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Anterior cruciate ligament reconstruction (ACLR) restores joint stability following ACL injury but does not
attenuate the heightened risk of developing knee osteoarthritis. Additionally, patellar tendon (PT) grafts
incur a greater risk of osteoarthritis compared to hamstring grafts (HT). Aberrant gait biomechanics,
including greater loading rates (i.e. impulsive loading), are linked to the development of knee osteoarthri-
tis. However, the role of graft selection on walking gait biomechanics linked to osteoarthritis is poorly
understood, thus the purpose of this study was to compare walking gait biomechanics between individ-
uals with HT and PT grafts. Ninety-eight (74 PT; 24 HT) subjects with a history of ACLR performed walk-
ing gait at a self-selected speed from which the peak vertical ground reaction force (vGRF) during the first
50% of the stance phase and its instantaneous loading rate, peak internal knee extension and valgus
moments, and peak knee flexion and varus angles were obtained. When controlling for time since
ACLR and quadriceps strength, there were no differences in any kinetic or kinematic variables between
graft types. While not significant, 44% of the PT cohort were identified as impulsive loaders (displaying
a heelstrike transient in the majority of walking trials) compared to only 25% of the HT cohort (odds
ratio = 2.3). This more frequent observation of impulsive loading may contribute to the greater risk of
osteoarthritis with PT grafts. Future research is necessary to determine if impulsive loading and small
magnitude differences between graft types contribute to osteoarthritis risk when extrapolated over thou-
sands of steps per day.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The most common treatment for anterior cruciate ligament
injury is surgical reconstruction (ACLR) using either patellar ten-
don (PT) or hamstring tendon (HT) autograft (Magnussen et al.,
2010; Rahr-Wagner et al., 2014). ACLR restores joint stability
(Keays et al., 2007; Sajovic et al., 2011), but does not attenuate
the risk of knee osteoarthritis (Barenius et al., 2014; Luc et al.,
2014). As many as 30–80% of patients develop osteoarthritis within
10–15 years (Barenius et al., 2014; Luc et al., 2014; Risberg et al.,
2016), and negative changes in joint health are evident as early
as 1–2 years post-ACLR (Culvenor et al., 2015; Eckstein et al.,
2015).
Considerable research indicates that PT grafts incur a greater
risk of osteoarthritis than HT grafts (Keays et al., 2007, 2010;
Pinczewski et al., 2007; Poehling-Monaghan et al., 2017; Sajovic
et al., 2011). However, the underlying causes of this discrepancy
are unclear. Quadriceps dysfunction is a common long-term conse-
quence of ACLR (Hart et al., 2010; Tengman et al., 2014), and has
been implicated as a contributor to osteoarthritis development
(Hart et al., 2011; Tourville et al., 2014). Greater quadriceps dys-
function has been reported with PT grafts compared to HT grafts
(Keays et al., 2007; Mohtadi et al., 2011), potentially due to donor
site morbidity, as a portion of its distal tendon is harvested for use
as the graft. PT grafts also reportedly incur greater knee pain
(Pinczewski et al., 2007; Poehling-Monaghan et al., 2017) which
contributes to quadriceps dysfunction (Son et al., 2016).

Impulsive/high-rate loading results in greater cartilage degra-
dation compared to lower loading rates in animal models (Ewers
et al., 2002; Radin et al., 1991). In humans, higher loading rates
during walking have been identified following ACLR (Blackburn
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et al., 2016a; Co et al., 1993; Noehren et al., 2013) and in individ-
uals with knee osteoarthritis (Mundermann et al., 2005). The
quadriceps attenuates loading in the early stance phase of gait,
and quadriceps dysfunction results in impulsive loading
(Blackburn et al., 2016b; Jefferson et al., 1990; Mikesky et al.,
2000). Therefore, greater quadriceps dysfunction and impulsive
loading during gait may contribute to the greater risk of
osteoarthritis with PT grafts. However, impulsive loading charac-
teristics have yet to be compared between individuals with HT
and PT grafts.

Aberrant gait biomechanics including smaller knee flexion
angles and sagittal knee moments, and larger ground reaction
forces, knee varus angles, and frontal knee moments have been
implicated in the mechanical pathogenesis of knee osteoarthritis
(Chehab et al., 2014; Khandha et al., 2017; Kumar et al., 2014;
Mundermann et al., 2005). Individuals with PT grafts reportedly
display less knee flexion and smaller sagittal knee moments
(Webster et al., 2004, 2005), and greater knee varus angles com-
pared to those with HT grafts (Webster and Feller, 2011). While
these findings suggest that PT grafts incur a gait biomechanics pro-
file consistent with greater knee osteoarthritis risk, the sample
sizes in these studies were relatively small (10–18 per group)
and almost completely composed of males. Furthermore, these
investigations exclusively evaluated early intervals post-ACLR (9–
12 months) after which gait biomechanics reportedly change
(Erhart-Hledik et al., 2018; Kaur et al., 2016). As such, the effects
of graft type on gait biomechanics linked to knee osteoarthritis in
individuals further removed from ACLR are unclear.

The purpose of this investigation was to compare walking gait
biomechanics previously implicated in the mechanical pathogene-
sis of knee osteoarthritis between individuals with HT and PT
grafts. We hypothesized that individuals with PT grafts would dis-
play greater impulsive loading and a biomechanics profile consis-
tent with greater knee osteoarthritis risk (i.e. smaller knee
flexion angles and internal knee extension moments; and larger
ground reaction forces, knee varus angles, and internal knee valgus
moments) compared to individuals with HT grafts.

2. Methods

2.1. Subjects

Power analysis of previous literature comparing gait biome-
chanics between PT and HT grafts (Webster and Feller, 2011,
2012; Webster et al., 2005) and impulsive loading characteristics
between individuals with ACLR and healthy individuals (Co et al.,
1993; Noehren et al., 2013) indicated that a sample of 7–37 sub-
jects per graft cohort would provide power of 0.80 (a = 0.05) to
evaluate our hypotheses, with the exception of peak internal knee
valgus moment for which 148 subjects per cohort would be neces-
Table 1
Subject demographics (mean ± sd).

HT (n = 24)

Sexy 19 females, 5 males
Mass (kg) 67 ± 15
Height (m) 1.7 ± 0.1
Age (years) 21 ± 4
Time since ACLR (months) 43 ± 34
Gait speed (m/s) 1.3 ± 0.1
Quadriceps strength (Nm/kg) 2.3 ± 0.6
KOOS pain 92 ± 6
Tegner activity level 7.1 ± 1.8 (range 3–10)

Bold text indicates statistical significance (p < 0.05).
y Compared between graft types via v2 analysis.
* Significantly different between graft types.
sary. A convenience sample of ninety-eight individuals with ACLR
(74 PT; 24 HT) volunteered to participate in this cross-sectional
study and were consecutively enrolled. Ninety-two of these indi-
viduals had undergone primary unilateral ACLR, while 6 subjects
in the PT cohort had experienced multiple ACLR procedures (1 revi-
sion ACLR following graft rupture, 3 bilateral ACLR, and 2 bilateral
ACLR and a revision ACLR). Subjects were at least 6 months post-
ACLR and cleared by a physician to resume physical activity, and
exercised regularly for at least 30 min 3� times per week. Subjects
were excluded if they had a history of lower extremity injury
within the 6 months prior to participation or a neurological disor-
der. The study was approved by the university’s Institutional
Review Board, and all subjects provided written informed consent
prior to participation. Subject demographics are provided in
Table 1.

2.2. Gait biomechanics assessment

Gait analysis was performed barefoot, and subjects wore span-
dex shorts and shirts or sports bras. We assessed gait biomechanics
with subjects barefoot rather than shod to eliminate variability
introduced by self-selected shoe type (e.g. control vs. neutral vs.
cushioning) and condition (e.g. old vs. new), as well as the poten-
tial effects of laboratory-standardized shoes (e.g. neutral shoes in a
subject who routinely wears pronation control shoes). Subjects
walked at their preferred speed over embedded force plates (Bertec
Corp. Columbus, OH) that were staggered so that the stance phase
for both limbs could be assessed from a single trial. Subjects trans-
lated at least 3 m prior to heelstrike on the first force plate via 3–5
steps and completed at least 2 steps following heelstrike on the
second force plate. Five practice trials were performed to deter-
mine the preferred walking speed with infrared timing gates. Five
walking trials were then collected and retained for analysis if (1)
each foot struck a separate force plate, (2) walking speed was
within ±5% of the preferred speed during practice trials, and (3)
gait kinematics were not visibly altered during the trial (e.g. ‘‘aim-
ing” for the force plates).

Subjects were outfitted with 29 retroreflective markers (ster-
num and L4-L5 vertebral space, and bilateral acromioclavicular
joints, anterior superior iliac spines, greater trochanters, anterior
thighs, medial and lateral femoral epicondyles, anterior shanks,
medial and lateral malleoli, first metatarsal heads, fifth metatarsal
heads, and posterior calcanei) and a ridged cluster of three markers
over the sacrum. A segment-linkage model of the lower extremi-
ties was constructed from a static calibration trial after which
markers on the medial femoral epicondyles and malleoli were
removed. Three-dimensional marker trajectories were sampled at
120 Hz using a 10-camera motion capture system (Vicon, Centen-
nial, CO) and lowpass filtered at 10 Hz. Knee joint angles were cal-
culated as motion of the shank segment relative to the thigh
PT (n = 74) P-value

45 females, 29 males 0.101
76 ± 19 0.037*

1.7 ± 0.1 0.376
22 ± 3 0.426
22 ± 26 0.033*

1.3 ± 0.1 0.859
1.8 ± 0.6 0.001*

90 ± 8 0.293
6.5 ± 2.0 (range 3–10) 0.163
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segment via Euler angles using a sagittal/frontal/transverse rota-
tion sequence. Ground reaction forces were sampled at 1200 Hz
and lowpass filtered at 75 Hz, and combined with kinematics and
anthropometric data (Dempster et al., 1959) via standard inverse
dynamics procedures (Gagnon and Gagnon, 1992) to yield net
internal joint moments.

Analysis was restricted to the load acceptance phase (i.e. 1st
50% of stance) via custom software (LabVIEW, National Instru-
ments Corp, Austin, TX). The stance phase was defined as the inter-
val from heelstrike (vertical ground reaction force [vGRF] � 20N) to
toe off (vGRF � 20N). The load acceptance phase is commonly
assessed to evaluate how ground impact loading is attenuated
throughout the lower extremity. This is particularly true with
respect to impulsive loading, as the interval immediately following
heelstrike displays the highest loading rate. Kinetic outcomes
included the peak vGRF, peak instantaneous vGRF loading rate
(first time derivative), and peak internal knee extension and valgus
moments. Forces and loading rates were normalized to body
weight (xBW and xBW�s�1, respectively) while moments were nor-
malized to the product of body weight and height (xBW * Ht). Kine-
matic outcomes included the peak knee flexion and varus angles.
Gait speed was calculated as the first time derivative of the sagittal
plane coordinate of the pelvis center of mass and averaged over the
interval from 0.5 m before and after heelstrike on the first force
plate.

We also evaluated the presence of the heelstrike transient
(HST), which is a rapid rise in the vGRF immediately following
heelstrike that is indicative of impulsive loading (Hunt et al.,
2010; Liikavainio et al., 2007). A 3-point sliding quadratic polyno-
mial was fit to the vGRF, and changes in the sign of its 2nd deriva-
tive (i.e. changes in direction) were used to identify the temporal
locations of vGRF ‘‘peaks”. A trial was deemed to possess a HST if
the ratio of the vGRF peak immediately following heelstrike to
the subsequent local minimum exceeded 1.2 (Liikavainio et al.,
2007; Radin et al., 1986). We recently demonstrated that this algo-
rithm was the most effective of three different approaches for
objectively identifying the heelstrike transient (Blackburn et al.,
2016c).

2.3. Quadriceps function assessment

A subset of subjects completed isometric quadriceps strength
assessment for the ACLR limb (PT = 57 [77% of cohort], HT = 18
[75% of cohort]). Subjects were seated on a dynamometer (HUMAC
NORM, CSMi, Stoughton, MA) with the knee and hip in 90� and 85�
of flexion, respectively, with straps secured over the torso, thigh,
and leg, and were instructed to ‘‘kick out as hard and quickly as
possible” against the dynamometer arm. Torque data were sam-
pled at 600 Hz and lowpass filtered at 50 Hz, and quadriceps
strength was defined as the largest peak torque value from 2 trials
normalized to body mass.

2.4. Self-report pain

All subjects completed the Tegner Activity Level Scale to quan-
tify their routine levels of physical activity. A subset of subjects
completed the Knee Injury and Osteoarthritis Outcome Score
(KOOS) survey (PT = 56 [76% of cohort], HT = 19 [79% of cohort])
from which the pain subscale was obtained to evaluate pain
perception.

2.5. Statistical analysis

Normality of the outcomes was assessed via the Shaprio-Wilk
test, visual inspection of histograms, and calculation of the ratio
of skewness and kurtosis statistics to their standard errors. Outliers
(�2.5 SD beyond the mean) were excluded from analyses to ensure
normality. All analyses were performed using SPSS v21 statistical
software (IBM Corp., Armonk, NY), and significance was estab-
lished a priori as a = 0.05.

Gait biomechanics outcomes were evaluated via mixed-model 2
(graft type: PT vs. HT) � 2(limb: ACLR vs. contralateral) repeated-
measures ANOVA. Graft type � limb interaction effects and limb
main effects are addressed in the Results. Aberrant gait biome-
chanics have been reported in the ACLR limb relative to the con-
tralateral limb up to 5 years post-ACLR (Kaur et al., 2016), while
others have reported symmetry between limbs (Blackburn et al.,
2016a; Khandha et al., 2017). Therefore, while the analysis plan
primarily focused on comparisons of the ACLR limb between the
PT and HT cohorts, we also compared gait biomechanics between
limbs to determine if aberrant gait biomechanics were present in
our sample.

Gait speed influences biomechanical outcomes. Similarly,
changes in gait biomechanics occur across the spectrum of time
since ACLR represented by our sample (range = 6–161 months)
(Erhart-Hledik et al., 2018; Kaur et al., 2016). The level of routine
physical activity following ACLR may also influence gait biome-
chanics. Gait speed, time since ACLR, quadriceps strength, Tegner
Activity Level, and the KOOS pain subscale were compared
between groups via independent t-tests. The ANOVA models
described above were then repeated using characteristics that dif-
fered between graft cohorts as covariates (i.e. 2 � 2 ANCOVA).

Subjects were classified as Impulsive Loaders (HST identified in
at least 3 of 5 trials) or Normal Loaders (HST identified in 2 or
fewer trials) based on whether the majority of gait trials displayed
the HST in the ACLR limb (Blackburn et al., 2016c). v2 analysis (2-
way crosstabs) was conducted to compare the frequencies of
Impulsive vs. Normal loaders across graft cohorts. We also calcu-
lated the relative risk and odds ratio for being identified as an
Impulsive Loader in the respective cohorts.

Because 6 individuals in the PT cohort experienced multiple
ACLR procedures (e.g. revision following graft rupture and/or bilat-
eral ACLR), we repeated the analyses described above after exclud-
ing these subjects.
3. Results

All outcomes were normally distributed following removal of
outliers. Sample sizes for each analysis after removing outliers
are indicated in parentheses below. Gait speed was identical across
the groups (p = 0.859), and KOOS pain scores (p = 0.293) and Teg-
ner Activity Level scores (p = 0.163) were highly similar (Table 1).
However, Time Since ACLR (p = 0.033) and Quadriceps Strength
(p = 0.001) were greater in the HT cohort (Table 1), and were used
as covariates in subsequent analyses. Removing the 6 subjects with
multiple ACLR procedures generally did not alter the results with
the exception of 2 minor findings indicated below.
3.1. Kinetics

Peak vGRF did not differ between the ACLR and Contralateral
limbs in the primary analysis (PT = 71, HT = 24; p = 0.084), but
was greater in the Contralateral limb (PT = 55, HT = 18; p = 0.006)
after covarying for Time Since ACLR and Quadriceps Strength,
and this difference persisted after removing the 6 individuals in
the PT cohort with multiple ACLR procedures. Conversely, no dif-
ferences were identified between graft types (Table 2). No differ-
ences were present between limbs or graft types for the vGRF
loading rate (PT = 71, HT = 24; p = 0.453).

Peak internal knee extension moment was greater in the Con-
tralateral limb (PT = 72, HT = 22; p = 0.020), and this difference



Table 2
Gait kinetics (mean ± sd).

ACLR Contralateral

Peak vGRF (xBW)
HT 1.12 ± 0.08 1.12 ± 0.09
PT 1.07 ± 0.07 1.10 ± 0.09
Collapsed across graft types* 1.08 ± 0.08 1.11 ± 0.09

vGRF loading rate (xBW�s�1)
HT 53.35 ± 14.44 55.15 ± 14.69
PT 52.40 ± 15.73 52.73 ± 15.22
Collapsed across graft types 52.87 ± 18.04 53.94 ± 17.65

Peak internal knee extension moment (xBW * Ht)
HT �0.036 ± 0.014 �0.038 ± 0.012
PT �0.032 ± 0.016 �0.039 ± 0.016
Collapsed across graft typesy �0.035 ± 0.019 �0.038 ± 0.019

Peak internal knee valgus moment (xBW * Ht)
HT �0.025 ± 0.007 �0.027 ± 0.004
PT �0.026 ± 0.007 �0.027 ± 0.008
Collapsed across graft types �0.025 ± 0.010 �0.027 ± 0.010

Bold text indicates statistical significance (p < 0.05).
Negative (�) values reflect extension and valgus.
* Greater in Contralateral limb after covarying for the combined effect of Quadriceps
Strength and Time Since ACLR (p = 0.006).
yGreater in the Contralateral limb in the primary analysis (p = 0.048) and after
covarying for the combined effect of Time Since ACLR and Quadriceps Strength
(p = 0.039).

Table 3
Contingency table for Heelstrike transient [# of subjects (% of cohort)].

PT HT

Impulsive loaders 32 (44%) 6 (25%)
Normal loaders 41 (56%) 18 (75%)

Relative risk of being an impulsive
loader (95% CI)

1.730 (0.825, 3.267)

Odds ratio of being an impulsive
loader (95% CI)

2.286 (0.814, 6.146)

v2 analyses indicated that the frequencies of Impulsive vs. Normal Loaders did not
differ between graft cohorts (p = 0.148). The Relative Risk and Odds Ratio were
calculated as the odds/risk in the PT cohort relative to the HT cohort. These ratios
were not statistically significant, as the 95% confidence intervals crossed 1.

Table 4
Gait kinematics (mean ± sd).

ACLR Contralateral

Peak knee flexion angle (�)
HT 9.7 ± 5.1 10.6 ± 4.0
PT 8.5 ± 6.0 10.1 ± 6.0
Collapsed across graft types* 9.1 ± 6.8 10.4 ± 6.5

Peak knee varus angle (�)
HT �0.8 ± 2.9 �0.5 ± 2.7
PT 0.6 ± 3.2 0.2 ± 3.0
Collapsed across graft types �0.1 ± 3.6 0.1 ± 3.4

Bold text indicates statistical significance (p < 0.05).
Negative (�) values reflect extension and valgus.
* Greater in the Contralateral limb in the primary analysis (p = 0.022) and after
covarying for the combined effect of Time Since ACLR and Quadriceps Strength
(p = 0.009).
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persisted after covarying for Time Since ACLR and Quadriceps
Strength (PT = 56, HT = 15; p = 0.035). However, no differences
were identified between graft types (Table 2). Removing subjects
with multiple ACLR procedures did not change the overall analysis;
however, the limb main effect was no longer present after covary-
ing for Time Since ACLR and Quadriceps Strength
(ACLR = �0.035 ± 0.014 xBW * Ht, CON = �0.040 ± 0.014 xBW * Ht;
p = 0.073). No differences were present between limbs or graft
types for the peak internal knee valgus moment (PT = 70,
HT = 23; p = 0.697).

A contingency table detailing the frequencies of Impulsive and
Normal loaders in each graft cohort is presented in Table 3. The
percentage of subjects identified as Impulsive Loaders was greater
in the PT cohort than in the HT cohort (44% vs. 25%), but did not
differ statistically between graft types (p = 0.148). Similarly, the
odds ratio for being an Impulsive Loader in the PT cohort relative
to the HT cohort was 2.286 (95% CI: 0.814, 6.146) and the relative
risk of being an Impulsive Loader in the PT cohort was 1.730 (95%
CI: 0.825, 3.267). Though the odds and risk of being identified as an
Impulsive Loader were greater in the PT cohort as indicated by the
high upper limit of the 95% CI, these ratios were not statistically
significant.
3.2. Kinematics

Peak knee flexion angle was smaller in the ACLR limb (PT = 73,
HT = 23; p = 0.022), and this difference persisted after controlling
for Time Since ACLR and Quadriceps Strength (PT = 55, HT = 18;
p = 0.009), and after removing individuals with multiple ACLR pro-
cedures. However, no differences were observed between graft
types (Table 4). No differences were present between limbs or graft
types for the peak varus angle (PT = 71, HT = 24; p = 0.248).
4. Discussion

This is the most comprehensive cross-sectional comparison of
gait biomechanics between ACLR graft types, to our knowledge,
as it evaluated both joint kinematics and kinetics and impulsive
loading characteristics linked to cartilage degradation in a rela-
tively large sample compared to similar previous investigations
(Webster and Feller, 2011; Webster et al., 2004, 2005). Our data
indicate that while gait abnormalities that could negatively influ-
ence joint health are present in the ACLR limb (e.g. smaller ground
reaction forces and knee extension moments) (Khandha et al.,
2017; Pietrosimone et al., 2017; Wellsandt et al., 2016), gait
biomechanics did not differ between graft cohorts.

Our results agree with previous work reporting no differences
in peak knee flexion angle, vGRF, or frontal plane moments
between HT and PT grafts (Webster and Feller, 2012; Webster
et al., 2005). Contrary to our results, Webster and Feller (2011)
reported that peak knee varus angle was greater in individuals
with PT vs. HT. However, a subsequent study by this group found
that peak varus angle did not differ between graft cohorts
(Webster and Feller, 2012), similar to our results. This group also
reported smaller external knee flexion moments in individuals
with PT grafts (Webster et al., 2005) which is in contrast to our
finding of no difference in internal knee extension moment. Both
graft cohorts studied by Webster et al. were composed of 94%
males compared to 39% and 21% in our PT an HT cohorts, respec-
tively. As sex-specific differences in sagittal plane moments have
been reported post-ACLR (Di Stasi et al., 2015), the differences in
sex distributions across studies may have influenced the outcomes.
Our study was not adequately powered to account for the influence
of sex, but future research should evaluate the combined influence
of graft type and sex on gait biomechanics post-ACLR.

Animal models indicate that higher loading rates (i.e. impulsive
loading) result in greater disruptions of cartilage structure and
biosynthesis compared to lower-rate loading (Chen et al., 1999;
Ewers et al., 2002; Kurz et al., 2001; Radin et al., 1991; Yang
et al., 1989). We evaluated impulsive loading via the instantaneous
vGRF loading rate and presence of the HST. Though no statistically
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significant differences in these characteristics were noted between
graft cohorts, 44% of the PT cohort were identified as Impulsive
loaders (i.e. HST in the majority gait trials) compared to only 25%
in the HT cohort, resulting in a 1.73� greater relative risk of indi-
viduals with PT grafts being identified as Impulsive loaders.
Though this relative risk was not statistically significant, the upper
bound of the 95% CI (0.825, 3.267) suggests that the risk of being an
Impulsive Loader may be more than 3� greater in individuals with
PT. More frequent observation of the HST may contribute to the
greater risk of osteoarthritis with PT grafts when extrapolated over
thousands of steps per day. However, future research is necessary
to determine the long-term implications of this loading character-
istic for joint health.

Quadriceps dysfunction (e.g. weakness, atrophy, central activa-
tion failure, etc.) is common following ACLR (Hart et al., 2010;
Tengman et al., 2014), and contributes to aberrant gait biomechan-
ics and the heightened risk of osteoarthritis following ACLR
(Blackburn et al., 2016b; Hart et al., 2011; Segal et al., 2010;
Tourville et al., 2014). One of the quadriceps’ fundamental roles
is to attenuate impact forces during gait, and quadriceps dysfunc-
tion is associated with greater loading rates (Blackburn et al.,
2016b; Jefferson et al., 1990; Mikesky et al., 2000). Similar to pre-
vious long-term follow-ups (Keays et al., 2007; Mohtadi et al.,
2011), the quadriceps was significantly weaker in our PT cohort.
However, covarying for the influence of quadriceps strength did
not alter comparisons of gait biomechanics between the graft
cohorts. Similarly, time since ACLR was notably greater in the HT
cohort, yet gait biomechanics did not differ between graft cohorts
either when this influence was present or was accounted for
statistically.

Though the KOOS pain subscale was similar in our PT and HT
cohorts, multiple longitudinal investigations and meta-analyses
have reported a greater incidence of pain with PT grafts
(Freedman et al., 2003; Mohtadi et al., 2011; Pinczewski et al.,
2007; Poehling-Monaghan et al., 2017). This discrepancy is poten-
tially due to the fixed follow-up intervals in these previous inves-
tigations vs. the wide range of time since ACLR in our sample (6–
161 months). The greater incidence of knee pain with PT grafts
reported in these longitudinal follow-ups could manifest as a lower
level of physical activity (Mascarenhas et al., 2012; Pinczewski
et al., 2007; Rahr-Wagner et al., 2014), creating an environment
that promotes obesity, inflammation, altered joint loading, and
poor joint health. Additionally, a higher incidence of meniscal
and chondral injuries has been reported with PT grafts (Keays
et al., 2007; Poehling-Monaghan et al., 2017), which likely con-
tributes to the greater osteoarthritis risk (Barenius et al., 2014;
Keays et al., 2010; Ruano et al., 2016).

Interpretation of the results of this study should be considered
within the context of its limitations. The risk of developing
osteoarthritis is higher in females compared to males (Thomas
et al., 2016; Zhang and Jordan, 2010), and sex-specific differences
in gait biomechanics have been reported post-ACLR (Asaeda
et al., 2017; Di Stasi et al., 2015; Webster et al., 2012). We com-
bined males and females in our analyses in an effort to maximize
the sizes of the HT and PT cohorts, potentially masking sex differ-
ences that may influence osteoarthritis risk. Future studies should
continue to investigate the effects of sex on walking gait biome-
chanics after ACLR and the influence on osteoarthritis risk, and
should incorporate more balanced sample sizes given the relatively
small size of our HT cohort. Our analysis plan was also somewhat
conservative, as removing statistical outliers may exclude individ-
uals who provide important information. However, only 1–4 sub-
jects were removed from any given analysis, and the outliers did
not generally constitute a distinct group (i.e. different subjects
were excluded from different analyses), suggesting that the out-
liers were random in nature and unlikely to provide additional
insight. Additionally, the cross-sectional nature of the study pre-
cludes our ability to determine the long-term implications of ACLR
graft type and gait biomechanics on osteoarthritis development.
Other outcomes such as joint contact forces (Saxby et al., 2016)
may be warranted in future research. Similarly, high levels of
quadriceps/hamstrings co-contraction during gait result in greater
joint compressive force (Tsai et al., 2012), and longer duration co-
activation is associated with faster progression of knee OA (Hodges
et al., 2016). Incorporating EMG-driven models to estimate knee
joint contact forces may elucidate additional insight.

In conclusion, the results of this study do not support our
hypothesis that gait biomechanics linked to knee osteoarthritis
development following ACLR differ between individuals who have
received PT and HT grafts. Future prospective longitudinal research
is necessary to identify characteristics that influence the greater
risk of osteoarthritis in individuals who receive PT grafts.
Conflict of interest statement

None of the authors has a financial or personal relationship with
other people or organizations that could inappropriately bias his/
her work.
References

Asaeda, M., Deie, M., Fujita, N., Kono, Y., Terai, C., Kuwahara, W., Watanabe, H.,
Kimura, H., Adachi, N., Sunagawa, T., Ochi, M., 2017. Gender differences in the
restoration of knee joint biomechanics during gait after anterior cruciate
ligament reconstruction. Knee 24, 280–288.

Barenius, B., Ponzer, S., Shalabi, A., Bujak, R., Norlen, L., Eriksson, K., 2014. Increased
risk of osteoarthritis after anterior cruciate ligament reconstruction: a 14-year
follow-up study of a randomized controlled trial. Am. J. Sports Med. 42, 1049–
1057.

Blackburn, J.T., Pietrosimone, B., Harkey, M.S., Luc, B.A., Pamukoff, D.N., 2016a. Inter-
limb differences in impulsive loading following anterior cruciate ligament
reconstruction in females. J. Biomech. 49, 3017–3021.

Blackburn, J.T., Pietrosimone, B., Harkey, M.S., Luc, B.A., Pamukoff, D.N., 2016b.
Quadriceps function and gait kinetics after anterior cruciate ligament
reconstruction. Med. Sci. Sports Exerc. 48, 1664–1670.

Blackburn, J.T., Pietrosimone, B.G., Harkey, M.S., Luc, B.A., Pamukoff, D.N., 2016c.
Comparison of three methods for identifying the heelstrike transient during
walking gait. Med. Eng. Phys. 38, 581–585.

Chehab, E.F., Favre, J., Erhart-Hledik, J.C., Andriacchi, T.P., 2014. Baseline knee
adduction and flexion moments during walking are both associated with 5 year
cartilage changes in patients with medial knee osteoarthritis. Osteoarthritis
Cartilage 22, 1833–1839.

Chen, C.T., Burton-Wurster, N., Lust, G., Bank, R.A., Tekoppele, J.M., 1999.
Compositional and metabolic changes in damaged cartilage are peak-stress,
stress-rate, and loading-duration dependent. J. Orthopaedic Res.: Off. Publ.
Orthopaedic Res. Soc. 17, 870–879.

Co, F.H., Skinner, H.B., Cannon, W.D., 1993. Effect of reconstruction of the anterior
cruciate ligament on proprioception of the knee and the heel strike transient. J.
Orthop. Res. 11, 696–704.

Culvenor, A.G., Collins, N.J., Guermazi, A., Cook, J.L., Vicenzino, B., Khan, K.M., Beck,
N., Leeuwen, J., Crossley, K.M., 2015. Early knee osteoarthritis is evident one
year following anterior cruciate ligament reconstruction: a magnetic resonance
imaging evaluation. Arthritis Rheumatol. 67, 946–955.

Dempster, W.T., Gabel, W.C., Felts, W.J., 1959. The anthropometry of the manual
work space for the seated subject. Am. J. Phys. Anthropol. 17, 289–317.

Di Stasi, S., Hartigan, E.H., Snyder-Mackler, L., 2015. Sex-specific gait adaptations
prior to and up to 6 months after anterior cruciate ligament reconstruction. J.
Orthopaedic Sports Phys. Therapy 45, 207–214.

Eckstein, F., Wirth, W., Lohmander, L.S., Hudelmaier, M.I., Frobell, R.B., 2015. Five-
year followup of knee joint cartilage thickness changes after acute rupture of
the anterior cruciate ligament. Arthritis Rheumatol. 67, 152–161.

Erhart-Hledik, J.C., Chu, C.R., Asay, J.L., Andriacchi, T.P., 2018. Longitudinal changes
in knee gait mechanics between 2 and 8 years after anterior cruciate ligament
reconstruction. J. Orthop. Res. 36, 1478–1486.

Ewers, B.J., Jayaraman, V.M., Banglmaier, R.F., Haut, R.C., 2002. Rate of blunt impact
loading affects changes in retropatellar cartilage and underlying bone in the
rabbit patella. J. Biomech. 35, 747–755.

Freedman, K.B., D’Amato, M.J., Nedeff, D.D., Kaz, A., Bach, B.R., 2003. Arthroscopic
anterior cruciate ligament reconstruction: a metaanalysis comparing patellar
tendon and hamstring tendon autografts. Am. J. Sports Med. 31, 2–11.

Gagnon, D., Gagnon, M., 1992. The influence of dynamic factors on triaxial net
muscular moments at the L5/S1 joint during asymmetrical lifting and lowering.
J. Biomech. 25, 891–901.

http://refhub.elsevier.com/S0021-9290(18)30776-0/h0005
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0005
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0005
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0005
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0010
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0010
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0010
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0010
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0015
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0015
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0015
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0020
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0020
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0020
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0025
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0025
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0025
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0030
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0030
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0030
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0030
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0035
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0035
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0035
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0035
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0040
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0040
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0040
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0045
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0045
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0045
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0045
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0050
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0050
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0055
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0055
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0055
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0060
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0060
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0060
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0065
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0065
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0065
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0070
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0070
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0070
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0075
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0075
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0075
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0080
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0080
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0080


108 C.D. Johnston et al. / Journal of Biomechanics 82 (2019) 103–108
Hart, J.M., Pietrosimone, B., Hertel, J., Ingersoll, C.D., 2010. Quadriceps activation
following knee injuries: a systematic review. J. Athletic Train. 45, 87–97.

Hart, J.M., Turman, K.A., Diduch, D.R., Hart, J.A., Miller, M.D., 2011. Quadriceps
muscle activation and radiographic osteoarthritis following ACL revision. Knee
Surgery, Sports Traumatol. Arthrosc.: Off. J. ESSKA 19, 634–640.

Hodges, P.W., van den Hoorn, W., Wrigley, T.V., Hinman, R.S., Bowles, K.A., Cicuttini,
F., Wang, Y., Bennell, K., 2016. Increased duration of co-contraction of medial
knee muscles is associated with greater progression of knee osteoarthritis.
Manual Therapy 21, 151–158.

Hunt, M.A., Hinman, R.S., Metcalf, B.R., Lim, B.W., Wrigley, T.V., Bowles, K.A., Kemp,
G., Bennell, K.L., 2010. Quadriceps strength is not related to gait impact loading
in knee osteoarthritis. Knee 17, 296–302.

Jefferson, R.J., Collins, J.J., Whittle, M.W., Radin, E.L., O’Connor, J.J., 1990. The role of
the quadriceps in controlling impulsive forces around heel strike. Proc. Inst.
Mech. Eng. [H]. J. Eng. Med. 204, 21–28.

Kaur, M., Ribeiro, D.C., Theis, J.C., Webster, K.E., Sole, G., 2016. Movement patterns of
the knee during gait following ACL reconstruction: a systematic review and
meta-analysis. Sports Med. 46, 1869–1895.

Keays, S.L., Bullock-Saxton, J.E., Keays, A.C., Newcombe, P.A., Bullock, M.I., 2007. A 6-
year follow-up of the effect of graft site on strength, stability, range of motion,
function, and joint degeneration after anterior cruciate ligament
reconstruction: patellar tendon versus semitendinosus and Gracilis tendon
graft. Am. J. Sports Med. 35, 729–739.

Keays, S.L., Newcombe, P.A., Bullock-Saxton, J.E., Bullock, M.I., Keays, A.C., 2010.
Factors involved in the development of osteoarthritis after anterior cruciate
ligament surgery. Am. J. Sports Med. 38, 455–463.

Khandha, A., Manal, K., Wellsandt, E., Capin, J., Snyder-Mackler, L., Buchanan, T.S.,
2017. Gait mechanics in those with/without medial compartment knee
osteoarthritis 5 years after anterior cruciate ligament reconstruction. J.
Orthop. Res. 35, 625–633.

Kumar, D., Kothari, A., Souza, R.B., Wu, S., Benjamin Ma, C., Li, X., 2014. Frontal plane
knee mechanics and medial cartilage MR relaxation times in individuals with
ACL reconstruction: a pilot study. Knee 21, 881–885.

Kurz, B., Jin, M., Patwari, P., Cheng, D.M., Lark, M.W., Grodzinsky, A.J., 2001.
Biosynthetic response and mechanical properties of articular cartilage after
injurious compression. J. Orthopaedic Res.: Off. Publ. Orthopaedic Res. Soc. 19,
1140–1146.

Liikavainio, T., Isolehto, J., Helminen, H.J., Perttunen, J., Lepola, V., Kiviranta, I.,
Arokoski, J.P., Komi, P.V., 2007. Loading and gait symmetry during level and
stair walking in asymptomatic subjects with knee osteoarthritis: importance of
quadriceps femoris in reducing impact force during heel strike? Knee 14, 231–
238.

Luc, B., Gribble, P.A., Pietrosimone, B.G., 2014. Osteoarthritis prevalence following
anterior cruciate ligament reconstruction: a systematic review and numbers-
needed-to-treat analysis. J. Athletic Train. 49, 806–819.

Magnussen, R.A., Granan, L.P., Dunn, W.R., Amendola, A., Andrish, J.T., Brophy, R.,
Carey, J.L., Flanigan, D., Huston, L.J., Jones, M., Kaeding, C.C., McCarty, E.C., Marx,
R.G., Matava, M.J., Parker, R.D., Vidal, A., Wolcott, M., Wolf, B.R., Wright, R.W.,
Spindler, K.P., Engebretsen, L., 2010. Cross-cultural comparison of patients
undergoing ACL reconstruction in the United States and Norway. Knee Surgery,
Sports Traumatol. Arthrosc.: Off. J. ESSKA 18, 98–105.

Mascarenhas, R., Tranovich, M.J., Kropf, E.J., Fu, F.H., Harner, C.D., 2012. Bone-
patellar tendon-bone autograft versus hamstring autograft anterior cruciate
ligament reconstruction in the young athlete: a retrospective matched analysis
with 2–10 year follow-up. Knee Surgery, Sports Traumatol. Arthrosc.: Off. J.
ESSKA 20, 1520–1527.

Mikesky, A.E., Meyer, A., Thompson, K.L., 2000. Relationship between quadriceps
strength and rate of loading during gait in women. J. Orthopaedic Res.: Off. Publ.
Orthopaedic Res. Soc. 18, 171–175.

Mohtadi, N.G.H., Chan, D.S., Dainty, K.N., Whelan, D.B., 2011. Patellar Tendon Versus
Hamstring Tendon Autograft for Anterior Cruciate Ligament Rupture in Adults.
The Cochrane Library.

Mundermann, A., Dyrby, C.O., Andriacchi, T.P., 2005. Secondary gait changes in
patients with medial compartment knee osteoarthritis: increased load at the
ankle, knee, and hip during walking. Arthritis Rheum. 52, 2835–2844.

Noehren, B., Wilson, H., Miller, C., Lattermann, C., 2013. Long-term gait deviations in
anterior cruciate ligament-reconstructed females. Med. Sci. Sports Exerc. 45,
1340–1347.

Pietrosimone, B., Loeser, R.F., Blackburn, J.T., Padua, D.A., Harkey, M.S., Stanley, L.E.,
Luc-Harkey, B.A., Ulici, V., Marshall, S.W., Jordan, J.M., Spang, J.T., 2017.
Biochemical markers of cartilage metabolism are associated with walking
biomechanics 6-months following anterior cruciate ligament reconstruction. J.
Orthop. Res. 35, 2288–2297.

Pinczewski, L.A., Lyman, J., Salmon, L.J., Russell, V.J., Roe, J., Linklater, J., 2007. A 10-
year comparison of anterior cruciate ligament reconstructions with hamstring
tendon and patellar tendon autograft: a controlled, prospective trial. Scand. J.
Med. Sci. Sports 17, 611.
Poehling-Monaghan, K.L., Salem, H., Ross, K.E., Secrist, E., Ciccotti, M.C., Tjoumakaris,
F., Ciccotti, M.G., Freedman, K.B., 2017. Long-term outcomes in anterior cruciate
ligament reconstruction: a systematic review of patellar tendon versus
hamstring autografts. Orthopaedic J. Sports Med. 5. 2325967117709735.

Radin, E.L., Burr, D.B., Caterson, B., Fyhrie, D., Brown, T.D., Boyd, R.D., 1991.
Mechanical determinants of osteoarthrosis. Semin. Arthritis Rheum. 21, 12–21.

Radin, E.L., Whittle, M.W., Yang, K.H., Jefferson, R.J., Rodgers, M.M., Kish, V.L.,
O’Connor, J.J., 1986. The heelstrike transient, its relationship with the angular
velocity of the shank, and the effects of quadriceps paralysis. In: Lantz, S.H.,
King, A.I. (Eds.), Advances in Bioengineering. American Society of Mechanical
Engineers.

Rahr-Wagner, L., Thillemann, T.M., Pedersen, A.B., Lind, M., 2014. Comparison of
hamstring tendon and patellar tendon grafts in anterior cruciate ligament
reconstruction in a nationwide population-based cohort study: results from the
danish registry of knee ligament reconstruction. Am. J. Sports Med. 42, 278–
284.

Risberg, M.A., Oiestad, B.E., Gunderson, R., Aune, A.K., Engebretsen, L., Culvenor, A.,
Holm, I., 2016. Changes in knee osteoarthritis, symptoms, and function after
anterior cruciate ligament reconstruction a 20-year prospective follow-up
study. Am. J. Sports Med. 44, 1215–1224.

Ruano, J.S., Sitler, M.R., Driban, J.B., 2016. Prevalence of radiographic knee
osteoarthritis after anterior cruciate ligament reconstruction, with or without
meniscectomy: an evidence-based practice paper. J. Athletic Train.

Sajovic, M., Strahovnik, A., Dernovsek, M.Z., Skaza, K., 2011. Quality of life and
clinical outcome comparison of semitendinosus and gracilis tendon versus
patellar tendon autografts for anterior cruciate ligament reconstruction: an 11-
year follow-up of a randomized controlled trial. Am. J. Sports Med. 39, 2161–
2169.

Saxby, D., Bryant, A.L., Modenese, L., Gerus, P., Killen, B.A., Konrath, J., Fortin, K.,
Wrigley, T.V., Bennell, K.L., Uttini, F.M., Vertullo, C., Feller, J.A., Whitehead, T.I.M.,
Gallie, P., Lloyd, D.G., 2016. Tibiofemoral contact forces in the anterior cruciate
ligament-reconstructed knee. Med. Sci. Sports Exerc. 48, 2195.

Segal, N.A., Glass, N.A., Felson, D.T., Hurley, M., Yang, M., Nevitt, M., Lewis, C.E.,
Torner, J.C., 2010. Effect of quadriceps strength and proprioception on risk for
knee osteoarthritis. Med. Sci. Sports Exerc. 42, 2081–2088.

Son, S.J., Kim, H., Seeley, M.K., Feland, J.B., Hopkins, J.T., 2016. Effects of
transcutaneous electrical nerve stimulation on quadriceps function in
individuals with experimental knee pain. Scand. J. Med. Sci. Sports 26, 1080–
1090.

Tengman, E., Brax Olofsson, L., Stensdotter, A.K., Nilsson, K.G., Hager, C.K., 2014.
Anterior cruciate ligament injury after more than 20 years. II. Concentric and
eccentric knee muscle strength. Scand. J. Med. Sci. Sports 24, e501–e509.

Thomas, A.C., Hubbard-Turner, T., Wikstrom, E.A., Palmieri-Smith, R.M., 2016.
Epidemiology of posttraumatic osteoarthritis. J. Athletic Train.

Tourville, T.W., Jarrell, K.M., Naud, S., Slauterbeck, J.R., Johnson, R.J., Beynnon, B.D.,
2014. Relationship between isokinetic strength and tibiofemoral joint space
width changes after anterior cruciate ligament reconstruction. Am. J. Sports
Med. 42, 302–311.

Tsai, L.C., McLean, S., Colletti, P.M., Powers, C.M., 2012. Greater muscle co-
contraction results in increased tibiofemoral compressive forces in females
who have undergone anterior cruciate ligament reconstruction. J. Orthopaedic
Res.: Off. Publ. Orthopaedic Res. Soc. 30, 2007–2014.

Webster, K.E., Feller, J.A., 2011. Alterations in joint kinematics during walking
following hamstring and patellar tendon anterior cruciate ligament
reconstruction surgery. Clin. Biomech. 26, 175–180.

Webster, K.E., Feller, J.A., 2012. The knee adduction moment in hamstring and
patellar tendon anterior cruciate ligament reconstructed knees. Knee Surg.
Sports Traumatol. Arthrosc. 20, 2214–2219.

Webster, K.E., Gonzalez-Adrio, R., Feller, J.A., 2004. Dynamic joint loading following
hamstring and patellar tendon anterior cruciate ligament reconstruction. Knee
Surg. Sports Traumatol. Arthrosc. 12, 15–21.

Webster, K.E., McClelland, J.A., Palazzolo, S.E., Santamaria, L.J., Feller, J.A., 2012.
Gender differences in the knee adduction moment after anterior cruciate
ligament reconstruction surgery. Br. J. Sports Med. 46, 355–359.

Webster, K.E., Wittwer, J.E., O’Brien, J., Feller, J.A., 2005. Gait patterns after anterior
cruciate ligament reconstruction are related to graft type. Am. J. Sports Med. 33,
247–254.

Wellsandt, E., Gardinier, E.S., Manal, K., Axe, M.J., Buchanan, T.S., Snyder-Mackler, L.,
2016. Decreased knee joint loading associated with early knee osteoarthritis
after anterior cruciate ligament injury. Am. J. Sports Med. 44, 143–151.

Yang, K.H., Boyd, R.D., Kish, V.L., Burr, D.B., Caterson, B., Radin, E.L., 1989. Differential
effect of load magnitude and rate on the initiation and progression of
osteoarthrosis. Transactions of the 35th Orthopaedic Research Society Annual
Meeting. Las Vegas, NV.

Zhang, Y., Jordan, J.M., 2010. Epidemiology of osteoarthritis. Clin. Geriatr. Med. 26,
355–369.

http://refhub.elsevier.com/S0021-9290(18)30776-0/h0085
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0085
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0090
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0090
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0090
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0095
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0095
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0095
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0095
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0100
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0100
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0100
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0105
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0105
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0105
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0110
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0110
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0110
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0115
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0115
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0115
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0115
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0115
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0120
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0120
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0120
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0125
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0125
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0125
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0125
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0130
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0130
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0130
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0135
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0135
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0135
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0135
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0140
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0140
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0140
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0140
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0140
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0145
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0145
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0145
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0150
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0150
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0150
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0150
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0150
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0150
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0155
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0155
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0155
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0155
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0155
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0160
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0160
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0160
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0165
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0165
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0165
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0170
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0170
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0170
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0175
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0175
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0175
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0180
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0180
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0180
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0180
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0180
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0185
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0185
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0185
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0185
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0190
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0190
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0190
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0190
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0195
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0195
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0200
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0200
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0200
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0200
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0200
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0205
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0205
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0205
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0205
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0205
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0210
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0210
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0210
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0210
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0215
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0215
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0215
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0220
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0220
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0220
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0220
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0220
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0225
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0225
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0225
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0225
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0230
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0230
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0230
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0235
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0235
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0235
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0235
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0240
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0240
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0240
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0245
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0245
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0250
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0250
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0250
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0250
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0255
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0255
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0255
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0255
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0260
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0260
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0260
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0265
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0265
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0265
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0270
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0270
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0270
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0275
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0275
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0275
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0280
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0280
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0280
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0285
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0285
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0285
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0290
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0290
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0290
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0290
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0295
http://refhub.elsevier.com/S0021-9290(18)30776-0/h0295

	Gait biomechanics in individuals with patellar tendon and hamstring tendon anterior cruciate ligament reconstruction grafts
	1 Introduction
	2 Methods
	2.1 Subjects
	2.2 Gait biomechanics assessment
	2.3 Quadriceps function assessment
	2.4 Self-report pain
	2.5 Statistical analysis

	3 Results
	3.1 Kinetics
	3.2 Kinematics

	4 Discussion
	Conflict of interest statement
	References


