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Abstract: This study compared exercise performance and comfort while wearing an N95 filtering
facepiece respirator (N95), cloth mask, or no intervention control for source control during a maximal
graded treadmill exercise test (GXT). Twelve Division 1 athletes (50% female, age = 20.1 £ 1.2,
BMI = 23.5 + 1.6) completed GXTs under three randomized conditions (N95, cloth mask, control).
GXT duration, heart rate (HR), respiration rate (RR), transcutaneous oxygen saturation (SpO,),
transcutaneous carbon dioxide (TcPCO,), rating of perceived exertion (RPE), and perceived comfort
were measured. Participants ran significantly longer in control (26.06 min) versus N95 (24.20 min,
p = 0.03) or cloth masks (24.06 min, p = 0.04). No differences occurred in the slope of HR or SpO,
across conditions (p > 0.05). TcPCO, decreased faster in control (B = —0.89) versus N95 (B = 0.14,
p =0.02) or cloth masks (B = —0.26, p = 0.03). RR increased faster in control (B = 8.32) versus cloth
masks (B = 6.20, p = 0.04). RPE increased faster in the N95 (B = 1.91) and cloth masks (B = 1.79) versus
control (B =1.59, p < 0.001 and p = 0.05, respectively). Facial irritation/itching/pinching was higher
in the N95 versus cloth masks, but sweat/moisture buildup was lower (p < 0.05 for all). Wearing cloth
masks or N95s for source control may impact exercise performance, especially at higher intensities.
Significant physiological differences were observed between cloth masks and N95s compared to
control, while no physiological differences were found between cloth masks and N95s; however,
comfort my differ.

Keywords: COVID-19; face covering; graded exercise test; personal protective equipment

1. Introduction

Aligned with April 2020 CDC recommendations to facilitate source control, universal
masking was adopted by many athletic associations including the National Collegiate
Athletic Association (NCAA) [1] and the Pennsylvania Interscholastic Athletic Association
(PIAA) [2]. The recommendations for athlete source control have often included masking
during strenuous activity, times of game preparation, recovery, and in some cases, athletic
competitions [1,2]. While mask mandates and guidelines for the general population and
athletes have fluctuated based on community disease prevalence, hospitalization and
death rates, and vaccine status over the course of the pandemic, many athletes are still
wearing masks of various types during practice, training, and competitions. For example,
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the Medical Advisory Group for the Atlantic Coast Conference (ACC) did not mandate
mask wearing during activity, but some ACC teams such as women'’s volleyball during the
2020/21 season elected to wear masks for source control during competition. Similarly, the
Big 10 volleyball teams also elected to wear masks during competition.

While masking in the face of disease is not a novel approach to mitigate viral spread,
such widespread use, including masking during strenuous athletic activity, has an unknown
effect on physiology and performance. Further complicating the problem, individuals wore
a wide variety of products to achieve the desired source control included masks (often
referred to as barrier face coverings, cloth masks, face masks, facial coverings, etc., in
different contexts or to refer to masks made of different materials) and respirators (e.g., N95
filtering facepiece respirators (N95s)) worn for the purpose of source control. However, the
differential impact of using these various types of products for source control on athletic
performance is unknown. Traditionally, the research in this area has focused on the impact
of wearing fit-tested N95s or other National Institute for Occupational Safety and Health
(NIOSH)-approved respiratory protection devices during moderate intensity occupational
tasks [3-6]. While some small physiological performance changes have been noted in
these studies, none have found differences that are clinically relevant to user safety (the
main concern in this type of occupational research), few were focused on performance
decrements at high intensities important to athletes, and fewer still have focused on fit-
tested respirators rather than on masks or respirators used as source control such as those
being recommended for public use during the COVID-19 pandemic [6-10].

In athletics, not only is disease transmission risk and source control a concern when
making mask use recommendations, exercise performance and safety implications must
also be considered. While it is known from previous research that exercise performance
time is linearly and negatively related to inhalation resistance (induced by respirators and
masks) [3,11,12], it is still unclear how these assumptions will affect athlete performance
in real-world settings or across different mask types. Since the start of the COVID-19
pandemic, only one study has looked at wearing a cloth mask during activity, concluding
that cloth masks reduced graded exercise test (GXT) time by 14% compared to no mask.
However, the study sample of 31 participants were not elite athletes and the study did
not include a comparison to any other type of source control product, such as an N95
respirator [9]. These limitations in external validity are important to address prior to
translating the results to recommendations specifically for athletes while also considering
performance across mask types. Accordingly, the purpose of this study is to compare the
physiological and performance effects of three source control interventions (N95, cloth
mask, and no intervention) during high intensity graded exercise in elite athletes. The
results will have practical implications for understanding the ability for individuals to
perform high-intensity activities while wearing an N95 or cloth mask for source control.

2. Materials & Methods
2.1. Participants

Recruitment of all volunteer participants occurred through a search of scholarship
division 1 athletes at the University of Pittsburgh. Initial contact was made with all
potential participants via word of mouth. Athletes interested in participation attended a
session where the details of the study and their participation were explained and eligibility
criteria were examined. If the athletes remained eligible and interested, they were asked
to sign an informed consent document prior to study initiation. Participation included
a screening followed by three separate visits to the University of Pittsburgh Fitzgerald
Field House Gymnasium where testing was completed across six weeks in May and June
2020. Eligible participants were (1) between 18 and 24 years of age, (2) a current NCAA
athlete, and (3) free from contraindications for maximal treadmill exercise testing such as
musculoskeletal injury, cardiopulmonary disease, taking medications that affect the heart
rate response to exercise, or considered to be a high-risk population according to CDC
COVID-19 guidelines. No financial reimbursement was provided to participants.
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Sample characteristics are presented in Table 1. Participants were 50% female, had an
average age of 20.1 £ 1.2 years, weight of 68.7 & 9.1 kg, height of 1.7 £ 0.1 m, and BMI of
235 + 1.6 kg/m?. Participants were student athletes distributed across gymnastics (n = 2,
16.7%), wrestling (n = 5, 41.7%), soccer (n = 4, 33.3%), and swimming (n = 1, 8.3%).

Table 1. Sample characteristics (n = 12).

Age (years) 20.1£1.2
Sex

Female 6 (50%)

Male 6 (50%)
Weight (kilograms) 68.7 9.1
Height (meters) 1.7 £ 0.1
Body Mass Index (kg/m?) 235+ 1.6

Sport

Gymnastics (F) * 2 (16.7%)
Wrestling (M) * 5 (41.7%)
Soccer (F) * 4 (33.3%)
Swimming (M) * 1(8.3%)

All data are presented as either mean =+ standard deviation or frequency (proportion) as necessary. * M and F
indicate male or female sports teams/ participants.

2.2. Ethical Considerations

Ethical approval was obtained from the University of Pittsburgh Human Protection
Research Office (Study ID# 20080095). All participants signed an informed consent prior to
study participation.

2.3. Graded Treadmill Exercise Test

All participants performed three separate treadmill GXTs (one for each mask condition) at the
University of Pittsburgh Fitzgerald Field House Gymnasium using a motorized treadmill
(Woodway, 4Front, Waukesha, WI, USA). Prior to each GXT, the participant sat quietly for
5 min (rest stage), followed by a 5-min walking period (walking stage, 5.31 km per hour
(km/h) and 0% grade). After completion of the walking stage, the participant moved onto
a modified Astrand Running Protocol for maximal treadmill exercise [13]. This protocol
consisted of a jogging warm-up for 5 min followed by 3-min stages of constant treadmill
speed and progressively higher grade (2.5% increase each stage). The jogging warm-up
(80% of testing speed) and testing running speeds (10.5-16 km/h) were determined based
on the participant’s self-reported 2- or 3-mile running time. Verbal motivation was used
to provide positive encouragement to the participants to promote continued effort. While
the motivation provided was not recorded, it was provided in an anecdotally similar way
across all experimental sessions. After indicating that they had reach terminal fatigue, the
participants were instructed to remove themselves from the moving treadmill to the side
rails which marked the completion of the GXT. All physiological and perceptual parameters
were recorded within 10 s of GXT termination to serve as the end-exercise values. After
test termination, all participants performed a 5-min walking cool-down on the treadmill
(5.31 km/h, 0% grade) followed by a five-minute seated recovery period.

Heart rate (HR) and respiratory rate (RR) were measured continuously throughout
the exercise test using the validated Hexoskin smart shirt (Hexoskin Pro Shirt, Carre Tech-
nologies Inc., Montreal, QC, Canada) [14-16]. Transcutaneous oxygen saturation (SpO,)
and transcutaneous carbon dioxide (TcPCO,) was measured continuously throughout the
testing using a transcutaneous ear lobe sensor validated for use during graded treadmill
exercise (TOSCA 500, Radiometer Medical, Denmark, Sweden) [17]. Ratings of perceived
exertion (RPE) were measured on a scale from 0 (extremely easy) to 10 (extremely hard) us-
ing the validated OMNI rating of perceived exertion pictorial scale [18]. All variables were
recorded manually during the last 30 s of each timed protocol stage (rest, walk, exercise,
etc.). All sensors and the smart shirt were fitted to the participants using the associated
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manufacturer instructions for sizing, preparation, and attachment prior to beginning the
measurement and exercise protocol.

2.4. Experimental Conditions

Each participant performed three trials which included the following source control
interventions: no intervention, cloth mask, and a NIOSH-approved N95 respirator. The
cloth mask was the same brand and style between participants: triple-layer 100% cotton
face mask with elastic ear loops (model: #661692, Old Navy, San Francisco, CA, USA).
The N95 used was the same model for all tests (1860, 3M, St Paul, MN, USA). A user seal
check of the N95 was performed by each participant prior to beginning each test [19]. No
formal fit tests were completed because the intent was to examine the use of the N95 as
source control. After each trial, the N95s were thrown away and the cloth masks were
machine washed prior to reuse. During each trial, participants were not permitted to
touch or readjust their respective mask or N95. Athletes were randomly assigned and
counterbalanced to one of six experimental sequences to minimize any order effect. There
was a minimum 48-h wash-out period between each testing day for all participants.

2.5. Subjective Comfort and Wearing Experience

Following each cloth mask and N95 trial, the participants were asked to provide
feedback regarding their subjective comfort as well as the perceived wearing experience
using the validated Respirator Comfort, Wearing Experience, and Function Instrument
(R-COMFI) [20]. While this instrument was designed for use in healthcare workers, most of
the questions translate well across populations except for the questions related to function
during healthcare specific work (#17-21) [20]. As such, those questions were omitted from
this study.

2.6. Experimental Controls

Prior to each GXT, participants were asked to record nutritional intake as well as
physical activity for that day. Each participant was encouraged to reproduce their intake and
physical activity pattern as closely as possible prior to each trial. Further, each participant
was encouraged to wear the same footwear for each of their respective trials.

2.7. Statistical Analysis

Descriptive statistics were used to describe the demographic characteristics of the
sample population presented in Table 1. The use of linear mixed models with post-hoc
Bonferroni adjustment was employed to compare the differences in GXT termination time
across the three source control interventions of interest (no intervention, N95, and cloth
mask) (Figure 1). Linear regression models were used to estimate the simple slope of each of
the five physiological parameters measured (heart rate, respiration rate SpO,, TcPCO;, and
RPE) over time during the exercise test. Further, moderation by mask type was explored by
including the interaction between time and a dummy variable indicating the intervention
condition (i.e., 1, 2, 3) into the regression model to test for the pairwise differences between
the estimated regression slopes across the three intervention conditions. Along with the
simple linear regression results, Table 2 includes the results of the moderation analysis.
Table 2 shows the estimated regression coefficients for each intervention condition along
with a p value of the difference between the prediction of termination time by intervention
condition. The column labeled “p value of difference” indicates whether the physiological
variable over time is significantly different in each intervention condition. If p values in
this column are below 0.05, significant moderation is indicated. The variable of time was
centered for the models. All models controlled for the effects of participant age, height,
weight, and BML.



Int. |. Environ. Res. Public Health 2022, 19, 7586 50f 11

26.50 ==
26.00|

25.50 |

25.00

24.50 e

24.00 J_

23.50|

Mean Test Termination Time
(minutes.seconds)

M35 Cloth Mask Mo Intervention

Figure 1. Graded exercise test termination time across three conditions. Note: error bars are 95%
CI around the mean. * = significate difference in test termination time compared to no intervention
(p < 0.05).

Table 2. Comparison of linear physiological and perceived exertion responses across conditions.

p Value of Difference in

Simple Slope Over Time Regression Slope
Dependent Variable NO95
B Beta Standard Value R? No Mask vs. No Mask vs. vs. Cloth
Error P (Adjusted) N95 Cloth Mask M
ask
Heart Rate
N95 22.67 0.88 1.24 <0.001 0.81 0.54 0.25 0.55
Cloth Mask 23.35 0.88 1.15 <0.001 0.84
No Intervention 21.10 0.90 1.16 <0.001 0.83
Respiration Rate
N95 7.61 0.84 0.57 <0.001 0.76 0.38 0.04 0.19
Cloth Mask 6.20 0.76 0.61 <0.001 0.63
No Intervention 8.32 0.85 0.58 <0.001 0.75
SpOz
NO95 —0.58 —0.62 0.09 <0.001 0.35 0.36 0.16 0.59
Cloth Mask —0.64 —0.69 0.08 <0.001 0.52
No Intervention —0.47 —0.48 0.09 <0.001 0.32
TCPC02
N95 —0.14 —0.07 0.26 0.60 0.14 0.02 0.03 0.72
Cloth Mask —0.26 —0.13 0.21 0.23 0.19
No Intervention —0.89 —0.51 0.18 <0.001 0.33
RPE
N95 191 0.96 0.05 <0.001 0.92 <0.001 0.05 0.23
Cloth Mask 1.79 0.95 0.06 <0.001 0.90
No Intervention 1.59 0.92 0.08 <0.001 0.84

Abbreviations: B = regression coefficient, Beta = standardized regression coefficient, SpO, = transcutaneous
oxygen saturation, TcPCO, = transcutaneous carbon dioxide, RPE = rating of perceived exertion. All models
controlled for the effect of subject age, height, weight, and BMI.

Subjective responses to the R-COMFI questionnaire were summarized using descrip-
tive statistics for the N95 and cloth mask (Table 3). Scores for each question were compared
using paired sample t-tests. The alpha level was set at 0.05 for all comparisons and all
analyses were performed in the Statistical Package for the Social Sciences (SPSS) v.28.



Int. |. Environ. Res. Public Health 2022, 19, 7586 6of 11

Table 3. Subjective comfort and wearing experience of the N95 and cloth masks.

Symptom N95 Cloth Mask p Value
tightness of straps 1.58 + 0.67 1.33 +0.49 -
facial irritation (leaves marks/indents) 1.92 £ 0.67 1.25 £ 0.45 0.009
facial itching 2.00 + 0.85 1.33 £ 0.49 0.028
facial pinching 1.92 +£0.79 1.17 £ 0.39 0.008
nose, nose-bridge pinching 225£0.75 117 £ 0.39 <0.001
facial heat/warmth 2.75 £ 0.45 2.58 +0.51 -
sweat/moisture buildup 2.17 £ 0.58 2.83 +£0.39 0.003
lack of fresh air 2.67 £0.49 2.67 £0.49 -
nausea 1.17 £0.39 1.08 £0.29 -
headache 1.17 £ 0.39 1.08 + 0.29 -
dizziness 1.25 £ 0.45 1.08 £ 0.29 -
loss of energy/tiredness/fatigue 2.08 £ 0.67 2.17 £ 0.58 -
claustrophobia 1.50 + 0.80 1.58 + 0.67 -
shortness of breath 233 £0.49 242 £ 0.67 -
difficulty breathing 2.58 £ 0.67 2.58 £+ 0.51 -
dry or itchy eyes 1.17 £ 0.39 1.08 + 0.29 -

All data presented as mean =+ standard deviation. All scores are on a scale from 1 to 3 where higher values
represent greater experience of the symptom.

3. Results

GXT termination time is presented in Figure 1. Comparison results suggest that the
time to test termination for the no intervention condition (26.06 min) was significantly
higher than for both the N95 (24.20 min, p = 0.04) and cloth mask (24.06 min, p = 0.03)
conditions. However, test termination times for the N95 and cloth mask conditions were
not significantly different (p < 0.05).

Figure 2 presents the estimated linear physiological and perceived exertion responses
over time for each intervention condition. The accompanying Table 2 presents the results of
the simple linear regression models for each variable of interest by intervention conditions
as well as the interaction model results to compare the regression slopes across the three
intervention conditions.

Heart rate increased linearly and significantly over time in all three intervention
conditions (p < 0.001 for all). No significant differences in the slope of the heart rate response
were indicated (p > 0.05 for all comparisons). Similarly, respiration rate increased linearly
over time for all three intervention conditions (p < 0.001 for all). However, comparison
of the regression slopes suggests that the positive slope of the no-intervention condition
differed significantly from the slope of the cloth mask, where the no-intervention condition
had a steeper positive slope than the cloth mask (p = 0.04). SpO; increased linearly across
time for all three intervention conditions (p < 0.001 for all), and no differences in these slopes
were indicated between the intervention conditions. TcPCO; decreased linearly over time
in the no-intervention condition (B = —0.89, p < 0.001); however, the N95 and cloth mask
conditions did not significantly change over time. When comparing the slopes between
conditions, no intervention differed significantly from the N95 and cloth mask (p = 0.02 and
p = 0.03, respectively). Lastly, RPE increased significantly over time for all three intervention
conditions (p < 0.001 for all). However, the N95 condition showed a significantly steeper
increase in RPE over time compared to no intervention (p < 0.001). Similarly, the cloth mask
condition slope over time was significantly steeper than no intervention (p = 0.05). No
difference in RPE slope was found between the cloth mask and N95 conditions.
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Figure 2. Linear physiological and perceived exertion responses across conditions. (A) Heart rate
(B) Respiration rate (C) Transcutaneous oxygen saturation (D) Transcutaneous carbon dioxide (E) Rating
of perceived exertion. Statistical comparisons of the regression slopes can be found in Table 2.

Table 3 compares the responses to the R-COMFI questionnaire across the N95 and cloth
mask conditions. While most R-COMFI responses were not significantly different across
intervention conditions, a few significant differences did stand out. Participants reported
significantly more facial irritation, itching, and pinching in the N95 compared to the cloth
mask (p < 0.05 for all). Additionally, nose bridge pinching was rated as significantly higher
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in the N95 compared to the cloth mask (p < 0.001). Sweat and moisture buildup was rated
as significantly higher in the cloth mask compared to the N95 (p = 0.003).

4. Discussion

The purpose of this study was to compare the physiological and performance effects
of N95, cloth masks, and no intervention used as source control during graded exercise
to maximal exertion in elite athletes. Results suggest that wearing cloth masks or N95s
may impair exercise performance as compared to no intervention, especially at higher
intensities. No differences in physiological responses were apparent between using cloth
masks and N95s as source control products. While wearing facial comfort was generally
reported to be better in cloth masks compared to N95s, moisture buildup was also reported
to be higher in cloth masks.

Under both the N95 and cloth mask conditions, athletes ran for significantly less time
during the GXT compared to no intervention. It is difficult to single out what physiological
processes contributed most to the decreased test times in the N95 and cloth mask conditions,
and it is likely a combination of several factors, including but not limited to increased
inspiratory resistance, hypoventilation, increased CO, retention, and/or higher RPE.

Increased inspiratory resistance with the cloth and N95 conditions could have neg-
atively influenced test performance and decreased test time. Several past studies have
demonstrated that treadmill performance times decreased linearly with increased inspira-
tory resistance [3,11,21,22]. These performance decrements are likely linked to inspiratory
resistance via resistance-induced hypoventilation, decreased oxygen consumption, and
decreased minute ventilation [11]. In accordance with these expected responses, the rate
of increase in respiration during the current study was significantly lower in the cloth
mask condition compared to no intervention. While the current study did not measure
inspiratory resistance and therefore cannot determine differences in inspiratory resistance
between the N95 and cloth mask conditions, resistance can be reasonably assumed to be
greater in the N95 and cloth mask conditions compared to the no intervention condition.
As such, the shorter exercise times in the N95 and cloth mask conditions compared to
the no intervention condition may have been related to higher inspiratory resistance and
associated changes in ventilatory mechanics in those two conditions. Importantly, this
finding aligns with other previous research reporting decreased exercise time, decreased
performance, and increased shortness of breath during graded treadmill running with a
cloth mask versus no mask [9]. Additionally, participants indicated significantly greater
R-COMFI scores in sweat/moisture buildup during the cloth mask condition compared to
NO95. This higher level of sweat and moisture buildup in the cloth mask condition likely
additionally increased the inhalation resistance resulting in longer, slower respiration rate
to maintain the same tidal volume (not directly measured in the current study).

Athletes wearing the N95s and cloth masks also experienced significantly greater rates
of increase in RPE over test time compared to no mask. Previous research has pointed to an
inverse relationship between exercise duration and rate of increase in RPE [23]. As such, it
is possible this faster increase in RPE during both N95 and cloth mask conditions resulted
in earlier voluntary exercise test termination. The increased RPE itself may be related to
an athlete’s previous perception of exercising while wearing a N95 or mask or potentially
from afferent inputs to the brain signaling increased breathing resistance and CO, retention.
While it can be presumed that most participants had some previous experience with using
and exercising in masks, this study did not systematically collect previous respirator or
mask use information from the participants. The impact of previous mask use and the
underlying mechanisms should be explored further in the future [24].

Although values did not reach clinical significance, TcPCO; levels in athletes during
the N95 and cloth mask condition remained relatively unchanged while exercise intensity
increased. This contrasts with the no-mask condition in which TePCO; significantly de-
creased as exercise intensity increased. Increased CO, retention is common in other studies
examining the use of respirators during exercise [7] and is likely a result of increased
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exhalation resistance (making it more difficult to exhale CO, past the mask or respirator
surface) combined with dead space (the space between the mouth and the inside of the
mask or respirator surface) while wearing respiratory protective devices [25]. Specifically,
greater dead space of a mask or respirator allows for CO; to be trapped within the mask or
respirator and therefore re-breathed by the user, especially during heavy breathing [25].
While not statistically significant, it does appear that the CO, retention in the N95 condition
(cup-shaped with high dead space) may be greater compared to the cloth mask (flat mask
against the face with lower dead space). This notion has been supported in previous studies
with related aims to the current study [8,10]. However, this hypothesis should be explored
in further research.

While several previous studies including a systematic review have acknowledged
the potential for exercise performance decrements while wearing respirators or other face
coverings, the body of literature has also proposed that negative performance impacts are
often small and not meaningful to the average wearer [6-8,22]. The literature supporting
that proposition thus far has been generally focused on moderate- or light-intensity physical
activity in occupational health applications. However, when considering N95 or cloth mask
use by elite athletes in high-performance situations, the definition of meaningful impact
may need to be revisited. This study provides evidence to suggest high-intensity or
maximal exercise performance may be impaired by mask wearing in elite athletes. These
conclusions support the conclusions of a previous study by Driver et al. who demonstrated
a 14% reduction in exercise time on a GXT while wearing a cloth face mask [9]. While
most respirator/mask users are not likely concerned with this type of performance, these
impacts may in fact be quite meaningful for elite athletes during training and competition
and should be considered further.

Considerations for N95 or cloth mask use during exercise should not only include
physiological implications but also wearer comfort. While many of the aspects of comfort
and tolerability assessed were not reported as being different between the N95 and cloth
mask conditions, facial irritation, itching, pinching, and nose-bridge pinching were all rated
as being more uncomfortable in the N95 versus the cloth mask. This is unsurprising given
that an N95 is designed to interface and seal directly with the wears skin while a cloth mask,
by design, does not need to interface with the skin as directly. Inversely, and as mentioned
previously, sweat and moisture buildup was reported to be higher in the cloth mask. It was
expected that the N95 would have a greater degree of moisture buildup due to the direct
interface with the skin trapping moisture, however, it could be that the flat design of the
cloth mask brought the moisture on the mask closer to the users face during use, increasing
the perception of moisture build up. Given that the physiological responses across the two
masks conditions were relatively similar, these differences in comfort may be an important
factor for end users to consider when choosing a product to use for source control.

Strength and Limitations

The authors recognize that the selection and performance of the cloth mask in the
current study does not represent the wide and varied types of cloth masks on the market.
The cloth masks selected for this study were based on CDC guidelines for selecting a mask
(which included having two or more layers of washable breathable fabric) as well as the
popularity of cloth mask types used by athletes [26]. Another limitation of the current
study is the lack of blinding. Given the nature of the study, neither the researchers nor
the participants were blinded to the conditions. An athlete’s bias to wearing an N95 or
mask may influence variables such as voluntary exercise test termination time and RPE.
However, it should have little impact on physiological variables such as TcPCO,, SpO,, and
ventilatory mechanics. Additionally, in an applied setting, athletes would not be blinded
to having to wear an N95 or mask, so any influential perceptions on performance and
exertion would still likely be present. The GXT to fatigue used in the current study may
not be representative of the physiological demands of different sports (i.e., intermittent
high-intensity activity). However, the GXT was selected to measure athlete responses at
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increasing intensities as well as to help control for variation between conditions. This study
did not evaluate the fit or seal of the N95 respirator to the participants’ faces. This check
was omitted in preference for external validity where athletes may use N95 respirators for
source control without formal fit-testing. However, physiological burden would potentially
be increased in the N95 condition if the seal was maintained throughout the exercise. Lastly,
the study was limited by its small sample size which could have limited its ability to detect
clinically meaningful differences in some of the measured variables, especially those with
high variability (e.g., TcPCO,, SpOy, etc.).

5. Conclusions

Wearing cloth masks or N95s may impact exercise performance, especially at higher
intensities in elite-level athletes. While no physiological differences were found between
cloth masks and N95s, the no-mask condition resulted in increased GXT duration, slower
rate of increase in RPE, and steeper rates of decline in TcPCO,; as compared to N95 and cloth
mask conditions. Although athletic performance was altered while wearing a respirator or
mask, it is important to note that the differences in physiological variables did not reach
levels of clinical significance for cardiopulmonary dysfunction. As has been concluded in
previous studies [22], there is no evidence to suggest that wearing either an N95 or cloth
mask during exercise for source control induces any risk to the athlete’s cardiopulmonary
health and safety. Thus, the decision of whether an athlete should wear a respirator or mask
during exercise should be considered in relation to the potential negative performance
outcomes and the mitigation of viral spread and infection.

Author Contributions: M.E.D., T.D.Q., S.P.C, T.C. and J.M.D. participated in study design and
protocol development; M.E.D., S.P.C., T.C., N.M. and ] M.D. managed participant recruitment; M.E.D.,
T.D.Q., S.PC,, T.C.,, N.M. and ].M.D. conducted data collection; P.L.Y. conducted statistical analyses;
M.E.D,, T.D.Q., S.PC. and ].M.D. authored the manuscript; T.C., N.M. and P.L.Y. provided critical
manuscript review. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Human Protection Research Office of The University of
Pittsburgh (Study ID# 20080095).

Informed Consent Statement: Informed consent was obtained from all participants involved in the
study prior to any study procedures.

Data Availability Statement: All data will be made available by the corresponding author upon
reasonable request.

Acknowledgments: The authors would like to thank all the study participants and University of
Pittsburgh Athletics Department for their time and support.

Conflicts of Interest: The authors declare no conflict of interest. The authors declare the results
of the study are presented clearly, honestly, and without fabrication, falsification, or inappropriate
data manipulation. The findings and conclusions in this report are those of the author(s) and do
not necessarily represent the official position of the National Institute for Occupational Safety and
Health, Centers for Disease Control and Prevention. Mention of any company or product does not
constitute endorsement by the National Institute for Occupational Safety and Health, Centers for
Disease Control and Prevention.

1.  NCAA. Resocialization of Collegiate Sport: Developing Standards for Practice and Competition. Available online: https:/ /www.
ncaa.org/sport-science-institute /resocialization-collegiate-sport-developing-standards-practice-and-competition (accessed on

1 October 2021).

2. Gebhart, P. PIAA 2020 Spring Sports Update. Available online: https://myemail.constantcontact.com/PIAA--Spring-Sports-
Update.html?soid=1112060411155&aid=vZR9hjlK]20 (accessed on 1 October 2021).

3.  Caretti, D.M.; Coyne, K; Johnson, A.; Scott, W.; Koh, F. Performance when breathing through different respirator inhalation and
exhalation resistances during hard work. J. Occup. Environ. Hyg. 2006, 3, 214-224. [CrossRef] [PubMed]


https://www.ncaa.org/sport-science-institute/resocialization-collegiate-sport-developing-standards-practice-and-competition
https://www.ncaa.org/sport-science-institute/resocialization-collegiate-sport-developing-standards-practice-and-competition
https://myemail.constantcontact.com/PIAA--Spring-Sports-Update.html?soid=1112060411155&aid=vZR9hjlKJ2o
https://myemail.constantcontact.com/PIAA--Spring-Sports-Update.html?soid=1112060411155&aid=vZR9hjlKJ2o
http://doi.org/10.1080/15459620600601677
http://www.ncbi.nlm.nih.gov/pubmed/16531294

Int. |. Environ. Res. Public Health 2022, 19, 7586 11 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Kim, J.H.; Benson, S.M.; Roberge, R.J. Pulmonary and heart rate responses to wearing N95 filtering facepiece respirators. Am. J.
Infect. Control 2013, 41, 24-27. [CrossRef] [PubMed]

Li, Y.; Tokura, H.; Guo, Y.P; Wong, A.S.W.; Wong, T.; Chung, J.; Newton, E. Effects of wearing N95 and surgical facemasks on
heart rate, thermal stress and subjective sensations. Int. Arch. Occup. Environ. Health 2005, 78, 501-509. [CrossRef]

Roberge, R.].; Coca, A.; Williams, W.]J.; Powell, ].B.; Palmiero, A.J. Physiological impact of the N95 filtering facepiece respirator on
healthcare workers. Respir. Care 2010, 55, 569-577. [PubMed]

Roberge, R.J.; Kim, ].H.; Powell, ].B.; Shaffer, R.E.; Ylitalo, C.M.; Sebastian, ].M. Impact of low filter resistances on subjective and
physiological responses to filtering facepiece respirators. PLoS ONE 2013, 8, e84901. [CrossRef]

Epstein, D.; Korytny, A.; Isenberg, Y.; Marcusohn, E.; Zukermann, R.; Bishop, B.; Minha, S.; Raz, A.; Miller, A. Return to training
in the COVID-19 era: The physiological effects of face masks during exercise. Scand. J. Med. Sci. Sports 2021, 31, 70-75. [CrossRef]
Driver, S.; Reynolds, M.; Brown, K.; Vingren, J.L.; Hill, D.W.; Bennett, M.; Gilliland, T.; McShan, E.; Callender, L.; Reynolds, E.
Effects of wearing a cloth face mask on performance, physiological and perceptual responses during a graded treadmill running
exercise test. Br. J. Sports Med. 2022, 56, 107-113. [CrossRef]

Fikenzer, S.; Uhe, T; Lavall, D.; Rudolph, U.; Falz, R.; Busse, M.; Hepp, P.; Laufs, U. Effects of surgical and FFP2/N95 face masks
on cardiopulmonary exercise capacity. Clin. Res. Cardiol. 2020, 109, 1522-1530. [CrossRef]

Johnson, A.T.; Scott, W.H.; Lausted, C.G.; Benjamin, M.B.; Coyne, K.M.; Sahota, M.S.; Johnson, M.M. Effect of respirator inspiratory
resistance level on constant load treadmill work performance. Am. Ind. Hyg. Assoc. ]. 1999, 60, 474-479. [CrossRef]

Shykoff, B.E.; Warkander, D.E. Physiologically acceptable resistance of an air purifying respirator. Ergonomics 2011, 54, 1186-1196.
[CrossRef]

Miller, G.S.; Dougherty, PJ.; Green, ].S.; Crouse, S.F. Comparison of cardiorespiratory responses of moderately trained men and
women using two different treadmill protocols. J. Strength Cond. Res. 2007, 21, 1067.

Montes, J.; Young, J.C.; Tandy, R.; Navalta, ].W. Reliability and validation of the hexoskin wearable bio-collection device during
walking conditions. Int. J. Exerc. Sci. 2018, 11, 806. [PubMed]

Tanner, E.A.; Montes, J.; Manning, J.W.; Taylor, J.E.; DeBeliso, M.; Young, J.C.; Navalta, ].W. Validation of Hexoskin biometric shirt
to COSMED K4 b2 metabolic unit in adults during trail running. Sports Technol. 2015, 8, 118-123. [CrossRef]

Villar, R.; Beltrame, T.; Hughson, R.L. Validation of the Hexoskin wearable vest during lying, sitting, standing, and walking
activities. Appl. Physiol. Nutr. Metab. 2015, 40, 1019-1024. [CrossRef] [PubMed]

Stege, G.; van den Elshout, FJ.; Heijdra, Y.E; van de Ven, M.].; Dekhuijzen, PN.; Vos, PJ. Accuracy of transcutaneous carbon
dioxide tension measurements during cardiopulmonary exercise testing. Respiration 2009, 78, 147-153. [CrossRef]

Mays, R\].; Goss, FL.; Nagle, E.F.; Gallagher, M.; Schafer, M.A.; Kim, K.H.; Robertson, R.J. Prediction of VO2 peak using OMNI
Ratings of Perceived Exertion from a submaximal cycle exercise test. Percept. Mot. Ski. 2014, 118, 863-881. [CrossRef] [PubMed]
Lam, S.C.; Lee, ].K,; Yau, S.Y.; Charm, C.Y. Sensitivity and specificity of the user-seal-check in determining the fit of N95 respirators.
J. Hosp. Infect. 2011, 77, 252-256. [CrossRef]

LaVela, S.L.; Kostovich, C.; Locatelli, S.; Gosch, M.; Eagan, A.; Radonovich, L. Development and initial validation of the Respirator
Comfort, Wearing Experience, and Function Instrument [R-COMFI]. J. Occup. Environ. Hyg. 2017, 14, 135-147. [CrossRef]
Heus, R.; den Hartog, E.A.; Kistemaker, L.].; van Dijk, W.J.; Swenker, G. Influence of inspiratory resistance on performance during
graded exercise tests on a cycle ergometer. Appl. Ergon. 2004, 35, 583-590. [CrossRef]

Hopkins, S.R.; Dominelli, P.B.; Davis, C.K.; Guenette, J.A.; Luks, A.M.; Molgat-Seon, Y.; S, R.C.; Sheel, A.W.; Swenson, E.R;;
Stickland, M.K. Face Masks and the Cardiorespiratory Response to Physical Activity in Health and Disease. Ann. Am. Thorac. Soc.
2021, 18, 399-407. [CrossRef]

Crewe, H.; Tucker, R.; Noakes, T.D. The rate of increase in rating of perceived exertion predicts the duration of exercise to fatigue
at a fixed power output in different environmental conditions. Eur. J. Appl. Physiol. 2008, 103, 569-577. [CrossRef] [PubMed]
Hampson, D.B.; St Clair Gibson, A.; Lambert, M.I.; Noakes, T.D. The influence of sensory cues on the perception of exertion
during exercise and central regulation of exercise performance. Sports Med. 2001, 31, 935-952. [CrossRef] [PubMed]

James, R. Breathing Resistance and Dead Space in Respiratory Protective Devices; No. NIOSH-77-161; National Institute for Occupa-
tional Safety and Health Report: Cincinnati, OH, USA, 1976.

CDCgov Your Guide to Masks | CDC. Available online: https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/
about-face-coverings.html (accessed on 3 May 2022).


http://doi.org/10.1016/j.ajic.2012.02.037
http://www.ncbi.nlm.nih.gov/pubmed/22944510
http://doi.org/10.1007/s00420-004-0584-4
http://www.ncbi.nlm.nih.gov/pubmed/20420727
http://doi.org/10.1371/journal.pone.0084901
http://doi.org/10.1111/sms.13832
http://doi.org/10.1136/bjsports-2020-103758
http://doi.org/10.1007/s00392-020-01704-y
http://doi.org/10.1080/00028899908984467
http://doi.org/10.1080/00140139.2011.624198
http://www.ncbi.nlm.nih.gov/pubmed/30338022
http://doi.org/10.1080/19346182.2016.1248973
http://doi.org/10.1139/apnm-2015-0140
http://www.ncbi.nlm.nih.gov/pubmed/26360814
http://doi.org/10.1159/000187631
http://doi.org/10.2466/27.29.PMS.118k28w7
http://www.ncbi.nlm.nih.gov/pubmed/25068750
http://doi.org/10.1016/j.jhin.2010.09.034
http://doi.org/10.1080/15459624.2016.1237025
http://doi.org/10.1016/j.apergo.2004.05.002
http://doi.org/10.1513/AnnalsATS.202008-990CME
http://doi.org/10.1007/s00421-008-0741-7
http://www.ncbi.nlm.nih.gov/pubmed/18461352
http://doi.org/10.2165/00007256-200131130-00004
http://www.ncbi.nlm.nih.gov/pubmed/11708402
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/about-face-coverings.html
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/about-face-coverings.html

	Introduction 
	Materials & Methods 
	Participants 
	Ethical Considerations 
	Graded Treadmill Exercise Test 
	Experimental Conditions 
	Subjective Comfort and Wearing Experience 
	Experimental Controls 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

