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PROCEEDINGS 

Motor vehicle and work-related accidents, com- 
petitive athletics, and vigorous recreational activi- 
ties frequently cause strains, sprains, contusions, 
lacerations, and ruptures of the musculoskeletal 
soft tissues. These injuries can lead to significant 
pain and disability and may be more difficult to treat 
than fractures. Despite the importance of these in- 
juries, clinical studies and scientific investigations 
of musculoskeletal soft-tissue injuries have lagged 
behind similar work on bone fracture and repair. 
The lack of sufficient clinical and scientific informa- 
tion has limited progress in understanding of spe- 
cific soft-tissue injury and repair responses and the 
development of new methods to accelerate repair 
and improve the quality of the repair tissue. 

To encourage progress in this area, the Commit- 
tee on Research of the American Academy of Or- 
thopaedic Surgeons (AAOS) under the leadership of 
Dr. Richard N. Stauffer, the National Institute of 
Arthritis, Musculoskeletal and Skin Diseases 
(NIAMS) under the leadership of Drs. Lawrence E. 
Shulman and Stephen L. Gordon, and The Ortho- 
paedic Research Society (ORS) asked us to orga- 
nize a workshop that would address the problems of 
ligament and tendon repair. We expanded the scope 
of the workshop to include skeletal muscles, periph- 
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era1 nerves and vessels, ligament and tendon inser- 
tions, myotendinous junctions, articular cartilage, 
and knee meniscus, The goals of the workshop were 
to (a) review current understanding of the structure 
and filnction of the musculoskeletal soft tissues, the 
injury and repair responses of these tissues, and 
methods of facilitating the repair response; (b) iden- 
tify the most productive directions for future inves- 
tigations of soft-tissue injury and repair; (c) pro- 
mote interchange of ideas and stimulate collabora- 
tive investigations between clinicians and basic 
scientists; and (d) encourage investigators to initiate 
studies of musculoskeletal soft-tissue injury and re- 
pair. 

We enlisted a group of clinicians and basic scien- 
tists with experience in studies of the musculoskel- 
etal soft tissues. Drs. Richard Gelberman, Cyril 
Frank, William Garrett, Wayne Akeson, Arnold 
Caplan, Goren Lundborg, Andrew Weiland, 
Lawrence Rosenberg, and Steven Arnoczky were 
invited to serve as group leaders. The group leaders 
helped us finalize the list of group members. In ad- 
dition, we invited a number of leaders from the 
NIH, the ORS, and the AAOS to join us in the 
discussion. We asked the group leaders to work 
with their members to organize an outline of their 
section to answer these questions: (a) What is the 
normal structure and function of the tissue? (b) 
What is the normal injury and repair reaction in the 
tissue and the short- and long-term results of repair 
in this tissue? (c) What methods have been used to 
improve the repair response in this tissue? (d) What 
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types of investigations should be performed in the 
future to discover new ways of improving the repair 
of this tissue? 

The workshop was held in Savannah, Georgia, 
June 18-20, 1987. Each morning three tissue groups 
were covered. We had plenary presentations by 
group leaders and members followed by discussions 
involving all participants. The group leader, to- 
gether with an appointed rapporteur for each tissue 
group, recorded the discussion for use as a basis for 
an in-depth analysis. In the afternoon sessions, the 
participants were divided into three smaller groups 
and discussed thoroughly those topics that had been 
identified in the morning. Many new ideas were 
generated, and future directions for research were 
formulated. Specific recommendations for future 
research and treatments of musculoskeletal soft- 
tissue injuries were made. The participants agreed 
that fields such as morphology, histology, biome- 
chanics, biochemistry, and cell biology must be in- 
tegrated to accelerate progress in understanding 
normal soft-tissue function, the response of the tis- 
sues to injury, and the function of the repair tissue. 

Although each tissue has unique features, several 
common themes emerged from the discussions. We 
defined injury as acute damage (or loss) of cells and 
extracellular matrix. We defined repair as the re- 
placement of damaged (or lost) cells and extracel- 
lular matrices with new cells and matrices. It be- 
came apparent that most injuries to the musculo- 
skeletal soft tissues do not result in repair that 
restores normal tissue structure and function, and 
that the long-term results vary. Unlike bone, regen- 
eration of normal tissue and complete restoration of 
normal function rarely occurs in the musculoskele- 
tal soft tissues. Methods that may improve soft- 
tissue repair include use of growth factors, modifi- 
cation of interactions between cells and extracellu- 
lar matrix, stimulation of a sequence of cell and 
matrix changes that resemble embryonic develop- 
ment of the tissue, use of extracellular molecules to 
promote repair and regeneration, and use of me- 
chanical loading to stimulate and guide repair. 

To achieve the original goals of the workshop, we 
have recently published a record of the workshop in 
a book entitled Injury and Repair of the Musculo- 
skeletal So@ Tissues, American Academy of Ortho- 
paedic Surgeons, Park Ridge, Illinois, 1988. The fol- 
lowing sections provide a summary of state- 
of-the-art knowledge (in a synopsis format) on the 
nine musculoskeletal soft tissues that were covered, 
as well as the recommended future studies. Very 

selective references, from a large list of current lit- 
erature, are also provided. We hope the proceed- 
ings and the book will provide experienced clini- 
cians and investigators with a review of current 
work and will stimulate other clinicians and basic 
scientists to join in the effort to improve the treat- 
ment of musculoskeletal soft-tissue injuries. 

GROUP ONE: TENDON 
Richard Gelberman, Group Leader 

Kai-Nan An, Victor Goldberg, Albert Banes, Group 
Members 

Laurence Dahners, Richard Brand, William 
Garrett, Jr., James Tidball, Bruce Carlson, Goren 
Lundborg, Marston Manthorpe, Andrew Weiland, 

David Eyre, Steven Gordon, Richard Lymn, Group 
Participants 

SYNOPSIS OF CURRENT KNOWLEDGE 
The repair of injured tendons in the hand is a 

challenging and clinically important topic for basic 
research. The discussion of tendon tissue concen- 
trates on the major flexors of the hand. However, 
the concepts discussed may be applied to tendons in 
other anatomic locations as well. We discuss the 
structure and properties of normal tendons; the me- 
chanical environment and injury of the tendons; re- 
sponse in tendon repair; methods for improving the 
repair response; and, finally, directions for future 
research. 

The structure, function, and properties of normal 
tendon in biomechanical and biochemical terms are 
important to a discussion of tendon injury and re- 
pair. The general function and anatomic structure of 
the tendon pulley system in the hand and the histo- 
logic characteristics of the tendon and the collagen 
structure are reviewed. The blood supply and in- 
trinsic vascularization of the tendon are defined as 
stemming from four sources. Suggested dual nutri- 
ent pathways are perfusion in the vascularized area 
and diffusion in the avascular region. The mechan- 
ical properties of tendon represented by its stress- 
strain relationships, strength, and viscoelastic char- 
acteristics are reviewed and discussed. These prop- 
erties are related to the biochemical composition of 
tendon. 

Knowing the mechanical environments to which 
tendon is exposed is important for understanding 
the mechanism of injury and for consideration of a 
repair and rehabilitation regimen. Review of the 
current experimental and analytical methods used 
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for the studies of joint kinematics and kinetics is 
important. These studies lead to the association of 
the tendon pulley system to joint kinematics as rep- 
resented by the joint-tendon excursion relationship. 
As a result, the loads experienced by the flexor ten- 
don during the activities of daily living as well as 
rehabilitation procedures can be characterized. The 
modes of injury are avulsions directly from the bone 
and in-substance transections. Each requires differ- 
ent clinical settings and treatment. 

We further review the literature on the repair of 
flexor tendons. Two distinct theories regarding ten- 
don healing have been developed. Immobilization 
leads to adhesion ingrowth healing, whereas intrin- 
sic process healing follows earlier controlled pas- 
sive motion. The tendon healing process can be di- 
vided into inflammatory, proliferative, and organi- 
zational stages. However, the cellular response in 
the two healing mechanisms is controversial. The 
mechanical strength of the repaired tendon at dif- 
ferent healing stages relates quite well to its histo- 
logic structure and collagen type and organization. 
Mechanical loading and motion are found to be par- 
ticularly important to the mechanical characteris- 
tics of the healing process. 

State-of-the-art methods of improving the repair 
and healing of tendons are also discussed. From a 
biomechanical point of view, suturing techniques 
for tendon and sheath and postoperative rehabilita- 
tion processes are two major topics of investigation. 
Various suturing techniques have been developed 
to increase the strength of the repair site and to 
reduce possible gap formation. Protected mobiliza- 
tion by either passive or active motion may improve 
or be detrimental to the healing process depending 
on the relationship of the cellular response to the 
mechanical environments encountered. There are 
several biochemical agents that can prevent scar 
formation and adhesion. Soluble factors, such as 
platelet-derived growth factor and transforming 
growth factor beta, have been considered to regu- 
late fibroblast growth, proliferation, and migration. 
For certain serverely damaged tendons, an artifical 
tendon implant or augmentation device provides a 
possible repair solution. 

Future Directions 

To gain further knowledge about tendon healing 
and repair processes, fundamental knowledge about 
normal tendon is required. Suggested studies in- 
clude the effects of aging, immobilization, and re- 

covery from immobilization, determinations of in 
vivo tensile forces, and evaluations of the relative 
motions between the flexor tendon and its sheath at 
areas around the three interphalangeal joint levels 
(excursions) based on rigorous kinematic and ex- 
perimental methods. 

Additional basic science studies should involve 
factors and mechanisms that may affect tendon 
healing. Little work has centered on extrasynovial 
tendon with demonstrated clinical evidence of fail- 
ure attributable to ischemic changes. Nutrient 
transport within the tendon sheath, produced by a 
pumping mechanism induced by the movement of 
joints and tendon excursion, may be an important 
factor in improving intrinsic healing. More data are 
required on the characterization of the synovial 
sheath and synovial fluid. Specifically, the function 
of synovial fluid as it relates to lubrication (for ex- 
ample, the presence of factors responsible for en- 
hancing gliding function) should be studied. 

In the pulley region and where tendon wraps 
around articular surfaces, increased compressive 
stresses may be experienced. In these areas, the 
histologic structure of tendons is modulated into 
cartilage-like cells and matrix. Does this cartilage- 
like tendon, therefore, respond to injury as does the 
rest of the tendon? More experimental and analyt- 
ical studies on the interaction of forces between the 
tendons and constraining pulleys, as well as the re- 
lationship of pulleys to the healing of repaired ten- 
don, must be encouraged to gain further under- 
standing of the tendon apparatus. 

It appears that mobilization of tendon results in 
an effective repair without overwhelming scar for- 
mation. The signal that directs the cell response to 
this activity is still unknown and offers an interest- 
ing area of investigation. There is a need to under- 
stand the responses of different cellular elements 
within the tendon to injury and repair, and specific 
cell markers must first be developed in an in vitro 
model for identifying factors responsible for cellular 
activities. Emphasis should also be given to the de- 
velopment of optimal, species-specific culture me- 
dia. In addition, the quantification of the natural 
levels of growth factors at the tendon wound site 
must be performed to assess the general level of 
mitogenic, chemotactic, and differentiating activi- 
ties. Once this has been done, the capacity of en- 
dogenous cells to respond to the pharmacologic ad- 
dition of growth factors can be evaluated. A protein 
data base must be established for cells specific to 
those that reside in the epitenon, endotenon, 
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paratenon, and fasicles as well as in the sheath. 
Proteins specific to these cells can be isolated and 
monoclonal antibodies prepared. These antibodies 
may be used to identify the target cells involved in 
the repair response. 

Although controlled passive motion has been 
shown to augment the quality of the healing mode, 
the optimal magnitude and duration of motion for 
the best healing process has not been determined. 
There are numerous methods of tendon mobiliza- 
tion after repair, such as continuous passive motion 
devices and dynamic splints. Understanding the re- 
lationship of the effects of these devices on the ex- 
cursion and tension in the repaired tendon is of par- 
amount importance to the success of the tendon 
repair. Most tendons, particularly the digital flexor 
tendons, pass through multiple joints. Tendon ex- 
cursion, therefore, is highly dependent on the rota- 
tion of the joints spanned by the tendon. Analytical 
studies and the development of devices that pro- 
mote interphalangeal joint motion (for example, by 
moving the wrist joint) should be encouraged. 

For the most part, experimental studies in tendon 
repair have not addressed the more difficult types of 
complex tendon injury. Slightly more complex but 
clinically relevant injury models must be devel- 
oped. For example, 75% of tendon injuries involve 
associated injuries of surrounding soft and hard tis- 
sues. It should also be noted that current data on 
tendon repair and healing have been limited to 
short-term results. Because complete healing has 
not been seen, longer-interval studies should be car- 
ried out to examine the more advanced stages of 
repair. 
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GROUP TWO LIGAMENT 
Cyril Frank, Group Leader 

Savio Woo, Thomas Andriacchi, Kenneth 
DeHaven, Laurence Dahners, Richard Brand, Barry 

Oakes, Group Members 

Victor Goldberg, Peter Torzilli, David Butler, 
Reginald Cooper, Steven Amoczky, David Eyre, 

Thomas Dameron, Jr., Steven Gordon, Mark 
Bolander, Edward Grood, Group Participants 

SYNOPSIS OF CURRENT KNOWLEDGE 
Skeletal ligaments serve a passive mechanical 

function in stabilizing joints and in guiding joint mo- 
tion. Evidence also suggests that ligaments have an 
important neurosensory role, serving as important 
transducers of dynamic information to muscles. 
Changing joint position alters the passive stability 
of joints because of complex interactions between 
ligaments and the joints they protect. The knee 
joint, in particular, is known to have a complicated 
kinematic pattern controlled, in part, by its liga- 
ments. Recent information suggests a connection 
between knee kinematics and muscle efficiency 
through the changing of lever arms during flexion. 
Thus, an alteration in kinematics may be able to 
influence the dynamics of the joints as well as their 
passive characteristics. 

The mechanical behavior of ligaments is similar 
to that of other nonlinear viscoelastic soft tissues, 
but with adaptations that allow joints to be flexible, 
yet stable. Specialized testing systems and proto- 
cols have been developed to examine the properties 
of a few ligaments. Factors known to have a major 
influence on the structural and mechanical proper- 
ties of ligaments and their insertions are age and 
stress. Ligaments become slightly stronger and 
stiffer at higher loading rates. Temperature is im- 
portant to their mechanical behavior, but careful 
freezing (without drying) does not seem to affect 
their properties significantly. 
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The structure of ligaments is complex. Functional 
subdivisions of ligaments have been identified and 
are known to act in different joint positions. The 
microscopic anatomy of ligaments shows them to 
be relatively hypocellular, containing intercon- 
nected fibroblastic cells in their midsubstance, with 
more chondroid cells near their insertions. Histo- 
chemical stains reveal that most ligaments are com- 
posed of collagen, with small proportions of gly- 
cosaminoglycans and elastin. Antibody stains have 
also revealed the presence of some actin and fi- 
bronectin. Not all ligaments are the same histolog- 
ically and they differ from tendons as well. Polar- 
ized light microscopy demonstrates an important 
structural feature of ligaments involving a periodic 
wave of collagen known as its “crimp”. Crimp var- 
ies anatomically within any ligament or tendon and 
is thought to contribute to the nonlinear mechanical 
properties of ligament substance. 

Collateral ligament cells appear to be metaboli- 
cally active and to have long interconnected pro- 
cesses. Small proteoglycans are seen around cells 
and their processes, forming a latticework. Devel- 
opmental and exercise studies suggest that new col- 
lagen fibrils have small cross-sectional diameters, 
possibly contributing to the relative weakness and 
compliance of newly formed ligament tissues. Sim- 
ilarly, small collagen fibrils have also been seen in 
human tendon grafts, years after they have re- 
placed damaged ligaments. 

Individual ligaments grow and develop in special- 
ized ways. Some growth is certainly interstitial and 
probably reflects the pericellular addition of colla- 
gen and other matrix components. An active, vas- 
cular outer layer or “periligament” has also been 
identified in the rabbit medial collateral ligament 
and possibly contributes to its growth. Ligament 
growth may not be symmetric and may be a func- 
tion of position relative to growth plates and liga- 
ment strain. 

Biochemical analysis of ligaments confirms the 
above observations that ligaments consist of water, 
types I and I11 collagen, several proteoglycans, 
elastin, and a variety of other substances. Ligament 
collagen is partly stabilized by covalent intramolec- 
ular and intermolecular crosslinks, and is also prob- 
ably stabilized by the stable, covalent trihydroxy- 
pyridinium crosslinks. Very little is known about 
the functional significance of these crosslinks, or 
their interactions with other matrix components. 
Work is needed to better define the molecular na- 
ture of ligaments and to correlate this information 

with what is known about their mechanical proper- 
ties. 

Ligament healing is a long, complex process in- 
volving the same basic phases as wound healing and 
is apparently subject to the same external influ- 
ences. Both local and systemic factors can influ- 
ence the process, particularly motion or immobili- 
zation. A host of other, potentially alterable vari- 
ables (mediators of inflammation, growth factors) 
offer significant promise for optimizing the ligament 
healing process. Biologic and artificial replace- 
ments of ligaments have had only limited study with 
both favorable and unfavorable results. Clinically, 
ligament injuries have proven equally difficult to 
evaluate. Some ligaments do not seem to heal as 
well as others. Combined injuries involving the an- 
terior cruciate ligament in “high-risk” patients do 
particularly poorly. Although the clinical results of 
many reconstructive and ligament replacement pro- 
cedures have been promising, most have been fol- 
lowed up for only short periods (4 years) and the 
methods of analysis used so far have done little to 
demonstrate the efficacy of the replacing material 
itself. Thus, although the joint may be stabilized 
grossly in a structural sense, it is not clear what 
proportion of the reported subjective or objective 
improvements results from the ligament graft or 
from other, possibly secondary effects (for exam- 
ple, periarticular scarring, stimulation of other joint 
proprioceptors, strengthening of other stabilizers 
by stimulated vascularity). Laboratory investiga- 
tions of reconstructions and replacements of the an- 
terior cruciate ligament are the current standard in 
the field. Published reports should be interpreted 
carefully and with a critical awareness that extrap- 
olations to the clinic may not be warranted. Long- 
term structural and functional success in meaning- 
ful terms (length, strength, total viscoelastic behav- 
ior, and biologic stability) is unknown. 

Future Directions 

A number of multidisciplinary studies are needed 
if we are to add to our knowledge of ligaments and 
optimize clinical ligament repair or replacement. 
Some must involve improved methods of assess- 
ment (both clinical and basic), whereas others 
should address the most relevant questions by cur- 
rently available methods. 

Clinical epidemiologic studies should be con- 
ducted, but only with careful control, combined 
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methods of assessment, and appropriate statistical 
analysis. Ligament reconstructions and replace- 
ments are being studied in both clinical and labora- 
tory settings and more will be needed. Suggested 
guidelines for the development of artifical ligaments 
have been published by the Food and Drug Admin- 
istration and should be reviewed by those inter- 
ested. Additional scientific data should be pub- 
lished so that appropriate recommendations can be 
made to standardize approaches. Improvements in 
clinical studies should include the development of 
better quantitative tools of assessment, more rigor- 
ous and standardized criteria of success (for exam- 
ple, simple functional tests that could be duplicated 
by others), correlative investigations of joint laxity 
measurements with functional analysis (for exam- 
ple, gait studies), and prospective studies on pre- 
vention (for example, prophylactic bracing, rule 
changes in various sports). 

Clinical investigations should include long-term 
prospective studies monitoring the natural course of 
the injury and repair or treatment protocols. These 
studies should be extended to at least 10 years to 
identify the time-related changes associated with 
ligament injury. The importance of appropriate re- 
habilitation has been recognized, but little scientific 
data are available that can be used to improve or 
evaluate rehabilitation. Functional studies, using 
gait analysis techniques, should be used to evaluate 
objectively the functional changes associated with 
ligament injury and to evaluate various treatments. 
In addition, simple clinical tests of ligament func- 
tion could be established by means of quantitative 
gait analysis techniques. 

A wide variety of basic biologic studies should be 
conducted, in addition to those on normal healing 
with surgical repair, biologic replacement (such as 
tendon grafts), artificial augmentation (such as a 
synthetic material on tendon grafts), and artificial 
ligament replacements. The possibility of ligaments 
serving as neurologic control mechanisms deserves 
particular attention. Potential investigations in this 
area include morphologic or physiologic mapping of 
neural elements in ligaments or their insertions, 
electromyographic or sensory-evoked potential 
monitoring during ligament stimulation, and propri- 
oceptive studies comparing normal and damaged 
ligament complexes. It is also critical to define the 
specific characteristic that ligament end-organs de- 
tect (for example, rate, velocity, strain, position) if 
this is possible. 

There should be a concerted effort to develop and 

justify models for the study of normal and injured 
ligaments. Animal models should be validated with 
regard to their clinical relevance, and similarities to 
or differences from other models should be eluci- 
dated. Fundamental information on structure and 
function could be simultaneously derived from rig- 
orous comparative studies of this type. Collagen, 
proteoglycan, elastin, fibronectin, and actin inter- 
actions and functions may be quantifiable in whole- 
tissue models. The functional role of crimp should 
be determined. In vitro organ-culture and cell- 
culture models of ligaments should also be devel- 
oped to study the fundamental nature of ligament 
cells and their interactions with their environment. 
The effect of drugs, chemicals, and, particularly, 
growth factors and the absolute responsiveness of 
ligaments to potentially useful extrinsic manipula- 
tions must be determined. 

More information is also required concerning in 
vivo ligament mechanics and kinematics. The com- 
plex nature of the strain in different parts of liga- 
ments under various static and dynamic loading 
conditions must be established if we are to under- 
stand more about normal ligament functions, the 
mechanics of ligament injury, and ligament replace- 
ment. Similarly, strains in the ligament and the heal- 
ing (repair) site must be quantified if we are to de- 
velop a better understanding of the relationship be- 
tween tissue loading and tissue remodeling. 
Relationships between the ligament’s nonlinear 
properties and functional demands must be estab- 
lished. Mechanical properties should be correlated 
with morphologic and biochemical properties. Al- 
though we know that ligaments and ligament scars 
do respond to their stress environment (controlled 
motion generally increasing strength and stiffness, 
and immobilization generally decreasing strength 
and stiffness), it is not clear how to optimize these 
effects from a functional point of view (that is, 
length and other viscoelastic behaviors). Studies 
are needed to investigate the dose-response be- 
tween load (magnitude and cycles) and the liga- 
ment’s mechanical properties. Furthermore, little is 
known about the mechanical changes associated 
with aging. 

Finally, new and innovative approaches are cer- 
tainly required in this field. Possible applications of 
electricity and magnetism, ultrasound, and sys- 
temic or local chemical therapy (such as hormones) 
to improve the repair response or, ideally, to stim- 
ulate ligament regeneration should be pursued. 
Most investigators in this area agree that ligament 
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research is in its infancy and presents a formidable 
and important challenge for the future. 
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GROUP THREE: MYOTENDINOUS JUNCTION 

William Garrett, Jr., Group Leader 

Jerry Maynard, James Tidball, Group Members 
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Richard Brand, David Butler, Reginald Cooper, 
Arnold Caplan, Donald Fischman, Bruce Caterson, 

Lawrence Shulman, Stephen Gordon, Gerald 
Finerman, Group Participants 

SYNOPSIS OF CURRENT KNOWLEDGE 

The tension produced in skeletal muscle is trans- 
mitted to tendon through the highly specialized re- 
gion of the myotendious junction. Although this re- 
gion has been studied far less than muscle or ten- 
don, information is now available regarding its 
structure and molecular composition. Data also 
suggest that indirect muscle injuries or strains fre- 
quently occur in the region of the myotendinous 
junction, thus making study of this region impor- 
tant. 

Structural studies show that the muscle cell sur- 
face is highly folded at its termination in the tendon. 
The surface area for tension transfer from the cell to 
the extracellular matrix is greatly amplified by these 
interdigitations. The folding of membranes effec- 
tively increases the adhesive strength as well as de- 
creasing the stress-both of which help in sustain- 
ing large forces. The membrane folding also means 
that tension is transferred primarily as a shear stress 
because the angle between the membrane and the 
direction of the tensile force is small. The foldings 
effectively increase the area of contact between the 
cell and extracellular matrix, thus increasing the ad- 
hesive strength as well as decreasing the stress- 
both of which help in the transmission of large 
forces. 

Ultrastructurally, myofibrils end in thin filaments 
that pass from the terminal Z-disk to a dense region 
beneath the sarcolemma. Immunocytochemical 
studies have localized at least two cytoskeletal pro- 
teins, vinculin and talin, to this region. Force must 
be transmitted from the subsarcolemmal density 
across the membrane. A large transmembrane gly- 
coprotein, integrin, is probably involved. On elec- 
tron microscopy, filaments can be seen to connect 
the cell membrane to the basement membrane sur- 
rounding the cell. Among the components of the 
basement membrane are type IV collagen, fibronec- 
t in ,  and  laminin,  a l l  of which a r e  high- 
molecular-weight glycoproteins. The basement 
membrane, through these and other molecules, 
transmits force to the type 1 collagen fibers that 
ultimately connect into the tendon. 
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Specializations of the myotendinous junction 
may well involve the terminal few millimeters of the 
muscle fibers themselves. The fibers in these re- 
gions are stiffer than the majority of the muscle fi-  
bers, as the sarcomere lengths near the myotendi- 
nous junction are shorter as muscle is stretched. 

Biomechanical studies of whole-muscle prepara- 
tions have shown the myotendinous junction to be 
the weakest link at several strain rates, with or 
without muscle activation, and in muscles of differ- 
ent fiber architecture. The site of failure appears to 
be within the terminal fibers near the myotendinous 
junction, although not necessarily at the ultrastruc- 
tural myotendinous junction. 

Incomplete muscle injuries produced by muscle 
strain in the plastic region of the length-tension re- 
lationship appear as disruptions of a small number 
of fibers near the myotendinous junction. The mus- 
cle recovers its active ability to generate tension 
after an initial decline. Healing occurs by an inflam- 
matory reaction followed by a proliferation of 
cells, resulting in increased fibrosis at the region of 
injury. 

Clinical studies demonstrate that muscle is fre- 
quently injured during eccentric contraction. Ani- 
mal studies employing a model of muscle injury by 
eccentric contraction reveal that active muscle ac- 
tivity did not change the length at which muscle 
disruption occurred compared with passively 
stretched muscle. Failure occurred in the region of 
the myotendinous junction. There was a small in- 
crease in the maximum force and a large increase in 
the energy absorbed when the activated muscle was 
disrupted. These studies emphasize the importance 
of energy absorption by muscle in the prevention of 
injury to muscle or joint structures. 

Few studies have been done pertaining to healing 
or prevention of muscle injuries. A warm-up routine 
has been simulated in an animal model by a single 
maximum contraction before biomechanical test- 
ing. This preconditioning had a protective effect by 
allowing a greater increase in length and force be- 
fore disruption. The use of nonsteriodal antiinflam- 
matory medications did not significantly alter the 
load at failure of healing muscle, although it did 
change the histologic response at the myotendinous 
junction. The tensile load at failure of immobilized 
muscle was dependent on the position of immobili- 
zation. Muscles immobilized under tension in a 
stretched position developed more force and defor- 
mation before disruption than nonimmobilized con- 
trol muscle did. Muscle immobilized without ten- 

sion developed less force and deformation before 
disruption. 

Future Directions 

It seems clear that much information about the 
basic science and pathologic characteristics of the 
myotendinous junction is missing. More work is 
necessary to define these basic questions before the 
broad problems of injury, treatment, and preven- 
tion can be addressed. 

At the basic level, the molecular composition of 
the myotendinous junction must be investigated fur- 
ther. The mechanism for attaching the cytoskeletal 
proteins to the extracellular structural proteins 
must be identified. It is necessary to determine 
which proteins transmit force and with what eff- 
ciency. When the molecular interactions are under- 
stood, then the mechanism of failure can be ad- 
dressed. 

New data from strain injury studies also highlight 
the region of the muscle fibers near the myotendi- 
nous junction. The fibers there are stiffer than in the 
regions away from the junction. Muscle disruptions 
often occur through fibers near their termination 
rather than at the true myotendinous junction. Pre- 
sumably there are cellular differences or differences 
in the basement membrane and extracellular space 
that cause differences in muscle fiber stiffness at 
that region. These differences should be deter- 
mined. Structural studies detailing the region of in- 
creased stiffness in stretched muscle would be help- 
ful. More detailed ultrastructural studies of this 
region are  necessary.  Biochemical studies 
demonstrating any differences in distribution of the 
structural and linking proteins are lacking. 

That experimental muscle strain injuries occur 
near the myotendinous junction focuses attention 
on this area. However, it is apparent that very little 
basic science information exists regarding the na- 
ture of muscle injuries. Is the animal model ade- 
quate to predict that clinical muscle injuries will 
occur at the myotendinous junction? Can the mus- 
cle-tendon unit be injured or disrupted elsewhere 
than at the junction? Can injury be produced by a 
mechanism other than by the extreme stretches 
necessary in the present model? 

The study of muscle injury is complex because of 
the many variables of muscle activity. Muscle can 
be studied when it is contracting or relaxed. There 
are actomyosin interactions cvcn in rclaxcd muscle. 
Activated muscle can be shortening, lengthening, or 
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isometric. There are active reflex mechanisms. 
Muscles have highly variable fiber architectural 
schemes. Strain rate and total amount of strain must 
be considered. This complexity has probably pre- 
vented relevant research in the past. However, 
progress in this field is now limited by the lack of 
basic studies isolating these variables and providing 
meaningful data regarding muscle injury. 

Clinical studies of muscle injuries relating to the 
pathophysiologic characteristics of the injury are 
surprisingly scant. Computed tomography and ul- 
trasound have been used sparingly for injuries of 
the myotendinous junction. New techniques such 
as magnetic resonance imaging may be very useful 
in defining the location and nature of the common 
diagnosis of “muscle strain.” When one considers 
the extent of time lost because of muscle injuries, 
research into this area becomes imperative. 

Once the mechanisms of injury are determined, 
attention can then be focused on prevention. The 
number of sports-related injuries in this country is 
growing as more emphasis is placed on health and 
fitness through exercise. Do stretching routines or 
warm-up routines really prevent joint or myotendi- 
nous junction injury? If so, how? Both clinical and 
basic studies are neccssary so that appropriate rec- 
ommendation may be formulated. Prospective clin- 
ical trials with large numbers of participants over a 
relatively long period are needed. Present data sug- 
gest that muscle injury and disruption often occur 
near the myotendinous junction, although parital in- 
juries in the muscle or tendon proper are certainly 
not excluded. It is surprising that so little is known 
about common injuries to muscle, tendon, and the 
myotendinous junction. 
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SYNOPSIS OF CURRENT KNOWLEDGE 

Structurally, the junction between soft tissues 
and bones is among the most complex of all biologic 
tissues. Within a distance of 1 mm, soft tissue is 
“transformed” into hard tissue by a progression of 
tissue types. These tissues include collagen fibers 
that blend into fibrocartilage, mineralized fibrocar- 
tilage, and finally bone. Further, the geometric at- 
tachments of tendons, ligaments, and joint capsules 
to bone vary a great deal. In many instances, the 
microstructure of these insertion sites differs from 
ligament to ligament as well as between the two 
ends of the same ligament. Functionally, these junc- 
tions are frequent sites of injury, especially during 
skeletal immaturity when rapid remodeling of the 
insertion sites takes place. The serial (and gradual) 
changes of material from soft to hard tissue, which 
reduces stress concentration, cannot overcome the 
fact that these regions remain areas of weakness 
during loading. 

We have reviewed the structural and functional 
properties of the insertion sites in histologic, bio- 
chemical, and biomechanical terms. The topics in- 
clude the gross morphology and anatomy of the dif- 
ferent types of attachments to bone by tendons, lig- 
aments, and joint capsules and microscopic 
descriptions of these insertion sites, that is, the di- 
rect transformation from soft tissues to bone via the 
four zones and the indirect insertion consisting of 
superficial and deep components. There is limited 
information about the vascular and nerve supply to 
the insertion sites and, unfortunately, little or no 
information on the biochemical properties of the in- 
sertion sites. 

We examined the embryology, growth, and mat- 
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uration as well as the aging of soft tissues and bone. 
Much has been published on these subjects, with 
the exception of quantitative data on the longitudi- 
nal growth of soft tissues around the insertion sites. 
It should be recognized that the complex geometry 
of the insertion sites limits the possibility of obtain- 
ing direct measurements of tensile deformation and 
other biomechanical properties. For example, mea- 
surements of cross-sectional area and deformation 
for detailed stress and strain analysis are extremely 
difficult to obtain. The only methods currently 
available use indirect approaches to measure these 
biomechanical properties. 

With the recent discovery that the direction of 
applied loads has a significant effect on the tensile 
behavior as well as the failure modes of the inser- 
tion sites, evaluation and comparison of existing 
data become almost impossible. As a result, the 
available values for functional properties are sub- 
jects of controversy. 

It has long been recognized that joint immobility 
has profound deleterious effects on insertion sites. 
The advance of experimental methodology has en- 
abled us to study the effects of immobilization, re- 
mobilization after immobilization, and exercise on 
the morphologic and biomechanical changes at the 
insertion sites. There appears to be a correlation 
between the change in strength of the insertion site 
secondary to immobilization and its osteoclastic ac- 
tivities, but the detailed mechanism causing these 
homeostatic responses secondary to stress and mo- 
tion remains undiscovered. 

The data available at present are limited to those 
obtained from clinical studies. Basic science studies 
of an interdisciplinary nature regarding the injury 
and repair of tendons, ligaments, and capsule inser- 
tions to bone and their long-term prognosis are few. 
Important information to be gained from studies in- 
clude an improved understanding of the biomechan- 
ical and biochemical properties and the morpho- 
logic and histologic appearances of the repair sites 
after different types of surgical intervention and 
postoperative treatment. Only when such a data 
base is available can the use of various surgical re- 
pair techniques, including the use of synthetic ma- 
terials and their fixation to bone, be appropriately 
considered. 

Future Directions 

A more comprehensive understanding of inser- 
tion sites will require a number of important stud- 

ies: the structural and mechanical properties, the 
composition, and the functions of normal insertion 
sites must be determined. Variations in these char- 
acteristics within and among different ligaments, 
tendons, and capsules must be identified in humans 
as well as in experimental animals. The microstruc- 
ture of the insertions-including the dimensions of 
the zones, the orientation of the collagen in the 
zones, the locations and numbers of blood vessels 
and nerves, and the presence of mechanorecep- 
tors-must be described. Measuring the mechanical 
properties of each zone will require the develop- 
ment of miniaturized force transducers. It may be 
possible to determine the functions of insertion sites 
by using mechanoreceptors as force transducers to 
measure tissue force in vivo. In addition, the signif- 
icance of multiple tidemarks must be explored. Spe- 
cific biochemical methods-such as assays de- 
signed to quantify small amounts of substances- 
must be developed to determine the composition of 
different regions so that structure, biomechanical 
properties, and composition can be correlated. 

The similarities among the different soft-tissue in- 
sertions to bone have been assumed to exist on the 
basis of similar morphologic findings. However, an- 
atomic, biomechanical, and biochemical evalua- 
tions of ligament, tendon, and joint capsule attach- 
ments to bone may allow us to discern important 
differences among the junctions. 

A second area of focus is the identification of the 
clinical problems involving ligament, tendon, and 
joint capsule insertions into bone. There are appar- 
ently many conditions (for example, infrapatellar 
tendonitis, tennis elbow, and diffuse idiopathic 
skeletal hyperostosis) in which disruptions occur 
near or at insertion sites. Whether these injuries are 
caused by overuse or result from a single traumatic 
event should be clarified. Epidemiologic studies are 
needed to determine the precise locations and fre- 
quency of these problems. 

The third major area in which research is needed 
is quantification of the effects of various factors on 
normal insertion sites. We need additional studies 
of the effects of growth, maturation, and aging on 
the mechanical properties, structure, and chemistry 
of the different insertion sites. How the rate of load- 
ing affects specific areas of the insertion site is still 
unknown. The effects of immobilization, remobili- 
zation, and exercise on insertion sites [other than 
those of the medial collateral ligament (MCL)] also 
require further examination. Specifically, at what 
rate and by what mechanism does reversal of the 
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deleterious effects secondary to stress deprivation 
occur? The level of loading required to maintain 
homeostasis also deserves study. 

The final important research area is insertion-site 
behavior after injury or graft replacement. Little is 
known about how the structure and function of in- 
sertion sites respond to overuse injuries or blunt 
trauma. Our understanding of short- and long-term 
cellular and vascular responses in an injured inser- 
tion site is limited. Information is needed about the 
interaction between underlying bone and au- 
tografts, allografts, and xenografts. In particular, do 
these grafts modify with time so that they come to 
resemble normal insertion sites? 

One of the main problems in tendon and ligament 
reconstruction continues to be graft attachment to 
bone. This problem is most apparent when xe- 
nografts or synthetic grafts are used. 

Ultimately, one must determine the biomechani- 
cal and biochemical environment that weakens and 
injures these insertion sites. Quantitative informa- 
tion on forces and force distributions within the 
joint structure and tissues during both normal and 
traumatic situations must be established. Problems 
related to repetitive injuries must also be addressed, 
particularly those relating to sports and recreational 
activities. Factors that can enhance healing under 
such conditions must be defined. The healing and 
repair of injuries ranging from minor damage to cat- 
astrophic failure of the insertion sites and their re- 
lationship to the stages of healing from inflamma- 
tion to remodeling are subjects of major impor- 
tance. 
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SYNOPSIS OF CURRENT KNOWLEDGE 

Acute injuries to skeletal muscle-including con- 
tusions, lacerations, ruptures, ischemia, compart- 
ment syndrome, and denervation-occur frequently 
and cause significant disability. Blunt trauma can 
diminish muscle strength, limit joint motion, and 
lead to myositis ossificans. Muscle lacerations, sur- 
gical incisions, traumatic loss of muscle tissue, and 
denervation weaken muscles. Ruptures of muscle 
also cause weakness. Like the other injuries, they 
may result from direct trauma, but contraction 
against resistance can also tear muscle. Acute mus- 
cle ischemia and compartment syndromes can 
cause extensive muscle necrosis. 

The many potential causes of compartment syn- 
dromes all result in increased pressure within a con- 
fined muscle compartment. Failure to relieve the 
pressure rapidly causes complications that range 
from weakness and decreased motion to loss of an 
entire limb. Despite the frequency and significance 
of acute muscle injuries, the long-term clinical re- 
sults of treatment, the basic repair responses, and 
methods of facilitating the repair response in clini- 
cally significant injuries have not been extensively 
studied. 

Much of what is known about the potential for 
restoration of skeletal muscle function after injury 
is based on current understanding of muscle devel- 
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opment combined with investigations of the cellular 
and molecular events during muscle regeneration 
after injuries. These investigations have shown that 
adult skeletal muscle has substantial capacity to re- 
pair itself. This repair process is in some respects a 
recapitulation of embryonic development, but un- 
like development, the potential of repair after a spe- 
cific injury is influenced by the prior innervation 
pattern, vascularity, physical constraints of the sur- 
rounding tissues, the extent and condition of the 
remnant extracellular matrices (especially the base- 
ment membrane), the developmental lineage of the 
repair cells (fast versus slow lineage satellite cells), 
and the presence of nonmyogenic lineage repair 
cells. 

In general, the sequence of events after injury 
includes active degeneration and removal of injured 
muscle, proliferation of specialized myogenic repair 
cells, fusion to form myotubes, synthesis of con- 
tractile proteins, reinnervation, and activity- 
induced integration of the regenerated muscle into 
the unaffected muscle tissue. Repair not only fol- 
lows acute traumatic injury, but proceeds continu- 
ously on a microscopic level. Individual myotubes 
degenerate, then regenerate to occupy exactly the 
same location as the predecessor myotube, al- 
though such replacement need not be by a myotube 
of the same lineage. For example, during strenuous 
exercise, it is clear that some individual myotubes 
become injuried, are phagocytized, and replaced by 
dividing and fusing myoblasts and then myotubes. 
Molecular transitions in both the contractile pro- 
teins and extracellular matrix components are com- 
parable to embryonic events but occur more rap- 
idly. Rarely, connective tissue replaces these myo- 
tubes. In older individuals, the number of repair 
cells may be diminished and repair may not occur, 
resulting in muscle atrophy, but not fibrous tissue 
replacement or scarring. 

Although the potential for regeneration of adult 
human skeletal muscle exists, it does not occur af- 
ter clinically significant muscle loss. Thus, it is im- 
portant to define the factors required for regenera- 
tion of skeletal muscle and to explore how these 
factors might be provided to restore functional adult 
muscle tissue after injury. At the level of cells and 
tissues, the major factors necessary for muscle re- 
generation include (a) a source of myoblastic cells, 
(b) adequate vascularization, (c) an adequate num- 
ber and distribution of motor and sensory nerves, 
(d) an appropriate mechanical environment, and (e) 

a space-occupying matrix that stimulates migration, 
proliferation, and differentiation of myoblastic cells 
and vascularization, innervation, and mechanical 
loading of the regenerating muscle. 

Myoblastic cells survive many types of severe 
muscle injury and can form new muscle tissue, if 
they have an adequate vascular supply. When 
devascularized muscle grafts larger than a few hun- 
dred milligrams are grafted into vascularized mus- 
cle, the rate and extent of revascularization is a 
limiting factor. Ischemic satellite cells do not sur- 
vive for much more than 4 h, and multinucleated 
muscle fibers die even sooner. Freshly damaged, 
ischemic skeletal muscle does possess angiogenic 
properties, but the rate of vascular penetration into 
ischemic muscle is only 0.5-1.0 mm/day. Thus, 
devascularized segments of skeletal muscle larger 
than a few millimeters cannot rely on vascular in- 
growth. In primates, collagen is deposited in areas 
of muscle that are not rapidly revascularized. Puri- 
fied angiogenesis factors might help accelerate re- 
vascularization of muscle and thereby make possi- 
ble regeneration of large volumes of muscle. 

Although revascularization is critical for regener- 
ation to begin and for survival of regenerated mus- 
cle fibers, vascularized muscle fibers are of little 
use if they are not appropriately innervated. Most 
mammalian muscle will regenerate to the stage of 
having cross-striated muscle fibers in the absence of 
innervation, but the final differentiation into fast 
and slow muscle fiber types and the necessary in- 
crease in cross-sectional area depend on motor in- 
nervation. In many types of muscle injury, rem- 
nants of the original myoneural junctions persist 
and are commonly reused by regenerating nerve fi- 
bers. The original synaptic sites are not required 
because ectopic motor endplates are common, and 
neuromuscular junctions regenerate readily in the 
absence of regional junctions. The problem with in- 
growing sensory nerve fibers finding regenerating 
muscle spindles and Golgi tendon organs is much 
greater than that of motor nerve fibers finding their 
appropriate termination points. The most important 
limiting factor in the reinnervation of regenerating 
muscle is the pathway available to the regenerating 
nerve fiber. For example, in small rat muscles, the 
critical factor in attaining complete functional re- 
turn is the quality of the neural pathways. Under 
any circumstance, the larger the mass of regenerat- 
ing muscle, the greater the problem facing ingrow- 
ing nerves. 
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The influence of mechanical loading on muscle 
regeneration is one of the least-studied areas. Inci- 
dental observations and anecdotal evidence suggest 
that the appropriate mechanical environment stim- 
ulates muscle regeneration and improves regenerat- 
ing muscle function. Conversely, immobilization in- 
hibits muscle regeneration. 

In the presence of appropriate vascularity, poten- 
tial nerve supply, and an appropriate mechanical 
environment, myoblasts needs a space-occupying 
matrix that stimulates the migration, proliferation, 
and formation of normal muscle cells. Under nor- 
mal circumstances muscle cells continually test and 
interact with their extracellular matrix. Some ma- 
trix components, such as hyaluronic acid, are ap- 
propriate substrates for cell migration and prolifer- 
ation, whereas others promote or lock cells into dif- 
ferentiative activities. Some muscle proteoglycans 
may have this effect. The basal lamina that sur- 
rounds muscle fibers has a number of important 
functions in regeneration. It acts as a substrate for 
satellite-cell proliferation, as a selective cell filter, 
and possibly as a recognition site for nerves regen- 
erating toward the muscle fibers. 

Future Directions 
A major challenge for the future is to build on 

present laboratory knowledge and techniques to 
find methods of regenerating the often massive 
amounts of injured muscle seen in an orthopaedic 
practice. Muscle injuries that might be treated by 
methods using regenerative processes include (a) 
ischemic injury such as compartment syndromes 
and arterial injuries; (b) denervation of muscle; (c) 
traumatic lacerations or surgical incisions and rup- 
tures; (d) severe contusions; and (e) traumatic loss 
of muscle tissue. Progress in the development of 
improved methods of treating muscle injuries will 
be facilitated by clear definition of the types of in- 
jury. 

On the basis of the muscle tissue components that 
are damaged and the resulting problems in muscle 
regeneration, clinically significant muscle injuries 
can be grouped into three types: (a) Muscle fiber 
damage that leaves the extracellular matrix, the 
blood supply and the nerves intact. If an inflamma- 
tory, thermal, mechanical, toxic, or temporary isch- 
emic injury damages muscle fibers, but does not 
disrupt the basal laminae, the local blood supply, or 
the neural pathways, spontaneous muscle fiber re- 
generation and good morphologic and functional re- 

turn can usually be expected. The factors that im- 
prove or adversely affect muscle regeneration after 
this type of injury have not been extensively stud- 
ied. They include controlled muscle mobilization, 
muscle immobilization, antiinflammatory agents, 
steroids, muscle growth factors, and muscle reha- 
bilitation programs. (b) Denervation that leaves the 
extracellular matrix and the blood supply intact but 
may include muscle fiber damage. Muscle damage 
resulting from or including deficits in innervation 
creates the problem of getting nerve fibers to the 
muscle fibers in a reasonable length of time. When 
the original nerve cannot be repaired, this might be 
accomplished by nerve grafting or by using nerve 
growth factors. Still awaiting resolution is whether 
or not denervated human muscle can accept inner- 
vation after a prolonged period of denervation and, 
if it can, what the length of this period is. Providing 
pathways for regenerating nerve fibers so that nerve 
terminals reach all muscle fibers and providing ap- 
propriate innervation of muscle spindles and Golgi 
tendon organs are more difficult problems. A fre- 
quent practical problem is providing innervation to 
intact vascularized muscle fiber fragments that have 
been isolated from their motor endplates by hori- 
zontal incisions, lacerations, ruptures, or severe 
blunt trauma. Nerve growth factors may be helpful 
in this situation. (c) Loss of muscle tissue including 
disruption or loss of the extracellular matrix and 
prolonged loss of blood and nerve supply. An even 
more difficult problem is that of restoring necrotic 
or lost muscle. Myoblasts may survive even severe 
injuries to muscle, but if they do not, a line of cells 
that can differentiate into muscle cells must be pro- 
vided. The immediate problem is to provide a blood 
supply to devascularized tissue before scar tissue 
fills the formerly necrotic area. Successful treat- 
ment of this type of muscle injury must rapidly re- 
store the blood supply and provide a source of my- 
oblasts. 

The lineage of somatic muscle fibers can be 
traced back to cells arising in the somites. Somite- 
derived myogenic cells migrate into the limb buds 
or the ventral body wall and give rise to skeletal 
muscle as a separate line of cells distinct from those 
that form other tissue types of the limb. The prop- 
osition that these cells are irreversibly committed to 
forming muscle has been questioned. Recent work 
has shown that clonally derived mesenchymal cells 
called IOT1/2, when treated with 5-azacytidine, are 
capable of differentiating into myocytes, adipo- 

J Orthop Res, Vol. 6 ,  No. 6 ,  1988 



920 S .  L.-Y. WOO AND J .  A .  BUCKWALTER 

cytes, or chondrocytes. Such laboratory tricks 
show that even these cells contain the information 
required to form at least three mesenchymal cell 
types. The chemical Sazacytidine functions to 
methylate DNA during replication. Experimental 
manipulations of this type provide a major chal- 
lenge for the future: to manipulate the genetic reg- 
ulatory mechanisms in a controlled manner and to 
provide a source of cells for muscle regeneration in 
vivo. 

When myoblasts are present with adequate blood 
supply, the regenerating muscle fibers require sen- 
sory and motor nerves, appropriate mechanical 
stimuli, and an extracellular matrix that stimulates 
cell migration, proliferation, and differentiation. 
Conceivably, an extracellular matrix consisting of 
the appropriate structural macromolecules, growth 
factors, and cell adhesion molecules could be as- 
sembled in vitro and then implanted at the site of 
muscle defects. This artifical matrix would prevent 
the defect from filling with scar, allow the myo- 
blasts to form muscle, provide a framework for 
transmission of mechanical tension, and stimulate 
directed ingrowth of nerve and vessels. 

If the scientific problems presented by these 
three types of muscle injury can be solved, clinical 
research must apply the laboratory findings estab- 
lished on small amounts of muscle, under controlled 
conditions in animals to the physical dimensions, 
time limitations, and uncontrolled conditions pre- 
sented by clinically significant muscle deficits in hu- 
mans. These clinically important challenges include 

1. Obtaining an adequate population of myoblas- 
tic cells in injuries involving the removal or devital- 
ization of large masses of muscle tissue. 

2. Delivering and maintaining the population of 
myoblasts in a region where regeneration is re- 
quired. 

3. Providing a proper substrate or matrix for the 
proliferation, orientation, and differentiation of my- 
oblasts. 

4. Initiating and facilitating the growth of blood 
vessels into avascular regions or into areas of newly 
implanted material. 

5. Connecting regenerating muscle to the appro- 
priate origin and insertion points and providing a 
framework for the transmission of mechanical ten- 
sion. 

6. Providing adequate pathways for the regrowth 
of motor nerve fibers to all regenerating fibers. 

7. Ensuring appropriate proprioceptive feedback 
from muscle spindles and Golgi tendon organs. 

1. 

2. 

3. 

4. 

5. 
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SYNOPSIS OF CURRENT KNOWLEDGE 

Injuries to peripheral nerves still represent one of 
the most challenging surgical problems. Nerve in- 
juries in the upper extremities result in considerable 
disability because these lesions may cause total or 
subtotal loss of sensory and/or motor function of 
the hand. When microsurgical techniques were in- 
troduced, hopes were raised that results of nerve 
repair would be much improved. However, the 
overall recovery of nerve function remains unsatis- 
factory. 

The peripheral nerve is a complex structure com- 
posed of the primary functional elements, the axon 
and the nerve fibers. These nerves are highly vas- 
cularized structures exhibiting well-developed vas- 
cular plexus in all tissue layers. Inside the axons 
within the axoplasm, there is a system for bidirec- 
tional transport of substances. The slow antero- 
grade axonal transport takes place at a velocity of 
1-6 mm/day and involves cytoskeletal elements 
such as microtubles and microfilaments. The fast 
anterograde axonal transport takes place at a speed 
of up to -400 mm/day and involves various en- 
zymes and transmitter substances, vesicles, glyco- 
proteins, and lipids. Retrograde axonal transport 

J Orthop Res, Vol. 6 ,  No .  6,  1988 



AAOSINIHIORS WORKSHOP 921 

seems to provide recycling of neurotransmitter ves- 
icles. Also, various target-derived substances of im- 
portance for survival and general growth as well as 
metabolic maintenance of the nerve cell body are 
probably transported by the retrograde axonal 
transport. 

Impulse transmission and axonal transport de- 
pend on a local energy supply provided by the in- 
traneural microvascular system. Moderate com- 
pression produces local ischemia in the nerve, 
thereby blocking impulse transmission as well as 
axonal transport. Such a “metabolic conduction 
block” is immediately reversible on release of the 
compression. It has been demonstrated that extra- 
neural pressures corresponding to those found in- 
side the carpal canal of patients with carpal tunnel 
syndrome may induce a significant impairment of 
intraneural microcirculation. 

After compression at higher pressure levels, a lo- 
cal conduction block may be induced. This can per- 
sist for as long as several weeks after the compres- 
sion (“neurapraxia”). In these cases the axons are 
still in continuity and nerve function will be re- 
stored when the local myelin has been repaired. In 
crush injuries, axonal continuity can be interrupted 
while the “endoneurial tubes,” composed of 
Schwann cells and their basal lamina that normal- 
ly surround axons, may remain intact (“ax- 
onotmesis”). In such cases wallerian degeneration 
occurs and axons have to regenerate through pre- 
served endoneurial pathways to reach their periph- 
eral previous cell targets. In more severe lesions, 
the connective tissue elements of the nerve trunk 
may be damaged (“neurotmesis”). In such cases 
considerable misdirection of axons will occur at the 
site of injury. The result is frequent reinnervation of 
inappropriate end organs. 

With tension, intraneural microcirculation is 
comprised early. With increasing stretching, the ap- 
plied load increases correspondingly until a point is 
reached at which the load drops suddenly and the 
nerve fails structurally. Beyond this point, the 
nerve can carry very little tensile load. It has been 
shown that various components of nerve trunks 
have specific mechanical properties to resist load- 
ing-a fact that influences the stretching, compres- 
sion, and other kinds of mechanical deformation of 
the nerve. 

With severance of axons, the promixal portions 
start sending out sprouts and the regenerative pro- 
cess occurs. The mechanisms regulating axonal 
growth and guidance back to their target organ are 

not fully understood although experimental studies 
indicate that neuronotrophic factors as well as neu- 
rite-promoting factors in the local environment may 
act as molecular signals for axonal guidance. Clin- 
ically, nerve lesions are treated by approximating 
the proximal and distal nerve segments by suturing 
their ends or inserting nerve grafts if a segment of 
the nerve trunk is gone. However, there are indica- 
tions that increased understanding and manipula- 
tion of microenvironmental factors influencing 
nerve growth will improve nerve repair in the fu- 
ture. 

Experimentally, the rate of axonal growth can be 
increased by inducing conditioning lesions in the 
nerve 2 weeks before the test lesion. In certain ex- 
perimental systems local or general application of 
substances such as cyclic adenosine monophos- 
phate, triiodothyronine, and adrenocorticotropic 
hormones have been reported to improve regener- 
ation. Although reports are conflicting, direct- 
current electric fields as well as pulsed electromag- 
netic fields may, under certain conditions, promote 
axonal regeneration. 

Clinically, it is known that the functional restitu- 
tion after nerve repair in children is superior to that 
in adults. This fact is probably based on the child’s 
better propensity for cerebral adaptation after pe- 
ripheral axonal misdirection. In adults, special sen- 
sory re-education programs have proved useful to 
facilitate such a central nervous adaptation after 
nerve repair. 

Microsurgical techniques have helped to improve 
clinical outcomes in selected situations, but the re- 
sults of nerve surgery are still unsatisfactory. Bio- 
chemical manipulation of the local microenviron- 
ment at the zone of injury andlor at the axonal and 
target cell area may help to improve nerve repair. 

Future Directions 

For increased understanding of the reaction of 
peripheral nerves in traumatic conditions not entail- 
ing disruption of axonal continuity, more work 
should be directed to the mechanisms underlying 
various degrees of clinically relevant functional 
changes resulting from nerve compression and 
stretching. 

In acute compression injuries, more knowledge is 
needed regarding the roles of ischemic and mechan- 
ical nerve fiber deformation. The detailed nature of 
the structural damage to nerve fibers and intraneu- 
ral blood vessels should be analyzed and related to 
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functional changes. In this respect, the events oc- 
curring during compression and recovery should be 
separated. The modes and rates of compression 
should also be investigated. 

Chronic nerve compression is poorly understood 
in terms of the intraneural changes underlying var- 
ious clinical symptoms. The work in this area 
should focus on developing improved experimental 
models for chronic nerve compression and analyses 
of the correlations between intraneural tissue reac- 
tions and functional changes. The neurophysiologic 
evaluation should include techniques comparable to 
those used clinically. 

Endoneurial edema is a significant result of nerve 
injuries and neuropathies in which the occurrence 
of such edema leads to physiologic changes in the 
nerve. Future work should include efforts to im- 
prove the elimination of such edema from nerve 
fascicles. 

Stretching injuries are not well understood, partly 
because of lack of knowledge regarding the me- 
chanical properties of the various tissue compo- 
nents of the nerve ends. Also, the interactions of 
these components and structural models of the 
nerve trunk are not available. Further studies 
should include analyses of both short-term and 
long-term effects of controlled stretching on nerve 
structure and function. 

Complete functional restitution, the ideal after 
peripheral nerve injury, will require a better under- 
standing of the cell biology of both the normal and 
the regenerating nerve structure. Such an under- 
standing will permit the development of a better 
rationale for intervention therapies aimed at achiev- 
ing the ideal recovery. In general, nerve regenera- 
tion must involve at least four regenerative behav- 
iors: (a) the axotomized neuronal cell body must 
remain alive and be supplied with the appropriate 
microenvironment that permits the neuron to re- 
spond to axonal growth-promoting factors; (b) the 
neuronal cell body or transected proximal axonal 
stump must form a growth cone and extend an 
axon; (c) the regenerating axon must be presented 
with a permissive or growth-promoting terrain 
through which to grow and, with appropriate phys- 
ical and/or chemical cues, a terrain that guides the 
axon back toward the target organs; and (d) the 
target organ itself must be maintained in a receptive 
state and in an appropriate configuration to encour- 
age functional contacts with the regenerating axonal 
growth tip. Thus, future iniproveiiierits in nerve re- 
generation should be directed toward optimizing the 

success of these four regenerative behaviors. There 
is also a need for refined techniques to define, in 
quantitative terms, the various degrees of regener- 
ation in both experimental and clinical situations. 

The following experimental approaches aimed at 
achieving complete functional restitution should be 
investigated. They are generally categorized as me- 
chanical or chemical approaches. 

The primary mechanical approach is to create 
conditions that encourage regenerating fibers to 
grow along the same pathways on which they were 
located before interruption. Although this may be 
realized to a significant extent after nerve crush or 
compression injuries, once a transection occurs, 
even the best surgical techniques can presently 
achieve only a minimally correct apposition of the 
proximal fibers with their corresponding distal 
counterparts. Future research should aim at finding 
techniques to optimize the orientation of nerve ends 
at the site of injury. Refined in vivo histochemical 
techniques that differentiate between motor and 
sensory components may prove valuable in this 
context. Neurophysiologic recording techniques 
based on the use of microchips may be helpful in 
defining the electrical characteristics of fascicular 
domains. In such cases, presuming that the neuron 
survives and reextends a growth cone, the growing 
tip must still extend through spaces provided by 
degenerating distal cells. Attempts should be made 
to improve axonal outgrowth rate. Chemical, hor- 
monal, and bioelectrical approaches may be helpful 
for this purpose. 

Another suggested approach is to apply cell fu- 
sion techniques similar to those successfully used to 
reconnect severed invertebrate axons. Important 
considerations in applying this approach would be 
to allow or to stimulate regrowth of the proximal 
axon toward the distal part of the axon even though 
both may retract after transection. The application 
of this technique would require a delay of distal 
axonal degeneration and local application of mem- 
brane-fusing agents at the right moment. The me- 
chanical approaches assume that enough chemical 
cues are available to achieve nerve regeneration, 
providing that the regenerating fibers can be redi- 
rected accurately back toward that target organ. 

The chemical approach assumes that nerve re- 
generation fails because one or more molecular 
cues are missing and that once such cues are rec- 
ognized and available they can be administered to 
improve regeneration. The molecules that promote 
neuronal survival and axonal growth and guidance 
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have been recognized in vitro but animal models 
must be developed so that such molecules can be 
tested in vivo. More basic research must be di- 
rected toward recognizing and purifying such fac- 
tors, and determining their neuronal specificity 
(motor, sensory, sympathetic), as well as toward 
developing techniques allowing their clinical use. 
Recent advances in biomaterial technology suggest 
that the use of biocompatible or bioresorbable 
chambers may be possible. Also, more information 
is required on the nature of molecules that regulate 
the proliferation and differentiation of the nonneu- 
ronal cells in the nerve (Schwann cells, fibroblasts, 
and other “neurial” cells as well as endothelial 
cells) and maintenance of receptive target cells 
(muscle, sensory receptors). Future experiments 
should allow the construction of chemically defined 
nerve channels that can replace a damaged nerve 
segment and promote neuronal growth and guided 
regeneration. 
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SYNOPSIS OF CURRENT KNOWLEDGE 

Many authors overlook the peripheral vessels in 
their discussions of the musculoskeletal soft tis- 
sues. Yet restoration of normal function after injury 
to tendons, ligaments, tendon and ligament inser- 
tions, myotendinous junctions, peripheral nerves, 
and skeletal muscles depends largely on the vascu- 
lar response to injury. 

Although the vascular system of each of these 
musculoskeletal tissues is anatomically and func- 
tionally unique, all systems share essential common 
features. Perhaps most important, they are living 
systems of cells and matrix, not fixed networks of 
rigid tubes. The volume of the vessels, the rate of 
blood flow, and the numerical density of the small 
vessels change after injury or in response to the 
demands placed on the tissues. Failure to restore 
normal blood flow after obstruction or mechanical 
disruption of the vessels causes necrosis or perma- 
nent damage to tissue. The success of free tissue 
transfer depends initially on restoration of blood 
flow through vessels anastomosed surgically, and 
eventually on growth of vessels into the trans- 
planted tissue from the recipient site. Injury to the 
musculoskeletal soft tissues, with the exception of 
cartilage or the inner regions of the menisci, ini- 
tiates a vascular response that forms a fibrin clot, 
allows migration of cells into the injury site, helps 
remove necrotic tissue, forms new blood vessels, 
and reestablishes blood flow. Lack of this vascular 
response is one of the factors that limits repair of 
some cartilage and meniscal injuries. 
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Despite the importance of the musculoskeletal 
soft-tissue vascular systems, surprisingly little is 
known about the details of their normal function, 
responses to changes in demands on the tissues, 
roles in repair, methods of improving their response 
to injury, and growth into tissues transferred from 
one part of the musculoskeletal system to another. 
Thus, much of this chapter must be based on stud- 
ies of vessels in other tissues and experience with 
surgical repair of transected vessels. 

The peripheral vascular system consists of a con- 
tinuous network of branching vessels that assume 
specific anatomic arrangements in each tissue. Ves- 
sels consist of three components: endothelial cells, 
smooth-muscle cells, and connective tissue. The 
connective tissue component includes fibroblast- 
like cells and an extracellular matrix formed from 
collagens, elastin, proteoglycans, and noncollage- 
nous proteins. The walls of larger vessels contain 
nerves and small blood vessels. The components of 
vessel walls are arranged in concentric layers: the 
innermost tunica intima (intima), the tunica media 
(media), and the outermost tunica adventitia (ad- 
ventitia). 

Endothelial cells line the inner surface of all 
blood vessels, actively help maintain the integrity of 
the vascular system, and have significant roles in 
repair. The composition and organization of media 
and adventitia vary considerably in relation to the 
mechanical demands placed on the vessels and the 
metabolic needs of the tissue. The large arteries 
have been the most extensively studied. In these 
vessels -20% of the dry weight consists of elastin. 
Several types of collagen make up the bulk of the 
connective tissue, with proteoglycans contributing 
approximately 0.5% to 1.0% of the dry weight. In 
addition, structural glycoproteins, including laminin 
and fibronectin, have been identified in vessels. 

Vascular injury invokes the cell proliferation nec- 
essary for repair, but the proliferative response may 
be so extensive as to compromise or even occlude 
the lumen of the injured vessel. Release of a growth 
factor, either platelet-derived or endothelium- 
produced, appears to stimulate this smooth-muscle 
cell response. A human platelet-derived growth fac- 
tor has been shown to initiate cell migration; hepa- 
rin, heparan sulfate, and analogues of heparin de- 
rived from endothelium may also be regulators of 
smooth-muscle cell growth. Smooth-muscle cell 
proliferation appears to cease once an overlying 
layer of endothelium is established in a prcviously 
injured vessel. 

Different mechanisms of injury can affect the ves- 
sel walls and the fluid movement in a variety of 
ways. For example, the mechanical characteristics 
of lacerations, avulsions, injections, compressions, 
and penetrating injuries differ significantly. Differ- 
ent techniques of vessel repair-including end- 
to-end, sleeve, and end-to-side repairs-use of ves- 
sel and prosthetic grafts, and specific suture mate- 
rials produce anas tomoses  with different  
mechanical characteristics, rates of blood flow, and 
patency rates. 

Formation of new vessels (angiogenesis) accom- 
panies injury, inflammation, surgery, and tumor 
growth. Modulation of angiogenesis could help to 
control inflammation, improve repair of musculo- 
skeletal injuries, and accelerate the revasculariza- 
tion of tissues transferred from one part of the body 
to another. Cells, matrix components, and soluble 
factors all may help to control angiogenesis. 

Future Directions 

Surgeons regularly repair vessel lacerations, re- 
place injured segments of vessels, and cover large 
soft-tissue and bone defects by transferring tissue 
from one location to another and restoring its blood 
supply. However, advances in the following areas 
could significantly improve the treatment of injuries 
to the musculoskeletal soft tissues: (a) methods of 
limiting vessel and tissue damage following injury; 
(b) techniques of aligning and repairing vessels; (c) 
methods of determining the extent of vessel and 
tissue injury; (d) stimulation of collateral circula- 
tion; and (e) stimulation and control of angiogene- 
sis. 

These advances will depend on gaining a clear 
understanding of the biology of peripheral vessels, 
including the origins and responses of the cells and 
the composition of the matrices they produce. This 
effort must include continued study of the cells, 
cell-cell interaction, and cell-matrix interactions 
and their modulation by physical and biochemical 
means. The in vitro study of isolated cells, including 
application of genetic techniques, can be expected 
to yield important insights. 

Few mechanically controlled studies of the mech- 
anism of peripheral vessel damage have been re- 
ported and such information, especially in avulsion 
injuries, is needed. Also needed is a rapid, clinically 
applicable method of evaluating areas of vessel and 
tissue damage after injury. Improvements in the 
techniques of repair may include tissue adhesives 
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and alignment and fixation mechanisms that will 
make vessel repair more rapid and secure. The 
mechanisms that develop collateral circulation in 
musculoskeletal soft tissues should be explored be- 
cause very little is known in this area. 

One of the most direct ways to improve the re- 
sults of vessel repair would be to minimize damage. 
There is a body of knowledge developing on the role 
of leukocyte-mediated endothelial damage. Current 
studies have suggested that oxygen radicals, perox- 
ides, or other related intermediates are potent in- 
flammatory mediators that damage vascular endo- 
thelium. A variety of enzymes are being used in this 
regard, including superoxide dismutase, catylase, 
peroxidase, and glutathione peroxidase. Some of 
these appear to offer theoretical advantages in min- 
imizing oxygen radical effects, although most of the 
work performed in this field to date has dealt with 
the potential effects of superoxide dismutase. 

Aside from advancing techniques of vessel re- 
pair, improving methods of assessing tissue and 
vessel damage, discovering new ways of limiting 
injury, and stimulating development of collateral 
circulation, there appear to be a number of exciting 
areas for investigation of angiogenesis. Rapid, di- 
rected growth of new vessels has the potential of 
improving repair of almost all injuries to the mus- 
culoskeletal soft tissues. A useful strategy might be 
to get more of the right materials to the right place 
at the right time to create the desired effect. Be- 
cause endothelial migration and growth is essential 
for effective angiogenesis, one approach would be 
to use intact matrix molecules or basement mem- 
brane molecules that promote the adhesion and mi- 
gration of endothelial cells. Suppression of smooth- 
muscle cell growth is also a key in maintaining pa- 
tency of vessels. It is probable that peptide domains 
of matrix molecules that promote early aspects of 
an angiogenic response will be discovered. Future 
work could involve attempts to guide endothelial 
cells and potentially, therefore, to direct rapid ves- 
sel regrowth to specific sites using “molecular 
guidewires” formed from specific matrix mole- 
cules. Another approach might be to “seed” endo- 
thelium onto synthetic small-diameter vessels 
coated with matrix constituents or related chemi- 
cally synthesized peptides that promote the contin- 
ued attachment of endothelial cells. This effect 
would be highly desirable and might provide a 
small-diameter graft with a nonthrombogenic sur- 
face of either natural or synthetic origin that would 
remain patent. 

An emerging area in the study of angiogenesis 
and soft-tissue repair in general is the role of spe- 
cific growth factors. There are already a variety of 
growth factors known to promote angiogensis. Cur- 
rent problems include how and when to deliver 
these molecules. Polymers of various materials 
could possibly be made that would contain growth 
factors that would be time released into a specific 
area. New factors may be discovered that selec- 
tively recruit specific cell types. Ultimately, it may 
be necessary to provide specific factors in a timed 
sequence to produce the desired effect. 

SELECTED REFERENCES (OUT OF 223) 

Car0 CG, Pedley TJ, et al: Solid mechanics and the proper- 
ties of blood vessel walls, In: The Mechanics of Circulation, 
Oxford, Oxford University Press, 1978, pp 85-105 
Clows AW: Arterial endothelial smooth muscle cell interac- 
tions. In: Evaluation and Treatment of Upper and Lower 
Extremity Circulatory Disorders, ed by JJ Bergen, JST Yao, 
Orlando, Grune and Stratton, 1984, pp 25-38 
Folkman J: Angiogenesis: initiation and modulation. In: 
Cancer Invasion and Metastasis: Biological and Therapeu- 
tic Aspects, ed by GL Nicolson, L Mila, New York, Raven 
Press, 1984, pp 201-207 
Pagrell B: The Physiology and Pharmacology of the Micro- 
circulation. vol 2, ed by NA Mortillaro, New York, Aca- 
demic Press, 1984, DD 133-180 

J .  Thilo-Kormer DGS; Heinrich D, Themme H: The Endothe- 
lial Cell-A Pluripotent Control Cell of the Vessel Wall, ed 
by DGS Thilo-Kormer, RI Freshney, Basel, S Karger, 1983, 
pp 158-202 

GROUP EIGHT: ARTICULAR CARTILAGE 

Lawrence Rosenberg, Group leader 

Joseph Buckwalter, Richard Coutts, Ernst 
Hunziker, Van Mow, Group Members 

Mark Adams, Mark Bolander, Arnold Caplan, 
Bruce Caterson, Kenneth DeHaven, David Eyre, 

Donald Fischman, Helen Muir, Theodore Oegema, 
Eric Radin, A. Hari Reddi, Melvin Rosenwasser, 

Lawrence Shulman, Group Participants 

SYNOPSIS OF CURRENT KNOWLEDGE 

Articular cartilage consists of scattered chondro- 
cytes surrounded by an extracellular matrix com- 
posed of a highly organized macromolecular frame- 
work filled with water. Chondrocytes create the 
molecular framework from three classes of mole- 
cules: collagens, proteoglycans, and noncollage- 
nous proteins. A meshwork of type I1 collagen 
fibrils gives cartilage its form and tensile strength. A 
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variety of quantitatively minor collagens may have 
important roles in organizing and maintaining the 
meshwork of type I1 collagen fibrils and possibly 
other functions. Cartilage proteoglycans and, in 
particular, the interaction of the proteoglycans with 
water, give cartilage its stiffness to compression, its 
resiliency, and contribute to its durability. Noncol- 
lagenous proteins appear to help organize and sta- 
bilize the articular cartilage matrix, attach chondro- 
cytes to the extracellular matrix, and stabilize the 
chondrocyte phenotype. Although early studies 
suggested that articular cartilage was a homoge- 
neous material, this is now known not to be the 
case. The cells and matrix vary considerably with 
depth from the articular surface, among regions of 
the same joint, and among joints. Even within a 
limited volume of cartilage at the same depth from 
the articular surface, three matrix compartments 
that differ in composition and organization can be 
identified: the pericellular matrix, the territorial ma- 
trix, and the interterritorial matrix. Studies of car- 
tilage composition, organization, function, and re- 
pair must take this elaborate internal organization 
into consideration. 

The capacity of normal cartilage to provide the 
tough, wear-resistant, nearly frictionless bearing 
material of diarthrodial joints depends on the mate- 
rial properties of the tissue. The concentration and 
organization of collagen, proteoglycan, and water 
influences the tensile, compression, shear, and per- 
meability properties of articular cartilage. In addi- 
tion, collagen crosslinking and proteoglycan molec- 
ular structure affect these material properties. 
Changes in the extracellular matrix, such as in- 
creased hydration, disruption of the collagen fibril- 
lar network, disaggregation and loss of proteogly- 
cans, as in osteoarthritis, have profound effects on 
the material properties of the tissue, diminishing its 
ability to function as the bearing material of the 
joint. 

The native cartilage repair response depends on 
the nature and extent of the injury, the location of 
the injury, and the state of the joint at the time of 
injury. Traumatic or surgical exposure of cartilage, 
immobilization, blunt trauma, infection, and other 
similar insults do not mechanically disrupt cartilage 
but may cause loss of matrix proteoglycans and a 
corresponding change in cartilage material proper- 
ties. If the chondrocytes remain viable and the col- 
lagen meshwork remains intact, the cells replace 
the proteoglycans. If the injury progresses beyond 

the capacity of the cells to restore the matrix, the 
injury becomes irreversible; that is, injuries that 
cause massive loss of proteoglycans, disrupt the 
collagenous meshwork of the matrix, or cause cell 
death usually are not repaired with normal cartilage 
matrix. Mechanical disruption of cartilage may re- 
sult from blunt or penetrating trauma. Blunt trauma 
that does not disrupt the collagen meshwork and kill 
chondrocytes probably is repaired satisfactorily. 
The chondrocytes may not be able to restore the 
normal cartilage after more severe blunt injuries. 
Trauma that penetrates cartilage but not subchon- 
dral bone leaves a defect that does not usually heal. 
Penetration of subchondral bone initiates the vas- 
cular response to injury and allows new cells to 
enter the defect. Some of these cells assume the 
morphologic features of chondrocytes and produce 
a cartilaginous matrix. Small defects can be re- 
paired successfully, but larger defects usually fill 
with a fibrocartilaginous tissue that lacks the com- 
position, structure, and durability of normal carti- 
lage. The material properties of this repair tissue 
have not been well defined. The ideal treatment of 
cartilage injury would restore the normal function 
and durability of the joint. No current method reli- 
ably accomplishes this in clinically significant de- 
fects, and it is not clear which current method or 
combination of current methods produces the best 
results in specific injuries. 

Comparison of treatments requires evaluations of 
the quality of cartilage repair tissue. In general, this 
has been done by comparing the structure, compo- 
sition, and material properties of the repair tissue 
with those of normal articular cartilage. This ap- 
proach assumes that the more closely repair tissue 
resembles normal articular cartilage, the more 
likely it is that the repair tissue will function satis- 
factorily as a joint surface. Undoubtedly this as- 
sumption has value, but the best measure of carti- 
lage repair tissue is its performance, that is, how 
well it restores normal, pain-free joint function for a 
prolonged period. 

Future Directions 

Recent work has significantly advanced our un- 
derstanding of cartilage; nonetheless, our knowl- 
edge of its structure, composition, formation, and 
function remains incomplete. To understand how 
an articular surface that provides the normal func- 
tion of a synovial joint can be restored after injury, 
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it is important to learn more about the cells and 
matrices of normal articular cartilage. 

The collagen meshwork gives cartilage its form 
and tensile strength, yet little is known about how 
this highly organized molecular framework is estab- 
lished and maintained. It seems likely that mechan- 
ical loads and joint motion have a role in establish- 
ing the orientation and organization of the matrix 
collagen fibrils, but this relationship has not been 
clearly demonstrated. Type I1 collagen forms most 
of the meshwork, but the quantitatively minor col- 
lagen types may also be important. Answers to the 
following questions would help explain the role of 
these molecules: What are the functions of the 
quantitatively minor collagen types? How do these 
minor collagen types interact with type I1 collagen 
and, possibly, with chondrocytes, proteoglycans, 
and noncollagenous proteins? Do they form part of 
the type I1 collagen fiber meshwork? Do they help 
organize and stabilize this meshwork? 

A better understanding of the basic structure of 
proteoglycans has made it possible to refine our 
questions concerning their role in cartilage. Some of 
the questions raised by recent work are: What is the 
source of large nonaggregating proteoglycans? 
What is the function of the large and small nonag- 
gregating proteoglycans? How are proteoglycan ag- 
gregates assembled in the matrix? What form do 
proteoglycans assume in the matrix? 

Systematic study of noncollagenous proteins has 
just begun, but it is clear that these molecules may 
help organize and stabilize the matrix as well as 
influence chondrocyte function. Only a few noncol- 
lagenous proteins have been identified. A complete 
description of these molecules is essential. This 
may be accomplished by a combination of tradi- 
tional biochemical techniques and isolation and 
characterization of cDNA and genomic clones of 
cartilage proteins. Analysis at the nucleotide se- 
quence level should provide information on the se- 
quence and structural characteristics of these pro- 
teins as well as on the regulation of their genetic 
expression. Once a complete list of these molecules 
has been established, it will be necessary to define 
their functions and interactions. 

Cartilage repair resembles the embryonic forma- 
tion and development of the tissue. A better under- 
standing of how articular cartilage forms and devel- 
ops may suggest ways to improve the repair re- 
sponse. 

It is clear that the chondrocytes and cartilage ma- 

trix change with age. The full extent and signifi- 
cance of these age-related changes have not been 
defined and it is not known whether these changes 
affect the tissue’s response to injury. It is important 
to known if chondrocytes-or cells that differenti- 
ate into chondrocytes after injury-lose the ability 
to synthesize and assemble the molecular compo- 
nents of the matrix with increasing age. 

Although the basic details of protein synthesis are 
relatively well defined, a number of significant 
questions concerning the synthesis of cartilage mac- 
romolecules remain unanswered. Among these are 
the following: Exactly where within the cell are the 
glycosaminoglycan chains synthesized? How are 
these chains modified after synthesis? Certain pro- 
teins, including factors acting by autocrine and 
paracrine mechanisms, heat-shock proteins, and 
cell cycle-dependent regulatory proteins (proto- 
ontogenes) influence synthesis of matrix macromol- 
ecules, but the details are not well understood. 

Recombinant techniques may allow us to identify 
the proteins that regulate matrix synthesis in normal 
and repair tissue. These techniques have the advan- 
tage of permitting quantification of genetic mes- 
sages for the structural components of cartilage. 

Cell shape also may affect synthesis of matrix 
molecules. Chondrocytes and chondrocyte-like 
cells with relatively spherical shapes synthesize hy- 
aline cartilage macromolecules including proteogly- 
cans and type I1 collagen. When these same cells 
are flattened, they synthesize the molecules found 
in more fibrous tissues. It is not known how cell 
shape regulates synthesis or if it is possible to de- 
vise methods of influencing cell shape in vivo. 

It is not known how proteoglycans, collagen, and 
noncollagenous proteins interact to form the mac- 
romolecular framework of the matrix or how this 
framework is stabilized. Furthermore, it is not clear 
how chondrocytes, loads applied to the tissue, and 
joint motion influence matrix composition and 
structure. 

Maintenance of the normal cartilage matrix re- 
quires turnover of the matrix macromolecules. Un- 
derstanding how this is accomplished may lead to 
methods of treating cartilage injuries. 

The formation, development, and maintenance of 
cartilage require continuing, complex interactions 
between chondrocytes and the matrix. These inter- 
actions must be equally important in repair. It is 
essential, therefore, to determine how the extracel- 
lular matrix influences chondrocyte function. In 
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particular, what specific changes in matrix compo- 
sition and organization influences chrondrocytes? 
Does the matrix transmit mechanical or electrical 
signals to chondrocytes that influence cell function? 
If so, how does this occur? 

Many avenues are open for exploration of the 
biomechanics of normal articular cartilage and re- 
pair cartilage. They should range from studies of the 
relationships between the mechanical properties of 
cartilage and the molecular organization of the ma- 
trix macromolecules to studies of the functional be- 
havior of the repair tissues in situ in diarthrodial 
joints. At each level of structural organization (mo- 
lecular, ultrastructural, light microscopic, and mac- 
roscopic) and structure-function relationships must 
be defined. These relationships must be further de- 
veloped for normal articular cartilage and must be 
extended to repair cartilage. Important topics for 
mechanical studies of cartilage repair include the 
following: 

1 .  The relationships between the mechanical 
properties and the composition and organization of 
repair cartilage, including the degree of variability 
within the repair tissue, the morphologic features of 
the tissue, the structural characteristics of the mo- 
lecular framework of the tissue, including collagen 
crosslinking, the molecular architecture of the pro- 
teoglycans of repair cartilage, and the organization 
of these macromolecules. 

2. The Donnan osmotic pressure of repair carti- 
lage and its variations within the tissue and within 
“normal” cartilage over adjacent regions on the 
joint surface. 

3. The strength of the bonding between the repair 
tissue and the adjacent “normal” cartilage. 
4. The influence ofjoint motion and loading on 

the biomechanical properties of repair cartilage. 
5 .  The friction, lubrication, and wear character- 

istics of repair cartilage; especially important are 
the friction and wear characteristics in situ in a di- 
athrodial joint. 

6. Stresses and strains in repair cartilage and its 
adjacent surrounding “normal” tissue in situ within 
a diarthrodial joint. 

Recent investigations suggest that successful re- 
pair of clinically significant articular cartilage de- 
fects may be possible. The requirements for regen- 
eration of articular cartilage include (a) a population 
of cells that will migrate into or can be placed in a 
cartilage defect where they will proliferate and dif- 
ferentiate into chondrocytes, (b) a matrix for the 
cells to invade and replace or remodel into cartilage 

or cells capable of creating such a matrix, (c) me- 
chanical stimuli to enhance the formation and de- 
velopment of articular cartilage, (d) protection of 
repair cartilage from excessive loads, and (e) main- 
tenance or restoration of the normal shape and con- 
formation of the joint. 

Specific investigations that may help meet these 
requirements include the following. 

Several investigators have reported that partial- 
thickness cartilage defects do not progress and do 
not appear to affect joint function adversely. This 
may not be true for all regions of the joint. For 
example, partial-thickness defects in articular car- 
tilage regions subjected to high loads may progress 
while similar defects in regions subjected to smaller 
loads may remain unchanged. If some partial- 
thickness defects do progress, it would be appropri- 
ate to investigate ways of repairing them. Possible 
methods of stimulating repair of partial-thickness 
defects include shaving, extraction of proteogly- 
cans to stimulate fibrin clot formation, use of gels 
and implants, chondrocyte transplantation, and use 
of growth factors. 

Some clinical reports suggest that altering the 
loads applied to cartilage repair tissue may stimu- 
late repair and improve the function and durability 
of the repair tissue. This possibility should be in- 
vestigated experimentally to define the relationship 
between joint loading and cartilage repair. 

Animal experiments and clinical experience indi- 
cate that, at least for certain types of cartilage inju- 
ries, joint motion improves cartilage repair. Further 
study is needed to determine exactly what combi- 
nations of motion and loading produce the best re- 
sults for specific injuries. 

Clinical observations suggest that abrasion of 
damaged cartilage to bleeding subchondral bone 
stimulates successful repair in humans. This possi- 
bility should be investigated further. 

Sources of cells that may be capable of repairing 
cartilage defects include cartilage adjacent to the 
injury, periosteum and perichondrium, bone mar- 
row, other cartilages, perivascular cells, and tram 
planted embryonic chondrocytes. Despite a num’/er 
of studies, it is not clear which of the source.. pro- 
vides cells with the greatest potential for :atisfac- 
tory repair. Studies should be designed to test the 
potential of different cell types to repair cartilage 
defects. 

The subchondral bone matrix may provide a fac- 
tor or factors that stimulate cartilage repair. One 
potential approach is to characterize bioactive fac- 
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tors in the cartilage and bone matrix that have the 
potential to initiate cartilage differentiation, per- 
haps by stimulating mesenchymal stem cell differ- 
entiation. Syftestad and Caplan report promising re- 
sults with a 31-kDa bone matrix protein. Another 
such agent may be the newly isolated osteogenin. 
The protein, which has an apparent molecular 
weight of 22 kDa, in conjunction with insoluble col- 
lagenous matrix initiates cartilage formation. 

Additional approaches include the assessment of 
the role of transforming growth factor beta, a 25- 
kDa multifunctional growth regulator that induces 
cartilage proteoglycan synthesis in the mesenchy- 
ma1 cells of rat muscle. Platelet-derived growth fac- 
tor,  fibroblast growth factor, and insulin-like 
growth factor are potentially important substances 
that may play a role in articular cartilage repair. 
Although the use of growth factors in tissue culture 
is relatively straightforward, assessing their actions 
in vivo must take into account such things as the 
role of degradation, the choice of drug-delivery sys- 
tem, and the extracellular matrix milieum. 
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SYNOPSIS OF CURRENT KNOWLEDGE 

The meniscus plays an essential role in the nor- 
mal function and health of the knee. However, stud- 
ies of meniscal tissue properties and meniscal func- 
tion are in their infancy. Many investigations have 
lacked scientific rigor, including some reports that 
are of dubious validity. This is surprising in view of 
the frequency of meniscal injuries and the number 
of clinical prcedures used to treat these injuries. 
The implication that meniscectomy and meniscal in- 
jury lead to degenerative joint disease provides an 
additional reason to improve our understanding of 
the structure, function, and capacity for repair of 
the meniscus. 

The menisci are C-shaped disks of fibrocartilage 
interposed between the condyles of the femur and 
tibia. The microarchitecture of the meniscus is 
dominated by the distinctive orientation of the col- 
lagen fiber network that, together with the proteo- 
glycan-interstitial water component of the extracel- 
lular matrix, gives the meniscus its mechanical 
properties. Although the meniscus is known to be 
viscoelastic and anisotropic, the exact responses of 
the tissue to compression, tension, and shear have 
yet to be elucidated. Similarly, the exact mecha- 
nisms by which the menisci perform their functions 
within the joint (load-bearing, shock absorption, in- 
creasing joint stability, and joint lubrication) and 
the mechanisms by which the meniscal cells main- 
tain the matrix remain unknown. 

Meniscal injury can occur as an isolated lesion or 
in association with other joint injuries (most com- 
monly a rupture of the anterior cruciate ligament). 
The meniscal lesions usually result from compres- 
sion andlor shear forces. The location of the lesion 
within the meniscus dictates the tissue’s response 
to injury. If the lesion occurs in the periphery of the 
meniscus, that is, in the area of the blood supply 
(peripheral 25% of the lateral meniscus; peripheral 
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30% of the medial meniscus), the meniscus is capa- 
ble of mounting a reparative response similar to 
those of other vascular tissues (exudation, organi- 
zation, vascularization, proliferation, and remodel- 
ing). The response to injury originates within the 
perimeniscal capillary plexus as well as in the me- 
niscal synovial fringe over the area of the injury. 
This reponse can repair meniscal lesions by means 
of fibrovascular scar tissue that eventually changes 
into a tissue resembling fibrocartilage. The bio- 
chemical and biomechanical character of this tissue 
has yet to be determined. If the injury occurs in the 
avascular portion of the meniscus, little, if any, re- 
sponse ensues and the lesion remains relatively un- 
changed. This inability of meniscal lesions in the 
avascular portion of the tissue to heal has provided 
the rationale for partial meniscectomy. 

Experimental studies have investigated potential 
ways of stimulating repair of lesions in the avascu- 
lar region of the meniscus by extending the vascular 
response to injury through access channels and sy- 
novial abrasion. Although these techniques have 
been successful in the laboratory and in limited clin- 
ical trials, the long-term results are unknown. Re- 
cently, laboratory studies have shown that an ex- 
ogenous fibrin clot and its associated chemotactic 
and mitogenic factors can induce and support an 
avascular reparative response within the meniscus. 
Although these results are preliminary, they repre- 
sent exciting new concepts in our understanding of 
meniscal repair. 

Future Directions 

Few details are known about the way in which 
the intrinsic properties of meniscal tissue provide 
the tissue’s mechanical functions in the knee joint, 
and critical examination of the potential for suc- 
cessful repair of meniscal injuries has just begun. 
Investigations in the following areas will lead to im- 
proved treatment of meniscal injuries and possibly 
to methods of restoring meniscal function when the 
meniscus cannot be repaired successfully. 

Microassays, immunohistochemical techniques, 
and modern ultrastructural analyses should be used 
to better define the composition and fine structure 
of the meniscus. Special attention should be given 
to collagen types, locations, and interactions with 
proteoglycans and other matrix components. Better 
localization and quantification of neural elements 
within the menisci and their associated structures 
should also be included. In addition, studies are 

needed to characterize the metabolism of the matrix 
components and to identify the relative contribu- 
tions of synovial fluid components to meniscus nu- 
trition. 

The meniscus has traditionally been character- 
ized as fibrocartilage like the anulus fibrosis, pseud- 
arthroses, and ligament attachments. It is important 
to determine whether meniscal cells are identical to 
those found in other fibrocartilaginous tissues or 
whether they are phenotypically different. 

Although important functions have been ascribed 
to the meniscus, little detailed mechanical informa- 
tion is available on how the meniscus carries out 
these functions or how the tissue responds to vari- 
ous stresses. Studies characterizing the mechanical 
functions of the meniscus should be directed at es- 
tablishing models to relate mechanical functions to 
the composition and structure of the meniscus and 
the interactions among the meniscus, the synovial 
fluid, and the adjacent articular cartilage. This ap- 
proach could also help define the mechanisms of 
meniscal injury. 

Precise biomechanical models of meniscal tissue, 
similar to that developed for articular cartilage, will 
help define the functional and deformational behav- 
ior of the meniscus under physiologically relevant 
loads. These models of the meniscus must include 
the nonlinearity, anisotropy , lack of homogeneity, 
and biphasic characteristics exhibited by the menis- 
cal tissue. In addition, accurate geometric forms 
should be developed so that differences between 
the medial and lateral meniscus and differences be- 
tween the anterior and posterior aspects of the me- 
niscus can be included. To develop such models, 
we need more detailed descriptions of the material 
behavior of meniscal tissue under tensile, compres- 
sive, and shear conditions. The development of 
these models to describe meniscal function will lead 
to an understanding of the mechanical response of 
menisci in normal and abnormal environments. 
These models will provide the means to evaluate 
plausible causes of meniscal injury and degenera- 
tion, and the effects of different surgical procedures 
on meniscal repair, including partial and total men- 
iscectomy . 

The clinical implications of meniscal injury have 
been documented by several investigators. How- 
ever, the exact progression of the degenerative se- 
quelae of the various types of meniscal injuries has 
yet to be defined. This could be accomplished by a 
prospective clinical study documenting the natural 
course of various types of meniscal injury and cor- 
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relating magnetic resonance imaging and arthro- 
scopic findings with the clinical symptoms and 
changes in articular cartilage and subchondral bone. 

Although the ability of the vascularized region of 
the meniscus to heal has been established, we need 
further studies of the exact mechanisms by which 
this occurs and biochemical, cellular, and mechan- 
ical evaluations of the repaired tissue. Although me- 
niscal repairs are frequently performed, it is not 
clear which methods of surgical repair produce the 
best results, nor have the long-term results of sur- 
gical repair been well documented. Some reports 
have challenged the belief that the meniscus is in- 
capable of mounting a reparative response in its 
avascular region. The possibility of successfully re- 
pairing an avascular, dense fibrous structure needs 
additional study. 
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