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Context: Greater hamstrings stiffness is associated with
less anterior tibial translation during controlled perturbations.
However, it is unclear how hamstrings stiffness influences
anterior cruciate ligament (ACL) loading mechanisms during
dynamic tasks.

Objective: To evaluate the influence of hamstrings stiffness
on landing biomechanics related to ACL injury.

Design: Cross-sectional study.
Setting: Research laboratory.
Patients or Other Participants: A total of 36 healthy,

physically active volunteers (18 men, 18 women; age¼ 23 6 3
years, height ¼ 1.8 6 0.1 m, mass ¼ 73.1 6 16.6 kg).

Intervention(s): Hamstrings stiffness was quantified via the
damped oscillatory technique. Three-dimensional lower extrem-
ity kinematics and kinetics were captured during a double-
legged jump-landing task via a 3-dimensional motion-capture
system interfaced with a force plate. Landing biomechanics
were compared between groups displaying high and low
hamstrings stiffness via independent-samples t tests.

Main Outcome Measure(s): Hamstrings stiffness was
normalized to body mass (N/m�kg�1). Peak knee-flexion and
-valgus angles, vertical and posterior ground reaction forces,

anterior tibial shear force, internal knee-extension and -varus
moments, and knee-flexion angles at the instants of each peak
kinetic variable were identified during the landing task. Forces
were normalized to body weight, whereas moments were
normalized to the product of weight and height.

Results: Internal knee-varus moment was 3.6 times smaller
in the high-stiffness group (t22 ¼ 2.221, P ¼ .02). A trend in the
data also indicated that peak anterior tibial shear force was 1.1
times smaller in the high-stiffness group (t22 ¼ 1.537, P ¼ .07).
The high-stiffness group also demonstrated greater knee flexion
at the instants of peak anterior tibial shear force and internal
knee-extension and -varus moments (t22 range ¼ 1.729–2.224,
P , .05).

Conclusions: Greater hamstrings stiffness was associated
with landing biomechanics consistent with less ACL loading and
injury risk. Musculotendinous stiffness is a modifiable charac-
teristic; thus exercises that enhance hamstrings stiffness may be
important additions to ACL injury-prevention programs.

Key Words: viscoelastic, musculotendinous, valgus, anteri-
or tibial shear force

Key Points

� Individuals with greater hamstrings stiffness displayed more favorable landing biomechanics for anterior cruciate
ligament (ACL) loading and injury risk than individuals with less hamstrings stiffness as evidenced by smaller frontal-
plane knee moments and a more-flexed knee at the instants of critical biomechanical knee events.

� Greater hamstrings stiffness was associated with smaller anterior tibial shear forces.
� A high level of hamstrings stiffness may limit ACL injury risk by limiting frontal- and sagittal-plane ACL-loading

mechanisms.

A
nterior cruciate ligament (ACL) injury commonly
occurs during landing,1 and researchers have
suggested that a landing biomechanics profile

consisting of large ground reaction forces, anterior tibial
shear force, knee-valgus angle, and external knee-flexion
and -valgus moments increases ACL loading.2–4 A more-
extended knee during landing exacerbates this profile,
whereas a more-flexed knee decreases these variables,4–6

likely limiting ACL loading and injury risk. For example,
Blackburn and Padua5 demonstrated that increasing knee-
flexion angle during landing reduced ground reaction
forces. Similarly, Pollard et al6 categorized participants
into high- and low-flexion groups based on performance of

a landing task and reported smaller knee-valgus angles and
moments in the high-flexion group.

Stiffness quantifies the resistance of the musculotendi-
nous unit to lengthening, and hamstrings stiffness may have
important implications for ACL loading and injury risk.
Greater hamstrings stiffness is associated with greater
function in ACL-deficient individuals.7 During controlled
perturbations, healthy individuals with greater hamstrings
stiffness also display less anterior tibial translation, which
is an arthrokinematic motion that directly loads the ACL.8

Given that anterior tibial translation results from anterior
tibial shear force, greater hamstrings stiffness seemingly
would resist anterior tibial shear force during landing more
effectively than less hamstrings stiffness. Greater ham-
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strings stiffness also is correlated with less hamstrings
flexibility.9 This heightened resistance to knee extension
may lead to a more flexed knee during landing, producing
more favorable landing biomechanics for ACL loading and
injury risk. This notion is supported by Boden et al,1 who
reported that participants with ACL injuries displayed
greater hamstrings flexibility than an uninjured cohort,
suggesting that ‘‘above-average’’ hamstrings flexibility and,
therefore, less hamstrings stiffness may increase ACL
injury risk.

Musculotendinous stiffness is a modifiable neuromuscu-
lar property10,11 that could be targeted in ACL injury-
prevention programs. Whereas greater hamstrings stiffness
appears to limit ACL loading during controlled perturba-
tions,8 it is unclear how hamstrings stiffness influences
biomechanical ACL-loading mechanisms during dynamic
tasks in which ACL injury commonly occurs. Therefore,
the purpose of our investigation was to evaluate the
influence of hamstrings musculotendinous stiffness on
lower extremity kinematics and kinetics during landing.
We hypothesized that individuals with greater hamstrings
stiffness would display greater knee flexion during landing,
resulting in smaller peak ground reaction forces, anterior
tibial shear forces, internal knee-extension and -varus
moments (ie, the internal/muscular responses to external
moments), and knee-valgus angles. We also hypothesized
that individuals with greater hamstrings stiffness would
display greater knee-flexion angles at the instants of peak
kinetics.

METHODS

Participants

A total of 36 healthy individuals (18 men, 18 women; age
¼ 23 6 3 years, height¼ 1.8 6 0.1 m, mass¼ 73.1 6 16.6
kg) volunteered to participate. Participants had no history
of ACL injury, lower extremity surgery, neurologic
disorder, or lower extremity musculoskeletal injury within
the 6 months before data collection and were physically
active, involved in at least 20 minutes of physical activity 3
times per week. All participants provided written informed
consent, and the study was approved by the University of
North Carolina at Chapel Hill Biomedical Institutional
Review Board.

Procedures

We collected data during a single testing session in which
we assessed hamstrings stiffness and landing biomechanics
in a counterbalanced order. Because hamstrings stiffness
does not differ between limbs in healthy individuals,12 all
data were sampled from the right lower extremity only.
Hamstrings maximal voluntary isometric contractions
(MVICs) were performed to determine standardized
loading conditions for the stiffness assessment. Participants
were positioned prone with the right hip supported in 308 of
flexion and the foot fixed to a loading device so the knee
was maintained in 308 of flexion and the calcaneus was in
contact with a load cell (model 41; Honeywell Sensotec,
Columbus, OH) (Figure 1A). Participants performed a
submaximal warm-up contraction, then a 5-second maximal
knee-flexion effort during which we sampled load cell data.

We assessed hamstrings stiffness by modeling the knee as
a single-degree-of-freedom mass-spring system and ob-
serving the damping effect imposed by the hamstrings on
oscillatory knee flexion and extension. We positioned
participants identically as for the hamstrings MVICs except
the foot was free to move (Figure 1B). A splint was secured
over the plantar aspect of the foot and posterior shank to
standardize ankle position and gastrocnemius length, and
weights representing 45% MVIC were secured near the
ankle. The investigator (J.T.B. or M.F.N.) positioned the
participant’s shank parallel to the floor, and the participant
contracted the hamstrings isometrically to maintain this
position. Within 5 seconds after this contraction, the
investigator applied a downward manual perturbation to
the calcaneus, extending the knee and initiating oscillatory
knee flexion and extension. Participants were instructed not
to intervene with the perturbation7,13 and to attempt to keep
the hamstrings active only to the level necessary to support
the shank in the testing position. This oscillatory motion
was recorded via the tangential acceleration of the shank
segment obtained from an accelerometer (model 356A32;
PCB Piezotronics, Inc, Depew, NY) attached to the splint
on the posterior shank and foot. The time interval between
the first 2 oscillatory peaks (t1 and t2) was used to calculate
the damped frequency of oscillation (Figure 2). Next, we
used this value to calculate stiffness via the equation k ¼
4p2mf2, where k is stiffness, m is the system mass (shank
and foot segment14 þ 45% MVIC), and f is the damped
frequency of oscillation. Participants performed 5 trials
separated by 30-second rests to reduce the likelihood of
fatigue. Given that stiffness increases as a function of
mass,15,16 we normalized stiffness values to participant
mass before statistical analyses. This method has been used
extensively to assess lower extremity muscle stiff-
ness7,8,12,16 and demonstrated excellent intrasession reli-
ability in this investigation (intraclass correlation
coefficient [2,1] ¼ 0.82, standard error of the mean ¼ 2.90
N/m�kg�1).

The musculotendinous unit is viscoelastic/loading-rate
sensitive, so the magnitude of perturbation influences its
stiffness. Therefore, fluctuations in the magnitude of the
manual perturbation applied to the shank may have
influenced the stiffness values. To address this potential
limitation, we calculated the magnitude of perturbation as
the product of the peak downward acceleration immediately
after perturbation onset (Figure 2) and the system mass
(shank and foot segment14 þ 45% MVIC). The average
perturbation magnitude was 56 6 11 N, and the average
coefficient of variation across trials (standard deviation /
mean) was 12% 6 5%. Furthermore, the regression of
normalized stiffness on perturbation magnitude (r2¼ 0.03)
demonstrated that variance in stiffness attributable to
variance in perturbation magnitude was negligible.

The landing task involved a double-legged jump landing
from a 30-cm height located at 50% of the participant’s
height from 2 force plates (model 4060; Bertec Corpora-
tion, Columbus, OH). Participants were instructed to
minimize upward displacement upon leaving the box, to
land with each foot centered on a single force plate, and to
perform a maximal vertical leap immediately after ground
contact. Electromagnetic motion-capture sensors (mini-
BIRD 800; Ascension Technology Corporation, Burlington,
VT) were placed on the pelvis over the sacrum, midthigh,
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and proximal anteromedial shank to measure lower
extremity kinematics (Figure 3). Three-dimensional coor-
dinate data and ground reaction forces were sampled during
the landing task. Participants performed 3 practice trials to
familiarize themselves with the task, then performed 5
recorded trials separated by 30-second rests to reduce the
likelihood of fatigue. The foot segment was not included in
the biomechanical model of the lower extremity due to the
potential for substantial motion artifact in foot-segment
kinematics near ground contact.17 Given that peak kinetic
ACL-loading mechanisms and ACL injury likely occur
shortly after initial ground contact,18,19 these errors in
ankle-joint motion can substantially influence knee-joint
kinetics.17 Instead, we used a static foot contribution in the
model in which angular acceleration of the foot segment
was assumed to be zero. Authors4,20–23 of previous
investigations of ACL-loading mechanisms have used
similar models. Unpublished data from our research group
have indicated that excluding the foot segment has a
negligible effect on knee-joint kinetics during this time
interval (Appendix).

Data Sampling and Reduction

Electromagnetic sensor coordinate data were sampled at
100 Hz, and force-plate, accelerometer, and load-cell data
were sampled at 1000 Hz. Coordinate data were low-pass
filtered at 10 Hz with a fourth-order Butterworth filter, time
synchronized to the analog data, and resampled to 1000 Hz
via linear interpolation. The world, segment, and force-plate
axis systems were established so that positive values for the
x-axis, y-axis, and z-axis were defined as forward/anterior,
leftward/medial, and upward/superior, respectively. We
created a segment linkage model of the lower extremity
by digitizing the medial and lateral femoral epicondyles and
malleoli and the left and right anterosuperior iliac spines.
Locations of the knee- and ankle-joint centers were defined
as the midpoints of the digitized medial and lateral femoral
epicondyles and malleoli, respectively, whereas the hip-
joint center was estimated as a function of the 3-
dimensional distance between the digitized left and right
anterosuperior iliac spines.24 We calculated knee-joint
angles as Euler angles (YXZ sequence) defined as motion
of the shank reference frame relative to the thigh reference
frame such that flexion, varus, and internal rotation
represented positive values. Force-plate data were low-pass
filtered at 50 Hz with a fourth-order Butterworth filter and
combined with kinematic and anthropometric data to derive
the net forces acting on the shank segment and internal knee
moments via an inverse dynamics solution.25 Load-cell and
accelerometer data were low-pass filtered at 10 Hz with a
fourth-order Butterworth filter. Biomechanical variables
were derived via commercial motion-capture software (The
Motion Monitor; Innovative Sports Training, Inc, Chicago,
IL).

For MVICs, we calculated a consecutive 100-millisecond
moving average (ie, all 100-millisecond intervals) from
which we used the largest hamstrings force value to
represent the MVIC. Peak kinematics (knee flexion and
valgus angles) and kinetics (vertical and posterior ground
reaction forces, anterior tibial shear force, and internal
knee-extension and -varus moments) were identified during
the loading phase of the landing, which was defined as the
interval from initial ground contact (vertical ground
reaction force . 10 N) to peak knee-flexion angle. Ground

Figure 1. Participant positioning for assessment of A, hamstrings maximal voluntary isometric contraction, and B, hamstrings stiffness.

Figure 2. Tangential shank acceleration during assessment of
hamstrings stiffness. Stiffness was calculated via the equation k ¼
4p2mf2, where k is stiffness, m is the system mass, and f is the
damped frequency of oscillation (f ¼ 1 / [t2 � t1]).
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reaction forces and anterior tibial shear force were
normalized to weight (N), and joint moments were
normalized to the product of weight and height (N�m).4

We also identified knee-flexion angles at the instant of each
peak kinetic variable.

Statistical Analyses

Mean values for each dependent variable were calculated
across the 5 trials for each task. We arranged stiffness data
into tertiles (n¼ 12 per tertile) and performed independent-
samples t tests to compare stiffness and landing biome-
chanics between the highest and lowest tertiles (ie, high-
stiffness and low-stiffness groups). The use of tertiles to
define the high-stiffness and low-stiffness groups is
arbitrary and not based on meaningful thresholds for
stiffness. However, this grouping of participants eliminated
individuals who overlapped the extremes of the distribution
(ie, the middle tertile), creating 2 distinct groups with
different mean stiffness values. All analyses evaluated 1-
tailed hypotheses with the a level set a priori at equal to or
less than .05. We used SPSS (version 19; IBM Corporation,
Armonk, NY) for all analyses.

RESULTS

Hamstrings stiffness was greater in the high-stiffness
(25.81 6 4.61 N/m�kg�1) than low-stiffness (14.52 6 1.51
N/m�kg�1) group (t22 ¼ 8.074, P , .001), confirming the
presence of 2 groups with differing hamstrings stiffness.
These groups roughly were stratified equally for sex (low¼
7 men, 5 women; high¼ 5 men, 7 women). The results for
high-stiffness and low-stiffness group comparisons are
described for kinematics and kinetics.

Kinematics

Peak knee-flexion (t22¼0.970, P¼ .17) and -valgus (t22¼
0.971, P ¼ .28) angles did not differ between the high-
stiffness and low-stiffness groups. However, knee-flexion

angle was greater in the high-stiffness group at the instants
of peak internal knee-varus moment (t22¼ 2.224, P¼ .02),
peak internal knee-extension moment (t22 ¼ 1.743, P ¼
.048), and peak anterior tibial shear force (t22¼ 1.729, P¼
.049). We found no other group differences in kinematics.
Values for each kinematic variable for the high-stiffness
and low-stiffness groups are detailed in Figure 4.

Kinetics

Peak internal knee-extension moment, internal knee-
varus moment, and anterior tibial shear force occurred 77 6
42 milliseconds, 72 6 54 milliseconds, and 119 6 74
milliseconds, respectively, after initial ground contact. Peak
internal knee-varus moment was smaller in the high-
stiffness than low-stiffness group (t22 ¼ 2.221, P ¼ .02)
(Figure 4B). Given that the net internal joint moment
reflects the musculoskeletal response to external loading,
these data indicate less knee-valgus loading (ie, a smaller
internal knee-varus moment) in individuals with greater
hamstrings stiffness. A statistical trend indicated that
anterior tibial shear force was smaller in the high-stiffness
than low-stiffness group (t22 ¼ 1.537, P ¼ .07, observed
power ¼ 0.44) (Figure 4A). This difference represents a
moderate-to-large effect size (0.63), and post hoc power
analyses26 indicated that 32 participants per group would
have been necessary to provide an a priori power of 0.80.
We found no other group differences or statistical trends (ie,
P , .10 for kinetics). Values for each kinetic variable for
the high- and low-stiffness groups are detailed in Figure 5.

DISCUSSION

We designed our investigation to evaluate the influence
of hamstrings stiffness on landing biomechanics associated
with ACL loading and injury risk. The results indicated that
individuals with greater hamstrings stiffness displayed
smaller peak frontal-plane knee moments and greater knee
flexion at the instants of peak anterior tibial shear force,

Figure 3. A, Participant positioning and B, electromagnetic sensor locations for the jump-landing task.
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internal knee-varus moment, and internal knee-extension
moment during landing than individuals with less ham-
strings stiffness. Peak anterior tibial shear force was also
smaller in individuals with greater hamstrings stiffness,
which was a finding that approached statistical significance
(P ¼ .07).

Hewett et al2 demonstrated prospectively that peak
external knee-valgus moment predicted ACL injury risk
with 78% sensitivity and 73% specificity. In addition,
individuals who sustained an ACL injury displayed peak
external knee-valgus moments that were 2.5 times greater
on average than the corresponding values in uninjured
individuals. The low-stiffness group in our study displayed
peak internal knee-varus moments (ie, the internal muscu-
loskeletal response to an external valgus moment) that were
3.6 times greater than in the high-stiffness group,
differences that are comparable with those Hewett et al2

reported for injured versus uninjured individuals. There-
fore, a high level of hamstrings stiffness may limit ACL
injury risk by limiting frontal-plane knee loading. Numer-
ous types of training, including isometric,11,27–29 isotonic,30

eccentric,31 plyometric,10,30 and endurance,32,33 have been
demonstrated to enhance musculotendinous stiffness.
Hewett et al34 noted that plyometric training decreased
the external knee-valgus moment during a double-legged
landing task. Given that plyometric training increases
musculotendinous stiffness, an increase in hamstrings
stiffness may explain why the plyometric training that
Hewett et al34 used reduced frontal-plane knee loading.

The ACL is loaded via sagittal-plane, frontal-plane, and
transverse-plane mechanisms.35 Given that the hamstrings
attach posteriorly on the medial and lateral aspects of the
shank segment, they can influence 3-dimensional knee-joint
loading.8,36–38 Hamstrings activity can limit frontal-plane
knee loading during controlled loading conditions39,40 and
during static41 and dynamic tasks.42 Cadaveric data also
have indicated that hamstrings force can limit ACL loading
attributable to anterior tibial shear force.38,43 Our data
suggest that hamstrings stiffness influences both sagittal-
plane (anterior tibial shear force) and frontal-plane (internal
knee-varus moment) ACL-loading mechanisms. In addi-
tion, individuals with greater hamstrings stiffness displayed
a more-flexed knee at the instants of peak anterior tibial
shear force, internal knee-extension moment, and internal
knee-varus moment. The ACL elevation angle decreases
with knee flexion, orienting the ACL less vertically in the
knee-joint space.44,45 Ligament is optimized morphologi-
cally to resist tensile rather than shear loading46; thus
greater knee flexion orients the ACL more favorably for
resisting sagittal-plane loading. Therefore, the stress
imparted to the ACL via sagittal-plane loading decreases
as knee flexion increases.35,38,45 In this manner, the same
magnitudes of anterior tibial shear force and internal knee-
extension moment likely are associated with less ACL
loading at a greater knee-flexion angle than at a more-
extended knee angle. Internal knee-extension moment
primarily is derived from quadriceps activity, and quadri-
ceps force can load and even rupture the cadaveric
ACL.47,48 The ability of the quadriceps to generate anterior

Figure 4. Comparison of landing kinematics between high-stiffness and low-stiffness groups (mean 6 SD). Negative values reflect knee-
valgus motion. a Indicates difference between high- and low-stiffness groups (P , .05).
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tibial shear force is diminished with knee flexion due to a
decrease in the insertion angle of the patellar tendon on the
tibia.48 Therefore, ACL loading attributable to a given
internal knee-extension moment is smaller at greater knee-
flexion angles. Finally, Markolf et al35 demonstrated that
ACL loading attributable to isolated valgus loading and
combined valgus and anterior shear loading decreases with
knee flexion. The finding that individuals with greater
hamstrings stiffness exhibited greater knee flexion at the
instants of peak anterior tibial shear force, internal knee-
extension moment, and internal knee-valgus moment
during landing suggests that these individuals experienced
less ACL loading than those with less hamstrings stiffness.

Whereas the finding that greater hamstrings stiffness was
associated with smaller ACL-loading mechanisms agrees
with our hypotheses, we anticipated that this influence
would be a consequence of greater knee flexion. Our
hypothesis regarding the effect of hamstrings stiffness on
knee-flexion angle was based on the work of Blackburn et
al.9 They demonstrated a correlation between hamstrings
stiffness and extensibility, which they assessed by placing

the hip in 908 of flexion and instructing participants to
actively extend the knee as far as possible. During landing,
the hamstrings simultaneously are lengthened proximally
due to hip flexion but shortened distally due to knee flexion.
As such, their passive tension and extensibility likely have
little influence on sagittal-plane knee kinematics during
landing because hamstrings length remains in the midrange
rather than approaching its extremes, as it does during the
assessment of extensibility.49 Our hypotheses regarding
ground reaction forces and internal knee-extension moment
were predicated on previous research4–6 in which investiga-
tors associated greater knee flexion with smaller values for
these variables. Therefore, the lack of association between
hamstrings stiffness and peak knee-flexion angle likely
explains the lack of association with these kinetic variables.

Limitations

The biomechanical data in this investigation were derived
from a double-legged landing in a laboratory setting.
Whereas similar tasks have been demonstrated to predict
ACL injury risk,2 we do not know if this task represents

Figure 5. Comparison of landing A, forces and B, moments between high-stiffness and low-stiffness groups (mean 6 SD). Negative values
reflect posterior forces and extension moments. a Indicates difference between high-stiffness and low-stiffness groups (P , .05).
b Indicates statistical trend for difference between high-stiffness and low-stiffness groups (P , .10).
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those during which ACL injury occurs or if the data are
comparable with those of other more challenging dynamic
tasks, such as single-legged landings and cutting tasks.
Furthermore, the segment-linkage model of the lower
extremity we used to calculate knee kinetics did not include
the foot segment. We excluded the foot segment to avoid the
kinematic noise caused by ground contact and the associated
errors introduced to the calculations of knee-joint kinetics.17

Whereas this model produces kinetic values that are slightly
larger than those resulting from models that include the foot
segment, unpublished data from our research team indicated
that these errors are small and likely had a negligible
influence on our results (Appendix). These results may be
specific to the task, however, because we calculated knee-
joint kinetics soon after ground contact, when ankle-joint
contributions to inverse dynamics were small. The partic-
ipants also constituted a convenience sample of recreational
athletes, and our definition of minimal physical activity was
somewhat liberal; therefore, they may not represent
individuals in whom ACL injury risk is greatest.50 Last,
the oscillatory technique for measuring musculotendinous
stiffness reflects contributions from the knee-flexor muscu-
lature. However, using identical methods, Blackburn et al13

demonstrated that the contributions from the gastrocnemii
were negligible. We attempted to standardize any contribu-
tions from the gastrocnemii by restricting sagittal-plane
ankle motion via application of the rigid splint. Further-
more, the gastrocnemii can introduce ACL loading by
producing posterior translation of the femur relative to the
tibia,51 thus it is unlikely that they contributed to the
‘‘better’’ biomechanics profile in the high-stiffness group.

Summary and Clinical Application

Individuals with greater hamstrings stiffness displayed
more favorable landing biomechanics for ACL loading and
injury risk, as evidenced by smaller frontal-plane knee
moments and a more-flexed knee at the instants of critical
kinetic events. A trend in the data also suggested greater
hamstrings stiffness is associated with less ACL loading
attributable to anterior tibial shear force. These findings
suggest a high level of hamstrings stiffness may limit ACL
injury risk.

Whereas more research is certainly necessary to validate
this notion objectively, increasing hamstrings stiffness may
have negative consequences for hamstrings musculotendi-
nous injury. Watsford et al52 demonstrated prospectively
that individuals who sustained acute hamstrings strain
injuries had greater hamstrings stiffness than an uninjured
cohort. However, whereas the bilateral average hamstrings
stiffness differed between groups, that of the injured limb
was not different from the uninjured group. Although the
implications of these seemingly contradictory findings are
unclear, we suggest the existence of an optimal level of
hamstrings stiffness at which the risks of ACL injury and
musculotendinous injury may be minimized. Future
research is necessary to evaluate the injury-specific
influences of hamstrings stiffness.

Researchers should attempt to extrapolate these findings
to more dynamic and challenging tasks that are more
representative of scenarios during which ACL injury occurs
and to the populations at heightened risk of ACL injury.
Given that muscle stiffness can be enhanced via various

training mechanisms, targeting this neuromuscular property
may be beneficial for future ACL injury-prevention
programs and for rehabilitation of patients with ACL
deficiency or reconstruction. However, research is neces-
sary to determine the most effective types of training to
enhance hamstrings stiffness and the effects of enhancing
hamstrings stiffness on ACL-loading mechanisms and ACL
injury risk.
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Appendix

We provide justification for excluding the foot segment
from our biomechanical model of the lower extremity. The
Table contains unpublished data from our research group
comparing knee-joint kinetics derived from biomechanical
models with (full model) and without (modified model)
foot-segment data. We obtained these data during 5 trials of
a landing task identical to the one in the current
investigation in a similar sample of 18 participants (10
men, 8 women; height¼ 1.7 6 0.1 m, mass¼ 73.0 6 11.8
kg) using an optical motion-capture system (Vicon,
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Centennial, CO) with markers placed on the foot, shank,
thigh, and pelvis segments. The data were sampled and
processed identically to those in the current investigation
with one exception. For the full model, kinematic data from
all lower extremity segments were included in the inverse
dynamics calculations, whereas in the modified model, the
foot-segment data were excluded from these calculations
(ie, identical to the current investigation).

The data provided in the Table indicate that the
differences in peak knee-joint kinetics between the 2
models are likely negligible because the model difference
was substantially smaller than the standard deviation for
each kinetic variable. Furthermore, the coefficients of
determination (R2) for the relationships between the models
for each kinetic variable indicate extremely high model
agreement, because 97% to 99% of the variance in one
model was attributable to variance in the other.

Peak internal knee-extension moment, internal knee
varus moment, and anterior tibial shear force in the full
model occurred at 103 6 83 milliseconds, 36 6 31
milliseconds, and 153 6 80 milliseconds, respectively,
after initial ground contact. Although these values differ

somewhat from the data in this manuscript, likely due to
several sample-specific factors (eg, energy-absorption
strategies, extensor activity, lower extremity strength), they
are within range of those in our data (77 6 42 milliseconds,
72 6 54 milliseconds, and 119 6 74 milliseconds,
respectively) and correspond with the interval during which
peak anterior cruciate ligament loading and injury likely
occur.18,19 Data from the full model indicated that the
ankle-joint moments during this time interval are relatively
small, thus the error introduced to knee kinetics via
exclusion of the foot segment is also minimal. For example,
the mean ankle-extension moment at the instant of peak
knee extension moment was 48 N�m, which is a value 3.3
times smaller than the knee-extension moment. Similarly,
the frontal-plane ankle moment at peak knee-varus moment
was 4 N�m (positive¼ inversion), or 6.2 times smaller than
the peak knee-varus moment. These relatively small values
indicate the ankle joint contribution to knee-joint kinetics
over the interval immediately after ground contact is small,
leading to minimal errors in knee-joint kinetics attributable
to exclusion of the foot segment.

Address correspondence to J. Troy Blackburn, PhD, ATC, Neuromuscular Research Laboratory, University of North Carolina at
Chapel Hill, 124 Fetzer Hall, CB #8700, Chapel Hill, NC 27599-8700. Address e-mail to troyb@email.unc.edu.

Table. Kinetic Comparison of Biomechanical Models

Variable Full Model, Mean 6 SD Modified Model, Mean 6 SD Model Differencea R2b

Internal knee-extension moment, N�m �160.1 6 36.9 �167.7 6 38.2 �7.6 0.98

Internal knee-varus moment, N�m 24.6 6 11.6 26.5 6 12.3 2.0 0.97

Anterior tibial shear force, N 537.9 6 106.9 537.0 6 107.1 �1.0 0.99

a Model difference ¼modified model mean � full model mean.
b R2 is the coefficient of determination for the relationship between kinetic values derived from each model.
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