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Provenzano, Paolo P., Dennis Heisey, Kei Hayashi,
Roderic Lakes, and Ray Vanderby, Jr. Subfailure dam-
age in ligament: a structural and cellular evaluation. J Appl
Physiol 92: 362–371, 2002.—Subfailure damage in ligaments
was evaluated macroscopically from a structural perspective
(referring to the entire ligament as a structure) and micro-
scopically from a cellular perspective. Freshly harvested rat
medial collateral ligaments (MCLs) were used as a model in
ex vivo experiments. Ligaments were preloaded with 0.1 N to
establish a consistent point of reference for length (and
strain) measurements. Ligament structural damage was
characterized by nonrecoverable difference in tissue length
after a subfailure stretch. The tissue’s mechanical properties
(via stress vs. strain curves measured from a preloaded state)
after a single subfailure stretch were also evaluated (n 5 6
pairs with a different stretch magnitude applied to each
stretched ligament). Regions containing necrotic cells were
used to characterize cellular damage after a single stretch. It
should be noted that the number of damaged cells was not
quantified and the difference between cellular area and area
of fluorescence is not known. Structural and cellular damage
were represented and compared as functions of subfailure
MCL strains. Statistical analysis indicated that the onset of
structural damage occurs at 5.14% strain (referenced from a
preloaded length). Subfailure strains above the damage
threshold changed the shape of the MCL stress-strain curve
by elongating the toe region (i.e., increasing laxity) as well as
decreasing the tangential modulus and ultimate stress. Cel-
lular damage was induced at ligament strains significantly
below the structural damage threshold. This cellular damage
is likely to be part of the natural healing process in mildly
sprained ligaments.

cell necrosis; fibroblast; medial collateral ligament; sprain;
laxity

MICROTRAUMA OR SUBFAILURE INJURY in tendon and liga-
ment may occur either as the result of overuse or as a
single traumatic event (5). Pathologies of the musculo-
skeletal system, in which microtrauma is thought to
play a role, include tendinitis and tendinosis of the
upper extremity (20), including tennis elbow (8) and

carpal tunnel syndrome (31), as well as lower limb
pathologies such as Achilles tendinitis (8) and posterior
tibial tendinitis (4), among others. Microtrauma dimin-
ishes mechanical properties in knee ligaments (19) and
is hypothesized to be a source of lower back pain
through microtrauma of either the iliolumbar ligament
(35) or the intervertebral disk (42). Fruensgaard and
Johannsen (10) reported that partial tears of the ante-
rior cruciate ligament often lead to reduced levels of
activity and performance. Although conservative treat-
ment is often successful, tendon and ligament micro-
trauma and partial tears may accumulate damage to
the point that load bearing is compromised and com-
plete rupture or secondary damage occurs (12). In
addition, ligament microtrauma may result in in-
creased laxity, which in turn is associated with degen-
erative joint disease and osteoarthritis (9). These stud-
ies suggest the importance of studying subfailure
injury and intrinsic healing of ligaments.

A sprain is defined as an acute injury to a ligament
or joint capsule without dislocation. Sprains are clas-
sified by severity on the basis of clinical examination or
imaging. Grade I sprains are mild stretches with no
discontinuity of the ligament and no clinically detect-
able increase in joint laxity. Grade II sprains are mod-
erate stretches in which some fibers are torn. Enough
fibers remain intact so that the damaged ligament has
not failed. These grade II sprains produce detectable
abnormal laxity at the joint compared with the unin-
jured, contralateral side. Grade III sprains are severe
and consist of a complete or nearly complete ligament
disruption and result in significant joint laxity. Severe
sprains involving complete disruption of the ligament
and resulting in significant joint laxity (grade III) con-
stitute ,15% of all ligament sprains (2). This leaves
.85% of the sprains in which subfailure damage is the
dominant issue.

Early studies of mechanical properties of tendons
and ligaments disclosed that irreversible mechanical
behavior (and presumably damage) occurs at relatively
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low levels of strain [2.5–4.5% beyond preloaded refer-
ence levels (32, 38)]. In one study of rabbit anterior
cruciate ligaments, subfailure injury (;80% of failure
stretch) altered the shape of loading curves and
thereby increased joint laxity (28). In another study,
dramatic reductions in peak force were observed in
human cadaveric inferior glenohumeral ligament after
repeated subfailure loadings (39). Laws and Walton
(23) used a sheep model to investigate a grade II injury
to the medial collateral ligament (MCL). They reported
an initial 13% reduction in the tensile strength and an
increase in laxity but full recovery at 6 wk. They also
reported progressive healing by infiltrating fibroblasts
with less of the typical inflammatory response seen in
complete failure models. The first time interval for
histological investigation was after 1 wk, so the early
healing response was not described. The injury was not
well controlled, and the molecular responses in the
MCL were not described. Although changes in liga-
ments have been observed at subfailure loadings, the
mechanisms and effects of damage accumulation are
still not known.

Cells in the body are subjected to complex mechani-
cal loadings, consisting of tension, compression, shear,
or combinations of the three types of load and defor-
mation. Researchers have studied the mechanical
stimulation and behavior of cells in vitro (1, 11, 13, 14,
40). Hsieh et al. (14) studied human fibroblasts from
the anterior cruciate and medial collateral ligaments
in vitro under equibiaxial strains of 5 and 7.5%, show-
ing that cell strain induced expression of types I and III
collagen. They suggested that remodeling of ligament
tissue may take place by a continuous microhealing
process whereby scar tissue (predominately type III
collagen) is formed and later matures into remodeled
tissue. Arnozczky et al. (3) showed that cell deforma-
tion increased with tissue strain in situ but that when
the relationship is nonlinear and wide, a variation was
observed. None of these studies examined cell necrosis
in situ or the mechanism by which mechanically in-
duced cell necrosis occurs in soft tissue.

This study examines structural and cellular damage
in ligaments after a subfailure damage injury. Sprains
are not currently well quantified in this subfailure
region. This study 1) quantifies the onset of structural
damage in the medial collateral ligament as character-
ized by nonrecoverable change in tissue length (from
preload) after a subfailure stretch, and 2) quantifies
regions of cellular damage (not the number of necrotic
cells) in ligament as a function of subfailure ligament
strain. The tissue’s mechanical properties after a sub-
failure stretch were also evaluated. It should be noted
that for this study structural damage is considered
nonrecoverable changes in the entire ligament struc-
ture and does not reflect examination of the extracel-
lular matrix (ECM) (i.e., collagen fiber or fibril integ-
rity) at the microstructural level.

METHODS

Experimental studies. This study was approved by the
institutional animal use and care committee and meets Na-

tional Institutes of Health (NIH) guidelines for animal wel-
fare. Sprague-Dawley male rats (weight 250 6 25 g) were
used as our animal model. Immediately after death, all ex-
traneous tissue was carefully dissected to expose each MCL.
Intact MCLs, including femoral and tibial bone segments,
were carefully harvested with care taken not to disturb the
ligament insertion sites. The tissues were kept hydrated in
Hanks’ physiological solution (pH 5 7.4). Structural damage
(n 5 25 ligaments) and cellular damage (n 5 24 ligaments)
were evaluated in this study. Twelve additional ligaments
(n 5 6 pairs) were used to evaluate changes in the ligaments’
mechanical properties after a subfailure stretch.

To initiate a subfailure stretch in the MCL, tissues were
placed into a custom-designed load frame with special struc-
tures to hold the femur and tibial end sections of the sample
in an anatomic position that loads the fibers as uniformly as
possible. Engineering strain (e) was measured by placing
graphite-impregnated silicon grease markers on the speci-
men and using video dimensional analysis to measure dis-
placement. The experimental system (load frame, camera,
and image processor) has a resolution of at least 10 mm and
repeated measurements at a fixed length of optical markers
are consistently reproducible to at least 10 mm. Force was
measured with a transducer having a resolution ;0.0025% of
the maximum force. Data were acquired on a personal com-
puter with Labtech Notebook (Laboratory Technologies, Wil-
mington, MA) and recorded on video to synchronize force and
displacement data. NIH Image (25) was used to capture and
analyze individual frames of the videotaped tests. The x-y
coordinate center (centroid coordinates) of each marker was
used to calculate the distance between the silicon markers
and thus ligament displacement after loading. For the struc-
tural damage group (n 5 25), the tissue was preconditioned
(10 cycles at 1% strain) and allowed to recover for 10 min.
After preconditioning and recovery (to reduce a viscoelastic
creep-recovery response), the gauge length (LO) was estab-
lished after loading of the specimens with 0.1 N. Precondi-
tioning and preload were included in the experimental pro-
tocol to obtain a uniform zero point and to allow the sample
to settle into the testing apparatus. After preload, the tissue
was subjected to a subfailure stretch in displacement control
at a strain rate of 10%/s. Tissues that were subjected to zero
stretch (0% controls) were harvested and hydrated as stated
above and placed in the load frame with markers in the same
preloaded fashion as the subfailure stretched ligaments with
length measured at each time point. The level of subfailure
stretch not resulting in grade III ligament failure applied to
each ligament varied between 0 (no stretch) and stretch
;12% based on preliminary studies in this laboratory. If a
grade III ligament injury occurred (tissue failure displaying
an abrupt drop in force), the ligament was excluded from the
study. It should be noted that some grade III failures oc-
curred at slightly lower strains than 12% whereas some
failed at larger strain; thus ;12% strain was the highest
subfailure stretch we were able to attain. After the subfailure
stretch, the tissue was unloaded and allowed to recover for 10
min [.3003 the length of loading during the test; at least
103 the length of loading is recommended by Turner (37)], in
an attempt to ensure that changes in length were not the
result of a viscoelastic creep-recovery response. Viscoelastic
experiments on rat MCLs subjected to low loads or displace-
ments below 5% tissue strain performed in this laboratory
have shown that a recovery time equal to 103 the test time
allows the rat MCL to return to the initial LO at preload (30).
After tissue recovery, the length (LS) of the MCL was mea-
sured at the preload level of 0.1 N. The difference in nonre-
coverable length (laxity) is defined as structural damage for
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this study. The length difference was normalized by the
original length (LO) and is expressed as a percentage: DS 5
100 z [(LS 2 LO)/LO], where DS is a measure of structural
damage. It should be noted that the symbol DS in this study
differs from the use of the symbol D as the damage variable
in continuum damage mechanics (6, 21).

To demonstrate the effect of a damage-inducing subfailure
stretch on the mechanical properties of the ligament, stress-
strain curves for six additional pairs of ligaments (n 5 12
ligaments) were examined. Paired ligaments from each ani-
mal were used with one MCL as a control, i.e., not receiving
a subfailure stretch before being pulled to failure, and the
contralateral ligament receiving a subfailure stretch before
being pulled to failure. The assumption of symmetry in con-
tralateral knee ligaments, used herein, has been validated
(7). The cross-sectional area was calculated by measuring the
width and thickness (10-mm resolution) of the ligament and
assuming an elliptical cross section. The ligaments were
preconditioned at 10 cycles of 1% strain, allowed to recover,
and stretched in displacement control at 10%/s. Each subfail-
ure-stretched ligament received a different magnitude of
subfailure stretch, ranging from 0 to 9%. The six ligaments
receiving a subfailure stretch were loaded, allowed time to
recover viscoelastic deformations as above, and then pulled
to failure at 10%/s. The mechanical properties of the liga-
ments that received subfailure stretches were compared with
the mechanical properties of the contralateral control liga-
ment.

Tissues evaluated for cellular damage (n 5 24) were
stretched in the same fashion as the structural damage
group. Confocal microscopy (n 5 22 ligaments) with a cell
viability assay detected live and necrotic cells (mainly fibro-
blasts in ligament). Tissues were prepared for confocal mi-
croscopy immediately after tissue stretch, and the time from
stretch to viewing of the tissues was ;1 h, during which
staining was performed. By use of a technique similar to that
used in Ohlendorf et al. (27), in situ staining was done with
calcein and ethidium homodimer, whereby live cells metab-
olize calcein and show green fluorescence and membranes of
necrotic cells are penetrated by ethidium homodimer, which
results in red fluorescent staining of the nuclei. Image scans
through the depth of the tissue were compiled and overlaid.
Yellow areas on the images are a summation of both live and
necrotic cells and were counted as regions of cellular damage.
Black sections indicated that no stained cells were present in
that region. Tissues that were subjected to zero stretch were
harvested from the rat, as stated above, and placed in the
load frame with markers in the same fashion as the subfail-
ure stretched ligaments, preloaded, and then processed as
0% strain baselines. Images of the ligaments from confocal
microscopy were stored digitally, and regions containing ne-
crotic cells were quantified with NIH Image (25). The number
of necrotic cells was not counted and is not quantified in this
study because the relationship between fluorescence area
(present in the images) and cell area is not known and scans
are overlaid. The colors from red to yellow to green that are
present in the ligament were ordered and assigned an index.
A constant threshold was set as the boundary between yellow
(regions with some necrotic cells) and green (regions where
cells had intact membranes). The number of pixels of green
was used to quantify the regions of the ligament with viable
cells, and the yellow and red pixels were used to quantify the
regions of the ligament with necrotic cells. The background
index (black in color) of the image was identified and pixels of
that index were eliminated, so that the nonred, nonyellow,
and nongreen pixels were not counted. The area of the liga-
ment was measured in units of pixels and used to normalize

the regions containing necrotic cells. Hence, the measure of
cellular damage (DC) is a nondimensional unit represented
as a percentage of the form DC 5 100 z (regions containing
necrotic cells/tissue area) (pixels/pixels).

In addition, transmission electron microscopy (TEM) (n 5
2 ligaments) was performed on control (e 5 0%) and stretched
(e 5 3.2%) ligament to view the cells. The specimens were
fixed in modified Karnovsky’s solution, postfixed in 1% os-
mium tetroxide, and stained with 1% uranyl. After sequen-
tial dehydration in ethanol and infiltration in Epon-Araldite
and propylene oxide, specimens were embedded in 100%
Epon-Araldite and polymerized at 60°C. Ultrathin (70 nm)
sections were cut, placed on grids, stained with lead citrate,
and viewed by using a transmission electron microscope.

Statistical analysis. Statistical analysis was performed to
determine the strain at which the onset of damage occurs
from structural and cellular standpoints and to determine
whether the two were different from one another. An obser-
vation of cellular damage (cellular damage per ligament) was
defined as Dci. The general expression Dci ; N(mci, sc

2) indi-
cates that Dci was expected to have the mean value mci, a
normal distribution about this mean value with variance sc

2.
The mean value was modeled as a function of strain eci as

mci 5 bc~εci 2 uc!Ic@εci# (1)

with

Ic~εci! 5 0 for εci , uc

Ici~εci! 5 1 for εci $ uc

where uc was the strain threshold below which cellular dam-
age is zero and above which cellular damage increases lin-
early with strain with slope bc. The kink at uc was obtained
by the indicator function Ic(eci), which equals 0 when eci , uc

and equals 1 otherwise. A similar development was applied
for structural damage Dsi, modeling the mean value (msi) as a
function of strain (esi), hence

msi 5 bs~εsi 2 us!Is~εsi! (2)

with

Is@εsi# 5 0 for εsi , us

Is@εsi# 5 1 for εsi $ us

To obtain the “best” estimates of the parameters bc, uc, bs,
and us (estimates of the nuisance parameters sc and ss were
also needed), maximum likelihood estimates (MLEs) were
used (e.g., Ref. 24). MLEs are those values of the parameters
that maximize the probability of observed data. Thus, to
obtain MLEs, the probability density function of the observed
data was constructed; this probability density function is
referred to as the likelihood equation. For mathematical
convenience, rather than maximizing the likelihood directly,
the log likelihood was maximized (the position of maxima are
invariant to log transformation).

For the nc cellular damage samples, the observations were
assumed to be independent and normally distributed. Hence,
the log likelihood for the cellular data was expressed as

Lc 5 2~nc / 2! ln~2psc
2! 2 Sc

2/2sc
2) (3)

where Sc
2 represented the cellular damage sum of squares.

This defined the sum of squared errors about the mean
values, or

Sc
2 5 (

i 5 1

nc

~yci 2 mc!
2

364 SUBFAILURE DAMAGE IN LIGAMENT

J Appl Physiol • VOL 92 • JANUARY 2002 • www.jap.org



or more specifically,

Sc
2 5 (

i 5 1

nc

~yci 2 bc~xci 2 uc!Ic@xci#!
2 (4)

A similar expression for the log likelihood of structural dam-
age (Ls) was written. Because of the additive nature of log
likelihoods, the log likelihood for all of the observed data,
cellular and structural combined, was defined as L 5 Lc 1 Ls.
Then L was maximized with respect to the six parameters
(bc, uc, bs, us, sc, ss). This was done by taking the first partial
derivatives, setting them to 0, and solving for the parame-
ters. This was conveniently done in two steps. The first step
was to maximize L just with respect to sc and ss. Because the
solution to ]L/]sc 5 0 is sc

2 5 Sc
2/nc, sc was eliminated from Lc

by substituting s*c2, yielding

L*c 5 2~nc / 2!@ln~2ps*c
2! 2 1# (5)

the so-called cellular profile log likelihood. The cellular pro-
file log likelihood (i.e., the cellular log likelihood maximized
with respect to sc) became a function of bc and uc. Thus
maximizing the total profile log likelihood L* 5 Lc

* 1 Ls
* with

respect to just the four parameters (bc, uc, bs, us) was equiv-
alent to maximizing the total log likelihood with respect to all
six. For any fixed uc and us, L* was maximized by individually
finding the least-squares estimates of bc and bs, which indi-
vidually maximized the components Lc

* and Ls
*.

A goal of this study was to determine whether the thresh-
old for cellular damage was different from that for structural
damage. That is, a difference (i.e., rejecting the null hypoth-
esis H0: uc 5 us in favor of the alternative hypothesis HA: ucÞ
us) was sought with a likelihood ratio test. The maximum log
likelihood obtained under the alternative model was defined
as LA; this was simply the maximum of the log likelihood
described above with all six parameters free to vary. The
maximum log likelihood obtained under the constrained null
hypothesis model where uc 5 us was denoted as L0. Then,
x2 5 2(LA 2 L0) had a x2 distribution with one degree of
freedom under the null distribution.

A line search was used to find the value of u that maxi-
mized the null hypothesis log likelihood, L0. To start, u was
set to 0. Then, conditional on this u, the values of bc and bs

that maximize L* were found by least squares. Then u was
incremented by a small amount, and the process was re-
peated. L0 was the largest value of L* observed, and the
MLEs under the null hypothesis were the corresponding
estimates for bc, bs, u, sc, and ss. A similar process was used
to maximize the alternative hypothesis log likelihood to ob-
tain LA. Because of the additive nature of the log likelihood,
Lc

* and Ls
* were maximized separately by individual line

searches.
Confidence intervals about the parameter estimates were

constructed with the profile likelihood method. Let Lp be L*
maximized for all parameters but us, a so-called profile like-
lihood. Ninety-five percent profile likelihood confidence inter-
vals for us were constructed by finding the values of us that
satisfy the equality 3.84 5 2(LA 2 Lp), where 3.84 is the 95th
percentile of the x2 distribution.

RESULTS

Results indicate that tissue stretch-induced struc-
tural damage and cellular damage are fundamentally
different in their behaviors when analyzed as a func-
tion of applied strain. Qualitatively, regions of cellular
damage can be seen to increase with strain by exami-

nation of the confocal microscopic images (Fig. 1). In
addition, the strain produced extensive damage to in-
dividual cells as seen in TEM images at 3.2% ligament
strain (Fig. 2). These images show a typical cell for
which the membrane is intact and the cellular contents

Fig. 1. Rat medial collateral ligaments at strains of 0 (A), 6 (B), and
11% (C). Red and yellow regions indicate cell necrosis, and green
regions are healthy live cells. Note the extent of necrosis in the
strained ligaments and the increase in necrosis with higher strains.
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are undisturbed in a ligament with 0% strain. A typical
mechanically damaged cell in the strained ligament
displays a cell membrane that has been ruptured and
the cellular contents that have been released into the

ECM. Data for structural damage (DS) and cellular
damage (DC) seen in Figs. 3 and 4, respectively, clearly
show the different strain-dependent behaviors for
structural and cellular damage. Statistically, the onset

Fig. 2. Fibroblasts in a normal unstrained liga-
ment (left) and fibroblasts in a strained (e 5 3.2%)
ligament (right). Normal ligaments have intact
cellular membranes in a longitudinal section at
24,0003 (top left), transverse section at 9,1003
(middle left), and longitudinal section at 24,0003
(bottom left). Ligament that has been strained to
3.2% (right) shows cellular damage in the form of
ruptured cell membranes and the release of cellu-
lar contents in the extracellular matrix in a longi-
tudinal section at 24,0003 (top right), transverse
section at 9,1003 (middle right), and longitudinal
section at 24,0003 (bottom right). Note interdigi-
tation of collagen fibrils with normal ligaments in
left column.
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of structural damage (us) was found to be at a strain of
5.14% from preload, and this level of strain can be seen
to be well within the linear region of the stress-strain
curve for the rat ligaments used in this study (Figs. 5).
The 95% profile likelihood confidence intervals for
structural damage are 4.50–5.69. The onset of changes
in cellular damage (uc) was found to be 0 (e 5 0%). That
is, statistically, changes in cellular damage in rat
MCLs begin with the application of ligament strain
from preload, and structural damage occurs at strains
.5.14% from preload. Some regions of cellular damage
can be seen at 0% strain (i.e., preloaded treatment), yet
statistical analysis could not reveal any other onset
because of scatter in the data. No consistent localiza-
tion of regions of cellular damage could be identified in
the ligaments. The slope values (b) for structural and
cellular damage are 1.42 and 4.00, respectively. From
these values of u and b, Eqs. 1 and 2 are

mci 5 4.00~εci 2 0.00!Ic~εci! (1)

msi 5 1.42~εsi 2 5.14!Is~εsi! (2)

with the indicator function I(ei) equal to 0 when ei , u
and equal to 1 otherwise (Fig. 3). The null hypothesis of
identical thresholds has H0: uc 5 us, and the alternative
hypothesis is HA: ucÞ us. Performing a line search finds
the maximum likelihood under the null hypothesis to
be L0 5 2127.152 (u estimated to be 4.79). Performing
a grid search yields LA 5 2109.5 (uc estimated at 0, us
estimated at 5.14). The equation x2 5 2(LA 2 L0) would
have a x2 distribution with one degree of freedom
under the null distribution. With x2 5 35.3, the null
hypothesis is soundly rejected (P , 0.0001) and the
alternate hypothesis accepted, indicating that the on-
set of structural and cellular damage occur at signifi-
cantly different levels of strain. Stress-strain curves
demonstrate no change in shape when the subfailure
stretch is below the damage threshold (Fig. 5, A–C). A
subfailure stretch above the damage threshold elon-
gates the toe region of the stress-strain curve and

decreases tissue stiffness and ultimate stress (Fig. 5,
D–F).

DISCUSSION

Subfailure damage has been shown to alter the me-
chanical properties of the anterior cruciate ligament
and lengthen the toe region of the force-displacement
curve, which results in increased joint laxity (28). Re-
sults from this study indicate that rat medial collateral
ligaments strained above 5.14% from preload do not
regain their original length after significant recovery
time (3003 the time of test). This recovery is consider-
ably longer than other studies showing that ligaments
stretched below 5% completely recover in ,103 the
time of test (30). Hence, we conclude that ligaments
stretched beyond this threshold remain “stretched.”
These findings are valuable to researchers performing
multiple tests on the same ligament specimen because
no change in length or properties is evident in the
tissue below ;5% when testing under the methods
described in this study for rat.

We speculate that the increase in elongation after
;5% strain and change in mechanical properties are
the result of fiber damage arising from two possible
mechanisms. One mechanism would be torn or plasti-
cally deformed fibers. Torn fibers would be consistent
with the fiber failure mode of Hurschler’s microme-
chanical model for ligament behavior (16), and plasti-
cally deformed fibers could be supported by experimen-
tal observations by Sasaki et al. (33, 34) and Kukreti
and Belkoff (22) who observed that collagen fibrils,
which make up collagen fibers, elongate during tendon
loading. In addition, Yahia et al. (41), using scanning
electron microscopy, reported damage to collagen fibers
in subfailure strained ligaments. Another possible
mechanism for the observed ligament laxity could be
biochemical degradation of the ECM from protease
release associated with the observed cellular necrosis.
Regardless of the mechanism, the resulting increase in
tissue length represents tissue laxity and can be hy-
pothesized to increase joint laxity.

Fig. 4. Cellular damage (DC) vs. strain (e) in the rat medial collateral
ligament. Necrotic area is normalized by the area of the ligament.
Equation 1 demonstrates that cellular damage statistically begins
with the onset of loading (from a preloaded state) and occurs at lower
strain levels than structural damage.

Fig. 3. Structural damage (DS) vs. strain (e) in rat medial collateral
ligament. Structural damage represents tissue laxity. The onset of
damage is at 5.14% strain, as can be seen by Eq. 2. Note that this
level of strain is well into the linear region of the stress-strain curve
for this tissue, as can be seen from Fig. 5.
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The statistical threshold for structural damage is
well into the linear region of the stress-strain curve, a
region unlikely to be regularly reached in normal ac-
tivity. The upper half of the linear region of stress-

strain curve has been associated with partial tearing of
anterior cruciate ligaments (26). A microstructural
study of the rat MCL in situ using scanning electron
microscopy has shown that during knee flexion normal

Fig. 5. Stress-strain curves for a control rat medial collateral ligament (F), subfailure stretch (h), and stretched
ligament (■) that received a subfailure stretch. The subfailure stretch reached a peak strain of 0% (A), 4.7% (B),
5.1% (C), 6% (D), 7% (E), and 9% (F). Subfailure strains (h) below 5.14% (A–C) did not change the toe region or
tangential modulus on a subsequent stretch (■), and the toe region, tangential modulus, and ultimate stress of the
ligament (■) were not changed compared with the contralateral normal ligament (F). Subfailure strains (h) above
5.14% (D–F) elongated the toe region and lowered the tangential modulus (■) compared with the initial stretch (h).
The toe region was elongated and the tangential modulus and ultimate stress decreased (■) compared with the
contralateral normal ligament (F). Note the relative symmetry in contralateral ligaments in 0% subfailure
strain (A).
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ligament has a crimped pattern in knee flexion that is
only removed near full extension (17). Our preload
removes some crimping and hence results in our pre-
loaded reference length being longer than typical ref-
erence lengths in vivo.

The statistical threshold of cellular damage was
found to be at 0% strain from preload in the rat MCL.
That is, statistically, cellular damage begins with the
application of tissue strain. It should be noted that
physically one would not expect an increase in cellular
damage at small strains as our statistical analysis
implies. However, necrotic cells are present in the
control tissues (e 5 0, i.e., preload) and are present
after very small strains (above reference preload). This
behavior did not allow the authors to identify any
statistical threshold other than the preloaded value.
One would not expect high levels of cell necrosis during
normal activity; therefore, as mentioned in the previ-
ous paragraph, the strains represented when this
method is used are likely to be higher than those
typically seen in the rat in vivo. The ratio of the area of
fluorescence to the actual cell dimensions is not known,
and therefore the number of necrotic cells is not
counted nor is the percent area of necrotic cells in the
tissue quantified. In addition, cellular changes may
take place during the processing of the tissues because
of processing time and handling, elevating the magni-
tude of cellular damage. However, all tissues were
prepared in the same controlled manner, and changes
in cellular damage were seen between preloaded zero
strain controls and stretched ligaments, with increas-
ing cellular damage with increasing strain indicating
changes relative to the reference values. This differ-
ence in damage properties indicates fundamentally
different behaviors between cellular and structural
damage.

This study quantifies regions of cellular damage in
the ligament as a function of strain. As stated in the
previous paragraph, this work does not count the num-
ber of necrotic cells in the ligament. To the authors’
knowledge, no other study has quantified cellular dam-
age in ligament as a function of strain. However, me-
chanical stimulation of cells in vitro has been studied
(1, 11, 13, 14, 40). Strain in fibroblasts during in vitro
equibiaxial testing on membranes are often higher
than the tissue strains at which we are reporting cell
damage (e . 2% from a preloaded state). However, the
relationship between reference (initial) strains used in
these studies compared with the complex cell loading
in an in vivo state is unknown. Furthermore, differ-
ences between the reference strain in our study and
previously published in vitro cell deformation studies
is also unknown.

We propose that microstructural irregularities in
ECM organization create local distortions in fibro-
blasts during ligament strain that result in the cellular
damage reported in this study. Fibroblasts in connec-
tive tissue are found to be in columns between fibril
bundles (18, 36), and fibrils cross and interweave (29).
Using confocal microscopy to track cells as a measure
of microstructural strain during tendon tissue elonga-

tion, Hurschler et al. (15) reported that microstruc-
tural strains in ligament can be both larger and
smaller than macroscopic ligament strain (6 ;2% of
the ligament strain) at different locations in the same
tissue and that, at the microstructural level, even neg-
ative strains can exist. Because fibroblast cells adhere
to ECM collagen fibrils, cell deformation is related to
fibril displacement and deformation. Squier and
Bausch (36) reported junctional attachments between
processes of different and same fibroblasts in rat tail
tendon. In addition, Squier and Bausch (36) showed
that fibroblasts exhibited invaginations of single or
groups of collagen fibrils and stated that “this arrange-
ment may be indicative of fibril elongation or serve to
transmit tension between the fibroblast and the colla-
gen fibrils.” This result is supported by the TEM im-
ages in Fig. 2, which show fibrils interdigitating with
the cell membrane. Because fibril orientation around
the cell is not completely uniform, the fibrils will
stretch independently, creating nonlinear cell strains
and nonuniform cellular distortions as seen in Arnozc-
zky et al. (3). The nonuniform fibril strain patterns
seen must produce local cellular distortions far beyond
what occurs on monolayers of cultured cells and must
contribute to mechanically induced cell death reported
herein. These large local distortions from nonuniform
fibril loading, fibrils slipping past one another, and
complex cell-matrix interactions help explain the re-
sults of this study where changes in cellular damage
occur before the onset of structural damage. In contrast
to the complex loadings and large distortions of fibro-
blast in vivo, fibroblasts in vitro on stretched mem-
branes undergo less complex and less distortional load-
ings. Although in vitro stretched membrane cell
deformation studies provide extremely valuable infor-
mation about biological mechanisms, they may not
accurately simulate in situ cells during ligament defor-
mation.

Considering the organization of the fibroblast-ECM
interaction, one may expect to see cellular damage in
longitudinal lines along the axis of the ligament. How-
ever, it is reasonable that cellular damage is not seen
in longitudinal lines in this study. By using the above
techniques, slices through the tissue are compiled and
overlaid, and because all fibers and fibrils are not
perfectly aligned and do sit skewed from one another
through the depth of the tissue one would not expect to
see clear longitudinal distributions. By overlaying
slices, the slight mismatching of collagen fibers or
fibrils, size effects, and fibril interweaving and overlap
limit the ability to see longitudinal columns because all
the slices are “compressed” together. It is entirely pos-
sible that many semilongitudinal scans are adjacent,
skewed, or slightly angled as a result of complex fibril
organization, resulting in the distributions seen in Fig.
1. It should be noted that, because only regions of
necrotic cells are being quantified (overlaid yellow re-
gions are counted as damaged) and green (viable) re-
gions are not being quantified, the overlaying process
does not induce an error in the cellular damage mea-
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sure used in this study because cellular damage only
considers necrotic cells normalized by tissue area.

Limitations exist in this study and should be noted.
Structural damage was measured at only one rate of
loading from a preloaded state, and the effect of mul-
tiple loadings was not investigated. In addition, the
ligament microstructure was not examined for collagen
fiber or fibril integrity (tearing or plastic deformation),
and the mechanical properties were evaluated with
only one tissue per applied subfailure stretch. Cellular
damage was examined only at one time point and,
therefore, only early cellular damage is quantified. In
addition, processing times may have increased the
magnitude of cell death in the tissue, yet changes in
cellular damage are seen to increase with strain in
tissues processed in the same controlled manner. The
time-dependent aspects of cellular damage and the
possibility of further necrosis resulting from apoptosis
remain unexplored. In addition, in vivo loads in rat
MCLs are not known and, hence, this behavior must be
studied in a better model with more elucidation into
the in vivo reference states regarding tissue micro-
structure and deformation during normal activity. The
rat model used herein leaves questions open regarding
effects of ligament size and species. Further studies in
human ligaments are recommended.

In summary, structural and cellular damage occur at
different levels of tissue strain in a rat MCL. Subfail-
ure strain above the damage threshold changed the
mechanical properties of the ligament. Further inves-
tigations into loading rate, multiple loadings, ligament
microstructural displacements and deformations, cell
deformation, and cell biology need to be performed to
understand the subfailure behavior of ligament and
the role of cell death in the healing process.
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