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The purpose of this study was to measure in vivo attachment site to attachment site lengths and strains of
the anterior cruciate ligament (ACL) and its bundles throughout a full cycle of treadmill gait. To obtain
these measurements, models of the femur, tibia, and associated ACL attachment sites were created from
magnetic resonance (MR) images in 10 healthy subjects. ACL attachment sites were subdivided into
anteromedial (AM) and posterolateral (PL) bundles. High-speed biplanar radiographs were obtained as
subjects ambulated at 1 m/s. The bone models were registered to the radiographs, thereby reproducing
the in vivo positions of the bones and ACL attachment sites throughout gait. The lengths of the ACL
and both bundles were estimated as straight line distances between attachment sites for each knee
position. Increased attachment to attachment ACL length and strain were observed during
midstance (length=28.5+2.6 mm, strain=5+4%, mean*standard deviation), and heel strike
(length =30.5 £ 3.0 mm, strain=12+5%) when the knee was positioned at low flexion angles.
Significant inverse correlations were observed between mean attachment to attachment ACL lengths
and flexion (rho = —0.87, p < 0.001), as well as both bundle lengths and flexion (rho = —0.86, p < 0.001
and rho = —-0.82, p <0.001, respectively). AM and PL bundle attachment to attachment lengths were
highly correlated throughout treadmill gait (rho = 0.90, p < 0.001). These data can provide valuable infor-
mation to inform design criteria for ACL grafts used in reconstructive surgery, and may be useful in the
design of rehabilitation and injury prevention protocols.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

There is presently very limited in vivo data to describe how the
anterior cruciate ligament (ACL) functions throughout the gait
cycle, which is a common activity of daily living (Taylor et al.,
2013; Wu et al,, 2010). Improved understanding of how the ACL
functions to stabilize the knee joint during gait may help to inform
design criteria for grafts used in ACL reconstruction (Beynnon and
Fleming, 1998). Furthermore, such information may be useful in
the design of rehabilitation (Fleming et al., 2001; Heijne et al.,
2004) and injury prevention protocols (Shin et al., 2011), as well
as in the validation of mathematical models of ACL function
(Shelburne et al., 2004; Weinhandl et al., 2016).
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To investigate ACL function in vivo, three-dimensional (3D)
models of the femur, tibia, and associated ACL attachment sites,
derived from magnetic resonance (MR) images, can be registered
to biplanar radiographs in order to reproduce the positions of the
bones at the time of radiographic imaging (Englander et al., 2018,
2019; Li et al., 2004; Taylor et al.,, 2011, 2013; Utturkar et al.,
2013). ACL lengths are then estimated for each knee position by
measuring the distances between the centers of the tibial and
femoral attachment sites (Li et al., 2005). Furthermore, the attach-
ment to attachment lengths of the anteromedial (AM) and postero-
lateral (PL) bundles of the ACL can be investigated similarly by
subdividing the attachment sites (Englander et al., 2019; Jordan
et al., 2007; Li et al., 2004; Petersen and Zantop, 2007; Utturkar
et al,, 2013).

These techniques have been used in several studies to estimate
in vivo ACL lengths for static or quasi-static knee postures (Li et al.,
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2004; Utturkar et al., 2013) and during the stance phase of gait
(Wu et al., 2010). ACL lengths during dynamic activities have been
estimated by integrating 3D models and static biplanar radio-
graphs with kinematic data obtained using optical marker-based
motion capture (Taylor et al., 2013; Taylor et al., 2011). More
recently, a technique has been developed to achieve automatic reg-
istration of MR-based bone models to high-speed biplanar radio-
graphs (Englander et al., 2018, 2019). This technique (Englander
et al., 2018) is particularly advantageous in measuring dynamic
changes in ACL length with high precision in that it removes the
potential for error that may be introduced by the movement of
markers on the skin relative to the underlying bone (Taylor et al.,
2013) while maintaining a high temporal resolution.

The present study builds on these principles to measure the
attachment site to attachment site lengths of the ACL and its AM
and PL bundles during an entire cycle of treadmill gait. Based on
prior literature (Taylor et al., 2013), we hypothesized that attach-
ment site to attachment site ACL length and strain (defined as
the changes in ACL length normalized to its length at the time of
MR imaging) would be influenced by knee flexion angle through-
out the gait cycle. We also hypothesized that AM and PL bundle
attachment site to attachment site lengths would show a similar
relationship to flexion angle as the overall ACL length (Wu et al,,
2010).

2. Materials and methods

Ten healthy subjects (3 female and 7 male, body mass index
(BMI): 24.3 +2.0kg/m? age: 28.6 +3.4years, mean * standard
deviation) with no previous history of lower extremity injury or
surgery prior to testing were evaluated using an IRB approved pro-
tocol. All subjects provided written informed consent. The right
knee of each subject was imaged using a 3T magnetic resonance
imaging (MRI) scanner (Trio Tim, Siemens Medical Solutions
USA). Sagittal, coronal, and axial images were acquired from the
subjects while lying supine, using a high resolution double-echo
steady-state sequence (DESS) and an eight-channel knee coil (res-
olution: 0.3x0.3x1 mm; flip angle: 25°, repetition time: 17 ms,
echo time: 6 ms). Outlines of the femur and tibia, as well as the
outer margins of the ACL attachment sites on the femur and tibia
were segmented manually using solid-modeling software in all
three planes (Rhinoceros 4.0, Robert McNeel and Associates)
(Fig. 1). These outlines were compiled into 3D models of the joint
(Geomagic Studio, 3D Systems) (Abebe et al., 2009; Collins et al.,
2018; Kim et al., 2015; Li et al, 2005; Owusu-Akyaw et al.,
2018). The positions and shapes of the ligament attachment sites
were confirmed in the three orthogonal imaging planes. Prior val-
idation studies have demonstrated that this approach can locate
the center of the ACL footprint with an accuracy of 0.3 + 0.2 mm
(mean + standard deviation) (Abebe et al., 2009; Taylor et al.,
2013).

Additionally, the attachment sites of the ACL on the femur and
tibia were divided into anteromedial (AM) and posterolateral (PL),
bundles as described previously (Jordan et al., 2007; Utturkar et al.,
2013) (Fig. 2). Specifically, we estimated the AM and PL bundle
subdivisions by dividing the overall ACL attachment site footprints
such that half of the footprint surface area was contained in the
anterior and medial aspect of the attachment site and half was con-
tained within the posterior and lateral aspect of the attachment
site.

Following the MR image acquisition, the subjects were imaged
using a high-speed biplanar radiography system consisting of
two x-ray generators (EMD technologies), two x-ray tubes (G296,
Varian), and two image intensifiers (41 cm diameter, TH 9447
QX, Thales), which were coupled to two high-speed cameras

(Phantom v9.1, Vision Research). Each radiograph had a matrix size
of 1152 x 1152 pixels?. First, the positions of the sources and
intensifiers were adjusted in order to ensure that the full gait cycle
could be captured within the field-of-view without interference
from the contralateral leg. Next, calibration images were acquired
in order to map the geometry of the biplanar radiography system
set up, as described previously (Englander et al., 2018). A calibra-
tion plate consisting of 4500 regularly spaced stainless steel beads
was imaged on each intensifier. These images were used to correct
for the inherent distortion in the radiographs (Reimann and Flynn,
1992) in post-processing, as previously described (Englander et al.,
2018).

Subjects ambulated at a speed of 1 m/s on an instrumented dual
belt treadmill (Bertec) that was used to record the ground reaction
force at a sampling rate of 1200 Hz. High-speed biplanar radio-
graphs were obtained at a frame rate of 120 Hz as the subject
walked. Approximately two seconds of radiographic data were col-
lected for each trial. The data was then visually inspected. The trial
was considered valid unless either the tibia or femur extended
completely outside of the field-of-view of the imaging system
(Englander et al., 2018). A second trial was recorded only if needed,
in order to minimize radiation exposure to the participant. Each
study used a radiographic protocol not exceeding 110 kVp/200 maA.
The pulse width of each exposure was 1.5 ms. The radiation effec-
tive dose (a weighted average of absorbed doses to bone surfaces,
skin and soft tissues) was calculated by Duke Radiation Safety from
the total skin entrance exposure and energy absorption by the tis-
sues to assess radiation risk to subjects. The total effective dose
was found to be less than 0.14 mSv per participant, which is com-
parable to the effective dose from fluoroscopy-guided clinical hip
procedures (about 0.3 mSv) and is considerably less than the
annual natural background radiation in the US (2.4-3.1 mSv)
(Budd et al., 2012; Mettler Jr et al., 2009; NCRP, 2010).

Following data collection, the 3D bone models, the calibration
images, and biplanar radiographs were imported into custom reg-
istration software (Englander et al., 2018). Subsequently, the soft-
ware was employed to move each bone separately within 6
degrees of freedom until its projections onto the two imaging
planes from the perspective of the radiographic sources matched
the outlines of bones as seen in the radiographs (Fig. 3). Previous
validation of this technique has been shown to have a precision
of approximately 70 um in measuring the relative distances
between two matched bones (Englander et al., 2018).

After reproducing the in vivo positions of the bones during the
full gait cycle (Fig. 4), the attachment site to attachment site
lengths of the ACL and its bundles, as well as knee flexion angles,
were measured from the 3D models of the joint (Englander et al.,
2019; Utturkar et al., 2013). Flexion angle was defined as the angle
between the long axes of the femur and tibia about the femoral
transepicondylar axis. ACL length was defined as the distance
between the centers of the femoral and tibial attachment sites (Li
et al., 2005). Similarly, the lengths of the AM and PL bundles were
defined as the distances between the centers of their attachment
sites subdivisions. Since it is difficult to measure the slack-taut
transition of a ligament in living subjects (Fleming and Beynnon,
2004), attachment site to attachment site ACL strain was defined
at local maxima as the change in ACL length normalized to its
length in a non-weight bearing state during MR imaging (Taylor
et al., 2011).

Heel strikes were determined from the vertical component of
the ground reaction force. Specifically, the heel strikes (designated
as 0 and 100% of gait) were defined as the first data point where
force registered on the force plate after the swing phase of gait.
All measurements were interpolated from the data to represent
values of each variable as a function of % gait cycle in 2% incre-
ments. This normalization procedure was performed in order to
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Fig. 1. The outer contours of the femur and tibia were outlined in double echo steady state (DESS) magnetic resonance (MR) images in the (A) sagittal plane (B) coronal plane
and axial plane (not shown). (B) ACL attachment sites were outlined in the coronal plane (shown in red). These contours were compiled into wireframe models (C, D) and
converted into 3D surface models of the femur and tibia and associated ACL attachment sites. (E) The coronal model was registered to the sagittal model to generate a surface
model with an appropriately positioned ACL attachment site (shown in red). ACL attachment site locations were confirmed in all three planes. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.) Figured adapted from Englander et al., 2019a.

allow for the comparison of data across subjects (Englander et al.,
2018).

Data analyses were performed using Matlab (version R2016B,
Mathworks). Alpha was set at 0.05 for all statistical tests. A
Spearman-rho rank correlation was performed to test for a rela-
tionship between mean (across subjects at each percent gait cycle)
attachment site to attachment site ACL length and mean flexion
angle throughout the gait cycle. Furthermore, the relationships
between mean AM and PL bundle attachment site to attachment
site lengths and mean flexion angle, as well as mean AM and mean
PL bundle lengths were quantified similarly.

In a subset of 3 subjects, a sensitivity analysis was performed to
assess the influence of variations in the locations of the centers of
the attachment sites on the patterns of attachment site to attach-
ment site ACL length. Specifically, in each of the 3 subjects, the
locations of the femoral and tibial attachment site centers were
varied 20 times within a 5 mm radius of the original attachment

site centers, and the distances between these points were mea-
sured throughout gait. Spearman-rho correlations were used to
assess the relationships throughout gait between the length mea-
sured from the varied attachment site centers and the length mea-
sured from the original ACL attachment site centers. A similar
sensitivity analysis was performed for both the AM and PL bundle
attachment site centers. Spearman-rho correlations were again
used to assess the relationships between distances measured
between the varied AM and PL attachment site centers and dis-
tances measured between the original AM and PL attachment site
centers throughout gait.

3. Results

The average attachment site to attachment site length of the
ACL measured at the time of MR imaging was 27.3 +3.5 mm
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Fig. 2. Example of estimated subdivisions of the ACL attachment sites into its
anteromedial and posterolateral bundles.

(mean * standard deviation). The average knee flexion angle at the
time of MR imaging was 8 + 2°. The average attachment site to
attachment site lengths of the AM and PL bundles at the time of
MR imaging were 29.4 + 3.8 mm and 25.0 + 2.1 mm, respectively.
The means and standard deviations of flexion angle and attach-
ment site to attachment site ACL length as a function of the
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Fig. 3. Each bone was moved separately within 6 degrees of freedom until its
projections onto the two imaging planes from the perspective of the radiographic
sources matched the bones as seen in the radiographs. Previous validation of this
technique has demonstrated a precision of approximately 70 pm in measuring the
relative distances between two matched bones.

percentage of the gait cycle are plotted in Fig. 5. Local maxima in
attachment site to attachment site ACL length and strain were
observed during midstance (length = 28.5 + 2.6 mm, strain = 5 + 4%,
mean * standard deviation) and heel strike (length=30.5%
3.0 mm, strain =12 + 5%) when the knee was positioned at low
flexion angles (—2 + 8° and —4 + 10°, respectively).

Furthermore, a significant inverse relationship between attach-
ment site to attachment site ACL length and flexion angle
(rho=-0.87, p <0.001) was observed, such that the mean attach-
ment site to attachment site ACL length generally increased with
knee extension throughout gait (Fig. 6). Similarly, both AM and
PL bundle attachment site to attachment site lengths were signifi-
cantly inversely correlated with flexion angle (rho=-0.86,
p<0.001 and rho=-0.82, p<0.001) (Fig. 6). AM and PL bundle

: | SWINGPHASE | || STANCE PHASE
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TIME

Fig. 4. The in vivo positions of the bones were reproduced during the gait cycle (example of a single subject). Using the ground reaction forces (GRF), heel strike (designed as 0
and 100% of the gait cycle) was identified and the data was normalized to between 0 and 100% of the gait cycle in increments of 2% to enable comparison across subjects.
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Fig. 5. Flexion angle and attachment site to attachment site ACL length are shown
as a function of % gait cycle. Local maxima in attachment site to attachment site ACL
length and strain were observed during midstance (length=28.5+2.6 mm,
strain=5*4%, meanzstandard deviation), and during heel strike
(length = 30.5 £ 3.0 mm, strain =12 +5%) when the knee was positioned at low
flexion angles (—2 + 8° and —4 + 10°, respectively). Attachment site to attachment
site ACL strain is defined as the change in length of the ACL in each knee position
during gait, normalized to the length of the ACL in its minimally loaded state during
MR imaging.
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Fig. 7. AM and PL bundle attachment site to attachment site lengths were highly
correlated with each other throughout gait (rho = 0.90, p < 0.001).

lengths were highly correlated with each other (rho=0.90,
p <0.001) (Fig. 7).

In the sensitivity analysis, we found that the patterns of attach-
ment site to attachment site ACL and bundle lengths during gait
were robust to changes in the locations of the attachment sites.
Specifically, the mean Spearman-rho rank correlation coefficient
across subjects reflecting the relationship between the original
ACL length and the varied attachment site ACL lengths was
rho = 0.98 £ 0.01 (mean * standard deviation across subjects). Fur-
thermore, the relationship between the original AM and PL bundle
lengths and the varied attachment site lengths were
rho=0.88 +0.06 and rho=0.90+0.06. All of these correlations
were statistically significant with p < 0.05.

4. Discussion

The present study integrated 3D models of the knee joint cre-
ated from MR images with high-speed biplanar radiographs
(Englander et al., 2018, 2019) to measure in vivo attachment site
to attachment site ACL lengths and strains during a full cycle of
treadmill gait. Local maxima in attachment site to attachment site
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Fig. 6. Spearman’s rho correlation demonstrated a significant inverse correlation between attachment site to attachment site ACL length and flexion angle (rho = —0.87,
p < 0.001), such that mean attachment site to attachment site ACL length generally decreased with increasing mean knee flexion throughout gait. Furthermore, both AM and
PL bundles attachment site to attachment site lengths were significantly inversely correlated with flexion angle (rho = —0.86, p < 0.001 and rho = —0.82, p < 0.001).



6 Z.A. Englander et al./Journal of Biomechanics 98 (2020) 109443

ACL length and strain were observed during midstance and at heel
strike, when the knee was positioned near extension. Furthermore,
this study identified a statistically significant inverse relationship
between knee flexion angle and attachment site to attachment site
ACL length, such that length generally increased with knee exten-
sion (Fig. 6). This relationship held for the overall attachment site
to attachment site ACL lengths, as well as the attachment site to
attachment site AM and PL bundle lengths. Furthermore, AM and
PL bundle lengths were highly correlated with each other through-
out gait (Fig. 7). This study is significant in that here we report
in vivo attachment site to attachment site lengths of the ACL and
its bundles throughout an entire cycle of treadmill gait.

The findings of this study are in line with the present literature
regarding in vivo ACL function during gait (Englander et al., 2018;
Taylor et al., 2013; Wu et al., 2010). Specifically, Wu et al. (2010)
measured ACL length during the stance phase and also demon-
strated peaks in both AM and PL bundle lengths associated with
midstance and heel strike, similar to the data presented here. Addi-
tionally, Taylor et al. (2013) utilized marker-based motion capture,
MR imaging, and static biplanar radiography to measure ACL
length throughout the gait cycle. Also in consilience with the pre-
sent study, this study identified two peaks in attachment site to
attachment site ACL length, the first during midstance and the sec-
ond associated with heel strike. Importantly, the studies by Wu
et al. (2010) and Taylor et al. (2013) were further in agreement
with the data presented here in that that they identified a strong
inverse correlation between knee flexion angle and ACL length,
with peaks in ACL length and strain occurring when the knee
was positioned in low flexion angles. Additionally, the present
study complements this prior literature in that the direct registra-
tion of the bone models to high-speed biplanar radiographs elimi-
nates potential for error associated with the kinematic markers
moving relative to the underlying bone that may occur using
motion capture techniques (Taylor et al., 2013). Furthermore, this
study provides estimates of attachment site to attachment site
ACL length throughout the gait cycle at a high temporal resolution.

The finding that attachment site to attachment site ACL length
is inversely related to knee flexion angle is in agreement with pre-
vious in vivo studies that have used arthroscopically implanted
strain gauges (Beynnon and Fleming, 1998; Cerulli et al., 2003;
Fleming et al., 2001) and imaging techniques (Englander et al.,
2019c; Taylor et al.,, 2013; Taylor et al., 2011; Utturkar et al,,
2013) to show that ACL length increases with knee extension for
various knee postures or motions. While joint loading during gait
involves complex dynamic three dimensional loading conditions,
including joint compression (Marouane et al., 2014; Marouane
et al,, 2015; Meyer and Haut, 2005, 2008; Shelburne et al., 2004;
Torzilli et al., 1994), a potential mechanism of ACL loading with
knee extension involves quadriceps activation. Specifically,
in vivo imaging studies have indicated that the patellar tendon is
oriented such that quadriceps activation generates an anteriorly
directed shear force on the tibia when the knee is positioned at a
low flexion angle (DeFrate et al., 2007; Englander et al., 2019c;
Nunley et al., 2003). As a primary function of the ACL is to resist
anterior tibial translation (Butler et al., 1980), increased quadriceps
activation acting via the patellar tendon when the knee is extended
may result in increased anterior tibial shear and loading of the ACL.
In line with this hypothesis, a number of cadaver studies have
demonstrated increased ACL strain with simulated quadriceps con-
traction (Arms et al., 1984; Berns et al., 1992; Diirselen et al., 1995;
Markolf et al., 1990), in particular with the knee positioned at a low
flexion angle (DeMorat et al., 2004; Draganich and Vahey, 1990;
Mesfar and Shirazi-Adl, 2005). This hypothesis is also in agreement
with in vivo studies that have directly measured ACL strain during
isometric quadriceps contraction using strain transducers
(Beynnon and Fleming, 1998). Furthermore, with regard to the

increased attachment site to attachment site ACL length observed
during heel strike and midstance, electromyography studies have
indicated that the quadriceps fire prior to heel strike and continue
to be activated at the beginning of the stance phase during weight
acceptance (Huber et al., 2011; Shelburne et al., 2004).

In this study, the overall attachment site to attachment site
length of the ACL and its bundles are each represented by the
straight line distance between attachment site footprints. How-
ever, the ACL is a complex structure comprised of many fibers,
(Arnoczky, 1983; Hara et al., 2009; Nawabi et al., 2016; Odensten
and Gillquist, 1985; Petersen and Zantop, 2007; Skelley et al.,
2017) and thus these straight line distance measurements repre-
sent approximations of ACL length. Importantly, studies have
noted that selection of the ACL attachment sites may affect the
estimates of ligament length during the flexion path (Hefzy and
Grood, 1986; Li et al., 2004). To address this concern, we performed
a sensitivity analysis to assess the dependence of the attachment
site to attachment site ACL length measurements on the locations
of the attachment sites. The strong correlations observed in these
analyses suggest that variability in the locations of the attachment
sites would not affect our overall conclusions regarding attach-
ment site to attachment site ACL length patterns during gait. This
sensitivity analysis is in agreement with a similar analysis per-
formed by Li et al. (2004), which determined that a 5 mm variation
in the location of the attachment site footprints had minimal effect
on the observed relationship between ACL length and flexion angle
during a quasi-static lunge. Thus, these results suggest that strains
and lengths may be maximized during the same portions of the
gait cycle even with variability in how the attachment sites are
defined.

With regard to ACL bundle function, some cadaver studies have
suggested that the AM and PL bundles of the ACL behave recipro-
cally, with the posterolateral (PL) bundle being taut at low flexion
angles and the anteromedial (AM) bundle being taut at high flexion
angles (Gabriel et al., 2004; Girgis et al., 1975; Petersen and Zantop,
2007). However, there remains discrepancy in the literature
regarding the subdivisions of the ACL (Petersen and Zantop,
2007; Skelley et al., 2017). Specifically, some cadaveric dissections
have identified two or more distinct bundles (Amis and Dawkins,
1991; Norwood JR and Cross, 1977; Otsubo et al., 2012), while
other studies have described the ACL as a continuum of numerous
bundles (Arnoczky, 1983; Odensten and Gillquist, 1985; Skelley
et al,, 2017). The data in the present study demonstrates that the
inverse correlation between attachment site to attachment site
ACL length and flexion angle holds for both the AM and PL subdi-
visions throughout treadmill gait. These findings are consistent
with previous in vivo studies that have also shown that bundles
of the ACL function in parallel, with both bundles being longer in
extension during weight-bearing knee flexion (Jordan et al.,
2007; Li et al., 2004; Utturkar et al., 2013), dynamic single legged
jumping (Englander et al., 2019), and unloaded knee flexion (Yoo
et al., 2010). These differences in the relationship of the bundle
function may be due to differences in the loading conditions
applied to the joint, as noted by previous investigators (Andersen
and Amis, 1994; Li et al., 2005).

Abnormal gait kinematics can occur as a result of ACL injury
(Andriacchi and Dyrby, 2005; Georgoulis et al., 2003), and may per-
sist after reconstruction (Georgoulis et al., 2007; Tashman et al.,
2007). Interestingly, altered tibial translation and rotation were
measured in ACL deficient patients as the knee extended just prior
to heel strike (Andriacchi and Dyrby, 2005), which is the same per-
iod of the gait cycle where we measured peaks in attachment site
to attachment site ACL length and strain in the present study. Thus,
the findings of the present study may help explain altered gait
kinematics related to ACL deficiency. Furthermore, data
describing how the native ACL functions during gait may inform
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reconstruction techniques that reduce possible gait deficits in the
injured knee (Abebe et al.,, 2011; Andriacchi and Dyrby, 2005;
Berchuck et al., 1990; Gao and Zheng, 2010; Georgoulis et al.,
2003; Tashman et al., 2007) and thus potentially reduce the risk
of cartilage degeneration (Andriacchi and Mundermann, 2006;
Andriacchi et al., 2004; DeFrate, 2017). Additionally, these data
may be useful in the design of rehabilitation (Fleming et al.,
2001; Heijne et al., 2004) and injury prevention protocols (Shin
et al., 2011), as well as in the validation mathematical models of
ACL function (Shelburne et al., 2004; Weinhandl et al., 2016).

It is important to note that in this study attachment site to
attachment site ACL strain was approximated by normalizing
attachment site to attachment site ACL length to a reference length
measured in a non-weight bearing, extended position during MR
imaging. However, in general it is difficult to know precisely the
unloaded reference length of the ACL in vivo since it cannot support
axial compression (Taylor et al., 2013). Although there remains
uncertainty in the unloaded length of the ACL, which may affect
the magnitudes of strain (Fleming et al., 1994), peaks in the esti-
mated and true strains should still occur concurrently. To this
point, we observed similar timing of the peaks of attachment site
to attachment site ACL strain as another in vivo study that mea-
sured ACL strain during gait from our laboratory, which used quiet
standing as the reference position for strain calculations (Taylor
et al., 2013). Furthermore, despite reported differences in over-
ground versus treadmill gait (Alton et al, 1998; Parvataneni
et al.,, 2009), we found a similar timing of peaks in ACL strain
and similar relationships between flexion angle and attachment
site to attachment site ACL length as reported previously by our
laboratory (Taylor et al 2013). Another important consideration
is that these measurements are geometric in nature and do not
directly measure tissue load. However, the techniques used in this
study are advantageous in that they allow for a non-invasive
in vivo estimation of attachment site to attachment site ACL length
and strain under physiologic loading conditions. These measure-
ments may be used in the future to help inform boundary condi-
tions in computational modeling studies of ACL function (Limbert
et al., 2004; Mesfar and Shirazi-Adl, 2005).

In summary, 3D models of the knee joint derived from MR
images were registered to high-speed biplanar radiographs to
reproduce the in vivo positions of the bones and associated ACL
attachment sites. Additionally, the attachment site to attachment
site lengths of the ACL and its AM and PL bundles were measured
throughout a full cycle of treadmill gait. Our main findings were
that local maxima in attachment site to attachment site lengths
of the ACL and its bundles were observed at heel strike and during
midstance when the knee was extended. Furthermore, we demon-
strated that the attachment site to attachment site lengths of the
ACL and its bundles were inversely correlated with knee flexion
throughout the gait cycle. This study provides valuable information
on the function of the ACL and its bundles during treadmill gait.
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