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Abstract: The purpose of this study was to assess the biomechanical adaptations prompted by station-
ary cycling paired with visual feedback of vertical pedal reaction forces during both stationary cycling
and overground walking for patients who underwent a total knee arthroplasty (TKA). Specifically,
an emphasis on the inter-limb deficits in knee joint biomechanics were examined. Ten patients who
underwent a TKA took part in an acute intervention with pre- and post-testing measurements of
kinematics (240 Hz) and kinetics (1200 Hz) during stationary cycling and overground walking. The
intervention phase consisted of six cycling sessions during which participants were provided with
visual feedback of their bilateral peak vertical pedal reaction force, with instructions to maintain a
symmetrical loading between limbs. A 2 × 2 (work rate/speed × time) repeated measures ANOVA
(α = 0.05) was conducted on key outcome variables. Peak knee extension moment asymmetry during
stationary cycling significantly improved (p = 0.038, η2

p = 0.610) following the acute intervention.
Walking velocities for both preferred (p = 0.001, d = 0.583) and fast (p = 0.002, d = 0.613) walking
speeds displayed improvements from pre- to post-testing. Significant improvements in the total
score (p = 0.009, d = 0.492) and ADL subscale score (p = 0.041, d = 0.270) for the Knee Injury and
Osteoarthritis Outcome Score were present following the acute intervention. Stationary cycling with
visual feedback may be beneficial post-TKA; however, further investigation is merited.

Keywords: osteoarthritis; feedback; kinetics; gait analysis

1. Introduction

Total knee arthroplasty (TKA) is performed to restore knee joint function, alignment,
and alleviate pain for individuals with end stage knee osteoarthritis; however, joint func-
tion may not be fully restored post-operation [1]. Disproportionate inter-limb loading
deficits for the internal knee extension moment (KEM) often persist post-operation [1,2],
increasing the risk for joint arthroplasties of the contralateral limb or revision of the primary
implant [3]. Individuals post-TKA display inter-limb deficits in measures of quadriceps
strength, with the operated limb exhibiting significantly decreased strength compared to
the non-operated [4–6]. Prolonged deficits in quadriceps strength post-TKA raise additional
concerns relating to functional abilities [7] and marked decreases in gait velocities that are
present post-operation [8].
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Dissimilar to patients diagnosed with knee osteoarthritis [9], no widely recognized
rehabilitation guidelines exist for patients post-TKA. A common rehabilitation recommen-
dation is to partake in activities eliciting lower tibiofemoral joint loading, such as stationary
cycling [10,11]. In addition to experiencing lower knee joint loading, stationary cycling
has been found to improve cardiovascular health, muscular strength, and muscular en-
durance [12]. However, significant inter-limb deficits of knee joint moments (e.g., knee
extension moments) and pedal kinetics (e.g., vertical pedal reaction force) have been iden-
tified during stationary cycling [13] similar to those present in gait [5,14,15] post-TKA.
Deficits in KEMs may be indicative of altered loading of the tibiofemoral joint [16] as well
as quadriceps involvement and strength during activity. Concurrently, there is limited
evidence supporting the efficacy of stationary cycling post-TKA in the literature [17]. When
compared, a stationary cycling-focused rehabilitation program compared to a standard
care program post-TKA found no significant benefits [17]. However, the intervention was
introduced very early in the rehabilitation program, did not progress intensity, and outcome
measures were limited to the Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC). Understanding the impact of cycling rehabilitation on knee joint biome-
chanics may provide evidence-based recommendations for the use of stationary cycling
post-TKA.

Augmented feedback (e.g., visual feedback) has been employed to enhance the benefits
of cycling training paradigms in clinical populations [18–20]. Visual feedback stimuli range
from using torque generated at the crank [20] to tangential pedal force [18,19]. Promising
findings have been reported with improvements in gait speed for patients post-stroke
compared to control groups [19]. While cycling with visual feedback can be beneficial,
currently, there is limited research demonstrating feasibility of its use in reducing inter-limb
loading deficits for patients post-TKA. Furthermore, if visual feedback could be used to
specifically target measures of knee extensor involvement (KEM), then improvements in
functionality and gait velocities may be possible utilizing stationary cycling.

The purpose of this study was to examine how stationary cycling paired with visual
feedback of the bilateral peak vertical pedal reaction force impacts biomechanical inter-limb
asymmetries in stationary cycling and gait post-TKA. Our primary hypothesis was that
inter-limb asymmetries for the peak KEM, and the vertical and posterior pedal reaction
forces, during cycling would improve pre- to post-training. Our secondary hypothesis was
that the inter-limb asymmetries for peak KEM and vertical ground reaction force (GRF)
during overground walking would improve pre- to post-training. Thirdly, we hypothesized
that gait velocities, performance on functional tests, and Knee Injury and Osteoarthritis
Outcome Scores (KOOSs) would improve post-intervention.

2. Materials and Methods
2.1. Participants

Ten participants were recruited from a local orthopedic clinic following unilateral
TKAs performed by the same surgeon (Table 1). Participants were enrolled if they met the
inclusion criteria while not satisfying any of the exclusion criteria (Table 2). All procedures
were approved by the University Institutional Review Board and all participants completed
an informed consent prior to participation.

Table 1. Participant demographic characteristics including age (years), mass (kg), height (m), and time
post-operation (months) (mean ± STD) and the inclusion/exclusion criteria used during recruitment.

Characteristics

Age 64.8 ± 7.7
Mass 89.2 ± 21.3
Height 1.70 ± 0.1
Time post-operation 8.6 ± 2.4
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Table 2. Inclusion and exclusion criteria utilized to screen potential participants prior to recruitment.

Inclusion Exclusion

■ Age: 50–80 years
■ Time post-operation: 6–18 months

■ Debilitating osteoarthritis of other lower extremity joints impacting their gait
■ Arthroplasty of other lower extremity joints
■ BMI ≥ 38 kg/m2

■ Neurological diseases that impact gait or balance
■ Systemic inflammatory arthritis
■ Arthroscopic surgery or lower limb injury within 6 months
■ >5 level of pain in the replaced knee using a 0–10 VNS scale
■ Required the use of walking aids

2.2. Procedures
2.2.1. Instrumentation

Three-dimensional kinematics were collected using a 12-camera motion capture system
(240 Hz, Vicon Motion Capture Inc., Oxford, UK). Individual reflective markers and rigid
clusters were used to track segmental motion of the trunk, pelvis, thighs, shanks, and
feet [13,21]. Reflective markers were placed on each pedal and crank arm axis to track pedal
motion [13,22]. Three-dimensional pedal reaction force data during cycling were collected
using two instrumented pedals outfitted with two tri-axial force sensors (1200 Hz, Type
9027C, Kistler, Switzerland) and two amplifiers (Type 5073A, Kistler, Switzerland) [13,23].
Three-dimensional GRF data during gait were recorded with an imbedded force platform
(1200 Hz, Advanced Mechanical Technology Inc., Watertown, MA, USA). Kinematic and
kinetic data were collected simultaneously with the Nexus software suite (version 2.8.2,
Vicon Motion Capture Inc., Oxford, UK).

2.2.2. Testing Protocol

Testing included two identical sessions (pre- and post-training), separated by a
6-session intervention protocol. First, participants completed the KOOS questionnaire
followed by changing into standard laboratory shoes (Pegasus 32, Nike Inc., Portland, OR,
USA). Participants then completed a three-minute treadmill warm up at a self-selected
speed followed by two trials of a ten-minute timed up and go test [24] and 10-repetition
sit-to-stand test [25]. Next, participants underwent stationary cycling (Excalibur, Lode
B.V., Groningen, The Netherlands) at two randomized work rates (80 and 100 W) and
80 revolutions per minute (RPM). The stationary ergometer was set for each participant
based on saddle height [22,26], saddle fore-aft position [22], and handlebar position [23].
For cycling conditions, participants cycled for one minute, with data collection occurring in
the final ten seconds.

After cycling, five level walking trials in four conditions consisting of two speeds (pre-
ferred and fast) and limb conditions (replaced and non-replaced), randomized respectively
in that order, were conducted. Gait speeds were recorded using two photocells (63501 IR,
Lafayette Instrument Inc., Lafayette, IN, USA) three meters apart. Preferred speed was at a
velocity representative of participants’ typical walking, assessed over three practice trials.
The fast speed condition was set at the participants’ preferred speed + 0.4 m/s. Trials were
successful if participants were within ±10% of the desired speed. Upon arrival and with
interceding gait trials, participants rated the perceived pain for their replaced knee using
an enlarged VNS ranging from 0 to 10.

2.2.3. Intervention Protocol

Participants attended six training sessions consisting of multiple 5 min cycling bouts
over 3 weeks. The first session consisted of two bouts (5 min × 2 bouts = 10 min), the
second session consisted of three bouts, and the remaining had four bouts. Bouts were
interceded by a minimum one-minute rest, during which participants were asked to rate
their replaced knee pain and their exertion using the Borg 6–20 rating of perceived exertion
(RPE) scale [27]. Cadence was maintained throughout training at 80 RPM. Work rate was
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set between each bout of exercise, initially starting at 60 W. Work rate was moderated
between bouts based on VNS pain, RPE, and the asymmetry index of peak vertical pedal
reaction force (Equation (1), Figure 1).

Asymmetry Index =
Xnon−replaced − Xreplaced

Xnon−replaced
× 100 (1)

where Xnon-replaced is the peak variable for the non-replaced limb and Xreplaced is the peak
variable for the replaced limb. An asymmetry index of zero indicates a complete symmetry,
whereas increasing asymmetry index values away from zero indicate larger asymmetries.
These criteria were chosen to reduce asymmetries while maintaining low levels of pain and
promoting a moderate intensity of exercise (RPE = 15).
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Figure 1. The intervention progression plan. Work rates were increased in 20 W increments if
the visual numeric scale (VNS) for replaced knee pain was <2 from the previous level, if rating of
perceived exertion was <15, and if their pedal asymmetry index was <20%. Work rate was maintained
if VNS replaced knee pain was <2 from the previous recording, RPE = 15, or if pedal AI was >20%.
Work rate was reduced by 20 watts if VNS replaced knee pain was ≥+2 from the previous recording
or if RPE was >15.

Within bouts, participants were provided with terminal summary visual feedback
of their peak vertical pedal reaction force for both limbs. Vertical pedal reaction force
data were collected, processed, and displayed using MATLAB (2019a, MathWorks, Natick,
MA, USA). Data were collected for a total of 30 s, starting at twenty seconds and every
minute thereafter (e.g., 1 min 20 s). Visual feedback was displayed for a duration of twenty
seconds. Raw vertical pedal reaction force data were filtered using a fourth-order zero lag
Butterworth lowpass filter (6 Hz) [23]. The peak vertical pedal reaction force was identified
for each crank cycle and an average was computed for both limbs.

Visual feedback was presented as bars corresponding to their right and left limbs
(Figure 2). Participants were given a target range of ±10% of the average peak vertical
pedal reaction force for their non-replaced limbs, represented as horizontal lines. Par-
ticipants were instructed to keep both bars within this target range, intending to elicit
inter-limb asymmetries of 10% or less [28]. During the first training session, participants
were familiarized with how to interpret the feedback (Figure 2).



Bioengineering 2024, 11, 850 5 of 10Bioengineering 2024, 11, x FOR PEER REVIEW 5 of 10 
 

 
Figure 2. Examples of potential feedback displays shown to each participant on the first day of train-
ing. The right and left bars correspond to the right and left limb, respectively. (A) Display of greater 
force on the right limb, exceeding the threshold (horizontal black bars indicating ±10% of the non-
replaced force). (B) Display of both sides within the target threshold, indicating the ideal symmet-
rical condition. (C) Display of the right limb having a decreased force, indicating being below the 
target threshold. 

2.3. Data Analysis 
Five individual trials for each condition were analyzed. Kinematics and kinetics ex-

pressed using the right-hand rule were calculated in Visual3D (Version 6.01, C-Motion 
Inc., Germantown, MD, USA). Marker trajectories and pedal reaction force data were fil-
tered using a fourth-order zero lag Butterworth lowpass filter (6 Hz) [22,26]. Raw GRF 
data were filtered using a fourth-order zero lag Butterworth lowpass filter (50 Hz) [29]. 
Joint angular kinematics were calculated using the joint coordinate system and a Cardan 
rotational sequence (X-Y-Z) [30]. Joint moments during cycling and pedal reaction force 
data were not normalized to body mass [22]. Net joint moments during walking were 
normalized to body mass (Nm/kg) and GRF data were normalized to body weight (BW) 
[29]. 

Asymmetry indices for each peak variable: KEM, vertical pedal reaction force, poste-
rior pedal reaction force, and vertical GRF, were computed (Equation (1)). Of the ten par-
ticipants, seven were identified as ‘responders’ with notable improvements to their peak 
KEM asymmetry index during cycling from pre- to post-training. The other three partici-
pants either did not positively respond (n = 2) or had results that were statistical outliers 
(n =1) exceeding two standard deviations. Data of the responders were included for sta-
tistical analyses for all key variable outcomes. 

2.4. Statistical Analysis 
2.4.1. Hypotheses 1 and 2 

A 2 × 2 (work rate × time) repeated measures analysis of variance (ANOVA) was run 
on key outcome variable asymmetry indices comparing pre- and post-training measure-
ments during stationary cycling and gait. Alpha levels were set a priori at 0.05. Effect sizes 
were reported as partial eta squared (η2p) and were interpreted as small (η2p < 0.06), me-
dium (0.06 ≤ η2p < 0.15), and large (η2p ≥ 0.15) [31]. 

  

Figure 2. Examples of potential feedback displays shown to each participant on the first day of
training. The right and left bars correspond to the right and left limb, respectively. (A) Display of
greater force on the right limb, exceeding the threshold (horizontal black bars indicating ±10% of
the non-replaced force). (B) Display of both sides within the target threshold, indicating the ideal
symmetrical condition. (C) Display of the right limb having a decreased force, indicating being below
the target threshold.

2.3. Data Analysis

Five individual trials for each condition were analyzed. Kinematics and kinetics
expressed using the right-hand rule were calculated in Visual3D (Version 6.01, C-Motion
Inc., Germantown, MD, USA). Marker trajectories and pedal reaction force data were
filtered using a fourth-order zero lag Butterworth lowpass filter (6 Hz) [22,26]. Raw GRF
data were filtered using a fourth-order zero lag Butterworth lowpass filter (50 Hz) [29].
Joint angular kinematics were calculated using the joint coordinate system and a Cardan
rotational sequence (X-Y-Z) [30]. Joint moments during cycling and pedal reaction force data
were not normalized to body mass [22]. Net joint moments during walking were normalized
to body mass (Nm/kg) and GRF data were normalized to body weight (BW) [29].

Asymmetry indices for each peak variable: KEM, vertical pedal reaction force, pos-
terior pedal reaction force, and vertical GRF, were computed (Equation (1)). Of the ten
participants, seven were identified as ‘responders’ with notable improvements to their
peak KEM asymmetry index during cycling from pre- to post-training. The other three
participants either did not positively respond (n = 2) or had results that were statistical
outliers (n =1) exceeding two standard deviations. Data of the responders were included
for statistical analyses for all key variable outcomes.

2.4. Statistical Analysis
2.4.1. Hypotheses 1 and 2

A 2 × 2 (work rate × time) repeated measures analysis of variance (ANOVA) was
run on key outcome variable asymmetry indices comparing pre- and post-training mea-
surements during stationary cycling and gait. Alpha levels were set a priori at 0.05. Effect
sizes were reported as partial eta squared (η2

p) and were interpreted as small (η2
p < 0.06),

medium (0.06 ≤ η2
p < 0.15), and large (η2

p ≥ 0.15) [31].

2.4.2. Hypothesis 3

Paired t-tests (α = 0.05) were run to compare gait velocities, VNS pain scores, functional
test outcomes, and KOOSs between pre- and post-training, accompanied with Cohen’s D effect
sizes interpreted as small (d ≤ 0.20), medium (0.21 < d ≤ 0.50), and large (0.51 < d ≤ 0.80) [32].
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3. Results
3.1. Hypothesis 1: Cycling Asymmetries

The peak KEM asymmetry index displayed a significant effect of time (p = 0.038,
η2

p = 0.610) with improvements in pre- to post-training [mean difference (MD) = −30.3%,
Table 3]. There was a significant interaction for peak vertical pedal reaction force asymmetry
index (p = 0.032, η2

p = 0.634) with larger changes to asymmetries at 80 W (15.0%) compared
to 100 W (6.7%). There was a large non-significant effect of time for the peak posterior
pedal reaction force asymmetry index (p = 0.057, η2

p = 0.549), displaying an improvement
post-training (MD = −18.4%).

Table 3. Responders’ asymmetry index (%) for peak knee extension moment (KEM), vertical pedal
reaction force (PRF), and posterior PRF during stationary cycling in pre- and post-training sessions
for 80 and 100 watts (mean ± STD).

80 W 100 W P (η2
p)

Pre Post Pre Post Interaction Time Work Rate

KEM 36.0 ± 22.7 −2.0 ± 14.4 33.2 ± 17.7 10.6 ± 11.4 0.109 (0.432) 0.038 (0.610) 0.262 (0.242)
Vertical PRF 3.6 ± 7.7 −11.5 ± 21.8 1.2 ± 14.5 −5.3 ± 15.3 0.032 (0.634) 0.362 (0.168) 0.548 (0.077)

Posterior PRF 26.2 ± 15.5 6.5 ± 3.6 29.0 ± 15.9 11.9 ± 8.3 0.537 (0.081) 0.057 (0.549) 0.050 (0.570)

KEM—knee extension moment; η2
p—partial eta squared; bolded values indicate significance (p < 0.05).

3.2. Hypothesis 2: Overground Walking Asymmetries

Large non-significant effects of time for the peak KEM asymmetry index during
load-response (p = 0.382, η2

p = 0.194, MD = −16.3%) and push-off (p = 0.134, η2
p = 0.468,

MD = −20.1%) (Table 4). Push-off KEM asymmetry displayed a significant improvement
(p = 0.031, η2

p = 0.726) between preferred and fast speeds (MD = −16.6%).

Table 4. Responders’ asymmetry index (%) for peak knee extension moment (KEM) and vertical
ground reaction force (GRF) AI during overground gait for preferred and fast walking speeds in pre-
and post-training (mean ± STD).

Preferred Fast P (η2
p)

Pre Post Pre Post Interaction Time Speed

LR KEM 34.4 ± 36.6 14.8 ± 12.7 40.0 ± 16.9 26.9 ± 15.4 0.525 (0.108) 0.382 (0.194) 0.198 (0.373)
PO KEM 4.0 ± 17.4 −17.6 ± 27.0 22.1 ± 10.6 −2.5 ± 28.4 0.854 (0.009) 0.134 (0.468) 0.031 (0.726)

LR vertical GRF 3.1 ± 2.8 3.7 ± 3.4 5.2 ± 3.3 3.4 ± 4.7 0.225 (0.339) 0.669 (0.050) 0.182 (0.395)
PO vertical GRF 3.4 ± 1.4 5.1 ± 1.2 7.0 ± 3.6 3.4 ± 7.1 0.080 (0.575) 0.351 (0.218) 0.611 (0.071)

LR—load-response; KEM—knee extension moment; PO—push-off; GRF—ground reaction force; η2
p—partial eta

squared effect size; bolded values indicate significance (p < 0.05).

3.3. Hypothesis 3: Gait Velocities, Functional Tests, and KOOS

There were significant increases between pre- and post-training gait velocities for
preferred (p = 0.001, d = 0.583) and fast (p = 0.001, d = 0.613) speeds (Table 5). No significant
differences were found for the timed up and go (p = 0.232, d = 0.315) or the sit-to-stand test
(p = 0.807, d = 0.059). There was a significant improvement in the total KOOS (p = 0.009,
d = 0.492) and the activities of daily living subscale (p = 0.041, d = 0.270).

Table 5. Gait speeds, VNS pain scores, functional tests’ outcomes, and KOOSs for the responder
participants in pre- and post-training (mean ± STD).

Pre-Training Post-Training p d

Gait Speeds
Preferred Gait Velocity (m/s) 1.21 ± 0.23 1.35 ± 0.25 0.001 0.583

Fast Gait Velocity (m/s) 1.54 ± 0.18 1.67 ± 0.24 0.002 0.613
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Table 5. Cont.

Pre-Training Post-Training p d

VNS Pain Score
Initial 0.60 ± 1.34 0.95 ± 1.45 0.343 0.251

Preferred Speed 0.60 ± 1.58 0.60 ± 1.26 1.000 0.000
Fast Speed 0.65 ± 1.56 0.60 ± 1.26 0.758 0.035

Functional Tests
Timed-up-and-go (s) 8.49 ± 1.65 7.96 ± 1.71 0.232 0.315

Sit-to-Stand (s) 24.58 ± 5.72 24.19 ± 7.38 0.807 0.059
KOOS

Total Score 339.2 ± 50.4 361.5 ± 39.9 0.009 0.492
Symptom’s subscale 79.76 ± 17.00 83.93 ± 12.93 0.272 0.276

Pain subscale 87.96 ± 14.66 93.23 ± 9.70 0.105 0.424
ADL subscale 94.36 ± 5.13 95.83 ± 5.76 0.041 0.270

Quality of Life subscale 77.08 ± 19.63 88.54 ± 16.02 0.100 0.640

VNS—Visual numeric scale; initial—start of the testing session; KOOS—Knee Injury and Osteoarthritis Score;
ADL—activities of daily living; d—Cohen’s D effect size; bolded values indicate significance (p < 0.05).

4. Discussion

The purpose of this study was to examine how stationary cycling paired with visual
feedback of peak vertical pedal reaction force impacts biomechanical inter-limb asymme-
tries during stationary cycling and overground walking post-TKA.

Our primary hypothesis was partially supported, with an observed significant im-
provement (MD = −30.3%) in the peak KEM asymmetry index during cycling from pre- to
post-training. Typically, a threshold of a 10% improvement in the asymmetry index is con-
sidered clinically relevant [28], suggesting that stationary cycling with visual feedback of
the peak vertical pedal reaction force could be effective in improving KEM inter-limb asym-
metries in patients post-TKA. However, these beneficial adaptations were not observed
when all three key outcome variables (KEM, vertical pedal reaction force, and posterior
pedal reaction force) were aggregated within multivariate analysis. The significant im-
provement of KEM asymmetry may be the result of combined changes observed in the
peak vertical and posterior pedal reaction force asymmetry index, both of which showed
large effect sizes (η2

p = 0.168 and 0.549, respectively). Interestingly, despite visual feedback
being presented of the peak vertical pedal reaction force, there was a much larger change in
peak posterior pedal reaction force asymmetries (MD = 18.4%). This larger training effect
in peak posterior pedal reaction force asymmetry could be due to its larger asymmetry
index at pre-training compared to the vertical pedal reaction force asymmetry index (27.6%
vs. 2.5%). Further exploratory correlation analysis (Spearman rank) found that the correla-
tions for pre-training asymmetries between the posterior pedal reaction force and KEM
(p = 0.895, p < 0.001) were stronger than those between the vertical pedal reaction force and
KEM (p = 0.476, p = 0.188). Utilizing the sagittal plane pedal reaction force (resultant of
vertical and anterior-posterior pedal reaction force components) may be more beneficial
in targeting improvements in cycling-related asymmetries in knee joint biomechanics and
merits further investigation [33].

Our secondary hypothesis was not supported, with no significant training effects for
the overground walking asymmetries in KEM or vertical GRF (Table 4). Despite the lack
of statistical significance, peak KEM asymmetry during load-response and push-off did
display large effect sizes (η2

p = 0.194 and 0.468, respectively) for time. Improvements in
KEM asymmetries for both of these critical points during the gait cycle ranged from 16.3
to 20.1%, which may indicate a clinically relevant shift to symmetrical knee joint loading
between the replaced and non-replaced limbs [28]. Achieving a symmetrical loading can
be crucial, as exacerbated inter-limb loading deficits have been a cause for concern for
revision of the primary TKA or TKA of the contralateral limb [3]. The large changes in KEM
asymmetry were not accompanied by equivalent changes in vertical GRF asymmetries
(−3.6–1.7%), which were more symmetrical at pre-training. One potential explanation
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could be due to the progressive intensity of the cycling intervention. High-intensity training
has been shown to elicit positive effects for both patients with TKA and knee OA [34,35].
These results may indicate that, given a larger dose of training or with more participants,
there may be an underlying transfer effect to gait-related asymmetries that merits further
investigation.

Our tertiary hypothesis was partially supported, with significant improvements for
preferred and fast gait velocities and the ‘activities of daily living’ KOOS subscale following
the training (Table 5). Previous cycling interventions have been found to elicit increases in
gait velocity for other clinical populations, such as cerebral palsy and stroke patients [19,36].
One factor that was postulated to impact potential benefits is the severity of impairment.
Those participants with a greater gait impairment post-hemiplegic stroke [19] and trained
cyclists with greater asymmetries [37] displayed a greater benefit from cycling interventions.
Our participants were 8.6 months post-operation on average and not currently experienc-
ing significant pain in their replaced limbs (VNS = 0.6). Perhaps introducing stationary
cycling with visual feedback much earlier in their rehabilitation, when patients may be
experiencing greater impairments, would elicit greater adaptation. Despite improvements
in the overground walking speed, there was no significant improvement (+6.2%) in the
timed up and go test, which was accompanied with a medium effect size (d = 0.385). Finally,
the responders did show significant improvements in the ‘activities of daily living’ KOOS
subscale, but only with a medium effect. Cycling with visual feedback of the peak vertical
pedal reaction force may prove to be beneficial in improving walking speeds and other
assessments of functionality, and merits further investigation.

The current study is not without limitations. First, due to difficulties with recruitment
and testing due to the COVID-19 pandemic, we were unable to fully collect the remaining
participants and finish the intervention of two participants to reach the desired statistical
power. The smaller sample size may contribute to the lack of significant changes in some
findings and may limit the conclusions of the current findings. However, medium to
large effect sizes did provide some support for our findings. Another limitation was a
lack of control group. Similarly, this was due to difficulties imposed by the COVID-19
pandemic. This comparison would aid in examining if changes seen in the intervention
group were due to the intervention, or potentially due to time and recovery. Third, the
current intervention included only six training sessions, potentially limiting the dosing of
the intervention. A greater dosage of the intervention (e.g., more training sessions over a
longer period) may provide information on the long-term impacts of this training program.
Fourth, we provided feedback on the peak vertical pedal reaction force to elicit changes
in the peak KEM during cycling. Our participants did not show significant asymmetry in
vertical pedal reaction force in their replaced limbs prior to training, but they did show
large asymmetries in the peak KEM and posterior pedal reaction force. Utilizing either
the KEM directly or the sagittal plane pedal reaction force (vertical and anterior/posterior
components) may provide more promising adaptations to training.

5. Conclusions

The current cycling intervention paired with visual feedback significantly altered peak
KEM asymmetry during cycling and improved overground walking speeds. These findings
may indicate a clinically relevant improvement in KEM asymmetry and walking capacity.
However, there were no observed adaptations in KEM or vertical GRF asymmetries during
overground walking, albeit large effect sizes were present. Further work is needed to
fully explore the benefits of stationary cycling with visual feedback, including a larger
participant pool, increased dosage of the intervention (e.g., more training sessions), and/or
implementation of the intervention earlier in rehabilitation closer to post-operation. Finally,
investigating the optimal visual feedback cue remains a high priority.

Author Contributions: Conceptualization, E.T.H., J.P., H.C. and S.Z.; methodology, E.T.H., J.P. and
S.Z.; software, E.T.H. and S.Z.; formal analysis, E.T.H. and S.Z.; investigation, E.T.H., J.P., H.C. and S.Z.;
data curation, E.T.H. and S.Z.; writing—original draft preparation, E.T.H. and S.Z.; writing—review



Bioengineering 2024, 11, 850 9 of 10

and editing, J.P. and H.C.; visualization, E.T.H. and S.Z.; supervision, S.Z.; project administration,
E.T.H. and S.Z.; funding acquisition, E.T.H. and S.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the International Society of Biomechanics Matching Disser-
tation Grant; the Office of Research and College Education, Health, and Human Science; Biome-
chanics/Sports Medicine Enrichment Fund; and the Department of Kinesiology, Recreation, and
Sport Studies.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of The University of Tennessee (UTK
IRB-19-05110-XP approved on 19 September 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Andriacchi, T.P.; Stanwyck, T.S.; Galante, J.O. Knee biomechanics and total knee replacement. J. Arthroplast. 1986, 1, 211–219.

[CrossRef] [PubMed]
2. Benedetti, M.G.; Catani, F.; Bilotta, T.W.; Marcacci, M.; Mariani, E.; Giannini, S. Muscle activation pattern and gait biomechanics

after total knee replacement. Clin. Biomech. (Bristol. Avon.) 2003, 18, 871–876. [CrossRef]
3. Zeni, J.A., Jr.; Flowers, P.; Bade, M.; Cheuy, V.; Stevens-Lapsley, J.; Snyder-Mackler, L. Stiff knee gait may increase risk of second

total knee arthroplasty. J. Orthop. Res. 2018, 37, 397–402. [CrossRef]
4. Meier, W.; Mizner, R.L.; Marcus, R.L.; Dibble, L.E.; Peters, C.; Lastayo, P.C. Total knee arthroplasty: Muscle impairments,

functional limitations, and recommended rehabilitation approaches. J. Orthop. Sports Phys. Ther. 2008, 38, 246–256. [CrossRef]
5. Yoshida, Y.; Mizner, R.L.; Ramsey, D.K.; Snyder-Mackler, L. Examining outcomes from total knee arthroplasty and the relationship

between quadriceps strength and knee function over time. Clin. Biomech. (Bristol. Avon.) 2008, 23, 320–328. [CrossRef]
6. Mizner, R.L.; Petterson, S.C.; Stevens, J.E.; Vandenborne, K.; Snyder-Mackler, L. Early quadriceps strength loss after total knee

arthroplasty. The contributions of muscle atrophy and failure of voluntary muscle activation. J. Bone Jt. Surg. Am. 2005, 87,
1047–1053. [CrossRef]

7. Mizner, R.L.; Petterson, S.C.; Stevens, J.E.; Axe, M.J.; Snyder-Mackler, L. Preoperative quadriceps strength predicts functional
ability one year after total knee arthroplasty. J. Rheumatol. 2005, 32, 1533–1539.

8. Mizner, R.L.; Snyder-Mackler, L. Altered loading during walking and sit-to-stand is affected by quadriceps weakness after total
knee arthroplasty. J. Orthop. Res. 2005, 23, 1083–1090. [CrossRef]

9. Zhang, W.; Moskowitz, R.W.; Nuki, G.; Abramson, S.; Altman, R.D.; Arden, N.; Bierma-Zeinstra, S.; Brandt, K.D.; Croft, P.;
Doherty, M.; et al. OARSI recommendations for the management of hip and knee osteoarthritis, Part II: OARSI evidence-based,
expert consensus guidelines. Osteoarthr. Cartil. 2008, 16, 137–162. [CrossRef] [PubMed]

10. Bock, P.; Schatz, K.; Wurnig, C. Physical activity after total knee replacement. Z. Orthop. Ihre Grenzgeb. 2003, 141, 272–276.
[CrossRef]

11. D’Lima, D.D.; Steklov, N.; Patil, S.; Colwell, C.W., Jr. The Mark Coventry Award: In vivo knee forces during recreation and
exercise after knee arthroplasty. Clin. Orthop. Relat. Res. 2008, 466, 2605–2611. [CrossRef] [PubMed]

12. Artz, N.; Elvers, K.T.; Lowe, C.M.; Sackley, C.; Jepson, P.; Beswick, A.D. Effectiveness of physiotherapy exercise following total
knee replacement: Systematic review and meta-analysis. BMC Musculoskelet. Disord. 2015, 16, 15. [CrossRef] [PubMed]

13. Hummer, E.; Thorsen, T.; Weinhandl, J.T.; Cates, H.; Zhang, S. Knee joint biomechanics of patients with unilateral total knee
arthroplasty during stationary cycling. J. Biomech. 2021, 115, 110111. [CrossRef] [PubMed]

14. Andriacchi, T.P. Functional analysis of pre and post-knee surgery: Total knee arthroplasty and ACL reconstruction. J. Biomech.
Eng. 1993, 115, 575–581. [CrossRef] [PubMed]

15. Kramers-de Quervain, I.A.; Kampfen, S.; Munzinger, U.; Mannion, A.F. Prospective study of gait function before and 2 years after
total knee arthroplasty. Knee 2012, 19, 622–627. [CrossRef] [PubMed]

16. Kutzner, I.; Trepczynski, A.; Heller, M.O.; Bergmann, G. Knee adduction moment and medial contact force--facts about their
correlation during gait. PLoS ONE 2013, 8, e81036. [CrossRef] [PubMed]

17. Liebs, T.R.; Herzberg, W.; Ruther, W.; Haasters, J.; Russlies, M.; Hassenpflug, J. Ergometer cycling after hip or knee replacement
surgery: A randomized controlled trial. J. Bone Jt. Surg. Am. 2010, 92, 814–822. [CrossRef] [PubMed]

18. Ambrosini, E.; Parati, M.; Peri, E.; De Marchis, C.; Nava, C.; Pedrocchi, A.; Ferriero, G.; Ferrante, S. Changes in leg cycling muscle
synergies after training augmented by functional electrical stimulation in subacute stroke survivors: A pilot study. J. Neuroeng.
Rehabil. 2020, 17, 35. [CrossRef]

https://doi.org/10.1016/S0883-5403(86)80033-X
https://www.ncbi.nlm.nih.gov/pubmed/3559597
https://doi.org/10.1016/S0268-0033(03)00146-3
https://doi.org/10.1002/jor.24175
https://doi.org/10.2519/jospt.2008.2715
https://doi.org/10.1016/j.clinbiomech.2007.10.008
https://doi.org/10.2106/00004623-200505000-00016
https://doi.org/10.1016/j.orthres.2005.01.021
https://doi.org/10.1016/j.joca.2007.12.013
https://www.ncbi.nlm.nih.gov/pubmed/18279766
https://doi.org/10.1055/s-2003-40081
https://doi.org/10.1007/s11999-008-0345-x
https://www.ncbi.nlm.nih.gov/pubmed/18563502
https://doi.org/10.1186/s12891-015-0469-6
https://www.ncbi.nlm.nih.gov/pubmed/25886975
https://doi.org/10.1016/j.jbiomech.2020.110111
https://www.ncbi.nlm.nih.gov/pubmed/33234260
https://doi.org/10.1115/1.2895543
https://www.ncbi.nlm.nih.gov/pubmed/8302044
https://doi.org/10.1016/j.knee.2011.12.009
https://www.ncbi.nlm.nih.gov/pubmed/22300843
https://doi.org/10.1371/journal.pone.0081036
https://www.ncbi.nlm.nih.gov/pubmed/24312522
https://doi.org/10.2106/JBJS.H.01359
https://www.ncbi.nlm.nih.gov/pubmed/20360503
https://doi.org/10.1186/s12984-020-00662-w


Bioengineering 2024, 11, 850 10 of 10

19. Ambrosini, E.; Peri, E.; Nava, C.; Longoni, L.; Monticone, M.; Pedrocchi, A.; Ferriero, G.; Ferrante, S. A multimodal training
with visual biofeedback in subacute stroke survivors: A randomized controlled trial. Eur. J. Phys. Rehabil. Med. 2020, 56, 24–33.
[CrossRef] [PubMed]

20. Ferrante, S.; Ambrosini, E.; Ravelli, P.; Guanziroli, E.; Molteni, F.; Ferrigno, G.; Pedrocchi, A. A biofeedback cycling training to
improve locomotion: A case series study based on gait pattern classification of 153 chronic stroke patients. J. Neuroeng. Rehabil.
2011, 8, 47. [CrossRef] [PubMed]

21. Thorsen, T.; Strohacker, K.; Weinhandl, J.T.; Zhang, S. Increased Q-Factor increases frontal-plane knee joint loading in stationary
cycling. J. Sport. Health Sci. 2020, 9, 258–264. [CrossRef] [PubMed]

22. Gardner, J.K.; Klipple, G.; Stewart, C.; Asif, I.; Zhang, S. Acute effects of lateral shoe wedges on joint biomechanics of patients
with medial compartment knee osteoarthritis during stationary cycling. J. Biomech. 2016, 49, 2817–2823. [CrossRef] [PubMed]

23. Gardner, J.K.; Zhang, S.; Liu, H.; Klipple, G.; Stewart, C.; Milner, C.E.; Asif, I.M. Effects of toe-in angles on knee biomechanics in
cycling of patients with medial knee osteoarthritis. Clin. Biomech. (Bristol. Avon.) 2015, 30, 276–282. [CrossRef] [PubMed]

24. Bohannon, R.W. Reference values for the timed up and go test: A descriptive meta-analysis. J. Geriatr. Phys. Ther. 2006, 29, 64–68.
[CrossRef] [PubMed]

25. Yanagawa, N.; Shimomitsu, T.; Kawanishi, M.; Fukunaga, T.; Kanehisa, H. Relationship between performances of 10-time-repeated
sit-to-stand and maximal walking tests in non-disabled older women. J. Physiol. Anthr. 2016, 36, 2. [CrossRef] [PubMed]

26. Fang, Y.; Fitzhugh, E.C.; Crouter, S.E.; Gardner, J.K.; Zhang, S. Effects of Workloads and Cadences on Frontal Plane Knee
Biomechanics in Cycling. Med. Sci. Sports Exerc. 2016, 48, 260–266. [CrossRef] [PubMed]

27. Borg, G.A. Psychophysical bases of perceived exertion. Med. Sci. Sports Exerc. 1982, 14, 377–381. [CrossRef] [PubMed]
28. Buddhadev, H.H.; Crisafulli, D.L.; Suprak, D.N.; San Juan, J.G. Individuals With Knee Osteoarthritis Demonstrate Interlimb

Asymmetry in Pedaling Power During Stationary Cycling. J. Appl. Biomech. 2018, 34, 306–311. [CrossRef] [PubMed]
29. Wen, C.; Cates, H.E.; Zhang, S. Is knee biomechanics different in uphill walking on different slopes for older adults with total

knee replacement? J. Biomech. 2019, 89, 40–47. [CrossRef] [PubMed]
30. Grood, E.S.; Suntay, W.J. A joint coordinate system for the clinical description of three-dimensional motions: Application to the

knee. J. Biomech. Eng. 1983, 105, 136–144. [CrossRef] [PubMed]
31. Vincent, W.J. Statistics in Kinesiology, 3rd ed.; Human Kinetics: Champaign, IL, USA, 2005.
32. Cohen, J. Statistical Power Analysis for the Behavoral Sciences; Academic Press: New York, NY, USA, 2013.
33. Bini, R.; Hume, P.; Croft, J.; Kilding, A. Pedal force effectiveness in Cycling: A review of constraints and training effects. J. Sci.

Cycl. 2013, 2, 11–24.
34. Bade, M.J.; Stevens-Lapsley, J.E. Early high-intensity rehabilitation following total knee arthroplasty improves outcomes. J. Orthop.

Sports Phys. Ther. 2011, 41, 932–941. [CrossRef] [PubMed]
35. Mangione, K.K.; McCully, K.; Gloviak, A.; Lefebvre, I.; Hofmann, M.; Craik, R. The effects of high-intensity and low-intensity

cycle ergometry in older adults with knee osteoarthritis. J. Gerontol. A Biol. Sci. Med. Sci. 1999, 54, M184–M190. [CrossRef]
[PubMed]

36. Fowler, E.G.; Knutson, L.M.; Demuth, S.K.; Siebert, K.L.; Simms, V.D.; Sugi, M.H.; Souza, R.B.; Karim, R.; Azen, S.P.; for the
Physical Therapy Clinical Research Network (PTClinResNet). Pediatric endurance and limb strengthening (PEDALS) for children
with cerebral palsy using stationary cycling: A randomized controlled trial. Phys. Ther. 2010, 90, 367–381. [CrossRef] [PubMed]

37. Bini, R.R.; Jacques, T.C.; Carpes, F.P.; Vaz, M.A. Effectiveness of pedalling retraining in reducing bilateral pedal force asymmetries.
J. Sports Sci. 2017, 35, 1336–1341. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.23736/S1973-9087.19.05847-7
https://www.ncbi.nlm.nih.gov/pubmed/31556542
https://doi.org/10.1186/1743-0003-8-47
https://www.ncbi.nlm.nih.gov/pubmed/21861930
https://doi.org/10.1016/j.jshs.2019.07.011
https://www.ncbi.nlm.nih.gov/pubmed/32444150
https://doi.org/10.1016/j.jbiomech.2016.06.016
https://www.ncbi.nlm.nih.gov/pubmed/27451059
https://doi.org/10.1016/j.clinbiomech.2015.01.003
https://www.ncbi.nlm.nih.gov/pubmed/25636248
https://doi.org/10.1519/00139143-200608000-00004
https://www.ncbi.nlm.nih.gov/pubmed/16914068
https://doi.org/10.1186/s40101-016-0100-z
https://www.ncbi.nlm.nih.gov/pubmed/27405319
https://doi.org/10.1249/MSS.0000000000000759
https://www.ncbi.nlm.nih.gov/pubmed/26317300
https://doi.org/10.1249/00005768-198205000-00012
https://www.ncbi.nlm.nih.gov/pubmed/7154893
https://doi.org/10.1123/jab.2017-0363
https://www.ncbi.nlm.nih.gov/pubmed/29543107
https://doi.org/10.1016/j.jbiomech.2019.04.006
https://www.ncbi.nlm.nih.gov/pubmed/31027836
https://doi.org/10.1115/1.3138397
https://www.ncbi.nlm.nih.gov/pubmed/6865355
https://doi.org/10.2519/jospt.2011.3734
https://www.ncbi.nlm.nih.gov/pubmed/21979411
https://doi.org/10.1093/gerona/54.4.M184
https://www.ncbi.nlm.nih.gov/pubmed/10219009
https://doi.org/10.2522/ptj.20080364
https://www.ncbi.nlm.nih.gov/pubmed/20093327
https://doi.org/10.1080/02640414.2016.1215505
https://www.ncbi.nlm.nih.gov/pubmed/27476549

	Introduction 
	Materials and Methods 
	Participants 
	Procedures 
	Instrumentation 
	Testing Protocol 
	Intervention Protocol 

	Data Analysis 
	Statistical Analysis 
	Hypotheses 1 and 2 
	Hypothesis 3 


	Results 
	Hypothesis 1: Cycling Asymmetries 
	Hypothesis 2: Overground Walking Asymmetries 
	Hypothesis 3: Gait Velocities, Functional Tests, and KOOS 

	Discussion 
	Conclusions 
	References

