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Summary
Background Heat stress impacts are an escalating global health concern. Public health bodies such as the World
Health Organization (WHO) warn that certain medications impair thermoregulation, with limited supporting
evidence. Our aim was to investigate whether medications listed by the WHO increase core temperature responses
during heat stress.

Methods For this systematic review and meta-analysis, MEDLINE, PubMed, Scopus, CINAHL, Web of Science, and
EMBASE were searched up to Jan.30, 2024. Randomised studies exposing humans to exertional and/or passive
heat stress that investigated a drug identified by WHO compared to no drug/placebo were eligible. The primary
outcome was core temperature (e.g., rectal, oesophageal, aural, tympanic). We assessed risk of bias (Cochrane’s
Risk of Bias 2) and certainty of evidence (GRADE). The study was pre-registered on PROSPERO
(CRD42020170684).

Findings Thirty-five studies were included enrolling 353 individuals (16 women; 4.5%). Twenty-seven unique
medications were tested. The average age of participants across studies was <30 years, and only one study
included a clinical population. Under heat stress, there was moderate quality evidence that drugs with high
anticholinergic properties increased core temperature at air temperatures ≥30◦C (+0.42◦C; 95% CI 0.04, 0.79◦C;
p = 0.03) alongside reduced sweating, although evidence is limited to the drug atropine. Similarly, non-selective
beta-blockers (+0.11◦C; 95% CI 0.02, 0.19◦C; p = 0.02), adrenaline (+0.41◦C; 95% CI 0.21, 0.61◦C) and anti-
Parkinson’s agents (+0.13◦C; 95% CI 0.07, 0.19◦C; p = 0.02) elevated core temperature. Antidepressants, diuretics,
or drugs with weak anticholinergic effects did not alter core temperature responses.

Interpretation Current evidence supports strong anticholinergics, non-selective beta-blockers, adrenaline, and
anti-Parkinson’s agents impairing thermoregulation during heat stress. No evidence indicated thermoregulation is
impacted by other WHO-listed medications. Evidence is predominantly limited to healthy young men, with short
heat stress exposures. Studies over longer durations, in women, older adults and those with chronic diseases are
required to better inform the pharmaceutical management of patients during hot weather.
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Research in context

Evidence before this study
Guidance from public health agencies such as the World
Health Organization (WHO) state that certain medications can
increase the risk of heat-related illness during hot weather.
However, no supporting evidence for this guidance is
provided. We searched (1 April, 2020) PubMED using
keywords of “medication” OR “drugs” AND “heat illness” OR
“thermoregulation” OR “core temperature”, and filtering for
systematic reviews. We found one systematic review on non-
steroidal anti-inflammatory drugs (NSAIDs) and
thermoregulation during exercise, and narrative reviews
focussing on biological pathways. However, no systematic
reviews of the drugs commonly referred to by public health
agencies as increasing the risk of heat-illness were found.

Added value of this study
This is the first systematic review to investigate whether
drugs commonly identified by public health agencies as

increasing the risk of heat-related illness cause an exacerbated
core temperature response to heat stress. Thirty-five studies
were found, with 10 of the 11 drug categories identified by
the WHO studied. Our study shows that current evidence
supports heightened hyperthermia risk with only some
medications identified by the WHO as impairing
thermoregulation during heat stress. Our study particularly
highlights the paucity of studies examining the effects of
antipsychotics and antidepressants with strong
anticholinergic properties, as well as a scarcity of data in
women and people with chronic diseases for all medications.

Implications of all the available evidence
While more research assessing women, and clinical
populations is urgently needed, physicians should interpret
with caution conventional public health messaging related to
the thermoregulatory effects of some drugs (e.g.,
antidepressants) during hot weather.
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Introduction
As hot weather becomes more common across the globe
due to climate change, identifying and protecting those
most vulnerable to heat-related illnesses has never been
more important. Simultaneously, prescription medica-
tion use is increasing with 88.5% of U.S. adults aged 65
years or older taking at least one prescription medica-
tion daily.1 Across most international (World Health
Organization, WHO)2,3 and national public health
agencies (e.g., Centers for Disease Control and Pre-
vention,4 Public Health Agency of Canada,5 United
Kingdom Health Security Agency)6 there is consistent
messaging that “certain medications” increase the risk
of hyperthermia by impairing the physiological capacity
to regulate core temperature. The WHO explicitly state
that General Practitioners should subsequently “be
aware of potential side-effects of the medicine prescribed and
adjust dose, if necessary, during hot weather and heat-
waves”.7

Epidemiological evidence8–11 indicates taking medi-
cations to manage psychiatric illness or cardiovascular
disease, or medications with high anticholinergic activ-
ity are associated with two-times the risk of heat-related
morbidity and mortality. There is good biological plau-
sibility that drugs identified by the WHO may increase
heat stress risk through suppressed sweating (e.g., an-
ticholinergics), reduced skin blood flow through de-
pletions in blood volume (e.g., diuretics) or alterations to
haemodynamics (e.g., beta-blockers), and/or elevated
internal heat production (e.g., sympathomimetics).12 To
date though, no literature review exists that systemati-
cally assesses the evidence of medications impairing
thermoregulation in the heat.

To inform clinical and pharmaceutical practice and
the delivery of health services when preparing for, or
coping with, periods of extreme heat, a comprehensive
understanding of the evidence documenting the actual
effects of common drugs on human core temperature
regulation during heat stress is essential. Therefore, the
aim of this study was to systematically review and
investigate the quality of the evidence reporting the ef-
fects of prescription, or over-the-counter medications
listed by the WHO as impairing physiological thermo-
regulation, on human core temperature responses dur-
ing heat stress.
Methods
Search strategy and selection criteria
This systematic review and meta-analysis were regis-
tered with PROSPERO (https://www.crd.york.ac.uk/
prospero/display_record.php?ID=CRD42020170684).
Reporting is in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-analyses
(PRISMA) Statement,8,9 and extension for Reporting
Literature Searches in Systematic Review (PRISMA-S).10

Electronic databases MEDLINE, PubMed, Scopus,
CINAHL, Web of Science, and EMBASE were searched
from date of inception until the 30th of January 2024
using a mix of MeSH terms and keywords related to a)
prescription or over-the-counter drug classes listed by
the World Health Organization as impairing human
thermoregulation during heat stress11; AND b) heat
exposure, thermal strain, and physiological heat loss
mechanisms. The full search strategy, including search
terms and databases search can be found in the ap-
pendix (Supplementary Tables S1 and S2; pp 13–21).
Preprints, trial registries and theses were not searched,
and unpublished studies were not eligible. Hand
searching for additional papers was conducted by LH
www.thelancet.com Vol 77 November, 2024
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through forward and backward citation searching of
eligible papers, reference lists of eligible papers and
other relevant papers and reviews, as well as author
searches of all first and last authors from eligible
studies.

Eligibility criteria were as follows: All studies in
humans were included, with no age, gender or disease
restrictions. Studies were required to investigate a pre-
scription or over-the-counter medications belonging to
classes identified by the WHO as increasing the risk of
heat-related illness. Only drugs approved for therapeutic
use by a major agency, e.g., U.S. Food and Drug
Administration were included. Illicit drugs and poisons
were excluded. Drugs must have been administered
using a therapeutic dose with a normal administration
route. Systemic effects must have occurred if a different
administration route (e.g., intravenous injection) was
used. Studies with drugs only administered for local
effects (e.g., microdialysis) were excluded. A placebo or
comparison condition with the same heat stress was
required, with the order of experimental and control
conditions randomised. Studies with a control period
immediately followed by drug administration were
excluded. The primary outcome was change in core
temperature (rectal, oesophageal, tympanic, aural canal,
sublingual). Secondary outcomes included sweat rate
and skin temperature. Potential heat stressors include
exercise (increased metabolic heat), high ambient tem-
peratures, or a combination, if comparisons across
intervention and control conditions were possible. Ex-
periments must have occurred in a controlled climate,
with ambient air temperatures ≥25◦C for passive heat-
ing studies and no minimum for exercise. A minimum
exposure or exercise time of 30 min was required. In
crossover design studies, exercise could be set as fixed
workloads or percentages of aerobic capacity. We
ensured exercise prescribed by percentage of maximal
heart rate resulted in equivalent workloads between
conditions. In parallel design studies, heat production
from exercise had to be fixed relative to body mass.
Time-to-exhaustion and time-trial studies were included
if data could be extracted for a fixed workload period or
common time. No other restrictions were placed on
exercise modality, workload, or the ambient conditions
so long as they were consistent between trials. Studies
without standardised conditions and heat production, or
using encapsulated heating like water immersion or
water-perfused suit were excluded.

Screening was performed using Covidence software
(Veritas Health Innovation, Melbourne, Australia, www.
covidence.org). Three authors screened papers (LH, GD,
EA), with all stages of screening (title, abstract and full
text) performed in duplicate. All conflicts were resolved
by consensus with YM. Studies measuring any outcome
related to human thermoregulation (e.g., sweating,
blood flow or skin temperature) were progressed to full-
text screening to maximise sensitivity.
www.thelancet.com Vol 77 November, 2024
Data extraction
LH and YM extracted and analysed the data. LH
extracted summary-level data, including design, drug
and dose investigated, heat-stress protocol (ambient
conditions and exercise protocol), and participant char-
acteristics such as age, sex and clinical status. The pri-
mary outcome was core temperature, measured with
any valid method (rectal, oesophageal, sublingual, axil-
lary, tympanic, aural).12 Other outcomes extracted were
skin temperature or measures of sweat rate. Baseline
and last common time-point core temperatures, and last
common time-point sweat rate and skin temperatures
were extracted. For single studies with multiple cita-
tions, data were extracted from the most complete
report, and supplemented with associated citations.
Data presented in figures were extracted with Web-
PlotDigitizer (v4.5).13 Numerical data were extracted as
mean and standard deviation (SD). If not reported, SD
was calculated from standard error, confidence intervals
or p-values as per the Cochrane Handbook.14

Statistics
Effect sizes for core temperature are given as the dif-
ference in mean change from baseline to end-heat stress
between conditions, reflecting differences in body heat
storage.15 For sweat rate, effect sizes are standardised
mean differences (Cohen’s d), calculated by dividing
end-trial mean difference between conditions by pooled
standard deviation. Skin temperature effect sizes are
end-heat stress mean differences between conditions.
All effect sizes include 95% confidence intervals (95%
CIs) and are statistically significant if 95% CIs do not
include 0. Drugs were categorised into classes identified
by WHO as impairing thermoregulation during heat
stress (e.g., beta-blockers, antidepressants).2,3 Anticho-
linergic burden was scored using the Anticholinergic
Burden (ACB) Score Calculator,16–18 with Pralidoxime
given an ACB score of 1. For drug combinations, ACB
scores were summed. Drugs were classified as 1 (mild
anticholinergic burden), 2 (moderate anticholinergic
burden) or 3 (high anticholinergic burden). YM per-
formed the meta-analysis using metafor (v4.4-0)19 within
R (v4.3.2). A random-effects meta-analysis with
restricted maximum likelihood estimation was run.
When there were multiple effect sizes from the same
study, a multilevel random effects meta-analysis was
performed with effect sizes clustered within studies.
Pooled effect sizes are reported with 95% CIs and p-
values. Heterogeneity is reported using the I2 statistic.14

Heterogeneity was explored by restricting meta-analyses
to air temperatures ≥30◦C, and where appropriate, cat-
egorising drugs into sub-classes (e.g., selective and non-
selective beta-blockers, selective serotonin reuptake
inhibitors). Meta-analyses were re-run by restricting
analyses to studies using rectal or oesophageal temper-
ature. Moderator analyses compared selective and non-
selective beta-blockers. Because of an insufficient
3
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number of effect sizes other moderator analyses were
not performed. p-values ≤ 0.05 were considered statis-
tically significant.

To assess for publication bias, funnel plots for ana-
lyses with ≥10 effect sizes were inspected for evidence
of asymmetry, while hat values and standardised re-
siduals also calculated and plotted. Effect sizes with a
standardised residuals >±3 and hat values greater than
twice the average were defined as potentially influential.
Sensitivity analyses for random effects models were run
by calculating Cook’s distance at both the effect and
study level. Effect sizes or studies with a Cook’s distance
≥1 were removed and meta-analyses were re-run.

LH and YM assessed risk of bias using Risk of
Bias 2 (RoB2)20 and the quality of evidence using
GRADE.14,21 Risk of bias figures were created using the
Robvis.22

Role of the funding source
The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing
of the report.
Results
Following duplicate removal, 31,330 articles were
screened by title and abstract. Two-hundred and eighty-
three studies underwent full-text screening, with 35
studies (39 citations)23–61 and 57 effect sizes (k = 57)
included (Fig. 1). Common reasons for exclusion were
no heat stress (24%) and no randomisation (13%).
Twenty-seven different drugs were tested across 10 of
the 11 WHO drug classes identified as impairing ther-
moregulation during heat stress. The most tested drugs
were anticholinergics, antidepressants (with a mild
anticholinergic burden), and beta-blockers. Only one
study of over-the-counter medication (fexofenadine) was
retrieved.62 Only two studies tested drug combina-
tions.28,35 Five studies (14%) used dosing regimens
lasting four days or longer, with all other studies
examining acute doses, or doses from the day/night
before or morning of the experiment. No studies tested
anticonvulsant, anti-vertigo, gastrointestinal or urinary
incontinence drugs.

In total, 353 individuals were enrolled. Of the 35
studies, 33 (94%) recruited men only, one recruited
women only, and one study recruited both men and
women. In total, only 16 women (4.5%) but 337 men
(95.5%) were recruited. Most studies (30/35; 86%)
included fewer than 12 participants. Average age across
all studies was less than 30 years. All participants were
healthy (34/35 studies) except for one study that inves-
tigated untreated males with mild hypertension.51 Most
studies (29/35; 83%) included exercise (k = 49), mainly
through cycling (22 studies; k = 40). Six studies (k = 8)
involved passive heat exposure. Ambient temperatures
ranged from 18◦C to 52◦C, with forty-one comparisons
(k = 41) at air temperatures ≥30◦C. Absolute humidity
ranged from 5.7 g/m3 to 52.3 g/m3. Exposure duration
ranged from 30 to 210 min. Rectal (23/35; 66%) and
oesophageal (8/35; 23%) were the most common mea-
sures of core temperature. Detailed participant and
study characteristics are given in the appendix
(Supplementary Tables S3 and S4; pp 22–28). Two
studies were excluded due to insufficient data to calcu-
late standard deviations,62,63 while one water immer-
sion64 and one water-perfused suit study65 were
excluded. These study results are summarised in the
Appendix (pp 5–12).

Two drugs with ACB = 3 (k = 8), three (k = 5) with
ACB = 2 and eleven (k = 23) with ACB = 1 were captured
(Fig. 2). Drugs with ACB = 3 yielded greater rises in core
temperature at ≥30◦C (+0.42◦C; 95% CI 0.04, 0.79◦C;
p = 0.03; I2 = 93%; GRADE = Moderate), with large
sweating reductions (d = −2.4; 95% CI −4.6, −0.2;
p = 0.04, I2 = 0%) and higher skin temperatures (+2.9◦C;
95% CI 2.0, 3.7◦C; p = 0.0003, I2 = 80%). No effect on
core temperature was observed for drugs with ACB = 2
(p = 0.52; GRADE = Low) or ACB = 1 (p = 0.27;
GRADE = Moderate), including studies ≥30◦C (p = 0.54
and p = 0.33 respectively). There were no differences in
sweating or skin temperature for drugs with ACB≤2.

Ten randomised controlled trials investigated psy-
chotropic medications (Fig. 3). Eight studies tested an-
tidepressants, namely atypical antidepressant bupropion
(k = 7), selective serotonin reuptake inhibitors (SSRI)
citalopram (k = 2) and paroxetine (k = 1), and the
noradrenaline reuptake inhibitor (NRI) reboxetine
(k = 2). Compared to control, there was no effect of
antidepressants on core temperature when pooled
across all conditions (−0.01◦C; 95% CI −0.14, 0.12◦C;
p = 0.88; I2 = 61%; GRADE = Moderate), or at ≥30◦C
(−0.04◦C; 95% CI −0.14, 0.06◦C; p = 0.36; I2 = 0%;
GRADE = Moderate). No sweating data were reported
for any antidepressants. Two studies of bupropion
measured skin temperature, with no effect observed
(0.06◦C; 95% CI −0.39, 0.52◦C; p = 0.68; I2 = 0%). One
antipsychotic, haloperidol, was examined (k = 2) with
smaller rises in core temperature (−0.15◦C; 95%
CI −0.26, −0.03◦C; p = 0.01; I2 = 72%; GRADE = Low)
compared to control, but sweating and skin temperature
were not measured. Meprobamate was the only anxio-
lytic tested (k = 2) with no effect on core temperature
(+0.06◦C; 95% CI −0.05, 0.16◦C; p = 0.09; I2 = 0%;
GRADE = Low). Sweating was not measured, while skin
temperature was not altered (+0.04◦C; 95% CI −0.14,
0.22◦C; p = 0.66; I2 = 42%).

Cardiovascular agents tested (beta-blockers, vasodi-
lators, diuretics) are shown in Fig. 4. Beta-blockers were
the most tested drug (k = 16), specifically propranolol
(k = 9), atenolol (k = 5), metoprolol (k = 1) and pindolol
(k = 1). When pooled together, beta-blockers did not
alter the rise in core temperature (+0.08◦C; 95%
CI −0.01, 0.16◦C; p = 0.07; I2 = 84%; GRADE = Low).
www.thelancet.com Vol 77 November, 2024
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Fig. 1: PRISMA flow diagram.
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There were no changes in sweating (d = 0.25; 95%
CI −0.33, 0.85; p = 0.33; I2 = 27%), but skin temperature
was lower (−0.37◦C; 95% CI −0.65, −0.09; p = 0.01;
I2 = 97%). Core temperature results are consistent with
analyses restricted to air temperatures ≥30◦C (+0.06◦C;
95% CI −0.05, 0.18◦C; p = 0.24; I2 = 90%;
GRADE = Low). There was a moderating effect of non-
selective vs. selective beta blockers (p = 0.03) with
greater core temperature rises for non-selective beta-
blockers (+0.11◦C; 95% CI 0.02, 0.19◦C; p = 0.02;
I2 = 71%; GRADE = Moderate) but not selective
www.thelancet.com Vol 77 November, 2024
beta-blockers (−0.02◦C; 95% CI −0.15, 0.10◦C; p = 0.64;
I2 = 62%; GRADE = Moderate). Lower skin tempera-
tures were observed with non-selective beta-blockers
(−0.46◦C; 95% CI −0.81, −0.12; p = 0.01; I2 = 96%), but
sweating was unaffected (d = 0.33; 95% CI −0.30, 0.97;
p = 0.22; I2 = 97%). Sweating and skin temperature was
not altered with selective beta-blockers (p = 0.32 and
p = 0.22 respectively).

Four studies (k = 4) assessed vasodilators, all at
≥30◦C: two assessed an alpha-1 blocker (prazosin), one
an alpha-2 agonist (clonidine), and one a calcium-channel
5
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Fig. 2: Effect of anticholinergic medications on core temperature. Temp = temperature. 1World Health Organization. Regional Office for E.
Public health advice on preventing health effects of heat: new and updated information for different audiences. Copenhagen: WHO Regional
Office for Europe; 2011. 2World Health Organization. Regional Office for E, European C. Improving public health responses to extreme weather/
heat-waves: EuroHEAT: technical summary. Copenhagen: WHO Regional Office for Europe; 2009. aThe population sampled does not reflect the
population that would usually take this medication. The effects of this medication may be different in the target population. bWhile the point
estimate reflects the potential for harm (greater rise in core temperature), the 95% CIs indicate a range of values that include the potential for
significant harm through to benefit. cWhile the point estimate indicates the potential for benefit (a lower rise in core temperature), the 95% CIs
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Articles
blocker (nifedipine). No studies examined Angiotensin
Converting Enzyme Inhibitors (ACE-inhibitors),
angiotensin-2 receptor blockers or nitrates (Fig. 4). There
was no effect of vasodilators on core temperature
(+0.11◦C; 95% CI −0.13, 0.36◦C; p = 0.23; I2 = 77%;
GRADE = Low). One study (nifedipine, calcium channel
blocker) measured sweating, with no difference observed.
Three studies measured skin temperature, with no dif-
ference compared to control (−0.09◦C; 95% CI −0.30,
0.11; p = 0.19; I2 = 0%).

Three studies investigated diuretics (k = 3): acet-
azolamide, hydrochlorothiazide and furosemide
(Fig. 4), with no effect on core temperature (+0.16◦C;
95% CI −0.24, 0.56◦C; p = 0.23; I2 = 15%;
GRADE = Very low). Two studies measured sweating,
with no differences compared to control (d = −0.42;
95% CI −1.34, 0.49; p = 0.37; I2 = 57%). One study
measured skin temperature, reporting no difference
(Fig. 4).

One study tested nifedipine combined with either
atenolol or propranolol at 45◦C (k = 2), with a greater
core temperature rise (+0.15◦C; 95% CI 0.04, 0.25◦C;
p < 0.01; I2 = 0%; GRADE = Moderate) observed
compared to control (Fig. 4). Higher sweating was re-
ported with nifedipine combined with propranolol, but
not atenolol, while both drug combinations yielded
lower skin temperatures (Fig. 4).

Two studies examined anti-Parkinson’s disease
agents bromocriptine and the combination of levodopa
and carbidopa (k = 2), with greater core temperature
increases compared to control (+0.13◦C; 95% CI 0.07,
0.19◦C; p = 0.02; I2 = 0%; GRADE = Moderate) (Fig. 5).
Sweating was measured with bromocriptine (k = 1) with
no difference reported. Both studies measured skin
temperature, reporting equivocal results.

Two studies investigated sympathomimetics (intra-
venous adrenaline; k = 1) and CNS stimulants (meth-
ylphenidate; k = 2) (Fig. 5). Core temperature increases
were greater with adrenaline (+0.41◦C; 95% CI 0.21,
0.61◦C; GRADE = Moderate), but not methylphenidate
(+0.11◦C, 95% CI −0.07, 0.30; p = 0.24; I2 = 0%;
GRADE = Moderate). Sweating and skin temperature
was measured with adrenaline, with no difference
compared to control.

Fexofenadine was the only antihistamine studied
(k = 1), with no effect on core temperature (−0.07◦C;
95% CI −0.32, 0.18◦C; GRADE = Low). Sweating and
skin temperature were not measured (Fig. 5).

Two antiemetic medications, ondansetron and gra-
nisetron were tested (two studies, k = 2) (Fig. 5) with
core temperature not affected (−0.01◦C, 95% CI −0.07,
ranges from a significant benefit through to significant harm. Skin temper
average of calf, chest and forearm; ‡ 8-site average of back, calf, chest,
shoulder and thigh; ¶ 6-site average of abdomen, calf, chest, lower back, s
and thigh; ** 8-site average of chest, posterior flank, forehead, anterior
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0.06; p = 0.47; I2 = 0%; GRADE = Low), and no effects
on sweating or skin temperature.

No study was rated as “low risk” of bias, while
twenty-six studies had “some concerns,” and nine were
“high-risk” (appendix Supplementary Figs. S1–S20; pp
45–64). GRADE ratings were low-to-moderate, with
none considered high quality (appendix Supplementary
Tables S6–S18; pp 30–44). Common reasons for
downgrading evidence were high uncertainty in the es-
timate and participants not being representative of the
target population.

Most analyses show substantial to considerable het-
erogeneity. Restricting analyses to medication subtypes
reduced heterogeneity with atypical antidepressants
(bupropion), and air temperatures ≥30◦C reduced het-
erogeneity for all antidepressants and selective beta
blockers. For all other analyses where I2 was ≥50%,
heterogeneity sources remain unresolved. Funnel plots
showed no evidence for publication bias (appendix
Supplementary Figs. S21–S25; pp 65–69), and no out-
liers were detected (appendix Supplementary Figs. S26–
S43; pp 70–87). Meta-analyses findings were robust to
sensitivity analyses. Restricting analyses to measures of
rectal or oesophageal temperatures, did not alter any
results (appendix Supplementary Table S5; p 29). One
study of propranolol52 was likely influential. Removal of
effect sizes for this study did not alter the outcomes for
beta-blockers, but reduced heterogeneity to negligible
for non-selective beta-blockers at air temperatures
≥30◦C, with a statistically significant effect on core
temperature (+0.03◦C; 95% CI 0.02, 0.05; p < 0.01;
I2 = 0%).
Discussion
Warnings that common medications interfere with
thermoregulation and may increase the dangers of
heatwaves are ubiquitous in public health guidelines
globally.66,67 These warnings are subsequently propa-
gated in the academic literature68,69 and mainstream
media.70 The WHO report the adverse effects of 11
different drugs categories on the ability to physiologi-
cally keep cool during heat stress.2,3 Our analysis of the
thermoregulatory literature addresses each medication
category, and examines the evidence for i) greater rises
in core temperature during a heat-stress exposure – the
primary driver of heat-related illness,71 and ii) the asso-
ciated mechanism of thermoregulatory impairment, i.e.,
reduced sweating. Greater core temperature rises were
found for 4 drug categories: anticholinergics with an
anticholinergic burden (ACB) score of 3 at air
ature measured using; * 3-site average of arm, calf and chest; † 3-site
forearm, hand, head, thigh and arm; § 4-site average of calf, chest,
houlder and thigh; || 6-site average of arm, back, calf, chest, forearm
flank, upper arm, forearm, thigh and calf.
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Fig. 3: Effect of antipsychotic, anxiolytics and antidepressants on core temperature. Temp = temperature. 1World Health Organization.
Regional Office for E. Public health advice on preventing health effects of heat: new and updated information for different audiences.
Copenhagen: WHO Regional Office for Europe; 2011. 2World Health Organization. Regional Office for E, European C. Improving public health
responses to extreme weather/heat-waves: EuroHEAT: technical summary. Copenhagen: WHO Regional Office for Europe; 2009. aThe popu-
lation sampled does not reflect all groups that could potentially take this medication. The effects of this medication may be different in older
individuals for example, or those with other chronic illnesses. bOnly one study has been conducted with antipsychotic medication. While a
significant benefit (lower rise in core temperature) was observed, we cannot say with confidence that this result is reflective of all other
antipsychotic medications. cWhile the point estimate indicates the potential for harm (a greater rise in core temperature), the 95% CIs ranges
from a significant benefit through to significant harm. dOnly one study has been conducted with anxiolytic medications. We cannot say with
confidence that this result is reflective of all other anxiolytics. Skin temperature measured using; * 17-site average (sites not reported); † 4-site
average of calf, chest, shoulder and thigh.
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Fig. 4: Effect of betablockers, vasodilators and diuretics on core temperature. Temp = temperature. 1World Health Organization. Regional
Office for E. Public health advice on preventing health effects of heat: new and updated information for different audiences. Copenhagen: WHO
Regional Office for Europe; 2011. 2World Health Organization. Regional Office for E, European C. Improving public health responses to extreme
weather/heat-waves: EuroHEAT: technical summary. Copenhagen: WHO Regional Office for Europe; 2009. aThe population sampled does not
reflect the population that would usually take this medication. The effects of this medication may be different in the target population. bWhile
the point estimate reflects the potential for harm (greater rise in core temperature), the 95% CIs include the null. cWhile the point estimate
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temperatures ≥30◦C, the sympathomimetic adrenaline,
anti-Parkinson agents, and beta-blockers (non-selective
only). We did not find evidence supporting the adverse
effects of the remaining 7 drug categories on human
thermoregulation during heat stress, including antide-
pressants, antihistamines, anxiolytics, antipsychotics,
and diuretics, while no studies on antiepileptics were
retrieved. Across all drug categories, quality of evidence
ranged from moderate to very low.

The negative effects of strong anticholinergics
(ACB = 3) are evidenced by higher core temperatures,
reduced sweating, and higher skin temperatures, but
findings are limited to intramuscular administration of
atropine. Atropine is a first-line treatment for symp-
tomatic bradycardia with no reversible cause,72 an
anti-sialagogue in surgical settings, an antidote to
organophosphate/muscarinic poisons,73 or as eye drops
for myopia.74 These findings may therefore have limited
relevance in a broad public health setting. Other medi-
cations with strong anticholinergic properties such as
amitriptyline (antidepressant) and scopolamine (motion
sickness) need to be researched. Mild anticholinergics
(ACB = 1), some of which are also classed as beta-
blockers (e.g., atenolol) and antidepressants (e.g.,
bupropion), have been extensively assessed with no ef-
fects on core temperature or sweating (Fig. 2).

Despite epidemiological studies showing psychotro-
pic medications are associated with increased risk of
morbidity and mortality during hot weather,75–77 no evi-
dence was found that antidepressants, anxiolytics or
antipsychotics alter physiological thermoregulation
during heat stress (Fig. 3). These drugs are often re-
ported to reduce sweating, but no study investigating
psychotropic medication measured this variable.
Epidemiological studies cannot untangle medication
effects on heat stress risk from the disease being treated.
Behavioural deficits in thermoregulation due to medi-
cation or underlying conditions may increase morbidity
and mortality risks. Similarly, behaviours associated
with mental illness, such as substance use (nicotine78 or
recreational drugs79), can exacerbate heat stress65,80 and
contribute to increased heat morbidity/mortality risk.
Future research is required to understand increasing
morbidity risk in those with mental illness for better
public health guidance. This includes testing more
psychotropic medications and examining how percep-
tions of heat, behavioural adaptations and substance use
contribute.

Among antihypertensives (Fig. 4), higher core
temperatures were only observed with non-selective
reflects the potential for harm (greater rise in core temperature), the 95%
harm through to benefit. dThe proportion of information from studies at
temperature measured using; *4-site average of calf, chest, shoulder and th
upper arm, forearm, thigh and calf; ‡6-site average of arm, back, calf,
forehead, anterior flank, upper arm, forearm, thigh and calf; ¶ 6-site ave
beta-blockers (e.g., propranolol), with lower skin tem-
peratures but no sweating differences. Peripheral effects
of non-selective beta-blockers on adrenoreceptors result
in vasoconstriction,81,82 reducing heat dissipation capac-
ity via convection/radiation or impaired core-to-shell
heat distribution. Current recommendations for
beta-blockers are therefore partially supported. Third-
generation beta-blockers have not been tested. Carvedi-
lol, for example, is a non-selective beta-blocker that can
cause peripheral vasodilation through alpha-blockade
and may therefore not impose a thermoregulatory
disadvantage. Indeed, the four studies of vasodilators
captured, including two assessing the alpha-blocker
prazosin, did not demonstrate any core or skin tem-
perature effects. The limited evidence assessing the
thermoregulatory impacts of diuretics did not show any
altered core temperature response. Diuretics can deplete
blood volume by ∼20% and blunt increases in skin
blood flow.30 However, blood osmolality is maintained
minimising sweating impacts via osmoreceptors,83

which is how sweating is impaired with dehydration
from inadequate sweat loss replenishment.

Two studies assessing anti-Parkinson agents showed
higher core temperatures (Fig. 5). However, there were
no effects on sweating or skin temperature, so the
mechanism of action is unclear. Finally, sympathomi-
metics and CNS stimulants raise metabolic rate and
thus internal heat production.84 The effects of adrenaline
were examined in one study with higher core tempera-
tures reported.

Overall, the quality of evidence obtained was broadly
low-to-moderate. Most common reasons for down-
grading evidence were uncertainty in the estimate and
participants not being representative of the target pop-
ulation. To date, evidence is mostly limited to healthy
young men inducing hyperthermia through exercise in
warm-to-hot conditions over relatively short durations
exposed to a single drug. How our findings translate to
women, older people, particularly with chronic diseases
and/or taking multiple medications, is unknown. Due to
reduced sweating and cardiac output, older adults are at
greater risk in hot weather and may be more vulnerable
to further medication-induced declines in these func-
tions, thus increasing their risk of hospitalisation during
heatwaves.85 Multimorbidity also often results in older
adults taking multiple medications. In the U.S. 12.5% of
people use ≥5 prescription drugs, rising to 42% in
people 65 years or older,1 while in Canada the propor-
tion is potentially 60%.86 With only two effect sizes for
drug combinations and no studies in older adults, the
CIs indicate a range of values that include the potential for significant
high risk of bias is sufficient to affect interpretation of results. Skin
igh; †8-site average of chest, posterior flank, forehead, anterior flank,
chest, forearm and thigh; § 8-site average of chest, posterior flank,
rage of abdomen, calf, chest, lower back, shoulder and thigh.
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Fig. 5: Effect of anti Parkinson’s agents, sympathomimetics, CNS stimulants and antiemetics on core temperature. Temp = temperature.
1World Health Organization. Regional Office for E. Public health advice on preventing health effects of heat: new and updated information for
different audiences. Copenhagen: WHO Regional Office for Europe; 2011. 2World Health Organization. Regional Office for E, European C.
Improving public health responses to extreme weather/heat-waves: EuroHEAT: technical summary. Copenhagen: WHO Regional Office for
Europe; 2009. aThe population sampled does not reflect all groups that could potentially take this medication. The effects of this medication
may be different in older individuals for example, or those with other chronic illnesses. bWhile the point estimate indicates the potential for
benefit (a lower rise in core temperature), the 95% CIs ranges from a significant benefit through to significant harm. cOnly one study has been
conducted with antihistamine medication. We cannot say with confidence that this result is reflective of all other antihistamine medications.
dThe population sampled does not reflect the population that would usually take this medication. The effects of this medication may be
different in the target population. eWhile the point estimate indicates the potential for harm (a greater rise in core temperature), the 95% CIs
ranges from a small benefit through to significant harm. fWhile the point estimate does not suggest any effect of anti-emetic medication, the
confidence intervals range from significantly lower to significantly greater core temperatures. gWhile the point estimate suggests harm (greater
rise in core temperature), the 95% confidence intervals include a negligible effect. Skin temperature measured using; *4-site average of calf,
chest, shoulder and thigh; † 5-site average of calf, chest, forearm, shoulder and thigh; ‡ 12-site average of abdomen, calf, chest, forehead,
anterior thigh, foot, forearm, lower back, posterior thigh, shin, upper back and wrist.
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risk for those taking multiple medications is unknown.
Furthermore, data on women are also very limited. The
prevalence of chronic diseases and thus medication
usage is likely to be different between men and women.
www.thelancet.com Vol 77 November, 2024
For example, women are more likely to seek treatment
for depression and anxiety,87 while sex differences in
cardiovascular medication use are also observed.88,89 The
generalisability of our findings is also limited by the
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modes and duration of heat stress. Only 8 of 48 studies
induced hyperthermia passively, while the others used
exercise in short exposures. Current guidelines do not
differentiate between passive and active heat exposure,
but these factors may alter the observed effect of certain
drugs, especially those acting on skin blood flow. More
research is needed assessing medication effects during
prolonged passive heat exposure, particularly in older
adults with chronic diseases who are less active during
hot weather. Many of the meta-analyses show consid-
erable heterogeneity with I2 values ≥50%. Although
some heterogeneity was reduced (e.g., by restricting
antidepressant analyses to ≥30◦C), much remains un-
explained. Potential sources include the heat stress
methods (passive vs. exercise), ambient conditions,
exposure duration, and drug type and dosage. Due to
limited data (e.g., only 8 passive heating studies), many
factors could not be tested in our pre-planned moderator
analyses. Potential sources of heterogeneity could be
assessed in future randomised controlled trials, or meta-
analyses with more data.

We only assessed direct disruptions to physiological
thermoregulation, so deficits in behavioural thermo-
regulation or secondary exacerbations of cardiovascular
or renal strain due to medications during heat exposure
were not considered. Future research should examine
these factors and their contribution to the risk of heat-
related illness.

In conclusion, experimental evidence to date assess-
ing the impacts of medications listed by public health
organisations as increasing heat stress risk during hot
weather show that drugs with strong anticholinergic
properties (ACB = 3), non-selective beta-blockers, the
sympathomimetic adrenaline, and the anti-Parkinson’s
agents bromocriptine and combined levodopa and car-
bidopa may alter core temperature responses during
heat stress. Medications with weaker anticholinergic
properties including several antidepressants (ACB ≤ 2),
selective beta-blockers, and vasodilators, have been
studied with no alterations to core temperature
observed. No thermoregulatory effects of diuretics, an-
tipsychotics, anxiolytics, antihistamines, sympathomi-
metics (other than adrenaline) and CNS stimulants were
found, but evidence was limited to 1 study at ≥30◦C per
category. Most studies involve healthy young men under
short heat stress exposures. Studies over longer dura-
tions, in women, older adults and those with chronic
disease are urgently required to better inform the
pharmaceutical management of patients during hot
weather.
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20 Sterne JA, Savović J, Page MJ, et al. RoB 2: a revised tool for
assessing risk of bias in randomised trials. BMJ. 2019;366:l4898.

21 Schünemann HJVG, Higgins JPT, Santesso N, et al. Chapter 15:
interpreting results and drawing conclusions. In: Higgins JPT,
Thomas J, Chandler J, et al., eds. Cochrane Handbook for systematic re-
views of interventions version 6.4 (updated August 2023). Cochrane; 2023.

22 McGuinness LA, Higgins JPT. Risk-of-bias VISualization (robvis):
an R package and Shiny web app for visualizing risk-of-bias as-
sessments. Res Synth Methods. 2020;12(1):55–61.

23 Apte C, Dikshit M, Prasad B. Beta-adrenoreceptor blockade atten-
uates heat-induced tachycardia, but not the tolerance to the stress.
Indian J Physiol Pharmacol. 1992;36(3):149–154.

24 Arya D, Langley R, Szabadi E, Bradshaw C. Comparison of the
effects of high ambient temperature and clonidine on autonomic
functions in man. Naunyn Schmiedebergs Arch Pharmacol.
1997;355:376–383.

25 Brandenberger G, Follenius M, Oyono S, Reinhardt B, Simèoni M.
Effect of propranolol on aldosterone response to heat exposure in
sodium-restricted men. J Endocrinol Invest. 1980;3:395–400.

26 Brechue WF, Stager JM. Acetazolamide alters temperature regula-
tion during submaximal exercise. J Appl Physiol. 1990;69(4):1402–
1407.

27 Cadarette BS, Levine L, Rock PB, Stephenson LA, Kolka MA. Effects
of atropine on thermoregulatory responses to exercise in different
environments. Aviat Space Environ Med. 1986;57(11):1050–1055.

28 Cordery P, James LJ, Peirce N, Maughan RJ, Watson P.
A catecholamine precursor does not influence exercise performance
in warm conditions. Med Sci Sports Exerc. 2016;48(3):536–542.

29 Cordery P, Peirce N, Maughan RJ, Watson P. Dopamine/
noradrenaline reuptake inhibition in women improves endurance
exercise performance in the heat. Scand J Med Sci Sports.
2017;27(11):1221–1230.

30 Cramer MN, Gagnon D, Crandall CG, Jay O. Does attenuated skin
blood flow lower sweat rate and the critical environmental limit for
heat balance during severe heat exposure? Exp Physiol.
2017;102(2):202–213.

31 Franke WD, Hickey MS, Ward CW, Davy KP. Effects of alpha
1-receptor blockade on the cardiovascular and thermoregulatory
responses to severe exercise in the heat. J Sports Med Phys Fitness.
1993;33(2):146–151.

32 Freund BJ, Joyner MJ, Jilka SM, et al. Thermoregulation during
prolonged exercise in heat: alterations with beta-adrenergic
blockade. J Appl Physiol. 1987;63(3):930–936.

33 Goekint M, Roelands B, Heyman E, Njemini R, Meeusen R.
Influence of citalopram and environmental temperature on exercise-
induced changes in BDNF. Neurosci Lett. 2011;494(2):150–154.

34 Gordon N, Kruger P, Van Rensburg J, Van der Linde A,
Kielblock A, Cilliers J. Effect of beta-adrenoceptor blockade on
www.thelancet.com Vol 77 November, 2024
thermoregulation during prolonged exercise. J Appl Physiol.
1985;58(3):899–906.

35 Gordon N, Van Rensburg J, Russell H, Kielblock A, Myburgh D.
Effect of beta-adrenoceptor blockade and calcium antagonism,
alone and in combination, on thermoregulation during prolonged
exercise. Int J Sports Med. 1987;8(1):1–5.

36 Gordon NF. Effect of selective and nonselective beta-adrenoceptor
blockade on thermoregulation during prolonged exercise in heat.
Am J Cardiol. 1985;55(10):D74–D78.

37 Hennig J, Rzepka U, Mai B, Netter P. Suppression of HPA-axis
activity by haloperidol after experimentally induced heat stress.
Prog Neuro Psychopharmacol Biol Psychiatry. 1995;19(4):603–614.

38 Iampietro P, Fiorica V, Dille R, Higgins E, Funkhouser G, Moses R.
Influence of a tranquilizer on temperature regulation in man.
J Appl Physiol. 1965;20(3):365–370.

39 Kaufman FL, Mills DE, Hughson RL, Peake GT. Effects of
bromocriptine on sweat gland function during heat acclimatization.
Horm Res. 1988;29(1):31–38.

40 Kenney WL, Tankersley CG, Newswanger DL, Puhl SM. Alpha 1-
adrenergic blockade does not alter control of skin blood flow dur-
ing exercise. Am J Physiol. 1991;260(3 Pt 2):H855–H861.

41 Kolka M, Levine L, Cadarette B, Rock P, Sawka M, Pandolf K. Ef-
fects of heat acclimation on atropine-impaired thermoregulation.
Aviat Space Environ Med. 1984;55(12):1107–1110.

42 Kolka MA, Holden WL, Gonzalez RR. Heat exchange following
atropine injection before and after heat acclimation. J Appl Physiol.
1984;56(4):896–899.

43 Kolka MA, Stephenson LA. Cutaneous blood flow and local
sweating after systemic atropine administration. Pflugers Arch.
1987;410(4–5):524–529.

44 Kolka MA, Stephenson LA, Allan AE, Rock PB. Atropine-induced
cutaneous vasodilation decreases esophageal temperature during
exercise. Am J Physiol. 1989;257(5 Pt 2):R1089–R1095.

45 Kolka MA, Stephenson LA, Bruttig SP, Cadarette BS, Gonzalez RR.
Human thermoregulation after atropine and/or pralidoxime
administration. Aviat Space Environ Med. 1987;58(6):545–549.

46 Mack GW, Shannon LM, Nadel ER. Influence of beta-adrenergic
blockade on the control of sweating in humans. J Appl Physiol.
1986;61(5):1701–1705.

47 McCord JL, Pellinger TK, Lynn BM, Halliwill JR. Potential benefit
from a H1-receptor antagonist on postexercise syncope in the heat.
Med Sci Sports Exerc. 2008;40(11):1953–1961.

48 McLellan T, Ducharme M, Bateman W. Influence of ondansetron
on thermoregulation during exercise in the heat wearing combat
clothing. Aviat Space Environ Med. 1994;65(1):35–40.

49 McLellan T, Ducharme MB. Influence of granisetron on thermo-
regulation during exercise in the heat. Aviat Space Environ Med.
1996;67(5):453–457.

50 Mora-Rodríguez R, González-Alonso J, Below PR, Coyle EF. Plasma
catecholamines and hyperglycaemia influence thermoregulation in
man during prolonged exercise in the heat. J Physiol.
1996;491(Pt 2):529–540.

51 Pescatello L, Mack G, Leach Jr C, Nadel E. Thermoregulation in
mildly hypertensive men during beta-adrenergic blockade. Med Sci
Sports Exerc. 1990;22(2):222–228.

52 Pescatello LS, Mack GW, Leach CN Jr, Nadel ER. Effect of beta-
adrenergic blockade on thermoregulation during exercise. J Appl
Physiol. 1987;62(4):1448–1452.

53 Rammsayer TH. Effects of body core temperature and brain
dopamine activity on timing processes in humans. Biol Psychol.
1997;46(2):169–192.

54 Roelands B, Goekint M, Heyman E, et al. Acute norepinephrine
reuptake inhibition decreases performance in normal and high
ambient temperature. J Appl Physiol. 2008;105(1):206–212.

55 Roelands B, Hasegawa H, Watson P, et al. Performance and ther-
moregulatory effects of chronic bupropion administration in the
heat. Eur J Appl Physiol. 2009;105(3):493–498.

56 Roelands B, Hasegawa H, Watson P, et al. The effects of acute
dopamine reuptake inhibition on performance. Med Sci Sports
Exerc. 2008;40(5):879–885.

57 Roelands B, Watson P, Cordery P, et al. A dopamine/noradrenaline
reuptake inhibitor improves performance in the heat, but only at
the maximum therapeutic dose. Scand J Med Sci Sports.
2012;22(5):e93–e98.

58 Roy BD, Green HJ, Burnett ME. Prolonged exercise following
diuretic-induced hypohydration: effects on cardiovascular and
thermal strain. Can J Physiol Pharmacol. 2000;78(7):541–547.
13

http://refhub.elsevier.com/S2589-5370(24)00465-6/sref10
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref10
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref10
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref11
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref11
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref11
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref12
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref12
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref12
https://automeris.io/WebPlotDigitizer
http://www.training.cochrane.org/handbook
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref15
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref15
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref15
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref15
https://www.acbcalc.com/
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref17
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref17
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref17
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref18
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref18
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref18
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref19
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref19
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref20
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref20
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref20
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref21
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref21
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref21
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref21
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref22
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref22
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref22
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref23
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref23
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref23
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref24
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref24
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref24
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref24
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref25
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref25
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref25
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref26
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref26
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref26
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref27
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref27
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref27
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref28
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref28
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref28
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref29
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref29
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref29
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref29
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref30
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref30
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref30
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref30
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref31
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref31
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref31
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref31
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref32
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref32
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref32
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref33
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref33
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref33
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref34
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref34
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref34
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref34
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref35
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref35
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref35
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref35
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref36
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref36
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref36
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref37
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref37
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref37
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref38
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref38
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref38
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref39
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref39
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref39
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref40
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref40
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref40
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref41
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref41
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref41
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref42
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref42
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref42
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref43
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref43
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref43
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref44
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref44
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref44
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref45
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref45
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref45
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref46
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref46
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref46
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref47
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref47
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref47
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref48
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref48
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref48
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref49
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref49
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref49
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref50
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref50
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref50
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref50
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref51
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref51
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref51
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref52
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref52
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref52
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref53
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref53
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref53
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref54
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref54
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref54
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref55
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref55
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref55
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref56
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref56
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref56
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref57
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref57
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref57
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref57
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref58
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref58
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref58
http://www.thelancet.com


Articles

14
59 Strachan AT, Leiper JB, Maughan RJ. Paroxetine administration
failed [corrected] to influence human exercise capacity, perceived
effort or hormone responses during prolonged exercise in a warm
environment. Exp Physiol. 2004;89(6):657–664.

60 Trinity JD, Pahnke MD, Lee JF, Coyle EF. Interaction of hyper-
thermia and heart rate on stroke volume during prolonged exercise.
J Appl Physiol. 2010;109(3):745–751.

61 Watson P, Hasegawa H, Roelands B, Piacentini MF, Looverie R,
Meeusen R. Acute dopamine/noradrenaline reuptake inhibition
enhances human exercise performance in warm, but not temperate
conditions. J Physiol. 2005;565(Pt 3):873–883.

62 Kobza R. Effect of administration of antihistaminic drug on the
behavior of histamine concentration in the blood and hemody-
namic changes in humans exposed to high ambient temperature.
Acta Physiol Pol. 1968;19(3):317–327.

63 Rodman MJ. The effect of banthine and prantal on human ther-
moregulatory sweating. J Am Pharm Assoc Am Pharm Assoc.
1953;42(9):551–555.

64 Kappel M, Poulsen TD, Hansen MB, Galbo H, Pedersen BK. So-
matostatin attenuates the hyperthermia induced increase in neutrophil
concentration. Eur J Appl Physiol Occup Physiol. 1998;77(1–2):149–156.

65 Crandall CG, Vongpatanasin W, Victor RG. Mechanism of cocaine-
induced hyperthermia in humans. Ann Intern Med. 2002;136(11):
785–791.

66 National Integrated Heat Health Information System (NIHHIS).
Who is most at risk to extreme heat?; 2024. https://www.heat.gov/
pages/who-is-at-risk-to-extreme-heat. Accessed December 2, 2024.

67 World Health Organization. Heat and health in the WHO European
Region: updated evidence for effective prevention. Copenhagen: World
Health Organization. Regional Office for Europe; 2021.

68 Alied M, Huy NT. A reminder to keep an eye on older people
during heatwaves. Lancet Healthy Longev. 2022;3(10):e647–e648.

69 Westaway K, Frank O, Husband A, et al. Medicines can affect ther-
moregulation and accentuate the risk of dehydration and heat-related
illness during hot weather. J Clin Pharm Ther. 2015;40(4):363–367.

70 Cimons M. Risks for some medications rise as temperatures climb.
Wash Post; 2020, 06/27/2020.

71 Ebi KL, Capon A, Berry P, et al. Hot weather and heat extremes:
health risks. Lancet. 2021;398(10301):698–708.

72 Kusumoto FM, Schoenfeld MH, Barrett C, et al. 2018 ACC/AHA/
HRS guideline on the evaluation and management of patients with
bradycardia and cardiac conduction delay: executive summary: a
report of the American college of cardiology/American heart as-
sociation task force on clinical practice guidelines, and the heart
rhythm society. J Am Coll Cardiol. 2019;74(7):932–987.

73 McLendon K, Preuss CV. Atropine. StatPearls. Treasure island (FL):
StatPearls Publishing; 2024.

74 Pineles SL, Kraker RT, VanderVeen DK, et al. Atropine for the
prevention of myopia progression in children: a report by the
American Academy of ophthalmology. Ophthalmology. 2017;124
(12):1857–1866.
75 Bouchama A, Dehbi M, Mohamed G, Matthies F, Shoukri M,
Menne B. Prognostic factors in heat wave–related deaths: a meta-
analysis. Arch Intern Med. 2007;167(20):2170–2176.

76 Nordon C, Martin-Latry K, de Roquefeuil L, et al. Risk of death
related to psychotropic drug use in older people during the Euro-
pean 2003 heatwave: a population-based case–control study. Am J
Geriatr Psychiatry. 2009;17(12):1059–1067.

77 Martin-Latry K, Goumy M-P, Latry P, et al. Psychotropic drugs use
and risk of heat-related hospitalisation. Eur Psychiatry. 2007;22
(6):335–338.

78 Grant BF, Hasin DS, Chou SP, Stinson FS, Dawson DA. Nicotine
dependence and psychiatric disorders in the United States: results
from the national epidemiologic survey on alcohol and Rela-
tedConditions. Arch Gen Psychiatr. 2004;61(11):1107–1115.

79 Substance Abuse and Mental Health Services Administration. Re-
sults from the 2013 national survey on drug use and health: mental
health findings, NSDUH series H-49, HHS publication No. (SMA) 14-
4887. Rockville, MD: Substance Abuse and Mental Health Services
Administration; 2014.

80 Moyen NE, Barnes MJ, Perry BG, et al. Nicotine exacerbates exer-
tional heat strain in trained men: a randomized, placebo-controlled,
double-blind study. J Appl Physiol. 2024. https://doi.org/10.1152/
japplphysiol.00403.2024.

81 McSorley P, Warren D. Effects of propranolol and metoprolol on
the peripheral circulation. Br Med J. 1978;2(6152):1598–1600.

82 Nakano J, Kusakari T. Effect of propranolol on the peripheral
vascular bed. Nature. 1966;209(5026):923–924.

83 Fortney S, Wenger C, Bove J, Nadel E. Effect of hyperosmolality on
control of blood flow and sweating. J Appl Physiol. 1984;57(6):1688–
1695.

84 Maggs DG, Gallen IW, Fone K, Macdonald IA. Metabolic heat
production and cardiovascular responses to an incremental intra-
venous infusion of adrenaline in healthy subjects. Clin Auton Res.
1994;4(3):131–136.

85 Xu Z, Yi W, Bach A, et al. Multimorbidity and emergency hospi-
talisations during hot weather. EBioMedicine. 2024;104:105148.

86 Maxwell CJ, Mondor L, Pefoyo Koné AJ, Hogan DB, Wodchis WP.
Sex differences in multimorbidity and polypharmacy trends: a
repeated cross-sectional study of older adults in Ontario, Canada.
PLoS One. 2021;16(4):e0250567.

87 Brody D, Gu Q. Antidepressant use among adults: United States,
2015–2018. NCHS Data Brief, no 377. Hyattsville, MD: National
Center for Health Statistics; 2020.

88 Walli-Attaei M, Joseph P, Rosengren A, et al. Variations between
women and men in risk factors, treatments, cardiovascular disease
incidence, and death in 27 high-income, middle-income, and low-
income countries (PURE): a prospective cohort study. Lancet.
2020;396(10244):97–109.

89 Zhao M, Woodward M, Vaartjes I, et al. Sex differences in car-
diovascular medication prescription in primary care: a systematic
review and meta-analysis. J Am Heart Assoc. 2020;9(11):e014742.
www.thelancet.com Vol 77 November, 2024

http://refhub.elsevier.com/S2589-5370(24)00465-6/sref59
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref59
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref59
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref59
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref60
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref60
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref60
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref61
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref61
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref61
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref61
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref62
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref62
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref62
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref62
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref63
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref63
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref63
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref64
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref64
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref64
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref65
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref65
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref65
https://www.heat.gov/pages/who-is-at-risk-to-extreme-heat
https://www.heat.gov/pages/who-is-at-risk-to-extreme-heat
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref67
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref67
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref67
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref68
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref68
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref69
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref69
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref69
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref70
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref70
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref71
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref71
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref72
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref72
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref72
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref72
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref72
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref72
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref73
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref73
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref74
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref74
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref74
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref74
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref75
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref75
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref75
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref76
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref76
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref76
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref76
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref77
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref77
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref77
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref78
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref78
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref78
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref78
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref79
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref79
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref79
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref79
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref79
https://doi.org/10.1152/japplphysiol.00403.2024
https://doi.org/10.1152/japplphysiol.00403.2024
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref81
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref81
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref82
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref82
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref83
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref83
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref83
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref84
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref84
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref84
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref84
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref85
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref85
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref86
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref86
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref86
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref86
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref87
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref87
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref87
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref88
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref88
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref88
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref88
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref88
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref89
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref89
http://refhub.elsevier.com/S2589-5370(24)00465-6/sref89
http://www.thelancet.com

	The effect of prescription and over-the-counter medications on core temperature in adults during heat stress: a systematic  ...
	Introduction
	Methods
	Search strategy and selection criteria
	Data extraction
	Statistics
	Role of the funding source

	Results
	Discussion
	ContributorsYM, OJ and LH conceived the research question and designed the study. LH did the literature search. LH, GD and  ...
	Data sharing statementRaw data, and final data used for analysis are available upon reasonable request by emailing yorgi.ma ...
	Declaration of interests
	Acknowledgements
	Appendix A. Supplementary data
	References


