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ABSTRACT
Purpose: To test the hypothesis that common weightbearing exercises generate higher lower-
limb muscle forces but do not increase medial tibiofemoral contact force (MTCF) when

compared to walking in people with medial knee osteoarthritis and varus malalignment.

Methods: Twenty-eight participants aged >50 years with medial knee osteoarthritis and varus
malalignment were recruited from the community. Three-dimensional lower-body motion,
ground reaction forces and surface electromyograms from 12 lower-limb muscles were
acquired during five squat, lunge, single-leg heel raise and walking trials, performed at self-
selected speeds. An electromyogram-informed neuromusculoskeletal model with subject-
specific bone geometry was used to estimate muscle forces (N) and bodyweight (BW)
normalised MTCF. The peak forces for muscle groups (knee extensors, knee flexors, ankle
plantar flexors and hip abductors) and peak MTCF were compared to walking using a

multivariate analysis of variance model.

Results: There was a significant main effect (p<0.001). Post-hoc tests (mean difference [95%
confidence intervals]) showed that compared to walking, participants generated higher peak
knee extensor and flexor forces during squatting (extensor: 902 N [576, 1227], flexor: 192 N
[9.39, 375]) and lunging (extensor: 917 N [604, 1231], flexor: 496 N [198, 794]), and lower
peak hip abductor force during squatting (-1975 N [-2841, -1108]) and heel raises (-1217 N [-
2131, -303]). Compared to walking, MTCF was lower during squatting (-0.79 BW [-1.04, -
0.53]) and heel raises (-0.27 BW [-0.50, -0.04]). No other significant differences were

observed.
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Conclusion: Participants generated higher peak knee flexor and extensor forces during
squatting and lunging but did not increase peak MTCF compared to walking. Clinicians can
use these findings to reassure themselves and patients that weightbearing exercises in these

positions do not adversely increase forces within the osteoarthritic joint compartment.

Keywords: neuromusculoskeletal modelling; electromyography; strengthening; physical

therapy; lower limb; loading; tibiofemoral contact force
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INTRODUCTION

Knee osteoarthritis (OA) of the medial tibiofemoral compartment is a prevalent chronic
condition that results in pain, loss of function and reduced quality of life (1). People with knee
OA have lower-limb muscle weakness (2-4), and knee extensor (5) and hip abductor (6) muscle
weakness has been associated with tibiofemoral structural decline in this population.
Strengthening exercise is recommended in all current clinical guidelines to self-manage knee
OA (1, 3, 7), with gains in knee muscle strength shown to partly mediate knee pain relief and

improvement in physical function (8).

While the best type of strengthening exercise for clinical benefits in knee OA is unclear (3, 9),
weightbearing exercises are often used to provide resistance and/or facilitate neuromotor
control  (9-12). Weightbearing exercise integrates multiple muscle groups and
agonist/antagonist pairs and is more reflective of functional movements (e.g., standing up from
seated position) than non-weightbearing exercises which tend to isolate a single muscle group
(9, 10). Furthermore, this type of exercise has the advantage of using body weight to apply
resistance, eliminating the need for exercise equipment or resistance machines. As a primary
aim of strengthening exercise is to increase muscle force generating capacity (3), there is an
underlying assumption that weightbearing strengthening exercises will increase the force
generating capacity in muscle groups that produce functional movements. However, no
research has directly evaluated the muscle forces produced during different weightbearing
exercises or compared them to those developed during activities of daily living, such as
walking. Knowledge of the forces produced by relevant muscle groups during different
weightbearing exercises will help guide clinicians in selecting the most appropriate exercises

for inclusion in exercise programs for people with knee OA.
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A common misconception for patients with knee OA is that weightbearing exercise will
aggravate their symptoms or hasten structural decline. Accordingly, kinesiophobia and pain
catastrophising towards exercise is common in knee OA (13-15). The stigma surrounding
weightbearing exercise also extends to the clinician: there is no consensus amongst
physiotherapists that exercise is suitable for knee OA (15) and uncertainty about the effects of
exercise in people with knee OA is known to reduce the likelihood of general practitioners to
use exercise in this population (16). A subgroup of interest are people who have medial knee
OA and varus malalignment, who have greater functional and structural decline (17) than those
with neutrally-aligned medial knee OA. Uncertainty towards weightbearing exercise may arise
because the pathogenesis of medial knee OA is likely due, at least in part, to increased medial
tibiofemoral compartment loading (18). It is known that medial tibiofemoral contact forces
(MTCF) during walking in people with knee OA and varus malalignment average ~2 times
bodyweight (19), yet limited research has evaluated articular knee loads during different
weightbearing exercises in people with knee OA (20). Understanding how knee loads during
weightbearing exercise compare with those developed in daily activities (e.g., walking) will

assist clinicians to make informed decisions regarding exercise prescription in knee OA.

Previous research that has investigated muscle force in knee OA has focused on metrics derived
from electromyograms (EMG), such as activation ratios or co-contractions (21-24), which only
infers muscle coordination rather than muscle force production. Furthermore, research
evaluating knee loads during exercise in knee OA is limited to the external knee adduction
moment (KAM), a surrogate measure of internal load sharing (20). However, the external
KAM has a weak and variable relationship with the internal medial tibiofemoral joint contact
force (MTCF) during walking (25, 26), and this relationship is not observed in other functional

tasks such as side-stepping or running (26). An alternative to assessing the external KAM is to
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implement electromyogram (EMG)-informed neuromusculoskeletal modelling (24, 26-29).
This method integrates subject- and task-specific muscle activation patterns to estimate internal

load measures (i.e., MTCF) and absolute muscle forces (28).

The aim of this study was to use EMG-informed neuromusculoskeletal modelling to test the
hypothesis that common weightbearing exercises will generate larger lower-limb muscles
forces than walking in people with medial knee osteoarthritis and varus malalignment. A
secondary aim was to test the hypothesis that peak MTCF would be no larger during these

exercises compared to walking.

METHODS

A cross-sectional study design was used to compare the muscle forces and MTCF during
walking to three weightbearing exercise tasks: squat, lunge, and single-leg heel raise. Ethical
approval was obtained from the Institutional Human Research Ethics Committee (#1853473)
and participants provided their written informed consent prior to testing. The study was
conducted within The Centre for Health, Exercise and Sports Medicine at The University of

Melbourne, with all biomechanical data collected and processed by the same researcher (SCS).

Participants

Twenty-eight community volunteers were recruited from a clinical trial investigating the 8-
week effect of a valgus knee brace (Australian New Zealand Clinical Trials Registry number:
12619000622101) (19). Knee OA was classified according to the American College of
Rheumatology clinical and radiographic criteria (30). Participants were included if they: i) were
aged 50 years or older; ii) reported knee pain of >4 on a numerical rating scale during walking

within the past week; iii) reported knee pain on most days of the past month for >3 months; iv)
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demonstrated radiographic tibiofemoral joint OA (Kellgren & Lawrence grade >2) (31); V)
have a female shoe size 6-11 US or male shoe size 8-13 US and fit into standard width shoes
(due to participants consenting to concurrent data collection for a cross-sectional footwear
study); and vi) had varus malalignment. Varus malalignment was defined as an anatomic axis
angle of <183° for males and <181° for females, measured on weightbearing anterior-posterior
x-rays (32). Exclusion criteria were: i) lateral joint space narrowing greater than or equal to
medial joint space narrowing; ii) lateral osteophyte grade greater than or equal to medial
compartment osteophyte grade; iii) any knee surgery over the past 6 months; iv) planning to
see an orthopaedic surgeon about a knee problem over the next 8 weeks; v) awaiting or planning
any back or lower-limb surgery over the next 3 months; vi) systemic arthritis; vii) current or
past (6 months) muscular or joint condition other than knee OA; vii) current, past (6 months),
use of or intention to use (next 8 weeks) a knee brace, walking stick or other gait aid; ix) current
or past (3 months) use of oral or intra-articular corticosteroid; and x) unwillingness or inability
to undergo magnetic resonance imaging (MRI) or wear a knee brace. If both knees were

eligible, the more painful knee was selected as the test leg for biomechanical analysis.

Testing procedures

Five barefoot trials for each of the three weightbearing exercises were collected in the
following order: single leg heel raise, double leg squat and forward lunge. These were chosen
to reflect a different range of weightbearing exercises and positions often used within knee OA
programs (9-12). Furthermore, the exercises are easy to perform, require little or no equipment,
and target key muscle groups involved in walking and other functional tasks (knee extensors,
knee flexors, ankle plantar flexors and hip abductors) (27). Exercises were divided into three
phases: (i) ascent/descent from starting pose to the end of self-selected range (Phase 1); (ii) a

three-second isometric hold, verbally counted by the researcher (Phase 2); and (iii)
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ascent/decent back to the initial starting pose (Phase 3). Examples of the start/end and hold
positions for each exercise are shown in Figure 1. Participants were instructed to perform each
task at a self-selected, controlled pace, using their preferred strategy while still executing the
task according to instruction provided. Participants were permitted to perform a practice trial
of the exercise for familiarisation purposes. A trial was excluded and repeated if there was a

significant loss of balance or an insufficient hold phase.

Squat

Participants stood with feet shoulder width apart on a foam wedge (Slant by OPTP,
Minneapolis, USA), such that their feet were positioned in approximately 15 degrees of plantar
flexion (33). The wedges were used to encourage an increase in hip flexion and to prevent
restriction in squat depth by limited ankle dorsiflexion range of motion. This was done on the
basis that people with knee OA have been shown to have restricted hip and ankle range of
motion (34). Participants were instructed to maintain an even weight distribution between their
feet and position their arms to the front (parallel to floor) for balance, then squat as deep as

possible, hold for three seconds, then return to the starting position.

Lunge

Participants stood with feet shoulder width apart with a cross marked on the floor in front of
them, the distance of which was normalised to 70% of their measured test leg length, measured
from the greater trochanter to the lateral malleolus (35). Participants were then instructed to
step forwards with their test leg onto the cross, bend their front leg by dropping their pelvis
down vertically as much as comfortably possible while keeping the torso erect, hold for three

seconds, then push through the front leg to return to the starting position. Participants were
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instructed to position their arms to the side (parallel to the floor) for balance and to keep weight

on their front foot only.

Single leg heel raise

Participants stood with feet shoulder width apart with both hands lightly placed on a four-point
walking frame for balance. With minimal weight through the frame and keeping their knee
straight, participants were instructed to lift their non-test leg off the ground, then keeping
weight through the inner (first and second) toes, raise their heels as high as possible, hold at
end of range for three seconds, then descend to the start position. People with knee OA have a
higher risk of falling (36), subsequently aids such as a frame, chair or wall are commonplace
in clinical practice when performing this exercise. Ground reaction forces (GRF) imparted via
the frame were monitored in real time, with the trial excluded if this compensatory strategy

was observed.

Walking trials
Following all exercise trials, five barefoot walking trials were obtained where participants
ambulated across a 10m level walkway. Walking trials were matched to £5% of the participants

self-selected walking speed, measured using two photoelectric beams.

Data collection

One trial for each exercise and one walking trial (four in total) were used for model calibration
purposes and the remaining four trials for each condition (16 in total) were for model execution
and subsequent analyses. Body motion and GRF data were recorded using a 12-camera motion
analysis system (Vicon MX, Oxford Metrics, UK) sampled at 120 Hz and three ground-

embedded force plates (AMTI, MASS, USA) sampled at 1200 Hz, respectively. A full body
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marker set, consisting of 67 reflective markers were placed atop the participant’s skin
according to the University of Western Australia marker set (37). Surface EMG were sampled
at 1200Hz during the exercise and walking trials using a wireless telemetered 16-channel
Telemyo direct transmission system (Noraxon, AZ, USA) for 12 lower-limb muscles: gluteus
medius (GM), tensor fascia latae (TFL), vastus lateralis (VL), rectus femoris (RF), vastus
medialis (VM), biceps femoris (BF), semimembranosus (SM), lateral gastrocnemius (LG),
medial gastrocnemius (MG), soleus (SOL), tibialis anterior (TA) and peroneus longus (PL).
The skin surface above the muscle belly was prepared and electrodes placed consistent with
the Surface EMG for Non-invasive Assessment of Muscles (SENIAM) guidelines (38).
Participants performed maximum isometric voluntary contraction (MVC) trials to elicit
maximal EMG for the instrumented muscles in the following positions: (i) seated knee
extension, (ii) seated knee flexion, (iii) seated ankle eversion, (iv), seated ankle dorsiflexion,
(v) standing hip abduction. Participants performed three maximal efforts (5 second duration)
for each contraction against resistance with 30 seconds rest in between efforts. Participants

received standardised verbal encouragement to contract maximally during these tasks.

Magnetic resonance imaging

A three-dimensional (3D) Ti-weighted sagittal volumetric interpolated breath-hold
examination (VIBE) of the study knee and a 3D Ti-coronal lower-limb scan were undertaken
using a 3 T MRI machine (Siemens Medical Systems, Erlangen, Germany). The 3D images of
the lower-limb bones and tibiofemoral joint cartilage were then semi-manually segmented
using Mimics software (Materialise, Leuven, Belgium). These segmentations were used to

inform subject-specific anatomical geometry during the musculoskeletal modelling process.

Medial tibiofemoral joint contact force analysis
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Laboratory marker, force plate and EMG data were pre-processed within Matlab 2019b
(MathWorks, Natick, MASS, USA) using the MOtoNMS toolbox (39). The EMG data were
band-pass filtered (30-400 Hz) and full-wave rectified, then low-pass filtered using a zero-lag
2" order Butterworth filter with a nominal 6 Hz cut-off frequency. The linear envelopes of the
ankle plantar flexors were normalised to the maximum EMG value recorded during the single
leg heel raise exercise, as we considered this a maximal task for this muscle group in this
population. The remaining linear envelopes were amplitude-normalized to the maximum EMG
value recorded during the MVC trials. These normalisation methods are acceptable given this

is a within-subject study design conducted within a single session (40).

A generic, full-body musculoskeletal model (41) was used within OpenSim (42). The model
had three rotational degrees of freedom at the hip, one at the knee (with abduction/adduction,
internal/external rotations prescribed as a function of knee angle), and one at the ankle. Contact
bodies were added to the medial and lateral compartments of the knee to enable the calculation
of net joint moments and muscle tendon unit moment arms about each compartment (27). The
locations of these points were determined in 3-matic (Materialise, Leuven, Belgium) by an
extrema analysis of the most distal point of the respective femoral condyles. The hip joint centre
was obtained in 3-matic as the centre of a sphere fitted on the respective MRI segmented
femoral head. Subject-specific scaling of the pelvic, femoral and tibial dimensions, as well as
their mass inertia properties was undertaken by measuring the respective segmented bone
lengths and widths using standardised anatomical landmark coordinates. Foot and torso model
segment dimensions and mass inertia properties were linearly scaled to match the individual's

anthropometry using markers acquired during a static pose in the gait laboratory.
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After model scaling, inverse kinematics, inverse dynamics, and muscle analysis tools were
used in OpenSim (Version 3.3) (42) to determine lower-limb joint angles, joint moments, and
muscle-tendon unit kinematics, respectively (42). The modelled joint moments, muscle-tendon
unit kinematics, and processed EMG (excitations) from four trials were then used to calibrate
a neuromusculoskeletal model for each participant using the Calibrated EMG-Informed
Neuromusculoskeletal Modelling toolbox (CEINMS) (28). The twelve experimental EMG
signals were mapped to twenty muscle-tendon units in the model (28, 43). Of note, GM
excitations were mapped to corresponding anterior, middle and posterior fibres (GMEDL,
GMED2, GMED?3); Vastus intermedius (V1) excitations were obtained as average of VL and
VM excitations; Semitendinosis (ST) excitations were obtained from SM excitations; biceps
femoris long head (BFLH) and short head (BFSH) excitations were obtained from the BF
excitations. For each participant, optimal fibre and tendon slack lengths of these lower-limb
muscles were adjusted using morphometric scaling to preserve their operating ranges (44).
Muscle activation dynamics and internal muscle parameters were then functionally calibrated
in CEINMS as per our previously reported methods using one of the experimentally acquired
trials for each condition (four in total) (26). Following calibration, CEINMS was used in
assisted-mode (43) to estimate muscle forces and tibiofemoral contact forces for the remaining
four exercise or walking trials not used during CEINMS calibration. The assisted—mode neural
solution synthesized excitation patterns using optimization criteria for knee spanning muscles
without experimental EMG (sartorius and gracilis) and minimally adjusted excitations for
muscles with experimental EMG (43). The knee spanning muscle forces were used as inputs
into a planar knee mechanism to estimate bodyweight (BW)-normalised MTCF (27) (Figure
2). The muscle and external contribution to compartmental tibiofemoral contact force were

determined by summing the frontal plane muscle moments, external torques, and contact
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reaction moments about the medial and lateral tibiofemoral contact points (26, 27). Absolute

muscle force (N) was extracted for all muscle tendon units.

Kinematic, kinetic, MTCF and individual muscle forces were spline interpolated to 101 time
points across stance phase for the walking trials, and to 300 time points for each exercise cycle
(100 time points for each phase). Where events could be detected from forceplate data (i.e.,
walking and lunging), a force threshold of 10 N was used to define heel-strike and toe-off.
Otherwise, exercise phases were determined using a customised Matlab script, with events
defined when key marker positions exceeded or returned to within two standard deviations of
the relevant resting value. All automated events were then checked manually by the researcher
for accuracy (SCS). The individual muscle forces were combined into their respective muscle
groups: knee extensors (VL, RF, VI, VM), knee flexors (BFLH, BFSH, SM, ST), ankle plantar
flexors (LG, MG, SOL) and hip abductors (GMED1, GMED2, GLMED3, TFL). The peak
force for each muscle group and peak normalised MTCF were then extracted. The mean muscle
and external load contributions were obtained and expressed as a relative percentage of the

total contact loading experienced by the medial tibiofemoral compartment.

Statistical methods

Statistical analysis was conducted using Statistical Package for Social Sciences (SPSS), version
26 (IBM, New York, USA) with significance at p<0.05. Dependent variables were peak 1)
knee extensor force; 2) knee flexor force; 3) ankle plantar flexor force; 4) hip abductor force;
and 5) MTCF. Differences in the dependent variables were compared using a multivariate
analysis of variance model (MANOVA), with condition (four levels: squat, lunge, heel raise
and walking) as the independent variable. The MANOVA was chosen as it evaluates the main

effects and interaction of the independent variable on the dependent variables collectively, thus
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controlling for experiment-wise error rate. Assumptions of homogeneity of variance of the
residuals, independent observations and normal distribution of the residuals were evaluated.
We were primarily interested in the main effect of each exercise condition (squat, lunge, heel
raise) compared to walking. In the event of a significant main or interaction effect, post-hoc
pairwise comparison (mean difference [95% confidence interval (95%CI)]) with Bonferroni

correction was performed to explore significant effects.

RESULTS

The cohort (n=28) had slightly more males than females and was overweight on average (Table
1). Descriptive spatiotemporal, kinematic, and kinetic data for walking and exercise conditions
are provided in Supplementary Table 1. The results of the MANOVA showed a significant
main effect between conditions (p<0.001). Subsequent pairwise comparisons are provided in

Table 2, Figures 3 and 4, and detailed below.

Squat

Compared to walking, participants generated higher peak knee extensor force (mean difference
902 N 95%CI [576, 1227]), higher peak knee flexor force (192 N 95%CI [9.39, 375]), and a
lower peak hip abductor force (-1975 N 95%CI [-2841, -1108]) during the squat task. No
difference was observed between squatting and walking for peak plantar flexor force (-399 N

95%CI [-913, 114]).

Lunge
Compared to walking, participants generated higher peak knee extensor force (917 N 95%CI

[604, 1231]) and higher peak knee flexor force (496 N 95%CI [198, 794]) during the lunge
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task. No difference was observed between lunging and walking for peak plantar flexor force (-

156 N 95%CI [-648, 336]) or peak hip abductor force (-281 N 95%CI [-1178, 616]).

Heel raise

Compared to walking, participants generated lower peak hip abductor force (1217 N 95%CI [-
2131, -303]) during the heel raise task. No difference was observed between heel raises and
walking for peak knee extensor force (-46.1 N 95%CI [-274, 182]), peak knee flexor force

(90.0 N 95%CI [-119, 298]) or peak plantar flexor force (-85.8 N 95%CI [-533, 362]).

Medial tibiofemoral joint contact force
Compared to walking, participants generated lower peak MTCF during the squat (-0.79 BW
95%CI [-1.04, -0.53]) and heel raise tasks (-0.27 BW 95%CI [-0.50, -0.04]). There was no

difference in peak MTCF between lunging and walking (-0.01 BW 95%CI [-0.25, 0.24]).

DISCUSSION

Strengthening exercises are strongly recommended for people with knee OA (1, 3, 7).
Weightbearing exercises are often prescribed with the intention to increase the force generating
capacity of muscles in the context of functional movements (10, 11). However, little is known
about the muscle forces experienced during common weightbearing exercises and how these
compare to everyday movements such as walking. Indeed, if weightbearing exercises generate
larger lower-limb muscle forces than walking without increasing knee contact forces, patients
and clinicians can be reassured that weightbearing exercises are suitable for knee OA, which
may increase prescription of and adherence to exercise programs. We implemented an EMG-
informed musculoskeletal modelling approach to estimate peak muscle forces and MTCF

developed during a range of therapeutic tasks and walking. Compared to walking, participants
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generated higher peak knee extensor force and higher peak knee flexor force during lunging
and squatting, and a lower peak hip abductor force during lunging and heel raises. The MTCF
was lower during the heel raises and squatting, but similar between lunging and walking.
Collectively, these results support the inclusion of these types of weightbearing exercise for
people with knee OA, however the effectiveness of individual exercises in generating force is

both task and muscle dependent.

Compared to walking, the MTCF was similar during lunging and lower during squatting and
heel raises. For lunging and squatting, this occurred despite higher knee flexor and extensor
muscle force. This can be explained through examination of the planar mechanism (27) used
to estimate MTCF in this study (Figure 2). First, there was a concomitant decrease in external
loads that prevented an increase in MTCF when compared to walking. The mean relative
external contribution to MTCF was highest during walking (53% + 12%), then progressively
decreased with heel raises (47% = 17%), lunging (25% + 16%) and squatting (-9% * 18%)
(Supplementary Figure 1). The decrease in external load contribution to MTCF was
predominantly caused by a lower external KAM, particularly during squatting (Supplementary
Table 1). Similar findings have been demonstrated using EMG-informed modelling in a healthy
cohort where the mean relative external contribution to MTCF during walking (52% % 10%)
was higher compared to more vigorous functional tasks of running (17% + 20%) and
sidestepping (9% * 12%) (26). Second, there is a non-linear relationship between absolute
muscle force and muscle contribution to the MTCF. The transfer of muscle force to MTCF is
mediated by muscle kinematics (e.g., moment arm and line of action) (Figure 2). Subsequently,
the non-dependent relationship between muscle force and MTCF should be considered when

interpreting our results.
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We selected absolute muscle force as the primary outcome in this study as it is relevant to
clinicians wanting to understand the force output of key lower-limb muscle groups during
common weightbearing exercises. Compared to walking, peak knee extensor force was ~3
times higher during squatting and lunging and peak knee flexor forces were 1.6 and 2.5 times
higher, respectively (Table 2, Figure 4). These are important observations given these muscles
stabilise the knee during the loading response of walking, which is where the peak MTCF
occurs (19, 26, 27). These findings also explain the larger knee external knee flexion moment
during squatting and lunging compared to walking (Supplementary Table 1), given this
moment is primarily generated by the knee extensors (26). In contrast, none of the exercises
evaluated in this study generated hip abductor force significantly larger than the peak observed
during walking. This finding for hip abductor force is understandable given the hip abductors
are not a prime mover for any of the selected exercises. During walking, the hip abductors are
active throughout single-leg stance to provide frontal plane stability to the pelvis in response
to substantial inertial forces. Only the heel raise exercise involved a period of single-leg stance,
however participants used a frame support to assist with balance, which likely reduced the
requirement of the hip abductors to stabilise the pelvis. It is likely that targeted hip abductor
exercises (e.g., non-weightbearing with resistance) (45), neuromuscular exercises that
specifically challenge pelvic stability (9-12) or more demanding weightbearing strengthening
exercises (e.g., single leg squat) are required in addition to the exercises investigated in this
study to enhance the force generating capacity of the hip abductors. Indeed, future research is
warranted to determine whether these exercises can generate a peak hip abductor force larger

than walking.

Surprisingly, the peak plantar flexor force did not differ to walking during any of the evaluated

exercises. These observations contradict clinical expectations, given the heel raise task
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selectively targets this muscle group. Upon closer inspection, the heel raise was performed with
the knee approaching terminal extension (Supplementary Table 1). In this posture, soleus, the
primary force generator of the plantar flexors (41), was less likely to be recruited compared to
walking. Inspection of individual muscle forces confirmed this hypothesis, where peak soleus
force was ~2 times larger during walking compared to the heel raise where the gastrocnemii
were dominant (data not shown). Based on these findings, single leg heel raises, as evaluated
in this study, do not appear to generate sufficient lower-limb muscle force to warrant inclusion
in a strengthening program for knee OA, unless the clinical goals are to selectively strengthen
the gastrocnemii. Alternatively, clinicians could consider adding resistance (e.g., holding
weights) as a baseline exercise rather than a progression and/or prescribing heel raises in a
flexed knee position. However, further research is warranted to evaluate ankle plantar flexor
force for these alternative exercises. It is also plausible that this exercise may target muscles
groups that were not evaluated in this study (e.g., ankle evertors), or alternatively may be

prescribed to target different outcomes such as balance re-training.

Unfortunately, clinicians and their patients often refer to knee OA as “wear and tear” or “bone
on bone” (13), which leads to negative attitudes towards exercise as a self-management strategy
in this clinical population (13-15). Patients often fear that weightbearing exercise will further
damage their knee (13, 14), and some clinicians are hesitant to prescribe weightbearing
exercises for fear of aggravating patient symptoms (15, 16). However, our findings suggest
that, on average, peak MTCF during squatting, lunging and heel raises did not exceed peak
MTCF during walking. Squatting elicited the lowest average peak MTCF, followed by heel
raises, then lunging (1.32, 1.83 and 2.12 BW, respectively) (Table 2, Figure 3). The MTCF
during squatting was significantly lower than walking, which is understandable given it is a

dual-limb task, while the lunges and heel raises were predominantly single-limb tasks. A
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previous study of young, healthy adults using static optimisation modelling methods found the
MTCF was higher than walking during the majority of evaluated weightbearing exercises (sit
to stands, step-ups/downs, lunging and hopping), and equivalent during squatting (46).
However, it has been shown that static optimisation approaches overestimate muscle forces
and tibiofemoral joint contact forces and cannot account for variations in muscle activation
patterns between tasks and individuals (28, 47, 48). It is also possible that this observation
stems from biomechanical differences between a population with symptomatic knee OA and a
young, healthy population. For example, our knee OA sample may have shifted their body
weight to the contralateral leg during squatting. Supplementary analyses of vertical GRF data
found a 6.1% lower peak and a 7.6% lower impulse in the study leg compared to the
contralateral leg during squatting (Supplementary Table 2). Considering the free-body diagram in
Figure 2, this weight shift would likely reduce the KAM and may explain reduce both the KAM moment
arm, (rxap) and GRF (Fx 45,) may explain the small peak KAM observed during squatting in our cohort
(Supplementary Table 1) It is also likely that people with symptomatic knee OA walk and
perform weightbearing exercises with lower movement speed than healthy populations. Our
cohort performed a squat more slowly than a younger, healthy cohort (cohort: descent 12 cm-s
1 ascent 15 cm-s! (Supplementary Table 1); control: descent 58 cm-s™, ascent 69 cm-s (33)).
Indeed, it is likely that movement speed will influence peak MTCF, as it does during analysis
of walking (29). Importantly, the self-selected walking speed of the cohort was 1.24 m-s?
(x0.13), which is consistent with self-selected walking speeds in other knee OA studies (mean
range 1.08-1.26 m-s™) (9, 18, 21, 22). Therefore, our findings with respect to walking speed

can be generalised to other people with knee OA.

Collectively, these findings can give clinicians and their patients confidence that the

weightbearing exercises evaluated in this study will generate peak knee extensor and knee
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flexor forces larger than normal walking while exposing the medial compartment to similar, or
lower loads. Despite clinical practice guidelines advocating exercise as a core treatment for all
people with knee OA based on robust research evidence (1,3,7), there is still uncertainty
amongst physiotherapists about whether exercise is effective and/or safe for all people with
knee OA (15). Furthermore, exercise use is significantly greater among general practitioners
who agree that knee extensor strengthening and general exercises are suitable for people with
knee OA (16). Our novel findings can be used to reinforce positive attitudes of clinicians
towards weightbearing exercise and increase its prevalence within conservative management
plans. Understanding the generation of tibiofemoral contact forces during exercise will also
enable clinicians to progressively load the tibiofemoral compartments. For example, squatting
and lunging generated similar peak knee extensor forces, however the peak MTCF was much
lower during squatting. Given the minimal detectable change scores for MTCF using a scaled-
generic EMG-driven model during walking is ~12% (49), this difference may be meaningful.
Squats may then be preferred as an exercise of choice over lunges in the early phases of
strengthening given the lower MTCF with squats may be less likely to aggravate knee pain. A

patient could then progress to lunges as part of a graduated program.

To our knowledge, this is the first study to use an EMG-informed neuromusculoskeletal
modelling approach to estimate the muscle and tibiofemoral contact forces during common
weightbearing exercise tasks, in any population. We used MRI imaging to implement subject-
specific lower-limb joint geometry, which has been shown to improve predictions of MTCF
(48). However, some limitations do warrant consideration. First, these findings are only
generalisable to participants with knee OA who also have varus knee malalignment. Second,
participants performed all tasks in barefoot to avoid footwear confounding the study results.

While there is no consensus whether shoes should be worn during strengthening exercise in



454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

knee OA, caution should be made if translating findings to patients who prefer to perform
weightbearing exercise in shoes. Third, our study sample included slightly more males than
females, however knee OA is more prevalent in women than men (50). Fourth, participants
were permitted to self-select their movement speed and range of movement during the tasks.
This was done to be consistent with clinical practice and with the acknowledgement that range
of movement and movement speed is highly variable as it is often limited by pain in knee OA.
However, it is possible that others with knee OA may perform these exercises differently to
our cohort and thus encounter different outcomes. Fifth, we tested the exercises from least to
most complex to allow a stepwise progression, as per clinical practice in a symptomatic
population. However, by not randomising the testing order of tasks, we may have confounded
study results. Last, comprehensive validation of our EMG-informed neuromusculoskeletal
modelling is currently restricted by limited datasets to provide a direct validation of MTCF

predictions (48).

Our exploratory findings suggest that squatting and lunging generate higher peak knee extensor
and knee flexor force yet do not increase peak MTCF when compared to walking in people
with medial knee OA and varus malalignment. Clinicians can use these novel findings to
reassure themselves and patients that weightbearing exercise in these positions do not adversely

increase forces within the osteoarthritic joint compartment.
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Figure 1: Start/end and hold positions for the squat, lunge and single leg heel raise exercise.

Figure 2: Two-point contact model used to estimate tibiofemoral contact loading (27). Where
M is the medial compartment contact point, L is the lateral compartment contact point, d;. is
the intercondylar distance between M and L, E,,,.. is the muscle force, MM is the summed
external moment about the medial compartment, 7,5, is the MTU moment arm relative to the

medial compartment, and F,. is the lateral compartment contact load. Within the figure, the

knee adduction moment force (Fi45) and moment arm (ry 45,) IS also demonstrated.

Figure 3: Left: ensemble average muscle force (+ standard deviation) of squatting (grey line),
lunging (yellow short dot), heel raises (blue dash-dot) and peak walking (black dashed line) for
A: knee extensor, B: knee flexor, C: ankle plantar flexor and D: hip abductor muscle groups.
Right: box plots of peak muscle force of squatting (grey), lunging (yellow), heel raises (blue)
and walking (dashed line) for A: knee extensor, B: knee flexor, C: ankle plantar flexor and D:
hip abductor muscle groups. Box: interquartile range with median (line) and mean (square).
Whiskers: 5-95% of data. Scatter: individual participant data (n=28). Asterix (*) denotes

significant difference compared to walking.

Figure 4: Left: ensemble average bodyweight-normalised medial tibiofemoral contact force (+
standard deviation), of squatting (grey line), lunging (yellow short dot), heel raises (blue dash-
dot) and peak walking (black dashed line). Right: box plots of peak bodyweight-normalised
medial tibiofemoral contact force of squatting (grey), lunging (yellow), heel raises (blue) and
walking (dashed line). Box: interquartile range with median (line) and mean (square).
Whiskers: 5-95% of data. Scatter: individual participant data (n=28). Asterix (*) denotes

significant difference compared to walking.
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