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ABSTRACT
Epidemiological evidence suggests low-frequency physical activity provides health benefits, but the physiological impacts of 
weekly training frequency are understudied. We investigated whether “Weekend Warrior” (WW) training was inferior to tradi-
tional, high-frequency (HF) training for improving maximal oxygen uptake (V̇O2max). The secondary aim was to assess integra-
tive physiological adaptations to each protocol. Twenty-eight sedentary-to-recreationally-active adults aged 18–45 years (14 males 
and 14 females) were randomized to perform 8-weeks of HF or WW training on a cycle ergometer (either four or two sessions 
weekly, respectively), consisting of continuous and interval exercise, with intensity and volume matched between groups. WW 
training was not inferior to HF training for improving V̇O2max (mean ± standard deviation; WW: 43.5 ± 6.5 vs. 47.8 ± 6.4 mL/kg/
min; HF: 42.3 ± 6.2 vs. 47.3 ± 6.7; main effect of training, p < 0.001). Severe domain cycling time-to-task-failure also increased in 
both groups (WW: 3.7 ± 1.6 vs. 8.6 ± 3.2 min; HF: 3.5 ± 0.9 vs. 7.7 ± 2.8; main effect of training: p < 0.001). Frequency did not affect 
improvements in hemoglobin mass (WW: 771 ± 203 vs. 790 ± 189 g; HF: 754 ± 185 vs. 765 ± 202; main effect of training: p = 0.043) 
or skeletal muscle oxidative capacity (WW: 0.034 ± 0.008 vs. 0.045 ± 0.015 s−1; HF: 0.036 ± 0.011 vs. 0.041 ± 0.010; main effect of 
training: p = 0.002), nor did it influence improvements in cardiorespiratory, substrate oxidation, voluntary muscle contractile, 
and perceptual responses to submaximal exercise (interaction effect: p > 0.05 for all outcomes). Eight weeks of training improved 
V̇O2max and a wide range of physiological outcomes with no difference between training frequencies, suggesting that the distri-
bution of weekly exercise volume has a limited effect during short-term training.
Trial Registration: This trial was registered at Clini​calTr​ials.​gov identifier: NCT05908578
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1   |   Introduction

Physiological responses to exercise training depend on the im-
posed exercise stress [1]. The perturbation elicited by a single 
exercise session is primarily determined by the duration and 
intensity of the exercise performed, with repeated sessions 
(i.e., training) leading to physiological adaptations [2]. The in-
fluence of intensity on responses to acute exercise and chronic 
training is relatively well described but remains debated [3, 4]. 
The impact of weekly training frequency has received less 
attention by comparison. While more frequent training ses-
sions can augment adaptations to endurance training [5, 6], 
these studies are unable to disentangle the direct effects of fre-
quency (the number of training sessions per week) from those 
attributable to the overall greater weekly exercise volume (the 
product of exercise duration and intensity). Matching training 
volume between protocols while comparing different frequen-
cies of exercise requires a simultaneous adjustment in session 
duration. Increasing duration augments the magnitude of the 
exercise stress for a given intensity of exercise [7, 8], but it is 
unclear whether potentially greater disruptions to homeo-
stasis sufficiently compensate for less frequent disruptions. 
Whether training frequency is a critical determinant of adap-
tations to aerobic training for a fixed volume of exercise and 
program duration is unclear.

Epidemiological studies provide some insight into varied 
physical activity distributions and their impact on overall 
health [9–11], but do not directly inform our understanding 
of cardiorespiratory fitness. Many of these studies suggest 
that exercise accumulated on just one or two days per week–
commonly referred to as a “Weekend Warrior” (WW) pattern 
[9]–lowers the risk of all-cause mortality [10, 11] and adverse 
cardiovascular health events compared to sedentary behavior 
[12] but not to the same extent as more distributed activity 
patterns [10, 11]. These studies rely on physical activity sur-
veys or accelerometry to assess training habits, often at a sin-
gle time point, rather than prescribed training protocols, and 
focus on long-term clinical endpoints (e.g., mortality) over 
directly measured cardiorespiratory fitness. While potentially 
informative at a population level, these studies do not provide 
a physiological understanding of the effects stemming from 
different exercise frequencies.

Stronger evidence on the impact of training frequency on car-
diorespiratory fitness comes from experimental trials, but few 
studies have addressed this question. The limited studies have 
reported low-frequency training to be inferior [13], similar [14], 
or superior [15] to high-frequency training for improving max-
imal oxygen uptake (V̇O2max). These studies recruited various 
populations (e.g., women with obesity [14], military members 
[13]), prescribed exercise at relatively low intensities (i.e., mod-
erate exercise) [14, 15], and included limited measures to under-
stand the mechanisms through which training frequency could 
differentially influence a broader range of cardiorespiratory 
fitness [13, 15]. Factors relating to oxygen delivery (e.g., hemo-
globin mass) [16], oxygen consumption (e.g., muscle oxidative 
capacity) [17], substrate oxidation (e.g., glycogen sparing) [18], 
and neuromuscular function (e.g., voluntary and evoked mus-
cle force output) [19, 20], all improve with training, but whether 
these adaptations are influenced by exercise frequency has not 

been investigated. Cardiorespiratory fitness is a multifaceted 
concept that extends well beyond simply the maximal rate of 
oxygen uptake, so studies that include additional basic and in-
tegrative physiological parameters are critical to understand the 
influence of exercise frequency.

The present study aimed to assess whether low-frequency train-
ing (WW) was inferior to high-frequency (HF) training for im-
proving cardiorespiratory fitness. Non-inferiority testing sets 
a threshold (based on functional significance and feasibility), 
below which differences between protocols are deemed “not 
substantially worse” than the standard treatment, given other 
benefits of the novel treatment [21]. The primary objective was 
to assess this question using maximal oxygen uptake (V̇O2max) 
at a non-inferiority margin of 3.5 mL/kg/min (1 metabolic 
equivalent of task; MET). This margin represents the value that 
the lower bound of the 95% confidence interval must not reach 
to conclude non-inferiority. We hypothesized that WW training 
would not be inferior to HF training for improving V̇O2max 
when intensity and weekly exercise volume are matched. 
This hypothesis was based on epidemiological evidence that 
Weekend Warrior physical activity patterns can provide similar 
health benefits to more evenly distributed physical activity [10], 
as well as the equivocal findings of experimental studies [13–15]. 
The secondary objective was to contextualize findings from the 
first objective by examining underlying changes in hemoglobin 
mass, skeletal muscle oxidative capacity, fatigue resistance, and 
endurance exercise performance, which, in line with V̇O2max, 
we hypothesized would improve similarly across training 
frequencies.

2   |   Materials and Methods

2.1   |   Participants and Ethical Approval

We recruited 30 apparently healthy males (n = 15) and females 
(n = 15) between the ages of 18–45 to take part in the study. 
To be eligible for participation, individuals could not be preg-
nant, taking medications known to affect cardiovascular or 
metabolic responses to exercise, or endurance trained (train-
ing more than 4× per week or for > 3 h per week, including 
high-intensity or sprint interval training) and could not have 
donated blood in the previous 90 days, smoked or consumed 
> 21 units of alcohol per week within the past year. Health 
status was determined using the exclusion criteria and phys-
ical activity screening tool, described below. These criteria 
were selected to minimize confounding effects on training 
responses [6], while also increasing the generalizability of 
the study findings by recruiting a wider range of fitness levels 
than those who were completely sedentary.

Recruitment was based on a calculated required sample size of 
26 for the non-inferiority comparison of improvement in relative 
V̇O2max (α = 0.05, power = 0.9, a standard deviation for V̇O2max 
improvement of 3 mL/kg/min [22], non-inferiority margin of 
3.5 mL/kg/min). Prior to commencement of the study, we selected 
the non-inferiority margin of 3.5 mL/kg/min (1 MET). This mar-
gin was selected based on previous research showing the benefits 
of a 1 MET improvement in cardiorespiratory fitness on all-cause 
mortality [23] and trial feasibility given the nature of the study [24].
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Participants were randomly allocated to one of two 8-week train-
ing protocols (HF or WW) using a concealed allotment procedure 
(in blocks of n = 4), stratified by sex and baseline V̇O2max. Two 
participants (n = 1 male and n = 1 female) completed baseline test-
ing and 2–3 weeks of training prior to dropping out of the study 
due to scheduling conflicts. Their results are excluded from all an-
alyzes; therefore, 28 participants (n = 14 male, n = 14 female; n = 14 
per group) completed training and all testing procedures. Baseline 
participant characteristics are shown in Table 1.

Ethical approval was received from the University of Calgary 
Conjoint Health Research Ethics Board (23-0467). Prior to the 
commencement of testing, a researcher explained all study pro-
cedures to participants, who provided written informed consent 
prior to beginning the study. Participants also completed a phys-
ical activity screening questionnaire (Get Active Questionnaire) 
to confirm their eligibility before any exercise testing began. The 
study conformed to the Declaration of Helsinki and was pre-
registered at Clini​calTr​ials.​gov (ID: NCT05908578).

2.2   |   Overview of Experimental Design

An overall study timeline is shown in Figure 1A. Participants 
completed a comprehensive series of tests before and after 
8 weeks of training, with two tests conducted at the midpoint.

2.2.1   |   Baseline Testing (0 Week)

The first testing visit included height (stadiometer) and body 
mass measurements (balance-beam scale), near infrared spec-
troscopy (NIRS)-derived skeletal muscle oxidative capacity 
tests, and a step-ramp-step incremental test on a cycle ergome-
ter. The second visit included a dual-energy x-ray absorptiome-
try (DXA) scan and a hemoglobin mass (Hbmass) measurement. 
The third visit involved familiarization to the performance trial 
that included neuromuscular function (NMF) assessments, gas 
exchange measurement, and a time-to-task failure (TTF) trial. 
The fourth visit was a repeated Hbmass measurement. The fifth 
and final visit was the performance trial. All testing took place 
within 2 weeks, with at least 48 h between visits involving an 
exercise test and 24 h between non-exercise visits.

2.2.2   |   Midpoint Testing (4 Week)

After 4 weeks of training, protocols for body mass, NIRS-
derived oxidative capacity, and the step-ramp-step incremental 
test were repeated. To accommodate the testing session, four 
intervals of HIIT (one session for the HF group, ½ session for 
the WW group) were removed from week 4. The testing session 
was completed 3–5 days following the last training session of 
week 4 and at least 24 h prior to the first session of week 5.

TABLE 1    |    Participant anthropometrics and maximal oxygen uptake.

HF WW ANOVA (effect p 
[ηp

2]) G × T; G; T0 weeks 4 weeks 8 weeks 0 weeks 4 weeks 8 weeks

Body mass (kg) 70.5 ± 11.9 70.9 ± 12.2 70.5 ± 12.1 72.3 ± 13.9 71.9 ± 14.0 71.3 ± 13.7 0.049 [0.11]; 0.806 
[0.45]; 0.050 [0.11]

Body fat (%) 23.6 ± 7.5a 23.1 ± 7.4b 27.1 ± 6.4a 26.3 ± 6.3b 0.557 [0.01]; 0.215 
[0.89]; 0.016 [0.20]

Fat-free mass (kg) 54.4 ± 10.3 54.5 ± 10.2 52.8 ± 9.9 52.6 ± 9.7 0.356 [0.03]; 0.643 
[0.77]; 0.882 [< 0.01]

V̇O2max (L/min) 3.07 ± 0.72a 3.19 ± 0.65b 3.37 ± 0.72c 3.04 ± 0.59a 3.18 ± 0.62b 3.35 ± 0.67c 0.921 [< 0.01]; 0.938 
[0.07]; < 0.001 [0.63]

V̇O2max (mL/kg 
BM/min)

43.5 ± 6.4a 45.3 ± 6.9b 47.8 ± 6.4c 42.3 ± 6.2a 44.5 ± 6.3b 47.3 ± 6.7c 0.772 [0.01]; 0.734 
[0.07]; < 0.001 [0.63]

V̇O2max (mL/kg 
FFM/min)

56.3 ± 5.4a 61.7 ± 6.1b 57.8 ± 7.5a 63.9 ± 7.5b 0.652; 0.450; < 0.001
0.01; 0.24; 0.75

PPO (W) 257 ± 47a 278 ± 51b 288 ± 52c 266 ± 53a 280 ± 50b 295 ± 53c 0.159 [0.07]; 0.759 
[0.25]; < 0.001 [0.84]

PPO (W/kg BM) 3.6 ± 0.6a 3.9 ± 6.9b 4.1 ± 0.7c 3.8 ± 0.5a 4.0 ± 0.5b 4.2 ± 0.4c 0.070 [0.10]; 0.905 
[0.27]; < 0.001 [0.82]

PPO (W/kg FFM) 4.9 ± 0.7a 5.5 ± 0.8b 4.9 ± 0.4a 5.4 ± 0.4b 0.308 [0.04]; 0.787 
[0.09]; < 0.001 [0.90]

Note: ANOVA results show the p-values from the interaction effect (group [G] × training [T]), the main effect of group (HF or WW), and the main effect of training. 
Statistically significant effects (p < 0.05) are bolded. Data points with different letters are significantly different from one another (main effect of time). N = 14 (HF) and 
n = 14 (WW) for all variables.
Abbreviations: ηp

2, partial eta squared; BM, body mass; FFM, fat-free mass; HF, high-frequency; PPO, peak power output; VȮ2max, maximal oxygen uptake; WW, 
Weekend Warrior.

http://clinicaltrials.gov
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FIGURE 1    |     Legend on next page.
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2.2.3   |   Post-Training Testing (8 Week)

All baseline testing visits and measurements were repeated, 
beginning 5–7 days after the final training session to ensure 
complete recovery. The only difference relative to baseline test-
ing was that two performance trials were performed: one at the 
same absolute intensity (i.e., same power output) and one at the 
same relative intensity (i.e., 70% of the difference between gas 
exchange threshold [GET] and respiratory compensation point 
[RCP] power outputs) as at 0 week.

2.3   |   Training Interventions

Participants completed training on stationary cycle ergometers 
(Tacx NEO Smart Trainer 2; Garmin Ltd., Olathe, KS, USA) in a 
temperature-controlled room (~22°C–24°C) with researcher su-
pervision. All training was controlled using the Tacx Training 
app (v4.60.0; Garmin Ltd.) on tablets connected to the training 
ergometers. Two participants trained on a Velotron ergometer 
(Racermate, Seattle, WA, USA) due to sizing issues with the 
Tacx trainers. During each training session, participants wore a 
chest heart rate strap (Polar H10; Polar, Kempele, Finland) con-
nected to a smart watch (Vantage V; Polar). At the end of each 
session, participants provided a session rating of perceived exer-
tion (sRPE) on the 0–10 scale based on the entire workout, from 
beginning to end [25].

Training interventions were matched for relative intensity and 
total weekly exercise duration, resulting in equal weekly train-
ing volumes (Figure 1B). The WW group trained twice per week 
on back-to-back days while the HF group trained four times per 
week without specific requirements for the number of consecu-
tive days exercising. As a result of the volume matching, training 
sessions for the WW group were twice the duration of the HF 
group throughout the study.

As shown in Figure  1B, training consisted of continuous ses-
sions (2× per week for HF, 1× per week for WW) and high-
intensity interval training (HIIT) sessions (2× per week for HF, 
1× per week for WW). Continuous sessions were performed 
at 50% of the difference between the power outputs associated 
with the GET and RCP. HIIT sessions consisted of 4 min at 110% 
of RCP power output separated by 3 min of recovery at 50 W. 
Over the first 3 weeks, the session duration gradually increased 
(continuous: 25, 30, 35 min; HIIT: 3 intervals, 4 intervals; dou-
ble each duration for WW); thereafter, the session intensity was 

periodically increased (week 4, week 5, week 6–7) to maintain 
the training stimulus. Training intervention progression specif-
ics are shown in Table S1.

Four participants (n = 2 HF, n = 2 WW) completed a portion of 
the training remotely (no more than 8/32 training units). Remote 
sessions were performed on a stationary bike with instructions 
for session timing and intensity (i.e., power outputs, approxi-
mate heart rate targets, and/or target sRPE) and occurred after 
a minimum of 2 weeks of supervised training to ensure partici-
pant familiarization with the training protocol.

2.4   |   Measurements

2.4.1   |   NIRS-Derived Muscle Oxidative Capacity

Vastus lateralis muscle oxidative capacity was measured with 
a NIRS probe (Portamon; Artinis Medical Systems, Elst, The 
Netherlands) as previously described [26], using the protocol 
described by [27]. Following a standardized isometric contrac-
tion warm-up, participants performed two maximal voluntary 
contractions (MVC). Each trial consisted of two 10 s isometric 
contractions at a standardized intensity of 40% MVC, separated 
by 10 s rest, followed by 4.5 min of NIRS monitoring during tran-
sient arterial occlusions (5 s on, 10 s off). Trials were performed 
in duplicate.

NIRS signals were analyzed as previously described [26]. Briefly, 
oxy- and deoxyhemoglobin signals were corrected for changes in 
total hemoglobin [28] using previously published equations [29]. 
The rate of change in corrected HHb during a 3 s window of 
each arterial occlusion was calculated and the resulting values 
were plotted against time post-contraction and fit with a mono-
exponential decay function. The rate constant (k) was calculated 
for each trial, and the average k was taken as the skeletal muscle 
oxidative capacity.

2.4.2   |   Step-Ramp-Step Incremental Test

A step-ramp-step ramp incremental test protocol [30] was 
used to determine maximal oxygen uptake (V̇O2max) and 
peak power output (PPO), as well as the V̇O2 and power output 
at the GET and RCP. The protocol was completed on an elec-
tromagnetically braked cycle ergometer (Velotron; Racermate, 
Seattle, WA, USA), with power output controlled by an external 

FIGURE 1    |    A schematic of the experimental overview. The overall study consisted of baseline testing, followed by random allocation to either the 
high-frequency (HF) or low-frequency (Weekend Warrior, WW) training protocols. Following week 4, participants completed partial testing, and fol-
lowing week 8, participants repeated the full testing protocol (A). Both training protocols consisted of continuous and high-intensity interval training 
sessions performed on a cycle ergometer. The HF group completed four workouts spread throughout each training week. The WW group completed 
two workouts on back-to-back days, performing each set of two training units as one prolonged bout on each training day. Total completed work was 
very similar between groups throughout the protocol (B). During the performance trial (C) participants cycled in the heavy domain for 30 min, at 
a power output 70% of the way between the gas exchange threshold (GET) and respiratory compensation point (RCP) power outputs. After a 2 min 
break for neuromuscular function assessment, participants completed a time-to-task failure (TTF) bout in the severe domain (85% of peak power 
output). Neuromuscular function was measured using the interpolated twitch technique and isometric maximal voluntary contractions of the knee 
extensors (pre-exercise, post-heavy exercise, post-TTF). Blood lactate, rating of perceived exertion (RPE) and rating of fatigue were measured (during 
50 W warm-up, at 10 and 30 min of the heavy trial, and post-TTF). Gas exchange and heart rate were measured throughout the trial.
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computer, independent of cycling cadence. Participants first 
completed 2 min of cycling at 25 W before a step transition to 
75 W (50 W for participants < 55 kg) for 5 min. The power out-
put returned to 50 W (25 W for participants < 55 kg) for 4 min 
and then the ramp incremental portion of the test began. The 
external power output smoothly increased by 20 W/min (1 W 
every 3 s) until volitional exhaustion or failure to maintain a 
cadence above 60 rpm despite verbal encouragement. During 
the ramp portion of the protocol, participants were blinded to 
elapsed time and power output. After 15–20 min of rest, par-
ticipants completed a 12-min bout at an intensity in the heavy 
domain.

Participants wore a facemask over their mouth and nose con-
nected to a mixing chamber via a two-way, non-rebreathing 
valve (Hans Rudolph, Incorporated; Shawnee, KS, USA) during 
exercise tests. Expired gases were analyzed in 10 s bins using a 
metabolic cart (CPET Quark; COSMED, Rome, Italy). The tur-
bine flowmeter and gas analyzers were calibrated prior to each 
test. The highest 30 s average V̇O2 during the ramp incremen-
tal test was taken as the V̇O2max, provided a plateau in V̇O2 
was observed or end-test heart rate was within 10 bpm of age-
predicted maximal heart rate and end-test RER was > 1.10 [31]. 
Endurance exercise thresholds (GET and RCP) were determined 
using the exphy​slab.​com website following published guide-
lines [32]. The initial moderate step was used to correct the 
V̇O2-power relationship for the mean response time, and the 
post-ramp heavy step was used to correct the V̇O2-power rela-
tionship for the V̇O2 slow component in the heavy domain. This 
approach allowed us to estimate the power outputs eliciting the 
GET and RCP [30, 33]. Previously, we and others have shown 
that this method provides a reasonable estimate of the maxi-
mum metabolic steady state [34, 35].

2.4.3   |   Dual-Energy X-Ray Absorptiometry

A whole-body DXA scan was performed with a Lunar iDXA de-
vice (General Electric Healthcare, Chicago, IL, USA) to deter-
mine fat-free mass and body fat percentage. Participants arrived 
for the DXA scan following an overnight fast (~10 h).

2.4.4   |   Carbon Monoxide Rebreathe: Hemoglobin Mass 
and Vascular Volumes

Total Hbmass and vascular volumes were measured using the 
modified carbon monoxide (CO) rebreathe technique as previ-
ously described [36, 37]. Briefly, we collected a resting venous 
blood sample from an antecubital vein and a resting measure of 
exhaled CO concentration. Participants then rebreathed a small 
dose of CO (~1 mL/kg) in a closed spirometry system (Blood tec 
GmbH, Bayreuth, Germany) with ~3 L of O2 for 2 min. After dis-
connecting the participant from the spirometer, we collected a 
breath sample (2 min post) and a blood sample (5 min post).

Hbmass was calculated from the change in carboxyhemoglo-
bin, which was measured in duplicate for each sample using a 
blood gas analyzer (ABL 80-FLEX; Radiometer, Copenhagen, 
Denmark). Blood volume, red blood cell volume (RBCV), and 
plasma volume were calculated from Hbmass using standard 

equations [38] and quadruplicate measures of hemoglobin con-
centration and hematocrit (twice from each blood sample). To 
limit variability, we performed the CO rebreathe twice at each 
measurement point on separate days and repeated the test a 
third time if Hbmass was > 5% different between the first two 
measures. In those instances (n = 10 at 0 week, n = 5 at 8 week), 
the final value was the average of the two closest values. The 
coefficients of variation for the repeated measures that were av-
eraged to calculate Hbmass at 0 week and 8 week were 3.1% and 
1.7%, respectively.

2.4.5   |   Performance Trial

The performance trial consisted of 5 min baseline cycling at 
50 W, 30 min of cycling in the heavy domain (Δ70 GET-RCP; 
143 ± 33 W), 2 min rest for an NMF assessment, and a severe 
domain time-to-task-failure (TTF) bout (85% PPO; 224 ± 43 W), 
with cycling performed on an electromagnetically braked cycle 
ergometer (Velotron; Racermate). At baseline, participants 
performed a familiarization trial to become accustomed to the 
NMF assessments and the prescribed cycling intensities. If par-
ticipants were unable to complete the 30 min portion (n = 3), the 
power output was reduced by ~5% for the actual baseline trial. 
At the post-training timepoint, participants completed perfor-
mance trials at the same absolute (i.e., same power output) and 
relative (i.e., Δ70 GET-RCP post-training [174 ± 37 W] and 85% 
post-training PPO [246 ± 49 W]) intensities as at baseline, on 
separate days in a random order.

2.4.5.1   |   Cardiorespiratory and Metabolic Measure-
ments.  As described above, cardiopulmonary data were mea-
sured continuously during the performance trial to determine 
HR, V̇O2, V̇CO2, respiratory exchange rate (RER), minute ven-
tilation (V̇E), respiratory frequency ( fR), and tidal volume (VT). 
Absolute rates of carbohydrate and fat oxidation were calculated 
using previously published equations [39]. Total energy expendi-
ture was calculated by multiplying the absolute rates of substrate 
oxidation by the energy density of each substrate (4.07 kcal/g 
carbohydrate, 9.75 kcal/g lipid) [39]. For analysis, values were 
averaged from 10 to 30 min of the heavy bout.

Blood lactate concentration ([BLa]) was measured from a finger 
capillary sample using a portable blood lactate analyzer (Lactate 
Plus, Nova Biomedical, Cheshire, UK) during baseline cycling, 
and at 10 and 30 min of heavy cycling.

2.4.5.2   |   Neuromuscular Function (NMF) Assess-
ment.  As previously described, participants moved from 
the cycle ergometer to a custom-built isometric dynamometer 
positioned directly above the fly wheel for each NMF assess-
ment [36]. There were two NMF assessments performed prior to 
the baseline cycling, one immediately after the 30 min (~30 s 
delay) and one immediately after the TTF.

Each NMF assessment consisted of a brief isometric MVC (~5 s) 
of the knee extensors and four electrical stimuli applied to the 
femoral nerve. A 100 Hz doublet (Db100) was applied during the 
force plateau of the MVC to elicit a superimposed twitch (SIT). 
A second Db100 was delivered ~2 s following the MVC, followed 
by a 10 Hz doublet (Db10) and a single resting potentiated twitch 

http://exphyslab.com
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(Pt) separated by 3 s each [40]. The stimulation intensity was de-
termined in the resting state (prior to the isometric warm-up) as 
130% of the optimal current, defined as a plateau in force and 
compound muscle action potential (M-wave) while current was 
gradually increased.

The change in MVC force was used to measure overall NMF. 
Voluntary activation (VA) was calculated using the SIT force, 
MVC force, and Db100 force [41], and changes in VA were taken 
as the central component of NMF. Changes in the Db10:Db100 
force ratio (indicative of low-frequency fatigue) and the Pt force 
were taken as peripheral components of NMF.

2.4.5.3   |   Perceptual Responses.  During baseline 
cycling, at 10 and 30 min of heavy cycling, and immediately 
following the TTF, participants were asked to rate their per-
ceived effort (“How hard are you working?”) and their overall 
sense of fatigue (“How fatigued do you feel?”) using a Borg 
6–20 scale [42] and a 0–10 rating-of-general-fatigue scale [43], 
respectively. The scales were explained to participants prior to 
the familiarization trial.

2.5   |   Experimental Controls

Participants were instructed to record their diet for 24 h prior 
to the experimental performance trial at baseline. Prior to the 
post-training performance trials, participants were provided 
with their diet records and instructed to replicate the 24-h in-
take as best as possible. Participants were instructed to avoid 
exhaustive exercise, alcohol, and caffeine intake for 24, 12, 
and 12 h, respectively, prior to the ramp incremental test and 
performance trials, and to arrive at the lab in a fed state (last 
meal > 2 h prior to measurement). To avoid potential diurnal 
effects, time of day was standardized within ±1 h for all test-
ing measurements.

Throughout the training protocol, participants in both groups 
were reminded to maintain their habitual physical activity, not 
take up any additional exercise training programs, and maintain 
their typical diet. Participants were provided with a recording 
sheet to document their non-protocol physical activity as well 
as their weekly step count. According to participant records, 
some individuals engaged in other physical activities on 1–3 days 
per week, consistent with their habitual activity patterns (e.g., 
climbing, coaching sports practices, weightlifting) throughout 
the study in each group.

2.6   |   Statistical Analysis

All data were assessed for normality and equality of variance 
(two groups) or sphericity (> 2 groups) prior to analysis. Where 
these assumptions were violated (i.e., RPE and fatigue ratings), 
appropriate non-parametric statistical tests (Mann–Whitney U) 
were used.

The primary statistical analysis for this trial was the non-
inferiority test for the improvement in relative V̇O2max. The 
non-inferiority test was conducted by constructing a 95% con-
fidence interval for the mean difference in relative V̇O2max 

improvement between HF and WW and examining whether the 
upper bound crossed the non-inferiority margin. Improvements 
in absolute and relative (body mass and fat-free mass) V̇O2max 
were also analyzed using two-way, repeated measures ANOVAs, 
as described below.

The secondary analyzes for this trial (exercise thresholds, vas-
cular volumes, muscle oxidative capacity, performance trial 
outcomes aside from perceptual scales) were conducted mainly 
using two-way, repeated measures ANOVAs with training (i.e., 
0 vs. 4 vs. 8 weeks) as the within-subjects factor and group allo-
cation (i.e., HF vs. WW) as the between-subjects factor. When 
the ANOVA detected a significant interaction effect, pairwise 
Sidak's multiple comparison post hoc tests were applied to 
identify the means that were significantly different. When the 
ANOVA detected a significant main effect, Sidak's multiple 
comparison post hoc tests were applied as appropriate (e.g., 
comparing 0 vs. 8 weeks). For all variables reported in-text, mar-
ginal means–WW and HF values collapsed into one group–are 
reported in Supporting Information Table  2 when only a sig-
nificant effect of training was detected. In instances with un-
even data (e.g., a participant missing a value at one time point), 
ANOVAs were replaced with linear mixed models, using the 
same analysis flow (interaction effects, main effects, post hoc 
tests [Sidak's post hoc tests], etc.), to avoid entire removal of par-
ticipants from the analysis.

We performed a tertiary analysis to examine potential sex dif-
ferences in training responses. For this analysis, participants 
were collapsed across training interventions and grouped by 
sex. These analyzes were performed with two-way, repeated 
measures ANOVAs with training (i.e., 0 vs. 4 vs. 8 weeks) as 
the within-subjects factor and sex (i.e., male vs. female) as the 
between-subjects factor. The same analysis flow as described 
above was used for adjusting for uneven data, examining inter-
action or main effects, and applying post hoc testing. Statistical 
analyzes were performed in GraphPad Prism (v10.3; Dotmatics, 
Boston, MA, USA). The level of significance was set at α = 0.05.

3   |   Results

3.1   |   Training Intervention

All participants completed a minimum of 30 of the 32 prescribed 
training units (30 for n = 1 HF and n = 2 WW; 31 for n = 1 HF; 
32 for remaining participants), with average adherence of 99.2% 
session completion. Training load (completed external work per 
week) is shown in Figure 1B, and the internal load per session 
(sRPE · session duration [min]) and the median sRPE for each 
week of training are presented in Figure S1.

3.2   |   Maximal Oxygen Uptake

The V̇O2max per kg body mass increased throughout the train-
ing intervention in both groups with no significant interaction 
(Table 1, Figure 2A). The difference in the improvement after 
8 weeks was not significantly different between training fre-
quencies (Figure 2C; p = 0.43), and the bounds of the 95% con-
fidence interval (−1.5 to 2.9 mL/kg/min) did not include the a 
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priori determined non-inferiority margin of +3.5 mL/kg/min 
(Figure 2C). When expressed relative to FFM, V̇O2max also in-
creased after 8 weeks without significant differences between 
groups (Table 1).

3.3   |   Anthropometrics

Body mass was lower following the WW training but was un-
changed following the HF training (Table  1), though the post 
hoc testing did not identify any specific points that were sig-
nificantly different from one another. There was also a sig-
nificant decrease in body fat percentage irrespective of group 
(Table  1). Aside from V̇O2max (due to the non-inferiority test 
being based on the values relative to body mass), relevant vari-
ables are reported expressed relative to fat-free mass to isolate 
effects independent of body composition changes throughout 
the intervention.

3.4   |   Incremental Exercise Test: Exercise 
Thresholds and Power Outputs

The V̇O2 at the RCP (Figure  3A,B) and the V̇O2 at the GET 
(Figure  3C,D) both increased with training, with no signifi-
cant interaction between training and frequency. The power 
outputs associated with the RCP (Figure  S2A,B) and GET 
(Figure S2C,D) also both increased with training, with no sig-
nificant interaction between training and frequency. Similarly, 
there was a significant main effect of training and no significant 
interaction for any expression of PPO (Table 1).

3.5   |   Hemoglobin Mass and Vascular Volumes

Absolute and relative hematological parameters are pre-
sented in Table 2 and Figure 3E,F (relative Hbmass). Expressed 
in absolute units or relative to FFM, Hbmass, blood volume, 
RBCV, and plasma volume all increased with training with-
out a significant interaction between training and frequency. 
Hemoglobin concentration and hematocrit were not differ-
ent between groups and were unchanged following training 
(Table 2).

3.6   |   Muscle Oxidative Capacity

NIRS-derived skeletal muscle oxidative capacity significantly 
increased following 4 weeks of training (Figure 3G,H) but did 

FIGURE 2    |     Legend on next page.

FIGURE 2    |    Relative V̇O2max (per total body mass) in response to 
high-frequency (HF) and Weekend Warrior (WW) exercise training. 
The mean (± standard deviation) V̇O2max (A) across the training peri-
od and the individual change scores for V̇O2max (mean and 95% confi-
dence interval) from baseline to the respective time point (B) are shown 
for each group, with the mean change at week 8 presented numerical-
ly. An estimation plot, showing the point estimate and 95% confidence 
interval, is presented for the difference in training-induced V̇O2max 
change scores between the two groups, with the dashed line represent-
ing the a priori specified non-inferiority margin of 3.5 mL/kg/min (C). 
Data in Panel A were analyzed with a two-way ANOVA, with the p-
value for each effect shown. Significant effects (bolded) were followed 
up with post hoc tests as appropriate. Time points with different letters 
indicate statistically significant differences for the main effect of train-
ing (p < 0.05). n = 14 (HF) and n = 14 (WW) for all panels.
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FIGURE 3    |     Legend on next page.
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not show further significant increases after 8 weeks of train-
ing. There was no significant interaction between training 
and frequency for the increase in skeletal muscle oxidative 
capacity.

3.7   |   Performance Trial

3.7.1   |   Severe Domain Time to Task Failure

The TTF at the same absolute intensity in the severe domain 
(following 30 min of the same absolute heavy domain exer-
cise) increased similarly following both training frequencies 
(Figure 4A,B). At the same relative intensity in the severe do-
main (following 30 min of the same relative heavy domain 

exercise), the TTF was not different from pre-training in either 
group (Figure 4A,B; 0 vs. 8 weeks. Rel, p = 0.927). For simplicity, 
the remainder of included analyzes compare only 0 and 8 week 
performance trials at the same absolute intensity. Additional 
comparisons between performance trials at the same relative 
intensity can be found in the supplemental materials (Tables S3 
and S4).

3.7.2   |   Cardiorespiratory and Metabolic Outcomes 
During Heavy Exercise

Mean values for each cardiorespiratory and metabolic outcome 
throughout the heavy exercise portion of the performance trial 
are shown in Supporting Information Figure  3. Values from 

TABLE 2    |    Effects of Training and Frequency on Vascular Volumes and Hematological Outcomes.

Group

HF WW Linear model 
(effect p [ηp

2]) 
G × T; G; T0 week 8 weeks Δ 0 week 8 weeks Δ

Hbmass (g) 754 ± 185a 765 ± 202b 11 ± 42 771 ± 203a 790 ± 189b 18 ± 27 0.596 [0.01]; 0.780 
[0.27]; 0.043 [0.15]

Blood volume 
(L)

5.36 ± 1.02a 5.52 ± 1.13b 0.16 ± 0.29 5.55 ± 1.07a 5.74 ± 1.04b 0.19 ± 0.25 0.759 [< 0.01]; 0.622 
[0.38]; 0.002 [0.31]

0.31

RBCV (L) 2.31 ± 0.57a 2.34 ± 0.62b 0.03 ± 0.13 2.37 ± 0.62a 2.42 ± 0.58b 0.05 ± 0.08 0.622 [0.01]; 0.778 
[0.28]; 0.048 [0.15]

Plasma volume 
(L)

3.05 ± 0.48a 3.18 ± 0.52b 0.13 ± 0.19 3.19 ± 0.47a 3.32 ± 0.51b 0.14 ± 0.22 0.905 [< 0.01]; 0.465 
[0.33]; 0.003 [0.31]

Relative blood 
volume (mL · kg 
FFM−1)

102.0 ± 9.2a 105.2 ± 10.4b 3.2 ± 5.1 104.2 ± 7.9a 107.5 ± 7.5b 3.4 ± 4.4 0.926 [< 0.01]; 0.499 
[0.19]; 0.002 [0.33]

Relative RBCV 
(mL · kg FFM−1)

43.5 ± 4.3a 44.2 ± 5.8b 0.8 ± 2.6 44.0 ± 5.4a 45.0 ± 4.9b 1.0 ± 1.7 0.744 [< 0.01]; 0.750 
[0.08]; 0.045 [0.15]

Relative plasma 
volume (mL · kg 
FFM−1)

58.5 ± 7.1a 61.0 ± 6.2b 2.4 ± 3.2 60.2 ± 4.8a 62.6 ± 5.4b 2.3 ± 4.0 0.938 [< 0.01]; 0.455 
[0.18]; < 0.001 [0.31]

[Hb] (g · dL−1) 15.3 ± 1.2 15.0 ± 0.9 −0.3 ± 0.7 15.1 ± 1.2 15.0 ± 1.2 −0.1 ± 0.6 0.344 [0.04]; 0.812 
[0.02]; 0.102 [0.10]

Hct (%) 47.0 ± 3.5 45.9 ± 2.8 −1.0 ± 2.0 46.3 ± 3.7 46.0 ± 3.5 −0.4 ± 1.9 0.389 [0.03]; 0.824 
[0.02]; 0.076 [0.12]

Note: Data were analyzed with two-way, repeated measures ANOVAs. Results show the interaction (group [G] × training [T]) and main effects of group (G) and 
training (T). Significant effects (p < 0.05) are bolded. Data points with different letters are significantly different from one another (main effect of time). n = 14 (HF) and 
n = 13 (WW) for all variables.
Abbreviations: ηp

2, partial eta squared; FFM, fat-free mass; [Hb], hemoglobin concentration; Hct, hematocrit; HF, high-frequency; RBCV, red blood cell volume; WW, 
Weekend Warrior.

FIGURE 3    |    Respiratory compensation point (RCP), gas exchange threshold (GET), hemoglobin mass (Hbmass) and near-infrared spectroscopy 
(NIRS)-derived muscle oxidative capacity (k) in response to high-frequency (HF) and Weekend Warrior (WW) exercise training. The group mean 
(± standard deviation) across the training period (A, C, E, G) and the individual change scores (mean and 95% confidence interval) from baseline to 
the respective time point (B, D, F, H) are shown for RCP (A, B), GET (C, D), Hbmass (E, F), and muscle oxidative capacity (G, H). Data were analyzed 
with two-way ANOVAs, with the p-value for each effect shown. Significant effects (bolded) were followed up with post hoc tests as appropriate. Time 
points with different letters indicate statistically significant differences for the main effect of training (p < 0.05). FFM, fat-free mass. n = 14 (HF) and 
n = 14 (WW) for RCP and GET. n = 14 (HF) and n = 13 (WW) for Hbmass. n = 13 (HF) and n = 12 (WW) for k.
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the steady state portion of the heavy exercise (10–30 min) were 
averaged within each participant and are presented in Table 3. 
Training decreased steady state V̇O2, V̇CO2, RER, and HR 

without interactions between training and frequency. Steady 
state V̇E decreased following training, due to reductions in fR 
and VT, with similar decreases in each group.

FIGURE 4    |     Legend on next page.
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Steady state energy expenditure was decreased following train-
ing in both groups, due to decreases in the rate of carbohydrate 
oxidation and no significant change in fat oxidation rate. The 
percentage of energy from each substrate changed, as indicated 
by a significant increase in the percentage of energy from fat 
in both groups following training. Blood lactate concentration 
at the end of the 30-min heavy session was decreased similarly 
following both training frequencies.

3.7.3   |   Perceptual Responses to Heavy Exercise

End-trial perceptual responses to heavy exercise are presented 
in Table  3. Pooling the two groups, RPE at 30 min was sig-
nificantly lower, representing a change from a rating of “hard 
(heavy)” to a rating between “light” and “somewhat hard”. The 
rating of general fatigue at 30 min was also significantly lower, 
corresponding to a change from a rating between “moderately 
fatigued” and “very fatigued” to a rating between “a little fa-
tigued” and “moderately fatigued.”

3.7.4   |   Neuromuscular Function Following Heavy 
Exercise and Task Failure

Absolute values for NMF outcomes across the performance trial 
before and after training (MVC force, Pt force, Db10:100 ratio, 
and VA) are displayed in Figure 4C–F. Relative values (changes 
within a trial from pre-exercise values) are displayed in Table 4 
and were statistically analyzed to assess training and frequency 
effects.

For NMF in response to the 30-min heavy exercise, training 
attenuated the decline in MVC and Db10:100 ratio. The de-
cline in Pt force was lessened following the HF training only 
(Table  4). Changes in VA in response to 30-min heavy exer-
cise were not affected by training or different between groups 
(Table 4).

For NMF at task failure (i.e., changes relative to Pre-exercise in 
response to 30-min heavy exercise and severe exercise to task 
failure), training attenuated the decline in MVC regardless of 
training frequency. The HF group showed an attenuated de-
cline in Pt force at task failure while the WW group showed 
similar declines at 0 and 8 weeks (Table  4). There were no 
statistically significant effects of training or frequency on 
Db10:100 ratio at task failure (Table  4). In both groups, a 

decline in VA at task failure was noted post-training that was 
not present pre-training.

3.7.5   |   Sex Differences in Training Responses

Data were pooled across training groups and analyzed to 
explore any sex × training interactions as a tertiary analy-
sis. There was a statistically significant interaction between 
sex and training for the decline in [Hb] (Male vs. Female: 
−0.4 ± 0.6 vs. −0.1 ± 0.7 g/dL, p = 0.029) and the decline in Hct 
(Male vs. Female: −1.3% ± 1.8% vs. −0.2% ± 2.0%, p = 0.025). 
There was also a statistically significant interaction between 
sex and training for attenuation of the pre-exercise to post-
TTF decline in Pt force (Male vs. Female: +4.2% ± 11.1% vs. 
+14.4 %± 12.1%, p = 0.031). There were no statistically signif-
icant interactions for the change in any of V̇O2max, exercise 
thresholds (V̇O2 or power outputs), skeletal muscle oxidative 
capacity, vascular volumes, TTF, cardiorespiratory or met-
abolic responses to heavy exercise, or other NMF outcomes 
(p > 0.05 for all, data not shown).

4   |   Discussion

The present study compared 8 weeks of training prescribed ei-
ther two or four times per week while matching for total weekly 
volume and exercise intensity. As the increase in V̇O2max for 
WW was not inferior to that of HF, our results suggest that ex-
ercise frequency is not an important determinant of improve-
ments in cardiorespiratory fitness for a given volume of weekly 
exercise during short-term training. We also demonstrated that 
both HF and WW training decreased the physiological and 
perceived stress at a given exercise intensity and increased the 
capacity for high-intensity exercise. Underlying these physio-
logical changes were improvements in factors that contribute 
to oxygen delivery (Hbmass) and utilization (muscle oxidative 
capacity) as well as reductions in overall (MVC) and peripheral 
(Pt and Db10:100 ratio) indices of NMF.

Despite large differences in the duration of a single session—
and the internal training load per session (Figure S1C)—and the 
distribution of sessions throughout the week, improvements in 
V̇O2max following WW training were not inferior to HF train-
ing. The margin of non-inferiority was set at 3.5 mL/kg/min, 
equivalent to 1 MET. Our data suggest the protocols are much 
closer than this limit (0.7 mL/kg/min), but powering the study 

FIGURE 4    |    Severe intensity time to task failure (TTF) and neuromuscular function in response to high-frequency (HF) and Weekend Warrior 
(WW) exercise training. The mean (± standard deviation) TTF at baseline and after 8 weeks of training at the same absolute (Abs) and relative (Rel) 
intensities (A) and the individual change scores (with mean and 95% confidence interval, B) are shown. Data were analyzed with a two-way repeat-
ed measures ANOVA. Statistically significant effects (bolded) were followed up with post hoc tests. Trials with different letters were significantly 
different for one another for the main effect of training. Muscle contractile responses and voluntary contractile properties at baseline (0 min) and in 
response to 30 min of heavy exercise (35 min) and the TTF trial (final data points, time value varies) are shown at 0 weeks (HF 0 wk and WW 0 wk) 
and following 8 weeks of training (HF 8 wk and WW 8 wk) for the same absolute intensity trial. Overall voluntary muscle function was assessed 
using maximal voluntary contraction force (MVC; C). Decrements in peripheral components of muscle contractile function were assessed using 
potentiated twitch force (D) and the ratio of 10–100 Hz stimulation forces (Db10:100; F) and central adjustments assessed using voluntary activation 
(E) are plotted separately, with statistical analysis presented in Table 4. n = 14 (HF) and n = 14 (WW) for TTF. n = 13 (HF) and n = 14 (WW) for MVC, 
potentiated twitch, Db10:100, and voluntary activation.
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with a non-inferiority approach allows for specific estimation of 
the range of possible differences, a strength compared to tradi-
tional superiority designs. Although even smaller differences in 
V̇O2max are associated with health benefits [44], this margin 
was selected to balance a functionally important effect size [23] 
with feasibility to assess this primary outcome alongside other 
important physiological outcomes. Both training protocols im-
proved V̇O2max by ~10%, in agreement with other protocols of 
approximately this length and training volume [45] and with two 
previous studies that interrogated the question of exercise fre-
quency (8 weeks of volume-matched training either 2 or 5 times 
per week) [14, 15]. The magnitudes of training improvement 
we report fall between these two previous studies, potentially 
due to differences in study populations: in a cohort of obese fe-
males, predicted V̇O2max increased by 30% (HF) to 40% (WW) 
[14] and in a cohort of middle-aged males and females V̇O2max 
increased by 4% (HF, not significantly different to control) to 9% 
(WW, significantly greater than control) [15]. One study did not 
see improvements in V̇O2max following low-frequency training, 
but that may have been due to the training frequency of once per 
week or the other types of training participants were performing 
[13]. Our finding that improvements in cardiorespiratory fitness 
are not inferior for low-frequency training seems to support the 
general consensus of these studies.

The oxygen uptake and the external power output at each of 
the measured exercise thresholds were increased by training, 
with no advantage to either HF or WW training. These findings 
agree with data suggesting that improvements in lactate thresh-
old power output [14] or the V̇O2 at anaerobic threshold [15] do 
not depend on training frequency. Improvements in the oxygen 
uptake at the GET and RCP indicate that greater metabolic rates 
can be sustained without additional physiological stress, while 
improvements in the external power output are a combination 
of increased metabolic power and improved exercise efficiency. 
Exercise threshold improvements imply that greater aerobic 
ATP resynthesis rates can be sustained before an increase in 
blood lactate (in the case of GET) [32, 46] and before oxida-
tive metabolic rates become unsustainable (in the case of RCP) 
[47, 48]. These shifts in the exercise intensity domain boundaries 
increase the range of intensities in the moderate domain and ex-
tend the upper boundary of sustainable exercise. Decreasing the 
physiological stress associated with a given power output would 
be expected to impact exercise performance, which was evident 
in the performance trial.

One of the major adaptations to endurance training is an in-
creased capacity for high-intensity exercise as measured by 
the ability to sustain a high work rate. Both the HF and WW 
groups improved severe domain TTF at the same absolute in-
tensity (Figure  4A,B) and were able to maintain TTF at the 
same relative intensity (and therefore a higher absolute inten-
sity, Figure  4A,B). As our performance trials consisted of a 
set-duration, heavy-intensity component prior to the severe-
intensity portion, improvements in the TTF reflect training 
adaptations affecting exercise tolerance in both domains. 
After training, participants began the severe-intensity bout 
feeling less fatigued (Table 3) with a lower degree of overall 
(MVC) NMF impairment (Figure 4, Table 4), adaptations that 
agree with previous interventional studies [20]. One notable 
difference between frequencies was HF, but not WW, training 

attenuating the decline in peripheral components of NMF 
following 30 min of heavy exercise and severe TTF, includ-
ing a statistically significant interaction in Pt and a similar 
numerical pattern in Db10:100 (without a statistically signifi-
cant interaction). We recently showed that the large majority 
(~85%) of the total decline in Pt and Db10:100 forces caused 
by an 8 × 4 HIIT protocol are present after 4 intervals [7], so 
the HF training group more frequently reaching this level of 
muscle function decline could have increased the contractile 
resilience to future disruptions. Despite this group difference 
in peripheral NMF, overall force decline (MVC) and TTF im-
provements were not different between groups after training. 
Lower physiological stress from the heavy bout in the trained 
state, indicated by the lower total energy expenditure, HR, 
and V̇E (Table 3), could explain attenuated decrements in neu-
romuscular function and increased TTF. We further observed 
decreased rates of carbohydrate oxidation and lower accu-
mulation of blood lactate during the heavy exercise, both of 
which suggest participants likely spared glycogen through the 
30 min. Although muscle glycogen was not directly measured 
in this study, previous research has shown similar glycogen-
sparing metabolic adaptations with training [18]. This combi-
nation of numerous physiological adaptations appears to have 
contributed to lessened exercise stress and the increased tol-
erance for severe domain work evident in both WW and HF 
groups after training.

The duration of the heavy exercise bout represents a potential 
limitation for detecting frequency/duration-mediated effects on 
exercise performance improvements in the present study. The 
30-min session resembled exercise that both groups undertook 
throughout the training period, although at a slightly higher 
intensity (i.e., Δ70 GET-RCP vs. Δ50 GET-RCP for training). 
We can speculate that the WW group, in which participants 
would've grown accustomed to greater durations of cycling, 
could have demonstrated greater durability [49] and a greater 
relative improvement in TTF for a longer exercise task (e.g., 
60 min) compared to the HF group, who completed a maxi-
mum continuous exercise duration of ~35 min during training. 
Familiarity with a task can increase self-efficacy [50] and thus 
may have impacted the perceived effort or fatigue rating at the 
end of a longer heavy bout (e.g., 60 min) [51].

Underlying the exercise performance and integrative phys-
iological improvements with both training frequencies are 
physiological adaptations affecting the cardiorespiratory and 
muscle metabolic systems. In the present study, we measured 
vascular volumes and skeletal muscle oxidative capacity, which 
each showed training-induced augmentations that did not dif-
fer between training frequencies. While there is no previous 
data on the effect of frequency (independent of volume) to com-
pare against our results, the improvements we observed are 
aligned with those reported in studies using traditional exercise 
training protocols. Plasma volume expansion is considered an 
“early” hematological adaptation to exercise training [52] and 
was increased by ~5% across the pooled study cohort. Typically, 
increases in RBCV lag behind increased plasma volume [53], 
and, as expected, the changes in RBCV and Hbmass were pro-
portionally lower (~2%). The magnitude of these improve-
ments aligns with studies employing similar training durations 
[16, 54]. Skeletal muscle oxidative capacity measured using 
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NIRS increased during the first half of the training protocols 
(Figure 3G). The rapid responsiveness of skeletal muscle oxida-
tive capacity to periods of training [17] and de-training [55] is 
well-established. Notably, many previous studies used invasive 
measurements of mitochondrial respiration to quantify these 
training-induced changes [56], though factors such as capillar-
ization also contribute to the overall functional muscle oxidative 
capacity [57, 58]. The NIRS-derived method has been used to 
quantify improvements following training interventions in mul-
tiple patient populations. The magnitude of those improvements 
was much greater (~70%–120%) than we report here (~23% in-
crease after 8 weeks), potentially due to longer interventions or 
the relatively low state of initial fitness of the patient participants 
[59, 60]. Previous research suggests underlying variables like 
mitochondrial volume density continue to increase as exercise 
volume accumulates during training [56], so the lack of a sig-
nificant improvement during the final 4 weeks of training may 
represent a limitation of the NIRS method or a type II statisti-
cal error. Regardless, training-induced improvements in factors 
affecting both oxygen delivery and oxygen consumption were 
observed following the entirety of the training protocol in both 
HF and WW groups.

The similarity in adaptations across a range of outcomes from 
V̇O2max to mitigated NMF impairment suggests that the down-
stream ‘adaptive impulse’ was, on average, comparable be-
tween the two training protocols with similar interindividual 
variability. The main differences in the training protocols were 
the magnitude of exercise stress from a single session (the WW 
group completed workouts that were twice the duration) and the 
frequency of signaling pathway stimulation (the HF group per-
formed twice as many workouts). One potential signaling mech-
anism that might be duration-sensitive is glycogen degradation, 
which we would expect to be greater at the end of a given WW 
session compared to a given HF session [61]; however, muscle 
glycogen was not measured in the present study. Rather, the 
magnitude of the exercise stress appears to be mostly dictated 
by exercise intensity [62]. We and others have shown that the 
size of muscle contractile decrements [7], the concentration of 
key metabolites [8], and signaling kinase activity  [63] display 
non-linear relationships to exercise duration; however, the ex-
posure time of the physiological system to the peak signal would 
be increased by increasing session duration. Indeed, in the WW 
group, signaling pathways were stimulated by training twice 
per week. Conversely, the HF group had a maximum of three 
consecutive days without a training stress and nearly all partic-
ipants performed their training sessions across 5 days, meaning 
a maximum of two consecutive resting days.

4.1   |   Experimental Considerations

That these different exercise protocols can elicit comparable 
training adaptations raises important questions about the 
magnitude/frequency of gene expression, protein expression, 
and regulatory pathway activation in numerous physiological 
systems, but it was not within the scope of the present study 
to investigate underlying signaling mechanisms throughout 
training. We recruited both male and female participants 
to increase the generalizability of the study findings, but 
the study was not specifically powered to detect sex specific 

responses to training or sex × frequency interaction effects. 
Additionally, we did not collect information pertaining to 
menstrual cycle history or contraceptive use for participants 
in the study. We included participants across a range of base-
line fitness levels from sedentary to recreationally active to 
increase the generalizability of our findings. This inclusion 
criterion means that participants could have been perform-
ing physical activities outside of the prescribed training; thus, 
our results do not reflect conditions where the only physical 
activity was performed on two (WW) or four (HF) days per 
week, but rather conditions where the only structured endur-
ance training program was administered on two (WW) or four 
(HF) days per week.

Although we consider it a strength of the study that training was 
performed under supervision (except for four participants that re-
motely completed ≤ ¼ of the sessions), the ecological validity of the 
study is lower as a result. Allowing for potential differences in par-
ticipant adherence as a result of the training interventions would 
increase the ecological validity of our results, but whether adher-
ence would change the overall interpretation of the effectiveness 
of WW compared to HF training protocols cannot be determined 
here. From a practical perspective, the higher average baseline fit-
ness of our study sample means that individuals seeking to begin 
training with fewer, longer exercise sessions may not be able to tol-
erate exercise sessions of ~75 min on back-to-back days. As with all 
exercise prescription, ensuring adequate progression plans (e.g., 
starting with shorter sessions and gradually increasing session du-
ration) would be most appropriate.

We chose to use an active comparator (i.e., high-frequency 
training that has been well-established to improve cardiore-
spiratory fitness) rather than a true control group. This design 
served to answer the question of whether Weekend Warrior 
training was inferior to another training protocol, but also 
means that we cannot fully conclude whether all observed 
changes were due to the two exercise training protocols rather 
than other factors. Furthermore, because the study was pow-
ered for the non-inferiority test of improvements in V̇O2max, 
other comparisons may have been underpowered to detect a 
statistically significant interaction that would suggest an ef-
fect of frequency. We have included effect size estimates for 
ANOVA effects throughout to provide information on the size 
of interactions that were potentially undetectable in the pres-
ent study.

5   |   Perspective

In a cohort of healthy males and females, low-frequency train-
ing was not inferior to high-frequency training for improving 
V̇O2max during 8 weeks of volume- and intensity-matched en-
durance exercise. The integrative physiological effects of en-
durance training induced by each protocol extended to exercise 
performance in the heavy and severe-intensity domains and 
ranged from decreased reliance on carbohydrate oxidation to 
improved NMF and lower perceived effort. These results pro-
vide evidence that can inform decisions about endurance exer-
cise prescription, while generating numerous questions about 
the signaling pathways that link acute exercise stresses to long-
term training adaptations for future research.
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