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ABSTRACT

Although males generally outperform females in absolute exercise tasks, it is unclear whether
these differences persist for small muscle mass exercise when accounting for muscle size and
anatomical factors. The purpose of this study was to compare the power-duration relationship for
dynamic knee extension exercise between healthy males (n=12) and females (n=12) matched for
maximal aerobic fitness relative to fat-free mass (VO>max: 59.5+7.9 vs. 59.2+6.0 mL-kgFFM"
Lmin!; p=0.921). Participants completed four constant work rate tests to measure critical power
(CP) and the curvature constant (W'). Using magnetic resonance imaging (MRI), quadriceps
volume was assessed to estimate and control for muscle mass, and the patellar tendon moment
arm (PTMA) was measured to estimate quadriceps force. Males demonstrated a significantly
greater CP (p=0.003), CP torque (p<0.001), CP quadriceps force (p=0.003), and W' (p=0.036)
compared to females. No sex difference in CP measures remained after controlling for
quadriceps mass (p>0.05). An interaction between sex and quadriceps mass regarding W'
(p=0.036) revealed a positive association in males (p<0.001) but not in females (p=0.926). After
adjusting for quadriceps mass, whole-body and single-leg aerobic fitness were related to CP
(p<0.05). Maximal quadriceps force was related to W’ (p=0.044), but strength did not appear to
influence CP independently of quadriceps mass (p>0.05). Overall, sex differences in absolute CP
were largely explained by muscle size as opposed to an innate difference between male and
female muscle, and variability in CP was not independently related to strength or PTMA.

Word count: 248

Keywords: Critical power; Small muscle mass exercise; Endurance; Biological sex; Aerobic

fitness; Isolated muscle mass
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New & Noteworthy

In males and females matched for aerobic fitness [maximal oxygen uptake normalized to fat-free
mass (FFM)], dynamic knee extension critical power (CP) was greater in males, but after
adjusting for differences in quadriceps muscle size, CP was similar between sexes. These
findings indicate that sex differences in small muscle mass performance result from differences

in muscle size, not innate differences in muscle endurance capacity.
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Introduction

As much of our knowledge originates from male-dominated research populations (1-3),
biological sex differences in relative exercise performance are not fully understood. On average,
males can generate greater muscular forces and sustain higher absolute work rates during
exercise than females (4—6). This advantage stems primarily from being larger and leaner, and
possessing a greater total hemoglobin mass (7,8), larger lungs and airways (9,10) and a greater
glycolytic capacity (11), among other factors. These physiological differences may not translate
to greater relative performance when size differences are controlled (12) or greater performance
for small muscle mass exercise (i.e., isolated muscle mass exercise), where central factors play a
smaller role (13). Indeed, females have a more oxidative skeletal muscle profile with a greater
proportion of type I muscle fibres (14,15) and may achieve greater oxygen extraction at the
muscle (8,16,17), suggesting a greater relative capacity for aerobic metabolism (11,18) and
potentially a higher sustainable exercise intensity at the level of the muscle. Whether these
physiological differences translate to greater relative exercise performance for small muscle mass
exercise, independent of anatomical differences, is unclear.

The critical intensity model can be applied to small muscle mass exercise to compare
muscle-specific performance between sexes. As the boundary between the heavy and severe
exercise intensity domains, the critical intensity of exercise is a valuable indicator of endurance
performance (19-24). While we previously showed the relative critical intensity was not
different between males and females for cycling (12), the determinants of exercise performance
differ for whole-body and small muscle mass exercise. Specifically, small muscle mass exercise
may be limited by factors such as skeletal muscle mitochondrial content (25,26), vascular

function (27), and oxygen diffusive transport (28) rather than central factors (13), although both
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central and peripheral systems contribute to aerobic capacity in an integrative manner (29). In
line with a potential peripheral advantage, females were suggested to have a higher relative
critical torque than males (30). While we recently reported no significant difference in this
parameter when males and females were matched for aerobic fitness relative to fat-free mass
(FFM) (26), experimental limitations warranted additional research. Both studies normalized
critical torque to maximal voluntary contraction — conflating endurance and strength parameters
— and neither study accounted for sex differences in muscle size and patellar tendon moment arm
(PTMA) lengths (31,32), which influence the translation of muscle force output to external work
(33). It remains unclear whether sex differences in absolute endurance performance are
attributable to mechanical factors (i.e., muscle size or leverage) rather than intrinsic
physiological differences within the muscle itself. Further, dynamic exercise may offer a greater
ecological validity for understanding endurance performance. Thus, investigating sex differences
in dynamic knee extension CP while considering anatomical factors may provide deeper insights
into potential differences in skeletal muscle performance between males and females.

The primary objective of this study was to investigate the extent to which biological sex
inherently influences the power-duration relationship, independently of anatomical factors, for
dynamic knee extension exercise in healthy males and females matched for aerobic fitness. The
secondary objective was to explore the extent to which strength influenced the power-duration
relationship. We hypothesized that (i) while males would achieve a higher absolute CP than
females, the sex difference in knee extension torque at CP would be abolished when adjusted for
differences in quadriceps mass, (ii) when also accounting for PTMA, estimates of quadriceps
force at CP would be greater in females when adjusted for quadriceps mass, compensating for a

shorter PTMA, and (iii) strength would be positively associated with W',
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Methods
Ethical Approval

This study received institutional ethical approval from the University of Calgary Conjoint
Health Research Ethics Board (REB24-0351) and was conducted according to the Declaration of
Helsinki. Prior to participation, participants were informed of the study’s purpose, procedures,
and potential benefits and risks before providing written, informed consent.

Participants

An effect size of 1.6 was conservatively chosen based on the results of sex differences in
PTMA from Dandridge et al. (31), yielding a required sample size of 20 participants (G*Power;
Heinrich-Heine-Universitét Diisseldorf, Diisseldorf, Germany). While 27 (13 male, 14 female)
healthy, recreationally active participants aged 18-40 were recruited to participate in this study,
data from three participants (one male, two female) were excluded due to irregularities in the
intensity-duration relationship, indicating inconsistent or submaximal performance across trials.
Thus, data from 24 participants (12 male, 12 female) were used for analysis.

All participants were performing >3 hours of moderate to vigorous physical activity per
week (Get Active Questionnaire; Canadian Society of Exercise Physiology, Ottawa, ON,
Canada) and were free of contraindications for magnetic resonance imaging (MRI) (Alberta
Health Services, Edmonton, AB, Canada). Participants were asked to refrain from fatiguing or
high-intensity exercise 24 hours before exercise testing sessions to minimize the interference of
incomplete recovery with outcome measures.

Experimental Design
In this cross-sectional study, participants completed seven laboratory visits over ~3

weeks. During the first visit, participants underwent a dual-energy x-ray absorptiometry (DXA)
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scan to assess body composition, performed strength testing to investigate relationships between
maximal strength and the power-duration parameters, and practiced dynamic knee extension
exercise protocols, including constant work rate and step-incremental testing. For Visit 2,
participants completed a cycling ramp-incremental exercise test to characterize aerobic fitness
and continued with familiarization to dynamic knee extension exercise, performing multiple
bouts of constant, high-intensity exercise. During Visit 3, participants completed a single-leg
dynamic knee extension step-incremental exercise test. During Visits 4 and 5, participants
performed dynamic knee extension exercise to task failure multiple times to establish the power-
duration relationship. During Visit 6, the force output associated with CP was assessed. Finally,
knee and thigh MRI scans were performed during Visit 7 to assess anatomical determinants of
force production (muscle size and PTMA length).
Data Collection and Analysis
Body Composition

DXA scans were performed to assess body composition, using a Lunar iDXA device
(General Electrical Healthcare, Chicago, IL). Specifically, whole-body FFM was determined as
the difference between body mass and fat mass.
Maximal Strength

For quadriceps maximal voluntary contraction (MVC) assessments, participants were
secured to a custom-made chair dynamometer with hip and knee flexion angles of 90° and
performed submaximal isometric contractions prior to completing three maximal efforts.
Isometric force, sampled continually at a frequency of 2000 Hz using an ankle strap connected to
an S-type load cell (Omega Engineering, Norwalk, CT), was converted to an amplified analog

voltage with a strain-gauge amplifier (COND-SGA; Sensy S.A., Charleroi, Belgium) and
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recorded using PowerLab hardware (ADInstruments, Bella Vista, Australia) and data acquisition
software (LabChart 8; ADInstruments). The highest force from the three trials was recorded as
MVC. The distance between the participant’s lateral femoral epicondyle and the center of the
strap was measured to calculate knee extension torque.
Whole-Body Aerobic Fitness

Participants completed a 20 W-min "' ramp-incremental test on an electromagnetically-
braked cycle ergometer (Velotron; Racermate Inc., Seattle, WA) to assess whole body maximal
oxygen uptake (VO2max), as well as peak power output (PPO). Expired gases were collected in a
mixing chamber and measured in 10-s intervals using a metabolic cart (Quark CPET; Cosmed,
Rome, Italy). A gas mixture of known concentrations (15.90 % O3, 4.95 % CO., balance N;) was
used to calibrate gas analyzers prior to testing, and the turbine flowmeter was calibrated with a 3-
L syringe. Participants cycled for 5 min at 50 W prior to a 20 W-min "' ramp-incremental test at a
consistent, self-selected cadence between 80-100 rpm while blinded to all test parameters. The
test was terminated when a participant could no longer maintain a cadence above 60 rpm despite
strong verbal encouragement. Whole-body VO,max was calculated as the highest 30-s average
VO, observed during the cycling ramp-incremental test. VO.max was expressed as an absolute
value (L-min ), relative to body mass (mL-kgBM "' min '), and relative to FFM (mL-kgFFM -
'-min ) to ensure males and females were matched for aerobic fitness (34). A chest strap
monitor (T31 Coded Transmitter; Polar, Kempele, Finland) was used to record heart rate (HR).
Dynamic Knee Extension Testing

All single-leg dynamic knee extension testing was completed on a knee extension
ergometer (KEE 2000; Technavance, Austin, TX), shown in Figure 1B, using the same

experimental setup for all measures. The ergometer chair kept participants seated upright with a
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hip flexion angle of ~90°. An abdominal belt limited movement of the upper body while arms
rested on armrests. The foot of the tested leg was secured in a binding with two buckling straps,
over the proximal and distal aspects of the foot. The foot binding was connected to a crank arm
rod that turned the attached flywheel with each knee extension motion, allowing the leg to be
passively returned to its starting position between each active extension phase. The non-tested
leg rested on an adjustable platform with a relaxed knee flexion angle of 90°. The ergometer
incorporated five sensors (two calibrated load cells, an optical encoder, a photo microsensor, and
a magnetic switch), with signals received by an embedded microprocessor to measure exercise
parameters instantaneously, including force, cadence, and PO, at a frequency of 8-10 Hz. Data
were transmitted to PowerLab hardware and recorded with LabChart software (ADInstruments).

All knee extension exercise testing was performed at a fixed cadence of 40 rpm, and
participants were provided continuous visual feedback of their average cadence (over the three
previous contraction cycles) as well as an auditory metronome. Investigators monitored average
PO (5-s average) and made manual adjustments to the flywheel resistance. Participants were
instructed to maintain a steady contraction cadence as close to 40 rpm as possible and to allow
the knee to passively flex after each contraction to minimize hamstring activation. Surface
electromyography (EMG) from the vastus lateralis and biceps femoris muscles of the tested leg
was recorded as an index of muscle activation throughout the test using a Dual Bio Amp system,
PowerLab, and LabChart software (ADInstruments), as previously described (35). While not
analyzed, investigators monitored muscle activation and verbally prompted participants to avoid
use of the hamstrings if a burst of activity was observed between extensions.

To account for quadriceps work performed against the direction of the flywheel (i.e.,

negative work), and to minimize the impact of hamstring contractions contributing to
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calculations of positive work, instantaneous PO was recorded as an absolute value only where a
positive (i.e., anterior) force was measured at the foot (Figure 1A).
Single-Leg Aerobic Fitness

A step-incremental protocol was used to assess single-leg peak oxygen uptake
(VOzpeak). Participants completed 5 min of dynamic knee extension exercise at 5 W,
immediately after which a step-incremental protocol was initiated increasing at a rate of 3 W-min
-1 Participants were blinded to their elapsed time and PO throughout the incremental protocol. If
participants dropped their cadence below 37 rpm, investigators verbally encouraged them to
recover to 40 rpm. The test was terminated when cadence continued to decrease despite strong
verbal encouragement, or if average PO suddenly decreased with cadence. Expired gases were
collected with a metabolic cart, as described above, to measure single-leg VOapeak and PPO,
determined as the highest 30-s average PO observed during the step-incremental test.
Power-Duration Relationship

Participants performed dynamic knee extension exercise to failure at four different
constant work rate intensities to determine CP and the curvature constant (W’'; Figure 1C). Each
trial utilized an identical testing procedure using the experimental setup described above for the
knee extension ergometer. Participants first completed a standardized knee extension warmup at
5 W for 5 min. Resistance was then gradually increased over approximately 10 s until the target
power output for the CP trial was reached, with the trial continuing at this constant work rate
until failure (as described above). Participants were blinded to the time elapsed and the target
work rate of each trial. Two trials, interspersed with 20 min of rest, were completed in each of
Visits 4 and 5. The first trial was performed between 85-95% of single-leg PPO. Subsequent trial

intensities were pseudo-randomized and adjusted based on time to task failure from previous
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trials, guided by linear regression of the developing work-time relationship to obtain four trials
distributed between 2-15 min (36). CP and W' were represented by the slope and y-intercept,
respectively, of the linear regression between total work and duration (20,36).
Magnetic Resonance Image Acquisition

Axial MRI scans of the dominant leg were performed using a 3T scanner (SIGNA Ultra
High Performance; General Electrical Medical Systems, Chicago, IL) to measure quadriceps
volume. Subjects laid in a supine position, with hip and knee joints fully extended, with two
overlapping air coils to provided coverage of the entire region of interest, from 5 cm below the
iliac crest proximally to 10 cm below the apex of the patella distally. An iterative decomposition
of water and fat with echo asymmetry and least-squares estimation (IDEAL-IQ) sequence was
performed with the following parameters: TR=6.752 ms, TE=3.1 ms, averages: 1.5, image
matrix=256 x 256 x 150, flip angle=3°, slice thickness=2.0 mm, and in-plane resolution=0.9375
x 0.9375 mm. MRI scans of the upper and lower femur regions were acquired separately due to
field of view limitations. An overlapping region was captured to facilitate subsequent image
stitching. A sagittal scan of the knee was then performed using a T1-weighted fast spin echo (T1
FSE) to capture PTMA length, with the following sequence parameters: TR= 787 ms, TE=5.756
ms, averages=2, image matrix =512x512x90, flip angle=111°, slice thickness=1.5 mm, in-plane
resolution=0.547 mm x 0.547 mm.
Magnetic Resonance Image Processing

Upper and lower IDEAL-IQ femur scans were aligned utilizing global positioning data,
and, where necessary, three-dimensional rigid registration was applied to correct any
misalignment. For the overlapping regions, a distance-weighted blending approach was

implemented to stitch images together and minimize signal drop-off and preserve anatomical
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Downloaded from journals.physiology.org/journal/jappl (083.061.243.147) on May 6, 2026.



236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

continuity. Processing and registration were performed using open-source tools (Python v13.3;
Python Software Foundation, Wilmington, DE; SimpleITK 2.4.1). Manual segmentation of
water-intensity maps across the full femur was performed to measure total quadriceps volume
using open-source tools (ITK-SNAP). The four muscles in the quadriceps group were captured
under a single segmentation label in their entirety. Manual segmentation was completed by
investigators for every fifth slice, then interpolation was applied in the axial plane to fill in the
remaining slices (Figure 1D). The result was visualized in a three-dimensional rendering used to
locate errors in the interpolation, which were corrected manually. The volume output for the
entire segmentation label was taken as quadriceps volume, and the volumes obtained by two
independent raters were averaged and taken as the final quadriceps volume. There was excellent
inter-rater reliability (ICC(3,2): 0.997, p<0.001). To simplify reporting, quadriceps muscle mass
was estimated by multiplying the measured muscle volume by 1.06 kg-L!, the density of
mammalian skeletal muscle tissue (37).

PTMA was measured in anatomical position as the distance between the tibio-femoral
contact point and the mid-line of the patellar tendon, drawn perpendicular to the line of the
tendon (38,39), in ITK-SNAP using scans of the knee in the sagittal plane obtained from the T1
FSE sequence (Figure 1D).

Quadriceps Muscle Force Output

A 1-min average of steady dynamic knee extension contractions, over the entire
movement cycle, at the target PO (average within 0.1 W from calculated CP across 1 min) from a
5-min bout was used to measure the anterior force output during contractions at CP. Knee joint
angle was measured continuously using an electronic goniometer (Biometrics Ltd, Newport, UK)

secured to the thigh parallel to the femur and the lower leg parallel to the tibia, with each end
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placed at an equal distance from the tibio-femoral cleft (32). The distance between the knee
(femoral lateral epicondyle) and the height of the force sensor at the ankle was measured, then
multiplied by the average force measured at CP to calculate average knee torque at CP. This
torque was then divided by the measured PTMA to estimate the average force output by the
quadriceps (40). The relevant lengths and forces in this calculation are depicted in Figure 1E.
Statistical Analysis

Data were first assessed for normality using normality plots and the Shapiro-Wilk test,
and homogeneity of variance using Levene’s test. To assess inter-rater reliability for quadriceps
mass, an intraclass correlation coefficient was calculated using a two-way mixed effects model
for average measures. Analysis of covariance (ANCOVA) was used with sex as a fixed factor to
explore sex differences in relationships between quadriceps mass and the power-duration
parameters, as well as sex differences in these variables after adjusting for quadriceps mass as a
covariate. Data were first assessed for linearity with the covariate using Pearson’s correlations,
normality of residuals using normality plots and the Shapiro-Wilk test, and homogeneity of
variance using Levene’s test. Outliers were defined as values with unusually large residuals,
indicating poor model fit, or values greater than three standard deviations from the group mean.
Outliers were excluded from final analyses. Homogeneity of regression slopes was evaluated,
and where significant interaction effects were identified, distinct parameter estimates for males
and females were reported. If no significant interaction was present, a simplified ANCOVA
model without the interaction term was run, and overall effects were reported. To facilitate
comparisons to previous studies, power-duration parameters were scaled to quadriceps mass.
Relationships were assessed for linearity and homogeneity, and student’s independent t tests

were performed between males and females for these ratio-scaled data where appropriate.
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To investigate potential determinants of the power-duration relationship, Pearson’s
correlations were calculated to assess relationships between pairs of variables in the overall
sample, with partial correlations used to assess these relationships after controlling for
quadriceps mass.

Statistical analysis was performed using SPSS (V29; IBM, Armonk, NY) and Prism 8
(GraphPad, San Diego, CA). Statistical significance was accepted where p<0.05, and all data are
presented throughout the manuscript as mean [standard deviation].

Results
Participant Characteristics and Aerobic Fitness

Participant characteristics are shown in Table 1. Males had a significantly greater height,
body mass (BM), and FFM compared to females. Whole-body (cycling) VO»max was used to
characterize and match relative aerobic fitness between males and females. Males had a
significantly greater absolute VO;max and PPO compared to females; however, VO2max and
PPO expressed relative to BM and FFM were not significantly different between sexes. Males
also had a significantly greater quadriceps mass and PTMA than females (Table 1).

In the single-leg maximal step-incremental test, absolute VOapeak was significantly
higher in males (1.44 [0.23] L-min’!) than females (1.16 [0.24] L-min’!; p=0.008). PPO was also
significantly higher in males (45.5 [6.8] W) than females (34.5 [5.2] W; p<0.001). Quadriceps
mass was significantly associated with VOzpeak (1=0.611, p=0.002) and PPO (r=0.831,
p<0.001). ANCOVA models using quadriceps mass as a covariate showed no sex difference in
regression slopes for VOapeak (F(3,20)=1.485, p=0.237) and PPO (F(3,20)=0.108, p=0.745), so
simplified ANCOVA models without the interaction term were run. When adjusted for

quadriceps mass, there was no sex difference in single-leg VOapeak (F(2,21)=0.417, p=0.525) or
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PPO (F(2,21)=0.510, p=0.483). Regression slopes are plotted in Figure 2, and estimated
marginal means are shown in Figure 3.
Sex Differences in the Power-Duration Relationship

The fit of intensity-duration relationships was excellent using the linear work-time
regression (R?: 0.999 [0.001], range: 0.997-1.000). One outlier for W' was removed prior to all
analyses due to the extreme raw value (+3.36 standard deviations from the mean) and the
resulting violation of normality and equal variance assumptions. As shown in Table 2, relative to
females, males had a significantly greater absolute CP, torque at CP, quadriceps force at CP, and
W'; however, none of these variables differed between sexes when scaled to quadriceps mass
where appropriate (Table 2). There was also no significant difference in CP expressed relative to
PPO between males (74.5 [10.8] %PPO) and females (73.0 [6.6] %PPO; p=0.678).

Quadriceps mass was significantly correlated with CP (r=0.659 p<0.001), torque at CP
(r=0.724, p<0.001), quadriceps force at CP (r=0.678, p<0.001), and W' (r=0.731, p<0.001) in the
overall sample. The ANCOVA analysis using quadriceps mass as a covariate revealed a sex
difference in regression slopes for W' (F(3,19)=5.086, p=0.036), though not for any measure of
CP (p>0.05; Table 3; Figure 2). Parameter estimates showed that males demonstrated a greater
slope in the relationship between quadriceps mass and W' than females, where W' increased
significantly with quadriceps mass in males (B=1.3, p<0.001) but not in females (f=—0.05,
p=0.926). With no interaction between sex and quadriceps mass for variations of CP, simplified
ANCOVA models with no interaction term were run. When adjusted using quadriceps mass as a
covariate, there was no sex difference in any of these variables (p>0.05), though each showed a

significant main effect of quadriceps mass (p<0.05) (Table 3; Figure 3).
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Determinants of the Power-Duration Relationship

Correlations between variables and all variations of CP were similar, so only relationships
with CP are reported. Prior to adjusting for quadriceps mass as a covariate, positive associations
with CP were observed for PTMA, aerobic fitness (whole-body and single-leg VO.max/VOzpeak
and PPO), and maximal strength (MVC torque and quadriceps force). Partial correlations
controlling for quadriceps mass showed that significant relationships with CP were maintained
only for whole-body and single-leg aerobic fitness measures (Table 4).

In terms of potential determinants of W', single-leg peak PPO and maximal strength
(MVC torque and quadriceps force) were positively correlated with W' prior to controlling for
quadriceps mass. After controlling for quadriceps mass using partial correlations, only the
positive relationship between MVC quadriceps force and W' persisted (Table 4). Significant
negative associations between whole-body aerobic fitness measures and W' (Table 4), as well as
between CP and W' (r=—0.657, p<0.001), were observed only after controlling for quadriceps
mass.
Discussion

The main findings of this study were that (i) when matched for aerobic fitness and
adjusting for quadriceps mass as a covariate or scaling to quadriceps mass, males and females
did not differ in terms of single-leg knee extension CP; (ii) quadriceps mass was a significant
predictor of W' in males but not females; and (iii) aerobic fitness and muscle strength appear to
be determinants of the power-duration relationship, independent of muscle size. Overall,
variation in knee extension CP was independent of sex when accounting for differences in
quadriceps mass, though sex differences were observed regarding the capacity to translate

quadriceps mass into severe-intensity work.
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Biological Sex and the Power-Duration Relationship

When matched for VO»max relative to FFM, males achieved a higher absolute CP and W'
than females, which was expected given their generally larger body size and quadriceps muscle
mass (41,42), conferring performance advantages by enabling greater muscular force production
and work rates. This finding is consistent with previous studies of fitness-matched males and
females for cycling exercise, where males also demonstrated superior absolute performance
(12,43). In a previous investigation using isometric knee extension, we surprisingly did not
observe a significantly greater absolute critical torque in males, but males demonstrated a larger
absolute W' than females (26). Given the association between muscle mass and absolute
performance measures in the present investigation, quadriceps mass was included as a covariate
in all relevant analyses to account for its influence. While not intentional, matching for whole-
body aerobic fitness resulted in no difference between sexes for single-leg VOapeak after
adjusting for quadriceps mass as a covariate.

In the present study, we found no sex difference in single-leg CP (including the torque
and estimated quadriceps force output at CP) when adjusted for (or scaled to) quadriceps mass,
indicating that biological sex did not account for additional variability beyond that explained by
quadriceps mass, which was larger in males (32,44). This result suggests that sex differences in
absolute single-leg CP are attributable to muscle size rather than inherent differences in muscle
physiology, consistent with recent evidence against sex-specific metabolic mechanisms of
fatigue or fatigue resistance (45). This finding also aligns with studies reporting a lack of sex
differences for the critical intensity (12,26), with the exception of a recent study (46). While
Wilkins et al. (2025), reported greater relative end-test power for females compared to males,

that study estimated FFM from skinfolds and estimated CP with a 3-min all-out test, which are
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395

less precise than the methods used in our studies. To our knowledge, this is the first study to
investigate sex differences in the relationship between quadriceps mass and dynamic knee
extension performance, although quadriceps mass was previously suggested to be a determinant
of absolute single-leg CP in males (47). To mitigate the confounding effects of differences in
body size and composition between males and females, previous studies have expressed the
critical intensity relative to MVC for isometric knee extension (26) and to FFM for cycling (12).
Such ratio scaling assumes strictly proportional relationships between variables, which can be
problematic in drawing meaningful conclusions (48). Expressing the critical intensity relative to
MVC conflates two distinct physiological capacities — muscle endurance and strength — which
are not necessarily related. Scaling to FFM, although meaningful biologically, similarly assumes
a proportional relationship between whole-body FFM and the critical intensity, with a shared
slope and intercept between males and females. When evaluating sex differences in performance,
examining relationships between variables may provide more meaningful insight than ratio-
based comparisons (48). Nevertheless, the results in the present study were similar whether we
adjusted variables for quadriceps mass or scaled variables to quadriceps mass.

Males exhibited a higher torque and estimated quadriceps force output at CP, although
these differences were also abolished when considering quadriceps mass. This finding
contradicted our hypothesis that females would exhibit greater quadriceps force at CP after
adjusting for quadriceps mass due to their shorter PTMA, and that PTMA would meaningfully
contribute to sex differences in CP. While we expected differences in CP torque to be eliminated
after adjusting for quadriceps mass, we anticipated that the significantly shorter PTMA in
females would impose a mechanical disadvantage (31), requiring greater quadriceps force

outputs to generate knee extension torques comparable to males. While accounting for PTMA
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reduced the numerical gap in CP torque between sexes, the lack of statistical significance for
either variable suggests that other physiological factors likely contribute to within-sex variability
in CP torque for a given quadriceps mass. Nevertheless, our observed agreement between CP,
torque, and estimated quadriceps force output indicates that the shorter female PTMA does not
explain sex differences in absolute endurance performance, allowing females to generate CP
torques not significantly different from males when accounting for quadriceps mass.

In contrast to CP, we demonstrated a sex difference in the relationship between
quadriceps mass and W'. That quadriceps mass was associated with W' in males but not in
females disagrees with a previous study that reported no relationship between quadriceps mass
and W' in males (47), though quadriceps mass was estimated using surface measurements in that
study. Although ratio scaling was inappropriate in the present study due to the observed sex
difference in this relationship, a previous study from our laboratory found that sex differences in
W' for cycling persisted even when normalized to FFM (12). This result, as well as the sex
difference in the relationship between quadriceps mass and W' observed in the present study,
may be partly explained by established associations between type IIx fibre proportion and W'
(12,26), with an advantage for males due to an expected higher proportion of IIx fibres and a
greater glycolytic capacity per unit of muscle mass (15).

Determinants of the Power-Duration Relationship

Whole-body VO>max and PPO were related to single-leg CP, and this association
persisted after adjusting for quadriceps mass. This finding suggests that individuals with a higher
aerobic capacity tend to achieve a higher CP independent of muscle mass, meaning that inter-
individual differences in CP reflect true physiological variation in aerobic function, aligning with

our hypothesis. The association between whole-body aerobic fitness and single-leg CP is likely
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underpinned by peripheral aerobic function, as the influence of central factors is reduced with
small muscle mass exercise (13). Similarly, single-leg VOapeak and PPO were significantly
associated with CP independent of quadriceps mass, reinforcing the interpretation that peripheral
mechanisms contribute substantially to the capacity to perform sustained exercise, with dynamic
knee extension CP serving as an indicator of muscle endurance (49). Although prior evidence has
pointed to mitochondrial respiration as a key limiting factor for single-leg exercise (25), dynamic
knee extension CP may be constrained by blood flow (27), or diffusive oxygen transport (28),
highlighting the need for further investigation using well-controlled, in vivo studies. Lastly,
MVC was not associated with CP after adjusting for quadriceps mass, which is in agreement
with previous research showing that single-leg CP is related to quadriceps muscle mass
(estimated via surface measurements) but not to muscle strength (47).

Our data supported the hypothesis that maximal strength may play a role in the power-
duration relationship by linking intrinsic muscle force-generating capacity, independent of
muscle size and leverage, to the capacity to perform anaerobic work. W' was related to MVC
torque and estimated MV C quadriceps force, suggesting that strength may influence the
anaerobic work capacity. When adjusting for quadriceps mass, MVC torque was no longer
significantly associated with W' (p=0.073) whereas the relationship with quadriceps force
persisted. We suggest that W' may be related to the force-generating capacity of the quadriceps
when isolated from leverage effects observed at the joint whereas MV C torque may be
confounded by variability in PTMA length, making it less specific to the physiological
underpinnings of W' than quadriceps force. This result is consistent with the lack of association
between strength and single-leg W' observed previously (47) and is supported by previous

evidence of an association between strength and W' for cycling (50,51), suggesting that W' may
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be influenced by intrinsic neuromuscular properties in addition to muscle mass. The association
between W' and single-leg PPO was abolished after adjusting for quadriceps mass, indicating
that muscle size confounds the relationship between local aerobic capacity and the ability to
perform work above CP. This finding is consistent with the established characterization of W' as
an anaerobic property (20,36).

After adjusting for quadriceps mass (itself correlated with PTMA), the significant
relationships between PTMA and CP, including CP torque, did not persist. This finding suggests
that PTMA does not significantly influence W' and that PTMA does not uniquely impact CP or
CP torque beyond its covariance with quadriceps mass. Regarding CP, the absence of an
independent PTMA effect may help to explain the lack of sex difference in CP torque observed
between sexes despite a similar quadriceps force as discussed above.

Significant negative relationships emerged between CP and W’ when examined
independent of quadriceps mass. This result suggests that muscle size contributes positively to
each of these variables and suppresses their underlying relationships. When muscle mass is held
constant, individuals display a trade-off between aerobic and anaerobic capacities.
Experimental Considerations

Several experimental considerations and limitations may impact the contextualization and
generalizability of our findings. The cross-sectional design used in this study allowed us to
examine relationships between variables but limited our ability to draw causal inferences.
Pulmonary gas exchange and ventilatory responses during single-leg exercise should be
interpreted with caution, as it cannot be confirmed that these measures fully reflect the
underlying metabolic demands of the isolated muscle group. The calculation of quadriceps force

output provided in this study represents an average estimate, integrating a dynamic force output
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with a static PTMA measure. PTMA is a dynamic property, and variability introduced by sex,
muscle activity, and contraction type makes instantaneous PTMA difficult to accurately
determine throughout the range of motion (31,52—55); therefore, its precise joint angle-specific
quantification should be a goal for future studies aiming to determine quadriceps force output. In
addition, this study did not quantify knee flexion torques produced via coactivation of the knee
flexors. Nevertheless, previous research suggests that inter-individual differences in PTMA are
roughly preserved across the range of motion (56,57), and that coactivation effects are similar
across sexes (32,58), increasing our confidence in the present interpretations of our results.
Finally, this study did not control for hormonal fluctuations across the menstrual cycle, although
previous studies have demonstrated no eftfect of menstrual phase on the power-duration
relationship for cycling (59), and a similar reliability across days for single-leg performance in
both sexes (26).
Conclusions

In fitness-matched males and females, CP was associated with quadriceps muscle mass
and aerobic fitness rather than sex or strength. Despite a shorter PTMA in females, estimated CP
quadriceps force remained similar, suggesting that sex differences in knee structure do not
impose a significant impact on CP. A sex-specific relationship emerged for W', with males
demonstrating a greater capacity to translate muscle mass into high-intensity work; however, W'
correlated with maximum estimated quadriceps force in the full sample, supporting a general link
between contractile properties of the muscle and anaerobic work capacity. These findings suggest
a lack of innate difference in skeletal muscle endurance between male and female muscle,

highlighting the central role of anthropometric factors in exercise performance. Future studies
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488  physiological response to exercise across sexes.
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Figure Captions

Figure 1: Dynamic knee extension experimental setup and overview. (A) Representative data
acquisition trace. (i) Raw surface electromyography (EMG) signals from the vastus lateralis
(light purple) and biceps femoris (dark green) muscles, (ii) force, and (ii1) power output (PO)
data received from knee extension ergometer with added trace (iv) demonstrating absolute PO
where a positive force (F) was measured. Five contraction cycles at 40 rpm are shown (n=1). (B)
Dynamic knee extension ergometer. All testing was completed on the dominant leg, with the foot
secured in a binding with two buckling straps. The attached crank arm rod turned the flywheel
with each contraction to enable passive flexion via the flywheel’s generated momentum. Sensors
located at the proximal end of the crank arm rod continuously sampled instantaneous force,
cadence, and work rate. (C) Power-duration relationship. Hyperbolic relationship with two
mathematical parameters, the horizontal asymptote (critical power; the boundary between heavy
and severe intensity domains) and the curvature constant (W'; the finite capacity to complete
work above critical power) shown. (D) Quadriceps volume determination and patellar tendon
moment arm measurement. Magnetic resonance images of the upper and lower femur were
aligned, registered, and blended to obtain a single image covering the entire femur region.
Manual segmentation, capturing all four muscles in the quadriceps femoris group, was completed
and followed by interpolation in the axial plane. A three-dimensional rendering was used to
visualize the total muscle volume. Images in the sagittal plane were used to measure the
perpendicular distance between the tibio-femoral contact point (filled circle) and the line of the
patellar tendon (solid line), taken as the patellar tendon moment arm (dashed line). (E)
Quadriceps force calculation schematic. Relevant forces and lengths pictured. Green arrows

represent force vectors and red bidirectional arrows represent length measurements. Force
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measured at the ankle, lower leg length, and patellar tendon moment arm were used to estimate

quadriceps force output.

Figure 2: Relationships between quadriceps mass and single-leg aerobic fitness and power-
duration parameters. Individual data plotted for females (purple, n=12) and males (green,
n=12) with separate regression lines for each sex. Separate plots are shown for (A) single-leg
peak rate of oxygen consumption (VOzpeak), (B) single-leg peak power output (PPO), (C)
critical power (CP), (D) CP torque, (E) CP estimated quadriceps force, and (F) curvature constant

(W"). Note that n=11 males for W' following removal of one outlier.

Figure 3: Estimated marginal means for single-leg aerobic fitness and power-duration
parameters after adjusting for quadriceps mass as a covariate. Estimated means shown for
variables with no significant interaction between quadriceps mass and sex, evaluated at a mean
quadriceps mass of 2.4kg. Separate comparisons are shown for (A) single-leg peak rate of
oxygen consumption (VOapeak), (B) single-leg peak power output (PPO), (C) critical power
(CP), (D) CP torque, and (E) CP quadriceps force. Bars and error bars shown for each sex
represent adjusted mean and standard error, respectively. Results of analysis of covariance

(ANCOVA) effect of sex after controlling for quadriceps mass shown above each pair of bars.
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Table 1: Participant Characteristics and Whole-Body Aerobic Fitness.

Total Males Females Sex Difference

(n=24) (n=12) (n=12) (P)
Age (years) 28 [6] 27 [6] 29 [6] 0.606
Height (cm) 175 [8] 182 [3] 168 [7] <0.001
Body mass (kg) 73.0[10.5] 80.1 [8.7] 65.9 [6.8] <0.001
Fat-free mass (kg) 56.7 [10.8] 65.0 [8.4] 48.5[4.9] <0.001
VO,max (L-min™) 3.4 0.7] 3.8 [0.5] 2.9 [0.4] <0.001
VO,max (mL-kgBM " -min™) 46.0[7.0]  48.1[6.2] 43.9[7.4] 0.145
VO,max (mL-kgFFM''min™")  59.4[6.8]  59.5[7.9] 59.2 [6.0] 0.921
PPO (W) 290 [51] 321 [39] 259 [43] 0.001
PPO (W-kgBM™) 4.0 [0.6] 4.0 [0.5] 4.0 [0.7] 0.810
PPO (W-kgFFM™) 5.20.6] 5.0 [0.6] 5.310.6] 0.157
Quadriceps mass (kg) 2.4 [0.6] 2.8 [0.6] 1.910.3] <0.001*
PTMA (mm) 43.1[3.1]  45.6[1.6] 40.6 [1.9] <0.001

Note. Data are reported as mean and [standard deviation]. p-values are provided for independent
samples t tests between males and females. Welch’s test was used where variance was not equal
between groups (*). Statistically significant differences are indicated with bold text. VO,max,
maximal rate of oxygen uptake; BM, body mass; FFM, fat-free mass; PPO, peak power output;
PTMA, patellar tendon moment arm.
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Table 2: Sex Differences in Dynamic Knee Extension Critical Power (CP) Normalized to

Quadriceps Mass (QM)

Total Males Females Sex Difference

Variable

(n=24) (n=12) (n=12) )
CP (W) 29.6 [7.4] 33.8[6.6] 25.4 [5.6] 0.003
CP (W-kgQM™) 12.7 [2.4] 12.1 [2.4] 13.3 [2.4] 0.212
CP Torque (Nm) 15.7 [5.4] 19.2[5.1] 12.2 [2.9] <0.001
CP Torque (Nm-kgQM™) 8.8 [1.5] 8.9 [1.8] 8.7 [1.2] 0.700
CP Force (N) 360.0 [105.5] 420.4[102.2] 299.6[70.0] 0.003
CP Force (N-kgQM™) 153.5[32.0] 149.9[36.3] 157.0[28.1] 0.600
W’ (kJ) 1.94 [1.04] 240 [1.27] 1.47 [0.42] 0.025
W’ (kJ-kgQM™)* 0.81[0.33] 0.83[0.40] 0.79 [0.26] -

Data are reported as mean and [standard deviation]. p-values are provided for independent
samples t tests between males and females. Statistically significant differences are indicated with
bold text. Note that n=11 males for W' following removal of one outlier. CP, critical power; W',

curvature constant; QM, quadriceps mass.

* The assumption of homogeneity of slopes was violated and thus normalized comparisons
should be interpreted with caution for W'. Accordingly, t test results are not reported.
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Table 3: Sex Differences in Critical Power Adjusted for Quadriceps Mass.

Sex * Quadriceps Sex Quadriceps Mass

Mass (F3,20); p)  (F(2,21); p) (F(2,21); p)
CP (W) 1.371; 0.255 0.726; 0.404 4.352; 0.049
Torque at CP (Nm) 0.651; 0.429 1.737; 0.202 5.521; 0.029
Quadriceps force at CP (N) 0.882; 0.359 0.555; 0.464 5.287; 0.032

Note. F-statistics and p-values for ANCOVA models with quadriceps mass as a covariate.
Models were first run with an interaction term; if the interaction was not significant, it was
removed to assess main effects. Statistically significant effects indicated with bold text. CP,
critical power.
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Table 4: Variable Association with Power-Duration Relationship Parameters.

Controlled for Quadriceps
Bivariate Correlations

Mass (kg)
CP(r; p) W' (r; p) CP (r; p) W' (r; p)
PTMA (mm) 0.602; 0.002 0.363; 0.089 0.271;0.210 —0.280, 0.207

Whole-body VO,max
0.814; <0.001 0.384; 0.071 0.635;0.001 —-0.501; 0.018
(L-min™)

Whole-body PPO (W)  0.855; <0.001 0.265; 0.221 0.724; <0.001 —0.631; 0.002
Single-leg VOzpeak

0.775; <0.001 0.226, 0.300 0.625; 0.001 —0.416; 0.054
(L-min™)
Single-leg PPO (W) 0.862; <0.001 0.496; 0.016  0.760; <0.001 —0.357;0.103
MVC torque (Nm) 0.546; 0.006 0.768; 0.001 —0.085; 0.699  0.390; 0.073
MVC quadriceps

0.416; 0.043 0.745; 0.001 —0.169; 0.442  0.433; 0.044
force (N)

Note. Pearson correlation coefficients (r) and p-values are shown for each bivariate correlation,
and for each partial correlation when controlled for quadriceps mass. Statistically significant
correlations are indicated with bold text. CP, critical power; W', curvature constant; PTMA,
patellar tendon moment arm; VO,max, maximal rate of oxygen consumption; PPO, peak power
output; VO,peak, peak rate of oxygen consumption; MVC, maximal voluntary contraction.
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Sex Differences in the Power-Duration Relationship for Dynamic Knee Extension are Largely Explained by Muscle Size

METHODS

Participants visited the laboratory seven times over ~3 weeks.

e

Fat-free mass was measured to
match males and females for
aerobic fitness

@ € F

VO,max was measured to match males
and females for aerobic fithess

Participants were familiarized to
single-leg knee extension exercise

and completed a ramp incremental
test

The single-leg knee extension power-

@ duration relationship was established

The force produced at single-leg
knee extension critical power was
measured

Muscle size and patellar tendon moment
arm were measured using MRI

bio

RENDER

OUTCOME

Critical power was positively related to quadriceps mass (A;
r=0.659, p<0.001), and was greater in males than females (B;
p=0.003); however, when adjusted for quadriceps mass, critical
power was not different between sexes (C; p=0.404).

1 - Female
-@- Male
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p =0.261
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CONCLUSIONS

Sex differences in small muscle mass endurance performance
are likely due to muscle size rather than innate differences in
muscle endurance capacity between males and females.
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