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Personal Protective Equipment Alters Leg Muscle Fatigability
Independent of Transcranial Direct Current Stimulation:
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Abstract: In response to the COVID-19 pandemic, the use of personal protective equipment (PPE;
e.g., face mask) has increased. Mandating subjects to wear PPE during vigorous exercise might affect
the fatigue outcomes of transcranial direct current stimulation (tDCS) studies. The purpose of this
study was to investigate whether the use of PPE affected the performance of a tDCS-influenced
fatigue task in healthy adults. A total of 16 young and healthy subjects were recruited and wore
PPE during an isokinetic fatigue task in conjunction with sham, 2 mA, and 4 mA tDCS conditions.
Subjects were matched to subjects who did not wear PPE during our previous pre-pandemic study
in which right knee extensor fatigability increased under these same conditions. The results show
that right knee extensor fatigability, derived from torque and work (FI-T and FI-W, respectively), was
higher in the PPE study compared to the No PPE study in the sham condition. Additionally, there
were no differences in knee extensor fatigability or muscle activity between sham, 2 mA, and 4 mA
tDCS in the present study, which contrasts with our previous results. Thus, PPE worn by subjects
and researchers might have a detrimental effect on fatigue outcomes in tDCS studies irrespective of
the stimulation intervention.
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1. Introduction

In response to the COVID-19 pandemic, the use of personal protective equipment (PPE;
e.g., face mask, face shield) has risen to reduce the spread of the virus. In human subject
research, wearing PPE during vigorous motor function tests is important to prevent the
spread of infectious respiratory droplets [1]. However, the ability to perform motor function
tests, such as fatiguing exercises, while wearing PPE is potentially problematic because
it may alter the study outcomes by decreasing the amount of oxygen available and/or
increasing air trapping, which may reduce carbon dioxide exchange [2]. The resulting
hypercapnic hypoxia postulated by Chandrasekaran and Fernandes (2020) may induce
an acidic environment in the alveoli or blood and increase cardiac overload, anaerobic
metabolism, and renal overload [2], all of which might worsen the underlying pathologies
of frequently studied chronic diseases.

Fatigue is a common study outcome and has been defined as “the decrease in physical
and/or mental performance that results from changes in central, psychological, and/or
peripheral factors” [3]. Furthermore, performance fatigability is the magnitude or rate
of change in a performance criterion relative to a reference value over a given time of
task performance, and perceptions of fatigue are the subjective sensations of weariness,
increasing sense of effort, mismatch between effort expended and actual performance, or
exhaustion [4]. Several researchers, including our laboratory, have investigated the effects
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of transcranial direct current stimulation (tDCS) on performance fatigability and the percep-
tion of fatigue in healthy subjects [5–9] and in people with neurological disorders [10–17].
Some of these studies reported improved performance fatigability after unilateral or bi-
lateral tDCS [18–20], which may be a result of increased corticospinal excitability coupled
with altered motor unit recruitment from stimulation [21]. However, some of these studies
found no effect on fatigue [22,23], or even increased fatigue after tDCS [5,6,8]. Thus, tDCS
fatigue outcomes are inconsistent, and the addition of PPE might introduce another source
of variability and increase outcome ambiguity.

Muscle metabolism highly depends on the efficient exchange of O2 and CO2, which
may be interrupted by wearing a face mask [24–26]. Breathing hypoxic air significantly
increases muscle fatigue [27,28], particularly during strenuous exercise when the energy
demand of working muscles is often not met by increased oxygen delivery, even without
a mask. Additionally, the hypercapnic state potentially induced by mask wearing may
increase feelings of claustrophobia and anxiety [29–31] and further exacerbate fatigue.
However, it is unclear if wearing a mask can influence performance outcomes. For example,
it has been previously shown that wearing PPE during exercise resulted in a reduction in
maximal power [32], while others showed no effect of PPE on time to exhaustion during a
cycle ergometry test [33], or distance walked during a 6 min walk test (6MWT) [26].

Our previous pre-pandemic studies [5,6] found that both 2 mA and 4 mA transcranial
direct current stimulation over the left motor cortex (M1) increased fatigability of the
right knee extensors in young, healthy adults. However, conducting research studies in
which subjects are required to wear PPE during vigorous exercise might independently
alter the fatigue outcomes of tDCS studies, making reproducibility and comparison with
non-pandemic era studies problematic. Consistent with our previous protocols, the current
study evaluated the effects of 2 mA and 4 mA M1 tDCS on the performance of an isokinetic
fatigue test of the knee extensors in a sample of young, healthy subjects while the subjects
wore PPE (i.e., face masks and face shields). We hypothesized that wearing PPE would
significantly increase the subjects’ fatigue profile (i.e., greater decrease in torque during the
fatigue task) compared to the data collected on subjects without PPE from our previous
studies [5,6] independent of the tDCS intensity.

2. Materials and Methods
2.1. Subjects

A total of 16 young, healthy subjects were recruited for the current study. Subjects
were matched and compared to the 16 young, healthy subjects from our previous study ([6];
see Table 1 for subject characteristics). The inclusion criteria for this study were: (1) between
the age of 18 and 30 years old, (2) right side-dominant, (3) able to walk independently for
6 consecutive min, (4) participate in at least 30 min of moderate-intensity physical activity
on at least 3 days of the week for at least the last 3 months, (5) currently not taking any
psychoactive medications, and (6) without chronic neurological, psychiatric, or medical
conditions. The exclusion criteria were: (1) previously testing positive for COVID-19,
(2) pregnancy, (3) known holes or fissures in the skull, (4) the presence of metallic objects or
implanted devices in the skull (e.g., metal plate), or (5) are a current student or under the
direct supervision of the study personnel. The study was performed in accordance with
the Declaration of Helsinki and was approved by the Institutional Review Board of The
University of Iowa. All subjects provided written informed consent before participating in
the study.
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Table 1. Subject characteristics. No PPE from Workman et al., 2020 [6]. Data are mean ± SD.

PPE No PPE

(Current Study) (Workman et al. [6])

N (females) 16 (9) 16 (10)
Age (years) 23.0 ± 2.6 24.5 ± 3.8
Height (cm) 170.2 ± 10.2 170.0 ± 11.7
Weight (kg) 67.3 ± 14.6 71.1 ± 14.4

2.2. Study Design

Recruitment and experimental sessions were conducted from August 2020 to February
2021. During this time, new COVID-19 infections were at pandemic highs in the US,
especially during the winter months, with a 7-day average of 220,000 new cases [34]. Many
research labs in the US were either not allowed to conduct human subject studies or had
to follow strict protective guidelines, such as wearing PPE by investigators and research
participants. Thus, the timing and relevancy of this investigation were such that performing
human subject studies in this pandemic environment included university-mandated PPE
requirements. Therefore, a double-blind, randomized, sham-controlled crossover study
design was applied for the present study and compared via a between-subject analysis of a
similarly designed study [6]. Each subject completed a total of 4 visits to the laboratory,
with each visit spaced ~1 week apart. The methods used in this study were identical to our
previous study [6], except in the current study, the subjects wore a disposable 17.5 × 9.5 cm
3-ply face mask (the standard mask at our institution; Zhejiang Bada Sport Inc., Jinhua
City, Zhejiang, China) and a plastic face shield throughout each visit, and SpO2 was
measured during fatigue testing. During the initial visit, isokinetic and isometric strength
testing was performed to establish leg dominance and to provide normalization data
for EMG analysis. Only right side-dominant subjects participated in this study to avoid
potential brain morphology differences between right and left side-dominant people [35].
To familiarize the subjects with the fatigue protocol employed in the subsequent sessions,
the subjects also performed the isokinetic fatigue task (FT) in the first session. During visits
2–4, the FT was repeated in conjunction with 20 min of tDCS at one of three randomly
assigned intensities (2 mA, 4 mA, or sham).

2.3. Isokinetic/Isometric Strength Testing

Strength testing and the FT were performed on a HUMAC NORM isokinetic dy-
namometer (CSMi, Stoughton, MA, USA). Strength testing began with a 15-repetition
warm-up of the knee extensors and flexors at 60◦/s (concentric/concentric (muscle short-
ening contraction)). After a 30 s rest, 3 sets of 1 maximal effort isometric (fixed position)
contraction of the knee extensors and knee flexors were performed at 65◦ and 30◦, re-
spectively, with ≥30 s of rest between each set. Next, isokinetic (fixed speed) strength
testing consisted of 5 sets of 1 maximal effort knee extension and flexion (60◦/s, concen-
tric/concentric). Again, at least 30 s of rest was provided between each set. All tests were
performed on the right leg first and the left leg second. The largest torque obtained from
a given muscle group in any of the strength testing (isometric or isokinetic) was used to
verify leg dominance. Strong verbal encouragement was provided to help ensure maximal
effort on each repetition.

2.4. Isokinetic Fatigue Task (FT)

The FT consisted of 40 consecutive maximal contractions of the knee extensors and
flexors (120◦/s, concentric/concentric). Sessions 2–4 began with the same 15-repetition
isokinetic warm-up, as previously described. The right leg FT was always performed first,
followed by the left leg; the FTs of both legs were completed in ≤5 min. Strong verbal
encouragement and visual feedback (i.e., per rep work bars) were provided to encourage
maximum effort throughout the FT. Peak torque and total work for each rep were retained
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for analysis. In addition, arterial blood oxygen saturation (SpO2) was monitored with a
pulse oximeter (Onyx® Vantage 9590 Finger Pulse Oximeter, Nonin Medical, Inc., Plymouth,
MN, USA) and recorded immediately before and immediately after the FT of each leg.

2.5. Electromyography (EMG)

Muscle activity during strength and fatigue testing was recorded via a wireless EMG
system (Ultium-EMG, Noraxon USA Inc., Scottsdale, AZ, USA). EMG electrodes were
placed bilaterally over the rectus femoris, vastus medialis, vastus lateralis, and semi-
tendinosus according to a 3D Muscle Map provided by the EMG software (MR 3.14,
myoMUSCLE, Noraxon USA Inc., Scottsdale, AZ, USA) that followed SENIAM guidelines.
Site preparation included shaving leg hair and vigorously scrubbing with an alcohol wipe
before placing the EMG electrodes (3M Red Dot Monitoring Electrode, Model 2560; 3M
Corp., St. Paul, MN, USA; 2 cm between each 1.3 cm effective area). Once the electrodes
and wireless transmitters were in place, they were secured with elastic bandages. EMG
data were collected at 2000 Hz.

2.6. Transcranial Direct Current Stimulation (tDCS)

A tDCS device (Soterix Medical Inc., New York, NY, USA) delivered a small current
through two carbon electrodes that were placed inside of two saline-soaked sponges
(5 × 7 cm, 35 cm2 area; EASYpad, Soterix Medical Inc., New York, NY, USA). The anode
was placed over C3 (according to the 10–20 EEG convention), and the cathode was placed
over the contralateral supraorbital area. The placement of the anode was selected to
unilaterally target the M1 that controls the dominant leg [36,37], and the large size of the
electrode also ensured that the leg area of the M1 in the longitudinal fissure (~Cz) was also
covered [36]. The sponge electrodes were held in place with an EASYstrap (Soterix Medical
Inc., New York, NY, USA) which has ruler-like markings (i.e., cm) that facilitated consistent,
individualized electrode placement between sessions. The order of the stimulation (2 mA,
4 mA, or sham) was randomized for sessions 2–4 for each subject. The 2 mA and 4 mA
conditions started with a 30 s ramp-up and then remained at the desired intensity for
20 min before a 30 s ramp-down to 0 mA. During the first and last minutes of the sham
condition, the intensity was ramped up to 4 mA over 30 s and then immediately ramped
down to 0 mA over 30 s. Otherwise, the stimulation intensity remained at 0 mA. The FT on
the right leg was performed starting at minute 15 of the 20 min stimulation protocol. Both
the right and left FTs were performed during the final 5 min of stimulation [5–8,38].

To assess the tolerability and blinding of the stimulation, the subjects were asked to
report any sensations experienced during the stimulation period and to rate the severity
of those sensations on a 10-point Likert scale (1 = “barely perceptible,” 10 = “most I could
stand:” [39]). To assess blinding efficacy, the stimulation protocols for each intensity were
described to the subjects, and they were asked to guess which intensity they received and
to report how confident they were that they guessed correctly on a 10-point Likert scale
(1 = “not confident at all,” 10 = “extremely confident” [39]) after each session. The same
researcher administered tDCS during each session to all subjects. The subjects and other
study personnel were blind to the stimulation order until the last session for a given subject
was completed.

2.7. Data Analysis

The first two repetitions of the FT were considered adaptations and were removed
from all analyses. To examine the effects of tDCS and PPE on leg muscle fatigue, two fatigue
indices were calculated for the left and right knee extensors and flexors: a torque-derived
fatigue index (FI-T) and a work-derived fatigue index (FI-W). The FI-T was calculated
using the peak torque of the relevant repetitions of the FT as follows: ([mean of first
five reps—mean of last five reps]/mean of first five reps) * ×100 [6,7,40,41]. A high FI-T
indicates that a subject was not able to produce a similar torque during their last five reps
compared to their first five reps (i.e., more fatigability). The FI-W was calculated using the
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total work from the relevant repetitions of the FT as follows: (total work performed in the
last half of the FT/total work performed in the first half of the FT) × 100 [6,41]. A low FI-W
indicates that a subject was unable to perform a similar amount of work in the second half
of the FT compared to the first half (i.e., more fatigability).

The EMG interference signals from each muscle were bandpass filtered (3.5–350 Hz, [5,42]),
rectified, smoothed (50 ms root mean square window), and normalized to the highest EMG
peak obtained during strength testing. The average muscle activity of the knee extensors
(rectus femoris, vastus medialis, vastus lateralis) was calculated to represent the aggregate
activity of the knee extensor group. Similar to the FI calculations, the first two repetitions
were disregarded as adaptation repetitions, and EMG analyses were performed on the
remaining 38 repetitions. To simplify the statistical analysis of the change in EMG activity
throughout the FT, the 38 repetitions were grouped into eight windows. The first seven
windows contained five sequential, non-overlapping repetitions (window 1 = reps 3–7,
window 2 = reps 8–12, etc.), and the last window contained the last three repetitions of
the FT. All EMG data were analyzed in the MyoMuscle software (MR3 Version 3, Noraxon
USA Inc., Scottsdale, Arizona), and torque/work data were calculated and exported from
the HUMAC2015 software (CSMi, Stoughton, MA, USA).

2.8. Statistical Analysis

A mixed measures ANOVA with stimulation (sham vs. 2 mA vs. 4 mA) as the
within-subject factor and study (the current study (PPE) vs. our previous study (No PPE))
as a between-subject factor was performed on the FI-T and FI-W data. Additionally, to
assess potential mechanisms, a repeated measures ANOVA with stimulation (sham vs.
2 mA vs. 4 mA) and time window (1 vs. 2 vs. 3 vs. 4 vs. 5 vs. 6 vs. 7 vs. 8) as within-
subject factors was performed on the EMG data in the current (PPE) study. Post hoc
comparisons (paired and unpaired t-tests) and effect sizes (Cohen’s d) were calculated to
clarify significant main effects and interactions. Moreover, to examine the effects of PPE
on blood oxygen saturation, differences in SpO2 pre- and post-FT were assessed with a
paired t-test within each stimulation condition. Significance was accepted at p < 0.05, and
post hoc tests were adjusted with a Bonferroni correction. The normality and sphericity
assumptions for the ANOVAs were investigated with the Shapiro–Wilk test and Mauchly’s
test of sphericity, respectively. Greenhouse–Geisser corrections were planned and reported
when the sphericity assumption was violated. Statistical analyses were performed using
GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA).

3. Results

All subjects completed the study, and out of the 16 subjects recruited for the current
study and 16 subjects from our previous study (No PPE; [6]), none had FI results below
the FI bias correction cut-off (FI ≤ 0%; indicating torque production was higher at the end
compared to the beginning of the FT). The normality assumption was met for all ANOVAs,
but the sphericity assumption for the stimulation factor was not, and the subsequent
statistics were Greenhouse–Geisser corrected. Data are reported as mean ± SD in the text,
and mean ± SEM in the figures.

The results of the repeated measures ANOVAs for the torque fatigue index (FI-T)
indicate no significant main effect of study for the right knee extensors (F(1,30) = 3.18,
p = 0.08, η2

p = 0.09), right knee flexors (F(1,30) = 1.31, p = 0.26, η2
p = 0.13), left knee extensors

(F(1,30) = 2.97, p = 0.09, η2
p = 0.24), and left knee flexors (F(1,30) = 3.69, p = 0.06, η2

p = 0.30).
Similarly, there was no significant main effect of stimulation for the right knee extensors
(F(1.96,56.81) = 2.67, p = 0.08, η2

p = 0.08), right knee flexors (F(2,60) = 0.32, p = 0.73, η2
p = 0.01),

left knee extensors (F(1.67,49.8)= 0.29, p = 0.71, η2
p < 0.01, ε̂ = 0.83), and left knee flexors

(F(1.71,51.37) = 1.35, p = 0.27, η2
p = 0.02, ε̂ = 0.86). In addition, the results indicate no

significant stimulation × study interactions for the right knee flexors (F(2,60) < 0.00, p = 0.99,
η2

p < 0.01), left knee extensors (F(2,60) = 2.17, p = 0.12, η2
p = 0.03), and left knee flexors

(F(2,60) = 0.67, p = 0.52, η2
p = 0.01). However, there was a significant stimulation × study
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interaction for right knee extensors (F(2,58) = 6.65, p < 0.01, η2
p = 0.19). Figure 1 displays the

results of the post hoc testing and reveals that, compared to the No PPE study, the subjects
in the current PPE study had a significantly higher FI-T (i.e., more fatigability) in the sham
condition (PPE: 60 ± 10%, No PPE: 50.4 ± 6.7%; p = 0.01, d = 1.13), but not in the 2 mA
(PPE: 57.9 ± 9.5%, No PPE: 54.4 ± 8.2%; p = 0.60, d = 0.39) or 4 mA (PPE: 58.9 ± 11.7%,
No PPE: 56.4 ± 7.4%; p = 0.84, d = 0.26) conditions. In the No PPE study (Workman et al.
2020a), both the 2 mA and 4 mA conditions had a significantly higher FI-T compared to
sham (p = 0.001, d = 0.73 and p < 0.001, d = 1.61, respectively); however, in this PPE study,
there were no significant differences in the FI-T in any of the stimulation conditions (sham
vs. 2 mA: p = 0.67, d = 0.21, sham vs. 4 mA: p = 0.38, d = 0.10, 2 mA vs. 4 mA: p = 0.27,
d = 0.09).

Brain Sci. 2021, 11, x FOR PEER REVIEW 6 of 13 
 

 

flexors (F [1.71, 51.37] = 1.35, p = 0.27, 𝜂  = 0.02, 𝜀̂ = 0.86). In addition, the results indicate 
no significant stimulation x study interactions for the right knee flexors (F [2,60] < 0.00, p 
= 0.99, 𝜂  < 0.01), left knee extensors (F [2,60] = 2.17, p = 0.12, 𝜂  = 0.03), and left knee 
flexors (F [2,60] = 0.67, p = 0.52, 𝜂  = 0.01). However, there was a significant stimulation x 
study interaction for right knee extensors (F [2,58] = 6.65, p < 0.01, 𝜂  = 0.19). Figure 1 
displays the results of the post hoc testing and reveals that, compared to the No PPE study, 
the subjects in the current PPE study had a significantly higher FI-T (i.e., more fatigability) 
in the sham condition (PPE: 60 ± 10%, No PPE: 50.4 ± 6.7%; p = 0.01, d = 1.13), but not in 
the 2 mA (PPE: 57.9 ± 9.5%, No PPE: 54.4 ± 8.2%; p = 0.60, d = 0.39) or 4 mA (PPE: 58.9 ± 
11.7%, No PPE: 56.4 ± 7.4%; p = 0.84, d = 0.26) conditions. In the No PPE study (Workman 
et al. 2020a), both the 2 mA and 4 mA conditions had a significantly higher FI-T compared 
to sham (p = 0.001, d = 0.73 and p < 0.001, d = 1.61, respectively); however, in this PPE 
study, there were no significant differences in the FI-T in any of the stimulation conditions 
(sham vs. 2 mA: p = 0.67, d = 0.21, sham vs. 4 mA: p = 0.38, d = 0.10, 2 mA vs. 4 mA: p = 
0.27, d = 0.09). 

 
Figure 1. Fatigue index derived from the torque data for the right knee extensors stratified by tDCS 
condition (sham, 2 mA, and 4 mA) and study (PPE vs. No PPE). * Significantly larger (i.e., increased 
fatigability) than the No PPE study [6] in the same tDCS condition (sham). # Significantly larger (i.e., 
increased fatigability) than sham in the same study (No PPE). 

The results of the repeated measures ANOVAs for the work fatigue index (FI-W) of 
the right knee flexors and left knee extensors indicate no significant stimulation x study 
interactions (F (2, 60) = 0.61, p = 0.55, 𝜂  = 0.01 and F (2, 60) = 2.02, p = 0.14, 𝜂  = 0.03, 
respectively) and no significant main effects of study (F(1, 30) = 1.86, p = 0.18, 𝜂  = 0.22 
and F(1,30) = 1.44, p = 0.24, 𝜂  = 0.20, respectively) or stimulation (F(1.74, 52.30 = 0.39, p = 
0.65, 𝜂  = 0.01, 𝜀̂ = 0.87 and F (1.63, 48.83) = 1.99, p = 0.16, 𝜂  = 0.03, 𝜀̂ = 0.81, respec-
tively). However, the results for the left knee flexors indicate a significant main effect of 
study (F (1,30) = 6.18, p = 0.02, 𝜂  = 0.48), but no significant main effect of stimulation (F 
(1.70, 51.04) = 0.42, p = 0.63, 𝜂  = 0.01) or stimulation x study interaction (F (2, 60) = 0.13, p 
= 0.88, 𝜂  < 0.01). The results of the post hoc test indicate that, collapsed across stimulation 
conditions, subjects in the PPE study had a significantly lower FI-W compared to the No 
PPE study (i.e., more fatigability, PPE: 68 ± 0.54, No PPE: 75.4 ± 0.73; p < 0.001, d = 11.63). 
In addition, the results of the right knee extensors indicate a significant stimulation x 
study interaction (F (2,60) = 5.11, p = 0.009, 𝜂  = 0.08) and main effect of stimulation (F 
(1.82, 54.55) = 6.0, p = 0.006, 𝜂  = 0.09), but not a main effect of study (F (1,30) = 2.99, p = 
0.09, 𝜂  = 0.39). The post hoc testing for the main effect of stimulation revealed that, 

Figure 1. Fatigue index derived from the torque data for the right knee extensors stratified by tDCS
condition (sham, 2 mA, and 4 mA) and study (PPE vs. No PPE). * Significantly larger (i.e., increased
fatigability) than the No PPE study [6] in the same tDCS condition (sham). # Significantly larger (i.e.,
increased fatigability) than sham in the same study (No PPE).

The results of the repeated measures ANOVAs for the work fatigue index (FI-W)
of the right knee flexors and left knee extensors indicate no significant stimulation ×
study interactions (F(2,60) = 0.61, p = 0.55, η2

p = 0.01 and F (2,60) = 2.02, p = 0.14, η2
p = 0.03,

respectively) and no significant main effects of study (F(1,30) = 1.86, p = 0.18, η2
p = 0.22 and

F(1,30) = 1.44, p = 0.24, η2
p = 0.20, respectively) or stimulation (F(1.74,52.30) = 0.39, p = 0.65,

η2
p = 0.01, ε̂ = 0.87 and F(1.63,48.83) = 1.99, p = 0.16, η2

p = 0.03, ε̂ = 0.81, respectively). However,
the results for the left knee flexors indicate a significant main effect of study (F(1,30) = 6.18,
p = 0.02, η2

p = 0.48), but no significant main effect of stimulation (F(1.70,51.04) = 0.42, p = 0.63,
η2

p = 0.01) or stimulation × study interaction (F(2,60) = 0.13, p = 0.88, η2
p < 0.01). The results

of the post hoc test indicate that, collapsed across stimulation conditions, subjects in the PPE
study had a significantly lower FI-W compared to the No PPE study (i.e., more fatigability,
PPE: 68 ± 0.54, No PPE: 75.4 ± 0.73; p < 0.001, d = 11.63). In addition, the results of the
right knee extensors indicate a significant stimulation × study interaction (F(2,60) = 5.11,
p = 0.009, η2

p = 0.08) and main effect of stimulation (F(1.82,54.55) = 6.0, p = 0.006, η2
p = 0.09),

but not a main effect of study (F(1,30) = 2.99, p = 0.09, η2
p = 0.39). The post hoc testing for the

main effect of stimulation revealed that, collapsed across studies, the FI-W was significantly
lower in the 4 mA condition compared to sham (i.e., more fatigability, sham: 58.9 ± 8.6,
4 mA: 55.9 ± 8.4, p = 0.001, d = 0.36). Figure 2 shows the results of the post hoc testing for
the stimulation × study interaction which reveal that, compared to the No PPE study, the
subjects in the current PPE study had a significantly lower FI-W (i.e., more fatigability) in
the sham condition (PPE: 55.2 ± 10%, No PPE: 62.6 ± 5.1%; p = 0.04, d = 0.93), but not in
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the 2 mA (PPE: 54.7 ± 7.3%, No PPE: 59.1 ± 7.4%; p = 0.27, d = 0.60) or 4 mA (PPE: 55 ±
10.7%, No PPE: 56.7 ± 5.4%; p = 0.93, d = 0.20) conditions. Moreover, in the No PPE study
(Workman et al. 2020), both the 2 mA and 4 mA conditions had a significantly smaller
FI-W than sham (p = 0.01, d = 0.57 and p < 0.001, d = 1.12, respectively), and 4 mA was
significantly smaller than the 2 mA condition (p = 0.034, d = 0.37). In the current PPE study,
however, there were no significant differences in the FI-W between any of the conditions
(sham vs. 2 mA: p = 0.73, d = 0.06, sham vs. 4 mA: p = 0.89, d = 0.02, 2 mA vs. 4 mA:
p = 0.81, d = 0.04).
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Figure 3 shows the change in EMG activity of the right knee extensors, the only
muscle group that had a significant interaction (i.e., difference between the studies), over
the eight time windows of the FT during each stimulation condition (sham, 2 mA, and
4 mA) in the current PPE study. The repeated measures ANOVA indicated no main effects
of window (F(7,120) = 0.69, p = 0.68, η2

p = 0.02), stimulation (F(1.52, 182.2) = 1.76, p = 0.18,
η2

p = 0.01, ε̂ = 0.76), or window × stimulation interaction (F(14,240) = 0.08, p > 0.99,η2
p <

0.01). Similarly, Figure 4 displays the comparisons of the average EMG activity of the right
knee extensors during each tDCS condition in the PPE study. There was no significant
effect of stimulation (F(1.87, 27.1) = 0.07, p = 0.93, η2

p < 0.00, ε̂ = 0.93).
SpO2 was not significantly different before and after the fatigue test in the sham (pre

= 98.73 ± 0.59, post = 98.20 ± 1.15, p = 0.06, d = 0.58) or 2 mA (pre = 98.88 ± 1.09, post =
98.50 ± 0.82, p = 0.08, d = 0.39) conditions. However, there was a significant difference in
SpO2 before and after the fatigue test in the 4 mA (pre = 98.63 ± 0.81, post = 97.5 ± 1.79,
p = 0.04, d = 0.81) condition.

The most common sensations reported in the three tDCS conditions of the current
study were burning (sham: 3.0 ± 1.9; 2 mA: 3.1 ± 1.5; 4 mA: 3.2 ± 1.4), itching (sham:
3.3 ± 0.5; 2 mA: 3.0 ± 1.2; 4 mA: 3.9 ± 1.2), and tingling (sham: 2.3 ± 1.5; 2 mA: 1.8 ± 0.5;
4 mA: 3 ± 1.7) and were all considered mild. For stimulation blinding, 50%, 56.25%, and
43.75% of subjects correctly guessed the sham, 2 mA, and 4 mA conditions, respectively.
These tolerability and blinding results are similar to the No PPE study (Workman et al.
2020a) in which burning (sham: 3.3 ± 1.3; 2 mA: 2.3 ± 2.4; 4 mA: 5.2 ± 1.6), itching (sham:
2.3 ± 1.5; 2 mA: 4.3 ± 1.2; 4 mA: 3.6 ± 2.0), and tingling (sham: 1.5 ± 1.0; 2 mA: 2.4 ± 1.1;
4 mA: 3.2 ± 1.6) were the most common sensations experienced, and 68.8%, 62.5%, and
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43.8% subjects correctly guessed the stimulation intensity in the sham, 2 mA, and 4 mA
conditions, respectively.
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4. Discussion

To our knowledge, this is the first study that evaluated whether wearing PPE while
performing a tDCS-influenced fatigue task affected the main outcomes in healthy young
adults. The main finding was that subjects wearing PPE demonstrated significantly in-
creased fatigability (i.e., increased FI-T and decreased FI-W) compared to the No PPE
subjects in the sham condition. Moreover, PPE resulted in similar fatigability across all
three conditions (sham, 2 mA tDCS, 4 mA tDCS), which contrasts with our previous No PPE
study [6] that showed that 2 mA and 4 mA tDCS resulted in greater fatigability compared
to sham in a demographically similar population of young, healthy adults. These findings
support our hypothesis that wearing PPE would significantly increase the subjects’ fatigue
profile. However, given the unique research climate in which this study was conducted
(see Methods above), comparing the effects of PPE vs. No PPE in the same subjects (i.e.,
a within-subject design) was not possible and may decrease the generalizability of the
results. Although subjects were carefully matched by sex and age to our previous study (No
PPE, [6]) to reduce inter-subject variability inherent to between-subject designs and did not
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differ in maximal strength performance, these results may be confounded by pre-existing
differences between the groups and should be interpreted accordingly.

In our previous study (No PPE, [6]), there was a significant increase in FI-T and
decrease in FI-W (i.e., greater fatigability) in the 2 mA and 4 mA conditions compared to
sham. However, in the current study, there were no significant differences in FI-T or FI-W
in any of the stimulation conditions (sham vs. 2 mA vs. 4 mA). Interestingly, there were
only significant differences between the studies in the absence of active tDCS (i.e., sham
stimulation). Therefore, these results may indicate that PPE increased fatigue, but these
fatiguing effects were not further compounded by tDCS. In other words, a ceiling effect
might have already been reached during the sham condition, which then resulted in the
null effects of applying 2 mA and 4 mA tDCS and the significant contrast with the No PPE
study [6].

It has been proposed that wearing PPE might increase carbon dioxide rebreathing
or compromise oxygen consumption, both of which would lead to lower arterial oxygen
saturation of hemoglobin [2] and, consequently, increase fatigue. Chandrasekaran et al.
(2020) also postulated that face masks might provide resistance to breathing, and evidence
from other studies also supports these physiological effects [2]. The blood oxygen satura-
tion (SpO2) results of this study only found pre–post differences in the 4 mA condition.
However, these results are not consistent enough to adequately explain the increased fatiga-
bility compared to the No PPE study [6]. Thus, our findings agree with the results of Shaw
et al. (2020), who also demonstrated a lack of substantial differences between wearing
surgical masks, cloth masks, and no face mask conditions on cycle performance (time to
exhaustion, peak power), heart rate, blood, and muscle oxygenation [33]. Furthermore,
Epstein et al. (2020) measured an increase in end-tidal carbon dioxide at exhaustion while
wearing a surgical face mask during a progressive cycle ergometer test [24]. However, this
did not affect arterial oxygen saturation, expressed as a percentage of peak power output,
during exercise, nor was it detrimental to performance [24]. Thus, these findings support
our supposition that none of these potential oxygenation effects of wearing face masks
significantly influence performance. However, a limitation of our study was that our pulse
oximeter measurement of SpO2 might not be sensitive enough to detect relevant differences.
Although a meta-analysis [43] of the accuracy of oxygen saturation measured by pulse
oximetry compared to arterial blood samples found a weighted mean correlation coefficient
of 0.895, inaccuracies in the equipment of the present study cannot be excluded [44].

EMG activity of the knee extensors was not significantly different between any of the
stimulation conditions. Surface EMG has known limitations (e.g., amplitude cancellation,
crosstalk, the potential for inconsistent electrode placement between sessions [45,46]) and
may not sufficiently indicate changes in the neural drive to the muscles [47]. Thus, EMG
may not be adequately sensitive to detect the potentially subtle changes to the central
recruitment of spinal motor neurons that ultimately relay the relevant information to the
muscles required for task execution. Additionally, the effect of anodal tDCS on torque
production may not occur from a postsynaptic effect on cortico-motor projections but could
be connected to a presynaptic effect on the motor cortex inter-neuronal network, which
would not be detectable with surface EMG. Therefore, other neuromuscular outcomes,
such as voluntary activation (VA), potentiated twitch at rest, and motor evoked potentials
might provide additional insights beyond EMG [48].

The proposed fatigue model by Rudroff et al., 2016 emphasized the interaction be-
tween physiological contributors to fatigue and the environment and task-specific fac-
tors [3]. The pandemic has significantly changed the human research environment (en-
vironmental dependency; [3]), and these modifications might affect fatigue in humans.
Additionally, the self-isolation, lockdowns, and social isolation that have occurred in re-
sponse to the COVID-19 pandemic may have negative impacts on an individual’s physical
and mental capacity [49]. Specifically, anxiety can result in hyperactivation of right and/or
hypoactivation of left frontal cortical regions and contribute to negative emotions [50].
Therefore, performing fatiguing experiments under these conditions might alter the results,
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similar to those presented in this study. Although not directly assessed, it is possible that
the sample in the present study might have been affected by the currently challenging,
pandemic-altered research environment (i.e., both subjects and researchers wearing PPE).
However, additional studies that address these psychological and environmental influences
on fatigue are required to verify this speculation.

This study had several limitations. The first was the between-group (PPE study vs. No
PPE study) comparison, which might limit the generalizability of the findings. However,
the environmental dependency aspect of the Rudroff et al. (2016) fatigue model high-
lights the importance of the performance environment on fatigue outcomes [3]. Waiting
to perform a within-subject comparison post-pandemic (i.e., without the mandated PPE
requirements) would not have been representative of this pandemic-specific environment
and would have decreased the generalizability of the findings to fatigue studies performed
in this same time frame. Additionally, we evaluated a three-layer cloth face mask because
this is the standard mask at our institution. Single-layer cloth masks or masks made
from other materials which might have yielded different results warrant future investiga-
tion. This study evaluated wearing face masks and face shields during a maximal effort
isokinetic fatiguing task. Other submaximal tasks that involve longer durations (e.g., ≥
30 min bouts), such as typical aerobic exercises, may yield different results and should
be investigated. In addition, our sample consisted of young, healthy subjects, and the
results cannot be extrapolated to other populations. Another limitation of this study is that
the blinding protocol may not have been successful, which is common in tDCS research,
especially when higher intensities (≥2 mA) are used [51–53]. Therefore, more research is
needed on ways to improve blinding protocols, such as the use of topical anesthetic creams
(e.g., EMLA cream) [54,55] and/or assessing blinding during the stimulation rather than
the common end-of-study guess [56]. Lastly, we did not assess environmental changes,
psychological stress, or how the participants perceived PPE was affecting their perfor-
mance (e.g., more difficult breathing), which may have influenced the subjects’ fatigue
profiles. Nevertheless, this present study may help provide a reference for future studies
aiming to assess the effects of wearing PPE on fatigue in older and in clinical populations.
Additionally, including other measures (e.g., voluntary activation, potentiated twitch at
rest, and motor evoked potentials) in future investigations might provide other insights
into the mechanisms of changes, or lack thereof, from wearing PPE. Moreover, future
studies should assess depression and anxiety (e.g., using the Beck Depression and Anxiety
Inventories) and evaluate their influence on performance fatigability. Future studies should
also consider using continuous-wave near-infrared spectroscopy and/or capillary blood
samples to measure blood gasses, pH, electrolytes, and relevant metabolites at baseline
and immediately after cessation of a fatiguing task to provide similar and/or additional
information to pulse oximetry.

5. Conclusions

Fatigability was significantly increased when subjects wore PPE (three-ply face mask
and plastic face shield) in the sham condition compared to the No PPE study. PPE, worn
by healthy young subjects, yielded similar fatigability across all three tDCS conditions
(sham, 2 mA tDCS, 4 mA). This contrasts with our previous pre-pandemic study [6] with
no PPE that found increased fatigability from 2 mA and 4 mA tDCS compared to sham.
These findings are relevant because PPE use in healthy young adults during tDCS studies
might have detrimental effects on performance irrespective of the stimulation intervention.
Similar tDCS and other non-invasive brain stimulation studies, in general, especially in
clinical populations, are warranted to discover if wearing PPE similarly alters outcomes.
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