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Abstract: The purpose of the current investigation was to examine the effects of exercise intensity
and a participant’s cycling experience on asymmetry in pedal forces during cycling. Participants
were classified as cycling experienced (CE) or non-cycling experienced (NCE) based on self-reported
training history. Participants completed an incremental cycling test via a cycle ergometer with
inspired and expired gases, capillary blood lactate and pedaling forces collected throughout the test.
Group X exercise intensity comparisons were analyzed at workloads corresponding to 2 mmol/L
and 4 mmol/L for the blood lactate accumulation and peak power output, respectively. No Group
X exercise intensity interactions for any variables (p > 0.05) were observed. The main effect on the
exercise intensity was observed for absolute (p = 0.000, η2 = 0.836) and relative (p = 0.000, η2 = 0.752)
power outputs and pedal force effectiveness (PFE) (p = 0.000, η2 = 0.728). The main effect for the
group was observed for absolute (p = 0.007, η2 = 0.326) and relative (p = 0.001, η2 = 0.433) power
outputs, the absolute difference between the lower limbs in power production (p = 0.047, η2 = 0.191),
the peak crank torque asymmetry index (p = 0.031, η2 = 0.222) and the PFE (p = 0.014, η2 = 0.280). The
exercise intensity was observed to have no impact on asymmetry in pedaling forces during cycling.

Keywords: asymmetry; cycling; pedaling; pedal forces; power; torque

1. Introduction

Cycling performance is largely dependent upon an individual’s ability to generate a
large amount of power (i.e., watts (W)) over an extended period of time while resisting the
onset of fatigue [1]. Power production during cycling is dependent upon the magnitude
and direction of the application of force (i.e., pedal force) to the pedals in relation to the
crank arm cycle (i.e., revolution of the crank arms around the axis or rotation of the bicycle
or cycle ergometer) [2]. Pedaling in a manner that maximizes the efficient transfer of force
into power production and thus propulsion is a vital component of cycling performance.
Previously, it has been assumed that the application of pedal force (i.e., force production),
produced through upward pulling and downward pushing, and power production were
symmetrical between the limbs. However, research would suggest this is not the case and
that an inherit level of asymmetry (i.e., a significant difference between the contralateral
limbs) does exist [3].

Significant asymmetries have been reported during cycling for the mean peak force [4,5],
peak crank torque [6], work [7] and pedaling kinematics [8] and were found to vary from
5% to 20% in both recreational and competitive cyclists [3]. However, asymmetry values in
force production have been reported as high as 60% in uninjured cyclists [9,10]. Researchers
have suggested that larger asymmetries in the measures of pedaling force (e.g., torque)
should be avoided, as they may predispose individuals to overuse injuries due to exac-
erbation of muscles and joint overloads on one limb, contributing to the development of
fatigue and thus impairing performance [11,12]. In order to enhance cycling performance
and minimize injury risk, previous investigations have attempted to identify contributing
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factors to asymmetries in pedal forces and power production. Exercise intensity has been
identified as a factor that influences the manifestation of asymmetries in cyclists, with both
direct and inverse associations observed between the exercise intensity and asymmetries
in pedal forces and power production [6,11,13]. To that end, a consensus on how exercise
intensity may influence the manifestation of asymmetry has still not yet been reached.
Previous investigations have primarily been limited to assessing crank torque and using
instruments deemed unreliable by some researchers [6]. This limits the application for
coaches and athletes, who often use the power output (i.e., watts (W)) at physiological
points (i.e., W at 2 and 4 mmol/L of blood lactate) as indices of performance and adaption
to training [14]. By assessing asymmetries at metabolically relevant exercise intensities,
coaches and athletes can identify exercise intensities where the athletes may be less efficient
in power production, thus inhibiting overall cycling performance. Additionally, the ques-
tion of how cycling experience (i.e., familiarity with and total time spent cycling) affects
the manifestation of asymmetry is limited.

Therefore, the purposes of the current study were to examine the effect of exercise
intensity and a participant’s cycling experience on the manifestation of asymmetry in the
mean and peak crank torque and power production during cycling. We hypothesized (1)
that as the exercise intensity increased, asymmetries would be attenuated, and (2) those
with cycling experience would exhibit lower levels of asymmetry compared with those
with no cycling experience. The current study will provide insight on the influence of
exercise intensity and cycling experience on the manifestation of asymmetry in power
production during cycling. Such knowledge would allow coaches and athletes to better
prescribe cycling training and develop strategies to maximize performance during race
situations.

2. Materials and Methods

All participants completed an incremental cycling test (ICT) via a cycle ergometer
in one visit to the laboratory. The inspired and expired gases, capillary blood lactate and
pedaling forces were collected throughout the test in order to determine the VO2 peak,
lactate kinetics and asymmetry in measures of the pedaling force.

2.1. Participants

Twenty-three participants (11 males and 11 females who were 19–45 years of age) were
recruited for the current study, with one participant being excluded due to contraindications
to exercise. The participants were recruited locally through advertisement and word of
mouth. Participants were assigned to one of two groups based on their responses to a
physical activity questionnaire. Participants indicated whether they had participated in
≥10 h (cycling experienced (CE)) or <10 h (non-cycling experienced (NCE)) of cycling
per week over the last 6 months and were assigned to the corresponding group. Those
with previous history of lower limb orthopedic injuries or procedures (e.g., arthritis, hip
replacement or knee surgery) were excluded. This study was approved by the University
of Oklahoma’s institutional review board, and each participant gave verbal and written
informed consent prior to participation. All testing was completed in an air-conditioned
laboratory at a temperature of 20–25 ◦C.

2.2. Measures
2.2.1. Lower Limb Dominance

To determine lower limb dominance, the participants were asked “If you would shoot
a ball on a target, which leg would you use to shoot the ball?” Participants’ responses were
recorded as their dominant lower limb. This has been shown to be a valid method for the
determination of lower limb dominance [15].
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2.2.2. Incremental Cycling Test (ICT)

All ICTs were conducted using a magnetically braked cycle ergometer (Sport Excalibur,
Lode; B.V Medical Technology, Croningen, Netherlands). Inspired and expired gases were
collected throughout each test to determine the VO2 peak via a metabolic cart (True One
2400; Parvo Medics, Sandy, UT, USA). The subjects were instructed to abstain from eating
for 3–4 h and exercise and caffeine for 12 h prior to testing. A proper hydration status
(urine specific gravity between 1.004 and 1.026) was confirmed via a refractometer (model
CLX-1; VEE GEE Scientific Inc., Kirkland, WA, USA) prior to performing the ICT.

The resting whole body blood lactate concentration was estimated via a fingertip
capillary blood lactate sample before testing using a commercial lactate meter (Lactate
Plus; Nova Biomedical, Waltham, MA, USA) that was calibrated using known lactate
standards (Lactate Plus, Lac Control Level 1, 1.0–1.6 mM; Lactate Plus, Lac Control Level 2,
4.0–5.4 mM) before each use. Subjects were permitted to adjust the height and fore or aft
position of both the handlebars and seat of the cycle ergometer for their comfort (these
settings were written down and used on subsequent test days). Following a 1-min rest
period and a 5-min warm-up at 50 W, the ICT was initiated at a workload equal to 1 W per
kilogram of body mass and increased every 3 min by 0.5 watts per kilogram of body mass
(e.g., body mass of 60 kg = initial stage at 60 W and an increase by 30 W) [16]. A rating of
the perceived exertion (RPE) and additional blood lactate samples were obtained in the
final 30 s of each stage [17]. Subjects were instructed to cycle at a self-selected cadence, and
testing was terminated when a subject’s cadence decreased by >10 revolutions per minute
(RPM) for more than 10 s despite verbal encouragement. The VO2 peak was defined as the
highest 30-s average obtained during testing.

2.2.3. Pedaling Asymmetry

Independent pedaling force variables for the left and right cranks were measured sepa-
rately throughout each ICT via built-in modified strain gauges on the Lode cycle ergometer,
which has previously been used to assess between limb asymmetries during cycling in
trained cyclist and clinical populations [8,18–20]. The strain gauges were calibrated prior
to testing according to the manufacturer’s recommendations. Briefly, the crank arms were
rotated counterclockwise to avoid engaging the internal flywheel until the left crank arm
was positioned at 180 degrees (perpendicular to the floor) of the crank arm cycle. The strain
gauges were zeroed out so that no forces were detected while unloaded. The pedaling
force measurements were assessed with a rotational resolution of 2◦ and an accuracy of
0.5 Newtons (N) [8,18,20]. The pedal force measurement software (Lode; B.V Medical
Technology, Croningen, The Netherlands) collected the normal force (forces in the vertical
direction) and anterior-posterior force (perpendicular to the normal force) measurements
in order to determine the total force (force applied in the sagittal plane). The peak crank
torque was defined as the highest recorded crank toque value during the propulsion phase
of the crank cycle from 0◦ to 180◦, while the mean crank torque was defined as the average
crank torque recorded throughout the entire crank cycle. Power production was reported as
the amount of power generated during the crank cycle that resulted in propulsive (forward
moving) power. Measurements were collected and reported independently for each lower
limb and assigned to the dominant (D) and non-dominant (ND) lower limbs. The absolute
differences between the lower limbs for the peak and average crank torque and power
production were determined with the following equation:

Absolute difference = [D − ND] (1)

where zero indicates no differences between the limbs and higher values indicate greater
differences between the limbs.
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Additionally, an asymmetry index (AI) was calculated for the peak and average crank
toque and power production using the following equation:

AI (%) =

[
D − ND

(D + ND)/2

]
× 100 (2)

Values ranged from −100 to 100, with positive values indicating greater contribution
from the D, negative values indicating greater contribution from the ND and zero indicating
equal contribution from both limbs. This analysis has previously been used in trained
cyclists to quantify crank torque asymmetry during cycling [2,21].

Pedal force effectiveness (PFE) was included to provide an indication of the total
percentage of power produced that translated to propulsive power during the complete
crank arm cycle. All variables were assessed at a workload corresponding to 2 mmol/L
and 4 mmol/L for the blood lactate accumulation and peak power output, respectively.
Within the stages where the corresponding workloads occurred, analysis was conducted
over a 1-min bin, beginning at the 1 min and 30 s mark and ending at the 2 min and 30 s
mark of each stage.

2.3. Statistical Analysis

All analyses were performed using IBM SPSS Statistics (version 26.0; IBM Corp.,
Armonk, NY, USA). Descriptive statistics were used to summarize the demographic data
with t-test analysis of the independent samples used to determine the differences between
the groups. Two-way repeated measures analysis of variance (ANOVA) was used to detect
Group X Exercise Intensity interactions for the cycling measurements. When significant
interactions were found to occur, post hoc analysis was performed with Bonferroni. Statis-
tical significance was set at an alpha level of ≤0.05. Cohen’s d effect sizes were analyzed
when appropriate, with values of 0.2, 0.5 and 0.8 indicating small, moderate and large
effects, respectively [22]. The effect sizes for the ANOVA were analyzed when appropriate
using eta squared (η2). Values of 0.02, 0.13 and 0.26 were indicative of a small, medium
and large effect, respectively [22,23].

3. Results

The demographic characteristics of the sample are presented in Table 1. No statistically
significant differences were present between the groups for age, height or weight. However,
the VO2 peak (p = 0.001; d = 1.75) was significantly greater in the CE group compared
with the NCE group, with a large effect size present. Additionally, 87.5% and 69.2% of
the CE group and NCE group reported their dominant lower limb as being on their right,
respectively.

Table 1. Participant characteristics (n = 21).

Groups

Characteristics CE (n = 8) NCE (n = 13) p d

Age (yrs) 30.1 ± 6.4 26.0 ± 8.2 0.239 0.56
Height (cm) 172.4 ± 10.8 168.6 ± 8.2 0.417 0.38
Weight (kg) 74.6 ± 9.8 68.6 ± 14.7 0.320 0.47

VO2peak (ml/kg/min) 47.9 ± 8.8 36.9 ± 5.2 * 0.001 1.75
Dominant foot (n; % right) 7; 87.5 9; 69.2 NA NA

Data are presented as mean ± SD. CE = cycling experienced; NCE = non-cycling experienced; NA = non-
applicable; d = effect size, expressed as Cohen’s d. * p < 0.05 represents a statistically significant difference
between groups.

Group data for the pedal force variables are presented in Table 2, with individual
asymmetry index data presented in Figures 1–3. The two-way repeated measures ANOVA
revealed no Group X Exercise Intensity interactions for any variables (p > 0.05). A significant
main effect for Exercise Intensity was also observed for the absolute (p = 0.000, η2 = 0.836)
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and relative (p = 0.000, η2 = 0.752) power output and the PFE (p = 0.000, η2 = 0.728), with
large effect sizes observed. A significant main effect for the Group was observed for the
absolute (p = 0.007, η2 = 0.326) and relative (p = 0.001, η2 = 0.433) power output, the absolute
difference between the lower limbs in power production (p = 0.047, η2= 0.191), the peak
crank torque asymmetry index (p = 0.031, η2 = 0.222) and the PFE (p = 0.014, η2 = 0.280),
with large effect sizes observed.

Symmetry 2021, 13, x FOR PEER REVIEW 5 of 12 
 

 

0.000, η2 = 0.836) and relative (p = 0.000, η2 = 0.752) power output and the PFE (p = 0.000, 
η2 = 0.728), with large effect sizes observed. A significant main effect for the Group was 
observed for the absolute (p = 0.007, η2 = 0.326) and relative (p = 0.001, η2 = 0.433) power 
output, the absolute difference between the lower limbs in power production (p = 0.047, 
η2= 0.191), the peak crank torque asymmetry index (p = 0.031, η2 = 0.222) and the PFE (p = 
0.014, η2 = 0.280), with large effect sizes observed. 

Table 2. Group Pedal Force Variables. 

 

Groups    

Cycling Experienced (n = 8) Non-Cycling Experienced (n = 13) 
Main Effect  

Group 

Main Effect 
Exercise 
Intensity 

Group X 
Intensity 

Interaction 
Variable 2 mmol/L 4 mmol/L PPO 2 mmol/L 4 mmol/L PPO p η2 p η2 p η2 

Power output       
Abs. (W) 146.3 ± 56.8 199.0 ± 47.3 259.4 ± 45.9 90.7 ± 51.7 129.3 ± 57.4 178.9 ± 57.3 0.007* 0.326 0.000* 0.836 0.242 0.072 

Rel. (W/kg) 2.3 ± 0.8 2.9 ± 0.6 3.5 ± 0.6 1.4 ± 0.6 1.9 ± 0.6 2.5 ± 0.4 0.001* 0.433 0.000* 0.752 0.721 0.012 
Power production      

Abs. diff. (W) 16.6 ± 24.9 18.4 ± 24.5 19.9 ± 23.4 3.8 ± 3.9 4.2 ± 2.9 4.8 ± 3.9 0.047* 0.191 0.187 0.088 0.520 0.029 
AI (%) −11. 5 ± 28.0 -4.5 ± 23.3 -1.7 ± 23.0 4.2 ± 11.0 1.8 ± 6.8 3.5 ± 5.1 0.199 0.085 0.199 0.084 0.099 0.126 

Average crank torque       
Abs. diff (N) 1.9 ± 2.8 2.2 ± 2.9 2.4 ± 2.9 0.4 ± 0.47 0.8 ± 1.1 0.6 ± 0.5 00.064 0.169 0.244 0.076 0.579 0.027 

AI (%) −0.7 ± 30.4 -4.5 ± 23.2 -1.68 ± 23.1 3.8 ± 11.1 1.2 ± 6.8 3.6 ± 5.0 .461 0.029 0.440 0.038 0.944 0.001 
Peak crank torque      

Abs. diff (N) 4.7 ± 3.5 5.8 ± 5.0 9.1 ± 6.9 8.1 ± 9.0 8.3 ± 10.8 5.0 ± 4.2 0.833 0.002 0.865 0.005 0.102 0.120 
AI (%) −4.1 ± 10.6 -1.0 ± 11.58 1.5 ± 14.7 3.0 ± 16.3 11.2 ± 10.6 4.1 ± 7.5 0.031* 0.222 0.350 0.054 0.471 0.039 

Pedal Force Effectiveness             
% 74.2 ± 10.3 82.9 ± 6.5 89.6 ± 3.9 64.2 ± 10.1 73.0 ± 9.5 85.7 ± 3.7 0.014* 00.280 0.000* 0.728 0.178 0.087 

Data are presented as mean ± SD. Abs. = absolute; Rel. = relative; W = watts; Abs. diff. = absolute difference between 
dominant and non-dominant limbs; AI = asymmetry index; N = newtons; η2 = effect size, expressed as partial eta squared. 
*p < 0.05 represents statistical significance. 

 

Symmetry 2021, 13, x FOR PEER REVIEW 6 of 12 
 

 

 

 
Figure 1. Power production asymmetry index at (A) 2 mmol/L, (B) 4 mmol/L and (C) PPO. Figure 1. Power production asymmetry index at (A) 2 mmol/L, (B) 4 mmol/L and (C) PPO.



Symmetry 2021, 13, 1449 6 of 11
Symmetry 2021, 13, x FOR PEER REVIEW 7 of 12 
 

 

 

 

Symmetry 2021, 13, x FOR PEER REVIEW 8 of 12 
 

 

 
Figure 2. Average torque asymmetry index at (A) 2 mmol/L, (B) 4 mmol/L and (C) PPO. 

 

Figure 2. Average torque asymmetry index at (A) 2 mmol/L, (B) 4 mmol/L and (C) PPO.



Symmetry 2021, 13, 1449 7 of 11

Symmetry 2021, 13, x FOR PEER REVIEW 8 of 12 
 

 

 
Figure 2. Average torque asymmetry index at (A) 2 mmol/L, (B) 4 mmol/L and (C) PPO. 

 

Symmetry 2021, 13, x FOR PEER REVIEW 9 of 12 
 

 

 

 
Figure 3. Peak torque asymmetry index at (A) 2 mmol/L, (B) 4 mmol/L and (C) PPO. 

4. Discussion 
The purposes of the current study were to examine the effect of the exercise intensity 

and a participant’s cycling experience on the manifestation of asymmetry in the mean and 
peak crank torque and power production during cycling. We hypothesized (1) that as the 
exercise intensity increased, asymmetries would be attenuated, and (2) those with cycling 
experience would exhibit lower levels of asymmetry compared with those with no cycling 
experience. Based on the results of the current study, both hypotheses must be rejected. 

Previous investigations have observed both a direct and inverse association between 
exercise intensity and asymmetry in pedal forces and power production during exercise 
[6,11,13]. Carpes et al. (2007) observed that during a 40-km cycling time trial, asymmetry 
in the peak crank torque was attenuated as the exercise intensity increased in trained cy-
clists [6]. Additionally, Carpes et al. (2008) observed that cycling at ≤90% of the VO2 max 
resulted in significant levels of asymmetry (i.e., ≥10%) in the peak crank torque, which 
were attenuated at intensities >90% of the VO2 max in trained cyclists [13]. However, Bini 
et al. (2014) observed an increase in asymmetry in the peak crank torque as the power 

Figure 3. Peak torque asymmetry index at (A) 2 mmol/L, (B) 4 mmol/L and (C) PPO.



Symmetry 2021, 13, 1449 8 of 11

Table 2. Group Pedal Force Variables.

Groups

Cycling Experienced (n = 8) Non-Cycling Experienced (n = 13) Main Effect
Group

Main Effect
Exercise
Intensity

Group X
Intensity

Interaction

Variable 2 mmol/L 4 mmol/L PPO 2 mmol/L 4 mmol/L PPO p η2 p η2 p η2

Power output

Abs. (W) 146.3 ± 56.8 199.0 ± 47.3 259.4 ± 45.9 90.7 ± 51.7 129.3 ± 57.4 178.9 ± 57.3 0.007 * 0.326 0.000 * 0.836 0.242 0.072
Rel. (W/kg) 2.3 ± 0.8 2.9 ± 0.6 3.5 ± 0.6 1.4 ± 0.6 1.9 ± 0.6 2.5 ± 0.4 0.001 * 0.433 0.000 * 0.752 0.721 0.012

Power
production

Abs. diff. (W) 16.6 ± 24.9 18.4 ± 24.5 19.9 ± 23.4 3.8 ± 3.9 4.2 ± 2.9 4.8 ± 3.9 0.047 * 0.191 0.187 0.088 0.520 0.029
AI (%) −11.5 ± 28.0 −4.5 ± 23.3 −1.7 ± 23.0 4.2 ± 11.0 1.8 ± 6.8 3.5 ± 5.1 0.199 0.085 0.199 0.084 0.099 0.126

Average
crank torque

Abs. diff (N) 1.9 ± 2.8 2.2 ± 2.9 2.4 ± 2.9 0.4 ± 0.47 0.8 ± 1.1 0.6 ± 0.5 0.064 0.169 0.244 0.076 0.579 0.027
AI (%) −0.7 ± 30.4 −4.5 ± 23.2 −1.68 ± 23.1 3.8 ± 11.1 1.2 ± 6.8 3.6 ± 5.0 0.461 0.029 0.440 0.038 0.944 0.001

Peak crank
torque

Abs. diff (N) 4.7 ± 3.5 5.8 ± 5.0 9.1 ± 6.9 8.1 ± 9.0 8.3 ± 10.8 5.0 ± 4.2 0.833 0.002 0.865 0.005 0.102 0.120
AI (%) −4.1 ± 10.6 −1.0 ± 11.58 1.5 ± 14.7 3.0 ± 16.3 11.2 ± 10.6 4.1 ± 7.5 0.031 * 0.222 0.350 0.054 0.471 0.039

Pedal Force
Effectiveness

% 74.2 ± 10.3 82.9 ± 6.5 89.6 ± 3.9 64.2 ± 10.1 73.0 ± 9.5 85.7 ± 3.7 0.014 * 0.280 0.000 * 0.728 0.178 0.087

Data are presented as mean ± SD. Abs. = absolute; Rel. = relative; W = watts; Abs. diff. = absolute difference between dominant and
non-dominant limbs; AI = asymmetry index; N = newtons; η2 = effect size, expressed as partial eta squared. * p < 0.05 represents statistical
significance.

4. Discussion

The purposes of the current study were to examine the effect of the exercise intensity
and a participant’s cycling experience on the manifestation of asymmetry in the mean and
peak crank torque and power production during cycling. We hypothesized (1) that as the
exercise intensity increased, asymmetries would be attenuated, and (2) those with cycling
experience would exhibit lower levels of asymmetry compared with those with no cycling
experience. Based on the results of the current study, both hypotheses must be rejected.

Previous investigations have observed both a direct and inverse association between
exercise intensity and asymmetry in pedal forces and power production during exer-
cise [6,11,13]. Carpes et al. (2007) observed that during a 40-km cycling time trial, asymme-
try in the peak crank torque was attenuated as the exercise intensity increased in trained
cyclists [6]. Additionally, Carpes et al. (2008) observed that cycling at ≤90% of the VO2
max resulted in significant levels of asymmetry (i.e., ≥10%) in the peak crank torque,
which were attenuated at intensities >90% of the VO2 max in trained cyclists [13]. How-
ever, Bini et al. (2014) observed an increase in asymmetry in the peak crank torque as
the power output increased in trained cyclists [10]. The current investigation did not
observe a significant Group X exercise intensity interaction or a main effect for the exercise
intensity on the measures of asymmetry. This is an interesting finding, as it suggests that
the exercise intensity has no effect on asymmetry during cycling, disagreeing with previous
investigations [6,11,13]. However, these results do agree with one previous investigation
that observed no influence of the exercise intensity on asymmetry in the pedal forces
and power production during cycling [8]. After assessing 47 road cyclists from Union
Cycliste Internationale (UCI) ProTour teams, UCI Continental teams, UCI under-23 teams
and cycling clubs, it was observed that the dominant vs. non-dominant mean torque
contribution was only 1.2% [8]. Additionally, after assessing pedaling asymmetries at three
different workloads, it was concluded that any asymmetry observed in the dominant vs.
non-dominant mean torque contribution was independent of the workload [8]. It can be
speculated that one reason for discrepancies between the results of the current and previous
investigations may be due to differences in the assessment tools. The current investigation
and Garcia-Lopez et al. (2015) used the same cycle ergometer to assess pedal forces for both
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lower limbs independently, while previous investigations used commercial instrumented
crank systems [8,10,13].

The current investigation observed a significant main effect for Group for the absolute
difference in power production and asymmetry index for the peak crank torque, with higher
values observed in the CE and NCE groups, respectively. The observed greater difference
in absolute power production between the lower limbs in the CE group was surprising, as it
would be assumed that the CE group would have better pedaling technique than the NCE
group. The competitive level of cycling has been shown to affect pedaling technique in road
cyclists, with professional cyclists having better technique, indicated by a higher positive
impulse proportion, when compared with elite and club-level cyclists [24]. This is thought
to be due to the lower minimum torque values generated during the upstroke of the crank
arm cycle [24]. However, the pedaling technique has not been assessed in both lower limbs
simultaneously during cycling, and potential differences could explain differences in power
production between the lower limbs. Additionally, trained cyclists have been reported to
have greater asymmetry in lean tissue mass between the lower limbs when compared with
non-cyclists, though asymmetry in the pedaling forces and power production were not
investigated [25]. When individual asymmetry index data were examined, no discernable
pattern was observed pertaining to overreliance on the dominant or non-dominant limbs
for force and power generation. This is an interesting finding, as it has been observed
that cyclists present greater lean tissue mass on their dominant sides [25]. It would be
expected that the dominant side, the side with the greater lean tissue mass, would be
responsible for the greatest amount of force application and power production consistently
across the sample. The influence of lean tissue mass asymmetry on force application and
power production asymmetry requires future investigation. Additionally, large negative
asymmetry indexes were observed in some participants, indicating greater reliance on the
non-dominant limb for force or power production, with this often decreasing as the exercise
intensity increased. This is an interesting observation, as participants were screened and
excluded for lower limb injuries that may have influenced asymmetry. This observed use
of the non-dominant limb may be an inherent pedaling strategy to reduce the accumulation
of fatigue in the dominant limb. Without data on any potential pedaling strategies, this is
just speculation, and future investigations should consider including questionnaires on
pedaling strategies.

The main effects for Group and Exercise Intensity observed for both the absolute and
relative power outputs were to be expected, with higher power outputs observed in the
CE group and with increasing exercise intensity. Additionally, the main effects for Group
and Exercise Intensity on the PFE were in agreement with previous investigations. The
PFE has previously been shown to increase with the exercise intensity and to be greater in
cyclists compared with non-cyclists [26,27]. The increases in the PFE observed in cyclists
have been attributed to the generation of greater upward forces through the active upward
pulling action during the upstroke phase of the crank arm cycle [24,26,27]. It is unclear
why a lower PFE is observed at lower exercise intensities, with speculations pertaining to
high variability in muscle recruitment patterns at lower exercise intensities [26,28].

The limitations of the current investigation must be acknowledged. The current
investigation is a cross-sectional analysis, and the phases of the annual training programs
that cyclists may have been in were not recorded. To the current researchers’ knowledge, a
longitudinal study on changes in pedal force and power production asymmetries across a
cyclist’s annual training program has not been conducted, and the effects are unknown.
Performance variables such as time trial performance were not collected. The effects
of asymmetry on cycling performance are still highly debated and require additional
investigations [3,6,24]. Additionally, no assessment of lower limb kinematics during cycling
was conducted. It is possible that asymmetry in pedal force and power production can be
partially explained by asymmetry in kinematics, and this warrants future investigation.
Participants within the CE group attached their own personal pedals to the crank arms
of the cycle ergometer, while those within the NCE group used standard pedal cages.
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Although this does directly affect the reading of the dual power meters, differences in
pedaling patterns may have existed between the groups. Participants were instructed to
pedal at their own preferred cadence, with this varying between participants. This may
have potentially influenced pedaling force asymmetries, and future investigations should
address this potential influence.

5. Conclusions

The exercise intensity was observed to have no impact on the physical manifestation
of asymmetry in pedaling forces and power production during cycling when examined at
2 mmol/L and 4 mmol/L of blood lactate and PPO, respectively. This is in both agreement
and disagreement with the previous literature, as no consensus on the impact of the
exercise intensity on asymmetry during cycling has been met. Only absolute differences
between the limbs in power production and the peak crank torque asymmetry index
were different between groups, suggesting that cycling experience may not have a large
impact on the asymmetry technique. These results are in disagreement with recent findings
and contribute to the overall lack of consensus on factors that influence pedal force and
power production asymmetry during cycling [26]. Investigators should aim to develop
standardized assessment protocols, equipment selection and outcome measures in order to
fully understand pedal force and power production asymmetries with the goal of enhancing
cycling performance.
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