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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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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 (VO,,...) [12] and oxygen satura-
tion (SpO,) [13] and an increase in the partial pressure
of end-tidal carbon dioxide (PetCO,) [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
SpO, 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., SpO,, oxygen uptake [VO,],
carbon dioxide production [VCO,], 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, VO,, VCO,,
RPE, dyspnea, fatigue level, and thermal sensation, while
the mean differences (MDs) and 95% Cls 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. I 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=06), 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/NO5 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.

eoudsA(Qq (M 0ST 2%
ddd Ut ¢+ A 0T Y8 UT Q) s1eak 0T F ¢
orejoe| NN s159) (serewr 1) ST=N
| eoudsAp AN SA NS MH NS  1910wo0319 9[0A0 pareadoy IOAOSSOID PIZIWOPURY ApresH  [8¢] (0202) ‘Te 12 uLpfog
[[fwpean
| add ddd T8 (q/ury L) M[eam ystg SIBOK £G—6T
1 oo ‘ods NN [[rwpean (sorew O1) 1T=N
AN SA NS ‘oo NS 1e (Y/uy §) [em MO[S  I9A0SSOID PazIWopuey Apresy  [¢6] (1200) T8 12 up-req
armipuadxa A31oug
eoudsA(q
1 (sorewr) YH ‘ods
T (sorewn) ¥y LA
1 (sorewr) uoneInp SIOIAXH dg
1 armipuadxe A31oug MH
TdA RN [020301d 9on1g
1 12%0. dA ayy SuIsn [[IWpean) & Uo s1eak 66'STFGE'LE
1 LA Az AN 159} 9SI0IOXA [RWIXRW Y/ (Sorew 11) 97=N
AN SA NS uoneInp 9S10IXg NS (Sutuuni) JHJ IOAOSSOID PAZIWOPURY Ayireoq [0S] (1202) ‘Te 10 ueyy
dd
Jyer as[ng SIeK /01 FCE
‘ods AN (" 9H %S$5-08) (sorewr 91) € =N
1 20dS AN SA NS dH NS Suny[em YSLIQ U-]  I9AOSSOId pozIwopuey Apresy [6¥] (120T) 'Te 10 M3y
sjuaIpeId
%81 PuB 9T ‘TT Pim
pU® U/W G pUB 7'y ‘T
J8 9— sa3ess ‘sjuarpeid
%01 Pu® ‘G ‘0 Yim pue
y/ur /'] Ye - sodelg
:(Jooojoad oonig poy
-IpOW) 9SIOISXS [BWIXBIA
uru (g 1oy opeisd 46
so[youid [esi3ojorewoy NN  YIm s/ ¢ Jo paads s1eak Oz <
dd S6N e Ie Surs5ol 1o Sunyrem paf[on (sorewr 7/) pH1=N [+l
SN AN SA SON/INS dH NS ‘9SIDIoXa [eUWlIxEWqNg -U0d paziuopuey Apresy (1200) "Te 10 ueipeWYY
eoudsA(q
1 %00d mdino serpre) M LTI PUE G6 Je SUurpA)
1%0d QWIN[OA 3ONS 19S10I9XS PRO[-IUBISUO))
(M S6) | JMH ‘AN sA NS o wdr ()9 Jo 9ouaped [epad
:9SI0IOXQ PEO[-)UBISUO)) 00d NN 9y} urejureut Jou p[nod
| eoudsAp ;AN od JSew [ouue[q juedronaed oy [mun s1edk [1F0¢
SA JSell [QUUB[L/SON/INS dH S6N Ui/ A\ O¢ Je pasealduf (Sorewr ©) T1=N
-Ldd ‘ods NS {(8u1[oko) [Hd I9A0SSOId pazIuopuey Apresy [6€] (1207) Te 10 9pY
a3e ‘(xas) N
s3urpuy urejy Reliitellile) JSew a0e,] [000301d 9sTOI9XH ugisop Apmyg  smye3s ey syuedoneq Apmgs

sorpmys popnout jo uonduose( | djqelL



Effect of Mask Wearing During Exercise

JIOJWODSIP [[eIAQ

LA
pk|
| voudskq ‘00A/AA
1 ¥H ‘oA
TIA gA
IR eoudsLq [0o0301d
1 ¢ods a4y [[rupean onig e Suisn
T4dA ¢ods 159} 9S10IOX ATeuowt SIBA "€ FT€T
1704 dd NN -[ndorpred [ejuswaIou] (sorewr LT) TE=N
AN SAND dH WO (Sutuuny) [HJ I9A0SSOId pozIwropuey Ampreoq 211 (1207) Te 10 1AL
1 201d
1 7001 AN A IND ‘004
:[o1u0d [ea130[00H 0q
1 TO'd TN A IND ‘S tord
:Jonuod A10jeroqe] 0D1d (Aysuoyur
| vou eoudsA(q 9SIOIOX? [BUWIIXBWQNS)
-dsA AN ‘NS SA IND ¢ods NN  I91owoS19 9[0Kd payeIq sIek ¢ F 97
:[o1u0d [e9150[099 WA WD A[[eo1U0103[0 Uk U (sorewt ) ¢TI =N
pue jonuod K10jeI10qE] MH NS S[eLn} SUIoAd UTW-§  IOA0SSOID PAZIWOPURY Apresq [2€]1 (1202) T8 1 A1dyoq
armerodwa) Apog
JIOJWIOdSI(]
1 ooueisig QoueysIiq
T %0ds dg
14y ¥H
1 ¥H Y s1ek €171 F L8O
| ‘oo ‘00 AN (sorew z4) 001 =N
AN SA NS ‘ods NS 159) Y[eM UIW-9  IOAOSSOID PIZIUOPUBY Apreoy (€11 (1T02) T 10 [ong
Yoen Suruunt
JIOOPINO UB UO PIWLIOJ
qdd -19d ‘suni uoamiaq SIRIK $ F €T
SUOTIBIS[AI0Y NN  [eAlojur urwi-4 aarssed (sorewt 1) 01 =N
| Ad¥ AN sA TAND sown juridg WD B M ‘sjunids W (g X G JOA0SSOID PAZIWOpURy sojo[yIe prey pue yoell,  [z¢] (120Q) ‘T8 1 sewueq
eoudsA(q
dueIsIq NN §129K 9¢'GF 96°0C
| voudsi( ‘ods SON/TdHH pajjon (sorew 97) 0S=N [stl (1200
AN SA SON/TdAd/NS dH NS 159) Y[em UIw-9 -U0d paziwopuey Apresy ‘[e 10 Baleg-se[[lueqer)
age ‘(xas) N
s3urpuy urej Reliitellile) JSew a0v,] [000301d asTo19XH ugisop Apmg  smye3s ey syuedoneq Apmgs

(ponunuoo) | sjqey



C.Zheng et al.

(sorewndy) s1eak ¢ 1 F 97T

} Add add NN (sorew) 8189k 9'7F6°CC
1 ¥H tods WD paads juejsuoo e (so[ew 91) 8¢ =N
AN SA IND/INS MH JNS 1€ SUNI 9OUBINPUS UIWI-G] JIOAOSSOID PAZIWOPUBY syuapms sy0ds ‘Ayifeoy [1€]1 (1207) uuewyoy
‘ods
JH
1 “001d o (¥H rewrxew papipard sIeak $1—L
1 oo 0014 NN 30 %09-06) [TTwupean (serewr 66) 90T =N
AN sA S6N oo S6N 9} UO [em NSLIF IIAOSSOID PIZIWOPULY Ayyeoy [62] (6107) ‘T2 12 yoo
[020301d
y[eg payipow e Juisn
| 4d¥ ddd NN 159) [[TUpear) 9SI0I9X Kg0F01T
| aerasing ‘ods IND  pepers paywi| woydwAg (sorew G1) yg=N
JAN sA ND ‘NS Srel as[nd NS (Sury[em) LA I9A0SSOID pazIWIOpuey Apresy  [9¢] (1207) T 30 wysnyng
dd
e
‘oqae
LA
TLA o
T3y ‘0d
TdA 00d uonsneyx
1 %0qae A mun M o £q urur ¢
1 oA XA NN KI9AQ paseaIour sem SIBOK 79 F '8¢
1 oouewroyrod [ewIXeIA MH NS P®O[ 9} pue A\ OGS I8 18IS (serewr 71) 71 =N
AN SA INdA] Soueurioyiad [RWIXBIA S6N/ZdA (Surokd) 1d  19A0SSOID PAZIWOpPURY Apresy  [€] (0202) ‘Te 10 IozuayL]
ddd
‘oo
R uonsneyxd
tods mun M 6z £q urur ¢
100 ‘AN MH NN KIOAQ paseaIour sem S1RA $ F ¢
SA JAIS ruonsneyxs %001 dd SON  Peo[ 9} pue A\ CT Ie JelS (sorew 97) 9T =N
1 YO0 AN sA S6N uonsneyxs 0) dwiy, NS (Surppho) 1Hd  19A0SSOIO PaZIWIOpURY ApreeH  [¥1]1 (1207) T8 30 usisdg
ddd
e
‘oA
THA AN sA ¢ddd ‘NS 004 uonsneyxs [Hun
T0A AN $A Tddd ‘NS A M 0S Aq utur ¢ A1oA0 s1eak | F /T
1 91e108] {JAN SA NS dg JNN  PoSBaIour sem pPeoIom (se[ew 97) 9T =N
1 oouewiojrad MH NS PUB A\ OST 10 00T 1€ MBS sale[yIe
rewrxew :JAN SA ZdAd ‘NS QouewLIofIad TeWIXBIA 7ddd (3ur[oAd) 144 IOA0SSOIO PIZIIOPURY AqiTeay ‘pauren [[op [o€] (1202) e ¥ 10337
a3e ‘(xas) N
s3urpuy urej Reliitellile) JSew a0v,] [000301d asTo19XH ugisop Apmg  smye3s ey syuedoneq Apmgs

(ponunuoo) | sjqey



Effect of Mask Wearing During Exercise

NN

194y Bt SoA[RA
L 9H dH  UOnE[eyXe oYM CoN sTeak 6T F €T
1 ©0Dd ‘ods saAfeA (opeI3 %0 Y/ 9°G) (sdrew €1) 0T=N
AN sA CON ‘00d» uone[eyxe Im CoN e [[rupean Y- ISA0SSOId PIZIIOPUBY Apresy [ST1(€10T) Te 10 wry
Qo8]
| ooej ) Jo Aypruiny 2Ane[Y
) Jo Aypruiny 9ANe[Y an3nej [eorsAyq
| uonesues pruny UONBSUSS prungy
| 130JWw00sTp rRUIISY], JIOJWODSIP [BWLIAY ], (edors s1ek ¢F ¢
| uonesuos [ewroy, uonesuas [euLay ], NN %S ‘U/un| 9) ur (g (sorewr 8) TI=N
AN SA NS NH NS JIOJ 9SIOIOXA [[TWPRAI], ISA0SSOID PAZIWOPURY Aqesy [ov] (1202) T8 10 o1y
ansney
| 110JWw00SIp JI0JWODSIP [[BI0AQ [EUONIT[OA [TIUN UTW
181040 JAN SA S6N ‘TND 44 KIOAD 9()°T JO JUWAIOUT
1 %0A-8D JMH PoXY B UI paseaIoul pue
T 1aW ‘ods %0°T 01 ("0 Woly urwu (sorewrdy) s1ek T4 F 16T
TH ZoA-e) NN  Puoo9s ay) Je Suruurdaq (sorewr) s1eak 7 F()'ST
1204 LI WD paseaIout opers oy, (sorewt 17) 0T=N
‘AN SA G6NTAD ‘oA S6N (Sutuuni) [HJ I9A0SSOID pozIwopuey Apreoy [81](1202) ‘Te 10 1reduey
Kyisuayur
(*"C0A %SL-TS)
1 (Knsuoyur Kaeay) YH Kaeay pue ‘*"op
 (Ksuayur %0S—97) Selopout
Kavay ‘aperopowr) 49 ‘("0A %ST>) WY
| (Kysuoyur £aeay) 49S dg Je $oFe)s UTW-G 31y} sIeA 4 F9'67
L3y o AN g [050301d [eIuawaIou] (sorewr Q1) 01 =N
AN SA SON dH S6N (Sutuuny) 14 IPA0SSOIO PAZIWIOPUEY Apresy [19] (1661) souof
1 200A/AA (%ST+wer
DRER: T S1om proysany K1oe[n
T%0A ¥H -UQA J& UTW-() + %67 —
TdA “0DA/AA 9Bl JI0Mm ploysary)
AN SA NS 1A K1018[NURA JB UTW-()]) s1eK ¢ CF 0¥
%ST+ el HA N S1593 (sorew 91) ZE=N
SHIoM POYSAIY) AIOJR[IUSA 0A NS  1910w0319 9[0K0 pajeaday JIOAOSSOID PAZIWOPURY Aypreoq [29] (1202) ‘T 1 snsof
1 poads Suruuni wnwirxey  paads Suruuns WNWIXBIA urw
1 own Suruuny wnwirxey oW SuuuNI WNWIXBA /$183q 061 Payoeal YH
1 snxord reroyradns K)ISUIP [OSSOA Q) [IUN S[BAIIUT UTW-¢
ur AJISuU9dp [9SSoA pue JYH ¢ods NN e y/uny 0 Aq pesearour s18K 7L € F 69T
1 tods ¥H S6N pue y/ury (g 1 11e1g (sorewr 9) €z=N
AN SA SON/INS dg NS (Suruuny) 14 IOA0SSOIO PAZIWOPUEY Apresy [c€] (1202) 'Te 10 eny
age ‘(xas) N
s3urpuy urej Reliitellile) JSew a0v,] [000301d asTo19XH ugisop Apmg  smye3s ey syuedoneq Apmgs

(ponunuoo) | sjqey



C.Zheng et al.

1204
T3y
‘AN SA NS
1 201d 44y
AN SA 2ddd ‘ods
1 toowd ‘0oKd
AN sA ¢ddd ‘NS ord uru Q1 ut
1 %04 LA 9s1019%9 Yead Suraaryoe
JAN SA NS N e powire [000j01d durer
T LA A pazrieuosiad e Sursn
T4dA oA NN 159} 9S10IOX ATeuowr s1ek 71 F8°0F
12004 004 ¢ddd -[ndorpIes [EJUsWIdU] (se[ewr 9) ZI=N
AN sA ¢ddd ‘NS AH NS (Surppho) 1Hd  19A0SSOIO PazZIWIOpURY ApeaH  [g+] (1202) T8 3 1edey
UOTJB[IJUSA JB[OJA]Y
own Aroyexidsug
1 UONE[NUAA JR[OAATY ddd
| owm Kr0jemndsuy LA
L 9H ‘oA
‘AN SA NS 2004
T toaae t0DA/AA
T3y A
TdA M wdi1 g jJo Aouanbary
1 %04 MH WNWIUIW € Y)IM )8IS SIBAK G'CF /'GT
1004 dd NN Apeojs ojejoe] [ewrxew (sorew 1) 1 =N
AN SA NS Z0qae NS je SUI[OAD UTW-()¢  JOAOSSOID PAZIWOPURY ApresH  [zv] (0207) ‘e 1@ Sursse
ddd
t0DA/AA
T ¥H A
:(sorewr) JAN SA NS 93ejuoorad
1 %04 Ul 9AIOSAI Furyjearg (soreway)
:(sorewd)) JAN SA NS LA PaseaIoul Sem peoj oy} SIRK SH'OF 0T 1T
TdA 9H pue urw ¢ Joy wdi 09 (sorewr) sreak 86 1 F00°'1C
TIA ‘odg NN ‘M 0 I8 Surpkd Jreig (sorewr ¢) OT=N
‘AN SA NS ‘oA NS (Sur[o£d) 1Hd  19A0SSOID PazIIOpURY Ayyeoy [1+]1 (1202) Te1 11
UONESUQS [RWIY],
JI0Jwod Juryiearg
ddd
A
AH NN S1BA 9T FG'€T
| 110jwoo Suryearg 00d 001d (apeIs %0 ‘Y/uy 9°G) (serewr 1) TI=N
AN SA 001d/S6N tods S6N 9SIDIAXQ [[IUpeal) Y-  IIAOSSOId PIZIWOPUBY Ayieoy [961 (9107) "Te 10 wiry
a3e ‘(xas) N
s3urpuy urej Reliitellile) JSew a0v,] [000301d asTo19XH ugisop Apmg  smye3s ey syuedoneq Apmgs

(ponunuoo) | sjqey



Effect of Mask Wearing During Exercise
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Effect of Mask Wearing During Exercise

Records identified through database

searching
(n=8109)

A 4

Records removed before screening:
Duplicate records removed

(n=2413)

:

Records screened
(n=15696)

Records excluded
(n=15604)

\4

A4

Full-text articles assessed

for eligibility

(n=92) 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)

v

A

Studies included in review

Commentary (n = 2)
Abstract only (n = 4)

(n=45)

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

v

No available data (n =2)

Fig. 1 Flowchart of publications )
included in systematic review
and meta-analysis (PRISMA S
diagram). PRISMA Preferred g
Reporting Items for Systematic =
Reviews and Meta-Analyses §
—
o
i=
=
[
o
G
n
—
-l
()
T
=
o
=
—

Studies included in meta-

analysis
(n=43)

3.3 Physiological Outcomes
3.3.1 HeartRate

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, ?=63%), FFP2/N95 respirators (MD
1.63 bpm, 95% CI—2.79 to 6.05; p=0.47, I’ =85%), cloth
masks (MD —0.94 bpm, 95% CI—6.39 to 4.52; p=0.74,
I?=62%), and the total effect (MD 1.08 bpm, 95% CI—0.69
to 2.85; p=0.23, ’=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 VO, [3, 12, 18, 26, 30, 42, 43, 48, 50, 51, 55, 62].
The results of our meta-analysis revealed a significant
decrease in VO, (SMD —0.66, 95% CI—0.87 to—0.45;
p<0.01, *=43%) when performing exercise while wearing
face masks, as shown in Fig. 3a. In the sub-group analysis,
a significant decrease was noted in VO, 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 VO, in both progressive
(SMD —0.68, 95% CI—0.93 to—0.43; p<0.01, I*=48%)
and steady-state (SMD —0.57, 95% CI—0.94 to—0.21;
p<0.01, P=21%) exercise (Table 2). Six studies reported



C.Zheng et al.

Face mask
Study or Subgroup

No face mask
Mean [bpm] SD [bpm] Total Mean [bpm] SD [bpm] Total Weight

Mean Difference Mean Difference

1.2.1 Surgical mask

Zhang et al. 2021 [48] 165.8 15.7 71 171 13.7
Yoshihara et al. 2021 [47] 169.17 12.77 12 165.58 11.38
Wong et al. 2020 [46] 128.4 13.2 23 124.4 12.8
Tornero-Aguilera et al. 2021 (50m) [34] 110.6 35.1 72 106.3 35.3
Tornero-Aguilera et al. 2021 (400m) [34] 167.6 25.92 72 152.4 15.9
Shui et al. 2022 [55] 168 16 12 176 12
Shaw et al. 2021 [28] 148.05 23.81 26 148.79 21.77
Shaw et al. 2020 [45] 179 19 14 179 16
Rudi et al. 2021 [59] 177.8 10.3 20 180.9 11.1
Roberge et al. 2012 [57] 128.3 15.6 20 116.9 15.6
Poon et al. 2021 [44] 171.6 9.2 13 171.8 9.4
Pimenta et al. 2021 [60] 173 14.6 12 170.1 14.4
Ng et al. 2022 [53] 185 3 8 189 5
Mapelli et al. 2021 [43] 168 16 12 170 14
Lassing et al. 2020 [42] 160.1 11.2 14 154.5 11.4
Li et al. 2021 (Males) [41] 170.6 11.33 5 177.6 10.5
Li et al. 2021 (Females) [41] 162.6 21.72 5 162.6 17.67
Kato et al. 2021 [40] 171 14 12 169 15
Jesus et al. 2021 (WRVT - 25%) [62] 148.56 13.62 32 147.35 13.01
Jesus et al. 2021 (WRVT + 25%) [62] 186.69 10.59 32 185.48 9.38
Hua et al. 2021 [35] 1733 10.07 23 157.2 7.24
Hoffmann et al. 2021 [31] 155.5 17.1 14 151.4 17.7
Fikenzer et al. 2020 [3] 183 9.2 12 187 8.3
Epstein et al. 2021 [14] 165.81 16.01 16 170.5 11.71
Egger et al. 2021 [30] 189 9 16 191 9
Doherty et al. 2021 [37] 143.15 8.81 12 139.78 11.4
Dirol et al. 2021 [13] 94.06 17.03 100 91.47 18.27
Cabanillas-Barea et al. 2021 [25] 99.86 25.74 50 107.24 33.53
Boldrini et al. 2020 [38] 150 19 25 150 21
Alkan et al. 2021 (45-64y) [50] 153.76 17.41 13 157.92 13.57
Alkan et al. 2021 (18-25y) [50] 179.38 11.66 13 185.54 8.84
Akgul et al. 2021 [49] 111.8 1.18 30 111.6 1.35
Ade et al. 2021 [39] 138 27 S 135 26
Subtotal (95% CI) 816

Heterogeneity: Tau? = 14.58; Chi® = 86.88, df = 32 (P < 0.00001); I* = 63%

Test for overall effect: Z = 0.96 (P = 0.34)

1.2.2 FFP2/N95

Yoshihara et al. 2021 [47] 166.25 16.51 12 165.58 11.38
Shui et al. 2022 [55] 172 13 12 176 12
Rudi et al. 2021 [59] 177.4 12.4 20 180.9 11.1
Rosa et al. 2021 (Moderate intensity) [33] 135.3 21 17 138.3 22.9
Rosa et al. 2021 (High intensity) [33] 140.8 15.5 17 140.8 18.9
Roberge et al. 2010 (2.5 m/h) [58] 101.3 9.4 10 101.3 11.8
Roberge et al. 2010 (1.7 m/h) [58] 94.8 10.3 10 92.3 8.2
Pimenta et al. 2021 [60] 170.8 13.8 12 170.1 14.4
Mapelli et al. 2021 [43] 167 16.1 12 170 14
Kim et al. 2016 [56] 105.9 11.9 12 106.2 14.8
Kim et al. 2013 [15] 124.3 15.8 20 114.9 12.1
Kampert et al. 2021 [18] 174 9 20 177 10
Jones. 1991 [61] 150 15 10 137 18
Hua et al. 2021 [35] 181.4 6.89 23 157.2 7.24
Goh et al. 2019 [29] 110.2 7.73 106 108.4 9.84
Fikenzer et al. 2020 [3] 182 11.2 12 187 8.3
Epstein et al. 2021 [14] 168.81 12.84 16 170.5 11.71
Egger et al. 2021 [30] 191 b 16 191 9
Cabanillas-Barea et al. 2021 [25] 105.67 32.2 50 107.24 33.53
Ade et al. 2021 [39] 137 25 11 135 26
Subtotal (95% CI) 418

Heterogeneity: Tau? = 76.08; Chi? = 126.09, df = 19 (P < 0.00001); I* = 85%

Test for overall effect: Z = 0.72 (P = 0.47)

1.2.3 Cloth mask

Shaw et al. 2020 [45] 182 12 14 179 16
Kampert et al. 2021 [18] 174 10 20 177 10
Hoffmann et al. 2021 [31] 157 18 24 151.4 17.7
Driver et al. 2021 [12] 175.3 10 31 183.7 10.8
Doherty et al. 2021 [37] 142.43 12 139.78 11.4
Subtotal (95% CI) 101

Heterogeneity: Tau? = 23.22; Chi? = 10.59, df = 4 (P = 0.03); I* = 62%

Test for overall effect: Z = 0.34 (P = 0.74)

Total (95% CI) 1335

Heterogeneity: Tau? = 26.68; Chi? = 244.51, df = 57 (P < 0.00001); I> = 77%
Test for overall effect: Z = 1.19 (P = 0.23)
Test for subgroup differences: Chi? = 0.54, df = 2 (P = 0.76), I> = 0%

1V, Random, 95% CI 1V, Random, 95% CI
71 2.5% -5.20[-10.05, -0.35]
12 1.6% 3.59[-6.09, 13.27]
23 2.0% 4.00[-3.51,11.51]
72 1.3%  4.30[-7.20, 15.80]
72 2.1%  15.20 [8.18, 22.22]
12 1.4% -8.00[-19.32,3.32]
26 1.2% -0.74 [-13.14, 11.66]
14 1.2% 0.00[-13.01, 13.01]
20 2.1%  -3.10(-9.74, 3.54]
20 1.6% 11.40[1.73,21.07]
13 2.0%  -0.20 [-7.35, 6.95]
12 1.3%  2.90[-8.70, 14.50]
8  2.6% -4.00[-8.04,0.04]
12 1.3% -2.00 [-14.03, 10.03]
14 1.8% 5.60[-2.77,13.97]
5 1.1% -7.00 [-20.54, 6.54]
5 0.4% 0.00[-24.54, 24.54]
12 1.3%  2.00[-9.61, 13.61]
32 2.2% 1.21[-5.32, 7.74]
32 2.5% 1.21[-3.69, 6.11]
23 2.5% 16.10[11.03,21.17]
38 1.5%  4.10 [-6.48, 14.68]
12 2.1% -4.00[-11.01,3.01]
16 1.6% -4.69 [-14.41,5.03]
16 2.2%  -2.00 [-8.24, 4.24]
12 1.9%  3.37[-4.78, 11.52]
100 2.5% 2.59 [-2.31, 7.49] -+
50  1.3% -7.38([-19.10, 4.34] —
25  1.4% 0.00[-11.10, 11.10] T
13 1.3% -4.16 [-16.16, 7.84] —
13 1.9% -6.16 [-14.11, 1.79] —
30 3.1% 0.20 [-0.44, 0.84]
5 0.3% 3.00[-29.85, 35.85]
840 57.0%  0.96 [-1.01, 2.93] »
12 1.4% 0.67 [-10.68, 12.02] s
12 1.6% -4.00([-14.01, 6.01] —_—
20 2.0% -3.50([-10.79, 3.79] — T
17 1.0% -3.00 [-17.77, 11.77] ——
17 1.3% 0.00[-11.62, 11.62] —_—
10 1.7% 0.00 [-9.35, 9.35] —T
10 1.9%  2.50[-5.66, 10.66] —
12 1.4% 0.70[-10.58, 11.98] 1
12 1.3% -3.00[-15.07, 9.07] —
12 1.4% -0.30 [-11.04, 10.44] —_—
20 1.8%  9.40[0.68, 18.12] -
20 2.3%  -3.00[-8.90, 2.90] —=T
10 1.0% 13.00[-1.52,27.52] E
23 2.6% 24.20[20.12, 28.28] —_
106 2.9% 1.80 [-0.58, 4.18] r—
12 1.9% -5.00[-12.89, 2.89] —
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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

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

was monitored in 30 studies [12-15, 18, 25, 27-29, 31,
33-37, 39, 4245, 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, I>=73%) and in the total
effect (MD —0.48%, 95% CI—0.71 to—0.26; p<0.01,
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Table 2 Subgroup analyses of effects of wearing face masks during exercise on physiological and psychological outcomes by exercise type

Outcome n Progressive exercise test n Steady-state exercise
MD or SMD (95% CI) pvalue P MD or SMD (95% CI) pvalue P

Exercise performance® 34 —0.34 (-0.52t0—-0.15) <0.001 63% 7 0.16 (—0.32 t0 0.65) 0.51 90%
Heart rate (bpm) 31 —0.74 (—4.48 t0 2.99) 0.7 86% 25 2.69(1.10to0 4.28) <0.001 33%
VO,* 16  —0.68 (—0.93 to—0.43) <0.001 48% 3 —0.57 (—0.94 to—0.21) 0.002 21%
SpO, (%) 27 —0.60(—1.02to—-0.18) 0.005 58% 19 -0.41(-0.73t0—-0.10) 0.009 89%
PetCO, (mmHg) 10 4.15(2.77 t0 5.53) <0.001 43% 10 2.09 (0.93 to 3.25) <0.001 69%
RPE? 30  0.16 (0.05 to 0.28) 0.006 0% 13 0.51(0.27 t0 0.76) <0.001 58%
Dyspnea® 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% 0.56 (—0.37 to 1.48) 024 0%
Thermal sensation® 1.59 (0.55 to 2.64) 0.003  58% 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% —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 (—24.63to—11.58) <0.001 80% 3 —0.07 (—4.47 t0 4.33) 098  29%
Tidal volume (L) 9 —0.21 (=0.31t0o—-0.10) <0.001 0% 5 —0.00 (—=0.12t0 0.12) 098  23%
VE/VCO, 4 —1.18 (—2.42 t0 0.06) 0.06 0% 3 —2.39(-4.97 t0 0.19) 0.07 78%

ClI confidence intervals, MD mean differences, PetCO, end-tidal carbon dioxide partial pressure, RPE rating of perceived exertion, SMD stand-
ardized mean differences, SpO, oxygen saturation, VE/VCO, carbon dioxide ventilation equivalent, VO, oxygen uptake

2Qutcome shown as SMD (95% CI)

I?=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 SpO, 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

VCO, was examined in five studies [26, 30, 42, 43, 48],
and a reduction in VCO, 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 PetCO, [13-15, 29, 37, 39, 43, 48,
52, 55, 56, 58, 59]. From the meta-analysis, a significant
increase in PetCO, was observed in the total effect (MD
2.93 mmHg, 95% CI2.01 to 3.86; p <0.01, =65%) and in
those wearing surgical masks (MD 2.32 mmHg) and FFP2/
NO5 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, P= 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/VCO,) (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/VCO,
(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.
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(a)

Face mask No face mask Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.3.1 Surgical mask
Alkan et al. 2021 (18-25y) [50] 26.37 4.9 13 30.09 6.02 13 4.6%  -0.66 [-1.45,0.14] B
Alkan et al. 2021 (45-64y) [50] 17.92 4.13 13 22.26 3.8 13 4.3% -1.06[-1.89, -0.23]
Egger et al. 2021 [30] 45 10.2 16 58.8 5:7 16 4.4% -1.63[-2.44, -0.81] —=
Fikenzer et al. 2020 [3] 37.9 6 12 39.7 5.8 12 4.5%  -0.29[-1.10, 0.51] —1
Jesus et al. 2021 (WRVT + 25%) [62] 45.34 6.28 32 51.69 7.6 32 7.3% -0.90[-1.42, -0.38] [ —
Jesus et al. 2021 (WRVT - 25%) [62] 30.23  3.37 32 31.83 3.93 32 7.6%  -0.43[-0.93, 0.06] I
Lassing et al. 2020 [42] 33.05 4.96 14  34.49 5.79 14 5.0%  -0.26 [-1.00, 0.49] —
Mapelli et al. 2021 [43] 27.5 6.92 12 3096 6.71 12 4.4%  -0.49 [-1.30, 0.32] — =1
Otsuka et al. 2020 [51] 1,398.8 376.5 6 1,209.5 332.2 6 2.6% 0.49 [-0.66, 1.65] —
Shui et al. 2022 [55] 1,345 325 12 1,653 401 12 4.2%  -0.81[-1.65,0.02] e —
Umutlu G et al. 2021 [26] 15.12  3.02 14 17.25 2.17 14 4.7% -0.79 [-1.56, -0.01] ———
Zhang et al. 2021 [48] 243  4.96 71 27.3  5.47 71 9.8% -0.57[-0.91, -0.24] ——
Subtotal (95% ClI) 247 247 63.5% -0.64[-0.86, -0.42] L 2
Heterogeneity: Tau? = 0.03; Chi? = 14.28, df = 11 (P = 0.22); I* = 23%
Test for overall effect: Z = 5.69 (P < 0.00001)
1.3.2 FFP2/N95
Egger et al. 2021 [30] 47.6 8.5 16 58.8 5.7 16 4.5% -1.51[-2.31,-0.71]
Fikenzer et al. 2020 [3] 345 5.3 12 39.7 5.8 12 4.2% -0.90 [-1.75, -0.06] —
Kampert et al. 2021 [18] 38.1 8.6 20 39 8.9 20 6.1%  -0.10[-0.72, 0.52] —=
Mapelli et al. 2021 [43] 28.24 8.79 12 30.96 6.71 12 4.5%  -0.34[-1.14,0.47] D
Shui et al. 2022 [55] 1,417 363 12 1,653 401 12 4.4%  -0.60[-1.42,0.23] —
Subtotal (95% ClI) 72 72 23.7% -0.66 [-1.16, -0.16] .
Heterogeneity: Tau? = 0.17; Chi? = 8.37, df = 4 (P = 0.08); I> = 52%
Test for overall effect: Z = 2.59 (P = 0.010)
1.3.3 Cloth mask
Driver et al. 2021 [12] 32.2 9 30 43.9 8.1 30 6.7% -1.35[-1.91, -0.78] —
Kampert et al. 2021 [18] 38.2 8.7 20 39 8.9 20 6.1%  -0.09[-0.71, 0.53] —=
Subtotal (95% ClI) 50 50 12.9% -0.73[-1.96,0.51] —~—
Heterogeneity: Tau? = 0.70; Chi? = 8.67, df = 1 (P = 0.003); I = 88%
Test for overall effect: Z = 1.15 (P = 0.25)
Total (95% CI) 369 369 100.0% -0.66 [-0.87, -0.45] <&
Heterogeneity: Tau? = 0.09; Chi? = 31.75, df = 18 (P = 0.02); I* = 43% 5_4 _52 ) é 44
Test for overall effect: Z = 6.14 (P < 0.00001) Favours face mask Favours no face mask
Test for subgroup differences: Chi2 = 0.02, df = 2 (P = 0.99), I> = 0%
(b)

Face mask No face mask Mean Difference Mean Difference
Study or Subgroup Mean [mmHg] SD [mmHg] Total Mean [mmHg] SD [mmHg] Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.4.1 Surgical mask
Ade et al. 2021 [39] 118 10 5 129 12 5 1.5% -11.00 [-24.69, 2.69] —
Doherty et al. 2021 [37] 114.6 8.05 12 114.38 7.17 12 6.6% 0.22 [-5.88, 6.32] I —
Fikenzer et al. 2020 [3] 116 23.7 12 107 20.5 12 0.9% 9.00 [-8.73, 26.73]
Mapelli et al. 2021 [43] 115 3 12 118 3 12 25.3% -3.00 [-5.40, -0.60] —=
Rudi et al. 2021 [59] 79.1 7.5 20 84 6.7 20 11.3% -4.90 [-9.31, -0.49] -
Zhang et al. 2021 [48] 112.2 1 71 115.7 9.75 71 16.5% -3.50[-6.92, -0.08] ——
Subtotal (95% CI) 132 132 62.0% -3.17 [-4.87,-1.47] L 2
Heterogeneity: Tau? = 0.00; Chi? = 4.90, df = 5 (P = 0.43); I> = 0%
Test for overall effect: Z = 3.65 (P = 0.0003)
1.4.2 FFP2/N95
Ade et al. 2021 [39] 114 11 5 129 12 5 1.3% -15.00 [-29.27, -0.73]
Fikenzer et al. 2020 [3] 116 23.2 12 107 20.5 12 0.9% 9.00 [-8.52, 26.52]
Mapelli et al. 2021 [43] 114 3 12 118 3 12 25.3% -4.00 [-6.40, -1.60] -
Rudi et al. 2021 [59] 773 82 20 84 6.7 20 10.4% -6.70([-11.34,-2.06] —_—
Subtotal (95% CI) 49 49 38.0% -5.10[-9.27, -0.94] B
Heterogeneity: Tau? = 7.17; Chi? = 5.38, df = 3 (P = 0.15); I* = 44%
Test for overall effect: Z = 2.40 (P = 0.02)
Total (95% CI) 181 181 100.0% -3.79 [-5.46, -2.12] <
Heterogeneity: Tau? = 1.38; Chi? = 11.37, df = 9 (P = 0.25); I* = 21% _250 7i0 3 1?0 250

Test for overall effect: Z = 4.44 (P < 0.00001)
Test for subgroup differences: Chi? = 0.71, df = 1 (P = 0.40), I> = 0%

Fig.3 Pooled analysis on the effect of face masks on a VO,, b PetO,,
and ¢ Sp0O,. Effects for the subgroups are based on the grouping vari-
ables of different types (surgical mask vs FFP2/N95 vs cloth mask).

Favours face mask Favours no face mask

FFP2 filtering facepiece 2, N95 N95 respirator, PetO, end-tidal oxy-
gen partial pressure, SpO, oxygen saturation, VO, oxygen uptake,
WRVT work rate at the ventilatory threshold
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(0

Study or Subgroup

Face mask
Mean [%] SD [%] Total

No face mask

Mean [%] SD [%] Total Weight

Mean Difference
IV, Random, 95% CI

Mean Difference
IV, Random, 95% CI

1.5.1 Surgical mask

Ade et al. 2021 [39] 97 1 5 98 1
Akgul et al. 2021 [49] 97.02  0.09 30 97.93 0.1
Alkan et al. 2021 (18-25y) [50] 96.31 2.78 13 97 1.87
Alkan et al. 2021 (45-64y) [50] 97.15 1.21 13 97.15 0.69
Bar-on et al. 2021 (Brisk walk) [52] 96.71  0.94 21 98.25  0.85
Cabanillas-Barea et al. 2021 [25] 94.88 8.22 50 95.88 4.74
Dirol et al. 2021 [13] 97.56  0.92 100 97.8 0.86
Doherty et al. 2021 [37] 98.54 0.73 12 98.67 1.29
Epstein et al. 2021 [14] 97.69 1.62 16 98.13  1.09
Fukushi et al. 2021 [36] 96  0.93 24 95.25 2.4
Hoffmann et al. 2021 [31] 96.9 1.1 14 96.9 1.4
Hua et al. 2021 [35] 95.2 113 23 96.4  0.89
Léssing et al. 2020 [42] 95.32  0.83 14 95.22 0.71
Mapelli et al. 2021 [43] 96.5 1.2 12 97.3 1.2
Ng et al. 2022 [53] 90 6 8 92 3
Pimenta et al. 2021 [60] 92.5 3.9 12 94.5 2.7
Poon et al. 2021 [44] 97 1.4 13 97.5 0.8
Shaw et al. 2020 [45] 96 3 14 96 4
Shaw et al. 2021 [28] 88.38  6.01 26 88.86  5.92
Steinhilber et al. 2022 (130 W) [54] 97.42 3.38 39 97.3 3.74
Steinhilber et al. 2022 (150 W) [54] 98.11  3.02 39 97.45 4.84
Tornero-Aguilera et al. 2021 (400m) [34] 96.7 3.06 72 98.1 1.31
Tornero-Aguilera et al. 2021 (50m) [34] 95.2 6.02 72 97.8 1.49
Zhang et al. 2021 [48] 95.3  9.25 71 95.3 8.72
Subtotal (95% CI) 713

Heterogeneity: Tau? = 0.21; Chi? = 83.87, df = 23 (P < 0.00001); I> = 73%

Test for overall effect: Z = 4.05 (P < 0.0001)

1.5.2 FFP2/N95

Ade et al. 2021 [39] 98 1 5 98 1
Cabanillas-Barea et al. 2021 [25] 96.94 2.6 50 95.88 4.74
Epstein et al. 2021 [14] 97.63 1.26 16 98.13  1.09
Goh et al. 2019 [29] 99.2 0.65 106 99.2 0.81
Hua et al. 2021 [35] 94.5 1.34 23 96.4  0.89
Kampert et al. 2021 [18] 93.4 4.1 20 96.2 3.7
Kim et al. 2013 [15] 97.7 1.3 20 97.8 1
Kim et al. 2016 [56] 97.8 0.6 12 97.9 1.1
Mapelli et al. 2021 [43] 95.1 3.1 12 97.3 1.2
Pimenta et al. 2021 [60] 91.3 4 12 94.5 2.7
Roberge et al. 2010 (1.7 m/h) [58] 98.1 0.9 10 98.5 0.8
Roberge et al. 2010 (2.5 m/h) [58] 98.4 0.7 10 98.5 0.8
Rosa et al. 2021 (High intensity) [33] 96.7 1.6 17 96.8 1.3
Rosa et al. 2021 (Moderate intensity) [33] 97 1.4 17 97.4 1.5
Steinhilber et al. 2022 (130 W) [54] 98.29 2.94 39 97.3 3.74
Steinhilber et al. 2022 (150 W) [54] 98.66  2.17 39 97.45 4.84
Subtotal (95% CI) 408

Heterogeneity: Tau? = 0.38; Chi? = 52.14, df = 15 (P < 0.00001); I> = 71%

Test for overall effect: Z = 1.71 (P = 0.09)

1.5.3 Cloth mask

Doherty et al. 2021 [37] 98.33 1.64 12 98.67 1.29
Driver et al. 2021 [12] 93.4 3.1 31 95.1 2.4
Fukushi et al. 2021 [36] 96 2.4 24 96.5 2.4
Hoffmann et al. 2021 [31] 97 1.5 24 96.9 1.4
Kampert et al. 2021 [18] 92.9 3.8 20 96.2 3.7
Shaw et al. 2020 [45] 95 3 14 96 4
Steinhilber et al. 2022 (130 W) [54] 97.9 4.03 39 97.3 3.74
Steinhilber et al. 2022 (150 W) [54] 98.18 2.71 39 97.45 4.84
Subtotal (95% CI) 203

Heterogeneity: Tau? = 0.52; Chi? = 14.18, df = 7 (P = 0.05); 1> = 51%

Test for overall effect: Z = 1.32 (P = 0.19)

Total (95% CI) 1324

Heterogeneity: Tau? = 0.30; Chi? = 227.10, df = 47 (P < 0.00001); I? = 79%
Test for overall effect: Z = 4.17 (P < 0.0001)
Test for subgroup differences: Chi? = 0.88, df = 2 (P = 0.64), I> = 0%

Fig.3 (continued)

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% C1 0.21-0.52; p <0.01;
P= 30%), while no effect was observed in those with FFP2/
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Favours face mask Favours no face mask

NO95 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
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(a)

Face mask No face mask Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI 1V, Random, 95% CI
1.6.1 Surgical mask
Egger et al. 2021 [30] 49.7 13.8 16 70.6 7.7 16 11.9% -1.82[-2.66,-0.98]
Lassing et al. 2020 [42] 2,575 310 14 2,685 278 14 13.6% -0.36 [-1.11, 0.39] e
Mapelli et al. 2021 [43] 2,217 691 12 2,578 763 12 12.4%  -0.48[-1.29,0.33] —_—
Umutlu G et al. 2021 [26] 13.77 2.74 14 15.67 1.72 14 13.1% -0.81[-1.58,-0.03] — ]
Zhang et al. 2021 [48] 1,873 578.7 71 2,169.9 627.8 71 23.5% -0.49[-0.82, -0.16] —=
Subtotal (95% CI) 127 127 74.5% -0.74[-1.19,-0.28] ‘
Heterogeneity: Tau? = 0.14; Chi? = 9.23, df = 4 (P = 0.06); I> = 57%
Test for overall effect: Z = 3.19 (P = 0.001)
1.6.2 FFP2/N95
Egger et al. 2021 [30] 56.3 124 16 70.6 7.7 16 13.0% -1.35[-2.13,-0.57] e —
Mapelli et al. 2021 [43] 2,268 794 12 2,578 763 12 12.5%  -0.38[-1.19, 0.42] —
Subtotal (95% CI) 28 28 25.5% -0.87[-1.82,0.07] —~l—
Heterogeneity: Tau? = 0.30; Chi? = 2.85, df = 1 (P = 0.09); I* = 65%
Test for overall effect: Z = 1.81 (P = 0.07)
Total (95% Cl) 155 155 100.0% -0.77 [-1.15, -0.39] L 2
Heterogeneity: Tau? = 0.13; Chi? = 12.74, df = 6 (P = 0.05); I> = 53% 1_4 _12 3 é 45

Test for overall effect: Z = 3.97 (P < 0.0001)
Test for subgroup differences: Chi? = 0.07, df = 1 (P = 0.80), I = 0%

(b)

Favours face mask Favours no face mask

Face mask No face mask Mean Difference Mean Difference
Study or Subgroup Mean [mmHg] SD [mmHg] Total Mean [mmHg] SD [mmHg] Total Weight 1V, d 95% CI v, d 95% CI
1.7.1 Surgical mask
Ade et al. 2021 [39] 37 7 5 29 9 S 0.8% 8.00[-1.99, 17.99] 7
Bar-on et al. 2021 (Brisk walk) [52] 42.41 1.59 21 39.7 2.29 21 9.4% 2.71[1.52, 3.90] -
Dirol et al. 2021 [13] 38.73 3.22 100 37.21 3.33 100 10.1% 1.52[0.61, 2.43] =l
Doherty et al. 2021 [37] 38.79 5.16 12 39.5 4.93 12 3.6% -0.71[-4.75, 3.33] —=r
Epstein et al. 2021 [14] 40.19 3.99 16 36.31 4.83 16 5.0% 3.88[0.81, 6.95] —
Mapelli et al. 2021 [43] 35.13 3.09 12 33.04 4.28 12 5.1%  2.09[-0.90, 5.08] T
Rudi et al. 2021 [59] 33.3 4 20 29 3.1 20 6.8% 4.30[2.08, 6.52] —_—
Shui et al. 2022 [55] 46.8 3.8 12 45.9 3.7 12 5.1%  0.90 [-2.10, 3.90] 1T
Zhang et al. 2021 [48] 41.6 10.2 11 38.8 9.7 11 1.1% 2.80[-5.52, 11.12] —
Subtotal (95% CI) 209 209 47.0% 2.32 [1.38, 3.26] '3
Heterogeneity: Tau? = 0.52; Chi® = 11.46, df = 8 (P = 0.18); I> = 30%
Test for overall effect: Z = 4.85 (P < 0.00001)
1.7.2 FFP2/N95
Ade et al. 2021 [39] 39 7 5 29 9 5 0.8% 10.00[0.01, 19.99]
Epstein et al. 2021 [14] 43.31 3.96 16 36.31 4.83 16 5.0%  7.00 [3.94, 10.06] —_—
Goh et al. 2019 [29] 32 2.8 106 28.2 2.8 106 10.4% 3.80 [3.05, 4.55] =
Kim et al. 2013 [15] 42.7 3.3 20 39.7 3.8 20 6.8% 3.00[0.79, 5.21] —
Kim et al. 2016 [56] 41.3 2.4 12 40.9 2.4 12 7.5%  0.40[-1.52, 2.32] T
Mapelli et al. 2021 [43] 36.26 3.94 12 33.04 4.28 12 4.6%  3.22[-0.07,6.51] ——
Roberge et al. 2010 (1.7 m/h) [58] 39.7 6 10 40.7 3.5 10 3.2% -1.00[-5.31, 3.31] — T
Roberge et al. 2010 (2.5 m/h) [58] 42 5.6 10 40.8 3.2 10 3.6% 1.20 [-2.80, 5.20] o
Rudi et al. 2021 [59] 35.8 4.9 20 29 3.1 20 6.0% 6.80 [4.26, 9.34] I
Shui et al. 2022 [55] 49.7 4.1 12 45.9 3.7 12 4.9% 3.80[0.68, 6.92] —_—=
Subtotal (95% CI) 223 223 53.0% 3.44 [1.96, 4.91] 2
Heterogeneity: Tau? = 3.21; Chi® = 29.44, df = 9 (P = 0.0005); I* = 69%
Test for overall effect: Z = 4.58 (P < 0.00001)
Total (95% CI) 432 432 100.0% 2.93 [2.01, 3.86] <
Heterogeneity: Tau? = 1.97; Chi? = 51.03, df = 18 (P < 0.0001); I> = 65% ?720 710 ) 130 205

Test for overall effect: Z = 6.24 (P < 0.00001)
Test for subgroup differences: Chi? = 1.57, df = 1 (P = 0.21), I = 36.3%

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

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,

Favours face mask Favours no face mask

filtering facepiece 2, N95 N95 respirator, PetCO, end-tidal carbon
dioxide partial pressure, VCO, carbon dioxide production

59], while others used test duration (n=06) [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, > =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, I*=72%),
whereas no change was noted in those wearing surgical
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(a) Face mask No face mask Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% CI
1.8.1 Surgical mask

Bar-on et al. 2021 (Brisk walk) [52] 4.3 1.6 21 3.1 1.43 21 2.2% 0.78[0.15, 1.41]

Bar-on et al. 2021 (Slow walk) [52] 1.8 0.94 21 1.3 0.59 21 2.3% 0.63 [0.00, 1.25]

Boldrini et al. 2020 [38] 6.2 1.3 25 6 1.8 25 2.7% 0.13 [-0.43, 0.68] N G
Egger et al. 2021 [30] 7.1 1.6 16 6.6 1.3 16 1.9% 0.33 [-0.36, 1.03] ]
Epstein et al. 2021 [14] 10 0.01 16 10 0.01 16 1.9% 0.00 [-0.69, 0.69] I
Fukushi et al. 2021 [36] 6 1.93 24 5 1.99 24 2.6% 0.50 [-0.07, 1.08] b
Hoffmann et al. 2021 [31] 15.3 1.6 14 129 1.8 38 2.1% 1.35[0.68, 2.02]

Lassing et al. 2020 [42] 6.9 1.1 14 6.6 1.1 14 1.7% 0.26 [-0.48, 1.01] —

Li et al. 2021 (Females) [41] 17.2 1.3 5 17.4 0.89 5 0.7%  -0.16 [-1.41, 1.08]

Li et al. 2021 (Males) [41] 17 173 5 17.8 0.84 5 0.7% -0.53 [-1.81, 0.74] —
Otsuka et al. 2020 [51] 6.3 2.2 6 5 1.8 6 0.8% 0.60 [-0.57, 1.77]

Pimenta et al. 2021 [60] 16.4 2.4 120 153 17 12 1.5% 0.51[-0.30, 1.33] ]

Poon et al. 2021 [44] 15.5 1.5 13 142 2.1 13 1.6% 0.69 [-0.11, 1.49] N
Roberge et al. 2012 [57] 11.2 1.7 20 10.6 1.8 20 2.3% 0.34 [-0.29, 0.96] ]

Rudi et al. 2021 [59] 14.5 2.7 20 142 1.8 20 2.3% 0.13 [-0.49, 0.75] e
Shaw et al. 2020 [45] 9.9 0.4 14 99 0.5 14 1.8% 0.00 [-0.74, 0.74] I E—
Shaw et al. 2021 (Female) [28] 6.64 3.02 5 4.83 3.19 5 0.7% 0.53 [-0.75, 1.80] I

Shaw et al. 2021 (Male) [28] 7.17  1.47 21 7.07 1.63 21 2.4% 0.06 [-0.54, 0.67] '—
Steinhilber et al. 2022 (130 W) [54] 3.8 1.67 39 3,51 1.25 39 3.5% 0.19 [-0.25, 0.64] —T=
Steinhilber et al. 2022 (150 W) [54] 4.87 1.7 39 4.47 135 39 3.5% 0.26 [-0.19, 0.70] -T=
Tornero-Aguilera et al. 2021 (400m) [34] 18.7 1.65 72 17.5 1.82 72 4.7% 0.69 [0.35, 1.02] —F
Tornero-Aguilera et al. 2021 (50m) [34] 13.4 2.9 72 13.7 3.75 72 4.8% -0.09 [-0.42, 0.24] —T
Wong et al. 2020 [46] 12.7 2.1 23 10.8 2.2 23 2.4% 0.87[0.26, 1.48]

Yoshihara et al. 2021 [47] 12.3 2.5 12 11.7 1.8 12 1.5% 0.27 [-0.54, 1.07] —
Subtotal (95% CI) 529 553 52.6% 0.36 [0.21, 0.52] <&
Heterogeneity: Tau? = 0.04; Chi? = 33.08, df = 23 (P = 0.08); I* = 30%

Test for overall effect: Z = 4.57 (P < 0.00001)

1.8.2 FFP2/N95

Egger et al. 2021 [30] 6.9 1.5 16 6.6 1.3 16 1.9% 0.21 [-0.49, 0.90] —
Epstein et al. 2021 [14] 10 0.01 16 10 0.01 16 1.9% 0.00 [-0.69, 0.69] e E—
Kampert et al. 2021 [18] 9.5 0.8 20 9.6 0.9 20 2.3% -0.12 [-0.74, 0.51] —
Kim et al. 2016 [56] 9.9 2.1 12 9.3 2 12 1.5% 0.28 [-0.52, 1.09] —
Pimenta et al. 2021 [60] 17.1 2.4 12 153 1.7 12 1.4% 0.84 [-0.01, 1.68]

Roberge et al. 2010 (1.7 m/h) [58] 0.83 1.3 10 0.5 0.85 10 1.3% 0.29 [-0.59, 1.17] —
Roberge et al. 2010 (2.5 m/h) [58] 1.11 1.3 10 1.05 1.16 10 1.3% 0.05 [-0.83, 0.92] ——

Rosa et al. 2021 (High intensity) [33] 8.41 1 17 82 11 17  2.0% 0.20 [-0.48, 0.87] —

Rosa et al. 2021 (Moderate intensity) [33] 8.4 1.4 17 8.1 1.05 17 2.0% 0.24 [-0.44, 0.91] —

Rudi et al. 2021 [59] 15.2 2.6 20 142 1.8 20 2.3% 0.44 [-0.19, 1.07] =
Steinhilber et al. 2022 (130 W) [54] 3.59 1.83 39 3.51 1.25 39 3.5% 0.05 [-0.39, 0.49] I
Steinhilber et al. 2022 (150 W) [54] 4.59 1.83 39 4.47 135 39 3.5% 0.07 [-0.37, 0.52] —
Yoshihara et al. 2021 [47] 12.3 2.8 12 11.7 1.8 12 1.5% 0.25 [-0.56, 1.05] —
Subtotal (95% CI) 240 240 26.8% 0.17 [-0.01, 0.35] »
Heterogeneity: Tau? = 0.00; Chi? = 4.92, df = 12 (P = 0.96); I = 0%

Test for overall effect: Z = 1.85 (P = 0.06)

1.8.3 Cloth mask

Dantas et al. 2021 [32] 49.14 22.59 10 33.62 8.79 10 1.2% 0.87 [-0.06, 1.79] T

Driver et al. 2021 [12] 16.9 3 30 16.8 3 30 3.0% 0.03 [-0.47, 0.54] I
Fukushi et al. 2021 [36] 6.5 2.05 24 5 1.99 24 2.5% 0.73[0.14, 1.32]

Hoffmann et al. 2021 [31] 14.6 1.5 24 129 1.8 38 2.8% 0.99 [0.45, 1.53]

Kampert et al. 2021 [18] 9.3 1 20 9.6 0.9 20 2.3%  -0.31[-0.93,0.31] —
Shaw et al. 2020 [45] 9.7 0.6 14 9.9 0.5 14 1.7% -0.35 [-1.10, 0.40] _
Steinhilber et al. 2022 (130 W) [54] 3.42  1.39 39 3.51 1.25 39 3.5% -0.07[-0.51, 0.38] I
Steinhilber et al. 2022 (150 W) [54] 4.51 1.66 39 4.47 1.35 39 3.5% 0.03 [-0.42, 0.47] I
Subtotal (95% ClI) 200 214 20.6% 0.22 [-0.13, 0.57] o
Heterogeneity: Tau? = 0.16; Chi? = 20.40, df = 7 (P = 0.005); I = 66%

Test for overall effect: Z = 1.25 (P = 0.21)

Total (95% ClI) 969 1007 100.0% 0.28 [0.17, 0.39] L 3
Heterogeneity: Tau? = 0.04; Chi? = 61.76, df = 44 (P = 0.04); I> = 29% + ) 3 + 3

Test for overall effect: Z = 4.98 (P < 0.00001)
Test for subgroup differences: Chi? = 2.59, df = 2 (P = 0.27), I = 22.8%

Favours face mask Favours no face mask

Fig.5 Pooled analysis on the effect of face masks on psychological
perceptual response: a RPE, b dyspnea, ¢ 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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(b)

Face mask No face mask Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.9.1 Surgical mask
Ade et al. 2021 [39] 10.96 0.87 11 9.19 0.8 11 2.4% 2.04[0.97, 3.11]
Alkan et al. 2021 (18-25y) [50] 6.15 1.68 13 5.23 1.74 13 3.6% 0.52 [-0.26, 1.30] =
Alkan et al. 2021 (45-64y) [50] 5.38 2.36 13 5.38 2.29 13 3.7% 0.00 [-0.77, 0.77] 1
Boldrini et al. 2020 [38] 5.7 2 25 46 23 25 5.0% 0.50 [-0.06, 1.07] —
Cabanillas-Barea et al. 2021 [25] 2.48 1.71 50 1.54 1.69 50 6.3% 0.55 [0.15, 0.95] —=—
Doherty et al. 2021 [37] 1.32 1.52 12 1.22 1.14 12 3.5% 0.07 [-0.73, 0.87] . —
Ng et al. 2022 [53] 9.7 0.7 8 9.8 0.5 8 2.7%  -0.16 [-1.14, 0.83] —=
Pimenta et al. 2021 [60] 6.8 1.9 12 57 17 12 3.4% 0.59 [-0.23, 1.41] T
Shui et al. 2022 [55] 6.4 1.83 12 3.06 1.64 12 2.7% 1.86 [0.87, 2.84]
Steinhilber et al. 2022 (130 W) [54] 3.89 1.7 39 3.19 1.52 39 5.9% 0.43 [-0.02, 0.88] =
Steinhilber et al. 2022 (150 W) [54] 5.12 1.92 39 3.97 1.71 39 5.8% 0.63[0.17, 1.08] —_—
Zhang et al. 2021 [48] 5.69 1.62 71 4.78 1.72 71 6.8% 0.54[0.21, 0.88] —=—
Subtotal (95% CI) 305 305 51.6% 0.56 [0.32, 0.80] L 2

Heterogeneity: Tau? = 0.07; Chi? = 19.95, df = 11 (P = 0.05); I> = 45%
Test for overall effect: Z = 4.59 (P < 0.00001)

1.9.2 FFP2/N95

Ade et al. 2021 [39] 12.92 0.92 11 9.19 0.8 11 1.3% 4.16 [2.57, 5.76] —_—
Cabanillas-Barea et al. 2021 [25] 3.52 1.97 50 1.54 1.69 50 6.1% 1.07 [0.65, 1.49] —_—

Kim et al. 2016 [56] 22 0.6 12 1.7 0.8 12 3.4% 0.68 [-0.14, 1.51] T

Pimenta et al. 2021 [60] 76 1.5 12 5.7 1.7 12 3.1% 1.14 [0.27, 2.02]

Shui et al. 2022 [55] 6.82 2.19 12 3.06 1.64 12 2.7% 1.88[0.89, 2.87]

Steinhilber et al. 2022 (130 W) [54] 4.3 1.92 39 3.19 1.52 39 5.8% 0.63 [0.18, 1.09] —

Steinhilber et al. 2022 (150 W) [54] 5.34 1.95 39 3.97 171 39 5.8% 0.74[0.28, 1.20] —

Subtotal (95% Cl) 175 175 28.1% 1.18 [0.69, 1.67] S

Heterogeneity: Tau? = 0.28; Chi® = 22.51, df = 6 (P = 0.0010); I> = 73%
Test for overall effect: Z = 4.75 (P < 0.00001)

1.9.3 Cloth mask

Doherty et al. 2021 [37] 2.06 1.36 12 122 1.14 12 3.4% 0.65 [-0.18, 1.47] T
Driver et al. 2021 [12] 72 29 30 55 23 30 5.3% 0.64 [0.12, 1.16] s
Steinhilber et al. 2022 (130 W) [54] 3.96 1.59 39 3.19 1.52 39 5.8% 0.49 [0.04, 0.94] —
Steinhilber et al. 2022 (150 W) [54] 5.12 1.83 39 3.97 171 39 5.8% 0.64 [0.19, 1.10] —=
Subtotal (95% CI) 120 120 20.3% 0.59 [0.33, 0.85] L 2

Heterogeneity: Tau? = 0.00; Chi® = 0.29, df = 3 (P = 0.96); I = 0%
Test for overall effect: Z = 4.48 (P < 0.00001)

Total (95% Cl) 600 600 100.0% 0.72 [0.53, 0.92] 3

Heterogeneity: Tau? = 0.12; Chi? = 51.74, df = 22 (P = 0.0003); I = 57% _34 _?2 ) é i
Test for overall effect: Z = 7.27 (P < 0.00001) Favours face mask Favours no face mask
Test for subgroup differences: Chi? = 5.30, df = 2 (P = 0.07), I = 62.2%

(©

Face mask No face mask Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
1.10.1 Surgical mask
Fikenzer et al. 2020 [3] 5.8 2.5 12 2.7 22 12 11.5% 3.10 [1.22, 4.98]
Kato et al. 2021 [40] 6.27 3.03 12 5.85 2.93 12 9.2%  0.42[-1.96, 2.80] e e
Li et al. 2021 (Females) [41] 4.8 1.64 5 4.2 0.84 5 12.8% 0.60[-1.02, 2.22] b
Li et al. 2021 (Males) [41] 4.8 0.84 5 4.8 0.45 5 17.0%  0.00 [-0.84, 0.84] b
Yoshihara et al. 2021 [47] 25 2.1 12 23 1.6 12 13.5% 0.20[-1.29, 1.69] —
Subtotal (95% CI) 46 46 64.0% 0.73[-0.29, 1.74] e

Heterogeneity: Tau? = 0.70; Chi? = 8.85, df = 4 (P = 0.06); I*> = 55%
Test for overall effect: Z = 1.40 (P = 0.16)

1.10.2 FFP2/N95

Fikenzer et al. 2020 [3] 6.5 2.6 12 2.7 2.2 12 11.2% 3.80[1.87, 5.73] - &
Kampert et al. 2021 [18] 7.5 3 20 4.8 3.7 20 10.5% 2.70[0.61, 4.79] —_—
Yoshihara et al. 2021 [47] 3.2 1.8 12 23 1.6 12 14.2% 0.90 [-0.46, 2.26] T

Subtotal (95% Cl) 44 44 36.0% 2.35[0.54, 4.17] -
Heterogeneity: Tau? = 1.75; Chi? = 6.28, df = 2 (P = 0.04); I> = 68%

Test for overall effect: Z = 2.54 (P = 0.01)

Total (95% CI) 920 90 100.0% 1.34 [0.34, 2.34] @

Heterogeneity: Tau? = 1.34; Chi? = 22.38, df = 7 (P = 0.002); I> = 69% t t } |

Test f Il effect: Z = 2.62 (P = 0.009) -10 > 0 > 10
€st for overall € ec,‘ - . " Favours face mask Favours no face mask

Test for subgroup differences: Chi® = 2.35,df = 1 (P = 0.13), I = 57.5%

Fig.5 (continued)
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(d)

Face mask No face mask Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.11.1 Surgical mask
Fikenzer et al. 2020 [3] 42 2.4 12 2 13 12 13.5% 1.10 [0.23, 1.97] I —
Kato et al. 2021 [40] 9.2 2.16 12 8.11 1.76 12 14.3% 0.53 [-0.28, 1.35] T
Roberge et al. 2012 [57] 6.31 0.79 20 6.2 0.85 20 17.9% 0.13 [-0.49, 0.75] o
Yoshihara et al. 2021 [47] 6 0.7 12 5.8 04 12 14.5% 0.34 [-0.47, 1.15] -1
Subtotal (95% CI) 56 56 60.2% 0.46 [0.06, 0.85] L 4
Heterogeneity: Tau? = 0.01; Chi? = 3.28, df = 3 (P = 0.35); I = 8%
Test for overall effect: Z = 2.24 (P = 0.02)
1.11.2 FFP2/N95
Fikenzer et al. 2020 [3] 6.2 2.3 12 2 13 12 11.0% 2.17[1.13, 3.22]
Kim et al. 2016 [56] 6.6 0.5 12 6.4 0.5 12 14.5% 0.39[-0.42, 1.20] e
Yoshihara et al. 2021 [47] 6.1 0.7 12 58 0.4 12 14.3% 0.51[-0.31, 1.32] T
Subtotal (95% CI) 36 36 39.8% 0.97 [-0.05, 2.00] ‘
Heterogeneity: Tau? = 0.62; Chi? = 8.08, df = 2 (P = 0.02); I> = 75%
Test for overall effect: Z = 1.86 (P = 0.06)
Total (95% ClI) 92 92 100.0% 0.67 [0.22, 1.12] <o
Heterogeneity: Tau? = 0.19; Chi? = 12.89, df = 6 (P = 0.04); I*> = 53% _54 _52 ) é j‘

Test for overall effect: Z = 2.90 (P = 0.004)
Test for subgroup differences: Chi? = 0.84, df = 1 (P = 0.36), I = 0%

Fig.5 (continued)

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,
VO,, saturation, PetCO,, 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.,
VO,, PetO,, SpO,, VCO,, and PetCO,) and psychological
variables (e.g., RPE, dyspnea, fatigue level, and thermal

Favours face mask Favours no face mask

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/
NOS5 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
VO,, VCO,, and PetO, and increased PetCO,; 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 VO, 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 VO, when wearing a face mask during steady



C.Zheng et al.

Face mask No face mask Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Surgical mask
Alkan et al. 2021 (18-25y) [50] 9.83 1.07 13 10.17 1.13 13 2.1% -0.30 [-1.07, 0.47] —=T
Alkan et al. 2021 (45-64y) [50] 6.88 1.92 13 8.05 1.88 13 2.1% -0.60 [-1.38, 0.19] I
Cabanillas-Barea et al. 2021 [25] 707.5 75.83 50 708.25 77.32 50 2.9% -0.01 [-0.40, 0.38] -1
Dirol et al. 2021 [13] 530.7 67.85 100 545.2 71.23 100 3.1% -0.21[-0.49, 0.07] 7
Egger et al. 2021 [30] 4.8 0.4 16 5.1 0.5 16 2.3% -0.65 [-1.36, 0.07] |
Epstein et al. 2021 [14] 18.3 3.7 16 18.9 3.7 16 2.3% -0.16 [-0.85, 0.54] T
Fikenzer et al. 2020 [3] 3.3 0.5 12 3.4 0.5 12 2.1% -0.19 [-1.00, 0.61] I
Hua et al. 2021 [35] 12 0.85 23 14.4 0.78 23 2.0% -2.89[-3.74, -2.05]
Lassing et al. 2020 [42] 202.7 26 14 202.7 26 14 2.2% 0.00 [-0.74, 0.74] — 1
Li et al. 2021 (Females) [41] 105.6 30 5 107.6 29.25 5 1.4% -0.06 [-1.30, 1.18] e —
Li et al. 2021 (Males) [41] 184.8 26.81 5 187 28.15 5 1.4% -0.07 [-1.31, 1.17] T
Mapelli et al. 2021 [43] 187 52 12 194 57 12 2.1% -0.12 [-0.92, 0.68] S
Ng et al. 2022 [53] 269 56 8 278 56 8 1.8% -0.15[-1.13, 0.83] . —
Otsuka et al. 2020 [51] 108 37.9 6 104 30.6 6 1.5% 0.11[-1.03, 1.24] N
Pimenta et al. 2021 [60] 17.38 3.37 12 18.42 3.33 12 2.1% -0.30[-1.11, 0.51] — =1
Rudi et al. 2021 [59] 219.5 71.9 20 230.5 773 20 2.5% -0.14 [-0.77, 0.48] =
Shaw et al. 2020 [45] 241 57 14 234 56 14 2.2% 0.12 [-0.62, 0.86] =
Shaw et al. 2021 (Female) [28] 294 101 5 291 100 5 1.4% 0.03 [-1.21, 1.27] [ E—
Shaw et al. 2021 (Male) [28] 354 101 21 331 101 21 2.5% 0.22 [-0.38, 0.83] T
Shui et al. 2022 [55] 136.71 40.07 12 143.51 39.63 12 2.1% -0.16 [-0.97, 0.64] — =
Steinhilber et al. 2022 (130 W) [54] 1.84 072 39 191 0.7 39 2.8% -0.10[-0.54, 0.35] —
Steinhilber et al. 2022 (150 W) [54] 232 081 39 235 0.83 39 2.8% -0.04[-0.48, 0.41] —_
Tornero-Aguilera et al. 2021 (400m) [34] 89.2 13.9 72 749 938 72  3.0% 1.20 [0.84, 1.56] —_
Tornero-Aguilera et al. 2021 (50m) [34] 9.62 1.76 72 8.55 0.84 72 3.0% 0.77[0.43, 1.11] —=
Zhang et al. 2021 [48] 142.9 442 71 149.8 46 71  3.0% -0.15[-0.48,0.18] -
Subtotal (95% CI) 670 670 56.7% -0.12[-0.39, 0.15] <&
Heterogeneity: Tau? = 0.32; Chi? = 119.27, df = 24 (P < 0.00001); I> = 80%
Test for overall effect: Z = 0.89 (P = 0.38)
1.1.2 FFP2/N95
Cabanillas-Barea et al. 2021 [25] 696.09 81.32 50 708.25 77.32 50 2.9% -0.15 [-0.54, 0.24] —
Egger et al. 2021 [30] 4.9 0.5 16 5.1 0.5 16 2.3% -0.39 [-1.09, 0.31] =
Epstein et al. 2021 [14] 18.5 3.6 16 18.9 3.7 16 2.3% -0.11 [-0.80, 0.59] s
Fikenzer et al. 2020 [3] 3.22 0.4 12 3.4 0.5 12 2.1% -0.38 [-1.19, 0.43] I
Hua et al. 2021 [35] 11.7 0.98 23 14.4 0.78 23 2.0% -3.00 [-3.86, -2.13]
Kampert et al. 2021 [18] 545 141 20 591 145 20 2.5% -0.32 [-0.94, 0.31] .
Mapelli et al. 2021 [43] 184 54 12 194 57 12 2.1% -0.17 [-0.98, 0.63] 1
Pimenta et al. 2021 [60] 17.35 3.38 12 18.42 3.33 12 2.1% -0.31[-1.11, 0.50] — =1
Rudi et al. 2021 [59] 213.8 713 20 2305 773 20 2.5% -0.22 [-0.84, 0.40] —=
Shui et al. 2022 [55] 136.12 34.01 12 143.51 39.63 12 2.1% -0.19 [-1.00, 0.61] ]
Steinhilber et al. 2022 (130 W) [54] 1.74 0.65 39 1.91 0.7 39 2.8% -0.25 [-0.69, 0.20] T
Steinhilber et al. 2022 (150 W) [54] 2.28 0.76 39 2.35 0.83 39 2.8% -0.09 [-0.53, 0.36] I
Subtotal (95% CI) 271 271 28.4% -0.42[-0.76, -0.08] <o
Heterogeneity: Tau? = 0.25; Chi? = 39.59, df = 11 (P < 0.0001); I = 72%
Test for overall effect: Z = 2.40 (P = 0.02)
1.1.3 Cloth mask
Dantas et al. 2021 [32] 4.28 0.27 10 4.5 0.26 10 1.9% -0.79 [-1.71, 0.12] i
Driver et al. 2021 [12] 10.97 2.27 31 12.63 2.28 31 2.7% -0.72 [-1.24, -0.21] —_—
Kampert et al. 2021 [18] 548 147 20 591 145 20 2.5% -0.29 [-0.91, 0.33] —_— T
Shaw et al. 2020 [45] 241 51 14 234 56 14 2.2% 0.13[-0.61, 0.87] -1
Steinhilber et al. 2022 (130 W) [54] 1.83 0.7 39 1.91 0.7 39 2.8% -0.11 [-0.56, 0.33] /T
Steinhilber et al. 2022 (150 W) [54] 235 0.89 39 2.35 0.83 39 2.8% 0.00 [-0.44, 0.44] .
Subtotal (95% CI) 153 153 14.9% -0.26 [-0.54, 0.02]
Heterogeneity: Tau? = 0.04; Chi? = 7.15, df = 5 (P = 0.21); I> = 30%
Test for overall effect: Z = 1.81 (P = 0.07)
Total (95% ClI) 1094 1094 100.0% -0.23[-0.41, -0.04] ¢
Heterogeneity: Tau? = 0.28; Chi? = 180.09, df = 42 (P < 0.00001); I> = 77% _44 _52 5 i ‘41

Test for overall effect: Z = 2.36 (P = 0.02)
Test for subgroup differences: Chi? = 1.84, df = 2 (P = 0.40), I> = 0%

Favours face mask Favours no face mask

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/NO95 vs cloth mask). FFP2 filtering facepiece 2, N95 N95 respirator

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 VO, and PetO, [14]. In addition to an increase
in resistance, an increase in the dead space within the mask
could lead to a decrease in VCO, and an increase in PetCO,
[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/VCO,. As VT mediates the association between
VE and VCO, [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
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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
PetCO, within 35-45 mmHg and VE/VCO, 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 SpO, with the use of different face masks. The
reduction in SpO, levels with the use of face masks could
be owing to the higher PetCO, and the insufficient oxygen
and carbon dioxide exchange due to CO, rebreathing (back
into the lungs) [69]. Shaw et al. determined no change in
SpO, 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 SpO, 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/N9S5 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
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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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