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The pandemic crisis caused by the coronavirus disease 2019 
(COVID- 19) has had profound implications for humanity. This new 
coronavirus, better known as severe acute respiratory syndrome 
coronavirus 2 (SARS- CoV- 2), was first identified in December 2019 
in the city of Wuhan— China (Sun et al., 2020). There are three known 
factors related to proximity that potentiate the probability of SARS- 
CoV- 2 horizontal transmission: (1) close contact, (2) duration the ex-
posure, and (3) confinement of the interaction space (Leung, 2021). 
Although each factor has the individual capacity to inflate the risk 

of infection, their co- occurrence further exacerbates the number 
of positive transmissions (Leung, 2021). For this reason, the current 
recommendations related to the prevention against the spread of 
COVID- 19 include wearing face masks (Centers for Disease Control 
& Prevention, 2020; World Health Organization, 2020). Based on the 
premise that the use of masks during exertion may attenuate the risk 
of transmission between practitioners, several nations extended its 
compulsory wearing to exercise conditions (mostly during the esca-
lation of the pandemic crisis). Despite the discomfort caused by the 
prolonged use of masks has been well documented in the available 
literature (Scarano et al., 2020), it is generally believed that its use 
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We aimed at examining the impact of wearing surgical face masks on exercise perfor-
mance. Thirty- two healthy adults (16 males and 16 females) completed a graded exer-
cise test to measure peak oxygen uptake (VO2peak) and the ventilatory threshold (VT). 
Then, on separate days, all participants performed resting and standardized protocols 
(moderate intensity: 25% infra- VT; severe intensity: 25% supra- VT) on two different 
conditions (with and without a surgical mask). The use of masks reduced both VO2 
and minute ventilation during moderate and severe exercise (p < 0.0001), and this ef-
fect was particularly pronounced during severe exercise. Time to exhaustion was also 
shortened by ~10% on the face mask condition (p = 0.014). In contrast, neither heart 
rate nor the respiratory exchange ratio was affected by masking. The submaximal VO2 
was similar between the two epochs of analysis obtained during moderate cycling (i.e. 
3– 6 min vs. 7– 10 min) and this occurred similarly between conditions. In conclusion, 
the impact of the surgical masks on exercise capacity is particularly pronounced dur-

considerable impairment of structured or even unstructured strenuous physical activ-

capacity, exercise, fatigue, oxygen uptake, ventilation

43Clin Physiol Funct Imaging. 2022;42:43–52.  wileyonlinelibrary.com/journal/cpf



| JESUS ET AL.

does not affect general motor performance or the ability to function 
in everyday tasks (Person et al., 2018; Samannan et al., 2021; Shenal 
et al., 2012). Yet, whether this is sustained during motor tasks per-
formed at high levels of intensity (sports and exercise) remains largely 
controversial. There is partial evidence that exercising with a face 
mask lowers the threshold for dyspnoea in persons with poor exer-
cise capacity and that this may be caused by rebreathing of carbon 
dioxide (CO2) trapped in the face mask at each exhalation (Banzett 
et al., 1990; Chen et al., 2016; Person et al., 2018). Therefore, the 
World Health Organization advises that people should not wear 
masks during vigorous exercise because they may reduce the ability 
to breathe comfortably (Bull et al., 2020; WHO, 2020).

From a physiological standpoint, there is no evidence of negative 
repercussions resulting from wearing a mask during vigorous exercise 
in healthy individuals (Hopkins et al., 2021). However, it was recently 
observed that heart rate as well as perceived exertion both increase 

the authors did not explore changes in exercise performance (e.g. 
time to exhaustion or time trial). In other studies, it was reported 
that wearing face masks reduces the level of work output and ven-
tilation achieved in response to graded exercise testing (GXT), both 
in untrained and trained males (Egger et al., 2021; Fikenzer et al., 

VO2 and heighten the chronotropic response to constant cycling 
performed at work rates equivalent to maximal lactate steady state 
(Lassing et al., 2020). However, the negative impact of wearing a 
face mask during vigorous exercise is not a universal finding (Epstein 
et al., 2021; Shaw et al., 2020). In addition, a recent meta- analysis 
showed that face masks can be worn during exercise with no influ-
ences on performance and minimal impact on physiological variables 
(Shaw et al., 2021). However, there is limited transferability of these 
conclusions to healthy young individuals because both healthy and 
clinical participants (of any age) were eligible for this study. Finally, it 
is currently unknown whether the effects of wearing a face mask on 
exercise capacity are more pronounced during constant severe vs. 
moderate exercise. This is relevant because training across disparate 
workloads (spanning different intensity domains) affects both the 
acute and chronic adaptations to exercise (Black et al., 2017; Esteve- 
Lanao et al., 2007). Thus, we sought to explore whether wearing 
a surgical mask impacts performance in response to exercise per-
formed below vs. above the ventilatory threshold (VT). It was hy-
pothesized that while wearing a surgical mask may be particularly 
provocative during severe exercise (affecting the ventilatory com-
pensation), this may not be the case during moderate exercise.

|

|

Thirty- two healthy and active volunteers (16 males and 16 fe-
males; age: 24.0 ± 3.3 years; height: 168.9 ± 7.9 cm; body mass: 
67.6 ± 10.2 kg and body mass index: 23.5 ± 2.0 kg/m2), without 

(Whelton et al., 2018), were included in this study. Exclusionary 
criteria involved active smoking status, known metabolic disease, 
cardiovascular disease, respiratory disorders including asthma and 
any orthopaedic issues that would limit exercise performance. 
Participants were recruited from the local communities and from the 
Faculty surroundings via word- of- mouth. Verbal information about 
the risks, requirements and procedures of the study was provided, 
and written informed consent was obtained from all participants 
prior to study entry, which was in accordance with the Declaration 

-

|

This study followed a randomized crossover design. Testing was car-
ried out during the afternoon period (between 13.00 and 16.00 h), 
in a laboratory with an environmental temperature between 22 and 
24°C and a relative humidity between 44 and 56%. All participants 
were requested to avoid any form of exercise for at least 24 h before 
testing and to have nothing to drink or eat for at least 3 h pre- testing. 
Each participant was tested on three non- consecutive days. On the 
first visit, body mass measurements were obtained, to the nearest 
0.01 kg, on a digital scale (BG 42; Breuer GmbH) with the participants 

-
ing height were taken to the nearest 0.5 cm using a stadiometer. 
Body mass index was calculated by dividing the participants’ mass in 
kilograms by the square of their height in metres. Then, participants 

to measure peak oxygen uptake (VO2peak) and to enable the indi-
vidualization of subsequent exercise trials based on the VT of each 
participant. On the subsequent visits, all participants performed 
resting and standardized cycle ergometer submaximal protocols on 
two different conditions (with and without a surgical mask type II 

period. The order of conditions was presented in a randomized 
(computer- generated algorithm), counterbalanced manner. As de-
picted in Figure 1, participants exercised either with (experimental) 
or without (control) a surgical mask at constant intensity below and 
above the VT (25% infra-  and 25% supra- VT, respectively). Exercise 
intensity was normalized to VT to discriminate the effects of mask-
ing on moderate and severe exercise (Whipp & Wasserman, 1972). 
It is important to note that past research has shown that wearing a 
surgical mask has no impact on the individual VT (Egger et al., 2021). 
Therefore, the VT was selected for setting a predetermined exercise 
intensity, either with or without masking. Additionally, the O2 pulse, 
which can be used as a surrogate marker of stroke volume, was cal-
culated as the ratio between VO2 and heart rate obtained during 
submaximal and maximal exercise (Crisafulli et al., 2007). Expired 
gas measurements were taken using a portable mixing chamber 

® I; Cortex), which was calibrated before each test with 
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a known volume and a known gas concentration. Heart rate was 
measured during the last 3 min of rest and during exercise (Polar RS 
800 G3 RR recorder; Polar Electro). Blood pressure was also taken at 

|

Cardiorespiratory exercise data were obtained using an incremen-
tal cycle ergometer ramp protocol. Following a 3- min warm- up 
period at 60 W (initial work rate), the work rate was increased by 
15 W min  until the participant was unable to continue. The partici-
pants cycled at a self- selected pedal rate (60– 90 rev min ) and the 
saddle as well as handlebar height configuration were recorded and 
reproduced in all subsequent visits to the laboratory. The VO2 and 
heart rate data, measured throughout the incremental test, were 
displayed as 30- s averages. The highest VO2 attained at the end of 
the test was taken as VO2peak if a plateau in the VO2 with an increase 
in exercise work rate was observed, or in accordance with the British 
Association of Sports and Exercise Science criteria (Bird & Davidson, 
1997). Peak heart rate was identified as the highest value recorded 
during each test. For each participant, the VT was determined from 

the time course of the relationship between Ve/VO2 and Ve/VCO2 
by two independent investigators. Accordingly, the VT was defined 
as the minimal work rate at which the Ve/VO2 exhibited a systematic 
increase without a concomitant increase in Ve/VCO2 (Wasserman 
et al., 1973). The VT was expressed both in terms of absolute (W) 
and relative intensities (%VO2peak).

|

To ensure that all participants exercised at the same intensities rela-
tive to VT, cycling work rates were individualized (moderate exer-
cise: VT work rate— 25%; severe exercise: VT work rate +25%). As 
depicted in Figure 1B, before exercising, each participant rested qui-
etly in a seated position for 10 min. The mean of the last 3 min of the 
10- min baseline period was defined as the participants’ resting VO2. 
Subsequently, participants performed 10 min of moderate cycling at 

during moderate exercise were calculated using 3- min epochs: (1) 
3rd to 6th min and (2) 7th to 10th min. This was done to determine 
whether wearing a surgical mask affected the attainment of steady 
state during constant moderate exercise. In addition, the increment 

the first visit, the participants performed 5- min of seated rest. Then, 1 min was allowed for transition from the chair to the cycle ergometer. 
A 3- min warm- up period at 60 W was then respected. Subsequently, without any interruption from warm- up, the work rate was increased 
by 15 W min  until the participant was unable to continue (graded exercise testing— GXT). (b) On the second and third visits (without vs. 
with mask on a randomized fashion), each participant rested quietly in a seated position for 10 min. Subsequently, 1 min was allowed for 
transition from the chair to the cycle ergometer. Then, the participants performed 10 min of moderate cycling at ventilatory threshold 

volitional exhaustion. Oxygen uptake and heart rate were continuously monitored during all visits
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in the values of the cardiorespiratory variables obtained between 
the 7th and 10th min (ΔVO2

steady- state attainment in both conditions during the last minutes 
of moderate exercise. Then, after 10 min of passive recovery, each 
participant exercised at an intensity above the VT (25% supra- VT) 
until volitional exhaustion (when the 60– 90 rev min  pedalling rate 
could not be maintained by >
data obtained during severe exercise were displayed as 30- s aver-
ages and the highest VO2 was taken. Peak heart rate was identified 
as the highest value recorded during each test.

|

Standard descriptive statistics (mean and standard deviation) were 
computed to summarize the data. All data were tested for normality 
using Shapiro– Wilk test. An independent researcher in our labora-
tory, who was blinded to treatment allocation, performed statistical 
analyses. Based on previous research, if heart rate during peak exer-
cise corresponds to 187 ± 8.3 and 183 ± 9.2 bpm with and without 
the use of a face mask, respectively (Fikenzer et al., 2020), a sam-
ple size of 32 participants was estimated to achieve more than 80% 
power of correctly rejecting the null hypothesis. Paired t tests were 
used to explore differences on time to exhaustion between condi-

-

vs. VT work rate +
all dependent variables to determine the effects of wearing a surgical 
mask on the physiological response to sustained exercise performed 
below and above the VT. When a significant effect was detected 
at p < 0.05, follow- up t tests were used for post hoc comparisons. 
Adjustment for multiple comparisons was made with Bonferroni's 
correction (significance was set at p < 0.01). Attainment of steady- 
state VO2 during exercise was confirmed by exploring if ΔVO2 [10- 

significance was set at p < 0.05 (except for multiple comparisons). 
Data analysis was carried out using Statistical Package for the Social 
Sciences (version 25.0, SPSS Inc.).

|

Table 1 shows the cardiorespiratory, metabolic and mechanic pa-
rameters obtained during GXT with no mask. Comparisons of se-
lect data between conditions (without vs. with mask) at different 
time points (rest vs. moderate vs. severe exercise) are depicted in 
Figure 2. We obtained a significant condition- by- time interaction 
for VO2 (F = 33.6, p < 0.0001) and minute ventilation (F = 42.7, 
p < 0.0001). Post hoc analyses showed that wearing a surgical 
mask at resting conditions did not affect VO2 or minute ventilation 
(p > 0.01). In contrast, the mask reduced both VO2 and minute venti-
lation during moderate and severe exercise (p <
as can be seen in Figure 2a and c, this effect was particularly 

pronounced during severe exercise. The participants’ time to vo-
litional exhaustion was also shortened by wearing a surgical mask 
during severe cycling (without: 6.7 ± 2.7; with mask: 6.0 ± 2.4 min, 
p = 0.014). On the other hand, heart rate and RER were not affected 
by masking at either time point (Figure 2b and d) (p > 0.05).

As shown in Table 2, comparisons between cardiorespiratory 
data obtained during GXT and severe exercise performed to voli-
tional exhaustion without mask usage revealed no differences for 
VO2, minute ventilation or the O2 pulse (p > 0.05). Heart rate was 
also similar between both exercise tests (p > 0.05). In contrast, com-
pared to that observed during GXT, wearing a face mask reduced 
VO2, minute ventilation and the O2 pulse (p < 0.0001). As described 
for the non- mask condition, the chronotropic response to severe ex-
ercise while wearing a face mask was similar to that seen during GXT 
(p > 0.05).

After accounting for the decrease in VO2peak resulting from 
wearing a surgical mask (i.e. redefining VO2peak as the peak value 
obtained in response to severe exercise performed to volitional ex-
haustion with masking), we found that the mask usage increased the 
fractional utilization (relative intensity) of VO2peak during moderate 
cycling (without: 62.3 ± 7.1; with mask: 67.8 ± 6.9%, p < 0.0001).

As shown in Table 3, we also obtained significant condition- by- 
time interactions for tidal volume (F = 8.6, p = 0.001), respiratory 
rate (F = 16.5, p < 0.0001), Ve/VO2 (F = 13.5, p < 0.0001), Ve/
VCO2, (F = 6.6, p = 0.007), end- tidal fractional O2 concentration 
(F = 9.9, p = 0.001), end- tidal fractional CO2 concentration (F = 14.4, 
p < 0.0001) and the O2 pulse (F = 23.6, p < 0.0001). With the excep-
tion of the respiratory rate that was slightly decreased by wearing a 
mask (p = 0.001), there were no other differences between condi-
tions at rest. Cycling with a face mask at moderate intensity affected 

recorded during graded exercise testing without a surgical mask

(n =

VO2peak (mL kg  min ) 52.2 ± 7.0

WRpeak (W) 231.1 ± 35.8

Vepeak (L min ) 119.7 ± 30.2

TVpeak (mL min ) 2369.7 ± 502.4

RRpeak (cpm) 50.8 ± 9.1

RERpeak 1.10 ± 0.06

Heart ratepeak (bpm) 189.6 ± 9.0

O2 pulsepeak (mL/beat) 18.8 ± 4.2

VT (mL kg  min ) 37.2 ± 4.8

VT (%) 71.6 ± 7.3

WRVT (W) 162.8 ± 35.8

Note: Values are mean ± SD.
Abbreviations: O2 pulsepeak, peak oxygen pulse; RERpeak, peak 
respiratory exchange ratio; RRpeak, peak respiratory rate; TVpeak, peak 
tidal volume; Vepeak, peak minute ventilation; VO2peak, peak oxygen 
uptake; VT, ventilatory threshold, WRVT, work rate at the ventilatory 
threshold; WRpeak, peak work rate.
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the physiological response of all variables included in Table 3 
(p < 0.05), except tidal volume. During both moderate and severe ex-
ercise, the mask condition led to significant reductions in the respi-
ratory rate, Ve/VO2, Ve/VCO2, end- tidal fractional O2 concentration 
and O2 pulse (all p < 0.01). Contrasting with that seen in response to 
moderate cycling, tidal volume was significantly blunted by wearing 
a face mask during severe exercise (p < 0.0001). Finally, end- tidal 
fractional CO2 concentration was heightened by the mask condition 
during exercise performed at both levels of intensity (p = 0.003).

Table 4 shows that VO2 and RER attained steady- state conditions 
between the 3rd and 6th min of moderate cycling, either with or with-
out the face mask. This is corroborated by the lack of differences in 

submaximal VO2 and RER between the two epochs of analysis (i.e. 
3– 6 min vs. 7– 10 min) (p > 0.05). In opposition, heart rate and minute 
ventilation exhibited a slight increase over time (p < 0.05), and this 
occurred similarly between conditions. With the exception of heart 
rate, the Δ 10- 7 of all the remaining variables included in Table 4 did 
not differ from zero (p > 0.05).

|

The main findings of the present study are as follows. First, wear-
ing a surgical face mask during constant work- rate cycling exerts a 

2; a), heart rate (b), minute ventilation (Ve; c) and respiratory exchange ratio (d; RER) obtained at rest and 

at a work rate 25% below the ventilatory threshold (VT) and severe cycling was completed at a work rate 25% above the VT. †Significant 
differences between conditions (p < 0.01)

+ +

VO2peak (mL kg  min ) 52.2 ± 7.0 51.7 ± 7.5 45.2 ± 6.3a

Vepeak (L min ) 119.7 ± 30.1 119.2 ± 32.3 85.9 ± 22.5a

Heart ratepeak (bpm) 189.6 ± 9.0 186.3 ± 10.9 186.2 ± 10.3

O2 pulsepeak (mL/beat) 18.8 ± 4.2 18.8 ± 4.6 16.3 ± 3.5a

Note: Values are mean ± SD.
Abbreviations: O2 pulsepeak, peak oxygen pulse; Vepeak, peak minute ventilation; VO2peak, peak 
oxygen uptake.
aSignificantly different from the GXT condition (p < 0.05).

parameters recorded during graded 
exercise testing (GXT) and exercise 
performed above the ventilatory 
threshold (VT) to volitional exhaustion 
with and without a surgical mask
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negative impact on VO2, minute ventilation and the O2 pulse (seen 
both at moderate and severe exercise). Second, the magnitude of 
this impact is higher during severe exercise and this is in line with 
that hypothesized. Third, masking reduces the VO2peak and time to 
exhaustion in response to severe exercise by ~13 and 10%, respec-
tively. Fourth, cycling with a surgical mask increases the relative in-
tensity of moderate exercise performed at a given work rate. Lastly, 
our data indicate that masking does not affect steady- state attain-
ment during moderate cycling.

Aerodynamic studies indicate an increased potential range 
of droplet transfer between individuals during exercise due to 

increased minute ventilation (Blocken et al., 2020). However, the 
widespread usage of face masks in this context is limited largely by 
feeling that they are uncomfortable and concerns of inadequate gas 

was recently recommended that face coverings should be used in 
any environment considered to be of a high (e.g. basketball, football, 
volleyball, indoor gyms, team sports training sessions) or moderate 
(e.g. racquet sports, track events, peloton cycling, rugby, running in a 
crowded place) transmission risk if tolerated and after individual risk 
assessment (Shurlock et al., 2021). Despite the relevance of these 
health- related recommendations, according to our findings, young 

+

TV (mL min )a,c 550.3 ± 242.3 1873.4 ± 425.3 2178.4 ± 499.4d

569.4 ± 205.3 1907.2 ± 414.2 2394.0 ± 535.5

RR (cpm)a,c 11.6 ± 3.5d 26.1 ± 5.2d 39.9 ± 7.7d

13.9 ± 3.7 28.0 ± 4.5 50.1 ± 9.9

Ve/VO2
a,c 25.5 ± 3.1 23.1 ± 2.5d 28.5 ± 3.7d

26.9 ± 3.8 24.1 ± 2.6 33.5 ± 3.9

Ve/VCO2
a,c 32.9 ± 5.6 24.9 ± 3.4d 27.0 ± 3.9d

34.2 ± 7.4 26.2 ± 3.7 31.9 ± 4.1

FETO2 (%)a,b,c 16.4 ± 0.5 15.9 ± 0.6d 16.9 ± 0.6d

16.6 ± 0.5 16.2 ± 0.5 17.5 ± 0.4

FETCO2 (%)a,b,c 3.9 ± 0.5 4.7 ± 0.6d 4.3 ± 0.6d

3.8 ± 0.5 4.5 ± 0.6 3.6 ± 0.5

O2 pulse (mL/
beat)a,b,c

3.5 ± 0.8 13.8 ± 3.2d 16.3 ± 3.5d

3.7 ± 0.8 14.6 ± 3.3 18.8 ± 4.6

Note: Values are mean ± SD.
Abbreviations: FETCO2, end- tidal fractional carbon dioxide concentration; FETO2, end- tidal 
fractional oxygen concentration; RR, respiratory rate; TV, tidal volume; Ve/VCO2, ventilatory 
equivalent for carbon dioxide; Ve/VO2, ventilatory equivalent for oxygen.
aTime main effect (p < 0.05).
bCondition main effect (p < 0.05).
cCondition x time interaction (p < 0.05).
dSignificant differences between conditions (p < 0.01).

recorded at rest as well as during 
exercise performed below and above 
the ventilatory threshold (VT) with and 
without a surgical mask

Δ

VO2 (mL kg  min ) 30.1 ± 3.8 30.3 ± 3.5 ± 1.5

31.6 ± 3.9 32.0 ± 3.8 0.10 ± 1.2

Heart rate (bpm) 142.5 ± 14.1 148.6 ± 14.5a 3.3 ± 3.0b

141.7 ± 13.9 147.8 ± 13.9a 3.8 ± 2.9b

Ve (L min ) 45.7 ± 9.1 47.2 ± 8.5a 0.8 ± 3.1

50.4 ± 8.4 51.9 ± 9.0a 0.7 ± 2.7

RER 0.93 ± 0.05 0.93 ± 0.04 ± 0.02

0.94 ± 0.05 0.93 ± 0.05 ± 0.01

Note: Values are mean ± SD.
Abbreviations: VO2, oxygen uptake; Ve, minute ventilation; RER, respiratory exchange ratio; Δ 7– 
10, change between the seventh and tenth minute of exercise.
aSignificant differences between time points (p < 0.05).
bΔ value significantly different from 0 (p < 0.05).

parameters obtained at different epochs 
during exercise performed 25% below the 
ventilatory threshold with and without a 
surgical mask
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adults cannot exercise for as long or as hard while wearing a surgi-

also provided evidence that the magnitude of interference of the 
face mask with the physiological response to exercise increases as 
a function of intensity. In accordance, while masking exerts a neg-
ative impact on several ventilatory parameters during moderate ex-
ercise, this effect increases when cycling within the severe intensity 
domain— ultimately limiting VO2peak and time to exhaustion. These 
findings extend those of previous studies showing that, in healthy 
young people, the use of surgical masks affects the physiological 
responses to GXT and constant exercise at a work rate compatible 
with maximal lactate steady state (Egger et al., 2021; Fikenzer et al., 

The negative effect of surgical masks on peak exercise perfor-
mance, VO2 and minute ventilation of male adults had already been 
determined in one previous report (Egger et al., 2021). Our study 
adds to the available literature because we enrolled a mixed sample 
of males and females. Despite global data suggest that males appear 
at higher risk of infection and mortality from COVID- 19 with SARS- 
CoV- 2, females can still contract the disease after direct exposure 
to the virus (Chakravarty et al., 2020). Thus, wearing a face mask 
during exercise for individual protection against infection in high- 
risk environments represents a relevant measure for both males and 
females. For this reason, we enrolled mixed sample to better charac-
terize the physiological impact of masking in both sexes during exer-
cise. In addition, in the present study, severe exercise was performed 
at constant work rate to volitional exhaustion and this is different 
from the protocol used by Egger et al.— GXT (Egger et al., 2021). We 
designed a practical approach to this issue because exercise sessions 
do not typically involve performing GXTs for adaptation purposes. In 
contrast, the prescription of endurance exercise commonly consists 
of motor tasks engaging large muscle groups over a variable dura-
tion of time depending on exercise intensity (e.g. moderate, heavy 
or severe).

There is compelling evidence that the effects of increased in-
spiratory resistance on performance are felt most at very intense 
exercise (80– 85% VO2peak). In specific, performance time decreases 
linearly with increased inspiratory resistance at this exercise inten-
sity (Johnson et al., 1999). Since airway resistance is twofold higher 
when wearing a surgical mask (Lassing et al., 2020), this likely pro-
vides a partial explanation for our findings of decreased VO2 and 
time to exhaustion during severe exercise. Adding external resis-
tance from a face mask increases the amount of work that must be 
supplied to breathe. In these circumstances, the O2 to supply the 
needs of ventilation cannot be used to supply the working muscles. 
Thus, the ventilatory demands associated with masking can limit the 
rate of work that can be performed individually (Johnson, 1976).

Wearing a face mask during moderate and severe exercise re-
sulted in blunted ventilation, and this is well aligned with most stud-
ies focusing on this particular topic (Egger et al., 2021; Fikenzer 
et al., 2020; Lassing et al., 2020). There is general agreement that 
increased inspiratory resistance during exercise promotes hypoven-
tilation of the wearer due to an extended inspiratory time (Lassing 

et al., 2020). The extended inspiratory time likely represents a com-
pensatory mechanism that attempts to minimize the magnitude of 
fall in tidal volume during severe exercise performed with a surgical 
mask. Despite this, according to our data, a reduction in tidal volume 
still occurred with masking, thus leading to an inevitable reduction in 
alveolar ventilation and VO2.

Besides the added resistance to breathing, another issue with 
exercising with a face mask is the inspiration of previously exhaled 
tidal volume depleted of O2 and enriched with CO2 (i.e. increased 
dead space) (Hopkins et al., 2021). Our data partially corroborate 
this notion because we found that wearing a mask during severe 
exercise reduced tidal volume as well as end- tidal fractional O2 
concentration. In parallel, masking also heightened the end- tidal 
fractional CO2 concentration during exercise. Since CO2 is a psy-
choactive gas that typically produces discomfort and performance 
decrements (Johnson et al., 2000), our findings of premature voli-
tional exhaustion during severe exercise may also be mechanistically 
linked to rebreathing of CO2.

As it is well known, more intense exercise cannot be sustained 
for as long as less intense exercise. In specific, the amount of time 
that a person can be expected to endure is related to the relative in-

found that wearing a surgical mask increases the relative intensity of 
moderate cycling (by ~5%) due to a significant decrease in VO2peak 
(~13%). This means that, besides reducing the time to exhaustion 
during severe exercise, wearing a surgical face mask may negatively 
affect work performance times during moderate cycling and this is 
of practical relevance. For instance, rest times are also dependent 
on the intensity of the task and individual VO2peak

Tomlin & Wenger, 2001). In general, the more intense the exercise, 
the longer will be the recovery time, but the relationship is non- 
linear (Gore & Withers, 1990).

equivalent for CO2. Changes in the ventilatory equivalent for CO2 
reflect modifications in PaCO2 and/or in the physiological dead 

equivalent for CO2 is typically associated with poor ventilatory effi-
ciency, a downward displacement (such as that seen in the present 
study) occurs when PaCO2 set point is raised due to hypoventilation 

2 
concentration during exercise with face mask further indicate that 
this might be the case. End- tidal CO2 represents a non- invasive and 
reliable measure of PaCO2 in healthy persons (Jones et al., 1979) and 
has been consistently shown to be elevated in response to exercise 
with masking (Shaw et al., 2021). During exercise, end- tidal CO2 is 
highly dependent on respiratory rate (Bussotti et al., 2008). For in-
stance, at a given alveolar CO2, higher fractions of end- tidal CO2 are 
compatible with lower respiratory rates. Thus, our data agree with 
the notion that exercising with a surgical mask raises PaCO2 due to a 
limited ability to ventilate effectively.

A higher PaCO2 is associated with greater tissue acidosis, which 
through a rightward shift on the oxyhaemoglobin saturation curve 
allows unloading more O2 from the blood into the muscle (Bussotti 
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might explain the increased ventilatory efficiency obtained for VO2 
during exercise performed with a face mask— as indicated by a re-
duced ventilatory equivalent for O2. In accordance, a physiological 
compensation might therefore counteract limited ventilation with 
masking, thus enabling greater O2 utilization by the muscle during 
moderate and severe cycling. It is important to note that this effect 
could also be hypothetically explained by enhanced O2 delivery to 
contracting myocytes. However, since heart rate was not affected 
by mask usage during moderate or severe cycle, and the O2 pulse ac-
tually decreased with masking, this is highly unlikely. The reduction 
in the O2 pulse values indicates that masking attenuated VO2 per mL 
of heartbeat, and this is compatible with lower cardiovascular effi-
ciency (Goran et al., 2000). Despite being a surrogate index of stroke 
volume, the O2 pulse is also dependent on the arteriovenous O2 dif-
ference (Crisafulli et al., 2007). Since there is preliminary evidence 
that wearing surgical masks does not impact submaximal stroke vol-
ume during steady- state exercise (Lassing et al., 2020), our findings 
likely reflect a negative impact of masking on the arteriovenous O2 
difference and this is in line with that shown in one previous report 
(Fikenzer et al., 2020).

The timing for steady- state attainment during moderate exercise 
is important because it largely determines the magnitude of the O2 
deficit and the inherent anaerobic energy demand in transition from 
rest to exercise (Demarle et al., 2001). Our analyses show that, de-
spite affecting the physiological response to moderate exercise (e.g. 
increasing the relative intensity of exercise), the use of face masks 
allowed VO2 and RER to reach a steady state at 3 min of cycling. 
Thus, when performed at an intensity below the VT, exercising with 
a surgical mask does not elicit a slow component in VO2 and this is 
important from a physiological and performance standpoint.

|

First, the use of a surgical mask impedes heat loss from the face dur-
ing exercise and this may cause individual discomfort due to facial 
temperature inside the mask (Johnson, 2016). We did not measure 
face temperature inside the masks worn by each participant during 
exercise. Thus, we cannot determine whether this particular aspect 
played an active role in decreasing work performance during severe 
exercise. Second, it has been argued that ventilation, tidal volume 
and respiratory rate may be difficult to measure while wearing a rub-
ber mask over the face mask (Shaw et al., 2021). According to these 
authors, when placing a rubber mask for assessing ventilation over 
a surgical mask, there is a loss of seal and air most likely escapes, 
resulting in lower ventilation measures (Shaw et al., 2021). However, 
contrary to this concept, we showed that the reduction in ventila-
tion while wearing a surgical mask during severe exercise performed 
at a constant work rate is accompanied by considerable magnitude 
of reduction in VO2peak and time to exhaustion. These results are 
internally consistent and, for this reason, they indicate that air leak-
ing when testing the mask condition did not occur. Third, from a 

different perspective, it has also been suggested that placing a rub-
ber mask over a surgical mask might not allow air to escape the sides 
of the mask— affecting its normal functioning during exercise (Egger 

might lead to moisture retention within the mask, thus affecting the 
practical transfer of our findings (i.e. limited transfer to daily training 

-
mal’ use of a rather loose surgical face mask, this setup may have re-
sulted in alterations in breathing pattern, hypoventilation, retention 
of CO2 and increase the work of breathing. Since these effects can 
be further accentuated during severe physical work (Louhevaara, 
1984), this phenomenon might provide a partial explanation for the 
reduction in maximal exercise capacity seen in this study. Fourth, 
we did not measure pre- exercise maximal voluntary ventilation. For 
this reason, the true impact of masking at the level of the ventilatory 
reserve could not be analysed during exercise. Fifth, the participants 
were not blinded to the masking condition and this may as well have 
affected our findings.

|

In conclusion, the impact of the surgical masks on exercise capac-
ity is particularly pronounced during severe exercise performed at 
constant work rate and this may implicate a considerable impairment 
of structured (e.g. exercise training) or even unstructured (e.g. oc-
cupational motor tasks) strenuous physical activity.
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