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Abstract

Introduction: Heat stress poses a recognized threat to human health. Despite growing evidence, its impact on healthcare
workers (HCWs) remains underexplored. This study evaluates occupational heat stress in HCWSs, assessing physiological re-
sponses and subjective well-being.

Methods: Twelve HCWs from a German university hospital were monitored in non-airconditioned intensive care units (ICU) and
non-ICU settings during the summer of 2022 (mean indoor temperature of 26.5 °C) and again in the autumn of the same year or
in March 2023 (mean indoor temperature of 23.6 °C). Physiological data (core body temperature, heart rate, and skin temperature)
and subjective perceptions were measured using wearable sensors and questionnaires.

Results: In summer, mean core body and skin temperatures were higher by 0.4 °C and 0.3 °C, respectively. ICU workers ex-
hibited higher heart rates and reported greater mental demands, frustration, and discomfort, particularly when using personal
protective equipment (PPE). Common symptoms included sweating, fatigue, and headaches.

Conclusion: \We observed some evidence suggesting that elevated indoor temperatures and reported PPE usage contribute
to increased HCWs' heat strain, which could potentially affect health, safety, and performance. Given the observed trends, we
recommend considering cooling vests and revising workplace standards to mitigate heat stress.

Keywords: healthcare workers; heat stress; physiological monitoring; protective clothing; well-being

What'’s Important About This Paper?

This study shows that heat exposure and personal protective equipment use negatively affect healthcare workers' perceived
stress and health. The study also highlights gaps in awareness and existing measures addressing occupational heat stress
in Germany, offering insights to improve strategies for reducing heat stress among healthcare workers.
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Introduction

Climate change has amplified occupational heat stress,
particularly among healthcare workers (HCWs) who
are exposed to increased physical demands while
caring for patients and working in non-climatized en-
vironments (Pinkerton and Rom 2014; Kenny et al.
2018; Schoierer et al. 2020). This raises concerns about
their health, performance, and well-being (Flouris
et al. 2018; Casanueva et al. 2019; Ebi et al. 2021).
Extreme weather events, including heatwaves and pro-
longed hot summer days (>30 °C), are increasing in
frequency and intensity, exacerbating occupational
risks (Papalexiou et al. 2018; Bisolli et al. 2019). In
Germany, record-breaking hot summers in recent years
(2003, 2015, 2018, and 2023) have exposed workers
in non-air-conditioned environments to heightened
risks of heat stress and related health impacts (Hoy
et al. 2020; Stanley et al. 2023). Addressing this issue
is particularly important given the prevalence of non-
air-conditioned spaces in German clinics and hospitals
(Nicolas et al. 2019). To our knowledge, no previous
study has systematically assessed thermal stress and
strain in healthcare facilities, including hospitals, in
Germany.

Heat stress, defined as the physiological strain
caused by exposure to elevated temperatures, poses
significant threats to health and productivity, especially
in occupational settings (Cheung et al. 2000; Cramer
and Jay 2016; Cramer et al. 2022). Prolonged exposure
to temperatures above 26 °C can lead to heat strain,
impairing thermoregulation and potentially causing
fluid loss (dehydration), resulting in fatigue, headaches,
and dizziness (Sessler 2008; Périard et al. 2021). Such
conditions may also reduce work capacity and prod-
uctivity (Borg et al. 2021; Quartucci et al. 2024), while
increasing the risks of workplace errors or injuries
(Xiang et al. 2014; Borg et al. 2021). These impacts can
create a cascading effect—heightening the risk of heat-
related health issues and contributing to economic bur-
dens (Borg et al. 2021). A meta-analysis by Flouris et
al. (2018) estimated a 30% decrease in work product-
ivity for both indoor and outdoor occupations during
heat stress conditions, with a 2.6% decline in prod-
uctivity for each degree above 24 °C Wet Bulb Globe
Temperature (WBGT) (Flouris et al. 2018). The WBGT
index integrates temperature, humidity, wind speed,
and solar radiation to provide a more comprehensive
assessment of heat stress on the human body (Mazlomi
et al. 2017; Dillane and Balanay 2020).

HCWs face compounded risks due to the physical
demands of patient care and the use of personal pro-
tective equipment (PPE) (Bose-O’Reilly et al. 2021;
Verbeek et al. 2021). PPE, although essential for in-
fection control, it impairs heat dissipation mech-
anisms, particularly on hot summer days, further
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amplifying physiological strain (Cramer and Jay 2016;
Eggenberger et al. 2018). Discomfort associated with
PPE usage has raised concerns around compliance and
its impacts on performance and well-being (Jegodka
et al. 2021; Chaudhari et al. 2023). Combined with
the often-inadequate attention paid to the health con-
cerns of HCWs, these challenges can lead to increased
dissatisfaction in the workplace (Schoierer et al. 2020;
Ginster et al. 2021).

Wearable technologies provide new opportunities to
monitor physiological responses in real-time, offering
insights into heat stress impacts (Teng et al. 2008;
Bonato 2010; Chang et al. 2022; Wibowo et al. 2023).
Despite these advances, their application in healthcare
settings remains limited due to concerns about inter-
ference with medical equipment (eg in x-ray rooms),
sensor reliability, and worker comfort.

Given the gaps in understanding heat stress among
HCWs, this study primarily aimed to address these
issues by evaluating both physiological and subjective
responses to heat stress, contributing to the development
of improved workplace strategies and safety standards.

Methods

Study design and setting

This observational study employed convenience sam-
pling to recruit HCWs from intensive care units (ICU)
and non-ICU settings at the University Hospital of
LMU Munich. The observational design was chosen
to assess real-world conditions without altering par-
ticipants’ daily routines. Participants completed two
observation periods: during summer (June to August
2022) and fall (October to November 2022) or spring
(March 2023). The study was conducted in accordance
with the ethical standards outlined in the Declaration
of Helsinki for research involving human subjects and
received approval from the ethics committee at the
Medical Faculty of LMU Munich (#21-0197).

Participants

Eligibility criteria required employment as HCW at the
University Hospital of LMU Munich and proficiency in
written German. All interested HCWs who contacted
us to participate were invited to an introductory ses-
sion. During this session, comprehensive study infor-
mation was provided and informed consent (including
data protection consent) was obtained. Baseline health
assessments (including age, weight, height, forehead
temperature, and heart rate—HR) were conducted. In
addition, participants completed a customized ques-
tionnaire addressing heat stress in the workplace to
assess subjective heat stress perception, knowledge of
existing countermeasures, and workplace conditions,
such as the availability of air-conditioning systems.
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Upon completion of both observations, each partici-
pant was compensated with EUR 50.

Monitoring heat stress environment

Environmental parameters were recorded using the
QUESTemp 34 Environment Thermal Monitor (Quest
Technologies, Wisconsin, USA) (see Supplementary
Figure S1), following established protocols to avoid
interferences and ensure data accuracy (eg no barriers
or objects that could radiate heat, such as electronic
devices or heaters, and no person approaching the de-
vice during the measurement). This device provided the
WBGT index, which is considered the “gold standard”
for quantifying the effects of occupational heat stress
in various studies (Dillane and Balanay 2020; Ioannou
et al. 2022; Hall et al. 2023). Environmental data were
recorded at 1-min intervals.

Questionnaire assessment

Generally, the questionnaire to capture participants’
subjective perceptions of heat stress at work was ad-
ministered at two time points: at the beginning of each
shift (eg for the question on current health status using
a 0-to-10 Visual Analogue Scale (VAS)) and at the end
of each shift (for all other questions). On the VAS, it
was administered before and after each observation
with O representing the worst health and 10 repre-
senting the best health (Delgado et al. 2018). In add-
ition, the NASA Task Load Index (NASA-TLX) was
used to assess the mental and physical workload, stress
levels, and well-being (Hart and Staveland 1988). The
NASA-TLX consists of six dimensions (subscales) and
participants were asked to rate each dimension on a
scale of 0 to 10, with 0 indicating very low workload
or demands and 10 indicating very high workload or
demands. For the subscale “performance” only, 0 indi-
cates poor performance and 10 indicates high or best
performance. Mean scores were calculated for each
subscale.

In addition, we assessed heat stress in HCW using
questions similar to those used by Jegodka et al. (2021).
These included a 0 to 10 scale for perceived physical,
psychological and thermal stress at work, a 4-Likert
scale (“no“, “rather no,” “rather yes,” and “yes”)
for typical physical discomfort experienced during
nursing work, the amount of water/liquid consumed,
and the intensity of HCW-related activities performed,
including the use and duration of use of specific PPE
such as protective gowns, disposable gloves, safety
glasses, surgical/FFP2/N95 face masks, and surgical
bonnets (see Fig. 1).

Monitoring of physiological parameters

Physiological responses were monitored throughout
the observation period, which lasted for half of a

ID 260485546 © Akesin
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Fig. 1. Example of PPE used by HCWs, including a protective
isolation gown, disposable purple nitrile gloves, safety glasses,
a white FFP2/N95 mask, and a surgical bonnet. The PPE is
essential for infection prevention in hospital settings. (Image
source: Dreamstime, ID 260485546, © Akesin)

standard work shift (or approximately 3.5 to 4 h). Data
were recorded at consistent times during both observa-
tion periods (eg the early shift in observation 1 was
also applied in observation 2) to ensure consistency.
Validated wearable devices were used for continuous
monitoring: (i) the cosinuss® Two (Cosinuss GmbH,
Munich, Germany) in-ear sensor (Supplementary Fig.
S2A) (Ellebrecht et al. 2022) and (ii) the Thermochron
iButton (CK electronic GmbH, Cologne, Germany)
temperature loggers (Supplementary Fig. S2B) (van
Marken Lichtenbelt et al. 2006).

While parameters such as body temperature (BT)
and HR were monitored using the in-ear sensor, parti-
cipants’ skin surface temperatures were recorded using
the button loggers at multiple body sites (left/right
infraclavicular, abdomen, and left/right midthigh). The
minimum number of skin sites required to accurately
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estimate mean skin temperature in the heat is four,
as temperature variations across different body loca-
tions remain minimal in such environments (ISO_9886
2004). The average of these five sensor locations
was taken as the mean skin temperature. These body
sites were selected to be under the PPE to minimize
the influence of external environmental factors and
avoid interference with HCWs’ activities during their
shifts. Prior to observation, each participant selected
the appropriate in-ear sensor size (small or medium).
A small belt pouch containing the sensor receiver was
worn during the observations. Given concerns about
ear sensor coverage (+ 5 m), this step was necessary
to ensure uninterrupted recording and transmission of
data. Data were recorded at 1-s intervals for the in-ear
sensor and at one-minute intervals for the skin tem-
perature loggers.

Data handling and statistical analysis

Environmental and physiological data were measured
outside the observation period, and data with apparent
sensor malfunctions were removed. In our in-ear sensor,
the quality of the HR measurement was determined by
the quality index, which is an algorithm that quanti-
tatively assesses the functional near-infrared spectros-
copy signal quality on a numerical scale from 0 (very
low quality) to 100 (very high quality) (Ellebrecht et
al. 2022). Only HR data with a corresponding meas-
urement quality index of 50 or higher were included.
For BT, the remaining data were used for the analysis.
In addition, for the analysis of peripheral temperature
data, the measured skin temperature data were cor-
rected using an external calibration, and the mean skin
temperature (MST) was calculated for one observation
of each participant as the average of the five skin logger
sites.

Descriptive statistics summarized key variables.
Five-minute means were calculated for BT and HR
to match the interval of the skin sensors. All variables
were tested for normal distribution. For non-normally

Table 1. Baseline characteristics of participants.

Wibowo et al.

distributed parameters, boxplots with non-parametric
tests (ie Wilcoxon rank-sum) were utilized. Normally
distributed parameters were assessed using parametric
tests (ie t-tests). Given the complexity and diversity of
our physiological data, simple parametric tests, such
as t-test and/or ANOVA, may lack the depth to cap-
ture nuances and trends in the time series, as previously
discussed in our publication (Wibowo et al. 2023).
Therefore, we used a mixed-effects model to account
for longitudinal variation.

A separate mixed linear model was fitted for each
physiological outcome. The fixed effects in these
models included observation time, ambient tempera-
ture (warm/normal), and ward type (ICU/non-ICU)
as the main predictors. The random effects included
random intercepts and random slopes, allowing the
models to capture the variation between individuals
and changes over time. Although the distribution of
potential confounders such as BMI, age, and sex may
be uneven, these factors are important and were con-
trolled for in the analysis. The alpha (a) level was set
at 0.05 for all statistical tests. All P-values were two-
tailed. Data cleaning process and statistical analysis
were performed using R statistical software version
4.1.3.

Results

Participants’ characteristics and heat stress-
related topics

Of the 19 initial participants, 12 HCWs were com-
pleted in both observation periods (ICU: # = 6; non-
ICU: n = 6). Most participants were female (7 = 10)
and had over 5 years of professional experience.
Their mean age was 33.7 = 9.7 years old (range: 24
to 51). No significant differences were observed be-
tween ICU and non-ICU participants in age, height,
or weight, although forehead temperature and blood
pressure showed statistically significant differences

(Table 1).

Characteristic ICU (n = 6) Non-ICU (1 = 6) P-value?
Mean * SD Mean * SD

Age, years 32284 35.2+99 0.12
Forehead temperature, °C 36.6 0.5 36.4+0.3 0.005**
Height, m 1.7 0.0 1.7 0.1 0.84
Weight, kg 66.3 =+ 14.4 69.7 = 11.3 0.07
Blood pressure (sys/dia), mmHg 119/76 (= 8.3/8.9) 128/85 (= 16.9/9.3) 0.03*
Resting heart rate (beats/min) 69 = 4.7 69 =9.8 0.23

As all variables are quantitative, #-test was employed to test the significance of difference.

Significance levels: ***P < 0.001, **P < 0.01, *P < 0.05.
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Environmental characteristics

During summer, the average indoor dry bulb temperature
was 26.5 °C (=1.5 °C), with a corresponding WBGT of
21.9 °C (x1.3 °C). In fall/spring, these values were lower:
23.6 °C (1.8 °C) and 19.5 °C (+1.3 °C), respectively.
These measurements indicate heightened temperatures
for indoor working environments during the summer.

Subjective perceptions of stress and
workload

Considering participants’ self-reported health status,
pre-post differences were calculated for each observa-
tion. On average, a slightly higher negative difference
was observed during the warm summer observation
period (-0.8 vs. -0.7; n.s.) (see Supplementary Fig. S3).

Participants were asked to report their mental and
physical workload, stress, and well-being while per-
forming their work (see Fig. 2). Statistically significant
increases in mental (7.5 vs. 4.6; P = 0.01) and temporal
demands (5.4 vs. 2.1, P = 0.03) were reported in warm
compared to normal temperature. On the other hand,
physical demands (4.6 vs. 4.0) and effort scores (5.4
vs. 2.8) were higher under warm environment temper-
atures, although not statistically significant. Moreover,
participants reported significantly higher frustration
scores under warm temperatures, (2.3 vs. 0.3; P =
0.01), suggesting increased strain.

Mean scores for physical (4.2 vs. 3.9), psychological
(3.8 vs. 2.8), and thermal stress (4.8 vs. 2.6) were also
calculated for the observation under warm and normal
temperatures, respectively (Fig. 3).

To evaluate potential physical discomforts associated
with the use of PPE, the participants reported the use
and the duration of use of specific PPE during the ob-
servation period. Unfortunately, there is no information
available from procurers on the manufacturer or ma-
terial of these PPE. Overall, ICU participants reported
more frequent and prolonged use of PPE compared to
their non-ICU counterparts. Disposable gloves and pro-
tective gowns were the most frequently used PPE items
in ICU environments, whereas FFP2 face masks were
predominantly utilized by HCWs in non-ICU settings.

To further explore the relationship between PPE use
and physical discomfort, participants were asked to
report their physical symptoms associated with PPE
wear (see Supplementary Fig. S4). Across all observa-
tion periods, fatigue was the most prevalent reported
symptom (46%), followed by increased sweating
(25%), exhaustion (25%), and headaches (17%). In
addition, participants indicated that specific PPE com-
ponents contributed to their discomfort. For example,
prolonged use of the FFP2 face mask was commonly
linked to breathing difficulties and headaches, while
protective gowns were often associated with exces-
sive sweating. These findings align with the complaints

raised during the introductory session, where partici-
pants emphasized workplace burdens caused by un-
favorable temperature and humidity levels, particularly
in summer, exacerbating physical complaints such as
breathing difficulties, excessive sweating, and dizziness.
To mitigate these effects, participants implemented
various personal countermeasures, such as increasing
water intake and taking frequent rest periods (see
Supplementary Table S1 for further details).

Physiological parameters

Monitoring of physiological parameters included par-
ticipants’ BT, HR, and MST (see Fig. 4). Irrespective
of the wards in which participants worked during the
observations, participants exhibited higher average BT
during summer (37.5 °C vs. 37.2 °C; +0.4 °C), with
69.8% exceeding normal temperature ranges (>37.5
°C) (Mazlomi et al. 2017; Ebi et al. 2021) (see shaded
grey area in Fig. 4A). In contrast, the normal ambient
temperature observed in fall/spring contributed to ap-
proximately 13.9% of BT exceeding this range.

Furthermore, the mean HR was slightly lower in
summer (72 beats/minute vs. 75 beats/minute), likely
reflecting thermoregulatory adjustments. Finally, the
participants’ MST was higher during the warm period
(33.2 °C vs. 32.9 °C; +0.3 °C). T-tests showed a statis-
tically significant difference (P < 0.001) for all physio-
logical parameters measured.

A linear mixed-effects regression analysis was per-
formed to examine the factors influencing each physio-
logical parameter while accounting for individual
variations over time. The analysis revealed that obser-
vation time did not exert a statistically significant effect
in any of the three models, indicating that time was not
a substantial predictor of physiological parameters.

When compared to the fall/spring period, charac-
terized by normal ambient temperatures, participants
exhibited a statistically significant increase of approxi-
mately 0.4 °C in BT during the warm summer period.
In addition, although not statistically significant, parti-
cipants experienced a decrease of about 4 beats/minute
in HR and an increase of 0.3 °C in MST under warm
conditions.

Regarding the ward type, participants working in
non-ICU wards tended to have lower values across all
physiological parameters compared to their ICU coun-
terparts. However, these differences were not statis-
tically significant, with the exception of HR. Table 2
provides a summary of the regression coefficients for
both fixed and random effects.

Discussion

This study examined the impact of occupational
heat stress on HCWs in non-air-conditioned hospital
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Fig. 2. NASA-TLX ratings of stress and workload (on a scale of 0 to 10): A) mental, B) physical, and C) temporal demand, as well as D)
performance, E) effort, and F) frustration. Data were presented as boxplots; the dots are mean scores and are analyzed by the Wilcoxon

rank-sum test.

settings. Consistent with prior research, we observed
that elevated indoor temperatures were associated with
higher levels of perceived physical and mental strain
among participants (Lee et al. 2020; Chaudhari et al.
2023; Wibowo et al. 2023; Quartucci et al. 2024).
Specifically, our results show that heat stress links to an
increase in mental and temporal workload, requiring
greater effort to complete routine tasks. Subjective
symptoms, such as fatigue, increased sweating and
headaches, reflected the combined psychological
burden of heat exposure and situational PPE require-
ments. While some PPE were worn across both ICU
and non-ICU settings, we did not find statistically

significant evidence for a direct effect of PPE use on the
exacerbation of heat strain in this study. Physiological
measurements show elevated BT (+0.4 °C) and MST
(+0.3 °C) during the warm summer months, sug-
gesting thermal strain associated with environmental
conditions.

Such findings highlight the urgent need for im-
proved heat management strategies in healthcare set-
tings. Workplace heat-related stress has been shown
to reduce motivation, impair cognitive performance
and decision-making, and compromise safety, thereby
increasing the risk of occupational injuries (Xiang et al.
2014; Casanueva et al. 2019; Russo et al. 2019; Foster
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Fig. 3. Participants’ A) physical; (B) psychological; and (C) thermal stress. All dimensions are on a 0 to 10 scale and presented as
boxplots. The dots are mean scores, and these were analyzed by the Wilcoxon rank-sum test for the significance of differences.

et al. 2020; Borg et al. 2021). Although Germany’s
Workplace Regulation (German: Arbeitsstittenregel,
ASR A3.5) specifies a 26 °C threshold for addressing
workplace heat, and the Occupational Health and
Safety Act (German: Arbeitsschutzgesetz, ArbSchG)
requires risk assessments and implementation of
appropriate measures (BAuA (Bundesanstalt fiir
Arbeitsschutz und Arbeitsmedizin) 2022), awareness
of these regulations among HCW remains limited.
Furthermore, systematic heat protection plans—spe-
cifically tailored to healthcare facilities—have not yet
been adequately developed or widely implemented
(Zielo and Matzarakis 2018). Addressing this gap is
critical to safeguarding the well-being and perform-
ance of HCW, particularly in relation to climate change
and the increasing frequency of its subsequent environ-
mental effects.

To our knowledge, this study represents the first
German observational study quantifying the impact of
heat exposure on HCW physical work capacity under
real-life conditions. Unlike controlled climate chamber
studies (Eggenberger et al. 2018; Wibowo et al. 2023),
this investigation provides valuable insights into
HCWSs’ physiological and subjective responses to heat
exposure in routine clinical settings. However, several
limitations should be considered. First, while work in-
tensity is a critical determinant of heat strain, our study
did not systematically analyze the differential impact
of specific physical activities on health and perform-
ance. To this extent, we ensured that measurements

were conducted during normal daily tasks without
additional metabolic load from research equipment.

Second, while we documented the types of PPE used
and their predominant use across all settings, we did
not systematically track the exact duration of PPE
wear for each participant during their shift. Since PPE
use was dictated by patient care demands, we could not
mandate participants to wear or remove PPE at fixed
times. This situation limits our ability to quantify PPE-
specific heat effects or conclude whether prolonged
PPE use influences these effects.

Third, the limited sample size and observational de-
sign may limit the generalizability of the results. Due to
the real-life setting, randomization of observations was
not feasible, and the long interval (~ 3 to 6 months)
between two individual observations may have intro-
duced variability in responses.

Fourth, the use of wearable devices, although prac-
tical and non-invasive for assessing heat strain, may
have been subject to measurement inaccuracies.
Specifically, the assessment of ear canal temperature as
a proxy for core BT may have been affected by the
presence of cerumen, ear canal anatomy, and ambient
temperature. Nevertheless, this method has been valid-
ated as a practical and reliable tool for estimating core
BT (Daanen 2006; Roossien et al. 2021). Similarly,
the use of heart rate measurements via wearables is
supported by existing evidence indicating their diag-
nostic value and utility as indicators of physiological
responses to heat stress (Teng et al. 2008; Roossien et
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Fig. 4. A) Body temperature; B) heart rate, both measured using cosinuss® Two in-ear sensor; and C) mean skin temperature, measured
with Thermochron iButton plotted against time for warm (summer; red) and normal (fall/spring; blue). Data are presented as 5-min
moving averages. Welch's t-test was used to assess differences between seasonal conditions.
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Table 2. Prediction of physiological parameters using a linear mixed-effects model (n = 12). Factors such as observation time, ambient
temperature, and ward types were included as fixed effects in the regression model, while individual responses to these factors were

considered as random effects.

Body temperature

(°Cy

Heart rate Mean skin
(beats/min)? temperature
(°C)p

Fixed predictors estimation (standard errors in brackets)

intercept 37.11%**(0.11) 85.65*%* (4.77) 33.10%** (0.24)
observation time (t) -0.00 (0.00) -0.00 (0.00) 0.00 (0.00)
temperature (warm) 0.38*** (0.08) -4.00 (4.53) 0.27 (0.17)
wards (non-ICU) -0.08 (0.15) -16.27% (6.09) -0.48 (0.30)
Random effects (standard errors in brackets)

Random intercept (ID) 0.07 (0.26 16.20 (12.69) 0.40 (0.63)
Random slope: t (ID) 0.00 (0.00 0.00 (0.00) 0.00 (0.00)
Random slope: temperature (warm) (ID) 0.08 (0.28 27.41 (15.08) 0.37 (0.60)
Residual variance 0.08 (0.29 16.67 (12.91) 0.15 (0.38)

2All models are adjusted for age, BMI, and sex (fixed effects) and random effects: intercept and slope. All adjusting variables are

non-significant.
Significance levels: ***: P < 0.001, **: P < 0.01, *: P < 0.0S5.

al. 2020). In addition, we recognized the importance
of measuring participants’ MST as a crucial indicator
of thermal sensation. While core BT remains relatively
stable due to thermoregulatory mechanisms in healthy
individuals, peripheral skin temperatures are highly
sensitive to fluctuations in ambient temperature and
metabolic activity, providing important insights into
thermal responses (Krishnamurthy et al. 2017).

Another limitation pertains to the moderate average
ambient temperature (26.5 °C) observed during the
study, which may not fully reflect extreme heat con-
ditions encountered during hotter summers, such as in
2023. Moreover, the findings may be less relevant in
warmer regions where hospitals—or at least ICU fa-
cilities—are typically fully air-conditioned. These limi-
tations underscore the necessity for further research,
with a particular focus on extremely hot events.
Subsequent studies should include larger, more diverse
samples across different hospital environments, and
evaluate the effectiveness of specific interventions (eg
cooling vests and advanced PPE materials). In addition,
research should explore the economic implications of
heat stress and assess the cost-effectiveness of mitiga-
tion strategies to inform evidence-based interventions
and workplace policies.

Conclusion

This study demonstrates that elevated ambient tem-
peratures and PPE usage exacerbate heat strain among
HCWs, impairing their performance and well-being.
As climate change intensifies, addressing workplace

heat stress must become a priority. Implementing
engineering controls, revising PPE standards, and
introducing adaptive strategies can enhance occupa-
tional health and safety. Further research should focus
not only on filling the gaps in science-based informa-
tion but also on interventions and long-term impacts
to safeguard HCWs’ health and productivity at work.

Acknowledgments

The authors express their gratitude to all participants
and hospital ward managers from different clinics of
the University Hospital of LMU Munich (Klinikum der
Universitit Miinchen) who made this observational
study possible.

Author contributions

Razan Wibowo: Methodology, Formal analysis and
investigation, Writing—original draft preparation,
Writing—review and editing; Malte Satow: Writing—
review and editing; Caroline Quartucci: Writing—re-
view and editing; Tobias Weinmann: Methodology,
Writing—review and  editing; Daniela  Koller:
Methodology, Formal analysis and investigation,
Writing—review and editing; Hein Daanen: Writing—
review and editing; Dennis Nowak: Supervision,
Writing—review and editing; Stephan Bose-O’Reilly:
Conceptualization, Supervision, Writing—review and
editing; Stefan Rakete: Resources, Conceptualization,
Methodology, Formal analysis and investigation,
Supervision, Writing—review and editing.

Gz0Z aunp 90 uo 1sanb Agq £6GHS 1 8/9Z0IEXM/UaMUUR/S60 | 01 /10P/[0IIB-80UBAPE/YSMUUE/WOD dNoolwapeoe//:sdiy Woll papeojumod



10

Funding

This study was funded by the Berufsgenossenschafft fiir
Gesundbeitsdienst und Wohlfabrispflege—BGW (pro-
ject number FF_1486).

Conflict of interest

The authors have no conflicts of interest to declare that
are relevant to the content of this article.

Data availability

The data can be made available upon reasonable re-
quest.

Ethics approval

The study was carried out in accordance with the
Code of Ethics of the Declaration of Helsinki for ex-
periments involving human subjects and was reviewed
and approved by the ethics committee at the Medical
Faculty of the Ludwig Maximilians University of
Munich (#21-0197).

Consent to participate

Informed consent was obtained from all individual
participants included in the study.

Consent for publication

Informed consent was obtained from all individual
participants included in the study.

Supplementary material

Supplementary material is available at Annals of Work
Exposures and Health online.

References

BAuA (Bundesanstalt fiir Arbeitsschutz und Arbeitsmedizin).
2022. Klima am Arbeitsplatz—Hohe Raumtemperaturen
in Arbeitsstatten (Workplace climate—high indoor tem-
peratures in workplaces). Federal Institute for Occu-
pational Safety and Health. https://www.baua.de/DE/
Themen/Arbeitsgestaltung-im-Betrieb/Physikalische-
Faktoren-und-Arbeitsumgebung/Klima-am-Arbeitsplatz/
Schutzmassnahmen-hohe-Raumtemperaturen.html

Bisolli P et al. 2019. Hitzewelle Juli 2019 in Westeuropa—
neuer nationaler Rekord in Deutschland. www.dwd.de/
DE/leistungen/besondereereignisse/temperatur/20190801_
hitzerekord_juli2019.pdf?_blob=publicationFile&v=2

Bonato P. 2010. Wearable sensors and systems. from enabling
technology to clinical applications. IEEE Eng Med Biol Mag.
29:25-36. https://doi.org/10.1109/MEMB.2010.936554

Wibowo et al.

Borg MA et al. 2021. Occupational heat stress and eco-
nomic burden: a review of global evidence. Environ Res.
195:110781. https://doi.org/10.1016/j.envres.2021.110781

Bose-O’Reilly S et al. 2021. COVID-19 and heat waves: new
challenges for healthcare systems. Environ Res. 198:111153.
https://doi.org/10.1016/j.envres.2021.111153

Casanueva A et al. 2019. Overview of existing heat-health
warning systems in Europe. Int J Environ Res Public
Health. 16:2657. https://doi.org/10.3390/ijerph16152657

Chang TH et al. 2022. Mobile COVID-19 screening units: heat
stress and kidney function among health care workers.
Am J Kidney Dis. 80:426-428. https://doi.org/10.1053/j.
ajkd.2022.05.003

Chaudhari N, Strutton PH, Wickham AJ, McGregor AH,
Mullington CJ. 2023. Heat stress associated with aerosol
PPE and its impact. Occup Med (Lond). 73:120-127.
https://doi.org/10.1093/occmed/kqac114

Cheung SS, McLellan TM, Tenaglia S. 2000. The
thermophysiology of uncompensable heat stress. Sport
Med. 29:329-359.  https://doi.org/10.2165/00007256-
200029050-00004

Cramer MN, Gagnon D, Laitano O, Crandall CG. 2022.
Human temperature regulation under heat stress in health,
disease, and injury. Physiol Rev. 102:1907-1989. https:/
doi.org/10.1152/physrev.00047.2021

Cramer MN, Jay O. 2016. Biophysical aspects of human
thermoregulation during heat stress. Auton Neurosci.
196:3-13. https://doi.org/10.1016/j.autneu.2016.03.001

Daanen HAM. 2006. Infrared tympanic temperature and ear
canal morphology. ] Med Eng Technol. 30:224-234. https:/
doi.org/10.1080/03091900600711613

Delgado DA et al. 2018. Validation of digital visual
analog scale pain scoring with a traditional paper-
based visual analog scale in adults. ] Am Acad Orthop
Surg Glob Res Rev. 2:¢088. https://doi.org/10.5435/
JAAOSGlobal-D-17-00088

Dillane D, Balanay JAG. 2020. Comparison between OSHA-
NIOSH heat safety tool app and WBGT monitor to as-
sess heat stress risk in agriculture. ] Occup Environ Hyg.
17:181-192. https://doi.org/10.1080/15459624.2020.172
1512

Ebi KL et al. 2021. Hot weather and heat extremes: health risks.
Lancet. 398:698-708.  https://doi.org/10.1016/S0140-
6736(21)01208-3

Eggenberger P et al. 2018. Prediction of core body tempera-
ture based on skin temperature, heat flux, and heart rate
under different exercise and clothing conditions in the heat
in young adult males. Front Physiol. 9:1-11. https://doi.
org/10.3389/fphys.2018.01780

Ellebrecht DB, Gola D, Kaschwich M. 2022. Evaluation of a
wearable in-ear sensor for temperature and heart rate
monitoring: a pilot study. ] Med Syst. 46:91. https://doi.
org/10.1007/s10916-022-01872-6

Flouris AD et al. 2018. Workers” health and productivity under
occupational heat strain: a systematic review and meta-
analysis. Lancet Planet Health. 2:¢521-e531. https://doi.
org/10.1016/52542-5196(18)30237-7

Foster J, Hodder SG, Lloyd AB, Havenith G. 2020. Individual
responses to heat stress: implications for hyperthermia and
physical work capacity. Front Physiol. 11:541483. https:/
doi.org/10.3389/fphys.2020.541483

Gz0Z aunp 90 uo 1sanb Agq £6GHS 1 8/9Z0IEXM/UaMUUR/S60 | 01 /10P/[0IIB-80UBAPE/YSMUUE/WOD dNoolwapeoe//:sdiy Woll papeojumod


https://www.baua.de/DE/Themen/Arbeitsgestaltung-im-Betrieb/Physikalische-Faktoren-und-Arbeitsumgebung/Klima-am-Arbeitsplatz/Schutzmassnahmen-hohe-Raumtemperaturen.html
https://www.baua.de/DE/Themen/Arbeitsgestaltung-im-Betrieb/Physikalische-Faktoren-und-Arbeitsumgebung/Klima-am-Arbeitsplatz/Schutzmassnahmen-hohe-Raumtemperaturen.html
https://www.baua.de/DE/Themen/Arbeitsgestaltung-im-Betrieb/Physikalische-Faktoren-und-Arbeitsumgebung/Klima-am-Arbeitsplatz/Schutzmassnahmen-hohe-Raumtemperaturen.html
https://www.baua.de/DE/Themen/Arbeitsgestaltung-im-Betrieb/Physikalische-Faktoren-und-Arbeitsumgebung/Klima-am-Arbeitsplatz/Schutzmassnahmen-hohe-Raumtemperaturen.html
www.dwd.de/DE/leistungen/besondereereignisse/temperatur/20190801_hitzerekord_juli2019.pdf?_blob=publicationFile&v=2
www.dwd.de/DE/leistungen/besondereereignisse/temperatur/20190801_hitzerekord_juli2019.pdf?_blob=publicationFile&v=2
www.dwd.de/DE/leistungen/besondereereignisse/temperatur/20190801_hitzerekord_juli2019.pdf?_blob=publicationFile&v=2
https://doi.org/10.1109/MEMB.2010.936554
https://doi.org/10.1016/j.envres.2021.110781
https://doi.org/10.1016/j.envres.2021.111153
https://doi.org/10.3390/ijerph16152657
10.1053/j.ajkd.2022.05.003. https://doi.org/10.1053/j.ajkd.2022.05.003
10.1053/j.ajkd.2022.05.003. https://doi.org/10.1053/j.ajkd.2022.05.003
https://doi.org/10.1093/occmed/kqac114
10.2165/00007256-200029050-00004. https://doi.org/10.2165/00007256-200029050-00004
10.2165/00007256-200029050-00004. https://doi.org/10.2165/00007256-200029050-00004
https://doi.org/10.1152/physrev.00047.2021
https://doi.org/10.1152/physrev.00047.2021
https://doi.org/10.1016/j.autneu.2016.03.001
https://doi.org/10.1080/03091900600711613
https://doi.org/10.1080/03091900600711613
https://doi.org/10.5435/JAAOSGlobal-D-17-00088
https://doi.org/10.5435/JAAOSGlobal-D-17-00088
https://doi.org/10.1080/15459624.2020.1721512
https://doi.org/10.1080/15459624.2020.1721512
https://doi.org/10.1016/S0140-6736(21)01208-3
https://doi.org/10.1016/S0140-6736(21)01208-3
https://doi.org/10.3389/fphys.2018.01780
https://doi.org/10.3389/fphys.2018.01780
https://doi.org/10.1007/s10916-022-01872-6
https://doi.org/10.1007/s10916-022-01872-6
https://doi.org/10.1016/S2542-5196(18)30237-7
https://doi.org/10.1016/S2542-5196(18)30237-7
https://doi.org/10.3389/fphys.2020.541483
https://doi.org/10.3389/fphys.2020.541483

Annals of Work Exposures and Health, 2025, Vol. XX, No. XX

Gunster C, Klauber ], Robra B-P, Schmuker C, Schneider
A. 2021. Versorgungs-Report: Klima und Gesundheit
(Care report: climate and health). MWV Medizinisch
Wissenschaftliche Verlagsgesellschaft.

Hall PF, Blackadder-Coward J, Pynn H. 2023. Measuring wet
bulb globe temperatures at point-of-exertion in worldwide
UK military settings: a longitudinal observational study
determining the accuracy of a portable WBGT monitor.
BM] Mil Health. 169:161-1635. http://militaryhealth.bmj.
com/content/169/2/161.abstract

Hart SG, Staveland LE. 1988. Development of NASA-TLX (Task
Load Index): results of empirical and theoretical research.
In: Hancock PA, Meshkati N, editors. Human mental work-
load. Vol. 52. North-Holland. p. 139-183. https://www.
sciencedirect.com/science/article/pii/S0166411508623869

Hoy A, Hénsel S, Maugeri M. 2020. An endless summer: 2018
heat episodes in Europe in the context of secular tempera-
ture variability and change. Int J Climatol. 40:6315-6336.
https://doi.org/10.1002/joc.6582

Toannou LG et al. 2022. Indicators to assess physiological heat
strain—part 1: systematic review. Temperature (Austin,
Tex.). 9:227-262. https://doi.org/10.1080/23328940.2022
2037376

ISO_9886. 2004. Ergonomics—Evaluation of thermal strain
by physiological measurements. https://www.iso.org/obp/
ui/#iso:std:is0:9886:ed-2:v1:en

Jegodka Y et al. 2021. Hot days and Covid-19: online survey
of nurses and nursing assistants to assess occupational
heat stress in Germany during summer 2020. J Clim
Change Health. 3:100031. https://doi.org/10.1016/j.
joclim.2021.100031

Kenny GP, Wilson TE, Flouris AD, Fujii N. 2018. Chapter 31—
Heat exhaustion. In: Romanovsky AA, editor. Thermoregu-
lation: from basic neuroscience to clinical neurology, part
I1. Vol. 157. Elsevier. p. 505-529. https://www.sciencedirect.
com/science/article/pii/B9780444640741000318

Krishnamurthy M et al. 2017. Occupational heat stress im-
pacts on health and productivity in a steel industry in
Southern India. Saf Health Work. 8:99-104. https://doi.
org/10.1016/j.shaw.2016.08.005

Lee J et al. 2020. Heat stress and thermal perception amongst
healthcare workers during the COVID-19 pandemic in
india and singapore. Int ] Environ Res Public Health. 17:1-
12. htps://doi.org/10.3390/ijerph17218100

Mazlomi A et al. 2017. The influence of occupational heat ex-
posure on cognitive performance and blood level of stress
hormones: a field study report. Int J Occup Saf Ergon.
23:431-439. https://doi.org/10.1080/10803548.2016.125
1137

Nicolas M et al. 2019. Working on a warmer planet. https:/
www.ilo.org/wemspS/groups/public/---dgreports/---
dcomm/---publ/documents/publication/wcms_711919.pdf

Papalexiou SM, AghaKouchak A, Trenberth KE, Foufoula-
Georgiou E. 2018. Global, regional, and megacity trends
in the highest temperature of the year: diagnostics and
evidence for accelerating trends. Earth’s Future. 6:71-79.
https://doi.org/10.1002/2017EF000709

Périard JD, Eijsvogels TMH, Daanen HAM. 2021. Exer-
cise under heat stress: thermoregulation, hydration,
performance implications, and mitigation strategies.

1

Physiol Rev. 101:1873-1979. https://doi.org/10.1152/
physrev.00038.2020

Pinkerton KE, Rom WN. 2014. Global climate change and
public health. Ed. No. 15043. Springer New York.

Quartucci C et al. 2024. Assessment of subjective well-being
of healthcare workers in response to heat and personal
protective equipment under controlled conditions using
a standardized protocol. ] Occup Med Toxicol. 19:1-9.
https://doi.org/10.1186/s12995-024-00418-5

Roossien CC, Heus R, Reneman MF, Verkerke GJ. 2020. Moni-
toring core temperature of firefighters to validate a wearable
non-invasive core thermometer in different types of pro-
tective clothing: concurrent in-vivo validation. Appl Ergon.
83:103001. htps://doi.org/10.1016/j.apergo.2019.103001

Roossien CC, Hodselmans AP, Heus R, Reneman MF, Verkerke
GJ. 2021. Evaluation of a wearable non-invasive thermom-
eter for monitoring ear canal temperature during physic-
ally demanding (outdoor) work. Int ] Environ Res Public
Health. 18:4896. https://doi.org/10.3390/ijerph18094896

Russo S et al. 2019. Half a degree and rapid socioeconomic de-
velopment matter for heatwave risk. Nat Commun. 10:1-9.
https://doi.org/10.1038/s41467-018-08070-4

Schoierer ], Wershofen B, Bose-O’Reilly S, Mertes H. 2020.
Hitzewellen und Klimawandel: Eine Herausforderung
fiir Gesundheitsberufe. Public Health Forum. 28:54-57.
https://doi.org/10.1515/pubhef-2019-0118

Sessler DI. 2008. Temperature monitoring and perioperative
thermoregulation. Anesthesiology. 109:318-338. https://
doi.org/10.1097/ALN.0b013e31817f6d76

Stanley K et al. 2023. Recent hot and dry summers in Germany
in comparison to climate projections. Meteorol Z. 32:113-
142. https://doi.org/10.1127/metz/2022/1152

Teng XE, Poon CCY, Zhang YT, Bonato P. 2008. Wear-
able medical systems for p-health. IEEE Rev Biomed
Eng. 1(February):62-74. https://doi.org/10.1109/
RBME.2008.2008248

van Marken Lichtenbelt WD et al. 2006. Evaluation of wire-
less determination of skin temperature using iButtons.
Physiol Behav. 88:489-497. https://doi.org/10.1016/].
physbeh.2006.04.026

Verbeek JH et al. 2021. Personal protective equipment for
preventing highly infectious diseases due to exposure to
contaminated body fluids in healthcare staff. Emergencias.
33:59-61. https://doi.org/10.1136/0emed-2018-
icohabstracts.500

Wibowo R et al. 2023. Effects of heat and personal protective
equipment on thermal strain in healthcare workers: part
B—application of wearable sensors to observe heat strain
among healthcare workers under controlled conditions.
Int Arch Occup Environ Health. 97:35-43. https://doi.
0rg/10.1007/s00420-023-02022-2

Xiang J, Bi P, Pisaniello D, Hansen A, Sullivan T. 2014. Asso-
ciation between high temperature and work-related in-
juries in Adelaide, South Australia, 2001{\textendash}2010.
Occup Environ Med. 71:246-252. https://doi.org/10.1136/
oemed-2013-101584

Zielo B, Matzarakis A. 2018. [Relevance of heat health
actions plans for preventive public health in Ger-
many].  Gesundheitswesen.  80:e34-e43.  https://doi.
org/10.1055/5-0043-107874

Gz0Z aunp 90 uo 1sanb Agq £6GHS 1 8/9Z0IEXM/UaMUUR/S60 | 01 /10P/[0IIB-80UBAPE/YSMUUE/WOD dNoolwapeoe//:sdiy Woll papeojumod


http://militaryhealth.bmj.com/content/169/2/161.abstract
http://militaryhealth.bmj.com/content/169/2/161.abstract
https://www.sciencedirect.com/science/article/pii/S0166411508623869
https://www.sciencedirect.com/science/article/pii/S0166411508623869
https://doi.org/10.1002/joc.6582
https://doi.org/10.1080/23328940.2022.2037376
https://doi.org/10.1080/23328940.2022.2037376
https://www.iso.org/obp/ui/#iso:std:iso:9886:ed-2:v1:en
https://www.iso.org/obp/ui/#iso:std:iso:9886:ed-2:v1:en
https://doi.org/10.1016/j.joclim.2021.100031
https://doi.org/10.1016/j.joclim.2021.100031
https://www.sciencedirect.com/science/article/pii/B9780444640741000318
https://www.sciencedirect.com/science/article/pii/B9780444640741000318
https://doi.org/10.1016/j.shaw.2016.08.005
https://doi.org/10.1016/j.shaw.2016.08.005
https://doi.org/10.3390/ijerph17218100
https://doi.org/10.1080/10803548.2016.1251137
https://doi.org/10.1080/10803548.2016.1251137
https://www.ilo.org/wcmsp5/groups/public/---dgreports/---dcomm/---publ/documents/publication/wcms_711919.pdf
https://www.ilo.org/wcmsp5/groups/public/---dgreports/---dcomm/---publ/documents/publication/wcms_711919.pdf
https://www.ilo.org/wcmsp5/groups/public/---dgreports/---dcomm/---publ/documents/publication/wcms_711919.pdf
https://doi.org/10.1002/2017EF000709
https://doi.org/10.1152/physrev.00038.2020
https://doi.org/10.1152/physrev.00038.2020
10.1186/s12995-024-00418-5. https://doi.org/10.1186/s12995-024-00418-5
https://doi.org/10.1016/j.apergo.2019.103001
https://doi.org/10.3390/ijerph18094896
https://doi.org/10.1038/s41467-018-08070-4
https://doi.org/10.1515/pubhef-2019-0118
https://doi.org/10.1097/ALN.0b013e31817f6d76
https://doi.org/10.1097/ALN.0b013e31817f6d76
https://doi.org/10.1127/metz/2022/1152
https://doi.org/10.1109/RBME.2008.2008248
https://doi.org/10.1109/RBME.2008.2008248
https://doi.org/10.1016/j.physbeh.2006.04.026
https://doi.org/10.1016/j.physbeh.2006.04.026
https://doi.org/10.1136/oemed-2018-icohabstracts.500
https://doi.org/10.1136/oemed-2018-icohabstracts.500
https://doi.org/10.1007/s00420-023-02022-2
https://doi.org/10.1007/s00420-023-02022-2
https://doi.org/10.1136/oemed-2013-101584
https://doi.org/10.1136/oemed-2013-101584
https://doi.org/10.1055/s-0043-107874
https://doi.org/10.1055/s-0043-107874

	Impact of heat stress and protective clothing on healthcare workers: health, performance, and well-being in hospital settings*
	Introduction
	Methods
	Study design and setting
	Participants
	Monitoring heat stress environment
	Questionnaire assessment
	Monitoring of physiological parameters
	Data handling and statistical analysis

	Results
	Participants’ characteristics and heat stress-related topics
	Environmental characteristics
	Subjective perceptions of stress and workload
	Physiological parameters

	Discussion
	Conclusion
	Acknowledgments
	References


