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Abstract
Background  Wearing face masks in public is an effective strategy for preventing the spread of viruses; however, it may 
negatively affect exercise responses. Therefore, this review aimed to explore the effects of wearing different types of face 
masks during exercise on various physiological and psychological outcomes in healthy individuals.
Methods  A literature search was conducted using relevant electronic databases, including Medline, PubMed, Embase, 
SPORTDiscus, Web of Science, and Cochrane Central Register of Controlled Trials on April 05, 2022. Studies examining 
the effect of mask wearing (surgical mask, cloth mask, and FFP2/N95 respirator) during exercise on various physiological 
and psychological parameters in apparently healthy individuals were included. For meta-analysis, a random effects model 
was used. Mean difference (MD) or standardized MD (SMD) with 95% confidence intervals (CI) were calculated to analyze 
the total effect and the effect in subgroups classified based on face mask and exercise types. The quality of included studies 
was examined using the revised Cochrane risk-of-bias tool.
Results  Forty-five studies with 1264 participants (708 men) were included in the systematic review. Face masks had sig-
nificant effects on gas exchange when worn during exercise; this included differences in oxygen uptake (SMD − 0.66, 95% 
CI − 0.87 to − 0.45), end-tidal partial pressure of oxygen (MD − 3.79 mmHg, 95% CI − 5.46 to − 2.12), carbon dioxide pro-
duction (SMD − 0.77, 95% CI − 1.15 to − 0.39), and end-tidal partial pressure of carbon dioxide (MD 2.93 mmHg, 95% CI 
2.01–3.86). While oxygen saturation (MD − 0.48%, 95% CI − 0.71 to − 0.26) decreased slightly, heart rate was not affected. 
Mask wearing led to higher degrees of rating of perceived exertion, dyspnea, fatigue, and thermal sensation. Moreover, a 
small effect on exercise performance was observed in individuals wearing FFP2/N95 respirators (SMD − 0.42, 95% CI − 0.76 
to − 0.08) and total effect (SMD − 0.23, 95% CI − 0.41 to − 0.04).
Conclusion  Wearing face masks during exercise modestly affected both physiological and psychological parameters, includ-
ing gas exchange, pulmonary function, and subjective discomfort in healthy individuals, although the overall effect on exercise 
performance appeared to be small. This review provides updated information on optimizing exercise recommendations for 
the public during the COVID-19 pandemic.
Systematic Review Registration Number  This study was registered in the International Prospective Register of Systematic 
Review (PROSPERO) database (registration number: CRD42021287278).
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Key Points 

Wearing face masks during exercise affects gas exchange 
and pulmonary function.

A higher-level rating of perceived exertion, dyspnea, 
fatigue level, and thermal sensation was observed for 
mask wearing.

The overall effect of face masks on exercise performance 
appeared to be small in healthy individuals.
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1  Introduction

The outbreak of the novel coronavirus disease 2019 
(COVID-19) was declared a pandemic by the World Health 
Organization (WHO) [1]. Severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), which causes COVID-19, has 
infected 505 million people and caused more than 6 million 
deaths globally, as of April 2022 [1]. This virus is transmit-
ted from person to person via airborne transmission, res-
piratory droplets, and aerosols, especially for those in close 
contact (e.g., distance < 1 m) with an infected person [2, 3]. 
Wearing face masks in public has proven to be an effective 
strategy to prevent the spread of the virus, thereby having a 
dual protective purpose in terms of protecting oneself as well 
as others from getting the viral infection [4, 5]. Therefore, 
wearing face masks in public is widely recommended by 
international and national authorities such as the Centers 
for Disease Control [6], the WHO [7], and the Government 
of Hong Kong [8].

Regular exercise is essential for healthy living and low-
ers the risk of cardiovascular diseases, diabetes mellitus, 
and obesity, which can increase the number and severity 
COVID-19-related symptoms [9]. However, during the 
COVID-19 pandemic, the closure of indoor fitness facili-
ties and restrictions in terms of social distancing may lead 
to decreased exercise and physical activity levels [10]. 
The risk of viral transmission can be exacerbated during 
exercise because of heavy and rapid breathing [11], which 
necessitates wearing a face mask during exercise. Con-
versely, wearing a face mask during exercise may entail 
a physiological effect, such as a decrease in the maximal 
oxygen consumption (VO2max) [12] and oxygen satura-
tion (SpO2) [13] and an increase in the partial pressure 
of end-tidal carbon dioxide (PetCO2) [14], which may 
impair exercise performance or even create safety con-
cerns. Moreover, studies have examined the effects of 
wearing a face mask on various physiological parameters 
using different exercise protocols, including a progressive 
exercise test using cycling [14], the 6-min walk test [13], 
and walking on a treadmill at a steady speed [15], with 
inconsistent results.

To our knowledge, only two systematic reviews have 
examined the effects of wearing face masks on physiological 
parameters during exercise. Shaw et al. reported that wear-
ing face masks during exercise had no influence on exer-
cise performance and only a minimal effect on physiologi-
cal outcomes [16]. Another study identified a reduction in 
SpO2 and a negative effect on the capacity for gas exchange 
and pulmonary function during exercise performed wear-
ing N95/FFP2 or surgical masks [17]. The abovementioned 
systematic reviews conducted literature searches on March 
23, 2021 [16], and May 05, 2021 [17], respectively. Since 

then, several studies related to this topic have been pub-
lished, and a more updated systematic review focusing on 
the use of face masks during exercise in healthy individuals 
is necessary. Additionally, wearing a face mask during exer-
cise can affect psychological indicators [18], which should 
also be considered when interpreting physiological findings. 
When wearing a mask during exercise, a higher-level rating 
of perceived exertion (RPE) and dyspnea was reported in 
one of the aforementioned systematic reviews [16]. Because 
of more recently published studies on this topic, more psy-
chological indicators should be involved. Therefore, we con-
ducted a systematic review and performed a meta-analysis 
to explore the effects of wearing a mask during exercise on 
both physiological and psychological parameters in healthy 
individuals.

2 � Methods

The Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) [19] recommendations were 
followed in this review protocol. The study was registered 
in the International Prospective Register of Systematic 
Reviews (PROSPERO) database (registration number: 
CRD42021287278).

2.1 � Literature Search

Six electronic databases (Medline, PubMed, Embase, 
SPORTDiscus, Web of Science, and Cochrane Central Reg-
ister of Controlled Trials) were searched for relevant stud-
ies on April 05, 2022. The search strategy is presented in 
Table S1 (see electronic supplementary material [ESM]). 
Two reviewers independently screened each article's title, 
abstract, and full text. Any discrepancies in the results were 
resolved by consulting a third independent reviewer.

2.2 � Study Selection

Studies that met the following criteria were included in our 
systematic review: (i) studies including healthy individu-
als without any age limitations; (ii) studies including face 
masks, such as surgical masks, cloth masks, and FFP2/N95 
respirators, which were available in the market and used by 
the general public while performing exercise; (iii) studies 
that performed comparisons among those wearing and not 
wearing (‘no masks’) face masks. (iv) the outcomes were 
physiological indicators (e.g., SpO2, oxygen uptake [VO2], 
carbon dioxide production [VCO2], pulmonary function, 
heart rate, lactate), psychological responses (e.g., RPE, 
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thermal sensation, dyspnea, and fatigue level), and exercise 
performance; (v) the study adopted a randomized controlled 
design (crossover or parallel) or repeated measure design, 
(vi) studies were peer-reviewed and written in English. Stud-
ies were excluded if they (i) were comments, editorials, or 
reviews; (ii) involved participants with COVID-19 infection, 
or other clinical disease; (iii) included training masks.

2.3 � Data Extraction

Two reviewers (CZ and KW) independently extracted the 
data. The characteristics of the included studies are summa-
rized in Table 1. The following information was extracted: 
background (name of first author and year of publication), 
characteristics of participants (health status, number of 
participants, age, and sex), study design, exercise protocol, 
included mask types, physiological and psychological con-
stituents studied, and main results.

For pooled analysis, the mean and standard deviation of 
physiological and psychological parameters in ‘mask-on’ 
and ‘mask-off’ conditions were extracted by two review-
ers. The measurement at the end of the exercise period was 
retrieved, which reflected the most stressful point of the 
exercise test [16]. For example, if a progressive intensity 
protocol applied the exercise test until exhaustion, only the 
value at the end of the final phase was extracted. For missing 
data, the corresponding author of the study was contacted. If 
the missing data remained unavailable, the available graph 
data were extracted using WebPlotDigitizer [20].

2.4 � Risk of Bias and Publication Bias

Two reviewers assessed the risk of bias for each included 
study using the revised Cochrane risk-of-bias tool for rand-
omized trials (RoB 2) and RoB 2 additional considerations 
for crossover trials [21, 22]. This included six domains: ran-
domization, period and carryover effects, deviation from the 
intended intervention, missing outcome data, measurement, 
and selection of reported results. Each domain was catego-
rized as ‘high risk,’ ‘some concerns,’ or ‘low risk,’ and the 
six domains were used to rate the overall bias [22]. Moreo-
ver, funnel plots were constructed to visually represent the 
publication bias if at least 10 studies were included in the 
meta-analysis.

2.5 � Statistical Analysis

The meta-analysis was performed using Review Manager 
version 5.4. software (The Cochrane Collaboration, 2020) 
and the random effects models (DerSimonian and Laird). 
Meta-analysis was used to perform a statistical analysis of 
the outcomes reported by at least four studies. Sub-group 

analyses were performed on different types of face masks 
if at least two studies examined the same type of face mask 
and on different types of exercise (progressive exercise 
test and steady-state exercise). Standardized mean differ-
ences (SMDs) with 95% confidence intervals (CIs) were 
determined to analyze exercise performance, VO2, VCO2, 
RPE, dyspnea, fatigue level, and thermal sensation, while 
the mean differences (MDs) and 95% CIs were used to ana-
lyze the remaining parameters. Sensitivity analyses were 
performed based on each study’s risk-of-bias score and 
population. A p value < 0.05 was considered statistically 
significant. I2 values were used to represent statistical het-
erogeneity and were classified as low (0–25%), moderate 
(26–50%), substantial (50–75%), and high (> 75%) [23].

3 � Results

3.1 � Study Selection

The review identified 8109 records on searching the six data-
bases. After removing duplicates, 5696 articles remained, 
and 92 passed the title and abstract screening. Forty-seven 
articles were excluded for different reasons, including 
participants with clinical diseases or pregnancy (n = 19), 
no required face mask (n = 9), no suitable control group 
(n = 9), review or commentary paper (n = 6), and abstract 
only (n = 4). Finally, 45 and 43 articles were included in the 
present systematic review and meta-analysis, respectively, 
and the details of this process are shown in Fig. 1.

3.2 � Characteristics of the Included Studies

Most included studies were randomized crossover studies 
(n = 42), while two studies were randomized controlled tri-
als [24, 25] and one study used a non-randomized repeated 
measure [26]. Except for three studies that involved children 
[27–29], all the other studies involved adults, including ath-
letes (n = 3) [30–32], recreational athletes (n = 2) [33, 34], 
and healthy adults (n = 37) [3, 12–15, 18, 24–26, 35–62], 
with a total of 1264 participants (708 men, 556 women) 
included. Overall, 37 studies included both men and women, 
while eight included only men. Surgical masks were used in 
36 studies, in contrast to the 20 and eight studies that used 
the FFP2/N95 respirators and cloth masks, respectively.

Overall, 22 studies used a progressive exercise test [3, 
12, 14, 18, 24, 26, 30, 35, 36, 39, 41, 43–45, 48, 50, 51, 
53–55, 59, 60], while 19 employed the steady-state constant 
exercise test [13, 15, 25, 29, 31, 34, 37, 38, 40, 42, 46, 47, 
49, 52, 56–58, 61, 62], and two used interval exercise tests 
[28, 32]. Moreover, one study used a resistance exercise test 
[33], and one used a sit-to-stand test [27].



	 C. Zheng et al.

Ta
bl

e 
1  

D
es

cr
ip

tio
n 

of
 in

cl
ud

ed
 st

ud
ie

s

St
ud

y
Pa

rti
ci

pa
nt

s’
 h

ea
lth

 st
at

us
N

 (s
ex

), 
ag

e
St

ud
y 

de
si

gn
Ex

er
ci

se
 p

ro
to

co
l

Fa
ce

 m
as

k
O

ut
co

m
es

M
ai

n 
fin

di
ng

s

A
de

 e
t a

l. 
(2

02
1)

 [3
9]

H
ea

lth
y

N
 =

 11
 (5

 m
al

es
)

30
 ±

 11
 y

ea
rs

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(c

yc
lin

g)
:

In
cr

ea
se

d 
at

 2
0 

W
/m

in
 

un
til

 th
e 

pa
rti

ci
pa

nt
 

co
ul

d 
no

t m
ai

nt
ai

n 
th

e 
pe

da
l c

ad
en

ce
 o

f 6
0 

rp
m

C
on

st
an

t-l
oa

d 
ex

er
ci

se
:

C
yc

lin
g 

at
 9

5 
an

d 
12

7 
W

SM N
95

Fl
an

ne
l m

as
k

N
M

Sp
O

2
H

R
PO

2
PC

O
2

R
R

St
ro

ke
 v

ol
um

e
C

ar
di

ac
 o

ut
pu

t
D

ys
pn

ea

PE
T:

SM
/N

95
/F

la
nn

el
 m

as
k 

vs
 

N
M

: d
ys

pn
ea

 ↑
C

on
st

an
t-l

oa
d 

ex
er

ci
se

:
SM

 v
s N

M
: H

R
 ↑

 (9
5 

W
)

PO
2 ↓

PC
O

2 ↑

A
hm

ad
ia

n 
et

 a
l. 

(2
02

1)
 

[2
4]

H
ea

lth
y

N
 =

 14
4 

(7
2 

m
al

es
)

>
 20

 y
ea

rs

R
an

do
m

iz
ed

 c
on

-
tro

lle
d

Su
bm

ax
im

al
 e

xe
rc

is
e:

W
al

ki
ng

 o
r j

og
gi

ng
 a

t a
 

sp
ee

d 
of

 1
.3

4 
m

/s
 w

ith
 

5%
 g

ra
de

 fo
r 2

0 
m

in
M

ax
im

al
 e

xe
rc

is
e 

(m
od

i-
fie

d 
B

ru
ce

 p
ro

to
co

l):
St

ag
es

 1
–3

 a
t 1

.7
 m

/h
 

an
d 

w
ith

 0
, 5

, a
nd

 1
0%

 
gr

ad
ie

nt
s, 

st
ag

es
 4

–6
 a

t 
2.

5,
 4

.2
 a

nd
 5

 m
/h

 a
nd

 
w

ith
 1

2,
 1

6 
an

d 
18

%
 

gr
ad

ie
nt

s

SM N
95

N
M

H
R

B
P

H
em

at
ol

og
ic

al
 p

ro
fil

es

SM
/N

95
 v

s N
M

: N
S

A
kg

ül
 e

t a
l. 

(2
02

1)
 [4

9]
H

ea
lth

y
N

 =
 30

 (1
6 

m
al

es
)

32
 ±

 1.
07

 y
ea

rs

R
an

do
m

iz
ed

 c
ro

ss
ov

er
1-

h 
br

is
k 

w
al

ki
ng

 
(5

0–
55

%
 H

R
m

ax
)

SM N
M

H
R

Sp
O

2
Pu

ls
e 

ra
te

B
P

SM
 v

s N
M

: S
pO

2 ↓

A
lk

an
 e

t a
l. 

(2
02

1)
 [5

0]
H

ea
lth

y
N

 =
 26

 (1
1 

m
al

es
)

37
.3

5 ±
 15

.9
9 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(r

un
ni

ng
)

A
 m

ax
im

al
 e

xe
rc

is
e 

te
st 

on
 a

 tr
ea

dm
ill

 u
si

ng
 th

e 
B

ru
ce

 p
ro

to
co

l

SM N
M

Ex
er

ci
se

 d
ur

at
io

n
VO

2p
ea

k
V

E
R

R
H

R
B

P
M

ET
Sp

O
2

D
ys

pn
ea

En
er

gy
 e

xp
en

di
tu

re

SM
 v

s N
M

:
M

ET
 ↓

VO
2p

ea
k ↓

V
E 
↓

En
er

gy
 e

xp
en

di
tu

re
 ↓

Ex
er

ci
se

 d
ur

at
io

n 
(m

al
es

) ↓
R

R
 (m

al
es

) ↓
H

R
 (m

al
es

) ↓

B
ar

-O
n 

et
 a

l. 
(2

02
1)

 [5
2]

H
ea

lth
y

N
 =

 21
 (1

0 
m

al
es

)
29

–5
7 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
Sl

ow
 w

al
k 

(4
 k

m
/h

) a
t 

tre
ad

m
ill

B
ris

k 
w

al
k 

(7
 k

m
/h

) a
t 

tre
ad

m
ill

SM N
M

Et
CO

2
Sp

O
2

R
PE

SM
 v

s N
M

:
Et

CO
2 ↑

R
PE

 ↑

B
ol

dr
in

i e
t a

l. 
(2

02
0)

 [3
8]

H
ea

lth
y

N
 =

 25
 (1

7 
m

al
es

)
34

 ±
 10

 y
ea

rs

R
an

do
m

iz
ed

 c
ro

ss
ov

er
Re

pe
at

ed
 c

yc
le

 e
rg

om
et

er
 

te
sts

(1
0 

m
in

 a
t 1

00
 W

 +
 3 

m
in

 
at

 1
50

 W
)

SM N
M

H
R

La
ct

at
e

R
PE

D
ys

pn
ea

SM
 v

s N
M

: d
ys

pn
ea

 ↑



Effect of Mask Wearing During Exercise

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
Pa

rti
ci

pa
nt

s’
 h

ea
lth

 st
at

us
N

 (s
ex

), 
ag

e
St

ud
y 

de
si

gn
Ex

er
ci

se
 p

ro
to

co
l

Fa
ce

 m
as

k
O

ut
co

m
es

M
ai

n 
fin

di
ng

s

C
ab

an
ill

as
-B

ar
ea

 e
t a

l. 
(2

02
1)

 [2
5]

H
ea

lth
y

N
 =

 50
 (2

6 
m

al
es

)
20

.9
6 ±

 5.
36

 y
ea

rs

R
an

do
m

iz
ed

 c
on

-
tro

lle
d

6-
m

in
 w

al
k 

te
st

SM FF
P2

/N
95

N
M

H
R

Sp
O

2
D

ist
an

ce
D

ys
pn

ea

SM
/F

FP
2/

N
95

 v
s N

M
:

D
ys

pn
ea

 ↑

D
an

ta
s e

t a
l. 

(2
02

1)
 [3

2]
Tr

ac
k 

an
d 

fie
ld

 a
th

le
te

s
N

 =
 10

 (7
 m

al
es

)
23

 ±
 4 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
5 ×

 30
 m

 sp
rin

ts
, w

ith
 a

 
pa

ss
iv

e 
4-

m
in

 in
te

rv
al

 
be

tw
ee

n 
ru

ns
, p

er
-

fo
rm

ed
 o

n 
an

 o
ut

do
or

 
ru

nn
in

g 
tra

ck

C
M

N
M

Sp
rin

t t
im

es
A

cc
el

er
at

io
ns

R
PE

C
M

 v
s N

M
: R

PE
 ↑

D
iro

l e
t a

l. 
(2

02
1)

 [1
3]

H
ea

lth
y

N
 =

 10
0 

(4
2 

m
al

es
)

40
.8

7 ±
 12

.7
3 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
6-

m
in

 w
al

k 
te

st
SM N

M
Sp

O
2

Et
CO

2
R

R
H

R
B

P
D

ist
an

ce
D

is
co

m
fo

rt
B

od
y 

te
m

pe
ra

tu
re

SM
 v

s N
M

:
Et

CO
2 ↑

H
R

 ↑
R

R
 ↑

Sp
O

2 ↓
D

ist
an

ce
 ↓

D
oh

er
ty

 e
t a

l. 
(2

02
1)

 [3
7]

H
ea

lth
y

N
 =

 12
 (7

 m
al

es
)

26
 ±

 3 
ye

ar
s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
8-

m
in

 c
yc

lin
g 

tri
al

s 
on

 a
n 

el
ec

tro
ni

ca
lly

 
br

ak
ed

 c
yc

le
 e

rg
om

et
er

 
(s

ub
m

ax
im

al
 e

xe
rc

is
e 

in
te

ns
ity

)

SM C
M

N
M

H
R

R
R

Sp
O

2
D

ys
pn

ea
Pe

tC
O

2
Pe

tO
2

P I
O

2
P I

CO
2

La
bo

ra
to

ry
 c

on
tro

l a
nd

 
ec

ol
og

ic
al

 c
on

tro
l:

C
M

 v
s S

M
, N

M
: D

ys
p-

ne
a 
↑

La
bo

ra
to

ry
 c

on
tro

l:
SM

, C
M

 v
s N

M
: P

IO
2 ↑

Ec
ol

og
ic

al
 c

on
tro

l:
C

M
 v

s N
M

: P
et

CO
2 
↑ 

Pe
tO

2 ↓
D

riv
er

 e
t a

l. 
(2

02
1)

 [1
2]

H
ea

lth
y

N
 =

 32
 (1

7 
m

al
es

)
23

.2
 ±

 3.
1 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(r

un
ni

ng
)

In
cr

em
en

ta
l c

ar
di

op
ul

-
m

on
ar

y 
ex

er
ci

se
 te

st 
us

in
g 

a 
B

ru
ce

 tr
ea

dm
ill

 
pr

ot
oc

ol

C
M

N
M

H
R

B
P

Sp
O

2
R

PE
D

ys
pn

ea
V

E
VO

2
V

E/
VC

O
2

R
R

V
T

O
ve

ra
ll 

di
sc

om
fo

rt

C
M

 v
s N

M
:

VO
2 ↓

V
E 
↓

Sp
O

2 ↓
R

R
 ↓

V
T 
↓

H
R

 ↑
D

ys
pn

ea
 ↑



	 C. Zheng et al.

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
Pa

rti
ci

pa
nt

s’
 h

ea
lth

 st
at

us
N

 (s
ex

), 
ag

e
St

ud
y 

de
si

gn
Ex

er
ci

se
 p

ro
to

co
l

Fa
ce

 m
as

k
O

ut
co

m
es

M
ai

n 
fin

di
ng

s

Eg
ge

r e
t a

l. 
(2

02
1)

 [3
0]

W
el

l t
ra

in
ed

, h
ea

lth
y 

at
hl

et
es

N
 =

 16
 (1

6 
m

al
es

)
27

 ±
 7 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(c

yc
lin

g)
St

ar
t a

t 1
00

 o
r 1

50
 W

 a
nd

 
w

or
kl

oa
d 

w
as

 in
cr

ea
se

d 
ev

er
y 

3 
m

in
 b

y 
50

 W
 

un
til

 e
xh

au
sti

on

FF
P2

SM N
M

M
ax

im
al

 p
er

fo
rm

an
ce

H
R

B
P

V
E

VC
O

2
VO

2
La

ct
at

e
R

PE

SM
, F

FP
2 

vs
 N

M
: m

ax
im

al
 

pe
rfo

rm
an

ce
 ↓

SM
 v

s N
M

: l
ac

ta
te

 ↓
SM

, F
FP

2 
vs

 N
M

: V
O

2↓
SM

, F
FP

2 
vs

 N
M

: V
E↓

Ep
ste

in
 e

t a
l. 

(2
02

1)
 [1

4]
H

ea
lth

y
N

 =
 16

 (1
6 

m
al

es
)

34
 ±

 4 
ye

ar
s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(c

yc
lin

g)
St

ar
t a

t 2
5 

W
 a

nd
 th

e 
lo

ad
 

w
as

 in
cr

ea
se

d 
ev

er
y 

3 
m

in
 b

y 
25

 W
 u

nt
il 

ex
ha

us
tio

n

SM N
95

N
M

Ti
m

e 
to

 e
xh

au
sti

on
B

P
H

R
Sp

O
2

R
R

Et
CO

2
R

PE

N
95

 v
s N

M
: E

tC
O

2 ↑
10

0%
 e

xh
au

sti
on

: S
M

 v
s 

N
M

: E
tC

O
2↑

Fi
ke

nz
er

 e
t a

l. 
(2

02
0)

 [3
]

H
ea

lth
y

N
 =

 12
 (1

2 
m

al
es

)
38

.1
 ±

 6.
2 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(c

yc
lin

g)
St

ar
t a

t 5
0 

W
 a

nd
 th

e 
lo

ad
 

w
as

 in
cr

ea
se

d 
ev

er
y 

3 
m

in
 b

y 
50

 W
 u

nt
il 

ex
ha

us
tio

n

FF
P2

/N
95

SM N
M

M
ax

im
al

 p
er

fo
rm

an
ce

H
R

VO
2m

ax
V

E
PC

O
2

PO
2

R
R

V
T

av
D

O
2

La
ct

at
e

B
P

FF
PM

 v
s N

M
:

M
ax

im
al

 p
er

fo
rm

an
ce

 ↓
VO

2m
ax

 ↓
av

D
O

2 ↓
V

E 
↓

R
R

 ↓
V

T 
↓

Fu
ku

sh
i e

t a
l. 

(2
02

1)
 [3

6]
H

ea
lth

y
N

 =
 24

 (1
5 

m
al

es
)

21
.0

 ±
 0.

8 
y

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(w

al
ki

ng
)

Sy
m

pt
om

 li
m

ite
d 

gr
ad

ed
 

ex
er

ci
se

 tr
ea

dm
ill

 te
st 

us
in

g 
a 

m
od

ifi
ed

 B
al

ke
 

pr
ot

oc
ol

SM C
M

N
M

Pu
ls

e 
ra

te
Sp

O
2

R
PE

SM
, C

M
 v

s N
M

:
Pu

ls
e 

ra
te

 ↑
R

PE
 ↑

G
oh

 e
t a

l. 
(2

01
9)

 [2
9]

H
ea

lth
y

N
 =

 10
6 

(5
9 

m
al

es
)

7–
14

 y
ea

rs

R
an

do
m

iz
ed

 c
ro

ss
ov

er
B

ris
k 

w
al

k 
on

 th
e 

tre
ad

m
ill

 (5
0–

60
%

 o
f 

pr
ed

ic
te

d 
m

ax
im

al
 H

R
)

N
95

N
M

Et
CO

2
FI

CO
2

R
R

H
R

Sp
O

2

N
95

 v
s N

M
:

Et
CO

2 ↑
FI

CO
2 ↑

H
off

m
an

n 
(2

02
1)

 [3
1]

H
ea

lth
y,

 sp
or

ts
 st

ud
en

ts
N

 =
 38

 (1
6 

m
al

es
)

22
.9

 ±
 2.

6 
ye

ar
s (

m
al

es
)

22
.6

 ±
 1.

3 
ye

ar
s (

fe
m

al
es

)

R
an

do
m

iz
ed

 c
ro

ss
ov

er
15

-m
in

 e
nd

ur
an

ce
 ru

ns
 a

t 
a 

co
ns

ta
nt

 sp
ee

d
SM C

M
N

M

H
R

Sp
O

2
R

PE

SM
/C

M
 v

s N
M

:
H

R
 ↑

R
PE

 ↑



Effect of Mask Wearing During Exercise

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
Pa

rti
ci

pa
nt

s’
 h

ea
lth

 st
at

us
N

 (s
ex

), 
ag

e
St

ud
y 

de
si

gn
Ex

er
ci

se
 p

ro
to

co
l

Fa
ce

 m
as

k
O

ut
co

m
es

M
ai

n 
fin

di
ng

s

H
ua

 e
t a

l. 
(2

02
1)

 [3
5]

H
ea

lth
y

N
 =

 23
 (6

 m
al

es
)

26
.9

 ±
 3.

72
 y

ea
rs

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(r

un
ni

ng
)

St
ar

t a
t 8

.0
 k

m
/h

 a
nd

 
in

cr
ea

se
d 

by
 2

.0
 k

m
/h

 a
t 

3-
m

in
 in

te
rv

al
s u

nt
il 

th
e 

H
R

 re
ac

he
d 

19
0 

be
at

s/
m

in

SM N
95

N
M

B
P

H
R

Sp
O

2
Ve

ss
el

 d
en

si
ty

M
ax

im
um

 ru
nn

in
g 

tim
e

M
ax

im
um

 ru
nn

in
g 

sp
ee

d

SM
/N

95
 v

s N
M

:
Sp

O
2 ↑

H
R

 a
nd

 v
es

se
l d

en
si

ty
 in

 
su

pe
rfi

ci
al

 p
le

xu
s ↓

M
ax

im
um

 ru
nn

in
g 

tim
e 
↓

M
ax

im
um

 ru
nn

in
g 

sp
ee

d 
↓

Je
su

s e
t a

l. 
(2

02
1)

 [6
2]

H
ea

lth
y

N
 =

 32
 (1

6 
m

al
es

)
24

.0
 ±

 3.
3 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
Re

pe
at

ed
 c

yc
le

 e
rg

om
et

er
 

te
sts

(1
0-

m
in

 a
t v

en
til

at
or

y 
th

re
sh

ol
d 

w
or

k 
ra

te
 

−
 25

%
 +

 10
-m

in
 a

t v
en

-
til

at
or

y 
th

re
sh

ol
d 

w
or

k 
ra

te
 +

 25
%

)

SM N
M

VO
2

V
E

V
T

V
E/
VC

O
2

H
R

R
R

Ve
nt

ila
to

ry
 th

re
sh

ol
d 

w
or

k 
ra

te
 +

 25
%

:
SM

 v
s N

M
:

V
E 
↓

VO
2 ↓

R
R

 ↓
V

E/
VC

O
2 ↓

Jo
ne

s (
19

91
) [

61
]

H
ea

lth
y

N
 =

 10
 (1

0 
m

al
es

)
29

.6
 ±

 4.
4 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(r

un
ni

ng
)

In
cr

em
en

ta
l p

ro
to

co
l w

ith
 

th
re

e 
5-

m
in

 st
ag

es
 a

t 
lig

ht
 (<

 25
%

 V
O

2m
ax

), 
m

od
er

at
e 

(2
6–

50
%

 
VO

2m
ax

), 
an

d 
he

av
y 

(5
1–

75
%

 V
O

2m
ax

) 
in

te
ns

ity

N
95

N
M

H
R

R
R

B
P

N
95

 v
s N

M
:

R
R

 ↑
SB

P 
(h

ea
vy

 in
te

ns
ity

) ↑
D

B
P 

(m
od

er
at

e,
 h

ea
vy

 
in

te
ns

ity
) ↑

H
R

 (h
ea

vy
 in

te
ns

ity
) ↑

K
am

pe
rt 

et
 a

l. 
(2

02
1)

 [1
8]

H
ea

lth
y

N
 =

 20
 (1

1 
m

al
es

)
25

.0
 ±

 2.
4 

ye
ar

s (
m

al
es

)
25

.1
 ±

 4.
2 

ye
ar

s (
fe

m
al

es
)

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(r

un
ni

ng
)

Th
e 

gr
ad

e 
in

cr
ea

se
d 

be
gi

nn
in

g 
at

 th
e 

se
co

nd
 

m
in

 fr
om

 0
.0

 to
 2

.0
%

 
an

d 
in

cr
ea

se
d 

in
 a

 fi
xe

d 
in

cr
em

en
t o

f 1
.0

%
 e

ve
ry

 
m

in
 u

nt
il 

vo
lit

io
na

l 
fa

tig
ue

N
95

C
M

N
M

VO
2

M
ET

C
a-

vO
2

Sp
O

2
H

R
R

PE
O

ve
ra

ll 
di

sc
om

fo
rt

C
M

, N
95

 v
s N

M
:

VO
2 ↓

H
R

 ↓
M

ET
 ↓

C
a-

vO
2 ↓

C
M

, N
95

 v
s N

M
: o

ve
ra

ll 
di

sc
om

fo
rt 
↑

K
at

o 
et

 a
l. 

(2
02

1)
 [4

0]
H

ea
lth

y
N

 =
 12

 (8
 m

al
es

)
23

 ±
 3 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
Tr

ea
dm

ill
 e

xe
rc

is
e 

fo
r 

30
 m

in
 (6

 k
m

/h
, 5

%
 

sl
op

e)

SM N
M

H
R

Th
er

m
al

 se
ns

at
io

n
Th

er
m

al
 d

is
co

m
fo

rt
H

um
id

 se
ns

at
io

n
Ph

ys
ic

al
 fa

tig
ue

Re
la

tiv
e 

hu
m

id
ity

 o
f t

he
 

fa
ce

SM
 v

s N
M

:
Th

er
m

al
 se

ns
at

io
n 
↑

Th
er

m
al

 d
is

co
m

fo
rt 
↑

H
um

id
 se

ns
at

io
n 
↑

Re
la

tiv
e 

hu
m

id
ity

 o
f t

he
 

fa
ce

 ↑

K
im

 e
t a

l. 
(2

01
3)

 [1
5]

H
ea

lth
y

N
 =

 20
 (1

3 
m

al
es

)
23

 ±
 2.

9 
ye

ar
s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
1-

h 
tre

ad
m

ill
 w

al
k 

(5
.6

 k
m

/h
, 0

%
 g

ra
de

)
N

95
 w

ith
 e

xh
al

at
io

n 
va

lv
es

N
95

 w
ith

ou
t e

xh
al

at
io

n 
va

lv
es

N
M

tc
PC

O
2

Sp
O

2
H

R
R

R

N
95

 v
s N

M
:

tc
PC

O
2 ↑

H
R

 ↑
R

R
 ↑



	 C. Zheng et al.

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
Pa

rti
ci

pa
nt

s’
 h

ea
lth

 st
at

us
N

 (s
ex

), 
ag

e
St

ud
y 

de
si

gn
Ex

er
ci

se
 p

ro
to

co
l

Fa
ce

 m
as

k
O

ut
co

m
es

M
ai

n 
fin

di
ng

s

K
im

 e
t a

l. 
(2

01
6)

 [5
6]

H
ea

lth
y

N
 =

 12
 (1

2 
m

al
es

)
23

.5
 ±

 1.
6 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
1-

h 
tre

ad
m

ill
 e

xe
rc

is
e 

(5
.6

 k
m

/h
, 0

%
 g

ra
de

)
N

95
P1

00
N

M

Sp
O

2
tc

PC
O

2
H

R
R

R
R

PE
B

re
at

hi
ng

 c
om

fo
rt

Th
er

m
al

 se
ns

at
io

n

N
95

/P
10

0 
vs

 N
M

:
B

re
at

hi
ng

 c
om

fo
rt 
↑

Li
 e

t a
l. 

(2
02

1)
 [4

1]
H

ea
lth

y
N

 =
 10

 (5
 m

al
es

)
21

.0
0 ±

 1.
58

 y
ea

rs
 (m

al
es

)
21

.2
0 ±

 0.
45

 y
ea

rs
 

(fe
m

al
es

)

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(c

yc
lin

g)
St

ar
t c

yc
lin

g 
at

 0
 W

, 
60

 rp
m

 fo
r 2

 m
in

 a
nd

 
th

e 
lo

ad
 w

as
 in

cr
ea

se
d

SM N
M

VO
2

Sp
O

2
H

R
V

T
B

re
at

hi
ng

 re
se

rv
e 

in
 

pe
rc

en
ta

ge
V

E
V

E/
VC

O
2

R
PE

SM
 v

s N
M

:
V

T 
↓

V
E 
↓

SM
 v

s N
M

 (f
em

al
es

):
VO

2 ↓
SM

 v
s N

M
 (m

al
es

):
H

R
 ↓

Lä
ss

in
g 

et
 a

l. 
(2

02
0)

 [4
2]

H
ea

lth
y

N
 =

 14
 (1

4 
m

al
es

)
25

.7
 ±

 3.
5 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
30

-m
in

 c
yc

lin
g 

at
 

m
ax

im
al

 la
ct

at
e 

ste
ad

y 
st

at
e 

w
ith

 a
 m

in
im

um
 

fr
eq

ue
nc

y 
of

 6
0 

rp
m

SM N
M

av
D

O
2

B
P

H
R

R
R

V
E

V
E/
VC

O
2

VC
O

2
VO

2
V

T
R

PE
In

sp
ira

to
ry

 ti
m

e
A

lv
eo

la
r v

en
til

at
io

n

SM
 v

s N
M

:
VC

O
2 ↓

VO
2 ↓

V
E 
↓

R
R

 ↓
av

D
O

2 ↓
SM

 v
s N

M
:

H
R

 ↑
In

sp
ira

to
ry

 ti
m

e 
↑

A
lv

eo
la

r v
en

til
at

io
n 
↓

M
ap

el
li 

et
 a

l. 
(2

02
1)

 [4
3]

H
ea

lth
y

N
 =

 12
 (6

 m
al

es
)

40
.8

 ±
 12

.4
 y

ea
rs

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(c

yc
lin

g)
In

cr
em

en
ta

l c
ar

di
op

ul
-

m
on

ar
y 

ex
er

ci
se

 te
st 

us
in

g 
a 

pe
rs

on
al

iz
ed

 
ra

m
p 

pr
ot

oc
ol

 a
im

ed
 a

t 
ac

hi
ev

in
g 

pe
ak

 e
xe

rc
is

e 
in

 1
0 

m
in

SM FF
P2

N
M

H
R

VC
O

2
VO

2
V

E
R

R
V

T
Pe

tO
2

Pe
tC

O
2

Sp
O

2
R

PE

SM
, F

FP
2 

vs
 N

M
:

VC
O

2 ↓
V

E 
↓

V
T 
↓

SM
 v

s N
M

:
VO

2 ↓
SM

, F
FP

2 
vs

 N
M

:
Pe

tC
O

2 ↑
FF

P2
 v

s N
M

:
Pe

tO
2 ↓

SM
 v

s N
M

:
R

R
 ↓

VO
2 ↓



Effect of Mask Wearing During Exercise

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
Pa

rti
ci

pa
nt

s’
 h

ea
lth

 st
at

us
N

 (s
ex

), 
ag

e
St

ud
y 

de
si

gn
Ex

er
ci

se
 p

ro
to

co
l

Fa
ce

 m
as

k
O

ut
co

m
es

M
ai

n 
fin

di
ng

s

N
g 

et
 a

l. 
(2

02
2)

 [5
3]

H
ea

lth
y,

 tr
ai

ne
d

N
 =

 8 
(4

 m
al

es
)

24
.5

 ±
 3.

3 
ye

ar
s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(c

yc
lin

g)
B

eg
an

 a
t 5

0 
W

 a
nd

 e
ac

h 
3 

m
in

 th
e 

w
or

kl
oa

d 
in

cr
ea

se
d 

by
 2

5 
W

 u
nt

il 
ex

ha
us

tio
n

SM Ta
pe

d 
fil

te
r m

as
k

N
M

M
ax

im
al

 w
or

kl
oa

d
Ti

m
e 

to
 e

xh
au

sti
on

D
ys

pn
ea

H
R

La
ct

at
e

Sp
O

2

SM
 v

s N
M

:
Ti

m
e 

to
 e

xh
au

sti
on

 ↓
Ta

pe
d 

fil
te

r m
as

k 
vs

 N
M

:
M

ax
im

al
 w

or
kl

oa
d 
↓

Ti
m

e 
to

 e
xh

au
sti

on
 ↓

La
ct

at
e 
↓

O
ts

uk
a 

et
 a

l. 
(2

02
0)

 [5
1]

H
ea

lth
y

N
 =

 6 
(6

 m
al

es
)

24
 ±

 2.
1 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(c

yc
lin

g)
Th

e 
te

st 
pr

oc
ee

de
d 

to
 

co
nt

in
uo

us
 p

ed
al

in
g 

ex
er

ci
se

s a
t a

 g
ra

du
al

 
lo

ad
 o

f 2
0 

W
 p

er
 m

in

SM N
M

Po
w

er
 o

ut
pu

t
VO

2
V

E
R

PE
A

na
er

ob
ic

 th
re

sh
ol

d 
tim

e

SM
 v

s N
M

: R
PE

 ↑

Pi
m

en
ta

 e
t a

l. 
(2

02
1)

 [6
0]

H
ea

lth
y 

he
al

th
 p

ro
fe

s-
si

on
al

s
N

 =
 12

 (8
 m

al
es

)
29

.8
 ±

 5.
3 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(r

un
ni

ng
)

A
 sy

m
pt

om
-li

m
ite

d 
B

ru
ce

 
tre

ad
m

ill
 p

ro
to

co
l

SM FF
P2

N
M

Ex
er

ci
se

 te
sti

ng
 d

ur
at

io
n

R
PE

D
ys

pn
ea

Sp
O

2
H

R

FF
P2

 v
s N

M
:

R
PE

 ↑
D

ys
pn

ea
 ↑

Sp
O

2 ↓

Po
on

 e
t a

l. 
(2

02
1)

 [4
4]

H
ea

lth
y

N
 =

 13
 (7

 m
al

es
)

21
.9

 ±
 1.

4 
ye

ar
s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(r

un
ni

ng
)

In
cr

em
en

ta
l p

ro
to

co
l 

w
ith

 th
re

e 
6-

m
in

 st
ag

es
 

(li
gh

t, 
m

od
er

at
e,

 a
nd

 
vi

go
ro

us
 a

t 2
5,

 5
0,

 a
nd

 
75

%
 m

ax
im

al
 o

xy
ge

n 
up

ta
ke

, r
es

pe
ct

iv
el

y)

SM N
M

H
R

R
PE

La
ct

at
e

Sp
O

2

V
ig

or
ou

s i
nt

en
si

ty
:

SM
 v

s N
M

: R
PE

 ↑

Re
yc

hl
er

 e
t a

l. 
(2

02
2)

 [2
7]

H
ea

lth
y,

 c
hi

ld
re

n
N

 =
 37

 (1
6 

m
al

es
); 

8–
11

 y
ea

rs

R
an

do
m

iz
ed

 c
ro

ss
ov

er
1-

m
in

 si
t-t

o-
st

an
d 

te
sts

SM N
M

H
R

Sp
O

2
R

PE
Te

sts
 p

er
fo

rm
an

ce

SM
 v

s N
M

:
R

PE
 ↑

Ro
be

rg
e 

et
 a

l. 
(2

01
0)

 [5
8]

H
ea

lth
y

N
 =

 10
 (3

 m
al

es
)

M
ea

n 
25

 y
ea

rs

R
an

do
m

iz
ed

 c
ro

ss
ov

er
1-

h 
tre

ad
m

ill
 w

al
ki

ng
 a

t 
1.

7 
an

d 
2.

5 
m

/h
, r

es
pe

c-
tiv

el
y

N
95

 w
ith

 e
xh

al
at

io
n 

va
lv

es
N

95
 w

ith
ou

t e
xh

al
at

io
n 

va
lv

es
N

M

Sp
O

2
Pt

cC
O

2
R

R
V

T
V

E
H

R
R

PE
C

om
fo

rt 
sc

or
es

M
95

 v
s N

M
: N

S

Ro
be

rg
e 

et
 a

l. 
(2

01
2)

 [5
7]

H
ea

lth
y

N
 =

 20
 (1

3 
m

al
es

)
23

 ±
 2.

8 
ye

ar
s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
W

al
ke

d 
on

 a
 tr

ea
dm

ill
 a

t a
 

lo
w

-m
od

er
at

e 
w

or
k 

ra
te

 
(5

.6
 k

m
/h

) f
or

 1
 h

SM N
M

H
R

R
R

R
PE

Sp
O

2
tc

PC
O

2
Th

er
m

al
 se

ns
at

io
n

SM
 v

s N
M

:
H

R
 ↑

R
R

 ↑
tc

PC
O

2 ↑



	 C. Zheng et al.

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
Pa

rti
ci

pa
nt

s’
 h

ea
lth

 st
at

us
N

 (s
ex

), 
ag

e
St

ud
y 

de
si

gn
Ex

er
ci

se
 p

ro
to

co
l

Fa
ce

 m
as

k
O

ut
co

m
es

M
ai

n 
fin

di
ng

s

Ro
sa

 e
t a

l. 
(2

02
1)

 [3
3]

H
ea

lth
y 

re
cr

ea
tio

na
l 

w
ei

gh
tli

fte
rs

N
 =

 17
 (1

7 
m

al
es

)
27

.5
 ±

 4.
4 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
B

en
ch

 p
re

ss
 e

xe
rc

is
e:

H
ig

h 
in

te
ns

ity
 (7

0%
 o

f 
on

e 
m

ax
im

um
 re

pe
ti-

tio
n)

M
od

er
at

e 
in

te
ns

ity
 (5

0%
 

on
e 

m
ax

im
um

 re
pe

ti-
tio

n)

FF
P2

/N
95

N
M

M
PV

H
R

R
PE

Sp
O

2
B

P

FF
P2

/N
95

 v
s N

M
:

Sp
O

2 ↓
R

PE
 ↑

M
PV

 ↓
 (h

ig
h-

in
te

ns
ity

 
co

nd
iti

on
)

Ru
di

 e
t a

l. 
(2

02
1)

 [5
9]

H
ea

lth
y

N
 =

 20
 (1

0 
m

al
es

)
33

.4
 ±

 10
.3

 y
ea

rs

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(c

yc
lin

g)
A

n 
in

iti
al

 w
or

kl
oa

d 
of

 
70

 W
 fo

r m
al

e 
an

d 
of

 4
0 

W
 fo

r f
em

al
e 

pa
rti

ci
pa

nt
s f

ol
lo

w
ed

 b
y 

in
cr

ea
se

s o
f 3

0 
W

 e
ve

ry
 

3 
m

in
 a

t 7
0–

90
 rp

m

SM FF
P2

N
M

B
P

H
R

PO
2

PC
O

2
R

PE
Pe

ak
 p

er
fo

rm
an

ce

SM
/F

FP
2 

vs
 N

M
:

PO
2 ↓

PC
O

2 ↑
FF

P2
 v

s N
M

:
R

PE
 ↑

Pe
ak

 p
er

fo
rm

an
ce

 ↓

Sh
aw

 e
t a

l. 
(2

02
0)

 [4
5]

H
ea

lth
y

N
 =

 14
 (7

 m
al

es
)

28
.2

 ±
 8.

7 
ye

ar
s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(c

yc
lin

g)
St

ar
t r

an
ge

d 
fro

m
 3

5 
to

 1
00

 W
 a

nd
 w

as
 

in
cr

ea
se

d 
35

 W
 e

ve
ry

 
2 

m
in

 u
nt

il 
vo

lit
io

na
l 

fa
tig

ue

SM C
M

N
M

R
PE

H
R

Sp
O

2
Ti

m
e 

to
 e

xh
au

sti
on

Ex
er

ci
se

 p
er

fo
rm

an
ce

SM
/C

M
 v

s N
M

: N
S

Sh
aw

 e
t a

l. 
(2

02
1)

 [2
8]

Yo
ut

h 
ho

ck
ey

 p
la

ye
rs

N
 =

 26
 (2

1 
m

al
es

)
11

.7
 ±

 1.
6 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
Si

m
ul

at
ed

 h
oc

ke
y 

pe
rio

d
Si

x 
sh

ift
s, 

20
 s 

of
 ‘e

as
y’

 
pe

da
lin

g 
(4

0%
 p

ea
k 

po
w

er
), 

10
 s 

of
 ‘h

ar
d’

 
pe

da
lin

g 
(9

5%
 p

ea
k 

po
w

er
), 

20
 s 

of
 ‘e

as
y’

 
pe

da
lin

g,
 w

ith
 5

 m
in

 
re

sts
 b

et
w

ee
n 

sh
ift

s

SM N
M

Pe
ak

 p
ow

er
H

R
Sp

O
2

R
PE

Ti
ss

ue
 o

xy
ge

na
tio

n 
in

de
x

SM
 v

s N
M

:
Ti

ss
ue

 o
xy

ge
na

tio
n 

in
de

x 
↓

(m
al

es
: s

hi
fts

 1
–6

;
fe

m
al

es
: s

hi
fts

 7
)

R
PE

 ↑
 (f

em
al

es
, s

hi
fts

 5
–7

)

Sh
ui

 e
t a

l. 
(2

02
2)

 [5
5]

H
ea

lth
y

N
 =

 12
 (6

 m
al

es
)

34
 ±

 4 
ye

ar
s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(c

yc
lin

g)
Th

e 
w

or
kl

oa
d 

in
cr

ea
se

d 
ev

er
y 

1 
m

in
 b

y 
15

 W
 

fo
r f

em
al

e 
pa

rti
ci

pa
nt

s 
an

d 
20

 W
 fo

r m
al

es
 a

t 
55

–6
5 

rp
m

 u
nt

il 
ex

ha
us

-
tio

n

SM N
95

N
M

In
sp

ira
to

ry
 fl

ow
In

sp
ira

to
ry

 ti
m

e
V

T
V

E
Pe

tC
O

2
R

R
H

R
VO

2
D

ys
pn

ea
V

E/
VC

O
2

V
E/
VO

2
VO

2/H
R

SM
/N

95
 v

s N
M

:
In

sp
ira

to
ry

 fl
ow

 ↓
In

sp
ira

to
ry

 ti
m

e 
↑

V
E 
↓

VO
2 ↓

R
R

 ↓
VO

2/H
R

 ↓
D

ys
pn

ea
 ↑

V
T 
↓ 

(o
nl

y 
SM

)
V

E/
VO

2 ↓
 (o

nl
y 

N
95

)
V

E/
VC

O
2 ↓

 (o
nl

y 
N

95
)

Pe
tC

O
2 ↓

 (o
nl

y 
N

95
)



Effect of Mask Wearing During Exercise

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
Pa

rti
ci

pa
nt

s’
 h

ea
lth

 st
at

us
N

 (s
ex

), 
ag

e
St

ud
y 

de
si

gn
Ex

er
ci

se
 p

ro
to

co
l

Fa
ce

 m
as

k
O

ut
co

m
es

M
ai

n 
fin

di
ng

s

St
ei

nh
ilb

er
 e

t a
l. 

(2
02

2)
 

[5
4]

H
ea

lth
y

N
 =

 39
 (2

0 
m

al
es

)
38

.2
 ±

 14
.2

 y
ea

rs

R
an

do
m

iz
ed

 c
ro

ss
ov

er
Ph

ys
ic

al
 w

or
ki

ng
 c

ap
ac

ity
 

(P
W

C
) s

ub
m

ax
 te

st:
C

yc
lin

g 
st

ar
te

d 
w

ith
 2

5 
W

 
or

 5
0 

W
 a

nd
 in

cr
ea

se
d 

ev
er

y 
2 

m
in

 b
y 

25
 W

 
un

til
 th

e 
le

ve
l c

or
re

-
sp

on
di

ng
 to

 7
0–

80
%

 o
f 

th
e 

in
iti

al
 P

W
C

m
ax

 w
as

 
re

ac
he

d

SM FF
P2

C
M

N
M

Sp
O

2
SB

P
D

B
P

R
R

tc
PC

O
2

Pe
rc

ei
ve

d 
re

sp
ira

to
ry

 
eff

or
t

Pe
rc

ei
ve

d 
ph

ys
ic

al
 e

xe
r-

tio
n

SM
/F

FP
2/

C
M

 v
s N

M
:

Pe
rc

ei
ve

d 
re

sp
ira

to
ry

 
eff

or
t ↑

To
rn

er
o-

A
gu

ile
ra

 e
t a

l. 
(2

02
1)

 [3
4]

H
ea

lth
y 

re
cr

ea
tio

na
l 

at
hl

et
es

N
 =

 72
 (4

5 
m

al
es

)
28

.1
 ±

 5.
8 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
50

- a
nd

 4
00

-m
 m

ax
im

al
 

ru
nn

in
g 

te
sts

 (o
ut

do
or

 
te

sti
ng

)

SM N
M

La
ct

at
e

R
PE

Sp
O

2
H

R
Su

bj
ec

tiv
e 

pe
rc

ei
ve

d 
str

es
s

G
lu

co
se

SM
 v

s N
M

:
Ti

m
e 
↑

La
ct

at
e 
↑

G
lu

co
se

 ↑
R

PE
 ↑

Su
bj

ec
tiv

e 
pe

rc
ei

ve
d 

str
es

s 
↑

SM
 v

s N
M

: S
pO

2 ↓
U

m
ut

lu
 e

t a
l. 

(2
02

1)
 [2

6]
H

ea
lth

y 
se

de
nt

ar
y

N
 =

 14
 (7

 m
al

es
)

40
 y

 (m
al

es
)

34
 y

ea
rs

 (f
em

al
es

)

Re
pe

at
ed

 m
ea

su
re

s
PE

T 
(w

al
ki

ng
)

St
ar

t a
t 4

.5
 k

m
/h

 a
nd

 
sp

ee
d 

w
as

 in
cr

ea
se

d 
0.

5 
km

/h
 u

po
n 

co
m

pl
e-

tio
n 

of
 e

ac
h 

10
 m

in
 

in
te

rv
al

s t
hr

ou
gh

ou
t 4

 
st

ag
es

SM N
M

VO
2

VC
O

2
En

er
gy

 e
xp

en
di

tu
re

H
R

B
P

V
E

R
R

SM
 v

s N
M

:
VO

2 ↓
VC

O
2 ↓

En
er

gy
 e

xp
en

di
tu

re
 ↓

W
on

g 
et

 a
l. 

(2
02

0)
 [4

6]
H

ea
lth

y 
w

ith
 v

ar
io

us
 

sp
or

t b
ac

kg
ro

un
ds

N
 =

 23
 (1

0 
m

al
es

)
35

.1
 ±

 12
.7

 y
ea

rs
 (m

al
es

)
32

.7
 ±

 9.
9 

ye
ar

s (
fe

m
al

es
)

R
an

do
m

iz
ed

 c
ro

ss
ov

er
6-

m
in

 tr
ea

dm
ill

 w
al

ki
ng

 
(4

 k
m

/h
, 1

0%
 g

ra
de

)
SM N

M
H

R
R

PE
SM

 v
s N

M
:

H
R

 ↑
R

PE
 ↑

Yo
sh

ih
ar

a 
et

 a
l. 

(2
02

1)
 

[4
7]

Ph
ys

ic
al

ly
 a

ct
iv

e
N

 =
 12

 (8
 m

al
es

)
24

 ±
 3 

ye
ar

s

R
an

do
m

iz
ed

 c
ro

ss
ov

er
60

 m
in

 o
f w

al
ki

ng
 a

nd
 

jo
gg

in
g 

be
tw

ee
n 

35
 a

nd
 

60
%

 o
f r

el
at

iv
e 
VO

2m
ax

SM N
95

Sp
or

t m
as

k
G

ai
te

r m
as

k
N

M

H
R

R
PE

Th
er

m
al

 se
ns

at
io

n
Th

irs
t l

ev
el

Fa
tig

ue
 le

ve
l

B
re

at
hi

ng
 d

is
co

m
fo

rt

M
as

k-
on

 g
ro

up
 v

s N
M

:
B

re
at

hi
ng

 d
is

co
m

fo
rt 
↑



	 C. Zheng et al.

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
Pa

rti
ci

pa
nt

s’
 h

ea
lth

 st
at

us
N

 (s
ex

), 
ag

e
St

ud
y 

de
si

gn
Ex

er
ci

se
 p

ro
to

co
l

Fa
ce

 m
as

k
O

ut
co

m
es

M
ai

n 
fin

di
ng

s

Zh
an

g 
et

 a
l. 

(2
02

1)
 [4

8]
H

ea
lth

y
N

 =
 71

 (3
5 

m
al

es
)

27
.7

7 ±
 7.

76
 y

ea
rs

R
an

do
m

iz
ed

 c
ro

ss
ov

er
PE

T 
(c

yc
lin

g)
St

ar
t a

t 0
 W

, a
nd

 th
e 

pa
rti

ci
pa

nt
s p

ed
al

ed
 

th
e 

cy
cl

e 
ac

co
rd

in
g 

to
 th

e 
se

t i
nc

re
m

en
ta

l 
po

w
er

 (1
5–

25
 W

/m
in

) a
t 

60
 rp

m
 u

nt
il 

ex
ha

us
tio

n

SM N
M

R
PE

D
ys

pn
ea

VC
O

2
VO

2
V

E
V

E/
VO

2
V

E/
VC

O
2

Pe
tO

2
Pe

tC
O

2
M

ET
R

ER
R

R
V

T
Sp

O
2

B
P

H
R

B
re

at
hi

ng
 re

se
rv

e

SM
 v

s N
M

:
VC

O
2,

 ↓
VO

2 ↓
M

ET
 ↓

V
T 

(p
ea

k)
 ↓

V
E 

(p
ea

k)
 ↓

Pe
tO

2 ↓
V

E/
VO

2 ↓
V

E/
VC

O
2 ↓

H
R

 (p
ea

k)
 ↓

R
R

 ↑
Pe

tC
O

2 ↑
D

ys
pn

ea
 ↑

av
D
O

2 a
rte

ria
l-v

en
ou

s o
xy

ge
n 

di
ffe

re
nc

e,
 B
P 

bl
oo

d 
pr

es
su

re
, B

R 
br

ea
th

in
g 

re
se

rv
e,

 C
a-
vO

2 t
he

 c
al

cu
la

tio
n 

of
 e

sti
m

at
ed

 a
rte

rio
-v

en
ou

s o
xy

ge
n 

co
nt

en
t d

iff
er

en
ce

, C
M

 c
lo

th
 m

as
k,

 D
BP

 d
ia

sto
lic

 
bl

oo
d 

pr
es

su
re

, E
tC
O

2 
en

d-
tid

al
 c

ar
bo

n 
di

ox
id

e,
 F
et
C
O

2 
en

d-
tid

al
 f

ra
ct

io
na

l c
ar

bo
n 

di
ox

id
e 

co
nc

en
tra

tio
n,

 F
FP

 fi
lte

rin
g 

fa
ce

pi
ec

e,
 F
IC
O

2 
fr

ac
tio

na
l c

on
ce

nt
ra

tio
n 

of
 in

sp
ire

d 
CO

2, 
H
R 

he
ar

t 
ra

te
, H

R m
ax

 h
ea

rt 
ra

te
 m

ax
im

al
, H

RR
 h

ea
rt 

ra
te

 re
se

rv
e,

 M
AP

 m
ea

n 
ar

te
ria

l p
re

ss
ur

e,
 M

ET
 m

et
ab

ol
ic

 e
qu

iv
al

en
t, 
M
PV

 m
ea

n 
pr

op
ul

si
ve

 v
el

oc
ity

, N
S 

no
 s

ig
ni

fic
an

t d
iff

er
en

ce
, N

95
 N

95
 re

sp
ira

-
to

r, 
N
M

 n
o 

m
as

k,
 P
C
O

2 p
ar

tia
l p

re
ss

ur
e 

of
 c

ar
bo

n 
di

ox
id

e,
 P
ET

 p
ro

gr
es

si
ve

 e
xe

rc
is

e 
te

st,
 P
et
C
O

2 e
nd

-ti
da

l c
ar

bo
n 

di
ox

id
e 

pa
rti

al
 p

re
ss

ur
e,

 P
et
O

2 e
nd

-ti
da

l o
xy

ge
n 

pa
rti

al
 p

re
ss

ur
e,

 P
IC
O

2 p
ar

-
tia

l p
re

ss
ur

e 
of

 in
sp

ire
d 

ca
rb

on
 d

io
xi

de
, P

IO
2 t

he
 p

ar
tia

l p
re

ss
ur

e 
of

 in
sp

ire
d 

ox
yg

en
, P

O
2 p

ar
tia

l p
re

ss
ur

e 
of

 o
xy

ge
n,

 P
tc
C
O

2 t
ra

ns
cu

ta
ne

ou
sly

 m
ea

su
re

d 
pa

rti
al

 p
re

ss
ur

e 
of

 c
ar

bo
n 

di
ox

id
e,

 R
ER

 
re

sp
ira

to
ry

 e
xc

ha
ng

e 
ra

tio
, R

PE
 ra

tin
g 

of
 p

er
ce

iv
ed

 e
xe

rti
on

, R
R 

re
sp

ira
to

ry
 ra

te
, S

BP
 sy

sto
lic

 b
lo

od
 p

re
ss

ur
e,

 S
M

 su
rg

ic
al

 m
as

k,
 S
pO

2 a
rte

ria
l o

xy
ge

n 
sa

tu
ra

tio
n,

 tc
PC

O
2 t

ra
ns

cu
ta

ne
ou

s c
ar

bo
n 

di
ox

id
e,

 V
C
O

2 
ca

rb
on

 d
io

xi
de

 p
ro

du
ct

io
n,

 V
E 

m
in

ut
e 

ve
nt

ila
tio

n,
 V
E/
VC

O
2 

ca
rb

on
 d

io
xi

de
 v

en
til

at
io

n 
eq

ui
va

le
nt

, V
E/
VO

2 
ve

nt
ila

to
ry

 e
qu

iv
al

en
ts

 fo
r o

xy
ge

n,
 V
O

2 
ox

yg
en

 p
ro

du
ct

io
n,

 V
O

2m
ax

 
m

ax
im

al
 o

xy
ge

n 
co

ns
um

pt
io

n,
 V
O

2p
ea
k p

ea
k 

ox
yg

en
 c

on
su

m
pt

io
n,

 V
O

2/H
R 

ox
yg

en
 p

ul
se

, V
T 

tid
al

 v
ol

um
e
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3.3 � Physiological Outcomes

3.3.1 � Heart Rate

The most common parameter analyzed was heart rate, which 
was reported in 40 articles [3, 12–15, 18, 24–31, 33–35, 
37–50, 53, 55–62]. A total of 37 studies were included in 
the meta-analysis, including data extracted using Web-
PlotDigitizer from three studies [37, 61, 62]. Three stud-
ies were excluded because raw data were unavailable [24, 
26, 27]. In the meta-analysis, in a comparison with ‘no 
masks,’ no significant differences were observed in those 
wearing surgical masks (MD 0.96  bpm, 95% CI − 1.01 
to 2.93; p = 0.34, I2 = 63%), FFP2/N95 respirators (MD 
1.63 bpm, 95% CI − 2.79 to 6.05; p = 0.47, I2 = 85%), cloth 
masks (MD − 0.94 bpm, 95% CI − 6.39 to 4.52; p = 0.74, 
I2 = 62%), and the total effect (MD 1.08 bpm, 95% CI − 0.69 
to 2.85; p = 0.23, I2 = 77%), as shown in Fig. 2. When only 
steady-state exercise was included, a significant increase was 
noted in heart rate (p < 0.01), as shown in Table 2. When 

the studies with a high risk of bias or studies that involved 
children were removed, there was still no effect on heart rate.

3.3.2 � Oxygen Uptake, End‑Tidal Partial Pressure, 
and Saturation

A total of 12 studies reported the effect of wearing a face 
mask on VO2 [3, 12, 18, 26, 30, 42, 43, 48, 50, 51, 55, 62]. 
The results of our meta-analysis revealed a significant 
decrease in VO2 (SMD − 0.66, 95% CI − 0.87 to − 0.45; 
p < 0.01, I2 = 43%) when performing exercise while wearing 
face masks, as shown in Fig. 3a. In the sub-group analysis, 
a significant decrease was noted in VO2 in those with surgi-
cal masks (p < 0.01) and FFP2/N95 respirators (p = 0.01), 
whereas no change was noted in those with cloth masks 
(p = 0.25). When considering the exercise type, a signifi-
cant reduction was noted in the VO2 in both progressive 
(SMD − 0.68, 95% CI − 0.93 to − 0.43; p < 0.01, I2 = 48%) 
and steady-state (SMD − 0.57, 95% CI − 0.94 to − 0.21; 
p < 0.01, I2 = 21%) exercise (Table 2). Six studies reported 

Fig. 1   Flowchart of publications 
included in systematic review 
and meta-analysis (PRISMA 
diagram). PRISMA Preferred 
Reporting Items for Systematic 
Reviews and Meta-Analyses

Articles excluded from meta-
analysis (n = 2):

No available data (n = 2)

Records identified through database
searching
(n = 8109)

Records removed before screening:
Duplicate records removed

(n = 2413)

Records screened
(n = 5696)

Records excluded
(n = 5604)

Full-text articles assessed
for eligibility

(n = 92)

Studies included in review
(n = 45)

Full-text articles excluded,
with reasons (n = 47):

Participants with clinical diseases
or pregnancy (n = 19)
No required face mask (n = 9)
No suitable control group (n = 9)
Review paper (n = 4)
Commentary (n = 2)
Abstract only (n = 4)

Studies included in meta-
analysis
(n = 43)
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on variations in PetO2 [3, 37, 39, 43, 48, 59]. In the meta-
analysis, a significant reduction in PetO2 was observed 
in those wearing surgical masks (MD − 3.17  mmHg, 
95% CI − 4.87 to − 1.47; p < 0.01, I2 = 0%), FFP2/N95 respi-
rators (MD − 5.10 mmHg, 95% CI − 9.27 to − 0.94; p = 0.02, 
I2 = 44%), and total effect (MD − 3.79 mmHg, 95% CI − 5.46 
to − 2.12; p < 0.01, I2 = 21%), as shown in Fig. 3b. The SpO2 

was monitored in 30 studies [12–15, 18, 25, 27–29, 31, 
33–37, 39, 42–45, 48–50, 52–54, 56–58, 60], and 27 stud-
ies were included in the meta-analysis with data extracted 
using WebPlotDigitizer [52]. A significant decrease was 
observed in those wearing surgical masks (MD − 0.59%, 
95% CI − 0.87 to − 0.30; p < 0.01, I2 = 73%) and in the total 
effect (MD − 0.48%, 95%  CI − 0.71 to − 0.26; p < 0.01, 

Fig. 2   Pooled analysis on the effect of face masks on heart rate. Effects for the subgroups are based on the grouping variables of different types 
(surgical mask vs FFP2/N95 vs cloth mask). FFP2 filtering facepiece 2, N95 N95 respirator, WRVT work rate at the ventilatory threshold
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I2 = 79%), while no change was observed in those wearing 
FFP2/N95 respirators (p = 0.09) and cloth masks (p = 0.19) 
(Fig. 3c). Moreover, a significant reduction in SpO2 was 
observed in both progressive (p < 0.01) and steady-state 
(p < 0.01) exercise (Table 2). For the sensitivity analyses, 
the results for all three parameters remained consistent after 
removing either the studies with a high risk of bias or those 
examining children.

3.3.3 � Carbon Dioxide Production and End‑Tidal Partial 
Pressure

VCO2 was examined in five studies [26, 30, 42, 43, 48], 
and a reduction in VCO2 was observed among those wear-
ing surgical masks and in terms of the total effect (Fig. 4a) 
(SMD − 0.74 and SMD − 0.77, respectively). Additionally, 
13 studies reported PetCO2 [13–15, 29, 37, 39, 43, 48, 
52, 55, 56, 58, 59]. From the meta-analysis, a significant 
increase in PetCO2 was observed in the total effect (MD 
2.93 mmHg, 95% CI 2.01 to 3.86; p < 0.01, I2 = 65%) and in 
those wearing surgical masks (MD 2.32 mmHg) and FFP2/
N95 respirators (MD 3.44 mmHg) (Fig. 4b). As shown in 
Table 2, similar results were observed for the sub-group 
analysis in terms of exercise type.

3.3.4 � Lactate

Lactate levels were reported in seven studies [3, 30, 34, 38, 
42, 44, 53], but no significant changes were observed in 
the total effect (MD − 0.15 mmol/L, 95% CI − 1.19 to 0.89; 

p = 0.78, I2 = 82%). Similarly, no significant differences were 
observed for those wearing surgical masks (p = 0.87) and 
FFP2/N95 (p = 0.06), as shown in Fig. S1 (see ESM). More-
over, a significant reduction in lactate level was observed in 
progressive exercise tests (p < 0.01), with no change during 
steady-state (p = 0.14) exercise (Table 2).

3.3.5 � Pulmonary Function

The pooled effect estimates for pulmonary function are 
shown in Fig. S2 (see ESM). Specifically, four indica-
tors were involved: respiratory rate (n = 19) [3, 12–15, 29, 
37, 39, 42, 43, 48, 50, 54–58, 61, 62], minute ventilation 
(VE) (n = 12) [3, 26, 30, 41–43, 48, 50, 51, 55, 58, 62], 
tidal volume (VT) (n = 8) [3, 41–43, 48, 55, 58, 62], and 
carbon dioxide ventilation equivalent (VE/VCO2) (n = 6) 
[12, 41, 42, 48, 55, 62]. No significant effects were noted 
for respiratory rate (p = 0.22) when using face masks dur-
ing exercise. Conversely, significant reductions occurred in 
VE (MD − 14.46 L/min), VT (MD − 0.11 L), and VE/VCO2 
(MD − 1.69) in those with masks compared with those 
with no masks during exercise. The results of the sub-
group analysis by exercise type are shown in Table 2. A 
significant reduction was observed in VE (p < 0.001) and 
VT (p < 0.001) when only progressive exercise tests were 
included. After removing the studies with a high risk of 
bias or including children, the respiratory rate, VE, and VT 
results remained consistent.

Table 2   Subgroup analyses of effects of wearing face masks during exercise on physiological and psychological outcomes by exercise type

CI confidence intervals, MD mean differences, PetCO2 end-tidal carbon dioxide partial pressure, RPE rating of perceived exertion, SMD stand-
ardized mean differences, SpO2 oxygen saturation, VE/VCO2 carbon dioxide ventilation equivalent, VO2 oxygen uptake
a Outcome shown as SMD (95% CI)

Outcome n Progressive exercise test n Steady-state exercise

MD or SMD (95% CI) p value I2 MD or SMD (95% CI) p value I2

Exercise performancea 34 − 0.34 (− 0.52 to − 0.15) < 0.001 63% 7 0.16 (− 0.32 to 0.65) 0.51 90%
Heart rate (bpm) 31 − 0.74 (− 4.48 to 2.99) 0.7 86% 25 2.69 (1.10 to 4.28) < 0.001 33%
VO2

a 16 − 0.68 (− 0.93 to − 0.43)  < 0.001 48% 3  − 0.57 (− 0.94 to − 0.21) 0.002 21%
SpO2 (%) 27 − 0.60 (− 1.02 to − 0.18) 0.005 58% 19 − 0.41 (− 0.73 to − 0.10) 0.009 89%
PetCO2 (mmHg) 10 4.15 (2.77 to 5.53)  < 0.001 43% 10 2.09 (0.93 to 3.25) < 0.001 69%
RPEa 30 0.16 (0.05 to 0.28) 0.006 0% 13 0.51 (0.27 to 0.76) < 0.001 58%
Dyspneaa 18 0.77 (0.53 to 1.01) < 0.001 63% 8 0.64 (0.46 to 0.81)  < 0.001 0%
Fatigue level 5 1.91 (0.29 to 3.53) 0.02 81% 3 0.56 (− 0.37 to 1.48) 0.24 0%
Thermal sensationa 2 1.59 (0.55 to 2.64) 0.003 58% 5 0.35 (0.01 to 0.69) 0.04 0%
Blood lactate (mmol/L) 6  − 1.06 (− 1.69 to − 0.44)  < 0.001 0% 4 − 1.23 (− 0.40 to 2.86) 0.14 87%
Respiratory rate (breaths/min) 20 − 1.40 (− 4.02 to 1.23) 0.3 92% 13 − 0.26 (− 1.83 to 1.30) 0.74 76%
Minute ventilation (L/min) 16 − 18.11 (− 24.63 to − 11.58) < 0.001 80% 3 − 0.07 (− 4.47 to 4.33) 0.98 29%
Tidal volume (L) 9 − 0.21 (− 0.31 to − 0.10) < 0.001 0% 5 − 0.00 (− 0.12 to 0.12) 0.98 23%
VE/VCO2 4 − 1.18 (− 2.42 to 0.06) 0.06 0% 3 − 2.39 (− 4.97 to 0.19) 0.07 78%
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Fig. 3   Pooled analysis on the effect of face masks on a VO2, b PetO2, 
and c SpO2. Effects for the subgroups are based on the grouping vari-
ables of different types (surgical mask vs FFP2/N95 vs cloth mask). 

FFP2 filtering facepiece 2, N95 N95 respirator, PetO2 end-tidal oxy-
gen partial pressure, SpO2 oxygen saturation, VO2 oxygen uptake, 
WRVT work rate at the ventilatory threshold
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3.4 � Psychological Outcomes

For the psychological outcomes, RPE was the most com-
monly used scale reported in 27 studies [12, 14, 18, 27, 28, 
30–34, 36, 38, 41, 42, 44–48, 51, 52, 54, 56–60]. Two stud-
ies were excluded because of the unavailability of raw data 
[27, 48]. The RPE was significantly higher in those wear-
ing surgical masks (SMD 0.36, 95% CI 0.21–0.52; p < 0.01; 
I2 = 30%), while no effect was observed in those with FFP2/

N95 respirators (p = 0.06) or cloth masks (p = 0.21), as 
shown in Fig. 5a. Additionally, 14 studies reported on dysp-
nea [12, 25, 37–39, 43, 48, 50, 52–56, 60], five reported on 
fatigue level [3, 18, 40, 41, 47], and six reported on ther-
mal sensation [3, 18, 40, 47, 56, 57]. This meta-analysis 
establishes that wearing face masks during exercise results 
in significantly higher dyspnea (SMD 0.72), fatigue level 
(MD 1.34), and thermal sensation (SMD 0.67) in partici-
pants (Fig. 5b-d). In addition, as shown in Table 2, similar 

Fig. 3   (continued)
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results were observed for the sub-group analysis in terms of 
exercise type. The results remained consistent for both RPE 
and thermal sensation after removing either the studies with 
a high risk of bias or those including children.

3.5 � Exercise Performance

A total of 25 studies evaluated exercise performance, and 
23 studies were included in the meta-analysis, as data were 
unavailable for two studies [27, 39]. Most studies used 
power output (n = 13) [3, 28, 30, 41–43, 45, 48, 51, 53–55, 

59], while others used test duration (n = 6) [12, 14, 18, 32, 
50, 60], exercise speed (n = 2) [34, 35], and exercise dis-
tance (n = 2) [13, 25]. WebPlotDigitizer was used for data 
extraction from one study [55]. In the meta-analysis, sig-
nificant reductions were observed in exercise performance 
between those wearing and those not wearing face masks 
(SMD − 0.23, 95% CI − 0.41 to − 0.04; p = 0.02, I2 = 77%), 
as shown in Fig. 6. In the sub-group analysis, a significant 
decrease was noted in those wearing FFP2/N95 respirators 
(SMD − 0.42, 95% CI − 0.76 to − 0.08; p = 0.02, I2 = 72%), 
whereas no change was noted in those wearing surgical 

Fig. 4   Pooled analysis on the effect of face masks on a VCO2 and b 
PetCO2. Effects for the subgroups are based on the grouping variables 
of different types (surgical mask vs FFP2/N95 vs cloth mask). FFP2 

filtering facepiece 2, N95 N95 respirator, PetCO2 end-tidal carbon 
dioxide partial pressure, VCO2 carbon dioxide production
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Fig. 5   Pooled analysis on the effect of face masks on psychological 
perceptual response: a RPE, b dyspnea, c fatigue level, and d thermal 
sensation. Effects for the subgroups are based on the grouping vari-

ables of different types (surgical mask vs FFP2/N95 vs cloth mask). 
FFP2 filtering facepiece 2, N95 N95 respirator, RPE rate of perceived 
exertion
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Fig. 5   (continued)
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masks (p = 0.38) or cloth masks (p = 0.07). Furthermore, 
when only a progressive exercise test was included, a 
significant decrease was found in exercise performance 
(p < 0.01), as shown in Table 2. For the sensitivity analy-
ses, either a study with a high risk of bias [51] or a study 
that examined children [28] was removed, but the results 
remained consistent.

3.6 � Risk of Bias and Publication Bias

RoB 2 and its additional considerations for crossover trials 
were employed to assess each publication's risk of bias. The 
details are presented in Table S2 (see ESM). In summary, 
six studies exhibited a low risk of bias [3, 25, 28, 29, 39, 62], 
33 exhibited some concerns, and six exhibited a high risk of 
bias [37, 46, 51, 52, 57, 58]. Studies exhibited a high risk of 
bias mainly due to bias arising from period and carryover 
effects and missing outcome data. The publication biases of 
eight outcomes, namely exercise performance, heart rate, 
VO2, saturation, PetCO2, RPE, respiratory rate, and VE, are 
shown in Fig. S3 (see ESM).

4 � Discussion

To our knowledge, this is the first systematic review and 
meta-analysis to examine the effects of wearing a mask dur-
ing exercise on both physiological and psychological param-
eters in healthy individuals. The results of our systematic 
review revealed that wearing face masks during exercise 
negatively affected certain physiological outcomes (e.g., 
VO2, PetO2, SpO2, VCO2, and PetCO2) and psychological 
variables (e.g., RPE, dyspnea, fatigue level, and thermal 

sensation), while a small effect was observed on exercise 
performance.

There was no significant change in heart rate when a 
mask was worn during exercise, which is consistent with 
the results of two previous systematic reviews [16, 17]. The 
sub-group analysis revealed no effect on heart rate dur-
ing progressive exercise tests. As heart rate was measured 
at the end of exercise, the present review results suggest 
that wearing a face mask has a limited effect on maximum 
heart rate during exercise. Interestingly, when performing 
steady-state exercise, a significant increase in heart rate was 
observed; however, it should be noted that the increased 
value was limited to 2.7 bpm. Moreover, Shaw et al. reported 
a higher mean heart rate (2 bpm) in those who used FFP2/
N95 respirators during exercise [16]. However, no effect was 
observed secondary to the use of any mask in the current 
review. This may be explained by the different population 
groups involved in the previous study. Specifically, the previ-
ous meta-analysis included heterogeneous populations (e.g., 
patients and healthy adults) [16], while only healthy popula-
tions were included in the current review.

The meta-analysis suggests that face masks worn during 
exercise significantly effect gas exchange, such as decreased 
VO2, VCO2, and PetO2 and increased PetCO2; these results 
are broadly consistent with those of previous reviews [16, 
17]. According to the sub-group analysis, all abovemen-
tioned parameters showed similar changes between pro-
gressive exercise tests and steady-state exercise. Evidence 
from a previous study revealed that a reduction in VO2 indi-
cated a greater exercise efficiency [63]. However, this find-
ing should be interpreted with caution, as only three trials 
were included in the analysis. A previous study reported 
decreased VO2 when wearing a face mask during steady 

Fig. 5   (continued)
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exercise, and this change was explained by the reduction in 
alveolar ventilation induced by mask wearing, which leads 
to an increase in airway resistance [42]. Similarly, given 
the multiple layers and materials included in the construc-
tion of face masks, increased inspiratory resistance would 
likely decrease the amount of oxygen inhaled, resulting in a 
reduction in VO2 and PetO2 [14]. In addition to an increase 
in resistance, an increase in the dead space within the mask 
could lead to a decrease in VCO2 and an increase in PetCO2 
[64]. Apart from the abovementioned factors, the dead space 
temperature and humidity were markedly elevated by the 

increased duration of mask use, with exercise leading to an 
additional increase in these factors and resulting in higher 
inspiratory resistance [48, 65].

Furthermore, a decrease in pulmonary function was also 
observed in the present review, including a reduction in VE, 
VT, and VE/VCO2. As VT mediates the association between 
VE and VCO2 [66], the results are in line with the effect 
of gas exchange. Such reduction is also likely to be caused 
by increased inspiratory resistance, especially during high-
intensity exercise (e.g., the end of the progressive exercise 
test), as the decremental effects of inspiratory resistance are 

Fig. 6   Pooled analysis on the effect of face masks on exercise performance. Effects for the subgroups are based on the grouping variables of dif-
ferent types (surgical mask vs FFP2/N95 vs cloth mask). FFP2 filtering facepiece 2, N95 N95 respirator
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associated with exercise intensity [67]. Consistently, for the 
sub-group analysis, the reduction in VE and VT was only 
observed in the progressive exercise test, while no difference 
was noted in steady-state exercise. Although these param-
eters revealed statistical differences between those wearing 
and not wearing face masks, the level of change was lim-
ited, and most values were still in the normal range, such as 
PetCO2 within 35–45 mmHg and VE/VCO2 between 20 and 
30. However, the reduction in VE appeared to be relatively 
large (e.g., 14.46 L/min). This may be because the simulta-
neous wearing of the face mask can lead to gas leakage from 
the spirometry mask used to assess ventilation (i.e., insuf-
ficient seal to the face skin caused by wearing a face mask), 
especially for FFP2/N95 [68]. Future studies should there-
fore be aware of the potential biases in data collection when 
a spirometry apparatus is worn over a face mask for gas 
collection purposes, where greater restriction to breathing 
and interference with the expired gas measurement might 
have been imposed.

The present meta-analysis revealed a significant reduc-
tion in SpO2 with the use of different face masks. The 
reduction in SpO2 levels with the use of face masks could 
be owing to the higher PetCO2 and the insufficient oxygen 
and carbon dioxide exchange due to CO2 rebreathing (back 
into the lungs) [69]. Shaw et al. determined no change in 
SpO2 with or without a face mask in 11 studies, while a 
significant reduction was observed only when maximal tests 
were included [16]. The reduction is comparable between 
our systematic review and Shaw et al.’s systematic review, 
i.e., 0.5 versus 0.6% [16]. It should be mentioned that the 
reduction of SpO2 may be of minimal clinical relevance, 
as the values in most of the studies are still within the nor-
mal range of 95–100% [70]. Furthermore, no significant 
effect was observed on exercise performance in the present 
review in the sub-group analysis by either face mask type 
or by exercise type. Overall, our results on most physiologi-
cal parameters are consistent with the previous systematic 
review and may further suggest that face masks pose only 
modest effects on physiological functions of the body system 
during exercise [16].

Four psychological variables were included in this 
review: RPE, dyspnea, fatigue level, and thermal sensation. 
RPE was the most commonly used indicator, and an increase 
in RPE was associated with using a surgical mask and in the 
total effect, which was consistent with the finding of a previ-
ous review [16]. Previous studies have shown that individu-
als wearing masks exhibit psychological discomfort, such as 
claustrophobia and dyspnea during exercise at high-intensity 
levels [12, 44]; this was consistent with the results obtained 
in our review. A significant increase was seen in the inci-
dence of dyspnea among those wearing masks, which could 
partly explain the increase in RPE. Moreover, several studies 

have reported subjective discomfort associated with the use 
of masks during exercise, which was aggravated when the 
ambient temperature and humidity increased [3, 12, 44]. 
This subjective discomfort is mainly caused by dampening 
and deformation of the mask due to sweating during exer-
cise, heat, tightness, and breathing resistance. The results 
of the meta-analysis also revealed that both fatigue levels 
and thermal sensation significantly increased when exercise 
was performed with a mask. Furthermore, increased inspira-
tory resistance and reduced pulmonary function may fur-
ther exacerbate the subjective discomfort level. A previous 
study reported a significantly higher and clinically relevant 
incidence of dyspnea when wearing a surgical mask during 
exercise, while no effect was noted on distance using the 
6-min walking test [71]. Further, compared with studies on 
physiological outcomes, limited studies have examined the 
effect of wearing a face mask on psychological variables; 
hence, more studies on this topic are warranted.

The current systematic review involved three types 
of face masks and a consistent pattern of findings was 
observed. For most outcomes, both surgical mask and 
FFP2/N95 respirators reached statistical significance, 
and the difference between FFP2/N95 respirators and no 
mask was generally larger than for surgical masks, such as 
PetCO2, 3.44 vs 2.32 mmHg. This could be explained by 
the difference in inspiratory resistance in the various face 
masks, i.e., two-fold higher for surgical masks compared 
with no mask (0.58 vs 0.32 kPa/L) [42], which is likely 
even higher for FFP2 masks [3]. Interestingly, our results 
revealed only a small difference in exercise performance 
for wearing face masks. Our data suggest that face masks 
could be worn during exercise with limited influence on 
performance. From a practical perspective, however, both 
surgical and cloth masks are widely recommended and 
used in daily life, whereas FFP2/N95 respirators are more 
commonly used in clinical settings [72]. Additionally, 
the WHO suggests that masks not be used during high-
intensity exercise [73], which contrasts with the Centers 
for Disease Control’s recommendations [74]. Only pro-
gressive exercise test was observed for significant effect 
when considering the exercise type, while limited studies 
examined the effects of steady-state exercise on exercise 
performance. Given the heavy spread of viruses in indoor 
exercise facilities, healthy individuals might consider 
wearing a face mask for protective purposes, even when 
high-intensity exercise is performed [74]. Nevertheless, 
healthcare professionals should cautiously evaluate each 
person’s ability to exercise while wearing a mask and con-
sider adjusting the prescription if appropriate (e.g., during 
exercise in a hot and humid environment).

The present systematic review included a compre-
hensive search strategy for both physiological and 



	 C. Zheng et al.

psychological outcomes with three types of face masks 
(i.e., surgical mask, cloth mask, and FFP2/N95 respira-
tors) that are commonly used by the public. In total, 45 
studies were included in the systematic review, provid-
ing useful information for formulating appropriate health 
care policies and optimizing exercise recommendations 
for the public during the COVID-19 pandemic. Despite 
these strengths, the present review had certain limita-
tions. First, only studies in English were included, hence 
some relevant studies in other languages might have been 
overlooked. Second, all the included studies assessing car-
diopulmonary function used a sealed spirometry mask, 
which was placed over the face mask. Given this situa-
tion, the extra pressure exerted by the spirometry mask 
may further influence the breathing resistance and air-
flow, which may affect the gas exchange measurement, 
e.g., ventilation [44]. Moreover, it should be mentioned 
that all studies included in the current review were acute 
effect studies with healthy individuals. While most did not 
report adverse events during trials, suggesting that wearing 
face masks during exercise is safe in general, more inter-
ventional studies examining long-term effects and safety 
issues under different environmental conditions with vari-
ous populations are needed.

5 � Conclusion

This study provides a comprehensive explanation of the 
effects of exercising with different types of face masks 
on physiological and psychological factors. Wearing face 
masks during exercise generally showed modest effects 
on gas exchange, pulmonary function, and psychological 
outcomes in healthy individuals, while the effect on exer-
cise performance appeared to be small. Further research 
on long-term face mask intervention is warranted.
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