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Medically treated joint sprains and
dislocations (in which, by definition,
ligaments are either partially or
completely torn) account for
roughly 45% of all musculoskeletal
injuries and annually affect 5% to
10% of persons up to the age of 65.1 In
North America, these data translate
into the annual treatment by health-
care providers of more than 30 to 40
million ligament injuries.  If the very
prevalent back strains and sprains,
in which ligament injuries are diffi-
cult to define, are excluded from
these numbers, there remain in ex-
cess of 15 to 20 million reported in-
juries to other joints each year in the
United States alone.  Even according
to these cost-related estimates, liga-
ment injuries are extremely com-
mon.  It is probable that far greater
numbers of persons with minor liga-
ment sprains never seek medical at-
tention, since these injuries are
considered to represent a relatively

minimal risk of limiting future activ-
ity and appear to heal well.

Unfortunately, beyond the fact
that for most joint sprains clinical
symptoms resolve fairly quickly, it is
not clear how well ligament injuries
actually do heal.  What is clear, how-
ever, is that some of the more major
ligament injuries do not have benign
clinical courses and cause a signifi-
cant percentage of those patients
who seek medical attention to re-
quire the care of an orthopaedic sur-
geon.1 To the surgeons who deal
with the latter group of patients, it
remains somewhat mysterious why
only a subset of patients with liga-
ment injuries appear to be disabled,
why some ligaments in particular
fail to heal, and what clinical princi-
ples, if any, govern the success or
failure of various clinical ap-
proaches.  Specifically, it remains
unclear what orthopaedic surgeons
can do to optimize the recovery of

their patients, with or without
surgery.

In this review, I address part of
the deficiency by summarizing what
is known about both normal and
healing ligaments from basic science
and clinical perspectives.  The com-
plex topic of ligament grafting is not
discussed; however, readers should
be aware that many of the processes
of graft healing appear to be similar
to those described in this review.

Normal Ligament Function
in Joints

An understanding of the role that
uninjured ligaments play in joint
function is important because there
are a number of reasons that can ex-
plain why certain ligament injuries
appear more clinically disabling
than others.  A discussion of three of
these reasons will help put the sub-
sequent discussion of ligament heal-
ing in an appropriate context.
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Abstract

The treatment of ligament injuries, particularly knee-ligament injuries, has occu-
pied a substantial portion of the orthopaedic literature for several decades.  It re-
mains unclear, however, what orthopaedic surgeons can do to optimize the
recovery of patients with ligament problems.  In this review, the reasons for this
lack of clarity are proposed, and the current state of laboratory knowledge about
the response of isolated and multiple ligament injuries to various treatment
modalities is reviewed for the ligaments that have been studied thus far (all of
which are in the knee).  In general, it appears that ligaments heal with scar tissue
similar to that involved in skin-wound healing.  The early controlled motion of
stable (or surgically stabilized) joints appears to improve ligament scar behavior,
but no treatment identified to date stimulates true ligament regeneration.
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First, a number of elements com-
plement ligaments in the provision
of normal joint stability.  These ele-
ments include extrinsic and intrinsic
loads, bone and cartilage geometry,
bone and cartilage mechanical prop-
erties, joint pressures, central neural
control of balance and muscle func-
tion, and feedback mechanisms be-
tween complex neuromuscular
events.  Problems with any of these
elements, which are independent of
the normal functioning and healing
ability of ligaments, can predispose
a joint to injury or reinjury. These
factors can also have a compen-
satory role after injury and are at
least indirectly involved in ligament
healing.

A second factor involves liga-
ments, but not in the traditional
sense.  It has been speculated for
many decades that ligaments (and
other joint tissues) function as neu-
rologic feedback sensors.  This spec-
ulation is based on evidence that
ligaments contain proprioceptive-
type neural elements that appear to
generate neurologic impulses on
stretching.2 However, there is mixed
evidence concerning the possible
loss of proprioceptive elements in
joints after ligament injury.  Fur-
thermore, there has been only a pre-
liminary investigation into the
contribution of individual ligaments
to proprioceptive losses and into
neural regeneration in ligament
healing.  Therefore, it is not yet pos-
sible to comment definitively on the
proprioceptive role of individual lig-
aments or on the role of propriocep-
tive abnormalities during the
healing process.

Third, while we tend to assume
that ligaments perform nearly inde-
pendent roles as passive joint stabi-
lizers, this is almost certainly not the
case (Fig. 1).  It is useful to think of
diarthrodial joints in a state of rela-
tive mechanical equilibrium.  To
maintain equilibrium, there must, by
definition, exist a balance between

the compressive elements and the
tensile elements in a joint.  The tensile
elements are primarily the ligaments
and the tendons.  During normal
joint function, the tensile load is con-
stantly redistributed among the ten-
sion-bearing structures as a function
of muscle forces, extrinsic forces, and
joint position.3 If one or more of the
many tensile elements that cross a
joint become damaged, the tensile
loads must be redistributed and car-
ried by the remaining tensile struc-
tures.  If the remaining tensile
structures are able to carry the neces-
sary load without failing in any way,
the joint will remain functional; if
not, the joint will not function.

For several reasons, these three
concepts are critical to our under-
standing of normal ligament function,

ligament healing, and joint rehabilita-
tion.  First, most ligaments appear to
heal well because load-sharing and
other dynamic mechanisms of com-
pensation make it possible for a liga-
ment-injured joint to function
without symptoms despite the com-
plete failure of true ligament healing.
Therefore, it must be emphasized that
asymptomatic joint function is not ev-
idence of good ligament healing.  

Second, the concept of load sharing
suggests that immediately after a liga-
ment injury, loads will be transferred
to other structures.  If the transferred
loads are beyond the physical or bio-
logic limit of those structures, they will
ultimately fail.  This explains the inci-
dence of slow failure among the sec-
ondary stabilizers of various joints,
with or without surgical repair or re-
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Fig. 1 The balance between the tension-bearing elements and the compression-bearing ele-
ments of a knee joint.  Top, In the uninjured knee joint, the tensile and compressive elements
are in equilibrium.  Center, Immediately after failure of one or more structures, imbalance
occurs instantly.  Bottom, To restore joint function, the forces must be redistributed among
the remaining structures, thus increasing the stresses on the remaining structures and pre-
disposing some of them to subsequent failure.  ACL = anterior cruciate ligament; LCL = lat-
eral collateral ligament; MCL = medial collateral ligament; PCL = posterior collateral
ligament.
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construction.  Similarly, load sharing
helps explain why there is a higher in-
cidence of failed healing of all liga-
ments in a joint when more than one
has been damaged.  Also explained is
why the sooner a ligament resumes its
load-carrying role (i.e., by healing or
surgical replacement), the less chance
there is that the joint system in ques-
tion will fail.  

Third, load sharing and load redis-
tribution are significant because the
aim of joint rehabilitation must be to
stimulate the rapid recovery of the
tensile properties of injured ligaments
without overstressing the compensat-
ing structures.  The concepts of load
sharing and load redistribution also
help explain the high incidence of
low-grade failure in compensatory
structures (tendons in particular) dur-
ing the rehabilitation process.

Normal Joint–Ligament
Complex Mechanical
Function

It is well accepted that ligaments
play a significant mechanical role in
joints.  Ligaments serve to stabilize
joints throughout their range of mo-
tion and to guide the bones during
that motion.  There is now abundant
evidence to suggest that ligaments
work together in any given joint,
with different components of each
ligament functioning during partic-
ular portions of joint movements.
While certain ligaments serve major
functions, they do so with the assis-
tance of other ligaments.  For exam-
ple, the anterior cruciate ligament
(ACL) of the knee controls mainly
anterior tibial translation relative to
the femur.  This concept has broad
implications in terms of the mecha-
nisms of ligament injury, com-
b i nations of ligament injury,
compensation patterns, and healing.
For example, ligaments that function
fairly independently, and thus have
fewer compensatory structures, will

probably be more susceptible to iso-
lated injuries and will heal less eas-
ily because they will be subjected to
unrealistic compensatory condi-
tions.  The best example of this con-
cept is clearly the ACL.

Given that it is critical for any
healing response to fully restore at
least the joint-stabilizing properties
of each ligament, four aspects of lig-
ament mechanical function—laxity,
stiffness, strength, and viscoelastic-
ity—must be considered major out-
come measures of healing success.
Researchers are just beginning to be
able to quantify these properties ac-
curately under very controlled labo-
ratory conditions.  While it is very
difficult to use these properties
quantitatively as measures of out-
come success or failure in the clinical
setting, clinicians should realize that
these are nevertheless still the best
measures available to establish the
relative efficacy of any treatment.  It
is important to understand exactly

what the four above-mentioned
terms mean, in order to describe the
specific mechanical characteristics in
normal and healing ligaments.  

“Laxity” refers to the displace-
ment of the bones to which a liga-
ment is attached from an anatomic
position to a position in which the
ligament takes up a tensile load
(Fig. 2).  Laxity is, therefore, a func-
tion of both joint position and direc-
tion of load.  For example, a
Lachman test is a test of anterior tib-
ial translational displacement (ante-
rior laxity) from an anatomic
position at about 20 degrees of knee
flexion.  In a laboratory setting, these
anatomic positions and displace-
ments can be measured more accu-
rately for isolated structures;
however, the basic concept is the
same in the clinical setting, in that
forces are applied and displace-
ments are measured, and vice versa.
In the laboratory, the amount of dis-
placement measured until an iso-
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Fig. 2 Schematic and
graphic descriptions of lax-
ity, stiffness, and strength.
Top, Mechanisms of joint
failure:  A = flexion (some
fiber recruitment); B = Lach-
man end point (100% fiber
recruitment); C = sprain (mi-
crofailure); D = rupture (cat-
astrophic failure).  Left,
Graph depicts load-deforma-
tion behaviors of a ligament
with mechanisms defined.
Hatched area represents
range of loads during normal
daily activity.
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lated ligament takes up a tensile load
on a test machine has been defined
as its laxity.  From a structural point
of view, the laxity of isolated liga-
ments is partly a function of colla-
gen-fiber organization (as fibers are
recruited to resist ligament displace-
ment) and partly a function of the
number of fibers recruited by a spe-
cific movement.

“Stiffness” refers to the amount of
load required to displace the bones
to which a ligament is attached in a
particular direction.  The more load
required, the stiffer the ligament-
joint complex.  As with laxity, stiff-
ness is a function of fiber recruitment;
the more fibers recruited, the stiffer
the ligament.  The so-called end
point of a Lachman test, for exam-
ple, refers to a sudden change in
ligament stiffness as fibers are re-
cruited (Fig. 2).  In a damaged liga-
ment, either fibers are not recruited
or the fibers that are recruited are
not as stiff as normal ligament
fibers.  In either case, no end point
would be felt during the clinical

test.  A lack of stiffness allows knee
joints to subluxate under some load
conditions, which potentially ac-
counts for the symptom of insta-
bility.

“Strength” refers to the maxi-
mum tensile load that a bone-liga-
ment-bone complex can withstand
before it fails.  As with ligament stiff-
ness, failure load is a structural
property.  A large ligament would
have greater structural strength than
a small ligament.  Failure load is a
function of both the number of fibers
that tighten within a ligament when
it is stretched and the quality of
those fibers.  Failure load is also a
function of the direction of tensile
load in relation to the fibers.  Load
direction is thus a critical determi-
nant of ligament strength.  The ma-
terial, or stress-strain, properties of
ligaments (i.e., the mechanical quali-
ties of the ligament tissue alone, as
opposed to their structural proper-
ties) are normalized to the cross-sec-
tional length and width of a
ligament.  A very large ligament, for

example, would have essentially the
same material properties as a very
small ligament despite being much
stronger structurally.

“Viscoelasticity” refers to the
ability of tissues to respond to repet-
itive loading by altering length or
load over time (Fig. 3).  Viscoelastic
variations can account for as much
as 10% of changes in ligament length
and up to 60% to 70% of changes in
ligament loads under physiologic
loading conditions.  Although vis-
coelasticity has not been empha-
sized in the analysis of normal and
healing ligaments, this mechanical
property provides a fine-tuning
mechanism for each ligament and
for the joint as a whole, as loads and
displacements become readjusted
during loading.

Clinical Studies of
Ligament Healing

In a review of current knowledge
about ligament healing, it is impor-

Fig. 3 The viscoelastic properties of ligaments.  Left, Creep is the increase in the length of a ligament that occurs over time when a ligament
is subjected to a constant load.  Right, Load relaxation is the decrease in load that a ligament experiences over time when it is held at a spe-
cific deformation.



tant to note that there exists a vast
volume of literature on virtually
every aspect of ligament injury from
the clinical perspective.  Numerous
articles review clinical experiences
of ligament healing and provide
important data on treatments that
appear to work.4-6 However, the lit-
erature does not discuss ligament
healing itself, but rather focuses on
those joints that, for a number of
reasons, become functionally dis-
abled by ligament injury and the
forms of clinical treatment that can
prevent or mitigate those disabili-
ties.  Perhaps most important, the
literature provides strong evidence
that decisions made by orthopaedic
surgeons can and do alter the nat-
ural history of ligament injuries.7

Further, it is clear that, with or with-
out surgery, the early mobilization
of many ligament-injured joints,
combined with controlled rehabili-
tation, can restore joint motion, ap-
parently without compromising
joint stability.6,8 Unfortunately, be-
yond these two major points, there
are very few principles on which the
clinician can depend.  In truth, the
natural history of untreated liga-
ment injuries remains an enigma in
the clinical setting, and definitive
conclusions about surgical and re-
habilitative treatments (e.g., splints,
braces, and exercises) continue to be
clouded by patient, injury, and
treatment variables.

In the laboratory setting, some of
these confounding variables have
been controlled, and the effects of
some treatment modalities have
been tested on isolated healing liga-
ment tissue.  Although laboratory
simulation of ligament healing en-
tails its own problems, it has pro-
vided insights into what clinically
relevant treatments can and cannot
do at the tissue level.

Models of Healing
This section concentrates on me-

chanical elements of healing, be-

cause these can be related fairly eas-
ily to clinical perceptions of ligament
repair.  Information on the mi-
crostructural, biochemical, and met-
abolic factors involved in the healing
responses of ligaments can be found
elsewhere.9

The various animal models used
to study ligament healing over the
past 65 years have concentrated al-
most exclusively on the knee joint,
specifically, on injuries of the medial
collateral ligament (MCL), lateral
collateral ligament, and the cruciate
ligaments (mainly the ACL).  These
injuries have been studied alone and
in combination, as well as with and
without the use of various treatment
modalities.  Cruciate ligament heal-
ing has been regarded as unique,
while collateral ligament healing has
been considered more represen-
tative of extra-articular ligament
healing in other joints.  These as-
sumptions, however, have not really
been tested.  In addition, animal
studies of ligament healing almost
universally involve either adoles-
cent animals or young adults.
Therefore, the effects on ligament
healing of age and variations in met-
abolic rates have not been investi-
gated.  Furthermore, because of the
differences in animal size, ligament-
loading patterns, and rehabilitation
techniques used in the various mod-
els, it is difficult to compare findings
between studies.  Thus, caution
should be exercised before one ex-
trapolates the following results di-
rectly to the clinical setting or,
indeed, to all ligaments; rather, the
information is offered to provide
some understanding of the basic
processes and principles of ligament
healing.

Results

Isolated ACL Injuries
With or without primary surgical

repair and with or without immobi-
lization, severed ACLs in stifle joints

in young adult quadrupeds have
been shown to heal inadequately.
Either the repaired ligaments rup-
ture and the ruptured parts become
resorbed, or they attenuate into
structures that are lax, less stiff than
normal, and unable to withstand
more than a fraction (10% to 60%) of
normal tensile loads.  Why the ACL
fails to heal more functionally has
yet to be determined, but suggested
reasons include both biomechanical
factors (e.g., excessive stresses) and
biologic factors (e.g., poor blood
supply and synovial fluid inhibi-
tion).

It is important to note that carti-
lage abnormalities and osteo-
phytes—changes similar to those
that occur in human osteoarthritic
conditions—develop in most ACL-
deficient animal joints, irrespective
of treatment modality.  Indeed, the
time it takes for these changes to oc-
cur in animals (weeks to months),
compared with that in humans
(years, if at all), indicates that
quadrupedal animal models of ACL
healing may represent a worst-case
scenario for ligament healing.  Inter-
estingly, the one study of primary
ACL repair in monkeys10 indicated
that healing was better in that
species (63% of control strength after
4 months of healing); although some
ACLs remained lax and some joints
showed signs of degeneration, the
data suggest a potentially important
interspecies difference in ACL heal-
ing that requires further study.

Many reviews imply that ACLs
do not heal without treatment, be-
cause it has been observed that
many ACL injuries do not heal func-
tionally.  On the contrary, clinical
and animal evidence indicates that,
if the definition of healing is ex-
panded to one in which a gap be-
tween the torn ends of a ligament
fills with new tissue, a number of
torn ACLs do “heal.”  In humans,
many torn ACLs attach, by means of
scarlike material, to the posterior

78 Journal of the American Academy of Orthopaedic Surgeons

Ligament Healing



cruciate ligament.  Although a num-
ber of these reattached ACLs are not
functional, this may be due to their
abnormal attachment site rather
than to a failed healing response per
se.  Interestingly, the response of
partially transected ACLs has re-
cently been studied in some animal
models,11 and the results have con-
firmed that some healing, albeit in-
adequate, occurs.

Isolated MCL Injuries
In direct contrast to the findings

in ACL injuries, both clinical experi-
ence and animal studies of MCL in-
juries have indicated a relatively
good, but seldom perfect, healing re-
sponse.  In various animals, gaps be-
tween the cut or torn ends of MCLs
have been shown to quickly, almost
routinely, fill with what, on the basis
of many descriptors, is considered to
be scar tissue.  These MCL scars un-
dergo the same process as scars in
healing wounds, namely, bleeding
and clot formation (minutes to
hours), inflammation and formation
of granulation tissue (days to
weeks), scar proliferation (weeks to
months), and scar remodeling
(months to years).  A few early
studies optimistically noted appar-
ent ligament regeneration,12 but sub-
sequent studies have shown that,
while normal ligament strength may
nearly recover in some instances,13

this is not due to the formation of
true ligament tissue.  Instead, nor-
mal strength is achieved by the accu-
mulation of a larger than normal
mass of inferior-quality scar tissue.
Although the strength and stiffness
of injured collateral ligaments have
been restored to 40% to 90% of nor-
mal values in these animal studies,
only about 30% to 70% of the mater-
ial strength has returned.  The rea-
sons for scar inferiority include a
variety of subtle but important fac-
tors (Table 1).

Other properties appear to re-
cover somewhat better than

strength and stiffness.  Viscoelastic
properties have not been studied in
great detail but appear to return to
70% to 90% of normal values fairly
quickly at low loads and displace-
ments.  Neither load relaxation nor
creep has been studied thoroughly;
however, it does appear likely that
both measures remain abnormally
high for a significant period of time
after injury.  In contrast, ligament
laxity, under ideal circumstances
(single injury, movement allowed),
recovers completely over a period
of several months.  If scar mass is
sufficient and subsequent joint
loads are not excessive, it appears
that ligament-scar contraction,
analogous to skin-scar contraction,
restores normal joint stability.  If, in
fact, ligament scars prove analo-
gous to scars in skin, then all of the
better-known principles of skin
wound healing can be applied to
the treatment of ligament injuries.
In particular, the more aggressive
scar response observed when the
closure of wounds is delayed (the
so-called secondary healing re-
sponse) may have great significance
in the clinical treatment of ligament
injuries and arthrofibrosis.  This
speculation clearly requires further
investigation.

Collectively, evidence suggests
that, in an extra-articular environ-
ment, ligaments heal with scar mate-
rial very similar, if not identical, to
that described in the wound-healing
literature.  The scar, while not as
good as normal ligament tissue in
terms of high-load behavior, per-
forms well under low loads.  Unfor-
tunately, evidence also shows the
maturation and remodeling pro-
cesses of ligament scars, even in
young animals, to be slow, taking
months to years.  It also appears un-
likely that ligament scars, even un-
der optimal conditions, will ever
match the exact quality of normal
ligament tissue without major ma-
nipulation.

Multiple Ligament Injuries
Combined ligament injuries in an-

imal models have shown a poorer
functional ACL healing response than
isolated ACL injuries.  The ACL at-
tenuation and failure rates are higher
in joints with multiple ligament in-
juries.14 Collateral ligaments also do
not heal as well in joints with multiple
ligament injuries.  Measurements of
high-load structural strength and
stiffness are lower than in isolated in-
juries at comparable healing intervals.
Furthermore, the material properties

Vol 4, No 2, March/April 1996 79

Cyril B. Frank, MD, FRCS(C)

Table 1
Differences Between Normal Ligaments and Scars

Normal (Uninjured) Ligaments Ligament Scars

Collagen aligned Collagen disorganized
Collagen densely packed Defects between collagen fibers
Large collagen fibrils Small collagen fibrils
Mature fiber cross-links Immature cross-links
Primarily collagen type I More collagen type III

(<10% type III)
Small proteoglycans Some large proteoglycans
Other components minor Excesses of other components
Cell metabolism low Cell metabolism high
Low cell density Increased cell density
Low vascularity Increased vascularity



of injured collateral ligaments in
ACL-deficient knees are poorer than
those in isolated injuries because the
scars that form are generally larger.
The increase in scar mass, however,
does not compensate for collateral
scar length, which is consistently
greater in the unstable joint than in the
stable joint.  The MCLs that heal in
ACL-deficient knees have also been
shown to be more lax than those in
joints with an intact ACL.14,15 This
looseness appears to correlate grossly
with the rapid progression toward os-
teoarthritic-type changes in the joint.14

Effects of Various
Treatments

Suture Repair
On the basis of available evidence

in a model in which gap size was the
only variable, it would appear that,
in otherwise stable knees, the imme-
diate closure of gaps between torn
collateral ligament ends can increase
their structural strength by 10% to
30%.16 The improvement appears to
be caused by local differences in scar
remodeling, in that very large gaps
become filled with more disorga-
nized scar tissue, which contains a
greater amount of material not
found in uninjured ligaments (e.g.,
fat cells and blood vessels).  The su-
turing of cut or torn ends serves to
fill the gap with dense (old) ligament
material, thus eliminating the need
for the ends to be reconnected by
scar.  Unfortunately, no other me-
chanical improvement in ligament
scars (including laxity and viscoelas-
tic properties) has ever been attrib-
uted to suture repair.  

The evidence from animal studies
suggests that suture repair of collat-
eral ligaments in ACL-deficient knees
does not improve the structural, mate-
rial, or viscoelastic properties of the
tissue.  The collateral ligaments re-
main relatively lax, but with good
strength and stiffness.  Repair, it

seems, does not add enough stress re-
sistance to the MCL in the ACL-defi-
cient animal knee to make a significant
difference in its healing behavior.

In contrast, it has been suggested
that the suture repair of ACLs adds
some structural or functional stability
to some ACL-deficient knees, both in
animal models and in humans.  Al-
though in a canine model the resorp-
tion of ACL stumps occurred almost
universally in cut ACLs without su-
ture repair,17 more consistent integrity
was found in repaired ACLs.  Unfor-
tunately, this integrity is not particu-
larly substantial mechanically and
does not prevent ACL laxity or atten-
uation.  This observation appears to
correspond with clinical experience,
in which primary ACL repair has gen-
erally failed over time.18 Neverthe-
less, a percentage of ACL repairs do
result in clinical success.19

Collectively, these findings sup-
port the notion that the suture repair
of ligaments does modify some of the
local events involved in the healing
process and that it has a beneficial
role in the treatment of injured liga-
ments (Fig. 4).  Unfortunately, the ef-
fects are generally not what some
clinicians would perceive as being of
major or consistent benefit in terms
of the mechanical properties of any
healing ligament studied thus far.  In
particular, suture repairs have not
been shown to affect the laxity, stiff-
ness, or strength of any ligament in
more than moderate amounts.  If this
principle is transferable clinically,
the risk-benefit ratio of these modest
improvements must be considered
carefully before recommending
acute ligament repair.

Immobilization
Joint immobilization has a num-

ber of significant effects on both the
joint and its healing ligaments.  As
documented elsewhere in the litera-
ture, the prolonged immobilization
of any joint (normal or injured) can
damage its articular surfaces, change

the shape of the associated bones,
and induce adhesions both within
the joint and within the nonligamen-
tous periarticular tissues.  These
changes can cause the joint to lose
mobility and to become stiff.  The im-
mobilization of joints with combined
ligament injuries also involves some
of these early degenerative changes,
particularly in the canine model.14

The immobilization of an injured
joint has specific effects on healing
ligaments.  First, immobilization has
been shown to protect some liga-
ment repairs grossly, particularly
ACL repairs in animal models.  A
larger number of ACLs have healed
in continuity after primary repair
plus immobilization in a canine
model17; however, as previously
noted, their mechanical quality has
not been very good.

The second effect of immobiliza-
tion is that it causes isolated ligament
scars to be less stiff and significantly
less strong than scars in joints that
have been allowed to move.13,15,20 This
weakness is related to the duration of
immobilization (longer immobiliza-
tion is more inhibitory), with only a
few weeks of immobilization soon af-
ter injury having permanent inhibi-
tory effects on ligament strength.20

Reasons have not been totally eluci-
dated, but definitely include the inhi-
bition of collagen production and the
inhibition of matrix remodeling.

The third effect that immobiliza-
tion has on healing ligaments is the
potential minimization of scar
length (and thus ligament laxity).  In
rabbit knee joints with combined
MCL and ACL deficiencies, immobi-
lization helps prevent the formation
of MCL scars in lengthened posi-
tions, thus minimizing MCL laxity in
the first few months of healing.21 In
the same model, immobilization at
least temporarily protects the joint
from the destructive changes of os-
teoarthritis.  Interestingly, this is not
the case with canine knees, in which
the immobilization of an isolated
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MCL injury for 3 to 6 weeks is asso-
ciated with increased varus-valgus
joint laxity, even after several
months of remobilization.  The im-
mobilization of joints with combined
MCL and ACL injuries results in
more laxity and degenerative
changes after 2 months of healing.14

The reasons for the effects of im-
mobilization noted in these animal
models remain unclear.  However,
there is no evidence to suggest any
long-term benefit of immobilization
(Fig. 4).

Movement
Joint movement can encompass a

huge spectrum of loads, stresses, and
load histories.  At one extreme, there
is minimal joint movement (thus,
minimal stresses on healing struc-
tures); at the other extreme, there are
clearly excessive and disruptive
stresses.  While certain implantable

devices have been used successfully
to document relative ligament forces
or strains under various loading con-
ditions,22 it is not yet possible to ac-
curately and reproducibly measure
stresses on healing ligaments in vivo.
Therefore, the safe-stress spectrum
has not been defined for any model
of ligament healing.  Unfortunately,
a quantitative commentary on the
principles of movement governing
ligament healing is still impossible.

There appears to be one major
principle regarding joint movement
during the ligament-healing pro-
cess, namely, the application of con-
trolled movement in which stresses
on injured ligaments are low (Fig. 4).
Controlled movement has been
shown to stimulate improved scar
stiffness and strength without com-
promising scar length.23,24 This is
particularly true in otherwise stable
joints in which only one ligament

has been injured or in which a num-
ber of other stabilizing elements ex-
ist.  The principle is also theoretically
true in joints with multiple ligament
injuries, but in these joints it is much
harder to minimize stresses during
joint motion.  In joints in which the
kinematic properties have been re-
stored by a reconstructive proce-
dure (e.g., ACL reconstruction),
joint motion can probably be initi-
ated with slightly less concern, as
grafts should carry some tensile
load during motion, to help prevent
abnormal stresses on the other liga-
ments.

The mechanisms by which move-
ment stimulates ligament-scar forma-
tion remain debatable but probably
include both local effects (on scar
cells) and regional effects (e.g., blood
flow and inflammation).  Movement
has been shown to stimulate collagen
synthesis and certain aspects of ma-

Fig. 4 Algorithm depicts the gross advantages and disadvantages of various treatment modalities.

Early Motion
• Increases scar strength
• Increases scar stiffness
• Some increase in mass
• Scar remodels

Immobilization (3-6 weeks)
and Late Motion
• Decreases scar strength
• Decreases scar stiffness
• Less increase in mass
• Less remodeling

Safe Stress
• As with early motion but
• Scar weaker
• Scar less stiff
• Laxity may not recover

Excessive Stress
• Scar stretches
• Scar lax
• Scar may fail

Ligament Injury
• Bleeding
• Inflammation
• Hypervascularity

Repair
• Restores continuity
• Slight increase in mass
strength and stiffness

No Repair
• Scar fills hole
• Slightly slower increase
in strength and stiffness

Safe Stress
(if joint stable or forces low)
• Scar contracts over time
• Can recover normal laxity

Excessive Stress
(if joint unstable or
forces high)
• Scar stretches
• Laxity increases
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trix remodeling and to produce scars
of slightly better quality compared
with those produced with immobi-
lization.  Movement also stimulates
the production of increased scar mass
and thus an increased amount of ma-
terial to resist the tensile stresses in-
volved.  These mechanisms appear to
be more active when early scars are
mobilized (within weeks of injury)
rather than when inflammation has
begun to subside.  The later introduc-
tion of movement, while still stimula-
tory to scar remodeling, does not
appear to have the same potential to
improve scar mass.20

Immobilization Followed by
Movement

As already noted, movement ini-
tiated after a few weeks of immobi-
lization does not have the same
potential to increase structural

strength or stiffness in scar tissue as
movement started immediately.20,24

Although immobilization confers
temporary advantages in terms of
reduction of ligament laxity, it ap-
pears that this benefit is lost over
time.  In terms of ligament healing,
as opposed to the control of clinical
symptoms (e.g., pain and swelling),
there appears to be no advantage to
a significant period of joint immobi-
lization after a ligament injury in an-
imal models (Fig. 4).

Summary

The ligaments are part of a joint sys-
tem with very complex systemic and
local control mechanisms.  These
mechanisms no doubt influence
both the clinical symptoms and the
mechanisms of ligament repair.  Ev-
idence from animal models of liga-

ment-tissue healing supports cur-
rent clinical trends.  This evidence
suggests that if a ligament-injured
joint is not too unstable, early mo-
tion of the joint should promote scar
formation and subsequent scar re-
modeling.  If a ligament-injured joint
is grossly unstable due to multiple
ligament injuries, the joint may be
reduced and partially stabilized by
surgical repair, reconstruction, or
both, followed by the careful appli-
cation of controlled motion to
stimulate the scarring process.
Immobilization, while potentially
benefiting ligament healing in the
short term, appears to have long-
term negative consequences.  Unfor-
tunately, an optimal formula for the
repair and rehabilitation of injured
ligaments has not yet been defined,
and true ligament regeneration re-
mains a challenge for the future.
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