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Background: Low patellofemoral joint (PFJ) contact force has been associated with PFJ osteoarthritis. Quadriceps force and
knee flexion angles, which are typically altered after an anterior cruciate ligament reconstruction (ACLR), primarily influence
PFJ contact forces. It is still inconclusive whether differences in PFJ contact forces are present during high knee flexion tasks
such as side-step cutting after clearance to return to sports (RTS) after ACLR.

Purpose: To explore PFJ contact forces in the ACLR limb and compare them with those of the contralateral and control limbs
during side-step cutting tasks after clearance to RTS.

Study Design: Controlled laboratory study.

Methods: A total of 26 male athletes with ACLR who were previously cleared to RTS were matched with 23 healthy men serving
as the control group. Three-dimensional motion capture and force plate data were collected while both groups performed antic-
ipated side-step cutting tasks. Joint kinematics, kinetics, muscle forces, and PFJ contact forces were calculated using muscu-
loskeletal modeling.

Results: Peak PFJ force was lower in the ACLR limbs compared with the contralateral limbs (mean difference [MD], 5.89 body
weight [BW]; 95% CI, 4.7-7.1 BW; P < .001) and the control limbs (MD, 4.44 BW; 95% Cl, 2.1-6.8 BW; P < .001). During peak PFJ
force, knee flexion angle was lower in ACLR limbs compared with the contralateral (MD, 4.88°; 95% Cl, 3.0°-6.7°; P < .001) and
control (MD, 6.01°; 95% Cl, 2.0°-10.0°; P < .002) limbs. A lower quadriceps force compared with the contralateral (MD, 4.14 BW;
95% Cl, 3.4-4.9 BW; P < .001) and control (MD, 2.83 BW; 95% ClI, 1.4-4.3 BW; P < .001) limbs was also found.

Conclusion: Lower PFJ contact forces and a combination of quadriceps force deficits and smaller knee flexion angle were found
in the ACLR compared with the contralateral and control limbs even after clearance to RTS.

Clinical Relevance: Despite rehabilitation and subsequent clearance to RTS, differences in PFJ contact forces are present after
ACLR. Current rehabilitation and RTS battery may not be effective and sensitive enough to identify and address these differences.
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Rupture of the anterior cruciate ligament (ACL) is one of the athletes (<25 years),?® early knee joint degeneration can
most common injuries in the knee.?® Typical management of lead to a significant number of young individuals with
an ACL rupture usually includes ACL reconstruction impaired function and reduced quality of life because of
(ACLR)*? followed by ~6 to 12 months of rehabilitation, knee osteoarthritis.!®

with the goal of restoring knee joint stability.!” Despite Alterations in lower limb biomechanics are common after
this, poor patient-reported outcomes related to knee func- ACLR.?2 Smaller knee flexion angle and excursion as well
tion,'® high reinjury risk,! and accelerated onset of knee as lesser knee extension moments are commonly reported
osteoarthritis®® are common after ACLR. The development in the ACLR leg compared with the contralateral leg and
of knee osteoarthritis has been reported as early as 3 years healthy controls during tasks like gait and running.223°
after ACLR.2® Given the high rates of ACLR in young Furthermore, lower knee joint contact forces are common

after ACLR,3%%% with lower knee joint contact force during

walking associated with the development of knee osteoar-
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as 80% after ACLR?® and is associated with worse disabil-
ities compared with osteoarthritis in other knee compart-
ments.'? Therefore, identifying possible mechanisms
related to the increased risk of PFJ osteoarthritis may be
important to improve patient outcomes after ACLR.

Throughout ACLR rehabilitation, individuals progress
from normal gait tasks to more dynamic movements such
as running, jumping, and side-step cutting.!” Of these tasks,
the side-step cut is one of the most physically demanding
and commonly performed tasks in team sports and is a com-
mon mechanism of ACL injury.'® During side-step cutting,
large loads in the PFJ can occur because of the high knee
flexion angles and quadriceps force commonly seen during
the execution of the task.” The interaction between knee
flexion angle and quadriceps force determines the total com-
pressive forces at the PFJ.?3 Given that quadriceps weak-
ness® and reduced knee flexion angle during tasks (eg,
side-step cutting)*® are common in individuals who have
undergone ACLR, these could potentially lead to alterations
in PFJ contact forces. Previous studies have investigated
PFJ contact forces after ACLR during walking, running,
and single-leg forward hopping.*?454654 The results from
these studies suggest that reductions in PFJ contact forces
could be secondary to the presence of reduced quadriceps
strength, lower peak knee flexion angles, or both, as well
as psychological factors related to fear of reinjury and/or
instability and compensatory strategies to underload the
ACLR limb. However, no study has yet investigated PFJ
contact force in individuals who have undergone ACLR
and have successfully passed return-to-sports (RTS) criteria
(eg, quadriceps strength symmetry >90%). Furthermore,
PFJ contact force during a high-demand task like side-
step cutting has yet to be examined.

Therefore, the aim of this study was to investigate PFJ
contact forces during the performance of a side-step cutting
task at the time of RTS clearance in individuals who have
undergone ACLR and compare them with those of the contra-
lateral limb and a healthy control group. Our hypothesis was
that there would be lower PFJ contact forces in the ACLR
limb compared with the contralateral and healthy control
limbs.

METHODS

Participants

A total of 48 participants agreed to take part in this study
(Figure 1): 26 men who had been cleared for RTS after
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Assessed for eligibility (n = 72)

|
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Excluded ACLR group (n = 20)
® Not meeting inclusion criteria (n =16)

Excluded control group (n = 4)
® Not meeting inclusion criteria (n = 1)
® Declined to participate (n = 2) ® Declined to participate (n = 0)

® Other reasons (n = 2) ® Other reasons (n = 3)

l l

Analyzed ACLR (n = 26)

Analyzed controls (n = 22)

Figure 1. Study flow diagram. ACLR, anterior cruciate liga-
ment reconstruction.

ACLR and 22 healthy men who served as the control
group. Participants in the ACLR group were athletes (pre-
injury Tegner score >7) between 18 and 35 years old who
had a unilateral ACLR using either a hamstring tendon—
semitendinosus + gracilis (n = 10) or a bone—patellar
tendon—bone (n = 16) autograft.

The ACLR group was recruited for the study after com-
pleting supervised rehabilitation at the Aspetar Orthopae-
dic and Sports Medicine Hospital and were subsequently
enrolled 1 week after receiving RTS clearance. Clearance
to RTS was conducted using a shared decision-making
strategy'® that included consideration of the following:
(1) clearance from both their surgeon and physical thera-
pist, (2) completion of a sports-specific on-field rehabilita-
tion program, (3) quadriceps strength (limb symmetry
index >90%), and (4) hop test battery performance (Ilimb
symmetry index >90%).33 Participants with concomitant
meniscal injury that did not significantly interfere with
their rehabilitation were included in the study. Exclusion
criteria for the study included full-thickness articular car-
tilage lesion and any other major lower extremity injury in
both legs (eg, concomitant grade 3 knee ligament injury
other than ACL). The activity levels for the ACLR (before
ACL injury) and control groups were assessed using the
Tegner Activity Scale.® Patient-reported outcomes related
to pain, function, and psychological readiness were col-
lected using the International Knee Documentation Com-
mittee?” and Anterior Cruciate Ligament—Return to
Sport after Injury®! questionnaires.

Recruitment for the control group was performed using
a convenience sampling from a pool of professional and
high-level recreational athletes. Inclusion criteria were
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age between 18 and 35 years, Tegner score >7, participa-
tion in level 1 or 2 sports (>3 times per week), no previous
lower limb surgery, and no lower limb muscle injury in the
3 months before testing.

Study Design

Data collection for this controlled laboratory study was
performed at the biomechanics laboratory of the Aspetar
Orthopaedic and Sports Medicine Hospital. Participants
were recruited between November 2018 and October
2019. Informed consent was obtained from all participants
before participating in the study. This study is part of
a larger study investigating RTS criteria after ACLR
rehabilitation.??

Ethics approval for this study was granted (institutional
review board F2017000227). The transfer and use of previ-
ously collected and nonidentifiable data was approved by
the Australian Catholic University Human Research
Ethics Committee (registration No. 2021-29N).

Data Collection and Instrumentation

A total of 43 reflective markers were placed according to
a full-body Plug-in Gait marker set that included addi-
tional anatomic markers on the sacrum, medial knee,
and medial ankle.'® Three marker clusters were also
placed laterally on the thigh and shank of both legs.'®
Three-dimensional marker trajectories were collected
using a 14-camera motion capture system (250 Hz; Vicon)
along with ground-reaction forces using 5 ground-
embedded force plates (1000 Hz; Kistler).

All participants wore shorts and shoes for data collec-
tion. Participants were familiarized with all procedures
and tasks before data collection. Before biomechanical test-
ing, participants performed a 7-minute warm-up session
composed of running, side running, deep squats, and
double-leg jumps.

For the side-step cut task, participants started in
a standing position 6 m away from the force plates. They
were then instructed to accelerate maximally toward the
force plates, performing 3 trials of an anticipated 45°
side-step cut to the left and to the right. The order of test-
ing for each limb was randomized using a coin toss. For all
tests, a clear foot contact of the plant foot (side-step cut-
ting) on the force plate was needed for a trial to be consid-
ered successful.

Musculoskeletal Modeling

Data analysis was performed using previous methods as
described by Maniar et al,3"3® which include semiautomated
analysis via a custom R code (R Core Team, 2020) interface
with OpenSim Version 4.2.1* A generic musculoskeletal
model was scaled to each individual’s anthropometry based
on a static trial.®* An inverse kinematics algorithm was
used to calculate joint angles during the side-step cut by
means of a weighted least squares optimization that
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minimizes the difference between model and experimental
marker positions during the dynamic trials.®® Inverse
dynamics was used to obtain the generalized forces and
moments that are responsible for these movements. Static
optimization was used to decompose joint moments into
individual lower limb muscle forces by minimizing a cost
function (sum of muscle activations squared). To calculate
PFJ contact force, we used a separate empirically based
model as described previously'?:

Fppy = \/F% + F% + 2FoFp cos 3,

where Fpp; is the PFJ contact force, F is the quadriceps
force, F'p is the patellar tendon force, and B is the patellar
mechanism angle. Note that Fp and 8 were calculated as
a function of the knee flexion angle and quadriceps force
(calculated from the model), based on data from an in vitro
study.®

Data Analysis

The peak PFJ contact force was extracted during the
stance phase (defined as the raw ground-reaction force
exceeding 20 N). Because the primary determinants of
the PFJ force are the knee flexion angle and quadriceps
force,'® we also calculated the knee flexion angle and quad-
riceps force at the time of peak PFJ contact force.

Validation and Verification

Qualitative verification of the temporal-varying character-
istics of experimental joint angles (see Appendix Figure
Al, available in the online version of this article) and
moments (see Appendix Figure A2, available online) was
comparable with that of previous work on side-step cutting
in healthy individuals.®® The temporal characteristics
between predicted muscle forces and electromyography
(EMG) data from previous work performed*! throughout
the stance phase of the side-step cut (see Appendix Figure
A3, available online) also showed general agreement
between model-based predictions and EMG data for most
muscles, after accounting for EMG-to-force physiological
delays (~100 ms) as per recommendations.?®

Statistical Analysis

Descriptive statistics were used to summarize participant
characteristics. The Shapiro-Wilk test was used to check
for normality of distribution of data.** An independent-
samples ¢ test was used (P < .05) to determine between-
group comparisons in participant characteristics. A linear
mixed-effects model? approach was used to determine if
differences existed between the ACLR leg and the contra-
lateral leg as well as the healthy control legs for each of the
previously described outcome variables. For each linear
model, the leg (ACLR, contralateral, healthy control) was
modeled as a fixed effect and the participant number
modeled as a random effect, while adjusting for approach
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TABLE 1
Participant Characteristics, Patient-Reported Outcome Measures, Quadriceps Strength,
and Single-Leg Hop for Distance Performance Used as Criteria for Clearance to RTS*

ACLR Group (n = 26) Control Group (n = 22) P Value
Age, y 23.2 + 3.4 28.3 = 4.3 <.001
Body mass, kg 714 = 121 76.4 =+ 7.3 0.08
Height, cm 173 (166 to 182) 178 (174 to 182) 0.19
Body mass index 23.3 = 2.3 241+ 1.6 0.18
Tegner score preinjury 909t09) 7 (7 to 8) <.001
IKDC 949 + 7.1 99.7 = 0.6 0.002
ACL-RSI 92.0 + 10.8 NA NA
Quadriceps strength LSI, % 94 £ 6 NA NA
SLHD LSI, % 97 = 4 100 = 5 0.02
TRHD LSI, % 97 =5 100 (98 to 102) 0.09
RTS, mo 9.5 = 2.7 NA NA
ACL hamstrings autograft, n (%) 10 (38) NA NA
Isolated ACL injury, n (%) 14 (54) NA NA
Meniscal injury, n (%) 12 (46) NA NA
Cartilage lesion, n (%) 2 (8) NA NA

“Data are presented as mean = SD for normally distributed data and median (interquartile range) for nonnormally distributed data,
unless otherwise stated. ACL, anterior cruciate ligament; ACLR, anterior cruciate ligament reconstruction; ACL-RSI, Anterior Cruciate Lig-
ament—Return to Sport after Injury; IKDC, International Knee Documentation Committee Subjective Knee questionnaire; LSI, limb sym-
metry index; NA, not available; RTS, return to sports; SLHD, single-leg hop for distance; TRHD, triple hop for distance.

TABLE 2
Peak PFJ Contact Force, Knee Flexion Angle at Peak PFJ Contact Force,
and Quadriceps Force at Peak PFJ Contact Force®

Peak PFJ Contact Force, BW Knee Flexion Angle, Deg Quadriceps Force, BW

ACLR 12.7 (11.3-14.1)° 52 (49-54)° 10.9 (10.0-11.7)°
Contralateral 18.7 (17.4-20.0) 56 (54-58) 15.1 (14.3-16.0)
Control 17.1 (15.7-18.5) 57 (55-60) 13.7 (12.8-14.6)

“Data are presented as marginal means (95% CI), accounting for approach velocity during the side-step cut. ACLR, anterior cruciate lig-
ament reconstruction; BW, body weight; PFJ, patellofemoral joint.

bSigniﬁcant difference compared with contralateral and control limbs (P < .05).

velocity (ie, average center-of-mass forward velocity in the
50 ms before foot contact). Approach velocity was adjusted
for, as any variation between groups or trials (eg, partici-
pants may run slower when cutting on their ACLR leg
compared with healthy-leg cuts) could confound analysis
if unaccounted for. Where significant effects were found
for the limb, we conducted post hoc pairwise comparisons
using the Tukey method.?® Data assumptions (eg, distribu-
tions) were verified via the visual inspection of qgplots and
residual plots. For all analysis, statistical significance was
set at P < .05 (statistical software: RStudio: Integrated
Development for R. RStudio, Boston).

Results

RESULTS

Patient characteristics and RTS testing results can be found
in Table 1. The mean approach velocity for the side-step

tasks was 3.7 = 0.6 m/s for the ACLR leg, 3.9 + 0.5 m/s
for the contralateral leg, and 4.3 = 0.6 m/s for the healthy
control leg. The peak PFJ force was significantly less in
the ACLR limbs compared with the contralateral limbs
(mean difference [MD], 5.9 body weight [BW]; 95% CI, 4.7
to 7.3 BW; P < .001) (Figure 2, Table 2) and the control limbs
(MD, 4.4 BW; 95% CI, 2.0 to 6.8 BW; P < .001) (Figure 2,
Table 2). At the time of peak PFJ force, ACLR limbs had
more extended knee joint angles compared with the
contralateral (MD, 4.5°; 95% CI, 2.6° to 6.5°; P < .001)
(Figure 3, Table 2) and control (MD, 5.7°; 95% CI, 1.6 to
9.8; P < .004) limbs (Figure 3, Table 2), as well as lower
quadriceps force compared with the contralateral (MD, 4.3
BW; 95% CI, 3.5 to 5.1 BW; P < .001) (Figure 3, Table 2)
and control (MD, 2.83 BW; 95% CI, 1.3 to 4.4 BW;
P < .001) limbs (Figure 3, Table 2). No significant differences
between contralateral and control limbs were observed for
peak PFJ force (MD, 1.45 BW; 95% CI, —0.8 to 3.7 BW;
P = 281) (Figure 2, Table 2), knee flexion angle (MD,
1.12° 95% CI, —2.8° to 5.0°; P = .768) (Figure 3, Table 2),
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Figure 2. (A) Patellofemoral joint contact force during the stance phase of a side-step cut. Solid line and shaded area represent
the mean and SD of the patellofemoral contact force across the stance phase, respectively. (B) Peak patellofemoral joint contact
force between the anterior cruciate ligament reconstruction (ACLR), contralateral, and control limbs during the stance phase of
a side-step cut. Dots represent all trials, the horizontal line inside the box represents the median, the edge of the boxes are the
first and third quartiles, and vertical line represents the range of the peak patellofemoral joint contact force among the 3 groups.

BW, body weight.

or quadriceps force (MD, 1.31 BW; 95% CI, —0.1 to 2.7 BW;,
P = .080) (Figure 3, Table 2) at the time of peak PFdJ force.
The relationship between knee flexion angle and quadriceps
force at the time of peak PFJ contact force qualitatively
shows that ACLR limbs tend to have a combination of
smaller knee flexion angle and lower quadriceps force at
peak PFJ contact force compared with healthy limbs (Figure
3).

DISCUSSION

The most important finding of the study was that there
were lower PFJ contact forces in the ACLR leg during
the stance phase of a side-step cut when compared with
the contralateral and healthy control limbs. Additionally,
smaller knee flexion angle and lower quadriceps force
were found at the time of peak PFJ contact force in the
ACLR leg compared with the contralateral and healthy
control limbs.

The PFJ contact forces found in this study (13-19 BW)
(Table 2) were larger than those of the previous studies on
walking (1.1-1.6 BW), running (3.4-6.7 BW), and single-leg
forward hopping (8.6-10.8 BW) after ACLR.?® As this was
the first study to investigate PFJ contact forces during
a side-step cut, a comparative data set on the magnitude
of our PFJ contact forces is currently not available. How-
ever, the magnitude of forces found in this study was not
surprising given the larger knee flexion and knee extension

Contralateral

ACLR Control

25

20

Quadricep force (BW)

40 50 60 70
Knee flexion angle (°)

Figure 3. Knee flexion angle and quadriceps force at peak
patellofemoral joint contact force for the anterior cruciate lig-
ament reconstruction (ACLR), contralateral, and control
limbs. The shaded region outside the box represents the
probability density of the knee flexion angle (top) and quad-
riceps force (right) across the 3 groups. BW, body weight.
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moments required to perform a side-step cut compared with
the abovementioned tasks.*® Studies on other activities that
require larger knee flexion angles, such as a squat, showed
that PFJ contact forces can go up to 18 BW.23

Previous studies have investigated PFJ contact forces
during walking, forward hopping, and running in ACLR
limbs compared with non-ACLR limbs. 2454654 Similar
to our results, lower PFJ contact forces in the ACLR limb
were found during the stance phase of walking (3-6 months
after ACLR)®* and running (1-2 years after ACLR)**® as
well as the landing phase of a single-leg forward hop (1-2
years after ACLR)*® compared with the contralat-
eral#?445:1654 91q healthy control groups.?**% In contrast,
Herrington et al?* found larger PFJ contact forces during
the stance phase of running (~7 months after ACLR),
whereas Williams et al®* found no differences between
limbs during walking at 2 years. The differences of our
results from these 2 studies could be attributed to the dif-
ferent tasks and time after ACLR. Herrington et al per-
formed their assessments much earlier in the post-ACLR
phase compared with our study during running tasks,
whereas those of Williams et al were from a less demand-
ing task (walking) at 2 years after ACLR.

Low knee flexion angle and knee extension moment
during different tasks are common after ACLR.2%:30:46
One of the proposed explanations for this is the presence
quadriceps weakness.?! The presence of low quadriceps
strength could logically explain a subsequent reduction
in the ability to produce a knee extension moment. As
such, biomechanical compensations such as a smaller
knee flexion angle, as seen in the current study, or a rela-
tive increase in the joint moments produced at the trunk,
hip, and ankle can arise from a reduced knee extension
moment.>?>*® Another explanation to the “underloading”
of the knee joint in this study could be from psychological
factors like pain, fear of reinjury, or psychological readi-
ness. Previous studies have shown associations with low
psychological readiness or fear of reinjury with aberrant
lower limb biomechanics in individuals who have under-
gone ACLR.*%% The combination of deficits in these phys-
ical and psychological capacities could potentially explain
the smaller knee flexion angle, knee extension moment,
and quadriceps force that resulted in the low PFJ contact
forces in the ACLR limb compared with the healthy limbs
in this study. However, the participants in this study had
a relatively symmetrical isokinetic quadriceps strength
limb symmetry index (Table 1) as well as satisfactory sub-
jective perception of knee function and readiness (Table 1).
Researchers have proposed that compensatory strategies
can develop during the earlier phases of rehabilitation to
achieve task completion despite the presence of deficits in
physical and/or psychological capacity.?’ It could be that
despite restoration of strength and return of confidence
and comfort in the knee, these strategies are still persis-
tent at the time of RTS.

Lower PFJ contact force in the ACLR limb during
a side-step cut compared with in the contralateral and
healthy limbs, despite RTS clearance, may have implica-
tions for the development of knee osteoarthritis. Lower
contact forces in the tibiofemoral joint during walking, 6
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months after ACLR, have been associated with radio-
graphic signs of tibiofemoral joint osteoarthritis in the
ACLR leg.?® Similarly, lower PFJ contact forces during for-
ward hop tasks have been related to radiographic signs of
PFJ osteoarthritis as early as 1 year after ACLR.'* The
reduction in PFJ contact force may have consequences
for the articular cartilage. The cyclic application and
removal of joint contact force is necessary for cartilage
health.® As such, a reduction in PFJ contact force may
alter the normal load cycling of the cartilage and trigger
a series of mechanical and metabolic changes that eventu-
ally lead to cartilage deterioration and onset of osteoarthri-
tis.”%% However, the association between lower PFJ
contact forces and the development of PFJ osteoarthritis
is still inconclusive and needs further investigation.

In addition to the lower peak PFJ forces, the influence
of knee flexion angle on PFJ load location should be consid-
ered, given the observed differences in knee flexion during
cutting tasks. Although not a focus of the current research,
understanding the interaction between the location and
magnitude of loading in the PFJ during cutting movements
may shed light on the development of PFJ osteoarthritis
after ACLR. To date, prospective studies investigating
the effect of lower PFJ contact forces on the development
of PFJ osteoarthritis are lacking. Future prospective stud-
ies are needed to better understand cartilage response to
PFJ loading and the onset of osteoarthritis after ACLR.

We acknowledge that there are limitations to the current
study. First, our PFJ contact force model only considered
the sagittal plane biomechanics of the patella. Although
frontal and transverse plane loading could potentially influ-
ence PFJ contact forces, PFJ loading is largely sagittal
plane dominant, and the results of our study were relatively
comparable with available data.?®*® Regardless, future
studies could increase the complexity of the model to
account for other planes. Second, our study was cross-
sectional in nature, and we were not able to determine the
biomechanical changes after ACLR and rehabilitation. The
lower PFJ contact forces, smaller knee flexion angles, and
lower quadriceps forces found in this study may have been
present before ACL injury. Third, the participants in this
study had either hamstring tendon or patellar tendon graft.
Even though graft type morbidity is commonly reported in
muscle strength,?® previous studies on the effect of graft
type on knee osteoarthritis outcomes (radiographic changes,
pain, function, symptoms) have been mixed.>*’ Given this,
future work that compares PFJ contact forces after different
ACLR graft types may be warranted. Last, this study
included a male-only population from a single site, which
limits the generalizability of our results to women. Future
work in the female population is still needed given the pre-
viously reported differences in lower limb strength and bio-
mechanics between the sexes.**2

CONCLUSION

This study found that PFJ contact forces during a side-step
cut were lower in the ACLR limb when compared with
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contralateral and control limbs, despite clearance of
athletes to RTS. A combination of reduction in quadriceps
force and smaller knee flexion angle was found in the
ACLR limb compared with the contralateral and healthy
control limbs. Current RTS criteria do not appear effective
enough to restore biomechanical alterations in the lower
limbs that may predispose individuals who have under-
gone ACLR to lower PFJ contact forces.

ORCID iDs

Nirav Maniar
David A. Opar
Ryan G. Timmins
Roula Kotsifaki

https://orcid.org/0000-0002-6180-6003
https://orcid.org/0000-0002-8354-6353
https://orcid.org/0000-0003-4964-1848
https://orcid.org/0000-0002-7902-9206

REFERENCES

1. Barber-Westin S, Noyes FR. One in 5 athletes sustain reinjury upon
return to high-risk sports after ACL reconstruction: a systematic
review in 1239 athletes younger than 20 years. Sports Health.
2020;12(6):587-597.

2. Bates D, Machler M, Bolker B, Walker S. Fitting linear mixed-effects
models using Ime4. J Stat Softw. 2015;67(1):1-48.

3. Bjornsson H, Samuelsson K, Sundemo D, et al. A randomized con-
trolled trial with mean 16-year follow-up comparing hamstring and
patellar tendon autografts in anterior cruciate ligament reconstruc-
tion. Am J Sports Med. 2016;44(9):2304-2313.

4. Bowersock CD, Willy RW, DeVita P, Willson JD. Reduced step length
reduces knee joint contact forces during running following anterior
cruciate ligament reconstruction but does not alter inter-limb asym-
metry. Clin Biomech (Bristol, Avon). 2017;43:79-85.

5. Briggs KK, Lysholm J, Tegner Y, Rodkey WG, Kocher MS, Steadman
JR. The reliability, validity, and responsiveness of the Lysholm score
and Tegner activity scale for anterior cruciate ligament injuries of the
knee: 25 years later. Am J Sports Med. 2009;37(5):890-897.

6. Brown C, Marinko L, LaValley MP, Kumar D. Quadriceps strength
after anterior cruciate ligament reconstruction compared with unin-
jured matched controls: a systematic review and meta-analysis.
Orthop J Sports Med. 2021;9(4):2325967121991534.

7. Brown SR, Brughelli M, Hume PA. Knee mechanics during planned
and unplanned sidestepping: a systematic review and meta-analysis.
Sports Med. 2014;44(11):1573-1588.

8. Buff HU, Jones LC, Hungerford DS. Experimental determination of
forces transmitted through the patello-femoral joint. J Biomech.
1988;21(1):17-23.

9. Chaudhari AM, Briant PL, Bevill SL, Koo S, Andriacchi TP. Knee kine-
matics, cartilage morphology, and osteoarthritis after ACL injury.
Med Sci Sports Exerc. 2008;40(2):215-222.

10. Cochrane JL, Lloyd DG, Buttfield A, Seward H, McGivern J. Charac-
teristics of anterior cruciate ligament injuries in Australian football. J
Sci Med Sport. 2007;10(2):96-104.

11. Culvenor A, Schache A, Sritharan P, et al. Underloading, not over-
loading, of the patellofemoral joint increases the risk of early osteoar-
thritis after anterior cruciate ligament reconstruction. Osteoarthritis
Cartilage. 2022;30:S19-S20.

12. Culvenor AG, Collins NJ, Guermazi A, et al. Early patellofemoral oste-
oarthritis features one year after anterior cruciate ligament recon-
struction: symptoms and quality of life at three years. Arthritis Care
Res (Hoboken). 2016;68(6):784-792.

13. Davis RB lll, Ounpuu S, Tyburski D, Gage JR. A gait analysis data
collection and reduction technique. Hum Mov Sci. 1991;10(5):
575-587.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

PFJ Contact Force ACLR 1783

Delp SL, Anderson FC, Arnold AS, et al. OpenSim: open-source soft-
ware to create and analyze dynamic simulations of movement. [EEE
Trans Biomed Eng. 2007;54(11):1940-1950.

Dijkstra HP, Pollock N, Chakraverty R, Ardern CL. Return to play in
elite sport: a shared decision-making process. Br J Sports Med.
2017;51(5):419-420. doi:10.1136/bjsports-2016-096209

Duffell LD, Hope N, McGregor AH. Comparison of kinematic and
kinetic parameters calculated using a cluster-based model and
Vicon’s plug-in gait. Proc Inst Mech Eng H. 2014;228(2):206-210.
Ebert JR, Webster KE, Edwards PK, et al. Current perspectives of
Australian therapists on rehabilitation and return to sport after ante-
rior cruciate ligament reconstruction: a survey. Phys Ther Sport.
2019;35:139-145.

Filbay SR, Ackerman IN, Dhupelia S, Arden NK, Crossley KM. Quality
of life in symptomatic individuals after anterior cruciate ligament
reconstruction, with and without radiographic knee osteoarthritis. J
Orthop Sports Phys Ther. 2018;48(5):398-408.

Fok LA, Schache AG, Crossley KM, Lin YC, Pandy MG. Patellofe-
moral joint loading during stair ambulation in people with patellofe-
moral osteoarthritis. Arthritis Rheum. 2013;65(8):2059-2069.
Gardinier ES, Manal K, Buchanan TS, Snyder-Mackler L. Altered
loading in the injured knee after ACL rupture. J Orthop Res.
2013;31(3):458-464.

Gardinier ES, Manal K, Buchanan TS, Snyder-Mackler L. Gait and
neuromuscular asymmetries after acute anterior cruciate ligament
rupture. Med Sci Sports Exerc. 2012;44(8):1490-1496.

Hart HF, Culvenor AG, Collins NJ, et al. Knee kinematics and joint
moments during gait following anterior cruciate ligament reconstruc-
tion: a systematic review and meta-analysis. Br J Sports Med.
2016;50(10):597-612.

Hart HF, Patterson BE, Crossley KM, et al. May the force be with you:
understanding how patellofemoral joint reaction force compares
across different activities and physical interventions—a systematic
review and meta-analysis. Br J Sports Med. 2022;56(9):521-530.
Herrington L, Alarifi S, Jones R. Patellofemoral joint loads during run-
ning at the time of return to sport in elite athletes with ACL recon-
struction. Am J Sports Med. 2017;45(12):2812-2816.

Hicks JL, Uchida TK, Seth A, Rajagopal A, Delp SL. Is my model
good enough? Best practices for verification and validation of mus-
culoskeletal models and simulations of movement. J Biomech Eng.
2015;137(2):20905.

Huang W, Ong TY, Fu SC, Yung SH. Prevalence of patellofemoral
joint osteoarthritis after anterior cruciate ligament injury and associ-
ated risk factors: a systematic review. J Orthop Translat.
2020;22:14-25.

Irrgang JJ, Ho H, Harner CD, Fu FH. Use of the International Knee
Documentation Committee guidelines to assess outcome following
anterior cruciate ligament reconstruction. Knee Surg Sports Trauma-
tol Arthrosc. 1998;6(2):107-114.

Jones MH, Oak SR, Andrish JT, et al. Predictors of radiographic
osteoarthritis 2 to 3 years after anterior cruciate ligament reconstruc-
tion: data from the MOON on-site nested cohort. Orthop J Sports
Med. 2019;7(8):2325967119867085.

Karanikas K, Arampatzis A, Briiggemann GP. Motor task and muscle
strength followed different adaptation patterns after anterior cruciate
ligament reconstruction. Eur J Phys Rehabil Med. 2009;45(1):37-45.
Knurr KA, Kliethermes SA, Stiffler-doachim MR, Cobian DG, Baer GS,
Heiderscheit BC. Running biomechanics before injury and 1 year
after anterior cruciate ligament reconstruction in Division | collegiate
athletes. Am J Sports Med. 2021;49(10):2607-2614.

Kotsifaki A, Van Rossom S, Whiteley R, et al. Between-limb symme-
try in ACL and tibiofemoral contact forces in athletes after ACL
reconstruction and clearance for return to sport. Orthop J Sports
Med. 2022;10(4):23259671221084742.

Kotsifaki A, Whiteley R, Van Rossom S, et al. Single leg hop for dis-
tance symmetry masks lower limb biomechanics: time to discuss
hop distance as decision criterion for return to sport after ACL recon-
struction? Br J Sports Med. 2022;56(5):249-256.



1784

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

San Jose et al

Kyritsis P, Miladi R, Witvrouw E. Likelihood of ACL graft rupture: not
meeting six clinical discharge criteria before return to sport is asso-
ciated with a four times greater risk of rupture. Br J Sports Med.
2016;50(15):946-951.

Lai AKM, Arnold AS, Wakeling JM. Why are antagonist muscles co-
activated in my simulation? A musculoskeletal model for analysing
human locomotor tasks. Ann Biomed Eng. 2017;45(12):2762-2774.
Lenth R. Emmeans package: estimated marginal means, aka least-
squares means. R package Version 1.3.5.1. Accessed March 22,
2023. https://CRAN.R-project.org/package=emmeans

Lu TW, O’Connor JJ. Bone position estimation from skin marker co-
ordinates using global optimisation with joint constraints. J Biomech.
1999;32(2):129-134.

Maniar N, Schache AG, Cole MH, Opar DA. Lower-limb muscle func-
tion during sidestep cutting. J Biomech. 2019;82:186-192.

Maniar N, Schache AG, Sritharan P, Opar DA. Non-knee-spanning
muscles contribute to tibiofemoral shear as well as valgus and rota-
tional joint reaction moments during unanticipated sidestep cutting.
Sci Rep. 2018;8(1):2501.

Maniar N, Verhagen E, Bryant AL, Opar DA. Trends in Australian knee
injury rates: an epidemiological analysis of 228,344 knee injuries over
20 years. Lancet Reg Health West Pac. 2022;21:100409.

Miranda DL, Fadale PD, Hulstyn MJ, Shalvoy RM, Machan JT, Flem-
ing BC. Knee biomechanics during a jump-cut maneuver: effects of
sex and ACL surgery. Med Sci Sports Exerc. 2013;45(5):942-951.
Neptune RR, Wright IC, van den Bogert AJ. Muscle coordination and
function during cutting movements. Med Sci Sports Exerc.
1999;31(2):294-302.

San Jose AT, Maniar N, Timmins RG, et al. Explosive hamstrings
strength asymmetry persists despite maximal hamstring strength
recovery following anterior cruciate ligament reconstruction using
hamstring tendon autografts. Knee Surg Sports Traumatol Arthrosc.
2023;31(1):299-307.

Saxby DJ, Bryant AL, Modenese L, et al. Tibiofemoral contact forces
in the anterior cruciate ligament-reconstructed knee. Med Sci Sports
Exerc. 2016;48(11):2195-2206.

Shapiro SS, Wilk MB. An analysis of variance test for normality (com-
plete samples). Biometrika. 1965;52(3/4):591-611.

Sritharan P, Schache AG, Culvenor AG, Perraton LG, Bryant AL,
Crossley KM. Between-limb differences in patellofemoral joint forces
during running at 12 to 24 months after unilateral anterior cruciate lig-
ament reconstruction. Am J Sports Med. 2020;48(7):1711-1719.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

The American Journal of Sports Medicine

Sritharan P, Schache AG, Culvenor AG, et al. Patellofemoral and
tibiofemoral joint loading during a single-leg forward hop following
ACL reconstruction. J Orthop Res. 2022;40(1):159-169.

Thompson SM, Salmon LJ, Waller A, Linklater J, Roe JP, Pinczewski
LA. Twenty-year outcome of a longitudinal prospective evaluation of
isolated endoscopic anterior cruciate ligament reconstruction with
patellar tendon or hamstring autograft. Am J Sports Med.
2016;44(12):3083-3094.

Trepczynski A, Kutzner |, Kornaropoulos E, et al. Patellofemoral joint
contact forces during activities with high knee flexion. J Orthop Res.
2012;30(3):408-415.

Trigsted SM, Cook DB, Pickett KA, Cadmus-Bertram L, Dunn WR,
Bell DR. Greater fear of reinjury is related to stiffened jump-landing
biomechanics and muscle activation in women after ACL reconstruc-
tion. Knee Surg Sports Traumatol Arthrosc. 2018;26(12):3682-3689.
Van de Velde SK, Bingham JT, Hosseini A, et al. Increased tibiofe-
moral cartilage contact deformation in patients with anterior cruciate
ligament deficiency. Arthritis Rheum. 2009;60(12):3693-3702.
Webster KE, Feller JA, Lambros C. Development and preliminary val-
idation of a scale to measure the psychological impact of returning to
sport following anterior cruciate ligament reconstruction surgery.
Phys Ther Sport. 2008;9(1):9-15.

Wellsandt E, Failla MJ, Axe MJ, Snyder-Mackler L. Does anterior cru-
ciate ligament reconstruction improve functional and radiographic
outcomes over nonoperative management 5 years after injury? Am
J Sports Med. 2018;46(9):2103-2112.

Wellsandt E, Gardinier ES, Manal K, Axe MJ, Buchanan TS, Snyder-
Mackler L. Decreased knee joint loading associated with early knee
osteoarthritis after anterior cruciate ligament injury. Am J Sports
Med. 2016;44(1):143-151.

Williams JR, Neal K, Alfayyadh A, et al. Patellofemoral contact forces
after ACL reconstruction: a longitudinal study. J Biomech.
2022;134:110993.

Xergia SA, McClelland JA, Kvist J, Vasiliadis HS, Georgoulis AD. The
influence of graft choice on isokinetic muscle strength 4-24 months
after anterior cruciate ligament reconstruction. Knee Surg Sports
Traumatol Arthrosc. 2011;19(5):768-780.

Zarzycki R, Failla M, Capin JJ, Snyder-Mackler L. Psychological
readiness to return to sport is associated with knee kinematic asym-
metry during gait following anterior cruciate ligament reconstruction.
J Orthop Sports Phys Ther. 2018;48(12):968-973.

For reprints and permission queries, please visit SAGE’s Web site at http://www.sagepub.com/journals-permissions



