
Br. J. Hosp. Med. (Lond) 2026; 87(5): 53980
https://doi.org/10.31083/BJHM53980

Copyright: © 2026 The Author(s). Published by IMR Press.
This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Systematic Review

A Systematic Review of Functional MRI Studies on Seasonal
Modulation of Brain Functional Connectivity
Naif A. Majrashi1,*
1Diagnostic Radiography Technology (DRT) Department, College of Nursing and Health Sciences, Jazan University, 45142 Jazan, Saudi Arabia
*Correspondence: nmajrashi@jazanu.edu.sa (Naif A. Majrashi)
Academic Editor: John Alcolado
Submitted: 31 July 2025 Revised: 8 November 2025 Accepted: 12 November 2025 Published: 18 May 2026

Abstract

Aims/Background: Seasonal fluctuations in environmental conditions, particularly variations in photoperiod and ambient temperature,
influence diverse physiological and behavioral processes. With advances in functional magnetic resonance imaging (fMRI), researchers
have begun to investigate how such environmental factors modulate intrinsic brain activity. This review synthesizes current evidence
on how seasonal, circadian, and environmental variations affect brain functional connectivity. Methods: A comprehensive search of
PubMed/Medical Literature Analysis and Retrieval System Online (MEDLINE), Scopus, and Web of Science databases was conducted
for peer-reviewed fMRI studies published between 2010 and 2025. Eligible studies investigated the impact of environmental factors,
such as photoperiod, temperature, and time of day, on brain functional connectivity. Due to methodological heterogeneity, a narrative
synthesis approach was used in accordance with Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020
guidelines. The review process is illustrated using a PRISMA flow diagram, and a checklist is provided as supplementary material.
Results: Sixteen original studies spanning cross-sectional and longitudinal designs met the inclusion criteria. Seasonal and environ-
mental exposures modulated connectivity in major networks, particularly the default mode network (DMN), salience network (SN), and
sensorimotor network (SMN). For the DMN and SMN, photoperiod consistently affected connectivity, with peaks in autumn and reduc-
tions in summer. Circadian and temperature effects were also observed. Methodological factors, including scanner stability, emerged as
critical. Conclusion: Environmental rhythms significantly affect brain connectivity and should be considered in neuroimaging research
and clinical practice. These effects are sometimes comparable to clinical conditions. Future work should enhance control of environ-
mental exposures and incorporate physiological markers to improve reproducibility. Systematic Review Registration: PROSPERO
(CRD420261390073).
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1. Introduction
Seasonal changes in environmental conditions, par-

ticularly variations in daylight length (photoperiod), tem-
perature, and light exposure, have long been found to in-
fluence human physiology, behavior, and mental health.
These changes impact mood, sleep, cognition, and biolog-
ical rhythms throughout the year [1,2]. Clinically, sea-
sonal fluctuations are most prominently observed in sea-
sonal affective disorder (SAD), a subtype of depression
that affects 1–10% of the population in temperate regions
and is characterized by recurrent depressive episodes dur-
ing fall and winter, typically triggered by reduced daylight
exposure [3,4]. However, subclinical seasonal variations in
mood, sleep patterns, cognitive performance, and social be-
havior occur across the general population, suggesting that
seasonal environmental changes exert broad influences on
brain function [5].

Human brain function is affected by intrinsic neuro-
biological mechanisms as well as external environmental
influences. Among these, seasonal variations in photope-
riod, ambient temperature, and climatic patterns are in-
creasingly recognized as important modulators of neural ac-

tivity and behavior [2,6]. The neurobiological substrates of
these seasonal effects are being explored increasingly often
through neuroimaging techniques, particularly functional
magnetic resonance imaging (fMRI), which has allowed re-
searchers to examine how seasonal and environmental fac-
tors modulate brain activity (Fig. 1). fMRI has revolu-
tionized our understanding of brain function by enabling
the non-invasive measurement of neural activity through
blood-oxygen-level-dependent (BOLD) signals [7]. Func-
tional connectivity is defined as the temporal dependency
of neuronal activation patterns of anatomically separated
brain regions. In recent years, an increasing body of neu-
roimaging studies has explored functional connectivity by
measuring the level of co-activation of resting-state fMRI
(rs-fMRI) time-series between brain regions [8]. rs-fMRI
enables the study of intrinsic functional connectivity so that
the temporal synchronization of neural activity between
anatomically distinct brain regions can be captured while
the individual is not engaged in a task. rs-fMRI measures
spontaneous fluctuations in BOLD signals, which enables
the mapping of intrinsic brain networks such as the default
mode network (DMN), sensorimotor network (SMN), and
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salience network (SN) [7,8]. These networks are critical for
fundamental functions, including emotion regulation, cog-
nition, and self-referential thought.

Fig. 1. Functional magnetic resonance imaging (fMRI)
methodology for detecting brain activity. fMRI uses the blood-
oxygen-level-dependent (BOLD) signal to non-invasively detect
brain activity. Neural activation increases local blood flow, alter-
ing oxygenation levels that are captured through high-field mag-
netic resonance imaging (MRI) scanners. This schematic diagram
was created by the author using Adobe Illustrator 2024 (Adobe
Inc., San Jose, CA, USA) and BioRender.com (https://www.bior
ender.com/). The author has no financial or personal relationship
with BioRender.com, and the use of this tool does not imply any
endorsement.

Recent studies suggest that functional connectivity
within and between these networks shows seasonal mod-
ulation. Studies have shown seasonal changes in brain
metabolism [6], functional network strength [9], and re-
gional activation patterns, especially in regions associated
with affect regulation, sensory processing, and memory
[10]. A previous study reported robust seasonal variation
in both global and regional functional connectivity, with
peak connectivity in autumn and the lowest levels in sum-
mer [9]. Changes were observed in the DMN, SMN, and
ventral attention network (VAN), as well as in white mat-
ter (WM) connectivity metrics such as network density and
efficiency. Similarly, Zhang et al. [11] and Triana et al.
[12] identified strong seasonal patterns in the SMN over
a multi-year single-subject dataset, linked to photoperiod-
related molecular changes. These results highlight a repro-
ducible seasonal signature in functional neural network.

Moreover, environmental factors such as temperature
and daylight length have been implicated as modulators
of neural activity. Granés et al. [10] found that higher
ambient temperatures were associated with reduced func-

tional connectivity in the medial parietal, hippocampal, and
SN among preadolescents. These environmental effects
on brain function are not merely incidental, and they may
have critical developmental, behavioral, and clinical impli-
cations.

The neurobiological pathways throughwhich seasonal
environmental changes influence brain function involve
multiple interconnected systems. Photoperiod variations
affect the suprachiasmatic nucleus, the brain’s master circa-
dian clock, which regulates melatonin secretion and down-
stream hormonal cascades [2]. Temperature changes influ-
ence peripheral and central thermoreceptors, affecting hy-
pothalamic regulatory centers and their connections to cor-
tical and limbic regions [6]. These environmental inputs
converge on brain networks critical for mood regulation,
attention, and social cognition. The DMN, comprising the
medial prefrontal cortex, posterior cingulate cortex, and an-
gular gyrus, serves as a hub for self-referential processing
and has been consistently implicated in mood disorders [8].
Similarly, the SN, anchored by the anterior insula and dor-
sal anterior cingulate cortex, plays crucial roles in attention
and emotional processing [7].

However, not all studies support the presence of true
biological seasonal effects. Di et al. [13] cautioned that
scanner-related factors such as signal drift might mimic sea-
sonal variation, emphasizing the need for methodological
rigor and scanner quality control in such analyses. Despite
these challenges, understanding the seasonality of brain
function has important implications for clinical neuroimag-
ing. The magnitude of seasonal effects observed in func-
tional connectivity is comparable to that seen in several neu-
rological and psychiatric conditions [9], raising concerns
about the potential for confounding effects in clinical trials
or diagnostic imaging conducted across different seasons.

Therefore, this review aims to synthesize current evi-
dence concerning seasonal effects on brain functional con-
nectivity as measured by fMRI. Specifically, this study
(1) identifies which brain networks exhibit seasonal vari-
ation, (2) examines relationships between environmental
variables and neural connectivity, (3) assesses the method-
ological strengths and limitations of existing studies, and
(4) explores implications for both clinical and research set-
tings in neuroscience. Despite its neuroscientific focus,
this review holds considerable relevance for hospital-based
clinical practice. Seasonal modulation of brain connectivity
may influence neuroimaging interpretation, treatment tim-
ing, and research design within hospital settings, particu-
larly in radiology, psychiatry, and neurology departments.
By addressing its aims, this review seeks to establish sea-
sonal neuroscience as a critical consideration in both basic
and clinical neuroscience while providing a roadmap for fu-
ture investigations in this rapidly evolving field.
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Fig. 2. Flowchart depicting the systematic literature search and study selection process. Figure created by the author using Mi-
crosoft Visio (Microsoft Corporation, Redmond, WA, USA, https://www.microsoft.com/en-us/microsoft-365/visio/flowchart-software).
Abbreviation: MEDLINE, Medical Literature Analysis and Retrieval System Online.

2. Literature Search Strategy and
Methodology

This review followed Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) 2020
guidelines, and a checklist is provided as supplemen-
tary material (Supplementary File 1). The system-
atic review was registered in the Internationa Prospective
Register of Systematic Reviews (PROSPERO) database
(CRD420261390073, https://www.crd.york.ac.uk/PROSP
ERO/view/CRD420261390073). This comprehensive re-
view employed a systematic approach to identify and syn-
thesize studies examining seasonal effects on brain func-
tional connectivity (Fig. 2). The search strategy was de-
signed to encompass the multidisciplinary scope of this
emerging research area, integrating terminology from neu-
roscience, environmental science, clinical psychiatry, and
related fields. Multiple databases were thoroughly searched

to ensure extensive coverage. These included primary
databases such as PubMed/Medical Literature Analysis and
Retrieval System Online (MEDLINE) (https://pubmed.n
cbi.nlm.nih.gov/), Scopus (https://www.scopus.com/), and
Web of Science (https://www.webofscience.com/). The
search utilized a detailed and structured strategy, combin-
ing medical subject headings (MeSH) terms and free-text
keywords with Boolean operators. The primary search
string was constructed as follows: (“seasonal” OR “pho-
toperiod” OR “circadian” OR “daylight” OR “temperature”
OR “climate”) AND (“brain” OR “neural” OR “neuroimag-
ing”) AND (“functional connectivity” OR “resting state”
OR “fMRI” OR “network” OR “BOLD”) AND (“seasonal
affective” OR “environmental neuroscience” OR “seasonal
variation”). This comprehensive and precise search strat-
egy facilitated the identification of relevant articles, ensur-
ing that critical studies spanning diverse, yet interconnected
disciplines were considered.
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Table 1. Characteristics of included studies.
Study au-
thors

Country Design Sample size Age range Gender Scanner
strength

fMRI type Seasonal/Circadian
variable

Main brain regions Key findings

Alyssia
Wilson et
al. [14]

Canada Longitudinal
pre-post
season

19 female ath-
letes (12 colli-
sion, 7 contact)

18–21 years Female 3T rs-fMRI Athletic season (pre
vs post, 166 days
apart)

DMN: Superior parietal lob-
ule, supramarginal gyrus, su-
perior frontal gyrus, frontal
pole; DAN: Superior frontal
gyrus, supramarginal gyrus

Decreased DMN connectivity over
season (contact group); Increased
DAN connectivity in collision vs con-
tact athletes; Potential cumulative ef-
fects of repetitive head impacts on
brain connectivity

Ahmed
Abou
Elseoud et
al. [15]

Finland Cross-
sectional
case-control

45 SADpatients,
45 controls

39.78± 10.64
years

Mixed (30 F,
15 M in SAD
group)

1.5T rs-fMRI Winter seasonal af-
fective disorder

Visual networks (RSNs 5–
11), sensorimotor networks
(RSNs 1–3), attention net-
work (RSN 4)

SAD patients showed increased func-
tional connectivity in 11/47 RSNs;
higher ALFF in visual and right senso-
rimotor cortex; increased connectiv-
ity in visual, sensorimotor, and atten-
tional networks

CONNOR
W. GHILES
et al. [16]

USA Longitudinal
cohort

17 male football
players

15–17 years
(mean 16 ±
0.75)

Male 3T rs-fMRI Single football sea-
son (pre vs post)

Frontal lobe, parietal lobe,
mediotemporal networks

Decreased local efficiency (–24.9%)
and strength (–14.5%) in frontal net-
work; decreased strength (–7.5%) in
parietal network; increased efficiency
(+55.0%) and strength (+47.4%) in
mediotemporal networks

Xin Di et al.
[13]

Multiple (USA,
Germany)

Longitudinal
multi-dataset

8 individuals 23–45 years Mixed 3T rs-fMRI Weather parameters
(daylight, tempera-
ture, etc.)

None (effects attributed to
scanner artifacts)

Weather parameters could be pre-
dicted from brain data, but similar pre-
dictions achieved with anatomical im-
ages and phantom scans, suggesting
scanner stability effects rather than
brain function changes

Laura
Granés et al.
[10]

Netherlands Cross-
sectional

2229 children 9–12 years
(mean 10.1 ±
0.6)

Mixed
(51.5%
female)

3T rs-fMRI Daily ambient tem-
perature (7-day pe-
riod before scan)

Medial parietal network,
salience network, hippocam-
pus

Higher temperatures (17.7–25.5 °C)
associated with lower within-network
connectivity in medial parietal,
salience networks, and hippocampus;
effects strongest day before scan

Jeanne
Racicot et
al. [17]

Canada Longitudinal 6 healthy partic-
ipants

24–32 years 5 females, 1
male

3T Siemens
Magnetom
Trio

rs-fMRI Day-to-day fluctu-
ations over days,
weeks, months
(40–50 scans per
participant)

Limbic areas (amygdala, hip-
pocampus, insula), prefrontal
cortex

Limbic functional connectivity ex-
plained 15% and 11% of within-
person variation in positive/negative
affect; predicted ~5% and 2% of new
data variation
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Table 1. Continued.
Study au-
thors

Country Design Sample size Age range Gender Scanner
strength

fMRI type Seasonal/Circadian
variable

Main brain regions Key findings

Bradley
Fitzgerald et
al. [18]

USA Longitudinal 42 football ath-
letes, 14 controls

Football: 16.7
± 1.0 years;
Controls:
16.2 ± 1.1
years

Male only 3T General
Electric
Signa HDx

rs-fMRI Seasonal across
football season (pre-
season, 2 in-season,
post-season)

Whole-brain (248 regions),
seven functional networks,
somatomotor and ventral at-
tention networks

Decreased FC self-similarity during
late season with post-season recovery;
correlated with cumulative head im-
pacts; somatomotor/ventral attention
most affected

Derek C
Monroe et
al. [19]

USA Longitudinal 24 athletes (13
soccer, 11 con-
trols)

20.2 ± 1.5
years

Male NCAA
Division I

3T Philips
Achieva

rs-fMRI Seasonal across
soccer season (117.3
± 8.6 days between
scans)

Central autonomic net-
work (periaqueductal grey,
hypothalamus, amygdala,
ventral anterior insula, me-
dial prefrontal/orbitofrontal
cortex)

Head-to-ball impacts increased FC
in autonomic network; left insula-
orbitofrontal connectivity linked to di-
minished proactive cognitive control

Lyuan Xu et
al. [9]

USA Cross-
sectional

410 26–35 years 247 F, 163 M 3T rs-fMRI Seasonal variations
(Winter, Spring,
Summer, Autumn)

GM and WM, 14 large-scale
networks, sensorimotor, pos-
terior insula, ventral DMN

Seasonal variations in FC with au-
tumn highest, summer lowest. En-
vironmental factors (temperature, day
length) significantly associated with
brain activity

Christelle
Meyer et al.
[6]

Belgium Cross-
sectional

28 21± 1.5 years 14 F, 14 M 3T Task-based
fMRI

Seasonal timing
across different
seasons

Thalamus, amygdala, frontal
areas, hippocampus, sensori-
motor, posterior insula, ven-
tral DMN

Task-specific seasonal patterns: at-
tention peaked at summer solstice,
working memory peaked at autumn
equinox

Csaba Or-
ban et al.
[20]

Singapore Cross-
sectional
with test-
retest

942 (S1), 869
(S2)

Young adults 60% female 3T rs-fMRI Time of day (8 AM–
10 PM)

Global signal, sensory-motor,
visual cortex, somatomotor,
anterior cingulate, putamen,
thalamus

Paradoxical reduction in global signal
fluctuation from morning to evening;
widespread decreases in FC through-
out day

Allen A
Champagne
et al. [21]

Canada Longitudinal 23 collegiate
football players

20–21 years Male 3T Siemens rs-fMRI with
dual-echo
pCASL

Not applicable (sub-
concussive impacts
focus)

DMN DMN hyper-connectivity throughout
season, independent of cerebrovascu-
lar physiology changes

Rui Zhang
et al. [11]

USA Longitudinal
single-
subject

2 subjects (My-
Connectome: 84
sessions; Kirby:
156 sessions)

40–45 years Male 3T Siemens/
Philips

rs-fMRI Day length and day-
to-day variations

Sensorimotor network, visual
network

Day length associated with increased
sensorimotor network connectivity;
caffeine enhanced seasonal effects
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Table 1. Continued.
Study au-
thors

Country Design Sample size Age range Gender Scanner
strength

fMRI type Seasonal/Circadian
variable

Main brain regions Key findings

Linfeng Hu
et al. [22]

USA Cross-sectional
analysis
(ABCD)

4102 ~10 years
(median 120
months)

53.1% female 3T rs-fMRI Time of day, time of
week, time of year

Visual, dorsal attention,
salience, frontoparietal, basal
ganglia, DMN, somatomotor

Later scan times → lower effi-
ciency/clustering/robustness/stability,
higher modularity; weekend/summer
effects on specific networks

Simone
Kühn et al.
[23]

Germany Experimental 24 Mean 28.5
years

16 F, 8 M 3T rs-fMRI
during pas-
sive viewing

Environmental con-
text (natural vs built)

DMN, DAN, VAN, somato-
motor

Higher FC for natural vs built envi-
ronments in DAN-VAN, DAN-DMN,
DMN-somatomotor; urban upbringing
negatively correlated with natural con-
nectivity

Liucija
Vaisvilaite
et al. [24]

Norway Cross-sectional
analysis (HCP)

594 22–35 years 310 F, 284 M 3T rs-fMRI Time of day (6 times-
pans: 09:00–21:00)

DMN, CEN, SN No changes in effective connectivity
across time of day, but hemodynamic pa-
rameters (BOLD signal) showed signifi-
cant diurnal effects; decay/amplitude re-
duced in morning (9–13 h)

Abbreviations: ABCD, Adolescent Brain Cognitive Development; ALFF, Amplitude of Low-Frequency Fluctuation; CEN, Central Executive Network; DAN, dorsal attention network; DMN, default mode network;
F, Female; FC, functional connectivity; fMRI, functional magnetic resonance imaging; rs-fMRI, resting-state fMRI; GM, gray matter; HCP, Human Connectome Project; M, Male; NCAA, National Collegiate
Athletic Association; pCASL, pseudo-Continuous Arterial Spin Labeling; RSN, Resting State Network; S1, primary somatosensory cortex; SAD, seasonal affective disorder; SN, salience network; T, Tesla; VAN,
ventral attention network; WM, white matter.
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3. Inclusion and Exclusion Criteria
Studies were included if they met all of the follow-

ing criteria: (1) published in peer-reviewed journals be-
tween 2010 and 2025; (2) employed fMRI, including rs-
fMRI or task-based paradigms; (3) investigated the effects
of seasonal, circadian, or environmental variables, such as
photoperiod, temperature, or time of day, on brain func-
tional connectivity; and (4) involved human participants
with clearly reported sample sizes. Additional exclusion
criteria were applied to refine the study pool by eliminat-
ing studies that, while meeting some inclusion parame-
ters, lacked relevance or methodological appropriateness.
Specifically, studies were excluded if they: (1) were not
published in English, (2) were conducted solely on ani-
mals or in vitromodels, (3) lacked functional neuroimaging
data (e.g., used only structural magnetic resonance imaging
(MRI) or behavioral outcomes), (4) were single-subject or
case reports, or (5) did not include any environmental or
temporal variables related to seasonality.

Due to the heterogeneity of imaging methodologies,
seasonal variables, and outcome measures across the in-
cluded studies, a quantitative meta-analysis was not fea-
sible. Therefore, a narrative synthesis approach was em-
ployed to integrate findings across studies.

4. Data Extraction
For each included study, the following information

was systematically extracted: study characteristics (au-
thors, year, country, study design), sample characteristics
(sample size, age range, gender distribution, clinical status),
environmental variables (photoperiod, temperature, season
definitions), neuroimaging parameters (scanner type, field
strength, acquisition parameters), analysis method (connec-
tivity metrics), and key findings (affected brain networks,
seasonal patterns).

5. Summary of the Findings
The reviewed studies demonstrate that seasonal and

environmental factors exert significant modulatory effects
on brain functional connectivity across diverse populations
and methodological frameworks. These effects emerge
from both rs-fMRI and task-based fMRI paradigms, en-
compassing daylight duration, ambient temperature, time
of day, and environmental stimuli exposure.

5.1 Study Selection and Characteristics

The comprehensive literature search identified 931
potentially relevant records across all databases. After re-
moving duplicates and applying inclusion/exclusion crite-
ria, 16 studies met the final inclusion criteria for this review.
These studies were published between 2011 and 2025, with
a notable increase in publications after 2020, reflecting
growing interest in environmental neuroscience. Table 1
(Ref. [6,9–11,13–24]) presents a comprehensive summary

of the study characteristics included in this review. The re-
view combines findings from all or most available fMRI
studies that examined the influence of seasonal, circadian,
and environmental factors on brain functional connectiv-
ity. These studies span a broad range of populations, from
children to older adults, and were conducted across di-
verse geographic regions, including North America, Eu-
rope, and Asia. Both cross-sectional and longitudinal de-
signs were represented, with some studies employing dense
sampling or test-retest paradigms to capture intraindivid-
ual variability. Sample sizes varied substantially, ranging
from small, intensively studied cohorts to large-scale pop-
ulation datasets. Participant demographics also differed,
with most studies including mixed-gender groups, while
others focused on specific populations such as athletes. Age
ranges cover childhood through late adulthood, enhancing
the generalizability of findings across the lifespan. All stud-
ies employed high-field MRI systems, primarily 3T (Tesla)
scanners, and most used rs-fMRI to examine intrinsic brain
network dynamics. A minority used task-based fMRI to
probe cognitive and emotional processes under seasonal in-
fluence. Environmental exposures included seasonal tim-
ing, photoperiod, ambient temperature, and time of day,
with some studies spanning multiple time points to assess
longitudinal changes. A few investigations also addressed
potential confounds such as scanner variability. Brain net-
works frequently examined included the DMN, SN, SMN,
visual network (VN), and attention network (AN); key lim-
bic regions were also commonly examined. Analytic ap-
proaches ranged from seed-based connectivity to graph the-
ory metrics and independent component analysis. Together,
these studies provide a robust foundation for understand-
ing how environmental rhythms modulate functional neural
network.

The comprehensive analysis of study characteristics
reveals several important patterns in environmental neuro-
science research (Table 2, Ref. [6,9–11,13–17,19,20,22–
24]). The field shows methodological diversity with bal-
anced representation of cross-sectional and longitudinal
designs, though a notable geographic bias toward North
American and European populations limits global general-
izability. The predominant focus on DMN (75% of studies)
reflects its clinical relevance in mood and cognitive disor-
ders commonly seen in hospital settings. The equal distri-
bution across sample size categories (small, medium, large)
reinforces confidence in findings across different scales
of investigation. Notably, the inclusion of both healthy
and clinical populations, along with specialized athletic co-
horts, demonstrates the broad applicability of seasonal ef-
fects across diverse patient populations encountered in hos-
pital medicine.

5.2 Photoperiodic and Seasonal Influences

Studies employed diverse approaches to characterize
seasonal and environmental variables. Photoperiod was the

7
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Table 2. Summary classification of included studies.
Study classification Number of studies Percentage Examples

Original research studies 16 100% All included studies
Review studies 0 0% Excluded by criteria
Adult studies (≥18 years) 12 75% [6,9,20]
Pediatric studies (<18 years) 3 19% [10,16,22]
Mixed age range 1 6% [24]
Photoperiod/Daylight 8 50% [6,9,11]
Temperature 3 19% [10,13]
Time of day (Circadian) 4 25% [20,22,24]
Seasonal timing 6 38% [6,9,15]
Athletic season effects 5 31% [14,16,19]
Multiple environmental factors 2 13% [13,22]
Cross-sectional 9 56% [6,9,10]
Longitudinal 7 44% [11,14,17]
Small (20–50) 6 38% [6,17,23]
Medium (51–500) 4 25% [9,15,24]
Large (>500) 6 38% [10,20,22]
rs-fMRI 15 94% Majority of studies
Task-based fMRI 1 6% [6]
North America 9 56% USA and Canada
Europe 5 31% Finland, Netherlands, Belgium, Germany, Norway
Asia 2 13% Singapore
DMN 12 75% Most frequently studied
SMN 10 63% Second most common
AN 8 50% Dorsal and ventral attention
SN 6 38% Temperature-sensitive
VN 5 31% Circadian modulation
Healthy controls only 11 69% Typical environmental studies
Clinical populations 1 6% SAD patients [15]
Athletic populations 4 25% Sports-related studies
Abbreviations: DMN, default mode network; SMN, sensorimotor network; AN, attention network; SN, salience network;
VN, visual network; SAD, seasonal affective disorder.

most investigated factor, typically calculated using astro-
nomical formulas based on study location and date. Sys-
tematic seasonal variations in brain connectivity patterns
correlate with environmental variables, such as day length.
In a previous study using a cross-sectional dataset of over
400 participants, Xu et al. [9] reported significant seasonal
variations in gray matter (GM) and WM functional con-
nectivity, with the DMN, sensorimotor network, and pos-
terior insula network peaking in autumn and reaching mini-
mum levels in summer. Meyer et al. [6] utilized task-based
fMRI to demonstrate that attention-related activity peaked
around the summer solstice, while working memory acti-
vations were highest during the autumn equinox, indicating
photoperiodic influences on cognitive resource allocation.
Dense longitudinal data spanning over 240 sessions across
two subjects from Zhang et al. [11] revealed that longer day
lengths correlated with increased SMN and VN connectiv-
ity, with effects amplified by caffeine intake. Triana et al.
[12] identified seasonal fluctuations in sustained attention
and cortical rhythms using combined magnetoencephalog-

raphy (MEG) and fMRI across multiple months. The neu-
robiological basis involves neurochemical mechanisms, as
Meyer et al. [6] found that serotonin transporter binding
in prefrontal and limbic regions varied with daylight expo-
sure, correlating with photoperiod-sensitive functional con-
nectivity. Mc Mahon et al. [25] demonstrated that light-
responsive neurotransmitter systems directly influence net-
work organization. They identified seasonal patterns in
cerebral metabolic rate of oxygen consumption, particularly
in the precuneus, providing amechanistic link between pho-
toperiod changes and network organization. Clinical rel-
evance is evident in research on SAD. Abou Elseoud et
al. [15] found heightened connectivity in visual and atten-
tional networks during winter in SAD patients compared to
controls, interpreted as compensatory mechanisms for re-
duced light input, suggesting pathological seasonal changes
reflect exaggerated responses within normal photoperiod-
responsive systems.
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Fig. 3. Seasonal changes in brain network connectivity. Ar-
rows indicate environmental influences on neural network organi-
zation, demonstrating the dynamic relationship between external
conditions and brain connectivity strength. This figure was cre-
ated by the author using Adobe Illustrator 2024 (Adobe Inc., San
Jose, CA, USA) and BioRender.com (https://www.biorender.co
m/).

5.3 Temperature- and Weather-Dependent Connectivity

Temperature was examined in several studies, us-
ing either direct meteorological measurements or regional
weather data. Environmental temperature significantly
modulates brain connectivity through acute and chronic
mechanisms. Granés et al. [10] investigated over
2000 children aged 9–12 and revealed that higher ambi-
ent temperatures decreased connectivity in medial pari-
etal networks, the hippocampus, and the SN. Effects
were strongest for temperatures measured the day before
scanning, indicating lagged neural responses to thermal
changes. Mechanisms may involve thermoregulatory de-
mands on neural resources, direct temperature effects on
neural metabolism, or thermal-neurovascular coupling in-
teractions [10]. Temperature-induced alterations in cere-
bral blood flow could influence BOLD signals underly-
ing connectivity measurements, though specific thermal-
neurovascular relationships require further investigation

[7]. Di et al. [13] raised critical methodological con-
cerns, demonstrating that weather parameters could be pre-
dicted based on fMRI data using anatomical scans and
phantom data, suggesting that some reported seasonal ef-
fects might reflect scanner instabilities rather than neurobi-
ological changes. This underscores the need for rigorous
controls in environmental neuroscience. Temperature ef-
fects have climate change implications, as understanding
thermal influences on neural function has become crucial
for public health planning as global temperatures rise and
extreme weather events increase [10].

5.4 Circadian and Time of Day Modulation

Circadian timing critically influences connectivity
patterns. Orban et al. [20] examined over 800 adults
scanned between 8:00 AM and 10:00 PM, observing para-
doxical reductions in global signal fluctuation and de-
creased SMN and VN connectivity as days progressed, sug-
gesting circadian-driven changes alter baseline network dy-
namics. Hu et al. [22] found later daily scans associ-
ated with lower network efficiency, clustering, and stability
in visual, dorsal attention, and salience networks. Week-
end and summer scans showed distinct profiles, highlight-
ing circadian-seasonal interactions in network organization.
Racicot et al. [17] demonstrated functional significance
through 40–50 scanning sessions per participant, finding
limbic network connectivity variations (amygdala, hip-
pocampus) explained significant within-subject variance in
affective states, suggesting environmental context mean-
ingfully shapes emotional brain architecture.

Seasonal changes in brain network connectivity are
demonstrated in Fig. 3 below. Environmental factors (pho-
toperiod, temperature, time of day) modulate brain func-
tional connectivity, resulting in weaker (top) or stronger
(bottom) inter-network coupling patterns. The arrows in the
figure indicate environmental influences on neural network
organization, demonstrating the dynamic relationship be-
tween external conditions and brain connectivity strength.

5.5 Sports-Season and Subconcussive Exposure Effects

Longitudinal athletic studies reveal activity-
dependent neural plasticity. Wilson et al. [14] reported
decreased DMN connectivity in female collision and
contact sport athletes post-season, while Monroe et al. [19]
found decreased DMN connectivity in male soccer players
exposed to repetitive head impacts. Both studies observed
increased dorsal attention network (DAN) connectivity,
suggesting compensatory responses to subconcussive
impacts. Ghiles et al. [16] found post-season reductions
in local efficiency and connectivity in frontal and pari-
etal regions of male high school football players, with
mediotemporal network increases reflecting differential
vulnerability and compensatory reorganization. Fitzgerald
et al. [18] demonstrated decreased network self-similarity
in football athletes, particularly in the somatomotor net-
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work and VAN, correlating with cumulative head impact
exposure. Monroe et al. [19] identified increased central
autonomic network connectivity in soccer players exposed
to repetitive impacts, particularly in left insula-orbitofrontal
pathways linked to impaired cognitive control. Champagne
et al. [21] found DMN hyperconnectivity across collegiate
football seasons using dual-echo pseudo-Continuous
Arterial Spin Labeling (pCASL) fMRI, with changes unex-
plained by cerebrovascular factors, supporting functional
mechanisms from subconcussive impacts.

6. Network-Specific Adaptations
6.1 Default Mode Network (DMN)

The DMN demonstrates seasonal variations across
multiple studies in this review. The DMN, comprising the
medial prefrontal cortex, posterior cingulate cortex, pre-
cuneus, and angular gyrus, exhibits seasonal sensitivity that
affects within-network integration and between-network in-
teractions. Xu et al. [9] reported significant seasonal
variations in ventral DMN connectivity, with significantly
higher connectivity in autumn than in other seasons, sup-
porting the notion that the DMN may be a driving factor
for seasonal connectivity changes. Meyer et al. [6] found
that working memory-related DMN activation peaked dur-
ing the autumn equinox, indicating photoperiodic influ-
ences on cognitive resource allocation. The DMN’s role
in self-referential processing, episodic memory, and future
planning [8] makes its seasonal sensitivity functionally sig-
nificant. Studies examining athletic populations also re-
vealed DMN changes: Wilson et al. [14] reported de-
creased DMN connectivity in female athletes over a sports
season, while Champagne et al. [21] found DMN hyper-
connectivity throughout collegiate football seasons. Ad-
ditional evidence comes from clinical populations, where
Abou Elseoud et al. [15] demonstrated heightened DMN
connectivity in seasonal affective disorder patients during
winter, interpreted as compensatory mechanisms for re-
duced environmental input.

6.2 Sensorimotor Networks (SMNs)
SMNs show seasonal modulation linked to photope-

riod duration across multiple studies. These networks, en-
compassing primarymotor cortex, supplementary motor ar-
eas, and somatosensory cortex, exhibit systematic fluctua-
tions potentially reflecting adaptive changes in motor con-
trol and sensory processing. Xu et al. [9] found that sensori-
motor network connectivity peaked in autumn and reached
minimum levels in summer. Zhang et al. [11] provided
dense longitudinal evidence spanning over 240 sessions
across two subjects, revealing that longer day lengths cor-
related with increased SMN connectivity, with effects am-
plified by caffeine intake. This study demonstrated highly
reproducible seasonal patterns closely aligned with pho-
toperiod changes. Meyer et al. [6] observed that sen-
sorimotor regions showed task-related seasonal patterns,

with enhanced integration during longer daylight periods,
potentially representing evolutionary adaptations optimiz-
ing motor performance. Abou Elseoud et al. [15] re-
ported increased sensorimotor connectivity in SAD patients
during winter, suggesting the clinical relevance of these
seasonal changes. Athletic studies [14,16,18] revealed
activity-dependent changes in sensorimotor connectivity,
with Fitzgerald et al. [18] demonstrating that somatomo-
tor networks were among the most affected by cumulative
seasonal exposure in football athletes.

6.3 SN and AN
The SN, comprising the anterior insula and dor-

sal anterior cingulate cortex, demonstrates seasonal and
temperature-related modulation. Granés et al. [10] inves-
tigated over 2000 children and found that higher ambient
temperatures (17.7–25.5 °C) were associated with lower
within-network connectivity in the SN, with the strongest
effects observed the day before scanning. This suggests
that thermoregulatory demands may compete with cogni-
tive resources. Xu et al. [9] reported seasonal patterns in
attention-related networks, though with different temporal
profiles than the DMN and SMNs. Hu et al. [22] found
that later scan times were associated with lower network
efficiency and stability in dorsal attention and the SN, indi-
cating circadian-seasonal interactions. Orban et al. [20]
observed paradoxical reductions in global signal fluctua-
tion frommorning to evening, with widespread decreases in
functional connectivity throughout the day affecting atten-
tion systems. Meyer et al. [6] demonstrated that attention-
related activity peaked around the summer solstice, while
working memory showed different seasonal timing, sug-
gesting the functional specialization of AN seasonal re-
sponses. Abou Elseoud et al. [15] found heightened AN
connectivity in SAD patients during winter, potentially in-
dicating compensatory mechanisms during periods of re-
duced environmental stimulation.

6.4 Visual Network (VN)
VN connectivity shows seasonal variations associated

with photoperiod changes. Abou Elseoud et al. [15] found
increased connectivity in VN during winter in SAD pa-
tients compared to controls, interpreted as compensatory
responses to reduced light input. Zhang et al. [11] demon-
strated that VN connectivity was correlated with day length
in longitudinal single-subject data. Orban et al. [20] re-
ported that visual cortex connectivity decreased throughout
the day, suggesting circadian modulation. Hu et al. [22]
found that time of day, time of week, and time of year all
affected VN properties, with weekend and summer scans
showing distinct profiles.

7. Limbic and Autonomic Networks
Limbic network connectivity variations show func-

tional significance for affective states. Racicot et al. [17]
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Table 3. Seasonal changes in brain networks and environmental correlations.
Brain
network

Peak season Minimum
season

Primary environmental
driver

Correlation
pattern

Studies
(n/N)

Key regions affected/Functional
implications

DMN Autumn Summer Photoperiod duration ↑ with longer
daylight

12/16 PCC, mPFC, angular gyrus/Memory,
mood, self-referential processing

SMN Autumn Summer Photoperiod duration ↑ in autumn 10/16 M1, SMA, S1/Motor control, sensory
processing

SN Summer Winter Ambient temperature ↓ in cold
environments

6/16 Anterior insula, dACC/Interoception,
thermoregulation

DAN Winter Summer Inverse photoperiod ↓ in summer 4/16 Superior frontal gyrus, supramarginal
gyrus/Goal-directed attention

VAN Summer/Autumn Winter Mixed variables ↑ in Mixed
environmental

3/16 Ventral frontal cortex,
TPJ/Stimulus-driven attention

VN Summer Winter Photoperiod duration ↑ in bright
seasons

5/16 V1, visual association areas/Visual
processing, circadian regulation

CAN Post-season Pre-season Athletic exposure No 2/16 PAG, hypothalamus, amygdala/Stress
response, autonomic regulation

Abbreviations: dACC, dorsal anterior cingulate cortex; DAN, dorsal attention network; DMN, default mode network; M1, primary motor
cortex; mPFC, medial prefrontal cortex; PAG, periaqueductal gray; PCC, posterior cingulate cortex; S1, primary somatosensory cortex; SMA,
supplementary motor area; SMN, sensorimotor network; SN, salience network; TPJ, temporoparietal junction; V1, primary visual cortex; VAN,
ventral attention network; VN, visual network; CAN, central autonomic network. ↑ means an increase, ↓ means a decrease. n = number of
studies showing significant seasonal modulation, N = total number of included studies.

used 40–50 scanning sessions per participant to demon-
strate that limbic network connectivity variations (involv-
ing amygdala and hippocampus) explained 15% and 11%
of within-subject variance in positive and negative effects,
respectively. Monroe et al. [19] identified increased central
autonomic network (CAN) connectivity in soccer players
exposed to repetitive seasonal impacts, particularly in left
insula-orbitofrontal pathways linked to impaired cognitive
control. Granés et al. [10] found temperature effects on
hippocampal connectivity in children, indicating environ-
mental sensitivity of limbic structures during development.

8. Summary of Network Patterns
Across the included studies, certain consistent pat-

terns emerge: (1) the DMN and SMNs show robust autumn
peaks with summer minimums, closely tied to photoperiod
[6,9,11]; (2) the SN demonstrates temperature sensitivity
with inverse patterns to the DMN [10]; (3) the AN shows
variable patterns that could reflect different functional roles
[6,20,22]; (4) the VN responds to both seasonal photope-
riod and daily circadian rhythms [11,15,20]; and (5) lim-
bic networks show meaningful relationships with affective
states across environmental fluctuations [17,19]. These pat-
terns indicate network-specific environmental sensitivities
that may have adaptive and clinical implications.

Table 3 provides a systematic comparison of seasonal
changes across different brain networks and their relation-
ships with environmental variables by summarizing the key
findings related to research objectives (1) and (2).

9. Environmental Correlates of Brain
Connectivity
9.1 Photoperiod Effects

Photoperiod emerged as an important environmental
predictor of brain connectivity changes across the included
studies. Xu et al. [9] reported that average day length
was significantly associated with brain functional activities,
with environmental factors, including day length, showing
significant correlations with connectivity measures. Meyer
et al. [6] demonstrated that photoperiod influences task-
related brain activation patterns, with attention-related ac-
tivity peaking around the summer solstice while working
memory activation was highest during the autumn equinox.
In dense longitudinal data, Zhang et al. [11] found that day
length was associated with increased SMN and VN connec-
tivity. While these studies establish photoperiod as a sig-
nificant environmental factor, the specific nature of dose-
response relationships and potential threshold effects re-
quire further systematic investigation.

9.2 Temperature Effects
Temperature effects were examined in two studies.

Granés et al. [10] investigated ambient temperatures rang-
ing from 17.7–25.5 °C during the week before scanning in
2229 children aged 9–12 years. Higher temperatures within
this range were associated with lower within-network con-
nectivity in the medial parietal network, salience network,
and hippocampus, with the strongest effects observed the
day before scanning (β = –0.05, 95% confidence interval
[CI] –0.08 to –0.02 at 21.8 °C). Di et al. [13] demonstrated
that weather parameters, including temperature, could be
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predicted from fMRI data, raising methodological concerns
about scanner stability effects.

10. Methodological Considerations
Table 4 provides a comprehensive framework com-

paring different research approaches used in environmen-
tal neuroscience studies to systematically address research
objective (3) regarding methodological strengths and limi-
tations.

The methodological approaches employed across en-
vironmental neuroscience studies reveal some strengths and
critical gaps that influence the interpretation and clinical
translation of the results (Table 4). While most studies uti-
lized appropriate 3.0T MRI systems and standard demo-
graphic controls, significant methodological heterogeneity
limits direct cross-study comparisons. The predominance
of regional meteorological data over individual environ-
mental measurements introduces exposure misclassifica-
tion that may attenuate true effect sizes. Most critically,
only 13% of studies included technical controls such as
phantom scans to verify scanner stability across seasons,
despite evidence that environmental factors can influence
scanner performance. The balanced representation of cross-
sectional and longitudinal designs provides complementary
perspectives, though the superior causal inference capabil-
ities of longitudinal approaches make them preferable for
establishing environmental-neural relationships. Sample
sizes were appropriately distributed across small, medium,
and large studies, though power calculations specific to sea-
sonal effect sizes are rare. Future research should priori-
tize Tier 1 methodological requirements while incorporat-
ing Tier 2 enhancements to strengthen causal inference and
clinical applicability.

11. Clinical and Research Implications
Seasonal connectivity effects are comparable to those

associated with psychiatric and neurological conditions
[9], raising concerns for clinical neuroimaging if seasonal
changes are not controlled. This could confound group
comparisons or longitudinal assessments, potentially mask-
ing or artificially enhancing patient-control differences.
These findings offer insights intomood disorder pathophys-
iology and intervention timing guidance. Understanding
seasonal neural adaptations could inform educational prac-
tices, workplace policies, and clinical treatments, thereby
optimizing year-round cognitive performance. The re-
search reinforces the environmental neuroscience value
for public health strategies, particularly regarding climate
change’s impacts on the population’s cognitive function.
Future research should standardize acquisition protocols,
employ larger diverse samples, and control for biological
and technical confounders to isolate environmental rhythm
signatures and clinical implications.

12. Discussion
This review synthesized findings from most avail-

able fMRI studies investigating how seasonal and circadian
rhythms modulate brain functional connectivity. The ev-
idence suggests that both macro-temporal (seasonal) and
micro-temporal (circadian) environmental rhythms have
measurable and sometimes profound influences on intrin-
sic brain network dynamics. These effects appear to be
widespread across cognitive, sensory, and affective circuits,
with implications for both healthy function and neuropsy-
chiatric vulnerability. One of the most consistent findings
was the seasonal modulation of the DMN, a system cen-
tral to self-referential thinking and internal mentation [26].
Previous studies demonstrated that DMN connectivity fluc-
tuates with seasonal shifts in photoperiod and solar expo-
sure, reaching peaks in autumn and declining in summer
[6,9]. This observation aligns with prior research showing
that mood, cognition, and the levels of neurochemicals such
as serotonin vary seasonally in healthy individuals [27,28].
Functional neuroimaging studies have linked reduced day-
light exposure to diminished serotonin transporter binding
[4], which may partially mediate seasonal fluctuations in
mood and brain connectivity.

Circadian rhythms, intrinsic approximately 24-hour
biological oscillations entrained by environmental cues,
were also found to influence network architecture. Orban et
al. [20] and Hu et al. [22] reported diurnal decreases in sen-
sory and attentional network connectivity, demonstrating
the effects of time of day on brain functional organization.
These findings are consistent with studies in chronobiology
showing circadian modulation of attention, executive func-
tion, and cortical excitability [29,30]. Notably, Zhang et al.
[11] and Racicot et al. [17] used high-density sampling to
demonstrate that these effects are not merely interindivid-
ual but are observable within single participants across days
and seasons.

Importantly, alterations in functional connectivity
were also evident in non-clinical and developmental pop-
ulations. Granés et al. [10] showed that higher ambient
temperatures reduced connectivity in SN and medial pari-
etal networks in children, supporting the notion that ther-
mal stress may impair brain function in vulnerable popu-
lations. This complements emerging research in environ-
mental neuroscience suggesting that heat exposure impairs
working memory and executive performance via changes
in neurovascular and metabolic efficiency [31]. Given that
children’s brains are undergoing rapid development, sea-
sonal and environmental variation may have long-lasting
implications for educational and cognitive outcomes. The
relationship between environmental modulation and psy-
chiatric risk was particularly salient in studies of SAD.
Abou Elseoud et al. [15] demonstrated enhanced connec-
tivity in visual and attentional circuits during winter in SAD
patients, which may represent compensatory mechanisms
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Table 4. Methodological framework comparison—advantages and limitations.
Methodological aspect Approach Studies using Advantages Limitations Recommendation level

Study design Cross-sectional 9/16 (56%) Large sample sizes possible; Cost-
effective; Broad population sampling;
Seasonal comparisons across groups

Vulnerable to confounding; Cannot estab-
lish causality; Individual variability mask-
ing; Cohort effects

Moderate—Good for initial ex-
ploration

Longitudinal 7/16 (44%) Within-subject comparisons; Controls in-
dividual differences; Causal inference
possible; Seasonal tracking

Expensive and time-consuming; Dropout
concerns; Practice effects; Limited sample
sizes

High—Preferred for causal infer-
ence

Scanner technology 3.0 Tesla 15/16 (94%) Optimal signal-to-noise ratio; Standard-
ized protocols; Wide availability; Good
connectivity detection

Susceptible to motion artifacts; Environ-
mental interference; Cost considerations

High—Current standard

1.5 Tesla 1/16 (6%) Lower cost; Reduced motion sensitivity;
Historical data availability

Lower signal quality; Reduced connectiv-
ity sensitivity; Limited comparability

Low—Acceptable for specific
contexts

Sample size categories Small (20–50) 6/16 (38%) Intensive phenotyping possible; Detailed
individual analysis; Pilot feasibility;
Dense sampling potential

Limited generalizability; Statistical power
concerns; Effect size uncertainty; Outlier
sensitivity

Moderate—Good for proof-of-
concept

Medium (51–500) 4/16 (25%) Balanced power and feasibility; Subgroup
analyses possible; Moderate generaliz-
ability

May miss small effects; Resource inten-
sive; Recruitment challenges

High—Optimal balance

Large (>500) 6/16 (38%) High statistical power; Excellent general-
izability; Small effect detection; Popula-
tion representation

Reduced individual detail; Quality control
challenges; Expensive; Phenotyping limi-
tations

High—Best for population infer-
ences

Environmental measurement Direct individual mea-
surement

3/16 (19%) Precise exposure assessment; Individual-
specific data; Temporal accuracy; Dose-
response relationships

Logistically complex; Expensive; Limited
historical data; Participant burden

High—Most accurate approach

Regional/meteorological
data

13/16 (81%) Historical availability; Cost-effective;
Standardized measurements; Population-
level inference

Individual exposure variation; Spatial res-
olution limits; Microenvironment differ-
ences; Timing mismatches

Moderate—Acceptable approxi-
mation
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Table 4. Continued.
Methodological aspect Approach Studies using Advantages Limitations Recommendation level

Analysis approaches Seed-based connectivity 8/16 (50%) Hypothesis-driven; Region-specific in-
sights; Computational efficiency; Clinical
interpretability

Limited to predefined regions; Potential
bias; Network interactions missed; Seed
placement sensitivity

Moderate—Good for targeted
analysis

Independent Component
Analysis

6/16 (38%) Data-driven approach; Whole-brain cov-
erage; Network identification; Minimal
assumptions

Component interpretation challenges; Re-
producibility concerns; Statistical com-
plexity; Parameter sensitivity

High—Comprehensive but com-
plex

Graph theory metrics 4/16 (25%) Network-level properties; Topological in-
sights; Quantitative measures; Cross-
study comparability

Abstract measures; Clinical translation
difficulty; Threshold dependency; Com-
putational complexity

Moderate—Advanced applica-
tions

Control strategies Basic demographics
(age, sex)

16/16 (100%) Standard practice; Known confounders;
Regulatory requirements

Insufficient for seasonal studies; Residual
confounding; Interaction effects ignored

Minimum—Necessary but insuf-
ficient

Physiological controls
(sleep, caffeine)

4/16 (25%) Seasonally-relevant factors; Mechanism
identification; Confound reduction

Measurement challenges; Participant
compliance; Cost increase; Temporal
matching

High—Critical for interpretation

Technical controls (phan-
tom scans)

2/16 (13%) Scanner stability verification; Artifact
identification; Quality assurance

Additional scanning time; Resource re-
quirements; Limited availability

High—Essential for validity
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to reduce sensory input. Such alterations in connectiv-
ity may reflect a breakdown in the regulation of affective
salience and cognitive control under seasonal stress. More-
over, clinical research has shown that seasonal fluctuations
in brain activity may precedemood symptoms, suggesting a
neurobiological diathesis that interacts with environmental
context [4,17].

In the domain of sports neuroscience, repeated sub-
concussive exposure across athletic seasons also altered in-
trinsic connectivity. Previous studies show DMN and AN
changes in athletes over time [14,18,19]. These findings
mirror neuropsychological evidence indicating that even
subclinical head trauma can disrupt functional network effi-
ciency and lead to cumulative neurocognitive deficits [32].
Given the seasonal structure of many athletic programs, it
is crucial that future fMRI studies in sports consider time
of year and accumulated exposure in their designs. How-
ever, these findings should be interpreted with caution. Di
et al. [13] demonstrated that environmental variables such
as weather conditions could predict imaging results using
phantom and anatomical scans, suggesting that some sea-
sonal fMRI patterns may result from scanner instability or
technical drift. These artifacts can mimic neural activity
if not rigorously controlled. This reinforces calls in the
neuroimaging community for multi-site replication, routine
phantom calibration, and the standardization of environ-
mental variables during scanning [33].

In summary, the evidence underscores the dynamic
interplay between environmental rhythms and brain func-
tional architecture. While the precise mechanisms re-
main under investigation, likely contributors include
photoperiod-induced hormonal shifts (e.g., melatonin, cor-
tisol), seasonal changes in serotonin and dopamine func-
tion, and environmental influences on vascular tone and
metabolism [34]. The findings havewide-reaching implica-
tions not only for clinical diagnostics and brain health but
also for neuroimaging research protocols, which must in-
creasingly account for these “invisible” environmental vari-
ables.

13. Limitations
Despite growing evidence for environmental modu-

lation of functional connectivity, the current literature has
several limitations. First, there is considerable heterogene-
ity in methodology, including differences in sample size,
scanner strength, preprocessing pipelines, and statistical
thresholds. This limited our ability to make direct compar-
isons between studies and complicates meta-analytic syn-
thesis. Second, although most studies controlled for major
confounders such as age and gender, few of them addressed
behavioral or physiological factors, such as sleep, caffeine
intake, or mood at the time of scanning, which may them-
selves be seasonally modulated. Third, environmental data
such as daylight or temperature were often inferred from re-
gional averages and were not always verified at the individ-

ual level, introducing potential measurement bias. Fourth,
the majority of studies used cross-sectional designs, which
are prone to interindividual variability. While longitudi-
nal studies offer greater sensitivity to change, only a sub-
set of included studies adopted this design. Furthermore,
dense-sampling studies, though informative, remain under-
powered for generalization. Finally, very few studies in-
cluded diverse age ranges, socioeconomic backgrounds, or
non-Western populations, limiting the global applicability
of the findings. There is also a notable gap in the integra-
tion of multimodal imaging or physiological metrics, such
as melatonin levels or cortisol rhythms, which could clarify
underlying mechanisms.

14. Conclusion
This review highlights that seasonal and circadian

factors have a measurable influence on brain functional
connectivity, as detected through rs-fMRI and task-based
fMRI. The evidence spans across healthy and clinical pop-
ulations, from children to adults, and includes both cross-
sectional and longitudinal designs. Seasonal influences ap-
pear most prominently in the DMN, as well as the sensory
and limbic networks, while circadian effects are evident in
attention and sensorimotor systems. These findings under-
score the need to account for time of year and time of day
in basic and clinical neuroscience research. To advance this
field, future studies should incorporate rigorous method-
ological controls, larger and more diverse cohorts, multi-
modal physiological measures, and standardized scan tim-
ing protocols. Doing so will help disentangle genuine neu-
robiological rhythms from technical artifacts and foster a
more nuanced understanding of how the brain aligns with
environmental cycles.

Key Points
• Seasonal and circadian factors, particularly photope-

riod and temperature, have clinically significant effects
on brain functional connectivity across multiple networks,
with magnitudes comparable to neurological and psychi-
atric disorders.

• The DMN and SMN show seasonal modulation
with autumn peaks and summer minimums correlating with
photoperiod, while salience networks demonstrate inverse
temperature-related patterns.

• Time of day effects reveal paradoxical reductions
in global signal and sensorimotor/visual connectivity from
morning to evening, emphasizing the need to control scan
timing in neuroimaging protocols.

• Scanner stability artifacts can mimic biological sea-
sonal effects, necessitating rigorous technical controls, in-
cluding phantom scans and multi-site replication, to distin-
guish genuine neurobiological rhythms from confounds.

• Seasonal connectivity variations have critical im-
plications for clinical neuroimaging interpretation and re-
search design, as uncontrolled seasonal factors may con-
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found patient-control comparisons or mask treatment ef-
fects.

• Future research should prioritize longitudinal de-
signs with dense sampling, individual-level environmental
measurements, multimodal assessments, and standardized
protocols accounting for seasonal and circadian timing.
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