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Abstract 

Global warming has been associated with various adverse effects on human physiology, yet its 
potential impact on brain structure remains largely unexplored. The present pilot study investigated 
the relationship between core body temperature and whole-brain gray matter volume (GMV) in 
healthy adults. Twenty-seven participants (19 males and 8 females; mean age = 38.6 ± 10.3 years) 
underwent MRI scanning and core temperature assessment. Correlation and partial correlation 
analyses were performed to examine the association between core body temperature and GMV, 
controlling for sex and age. The results revealed a significant negative correlation between core body 
temperature and whole-brain GMV (r = −0.496, p = 0.009), which remained marginally significant 
after adjusting for covariates (r = −0.338, p = 0.099). These findings suggest that even subtle variations 
in body temperature within the normal physiological range may be linked to differences in global 
brain structure. Possible underlying mechanisms include heat-induced inflammation, oxidative 
stress, and increased metabolic load on neural tissue. In the context of ongoing global warming, 
elucidating how body temperature relates to brain morphology may provide crucial insight into the 
neural health consequences of rising environmental temperatures. This study offers an initial step 
toward integrating environmental and neuroscientific perspectives, emphasizing the importance of 
temperature regulation as a factor influencing brain integrity in daily life. 

Keywords: global warming; core body temperature; gray matter volume (GMV); brain morphology; 
magnetic resonance imaging (MRI); inflammation; oxidative stress; environmental temperature; 
neural health; climate change 
 

1. Introduction 

There is consistent evidence that the global temperature has risen as human economic activity 
has intensified. Between 1850 and 2020, the near-surface air temperature of the Earth increased by 
more than 1.2°C, with the most pronounced rise observed after 1990 (Fischer et al., 2024). Moreover, 
by the end of this century, global temperatures may rise by up to 5.5°C compared to pre-industrial 
levels (Intergovernmental Panel on Climate Change, 2018; Maslin et al., 2025). 

Paleoclimatic records indicate that the average brain size of Homo species was significantly 
smaller during warmer periods compared to cooler ones (Stibel, 2023). The brain is metabolically 
costly and generates a considerable amount of heat relative to its mass (Martin, 1981; Aiello and 
Wheeler, 1995; Hublin et al., 2015; Dunbar and Shultz, 2017). Therefore, the reduction in brain size 
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associated with warmer climates may reflect an adaptive response to environmental stress driven by 
natural selection in the context of climate change (Stibel, 2023). 

Consistent with these findings, previous neuroimaging studies—mainly based on case reports 
of patients with heatstroke whose core body temperature exceeded 40 °C—have documented the 
detrimental effects of extreme heat exposure on the brain, including the brainstem, cerebellum, 
hippocampus, thalamus, basal ganglia, and specific cortical regions such as the frontal, temporal, and 
parietal lobes (Fushimi et al., 2012; Li et al., 2015; Mahajan and Schucany, 2008; Ookura et al., 2009; 
Zhang and Li, 2014; Chang et al., 2020). 

In addition, cohort studies have suggested that exposure to extreme heat may represent a 
potential risk factor for cognitive impairment among older adults (Zhou et al., 2023). For instance, in 
New England, United States, a 1.5 °C increase in average summer temperature was associated with 
a 12% rise in hospitalizations related to dementia (Wei et al., 2019). Similarly, in Madrid, Spain, 
hospital admissions associated with Alzheimer’s disease increased by 23% following days when the 
maximum temperature exceeded the heatwave threshold (34 °C) by more than 1 °C (Culqui et al., 
2017). 

Previous studies have shown that heat stress can trigger inflammatory responses—including 
cellular degeneration and cell death—that may damage brain structures and lead to cerebral atrophy 
(Walter and Carraretto, 2016). When exposed to high temperatures, the body releases inflammatory 
mediators as a response to heat-induced stress (Hashim et al., 1997). This release initiates a cascade 
of inflammatory processes such as vasodilation, tissue swelling, and immune cell infiltration, which 
can ultimately result in brain atrophy. 

Moreover, heat-induced stress amplifies cellular metabolism and stimulates the production of 
reactive oxygen species, compromising cellular integrity and function while promoting oxidative 
stress. This oxidative stress further induces lipid peroxidation, protein oxidation, DNA damage, and 
other harmful effects on brain cells, all of which contribute to brain atrophy (Chang et al., 2007; Yang 
and Lin, 2002). 

Most prior studies have primarily focused on the effects of extreme heat (e.g., temperatures 
exceeding 35 °C), leaving the long-term impact of moderate heat exposure unclear. However, a recent 
study involving 41,552 participants from the UK Biobank reported that chronic exposure to high 
ambient temperatures—defined as the proportion of days in the past 20 years when the maximum 
temperature exceeded 27 °C—was associated with reductions in total gray and white matter volumes, 
as well as with accelerated age-related brain atrophy (Xiang et al., 2025). 

Similarly, prolonged exposure to natural sunlight has been observed to reduce total brain, white 
matter, and GMV (Li et al., 2024). This association varied by age, sex, and season, being more 
pronounced among men, individuals under 60 years of age, and during the summer months. 
Furthermore, longer exposure to sunlight correlated with lower cognitive performance (Li et al., 2024). 

This relationship may be explained by the fact that sunlight increases brain temperature through 
its effects on cerebral blood flow and blood temperature (Nybo et al., 2002; Bain et al., 2015; Piil et al., 
2020). Elevated brain temperature alters resting membrane potentials, action potentials, neural 
conduction velocity, and synaptic transmission (Wang et al., 2015; Brooks, 2005). It can also affect the 
integrity of the blood–brain barrier and mitochondrial function, thereby reducing the brain’s 
tolerance to potential injury (Wang et al., 2015). 

Even minor changes in brain temperature—less than 1 °C—have been reported to induce 
functional alterations in various neural regions and to influence conduction velocity and synaptic 
transmission (Wang et al., 2015). Experimental studies have also shown that direct exposure of the 
head and neck to sunlight can increase core body temperature by approximately 1 °C and impair 
motor–cognitive performance (Piil et al., 2020). 

Brain temperature is typically 0.5–1 °C higher than core body temperature (Mariak et al., 1994; 
McIlvoy, 2004). However, when neuroinflammation disrupts the brain’s thermoregulatory 
mechanisms within specific regions or networks, local tissue temperature can rise by an additional 
0.5–1 °C (Annink et al., 2020; Wang et al., 2014; Dietrich et al., 1994; Dietrich et al., 1996). Moreover, 
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localized increases in brain temperature are associated with enhanced leukocyte extravasation, brain 
edema, and disruption of the blood–brain barrier. Consistent with these pathological processes, 
patients infected with COVID-19 have shown elevated brain temperature accompanied by reductions 
in GMV (Sharma et al., 2024). Gray matter atrophy has been linked to cognitive decline in conditions 
such as Alzheimer’s disease (Navale et al., 2022; Dicks et al., 2019). 

Observational evidence regarding the psychological effects of elevated body temperature is also 
extensive. For example, an increase of approximately 0.1 °C in core body temperature has been 
observed during perimenopausal hot flashes and is associated with depressive symptoms (Natari et 
al., 2018). In the United Kingdom, hospital admissions related to Alzheimer’s disease increased by 
4.5% for each 1 °C rise above 17 °C (Gong et al., 2022). Related findings include elevated core body 
temperature in individuals experiencing depressive episodes (Raison et al., 2015), more pronounced 
comorbid symptoms among schizophrenia patients on days with higher ward temperatures (Tham 
et al., 2020), and a 1.7% rise in suicide rates for every 1 °C increase in daily temperature (Thompson 
et al., 2023). Furthermore, both outdoor and indoor temperatures exceeding 25.7 °C have been shown 
to significantly impair cognitive performance (Hancock et al., 2007). Together, these findings indicate 
that temperature is closely associated with human cognition, emotion, and behavior. 

Given the ongoing projections of global warming, further research is needed to elucidate the 
long-term consequences and underlying mechanisms of heat exposure (Fischer et al., 2024), 
particularly its future impact on brain health (Sisodiya et al., 2024). However, the relationship 
between core body temperature and brain structure in healthy adults has not yet been investigated. 
Understanding how small variations in body temperature among individuals who perceive 
themselves as healthy—rather than among patients with specific diseases or those exposed to extreme 
environments—relate to differences in GMV may provide meaningful insights. Such knowledge 
could help individuals recognize environmental issues as personally relevant and motivate 
behavioral change. 

To address this question, the present pilot study examines this relationship in a sample of 27 
healthy adults. 

2. Materials and Methods 

2.1. Participants 

To achieve a statistical power of 80% with a significance level of 10% for correlation analysis, the 
required sample size was estimated using G*Power 3.1.9.7. Based on Cohen’s (1988) criterion for a 
“strong correlation” (effect size r = 0.5), the minimum sample size was calculated to be 21 participants. 
Following an open call conducted by the BHQ Consortium, an organization for the exchange of brain 
imaging data and information, a total of 29 individuals (19 men and 10 women; mean age = 39.0 ± 
10.1 years) were recruited for this study. Data from 27 individuals (17 men and 10 women; mean age 
= 38.6 ± 10.3 years), excluding two incomplete responses, were used for the analysis. 

All participants were assembled at Tokyo University of Science in June 2025, where they 
completed an online questionnaire and participated in MRI data acquisition. According to self-
reports, none of the participants had any history of neurological, psychiatric, or other medical 
conditions that could affect the central nervous system. 

All procedures were conducted in accordance with relevant ethical guidelines and regulations. 
Written informed consent was obtained from all participants prior to the study, and anonymity was 
maintained throughout the data collection process. The study protocol was approved by the Ethics 
Committee of the Brain Informatics Cloud, Tokyo Institute of Science (Human Research Ethics 
Committee Approval No. 2023137). 

2.2. MRI Data Acquisition 

MRI data were acquired using a 3-Tesla MRI scanner (MAGNETOM Prisma, Siemens, Munich, 
Germany) equipped with a 32-channel head coil. A three-dimensional (3D) T1-weighted 
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magnetization-prepared rapid acquisition gradient echo (MPRAGE) pulse sequence was employed, 
along with spin-echo echo-planar imaging (SE-EPI) using generalized autocalibrating partially 
parallel acquisition (GRAPPA). The imaging parameters were as follows: repetition time (TR) = 1900 
ms, echo time (TE) = 2.52 ms, inversion time (TI) = 900 ms, flip angle = 9°, matrix size = 256 × 256, field 
of view (FOV) = 256 mm, and slice thickness = 1 mm. 

2.3. MRI Data Analysis 

T1-weighted images were processed using Statistical Parametric Mapping software (SPM12; 
Wellcome Trust Centre for Neuroimaging, London, UK) implemented in MATLAB R2020b 
(MathWorks Inc., Sherborn, MA, USA), employing the standard SPM12 tissue probability templates. 

The segmented gray matter (GM) images were spatially normalized using diffeomorphic 
anatomical registration through the exponential Lie algebra (DARTEL) algorithm (Ashburner, 2007). 
The preprocessing pipeline included a modulation step and spatial smoothing with an 8-mm full 
width at half maximum (FWHM) Gaussian kernel. 

The smoothed GM images were then proportionally adjusted by dividing each by the 
intracranial volume (ICV) to obtain proportional GM images. These were used to compute mean and 
standard deviation (SD) maps. Using this information and the Automated Anatomical Labeling 
(AAL) atlas (Tzourio-Mazoyer et al., 2002), regional GM quotients were averaged to calculate the 
gray matter–based Brain Healthcare Quotient (GM-BHQ), standardized to have a mean of 100 and 
an SD of 15. See Nemoto et al. (2017) for more details. 

2.4. Core Body Temperature 

The pulse-to-pulse interval (PPI) was obtained using an optical sensor embedded in a 
smartwatch, and the deep body temperature was estimated according to the algorithm developed by 
Kurosaka et al. (2022). 

2.5. Data Analysis 

Correlation and partial correlation analyses were conducted to examine the relationship 
between core body temperature and whole-brain GMV. Given that this was a small-sample pilot 
study, statistical significance was defined as p < 0.1. This criterion was adopted because the primary 
purpose of a pilot study is to obtain preliminary information that may guide future large-scale 
research; therefore, avoiding Type II errors was considered more appropriate than minimizing Type 
I errors. This decision is consistent with previous studies (Lee et al., 2014), and several recent pilot 
studies have similarly employed a p-value threshold of < 0.1 for statistical significance (Noorani et 
al.,2023; Nykänen et al., 2022; Lincoln et al., 2024). 

To control for multiple comparisons, both correlation and partial correlation analyses were 
corrected using the Benjamini–Hochberg false discovery rate method. The correlation coefficients 
were also interpreted in terms of effect size, where r = 0.5 corresponds to a “strong correlation” 
according to Cohen’s (1988) conventions. All statistical analyses were performed using IBM SPSS 
Statistics version 28 (IBM Corp., Armonk, NY, USA). 

3. Results 

Core body temperature showed a significant negative correlation with whole-brain GMV (r = –
0.496, p = 0.009) and a marginally significant partial correlation when controlling for sex and age (r = 
–0.338, p = 0.099). The former represents the uncontrolled correlation coefficient, while the latter 
reflects the correlation adjusted for sex and age. These significant results were maintained even after 
adjusting for multiple comparisons using the Benjamini–Hochberg false discovery rate method. 

Figure 1 illustrates the relationship between core body temperature and whole-brain GMV using 
a scatter plot. 
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Figure 1. Correlation between core body temperature and total gray matter volume (r = –0.496). The dashed line 
represents the regression line, and each dot corresponds to an individual participant’s data point. 

4. Discussion 

The present study demonstrated a significant negative correlation between core body 
temperature and whole-brain GMV in healthy adults, and this association remained significant after 
controlling for sex and age. This finding provides the first evidence, to our knowledge, that even 
within the normal physiological range, subtle variations in core body temperature are linked to 
differences in global brain structure. 

Previous research has primarily focused on the effects of extreme heat exposure—such as in 
patients with heatstroke or those living in high-temperature environments—showing that elevated 
body temperature can lead to neuronal damage, inflammation, and brain atrophy (Walter & 
Carraretto, 2016; Chang et al., 2007). Moreover, environmental and epidemiological studies have 
reported that higher ambient temperatures and prolonged sunlight exposure are associated with 
reduced GMV, increased dementia-related hospitalizations, and cognitive decline (Li et al., 2024; 
Culqui et al., 2017; Wei et al., 2019). Our results extend these findings by suggesting that brain volume 
may also be influenced by smaller, everyday variations in body temperature that occur among 
otherwise healthy individuals. 

One possible mechanism underlying this relationship involves thermally induced inflammatory 
and oxidative processes. Heat exposure has been shown to activate inflammatory mediators and 
reactive oxygen species, which can disrupt the blood–brain barrier, impair mitochondrial function, 
and ultimately lead to neuronal damage (Hashim et al., 1997; Wang et al., 2015). Local increases in 
brain temperature have also been associated with vascular leakage, edema, and tissue injury (Annink 
et al., 2020; Dietrich et al., 1994). Such mechanisms could explain how even modest elevations in deep 
body temperature might contribute to microstructural or volumetric changes in gray matter over 
time. 

Another interpretation concerns thermoregulatory efficiency and cerebral metabolism. The brain 
is a metabolically demanding organ that produces considerable heat relative to its mass (Martin, 1981; 
Aiello & Wheeler, 1995). Individuals with higher baseline core temperatures might experience greater 
metabolic strain, requiring more intensive thermoregulatory processes to maintain homeostasis. 
Over time, this could influence neuronal integrity or glial function, leading to the volumetric patterns 
observed in the present study. 
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From a broader perspective, these findings may have important implications for understanding 
the neurobiological consequences of global warming. As average global temperatures continue to 
rise (Fischer et al., 2024; IPCC, 2018), even small but chronic elevations in human body temperature 
could have cumulative effects on brain structure and cognitive health. Importantly, this issue is not 
confined to individuals with preexisting health conditions but may also affect the general population. 
Recognizing that body temperature—a physiological variable familiar to everyone—is linked to brain 
health could make the consequences of global climate change more tangible at the individual level. 

The changes that may occur among these individuals could have important implications. 
Previous studies have shown that GMV is associated with various aspects of functioning in healthy 
individuals, including cognitive performance (Watanabe et al., 2021), social behavior (Kokubun et al., 
2023), job satisfaction (Kokubun et al., 2025), and understanding of diversity (Otsuka et al., 2025). 
Therefore, GMV reduction potentially induced by global warming may lead to undesirable changes 
in how we think, work, and cooperate in daily life. Such discussions, however, have not yet been 
sufficiently explored or empirically examined. 

Therefore, this study provides a preliminary but meaningful step toward bridging 
environmental and neural health research. Future large-scale studies should further investigate how 
prolonged exposure to elevated environmental temperatures, individual differences in 
thermoregulation, and lifestyle factors (e.g., hydration, sleep, and physical activity) interact to 
influence brain structure and function. Longitudinal designs will also be essential to determine 
whether sustained increases in core body temperature contribute causally to gray matter atrophy and 
cognitive decline. 

Limitations and Future Directions 

This study has several limitations that should be acknowledged. First, the sample size was 
relatively small, which is appropriate for a pilot investigation but limits the generalizability of the 
findings. Future studies with larger and more diverse samples are needed to validate and refine the 
observed relationship between body temperature and GMV. 

Second, the cross-sectional design precludes causal inference. It remains unclear whether higher 
body temperature directly leads to reduced GMV, or whether both are influenced by underlying 
physiological or environmental factors, such as metabolic rate, sleep quality, or circadian rhythm. 
Longitudinal or experimental studies that manipulate thermal exposure could help clarify causal 
pathways. 

Third, core body temperature was measured at a single time point. Because body temperature 
fluctuates with circadian rhythms, physical activity, and environmental conditions, repeated or 
continuous measurements would provide more reliable indices of individual thermal profiles. 
Integrating multimodal physiological data (e.g., heart rate, skin temperature, inflammatory markers) 
could also enhance interpretability. 

Lastly, MRI-based volumetric analyses capture macroscopic structural variations but do not 
directly reveal cellular or molecular mechanisms. Combining structural MRI with other modalities—
such as diffusion imaging, spectroscopy, or PET—may help uncover the specific neurobiological 
processes through which thermal factors influence brain integrity. 

Despite these limitations, the current findings highlight a previously unexplored link between 
deep body temperature and global brain structure in healthy adults. This relationship may represent 
an important physiological pathway through which environmental heat stress contributes to 
neurobiological vulnerability in a warming world. 

5. Conclusion 

In summary, this pilot study revealed that higher core body temperature is associated with lower 
total gray matter volume in healthy adults, suggesting that even minor variations in body 
temperature may influence brain structure. This finding introduces a novel perspective on how 
environmental and physiological factors intersect to affect neural health. 
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Given the ongoing progression of global warming, understanding the subtle yet widespread 
impacts of heat on the human brain is becoming increasingly urgent. By demonstrating that body 
temperature—a simple and measurable physiological index—is linked to brain volume, this research 
underscores the importance of environmental temperature as a determinant of neural health. 
Ultimately, such insights may help promote public awareness and motivate behavioral and policy 
changes aimed at mitigating the broader health consequences of a warming planet. 
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