamstring tendon in the animal model. Shino et al. used a single-stranded
patellar tendon graft without bone plugs (44 ). Goradia et al. described the possibility of
harvesting a semitendinosus tendon in sheep to reconstruct the ACL.

“A 20-cm medial parapatellar incision was made. The subcutaneous tissue and superficial
fascia were sharply incised along the same line as the skin incision to reveal the insertion
of the semitendinosus tendon on the tibia” (/4).

Yet during anatomical dissection studies, we found that the semitendinosus tendon
presents a more fascia-like structure in sheep rather than a solid tendon strand (Fig. 7),
making it unsuitable for this type of reconstruction. Therefore, we utilized a split
Achilles tendon graft or a long-flexor tendon graft that can be easily harvested. This
procedure was well tolerated by the animals (/6,43). Yamazaki et al. made a similar
observation in dogs and determined that the semitendinosus tendon was inappropriate
as an ACL graft. Consequently, they used a flexor digitorum superficialis tendon to
reconstruct the ACL in dogs (/7).
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Fig. 7. (A) Insertion site of the semitendinosus tendon in sheep (forceps placed below). This
tissue presents more a fascia-like structure than a solid tendon. (B) An alternative graft to study
soft-tissue graft-to-bone healing is the long flexor digitorum tendon (arrow), which is embed-
ded into a tendon sheet (removed) of the Achilles tendon.

Principals of Tendon-to-Bone Healing

The initial motivation to study tendon-to-bone healing in a bone tunnel is derived
from a group of hand surgeons. In 1942, Kernwein transplanted extensor carpi radialis
longus tendons in a dog model and found that the tensile strength of the tendon at its
insertion site decreased after initial fixation (34). Whiston and Walmsley conducted
similar experiments in 1960, and found that the tendon tissue undergoes progressive
degeneration combined with intensive bone tunnel remodeling (/2). Three years later,
Forward and Cowan used different techniques of tendon-to-bone sutures in an Achilles
tendon model in rabbits. The authors concluded:

“Anchorage of tendon to bone is effected first by a temporary attachment formed by a
connective tissue sleeve, which surrounds and adheres to the inserted portion of the ten-
don and weaves in between the intact bone trabeculae of the marrow cavity... Permanent
mooring of the tendon to the bone is effected by actual ingrowth of bone tissue into the
implanted tendon and the formation of a rough-walled bone tube about the implanted
tendon. The collagen fibers of the implanted tendon attach directly to and become buried
in the osseous tissue. These collagen fibers resemble the Sharpey fibers seen in normal
tendon-to-bone insertions” (/3).

In this paper, Forward and Cowan described the basic principles of tendon-to-bone
healing, as it has been later specified by Rodeo et al. (4). Forward and Cowan further
examined the chondroid cell transformation close to bone tissue, where the collagen
fibers were inserted (/3). However, they discussed this chondroblastic reaction as part
of the healing callus. In 1986, Jones et al. compared tendon transfer and tendon graft-
ing into bone tunnels in a rabbit model. They were the first to draw attention to the
development of a direct tendon insertion anatomy. However, they found that the nor-
mal four-zone tendon junction was not reproduced histologically in either group (10).
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Fig. 8. (A) Longitudinal section through a tibial tunnel 6 wk after ACL reconstruction in
sheep. There is a broad FIZ (in between arrows) between the graft tissue (G) and the surround-
ing bone (B). The graft itself is less organized and hypercellular owing to the early remodeling
(Masson Goldner’s trichrome stain, X15 original magnification). (B) Higher magnification of
the FIZ 9 wk after ACL reconstruction. The tissue is hypercellular and hypervascular. Note the
fiber alignment parallel to the graft tissue (G) and the bone (B) surface (Masson Goldner’s
Trichrom stain, X100 original magnification). (C) Bone—FIZ interface 9 wk postsurgery. There
is an intensive appositional bone growth with a high amount of osteoblasts (arrows) and a
continuous seam of uncalcified osteoid (arrow heads) (Masson Goldner’s trichrome stain, origi-
nal magnification x400). (D) Bone—FIZ interface 6 wk postsurgery. There is a high amount of
osteoclasts (arrows) removing bone tissue, signifying bone tunnel remodeling (Masson
Goldner’s trichrome stain, X400 original magnification).

Pertaining to the question of tendon integration in a bone tunnel after cruciate liga-
ment reconstruction, the first report was written by Shino et al. in 1984 (44). They
studied the remodeling of allograft vs autograft tissue for ACL replacement in a dog
model. Regarding the controversies of tendon-to-bone healing that exist today, Shino
et al. studied the columnation of fibrocartilage, which is seen in a normal ligament—
bone junction (44), but their initial goal was to study the remodeling process of the
allograft tissue alone. Then in 1993, Rodeo et al. studied the tendon-to-bone healing in
an extra-articular tendon transfer model in dogs with the aim to define the histological
mechanisms and biomechanical characteristics of the healing of soft-tissue to bone (4).

In an extra-articular model in dogs, Rodeo et al. described the development of an
interface between the implanted tendon and the surrounding bone (4). This interface,
which we defined as the fibrous interzone (FIZ) because it may broaden if a tunnel
enlargement occurs (/6,43), consists of disorganized, highly cellular, and highly vas-
cular connective granulation tissue (Fig. 8).
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Fig. 9. (A) Sagital cut through a proximal tibia 6 wk post-ACL reconstruction with a soft-
tissue graft in sheep. The initially drilled tunnel of 4.5 mm increased to a diameter of 5 mm;
thus, the FIZ must have grown 0.25 mm on each side (Safranin O—van Kossa stain). (B) Sagital
cut through a tibia 24 wk after ACL reconstruction in sheep, showing an intensive tunnel
enlargement. The tunnel diameter increased from 4.5 mm to a maximum of 11 mm. Therefore,
the FIZ must have increased by 3.25 mm on each side (Safranin O—van Kossa stain). (Reprinted
from ref. 54.)

During early healing, there is an intensive bone tissue remodeling with appositional
growth of woven bone and simultaneous bone resorption (Fig. 8). The FIZ thickness
may vary significantly and may depend on the fit between the tendon and bone tunnel
at the time of implantation, the occurrence of a subsequent tunnel enlargement, or the
intensity of the appositional bone growth during early healing (Figs. 9 and 10; /7,36,
43). With further healing, the FIZ-tendon and FIZ-bone interfaces show the following
developments:

» The FIZ tissue gets less cellular and vascular. The extracellular matrix becomes oriented
until its fibers are longitudinally aligned and the FIZ—tendon interface becomes indistinct.

e There is an early development of Sharpey-like collagen fibers bridging the FIZ—bone
interface, sometimes spanning from the tendon tissue directly into the bone. The amount
of fibers increases over time.

* The bone at the FIZ-bone interface grows until all open intertrabecular spaces are closed
for the bone to form a continuous line along the entire tunnel length. Later, a slight
osseous narrowing occurs with no further tunnel enlargement, and the bone at the FIZ—
bone interface becomes sclerotic (Fig. 10).

The development of Sharpey-like fibers has been perceived as the earliest sign of
osseous soft-tissue graft incorporation (4—7). In an immunohistochemical study, Liu
et al. demonstrated that these fibers are immunoreactive for type III collagen. The
authors further described an expression of type II collagen at the insertion site, but a
chondroid cell transformation was not found (7). However, it is unclear how high the
density of Sharpey fibers must be to be seen as a sign for a solid-graft incorporation,
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Fig. 10. (A) Sagital cut through a proximal tibia 6 wk after ACL reconstruction with a soft-
tissue graft and extracortical fixation in sheep. There is an intensive granulation-like calcifica-
tion of the FIZ (double-headed arrow) between the bone (B) and the graft (G) (Safranin O—van
Kossa stain, X200 original magnification).(B) Sagital cut through a proximal tibia 6 wk after
ACL reconstruction with a soft-tissue graft and extracortical fixation in sheep. There is appo-
sitional bone growth (woven bone, WB) narrowing the FIZ (LB, lamellar bone; Safranin O—
van Kossa stain, X200 original magnification). (C) Sagital cut through a proximal tibia 24 wk
following ACL reconstruction with a soft-tissue graft and extracortical fixation in sheep. There
is an intensive in-growth of bone trabeculae into the FIZ (double-headed arrow) between the
dense sclerotic bone surface (B) and the graft (G) (Safranin O—van Kossa stain, X100 original
magnification).

because several authors described a sparse occurrence in their animal models, as well
as in human tissue harvested during second-look arthroscopies (6,7,36,38,45-47,50,
51). Yet, we believe that a sparse occurrence of these interconnecting fibers could be
found all around the body where there is a soft-tissue—bone interface, despite the fact
that the tissue has no weight-bearing capacity. We made the observation that the granu-
lation tissue, which forms inside a drill hole in bone, is anchored somehow to the bone
by the development of Sharpey-like fibers, but the tissue is not exposed to any load
(Fig. 11). Therefore, we consider it essential that a high density of Sharpey-like fibers (as
described by Rodeo et al. [4], Goradia et al. [/4], and Grana et al. [5]) is necessary,
which might then be viewed as a solid indirect tendon insertion (Fig. 11). Although
we consider an indirect type of ligament insertion to be mechanically inferior when
compared to a direct type of insertion (/6,46,52), most studies investigating the ten-
don-to-bone healing within the tunnel showed only the development of an indirect
insertion (4-7,9,47, 49); thus, a direct type of insertion, as it is found with the native
ACL, could not be identified within the tunnel.
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Fig. 11. (A) Microphotograph made 24 wk after tunneling bone tissue without an insertion
of a tendon graft. The newly developed fibrous granulation is connected to the surrounding
bone (B) by Sharpey-like fibers (arrows), but there is no load transmission via the soft-tissue
(Masson Goldner’s trichrome stain, X100 original magnification). (B) FIZ-bone interface 12
wk after ACL reconstruction in sheep. Note the tight alignment and high density of Sharpey
fibers. There is still appositional bone growth with active osteoblasts and a dense stripe of
uncalcified osteoid (orange stain) (Masson Goldner’s trichrome stain, X200 original magnifica-
tion).

Because most authors viewed the intratunnel part of the grafted tissue in a histologi-
cal perspective, only a few saw the development of a chondroid transition zone (13,35,
44), which might indicate that a direct type of ligament insertion develops. During our
own investigations (/6,43), we studied the tendon-to-bone healing process at the
intratunnel part of the grafted tissue, as well as at the articular tunnel aperture site, and
found that different healing mechanisms may apply. The early intratunnel healing may
be linked with the development of an indirect insertion, and in the later surface healing,
a direct ligament insertion might develop with certain mechanical boundary conditions
(16,35,43). Therefore, it is our belief that most controversies regarding the develop-
ment of an indirect vs a direct ligament insertion resulted from methodological incon-
sistencies from the different sites of the healing tissue being studied.
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As the histological appearance is only one essential parameter to judge the progress
and quality of the tendon-to-bone healing process, knowledge about the strength of the
newly developed tendon—bone junction is important to better tailor rehabilitation pro-
tocols. In their extra-articular model, Rodeo et al. described that between 2 and 8 wk,
the graft tissue failed by pullout, whereas at 12 and 26 wk, the tissue failed in mid-
substance or at the clamp (4). This suggests that there was a change of failure mode
between wk 8 and 12, indicating that the tendon—bone interface was the weak link only
in the early healing period.

Rodeo et al. further calculated the interface strength and the strength-to-length ratio
and found the most obvious improvement in strength between the second and fourth
week (4). Goradia et al., who used an intra-articular model of soft-tissue graft ACL
reconstruction in sheep, found that all reconstruction after 4 and 8 wk and two/thirds
after 12 wk failed by pullout from the tunnel (/4). Their specimens at 24 and 52 wk
failed in midsubstance; thus, the data of Goradia et al. are somewhat comparable to data
by Rodeo et al., although an intra-articular model was used. Goradia et al. found the
most prominent improvement in strength between wk 12 and 24, contrasting to the work
by Rodeo et al. (4,/4). In our own series using extracortical graft fixation in an intra-
articular ACL reconstruction model in sheep, we found the most significant increase in
strength between the sixth and the twelth week (53). Furthermore, we found that some
of the specimens failed by a so-called “degloving mechanism” even 24 wk after surgery
(Fig. 12). Failing by degloving signifies that the central part of the graft is pulled out of
the tunnel, whereas the peripheral part is still attached to the bony tunnel wall. Our
histological investigation of these specimens indicates that the failure occurs at the FIZ—
tendon interface. Although there might be a solid anchorage of the FIZ-bone interface,
the FIZ—-tendon interface is still the weak link, even 24 wk after reconstruction.

Relating to a BPTB graft, which is preferred for an accelerated rehabilitation pro-
gram, it is important to consider the data on tendon-to-bone healing in comparison to
healing of a bone plug in a bone tunnel. Tomita et al. studied the intraosseous graft
healing in an intra-articular model in rabbits and compared a BPTB graft and flexor
tendon graft for ACL reconstruction (9). They found a significantly lower maximum
load to failure for the flexor tendon graft group after only 3 wk. After 6 and 9 wk, there
was no difference between the BPTB and flexor tendon graft (9). Park et al. studied the
osseous integration of a bone—tendon and bone tendon—bone graft in rabbits. They
found a significantly lower failure load of the bone—tendon specimens at 4 and 6 wk,
but there was no difference at 2 and 12 wk (49). Yamazaki et al. studied the intraosseous
healing of two different kinds of tunnel preparation with flexor tendon grafts for ACL
reconstruction in dogs and compared them to a BPTB graft (/7). Similarly to Tomita et
al., only a notable difference was found between both grafts at 3 wk. Although we
consider intra-articular models in rabbits to be less clinically relevant, the study by
Yamazaki et al. clearly indicates that at the time when more strenuous activities are
allowed during rehabilitation, no variation in strength exists between both graft sources.

Influence of Local Boundary Conditions

The exposure of healing hard and soft-tissue to the mechanical load is an essential
factor that influences biochemical and biomechanical characteristics of the healing tis-
sue. Therefore, the influence of mechanical boundary conditions on tendon-to-bone
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Fig. 12. Sagital section through a proximal tibia 24 wk after ACL reconstruction in sheep.
During mechanical testing, the graft failed by a “degloving mechanism,” which indicates that
the FIZ-bone interface is stronger than the FIZ-tendon interface (arrowheads). Note that the
graft failed at its suture attachment site (arrow), and the FIZ tissue (small arrows) remained
attached to the tunnel wall. In this specimen, there was a tunnel enlargement of 4.5 to § mm
(Safranin O—van Kossa stain). (Reprinted from ref. /74.)

healing should not be neglected. Recently, Yamakado et al. published a significant
study, investigating the quality of tendon-to-bone healing under different load condi-
tions (35). In an extra-articular model in rabbits, they implanted the extensor digitorum
tendon almost perpendicular to the bone axis into the metaphyseal tibia, thus creating a
tensile and a compressive site at the tunnel entrance. They found that tensile stress
enhances the healing process of the tendon—bone junction and that compressive stress
promotes a chondroid cell transformation. However, after 6 mo, a direct type of liga-
ment insertion was developed in two out of nine specimens on the tensile site and none
of the specimens on the compressive site, which might contrast the authors’ claim that
compressive forces lead to a chondroid tissue transformation (35). However, according
to the findings of Schneider and Kiisswetter, the tensile forces transmitted by the col-
lagen fibers create compressive forces to which the cells are exposed that lay in between
the fibers. Thus, a zone of fibrocartilage develops (22,24).

In our own series, two different techniques of ACL soft-tissue graft fixation were
compared: one with biodegradable interference screw fixation and the other with extra-
cortical Endobutton and tibial postfixation (Fig. 13). We found substantially different
healing mechanisms (43). With the Endobutton specimens, essentially comparable to
the setup of Goradia et al. and principally comparable to all other studies, in which the
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Fig. 13. Models used to study tendon-to-bone healing with two different fixation techniques.
(A) The flexor tendon graft was directly fixed with biodegradable interference screws in an
inside-out direction. (From ref. 42.) (B) Graft fixation with Endobutton and sutures, as a typical
example for an extracortical and indirect type of soft-tissue graft fixation. Note the posterior
aspect of the tibial tunnel aperture site presents the compressive side, whereas the anterior
aspect presents the tensile side.

graft was fixed outside the tunnel, a direct type of ligament insertion was partially
present in four out of six tibial specimens after 24 wk. On the femur, none of the speci-
mens developed such a direct type of ligament insertion (43). Interestingly, the par-
tially developed direct type of insertion in the Endobutton specimen was found at the
anterior aspect of the tibial tunnel, which we considered to be the tensile site according
to Yamakado’s description (Fig. 14; 35 ,43).

With the interference fit fixation specimens, all specimens developed a direct type
of ligament insertion at the tibia and at the femur at 24 weeks (Fig. 15; /16,43). During
tendon-to-bone healing at the aperture site (surface healing), there was an initial blend-
ing between graft tissue and mineralized cartilage after 9 wk and a further maturation
with interdigitating fibers after 12 wk (Fig. 16; 16). With the intratunnel part of the
graft tissue, a FIZ was only partially developed or was already replaced by bone; thus,
the graft was in direct contact with the surrounding bone (Fig. 17; 16). Using fluores-
cence microscopy, a continuous shift of bone growth and remodeling is shown from
the intra-tunnel region toward the articular surface site, underlining the hypothesis that
there is an early intratunnel and a later surface healing (Fig. 18; /6).

When suggesting this hypothesis, the phenomenon of stress shielding or stress pro-
tection of the graft within the tunnel after surface healing has occurred needs to be
further discussed. In our series of ACL reconstruction in sheep with soft-tissue graft
interference fit fixation, around 1 yr postsurgery, a thinning of the graft tissue was
found inside the tunnel with narrowing of the adjacent bone and resorption of the
grafted tissue (Fig. 19; 16). After 2 yr of implantation, the graft inside the tunnel was
completely resorbed and replaced by bone in some specimens (Fig. 19). Because of
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Fig. 14. (A) Sagital section through a tibial specimen with extracortical graft fixation 24 wk
after surgery. Note the blue-stained tissue (arrow) at the anterior aspect of the tibial tunnel
aperture site, indicating the development of a direct type of ligament insertion (Alcian Blue
stain). (B) Higher magnification photomicrograph of the anterior aspect of the tunnel aperture
site. Note the calcified tissue (black) with its chondroid cells embedded between the calcified
matrix, indicating the development of a mineralized cartilage (MC) tidemark (G, graft; B, Bone;
Safranin O—van Kossa stain, X15 original magnification). (C) Serial section of the same speci-
men showing the broad area of the mineralized cartilage (MC) tissue (G, graft; B, bone; Alcian
Blue stain, X15 original magnification).
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Fig. 16. (A) Tibial specimen 9 wk following ACL reconstruction with interference screw
fixation. A blending already occurs between the mineralized cartilage tissue (MC) and the graft
(G) (Alcian Blue stain, X200 original magnification). (Reprinted from ref. /6.) (B) Tibial speci-
men 12 wk after ACL reconstruction. A further maturation of the interface is present with a
large amount of fibers extending into the zone of mineralized cartilage and woven bone. Note
the appositional bone growth, similar to an apophyseal bone growth, with a broad seam of
uncalcified osteoid (orange color) (polarized light, Masson Goldner’s trichrome stain, X100
original magnification).

Fig. 15. (opposite page) (A) Tibial graft insertion site 24 wk after ACL reconstruction with
a soft-tissue graft and biodegradable interference screw fixation. A broad seam of mineralized
cartilage (blue, in between arrows) has been formed, which lays between the lamellar bone
(B) and the layer of fibrocartilage (FC). Note the site of tissue rupture after mechanical testing
(arrow), which is located where the ligament tissue blends with the fibrocartilage (Alcian
Blue stain, xX63 original magnification). (B) Same as Part (A), confirming that a zone of min-
eralized cartilage has been formed using the Safranin O—van Kossa method. Note the chon-
drocyte islets in between the calcified tissue (Safranin O—van Kossa stain, X63 original
magnification). (Reprinted from ref. /6.) (C) Tibial graft insertion site 24 wk after ACL recon-
struction in another specimen with interference screw fixation. Note how deep the collagen
fibers extend into the zone of mineralized cartilage and underlying lamellar bone (polarized
light, Masson Goldner’s trichrome stain, X200 original magnification).
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Fig. 17. (A) Tibial specimen 6 wk post-ACL reconstruction with interference screw fixa-
tion, demonstrating the interface between the graft (G) and the bone (B). The graft is immedi-
ately adjacent to the bone, and a FIZ is only developed in parts (between arrows) (Masson
Goldner’s trichrome stain, X15 original magnification). (Reprinted from ref. 54.) (B) Same as
part (A) with a higher magnification under polarized light, illustrating the development of a
FIZ (arrows) in an area where the graft (G) is not in direct contact with the adjacent bone tissue
(B). In the area where a FIZ has been developed, a high number of Sharpey-like fibers (S)
extend into the bone (polarized light, Masson Goldner’s trichrome stain, X63 original magnifi-
cation). (C) Fluorescence microscopy of a longitudinal tibial section at 9 wk, presenting tetra-
cycline fluorescence. The intense islet-like fluorescence (arrows) at the tendon—bone interface
indicates an osseous bridging of the partially developed FIZ between 4 and 8 wk (S, screw site;
G, graft tissue).

this finding, we concluded that owing to the development of a direct ligament insertion
at the joint surface, the forces acting on the insertion site are mainly transmitted via this
newly developed insertion, whereas the intratunnel part of the graft is stressshielded
and is resorbed over time (54).

In summary, the compressive forces acting on the tendon—bone interface are ben-
eficial for the development of a direct type of ligament insertion. However, whether
this is a result of the chondroid cell transformation being induced by compressive
forces or the simple neutralization of graft-tunnel motions (e.g., by a press-fit mecha-
nism with screw fixation and the sealing effect against the synovial in-flow into the
tunnel) remains unclear.

Another local factor that might influence the strength of the healing tendon—bone
unit is the length of the implanted tendon and the matching between graft and tunnel
diameter. Greis et al. studied the strength of the healing tendon when implanted over a
length of 1 or 2 cm into a bone tunnel. They used an extra-articular model in dogs based
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Fig. 18. (A) Fluorescence microscopy of a longitudinal tibial section at 6 wk. There is an
intense bone growth after 1 wk close to the graft fixation site as indicated by the calcein green
fluorescence (small arrows). At 3 wk, intense bone growth is seen closer to the articular tun-
nel aperture (transparent arrow) and more peripheral to the graft fixation site (white arrow).
(S, screw site; G, graft tissue). (B) Fluorescence microscopy of a longitudinal tibial section at
9 wk. There is still intense bone growth close to the graft fixation site as indicated by all three
given fluorochromes (4—8 wk). Note the intense xylenol orange fluorescence at the articular
site (arrow) indicating a narrowing of the tunnel aperture at 6 wk. (S, screw site; G, graft tis-
sue). (C) Fluorescence microscopy of a longitudinal femoral section at 12 wk. There is almost
no osseous activity at the implant—bone interface, whereas there is markedly still remodeling
activity at the tendon—bone interface (small arrows). Note the intense fluorescence of all three
fluorochromes at the articular tunnel aperture site (arrow), indicating a continuous bone growth
and remodeling at the surface over the whole labeling period (7-11 wk). (S, screw site; G, graft
tissue). (D) Fluorescence microscopy of a longitudinal tibial section at 24 wk presenting all
three given fluorochromes. Note that there is almost no osseous activity neither at the implant—
bone interface nor the tendon-bone interface between 13 and 23 wk, whereas there is still
intense bone growth and remodeling at the articular tunnel aperture site (arrows). The xylenol
orange labeling (small arrows) indicates that the calcified cartilage tidemark develops around
wk 18. (S, screw site; G, graft tissue). (Reprinted from ref. /6.)

on the model initiated by Rodeo et al. (4,36). Greis et al. found that a longer tendon
length inside the tunnel revealed significantly higher load to failure data 6 wk after
implantation (36).

Greis et al. further studied the difference between a tightly and a loosely implanted
tendon graft in a bone tunnel and compared 4.2- vs 6-mm tunnel diameters. With a
tight tendon-tunnel fit, they found a significantly higher failure load 6 wk following
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Fig. 19. (A) Fluorescence microscopy of a longitudinal tibial section at 52 wk presenting
all three given fluorochromes. The former screw site (approximately outlined by the small
arrow) is partially replaced by dense lamellar bone. A narrowing of the graft tunnel (transpar-
ent arrow) by a continuous bone in-growth is indicated by the homogenous and broad fluoro-
chrome bands (white arrow). (G, graft tissue; MC, medullary cavity; AS, articular tunnel
aperture site). (Reprinted from ref. /6.) (B) Tibial specimen 2 yr after ACL reconstruction.
Note the broad zone of mineralized fibrocartilage at the articular aperture site (left, Alcian
blue staining,) and the replacement of the former screw site, as well as of the graft within the
tunnel by lamellar bone (right, SafraninO—van Kossa stain). (Reprinted from ref. 54.)

surgery (36). Thus, they concluded that both factors—tendon length and tendon fit—
are essential parameters to influence the strength of the healing tendon—bone interface.
However, Yamazaki et al. studied the effect of tendon fit on tendon-bone healing in an
intra-articular model in dogs and found no significant difference for the failure load
between a tightly and a loosely implanted tendon graft (/7).

The main difference between the studies is that Greis et al. used an extra-articular
model and Yamazaki et al. used an intra-articular model. Regarding the standardiza-
tion of the experimental setup, the extra-articular model might be superior. Yet, the
intra-articular model may have a higher clinical relevance. Because of this, we should
follow the recommendations of Yamazaki et al., which might imply that a loosely
implanted tendon graft during cruciate ligament reconstruction has no direct influence
on the outcome. But it should be noted that the critical diameter difference between
tendon and bone tunnel is unknown. Furthermore, it is obvious that a loosely implanted
tendon graft is more likely to induce a tunnel enlargement, and this has been demon-
strated to influence outcome after ACL reconstruction (55).
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In our own series, we have found that a tunnel enlargement is likely to occur with
extracortical graft fixation in an intra-articular animal model and that it disturbs ten-
don-to-bone healing (43). However, Yamazaki et al. have not reported the occurrence
of a tunnel enlargement in their animal series (/7). We believe a tight graft insertion
into the bone tunnel, especially an extracortical fixation should be considered.

Relating to an intra-articular tendon transfer for ACL reconstruction, it has been
described that the healing capabilities may vary between the femoral and tibial fixation
site. Our series found that it is more likely to have a direct ligament insertion develop at
the tibial site than on the femur (43). As mentioned above, the different mechanical
boundary conditions are likely responsible for this finding. Alternatively, Grassman
et al. used a rabbit model and discovered that the tendon-to-bone healing is accelerated
with the cancellous-filled femoral site when compared to the more marrow-dominated
tibial site (40). The authors suggested that graft healing may also depend on the cancel-
lous bone architecture at the graft insertion site. This finding is important, particularly
when discussing results from previous investigations, because the animal model may
be not only responsible for different results but also the site of tendon implantation that
has been studied.

TENDON HEALING TO A BONE SURFACE

Tendon healing to a bone surface can be observed in numerous structures, including
the rotator cuff tendons in the shoulder, flexor tendons in the hand, tibial insertion site
of the medial collateral ligament in the knee, and the Achilles tendon in the foot. This
section focuses on the rotator cuff and the supraspinatus tendons, particularly, as repre-
sentatives. It is interesting to note that the number of studies investigating tendon-to-
bone healing in the knee joint far exceed those performed for the shoulder. This could
be somewhat explained by the lack of an appropriate animal model of the rotator cuff
tendons.

Injuries of the rotator cuff tendons in the shoulder are among the most common
problems that cause shoulder pain and dysfunction in adults. Cuff tear can be partial- or
full thickness, acute or chronic, and traumatic or degenerative (56,57). Rotator cuff
surgery is considered when nonoperative treatment fails to reduce pain and does not
improve shoulder function. The most common types of surgical treatment for rotator
cuff tears include open or arthroscopic repair that involves reapproximating the tendon
edge to a bony surface of the humeral head. In cases of complex or irreparable tears,
tendon transfers are often performed (58—60). The major goal of a rotator cuff repair is
to provide a sufficient initial strength of fixation to allow appropriate rehabilitation dur-
ing early stages of the healing process when the tendon—bone interface is still weak and
complete functional recovery has yet to take place. However, high failure rates of the
rotator cuff repairs remains a significant postoperative complication that often requires
revision surgeries (6/—64). Several factors contribute to these failures: poor quality and
elasticity of the involved muscle-tendon unit, neurovascular damage, tendon degenera-
tion, osteoporosis of the humeral head, inadequate fixation of tendon to the bone, and
lack of tendon-to-bone healing at the tendon—bone interface (63,65,66).

The supraspinatus tendon is the most frequently injured rotator cuff tendon and is
often used for clinical and basic science studies of various repair techniques. The supra-
spinatus insertion to the superior aspect of the humeral head greater tuberosity is con-
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sidered to be a direct insertion and can be categorized into four distinct zones. Zone 1
consists of the tendon proper and contains only fibroblastic cells. Zone 2 consists of
fibrocartilage, where the cells become larger and change from thin flat fibroblasts to
more rounded chondrocyte-like cells. Zone 3 is characterized by a sudden transition
from nonmineralized to mineralized fibrocartilage, separated by a tidemark. Zone 4 is
represented by bone (2/,67). The changes in the tendon tissue properties as it transi-
tions from zone to zone are gradual and continuous, and there are no clearly defined
boundaries between the zones.

Several authors have investigated the collagen content of the supraspinatus insertion
site in human cadaveric tissue, as well as in several animal models (68-71). Fallon et al.
have pointed out that fibrocartilagenous region of the supraspinatus tendon extends
well beyond the normal 500-700 pum to approx 2 cm (2/,27,68). The histological char-
acteristics of this collagen structure were similar to those described in compressional
fibrocartilage (7/). Neer has suggested that this region of the supraspinatus tendon is
being compressed between the acromion and humeral head (72,73). Therefore, the
morphology and composition of the attachment fibrocartilage region may function to
resist not just tension but also compression. Fan et al. and Kumagai et al. found that
type I was the predominant collagen, but significant amounts of type III and possibly
some types II and V were also present at the attachment zone of the supraspinatus
tendon (70). The predominant labeling in the fibrocartilage was for collagen type II,
and the tidemark showed inconsistent labeling for all of the collagen types. Interest-
ingly, there appeared to be more type III collagen in the insertion zone than in the
tendon substance. The authors concluded that this differential collagen composition
may contribute to the high incidence of tear associated with this rotator cuff tendon
(69,70,74).

Restoration of the natural insertion site is critical for the proper functioning of the
tendon—bone structure. Although numerous investigations have focused on finding
the strongest repair technique for the rotator cuff tears, much remains unknown about
the healing and repair of the torn rotator cuff insertion (65,76—82). This is partly
because of the lack of a suitable animal model of the healing rotator cuff tendons. In
one of the first animal models, St. Pierre et al. used goats to compare the healing
process of the infraspinatus tendon after two repair techniques at 6 and 12 wk post-
operatively (75). In the first technique, the supraspinatus tendon was reattached to a
trough in cancellous bone, while the second repair used direct fixation of a tendon to
cortical bone. The authors reported a progressive maturation and reorganization of
the bone—tendon interface with reestablishment of collagen-fiber continuity between
the tendon and bone in both groups. The parallel array of collagen fibers extending
perpendicular to the tendon was found to be histomorphologically identical to the
Sharpey fibers of normal tendon-to-bone attachment. This evidence suggests that the
tendon healing process was equivalent whether the tendon was attached to cortical or
cancellous bone, provided that close apposition was maintained during healing. The
authors concluded that there was no variation between the two repair groups; there-
fore, there is no benefit from a creation of a bone trough to expose tendon to cancel-
lous bone.

Soslowsky and coworkers proposed the rat’s supraspinatus tendon as a suitable
model to study human rotator cuff disorders (83). This group studied the healing
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response of a controlled defect in the supraspinatus tendon and evaluated the role of
intrinsic injury (modeled as an acute insult to the tendon) and extrinsic injury (mod-
eled as external subacromial impingement), as well as overuse factors on rotator cuff
tendinosis (84,85). Carpenter et al. concluded that there was an active, but inadequate,
repair response to a defect in the supraspinatus tendon of rats (84).

From the same group, Thomopoulos et al. described the localized expression of
extra-cellular matrix components at the tendon insertion side using histology and in
situ hybridization methods (86). Their histologic results indicated a poor healing
response to the injury, with only partial recreation of the insertion site by 8 wk. In situ
hybridization results indicated a specific pattern of genes expressed in each zone of
the insertion site (i.e., tendon, fibrocartilage, mineralized cartilage, and bone). Expres-
sion of collagen types I and XII, aggrecan, and biglycan was increased, whereas expres-
sion of collagen type X and decorin was decreased. Over time, expression of collagen
type I, type XII, and biglycan decreased, but remained above normal at 8§ weeks. Their
research found that the rat supraspinatus tendon is ineffective in recreating the origi-
nal insertion site, even at 8-wk postinjury, in the absence of biological or biomechani-
cal enhancements.

Bjorkenheim et al. monitored supraspinatus tendon healing by measuring intra-articu-
lar hydrodynamic pressure and observed healing or closure of the defect in a rabbit
model after 9 wk (87). Kumagai et al. demonstrated a repair response with type III
collagen that was initially formed and was gradually replaced with type I collagen in a
transected supraspinatus tendon model in rabbits (88).

In another model, Choi and coauthors investigated the spontaneous healing process
of a surgically created supraspinatus tendon tear in rabbits with particular reference to
the expression of matrix metalloproteinase-2 (MMP-2) and its time-course change in
enzymatic activity, along with the expression of tissue inhibitors of metalloproteinases
(TIMPs; 89). The authors found that MMP-2—positive cells were mainly localized at
both cutting ends of the tendon, and reparative tissue encroached into the gap from the
bursal side. The expression of TIMP-1 was induced in the cells at not only the tendon
edges, but also at the reparative tissue during the healing process. TIMP-2 was consti-
tutively expressed in both the tendon and reparative tissue. Latent and active forms of
MMP-2 and characteristic time-linked changes of the enzymatic activity were also
shown. These results may suggest that MMP-2 is expressed and activated during the
healing process of acute supraspinatus tendon tear and can have an important role in
the remodeling process.

The importance of the subacromial bursa for the supraspinatus healing process was
emphasized by Uhthoff and coauthors (90,9/). They determined the origin of the cells
affecting healing of the supraspinatus tendon inserted into a bony trough in a rabbit
model. After 2 wk, both the cellularity of the underlying bone and the thickness of the
subacromial bursa were significantly increased in the operated when compared with
the control shoulders, thus contributing to the process of repair. In an earlier examina-
tion of the biopsy specimens obtained during surgery on patients with complete rotator
cuff rupture, the authors found vascularized connective tissue covering the area of rup-
ture and proliferating cells in the fragmented tendons. The main source of this fibrovas-
cular tissue was the wall of the subacromial bursa, which might significantly influence
tendon reconstitution and remodeling (90).
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These results are consistent with the work of Kobayashi et al., who studied in situ
hybridization of al1(I) and o1 (IIT) procollagen mRNA during healing of full-thickness
tears of avian supracoracoid tendons (92). The authors found high-level expression of
procollagen mRNA in the proliferating peritendon cells on the bursal side, contributing
to the repair process that progressed to the joint side.

Recently, attempts have been made to improve and enhance healing of the rotator
cuff tendons to the bone surface (76,93-95). Gerber et al. and Koh et al. independently
used a polylactide plate and polylactide scaffold, respectively, to improve the initial
strength of the rotator cuff repair in a sheep model and compared these augmented
repair techniques to traditional fixation methods (76,93). Both groups concluded that
the augmentation increased the functional surface area, over which the stresses of the
repair are distributed, therefore decreasing the peak load on any one area and resulting
in a superior strength of the repair vs the traditional fixation techniques.

BIOLOGICAL INTERVENTION

Several approaches to the improvement of tendon-to-bone healing exist. The appli-
cation of growth-enhancing factors and different delivery tools, such as gene therapy
and direct or carrier-mediated indirect transfer, have been investigated in numerous
studies (38,45,46,96—-98). From studies in the early 1970s, the potential of periosteum
to induce new bone formation has been known (99-101). However, recent studies
applied this knowledge to the concept of tendon-to-bone healing and showed the
advantage of graft augmentation with periostal flaps to improve bony in-growth and
take advantage of their potential osteoinductivity (/02—104). Youn et al. found that an
augmentation of a free-tendon graft with a periosteum patch, whose cambium layer
was facing the surrounding bone, was able to significantly improve the biomechanical
properties of the newly formed tendon-to-bone insertion at 6 wk after implantation in
comparison to a periosteum free-tendon graft (/02). They used an extra-articular model
of implanting a free-tendon graft into a bone tunnel in the calcaneus process of rabbits.
They observed an increased bone formation around the tendon graft and found a direct
relationship between the periosteal osteogenesis and the application of mechanical
stress at the tendon-to-bone interface (/02). In another study by Kyung et al., the long
digital extensor tendon of rabbits was detached from its femoral insertion, wrapped
either into a periosteal patch with its cambium layer facing the tendon or left as a free-
tendon graft and rerouted into a tibial bone tunnel (/04). Histological and biomechani-
cal analysis at 3 and 6 wk showed more extensive bone formation and closer apposition
of bone around the tendon graft in the periosteal group, also with notably improved
biomechanical properties at both time points. Ohtera et al. used an identical model,
comparing freshly harvested and frozen periosteum flaps as an augmentation of a free-
tendon autograft to improve tendon-to-bone healing (/05). They found the develop-
ment of an early stage of a direct insertion type with fibrocartilage formation as early as
4 wk postimplantation in the group with fresh periosteal patches in comparison to the
development of a fibrous interzone in the frozen periosteal group.

In summary, the augmentation of a free-tendon graft with periosteal tissue is a prom-
ising technique to accelerate tendon-to-bone healing without the application of growth
factors. Therefore, it can be easily applied to humans without the possible side effects
of biologically active substances (/03).
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Numerous studies researched the effect of different growth factors, such as platelet-
derived growth factor, basic fibroblast growth factor (FGF), insulin-like growth factor,
and transforming growth factor-f3 (TGF-P) on tendon and ligament healing (53,106—
111). However, only a few studies looked at the enhancement of the tendon-to-bone
incorporation with the application of biological agents. In 1991, Itoh used bone morpho-
genic protein (BMP) combined with fibrin sealant to study the influence on tendon-to-
bone healing in an extra-articular model in rabbits (//2). Itoh reported that BMP
increases the failure strength but did not contribute to the early formation of an enthesis.
In 1999, Rodeo et al. used BMP-2 to study its effect on tendon-to-bone healing (38).
They used a collagen carrier in an extra-articular model in dogs and found that the effect
of BMP on the mechanical strength was only significant after 2 wk, whereas no major
difference to the control after 4 and 8 wk (38). Nicklin et al. used BMP-7 to study the
histological changes during tendon-to-bone healing after ACL reconstruction in sheep
(48). They found an increased bone formation around the grafted tendons but did not
report on results of mechanical testing. Anderson et al. reported on the use of a bone
growth factor in 2001 that presents a bone-derived extract (different BMPs, TGF-3 and
FGF) to augment tendon-to-bone healing after soft-tissue graft ACL reconstruction in
rabbits. Bone growth factor was shown to increase load to failure at 2, 4, and 6 wk.

Recently, attempts have been made to enhance the tendon-to-bone healing process
from a biological standpoint using tissue engineering methods via gene transfer (46,96—
98). The concept is based on the manipulation of cellular and biochemical mediators to
affect protein synthesis and improve tissue remodeling. Cell therapy involves the intro-
duction of mesenchymal progenitor cells as a pluripotent cell source into the healing
environment. The combination of cell therapy with growth factor application by gene
transfer offers new avenues to improve ligament and tendon healing. Recent studies
have shown the feasibility of transferring marker genes to synovium, chondrocytes,
meniscal fibrochondrocytes, tenocytes, and ligamental fibroblasts, prompting optimism
for the eventual success of this approach (98). Despite this optimism, a number of
technical issues remain and need to be addressed before gene transfer might be consid-
ered as an approach to improve the structural and functional properties of healing liga-
ments and tendons. However, just recently Martinek and coworkers reported on the
adenovirus-based gene transfer of BMP-2 to the tendon-bone healing site after ACL
reconstruction in rabbits (46). The authors found an increased load to failure 8 wk after
surgery of the gene transfer-treated specimens (45 N control vs 108.8 N study).

However, although the aforementioned reports have proven that the local increase in
growth factor concentration is beneficial for tendon-to-bone healing, we still believe
that the first step in improving this healing should include an optimization of local
mechanical boundary condition (43). Furthermore, we need a more basic knowledge
about the differentiation of cell types involved in normal tendon-to-bone healing (/13).
More information should also be obtained on growth factor expression prior to the use
of growth factors shown to be effective in bone healing, in which completely different
healing patterns could be found.
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Artificial Ligaments

Andrew A. Amis

INTRODUCTION

The history of artificial ligaments includes possibly more than its fair share of con-
troversy and failures. One main task of this chapter is to review the history to extract the
lessons that will be valuable for the future. Although artificial ligaments are presently
unpopular, memories of previous disappointments inevitably fade, while at the same
time, technology continues, opening up novel approaches to the problem. The second
task of this chapter is to look to the future: is there a case for pursuing the development
of artificial ligaments at all? If so, how might this be done for the errors of the past to be
avoided?

CLINICAL CASE FOR ARTIFICIAL LIGAMENTS

The knee is clearly the main focus for work on ligaments owing to the frequency of
ligament injuries at the knee from both sport and other accidental trauma with the dis-
ability caused by knee joint instability. Although there are numerous other sites around
the body that have clinical applications for this technology, the knee, and particularly
the cruciate ligaments, drive the subject forward. This chapter considers the recon-
struction of tissues other than ligaments that are primarily collagenous, such as tendon
and capsular tissues, as the applications are similar and often have research studies
relevant to ligaments. Of the other sites, the rotator cuff is probably the structure affected
most frequently and causes sufficient disability for surgery to be considered. However,
this disability arises as a result of degenerative changes in the tissues of an older patient
population; thus, factors such as healing responses may be different.

There is widespread evidence that ruptured cruciate ligaments do not heal. The
stumps usually retract into a tissue mass at the bone attachments and may be resorbed,
or sometimes the stump may stick to an adjacent structure. This has been observed with
the anterior cruciate ligament (ACL), which may detach from the femur at the proximal
end, then become adherent to the side of the posterior cruciate ligament (PCL). Differ-
ent rupture patterns have been observed that may reflect the injury mechanism and
speed of impact. Thus, while the ACL may have peeled off of its femoral attachment
relatively intact in many cases observed by the author in the UK, the American litera-
ture often describes the ruptured ACL as resembling the fibers of a paintbrush, imply-
ing that the ligament has burst open in midsubstance. Regardless of the mechanism, the
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remaining ligament structure is predominantly parallel-fibered. This means that sutures
can pull out of the ligament stumps at low loads, even when complex suturing methods
derived for finger flexor tendon repairs are used (/). As a result, research on ligament
repair eventually concludes that this procedure is not reliable for the cruciate liga-
ments. This conclusion leads the surgeon to reconstruction methods, which require the
use of a ligament graft to carry the load for some time.

Although there is now widespread experience of ACL reconstruction using auto-
genous tissue grafts with reliably good results, factors remain about this procedure
that are not optimal. Graft harvest inevitably causes defect pathology that may relate
to pain and/or functional deficit, in addition to the problems arising from the initial
injury. Furthermore, the harvest and preparation of any graft prolongs the operation.
After the operation, many graft fixation methods allow some slippage to occur under
the cyclic loads imposed during rehabilitation (2), and the properties of the graft may
be reduced significantly during tissue remodeling (3). These circumstances can lead to
some return of excess laxity in joints with reconstructed ligaments as time increases
postsurgery. These factors are accepted during “isolated” ACL reconstruction, but they
become more prominent as injury severity increases. With the rising number of struc-
tures to be reconstructed, the surgeon is then faced with searching for autogenous
grafts from around the more severely damaged knee and possibly from the other knee
as well.

Allogenic tissue grafts offer the surgeon a method to avoid some of these difficult
choices, and their use is widespread in North America. However, this is not universal,
perhaps because of the lack of organization of tissue banks to supply the grafts in
other countries, or because of lingering doubts about disease transmission. Even if
grafts are available, the sterilization methods required to minimize the possibility of
disease transmission leads to degradation of the graft properties. Gamma irradiation
is one particular sterilization method, but the dose of 4 Mrad needed to ensure a
sufficiently small rate of organism survival also affects the collagen structure; there-
fore, there is severe loss of graft strength postoperation as remodeling occurs (4).
Generally, it appears that the process of biological remodeling and tissue incorpora-
tion entails a greater loss of mechanical properties in allografts than in autografts (5,6).

An artificial ligament is appealing because it could avoid all the drawbacks noted
in the problems of auto- and allografts. The devices could be readily available, their
design could ensure great strength; their fixation methods could be designed for both
strength and resistance to slipping under cyclic loads; and they would not cause any
defect pathology. However, the overriding considerations of biocompatibility and
durability must be noted. Will the device have any undesirable effects on the sur-
rounding tissues, and will the reconstruction remain intact—both acutely and in the
long term? These are the stumbling blocks that have affected virtually all previous
work and are the focus of the review.

MECHANICAL CONSIDERATIONS

Although ligaments are innervated and therefore contribute to knee stability via prop-
rioception, their primary role is that of passive tensile restraints to limit the separation
distance between their attachments on different bones. Their tensile behavior should be
considered with any artificial ligament and is now reviewed briefly.
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The loads imposed in use are usually cyclic, based on the activity and joint position.
For an artificial structure, this implies a tendency to cause progressive fatigue failure.
In addition, cyclic tensile stresses can lead to progressive creep elongation—a phe-
nomenon that will bring a return of joint laxity. Not much data exists on the forces
imposed on ligaments, and the most relevant data relates to the knee ligaments when
walking. Gait analysis has led to predictions of two load peaks per stride on the ACL
of approx 150 N with the implication that this may rise to 600 N when jogging (7).
Forces during strenuous athletic activities are largely unknown, despite the aim of
most ligament reconstruction surgery to return to such activity levels. This suggests
that artificial ligaments should be tested for resistance to cyclic tensile forces in the
region of 800 N in an aqueous environment at body temperature. With people taking
approx 2 x 10° strides per year, it seems appropriate to run tests for 107 load cycles.
This level of testing has been rarely used in the development of artificial ligaments,
which may explain many of the failures that have been reported. Many publications
have included ultimate tensile strength data for artificial ligaments that has been com-
pared to the strength of the natural structures being replaced. However, the above
statements show that the strength should actually be much higher than this, as most
polymers will creep significantly at a small fraction of their ultimate tensile strength
when subjected to cyclic loading at body temperature, leading to the reappearance of
joint laxity.

Tensile tests of natural ligaments show nonlinear behavior, where an initial low
stiffness is superseded by stiffer linear behavior prior to rupture. This stiffness transi-
tion relates to the collagen fibril crimp being straightened out on a microscopic level.
At a larger scale, the ligament fibers normally will not all have the same degree of
slackness/tightness at any joint position because the ligament fibers attach over an
area of bone, rather than at a point. Thus, as the bone attachments pull apart, a progres-
sive tightening of the ligament fibers occurs, and they are recruited sequentially as
they pass through the slack—taut transition. It has been hypothesized that this feature
of ligament tensile behavior is intended to provide a more gradual arrest of bone—bone
displacement, thus reducing impact forces. Regardless of the reason, it is appropriate
to try to match the natural tensile characteristics, as this allows the artificial ligament
to act in concert with the surrounding tissues, sharing the loads normally between
cooperating structures. Clearly, an artificial ligament that has greater stiffness than the
natural ligament it has replaced is relatively prominent regarding load sharing, caus-
ing it to be subjected to unnecessarily high loads, while other tissues do not experience
their normal loads.

There is little evidence available for the strength of natural ligaments in young
adults, the typical patients for reconstructive surgery. The ligament that has been stud-
ied most is the ACL; it has long been known that the strength declines with advancing
age. Woo et al. have shown that the strength declines from approx 3 kN in young
adults (20-30 yr old) to approx 0.7—1 kN by 70 yr old (8). This ratio of strength with
youth should be noted when reviewing the literature on other ligaments, because almost
all such work is based on tissue of the elderly. However, it is not known if other liga-
ments suffer the same loss of strength with advancing age, and efficient vasculariza-
tion of surrounding tissues for ligaments that are not intra-articular may possibly reduce
this tendency.
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Fig. 1. Artificial ligaments clinically available in the United Kingdom in 1985 (from left to
right): carbon (Johnson & Johnson), carbon and polyester (Surgicraft), Leeds-Keio polyester
(Neoligaments), Dacron (Stryker-Meadox), bovine glutaraldehyde-fixed xenograft tendon
(Xenotech), and Gore-Tex polytetrafluoroethylene (WL Gore).

Although cyclic creep tests imply that the artificial ligament has sufficient fatigue
strength, the exact conditions of use and proposed implantation method may indicate
additional fatigue testing. This applies particularly to situations where the artificial
ligament has to pass over a corner, such as the exit from a femoral bone tunnel, where
there could be localized abrasion. Cyclic tensile loads cause the artificial ligament to
extend and contract, leading to fretting motion against the bone, which may cause lib-
eration of particulate debris. Along with abrasion against external surfaces, an artificial
ligament with multiple fiber strands can suffer internal abrasion between the fibers, if
the cyclic loading and/or bending/twisting cause the fibers to rub together. This is most
likely to occur if the implant has a braided or woven structure and can lead to progres-
sive loss of strength, as well as chronic liberation of implant particles into the sur-
rounding tissues.

HISTORICAL REVIEW OF ARTIFICIAL LIGAMENTS

The potential of cruciate ligament reconstruction received widespread attention as a
result of trauma during World War I, when the first attempts at artificial ligaments
appeared. This focus was not revisited until the 1970s, which was followed by a period
of intense activity that peaked in the mid-1980s (Fig. 1). A rapid collapse of the use of
these devices arose in the early 1990s. Because of the many different approaches pur-
sued during that time, it would be confusing to discuss events in a chronological order;
thus, this review describes the individual materials used to fabricate artificial ligaments.

Early Days

Prior to the 1970s, artificial materials were rarely used for reconstruction of liga-
ments or tendons, but isolated reports included the use of certain materials, such as
silver wires or silk sutures (9).
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Fig. 2. The polyethylene rod ACL prosthesis, secured by titanium alloy nuts.

There were several attempts to make structures that would reproduce the force-vs-
extension characteristics of natural ligaments that are compliant at low loads but stiffen
to give quasielastic behavior from approx 4% elongation to failure at about 20% elon-
gation. Typical designs incorporated relatively stiff tapes or cables of Dacron fibers
(see following sections for description of this material) that surrounded or took an
undulating path among silicone rubber cylinders. The concept was that the rubber would
deform easily at low loads, after which the structure would stiffen. While this may
sound feasible, the designs were usually not practical.

Polyethylene

The first commercially available device for ACL reconstruction was the polyeth-
ylene rod implant. This implant was passed through the knee along the path of the
ACL, with tunnels in both the femur and tibia. Then it was secured to the bones using
titanium alloy nuts, which were countersunk into the bone surfaces and engaged with
threaded ends of the polyethylene rod (Fig. 2). It was not long before these devices
started to fail within the knee. They had been designed with little knowledge of the
ACL strength, or of the forces and movements within the knee to which it would be
subjected. An analysis of these factors showed clearly that the device was suscep-
tible to fatigue failure and was also much weaker than the ACL (/0).

Polyethylene is relatively inert and resistant to hydrolytic degradation in vivo, simi-
lar to many manmade polymers, and its acceptance for use in joint replacement led to
its consideration for ligaments. The polyethylene grade used for artificial joints—
ultra-high molecular weight polyethylene—has a tensile yield strength of approx 20
MPa. Thus, to match the 3-kN strength of the ACL in a young adult, a 14-mm diam-
eter rod would be required. Such a device would effectively immobilize the knee ow-
ing to its high bending stiffness. In fact, the implant used was 6 mm in diameter and
therefore had a failure strength of only 600 N. These implants did not fail because of
the lack of tensile strength; the great ductility of polyethylene (approx 200% strain to
failure) would require the knee to dislocate if this was the cause. Rather, the reason for
failure was fatigue from repetitive bending and torsion of the 6-mm diameter rod at
the entrance to the femoral tunnel, along with the cyclic loads during locomotion of
about 150 N twice per stride when walking and possibly 6—800 N when running (7).
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Bending fatigue is worth considering at this point, because the polyethylene implant
has not been the only implant affected by this mode of failure. If a fiber is bent, then the
centerline takes a curved path. Reviewing the radius of this curve shows that the fiber
surface on the outside of the curve takes a longer path; it is therefore under tension.
Similarly, the surface on the inner aspect is under compression, and the stresses act
along the fiber. These tensile and compressive stresses balance each other to establish
an equilibrium of forces acting across the cross-section of the fibre, and the central
point has no bending-induced direct stress. Analysis of the geometry of this curved
body reveals that the tensile and compressive stresses build up in proportion to their
distance away from the centerline. Hence, for a given imposed curvature, the surface
stresses are greater in a larger-diameter fiber. This is the underlying reason why the
6-mm diameter polyethylene rod suffered fatigue failure, with the cracks initiating on
the rod surface at the point where it exited the bone tunnel in the femur.

Polypropylene and Nylon

These materials have been employed widely as sutures, which reflects their rela-
tively inert behavior in vivo. With this consideration, the earlier workers experimented
with polypropylene and nylon for ligament reconstructions (//,/2). However, although
these materials can support tissue integration, they lose tensile strength (nylon, see ref.
13) or creep excessively in vivo (polypropylene, see ref. /4) and have consequently
faded from use. This property of polypropylene did not stop its brief popularity as a
ligament augmentation device—a stent intended to share the load alongside a ligament
graft. However, comparative clinical trials failed to show any advantage in its use (15).

Carbon Fibers

Carbon fiber was introduced as a result of pioneering work in the mid-1970s by
Jenkins, a surgeon based in Cardiff. The underlying rationale was that our body chemis-
try is carbon-based; these fibers should be biocompatible. Carbon fibers are made by
high-temperature pyrolysis in a hydrocarbon atmosphere of a polymeric precursor fiber,
normally polyacrylonitrile, which leaves a carbon residue as a fiber. Contrary to com-
mon beliefs in the surgical community at that time, carbon fiber was not pure carbon;
approx 1-2% of other material remained to impart some strength and ductility. In addi-
tion, the carbon fibers were normally coated with an agent intended to aid the adhesion
of polymerizing resins when the fibers were used as reinforcement (e.g., in golf clubs
or aircraft structures). Although the fibers are very strong when loaded in tension and
embedded within a polymer matrix, they are extremely fragile when exposed to han-
dling or any other outside force. This fragility is due to the brittleness of the material,
that has an elongation to failure of only approx 1.5%. The normal commercial production
of carbon fiber led to a tow of 10,000 fibers twisted loosely together, each fibre 9 um in
diameter (Fig. 1).

Initial animal experiments led to histological evidence that was claimed to show
carbon fiber had been the basis of a “neoligament.” Carbon fiber was reported to act as
a scaffold on which a new ligament would grow (/6)—a novel concept that led to
further rationalization for the implant design used. This was necessary because the car-
bon fiber tow supplied for cruciate ligament reconstruction had a tensile strength of
approx 900 N, which was much less than the 3-kN strength of the ACL in a young adult.



Artificial Ligaments 239

Fig. 3. (A) Transmission electron micrograph of transverse section of the middle of a carbon
fiber ACL implant at mid-joint space in a rabbit, with very little tissue ingrowth at 36 wk
(x3750 magnification). (Continued on next page.)

(In fact, at that time, the best data available for ligament strength (/7) suggested a mean
strength of 1.72 kN for the ACL in young adults). It was argued that the progressive
breakdown of the carbon fiber implant was actually desirable, as this encouraged the
formation of the neoligament tissue. Evidence was presented to show that the strength
of the implantation site built up to normal by 6 wk postoperation when implanted as an
Achilles tendon replacement in rabbits (/6). The early experience in human use was
published (/8), and carbon fiber implants were then commercially available.

Controversy arose almost immediately when other research groups discovered they
could not reproduce the findings from Cardiff. Animal studies found that the carbon
fiber tows often disintegrated within the knee joint, leaving large amounts of black
debris in the synovium, despite that the implants were of twice the strength of the
natural ligament that had been replaced (/9). One reaction to this finding was that
some groups started to produce the implants with a coating of resorbable biocompatible
polymer, such as polylactic acid. This coating was intended to hold the tow together in
the postsurgery period while the tissue encapsulation occurred, thus protecting the
carbon fiber (20). In addition, development of novel methods to prepare thin tissue
slices for histology then allowed the complete cross-section of the carbon fiber tows to
be displayed for the first time. Tows were shown to be encapsulated peripherally, but
the carbon fibers had not been separated by collagenous tissue ingrowth centrally
(Fig. 3A)—this was confined to the periphery of the tows. More detailed examination
by electron microscopy showed that the collagen ingrowth was not intimately associ-
ated with the carbon fibers, and there was often a multinucleate giant cell reaction to
the fibers (Fig. 3B; 27). These findings, which conflicted with the original reports, led
to debate concerning the role of possible coating agents when the fibers were made
and of the purity of the carbon fiber, because later clinical implants used a grade of
carbon fiber that provided slightly better toughness at the expense of a greater level of
residual impurities.
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Fig. 3. (Continued) (B) At the periphery of the implant, carbon fibers were engulfed by multi-
nucleate giant cells; the surrounding tissue included dense collagen fibers (x5200 magnification).

Along with the development of fiber tows, clinical use of carbon fiber led to the first
purpose-made ligament anchorage devices. The carbon fiber tow was supplied with a
loop at one end, and a toggle was supplied that could be passed through the loop. When
the implant was tensioned, the toggle was pulled down to bridge over the entrance to
the bone tunnel. At the far end, a bollard device was used. This had a domed head and
a shank that was positioned into a drill hole in the bone. When the carbon fiber tow had
been tensioned and wound around the shank, the bollard was hammered into the bone,
then secured by hammering a central rod through it. The effect of this rod was to spread
out the three shank segments, so that they gripped the bone in the same manner as a
bolt used for anchorage in concrete. These devices were made of a composite material,
with carbon fiber embedded in a polysulfone matrix (22). There were also develop-
ments in the surgical instruments, particularly cutters used to remove sharp edges from
the entrances to bone tunnels (23).

Despite these developments, the use of carbon fibers was gradually discontinued, as
it was recognized that their extreme brittleness was a handicap that could not be over-
come. This led to particles being shed that sometimes caused synovitis (24). In the final
analysis, it appears that the carbon fiber essentially led to an intense fibrotic reaction,
which was attempting to wall-off the implants, rather than the desired goal of benign
tissue ingrowth spreading the fibers apart and forming a neoligament.

Polytetrafluoroethylene

Polytetrafluoroethylene (PTFE) is extremely inert when placed in vivo, which led to
its use in arterial grafts. This had been noted by Charnley when he developed the first
low-friction hip arthroplasty, that used a PTFE acetabular cup. Unfortunately, for Charn-
ley and his patients, although the PTFE implants were inert when placed into the body,
the wear particles shed from the hips were not and caused an intense fibrotic reaction.
In addition, these cups wore at an unacceptable rate, which increased the volume of
wear debris (25). Consequently, all the PTFE cups were revised to polyethylene. It was
eventually realized that, despite the inertness of PTFE in bulk and the wear particles’
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Fig. 4. Gore-Tex PTFE implant retrieved after 6 yr, indicating plaited structure and minimal
tissue integration.

chemical inertness, their size and morphology meant that they could not readily be
phagocytosed. The resulting cell damage catalyzed a release of enzymes that triggered
a chain reaction. This history is relevant because particles from artificial ligaments
have caused similar reactions within the knee.

Following the acceptance of PTFE in arterial grafts, Butler reported on a series of
dogs and cats that had the ACL replaced by a strip of woven PTFE (26). Histology
showed infiltration of the weave by fibroblasts and connective tissue fibers. This gave
a smooth glistening structure upon gross examination. However, it was also noted that
the implant acted as a reservoir for infection.

In addition to its use as a nonstick surface in cooking utensils (with the brand name
Teflon), PTFE is also well known as the basis for Gore-Tex waterproof clothing. The
principle by which this fabric works is that it contains numerous pores that are too
small to allow passage of water droplets, but are large enough to allow vapor to pass
through. The Gore company developed a process in which the PTFE fibers were heated
and stretched to form expanded PTFE. This expansion resulted in a microstructure that
appeared like a chain of solid polymer nodes that were linked by multiple microfila-
ments. The water vapor could pass between these microfilaments. This material was
used to make the Gore-Tex artificial ligament.

The Gore-Tex artificial ligament had a plaited structure of large-diameter expanded
PTFE fibers (Fig. 4). At each end, the PTFE was compressed into an eyelet to take a
fixation screw. The plaited structure was intended to provide sufficiently large pas-
sages through the implant for bone ingrowth to secure it. The Gore company conducted
thorough engineering design and testing, including long-term cyclic creep tests and
bending fatigue tests (27). This implant had a tensile strength of 4.4 kN.

Prior to clinical use, there were extensive studies of Gore-Tex ACL reconstruction
in sheep, concentrating on the tissue ingrowth and searching for reactions around
the knee (stifle) joints. The implants were fixed securely in the bone tunnels by dense
fibrocartilagenous tissue (Fig. 5), whereas the intra-articular length was merely cov-
ered by a thin film of synovial tissue instead of being incorporated into a neoliga-
ment. Thus, the Gore-Tex ligament was unambiguously a permanent prosthesis.
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Fig. 5. Longitudinal section of Gore-Tex implant, showing fibrocartilagenous tissue ingrowth
between the nodes of PTFE at 15-mo post-implantation (H&E stain, X570 magnification).

Fig. 6. Scanning electron micrograph of Gore-Tex implant, illustrating microfilaments of PTFE
linking the solid nodes (x570 magnification).

The Gore-Tex prosthesis was marketed extensively worldwide, which resulted in
large numbers being used in the years around 1990. The solid scientific evidence
meant that there was widespread use of an artificial ligament in North America for
the first time. However, although the early (2-yr) follow-ups were reporting good
results, the 5-yr results showed an increasing number of failures and patients with
symptoms related to knee joint effusions and synovitis (28).

An implant retrieved by the author showed the reason why failures from joint effu-
sions occurred. First, the implant shown in Fig. 4 had been removed very easily. It is
still intact; it had not been incorporated solidly into the bone tunnels in 6 yr of implan-
tation. When examined by scanning electron microscopy (SEM; Fig. 6), the microstruc-
ture of solid nodes of PTFE linked by microfilaments is obvious. Transmission electron
microscopy then revealed that the surrounding tissues included numerous needle-like
bodies (invisible on light microscopy) within the cells. Their dimensions were similar
to the microfilaments of PTFE that crossed the gaps between the solid nodes of the
implant fibers. Several mechanisms could explain how these particles were created.
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This particular implant had not been integrated into the bone tunnels but was surrounded
by a thin coating of soft tissue. Fretting possibly occurred between implant and bone
owing to the cyclic loads imposed during locomotion that would abrade the implant
surface. Although feasible, this was discounted because other implants that had been
solidly fixed also caused effusions. A second related mechanism is intra-articular abra-
sion caused by the sides of the femoral intercondylar notch rubbing the implant as the
knee flexed and the tibia rotated. The third mechanism is fiber fatigue. Each fiber was
of comparatively large diameter; thus, as with the polyethylene rods, bending would
induce tensile stresses on one side. Individual microfilaments could then be stretched.
Whatever the relative contribution of each mechanism, clinical failures appear to have
resulted from the implant shedding particulate debris.

The use of artificial ligaments declined drastically after these disappointing results
were reported. The Gore company identified the intra-articular abrasion as the cause of
the offending particles and so implants were subsequently modified. The mid-length
third of the implant within the knee joint space was compressed back to a smaller
diameter. The two ends still retained their plaited structure of expanded PTFE fibers to
allow bone ingrowth for fixation. The “compact diameter” graft represented a recogni-
tion that no significant ingrowth had been found within the knee; the implant was now
clearly a permanent prosthesis. In addition, some surgeons recommended the use of a
notchplasty procedure when using a Gore-Tex prosthesis to remove the medial aspect
of the lateral femoral condyle, thus ensuring that the implant would not be abraded
(29). This approach was not suitable for the mood of the time, and Gore withdrew from
the market in 1993. These events led to the situation that has since persisted: a lack of
artificial ligaments available in North America.

Polyester

Although the term “polyester” consists of a whole family of polymers, there is one
specific compound of interest to this review: polyethylene terephthalate, used widely
in clothing. In North America, it is often manufactured by duPont, whose brand name
for this polymer is Dacron. Similarly, the same material manufactured by ICI in the
United Kingdom is known by their brand name as Terylene, and Hoechst in Germany
manufacture Trevira fibers. Other manufacturers have other names, but the basic poly-
mer remains the same. Prior to its use in ligament reconstruction, there was a wealth of
knowledge of the benign tissue reaction to polyester from the vascular surgery field.
Implants constructed by weaving or knitting polyester fibers into tubes have been
used extensively as blood vessels since the 1950s, and this work clearly showed that a
polyester fabric allowed host tissue invasion and maturation (30). Long-term studies
(up to 7 yr) of such grafts revealed that tissue ingrowth took place without adverse
reactions (31).

Before polyester was utilized for intra-articular ligament reconstructions, it was
investigated for artificial tendons. Much of this work was based on a polyester cord as
a central load—carrying core, with a silicone rubber outer layer to provide a smooth
gliding function within surrounding tissues (32). Polyester fibers were shown to be
unaffected adversely by immersion in tissues and fluids in vivo: there had been no loss
of strength or extensibility of the fibres 17 mo after implantation (33). The artificial
tendons ends were secured either by suturing or with specific devices, such as screws
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Fig. 7. Stryker-Meadox Dacron implant. The outer velour sheath has been opened to show
the dense load-bearing Dacron tapes in the interior.

into bone. This work led to the development of novel ideas for tissue ingrowth anchor-
age, in which the tendon ends were made into porous fabrics, and these sheets or tabs
of fabric were sewn into clefts in the muscles or passed through drill holes in bone.
These features then allowed tissue ingrowth to fix the devices (34,35).

Early research on in vivo tissue responses to polyester implants involved a signifi-
cant rate of mechanical failures within the knee (stifle) joints, along with synovitis that
was related to implant particles. However, the implants that had remained intact had
been able to act as scaffolds supporting fibrous tissue ingrowth (/2,36). The failures
were undoubtedly from inadequate implant strength, as no data were available then on
the strength of the natural structures being replaced in animals, and the implants were
usually based on the woven velour fabrics used as blood vessels. These fabrics were
weak and too extensible to duplicate the mechanical behavior of ligaments. As a result,
Stryker collaborated with Meadox, a manufacturer of artificial blood vessels, to develop
an implant with a Dacron velour tube that contained dense Dacron tapes (Fig. 7). The
rationale was that the velour covering would act to trap tissue ingrowth, while the tapes
would carry the load and be protected from abrasion by the surrounding sheath (37).
This structure resulted in a tissue reaction in which the sheath was invaded by
hypercellular fibrous tissue, but the interior contained chondroidal and necrotic tissue
(38).

These events showed that tissue reaction depends on many factors in implant design,
an issue largely explored during the development of vascular implants. Both Lyman
(39) and Skelton (40) discussed important factors, such as the impact of polymer syn-
thesis and manufacturing on biocompatibility, noting that their effects could arise from
numerous sources. These include traces of unpolymerized oligomer or catalyst (often
fine particles of heavy metals, e.g., strontium); contaminants collected from dies dur-
ing fiber drawing; lubricants used during the spinning of fibers into yarn; and other
materials within the polymer fibers, such as the delusterants used to remove the shine
from fibers intended for clothing (often titanium dioxide particles). Other sources are
from the aromatic dyes used to color fibers to make sutures more visible (39,40). Along
with these factors, the textile structure has an important role. For example, a woven or
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Fig. 8. ACL based on a polyester fiber implant in sheep at 6 mo. The implant has been
completely covered by host tissue.

braided structure could lead to the delicate strands of tissue ingrowth within its inter-
stices being strangled when the implant is loaded. Another problematic mechanism is
that fibers moving over each other under cyclic loading tend to cause abrasion, and the
implant then sheds particulate debris that often triggers an undesirable chronic tissue
reaction. Neglect of any of these factors can lead to less than optimal results, and it is
unfortunate that much work has had this conflict.

Work on polyester fibers by the present author arose from observations of the devel-
opment of carbon fiber-based implants by Jenkins et al. Preliminary laboratory work
found that the carbon was too stiff to match the elastic behavior of the reconstructed
natural structures, and concerns existed about their brittleness that led to fragmenta-
tion. Noting the earlier work on polyester fibers for arterial grafts, as well as the prob-
lems with polymer fiber biocompatibility, trial implants were made from a grade of ICI
Terylene with the following specifications: very low elastic modulus, bright fibers (i.e.,
without any delusterant particles), undyed, and with the smallest-diameter filaments avail-
able (15 um). These were available as a yarn of 20 filaments twisted loosely together.
The low modulus allowed implants to be made with similar strength to the tendon or
ligament under study, yet retained physiological structural stiffness with more than
30% elongation to failure.

The biocompatibility of polyester fibers was studied at the calcaneal tendon and ACL
in rabbits and sheep in both sites, with up to 24 mo in vivo study. The polyester fibers
acted as a template on which collagenous tissue was laid down (Fig. 8). This was a
relatively slow process, where tissue ingrowth and subsequent maturation progressed
radially inward from the periphery of the cross-section. Thus, the initially delicate cellu-
lar ingrowth was followed by progressively more collagen fibers. At the periphery of the
implants, the polymer fibers were widely spaced and allowed dense collagenous
ingrowth (Fig. 9A). Conversely, the interior initially contained relatively sparse collagen.



246 Amis

Fig. 9. (A) Transmission electron micrograph of transverse section of polyester fiber ACL
implant in rabbit at the periphery at mid-joint space at 36 wk. The polyester filaments have
been embedded in dense well-organized collagen tissue (x9300 magnification). (B) At the cen-
ter of the implant, the tissue was less mature and still contained many active fibroblasts and
areas of collagen fibrils (x2500 magnification).

By 6 mo, transmission electron microscopy of the calcaneal tendons showed a dense
well-ordered collagen structure throughout the implants, where most of the collagen
fibrils aligned parallel to the implant axis with an ordered array of circumferential
fibrils and fibroblasts (2/). The tissue ingrowth matured at a slower rate within the
knee joint when used to reconstruct the ACL. At 36-wk postsurgery in rabbits, the
center of the implant still contained numerous active fibroblasts and pockets of syn-
ovial fluid, in addition to bundles of collagen fibers (Fig. 9B; /9). A preclinical trial in
sheep (41) found that the entire cross-section of the implants contained mature collag-
enous tissue by 1 yr postsurgery with a layer of well-organized collagen fibers on its
surface. By 2 yr (Fig. 10), this surface layer had proliferated to give bundles of liga-
ment-like tissue.

Although the histological studies had shown proliferation of dense collagenous
tissue within and around the polyester fiber implants, this did not necessarily corre-
late with increased strength. Reconstructions of calcaneal tendons had shown steady
increases in strength until the neotendons had the same strength as the normal tendons
by 6 mo (42). However, it should be noted that this site heals well, and excision of the
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Fig. 10. Transverse section of polyester ACL implant in sheep at 24 mo, at mid-joint space.
The cross-section has been filled by dense collagenous tissue similar to ligament that contains
some fibroblasts and blood vessels (Martius scarlet-blue stain, X200 magnification).

Fig. 11. Scanning electron micrograph of Apex (DePuy-duPont Orthopaedics) polyester
implant retrieved from patient at 24 mo. The polyester filaments have been spaced apart by
dense tissue ingrowth (x320 magnification).

tendon used as a control led to approx 50% of normal strength owing to a fibrous
tissue strand established across a 60-mm defect. When the polyester replaced the ACL
in sheep, the strength was significantly less after 2 yr despite the extensive collag-
enous tissue formation (4/7). The implants had been linked to the bone tunnel’s walls
by organized fibrous tissue that bridged the gap from bone trabeculae to the implant,
where the fibers were oriented to slant across the gap, thus aligned to resist traction.
This resulted in a strength of approx 300 N in the bone tunnel of the tibia at 12 mo.

Human use inevitably had some implants fail, and the retrievals were analyzed (43).
Most failed implants had been cut transversely because of impingement by the anterior
edge of the femoral intercondylar notch as the knee reached full extension. The others
had failed traumatically. It was found that the implants had supported very similar
tissue ingrowth to that reported in the animal studies. The implants had been inserted
through 6-mm bone tunnels and were approx 13-mm in diameter when retrieved. Thus,
the majority of the cross-section was now collagenous tissue (Fig. 11).
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Fig. 12. Magnetic resonance image showing cavity around Apex implant in proximal tibia 5-
yr postimplantation.

Given that these early implant failures had explanations unrelated to fundamental
problems with the implants themselves, why were these devices withdrawn from clini-
cal use? The immediate answer was that the commercial case collapsed with the loss of
confidence associated with the withdrawal of the Gore-Tex implant described earlier.
As time increased, however, more fundamental problems arose that gave good scien-
tific reasons to not use polyester fibers within the knee. The phenomenon of bone tun-
nel widening post ACL reconstruction is well known and affects all types of grafts,
including autografts (44). This widening had been measured in the sheep studies with
polyester fibers, and the diameter had increased up to 1 yr and then stabilized (41). It
had been rationalized as a functional adaptation that allowed a sufficient length of
fibrous tissue to accommodate the cyclic elongations of the graft under functional load-
ing that would cause fretting motion between the graft and bone. However, after approx
5 yr in humans, some developed cavities around the implant below the tibial plateau
(Fig. 12). At revision surgery, the cavities were found to be filled with a dense fibrous
tissue mass and required bone grafting before autogenous graft could be placed. Analy-
sis of the tissue revealed occasional polyester fragments, and these were presumed to
have been shed from the implants by an abrasion process, then to have triggered the
tissue reaction (45). This failure scenario was supported by SEM of the implant fibers;
damage to the polyester filaments was always found. They were often deformed in
ways that suggested transverse shearing and compression, along with longitudinal abra-
sion (Fig. 13). A knee joint test rig was built and run that included a human knee with
a polyester ACL. The implant was placed to incur impingement as the knee extended.
When the implants were retrieved from the rig and examined by SEM, the fiber dam-
age was identical to that seen on the clinical specimens (46). Although this analysis
implies that the implant may still function well long term, provided that abrasion can
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Fig. 13. Scanning electron micrograph of damaged polyester filament from ruptured implant
(x1400 magnification).

Fig. 14. The structure of the Leeds-Keio polyester ligament, a tubular cross-weave intended
to capture tissue ingrowth.

be avoided, further evidence from long-term retrievals suggested otherwise. It was
found that these implants usually had extensive areas of tissue deep within them, where
the collagenous tissue was acellular and becoming necrotic. Despite the initially healthy
appearance of tissue ingrowth, which included vascular structures, the hypertrophy of
the collagen structure eventually led to inadequate nutrition. Ingrown tissue may then
become weaker with time (47). Of course, this was contrary to the tissue ingrowth
philosophy that nearly all fibrous artificial ligaments had been based on.

A similar case relates to the Leeds-Keio polyester ligament (Fig. 14), which also
depended on tissue ingrowth to become a collagen—polyester composite structure.
Human cases reviewed at arthroscopy showed the appearance of a reformed ACL, and
the histology of biopsies showed collagenous tissue was associated with both the sur-
face (48) and interior of the grafts (49). However, an animal study (50) suggested that
the Leeds-Keio implant should be considered as a permanent device, not a scaffold or
stent, and the tissue formation associated with the graft did not cause any increase in
strength. An independent clinical review concluded that their arthroscopic and histo-
logical studies had failed to demonstrate a convincing development of a functional
neoligament. Instead, there were instances of synovitis, and the number of complica-
tions was greater than expected from a similar series of autogenous grafts (57).
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When failings such as this were publicized, along with the sudden withdrawal from
use of the Gore-Tex prosthesis, it is not surprising that many surgeons decided not to
continue using artificial ligaments on a clinical basis. Even those implants that had exten-
sive testing were eventually subject to abrasion and the tissue reactions from particulate
debris. However, this conclusion does not nullify the argument stated earlier, describ-
ing the potential appeal of artificial ligaments. How can this clinically desirable aim be
approached, while also learning the lessons from the past? It seems that the answer
may lay in the realm of resorbable implant technology, augmented by the emerging
field of tissue engineering.

RESORBABLE MATRICES AND TISSUE
ENGINEERING OF LIGAMENTS: FUTURE POSSIBILITIES

This review has shown that some work on artificial ligaments that used relatively inert
polymer fibers as a scaffold was successful in obtaining collagenous tissue ingrowth.
Many features of normal ligament development and maturation were observed. Initially,
there was a delicate fibroblastic response that left much of the cross-sectional area filled
with fluid. As time increased, collagen production and reorganization led to a greater
proportion of the cross-section being occupied by tissue presumably similar to an imma-
ture ligament but capable of load-bearing function (43,52). This process was an early
example of tissue engineering. The implantation of a polymer fiber matrix had provided
a template to guide the foundation of a new viable tissue structure, which was intended
to reproduce the functions of the damaged structure being reconstructed. In this circum-
stance, the implanted matrix was intended to be inert; thus, it was only subject to the
fibrous tissue encapsulation response expected for an inert foreign body. Fortuitously,
this response lays down tissue that is similar to ligament, because it is composed largely
of aligned collagen fibrils and includes a population of fibroblasts. As every individual
polymer fiber caused a microencapsulation response, the overall effect was to build a
substantial collagen structure.

A similar sequence of events has been observed for the revascularization and remod-
eling of ligament autografts, when a structure, such as patellar tendon, is used to replace
a cruciate ligament (53). It has often been questioned whether this process leads to a
new ligament. A detailed study by Amiel, Kleiner, and Akeson did show a progressive
return toward normal measures for a range of biochemical assays of the neoligaments
which introduced the term “ligamentization” (54).

However, studies at the ultrastructural level have shown how attempts to re-form
ligaments do not result in collagenous tissue identical to that of a normal mature liga-
ment. Particularly, the collagen fibril population remains dominated by small-diameter
fibrils (40—80 nm), rather than including the larger-diameter fibrils that are characteris-
tic of mature ligaments, providing a bimodal distribution curve of occurrence frequency
of fibril diameters (55,56). This is important for the mechanical function of the
neoligament. Parry, Barnes, and Craig described how the collagen fibril diameters
change with increasing age and hypothesized that fibril diameter may relate to tensile
strength (57). They later suggested that the large-diameter fibrils that are accumula-
tions of collagen molecules obtain their strength from the increased opportunities for
intermolecular crosslinks in these large-diameter, densely-packed bundles (58). They
also speculated that the presence of a large number of small-diameter fibrils in imma-
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ture tissue, such as a maturing ligament scar following trauma (or else a remodeling
autograft?) may help to confer creep resistance because of the resulting large surface
area available for interaction with the surrounding ground substance. This is particu-
larly important in the period shortly after ligament reconstruction, when the immature
structure may elongate irreversibly under the cyclic loads imposed during function and
rehabilitation, which would cause a return of joint laxity. Maturing ligament repair
tissue has been shown to be more susceptible to creep than a normal ligament (59).

An abnormal collagen fibril population has been observed for cruciate ligament recon-
structions based on autogenous grafts (60), where the collagen fibrils remained around
20-60 nm in diameter up to 2-yr postsurgery. In addition, these authors noted that the
use of autogenous tissue did not cause restitution of normal profiles for cells, elastic
tissue, and proteoglycans. A very similar circumstance has been repeated when the
maturation of allogenic ACL grafts has been studied (6), except that the process is
more profound and slower than with autografts. The resulting structure is then like that
obtained via a polyester fiber scaffold implant, and the collagen fibrils remain at approx
40-nm diameter. None of the studies examining these new tissues have shown that the
mechanical properties return to the equivalent of those in the original ligament. Thus,
the tissue laid down on an artificial matrix is likely not inferior to that which results
from an autogenous graft.

If neoligaments are to be produced for future clinical use, a main difference from
earlier experience will be that they must be based on resorbable scaffolds. This new
basis is essential to avoid the long-term side effects observed when implant particles are
shed chronically into the surrounding tissues. Instead, the aim must be for the resorbable
matrix to have resorption characteristics that allow it to maintain its mechanical role for
a sufficient time. New tissue ingrowth can then become sufficiently plentiful and strong
enough to enable an orderly transfer of function when the matrix degrades.

Although resorbable fibers have been used clinically for many years as sutures, those
earlier materials (e.g., chromic catgut, actually based on ovine intestinal mucosa), have
a strength retention half-life of 5 d (30), which is too short for a new ligament to be
established. An early approach to this problem used a braided polyglycolic acid (PGA)
fiber structure (Dexon suture by Davis and Geck) to reinforce repairs of transected
ACL in dogs (6/). The implant consisted of 30 strands of 2-0 Dexon braided together,
giving a strength of 930 N. However, although this experiment appeared to be success-
ful, PGA loses its strength too rapidly to be a basis for ligament reconstruction and has
a strength retention half-life of approx 12 d (30). An advantage of PGA, however, is
that it degrades harmlessly in vivo, and this is also true for polylactic acid (PLA). Both
are excreted as carbon dioxide after the acids are metabolized. Further work led to
synthetic degradable sutures with greater strength retention, such as polydioxanone
(PDS, Ethicon) and polytrimethylene carbonate (Maxon, Davis and Geck). Bourne et
al. found half-lives of 3 and 6 wk, respectively (62). This advantage is added by the
finding that these suture materials caused less chronic inflammation than catgut or
Polyglactin (PGA-PLA) sutures when used in fascial closure in rats (63). The potential
of these degrading fibers to avoid the problems of particulate debris was shown by
Claes et al. when their combined reconstructions of anterior cruciate and medial collat-
eral ligaments using PDS showed no capsular changes from normal, whereas the ani-
mals with nonresorbing fibers had synovitic inflammatory changes related to particles
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(38). The potential for Maxon to retain strength was shown in a study of flexor tendon
repairs (64). But this study also showed that degradation products accumulated in the
tissue, causing tendon swelling and adhesion. Of the materials currently accepted for
clinical use, it appears that PLA or a PLA-PGA copolymer may be best suited for
ligament matrices, but other materials are being researched that will not inhibit tissue
formation by producing an acidic environment as they degrade.

The term “tissue engineering” usually implies the induction or augmentation of a
cellular reaction that brings about the formation and maintenance of a particular type
of differentiated tissue. This often requires cells to be grown and expanded under
conditions relevant to the expected end-use. The cells can be grown on a relatively
inert substrate, as in conventional tissue culture work, or under conditions simulating
the organ of interest. In addition, the growth medium must either be replaced regu-
larly or exchanged by a continuous flow process to maintain the optimal cell growth
conditions (65). Although it is still early research, work on ligaments and tendons has
been reviewed (66,67). One approach was to use growth factors that would stimulate
collagen production by uprating the proliferation and activity of fibroblasts. This ap-
proach has had promising results. Schmidt et al. found that a range of growth factors
uprated the activity of the ACL and medial collateral ligament fibroblasts in vitro
(intriguingly, this uprating was not caused by the same factors in each ligament; 68).
Chan et al. have shown that basic fibroblast growth factor (FGF) caused significantly
greater patellar tendon fibroblast proliferation in vitro (69). A similar approach has
been attempted to augment the healing of tendon grafts into bone tunnels when the
grafts were placed with collagen sponge carriers that contained bone morphogenetic
proteins, transforming growth factors and FGF (70). Consequently, strength increased
by 65% at 8 wk after ACL reconstruction in rabbits.

More recently, it has been recognized that the growth factors must interact with
receptors on the cells and that these are present at different stages of the tissue reaction.
Such data are becoming available by gene screening of biopsies of healing tissues,
which allows active genes to be identified at different times. Work has begun on the
introduction of genes to host cells that can upregulate particular factors (67), e.g.,
decorin, which is associated with collagen fibrillogenesis.

Although the gene and growth factor treatments noted above have already shown
promise for enhancing ligament healing or new tissue formation, it should be recog-
nized that a specific growth factor or gene will only accelerate one aspect or phase of
this process. A more fundamental approach is to use uncommitted progenitor or
pluripotential cells, such as mesenchymal stem cells (71 ). These cells have the promise
of differentiating into fibroblastic ligament or tendon-forming tissue when influenced
by appropriate biochemical and mechanical strain effects. Differentiation catalyzes the
whole spectrum of genetic events, thereby enhancing all aspects of the host tissue reac-
tion.

A fundamental aspect of ligament behavior is their function as tensile restraints to
bone-bone motions, leading to imposition of cyclic tensile strains. The role of joint
mobilization after surgery to enhance tissue healing is well recognized. Yet, there is
still a lack of essential knowledge about the optimal strain environment in terms of the
magnitude, rate of application, or number of strain cycles necessary to obtain the fast-
est return to normal ligament strength. Zeichen, van Griensven, and Bosch found a
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biphasic response to increasing application times of 5% strains at 1 Hz to human ten-
don fibroblasts in vitro (72). There is much scope for further work.

CONCLUSIONS

This chapter has shown that the interior of the knee is a very demanding environ-
ment in which to test new materials and that debris from degrading ligament implants
causes adverse tissue reactions. Even when a material was used that already had a long
history of successful tissue integration elsewhere in the body, in addition to animal
studies up to 2 yr, undesirable reactions were still revealed only after years of clinical
use. Thus, it appears that artificial ligaments based on permanent, nonresorbing poly-
meric fibers will inevitably fail eventually. The answer, then, must be to base these
reconstructions on novel materials that resorb after a relatively short-term role as a
scaffold or matrix on which a new ligament can grow. The emerging knowledge of
tissue engineering promises to uprate these cellular proliferation and collagen matura-
tion processes via technologies that are relatively simple, such as cell seeding, to more
fundamental manipulation of the genetic environment of the cells. The potential of this
approach is still being realized, but manmade constructs may again be offered for clini-
cal use in the future, thus saving the injured joint from further traumatic graft-harvest-
ing insults.
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Tendon and Ligament Fixation to Bone

Christopher M. Hill, Yuehuei H. An, and Frank A. Young

INTRODUCTION

For the successful transplantation or transposition of ligaments and tendons, fixa-
tion techniques are very important. As most postsurgical rehabilitation protocols empha-
size immediate full range of motion and early return to function, fixation must provide
adequate strength and stiffness during the early postoperative period. Table 1 lists
mechanical properties (failure load, ultimate strength, stiffness, and elastic modulus)
of ligament, tendon, or deep fascia of different species. Ideally, fixation strength should
meet or exceed the requirements for normal activity on ligaments or tendons. In addi-
tion, fixation should not interfere with healing and must be biocompatible for long-
term use or easily removable (/). Large animals (goats, dogs, sheep, pigs, and monkeys)
are common species for studies of ligament and tendon fixation. Large bone volume of
these animals is the most important factor for the facilitation of bone instrumentation
(fixations with screws or implants). Selected animal models from the literature to evalu-
ate ligament or tendon fixation to bone are listed in Table 2.

Common fixation techniques include suture, staple, screw/washer, spiked bushing,
washer, plate, bone plugs or blocks, and interference screw. Several comparative evalu-
ations of different anchoring techniques have been published (2-7). Recently, a special
tension-adjustable artificial ligament anchor has been reported (8,9). Although a dis-
tance still exists between the current version and clinical application, it catalyzes a new
concept for ligament and tendon anchoring. In recent years, bioabsorbable fixation,
along with fixation augmented with bone growth factors, have shown promise in pro-
viding stable fixation and rapid biologic incorporation of the grafted tissue (/0-14).

HEALING

The normal healing of the grafted tissue and tendon—bone interface has been studied
histologically (27,32,49-52). In anterior cruciate ligament (ACL) reconstructions, all
autogenous grafts undergo the process of necrosis, revascularization, and maturation.
Experimental studies have shown that the intra-articular portion of patellar tendon
grafts becomes enveloped by a highly vascular synovial-like tissue during the first 4-6
wk while the core undergoes ischemic necrosis. By 20 wk, revascularization and
repopulation of the entire graft with new cells takes place, but the process of remodel-
ing continues. At 1 yr, the transplanted graft can have the histological appearance of a
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normal ligament (32). Kasperczyk et al. (27) defined a four-stage healing process of
autogenic patellar tendon grafts: necrosis, revascularization, collagen formation, and
remodeling.

Tendon healing in a bone tunnel may proceed via indirect or direct processes. Rodeo
et al. (5/) found indirect healing with an initial formation of a fibrovascular tissue
interface between tendon and bone. This was followed by woven bone in-growth into
the interface and progressive organization of collagen fibers, which gradually estab-
lished continuity between the tendon and bone. Other studies have shown that osseous
integration can progress by direct contact healing without the development of a fibro-
vascular interface (53).

Early in the postoperative period, the graft fixation site is the weakest link of the heal-
ing tissue. None of the commonly employed fixation techniques have strength or stiff-
ness comparable to the native tendon or ligament (54). Over time, the graft becomes
incorporated into the adjacent bone, and the weakest link shifts to the midsubstance of
the graft (5/-53). In a canine extra-articular model of tendon healing in a bone tunnel,
it was found that all specimens failed by tendon pulling out of the bone tunnel at 8 wk,
but by 12 wk all specimens failed by tendon pulling out from the clamp or midsubstance
rupture. A progressive increase occurred in the strength of the tendon—bone interface
during the first 12 wk, with the most dramatic increase during the first 4 wk. Histologi-
cally, this correlated with a progressive rise in the number and organization of collagen
fibers extending from the surrounding bone into the implanted tendon. These fibers
appeared identical to Sharpey fibers (57). St. Pierre et al (33) investigated the healing
of tendon attachments in troughs of cancellous bone in comparison to direct cortical
attachment. There were 20 goats subjected to a bilateral tenotomy of the infraspinatus
tendon. The tendons were attached using sutures either to the cortical surface of bone
or to a trough prepared in the cancellous bone. At 6 wk and 12 wk the two techniques
were indistinguishable both histologically and biomechanically. The authors found no
evidence that one technique was superior to the other.

INTERFERENCE SCREW
Metal Interference Screw

The recent trend toward early motion and aggressive postoperative rehabilitation
emphasizes the need for secure initial graft fixation before bony incorporation of the
graft (15,55). Interference screw fixation appears to meet the needs for most activi-
ties of daily living and rehabilitation programs and has therefore become the standard
for bone-tendon-bone graft fixation in ACL repair (54). In 1983, Lambert (56) first
described interference fixation using a 6.5-mm cancellous screw. Later, Kurosaka et al.
(17) demonstrated that the 9-mm interference screw (DePuy) had superior initial fixa-
tion strength over a 6.5-mm cancellous screw in an in vitro study. Paschal et al. (42)
compared postfixation (tying to cancellous bone screw) to interference screw fixation
in 20 frozen/thawed pig knees using bone-patellar tendon-bone ACL replacement
grafts. Displacement of the graft in the bone tunnel by a force of 110 N was measured,
as well as the load required to pull the graft out from femurs and tibias separately.
Displacements were significantly higher for postfixation than for the interference fixa-
tion; however there was no significant difference relating to bone type (tibia vs femur).
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The strength of the postfixation in femurs was 274 N, whereas for interference fixation,
it was 543 N. In tibias, the postfixation strength was 343 N, and the interference screw
strength 527 N. There was a statistically significant difference between the two types
of fixation. All grafts failed at the point of fixation.

Shapiro et al. (47) investigated the effect of screw size on the pullout strength of in
vitro ACL reconstruction using bovine knees. Results showed no notable difference
between 7- and 9-mm interference screws. However, in another study, it was found that
a 9-mm tibial interference screw disengaged from the bone tunnel at significantly higher
load to failure than a 7-mm screw. This same study also showed that a failed bone plug
fixed by a 7-mm screw could be refixed successfully with a 9-mm screw (57). The
screw diameter alone may not be as important as its relationship to the gap that exists
between the bone block and bone tunnel. A biomechanical study in a porcine model
showed that a 7-mm screw in a 1- or 2-mm gap gave equal failure strength to a 9-mm
screw in a 3- or 4-mm gap (58). Studies using human cadaver bone yielded similar
results (59). Additionally, a study by Brown et al. (60) showed that the amount of
interference (defined as the screw outer diameter minus the tunnel-bone block gap)
correlated with failure load, but gap size alone did not. The metallic interference screw
length of 20 mm appears to be sufficient for routine bone plug fixation (67,62).

Screw divergence from the bone plug is commonly seen on postoperative radio-
graphs, particularly with endoscopic placement; however, its clinical relevance remains
controversial (54,63,64). A biomechanical study in fresh paired bovine knees showed
no variation in strength or stiffness when the femoral screw had a divergence of 15°
from the bone plug (65), but Jomha et al. (66) demonstrated that there was a significant
weakening of fixation for a screw-bone plug angle equal to or greater than 20°. A
retrospective study of 73 clinical cases showed no early graft failures despite the pres-
ence of screw divergence. The authors suggested that divergence of the femoral screw
of less than 30° does not require changing rehabilitation protocols, provided intraop-
erative stability is achieved (67).

Bioabsorbable Interference Screw

Despite the proven effectiveness of metallic interference screws, bioabsorbable screws
offer several significant advantages. These include undistorted magnetic resonance imag-
ing (MRI) views, decreased risk of graft laceration, no release of metallic ions into the
surrounding tissue, and no need for hardware removal during revision surgery (45,48,68—
73). Biodegradable implants consist mainly of the poly-o-hydroxy acids, polylactide
and polyglycolide, including copolymers e.g., poly-(p,L-lactide-coglycolide), and
stereopolymers, e.g., poly(L-lactide). These raw materials have different mechanical
properties, biocompatibility, and absorption rates that can be further modified by the use
of different manufacturing processes (54, 74). Therefore, implants made from the same
family of polymers can have vastly different mechanical and biological properties.

In general, biomechanical testing has found the initial fixation strength of bio-
absorbable interference screws to be similar to that of metal (44,46,75-77), but a study
by Pena et al. reported significantly lower failure loads for absorbable screws (48).

In a study using pig knees, Rupp et al. (44) compared press fitting of the bone block
in a bone—patellar tendon—bone graft to the use of a biodegradable (polylactic acid
[PLA]) interference screw. Titanium interference screw fixation served as a control.
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Pull out force to failure was measured. The biodegradable screw fixation yielded a load
of 805 N and the titanium screw, 769 N. The press fit yielded a lower load of only 463
N. All specimens failed at the attachment site. In a similar study performed in 1998,
Siel et al. examined the failure load of the same three fixation techniques after cyclical
loading to duplicate conditions of postoperative physical therapy. Neither of the inter-
ference screw fixation groups failed under cyclical loading; however, five of the 10
press fit specimens failed. After 500 loading cycles between 60 and 250 N, the titanium
screws failed at a mean load of 945 N, the bioabsorbable screws at 797 N, and the press
fit at 708 N. No statistically significant difference was found in ultimate failure loads
between the two types of interference screws. They concluded that bioabsorbable
screws are a reasonable alternative to titanium screws; however the press fit technique
did not provide secure fixation in all cases (78). A more recent study by Kousa et al.
examined the effects of cyclical loading at progressively higher loads to a maximum of
100 cycles at 850 N in a porcine knee model. Again, there were no major differences
between the titanium screws or absorbable screws regarding displacement, yield load,
stiffness, or ultimate load to failure (12).

The exact duration of the resorption process of the different biodegradable screws
is not well known, and only few studies have investigated the changes in fixation
strength as the implants degrade (79—82). Walton evaluated graft security of titanium
and polyglyconate (Acufex, Mansfield, MA) interference screws over a 12-wk heal-
ing period in a sheep model. No change in failure strength was found between the
titanium screws and the bioabsorbable screws at any time period. Histologically, the
bone—patellar tendon—bone grafts showed evidence of bony incorporation at 6 wk, and
by 12 wk, the polyglyconate screw had been largely replaced by fibrous tissue (83).

A major disadvantage of biodegradable screws is breakage or drive failure during
insertion. Numerous factors can affect screw breakage, including core diameter, outer
diameter, drive diameter, drive shape, and molecular weight of the polymer (/3,48,76,
84,85). Torsional strength may be more dependent on screw design rather than the type
of polymer used to make the implant (76). Concerns also exist about the biocompat-
ibility of certain polymer types used to make bioabsorbable implants. Some studies
have shown severe foreign body reactions to polyglycolide implants (86-88). More
recently, polylactide materials (including its copolymers and stereopolymers) are used
for implants because these are believed to have better biocompatibility (80,84,89).
Bioabsorbable polylactide screws are becoming increasingly popular, and studies indi-
cate they provide clinical outcomes comparable to that of metallic screws (84,90).

Interference Screw Fixation of Soft Tissue

Because interference screws have performed reliably well with bone—patellar ten-
don—bone fixation, surgeons have recently begun to utilize them for soft-tissue fixation
of multiple-looped hamstring tendon grafts (9/-94). This allows anatomic fixation
close to the joint line, which has been shown to increase isometry and stability of the
knee (95-97). In addition, anatomic fixation may eliminate the biomechanical disad-
vantages associated with conventional extra-articular hamstring tendon fixation tech-
niques, such as graft-tunnel motion, graft stretching, and the “windshield wiper” effect.
Studies have suggested these create shear forces between the tendon and bone tunnel
wall that may lead to tunnel enlargement and delay bony incorporation (54,98-100).



264 Hill, An, and Young

Biomechanical testing has shown interference fixation of soft-tissue grafts to be
comparable to conventional hamstring tendon fixation techniques (/0/-103). The
strength of interference screw fixation of soft tissues is affected by many factors. Evi-
dence shows that more precise matching of tunnel size to hamstring graft diameter,
i.e., 0.5-mm increments rather than the standard 1-mm increments, will significantly
increase fixation strength (54,/02). A study by Selby et al. showed that increasing the
screw length from 28 to 35 mm will elevate ultimate failure load by 38% (/4). Another
biomechanical study examining the effect of screw geometry on fixation strength
showed that increasing both length and diameter will increase pull out force; of these
two, increasing length was more effective (/04). Bone mineral density has also been
shown to directly affect the ultimate load to failure of interference screws (/05). There-
fore, it has been suggested that interference screw fixation may be combined with
other types of fixation, such as screw and washer, EndoButton (Acufex), or postfixa-
tion in instances of poor bone stock (54).

SUTURE ANCHOR

Suture anchors are increasingly being used for a wide variety of orthopedic applica-
tions that include rotator cuff repairs, Bankart repairs, and reattachment of various
tendons and ligaments to bone (/06—110). Recently, different suture anchors have been
developed (/11,112) that are made of metal, nonabsorbable (34 ), and absorbable mate-
rials (e.g., Expanding Suture Plug [Arthrex] (35,111-114).

Shall et al. (/15) compared failure loads of a metallic suture anchor (SuperAnchor)
with either a bioabsorbable staple (Instrument Makar Bioabsorbable Staple) or bio-
absorbable tack (Suretac) in a cadaveric model of simulated Bankart repair. The metal-
lic anchor demonstrated almost twice the holding power of either bioabsorbable device,
and there was no statistical difference between the staple and tack. Suture breakage
was the predominant mode of failure for the anchor, whereas for the staple and tack, it
was pullout from bone or implant breakage. An in vivo study in the ram evaluated the
change in biomechanical properties over time of several types of suture anchors, includ-
ing an absorbable expanding suture plug (Arthrex ESP) composed of poly-L-lactic acid
(PLLA). At 2 wk, the ESP did not have a pull out strength comparable to the nonab-
sorbable anchors (17 1b vs 30 1b), but by 6 wk, it had attained the 30-1b failure load that
was characteristic of the other anchors tested (//6). Histology of the bone—PLLA inter-
face was not performed.

Barber et al. performed a comprehensive series of experiments analyzing the pullout
strength and mode of failure of over 30 different types of suture anchors (//17,113,114).
A fresh porcine femur model was used to test pullout strength in three different envi-
ronments: the diaphyseal cortex, metaphyseal cortex, and cancellous bone trough cre-
ated by decortication of the metaphyseal cortex. Whenever possible, the anchors were
threaded with wire to test the strength of the implant itself and the implant—bone inter-
face. Overall, it was found that the holding strength of screw type anchors, e.g. Fastak
(Arthrex, Naples, FL), PeBA 3, PeBA 5 (Orthopedic Biosystems, Scottsdale, AZ), and
AME 5.5 (American Medical Electronics, Richardson, TX), is highly correlated with
the size of the screw. This correlation was highly significant in all three bony environ-
ments (p = 0.0001). With the nonscrew type anchors, e.g., Mitek G2, G3, Superanchor,
and Rotator cuff anchor (Mitek Products, Westwood, MA), it was found that larger
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drill holes were associated with lower mean failure strengths in both the diaphyseal
cortex and cancellous bone. Upon examining modes of failure, no correlation was found
with drill hole size, anchor type, anchor material, or insertion site (//3). With few
exceptions, bioabsorbable anchors tend to be larger, presumably to compensate for
their lower strength relative to metal, and are available in screw and nonscrew designs.
The predominant mode of failure for bioabsorbable screws was wire cutting through
the eyelet, whereas for the bioabsorbable nonscrew anchors, it was pullout from the
bone. However, both types of bioabsorbable anchors were found to have acceptable
initial mechanical strength (//4). Overall, the screw designs performed very well and
failed at loads higher than the nonscrew designs. Although bioabsorbable implants
are generally not as strong as metal implants, they are still stronger than the sutures
for which they were designed. It is well recognized that the weakest link with this type
of fixation is not the anchor but the suture—soft tissue interface or the suture itself
(113,114,117,118). Because of this, all the tested suture anchors should be considered
acceptable options.

Rupp et al. showed that loading conditions can have significant effects on failure
strength and failure mode (//0). They used a porcine tibia model to test failure mecha-
nisms in single maximum loading and cyclical loading to failure for eight different
suture anchors, including both metallic and absorbable. In single maximum load to
failure, the no. 2 suture was found to be the weakest link for most constructs. The
maximum load was equal to the maximum strength of the suture material. Yet, in
cyclical loading, the interface between the suture and anchor becomes much more
important. In a large number of cases, the suture would wear through at the site where
the eyelets of the anchor were roughened and had sharp edges. In this mode of failure,
the fatigue strength of the anchor—suture combination was significantly less than the
fatigue strength of the suture material alone. In contrast, where the eyelet of the anchor
was smooth, as with the bioabsorbable anchors, the usual failure mode was suture
failure at the knot, resulting in a fatigue strength that is comparable to the fatigue
strength of the suture material alone.

Arthroscopic knot tying is known to be time-consuming to perform and difficult to
master in rotator cuff and Bankart repairs. Recently, a Knotless suture anchor (Mitek,
Norwood, MA) has been developed that eliminates the need for arthroscopic knot tying
and provides direct, secure, low-profile suture anchor repair (//9). Biomechanical test-
ing showed it to be comparable to the Mitek G2 suture anchor in both suture strength
and bone pull out strength.

Suture

Suture alone, suture tied to a post, or suture-over-button are common techniques for
ligament fixation to bone. Common sutures include nonabsorbable suture, bioabsorb-
able suture, and metal wire. Suture techniques are also commonly used clinically for
fixation of tendon to bone, especially in hand surgery. It is used mainly for holding the
tendon in place for proper healing of the tendon—bone interface. Because of the rela-
tively low initial fixation strength, early vigorous movement is not encouraged.

Clancy et al. (24) studied ACL and posterior cruciate ligament (PCL) replacements
in 19 rhesus monkeys. For ACL reconstruction, patellar tendon autografts with bone
attached were used. For PCL reconstruction, the medial third of the patellar tendon
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elongated by attached portions of the patella and tibia were employed. Bone tunnels
were drilled in the femur and tibia at a location that corrected for changes in ligament
joint space exit location because of the size of the tunnels. Fixation was accomplished
by sutures through the ligament and tied over a button. Mechanical testing results
showed breaking strengths for control (medial 1/3) patellar tendon specimens to be
300 N. The same setup was used to test the grafted ligaments. Graft pullout strengths,
expressed as percentages of the strength of the medial one third of the patellar tendon
at 1 yr, were 81% for ACL and 52% for PCL. Test results from earlier time periods
indicated lower numbers (e.g., ACL at 2 mo, 34%), and it was concluded that the bone
in-growth into the tunnels provided the increased fixation.

Arnoczky et al. (32) examined patellar tendon healing in ACL reconstruction in
dogs. The proximal tendon end was fixed to bone by stainless steel suturing. The heal-
ing process of the graft was reported. No mechanical testing was used for evaluation.

In an in vitro study using human cadaver knees, Kurosaka et al. (/7) investigated
different fixation techniques in ACL reconstruction using bone—patellar tendon—bone
grafts, iliotibial band grafts, and semitendinosus grafts. Fixation strength by the suture-
over-button technique was found equivalent to that by staples but was lower than that
by cancellous screws and interference screws. The constructs failed by breakage of the
button, suture cutting through the bone pegs, or grafts slipping out from under the
staples. Other studies have found contradicting results. Matthews et al. (/20) found
that the fixation strength of a no. 2 or 5 nonabsorbable suture tied over a screw/washer
was equivalent to that of interference screw fixation. But Rowden et al. (/8) demon-
strated hamstring grafts fixed with no. 5 braided polyester secured to a titanium button
proximally and a screw distally were actually stronger and just as stiff as patellar ten-
don-bone grafts fixed with interference screws.

The elongation or stretching that can occur before failure of suture fixation is a
significant concern (2,42,121). A report by Robertson et al. (2) showed that suture fix-
ation of soft tissue to bone had a failure load that was equal or superior to staple fixa-
tion. However, the suture techniques allowed the soft tissue to pull away from the bone
long before failure occurred. If cyclical tension will be applied at the fixation site, the
authors recommended against suture fixation. This concern was addressed by Jassem
etal. (/22), who found that by increasing the pitch of the popular Krackow stitch (from
0.5 to 1.0 cm), stiffness could be increased by 16%.

STAPLE

Many brands of commercial fixation staples are currently available, such as the
Richards type CC1A XSMO staple (spiked; 36). Single staples are convenient to use,
but recorded fixation strengths are consistently lower than that of other fixation forms
(2,6,17). Studies testing single staples in single or cyclic loading show them to be no
stronger or stiffer than direct tendon-to-tendon attachment using suture (2,6).

Graft-tunnel length mismatch is considered one of the primary indications for staple
fixation in ACL repairs. The use of doubled staples to fix a bone plug in a shallow
trough has been shown to provide strength and stiffness (588 N, 86 N/mm) comparable
to that of interference screw fixation (506758 N, 49-55 N/mm) in a young human
cadaveric model. However bone block breakage was significantly greater for staples
than for interference screws (27% vs 1%; 123). When using staples to secure tendon
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without a bone block, looping the graft over the first staple and securing it again with a
second, referred to as the “belt-buckle” technique, has been shown to significantly
improve fixation in a porcine model (/2/). Holden et al. (37) measured the strength of
fascia lata autograft ACL replacements in 50 goats for a period ranging from O to 8 wk.
The objective was to compare stapled grafts with the belt-buckle technique, to those
fixed with a cancellous bone screw and spiked bushing. The control ACL had an aver-
age tensile failure load of 2748 N, a value which significantly exceeds that found by
other investigators. At time 0, the failure force for the screw/bushing fixed specimens
exceeded that for staple fixation. Other time periods yielded no major variations in
strength between the two techniques. The graft failure values were reported only as
percentages of the control. At 8 wk, the value for staple fixation was 15%, and the
screw/bushing fixation was 9% of the control value.

Other studies have used staples to successfully secure artificial ligaments to bone. In
1991, Powers et al. (25) performed anatomical reconstruction of the ACL in goats using
two tunnels each in the femur and tibia and two ligament strands to simulate the
anteromedial and posterolateral bands. Long-chain polyethylene fibers were used for
the ligaments, and staples were used to fix them to bone. The increased strength obtained
in the 3-mo specimens was deemed to be the result of bone in-growth into the tunnels,
providing increased resistance to pullout. Failure modes were not reported.

POSTFIXATION

Cancellous screws and cortical screws with or without washers have been used as
posts, around which suture is tied to secure fixation of a tendon or ligament graft
(40,121,124). Studying cadaver knees, Steiner et al. have shown that hamstring ten-
dons fixed to bone with no. 2 Ethibond (Ethicon, Summerville, NJ) placed in a whip-
stitch and tied around a post have a strength of 335 £ 87 N and stiffness of 16 + 16 N/
mm. When the graft was doubled to produce four tendons and no. 5 Ethibond was used,
the strength and stiffness increased to 573 £ 109 N and 18 £ 5 N/mm, respectively
(124). Paschal et al. (42) examined postfixation and interference screw fixation in a
porcine knee model. AO 6.5-mm cancellous screws with washers and the no. 5 Ticron
(Davis and Geck, Wayne, NJ) suture were compared to 9 X20-mm interference screws
in securing bone—patellar tendon—bone grafts. A statistically significant difference was
found in ultimate failure load between postfixation (309 N) and interference fixation
(535 N). In addition, displacement at 110 N was significantly greater for postfixation
(2.21 mm) than for the interference fixation (0.32 mm). Although postfixation is gener-
ally inferior to spiked washers or interference screws, suture and postfixation may prove
to be the most reliable method in cases where a short graft or poor bone quality pre-
clude the use of these devices (122).

Bolton and Bruchman (38) evaluated the performance of PTFE (Gore-Tex) artificial
ACL replacements in 17 sheep for periods ranging from O to 369 d. Cortical bone
screws placed through eyelets built into the prosthesis were employed to fix the liga-
ment and were placed in bone tunnels using the “over-the top” technique. Pull out tests
were conducted, and the O-time implants yielded a mean failure strength of 1814 N.
The 90-d implants with bone screws in place yielded a failure value of 2445 N. Screws
were removed from one group that had an average of 218-d residence and a failure
strength of 1379 N. Testing a control group of ACL specimens yielded a failure strength
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of 1912 N. Fixation screws were pulled out of the bone for the time-0 implants, and the
increased strengths observed in the experimental groups were attributed to bone growth
fixation in the tunnels.

In a sheep model of PCL reconstruction, Kasperczyk et al. (27) investigated the
healing of patellar tendon autograft over a 2 yr period. The graft was fixed to the femur
with no. 0 suture tied around a cancellous screw and to the tibia with a cancellous
screw/washer through the graft. They defined a four-stage healing process of autogenic
patellar tendon graft—necrosis, revascularization, collagen formation, and remodel-
ing. The biomechanical data were correlated with the morphological phases of healing.
Beginning at 2 wk after surgery, biomechanical testing showed all grafts failed at the
ligament portion during all time periods, which demonstrated the efficacy of the screw
fixation.

In a goat model, Jackson et al. (4/) attempted to improve fixation by selecting an
ACL replacement material that would foster bone formation in the femoral and tibial
tunnels. Demineralized bone matrix was used as the ligament and was connected to a
screw/washer by sutures. Biomechanical and histological evaluations were performed
at 6 mo and 1 yr postsurgery. Seven animals were sacrificed at 1 yr, and accelerated
bone formation was noted in the tunnels. The mean ultimate force to failure for the
reconstructed ligament at 1 yr was 474 + 146 N when compared with the time—0
strength of the matrix graft of 73 £ 9 N.

SPIKED WASHER, BUSHING, OR PLATE

Currently, several brands of commercial spiked washers or plates are available, such
as the Synthes type 65.00.11 soft-tissue fixation plate (36), the AO polyacetal resin-
spiked washer, and AO soft-tissue fixation plate (/).

Robertson et al. compared the immediate holding strength of various types of soft-
tissue fixation, including spiked washer, soft-tissue plate, staples, and suture tech-
niques. Holding strength and stiffness was tested in three different types of soft tissue
using cyclical loading with progressively greater loads until failure. Testing was per-
formed on human cadaveric tissue. Overall, the screws with the spiked washer and
soft-tissue plate proved to be superior in all three tissue types. The screw and washer
was best in securing broad, thin, capsular tissue (joint capsule) and wider, thicker,
extensor-type tendons (patellar tendon). The soft-tissue plate proved best for narrow,
cord-like tissue (semitendinosus) (2). Markel et al. contrasted various methods of glu-
teus medius attachment in a canine cadaver model. The spiked washer and screw were
found to be stronger than the staple but equal in stiffness. This study found no differ-
ence in strength or stiffness when comparing the spiked washer with four different
suture apposition techniques (6).

Holden et al. studied the effect of a spiked bushing (with a 5-mm diameter shaft) on
the fixation of fascia lata graft for ACL reconstruction in a goat model. Results showed
that at time 0, the spiked bushing was superior to staples. However, by 8 wk the strength
of the graft was only 9% of the control value, vs 15% achieved by belt-buckle staple
fixation (37). McPherson et al. (39) also used a goat model to examine the effect of a
6-mm polyethylene ligament augmentation device on ACL reconstruction, consisting
of a portion of the rectus femoris tendon, prepatellar tissue, and the central one third of
the patellar tendon. Tensioning was secured by attaching the ligament with a bushing
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and cortical bone screw to the lateral surface of the femur. The augmented ligaments
had an initial failure strength of 364 N. After 2 yr, the augmented grafts had a strength
of 841 N and for the unaugmented grafts, 528 N. These strengths were compared to a
natural goat ACL estimated at 2023 N. Graft failure was typically found to occur by
pullout of the device from the tibia.

Claes et al. (36) tested combined replacements of ACL and medial collateral liga-
ment (MCL) of four ligament replacement materials in 30 sheep for 1 yr. Carbon fiber
(Lafil), polydioxanone strand, Dacron, and a bovine tendon xenograft were employed.
The combined replacement technique utilized three bone tunnels and a continuous
ACL-MCL replacement. Both prosthesis ends were anchored on the lateral surface of
the femur using either a staple or spiked fixation plate with a screw (Table 2). Tensile
tests were conducted for MCL and ACL separately with the staples or fixation plates
removed. No ligaments were fractured during the tensile tests, and all failures occurred
by pulling the ligament out of the bone tunnel. The fixation technique was not found to
have any effect on strength of fixation or ligament healing.

Gottsauner-Wolf et al. (43 ) researched different fixation methods of tendons to metal
prostheses using a soft-tissue fixation plate (Synthes), a spiked polyacetal washer
(Synthes), and a new Enhanced Tendon Anchor (ETA; a device with spikes designed
to interlock both prosthesis and tendon and held in place by two screws). Each method
was used to attach a canine supraspinatus tendon using a bone block technique and a
direct tendon attachment technique. There were no differences in strength or stiffness
between the plate and washer with the direct tendon attachment technique; however,
the ETA had a higher ultimate pullout strength. The ETA was stronger and just as stiff
as the washer in the bone block fixation technique. The plate was not as strong or stiff
as either method with the bone block technique. The authors concluded that the soft-
tissue fixation plate was unsuitable as a bone attachment method. Overall, the use of a
tendon with an attached bone block significantly increased the fixation strength, but
none of the methods proved to be as strong as the intact muscle-tendon unit.

An in vivo canine study by Hulse et al. used a screw and spiked washer to secure a
patellar tendon—fascia lata graft in an over-the-top procedure to replace the ACL. Bio-
mechanical testing performed at O wk and 4 wk showed that all grafts failed by the
ligament slipping out from underneath the washer. Failure strengths were 169 + 32 N
and 309 £ 109 N, respectively. At 12 wk and 26 wk, post operative failure strengths
had increased to 454 + 83 N and 584 + 108 N, respectively. Only one specimen (12 wk)
had failure by slippage beneath the washer; all other failures were from interstitial graft
tears or tibial bone fracture (22,125).

Straight et al. performed a biomechanical analysis of spiked washers to determine
the most important design considerations for effective soft-tissue fixation. Washers
with two different prototype designs were evaluated and compared to the AO polyacetal
resin spiked washer and the AO soft-tissue fixation plate (Synthes USA, Paoli, PA).
Freeze-dried and ethylene oxide—sterilized human fascia lata was used as the soft tis-
sue and fixed to the distal femur using each device. Results showed that a six-spike
design had superior holding strength vs a three-spike design when a 19-mm diameter
washer was used. When smaller diameter washers were used, there was no difference
between the two designs. Fixation provided by the six-spike design was comparable to
both AO devices. The authors concluded that the design, number, and position of the
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spikes are the most important factors in determining holding strength of the device.
They also suggested that washers should be available in different diameters and spike
lengths to accommodate tissues of different thickness (/).

BONE OR ABSORBABLE PLUG

Bioabsorbable plugs and “press fitting” of bone plugs are used to avoid the pitfalls
of interference screw fixation, i.e., thread damage to the graft or suture, possible com-
plicated hardware removal, disturbed MRI, or breakage of the absorbable screw (/26).
Bone plugs may be used with either artificial ligaments or biological grafts (44,127).
Rupp et al. used a porcine model to compare fixation strengths of bone-patellar tendon-
bone grafts using a titanium interference screw, bioabsorbable interference screw, or
press fit technique. The bone plug used for press fit was trimmed to 11-mm diameter
and 30-mm length, with a slightly tapered tip. The plug was driven into a 10-mm diam-
eter tibial tunnel from the articular surface using a pusher and hammer. The mean
ultimate failure loads for the titanium screw and absorbable screw were 769 N and
805 N, respectively. There was no statistical difference between these two modes of
fixation. The press fit technique had a significantly lower mean ultimate failure load of
463 N (44). When the same three techniques were tested in cyclical loading of 500
cycles between 60 and 250 N, half of the press fit specimens failed by bone plug pull-
out, whereas none of the interference screw fixations failed (78). Reinforcing a press fit
bone plug with sutures tied to a bone bridge or bone button may significantly increase
pullout strength (52,128).

Ligament fixation using a self-reinforced (SR) PLA expansion plug was reported by
Tuompo et al. (45) in a bovine bone model. The maximum tensile strength of the SR-
PLA plug was above 1100 N, and it seems that the initial strength of the absorbable
plug is strong enough for clinical use. Similarly, Kousa et al. compared the fixation
strength of an absorbable poly-L-lactide/D-lactide copolymer plug to conventional tita-
nium interference screws. No significant differences in strength or stiffness were found
between the two groups when the specimens were tensioned to failure in both mono-
tonic and cyclical loading. The authors concluded that the new plugging technique is a
reasonable method for fixation of the femoral site of a bone-patellar tendon-bone graft
in ACL reconstruction (/26).

YOUNG'’S LIGAMENT ANCHOR

Young and An reported a new adjustable screw anchor to secure artificial ACL pros-
thesis to the femur and tibia (8,9). Fixation was provided by screw threads on the exte-
rior surface of a hollow cylinder that was placed in the bone tunnels created in the
femoral condyle and tibial plateau. The artificial ACL was attached to a sliding portion
inside the threaded cylinder, which was adjusted for tension by a screw accessed from
outside of the exterior bone surfaces. Push-out tests of anchors retrieved after 2-mo
implantation in goats indicated values of approx 2000-4000 N.

CONCLUSION

In the early postoperative period, the site of graft fixation remains the weak link
whenever tendon or ligament is affixed to bone. It is imperative that the chosen method
of fixation is able to withstand the demands of postoperative rehabilitation. Motion at
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the bone—graft interface may cause delayed healing or nonhealing with eventual failure
of the repair. Over a period of months, the graft will become progressively incorpo-
rated into bone, and the strength of the repair will become more dependent on the
substance of the grafted tissue. Ideally, the fixation technique should facilitate the bio-
logical incorporation of the graft. Future research will likely focus on anatomic and
isometric reconstruction to reduce stress on the tissues, as well as manipulation of the
biological environment with growth factors to speed the healing process. Refinements
in bioabsorbable implants may allow them to serve as carriers for growth factors and
provide predictable degradation and replacement with normal osseous tissue.

REFERENCES

1. Straight CB, France EP, Paulos LE, Rosenberg TD, Weiss JA. Soft tissue fixation to bone.
A biomechanical analysis of spiked washers. Am J Sports Med 1994;22:339-343.

2. Robertson DB, Daniel DM, Biden E. Soft tissue fixation to bone. Am J Sports Med 1986;
14:398-403.

3. Butler DL, Grood ES, Noyes FR, Zernicke RF, Brackett K. Effects of structure and strain
measurement technique on the material properties of young human tendons and fascia. J
Biomech 1984;17:579-596.

4. Amis AA. The strength of artificial ligament anchorages. A comparative experimental
study. J Bone Joint Surg Br 1988;70:397-403.

5. Good L, Tarlow SD, Odensten M, Gillquist J. Load tolerance, security, and failure modes
of fixation devices for synthetic knee ligaments. Clin Orthop 1990;253:190-196.

6. Markel MD, Rock MG, Bergenthal DS, Young DR, Vanderby R Jr, Chao EY. A mechanical
comparison of gluteus medius attachment methods in a canine model. J Orthop Res 1993;11:
457-461.

7. Letsch R. Comparative evaluation of different anchoring techniques for synthetic cruciate
ligaments. A biomechanical and animal investigation. Knee Surg Sports Traumatol Arthrosc
1994;2:107-117.

. Young FA, An Y, inventor. Adjustable Ligament Anchor. US patent no. 5,458,601, 1995.
9. Young FA, AnYH. A new artificial ACL anchor. Material Research Society Symposium
Proceeding, vol. 394. Orthopaedic Research Society, Pittsburgh PA, 1995, pp. 31-34.

10. Anderson K, Seneviratne AM, Izawa K, Atkinson BL, Potter HG, Rodeo SA. Augmenta-
tion of tendon healing in an intraarticular bone tunnel with use of a bone growth factor.

Am J Sports Med 2001;29:689-698.

11. Rodeo SA, Suzuki K, Deng XH, Wozney J, Warren RF. Use of recombinant human bone
morphogenetic protein-2 to enhance tendon healing in a bone tunnel. Am J Sports Med
1999;27:476-488.

12. Kousa P, Jarvinen TL, Kannus P, Jarvinen M. Initial fixation strength of bioabsorbable
and titanium interference screws in anterior cruciate ligament reconstruction. Biomechani-
cal evaluation by single cycle and cyclic loading. Am J Sports Med 2001;29:420-425.

13. Costi JJ, Kelly AJ, Hearn TC, Martin DK. Comparison of torsional strengths of bio-
absorbable screws for anterior cruciate ligament reconstruction. Am J Sports Med 2001;
29:575-580.

14. Selby JB, Johnson DL, Hester P, Caborn DN. Effect of screw length on bioabsorbable
interference screw fixation in a tibial bone tunnel. Am J Sports Med 2001;29:614-619.

15. Noyes FR, Grood ES. The strength of the anterior cruciate ligament in humans and Rhesus
monkeys. J Bone Joint Surg Am 1976;58:1074—1082.

16. Noyes FR, Butler DL, Grood ES, Zernicke RF, Hefzy MS. Biomechanical analysis of
human ligament grafts used in knee-ligament repairs and reconstructions. J Bone Joint
Surg Am 1984;66:344-352.

o]



272 Hill, An, and Young

17. Kurosaka M, Yoshiya S, Andrish JT. A biomechanical comparison of different surgical
techniques of graft fixation in anterior cruciate ligament reconstruction. Am J Sports Med
1987;15:225-229.

18. Rowden NJ, Sher D, Rogers GJ, Schindhelm K. Anterior cruciate ligament graft fixation.
Initial comparison of patellar tendon and semitendinosus autografts in young fresh cadav-
ers. Am J Sports Med 1997;25:472-478.

19. Woo SL, Hollis JM, Adams DJ, Lyon RM, Takai S. Tensile properties of the human femur-
anterior cruciate ligament-tibia complex. The effects of specimen age and orientation. Am J
Sports Med 1991;19:217-225.

20. France EP, Paulos LE, Rosenberg TD, Harner CD. The biomechanics of anterior cruciate
allografts. In: Friedman MJ, Ferkel RD, eds. Prosthetic Ligament Reconstruction of the
Knee. Saunders, Philadelphia, PA, 1988.

21. Wingfield C, Amis AA, Stead AC, Law HT. Comparison of the biomechanical properties
of rottweiler and racing greyhound cranial cruciate ligaments. J Small Anim Pract 2000;41:
303-307.

22. Butler DL, Hulse DA, Kay MD, Grood ES, Shires PK, D’ Ambrosia R, Shoji H. Biome-
chanics of cranial cruciate ligament reconstruction in the dog. Vet Surg 1983;112:113—
118.

23. Haut RC, Lancaster RL, DeCamp CE. Mechanical properties of the canine patellar ten-
don: some correlations with age and the content of collagen. J Biomech 1992;25:163—
173.

24. Clancy WG, Jr., Narechania RG, Rosenberg TD, Gmeiner JG, Wisnefske DD, Lange TA.
Anterior and posterior cruciate ligament reconstruction in rhesus monkeys. J Bone Joint
Surg Am 1981;63:1270-1284.

25. Powers DL, Jacob PA, Drews MJ. Anatomical reconstruction of the anterior cruciate liga-
ment in goats. J Invest Surg 1991;4:191-202.

26. Ng GY, Oakes BW, McLean ID, Deacon OW, Lampard D. The long-term biomechanical
and viscoelastic performance of repairing anterior cruciate ligament after hemitransection
injury in a goat model. Am J Sports Med 1996;24:109—117.

27. Kasperczyk WJ, Bosch U, Oestern HJ, Tscherne H. Staging of patellar tendon autograft
healing after posterior cruciate ligament reconstruction. A biomechanical and histological
study in a sheep model. Clin Orthop 1993;286:271-282.

28. Smith CW, Young IS, Kearney JN. Mechanical properties of tendons: changes with ster-
ilization and preservation. J Biomech Eng 1996;118:56—61.

29. Ishizue KK, Lyon RM, Amiel D, Woo SL. Acute hemarthrosis: a histological, biochemi-
cal, and biomechanical correlation of early effects on the anterior cruciate ligament in a
rabbit model. J Orthop Res 1990;8:548-554.

30. Ballock RT, Woo SL, Lyon RM, Hollis JM, Akeson WH. Use of patellar tendon autograft
for anterior cruciate ligament reconstruction in the rabbit: a long-term histologic and bio-
mechanical study. J Orthop Res 1989;7:474-485.

31. King GJ, Edwards P, Brant RF, Shrive NG, Frank CB. Intraoperative graft tensioning
alters viscoelastic but not failure behaviours of rabbit medial collateral ligament autografts.
J Orthop Res 1995;13:915-922.

32. Arnoczky SP, Tarvin GB, Marshall JL. Anterior cruciate ligament replacement using pa-
tellar tendon. An evaluation of graft revascularization in the dog. J Bone Joint Surg Am
1982;64:217-224.

33. St. Pierre P, Olson EJ, Elliott JJ, O’Hair KC, McKinney LA, Ryan J. Tendon-healing to
cortical bone compared with healing to a cancellous trough. A biomechanical and histo-
logical evaluation in goats. J Bone Joint Surg Am 1995;77:1858-1866.

34. Fennell CW, Ballard JM, Pflaster DS, Adkins RH. Comparative evaluation of bone suture
anchor to bone tunnel fixation of tibialis anterior tendon in cadaveric cuboid bone: a bio-
mechanical investigation. Foot Ankle Int 1995;16:641-645.



Tendon and Ligament Fixation 273

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Ono K, Williams GR, Clem M, Hwa JL, Wirth MA, Aufdemorte TB, et al. Repair of soft
tissue to bone using a biodegradable suture anchor. Orthopedics 1997;20:1051-1055.
Claes L, Durselen L, Kiefer H, Mohr W. The combined anterior cruciate and medial col-
lateral ligament replacement by various materials: a comparative animal study. J Biomed
Mater Res 1987;21(Suppl A3):319-343.

Holden JP, Grood ES, Butler DL, Noyes FR, Mendenhall HV, Van Kampen CL, et al.
Biomechanics of fascia lata ligament replacements: early postoperative changes in the
goat. J Orthop Res 1988;6:639-647.

Bolton CW, Bruchman WC. The GORE-TEX expanded polytetrafluoroethylene prosthetic
ligament. An in vitro and in vivo evaluation. Clin Orthop 1985;196:202-213.
McPherson GK, Mendenhall HV, Gibbons DF, Plenk H, Rottmann W, Sanford JB, et al.
Experimental mechanical and histologic evaluation of the Kennedy ligament augmenta-
tion device. Clin Orthop 1985;196:186—195.

Gillquist J, Good L. Load and length changes in an artificial ligament substitute. 10 cases
of anterior cruciate ligament reconstruction. Acta Orthop Scand 1993;64:575-579.
Jackson DW, Simon TM, Lowery W, Gendler E. Biologic remodeling after anterior cruci-
ate ligament reconstruction using a collagen matrix derived from demineralized bone. An
experimental study in the goat model. Am J Sports Med 1996;24:405-414.

Paschal SO, Seemann MD, Ashman RB, Allard RN, Montgomery JB. Interference fixa-
tion versus postfixation of bone-patellar tendon-bone grafts for anterior cruciate ligament
reconstruction. A biomechanical comparative study in porcine knees. Clin Orthop 1994;
300:281-287.

Gottsauner-Wolf F, Egger EL, Markel MD, Schultz FM, Chao EY. Fixation of canine
tendons to metal. Acta Orthop Scand 1994;65:179-184.

Rupp S, Krauss PW, Fritsch EW. Fixation strength of a biodegradable interference screw
and a press-fit technique in anterior cruciate ligament reconstruction with a BPTB graft.
Arthroscopy 1997;13:61-65.

Tuompo P, Partio EK, Jukkala-Partio K, Pohjonen T, Helevirta P, Rokkanen P. Strength
of the fixation of patellar tendon bone grafts using a totally absorbable self-reinforced
poly-L-lactide expansion plug and screw. An experimental study in a bovine cadaver.
Arthroscopy 1996;12:422-427.

Kousa P, Jarvinen TL, Pohjonen T, Kannus P, Kotikoski M, Jarvinen M. Fixation strength
of a biodegradable screw in anterior cruciate ligament reconstruction. J Bone Joint Surg
Br 1995;77:901-905.

Shapiro JD, Jackson DW, Aberman HM, Lee TQ, Simon TM. Comparison of pullout
strength for seven- and nine-millimeter diameter interference screw size as used in ante-
rior cruciate ligament reconstruction. Arthroscopy 1995;11:596-599.

Pena F, Grontvedt T, Brown GA, Aune AK, Engebretsen L. Comparison of failure strength
between metallic and absorbable interference screws. Influence of insertion torque, tunnel-
bone block gap, bone mineral density, and interference. Am J Sports Med 1996;24:329-334.
Ishibashi Y, Toh S, Okamura Y, Sasaki T, Kusumi T. Graft incorporation within the tibial
bone tunnel after anterior cruciate ligament reconstruction with bone-patellar tendon-bone
autograft. Am J Sports Med 2001;29:473-479.

Greis PE, Burks RT, Bachus K, Luker MG. The influence of tendon length and fit on the
strength of a tendon-bone tunnel complex. A biomechanical and histologic study in the
dog. Am J Sports Med 2001;29:493-497.

Rodeo SA, Arnoczky SP, Torzilli PA, Hidaka C, Warren RF. Tendon-healing in a bone
tunnel. A biomechanical and histological study in the dog. J Bone Joint Surg Am 1993;75:
1795-1803.

Papageorgiou CD, Ma CB, Abramowitch SD, Clineff TD, Woo SL. A multidisciplinary
study of the healing of an intraarticular anterior cruciate ligament graft in a goat model.
Am J Sports Med 2001;29:620-626.



274 Hill, An, and Young

53. Weiler A, Hoffmann RF, Bail HJ, Rehm O, Sudkamp NP. Tendon healing in a bone tun-
nel. Part II: Histologic analysis after biodegradable interference fit fixation in a model of
anterior cruciate ligament reconstruction in sheep. Arthroscopy 2002;18:124—135.

54. Brand J, Jr., Weiler A, Caborn DN, Brown CH, Jr., Johnson DL. Graft fixation in cruciate
ligament reconstruction. Am J Sports Med 2000;28:761-774.

55. Shelbourne KD, Nitz P. Accelerated rehabilitation after anterior cruciate ligament recon-
struction. Am J Sports Med 1990;18:292-299.

56. Lambert KL. Vascularized patellar tendon graft with rigid internal fixation for anterior
cruciate ligament insufficiency. Clin Orthop 1983;172:85-89.

57. Kohn D, Rose C. Primary stability of interference screw fixation. Influence of screw diam-
eter and insertion torque. Am J Sports Med 1994;22:334-338.

58. Butler JC, Branch TP, Hutton WC. Optimal graft fixation—the effect of gap size and screw
size on bone plug fixation in ACL reconstruction. Arthroscopy 1994;10(5):524-529.

59. Matthews LS, Parks BG, Sabbagh RC. Determination of fixation strength of large-diam-
eter interference screws. Arthroscopy 1998;14:70-74.

60. Brown GA, Pena F, Grontvedt T, Labadie D, Engebretsen L. Fixation strength of interfer-
ence screw fixation in bovine, young human, and elderly human cadaver knees: influence
of insertion torque, tunnel-bone block gap, and interference. Knee Surg Sports Traumatol
Arthrosc 1996;3:238-244.

61. Brown CH, Jr., Hecker AT, Hipp JA, Myers ER, Hayes WC. The biomechanics of inter-
ference screw fixation of patellar tendon anterior cruciate ligament grafts. Am J Sports
Med 1993;21:880-886.

62. Hulstyn M, Fadale PD, Abate J, Walsh WR. Biomechanical evaluation of interference
screw fixation in a bovine patellar bone-tendon-bone autograft complex for anterior cruci-
ate ligament reconstruction. Arthroscopy 1993;9:417-424.

63. Lemos MJ, Albert J, Simon T, Jackson DW. Radiographic analysis of femoral interfer-
ence screw placement during ACL reconstruction: endoscopic versus open technique.
Arthroscopy 1993;9:154—158.

64. Fineberg MS, Zarins B, Sherman OH. Practical considerations in anterior cruciate liga-
ment replacement surgery. Arthroscopy 2000;16:715-724.

65. Lemos MJ, Jackson DW, Lee TQ, Simon TM. Assessment of initial fixation of endoscopic
interference femoral screws with divergent and parallel placement. Arthroscopy 1995;11:
37-41.

66. Jomha NM, Raso VJ, Leung P. Effect of varying angles on the pullout strength of interfer-
ence screw fixation. Arthroscopy 1993;9:580-583.

67. Dworsky BD, Jewell BF, Bach BR, Jr. Interference screw divergence in endoscopic ante-
rior cruciate ligament reconstruction. Arthroscopy 1996;12:45-49.

68. Brown CH, Jr., Carson EW. Revision anterior cruciate ligament surgery. Clin Sports Med
1999;18:109-171.

69. Jacobs JJ, Gilbert JL, Urban RM. Corrosion of metal orthopaedic implants. J Bone Joint
Surg Am 1998;80:268-282.

70. Safran MR, Harner CD. Technical considerations of revision anterior cruciate ligament
surgery. Clin Orthop 1996;325:50—64.

71. Suh JS, Jeong EK, Shin KH, Cho JH, Na JB, Kim DH, et al. Minimizing artifacts caused
by metallic implants at MR imaging: experimental and clinical studies. AJR Am J
Roentgenol 1998;171:1207-1213.

72. Matthews LS, Soffer SR. Pitfalls in the use of interference screws for anterior cruciate
ligament reconstruction: brief report. Arthroscopy 1989;5:225-226.

73. Shellock FG, Mink JH, Curtin S, Friedman MJ. MR imaging and metallic implants for
anterior cruciate ligament reconstruction: assessment of ferromagnetism and artifact. J
Magn Reson Imaging 1992;2:225-228.

74. Chambat P. Letters to the editor. Am J Sports Med 2001;29:266-267.



Tendon and Ligament Fixation 275

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Abate JA, Fadale PD, Hulstyn MJ, Walsh WR. Initial fixation strength of polylactic acid
interference screws in anterior cruciate ligament reconstruction. Arthroscopy 1998;14:
278-284.

Weiler A, Windhagen HJ, Raschke MJ, Laumeyer A, Hoffmann RF. Biodegradable inter-
ference screw fixation exhibits pull-out force and stiffness similar to titanium screws. Am
J Sports Med 1998;26:119-126.

Caborn DN, Urban WP, Jr., Johnson DL, Nyland J, Pienkowski D. Biomechanical com-
parison between BioScrew and titanium alloy interference screws for bone-patellar ten-
don-bone graft fixation in anterior cruciate ligament reconstruction. Arthroscopy 1997;13:
229-232.

Seil R, Rupp S, Krauss PW, Benz A, Kohn DM. Comparison of initial fixation strength
between biodegradable and metallic interference screws and a press-fit fixation technique
in a porcine model. Am J Sports Med 1998;26:815-819.

Bostman OM, Pihlajamaki HK. Late foreign-body reaction to an intraosseous bioabsorbable
polylactic acid screw. A case report. J Bone Joint Surg Am 1998;80:1791-1794.

Stahelin AC, Weiler A, Rufenacht H, Hoffmann R, Geissmann A, Feinstein R. Clinical
degradation and biocompatibility of different bioabsorbable interference screws: a report
of six cases. Arthroscopy 1997;13:238-244.

Powers DL, Sonawala M, Woolf SK, An YH, Hawkins R, Pietrzak WS. Comparison of
the biomechanics and histology of two soft-tissue fixators composed of bioabsorbable
copolymers. J Biomed Mater Res 2001;58:486—495.

An YH, Friedman RJ, Powers DL, Draughn RA, Latour RA, Jr. Fixation of osteotomies
using bioabsorbable screws in the canine femur. Clin Orthop 1998:300-311.

Walton M. Absorbable and metal interference screws: comparison of graft security during
healing. Arthroscopy 1999;15:818-826.

Barber FA, Elrod BF, McGuire DA, Paulos LE. Preliminary results of an absorbable inter-
ference screw. Arthroscopy 1995;11:537-548.

Stahelin AC, Feinstein R, Friederich NF. Clinical experience using bioabsorbable
interferende screw for ACL reconstruction. Ortho Trans 1995;19:287-288.

Bostman OM. Intense granulomatous inflammatory lesions associated with absorbable
internal fixation devices made of polyglycolide in ankle fractures. Clin Orthop 1992;278:
193-199.

Friden T, Rydholm U. Severe aseptic synovitis of the knee after biodegradable internal
fixation. A case report. Acta Orthop Scand 1992;63:94-97.

Weiler A, Helling HJ, Kirch U, Zirbes TK, Rehm KE. Foreign-body reaction and the
course of osteolysis after polyglycolide implants for fracture fixation: experimental study
in sheep. J Bone Joint Surg Br 1996;78:369-376.

Bucholz RW, Henry S, Henley MB. Fixation with bioabsorbable screws for the treatment
of fractures of the ankle. J Bone Joint Surg Am 1994;76:319-324.

Marti C, Imhoff AB, Bahrs C, Romero J. Metallic versus bioabsorbable interference screw
for fixation of bone-patellar tendon-bone autograft in arthroscopic anterior cruciate liga-
ment reconstruction. A preliminary report. Knee Surg Sports Traumatol Arthrosc 1997,
5:217-221.

Corry IS, Webb JM, Clingeleffer AJ, Pinczewski LA. Arthroscopic reconstruction of the
anterior cruciate ligament. A comparison of patellar tendon autograft and four-strand ham-
string tendon autograft. Am J Sports Med 1999;27:444-454.

Fu FH, Bennett CH, Ma CB, Menetrey J, Lattermann C. Current trends in anterior cruciate
ligament reconstruction. Part II. Operative procedures and clinical correlations. Am J
Sports Med 2000;28:124-130.

Fu FH, Bennett CH, Lattermann C, Ma CB. Current trends in anterior cruciate ligament
reconstruction. Part 1: Biology and biomechanics of reconstruction. Am J Sports Med
1999;27:821-830.



276 Hill, An, and Young

94. Stahelin AC, Weiler A. All-inside anterior cruciate ligament reconstruction using semi-
tendinosus tendon and soft threaded biodegradable interference screw fixation. Arthro-
scopy 1997;13:773-779.

95. Morgan CD, Kalmam VR, Grawl DM. Isometry testing for anterior cruciate ligament
reconstruction revisited. Arthroscopy 1995;11:647-659.

96. Ishibashi Y, Rudy TW, Livesay GA, Stone JD, Fu FH, Woo SL. The effect of anterior
cruciate ligament graft fixation site at the tibia on knee stability: evaluation using a robotic
testing system. Arthroscopy 1997;13:177-182.

97. Scheffler SU, Sudkamp NP, Gockenjan A, Hoffmann RF, Weiler A. Biomechanical com-
parison of hamstring and patellar tendon graft anterior cruciate ligament reconstruction
techniques: the impact of fixation level and fixation method under cyclic loading. Arthro-
scopy 2002;18:304-315.

98. Hoher J, Livesay GA, Ma CB, Withrow JD, Fu FH, Woo SL. Hamstring graft motion in
the femoral bone tunnel when using titanium button/polyester tape fixation. Knee Surg
Sports Traumatol Arthrosc 1999;7:215-219.

99. L’Insalata JC, Klatt B, Fu FH, Harner CD. Tunnel expansion following anterior cruciate
ligament reconstruction: a comparison of hamstring and patellar tendon autografts. Knee
Surg Sports Traumatol Arthrosc 1997;5:234-238.

100. Nebelung W, Becker R, Merkel M, Ropke M. Bone tunnel enlargement after anterior
cruciate ligament reconstruction with semitendinosus tendon using Endobutton fixation
on the femoral side. Arthroscopy 1998;14:810-815.

101. Weiler A, Hoffmann RF, Stahelin AC, Bail HJ, Siepe CJ, Sudkamp NP. Hamstring tendon
fixation using interference screws: a biomechanical study in calf tibial bone. Arthroscopy
1998;14:29-37.

102. Steenlage E, Brand JC, Caborn D, et al. Interference screw fixation of a quadrupled ham-
string graft is improved with precise match of tunnel to graft diameter. Arthroscopy 1999;
15:59.

103. Caborn DN, Coen M, Neef R, Hamilton D, Nyland J, Johnson DL. Quadrupled semitendi-
nosus-gracilis autograft fixation in the femoral tunnel: a comparison between a metal and
a bioabsorbable interference screw. Arthroscopy 1998;14:241-245.

104. Weiler A, Hoffmann RF, Siepe CJ, Kolbeck SF, Sudkamp NP. The influence of screw
geometry on hamstring tendon interference fit fixation. Am J Sports Med 2000;28:356—
359.

105. Brand JC, Jr., Pienkowski D, Steenlage E, Hamilton D, Johnson DL, Caborn DN. Interfer-
ence screw fixation strength of a quadrupled hamstring tendon graft is directly related to
bone mineral density and insertion torque. Am J Sports Med 2000;28:705-710.

106. Burkhart SS, Diaz Pagan JL, Wirth MA, Athanasiou KA. Cyclic loading of anchor-based
rotator cuff repairs: confirmation of the tension overload phenomenon and comparison of
suture anchor fixation with transosseous fixation. Arthroscopy 1997;13:720-724.

107. Martinez FD, Morgan WJ, Wright AL, Holberg C, Taussig LM. Initial airway function is
arisk factor for recurrent wheezing respiratory illnesses during the first three years of life.
Group Health Medical Associates. Am Rev Respir Dis 1991;143:312-316.

108. Berlet GC, Johnson JA, Milne AD, Patterson SD, King GJ. Distal biceps brachii tendon
repair. An in vitro biomechanical study of tendon reattachment. Am J Sports Med 1998;26:
428-432.

109. Kato H, Minami A, Takahara M, Oshio I, Hirachi K, Kotaki H. Surgical repair of acute
collateral ligament injuries in digits with the Mitek bone suture anchor. J Hand Surg [Br]
1999;24:70-75.

110. Rupp S, Georg T, Gauss C, Kohn D, Seil R. Fatigue testing of suture anchors. Am J Sports
Med 2002;30:239-247.

111. Barber FA, Herbert MA, Click JN. The ultimate strength of suture anchors. Arthroscopy
1995;11:21-28.



Tendon and Ligament Fixation 277

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Barber FA, Deck MA. The in vivo histology of an absorbable suture anchor: a preliminary
report. Arthroscopy 1995;11:77-81.

Barber FA, Herbert MA, Click JN. Suture anchor strength revisited. Arthroscopy 1996;12:
32-38.

Barber FA, Herbert MA, Click JN. Internal fixation strength of suture anchors—update
1997. Arthroscopy 1997;13:355-362.

Shall LM, Cawley PW. Soft tissue reconstruction in the shoulder. Comparison of suture
anchors, absorbable staples, and absorbable tacks. Am J Sports Med 1994;22:715-718.
Barber FA, Cawley P, Prudich JF. Suture anchor failure strength—an in vivo study.
Arthroscopy 1993;9:647-652.

Shea KP, O’Keefe RM, Jr., Fulkerson JP. Comparison of initial pull-out strength of
arthroscopic suture and staple Bankart repair techniques. Arthroscopy 1992;8:179-182.
Hughes PJ, Hagan RP, Fisher AC, Holt EM, Frostick SP. The kinematics and kinetics of
slipknots for arthroscopic Bankart repair. Am J Sports Med 2001;29(6):738-45.

Thal R. A knotless suture anchor. Design, function, and biomechanical testing. Am J Sports
Med 2001;29:646—649.

Matthews LS, Lawrence SJ, Yahiro MA, Sinclair MR. Fixation strengths of patellar ten-
don-bone grafts. Arthroscopy 1993;9:76-81.

Magen HE, Howell SM, Hull ML. Structural properties of six tibial fixation methods for
anterior cruciate ligament soft tissue grafts. Am J Sports Med 1999;27:35-43.

Jassem M, Rose AT, Meister K, Indelicato PA, Wheeler D. Biomechanical analysis of the
effect of varying suture pitch in tendon graft fixation. Am J Sports Med 2001;29:734-737.
Gerich TG, Cassim A, Lattermann C, Lobenhoffer HP. Pullout strength of tibial graft
fixation in anterior cruciate ligament replacement with a patellar tendon graft: interfer-
ence screw versus staple fixation in human knees. Knee Surg Sports Traumatol Arthrosc
1997;5:84-88.

Steiner ME, Hecker AT, Brown CH, Jr., Hayes WC. Anterior cruciate ligament graft
fixation. Comparison of hamstring and patellar tendon grafts. Am J Sports Med 1994;22:
240-247.

Johnson SG, Hulse DA, Hogan HA, Nelson JK, Boothe HW. System behavior of commonly
used cranial cruciate ligament reconstruction autografts. Ver Surg 1989;18:459-465.
Kousa P, Jarvinen TL, Kannus P, Ahvenjarvi P, Kaikkonen A, Jarvinen M. A bioabsorb-
able plug in bone-tendon-bone reconstruction of the anterior cruciate ligament: Introduc-
tion of a novel fixation technique. Arthroscopy 2001;17:144—150.

Fujikawa K. Clinical study of anterior cruciate ligament reconstruction with the Leeds-
Keio artificial ligament. In: Friedman MJ, Ferkel RD, eds. Prosthetic Ligament Recon-
struction of the Knee. Saunders, Philadelphia, PA, 1988.

Boszotta H, Anderl W. Primary stability with tibial press-fit fixation of patellar ligament
graft: An experimental study in ovine knees. Arthroscopy 2001;17:963-970.



14

Tissue Engineering Strategies for Regeneration
of the Anterior Cruciate Ligament

Michael G. Dunn

INTRODUCTION: THE CHALLENGE OF ACL REGENERATION

The anterior cruciate ligament (ACL) is a primary stabilizer of the knee joint that
is frequently injured, compromising knee stability and leading to degeneration of
other joint structures. Because the ACL has a poor intrinsic healing capacity, surgi-
cal reconstruction is required to restore knee function in young active patients. Bio-
logical grafts are the gold standard for ACL reconstruction, resulting in formation of
scar-like tissue, which remodels but remains structurally and biomechanically infe-
rior to the normal ACL. The ultimate challenge of ACL reconstruction is ACL regen-
eration: reestablishing the unique structure, function, and mechanical properties of
the normal ACL. Despite significant recent advances (/), existing ACL reconstruc-
tion techniques do not result in ACL regeneration (2). In fact, regeneration of the
musculoskeletal soft tissues, including ligament, tendon, meniscus, disc, and carti-
lage, remains an elusive goal.

Rather than review the current state-of-the-art in ACL reconstruction surgery, strat-
egies and tools needed to ultimately achieve ACL regeneration are considered. With
this focus on tissue engineering, there is an essential emphasis on the author’s pre-
clinical studies. as clinical results are not yet available. The introductory sections
detail three major challenges in ACL regeneration: (1) the complex structure and
function of the ACL; (2) inadequate healing in the ACL and the “race” between repair
and regeneration; and (3) limitations of the grafts and biomaterials that are currently
available to the surgeon. With these challenges in mind, the second section (Tissue
Engineering Strategies for ACL Regeneration) explores the potential of the tissue
engineering approach, specifically the use of implantable scaffolds, cells, and cell
signals to induce ACL regeneration. Finally, the last section (Technical, Regulatory,
and Social Issues) examines critical issues associated with taking this technology from
the “bench to the bedside,” involving manufacturing issues and potential difficulties
with regulation and reimbursement of tissue-engineered medical devices.

Complex Structure and Function of the ACL

Ligaments are strong flexible bands of collagen-rich tissue that connect bone to bone,
providing a delicate balance of stability and flexibility to the joints of the body. The
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largest joint in the body—the knee—is stabilized by pairs of collateral and cruciate
ligaments. The ACL is considered the primary stabilizer of the knee and is frequently
injured in athletic maneuvers and accidents. The ACL does not usually heal spontane-
ously; therefore, surgical intervention is often required to restore knee function. In fact,
approx 125,000 ACL reconstruction surgeries are performed worldwide each year, most
often using biological grafts (autografts or allografts).

The ACL is part of a bone-ligament-bone complex that includes bone, fibrocarti-
lage, and a soft-tissue midsubstance (the ACL proper), consisting largely of type I
collagen (to provide high strength), a sheath for protection, vascularity for nourish-
ment, and nerves for proprioception (3). Clearly, such a complex structure is very dif-
ficult, if not impossible to replicate using traditional biomaterials approaches and/or
biological grafts (4). Despite significant progress in understanding ACL anatomy, struc-
ture, biomechanics, and healing, there is still no biological graft or prosthesis ideally
suited for ACL reconstruction.

The primary function of the ACL is mechanical: to limit anterior translation and twist-
ing of the tibia with respect to the femur. Its mechanical properties are well suited to its
function, and these properties are mostly a consequence of the hierarchical arrangement
of type I collagen. The ultimate tensile strength of the human ACL is 38 MPa in young
donors and decreases with age (5). Other important mechanical properties are elasticity,
resistance to creep, and resistance to fatigue failure.

The ACL attaches to the posteromedial aspect of the lateral femoral condyle and to
the tibia, anterolateral to the tibial spine (6). Gross dissection reveals that the human
ACL averages 31 mm in length (7) and twists approx 130—140° from origin to insertion
with the knee in full flexion (8). Two distinct functional units are in the ACL: an antero-
medial band (tightest during flexion) and a posterolateral band (tightest during exten-
sion) (9). The largest well-defined structural unit is the fascicle, which is 20400 um in
diameter and surrounded by the paratenon, a connective tissue sheath. The fascicles are
composed of subfascicles (/0) or fiber bundles of 1-20-um diameter (//), and collagen
fibrils of 25—150-nm diameter. The fibers are crimped with a period of 45-60 wm and
an amplitude of less than 5 pum (/2). The extracellular matrix of the ACL is composed
primarily of collagen (80% of the tissue dry weight) with 88% type I collagen and 12%
type III collagen (/2).

The collagenous matrix of the ACL is synthesized and maintained by fibroblasts.
These fibroblasts are ovoid or round in shape, contrasting to other tendon or ligament
fibroblasts, which are typically elongated and spindle-shaped (/3). ACL fibroblasts are
relatively large (5—8 by 12—-15 um) and are arranged in columns between the collagen
fibers, resembling fibrocartilage near the bony insertion sites.

The ACL is intra-articular, but extrasynovial because of a surrounding protective
sheath. The vascular supply originates from soft tissues (mainly the middle genicular
artery), not from bone junctions (/4). The dominant function of the synovial sheath is
to protect the ACL from synovial fluid. When the sheath is compromised, the ACL
begins to break down via exposure to proteinases (/5) and inflammatory cytokines
found in the synovial fluid.

Fibrocartilage is present at both bone insertion sites, providing a transitional tissue
that may reduce local stress concentrations (/6). Like cartilage, fibrocartilage is charac-
terized by a higher proteoglycan and type II collagen content (/7) when compared to the
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ligament proper, and seems to develop in response to compressive loads (/8). Within
the fibrocartilage there are two regions: a nonmineralized region interfacing with the
soft tissue and a mineralized region interfacing with the bone. Obviously, proper inte-
gration within the bone tunnel attachment sites is a prerequisite for a graft or neoligament
tissue to function; reestablishment of a fibrocartilagenous interface is most desirable.
Rodeo’s group has focused on this interface during healing and recently reviewed tissue
engineering approaches toward establishing a normal bone-ligament interface follow-
ing ACL reconstruction (19).

Mechanoreceptors in the ACL provide sensory feedback to help position the joint
and protect it from damage due to overloading (20). Thus, regeneration of propriocep-
tive structures should be an additional goal of ACL reconstruction (27).

In summary, the ACL is part of a bone-ligament-bone complex that includes various
tissue types, such as the ACL proper, surrounded by a protective sheath, with vascular-
ity for nourishment, nerves for proprioception, fibrocartilagenous transition zones, and
the bone ends that are linked together by the ligament. To date, it has been impossible
to accurately reconstruct or regenerate such a complex structure using traditional bio-
material prostheses and/or biological grafts. New approaches, e.g., tissue engineering
(possibly coupled with genetic engineering) may be needed to induce regeneration of
complex tissues like the ACL. In addition to the complexity of the structure, however,
there is another major biological problem: musculoskeletal injuries tend to mount a
rapid and fibrotic heading response that may interfere with attempts to regenerate the
tissue.

Repair vs Regeneration of Musculoskeletal Tissues

The ultimate goal of ACL reconstruction is to regenerate a fully functional ACL
with the same structure and mechanical properties as the normal ACL. “Regeneration”
is a frequently misused term in the biomaterials literature, often interchanged with
“repair” or “reconstruction,” which are altogether different processes. Regeneration
mimics embyronic development, resulting in nearly complete reconstitution of the
original structure, function, and mechanical properties of the tissue. For example, phy-
logenetically lower vertebrates (e.g., urodeles) can regenerate entire limbs by forming
a blastema at the injury site (22). The blastema is a population of mesenchymal pro-
genitor cells derived from cells that are liberated by enzymatic breakdown of local
stump tissues. This blastema grows and eventually redifferentiates to replace the lost
tissue with a nearly exact copy of the original.

In adult humans, spontaneous regeneration is limited to bone and liver; regeneration
of other tissues can also occur in fetuses and newborns. Human bone regenerates by
maintaining a reserve of embryonic stem cells throughout adulthood. Liver regenerates
in a different manner, via local dedifferentiation of cells, similar to blastema formation
in urodeles.

In contrast to bone and liver, which can regenerate after injury, musculoskeletal
soft tissues tend to heal through formation of relatively weak, disorganized scar tis-
sue. Severe ligament sprains can be particularly problematic; even in the best case,
there is a fibrotic repair response that remodels over several years, causing scar tis-
sue that is structurally and biomechanically inferior to the normal tissue. For most
soft tissues, the fibrotic repair process is thought to interfere with the possibility of
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regeneration; i.e., there is a “race” between repair and regeneration, and repair wins.
This makes sense from an evolutionary standpoint: rapid repair renders functionality
to the injured tissue, enhancing chances for survival in the wild. On the contrary, the
repair tissue is disorganized and weak and does not necessarily restore full function.

Soft tissues typically heal by fibrosis, potentially impairing regeneration, but the
ACL presents a worst-case scenario regarding to healing. Following complete rupture,
the torn ends of the ACL retract toward the bone, leaving a large gap that is difficult to
close by natural healing or primary surgical repair. Thus, surgical reconstruction is
recommended to restore ACL function. However, currently available grafts and bio-
materials are not completely satisfactory for this purpose.

Limitations in Currently Available Grafts and Biomaterials

ACL reconstruction has been performed using various collagenous tissues (23),
including fascia lata, semitendinosus, meniscus, iliotibial band, and the mid-third
patellar tendon, which remains the gold standard (24). Biological grafts undergo four
phases after implantation: necrosis, repopulation by cells and blood vessels, remodel-
ing, and maturation (2). Necrosis occurs rapidly postimplantation, even for vascular-
ized autografts. After the necrosis period, extrinsic cells and blood vessels gradually
repopulate the graft. The gradual breakdown of the graft tissue during remodeling
causes a significant loss of tensile strength. Finally, during maturation, deposition and
rearrangement of new collagen occurs, causing a gain in strength.

Although the repopulated graft matures in response to its new mechanical and nutri-
tional environment, a process termed “ligamentization” (25), the tensile strength and col-
lagen fibril diameter distribution of the normal ACL are not reestablished (26). In fact,
preclinical studies show that even at 1 yr postimplantation, the breaking load of the graft
ranges from only 11 to 52% of the normal ACL (27,28). The scar tissue that forms is
inferior to normal ACL tissue; biological grafts do not restore normal joint function and
biomechanics. Presently, efforts are being made to improve the efficacy of allografts or
xenografts using tissue modifications (29), such as cryopreservation, decellularization
(30), protein engineering, and genetic engineering. These graft-enhancing technologies
are promising but beyond the scope of this chapter.

Because of the problems and complications associated with biological grafts, great
interest exists in developing synthetic substitutes to replace a torn ACL. Synthetic poly-
meric ACL prostheses have several potential advantages over biological grafts: pre-
serving local autogenous structures, avoiding potential disease transmission related to
allografts, high initial strength, and ease of fabrication, sterilization, and storage. For
several decades, there were major research efforts to develop a completely prosthetic
ACL from traditional biomaterials, but these efforts failed, and there is currently no
synthetic ACL prosthesis approved by the US Food and Drug Administration (FDA)
for primary ACL reconstruction (3/). Synthetic polymers clinically evaluated for ACL
reconstruction included polytetrafluoroethylene (Gore-Tex), polyethylene terephtha-
late (Dacron; Stryker-Meadox and Leeds-Keio ligaments), carbon fibers (Integraft),
and braided polypropylene (Kennedy Ligament Augmentation Device). Clinical ACL
reconstruction studies using prostheses have generally shown poor long-term results
because of persistent pain, synovitis, sterile effusions, arthritis, and mechanical break-
down of the synthetic polymers.
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In conclusion, there are at least three major challenges associated with ACL regenera-
tion: (1) the complex structure and function of the ACL; (2) the poor healing response of
the ACL, coupled with the natural tendency for fibrotic repair instead of regeneration;
and (3) the limitations of currently available grafts and biomaterials. Can a tissue engi-
neering strategy be designed and implemented to overcome these significant challenges?

TISSUE ENGINEERING STRATEGIES FOR ACL REGENERATION

Tissue engineering is an emerging discipline that blends the fields of biomaterials,
bioengineering, and cell biology and has the goal of inducing tissue repair or regenera-
tion. What differentiates this from more traditional biomaterials fields is that implants
are designed to induce a response from the recipient and provide a biological tissue
replacement. Typically, a temporary biomaterial scaffold, cells, and/or cell signals are
combined in vitro or in vivo to elicit the desired response. This approach sharply con-
trasts the use of permanent prostheses, which are intended to remain inert over long
periods of time. Tissue engineering is being explored for virtually all fields of medi-
cine and surgery, and it is likely that as this field develops, the need for biological
grafts and traditional prostheses will be greatly diminished.

The success of tissue-engineered ACL regeneration depends on three principal fac-
tors, each with several variables: the characteristics of the implant (scaffolds, cells, and
cell signals), surgical procedure (multivariate), and the postsurgery rehabilitation pro-
tocol. One logical approach to ACL regeneration is to mimic “spontaneous regenera-
tion” that occurs in limbs of lower vertebrate species and certain tissues in adult
humans. In these cases, regeneration recapitulates embryonic development to a certain
extent. Examples include limb regeneration in urodeles via local cell dedifferentiation
to form a blastema (22) and bone regeneration in humans via reserves of embryonic
stem cells. Taking cues from nature, our group and other investigators are combining
resorbable scaffolds, cells, and cell signals to form a “blastema-like” template for ten-
don (32) or ACL regeneration. To reiterate, the feasibility of this tissue engineering
approach has been established (33,34), but true ACL regeneration has not yet been
realized.

Resorbable Polymeric Scaffolds for ACL Regeneration

Similar to a scaffold erected around a building under repair, tissue engineering scaf-
folds are designed to provide temporary mechanical support and serve as a substratum
for the attachment, migration, and activities of the “workers” (cells). The success of a
scaffold-based implant depends on the well-coordinated timing of implant resorption
and new tissue in-growth. Scaffolds for ligament reconstruction are typically
biomimetic, designed to be similar to normal ligaments: complex composite materials
with continuous fibers aligned in parallel within a deformable matrix. Various textile
configurations, e.g., yarns or braids, also provide constructs with different mechanical
and biological properties.

Scaffold Design Criteria

Tissue engineering scaffolds for ACL reconstruction can be of natural or synthetic
origin but must satisfy diverse design criteria. The criteria involves mechanical proper-
ties, biocompatibility, and a “moderate” resorption rate to gradually transfer mechani-
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cal loads to in-growing neoligament tissue. As in all engineering designs, there are
trade-offs with optimizing scaffold performance, and it is difficult, if not impossible, to
satisfy all the design criteria. For example, currently available synthetic materials are
generally deficient relevant to tissue interactions, whereas for natural materials, the
mechanical properties and resorption rates are difficult to reproducibly control.

Clearly, there are special mechanical considerations for tissue engineering applica-
tions in the musculoskeletal system, because these tissues (and their replacements)
must bear significant mechanical loads. In fact, several early attempts to develop tis-
sue-engineered tendons or ligaments failed because the biomaterial scaffold had inad-
equate strength and stiffness. Examples include the use of relatively weak collagen
gels seeded with cells in vitro. Although these constructs appeared to be “ligament-
like” based on histology and/or biochemical markers, they lacked the key ingredient
required for a ligament: mechanical strength.

Recently, the concept of functional tissue engineering emerged, emphasizing the
need to consider the role of biomechanics in tissue engineered constructs (35). How
these principles are important in the design of ACL regeneration scaffolds is briefly
discussed. The first four principles involve understanding the mechanical state of the
normal tissue: (1) measuring stress/strain histories in vivo; (2) measuring the mechani-
cal properties under subfailure and failure conditions; (3) selecting and prioritizing a
subset of these mechanical properties; and (4) setting standards to evaluate surgical
outcomes. For ACL regeneration scaffolds, it is critical to consider these mechanical
factors.

Several studies have determined actual stresses and/or strains generated in the ACL
during knee loading in animals (36) or humans (37,38). The loads generated during
normal usage are well below the failure load of the ACL and vary within the antero-
medial and posterolateral bundle as a function of loading conditions. The mechanical
properties of isolated femur-ACL-tibia complexes have also been studied under
subfailure and failure conditions. The structural properties (breaking load, stiffness,
and extensibility) and material properties (ultimate strength, modulus, and ultimate
strain) of various tendons and ligaments have been determined from uniaxial constant
strain rate failure testing (39,40). The ACL is anisotropic, nonlinear, and viscoelastic
(experiences creep and stress relaxation), making it even more difficult to match its
properties. To obtain design criteria, these mechanical properties must be prioritized,
according to the most important to restore normal knee function and mechanics. The
stiffness certainly is critical because it influences load sharing between the implant and
neoligament tissue. If the implant is too stiff, the neoligament tissue will not bear sig-
nificant loads, and may atrophy from stress-shielding. Viscoelastic properties are also
significant because the knee is loaded cyclically. Finally, standards should be set to
evaluate surgical outcomes; these must be based largely on mechanical performance
and, in clinical studies, patient satisfaction. Again, the reader is referred to the excel-
lent seminal article by Butler, Goldstein, and Guilak for a more complete treatment of
this topic (35).

Another level of difficulty is that the tissue-engineered ACL is designed to gradu-
ally degrade, lose strength, and transfer mechanical loads to newly formed neoligament
tissue. The optimal rate of scaffold strength loss is not known, but two extreme cases
are unsatisfactory. If the implant remains too stiff for too long, stress shielding will
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occur, and the neoligament tissue may not mature owing to lack of mechanical load-
ing. At the other extreme, if the implant is initially too weak, or resorbs too rapidly,
mechanical failure will occur before neoligament tissue can form and bear loads. Ide-
ally, the mass resorption of the implant would coincide with the strength loss so that a
“nonfunctional implant” would not take up space needed for neoligament tissue for-
mation.

It is important to note that biological properties are also critical to the scaffold
design. The scaffold must be biocompatible and capable of supporting or inducing
tissue in-growth and remodeling. Thus, only scaffolds containing biocompatible
polymers were investigated, including collagen and various synthetics.

Collagen Fiber-Based Scaffolds

Type I collagen is a candidate biomaterial for this application because of its unique
physical, chemical, and biological properties. Collagen is a triple-helical protein that
self-assembles into strong rope-like fibers that provide mechanical stability to all tis-
sues of the body. Collagen is the major structural component of connective tissues (4/),
especially the tendon and ligament (/2). Collagen can be extracted from tissues and
processed into high-strength fibers (42) and scaffolds with mechanical behavior similar
to that of autografts (43). Collagen is widely used in cell culture studies because fibro-
blasts attach, proliferate, and secrete matrix on collagen scaffolds. Collagen has numer-
ous biological functions, serving as the natural scaffold supporting cell attachment,
proliferation, and matrix synthesis within the body. The resorption rate of collagen can
be controlled by the extent of crosslinking (44—46). Collagen is not highly antigenic
(47) and is chemotactic for fibroblasts and other cells involved in tissue repair (48).
Several groups have explored the use of tissue-derived biomaterials and/or purified
collagen for reconstruction of tendon (32), meniscus (49), or ACL (50-52); this section
focuses on efforts from the author’s laboratory.

In our studies, collagen fibers (50—-100 um diameter) for ACL reconstruction scaf-
folds are made by extruding a 1% (w/v) acid-insoluble bovine dermal collagen disper-
sion into saline solution, rinsing, and drying under tension. Fibers are crosslinked to
improve the mechanical properties and control the resorption rate after implantation.
The wet tensile strength of individual extruded collagen fibers (40-80 MPa) is compa-
rable to that of native ligament tissue. Composite collagen scaffolds for implantation
are made by embedding several hundred to several thousand (depending on the animal
model) parallel continuous collagen fibers within a collagen or synthetic polymeric
matrix.

Feasibility studies demonstrated that collagen fiber—based scaffolds can induce tissue
ingrowth and gain strength (similar to biological grafts) following reconstruction of
the Achilles tendon (43) or ACL (53). Collagen scaffolds for ACL reconstruction were
made by aligning 225 crosslinked type I collagen fibers (60-um diameter) in an
uncrosslinked type I collagen matrix. The ACL was removed in skeletally mature rab-
bits and reconstructed using an acellular collagen scaffold implanted through the ana-
tomic ACL attachment sites. Polymethylmethacrylate cement was used to secure the
scaffolds within the femoral and tibial bone tunnels.

In our initial study (53), about 50% of the collagen scaffold implants ruptured
before adequate neoligament tissue was formed, partly because of surgical and reha-
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bilitation factors. Most failures were likely a result of unrestricted knee motion
postsurgery (animals were not immobilized), which cut the device at the sharp bone
tunnel interface.

The other half of the implanted scaffolds induced formation of functional, intact
neoligament tissue connecting the femur and tibia. At 4-wk postimplantation, neo-
ligament tissue was composed of newly deposited collagen, fibroblasts, and inflam-
matory cells within the implanted collagen fiber scaffold. At 20-wk postimplanta-
tion, the dehydrothermal-cyanamide crosslinked scaffolds appeared to be completely
resorbed (based on light microscopic observations) and were completely replaced by
aligned functional neoligament tissue. The strength of the neoligament at 4-wk post-
implantation was less than that of an unimplanted collagen scaffold. However, at 20
wk, the neoligament strength had increased to 17 MPa, exceeding the strength of the
unimplanted scaffold. Acellular collagen scaffolds initially lost strength, then
strength increased from tissue ingrowth and remodeling, similar to the behavior of
biological grafts.

The bone tunnel attachment sites contained new bone at the periphery of the surgi-
cal drill holes, approaching the fibrous neoligament. In a follow-up study, we further
evaluated the bone tissue response to acellular collagen fiber scaffolds. Results sug-
gest that bone and fibrocartilage tissue in-growth or “biological fixation” might effec-
tively secure the scaffolds within the surgical bone tunnels (54).

Collagen fiber-based scaffolds have the potential to be developed into ACL regen-
eration scaffolds, but further work is needed. The use of proteinase inhibitors may
improve control of the collagen degradation rate. For example, when matrix metallo-
proteinases are inhibited in dermal wounds, the wound strength increases (55). Our
laboratory has explored various crosslinking methods to improve collagen fiber scaf-
fold performance for ACL reconstruction, including chemical methods (carbodiimides
and glutaraldehyde; 56,57) and so-called “physical” methods (dehydrothermal treat-
ment and ultraviolet light; 45,46). Typically, chemical crosslinkers compromise
biocompatibility to some extent, whereas physical methods can partially denature col-
lagen, leading to a more rapid resorption rate.

Collagen-based materials have many advantages, but they are difficult to reproduc-
ibly fabricate, and there are no ideal sterilization methods for collagen (58). Thus, we
are also exploring the use of synthetic polymeric fiber—based scaffolds and collagen-
synthetic hybrid scaffolds for ACL regeneration.

Synthetic Polymeric Fiber-Based Scaffolds

Synthetic resorbable polymeric fibers are appealing for this application because criti-
cal properties, e.g., strength, strength retention, and degradation rate, can be tailored
during processing. We are evaluating both the polyarylate and polycarbonate families
of tyrosine-derived polymers (59). By making small variations in the backbone struc-
ture and pendant chain length, a broad series of physical properties (strength, stiffness,
degradation rate, Tg, and surface tension) can be customized within these families of
polymers. Polycarbonates and polyarylates are typically amorphous polymers, soluble
in a wide selection of organic solvents. Both have glass transition temperatures
(<100°C) significantly lower than their decomposition temperature (>300°C), allow-
ing for various processing modes, such as conventional solvent casting, evaporation
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techniques, extrusion, compression molding, and fabrication into complex shapes by
injection molding.

Poly(DTE adipate), one of the polyarylates, was initially selected based on favor-
able mechanical and resorption properties found previously for rods and films (60).
Fibers of these polymers had not been made previously. As a first screening test for
these new polymeric fibers, we evaluated the strength retention, mass loss, and mo-
lecular weight (MW) loss of poly(DTE adipate) fibers as a function of time in vitro.
Poly(DTE adipate) polymer (100 kDa = initial MW) was spun into 150-um diameter
fibers. Fibers had an initial strength of 48.1 + 7.4 MPa with a MW of 88 £ 2 kDa. Fibers
(n = 8 per group) were incubated in phosphate-buffered saline at 37°C for 0, 1, 2, 4, 8,
16, and 32 wk. After 1 wk of incubation, the strength decreased to about half of the
initial value. By wk 16, strength decreased to 10 MPa. Mechanical integrity was lost by
32 wk. There was a continuing decrease in MW throughout the experiment but no mass
loss. Poly(DTE adipate) fibers had slightly higher initial strength and degradation rate
than reported for films. The mechanical properties and degradation rate of poly(DTE
adipate) fibers were within the range suitable for use in an ACL reconstruction device.

Based on these in vitro results, our next step was to evaluate in vivo strength retention
and the tissue response to poly(DTE adipate) fibers. Because this polymer degrades
hydrolytically, rather than enzymatically, similar degradation behavior was expected in
vivo. Scaffold implants (4-cm length) were made by aligning 100 poly(DTE adipate)
fibers in parallel. Scaffolds were sterilized by cold ethylene oxide. The implants were
placed subcutaneously in five mature male rats that were sacrificed at 2, 4, or 8 wk. At
all time periods, there was significant fibrous tissue in-growth surrounding individual
fibers. No unusual inflammatory response was observed throughout the length of the
study. The poly(DTE adipate) scaffolds had 73% MW retention at 4 wk in vivo. By
8 wk, MW retention significantly decreased to 36% of the initial value.

The initial mechanical properties of synthetic tyrosine-derived polyarylate and poly-
carbonate fibers are in the same range as those of collagen fibers; however, the synthet-
ics have improved strength retention in comparison to collagen. The synthetic fiber
scaffolds have also shown excellent biocompatibility and tissue in-growth in a subcuta-
neous implantation model. Based on our preliminary results and previous work by
Kohn’s group (60), we selected tyrosine-derived polyarylates (intermediate-strength
retention) and polycarbonates (prolonged-strength retention) as model polymer systems
to test the effects of scaffold strength retention on neoligament formation. The strength
retention of these polymers can be tailored by subtle changes in the polymer backbone
and pendant chain. These groups of synthetic resorbable polymers are currently being
investigated for use as ACL regeneration scaffolds (6/). Other groups have used
polylactide-glycolide polymer-based fibers (62) and silk fibers (63) as experimental
ACL reconstruction scaffolds.

Hybrid (Natural-Synthetic) Scaffolds

Another strategy to improve the properties of fibrous composites is to combine
natural and synthetic fibers and/or modify the matrix surrounding the fibers. We fab-
ricated hybrid (natural-synthetic) composites by embedding parallel collagen fibers
within a polylactic acid (PLA) matrix (64). PLA was applied by dipping 500 collagen
fibers in a 10% solution of L-PLA in chloroform and drying overnight under vacuum.
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The mechanical properties, resorption rates, and subcutaneous tissue reactions were
determined for collagen—PLA and collagen—collagen composites. The tensile strength
and modulus of collagen—PLA composites were twice that of collagen—collagen com-
posites. Subcutaneous fibrous tissue in-growth was improved, and implant resorption
was slightly delayed in the collagen—PLA composites.

ACL reconstruction surgeries were also performed in rabbits using collagen—-PLA
composite implants. After 4 wk, neoligament tissue was observed in seven of eight
implants; however, four neoligaments had ruptured either in the midsubstance (n = 2)
or at the bone tunnel interface (n = 2). These results and our previous work suggest that
resorbable polymeric composite scaffolds are potentially useful for ACL reconstruc-
tion. Again, these resorbable implants must be protected from excessive mechanical
loading during the formation of host neoligament tissue.

We are currently investigating various types of synthetic polymeric matrices and
fibers as scaffolds for ACL reconstruction. Others developed a hybrid tissue-engineered
ACL device, consisting of a poly(L-lactic acid) fiber braid filled with collagen (65).

In summary, scaffolds for ACL regeneration must meet rigorous mechanical and
biological design criteria. Natural and synthetic fibers are potentially useful as scaf-
folds, and a combination of the two may be needed to satisfy the design criteria. Of
course, scaffolds should interact with cells and cell signals to form new tissue and
enable ACL regeneration.

Cells and Cell Signals to Promote ACL Regeneration

Although scaffolds provide temporary mechanical support, the long-term success of
tissue-engineered devices depends on cells to deposit and remodel new matrix; cell sig-
nals are critical to this process. Growth factors have tremendous potential to improve
tissue repair or induce regeneration, but these soluble factors may need to be incorpo-
rated into delivery vehicles (scaffolds) with appropriate release rates. Mechanical loads
provide critical signals that influence normal musculoskeletal tissue development,
growth, remodeling, and repair. When deprived of mechanical loads, musculoskeletal
tissues atrophy; increased loads cause hypertrophy. Yet, until very recently, mechanical
loads were not routinely applied to developing tissue analogs in vitro. Our laboratory is
investigating cell seeding and various cell signals, including delivery of growth factors,
genes, and mechanical loads to enhance ligament analog formation in vitro and ligament
regeneration in vivo.

Development of Cell-Seeded “Ligament Analogs”

Toward the long-term goal of providing an embryonic or regenerative environment,
a blastema-like structure or supply of locally active cells, we hypothesized that
neoligament formation can be influenced by preseeding a scaffold with autogenous
fibroblasts in vitro, creating a viable “ligament analog” for ACL reconstruction. Simi-
lar “tissue analogs” have been developed by others to repair large defects in skin and
cartilage. In theory, preseeding a scaffold with autogenous cells might improve
neoligament formation in the short term by controlling extracellular matrix deposition
and the recruitment of local cells and may improve in the long term by influencing
scaffold resorption and neoligament remodeling.

We fabricated ligament analogs in vitro by seeding high-strength resorbable col-
lagen fiber scaffolds with intra-articular (ACL) or extra-articular (patellar tendon [PT])
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fibroblasts (66). Fibroblasts explanted from rabbit or human tissues were cultured and
seeded onto collagen scaffolds. Fibroblasts attached and proliferated on collagen fiber
bundles and deposited new collagen within the ligament analogs in vitro. The cells
adhered rapidly to the collagen scaffolds, spread along the long axis of the collagen
fibers, proliferated, and remained viable for weeks in vitro. Fibroblast function was a
mechanism of the culture substratum (ligament analog vs tissue culture plate) and the
origin of the fibroblasts (ACL vs PT). PT fibroblasts proliferated more rapidly than
ACL fibroblasts when cultured on ligament analogs. Collagen synthesis by ACL and
PT fibroblasts was approximately tenfold greater on ligament analogs than tissue cul-
ture plates. The composition, structure, and geometry of the collagen fiber scaffolds
may promote collagen synthesis within ligament analogs in vitro. These findings sug-
gest that collagen fiber scaffolds influence cell behavior and collagen deposition, which
is potentially beneficial following implantation.

However, possible benefits depend on sustained viability of the seeded cells fol-
lowing implantation into the knee joint. In ACL reconstruction surgery, implants are
placed intra-articularly, surrounded by synovial fluid. Because the joint environment
is relatively avascular, and nutrition may be compromised, the viability and function
of a fibroblast-seeded ligament analog implanted in this environment is of particular
interest.

The next question we addressed was whether these living ligament analogs would
remain viable after implantation (67). We examined the fate of autogenous ACL and
skin fibroblasts that were seeded on ligament analogs and implanted into the knee joint
space. ACL and skin fibroblasts that were harvested, cultured, labeled, seeded on col-
lagen fiber scaffolds in vitro, and implanted into the autogenous knee joint remained
viable for at least 4—6 wk postimplantation. Thus, fibroblast-seeded ligament analogs
may impact neoligament formation and remodeling. Studies are in progress to compare
the efficacy of acellular scaffolds vs fibroblast-seeded ligament analogs in a load-bear-
ing ACL reconstruction surgery model.

These results indicate that synovial fluid provides sufficient nutrition to sustain
ACL or skin cells transplanted into the joint space. We selected skin as a possible
source of fibroblasts because it is easily accessible in a clinical setting, and it has a
robust healing potential. Although skin fibroblasts normally reside in an extrasynovial
environment, they survived transplantation into the relatively harsh environment of
the synovial joint. ACL fibroblasts also survived in the knee joint space, but their
potential to improve neoligament formation may be limited by a poor intrinsic healing
capacity. For example, relative to fibroblasts of the medial collateral ligament (MCL),
ACL fibroblasts have decreased rates of migration, adhesion, proliferation, and col-
lagen synthesis. Thus, it may be necessary to seed with a different type of fibroblast or
to use cells genetically modified to optimize neoligament formation.

This preliminary work established the feasibility of harvesting, culturing, seeding,
implanting, and tracking fibroblasts on viable ligament analogs grown in the labora-
tory. This approach would not specifically result in ACL regeneration, but it might
enhance repair or formation of neoligament tissue. However, these studies establish the
foundation for future studies, such as seeding a high-strength scaffold with pluri-
potential mesenchymal cells to create an ACL regeneration blastema. Autogenous mes-
enchymal stem cell-seeded collagen gels appear to enhance healing of Achilles tendon
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defects (68). Prockop recently reviewed the potential uses of marrow stem cells for
nonhematopoietic tissues, including tissue engineering applications for musculoskel-
etal tissues (69).

Local Delivery of Growth Factors and Genes

Growth factors are soluble peptides that influence normal tissue morphogenesis,
repair, and regeneration. Platelet-derived growth factor (PDGF) and transforming
growth factor B (TGF-) are present in the normal healing response of the MCL and
ACL. PDGEF or a combination of TGF-B and epidermal growth factor administered
locally in a soluble form can improve MCL healing (70,71). In vitro research implies
that growth factors may enhance repair by increasing ligament fibroblast proliferation
(72-75) and matrix synthesis (76,77).

A potential problem with these soluble growth factors is rapid diffusion away from
the site where activity is required in vivo. The duration of growth factor activity may
be prolonged by incorporating these soluble factors within a scaffold delivery vehicle,
e.g., bone morphogenetic protein delivered via a collagen sponge enhanced tendon
healing in a bone tunnel (78).

Finally, genetic alteration of seeded cells, including stem cells (79) and other gene
therapies, are rapidly emerging technologies that will complement and expand tissue
engineering methods to tissue repair. Gene delivery may be advantageous when com-
pared to protein delivery. Tendon—bone integration was improved by bone morphoge-
netic protein gene delivery (80); therapeutic genes can also be delivered directly to
ligaments using various vectors (8/,82). Like growth factors, genes should be delivered
locally over some period of time to maximize efficacy. The concept of sustained local
gene delivery from biomaterials is in its infancy. A “gene activated matrix,” a polylactic-
glycolic acid or collagen scaffold soaked with plasmid DNA prior to implantation (83)
is potentially useful to encourage repair of various tissues. However, it is difficult to
control the rate and duration of gene delivery, and delivery vehicles generally have poor
mechanical properties (84).

Mechanical Loads and Postoperative Rehabilitation

Mechanical loads provide critical signals that influence cells (85,86) and help control
musculoskeletal tissue development, growth, remodeling, and repair (87,88). Mechani-
cal loads can increase collagen production by ligament fibroblasts and interact synergis-
tically with growth factors to influence fibroblast behavior (89). Yet, until recently,
mechanical loads were not routinely used to influence tissue analog development in
vitro.

Note the concept of functional tissue engineering (35), and its first four principles, as
discussed in the Scaffold Design Criteria section. The last two principles of functional
tissue engineering involve interactions between mechanical signals and cells: physical
regulation of cells on matrices in vivo and physical stimulation of cell-scaffold con-
structs in vitro (35). It is now well accepted that mechanical loads have a major role in
regulating cell behavior in vitro and in vivo. For example, mechanical loads cause mor-
phological changes in fibroblast-seeded collagen lattices (90) and influence collagen
gene expression by ACLs in vitro (9/). Mechanical loading also affects graft remodel-
ing and biological fixation of ACL grafts in vivo (92). Therefore, patients undergoing
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ACL reconstruction who receive grafts are typically exposed to protected loading or
continuous passive motion shortly after surgery (93). Early motion prevents excessive
scar formation in the joint and stimulates healing and remodeling of tissues. However,
postoperative rehabilitation protocols will likely need to be redesigned for tissue-engi-
neered ligament regeneration devices, because their initial mechanical properties and
changes in properties postoperatively are not necessarily similar to biological grafts.
The process of tissue regeneration may be prolonged in comparison to rapid scar forma-
tion; thus, prolonged rehabilitation may be a prerequisite for ACL regeneration.

Technical, Regulatory, and Social Issues

There are important issues that need to be resolved as the field of tissue engineering
transforms from the bench to the bedside (94). The first generation of tissue-engineered
products (primarily for skin repair) have successfully overcome many of these chal-
lenges (95). Many concerns remain regarding the development, clinical use, and safety
of tissue-engineered devices (96).

From a technical standpoint, there are many unknowns about interactions between
scaffolds, cells, and cell signals. Can a scaffold meet mechanical and biological require-
ments? Does cell seeding improve implant performance? If so, by what mechanisms?
Are the effects of cells short term, or are there long-term benefits? Implantation studies
comparing acellular vs cell-seeded scaffolds are required. Should autogenic (self), allo-
genic (human donor), or xenogenic (animal) tissues (97) or cells be used? Can stem cells
be led to differentiate into various tissue types? How can gene therapy be incorporated
into designs? Is gene therapy safe? What are the optimal conditions to harvest, grow,
sterilize, store, and ship cells and cell-seeded implants? It is difficult enough to make a
few functional devices for ACL reconstruction in the laboratory; imagine the complex-
ity associated with scale-up and manufacture of a tissue-engineered ligament device.

In addition to the technical and manufacturing obstacles, there are challenges with
federal regulation of tissue-engineered implants. Regulation of tissue-engineered devices
by the FDA in the United States is still in development (98), and there are serious regu-
latory concerns in Europe (99,100). Are these new implants categorized as tissues, drugs,
devices, or combination of these designations? The regulatory pathways for these cat-
egories are quite different. Can the same safety and efficacy tests used to evaluate tradi-
tional inert biomaterials be used for tissue-engineered devices?

Finally, there are political and socioeconomic issues, including government funding
of research, corporate liability, medical insurance reimbursement, and ethical concerns.
Currently, the use of embryonic stem cells is controversial (/01 ), and research funding
is limited by the US government. Companies may be reluctant to develop novel tissue-
engineered implants because of liability issues. Furthermore, a new implant must have
significant advantages over the existing standard of care to be considered for reim-
bursement by medical insurers.

SUMMARY

Tissue engineering strategies may provide alternatives to biological grafts and per-
manent prostheses by improving repair or inducing regeneration of soft connective
tissues, such as skin, cartilage, meniscus, and ligaments. The success of the musculosk-
eletal soft-tissue reconstruction procedure depends on three major factors: implant char-
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acteristics (scaffolds, cells, and signals), surgical procedure, and the postsurgery reha-
bilitation protocol. Tissue-engineered implants combine three dominant components:
scaffolds, cells, and signals. Scaffold design generally involves trade-offs between
biocompatibility and other physical-mechanical properties. The mechanical proper-
ties, resorption rate, and strength retention requirements vary according to the type of
tissue being replaced. It is likely that natural and synthetic material properties must be
combined to achieve the ideal ligament reconstruction scaffold.

Surgery and rehabilitation protocols must be carefully designed for tissue-engineered
implants that may not behave the same as grafts or permanent prostheses. Many other
technical, regulatory, and business challenges should be addressed in the development
of tissue-engineered ACL devices. Nonetheless, over the next several decades, the use
of biological grafts and traditional prostheses will probably diminish as tissue engi-
neering gradually moves from the bench to the bedside.
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Gene Therapy and Ligament Healing

Norimasa Nakamura

INTRODUCTION

Although there has been substantial progress in operative techniques, surgical instru-
mentation, and rehabilitation programs, based on the wealth of knowledge about the
biology and biomechanics of articular joints, the clinical outcomes following liga-
ment injury are often still far from ideal. Ligaments take longer to heal than other
connective soft tissues, and the repaired ligament tissue is scarlike and inferior to
normal ligament tissue both biologically and biomechanically (/). Furthermore, some
ligament-deficient joints subsequently become unstable and can lead to lifelong dis-
ability with osteoarthritis (2). Therefore, a novel therapeutic approach to accelerate
and improve ligament repair is needed. One option could be the biological manipula-
tion of ligament healing by the controlled delivery of biological reagents.

PROBLEMS IN LIGAMENT HEALING

Animal studies on ligament healing have revealed that the same sequence of events
appears to occur in the ligament as observed in skin wound healing. The healing pro-
cesses consist of inflammation (days to weeks), repair/proliferation (weeks), and remod-
eling (months to years; see Fig. 1). Through these biological processes, ligaments heal
with scarring that is inferior to normal tissue biologically and biomechanically. In addi-
tion, owing to their relative hypocellularity and hypovascularity, ligaments generally
have a lower healing potential than other soft tissues, e.g., skin. In fact, the tensile
strength of injured skin recovers by 10 wk following injury (3), whereas gap-healing
rabbit medial collateral ligament (MCL) of the knee reaches only about 30% of the
normal ligament strength on a material basis (i.e., per square cross-section of material)
at even 1-yr postinjury (4). Even a completely remodeled ligament at over 2 yr post-
injury remains scar-like (5). Such ligament scar remains different from normal tissue in
many aspects: elevated glycosaminoglycan content, decreased collagen content, abnor-
mal collagen crosslinking different collagen types, and specifically, different ultra-
structure (/,4,5). Ligament scar has predominantly small-diameter collagen fibrils when
compared with the bimodal distribution (large and small diameter) found in normal
ligament (5). Such differences collectively seem to contribute to the inferior biome-
chanical properties of the ligament. Considering that the major role of ligaments is to
mechanically stabilize joints, ignoring inferior quality of scar material can lead to seri-

From: Orthopedic Biology and Medicine: Repair and Regeneration of Ligaments, Tendons, and Joint Capsule
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Fig. 1. The healing processes of inflammation, repair/proliferation, and remodeling.

ous clinical problems, such as functional deficits and/or osteoarthritis. Furthermore,
recent investigation has revealed that healing ligaments show inferior creep behavior
(increase in strain under constant or repetitive stress) under low stress (6). As recent
evidence suggests that ligaments are subject to repetitive low loads in vivo (7) and that
irrecoverable creep may result in a permanent stretching out of the ligament over time
(6,8), such inferior creep behavior of the healing ligament might have significant clini-
cal implications.

STRATEGIES TO IMPROVE LIGAMENT HEALING
Exogenous Addition of Biological Factors Involved in Tissue Repair

Researchers have tried to develop strategies to improve and speed up the healing
process of injured ligaments. To this end, biological manipulation of scar-tissue forma-
tion has predominantly focused on the overexpression of growth factors, which have
been revealed as an important influence to cutaneous wound healing. As described
previously, this is because the healing process of the ligament is basically analogous to
that of skin tissue.

Normal wound healing begins with the accumulation of fibrin and platelet degranu-
lation, the latter event involving the release of transforming growth factor-f (TGF-f3),
platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and insulin-
like growth factor 1 (IGF-1), which are chemotactic and mitogenic for inflammatory
cells. Accordingly, neutrophils and macrophages accumulate during the inflammatory
phase of wound healing with the latter cell type secreting more TGF-J3, basic fibroblast
growth factor (bFGF), and vascular endothelial growth factor (VEGF). These growth
factors stimulate fibroblasts and endothelial cells to proliferate, then fibroblasts and
other reparative cells accumulate at the injured site and continue to synthesize and
secrete extracellular matrix (ECM) components. Hepatocyte growth factor (HGF) is a
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Table 1

Application of Biological Factors to Promote Wound Healing

Factor Biological effects References

TGF-B Influx of mononuclear cells and fibroblasts 11
Enhanced collagen deposition 12
Increase in wound tensile strength 13

EGF Proliferation of fibroblasts 14

Enhanced collagen deposition
Increase in wound tensile strength

PDGF-B Influx of mononuclear cells and fibroblasts 15
Enhanced angiogenesis 12
Enhanced collagen deposition 3
Increase in wound tensile strength

bFGF Proliferation of fibroblasts 16

Enhanced collagen deposition
Increase in wound tensile strength

VEGF Enhanced angiogenesis 17
Enhanced granulation deposition 18
HGF/SF  Enhanced angiogenesis 9

Enhanced collagen deposition

EGR-1 Overexpression of TGF-B, PDGF, HGF, and VEGF 33
Enhanced angiogenesis 34
Enhanced collagen deposition

mesenchyme-derived pleiotropic factor that regulates cell growth, cell motility, and mor-
phogenesis of various cells and is thus considered a humoral mediator of epithelial—
mesenchymal interactions, including wound healing (9). Recent research has revealed
that HGF is expressed in wound fibroblasts, and its expression peaks at 7-d postwound-
ing, suggesting the importance of this growth factor in early wound repair (/0). The
early phase of tissue repair is then followed by tissue maturation, remodeling, and
reorganization. Collectively, the early phases of wound healing depend on the transient
and coordinated expression of various growth factors within wounds. Therefore, appli-
cation of these factors may potentially accelerate and improve wound repair. Based on
these findings, various experimental studies have investigated the effect of these growth
factors on the improvement of wound healing. Positive results with the administration
of TGF-B (11-13), EGF (14), PDGF-B (3,15), bFGF (16), VEGF (17,18), and HGF (9)
in wound repair have been demonstrated (see Table 1).

Regarding to ligaments, some studies have begun to characterize growth factors and
their receptors during healing. Transcripts for TGF-1, EGF, bFGF, IGF-1, IGF-2, as
well as insulin and IGF-2 receptors, have been detected in normal and injured liga-
ments (/9). Immunohistochemical studies demonstrated the expression of TGF-f3 (20,
21), EGF (22), bFGF (21,22), PDGF 2, and VEGF (23,24) during the early healing
phases of the ligaments. All these findings have led to the experimental use of exogen-
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ous growth factors to enhance ligament healing. Hart et al. investigated the effect of
TGF-B1 on rabbit MCL healing. Delivery of TGF-f into the MCL scar by direct injec-
tion or infusion pump methods resulted in excessive scar formation; however, it did not
improve the biomechanical material properties of the ligament scar (25). TGF-B1 and 2
may promote scarring of healing cutaneous tissue, but on the contrary, TGF-B3 is likely
more involved in “scarless” healing (26). In this regard, TGF-B1 administration appears
to accelerate tissue repair by scarring, whereas TGF-$3 might be more beneficial to
improve tissue quality through “scarless” healing mechanisms. Therefore, the effect of
TGF-B3 therapy on wound repair needs to be elucidated. The in vivo impact of PDGF-
BB has been evaluated in a healing rat and rabbit MCL healing model (27,28). Both
studies showed increased mechanical strength of healing ligaments. Administration of
bFGF to the healing ligament has also been conducted, and some positive effects on
matrix formation with enhanced angiogenesis have been demonstrated (29,30). But, both
studies have shown that the response is very dose-dependent and that excess growth
factor could interfere with the healing process. Alternatively, growth and differentiation
factors (GDFs) 5, 6, and 7 (identical to bone morphogenic protein [BMP]-12, -13, and -
14), members of the TGF-B gene superfamily, were found to induce neotendon/liga-
ment-like tissue formation when implanted at ectopic sites in vivo. In addition,
comparative in situ localizations of the GDF-5, -6, and -7 mRNAs suggest that these
molecules might be important regulatory components of synovial joint morphogenesis
(31). Their chondrogenic action to mesenchymal cells has also been reported (32). Fur-
ther characterization of these molecules for proper differentiation of mesenchymal stem
cells into neotendon/ligament tissue will be needed.

Along with these growth factors, the potential feasibility of other biological mol-
ecules to improve tissue repair has been suggested. Effective tissue repair results from
a rapid, temporally orchestrated series of events. At the site of local tissue injury, the
production of many growth factors and cytokines is partly stimulated by the early
growth response transcription factors, which are expressed minutes after acute injury.
A recent study has revealed that early growth response factor 1 (EGR-1), a transcrip-
tion factor, stimulates the production of many growth factors involved in early tissue
repair, such as PDGF-AB, HGF, TGF-B1, and VEGF (33). It also promotes angiogen-
esis in vitro and in vivo, increases collagen production, and accelerates wound closure
(34; Table 1). These results indicate the potential use for this therapeutic transcription
factor, EGR-1, to improve tissue repair. Thus far, this strategy has not been adopted in
a ligament-healing study.

Alteration of Scar Tissue Composition Involved in Tissue Repair

This subsection introduces a strategy to improve scar-tissue quality by altering the
matrix composition and organization. Not many experimental studies have been con-
ducted to date using this approach. Because collagen (especially type I) is the main
tensile element in the ligament, this matrix molecule is focused on as a target of this
strategy. Collagen is a major constituent of all ECM, and it is defined as having a
lengthy triple-helical domain and as aggregating in an extracellular space to function
as a “supporting element” of the tissue. At present, more than 20 genetically distinct
types of collagens have been identified. According to the supramolecular forms within
ECM, well-characterized collagens are subgrouped into classes: fibrillar (types I, II,
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Table 2
Matrix Molecules Implicated in Regulating Collagen Fibril Size
References

Collagens Collagen III 38
pNcollagen III 39
Collagen V 4041
Collagen VI 42

Proteoglycans Decorin 43-46
Fibromodulin 47 48
Lumican 48,49

Other matrix molecules Thrombospondin-2 50
Osteopontin 51

III, V, and XI), fibril-associated (IX and XII), network-forming (IV), filamentous (VI),
short-chain (VIII and X), and long-chain (VII; 35). Among these classes, the fibrillar
collagens are thought to be chiefly responsible for the mechanical properties of the
tissues. Collagen type I appears to be the major collagen in both normal and injured
ligaments, providing the leading component of the millions of collagen fibers (seen on
light microscopy) and their component, microfibrils (seen by transmission electron
microscopy [TEM]; 7). Of the various attributes of collagen (amount, concentration,
alignment, type, and so on.), many investigators have suggested that collagen fibril
thickness may best correlate with the mechanical properties of connective tissues
(36,37). Specifically, collagen fibril diameters seen on TEM may have a relationship to
tissue strength; apparently, larger fibrils are required for greater strength and stiffness.
Ligament wounds, even over 2 yr after injury, contain mainly a homogenous popula-
tion of small-collagen fibrils as commonly observed in scar tissues, with a few patches
of normal larger fibrils being observed (5). Also, as noted above, these ligaments never
achieve their original biomechanical properties (4). Accordingly, production of larger-
diameter collagen fibrils could potentially improve the material strength of the liga-
ment scar. Relating to growth factor/cytokine therapy, however, there have been no
growth factor cytokines identified that directly promote collagen fibrillogenesis in vitro
or in vivo. Therefore, another approach is required to achieve this purpose. The inter-
action of collagen microfibrils with other matrix molecules is one of the mechanisms
implicated in the regulation of collagen fibril diameters. Regarding collagens, collagen
III, procollagen III with aminopropeptides (pN collagen III), collagen V, and collagen
VI have been revealed to regulate collagen fibril diameters. In addition, members of
the small leucine-rich proteoglycans (SLRPs), decorin, fibromodulin, and lumican may
inhibit the lateral growth of collagen fibrils. Furthermore, involvement of adhesion
molecules, thrombospondin-2 and osteopontin in collagen fibrillogenesis has been in-
dicated by knockout mice studies. All these studies are listed in Table 2 (38-517). Col-
lectively, these observations suggest that the alteration of the molar ratio of these
molecules to collagen microfibrils in ligament scar might result in changes in the lat-
eral growth of collagen fibrils and thus potentially improve the mechanical properties
of the ligament scar.
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Fig. 2. Gene transfer into somatic cells.

METHODS FOR GENE THERAPY

Gene therapy involves the transfer of a gene or genes to tissues within an individual
for a therapeutic purpose. This technology offers the ability to manipulate the expres-
sion of key molecules in tissue repair by the introduction of genes or gene antagonists
directly into the affected tissues. Gene therapy not only allows an unprecedented abil-
ity to quantify the contributions of various crucial molecules during the healing of joint
injuries, but it also offers ways to control local tissue repair processes in a unique
manner.

Generally, there are two strategies for gene transfer. The first strategy involves iso-
lation of cells from an organism, establishment of the cells in tissue culture, transfer of
specific genes into the cells, and subsequent reengraftment of the cells back into the
patient. This strategy is termed “ex vivo gene transfer” and has been successful with
cells that adapt well to culture and reengraftment. The second strategy is to perform the
gene transfer directly into somatic cells in the patient, termed “in vivo gene transfer”
(Fig. 2).

Considerable effort in developing gene therapies has historically focused on gene
delivery systems. With few exceptions, naked DNA is not well taken up and expressed
by most cells. Agents that enable the cellular uptake and expression of genetic material
are known as “vectors.” Vector characteristics have been reviewed in detail in other
comprehensive sources (52—55). Viral vectors (retrovirus, adeno-associated virus
[AAV], and adenovirus [AV]) have been most extensively investigated. Their goal is
to infect target cells and to deliver the virally contained genetic material to the nuclei of
cells without permitting viral replication or viral pathology. Each vector has certain
strengths and weaknesses in achieving this goal (Table 3). Because retroviruses insert
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Fig. 3. Fusigenic viral liposome developed for direct introduction of macromolecules into
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into the cellular genome at random locations, there are safety concerns regarding the
possibility of insertional mutagenesis that leads to cell transformation. AAVs insert
DNA at a site-specific location at the tip of chromosome 19 and, unlike retroviruses,
can infect nondividing cells. Furthermore, they generally enable high persistence of
transgene expression; they only accommodate 4 kb of carrier DNA. In addition, recom-
binant AAYV is difficult to produce in high titer and may not retain the site specificity of
the wild-type virus. On the contrary, AV can be produced in very high titers. They can
infect both dividing and nondividing cells, and they have high infectivity rates. How-
ever, their transgene expression is transient and the persistent expression of AV protein
can lead to a high incidence of antibody production, which can then influence infected
cells or subsequent reexposure. Thus, this vector does not appear to be suitable for
repetitive delivery. Furthermore, infection with high titers of virus can sometimes give
rise to cytopathic effects.

As a result of these potential problems, other nonviral vectors have been developed,
such as liposomes, DNA-ligand complexes, and colloidal gold (gene gun). Although
the alteration of gene expression is more transient, and their efficiency is generally
recognized to be lower than that of viral vectors, these nonviral options are potentially
safer than viral vectors. The general concept of these techniques is that the carrier
agent and plasmid DNA forms complexes that are transported into cells by endocyto-
sis, or in the case of the gene gun, by mechanical pressure. Among these vectors, lipo-
somes are most widely used. In fact, certain cationic liposome preparations are currently
in clinical use. Recently, a unique fusigenic viral liposome has been developed for
direct introduction of macromolecules into the cytoplasm through cell fusion mediated
by Sendai virus (hemagglutinating virus of Japan [HVJ]; Fig. 3; 56,57). With this cell
fusion mechanism, HVJ liposomes have proved to be 100—10,000 times more efficient
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Fig. 4. LacZ-bearing cells present in the injured area up to 56 d after transfection, with the
peak of expression at d 7.

in gene transfer compared to liposomes without HVJ, and the method has been suc-
cessfully used for the introduction of foreign genes and antisense oligonucleotides
(ODN) into several organs and tissues.

Gene Therapy in Ligament and Tendon Repair
Introduction of Marker Gene

Initial gene therapy studies focused on the introduction of a marker gene (-galac-
tosidase; LacZ) into normal and healing ligament and tendon tissues to evaluate the
effectiveness of ex vivo or in vivo gene transfer. Nakamura et al. injected the lacZ plas-
mid DNA directly into rat patellar ligament scar using HVJ liposomes (58). LacZ-bear-
ing cells were present in the injured area up to 56 d after transfection, with the peak of
expression at d 7 (7% of cells at the wound site; Fig. 4). With double labeling for marker
antigens for monocyte/macrophage (ED-1) and for collagen I aminopropeptide (pN col-
lagen 1), it was revealed that fibroblastic (pN collagen I-positive) cells accounted for
63% and monocyte/macrophage lineage cells for 32% of the LacZ-labeled cells in the
d-7 wound. On d 28, they formed 58% and 35% of the LacZ-labeled cells in the wound,
respectively. Moreover, specific labeling of the transfected cells revealed a biological
event, i.e., that the cells in and around the injured site infiltrate into the uninjured liga-
ment substance and come to populate the whole length of the ligament substance as
repair progresses. Although a potentially less invasive intraarterial delivery of lacZ gene
in HVJ liposomes into the healing rat patellar ligament has been explored (59), a compa-
rable expression of the lacZ gene product was observed. This alternative delivery method
could be advantageous for gene delivery to deeper tissues. With regard to viral vectors,
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Fig. 5. (A) Using the HVJ-liposome method, the PDGF-B gene was introduced into healing
rat patellar ligaments. (B) PDGF-B gene transfer resulted in the enhanced expression of PDGF
in the healing ligament up to 4 wk after transfection, leading to an initial promotion of angio-
genesis.

using the ex vivo and in vivo strategy, the lacZ gene has been introduced into normal
rabbit patellar tendon retrovirally and adenovirally, respectively, and the duration of
gene expression was at least 6 wk by both delivery methods (60). The efficiency of
transfection in situ by this delivery technique has not been clarified. The same research
group also introduced the LacZ gene into normal and injured rabbit MCL and the ante-
rior cruciate ligament (ACL) of the knee. They confirmed transgene expression for over
6 wk within normal and injured ligaments (6/). Adenoviral vector-mediated gene trans-
fer of the lacZ gene to chicken tendon and tendon sheath has also been investigated.
Descriptive analysis of lacZ gene expression has been performed, and expression per-
sisted for over 75 d in both tissues (62). Recently, to obtain longer-term gene expression
in the joint, unique myoblast mediated ex vivo gene transfer has also been investigated.
The transduced myoblasts were found in the ACL and in the synovial tissue surrounding
the ACL at 4-, 7-, 14-, and 21-d postinjection. The myoblasts fused and formed myotubes
in the ligament (63). This unique gene transfer method may be applicable to the biologi-
cal manipulation of ligament healing; further study is expected.

Gene Therapy to Accelerate Ligament/Tendon Repair

As described, recent studies have shown the positive effects of growth factors on
wound healing and ligament/tendon repair. Therefore, initial gene transfer studies have
focused on the overexpression of growth factors to accelerate healing. Using the HVJ-
liposome method, the PDGF-B gene was introduced into healing rat patellar ligaments
(64). This PDGF-B gene transfer resulted in the enhanced expression of PDGF in the
healing ligament up to 4 wk after transfection, leading to an initial promotion of angio-
genesis (Fig. 5) and subsequent enhanced collagen I deposition in the wound (Fig. 6).
There has been no in vitro study showing the direct effect of PDGF on the synthesis of
collagen [; yet, it is known that PDGF stimulates macrophages to produce TGF-f1 which
stimulates collagen formation (65). Therefore, some stimulating factors of matrix syn-
thesis (e.g., TGF-B1) could be simultaneously overexpressed in the PDGF gene—trans-
ferred healing ligament. No significant collagen I deposition was detected in the
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Fig. 6. (A) PDGF-B gene transfer resulted in the enhanced expression of PDGF in the heal-
ing ligament up to 4 wk after transfection, leading to an initial promotion of angiogenesis and
(B) subsequent enhanced collagen I deposition in the wound.

gene-transferred wound at 8 wk by semiquantitative morphological analysis. However,
it should be noted that the amount of collagen deposition in the gene-transferred wound
was a comparable amount with that of the control wound 4 wk earlier. This could be
interpreted as the acceleration of ligament healing by gene transfer. With focus on a
strong in vivo angiogenic action, gene transfer of HGF into healing rat patellar ligament
has been also investigated using the HVJ-liposome method (66). Although the results
were preliminary, in vivo introduction of HGF resulted in enhanced angiogenesis and
collagen synthesis for the first 4 wk following gene transfer. Further analysis is pending.

As noted previously, the induction of neotendon/ligament-like tissue by BMP-12, -
13, and -14 has been demonstrated (3/). Accordingly, to enhance neotendon tissue
formation following injury, the effect of BMP-12 gene transfer on tendon cells and
chicken tendon healing has been investigated. Adenoviral BMP-12 gene transfer into
chicken tendon cells increased type I collagen synthesis and gene transfer into injured
tendon resulted in a twofold increase of tensile strength and stiffness of repaired ten-
dons, indicating improved tendon healing in vivo (67). Adenoviral BMP-13 transfer
into rat thigh muscle also resulted in the formation of collagenous matrix with the
ultrastructural appearance of neotendon/neoligament. At the same time, small foci of
bone and fibrocartilage were also seen within the treated tissue (68). Thus, based on
these results, gene transfer of BMP-12 and BMP-13 might be a promising procedure
for improving the ligament/tendon repair. However, it should be emphasized that local
administration of these BMPs into healing tissues, where a number of immature mes-
enchymal cells are recruited, has the potential risk of producing chondrogenic and bony
tissue, because these BMPs are also known for their strong chondrogenic and bone
morphogenic action (69). More optimization studies would be required for appropriate
tissue induction.

Gene Therapy to Prevent Tissue Adhesion

Adhesion is a critical complication in tendon healing. Lou et al. researched the effect
of the local administration of focal adhesion kinase (pp125F4K) in tendon adhesion (70).
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enhancing the degradation of target mRNA and also blocking the translation of the target gene.

The intracellular focal adhesion kinase (FAK)-related signaling pathway may be related
to cell—cell and cell-ECM interactions via the cell surface adhesion receptors, includ-
ing the integrins and cadherins (7/), and may be one of the mechanisms involved in the
induction of tendon adhesions. Gene transfer of pp125F4K to the tendon sheath resulted
in abnormal tendon adhesion. This finding suggested a possible relationship between
cell-ECM interaction via the integrins and overproduction of the ECM leading to tis-
sue adhesion.

Gene Therapy to Alter Collagen Ultrastructure

As mentioned, collagen fibril diameter may correlate with the mechanical properties
of connective tissues (36,37). Healing ligament contains mainly a homogenous popu-
lation of small-diameter collagen fibrils as commonly observed in scar tissues (5) and
is inferior to normal tissue biomechanically (4,6,8). Therefore, the production of larger-
diameter collagen fibrils could be used as a strategy to improve the mechanical proper-
ties of healing ligament. As shown in Table 3, several matrix molecules have been
identified to regulate collagen fibril diameter. The results of in vitro binding experi-
ments, molecular and biochemical analyses of tendon development, and knockout
mouse studies, collectively indicate the involvement of decorin (a member of the
SLRPs) in downregulating collagen fibril diameters (43—45,72). Moreover, the pres-
ence of decorin mRNA (73) and protein (74) in the ligament scar has been observed.
Based on these results, it could be hypothesized that decorin inhibition during early
ligament healing would possibly enhance the lateral growth of newly synthesized col-
lagen fibrils in the ligament scar. To suppress a specific molecule, antisense approaches
have been investigated in a variety of studies. Antisense ODN inhibit gene expression
in a sequence-specific manner. Complementary ODN specifically bind to mRNA or
pre-mRNA by base pairing, thus enhancing the degradation of target mRNA and also
blocking the translation of the target gene (Fig. 7). Therefore, in vivo antisense therapy
could potentially suppress targeted gene expression in a specific tissue (75). Studies
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Fig. 8. Development of larger-diameter collagen fibrils within scars.

have shown that the in vivo introduction of fluorescence-labeled ODN into a healing
rabbit MCL can be achieved using the HVJ-liposome-mediated gene transfer method
(74). With systematic direct injection into the ligament scars using a dispenser and a
microgrid mesh system to distribute the liposomes, scar cells were effectively trans-
fected when assessed 1 d after transfection. Furthermore, introduction of antisense
ODN for the small proteoglycan decorin has resulted in decorin suppression at both
the mRNA and protein levels over 4 wk following exposure to the HVJ liposomes.
Such changes in decorin expression have led to the development of larger-diameter
collagen fibrils within scars (Fig. 8; 76) but results are somewhat variable among the
animals with the same treatment. The degree of increase in collagen fibril size varied
according to the location, implying that collagen fibril assembly was not improved in
the whole area of each ligament scar by this single antisense treatment, but it had
clearly altered the morphology of most scars in several locations. The average col-
lagen fibril diameter in antisense treated scars was 104.7 £ 51.1 nm, whereas the con-
trol scars and normal MCL were 74.8 £ 11.0 nm and 189.1 £ 104.0 nm, respectively.
In mechanical assessments, this antisense therapy caused enhanced resistance of the
healing ligament scar tissue to elongation by creep (Fig. 9; 6,8). Antisense-treated
scars were significantly less suspectible to creep during low stress creep testing (at 2.2
Mpa) than control scars (by 18-22%), and they also revealed 33—48% less irrecover-
able creep after the same recovery period than control scars (Table 4). Antisense-
treated scars also failed at a higher stress than control scars (by 82—84%) (Fig. 10;
25,76,77). This study is the first demonstration of in vivo manipulation of collagen
fibrillogenesis during soft connective tissue repair processes, as well as the first report
that shows such a treatment can improve the functional properties of ligament scar-
ring. However, it is not likely that there is a simple, direct cause-and-effect relation-
ship between downregulation of decorin expression and the increase in collagen fibril
diameters, as well as the improvement in the biomechanical properties of the scar
tissue. Although the ODNs were designed to be specific for decorin based on available
evidence, it is possible that secondary regulation of other molecules could be involved
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in vivo. In fact, mRNA levels for collagens I, III, biglycan, and lumican were signifi-
cantly suppressed in the antisense-treated samples when compared with the sense-
treated (25). As total RNA was not altered by the antisense treatment, decorin antisense
treatment might have affected scar cell metabolism secondarily in a specific manner.
Finally, it must be reinforced that this technique has not yet been fully optimized for
this application, and there was only partial recovery of the biomechanical properties.
Yet, a recent study has succeeded in suppressing o1 chain of collagen V, which is also
shown to inhibit collagen fibrillogenesis in vitro and to be abundant in ligament scar-
ring (78) in human patellar tendon fibroblasts by antisense treatment (79). Adminis-
tration of this treatment in vivo could also potentially alter collagen ultrastructure in
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Table 4
Summary of Creep Testing (Average + SD)
Treatment group Antisense-treated ~ Sense-treated Injection control
Scar cross-sectional area (mm?) 7.64 £ 0.90 9.40 £ 1.69 798 £1.72
Total creep strain (%) 2.57 +£0.35%) 3.18 £0.42¢ 3.29+0.74"
Irrecoverable creep strain (%) 1.60 + 0.32¢4 2.40+£0.83°¢ 3.05 + 1.44¢
SD, standard deviation.
“p<0.014.
bp < 0.045.
¢p<0.035.
4p < 0.030.

healing ligament. With further optimization of the dosage, timing, and delivery tech-
niques, antisense therapy strategy may not only help to improve the understanding of
the structure—function relationships in connective tissue but may also significantly
enhance the quality of soft-tissue healing in vivo.

CONCLUSIONS

The recent advances in gene therapy to improve ligament healing have been reviewed.
Encouraging results have been reported that bode well for future clinical trials. How-
ever, optimal therapeutic strategies will not be obtained without a thorough understand-
ing of the scientific basis of tissue repair. Further investigations in the mechanisms
underlying tissue regeneration are required.
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MRI, see Magnetic resonance imaging

N
Nylon implants, artificial ligaments, 238
P

PDGEF, see Platelet-derived growth factor

PGA, see Polyglycolic acid

PLA, see Polylactic acid

Plate fixation, 268, 269

Platelet-derived growth factor (PDGF),
gene therapy, 306
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ligament healing role and promotion,
298-300
tissue engineering of ligaments, 290
Poly(DTE adipate), ligament tissue
engineering, 287
Polyester implants, artificial ligaments,
243-250
Polyethylene rod implant, artificial
ligament, 237, 238
Polyglactin, ligament tissue engineering,
251, 252
Polyglycolic acid (PGA), ligament tissue
engineering, 251
Polylactic acid (PLA),
bioabsorbable interference screw,
262, 263
bioabsorbable plugs, 270
ligament tissue engineering, 251, 252,
287,288
Polypropylene implants, artificial
ligaments, 238
Polytetrafluoroethylene (PTFE), artificial
ligaments, 240-243
Posts, fixation, 267, 268
Potassium channels, external loading
effects on cell-extracellular matrix
interactions, 39
Primary frozen shoulder, see Frozen
shoulder
Proteoglycans, collagen development,
31,32
PTEFE, see Polytetrafluoroethylene

Q

Quasilinear viscoelasticity theory,
192-194

R

Roentgen stereophotogrammetric
analysis (RSA), knee, 187
Rotator cuff,
anatomy, 143
degeneration and tears,
classification, 144
clinical significance, 145
etiology, 144
imaging, 144, 145
incidence, 143, 144
lamination, 147-149
pathogenesis,
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impingement, 146, 147
vascular causes, 145, 146
treatment options, 149, 150
repair,
partial-thickness tears, 151, 152
patient satisfaction, 152, 153
rehabilitation, 149
surgical technique, 150, 151
Rotator cuff, tendon healing to bone
surface, 221, 222
RSA, see Roentgen stereophotogram-
metric analysis

S

Scar,
collagen types, 300, 301
collagen ultrastructure manipulation
with gene therapy, 308-311
SGHL, see Superior glenohumeral ligament
Sharpey’s fibers, 202, 210
Shock wave therapy, tendon healing
effects, 7, 8
Shoulder instability, see Thermal capsular
shrinkage, shoulder
Shoulder ligaments,
acromioclavicular ligament, 107, 108
coracoacromial ligament, 110-113
coracoclavicular ligament, 108-110
coracoglenoid ligament, 128
coracohumeral ligament, 113-116
costoclavicular ligament, 128
inferior glenohumeral ligament,
116-125
interclavicular ligament, 128
middle glenohumeral ligament,
125,126
spinoglenoid ligament, 128
sternoclavicular ligament, 107
superior glenohumeral ligament, 127,
128
transverse humeral ligament, 128
Spiked washers, fixation, 268-270
Spinoglenoid ligament, 128
Staple fixation, 266, 267
Sternoclavicular ligament, 107
Steroid injection, frozen shoulder, 166
Stiff shoulder, see Frozen shoulder
Superior glenohumeral ligament (SGHL),
anatomy, 127
biomechanics, 127, 128
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geometry, 127
stability, 128
structure, 127
Suture anchors,
loading and failure, 265
strength, 264, 265
suture techniques, 265, 266

T

TCL, see Transverse carpal ligament
Tendons, see also specific tendons,
biomechanical testing,
cross-sectional area determination,
190
data, 257, 259
gripping of sample, 189, 190
overview, 188, 189
robotic and universal force sensor
assessment, 194
strain monitoring, 190
blood supply, 3
clinical evaluation,
arthroscopy, 187, 188
imaging, 187
physical examination, 186, 187
comparison with ligaments and joint
capsule,
mechanical properties, 35, 36
structure, 32-35
composition, 3, 185
development,
collagen assembly, 22, 24, 28, 30
mechanical properties, 33-35
overview, 3
proteoglycans in development, 31,
32
elastic recoil, 15, 16
fixation techniques, see Fixation, tendon
and ligament to bone
gene therapy, see Gene therapy
healing,
bone, see Bone-to-tendon healing
5-fluorouracil prevention of
adhesions, 10
intrinsic versus extrinsic
mechanisms, 7
mediators,
bone morphogenetic proteins, 9
growth and differentiation
factor-5, 9
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modifiers,
fibrin glue, 8, 9
hyperbaric oxygen therapy, 8
shock wave therapy, 7, 8
ultrasound, 7
nervous system contributions, 7
phases, 5, 6
mineralization, 32, 33
pathologies, 3-5
regeneration after harvesting, 7
viscoelastic properties,
creep, 191
hysteresis, 191
quasilinear viscoelasticity theory,
192-194
TGF-B, see Transforming growth
factor-8
Thermal capsular shrinkage, shoulder,
anesthesia, 176
arthroscopy, 176
clinical outcomes, 177-179
complications,
avoidance, 177
types, 179, 180
mechanism of action, 173, 174
prospects, 180
rehabilitation, 179
thermal energy delivery,
modalities, 175
technique, 176, 177
Tissue engineering, see Anterior cruciate
ligament
Transforming growth factor-f (TGF-B),
ligament healing role and promotion,
298-300
tissue engineering of ligaments, 290
Transverse carpal ligament (TCL),
anatomy, 51
Transverse humeral ligament, anatomy,
128

U

Ultrasound therapy,
frozen shoulder management, 167
tendon healing effects, 7

A%

Vascular endothelial growth factor
(VEGEF), ligament healing role and
promotion, 298-300
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Viscoelastic properties, tendons and
ligaments,
creep, 191
hysteresis, 191
quasilinear viscoelasticity theory,
192-194

W

Wrist, see Hand tendons

Y

Young's ligament anchor, 270
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