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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). 
Speci�cally, 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, re�ected 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 �nd statistically 

signi�cant 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 �ndings 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 

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.
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et al. 2020; Borg et al. 2021). Although Germany�s 
Workplace Regulation (German: Arbeitsstättenregel, 
ASR A3.5) speci�es 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 für 
Arbeitsschutz und Arbeitsmedizin) 2022), awareness 
of these regulations among HCW remains limited. 
Furthermore, systematic heat protection plans�spe-
ci�cally 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 �rst 
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 
HCWs� 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 speci�c 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 �xed 
times. This situation limits our ability to quantify PPE-
speci�c heat effects or conclude whether prolonged 
PPE use in�uences 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. 
Speci�cally, 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 

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.
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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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