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Background: Knee joint morphology contributions to anterior cruciate ligament (ACL) loading are rarely considered in the
injury prevention model. This may be problematic as the knee mechanical response may be influenced by these underlying
morphological factors. The goal of the present study was to explore the relationship between posterior tibial slope (which
has been recently postulated to influence knee and ACL loading), impact-induced anterior tibial acceleration, and resultant
ACL strain during a simulated single-leg landing.

Methods: Eleven lower limb cadaveric specimens from female donors who had had a mean age (and standard deviation)
of 65 ± 10.5 years at the time of death were mounted in a testing apparatus to simulate single-limb landings in the
presence of pre-impact knee muscle forces. After preconditioning, specimens underwent five impact trials (mean impact
force, 1297.9 ± 210.6 N) while synchronous three-dimensional joint kinetics, kinematics, and relative anteromedial
bundle strain data were recorded. Mean peak tibial acceleration and anteromedial bundle strain were quantified over the
first 200 ms after impact. These values, along with radiographically defined posterior tibial slope measurements, were
submitted to individual and stepwise linear regression analyses.

Results: The mean peak anteromedial bundle strain (3.35% ± 1.71%) was significantly correlated (r = 0.79; p = 0.004;
b = 0.791) with anterior tibial acceleration (8.31 ± 2.77 m/s-2), with the times to respective peaks (66 ± 7 ms and 66 ±
4 ms) also being significantly correlated (r = 0.82; p = 0.001; b = 0.818). Posterior tibial slope (mean, 7.6� ± 2.1�) was
significantly correlated with both peak anterior tibial acceleration (r = 0.75; p = 0.004; b = 0.786) and peak anteromedial
bundle strain (r = 0.76; p = 0.007; b = 0.759).

Conclusions: Impact-induced ACL strain is directly proportional to anterior tibial acceleration, with this relationship being
moderately dependent on the posterior slope of the tibial plateau.

Clinical Relevance: Anterior tibial acceleration is associated with anteromedial bundle strain during simulated landings.
The magnitude of the impact-induced accelerations governing the strain response is additionally correlated with the
posterior slope of the tibial plateau. Additional exploration of the effect of other knee morphological variables on ACL strain
during simulated high-risk landings appears warranted.

A
nterior cruciate ligament (ACL) injuries remain preva-
lent and result in substantial short and longer-term
knee disabililty1,2. Current interventions to prevent ACL

injuries focus on modifying neuromuscular control strategies
employed during landings, the rationale being that this control

directly influences joint mechanics and is amenable to training3,4.
In spite of early successes3,4, however, injury rates and their as-
sociated sex disparity have continued5,6. It appears that the cur-
rent prevention model fails to address unrecognized risk factors
associated with the non-contact ACL injury mechanism.
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When one lands from a jump, the ground-reaction force
induces transient segmental accelerations that are transmitted
from the foot to the head7,8. These accelerations are attenuated
by the resistance of bone as well as passive and active soft-tissue
deformation8,9. When accelerations that are induced in a re-
straining structure cause deformations (strains) that approach
the failure tolerance of the structure, the potential for injury
increases10,11. Inadequate shock attenuation is commonly im-
plicated in overuse injuries during repetitive high-impact run-
ning or jumping tasks, during which fatigued muscles provide
inadequate damping12. Impact-induced tibiofemoral accelera-
tions during a landing may similarly cause ACL strains ap-
proaching those sufficient to cause rupture. Specifically, in
instances in which an ineffective overarching neuromuscular
strategy prevails, it is feasible that impact-induced sagittal plane
anterior tibial accelerations could be large enough to compro-
mise the passive ligamentous restraints.

A number of knee morphologic variables have been
identified as risk factors for ACL injury, with many also dem-
onstrating sex dependence. A small femoral notch, higher-
than-normal body-mass index (BMI), and increased joint and
ACL laxity prospectively predicted ACL injury risk in United
States military cadets13. Variations in lower limb alignment,
such as increased anterior pelvic tilt14, femoral anteversion14,15,
and genu recurvatum14,16 have been proposed to impact ACL
loading and the resultant risk of ligament injury. Because
morphologic contributions to injury risk are largely un-
modifiable1, they have not been considered within the injury-
prevention model. However, the underlying knee morphology
directly influences joint mechanics17 and the potential for in-
jurious load states.

The posterior tibial plateau slope has been identified as a
risk factor for ACL injury18-20. Individuals who had previously
sustained an ACL injury21, particularly females22, had larger
posterior tibial slopes compared with matched controls. Spec-
ulation exists with regard to how posterior tibial slope plays a
role in an ACL injury18,20,23. Recently, the execution of a ‘‘pro-
vocative’’ landing (decreased ankle plantar flexion and in-
creased knee extension and hip flexion), as compared with a
safe lower limb landing, was suggested to orient the tibial slope
more vertically at impact, resulting in greater anterior tibial
thrust23. From a biomechanical perspective, an increased pos-
terior tibial slope may increase ACL strain during such move-
ments by directly increasing the impact-induced anterior tibial
accelerations with respect to the femur.

The goal of the present study was to test the primary
hypothesis that, during a simulated dynamic single-limb land-
ing, peak relative anteromedial bundle strain is directly associ-
ated with both posterior tibial slope and peak anterior tibial
acceleration. We also tested a secondary hypothesis that the
timings of the peak acceleration and strain magnitudes are highly
correlated.

Materials and Methods

Hypotheses were tested in an in vitro repeated-measures laboratory ex-
periment. A pre hoc power analysis employing regression coefficients

obtained from the study by Withrow et al.
24

showed that a minimum of ten
same-sex specimens were required to achieve statistical power of 0.90 with a
nominal alpha of 0.05. Data were therefore collected on eleven unembalmed
lower limb cadaveric specimens from female donors who had had a mean age
of 65 ± 10.5 years at the time of death. All specimens were procured from the
University of Michigan Anatomical Donations Department and were fresh
frozen at –20�C until twelve hours prior to testing

24
. Limbs were visually

checked, and those presenting with scars, indications of surgery, deformities
prior to procurement, radiographic abnormalities or osteophytes, cartilage
erosion, exposed bone, and/or any ACL tears were discarded. Specimens
were then dissected, with the joint capsule, ligaments, and other passive joint
tissues being left intact. Muscle tissue from the quadriceps, medial and lat-
eral hamstrings, and medial and lateral gastrocnemius tendons was also
removed. Following dissection, specimens were cut transtibially and trans-
femorally, approximately 24 cm from the joint line, and were potted within
two 7.6-cm-diameter polymethylmethacrylate cylinder blocks with a height of
5.1 cm.

Once potted, each knee specimen was mounted in the apparatus de-
scribed by Withrow et al.

24
to simulate, in the presence of muscle forces, the

three-dimensional impulsive loads associated with a jump landing
24

(Fig. 1). A
double loop of nylon cord (diameter, ;2 mm; tensile stiffness, ;2 kN/cm)
simulated the in vivo tensile stiffness of the quadriceps muscle-tendon unit un-
der sudden stretch

24,25
. This cord was attached to the quadriceps tendon via a

cryoclamp and was run along the quadriceps muscle line of action to the potted
fixture end

25,26
. Constant-force springs simulated medial and lateral hamstrings

Fig. 1

Schematic of the test setup, showing the knee mounted for testing as well

as the applied impulsive loading (W) and two three-axis load cells (L). Lines

of action of the quadriceps (Q), hamstrings (H), and gastrocnemius (G)

muscle-tendon units are also visible. The inset shows the differential

variable reluctance transducer attached to the anteromedial region of the

anterior cruciate ligament in order to measure the relative strain (e).
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and gastrocnemius muscle-tendon units. Pre-impact quadriceps tension was set
to 180 N, with the tension in each hamstring and gastrocnemius muscle being
set to 70 N, similar to those calculated

27
previously for landing maneuvers.

Specimens were mounted with an initial knee flexion angle of 15� to be con-
sistent with typical single-leg landings in vivo

28
.

Each specimen underwent approximately ten consecutive simulated
impact trials. The first five trials preconditioned the specimen

25
, with data from

the next five successful trials being used in statistical analyses. To successfully
simulate the impulsive knee loads, a weight of approximately 178 N was re-
leased vertically in line with the tibial end of the specimen from a height of
between 7 and 9 cm. This release height was adjusted over the preconditioning
trials to simulate a two-times-body-weight impact for each specimen. The
weight struck the end of an impact rod in series with the distal part of the tibia
with an impulsive compressive force averaging approximately 1200 N that
peaked at approximately 50 ms

25
. This value is consistent with that estimated or

quantified during in vivo landings
27,29

. In all trials, the knee specimen was
oriented with the base of the mounting pot placed directly below the impact rod
and the line of action of the impulsive distal tibial force acting 4 cm posterior to
the knee joint center. This resulted in an impulsive compression and flexion
moment being exerted about the knee joint, generating femoral and tibial
moments and an increase in the knee flexion angle

24-26
. The three-dimensional

forces and moments applied to the knee joint by the distal part of the tibia and
proximal part of the femur were recorded for two seconds after impact via six-
axis load cells (AMTI, Watertown, Massachusetts).

A miniature (3-mm stroke) differential variable reluctance transducer
(DVRT; MicroStrain, Burlington, Vermont) was inserted into the distal third of
the anteromedial bundle of the ACL

25,26
to measure the change in length rel-

ative to the initial length. This initial length value corresponded to the pre-
impact length of the differential variable reluctance transducer, as recorded with
balanced pretensioned muscle and gravitational forces and the static knee
flexion angle (15�)

25
. With use of this baseline measurement, changes in the

length of the differential variable reluctance transducer were recorded for each
trial over the same two-second post-impact period via a 16-bit analog-to-digital
converter and were converted to relative anteromedial bundle strain.

Three-dimensional knee kinematics were recorded during each impact
trial via three infrared-emitting diodes that were rigidly attached to the tibial
plateau and the femoral condyle. A Certus system (Northern Digital, Waterloo,
Ontario, Canada) acquired the three-dimensional location of each infrared-
emitting diode at 400 Hz for two seconds immediately after impact with a
resolution of 0.1 mm, from which three-dimensional tibiofemoral kinematics
were quantified to the nearest degree and millimeter

25
. The knee was assigned

six degrees of freedom, corresponding to motion along or about three orthogonal
axes

30
passing through a fixed joint center (the midpoint of the femoral condyles

at the height of the most proximal point on the intercondylar notch)
24

. Kinematic
data recorded during each impact trial were expressed relative to the specimen’s
pre-impact (neutral) posture.

Following testing, the specimen was removed from the loading frame
and true lateral radiographs were made. Specifically, images were made at a
fixed distance of 2 m, with the tibia aligned vertically and the primary ray
focused at the height of the tibial surface, perpendicular to tibial long axis. From
the resulting radiographic images, tibial slope measures were made in a blinded
fashion on the basis of previous methods

18,31
. The anterior and posterior

cortices of the tibial shaft were first determined at points approximately 4 cm
apart on the distal radiograph (Fig. 2). The midpoints of the two lines con-
necting these points were then quantified, and the sagittal plane longitudinal
axis was constructed such that it passed through each midpoint

18
. The peak

anterior and posterior points of the medial tibial plateau as observed on the
radiograph (points A and B) were subsequently defined. The slope angle was
calculated as the enclosed angle between the line passing through these two
points and the line perpendicular to the sagittal plane longitudinal axis

18
.

Statistical Methods
The relative three-dimensional translations and rotations between the fe-
mur and the tibia were calculated over the duration of each trial

20,32
. An-

terior tibial displacement data were then low-pass filtered with a cubic
smoothing spline with a 50-Hz cutoff frequency

33
and were double dif-

ferentiated to provide accelerations. From these data, the peak anterior
tibial acceleration over the first 200 ms after impact was recorded. The peak
relative anteromedial bundle strain was similarly determined for each trial
over this same time period. To assess tibial slope measurement reliability,
three researchers initially quantified slope angles in each specimen on three
consecutive days. Intraclass correlation coefficients were subsequently
quantified within a two-way mixed model. Intraclass correlation coefficients
values were classified as poor (<0.4), fair to good (0.4 to 0.74), or excellent
(‡0.75)

34
. Intraclass correlation coefficients that were calculated for intra-rater

and inter-rater agreement regarding tibial slope measures were >0.914, sug-
gesting that they could be submitted to statistical treatment with confidence.
Posterior tibial slope values were thus averaged across the three measurements
obtained for each specimen and were submitted to the analyses. To test the
primary research hypothesis, individual regression analyses were first con-
ducted to examine potential associations between both peak anterior tibial
acceleration and posterior tibial slope and resultant peak anteromedial bundle
strain. Based on the outcomes of these preliminary analyses, a multiple lin-
ear stepwise regression model was adopted to examine the extent to which
specimen-based peak anteromedial bundle strain measures were predicted by
posterior tibial slope, peak tibial acceleration, and the interaction between these

Fig. 2

Lateral radiograph illustrating the method used to calculate the posterior

slope angle of the tibial plateau. A line passing through the midpoints of

two lines connecting the anterior and posterior cortices of the tibial shaft,

located approximately 4 cm apart, defined the sagittal plane longitudinal

axis of the tibia. The peak anterior (A) and posterior (B) points on the medial

tibial plateau were then identified, with the slope angle defined as the

enclosed angle between the line joining points A and B and the line per-

pendicular to the longitudinal axis.
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terms. Significance levels for inclusion and exclusion within this model were
set at p < 0.05 and p < 0.1, respectively. To test our secondary hypothesis, the
relative timings of specimen-based peak anteromedial bundle strain and peak
anterior tibial acceleration were also submitted to a simple linear regression
model. Regression coefficients for all treatments were regarded as significant at
p < 0.05. All analyses were performed with use of SPSS software version 17.0
(SPSS, Chicago, Illinois).

Source of Funding
This study was funded, in part, through the National Institutes of Health
(AR054821-01). This funding was used to assist in specimen procurement,
building the impact-loading device, purchasing equipment/materials used in
the cadaveric testing, and the funding of graduate students working on this
project.

Results

Following testing, each joint was visually examined for
damage. No gross morphologic changes were found in the

ACL of any specimen, with each ligament remaining func-
tionally intact. The mean peak impact force (and standard
deviation) applied to the distal part of the tibia was 1297.9 ±
210.6 N (range, 1002.5 to 1783.1 N), occurring 50.6 ± 2.8 ms
(range, 46 to 56 ms) following impact. Time-series data de-
picting impact-induced anterior tibial acceleration and asso-
ciated anteromedial bundle strain measurements over the first
200 ms of the impact phase are presented for a random sample
of four specimens in Figure 3. The mean duration of the
anterior tibial acceleration pulse was 37.2 ± 6.0 ms. Definitive
peaks were evident in both anterior tibial accelerations (mean,
8.31 ± 2.77 m/s-2; range, 5.19 m/s-2 to 14.45 m/s-2) and an-
teromedial bundle strain magnitudes (mean, 3.35% ± 1.71%;
range, 1.15% to 6.67%) for all specimens, occurring at a mean
of 66 ± 7 ms (range, 51 to 76 ms) and 66 ± 4 ms (range, 60 to
73 ms) after impact, respectively (Fig. 3) (see Appendix). The

mean posterior tibial slope across specimens was 7.6� ± 2.1�
(range, 4.7� to 10.5�).

In testing the primary hypothesis, peak anteromedial
bundle strain was significantly correlated (r = 0.79; p = 0.004)
with peak anterior tibial acceleration (Fig. 4, A), explaining
62% of the associated variance (b = 0.791). Specifically, for
every 1-m/s-2 increase in peak anterior tibial acceleration,
the anteromedial bundle will experience a 0.4% greater peak
relative strain. Peak impact-induced anterior tibial acceler-
ation was also significantly correlated (r = 0.75; p = 0.004)
with posterior tibial slope (Fig. 4, B), which explained 56%
of the variance (b = 0.786). Here, for every 1� increase in
tibial slope, the peak anterior tibial acceleration increased by
1.11 m/s-2.

In testing the secondary hypothesis, the timing of the
peak anterior tibial acceleration was significantly correlated
(r = 0.82; p = 0.001) with the timing of peak anteromedial
bundle strain (Fig. 4, D), explaining 67% of the variance
(b = 0.818).

Peak relative anteromedial bundle strain was also sig-
nificantly correlated (r = 0.76; p = 0.007) with posterior tibial
slope (Fig. 4, C), explaining 58% of the variance (b = 0.759).
For every 1� increase in posterior tibial slope, the anterome-
dial bundle experienced 0.6% greater peak relative strain. In-
cluding both peak anterior tibial acceleration and posterior
tibial slope within the full stepwise linear regression model
did not significantly improve peak relative anteromedial bun-
dle strain predictions (p = 0.304). Specifically, the posterior
tibial slope term only explained an additional 4.9% of the
variance observed in peak relative anteromedial bundle strain
beyond that explained by peak anterior tibial acceleration
alone.

Fig. 3

Line plots showing impact-induced anterior tibial acceleration and associated anteromedial bundle (AMB) strain measurements over the first 200 ms of the

impact phase for a random sample of four specimens.
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Discussion

To our knowledge, this is the first study to demonstrate sig-
nificant associations between impact-induced anterior tibial

acceleration, posterior tibial slope, and anteromedial bundle-
ACL strain for dynamic high-impact jump landings. Under-
standing the relationships between knee morphology and
resultant mechanics during such tasks is ultimately critical to
improved neuromuscular-based ACL injury prevention methods.
We did not induce ACL injury in any trial, and a future study may
examine the relationships between peak anterior tibial accel-
eration, tibial slope, and ACL rupture.

A relatively large anterior tibial acceleration peak was
evident in all specimens soon after impact, coinciding directly
with peaks in the anteromedial bundle strain response. Fur-
thermore, increases in the magnitude of the acceleration peak
predicted similar increases in anteromedial bundle strain. It has
been well documented that the ACL is the primary passive
restraint to anterior tibial translations and loads35,36. Accelera-
tion transients at the proximal part of the tibia during abrupt
deceleration tasks have similarly been shown to generate tibio-
femoral shear forces that load the passive knee structures37,38. A
feasible explanation for our observed relationship is obtained
when one considers Newton’s second law of motion (F = ma).
Greater anterior tibial acceleration will result in greater force
being placed on the ACL. This increased force will in turn

increase the relative strain experienced within the ligament,
which attempts to restrain the accelerating tibia. Using the
same impact loading apparatus, Withrow et al.24 demonstrated
that anteromedial bundle strain also correlates well with the
knee flexion moment, flexion angle, and quadriceps force. Our
study extends their initial findings by showing that these pa-
rameters may affect anteromedial bundle strain via their con-
tributions to the large transient tibial acceleration pulse, lasting
>35 ms in duration and peaking at 65 ms after landing impact,
coinciding almost exactly with the instant of peak anteromedial
bundle strain.

The fact that our peak strain magnitudes were consistent
with those measured during movements eliciting substantially
smaller knee joint accelerations39,40 may initially seem coun-
terintuitive. Considering that strain was measured ‘‘locally’’ in
each instance, outcome comparisons may be compromised
because of the sensitivity of the strain response to placement of
the differential variable reluctance transducer along the liga-
ment tissue. The extent to which the strain behavior of the
anteromedial bundle varies along the length of this structure
remains unknown and appears to be worthy of further explo-
ration. It should be noted, however, that our peak strain mea-
surements were extremely consistent with those measured
previously in vivo for similar high-impact landing scenarios41.
We are confident that our observed strain outcomes and resultant

Fig. 4

Regression plots showing associations between mean subject-based peak impact-induced anterior tibial acceleration and peak relative anteromedial

bundle (AMB) strain (A), posterior tibial slope angle and impact-induced anterior tibial acceleration (B), posterior tibial slope angle and peak relative

anteromedial bundle strain (C), and the respective timings of peak impact-induced anterior tibial acceleration and peak relative anteromedial bundle

strain (D).
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anatomical-mechanical relations are correct. Regardless, the
above inconsistencies strongly suggest that greater insight into
how the complex interactions between knee joint and ACL
geometric, structural, and mechanical factors dictate the ACL
strain response under dynamic loading is warranted.

Impact-induced peak tibial acceleration magnitudes
varied over a wide range across specimens. With both impact
load and pre-impact muscle forces being constant, between-
specimen variations in acceleration and strain profiles must
have been dictated by additional joint-related factors. On the
basis of previously demonstrated links to ACL injury risk21,22,
we had initially posited posterior tibial slope to be one such
factor. It has been suggested that the posterior tibial slope in-
duces potentially hazardous ACL loads during landing tasks by
producing a larger anterior tibial translation and/or thrust23.
Explicit relationships between tibial slope, knee kinematics,
and ACL load had only been quantified under clinically rele-
vant joint-loading conditions (e.g., the anterior drawer test and
Lachman test)18,42,43. Furthermore, the tibial translation and
ACL strain profile observed in these instances was not affected
by slope under constrained anterior-posterior load applica-
tions. Our results suggest that, at least for high-impact landings
under the same external load constraints, tibial acceleration
and resultant ACL strain are sensitive to the posterior tibial
slope. A larger-than-normal slope orients the ACL more in an
anterior-posterior direction44 and shifts the tibiofemoral con-
tact point anteriorly43. This latter adjustment is posited to in-
crease the anterior tibial shear load component of the tibial
compressive force when transitioning from non-weight-bearing
to weight-bearing18,45, causing greater ACL loads46. A similar chain
of events may prevail during high-impact landing scenarios,
in which high-rate compressive joint loading transfers to an
equally high anterior tibial shear load rate, culminating in a
greater anterior tibial acceleration pulse and ACL strain. These
relationships may precipitate even greater tibial accelerations
and ACL strains for an individual exhibiting the ‘‘provocative’’
landing postures, during which the effect of tibial slope may
be even greater23. Others have shown that, at least for clinical
load states, the posterior tibial slope transfers a component
of axial compressive tibial loading into anterior tibial trans-
lation and ACL strain43. Additional work is necessary to de-
termine whether tibial slope contributions to high-impact
three-dimensional knee joint loading similarly extrapolate to
cause actual ACL injury.

We defined tibial slope as the angle of the medial tibial
plateau, measured indirectly on a standard lateral knee radio-
graph31,47. These measurements were also significantly corre-
lated (R2 = 0.97; p = 0.00001) with slope measurements made
directly on each specimen on the basis of recently published
methods48. This establishment of relationships between slope
and both acceleration and strain with use of this simple indirect
radiographic technique supports its en masse screening po-
tential. However, Hashemi et al.20 recently demonstrated that
links between posterior tibial slope and ACL injury may be
more complex, with the medial tibial slope magnitude and its
depth of concavity presenting with additional risk. Delineation

of these different slopes, including cartilage contributions to
slope variations49,50, is not possible on radiographs, so three-
dimensional computed tomography or magnetic resonance im-
aging may be necessary18,20,51.

Compressive joint loads (approximately two times body
weight) during the impact simulations were less than those of
landings in which ACL injury is common20,29,52,53. As noted,
however, associations between posterior tibial slope, tibial ac-
celeration, and ACL strain appear to be governed by standard
mechanical principles. Hence, larger ACL strains in the pres-
ence of larger impact loads are likely. A larger impact load for
a knee with an increased posterior tibial slope will similarly
induce a larger anterior shear component of the tibial com-
pressive force, tibial acceleration, and ACL strain. This rela-
tionship between impact load, tibial acceleration, and ACL
strain profiles also may explain why a larger BMI prospectively
predicts ACL injury risk13. We also examined relationships
between slope, kinematics, and ACL strain within the sagittal
plane only. While it has been suggested that ACL injury is
possible via a purely sagittal plane loading mechanism29,54, it is
increasingly speculated that a more complex three-dimensional
scenario prevails55. Hence, the tibial slope-acceleration mech-
anism could contribute to injury risk without being the only
critical factor.

Our study supports the concept that the posterior tibial
slope is an important risk factor for ACL injury20,23,56. In par-
ticular, a steeper slope increases the propensity for potentially
traumatic impact-induced anterior tibial accelerations and
resultant ACL strains. A simulation of actual injury scenarios
within our cadaveric model would provide important addi-
tional insights here, and we will take such steps in our future
work. Current outcomes may also provide immediate im-
provements to large-scale ACL injury risk assessment methods.
In addition to possible radiologic assessments, ongoing ad-
vances in body-worn sensor technologies57,58 with integrated
accelerometry may ultimately afford improved risk screening
based on safe, noninvasive segment acceleration measures. The
success of targeted training interventions similarly may be eval-
uated by determining whether large impact-induced tibial ac-
celerations can be consistently reduced for a variety of landing
scenarios in which ACL injuries are common.

The present study had several limitations. The radio-
graphs did not allow for the measurement of the tibial plateau
depth of concavity, a known predictor of ACL injury27. Another
potential limitation relates to the reliability of our tibial slope
measurement method. Several measurement methods have
been proposed20,59, and it is unclear whether the associations
between slope, acceleration, and strain would exist if other
methods were used. With slope definitions appearing reason-
ably correlated, however59,60, similar outcomes seem likely. The
high reliability that we observed for these measurements also
adds strength to their efficacy. While slope measurements were
reliable, study outcomes may have been compromised if these
and anteromedial bundle strain measurements were inaccu-
rate, considering the relatively small between-specimen varia-
tions in each of these parameters. We measured both slope and
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strain data with use of well-established techniques, although
there are few data available regarding their true accuracies.
Considering the strengths of association observed between slope,
tibial acceleration, and anteromedial bundle strain measure-
ments, we believe that our findings make an important contri-
bution to the understanding of knee morphologic-mechanical
interactions.

Another limitation, common in this type of testing, was
the inability to quantify the true anteromedial bundle resting
length with the specimen positioned within the loading frame61,62.
We defined length changes in terms of relative anteromedial
bundle strain, with use of the length of the differential variable
reluctance transducer for the static muscle pre-load state as the
reference value24. In addition, only local ACL-anteromedial
bundle strain was recorded; attaching even a miniature gauge
on the posterolateral bundle of the ACL risks compromising
the posterior joint capsule63 or incurring measurement arti-
fact24. However, the strain behavior of the ACL-anteromedial
bundle does provide a reasonable representation of the entire
ligament strain response39,64. The recent work by Mizuno et al.19

and Kanamori et al.65 supports this contention, with general
agreement between local anteromedial bundle strain and ACL
in situ loads observed under clinical load applications. A final
limitation is the extent to which data obtained from aged ca-
daveric specimens can be used to infer ACL injury causality in a
young, healthy population. Although advancing age is known
to impact knee joint and ACL tissue properties66, we would ex-
pect results in younger specimens to exhibit similar qualitative
trends with different absolute values.

In conclusion, impact-induced ACL strain is directly
proportional to anterior tibial acceleration, with both of these
factors also being dependent on the posterior slope of the tibial
plateau.

Appendix
A table showing specimen-based peak impact-induced
anterior tibial acceleration magnitudes and associated peak

relative anteromedial bundle strain measures quantified during
simulated single leg landings is available with the online version
of this article at jbjs.org. n
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