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Summary

Background High temperatures at workplaces lead to
health-related risks and premature exhaustion. The
coronavirus disease 2019 (COVID-19) pandemic re-
quires many health professionals to perform under
unfavorable conditions. Personal protective equip-
ment (PPE) causes thermal stress and negatively af-
fects performance.

Patients, materials and methods This pilot project in-
vestigated the effects of PPE and additional cooling
wear on physiological parameters and concentration
of six healthy staff members of the Plastic Surgery
Department of the Medical University of Graz, Aus-
tria during simulated patient care. In this study two
1-hour cycles with patient care-related tasks with PPE
and PPE + cooling-wear, respectively, were conducted.
A third cycle with scrubs exclusively served as base-
line/negative control. The assessment occurred im-
mediately pre-cycles and post-cycles.

Results Pre-cycle assessments showed no significant
differences between the cycles. After PPE cycle, in-
creased physical stress levels and decrements in con-
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files).
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centration capacity were observed. Physiological pa-
rameters were significantly less affected in the cooling
cycle, while concentration capacity slightly increased.
Conclusion COVID-19 PPE causes considerable ther-
mal stress, ultimately affecting human performance.
As opportunity to withstand thermal stress, and im-
prove patients’ and professionals’ safety, cooling-wear
can be considered relevant. Medical personnel per-
forming in exceptional situations may particularly
benefit from further development and investigation
of cooling strategies.

Keywords Thermal stress - Cooling wear - COVID-
19 - PPE - Concentration

Introduction

Several professions require the performance in high-
temperature scenarios leading to physical stress, ul-
timately affecting human performance [1]. For in-
stance, medical personnel in the care of patients
suffering from potentially dangerous and infectious
diseases need to use personal protective equipment
(PPE) causing considerable discomfort [2]. The novel
severe acute respiratory syndrome-coronavirus-2
(SARS-CoV-2) and the resulting coronavirus disease
2019 (COVID-19) pandemic have become a serious
challenge regarding spread, treatment, and preven-
tion [3]. Involved caregivers need to work with imper-
meable PPE, consisting of FFP3 face masks, protective
goggles, gloves and suits, to avoid contagion while en-
suring proper medical care [4, 5]. Effective shielding
is not only necessary for healthcare workers and
patients, to maintain adequate healthcare but also
the whole population by reducing further spreading
of pathogens [6]. Besides the morbidity among pa-
tients [7], SARS-CoV-2 also mediates higher morbidity
among medical staff [5]. Not only psychological stress
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and anxiety [5] but also high temperatures resulting
in thermal stress caused by PPE should be considered
a major risk factor.

While physiological responses of the human organ-
ism to high temperatures have been well established,
their impact on cognition and well-being is less clear
[9]; yet, even relatively mild thermal stress may affect
human performance [1, 8]. Considerable discomfort
and medical negligence can be effects thereof [10],
hence negatively influencing a patient’s care.

Only few studies have evaluated different PPEs or
ways of donning and doffing [2]. A significant heat
strain has been shown with selectively permeable
membranes [11]. Considering that fluid-resistant and
impermeable suits may protect better against con-
tamination than aprons [2], people caring for COVID-
19 patients suffer from the additional burden of signif-
icant thermal stress when using effective protection.

The use of cooling wear is one novel strategy using
the principle of evaporation to reduce thermal stress
in situations exposing professionals to high temper-
atures [12]. While experiences with cooling wear in
the medical field showed positive results in previous
studies [13], the benefit of use in combination with
PPE still needs to be determined. The primary aim of
this project was to investigate the impact of PPE used
in the treatment of COVID-19 patients on the human
organism as well as the effect of additional cooling
wear as a suitable coping strategy.

Methods

The study design and protocol were approved by the
ethical review committee of the Medical University of
Graz (EK: 1318/2019). Written informed consent was
obtained from study participants prior to the study
start.

Participants

In this study four female (age range: 27-40 years) and
two male (range: 30-48 years) healthy, non-pregnant
staff members of the Plastic Surgery Division of the
University Hospital Graz, Austria, were enrolled.

Cooling wear

The tested cooling wear QRCOOL was provided by
QRSKIN GmbH (Wiirzburg, Germany) [14].

Experimental design

The study was conducted under constant regular
room temperature (22°C+0.5°C) at the University
Hospital Graz. The study consisted of three cycles
that were performed within 2 days:

1. Cycle one (base cycle) served as a baseline. Subjects’
garment consisted of regular scrubs exclusively to
determine effects of the tasks to perform.

2. Cycle two (PPE cycle) served to explore effects of
PPE. Subjects’ garment consisted of scrubs plus
PPE as used in the care of COVID-19 patients (suits:
Tychem 2000C Cat. III model CHAS5, DuPont de
Nemours, Wilmington, DE, USA, 180 um thickness
and model FH-190, Beijing Winsunny Harmony Sci-
ence & Technology Co., Ltd., Beijing, China, 240 pm
thickness).

3. Cycle three (cooling cycle) served to explore effects
of PPE and additional cooling-wear. Subjects’ gar-
ment consisted of a cooling shirt/vest, which was
worn on bare skin, plus scrubs and PPE.

Subjects were instructed about the process, com-
pleted a standardized d2-R attention test [15], un-
derwent thermal imaging of chest and upper back
and had blood pressure (BP), heart rate (HR) and
body temperature (BT) measured before each cycle.
All assessments were performed with the garment of
each respective cycle. Afterwards, subjects performed
standardized tasks for 1h. A total of six tasks rep-
resenting abilities needed in COVID-19 patient care,
targeting mental capacity (e.g. logic-based puzzles),
manual dexterity (e.g. surgical sewing) and strength
(e.g. static strain) lasting 9min each had to be com-
pleted by each subject. A rotation time of 1 min was
determined between tasks. Fig. 6 in the Appendix
depicts the schematic course of the activity cycles.
After each cycle, subjects underwent the same assess-
ment procedures again before having an adequate
break. Subjects then proceeded to the second cycle
undergoing the same procedure with scrubs and PPE.
To rule out an effect of fatigue or familiarization, the
third cycle (cooling cycle) was performed on the next
day with the otherwise same set-up.

Measurements

Thermal imaging

Thermal imaging was conducted with FLIR One® Pro
for iOS (FLIR Systems, Wilsonville, OR, USA). Imag-
ing material was processed via FLIR One® App [16].
Within a region of interest (ROI, the human body),
the average temperature was calculated.

Body temperature

The BT was measured with a contactless infrared fore-
head thermometer (Hetaida HTD8812, Shenzhen Het-
aida Technology Co., Ltd., China).

Blood pressure and heart rate measurement

Systolic and diastolic BP, and HR were measured with
a noninvasive, fully automatic BP monitor (boso-
medicus uno, BOSCH+SOHN GmbH u. Co. KG,
Jungingen, Germany).
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Standardized concentration and attention test

Concentration and attention were measured with the
d2-R test of attention, which is a reliable measure of
attention based on normative samples [15]. The total
number of errors (TNE) and the concentration perfor-
mance indicator (CPI) were calculated.

Statistical analysis

Data were analysed with GraphPad Prism software
(version 8.0; GraphPad Software, Inc., San Diego,
CA, USA). Due to the small sample size, testing for
normality was omitted. Since the conditions for the
parametric t-test could not be guaranteed, group
differences were assessed using the non-parametric
Wilcoxon signed-rank test. Results are expressed as
median (mdn) and interquartile range (Q1 and Q3).
Mann-Whitney U-test was used to determine signifi-
cant differences between the two types of protective
clothing. Results in means and standard deviations
are summarized in Table 1 in the Appendix. All statis-
tical tests were two-tailed with the alpha level set at
p=0.05.

Results

A descriptive overview of all physiological parameters
is provided in Fig. 1.

Body temperature

The BT of each subject was measured pre-cycle and
post-cycle. Fig. 2 shows boxplots of the BT results.

Base cycle

Median BT before the base cycle was 36.40°C
(Q1: 35.93°C; Q3: 36.45°C). After completion it was
36.40°C (Q1: 36.08°C; Q3: 36.53°C). No significant
difference was observed (p=0.875).

PPE cycle

Median BT before the PPE cycle was 36.40°C (Q1:
36.08°C; Q3: 36.53°C). It rose to 37.05°C after the
cycle. The difference before and after the cycle was
significant (p=0.031).

Cycle Blood pressure Heart rate Body Thermal imaging avg d2-R test of attention
(sys/dia) [mmhg] [bpm] temperature [°C] temperature [°C] CPI TNE
Pre Base 125.5/86.0 76.5 36.4 23.85 255.0 20.3
Post Base 131.5/86.5 73.5 36.404 24.009 S 255.09 20.75
Pre PPE 131.5/86.5 735 |* 36.40 | 24.50 |* 2545 |x 21.15
Post PPE 126.0/89.0 *[88.0= *[37.05= *[26.95 3 |x *[179.0= 39.55
Pre Cooling 123.0/82.5 80.0 |4 36.50 |« 24.50 |4 255.5 |« 20.5
Post Cooling 127.0/82.0 77.5- 36.55- *[26.00 - 2 259.0- *[ 18.6
Fig. 1 Measurements. Descriptive overview of BP, HR, body shown. An asterisk indicates statistical significance. avg av-

temperature, average thermal imaging temperature, concen-
tration performance indicator (CPI) and total number of er-
rors (TNE). The mdn values before and after the activity are

Fig. 2 Results of the body
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Fig. 3 Thermal imaging via FLIR One® Pro. a Front image of
a study participant with cooling wear and PPE after the cool-
ing cycle. b Back image of a study participant with cooling
wear and PPE after the cooling cycle. ¢ Back image of a study
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Fig. 4 Results of the heart rate (HR) measurements. HR of
each subject was measured before and after the testing pe-
riod. A significant increment of the HR was found in the PPE
cycle compared to pre-cycle levels. HR after the cooling cy-
cle was significantly lower than after the PPE cycle (p=0.031).
Boxplots represent median, quartiles and min-max values. An
asterisk indicates statistical significance

Cooling cycle

Median BT before the cooling cycle was 36.50°C
(Q1: 36.20°C; Q3: 36.50°C). After the cycle, it rose
to 36.55°C (Q1: 36.18°C; Q3: 36.60°C). The differ-
ence before and after the cycle was not significant
(p=0.500).

participant with PPE after the PPE cycle (no cooling wear). Im-
ages (a) and (b) show a distinct cooling effect after the activity
cycle in the region of the cooling wear

Base vs. PPE cycle

The pre-cycle assessment showed no significant dif-
ference in median BTs (p=0.875). The difference after
the two cycles was significant (p=0.031).

Base vs. cooling cycle

The pre-cycle assessment showed no significant dif-
ference in median BTs (p=0.156). The difference after
these two cycles was not significant (p=0.875).

PPE vs. cooling cycle

The pre-cycle assessment showed no significant dif-
ference in median BTs (p>0.999). The difference after
these two cycles was significant (p=0.031).

Suit comparison

Two different protective suits were analyzed regarding
their heat production potential. No significant differ-
ence could be shown in BT between the suits neither
within nor between PPE (p=0.500) and cooling cycle
(p=0.100).

Thermal imaging

Surface temperature (ST) of each subject was mea-
sured via FLIR One® Pro pre-cycle and post-cycle.
Fig. 2 shows boxplots of the thermal imaging results.
Cooling effects can be seen on chest and upper back
after cooling cycle (see Fig. 3).

Base cycle
Median ST before base cycle was 23.85°C (Q1: 22.28°C;
Q3: 25.00°C). Afterwards, it was 24.00°C (Q1: 22.05°C;
Q3: 24.60°C). No significant difference was observed
(p=0.656).
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PPE cycle
Median ST before PPE cycle was 24.50°C (Q1: 23.73°C;
Q3: 24.70°C). Afterwards, it rose to 26.95°C (Ql:
26.48°C; Q3: 27.35°C). The difference was significant
(p=0.031).

Cooling cycle

Median ST before cooling cycle was 24.50°C (Q1:
24.05°C; Q3: 24.95°C). Afterwards, it rose to 26.00°C
(Q1: 25.55°C; Q3: 26.25°C), indicating a significant
difference (p=0.031).

Base vs. PPE cycle

Pre-cycle assessment showed no significant difference
in median ST (p=0.688). The difference thereafter was
significant (p=0.031).

Base vs. cooling cycle

Pre-cycle assessment showed no significant difference
in median ST (p=0.219). The difference after these
cycles was significant (p=0.031).

PPE vs. cooling cycle

The pre-cycle assessment showed no significant dif-
ference in median ST (p=0.188). The difference after
these cycles was significant (p=0.031).

Heart rate

The HR of each subject was measured pre-cycle and
post-cycle. Fig. 4 shows boxplots of the heart rate
results.

Base cycle

Median heart rate before the base cycle was 76.5bpm
(Q1: 68.3bpm; Q3: 79.5bpm) and 73.5bpm (Q1:
66.5bpm; Q3: 78.0bpm) afterwards, yielding no sig-
nificant difference (p=0.063).

PPE cycle
Median heart rate before the PPE cycle was 73.5bpm
(Q1: 66.5bpm; Q3: 78.0bpm), afterwards it rose to

Fig. 5 Concentration per- CPI
formance indicator and *

88.0bpm (Q1: 82.3bpm; Q3: 92.0bpm), yielding a sig-
nificant difference (p=0.031).

Cooling cycle

Median heart rate before the cooling cycle was
80.0bpm (Q1: 62.8bpm; Q3: 91.8bpm), afterwards it
decreased to 77.5bpm (Q1: 66.5bpm; Q3: 80.5bpm),
yielding no significant difference (p=0.406).

Base vs. PPE cycle

The pre-cycle assessment showed no significant dif-
ference in median HR (p=0.063). The difference after
the cycles was significant (p=0.031).

Base vs. cooling cycle

The pre-cycle assessment showed no significant dif-
ference in median HR (p=0.500). The difference after
the cycles was not significant (p=0.406).

PPE vs. cooling cycle

The pre-cycle assessment showed no significant dif-
ference in median HR (p-value=0.313). The difference
after the cycles was significant (p=0.031).

Blood pressure

Systolic and diastolic BP were measured pre-cycle and
post-cycle. No significant differences either before
and after or between the cycles were shown.

Concentration test

Concentration performance indicator (CPI) and total
number of errors (TNE) of each subject were deter-
mined pre-cycle and post-cycles. Test results are sum-
marized in Fig. 5.

Base cycle

Median CPI and TNE before base cycle were 255.0 (Q1:
168.5; Q3: 273.0) and 20.3 (Q1: 12.4; Q3: 77.7), respec-
tively. Afterwards, they were 255.0 (Q1: 172.3; Q3:
270.8) and 20.8 (Q1: 13.5; Q3: 77.2), respectively, in-

TNE

total numbers of errors. .
a CPl. Post-PPE cycle, 300 =
CPI was significantly lower
than post-base cycle and
post-cooling cycle. b TNE.
A significantly decreased
TNE after the cooling cy-
cle (p=0.031) was shown.
Boxplots represent median,
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ues. An asterisk indicates
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dicating no significant difference (CPI: p=0.594; TNE:
p=0.625).

PPE cycle

Median CPI and TNE before PPE cycle were 254.5 (Q1:
161.8; Q3: 273.5) and 21.2 (Q1: 11.5; Q3: 83.4), respec-
tively. Afterwards, they were 179.0 (Q1: 152.0; Q3:
212.8) and 39.6 (Q1: 29.0; Q3: 79.7), respectively, indi-
cating a significant difference for CPI (p=0.031), but
not TNE (p=0.219).

Cooling cycle

Median CPI and TNE before cooling cycle were 255.5
(Q1: 164.5; Q3: 275.3) and 20.5 (Q1: 11.5; Q3: 81.7),
respectively. Afterwards, they were 259.0 (Q1: 165.5;
Q3: 278.3) and 18.6 (Q1: 10.7; Q3: 80.7), respectively,
indicating no significant difference for CPI (p=0.063),
but for TNE (p=0.031).

Base vs. PPE cycle

Pre-cycle assessments showed no significant differ-
ences between CPI (p=0.344) or TNE (p=0.563).
After the cycles, CPI yielded a significant difference
(p=0.031), but not TNE (p=0.063).

Base vs. cooling cycle

Pre-cycle assessments showed no significant differ-
ences for CPI (p=0.813) or TNE (p=0.563). After-
wards no significant differences were seen either (CPI:
p=0.750, TNE: p=0.688).

PPE vs. cooling cycle

Pre-cycle assessments showed no significant dif-
ference between CPI (p=0.656) or TNE (p=0.594).
Afterwards, the difference between CPI was signifi-

cant (p=0.031), but not between TNE (p-value =0.156).

Discussion

There is increasing concern about diverse stressors af-
fecting physicians during various scenarios [17]. Ther-
mal stress as caused by PPE is one well-documented
factor decrementing vigilance and endurance [1, 10]
and directly influencing human performance, whose
flawless functioning is of utmost importance during
exceptional situations such as the current COVID-19
pandemic. We could show that even relatively mild
thermal stress negatively affects concentration, while
increasing physiological stress levels. Parameters such
as HR [17], BP or BT served as variables indicating
stress levels, subjects were experiencing. Homoge-
neous values before and after base cycle proved that
the performed tasks themselves do not cause an el-
evated physical stress level. After PPE cycle, signifi-
cantly increased BT (p=0.031) and HR (p=0.031) were
observed, suggesting considerable high physical (ther-
mal) stress compared to pre-cycle levels.

Several studies investigated effects of heat on cog-
nition [18, 19]. Our study could confirm the de-

scribed correlation between increased temperatures
and decrements in concentration and performance,
since lower attention test results were produced after
PPE cycle. Compared to the pre-cycle, CPI signif-
icantly decreased afterwards (p=0.031). PPE may
not only constitute an intense burden, but ultimately
jeopardize adequate patient care due to its negative
impact on the users’ performance. To ensure proper
medical care of COVID-19 patients while provid-
ing highest possible comfort for medical personnel,
achieving a balance between sufficient protection
and reduced heat strain is of utmost importance. In
order to achieve this goal, several aspects need to
be considered. More breathable materials lead to
higher user satisfaction as shown by Verbeek et al. [2].
Heat generation of less breathable materials could
be a contributing factor for this, which is why two
different suits differing in thickness were tested in our
study. No significant difference regarding their heat
production potential in the study period, neither after
the PPE cycle (p=0.500) nor after the cooling cycle
(p=0.100) was shown.

Cooling-wear may be an effective means to reduce
thermal stress caused by PPE. Subjects wearing cool-
ing-wear beneath scrubs and PPE were significantly
less affected. This suggests the ability of cooling-wear
to reduce the physiological stress level caused by in-
creased temperatures. Physiological parameters af-
ter the cooling cycle almost reached pre-cycle levels.
Not only BT (p=0.031) but also ST (p=0.031) was sig-
nificantly lower after cooling compared to after PPE
cycle. An increase of BT within cooling cycle was
seen (24.50-26.00°C); however, less pronounced than
in PPE cycle (24.50-26.95°C). Hereby, a counteracting
function of cooling-wear against heat production be-
low PPE is suggested. Even after 1h of activity, a vis-
ible cooling effect was revealed by thermal imaging
(Fig. 3).

Furthermore, positive effects on concentration and
attention were observed in subjects wearing cool-
ing wear. CPI was significantly higher after cooling
than after PPE cycle (p=0.031), while a lower TNE,
although not significant (p=0.156), was observed. Ul-
timately, an improvement of cognitive performance
in warm environments is supposedly possible with
cooling-wear.

The small sample size may lead to not fully repre-
sentative and transferable results; however, this novel
invention might be able to bridge the gap between
proper medical care without contagion and adequate
comfort for medical personnel. Particularly, caregivers
of COVID-19 patients may profit from further devel-
opment and in-depth investigation of cooling strate-
gies. Further studies are necessary to achieve the full
potential of cooling-wear in reducing thermal stress.
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Limitations

This study has several limitations: We aimed to inves-
tigate the burden of PPE and the advantages of novel
cooling strategies for use in the medical field. Due to
the small sample size, results may not be represen-
tative and transferable. Further studies are necessary
to reach the full potential of cooling-wear in reducing
thermal stress. While the study set-up was designed
to reduce the possible bias caused by fatigue and rep-
etition, individual performance levels (cognitive and
physical) are dependent on personal form of the day.
This is for example reflected in higher pre-cycle HR,
even though not statistically significant (pre-cooling:
80.0bpm vs. pre-PPE: 73.5bpm). Analysis of BP val-
ues revealed no significant differences. The values of
each subject, however, varied strongly, especially post-
PPE. This divergence indicates individual reactions
of the circulatory system to thermal stress in each
subject. Consequently, a bias by individual factors,
such as daily activity or autonomic nerve tone, can-
not be ruled out. Ultimately, there is a great demand
for strategies to withstand thermal stress and reduce
discomfort caused by PPE and to improve working
conditions during these challenging times.

Conclusion

Decrements in vigilance, performance and endurance
are well-documented effects of thermal stress and
have been confirmed in this study. Thermal stress
due to PPE used in the management of COVID-19 pa-
tients leads to increased BT and HR. Simultaneously,
the concentration capacity decreases and the error-
proneness increases. These results highlight the bur-
den of PPE, medical personnel have to bear during
the current COVID-19 pandemic. As an opportunity
to withstand thermal stress and therefore improve
medical care, cooling strategies are useful in many
aspects. Most physiological parameters measured
after cooling cycle almost reached pre-cycle levels,
indicating lower physiological stress levels. Due to
the need of the balance between sufficient protec-
tion and reduced heat strain, cooling-wear serves as
promising opportunity to counteract encumbering
situations with heat exposure.

Based on the promising results obtained from this
project, cooling strategies may be used as important
tool in medical sectors prospectively. Further studies
are necessary to achieve the full potential of this newly
developed cooling-wear.
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Fig. 6 Schematic description of the study design. Six tasks
targeting concentration (brain), manual dexterity (hand with

were completed. A 1-min rotation time was scheduled be-

surgical forceps) and strength (flexing arm) lasting 9 min each
tween the tasks
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