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Abstract

Background—~Previous research indicates that subjects with anterior cruciate ligament
reconstruction exhibit abnormal knee joint movement patterns during functional activities like
walking. While the sagittal plane mechanics have been studied extensively, less is known about
the secondary planes, specifically with regard to more demanding tasks. This study explored the
influence of task complexity on functional joint mechanics in the context of graft-specific
surgeries.

Methods—In 25 participants (10 hamstring tendon graft, 6 patellar tendon graft, 9 matched
controls), three-dimensional joint torques were calculated using a standard inverse dynamics
approach during level walking and stair descent. The stair descent task was separated into two
functionally different sub-tasks—step-to-floor and step-to-step. The differences in external knee
moment profiles were compared between groups; paired differences between the reconstructed
and non-reconstructed knees were also assessed.

Findings—The reconstructed knees, irrespective of graft type, typically exhibited significantly
lower peak knee flexion moments compared to control knees during stair descent, with the
differences more pronounced in the step-to-step task. Frontal plane adduction torque deficits were
graft-specific and limited to the hamstring tendon knees during the step-to-step task. Internal
rotation torque deficits were also primarily limited to the hamstring tendon graft group during stair
descent. Collectively, these results suggest that task complexity was a primary driver of
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differences in joint mechanics between anterior cruciate ligament reconstructed individuals and
controls, and such differences were more pronounced in individuals with hamstring tendon grafts.

Interpretation—The mechanical environment experienced in the cartilage during repetitive,
cyclical tasks such as walking and other activities of daily living has been argued to contribute to
the development of degenerative changes to the joint and ultimately osteoarthritis. Given the task-
specific and graft-specific differences in joint mechanics detected in this study, care should be
taken during the rehabilitation process to mitigate these changes.

Keywords
ACL Reconstruction; Knee; Joint Torques; Motion Analysis; Gait; Stair Descent

1. Introduction

The primary goals of anterior cruciate ligament (ACL) reconstruction are to restore knee
stability, correct abnormal movement patterns, improve patient outcomes, and return athletes
to high-level functional activities (Shelbourne and Rowdon, 1994; Tashman et al., 2007).
While ACL reconstruction is successful in returning athletes to competitive sports with a
high degree of patient satisfaction, the confluence of evidence indicates that full restoration
of normal joint movement patterns during dynamic activities is rarely achieved even years
after surgery (Bush-Joseph et al., 2001; Lewek et al., 2002; Papannagari et al., 2006;
Ristanis et al., 2006; Stergiou et al., 2007; Tashman et al., 2007; Webster and Feller, 2011;
Zabala et al., 2013). Because abnormal movement patterns are a precursor for abnormal
joint contact loading, the resulting altered mechanical environment of the articular cartilage
(Hosseini et al., 2012), specifically during cyclical repetitive tasks of daily living, has been
implicated as a possible explanation for the increased prevalence of early onset degenerative
changes in the ACL-reconstructed population (Andriacchi et al., 2004; Chaudhari et al.,
2008; Koo et al., 2011; Prodromos et al., 1985).

A number of studies have examined movement patterns during dynamic tasks in individuals
with ACL reconstruction. The findings from these studies indicate that subjects often
achieve normal sagittal plane kinematic patterns (Bulgheroni et al., 1997; Knoll et al., 2004),
especially if the quadriceps muscle has regained most of its pre-injury strength
characteristics (Lewek et al., 2002). However, secondary degrees of freedom such as
internal/external rotation and abduction/adduction may not be fully restored following ACL
reconstruction independent of graft type (Butler et al., 2009; Webster and Feller, 2011). The
results of these studies and others also indicate that ACL-reconstructed knees typically
exhibit reduced knee adduction moment in comparison to the non-reconstructed
contralateral knees and uninjured control knees during level ground and incline walking
(Patterson et al., 2014; Varma et al., 2014; Webster et al., 2012; Webster et al., 2011).
Furthermore, the complexity of the task has been shown to magnify kinematic and kinetic
differences between ACL-reconstructed and healthy knees (Tashman et al., 2007). This may
be due in part to the increased magnitude of mechanical loading that the knee must support
during more biomechanically challenging activities (Kutzner et al., 2010; Taylor et al.,
2004). A recent study examining secondary knee moments during stair navigation and
overground gait showed that ACL-reconstructed knees with an Achilles allograft exhibited
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lower peak adduction moments and lower internal rotation moments compared to
contralateral knees (Zabala et al., 2013). While these results are in consensus with evidence
from level ground walking studies (Patterson et al., 2014; VVarma et al., 2014; Webster et al.,
2012; Webster et al., 2011), it remains to be seen if the patterns of differences observed due
to complexity of the task will generalize to differences in joint mechanics when the graft is
extracted from the patient’s autologous tissue (e.g., hamstring tendon or patellar tendon).

While a number of studies have examined dynamic movement patterns in an ACL-
reconstructed population, the majority have considered a pooled population, consisting of
multiple graft types and sources (Butler et al., 2009; Gao et al., 2012; Lewek et al., 2002;
Scanlan et al., 2010; Tashman et al., 2007); relatively few studies have sought to compare
outcomes between subgroups of patients based on graft type. As part of the same research
group, Ristanis et al. (2006) and Chouliaras et al. (2007) separately examined similar
experimental paradigms of stair descent/pivot on populations of individuals with patellar
tendon graft and hamstring tendon graft reconstructions, and anecdotally reported that the
amount of excessive tibial rotation was similar for both groups. Recently, a direct
comparison between populations of patients with patellar tendon and hamstring tendon
autografts found decreased adduction angles during the stance phase of walking in the
hamstring group compared to both patellar tendon and control groups (Webster and Feller,
2011). They also found that both patient groups had decreased internal rotation (3 to 5
degrees) compared to the control group and to the contralateral knee during midstance.
While small in magnitude, such rotational changes represent a substantial percentage of the
overall range of motion in those degrees of freedom and could be indicative of significant
changes to the internal mechanics (e.g. contact stress locations) of the joint (Hosseini et al.,
2012; Tashman et al., 2007). Whether the magnitude of these demonstrated differences in
movement patterns between patient cohorts is amplified during more complex tasks requires
further investigation.

Accordingly, the purpose of this study was to calculate three-dimensional (3D) knee joint
kinematics and kinetics during overground walking and stair descent tasks in two groups of
ACL-reconstructed subjects based on graft type (hamstring tendon and patellar tendon
autografts) as well as healthy control subjects. Our overarching hypothesis was that task
complexity would be the primary driver of differences in the aggregate joint mechanics
between groups. In this context, we argue that complexity is influenced not only by the
biomechanical demand on the ipsilateral leg, but also by the demand placed on the
contralateral leg (Kozanek et al., 2008). To that end, we analyzed the joint mechanics
between tasks with increasing contralateral demand in the form of change in vertical height
—walking, step-to-floor, and step-to-step. Additionally, we sought to explore the
compensatory/adaptive mechanisms of the non-reconstructed knees across the three tasks. In
an attempt to delineate the potential effect of surgery-specific alterations in the
musculoskeletal structure on joint mechanics, both the reconstructed and non-reconstructed
knees were compared to healthy control knees.
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2. Methods
2.1. Subject Population

The subject population consisted of three groups—two ACL reconstructed groups (10
hamstring tendon and 6 patellar tendon autograft; reconstructed and contralateral knees) and
an uninjured control group (n = 9; dominant leg knees) that was matched for age, height,
weight, and activity level (Table 1; detailed demographics are provided in the
Supplementary Material, Table S1). ACL-reconstructed subjects were included if they had
an isolated ACL rupture and a subsequent surgical reconstruction using either a hamstring
tendon (HT) or patellar tendon (PT) autograft at least 6 months and up to 15 months prior to
the study sessions. Subjects were expected to be able to perform daily functional activities
without the use of a knee brace. Subjects were excluded if they were obese (BMI = 30.0),
had a history of significant knee pain prior to the injury and/or at time of testing,
contralateral knee injury/surgery, or prior injury/surgery to the reconstructed knee. Most
ACL-reconstructed subjects were identified and recruited using the Northwestern Medical
Enterprise Data Warehouse (EDW). All experimental procedures were approved by the
Institutional Review Board of Northwestern University and complied with the principles of
the Declaration of Helsinki. Informed consent was obtained from all subjects prior to
participation in the research study.

2.2. Experimental Protocol

All subjects were asked to fill out a series of questionnaires to characterize their current
activity level, the incidence and severity of their anterior knee pain, and their knee health-
related quality of life. The activity level was evaluated using the Tegner Activity Scale
(Tegner and Lysholm, 1985) and the Marx Activity Rating Scale (Marx et al., 2001). The
Knee Injury and Osteoarthritis Outcome Score (KOOS) survey (Roos et al., 1998) was used
to obtain the subject’s opinion about their knee and associated problems. The Anterior Knee
Pain Scale (Shelbourne and Trumper, 1997) was used to determine the frequency and
severity of pain in the kneecap or anterior knee region during sporting and daily activities,
prolonged sitting, stair climbing, and kneeling.

Prior to functional testing, knee ligamentous laxity of the ACL-reconstructed subjects was
measured on both legs using a KT1000 arthrometer (MEDmetric® Corporation, San Diego,
CA). Three measurements were obtained using the manual maximum tests for each leg, and
the average value rounded to the nearest millimeter was recorded.

Functional motion analysis was performed on all subjects using an eight camera passive
motion capture system (Motion Analysis Corporation, Santa Rosa, CA). The 3D motion of
32 retroreflective markers affixed to the torso, pelvis, thighs, shanks, and feet was tracked
by the system at a sampling frequency of 120 Hz. Please refer to the Supplementary
Material for more detailed information.

Following the initial setup period, subjects were instructed to perform various functional
tasks in the laboratory. The primary tasks of interest for this particular study included
overground walking and stair descent, with the complexity of the task driven by the change
in vertical height of both legs. For the stance leg, the walking task required no change in
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vertical height from the previous step; however, in both stair descent tasks, the change from
the prior step was equivalent to two stair riser units (15 inches). Additionally, the stair
descent to step task enforced an additional constraint over the stair descent to floor task
based on the tread depth of the stairs. For the contralateral leg, the three tasks presented a
linear increase in the number of stair riser units (1 unit = 7.5 in) traversed during the cycle:
walking (0), stair descent to floor (1), and stair descent to step (2).

Tasks were repeated a number of times to ensure that sufficient information about both legs
could be obtained (at least 6 trials per leg per task). Three force plates in the ground (AMTI,
Watertown, MA) were used to record 3D ground reaction forces and moments, and two
force plates on the steps of the stairs (Kistler, Winterthur, Switzerland) recorded 3D ground
reaction forces. Marker trajectories and ground reaction forces were simultaneously
recorded during all trials; all analog data were acquired at 20 times the camera frame rate, or
2400 Hz.

2.3. Data Analysis

Marker trajectories were identified and tracked in 3D space using Cortex software (v4.0,
Motion Analysis Corporation). Prior to further calculations, marker coordinates were
smoothed using a fourth order zero lag 6 Hz low-pass Butterworth filter. The rigid body
segments representing the thigh (hip joint center to knee joint center), shank (knee joint
center to ankle joint center), and foot (ankle joint center to second metatarsal head) were
defined using custom Matlab (vR2014a, The Mathworks Inc., Natick, MA) algorithms.
Knee joint angles were calculated using the joint coordinate system method described by
Grood and Suntay (1983).

Ground reaction forces and moments measured from the force plates were smoothed using a
fourth order zero lag low-pass Butterworth filter with a cutoff frequency of 15 Hz (Besier et
al., 2009). Forces and moments were then converted to an equivalent system (forces and free
torque) acting on the surface of the plate at the center of pressure (COP) of the foot.

Joint torques were calculated using a standard Newton-Euler inverse dynamics approach
(Winter, 2009) with segment inertial properties obtained from de Leva (1996). Joint forces
and torques were solved segment-by-segment starting at the foot and moving proximally up
the leg. Using the 3D positions of both actual and virtual markers, an orthogonal local
coordinate system was established for each segment with the z-axis pointed proximally
along the direction of the bone, the x-axis pointed to the right (laterally for the right leg and
medially for the left leg), and the y-axis pointed anteriorly. Ground reaction forces and
moments acting at the center of pressure of the foot were used as inputs to the system. Joint
torques at the knee were expressed as external moments with respect to the joint coordinate
system (Grood and Suntay, 1983) described above, and were normalized to percentage of
body weight times height (% BW x H).

A combination of ground reaction force thresholds and kinematic gait event detection (Zeni
et al., 2008) was used to detect the beginning and end of the stance phase for all tasks
analyzed (overground walking, stair descent to the floor, and stair descent to a step). Each
stance cycle was normalized to 101 data points (t = 0% — 100%). For further analysis, the
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peaks (positive or negative) in the torque profiles during the first and second halves of the
stance cycle were identified for all tasks and all degrees of freedom (Zabala et al., 2013); the
timing of these torque peaks were also used for the examination of differences in kinematics.

2.4, Statistical Analysis

All statistical analyses were performed using R (v3.1.3). The differences in knee joint
moments (and kinematics) between groups were tested separately for the reconstructed (3
groups: controls, PT reconstructed, HT reconstructed) and the non-reconstructed (3 groups:
controls, PT contralateral, HT contralateral) legs using the one-way analysis of variance
(ANOVA) test. A significant omnibus test was followed by post-hoc analysis using Tukey’s
honest significance test for multiple comparisons. Paired t-tests were used to compare the
joint torque profiles (and kinematics) of the reconstructed and non-reconstructed
contralateral legs in the two ACL-reconstructed cohorts. A significance level of a = 0.05
was set for all statistical analyses. Estimates of effect size were reported using partial 12.

3. Results

3.1. Demographics and Clinical Characteristics

There were no significant differences in demographics between groups (p > 0.05), indicating
that the groups were adequately matched (Table 1). Significant differences were not detected
in ligament laxity (p = 0.63), KOOS (range p = [0.23, 0.81]), or the anterior knee pain scores
(p = 0.5) between the hamstring and the patellar tendon groups; however, significant
differences in KOOS and anterior knee pain scores were observed between the ACL-
reconstructed groups and the healthy control group (p < 0.05; Table 2).

3.2. Kinematics

There were several instances of significant kinematic differences between groups. Please
refer to the Supplementary Material for details.

3.3. Sagittal Plane Kinetics

3.3.1. Walk—There were significant main effects of group on kinetics only during the
second peak for reconstructed (p = 0.033, partial 12 = 0.2, observed power = 0.5) and non-
reconstructed knees (p = 0.049, partial )2 = 0.2, observed power = 0.6). Post-hoc analysis
revealed a significant increase in the extension moment in the PT graft non-reconstructed
knees compared to control knees (p = 0.039; Fig. 1a; Table 3) and a significant decrease in
the extension moment in the HT graft reconstructed knees compared to control knees (p =
0.043; Fig. 1b; Table 4). Paired t-tests revealed a significant decrease in the second peak
extension moment in the HT graft reconstructed knees compared to the non-reconstructed
knees (p < 0.001; Fig. 1b; Table 4).

3.3.2. Stair Descent (Step-to-Floor)—In the step-to-floor task, there was a significant
main effect of group on sagittal plane kinetics for the reconstructed knees during both peaks
(peak 1: p = 0.016, partial n2 = 0.3, observed power = 0.7, peak 2: p = 0.049, partial /2 =
0.2, observed power = 0.5). Post-hoc analysis revealed a significant decrease in the first
peak flexion torque in the PT graft reconstructed knees compared to controls (p = 0.012; Fig.
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1a; Table 3) and a significant decrease in the second peak extension moment in the HT graft
reconstructed knees compared to controls (p = 0.046; Fig. 1b; Table 4). Paired t-tests also
revealed a significant decrease in the first peak flexion torque in the PT graft reconstructed
knees compared to non-reconstructed knees (p = 0.005; Fig. 1a; Table 3) and a significant
decrease in the second peak extension moment in the HT graft reconstructed knees
compared to non-reconstructed knees (p = 0.003; Fig. 1b; Table 4).

3.3.3. Stair Descent (Step-to-Step)—There were significant main effects of group in
kinetics for reconstructed knees during both peaks (peak 1: p = 0.038, partial 12 = 0.3,
observed power = 0.8; peak 2: p = 0.003, partial 2 = 0.4, observed power = 0.9). In the first
peak, post-hoc analysis revealed a significant decrease in the flexion torque in the PT graft
reconstructed knees compared to controls (p = 0.002; Fig. 1a; Table 3), as well as a
significant decrease in the flexion torque in the HT graft reconstructed knees compared to
controls (p = 0.029; Fig. 1b; Table 4). In the second peak, post-hoc analysis revealed a
significant decrease in the flexion torque in the HT graft reconstructed knees compared to
controls (p = 0.03; Fig. 1b; Table 4). Paired t-tests revealed a significant decrease in the
flexion torque during the second peak in the HT graft reconstructed knees compared to non-
reconstructed knees (p = 0.001; Fig. 1b; Table 4).

3.4. Frontal Plane Kinetics

3.4.1. Walk—There were no significant main effects of group on frontal plane kinetics for
the reconstructed or the non-reconstructed knees (p > 0.05, range p = [0.17, 0.78]; Fig. 2;
Tables 3/4). Paired t-tests also indicated no differences between the reconstructed and non-
reconstructed contralateral knees (p > 0.05, range p = [0.12, 0.95]).

3.4.2. Stair Descent (Step-to-Floor)—There was a significant main effect of group on
frontal plane kinetics in the non-reconstructed knees during the second peak of the step-to-
floor task (p = 0.049, partial n2 = 0.2, observed power = 0.5). Post-hoc analysis revealed a
significant increase in peak knee adduction moment in the PT graft non-reconstructed knees
in comparison to the control knees (p = 0.044; Fig. 2a; Table 3). There were no significant
effects of group in the reconstructed knees (p > 0.05, range p = [0.16, 0.70], as well as no
significant difference between reconstructed and non-reconstructed knees (p > 0.05, range p
=[0.09, 0.75)).

3.4.3. Stair Descent (Step-to-Step)—There was a significant main effect of group on
frontal plane kinetics during the first peak of the step-to-step task in both reconstructed (p =
0.003, partial n2 = 0.4, observed power = 0.9) and non-reconstructed knees (p = 0.005,
partial n2 = 0.4, observed power = 0.8). Post-hoc analysis revealed a reduced adduction
moment in the HT graft reconstructed knees compared to the control knees (p = 0.006; Fig.
2b; Table 4), as well as a reduction in the HT graft non-reconstructed knees compared to
control knees (p = 0.028; Fig. 2b; Table 4).

3.5. Transverse Plane Kinetics

3.5.1. Walk—There was a significant main effect of group on kinetics for the reconstructed
knees during the second peak (p = 0.04, partial n = 0.2, observed power = 0.6). Post-hoc
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analysis revealed a significant decrease in the peak internal rotation moment in the PT graft
reconstructed knees compared to control knees (p = 0.044; Fig. 3a; Table 3). Paired t-tests
also revealed a significant decrease in the second peak internal rotation moment in the PT
graft reconstructed knees compared to non-reconstructed knees (p = 0.036; Fig. 3a; Table 3).

3.5.2. Stair Descent (Step-to-Floor)—There were no significant main effects of group
on transverse plane kinetics for the reconstructed and non-reconstructed knees during the
step-to-floor task (p > 0.05, range p = [0.18, 0.33]). Paired t-tests revealed a significant
decrease in the first peak internal rotation moment in the HT graft reconstructed knees
compared to non-reconstructed knees (p = 0.027; Fig. 3b; Table 4). In the second peak there
was a significant decrease in the PT graft reconstructed knees compared to non-
reconstructed knees (p = 0.045; Fig. 3a; Table 3).

3.5.3. Stair Descent (Step-to-Step)—There was a significant main effect of group on
kinetics for the reconstructed knees during the first peak of the step-to-step task (p = 0.022,
partial n2 = 0.3, observed power = 0.8). Post-hoc analysis revealed a significant decrease in
the first peak internal rotation moment in the HT graft reconstructed knees compared to
healthy control knees (p = 0.018; Fig. 3b; Table 4).

4. Discussion

In this study we sought to examine the effect of task complexity on 3D joint mechanics in
ACL-reconstructed individuals and healthy control subjects. The primary tasks examined
were overground walking and stair descent, with the stair descent task divided into step-to-
floor and step-to-step sub-tasks. The outcomes of these examinations were tested for the
potential effect of graft type used in the ACLR procedure. The results support our
overarching hypothesis that task complexity is the primary driver of differences in the
aggregate joint mechanics between ACL-reconstructed individuals and controls. In general,
differences in kinematics and torques were more pronounced, both in magnitude and
duration, in the stair descent tasks compared to the walking task. The addition of the tread-
depth constraint and the increase in contralateral leg demand during the step-to-step task
compared to the step-to-floor task further highlighted such differences. Our results also
provide new evidence supporting the notion of graft-specific (patellar tendon and hamstring
tendon) kinematic/kinetic adaptations. While certain adaptations seemed to be consistent
regardless of graft type (e.g., flexion angle and flexion torque deficits during stair descent),
other changes were primarily limited to one particular graft (e.g., frontal plane adaptations
and internal torque deficits in the hamstring tendon group). Furthermore, our results suggest
that such adaptations may not be limited to the reconstructed limb, though future work is
needed in this area to elucidate the magnitude and impact of these changes. Because our
clinical population was tested approximately 9 months post-operatively, we did not assess
degenerative changes to the knee. However, the differences in global knee joint movement
patterns and mechanics during activities of daily living could potentially be a precursor to
the long-term increased prevalence of degenerative joint diseases in the ACL-reconstructed
population (Andriacchi et al., 2004; Butler et al., 2009; Lohmander et al., 2004; Papannagari
et al., 2006; Scanlan et al., 2010).
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Irrespective of the graft type, there was a reduction in the knee flexion angle of the
reconstructed limbs compared to controls during midstance of the stair descent to step task,
which corresponded to a reduced first peak knee flexion moment. This reduced flexion
strategy has also been observed in a recent examination of the joint mechanics in Achilles
allograft ACLR subjects (Zabala et al., 2013). While both groups exhibited a reduced
flexion strategy compared to healthy controls during the step-to-step task, only the PT graft
group exhibited this strategy during the less complex step-to-floor task. Our results are
consistent with prior examinations under similar testing paradigms (Bush-Joseph et al.,
2001; Webster et al., 2005). These findings suggest that task complexity plays a significant
role in the relative effect of graft type and other surgical variables on the observed changes
in sagittal plane joint mechanics. Functionally, it has been proposed that the consequences of
a reduced flexion strategy over time may interfere with the normal shock-absorbing ability
of the knee joint and lead to potential degenerative changes (Cook et al., 1997).
Biomechanically, the reduction in the external flexion torque corresponds to a reduction in
the internal extension torque generated by the quadriceps muscles (Kowalk et al., 1997). The
underlying mechanism associated with this reduction in extension torque in an ACL-
reconstructed population has been studied and debated, implicating muscle weakness and/or
impaired neuromuscular control as the primary causes of reduced knee flexion after ACL
surgery (Bush-Joseph et al., 2001; Gokeler et al., 2003; Krishnan and Williams, 2011;
Lewek et al., 2002; Patel et al., 2003). While the magnitude of quadriceps weakness reduces
over time (Roewer et al., 2011), it is well-established that profound deficits are observed
during the initial year of the surgery. In this context, and given that our study participants
were tested on an average of 9 months post-surgery, quadriceps muscle weakness is the most
likely reason for the observed “stiff-knee” gait.

Abnormal motions and loadings in the secondary planes at the human knee have been
implicated in the development and progression of degenerative diseases (Andriacchi and
Mundermann, 2006; Butler et al., 2009; Tashman et al., 2007; Zabala et al., 2013). Unlike
sagittal plane motions, which are largely controlled by active muscle contractions, frontal
plane motions are primarily influenced by the stiffness of the musculotendon units in
addition to the material properties of other connective tissues such as the collateral and
cruciate ligaments (Buchanan et al., 1996; Cammarata and Dhaher, 2010; Dhaher et al.,
2005; Olmstead et al., 1986). Interestingly, the results of this study revealed that frontal
plane mechanics are primarily affected in individuals with HT graft as compared to those
with PT graft. Relative to the healthy knees, subjects with hamstring tendon grafts had
significant deficiencies in the adduction angle during the end of loading response and early
midstance of both stair descent tasks, corresponding to a significant reduction in the first
peak adduction torque in the reconstructed limbs. While the exact mechanism for this
observation is not clear, alterations in musculotendinous stiffness properties of the lateral
hamstring compartment due to morphological changes following surgery could partly
account for the reduced adduction in the HT group (Williams et al., 2004). Given the
potential link between increased loading and osteoarthritis development, the observation of
reduced frontal plane loading is somewhat contrary to what one might expect, but are in
agreement with recent work examining ACL-reconstructed subjects with Achilles tendon
allografts (Zabala et al., 2013). It is important to note, though, that unloading of the joint
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may be equally detrimental to joint health as overloading, especially when combined with
poor muscular control and weakness (Herzog et al., 2004).

Because the secondary role of the ACL is to resist internal rotation of the tibia with respect
to the femur, internal/external rotation angles following ACLR have been examined in a
number of studies (Chouliaras et al., 2007; Papannagari et al., 2006; Ristanis et al., 2006;
Scanlan et al., 2010; Stergiou et al., 2007; Webster and Feller, 2011). While we did not
observe significant differences in tibial rotation kinematics between ACL-reconstructed
individuals of either graft type and healthy controls, there were significant differences
between the reconstructed and the non-reconstructed legs of both the PT and HT group.
Further, the kinematic differences between legs were more profound during stair descent
tasks than overground level walking. In general, the ACL-reconstructed knees exhibited
lower internal rotation in comparison to the non-reconstructed legs and this phenomenon
was more striking in the PT group. Interestingly, while the kinematic differences were more
profound in the PT group, the differences in transverse plane torque profiles were more
profound in the HT group. The altered torque profiles in the HT group are understandable
considering the anatomical role of the hamstring muscle group on tibial rotations. However,
further research incorporating modeling or simulations is required to fully understand the
repercussions of graft-specific kinematic and kinetic changes on knee joint cartilage health.

The results of this study should be interpreted with consideration of its limitations. Graft
type is only one of many surgical variables that may concurrently contribute to functional
outcomes following ACLR; geometric factors such as graft tunnel position and orientation
as well as mechanical factors such as graft pre-tensioning and fixation methods may also
play a large role. In this study, several different surgeons performed the reconstructions, so
we expect significant variability in these surgical factors which may have affected the
results. Moreover, the limited sample size, specifically with respect to the patellar tendon
cohort, could have reduced the power to detect certain kinematic or kinetic differences
between legs or groups. Further, similar to others (Krishnan and Williams, 2011; Zabala et
al., 2013), we assumed that there are minimal differences between legs in the control
subjects. However, the validity of this assumption needs to be verified experimentally, as it
would assist in better interpretation of between-leg differences in ACL-reconstructed
individuals. Additionally, motion analysis studies using skin-based reflective markers such
as this one are susceptible to picking up changes in overlying skin movement in addition to
bone movement. While more advanced techniques such as biplanar fluoroscopy are
available (Li et al., 2005; Tashman et al., 2007), they were not a feasible option for the types
of tasks analyzed in this study. As a result, we recommend caution when interpreting the
results of transverse plane mechanics, as they lack sufficient reliability and are particularly
susceptible to large errors (McGinley et al., 2009). We also suggest that readers use the
established minimal detectable change scores (Wilken et al., 2012) when making inferences
about mean differences observed between legs and groups in this study.

5. Conclusions

This study offers a comprehensive look at the influence of task complexity and graft type on
3D joint kinetics following ACL reconstruction. The results of this study indicate that the
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differences in kinematics and torques were typically more pronounced in the stair descent
tasks compared to the walking task. These findings emphasize the importance of task
complexity in elucidating kinematic and kinetic differences after ACL reconstruction. The
results also indicate graft-specific differences in kinematic and torque profiles after ACL
reconstruction. Specifically, frontal plane adaptations and internal rotation torque deficits
were primarily limited to the hamstring tendon graft cohort. While the precise mechanisms
for the observed differences are not clear, these results highlight the need for further
research in this area, particularly considering the increased risk of post-traumatic knee
osteoarthritis in this population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Sagittal plane joint torques (flexion +/extension =) throughout the stance phase for walking
and stair descent tasks by graft type: (a) patellar tendon (PT) and (b) hamstring tendon (HT).
Mean data reported as a percentage of body weight x height for ACL reconstructed (ACLR)
knees, non-reconstructed contralateral knees, and healthy control knees, with regions of
statistical significance (p < 0.05) indicated: ACLR vs. control [*], contralateral vs. control

[+], ACLR vs. contralateral [*].
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Fig. 2.
Frontal plane joint torques (adduction +/abduction ) throughout the stance phase for

walking and stair descent tasks by graft type: (a) patellar tendon (PT) and (b) hamstring
tendon (HT). Mean data reported as a percentage of body weight x height for ACL
reconstructed (ACLR) knees, non-reconstructed contralateral knees, and healthy control
knees, with regions of statistical significance (p < 0.05) indicated: ACLR vs. control [*],
contralateral vs. control [+], ACLR vs. contralateral [*].
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Fig. 3.
Transverse plane joint torques (external +/internal —) throughout the stance phase for

walking and stair descent tasks by graft type: (a) patellar tendon (PT) and (b) hamstring
tendon (HT). Mean data reported as a percentage of body weight x height for ACL
reconstructed (ACLR) knees, non-reconstructed contralateral knees, and healthy control
knees, with regions of statistical significance (p < 0.05) indicated: ACLR vs. control [*],
contralateral vs. control [+], ACLR vs. contralateral [].
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Table 1

Group summary demographics; data reported as mean (standard deviation).

ACLR (HT) ACLR(PT)  Control

Count N =10 N=6 N=9
Age (years) 32.6 (8.0) 30.8 (5.5) 27.2 (3.7)
Height (cm) 176.1(8.8)  179.1(14.1) 170.6 (12.0)
Weight (kg) 74.6 (7.4) 74.8(18.0)  67.1(13.4)
BMI 24.1(1.9) 23.0 (2.9) 22.8(L.9)
Months Post Surgery 9.4 (3.7) 9.7 (4.3) N/A
Tegner Activity Scale 6.4 (1.9) 7.0 (1.3) 6.0 (2.3)

Marx Activity Scale 10.1 (5.5) 11.8(1.9) 10.6 (5.2)

No significant differences (p > 0.05) were observed between groups for any of the demographic variables. (ACLR: Anterior Cruciate Ligament
Reconstruction; HT: Hamstring Tendon; PT: Patellar Tendon).
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Knee-related outcome measures; data reported as mean (standard deviation).

Table 2

ACLR (HT) ACLR (PT) Control

KT1000 Difference (mm) +2.5(2.8) +1.8 (1.7) N/A

KOOS Pain 86.1(11.2) 88.8 (12.5) 95.6 (5.5)
KOOS Symptoms 78.2(14.1)* 83.8(14.0) 97.1(3.0)
KOOS Activities of Daily Living  93.8 (7.4) * 97.8 (3.4) 99.7 (1.0)
KOOS Sports 76.5(22.2)*  80.0 (15.8) 96.7 (6.6)
KOOS Quality of Life 60.0 (16.7)* 62.5(23.8)* 89.6 (15.7)
Anterior Knee Pain Scale 85.9 (15.1) 80.7 (13.8)*  96.1 (5.5)

Page 20

Significant (p < 0.05) differences from controls are indicated with an asterisk (*). KOOS and pain scale survey results were out of a maximum of
100 (no deficiencies). (KOOS: Knee Injury and Osteoarthritis Outcome Score; ACLR: Anterior Cruciate Ligament Reconstruction; HT: Hamstring

Tendon; PT: Patellar Tendon).
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