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REVIEW ARTICLE

Seasonal variation in vascular function: a systematic review and 
recommendations for future research
Alfie Gordona, Mark Rossb, Kathryn Westonc, Lis Neubecka and David J Muggeridgea

aCentre for Cardiovascular Health, Edinburgh Napier University, Edinburgh, UK; bSchool of Energy, Geoscience, 
Infrastructure and Society, Heriot-Watt University, Edinburgh, UK; cSchool of Psychological Sciences and Health, 
University of Strathclyde, Glasgow, UK

ABSTRACT
Vascular function serves as a prognostic marker for cardiovascular disease 
and may exhibit seasonal variations due to lifestyle and environmental 
factors. Our systematic review aimed to determine whether seasonal 
variations in vascular function are present. We conducted a search of 
five databases (MEDLINE via PubMed, CINAHL, Web of Science, 
Cochrane Library, and Biomed Central) to identify evidence of seasonal 
variations in vascular function. Studies were eligible for inclusion if they 
assessed vascular function in adult humans during two or more seasons 
and were published in English. Of the 20,420 studies screened, 12 were 
eligible and none were excluded due to bias. Nine studies reported 
significant seasonal variations in vascular function, whereas three studies 
found no significant seasonal variations. The seasonality of vascular func
tion remains unclear. However, current literature indicates that vascular 
dysfunction may exhibit a seasonal pattern, with vascular function 
reduced in the winter. Seasonal variations in endothelial function neces
sitate further exploration, particularly concerning factors such as exercise, 
temperature, light exposure, and air pollution. Future research should 
adopt standardised protocols, involve diverse and larger populations, 
employ longitudinal designs to minimise confounding factors, system
atically measure and adjust for environmental variables, and accurately 
assess the impact of seasonal variation on vascular function.
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Introduction

Cardiovascular disease (CVD) is the leading cause of all-cause mortality globally (Mc Namara et al.  
2019), and an increased incidence of cardiovascular (CV) events has been observed in the winter 
months (Fares 2013). The seasonality of CVD is likely attributed to the complex interaction between 
seasonal environmental factors, behavioural factors, and individual susceptibility factors such as age 
and pre-existing health conditions (Stewart et al. 2017). However, the underlying pathophysiolo
gical mechanisms are not yet well understood. The endothelium, a single-cell layer lining all the 
blood vessels, is crucial for maintaining vascular homeostasis and function (Poredos et al. 2021). 
Endothelial dysfunction, fundamentally characterised by impaired nitric oxide (NO) bioavailability 
(Cyr et al. 2020), is widely recognised as the first step in the pathogenic progression of CVD 
(Poredos et al. 2021). Indeed, the endothelium is increasingly becoming a surrogate endpoint for 
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assessing cardiovascular risk (Versari et al. 2009). As such, investigating potential fluctuations in 
endothelial and/or vascular function may provide valuable insights into the pathophysiological 
mechanisms responsible for the observed seasonal variation in CVD susceptibility and inform the 
development of targeted preventative strategies.

Current data indicate that vascular function may be compromised during winter months 
compared to summer months (Widlansky et al. 2007; Iwata et al. 2012; Honda and Igaki 2021). 
A cross-sectional study involving 2,587 participants from the Framingham Offspring cohort 
demonstrated that flow mediated dilation (FMD) was highest (3.01 ± 0.09%, n = 733) in the 
warmest quartile and lowest (2.56 ± 0.10%, n = 599) in the coldest quartile, even after adjusting 
for known risk factors for endothelial dysfunction (Widlansky et al. 2007). These results are 
consistent with the findings of Iwata et al. (2012), who observed similar statistically significant 
differences in FMD responses in the same participants between winter and summer seasons 
(Winter: 4.74 ± 2.15%, Summer: 5.71 ± 2.15%). Conversely, Patel et al. (2011) reported no signifi
cant seasonal differences in agonist-mediated endothelium-dependent vasodilation (EDV) in their 
analysis of a large cross-sectional dataset (Summer: 9.95 ± 0.53%, Winter: 11.32 ± 0.53%). 
Nevertheless, the relationship between vascular function and seasonal variation remains unclear 
(Klein-Weigel et al. 2003; Patel et al. 2011; Iwata et al. 2012).

An understanding of the seasonality of endothelial function is essential given that endothelial 
dysfunction may manifest under specific environmental conditions (Honda and Igaki 2021), 
thereby placing some populations at greater risk. Furthermore, this understanding enables the 
development and optimisation of interventions to either prevent or mitigate adverse health out
comes associated with vascular dysfunction. To the best of our knowledge, no previous study has 
comprehensively reviewed existing evidence on seasonal variations in vascular function. Therefore, 
this study aims to systematically review and synthesise the available evidence on seasonal variations 
in vascular dysfunction.

Methods

Protocol registration and search strategy (literature search strategy)

This review followed the Preferred Reporting Items for Systematic Reviews and Meta-Analysis 
(PRISMA) guidelines and was registered with the International Prospective Register of Systematic 
Reviews (PROSPERO) (registration ID: CRD42022346315) on 18 July 2022. Online databases were 
systematically searched on 18 July 2022 and researched on the 10th of May 2023 and 14th of March 
2024 to identify all studies investigating seasonal variation in endothelial function. The search was 
conducted in the following electronic databases: MEDLINE (via PubMED), CINAHL, Web of 
Science, Cochrane Library, and Biomed Central for articles published until March 2024. The search 
terms consisted of keywords related to seasonal variations in meteorological conditions and 
vascular dysfunction (Supplementary Material S1). The results of the initial search were uploaded 
into EndNote (Clarivate Analytics, Philadelphia, USA) and de-duplicated according to a standar
dised protocol (Bramer et al. 2016). Upon removal of duplicates, the resulting papers were uploaded 
to Rayyan.ai (Ouzzani et al. 2016), a web-based programme for systematic reviews.

Inclusion criteria (selection criteria)
Reviewer 1 (AG) screened the titles and abstracts using the web-based tool Rayyan.ai (Ouzzani et al.  
2016). Two reviewers (AG and DM) independently screened all full texts of eligible studies. After 
selection, the full text of the articles were studied. The reference lists of all the included studies were 
manually searched to identify any additional relevant studies. The inclusion criteria were as follows: 
(a) studies involving human adults aged ≥18 years; (b) studies including at least one measure of 
vascular function in at least two distinct seasons; (c) studies which included original data; and (d) 
studies published in English.
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Justification for inclusion of assessment methods

Our systematic review aimed to broadly examine evidence of seasonal variation in vascular 
dysfunction. While FMD is the gold-standard technique of assessing endothelial function, we 
also included in our search other relevant methods that provide insight into vascular dysfunction. 
Supplementary file S1 provides an overview of included methods and the justification for their 
inclusion.

Quality assessment

The quality, selection, comparability, and outcome of cross-sectional and cohort studies were 
critically appraised using the Newcastle–Ottawa scale (Wells et al. 2000), and adapted Newcastle– 
Ottawa scale for cross-sectional research (Herzog et al. 2013). Study quality was rated as good, fair, 
or poor, according to the instrument. Two authors independently scored the included articles, and 
any discrepancies were discussed with a third reviewer (MR).

Data extraction

One reviewer (AG) performed the data extraction, and another reviewer (DM) verified it. Data 
from eligible full texts were collectively extracted into a standardised data extraction table prepared 
in Microsoft Office Excel 2021 (Microsoft Corporation, Redmond, WA, USA). The extracted 
information included the first author’s name, publication year, study population, study design, 
study conditions, measure of endothelial function, outcomes, and confounding factors. Studies 
varied considerably in how they defined seasons. Several studies used traditional calendar month 
definitions with winter as December–February, spring as March–May, summer as June–August, 
and autumn as September–November (Honda et al. 2020; Cheng et al. 2023; Maruhashi et al. 2023). 
Some studies used solstice dates with winter (21 December–20 March), spring (21–March–20 June), 
summer (21 June–20 September), and autumn (21 September–20 December) (Widlansky et al.  
2007; Patel et al. 2011). Other studies compared just two seasons, typically winter versus summer, 
with varying definitions of these periods (Gardner-Medwin et al. 2001; Klein-Weigel et al. 2003; 
Tsao et al. 2019). One study divided the year into six bimonthly periods (Kita and Kitamura 2019), 
while others used non-traditional seasonal definitions (Haliloğlu et al. 2016). For analysis purposes 
in this review, we used the seasonal classifications as defined within each individual study to 
compare between studies. The summary was reported in narration and a descriptive table, along 
with a detailed critical assessment of each study.

Data synthesis

A meta-analysis was not conducted because of the inherent complexity of the repeated-measures 
(within-subjects) design present in the original studies, which precludes traditional meta-analysis 
approaches (Higgins and Thompson 2002). Furthermore, the original studies did not report the 
nature of the correlation between the repeated measures in each study. Not accounting for this 
correlation would result in biased wide confidence intervals and potentially affect the study 
conclusions (Higgins and Thompson 2002). Consequently, narrative synthesis was deemed the 
most suitable approach for presenting and summarising the findings of this review.

Results

Included studies

A total of 20,420 studies were identified from the database search. Following duplicate 
removal and title and abstract screening, full-text eligibility was assessed for 98 articles 
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(Figure 1). Finally, 12 articles were included, comprising 7 cohort studies and 5 cross- 
sectional studies (Figure 2) (Gardner-Medwin et al. 2001; Klein-Weigel et al. 2003; Nawrot 
et al. 2005; Widlansky et al. 2007; Patel et al. 2011; Iwata et al. 2012; Di Pilla et al. 2017; Tsao 
et al. 2019; Kita and Kitamura 2019; Honda et al. 2020; Maruhashi et al. 2023).

Quality assessment

Quality assessment of cohort studies was conducted using the Newcastle–Ottawa scale for cohort 
studies (Wells et al. 2000) and an adapted version for cross-sectional studies (Herzog et al. 2013). 
The quality assessment of cohort studies revealed that six studies were rated as fair quality (score of 

Figure 1. GoFER (graphical overview for evidence reviews) diagram summarising the study designs, participant characteristics, 
techniques, study quality assessments, and key findings of studies investigating seasonal variation in endothelial function. FMD, 
flow-mediated dilation; PWV, pulse wave velocity; NID, nitroglycerine-induced vasodilation; RBC, red blood cell; AVI, arterial 
velocity pulse index; EDV, endothelial-dependent vasodilation.
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2–5) and one was rated good/high quality (score of 6–9) (Wells et al. 2000). For cross-sectional 
studies, all five were rated as good/high quality (score of 6–9) (Herzog et al. 2013). No study was 
excluded due to risk of bias.

Characteristics of included studies

The characteristics of the 12 included studies are presented in Table 1. The 12 studies were 
published between 2001 and 2024 and conducted in various temperate countries, including 
Turkey, the USA, Italy, Taiwan, Japan, Austria, China, and the United Kingdom. The sample 
sizes ranged from 27 to 2587, with 7211 participants across all the studies. The mean age of the 
participants ranged from 21 to 67 years. Six studies utilised the FMD technique to assess vascular 
function, one utilised the brachial-ankle pulse wave velocity (baPWV) technique, two utilised the 

Records identified from:
Databases (n = 20,420)
Biomed Central (n = 2)
CINAHL (n = 2404)
Cochrane Library (n = 1377)
Medline/PubMed (n = 9358)
Web of Science (n = 7279)

Records removed before 
screening:

Duplicate records removed  
(n = 2984)

Records screened.
(n =17,436)

Records excluded
(n = 17,338)

Reports sought for retrieval.
(n = 98)

Reports not retrieved.
(n = 0)

Reports assessed for eligibility.
(n = 98) Reports excluded:

No measure of endothelial 
function in two distinct 
seasons (n = 86)

Studies included in review.
(n = 12)

Identification of studies via databases and registers
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Figure 2. Prisma flow diagram for new systematic reviews detailing the study selection and screening process.
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carotid-femoral pulse wave velocity (cfPWV) technique, one utilised thermodilution, one utilised 
arterial velocity pulse index (AVI), one utilised nitroglycerine-induced vasodilation (NID), and one 
utilised red blood cell (RBC) flux to assess vascular function (Table 1). The study designs included 
six prospective cohort studies, one retrospective cohort study, four retrospective cross-sectional 
studies and one prospective cross-sectional study (Table 1).

All included studies were conducted in the Northern Hemisphere, and the latitudes of the 
included studies ranged from 23.96° to 52.45° (Table 1). Nine of the 12 studies recruited partici
pants with pre-existing medical conditions, including Raynaud’s phenomenon, Type-2 Diabetes 
Mellitus (T2DM), hypertension, and dyslipidaemia. All studies measured endothelial function in at 
least two seasons and six studies measured endothelial function during all four seasons (Table 1). Of 
the 11 studies that reported sex data, the sex split was 3768 males and 3312 females (53% male, 47% 
female) (Table 1). One study did not report sex (Table 1) (Patel et al. 2011).

Study outcomes

Table 2 presents a summary of the seasonal variation in vascular dysfunction outcome measures 
from the 12 published papers. Nine studies reported significant seasonal variation in vascular 
dysfunction, while three studies found no significant seasonal variation (Table 2).

Seasonal variation of FMD and NID
Four of the six studies that utilised the FMD technique reported that endothelial function was 
significantly higher during summer than during winter (Widlansky et al. 2007; Iwata et al. 2012; 
Haliloğlu et al. 2016; Honda et al. 2020). The study by Haliloğlu et al. (2016) observed a decrease in 
FMD% of 2.74% points from summer to winter in healthcare workers and a 4.2% point decrease in 
non-medical volunteers (11.53 ± 6.07% and 8.79 ± 4.75%, p = 0.008 in healthcare workers versus 
11.2 ± 5.1% and 7.0 ± 3.3%, p = 0.001 in non-medical volunteers). In this study, subgroup analysis 
revealed that seasonality varied by occupation, with medical doctors demonstrating a significant 
seasonal difference in FMD% (11.65 ± 6.28% vs 8.83 ± 4.95%, p = 0.01), whereas no statistically 
significant difference was observed in other subgroups (p > 0.05). Iwata et al. (2012) observed a 
significant decline between summer and winter measurements (5.71 ± 2.17% vs. 4.74 ± 2.15%), and 
this association was not associated with biological sex gender, age, body mass index, alcohol 
consumption, or smoking.

In the study by Widlansky et al. (2007), FMD% was lowest in winter (2.56 ± 0.10% winter, 
3.01 ± 0.09% summer, p = 0.02), with sex an independent predictor of brachial artery diameter 
(R2 = 0.32). Furthermore, Honda et al. (2020) observed that in participants with T2DM, FMD 
% was greater in the summer months (T2DM summer group: 4.5 ± 0.8%) compared to the 
winter months (T2DM winter group: 3.5 ± 1.1% p < 0.01). Similarly, in participants without 
T2DM, FMD% was greater in the summer months (non-T2DM summer group: 4.6 ± 0.7%) 
compared to the winter months (non-T2DM winter group: 3.9 ± 0.6%, p < 0.01). In contrast to 
these findings, a large cross-sectional study by Maruhashi et al. (2023) found no significant 
seasonal difference in FMD% (spring: 3.9 ± 3.1%, summer: 3.5 ± 3.0%, autumn: 3.7 ± 3.0%, 
winter: 3.6 ± 3.2%, p = 0.14). Furthermore, Klein-Weigel et al. (2003), observed no significant 
changes in FMD% between summer (12.5 ± 8.2%) and winter (14.7 ± 9.0%) (p = 0.09) (Klein- 
Weigel et al. 2003). The Maruhashi et al. (2023) study also included NID as a measure of 
endothelium independent vasodilation. They reported significant seasonal differences in NID 
(spring: 12.8 ± 6.3%, summer: 12.0 ± 6.1%, autumn: 11.7 ± 6.1%, winter: 12.3 ± 5.9%; p = 0.02). 
However, after adjusting for confounding factors in a multivariate analysis, season was not 
significantly associated with NID (β = −0.012, p = 0.56).
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Seasonal variation of pulse wave velocity (PWV)
Three studies utilised PWV as the outcome measure, and all three studies reported that 
PWV values were significantly higher in winter than summer (Di Pilla et al. 2017; Tsao et al.  
2019) In the study by Tsao et al. (2019), which estimated PWV from the brachial-ankle 
recording site, the authors observed a significant decrease in mean baPWV from winter 
(1481.8 ± 236.0 cm/s) to summer (1425.1 ± 209.5 cm/s) (p < 0.0001). Di Pilla et al. (2017) 
utilised the carotid-femoral recording sites, and the authors demonstrated an inverse corre
lation between daylight hours and cfPWV (r = −0.18, p < 0.0001). Furthermore, they also 
report that the median monthly cfPWV values were highest in winter, with January and 
November recording the highest values of 9.28 ± 2.04 m/s and 9.18 ± 2.35 m/s, respectively 
(Di Pilla et al. 2017). Conversely, the lowest values were observed during the summer 
months, with June and July recording values of 7.99 ± 1.47 m/s and 8.03 ± 2.02 m/s, respec
tively (Di Pilla et al. 2017). Cheng et al. (2023) also observed significant seasonal variation 
in cfPWV, with the lowest values in spring (7.6 ± 1.2 m/s) and the highest values in summer 
(7.8 ± 1.4 m/s), autumn (7.9 ± 1.3 m/s) and winter (7.9 ± 1.5 m/s) (p = 0.040).

Seasonal variation of EDV, AVI, and RBC flux
Three studies used alternative methods to vascular function (Table 1). Patel et al. (2011) observed a 
significant seasonal variation in unadjusted EDV values for healthy individuals (p = 0.019). 
However, after adjusting for the unequal distribution of obesity grouping, no significant seasonal 
variation in EDV was observed (p = 0.123). Kita and Kitamura (2019) observed a significant 
seasonal variation in a novel AVI, with AVI significantly higher in the summer compared to the 
winter (22.6 ± 6.9 vs 25.1 ± 7.6, p < 0.01). Furthermore, in the study by Gardner-Medwin et al. 
(2001), the authors observed that R.B.C. flux was significantly lower during winter compared to 
summer under identical conditions (p < 0.0001).

Discussion

To the best of our knowledge, this is the first systematic review of the literature investigating the 
impact of seasonal changes on vascular dysfunction. The key finding of our review is that it supports 
the notion that endothelial function follows a seasonal pattern in adults. In this systematic review of 
12 studies the majority of studies (9/12) demonstrate a seasonal pattern in vascular function, with a 
significant decrease in function observed during the winter months (Gardner-Medwin et al. 2001; 
Widlansky et al. 2007; Iwata et al. 2012; Haliloğlu et al. 2016; Di Pilla et al. 2017; Tsao et al. 2019; 
Kita and Kitamura 2019; Honda et al. 2020; Cheng et al. 2023). Three studies did not demonstrate 
any significant seasonal variation in vascular function (Klein-Weigel et al. 2003; Patel et al. 2011; 
Maruhashi et al. 2023). Klein-Weigel et al. (2003) observed no statistically significant difference in 
FMD between participants, however, it is noteworthy that they observed a change in FMD in the 
expected direction, with higher FMD values in the summer compared to winter. Likewise, 
Maruhashi et al. (2023) reported a non-significant change in FMD that followed the anticipated 
seasonal pattern, suggesting the presence of a trend consistent with the majority of studies, despite 
the absence of statistical significance.

A key finding of our review is that the quality of the included studies varied, with five studies 
(Widlansky et al. 2007; Patel et al. 2011; Di Pilla et al. 2017; Cheng et al. 2023; Maruhashi et al. 2023) 
receiving a high-quality score and seven studies (Gardner-Medwin et al. 2001; Klein-Weigel et al.  
2003; Iwata et al. 2012; Haliloğlu et al. 2016; Tsao et al. 2019; Kita and Kitamura 2019; Honda et al.  
2020) receiving a lower quality score based on their respective Newcastle–Ottawa scale score. The 
studies that scored the lowest on the Newcastle–Ottawa scale consistently lacked a non-exposed 
cohort for comparison and did not adequately control for confounding factors in their analyses. 
Indeed, the Newcastle–Ottawa scale presents certain limitations, one of which is its reliance on the 
evaluator’s judgement, which could potentially introduce bias. Furthermore, the scale assesses a 
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limited number of study characteristics and does not provide guidance on handling missing data. 
Consequently, further research with larger sample sizes and rigorous methodologies are needed to 
support the evidence base for the seasonal variation of vascular function.

A common limitation among the included studies was the lack of control for confounding 
variables such as diet, physical activity levels, exercise habits, disease status, age, biological sex, and 
BMI. Additionally, the assessment frequency of vascular function varied considerably, ranging from 
2 to 4 time points. Of the 12 studies, six employed the gold standard technique (FMD) for 
measuring endothelial function, and one utilised multiple methods. Studies were evenly split 
between cohort-based design and cross-section design. The cross-sectional study design does not 
allow for understanding how an individual’s vascular function measurements correlate with each 
other across different seasons. Longitudinal studies that observe vascular function in the same 
individuals across different seasons offer more robust insights into potential cause-and-effect 
relationships compared to cross-sectional designs.

Seasonal changes in environmental conditions and lifestyle behaviours may affect endothelial 
function through several mechanisms (Stewart et al. 2017). Endothelial dysfunction is a complex 
pathology characterised by reduced NO production, increased oxidative stress, increased inflam
mation, altered angiogenesis, and increased leukocyte adhesion (Poredos et al. 2021). The mechan
isms associated with endothelial dysfunction appear to converge on complex and multifactorial 
pathways (Cyr et al. 2020; Poredos et al. 2021). The observed seasonal variations in endothelial 
function in our systematic review may result from alterations in environmental conditions, lifestyle 
adaptations, or other confounding factors that influence one or more mechanistic pathways.

Environmental and lifestyle influences on vascular dysfunction

Our systematic review reveals conflicting findings regarding the relationship between average 
external temperature and endothelial function. Widlansky et al. (2007) reported a significant 
positive association between temperature and FMD. In line with this, Iwata et al. (2012) reported 
an increased resting brachial artery diameter in the warm season compared to the cold season. 
However, the underlying mechanisms for this observation remain unclear and warrant further 
investigation. In contrast, a study by Nawrot et al. (2005) demonstrated that for each 10°C increase 
in average daily temperature, the odds of developing endothelial dysfunction rises by 58%. 
Importantly, Widlansky et al. (2007) employed a multivariate model to examine the relationship 
between temperature and endothelial function. After adjusting for potential risk factors, they found 
no statistically significant association between temperature and FMD% suggesting a single focus on 
temperature may oversimplify the complex interplay of factors influencing endothelial function.

The complexity of this relationship is accentuated by the multiple converging mechanisms that 
influence endothelial function. Other mechanisms, such as NO bioavailability, might also play a 
role, as temperature changes can increase NO production via NO synthase (NOS) enzymes 
(Venturini et al. 1999). Additionally, endothelial function, assessed using the FMD technique, is 
partially mediated by shear rate (Poredos et al. 2021). Furthermore, heat exposure may increase the 
production of reactive oxygen species (ROS), directly impairing endothelial function (Shaito et al.  
2022) or indirectly influencing NO production (Cyr et al. 2020). Di Pilla et al. (2017) showed a 
negative correlation between PWV and mean outdoor temperature, however when they employed a 
multiple linear regression model to examine the relationship between seasonal changes and PWV, 
only daylight hours remained independently associated with PWV (Di Pilla et al. 2017). This 
finding indicates that light exposure may be a crucial determinant of arterial stiffness in this 
population.

Seasonal changes in ultraviolet (UV) light exposure have been demonstrated to affect 
vitamin D synthesis, with office workers exhibiting lower vitamin D levels during winter 
than during summer (Cinar et al. 2014). Vitamin D plays a role in the renin-angiotensin 
system and influences NO production (Legarth et al. 2018). Insufficient vitamin D levels are 
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also associated with increased oxidative stress in endothelial cells (Victor et al. 2009). 
Interestingly, UVA exposure to healthy human skin (i.e. vitamin D-independent exposure) 
can increase NO and S-nitrosothiol concentrations, inducing vasodilation and reducing 
blood pressure by 11% (Opländer et al. 2009), independent of endothelial NOS (eNOS) 
enzymes and temperature changes (Liu et al. 2014). Liddle et al. (2022) observed that NO 
bioavailability follows a seasonal pattern, with enhanced NO synthesis during the summer 
months potentially resulting from increased UV-A exposure on the skin, activating dermal 
stores of NO precursors (Paunel et al. 2005; Opländer et al. 2009; Liddle et al. 2022). 
However, in our review, Haliloğlu et al. (2016) reported no statistically significant differ
ences in UV indices despite observing a seasonal variation in FMD%, indicating that UV 
exposure may not influence endothelial function. In our review, only Haliloğlu et al. (2016) 
and Di Pilla et al. (2017) specifically addressed UV exposure in relation to endothelial 
function. This highlights the need for more focused research in this area to understand it’s 
potential influence.

Increased physical activity is associated with improvements in endothelial function (Moyna and 
Thompson 2004), and physical activity levels exhibit seasonal fluctuations for both males and 
females (Shephard and Aoyagi 2009). Nevertheless, in a recent mini-review by Honda and Igaki 
(2021), the authors concluded that there is no definitive evidence supporting the hypothesis that 
seasonal fluctuations in physical activity levels directly result in alterations in endothelial function 
among males. This statement was based on the findings three studies (Widlansky et al. 2007; Iwata 
et al. 2012; Honda et al. 2020), all of which were included in our systematic review of the literature. 
In our review, two studies included measures of physical activity in their analysis (Haliloğlu et al.  
2016; Honda et al. 2020). Honda et al. (2020) investigated the seasonal impact on FMD and exercise 
in adults with and without T2DM. They reported that FMD was significantly greater in spring, 
summer, and autumn than in winter regardless of regular exercise participation (Honda et al. 2020). 
Haliloğlu et al. (2016) corroborate this finding by observing a seasonal variation in FMD, despite the 
absence of a significant variation in physical activity. From the reviewed literature it is unclear how 
exercise habits interact with season to affect vascular function.

A study in Japan demonstrated that types and amounts of certain dietary nutrients consumed 
change throughout the seasons (Suga et al. 2014). Furthermore, alterations in specific nutrient 
intakes such as omega-3, antioxidants, fibre, flavanols, nitrate-containing foods, and sodium intake 
can influence endothelial function (Cuevas and Germain 2004). Given the role of nitrate in NO 
production, it is essential to consider the potential influence of seasonal variations in nitrate intake 
on endothelial function (Lundberg et al. 2008). Notably, none of the included studies reported 
dietary intake data. However, a cohort study involving healthy adults observed reduced NO 
bioavailability in winter compared to summer, despite vitamin D and dietary nitrate intake 
remaining consistent across both seasons (Liddle et al. 2022).

Di Pilla et al. (2017) employed a univariate analysis to investigate the association between air 
pollution and PWV and observed that certain air pollutants, such as carbon monoxide (CO), 
nitrous oxide (N2O), and nitrogen oxides (NOx), were positively correlated with PWV. However, 
further analysis using a multiple linear regression model that accounted for confounding variables 
revealed no significant association between air pollution and PWV (Di Pilla et al. 2017). Analogous 
to the effects of light exposure and temperature, increased exposure to air pollutants can generate 
ROS, increase inflammation, and reduce NO bioavailability, consequently affecting vascular func
tion (Rao et al. 2018). Furthermore, exposure to air pollution may increase sympathetic activity, 
leading to increased vasoconstriction and contributing to the development of vascular dysfunction 
(Rao et al. 2018).
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Confounding factors

Several studies investigating the potential determinants of seasonal changes in vascular function 
have indicated that vascular function may be significantly influenced by confounding factors, such 
as weight status, age, biological sex, and disease status (Widlansky et al. 2007; Man et al. 2020; 
Cheng et al. 2023). Obesity is associated with low-grade chronic inflammation and insulin resis
tance, which can disrupt production of NO via reduced activation of eNOS (Engin 2017). 
Interestingly, Patel et al. (2011) adjusted for the unequal distribution of obesity groups in their 
analysis and found no significant seasonal variations in the EDV percentage (Patel et al. 2011). In 
support of this, Haliloğlu et al. (2016) reported no statistically significant differences in BMI despite 
showing seasonal variation in FMD%.

Honda et al. (2020) observed significant differences in FMD% values between seasons irrespec
tive of disease status (T2DM vs. non-T2DM). Interestingly, Klein-Weigel et al. (2003) reported no 
seasonal variation in FMD% of patients with Raynaud’s phenomenon. At present, it is unclear 
whether the presence of certain diseases influenced the observed seasonal variations in vascular 
function in the studies included in this review, and thus, there is a need to investigate whether those 
with established disease demonstrate differing seasonal variations in vascular function. The mean 
age of the participants included in the studies in our review ranged between 21 and 67 years. In 
older adults, a decrease in the production of NO via eNOS is observed (Toda 2012). As such, the 
observed variations in vascular function could, in part, be attributed to the age-related changes in 
vascular health (Toda 2012).

Furthermore, biological sex may have confounded the results, as variations in sex hormones, 
such as oestrogen and testosterone, can affect vascular function by promoting NO bioavailability, 
reducing inflammation, and inhibiting atherosclerosis (Stanhewicz et al. 2018). Indeed, smoking 
can influence vascular function through mechanisms similar to those of previous confounders by 
influencing NO bioavailability, oxidative stress, and inflammation (Hashimoto et al. 2021). 
Furthermore, excessive alcohol consumption is associated with endothelial dysfunction via inflam
matory and oxidative stress mechanisms (Tanaka et al. 2016).

Clinical implications

A previous meta-analysis of 14 studies demonstrated that an increase in FMD by 1% point was 
associated with a 13% reduction in the risk of CV events (Inaba et al. 2010). In our review, studies 
that utilised the FMD technique to assess endothelial function observed an average 20% increase in 
FMD value (~1.0% point) from winter to summer (Klein-Weigel et al. 2003; Widlansky et al. 2007; 
Iwata et al. 2012; Haliloğlu et al. 2016; Honda et al. 2020; Maruhashi et al. 2023). Therefore, 
interventions aimed at augmenting FMD% could be beneficial to offset impairment in the winter 
months. It is also important to note that while the seasonal changes in FMD% may be statistically 
significant, they may not translate into clinically relevant health outcomes. Indeed, in our review, 
FMD% ranged from 2.56 ± 0.1% to 15.2 ± 6.2% across the included studies, highlighting that for 
some populations (e.g. where high baseline FMD% is reported) any changes may not be of practical/ 
clinical importance.

At present, a cut-off value for normal PWV is set between 8 and 12 m/s (Reference Values for 
Arterial Stiffness’ Collaboration 2010). Di Pilla et al. (2017) observed a PWV of 9.28 m/s in the 
winter and 7.99 m/s in the summer, indicating that winter conditions may reduce vascular function. 
Despite the lack of clarity around cut-off values, the current data hold clinical utility, as increased 
PWV of any magnitude indicates that endothelial function is reduced (Jadhav and Kadam 2005). 
The growing evidence of winter-associated endothelial dysfunction may elucidate the mechanistic 
causes of this impairment. Consequently, interventions targeting endothelial function may improve 
public health outcomes, may help reduce elevated winter CVD peaks and potentially influence 
public health policies regarding winter physical activity, dietary advice, and sunlight exposure.
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Limitations

Our review has several limitations. Initially, a meta-analysis was intended; however, due to the 
high heterogeneity between study protocols and outcome measures, synthesising pooled data 
was deemed inappropriate. The included studies feature a mix of designs, with some opting for 
cross-sectional design, as such, paired comparisons could not be made in these studies. 
Furthermore, some studies only measured endothelial function in two seasons rather than 
four. Additionally, the studies used various methods for assessing endothelial function. While 
the most common method utilised was the gold standard FMD assessment, others employed 
PWV, an indirect measure of arterial stiffness that is influenced by endothelial dysfunction, 
AVI, or RBC flux. Furthermore, controlling for potential confounding factors in this type of 
research is challenging, and most studies had sample sizes < 50 without controlling for con
founding risk factors.

A significant limitation across the included studies was the lack of consistent adjustment for 
environmental variables that could influence vascular function. While some studies considered 
outdoor temperature (Widlansky et al. 2007; Iwata et al. 2012) or UV exposure (Haliloğlu et al.  
2016; Di Pilla et al. 2017), there was no standardised approach to measuring or adjusting for 
important environmental factors. Key variables such as humidity, indoor temperature, use of air 
conditioning or heating, and time spent indoors versus outdoors were rarely reported or controlled 
for. This inconsistency in accounting for environmental variables makes it challenging to determine 
whether observed seasonal variations are due to direct environmental effects, behavioural adapta
tions to these conditions, or other seasonal factors.

Recommendations for future research

Our review highlights the significance of understanding and considering the seasonality of vascular 
function and its implications for vascular health. Recommendations for future research include 
employing the FMD technique to assess endothelial function and evaluating its function across all 
four seasons. Future studies should involve larger and more diverse populations to minimise 
individual differences and identify confounding factors. Longitudinal studies following the same 
participants would provide a more accurate understanding of the effects of seasonal variations on 
vascular function. Additionally, future research should examine the impact of environmental 
factors such as light exposure, temperature, and air pollution on vascular function. Personal 
exposure to these conditions should be measured and analysed to determine their influence on 
seasonal variation in vascular function. Future studies should implement standardised protocols for 
measuring and adjusting for environmental variables including environmental variables including 
indoor and outdoor temperature, humidity, sunlight exposure hours, use of heating and air 
conditioning, air pollution levels, altitude and atmospheric pressure. Collecting detailed informa
tion on participants’ comorbidities, exercise habits, diet, and other lifestyle factors will aid in 
controlling for potential confounding factors. Standardised protocols for measuring FMD, as per 
Thijssen et al. (2019), should be followed, encompassing factors such as cuff placement, occlusion 
duration, and measurement timing. Future studies should also explore sex differences and their 
impact on vascular function.

Conclusion

In conclusion, our review highlights the potential influence of seasonality on vascular 
function and its implications for vascular health. The observed seasonal decline in vascular 
function during winter warrants further investigation, particularly in relation to environ
mental factors such as light exposure, temperature, and air pollution. To better understand 
these associations and inform public health policies, future research should employ 
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standardised protocols, involve diverse and larger populations, adopt longitudinal designs to 
minimise confounding factors, and accurately assess the effects of seasonal variation on 
vascular function. Moreover, considering the potential impact of participants’ comorbidities, 
exercise habits, diet, and other lifestyle factors will contribute to the development of 
targeted interventions aimed at reducing seasonal CVD peaks and improving overall vas
cular health.
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