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Abstract
Background The primary aim of this study was to examine the relationship between maximal oxygen update 
(V̇O2max) and within-set fatigue and between-set recovery during resistance exercise in men and women.

Methods We examined the relationship between V ̇O2max and various indices of fatigue and recovery during parallel 
squats (3 sets, 90 s rest, 70% of 1RM to failure) and isokinetic knee extensions (3 × 10 maximal repetitions at 60 deg/s, 
45 s rest) in 28 (age 27.0 ± 3.6 years) resistance-trained subjects (14 men and 14 women). We also examined whether 
there were sex differences in within-set fatigue and between-set recovery.

Results V ̇O2max was weakly related to recovery and fatigue in both men and women (range of P-values for V̇O2max 
as a covariate; 0.312–0.998, range of R-values, 0.005–0.604). There were no differences between the sexes in fatigue 
within a set for the squat, but men showed less within-set fatigue than women in the first set of the isokinetic knee 
extension exercise (~ 8% torque loss difference, main effect of sex P = 0.034). Regarding recovery between sets, 
men showed greater relative peak power (P = 0.016) and peak torque (P = 0.034) loss between sets in both exercises, 
respectively, compared to women. Women also tended to complete more repetitions than men (main effect of sex, 
P = 0.057). Loss of peak torque between sets in knee extension was evident in both absolute and relative (%) values in 
men but not in women.

Conclusions Our study suggests that aerobic capacity is weakly associated with within-set fatigue and between-
set recovery in resistance training in both men and women. Women and men show comparable levels of within-set 
fatigue in the multi-joint squat, but women show more within-set fatigue during the single-joint isokinetic knee 
extension compared with men. In contrast, women recover better than men between sets in both exercises.

Keywords Muscle fatigue, Inter-set rest, Sex differences, Strength training, V̇O2max

Relationship between maximal oxygen 
uptake, within-set fatigue and between-
set recovery during resistance exercise 
in resistance-trained men and women
Tommy R. Lundberg1,2* , Gustav Larsson1, Rasmus Alstermark1, Mirko Mandić1,2 and Rodrigo Fernandez-Gonzalo1,2

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://orcid.org/0000-0002-6818-6230
http://crossmark.crossref.org/dialog/?doi=10.1186/s13102-024-00830-8&domain=pdf&date_stamp=2024-2-10


Page 2 of 9Lundberg et al. BMC Sports Science, Medicine and Rehabilitation           (2024) 16:45 

Background
Resistance training is a cornerstone of athletic condi-
tioning and physical fitness. Effective resistance training 
incorporates training principles such as overload and 
progression, and key program variables include inten-
sity, volume, and strategic manipulation of rest periods 
between sets (often ranging from 30 s to 5 min) [1]. While 
a short rest period is more time efficient and allows for 
more exercises or sets to be performed overall within a 
training session of same duration, it can also negatively 
affect performance in the next set due to residual fatigue 
[2]. Furthermore, resistance exercise with short (1  min) 
rest periods between sets resulted in a lower myofibrillar 
protein synthesis during the early post-exercise recovery 
period compared with longer (5 min) rest periods, possi-
bly through impaired activation of intracellular signalling 
[3]. Thus, the rest interval between sets influences acute 
performance, metabolic stress, and anabolic response, 
and may therefore affect the muscular adaptations during 
chronic exercise [4]. Finding the optimal length of rest 
between sets, ideally on an individual basis and depend-
ing on the goal of the training, is therefore important for 
resistance training practitioners who wish to maximise 
the benefits of resistance training.

The interplay between the duration of rest and sub-
strate replenishment becomes clear when considering 
that ATP supply during high-intensity resistance exercise 
occurs mainly via anaerobic pathways involving muscle 
glycogen and phosphocreatine (PCr) as fuel substrates 
[5]. Regeneration of PCr stores, which has been found 
to be related to oxygen availability and aerobic capacity 
[6, 7], is generally considered to be the most important 
means of restoring immediate performance following 
strenuous muscular exercise. This is supported by the 
notion that recovery from repeated sprint and high inten-
sity intermittent exercise is related to PCr resynthesis 
and aerobic capacity [8, 9]. It is therefore possible that 
high aerobic capacity allows faster recovery between sets 
also during resistance exercise, and that the optimization 
of rest intervals should be dictated not only by individ-
ual training goals, but also on an individual’s capacity to 
restore phosphagen stores between sets.

There is surprisingly little information on the relation-
ship between aerobic capacity and recovery of perfor-
mance during resistance exercise sessions. Ratamess et 
al. examined the relationship between maximal oxygen 
uptake (V̇O2max) and acute performance during resis-
tance exercise using 1-, 2-, or 3-minute rest intervals 
in random order [10]. V ̇O2max was found to be nega-
tively correlated with the 1RM bench press and squat 
performance, but positively correlated with the num-
ber of repetitions performed during the squat (5 sets at 
75% of 1RM). The authors concluded that V̇O2max was 
related to lower body resistance exercise performance 

and hypothesized that individuals with a higher V̇O2max 
would have a greater ability to maintain performance 
between sets during lower body exercises.

Overall, there appears to be conflicting evidence as 
to whether there are sex differences in fatigability and 
strength recovery during resistance exercise, and the 
specific program design, exercise selection, and contrac-
tion type may partly explain the conflicting findings [11]. 
Nuzzo et al. reported on the maximum number of repeti-
tions at different percentages of the 1RM and found that 
sex had little effect on the outcome [12]. However, they 
emphasized that there is little data on exercises outside 
of the bench press and leg press. Men have been reported 
to be more fatigued than women during sustained and 
intermittent isometric exercise performed at similar rela-
tive intensities [11, 13]. Men have also been shown to 
recover more slowly than women after isometric exercise, 
possibly due to greater central fatigue in men or, alterna-
tively, better local muscle endurance in women [14–16]. 
Despite this evidence, Gomes et al. recently reported that 
women showed greater torque loss after fast isokinetic 
muscle contractions (300  deg/s), but not in response to 
contractions performed at slow speeds (60  deg/s) [17]. 
However, strength recovery was greater in women after 
exercise at moderate speeds (180  deg/s). There is also a 
paucity of data examining sex differences in fatigue and 
recovery following isotonic multi-joint exercise involv-
ing several large muscle groups, and to our knowledge 
no study has examined this in relation to aerobic capac-
ity. This is pertinent to investigate as training with larger 
muscle mass involvement shows a stronger relationship 
between V̇O2max and PCr resynthesis than intense train-
ing with small muscle mass involvement [8].

With this in mind, we sought to comprehensively 
investigate the relationship between V ̇O2max and within-
set fatigue and between-set recovery during resistance 
exercise in both men and women. We also investigated 
whether there were sex differences in the fatigue response 
and recovery pattern between sets. We hypothesised that 
V̇O2max would be positively related to between-set recov-
ery for the squat, but not for the isolated knee extension 
involving a smaller muscle mass. We also hypothesised 
that women would show less fatigue and recover faster 
than men during both exercises.

Methods
General design
Each subject was tested for V̇O2max, maximum number 
of repetitions in squat at 70% of 1RM, peak concentric 
power in squat, and peak torque production during 3 × 10 
repetitions of isokinetic knee extensions. We then exam-
ined the relationship between V̇O2max and various indices 
of within-set fatigue and between-set recovery.
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Subjects
The subjects of the present study (14 men and 14 women) 
were physically active young adults from the Stockholm 
area (Table 1). A power calculation performed in GPower 
showed that we would need a sample size of 23 to detect 
a Pearson correlation (r-value) of 0.5, which we con-
sider a meaningful relationship, with a power of 80% and 
an alpha of 5%. Nevertheless, we included a total of 28 
subjects to also allow for comparison by sex. Inclusion 
criteria included resistance training experience (3 ses-
sions per week for at least 3 months prior to the study) 
and adequate squat exercise technique (assessed by the 
investigators). A health questionnaire (see Supplemen-
tary Questionnaire 1) was completed at the screening 
stage, but no participant was excluded for health reasons. 
All subjects provided written informed consent prior to 
participation. The study was approved by the National 
Review Authority in Sweden (Ref no. 020-03551).

[Cut]

Maximum oxygen uptake (V̇O2max)
To measure V ̇O2max, subjects performed a graded test 
to volitional fatigue on a cycle ergometer (Lode, Gron-
ingen, The Netherlands). An online gas system (Carefu-
sion, Yorba Linda, CA) was used to directly measure 
breath-by-breath respiratory volume, respiratory flow, 
and exhaled O2 and CO2 content (35,36). Subjects were 
given verbal instructions on how to perform the V ̇O2max 
test before starting the test. The bike was set up accord-
ing to the subjects’ preferences and a gas analysis mask 
was placed over the subjects’ mouth and nose. The test 
began with subjects cycling for 5  min at a resistance of 
50 watts. The resistance was then increased by one watt 
every three seconds until the participant could no longer 
maintain a cadence of 60–65 rpm. The same protocol was 
employed for all subjects and the average test duration 
was 12.5 min. The bicycle was connected to a computer 

that increased resistance via a pre-determined protocol. 
Subjects were verbally encouraged by the test leaders 
until they reached voluntary exhaustion. Heart rate was 
measured every 15 s. V ̇O2max was determined as the high-
est average oxygen uptake within a 20-second period dur-
ing the test. A plateau in oxygen uptake despite increased 
intensity was used as a main criterion for V ̇O2max. No 
subsequent verification test was performed. Respiratory 
Exchange Ratio (RER) > 1.15, a heart rate > 90% of the age-
predicted maximum heart rate, and rating of perceived 
exertion (RPE) of > 17 (Borg scale) collected immediately 
after exhaustion were used as additional criteria when a 
plateau was not established. The CV% for V ̇O2max assess-
ment in our laboratory is 1.7–2.3%.

Squat exercise
The Squat protocol included a 1 repetition maximum 
(1RM) test followed by three sets of as many repetitions 
as possible at 70% of the 1RM. Mean concentric move-
ment velocity during squats was measured using a linear 
encoder (SmartCoach Europe AB, Stockholm, Sweden), 
and peak power values were then calculated based on the 
movement velocity and weight lifted. The selection of the 
squat was based on the use of large muscle mass covering 
several joints. 1RM testing took place 3–7 days after the 
V̇O2max test. The procedure began with a standardised 
warm-up protocol including cycling for 5 min on a bicy-
cle with a self-selected power output of 80–100 W. The 
warm-up was completed with squats using the 20 kg bar-
bell as loading (5 repetitions). After the warm-up, four to 
six progressively heavier sets (corresponding to 5 reps at 
50%, 3 reps at 70%, 1 rep at 80% and 1 rep at 90% of esti-
mated 1RM) were conducted prior to reaching 1RM in 
subsequent lifts. After the 1RM had been assessed, sub-
jects were allowed to recover for 3 min before commenc-
ing the Squat exercise trial at 70% of the 1RM. Three 
sets were performed at maximal effort, i.e., as many rep-
etitions as possible to failure. Failure was defined on the 
basis of three criteria: Inability to rise from a deep squat, 
letting go of the barbell despite verbal encouragement, 
or performing two consecutive squats with insufficient 
depth as evidenced by not lowering the greater trochan-
ter below the apex of the patella. We standardised the 
depth by placing safety bars just below the bar at the par-
ticipants’ bottom position. The foot position was chosen 
by the participants themselves, as we wanted to minimise 
the impact on their technical performance. Between each 
repetition, participants were allowed to take a breath, but 
we encouraged them to perform the next repetition as 
quickly as possible. Each set was interspersed by 90 s of 
rest.

Table 1 Descriptive characteristics and performance results
Women 
(n = 14)

Men
(n = 14)

All

Age (yr) 26.1 ± 2.5 27.9 ± 4.4 27.0 ± 3.6
Height (cm) 166.1 ± 5.5 185.4 ± 6.6* 175.8 ± 11.5
Weight (kg) 63.9 ± 7.5 89.4 ± 10.0* 76.7 ± 15.6
HRmax (bpm) 184.7 ± 8.8 186.6 ± 8.9 185.6 ± 8.7
Borgs RPE 17.6 ± 1.3 18.5 ± 1.2 18.1 ± 1.3
V̇O2max (L/min) 3.0 ± 0.3 4.5 ± 0.4* 3.7 ± 0.8
V̇O2max (ml/kg/min) 46.9 ± 4.3 50.5 ± 6.4 48.7 ± 5.6
Wmax 258.8 ± 23.8 341.1 ± 35.3* 300.0 ± 51.3
1RM (kg) 81.6 ± 18.1 149.1 ± 35.8* 115.4 ± 44.2
Workload squat (kg) 58.1 ± 12.3 103.9 ± 25.1* 81.0 ± 30.3
Wmax; maximal workload achieved during the V Ȯ2max cycling test, 1RM; 
estimated one repetition maximum in squat exercise. Sex differences were 
analyzed with independent t-test

*represents p < 0.001
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Isokinetic knee extensions
The knee extension protocol was performed on an iso-
kinetic dynamometer (Biodex System 4 Pro, Medical 
Systems, Shirley, NY) and consisted of three sets of ten 
repetitions to examine changes in torque between and 
within sets. The selection of knee extension was based 
on the isolated nature of this exercise, and the smaller 
muscle mass involved. The knee extension test was per-
formed on the right leg of the subjects. The dynamom-
eter was set to a range of motion of 90° from vertical to 
horizontal with a velocity of 60°/s. Prior to the start of 
the test, subjects completed a set of ten repetitions at a 
submaximal effort for familiarisation. During the test, 
subjects performed ten repetitions at maximum effort 
(under strong verbal encouragement) for three sets with 
45  s rest between sets. The CV% for torque assessment 
using the Biodex in our laboratory is 3.2–4.0% (at slow 
angular velocities).

Within-set fatigue and between-set recovery
Within-set fatigue for peak power in the squat exercise 
was calculated as the relative difference (in %) between 
the average peak power of the first two and the last two 
repetitions in each set. Within-set fatigue for peak torque 
during the isokinetic knee extension exercise was cal-
culated as the relative difference between repetitions 
2–3 and repetitions 9–10 in each set. This was chosen 
because the first repetition of each set was 5–12% lower 
than the values obtained in repetitions 2 and 3. Between-
set recovery was calculated as the relative difference (in 
%) in peak power (squat; average peak power within 
a set) and peak torque (knee extensions; average peak 
torque within a set) between sets, i.e., set 1 vs. 2, set 2 vs. 
3, and set 1 vs. 3.

Methodological considerations
Subjects were allowed to consume food up until two 
hours before the tests were performed. Consumption of 
caffeine was allowed. Subjects were not allowed to do any 
other strenuous exercise within 48 h prior to performing 
the tests. If subjects were taking creatine supplements 
(n = 6), they were asked to maintain this supplementation 
throughout the study period.

Data analysis
The main statistical analysis aimed to assess whether 
within-set fatigue and between-set recovery during 
resistance exercise were related to aerobic capacity (i.e., 
V̇O2max). For this purpose, we used mixed model analyses 
with set and sex as fixed factors, and V̇O2max as covari-
ate for all fatigue and recovery variables. This allowed us 
to establish the importance of V̇O2max in the fatigue and 
recovery indices explored. To further investigate the rela-
tionship between V̇O2max and fatigue/recovery, we used 

Pearson’s correlation coefficient (R-value). As a second-
ary analysis, we examined possible differences between 
men and women in within-set fatigue and between-set 
recovery using mixed model analyses with set and sex 
as factors. When significant interactions were found, 
Bonferroni post-hoc corrections were performed. When 
main effects of sex were detected, we also included the 
relative weight lifted during the squats in the mixed 
model to determine whether baseline strength, rather 
than sex, influenced the outcome. In addition, we used 
independent t-tests to analyse potential differences 
between sexes in baseline characteristics, as well as abso-
lute performance outcomes. The significance level was 
set at 5% (P < 0.05). Statistical analyses were performed 
using Prism 7 for Mac OS X (GraphPad Software, San 
Diego, CA) and Jamovi (v1.6.23.0). Data are presented as 
means ± SD or as relative changes in percentage units.

Results
The descriptive characteristics, together with the results 
from the V ̇O2max and 1RM test, are shown in Table 1. As 
expected, men had higher (~ 50%) V̇O2max in absolute 
values and reached a higher (~ 30%) workload during the 
incremental test than women. Also, men showed higher 
1RM squat values compared with women (~ 80%).

Relationship between V̇O2max and within-set fatigue and 
between-set recovery
The mixed model analyses performed on within-set 
fatigue and between-set recovery for peak power and 
peak torque, with V ̇O2max as covariate, indicated that 
maximal aerobic capacity did not significantly covary 
with any of the changes seen in these performance vari-
ables (range of P-values for V̇O2max as a covariate; 0.312–
0.998). Consistent with this, the correlations between 
V̇O2max and fatigue and recovery variables were relatively 
weak for both men and women (Fig. 1). The only signifi-
cant correlations found occurred in men and were noted 
between V̇O2max and the number of squat repetitions in 
set 3 (r = 0.604, P = 0.022), and V̇O2max and torque recov-
ery between the 1st and the 2nd sets (r = 0.573, P = 0.032).

Fatigue and recovery during squat exercise
The number of repetitions performed in the squat exer-
cise (Fig. 2) decreased in both men and women from set 
1 to set 3 (main effect of set, P < 0.001). Overall, women 
showed a tendency to perform more repetitions (approx-
imately 6 more repetitions in total) than men (main 
effect of sex, P = 0.057; difference women vs. men for 
total number of repetitions using t-test P = 0.065). When 
investigating between-set recovery, men showed greater 
peak power losses between sets compared with women, 
both in absolute (interaction set*sex P < 0.001; Fig.  2) 
and relative terms (main effect of sex P = 0.016; Fig.  2). 
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In contrast, there were no differences between sexes in 
within-set fatigue for the squat exercise. Thus, both men 
and women fatigued more in set 1 (~ 30% power loss) 
than in sets 2 (~ 25% power loss) and 3 (~ 20% power loss) 
(main effect of set P < 0.001; Fig. 2).

Fatigue and recovery during isokinetic knee extension 
exercise
Men produced higher absolute torque values than 
women, but they showed greater peak torque losses in 
both absolute (interaction set*sex P < 0.001; Fig.  3) and 
relative (main effect of sex P = 0.003, Fig. 3) values when 
compared with women. Within-set fatigue was also dif-
ferent between sexes (main effect of sex P = 0.034; Fig. 3). 
Here, however, the differences were mainly driven by 
the greater fatigue that women experienced within set 1 
(~ 8% torque loss) compared to men (~ 0% torque loss). 
Our analysis also indicated that the greater within-set 
fatigue occurred in sets 2 and 3 independently of sex 
(main effect of set P < 0.001).

In general, there were significant correlations between 
within-set fatigue and between-set recovery only in the 
squat exercise in men (Supplementary Table 1).

Discussion
We sought to comprehensively assess the relationship 
between aerobic capacity (V̇O2max) and various indices 
of recovery and fatigue during resistance exercise in men 
and women. In a secondary analysis, we also examined 
whether there were sex differences in recovery between 
sets and fatigue within sets. The results showed that aer-
obic capacity was weakly associated with between-set 
recovery and within-set fatigue during resistance exer-
cise in both men and women. Women and men showed 
comparable levels of within-set fatigue in the multi-joint 
squat, but women showed more within-set fatigue dur-
ing the single-joint isokinetic knee extension compared 
with men. In contrast, women recovered better than men 
between sets in both exercises.

Fig. 1 Heatmap showing the correlation level (Pearson’s r) between the V ̇O2max and the fatigue and recovery parameters analysed. The lighter the colour 
of the square, the higher the positive correlation; the darker the colour of the square, the higher the negative correlation (see colour code in the bar to 
the right). *indicates significant correlation; P < 0.05
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The mixed-model ANOVA showed that V̇O2max did 
not significantly covary with the different recovery and 
fatigue indices. It also showed that V̇O2max did not sig-
nificantly covary with the number of repetitions per-
formed during the squat exercise. Although there were 
a few moderately strong correlations in the exploratory 
analysis, these must be interpreted with caution given 
the high number of correlations performed and the lack 
of association in the main mixed-model analysis. Our ini-
tial hypothesis that V ̇O2max would correlate with recovery 
between sets was based on the demonstrated relation-
ship between aerobic capacity and recovery of PCr stores 
after strenuous exercise and repeated sprint performance 
[8, 9]. During recovery, the restoration of PCr gener-
ally follow a biphasic pattern, where more than half of 
the stores are restored within the first minute, while full 
restoration takes between 3 and 8 min [6, 8]. While the 
influence of aerobic capacity on recovery during resis-
tance training has been scantly researched in the con-
text of resistance training, it has been demonstrated that 
endurance trained athletes recover force faster following 

a 3-min rest period after 60% isometric contraction com-
pared with power and strength athletes [18]. In addition, 
Ratamess reported that V̇O2max significantly correlated 
with squat exercise performance (number of repetitions 
performed) across 1-, 2-, and 3-minutes recovery periods 
in resistance-trained men [10]. They concluded that aero-
bically fit individuals may not need as long rest intervals 
to maintain performance in the squat exercise as unfit 
individuals need. While our results appear to deviate to 
some extent from the Ratamess et al. study, we did find 
a correlation between V ̇O2max and the number of squat 
repetitions in set 3 in men (r = 0.604).The main differ-
ences between our study and Ratamess et al. were that 
V̇O2max was determined by cycling in the present study, 
and running in Ratamess et al., and that we included 
both men and women in our study. However, both stud-
ies used the squats exercise involving multiple joints and 
relatively large muscle mass, and the correlations were 
trivial or moderate in both studies. The mean VO2max was 
similar in our study and in the study by Ratamess et al. 
(48  ml/kg/min), but it should be remembered that our 

Fig. 2 Performance, recovery, and fatigue variables from the squat exercise for both women (green) and men (yellow). The boxes extend from the 25th 
to the 75th percentile, the line in the middle is the median, and the + symbol is the mean. The whiskers represent the 10th and 90th percentiles. a; main 
effect of set, b; main effect of sex P = 0.056 if in grey, c; interaction set*sex. Post hocs: *Different with set 1 within a sex, #different to women
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study included women, who had a slightly lower VO2max 
than the men.

We postulate two candidates for the weak relationship 
between V ̇O2max and recovery. The first one is that the 
impact of aerobic power may become more important 

with repeated bouts/sets of high-intensity exercise. 
Indeed, previous studies have supported that V ̇O2max 
becomes increasingly important for performance after 
a few bouts of intense exercise [19]. This is also consis-
tent with our finding of a correlation between V̇O2max 
and the number of squat repetitions in set 3 in men. 
The second possibility is that there is an aerobic fitness 
threshold after which higher aerobic power will not lead 
to improved recovery between sets in resistance exercise. 
This hypothesis was raised already in 2001 by Tomlin and 
Wenger [8], who concluded that the lack of relationship 
between V ̇O2max and recovery from sprints in endurance 
runners might have been due to the already high V̇O2max 
in these runners.

It has previously been shown that intense exercise 
involving large muscle mass displays a stronger relation-
ship between V̇O2max and PCr recovery than intense 
exercise using smaller muscle mass [8]. We found no 
correlation between V̇O2max and isokinetic knee exten-
sion performance involving a smaller muscle mass than 
the squats. Similarly, V̇O2max did not correlate with bench 
press performance in the Ratamess study. These find-
ings may in part be related to the smaller muscle mass 
involved in bench press and the knee extension com-
pared with squats, and are consistent with previous stud-
ies suggesting that multi-joint exercises involving large 
muscle mass may lead to almost double the acute oxygen 
consumption response compared with small muscle-
mass exercises [20]. Even though individuals with high 
maximal aerobic power generally have increased con-
centrations of aerobic enzymes, increased mitochondrial 
number, size and surface area and increased myoglobin 
all contributing to improved oxygen extraction by muscle 
[21], it appears V̇O2max may not fully reflect the oxida-
tive capacity within the muscle, which is likely an impor-
tant determinant of muscle recovery when using small 
muscle masses. Taken together, it seems likely that aero-
bic capacity is more important for recovery when mul-
tiple muscle groups are involved than isolated exercises 
involving single muscle groups.

In terms of fatigue within sets and recovery between 
sets, women and men showed comparable levels of 
within-set fatigue during the multi-joint squat, but 
women showed more within-set fatigue than men dur-
ing the single-joint isokinetic knee extension. In contrast, 
women recovered better than men between sets in both 
exercises. Given the above results, we speculated that 
there would be a correlation between recovery between 
sets and fatigue within a set, i.e., that those who recovered 
their performance better between sets would also fatigue 
more within a set because they recovered more anaerobic 
phosphagen stores. However, this was generally not the 
case, although there were moderately strong correlations 
between fatigue within a set and recovery between sets 

Fig. 3 Performance, recovery, and fatigue variables from the isokinetic 
knee extension exercise for both women (green) and men (yellow). The 
boxes extend from the 25th to the 75th percentile, the line in the mid-
dle is the median, and the + symbol is the mean. The whiskers represent 
the 10th and 90th percentiles. a; main effect of set, b; main effect of sex 
(P = 0.056 if in grey), c; interaction set*sex. Post hocs: *Different with set 1 
within a sex, #Different to women
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for the men, but only for the squat exercise (Supplemen-
tary Table 1). Overall, the results suggest that men have a 
better PCr and/or glycolytic capacity that enables them 
to maintain high torque levels within relatively short sets 
of isolated exercise. This is supported by research show-
ing that ATP, PCr and glycogen reductions are greater 
in men than in women after high-intensity exercise and 
repeated sprint exercise [22–24]. In contrast, the greater 
recovery between sets in women compared to men is 
likely due to differences in fiber and metabolic proper-
ties between the sexes, such as the greater area fraction of 
type 1 fibers in women than in men [25].

This study provided new information on the relation-
ship between V̇O2max and recovery and fatigue during 
two different resistance exercises. An obvious limitation 
is that we had no direct measurement of PCr resynthe-
sis or other biochemical variables related to recovery or 
fatigue in skeletal muscle. In addition, we only tested a 
specific rest period (90  s for the squat and 45  s for the 
knee extension exercise). It is possible that V̇O2max is 
more important for recovery between sets with different 
rest periods.

An attractive application of the current work is that 
resistance exercise design could potentially be tailored on 
an individual basis if typical strength and power losses are 
identified. For example, our results suggest that men may 
benefit from longer rest periods than women to restore 
power between sets. On the other hand, because women 
fatigue faster than men during isolated knee extensions 
within a set, it may be appropriate to prescribe different 
numbers of repetitions for men and women, particularly 
if explosive strength is the goal. This is supported by find-
ings from velocity-based resistance training, where it 
has been reported that too many repetitions resulting in 
significant strength losses are negatively associated with 
the development of explosive strength [26, 27]. It should 
be acknowledged, however, that the individual variation 
within men and women is likely larger than the system-
atic difference between sexes. Thus, although there are 
some demonstrated sex differences in muscle fiber prop-
erties, such as a greater area fraction of type 1 fibers in 
women that may contribute to greater muscular fatigue 
resistance [28], using sex alone as the main variable for 
tailored program design seems far-fetched at this time.

Conclusions
The findings revealed a weak association between aero-
bic capacity and between-set recovery and within-set 
fatigue during resistance exercise for both sexes. In terms 
of within-set fatigue, women and men demonstrated 
similar levels of fatigue in the multi-joint squat. How-
ever, women exhibited higher within-set fatigue during 
the single-joint isokinetic knee extension compared to 
men. Conversely, women displayed superior between-set 

recovery compared to men in both exercises. Overall, the 
current results suggest that aerobic capacity is not a criti-
cal factor in the recovery of performance between sets in 
resistance training. However, future studies should con-
sider a broader range of resistance exercises, number of 
sets, and performance metrics to better inform personal-
ized and evidence-based training prescriptions.
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