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ABSTRACT
Background: Data on the association between physical activity (PA) and cryptogenic ischaemic stroke (CIS) in young adults are 
scarce. We investigated the relationship between PA levels and early-onset CIS, stratified by the presence of a high-risk patent 
foramen ovale (PFO).
Methods: Patients aged 18–49 years with first-ever CIS and sex- and age-matched stroke-free controls were recruited from 19 
European centres. PA was assessed using the short International Physical Activity Questionnaire and expressed as Metabolic 
Equivalents, categorized into percentiles (bottom 10%, 10%–25%, 25%–75% [reference], 75%–90%, top 10%). Associations between 
PA and CIS were analyzed using conditional logistic regression adjusted for age, education level, traditional risk factors, and 
non-traditional risk factors.
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Results: Altogether, 533 patients (median age 41 [interquartile range 34–46]; 47.3% women) and 533 controls were included. 
Scoring in the top 10% of PA was independently associated with CIS: adjusted odds ratio 2.07; 95% confidence interval 1.22-3.51. 
Comparing patients without high-risk PFO to all controls, the top 10% PA category (1.78; 1.07-2.94) and the bottom 10% category 
(1.76; 1.06-2.92) were associated with CIS. No independent association was observed in patients with high-risk PFO.
Conclusions: PA in the top 10% was associated with an increased risk of early-onset CIS in the overall study population. Among 
patients without a high-risk PFO, both the bottom 10% and top 10% of PA were consistently associated with elevated CIS risk. 
These findings highlight the need to better understand the mechanisms through which both low and high activity levels may 
predispose to stroke.

1   |   Introduction

In recent years, several large-scale studies have confirmed a 
high burden of traditional vascular risk factors in young adults 
who experience ischemic stroke (IS) [1–3]. On the other hand, a 
prospective population-based study observed that the rising in-
cidence of IS among young adults is primarily driven by cases 
without clear vascular explanations, pointing to the relevance 
of emerging and underexplored factors in stroke pathogenesis at 
younger ages [4].

Low physical activity (PA) and hypertension have been identified 
as the strongest contributors to early-onset IS, with smoking and 
binge drinking as well as heavy alcohol consumption also contrib-
uting substantially [5, 6]. In addition, migraine with aura (MA) has 
been associated with cryptogenic ischemic stroke (CIS) in young 
adults, further underlining the need to examine non-traditional 
contributors in this population [7]. Importantly, up to 40% of IS 
in the young are classified as cryptogenic, making CIS the most 
common etiologic subtype in this age group [8]. More recently, 
self-perceived psychological stress has emerged as a potential risk 
factor for early-onset IS, with studies reporting elevated risk es-
timates even after accounting for vascular comorbidities [9, 10]. 
These findings suggest that behavioral and lifestyle-related expo-
sures may play a disproportionately large role in younger individu-
als compared to older stroke patients [11].

PA may represent another key factor in explaining IS among 
younger individuals, given evolving lifestyle patterns charac-
terized by both physical inactivity and, in some cases, excessive 
training. However, defining PA using a single cut-off value is prob-
lematic, as such thresholds often fail to capture the complexity of 
different activity forms (intensity, frequency, and type), and may 
vary considerably with age [12]. Sedentary behavior has become 
increasingly common due to occupational sitting, reduced active 
commuting, and leisure-time screen exposure, potentially contrib-
uting to strokes of all types [13]. In addition to low PA, extreme PA 
has been associated with a transiently increased risk of IS in young 
adults within the hour following exertion [14]. In individuals with 
a patent foramen ovale (PFO), peak exercise may precipitate a 
right-to-left shunt due to fluctuations in right atrial and pulmo-
nary arterial pressures [15]. In fact, one study found a significant 
association between vigorous exercise and PFO-related stroke in 
young adults, reporting an odds ratio of 3.4 [16].

It is necessary to uncover the contributing factors of early-onset 
CIS as conventional risk factors do not fully account for the risk 
in this age group. In this prospective international case–control 
study, we aimed to evaluate the relationship between different 

levels of PA, including low and vigorous, as well as sedentary 
behavior, and the risk of early-onset CIS.

2   |   Methods

2.1   |   Study Population

Between November 2013 and November 2022, a total of 546 young 
patients with CIS and 546 stroke-free controls, matched for age 
and sex, were enrolled from 19 European centers participating 
in the prospective multicenter Searching for Explanations for 
Cryptogenic Stroke in the Young: Revealing the Etiology, Triggers, 
and Outcome (SECRETO; NCT01934725) study. Eligible patients 
were aged 18 to 49 years and had been hospitalized for a first-ever 
CIS confirmed by imaging [17]. Inclusion criteria required evi-
dence of an acute ischemic lesion on diffusion-weighted magnetic 
resonance imaging or arterial occlusion and perfusion deficit cor-
responding with acute symptoms. Silent brain infarcts and prior 
transient ischemic attacks were permitted. Patients were excluded 
if essential baseline investigations, including brain magnetic reso-
nance imaging and standard laboratory tests, were not completed 
within the first week post-stroke, or if additional diagnostic evalu-
ations (such as imaging of cervicocephalic arteries, echocardiogra-
phy, electrocardiogram, 24 h Holter monitoring, or thrombophilia 
testing) were not performed within the first 2 weeks. This study fol-
lows the STROBE (Strengthening the Reporting of Observational 
Studies in Epidemiology) reporting guideline (www.​strob​e-​state​
ment.​org).

All enrolled patients received a thorough and standardized diag-
nostic evaluation to exclude known causes of stroke. This assess-
ment included brain magnetic resonance imaging, imaging of 
extracranial and intracranial arteries via computed tomography 
angiography or magnetic resonance angiography, and laboratory 
testing in accordance with the study protocol. Furthermore, all 
participants underwent 12-lead electrocardiogram and continu-
ous electrocardiogram monitoring for a minimum of 24 h, as well 
as both transthoracic and transesophageal echocardiography per-
formed according to a standardized approach [18]. Patients with 
individual coagulopathies were not excluded, given the uncer-
tain causal relationship, except in cases of previously diagnosed 
antiphospholipid antibody syndrome. Additional investigations, 
including transcranial Doppler with bubble contrast, were per-
formed at selected sites. Stroke severity was assessed using the 
National Institutes of Health Stroke Scale (NIHSS) score.

CIS was classified according to the A-S-C-O system, defined 
as either the absence of a detectable cause (grade 0) or the 
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presence of a condition with uncertain causality (grade II) or 
a condition considered unlikely to be the direct cause (grade 
III), as determined by the most reliable diagnostic evidence 
available [19].

For each patient, a stroke-free control matched by sex and age 
(±5 years) from the same geographical area was recruited at 
the corresponding study center. Control participants were 
identified using several approaches, such as random selection 
from population registries, when possible, recruitment of un-
related acquaintances of patients, and inclusion of hospital 
staff not involved in the study. Owing to differences in legal 
and procedural requirements across sites, recruitment strate-
gies for controls were not entirely uniform. Eligibility required 
no prior history of stroke, verified using the Questionnaire 
for Verifying Stroke-Free Status [20] and by review of medi-
cal records. Whenever feasible, controls were enrolled within 
3 months of the corresponding patient to reduce the risk of 
temporal confounding.

2.2   |   Standard Protocol Approvals, Registrations, 
and Patient Consents

The study protocol was approved by the Ethics Committee of the 
Helsinki University Hospital (HUS/2684/2017), which acted as 
the lead ethical review board. Furthermore, the study was ap-
proved by the institutional review boards or ethics committees 
of all other participating centers in accordance with local reg-
ulations. Written informed consent was obtained from all par-
ticipants prior to enrollment. Data supporting the findings are 
available upon reasonable request.

2.3   |   Cardiovascular Risk Factors 
and Comorbidities

The studied vascular and lifestyle risk factors were defined ac-
cording to standard clinical criteria (see Supporting Information 
and Table  S1 for detailed definitions and measurement 
procedures).

PA was assessed using the short form of the International 
Physical Activity Questionnaire [21], which records partic-
ipants' weekly energy expenditure in metabolic equivalents 
(METs). The questionnaire comprises six items capturing the 
frequency and duration of PA at three intensity levels—vigor-
ous, moderate, and walking—during a typical week over the 
past year. The total MET-minutes per week were calculated 
and categorized into percentiles based on the values obtained 
from controls: bottom 10% (METs 0–693), 10%–25% (METs 
694–1539), 25%–75% (METs 1540–4746), 75%–90% (METs 
4747–8062), and top 10% (METs > 8062), with the middle 25%–
75% percentile group serving as the reference category repre-
senting at least moderate but not extremely vigorous PA. The 
same questionnaire asks participants to report their average 
daily time spent sitting (recorded in hours). This item had no 
effect on the calculated MET. Time spent sitting was analyzed 
as a continuous variable descriptively and dichotomized in 
regression models using a ≥ 10 h cut-off (sedentary behavior), 
consistent with prior literature [22].

In this study, a clinically significant high-risk PFO was defined 
as the presence of a PFO accompanied by an atrial septal an-
eurysm detected on transesophageal echocardiography, or the 
identification of a large right-to-left shunt on either transesoph-
ageal echocardiography or transcranial Doppler bubble study 
[18, 23].

2.4   |   Statistical Analysis

Statistical analyses were performed using conditional logistic 
regression appropriate for the matched case–control design. 
Missing data for selected variables were imputed using multi-
variable imputation by chained equations (details in Supporting 
Information). Baseline characteristics of cases and controls 
were compared using McNemar's test for categorical and paired 
t- or Wilcoxon signed-rank tests for continuous variables. 
Associations between PA levels and CIS were examined in three 
models adjusted for (1) age, sex, and education; (2) traditional 
vascular risk factors; and (3) additional non-traditional risk 
factors. Traditional vascular risk factors included hyperten-
sion, current smoking, abdominal obesity, heavy alcohol use, 
depression, unhealthy diet, and stress. Non-traditional vascular 
risk factors included migraine with aura, chronic multi-organ 
disorder, and illicit drug use. Diabetes, hypercholesterolemia, 
cardiovascular disease, obstructive sleep apnea, venous throm-
boembolism, and malignancy were not included in the regres-
sion models due to their low prevalence in the study population.

Subgroup analyses stratified by sex, age, and high-risk PFO 
status, and a sensitivity analysis using exclusively population-
based controls, were also conducted. Analyses were performed 
in International Business Machines Statistical Package for the 
Social Sciences Statistics (version 29.0.2) and RStudio (version 
2024.04.2 + 764), and two-tailed p-values < 0.05 were considered 
statistically significant.

3   |   Results

Of the initial 546 matched case–control pairs, we included 
533 patients (median age 41 years, IQR 34–46; 47.3% women) 
and 533 age- and sex-matched controls with PA data available. 
Among patients, the median delay from hospital admission to 
study inclusion was 6 days (IQR 3–10). Median NIHSS score on 
admission was 2 (IQR 0–4, range 0–35). Of all patients, 25.8% 
had NIHSS score 0, 50.4% had mild strokes (NIHSS 1–4), 14.0% 
moderate strokes (NIHSS 5–9), and 9.8% severe strokes (NIHSS 
≥ 10). Stroke severity did not differ between patients with very 
low and extremely high levels of PA (p = 0.850). Baseline char-
acteristics across the PA categories for all patients are presented 
in Table S2. Differences in risk factors between female and male 
patients, and patients aged 18–39 years and 40–49 years, are 
shown in Table S3.

3.1   |   Univariable Comparison Between Patients 
and Matched Controls

Apart from PA and sedentary behavior, the clinical character-
istics of CIS patients and stroke-free controls are presented in 

 14681331, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ene.70650 by V

ilnius U
niversity, W

iley O
nline L

ibrary on [22/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 of 10 European Journal of Neurology, 2026

Table  1. Compared with controls, patients were less educated 
and had more often hypertension, cardiovascular disease, cur-
rent smoking, abdominal obesity, heavy alcohol consumption, 
depression, unhealthy diet, stress related to home or work, MA, 
and history of venous thromboembolism. With respect to PA, 
patients in the overall study population were more likely to be 
either physically inactive or, conversely, engage in very high lev-
els of activity compared to controls (Figure 1).

Among women, patients were more often current smokers, had 
lower education, unhealthy diet, obesity, hypertension, MA, 
and history of venous thromboembolism. Male patients showed 
similar differences and were additionally more likely to report 
heavy alcohol use, depression, and stress related to work or 
home (Table 1).

Regarding sex-specific results, female patients were more fre-
quently physically inactive compared to female controls. In 
contrast, male patients were more often classified as extremely 
active than their control counterparts (Table S4). When analyzed 
by age, no significant differences in PA were observed among 
patients younger than 40 years. However, in the 40–49 year-olds, 
patients were more likely to be either physically inactive or ex-
tremely active compared to controls (Table S5).

In terms of sedentary behavior, patients were more likely to re-
port sitting for 10 h or more per day compared to controls. This 
difference was also evident when analyses were stratified by 
sex, with male patients showing higher prevalence than male 
controls, and by age, with patients younger than 40 years more 
likely to exceed the 10 h threshold than their age-matched coun-
terparts (Figure 2).

3.2   |   Association Between PA and CIS

After adjusting for age, sex, and education, PA showed a signif-
icant association with early-onset CIS in the overall study pop-
ulation, specifically among individuals in both the bottom 10% 
and top 10% of METs. Following additional adjustment for tra-
ditional and non-traditional risk factors, the association in the 
whole cohort persisted only for those in the top 10% of METs 
(Table S6, Figure 3).

In high-risk PFO cases compared to all controls, a significant 
association was found between early-onset CIS and being in 
the top 10% of METs when adjusted for demographics and tra-
ditional risk factors. However, this association did not remain 
significant in the fully adjusted model (Table S6, Figure 3).

Among cases without a high-risk PFO, significant associations 
with early-onset CIS were observed for both the bottom 10% and 
top 10% of METs. These associations remained significant even 
in the fully adjusted model (Table S6, Figure 3).

3.3   |   Association Between PA and CIS According 
to Sex

In sex-stratified analyses, women in the 75%–90% percentile of 
METs had a lower risk of CIS compared to the reference group; 

however, this association was observed only in the fully ad-
justed model. In contrast, among men, a significant association 
was identified for those in the top 10% of METs, likewise limited 
to the fully adjusted model when compared with male controls 
(Table S7, Figure 4).

3.4   |   Association Between PA and CIS According 
to Age Group

Among participants aged 18–39 years, no significant associa-
tions were detected across any adjustment models. In those aged 
40–49 years, PA was associated with CIS after demographic ad-
justment for both the bottom 10% and top 10% of METs. After full 
adjustment, the association remained significant only for the top 
10% of METs compared with controls (Table S8, Figure 4).

3.5   |   Association Between Sedentary 
Behavior and CIS

In the overall cohort, sedentary behavior was significantly as-
sociated with CIS after adjustment for demographic and tradi-
tional risk factors, but not after including non-traditional risk 
factors (Table S9, Figure 5).

No significant associations were found between sedentary be-
havior and CIS among patients with a high-risk PFO compared 
to all controls under any adjustment model. In contrast, for pa-
tients without a high-risk PFO, sedentary behavior showed a sig-
nificant association with CIS in the fully adjusted model when 
compared to all controls (Table S9, Figure 5).

3.6   |   Association Between Sedentary 
Behavior and CIS According to Sex

In sex-specific analyses, no significant associations between 
sedentary behavior and CIS were observed among female pa-
tients under any adjustment model when compared to female 
controls. Conversely, among male patients, sedentary behavior 
remained significantly associated with CIS across all models 
when compared to male controls (Table S10, Figure 5).

3.7   |   Association Between Sedentary 
Behavior and CIS According to Age Group

Among patients aged 18–39 years, sedentary behavior was 
significantly associated with CIS after adjustment for demo-
graphic and traditional risk factors, but not after including non-
traditional risk factors when compared to age-matched controls. 
In contrast, no significant associations were observed in the 
40–49 year age group under any adjustment model (Table S10, 
Figure 5).

3.8   |   Sensitivity Analyses

When restricting the analysis to case–control pairs with strictly 
population-based controls, PA sensitivity analyses using 
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population-based controls supported the main findings (See 
supplementary results and Table S11).

4   |   Discussion

In this multicenter case–control study, we detected a robust in-
dependent association between PA and early-onset CIS. While 
the impact of PA on stroke risk in general populations is well-
documented, our study provides novel evidence focusing spe-
cifically on cryptogenic etiology in young adults, a population 
where data has been previously lacking. This association re-
mained significant in individuals with extreme PA and without 

a high-risk PFO, in men, and in patients aged 40–49 years, even 
after adjusting for both traditional and non-traditional vascular 
risk factors. For very low levels of PA, a significant association 
was observed only in individuals without a high-risk PFO. By 
isolating CIS, our findings distinguish themselves from prior 
research that often combined all stroke etiologies, potentially 
masking mechanisms unique to the cryptogenic subgroup. 
Regarding sedentary behavior, significant associations were de-
tected for individuals without a high-risk PFO and for men.

Previous research has consistently shown that low PA increases 
stroke risk, with protective effects attributed to improved blood 
pressure, lipid regulation, and reduced inflammation [24–26]. 

FIGURE 1    |    Distribution of Metabolic Equivalent categories for cases and controls.

FIGURE 2    |    Prevalence in participants with ≥ 10 h of daily sitting, stratified by sex and age group.
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In contrast to these findings, our results highlight that extreme 
levels of PA were most prominently associated with early-onset 
CIS, while very low activity showed only limited associations. 
This divergence suggests that the relationship between PA and 
early-onset CIS may not follow the same pattern as that observed 
in the general IS population. It is important to note, however, 

that previous studies primarily examined IS of any etiology, 
rather than CIS specifically.

Our percentile-based approach to PA allows for a bal-
anced comparison within this young population, although 
it does not directly measure adherence to absolute clinical 

FIGURE 3    |    Association between physical activity and cryptogenic ischemic stroke, stratified by patent foramen ovale (PFO) status. OR, odds 
ratio; CI, confidence interval. Model 3, fully adjusted for demographics, traditional and non-traditional vascular risk factors.

FIGURE 4    |    Association between physical activity and cryptogenic ischemic stroke, stratified by sex and age group. OR, odds ratio; CI, confidence 
interval. Model 3, fully adjusted for demographics, traditional and non-traditional vascular risk factors.
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thresholds. Current guidelines [27] recommend at least 150 min 
of moderate-intensity or 75 min of vigorous-intensity PA per 
week. While young adults generally exhibit higher adherence 
to these targets, our internal categorization highlights the 
risks associated with the extremes of the activity spectrum. We 
utilized the 25th–75th percentile range as a robust reference 
group to represent those achieving at least moderate activity 
levels. Although this wide range may conservatively dilute 
some associations, it ensured statistically stable comparisons 
and a clear contrast to the bottom and top 10% of PA.

Mechanistically, chronic inactivity creates a pro-thrombotic 
environment via endothelial dysfunction and systemic in-
flammation [24]. Paradoxically, extreme exertion may trigger 
events; while habitual exercise is protective, transient risk 
rises during strenuous activity [28]. In young adults with PFO, 
vigorous exercise can facilitate paradoxical embolism via in-
creased intrathoracic pressure during straining maneuvers 
[16]. While we focused on chronic exposure rather than acute 
triggers, we observed significant associations in those with-
out high-risk PFO, suggesting that PFO may contribute to the 
pathogenesis of CIS even when not meeting established high-
risk criteria. Beyond paradoxical embolism, chronic extreme 
endurance training has been linked to structural and electri-
cal remodeling of the heart, and a higher incidence of atrial 
fibrillation (AF) [28]. Even when paroxysmal and asymptom-
atic, AF is recognized as a major risk factor for cardioembolic 
stroke [28], although the risk is generally regarded as low in 
younger patients without concomitant vascular risk factors. 
In our CIS cohort, AF was not present at study inclusion, al-
though intermittent paroxysmal AF cannot be fully excluded, 
emphasizing that alternative mechanisms warrant further 
consideration. This aligns with the concept of a U-shaped rela-
tionship between exercise and stroke risk, whereby moderate 
activity is uniformly protective, but very high activity levels 
may introduce specific cardiovascular vulnerabilities, a pat-
tern also reflected in our cohort. High-intensity exercise is as-
sociated with coronary calcification [29], though its relevance 
to the cerebrovascular system and CIS remains unclear and 
whether atherosclerotic mechanisms could partly explain the 
higher risk of CIS observed in the group with the highest PA in 
our study. Extreme PA can also cause arterial dissections via 
mechanical strain [30]. As dissections are a recognized cause 
of IS in young adults, they remain an important consideration 
when interpreting stroke mechanisms in very active individ-
uals. Since dissections were excluded in our study, alternative 

mechanisms for CIS in active individuals warrant further 
exploration.

Beyond PA, sedentary behavior is an independent stroke risk fac-
tor, showing a dose–response relationship once daily thresholds 
are exceeded [22]. Importantly, this relationship appears partic-
ularly relevant for younger adults. For example, a large Canadian 
cohort study found that individuals under 60 years of age who 
spent 8 or more hours per day in leisure sedentary activity and in 
addition had low PA levels exhibited a 4.5-fold higher long-term 
risk of stroke compared to those who sat less than 4 h per day 
and/or maintained higher activity levels [13]. However, the study 
examined stroke of any kind, whereas our analysis specifically 
focuses on CIS, providing a more refined view of mechanisms 
in younger patients. Prolonged sitting induces hemodynamic 
and metabolic changes that favor a prothrombotic environ-
ment. Inactivity reduces lower-limb blood flow and shear stress, 
leading to venous pooling, increased viscosity, and endothelial 
dysfunction. Since shear stress is a key regulator of vascular 
health, its reduction impairs antithrombotic and vasodilatory 
functions. Consistently, meta-analytic evidence shows that pro-
longed uninterrupted sitting markedly reduces flow-mediated 
dilation, underscoring how sedentary behavior promotes a pro-
inflammatory, hypercoagulable state [31]. In sedentary indi-
viduals with a PFO, venous thrombi formed during immobility 
may paradoxically cross into the arterial circulation, offering a 
plausible mechanism for CIS [32]. However, our findings did not 
provide evidence supporting this hypothesis.

A major strength of the SECRETO study is its strict adherence 
to a pre-specified and published study protocol, combined with 
comprehensive and timely diagnostic assessments for all partic-
ipants. To ensure a homogeneous study population and exclude 
stroke mimics, only patients with imaging-confirmed CIS were 
included. Standardized examinations were performed across 
study sites, and detailed data were collected using validated, 
structured questionnaires, resulting in high granularity and 
minimal missing data, as both patients and controls were per-
sonally interviewed. The robustness of the results was further 
supported by sensitivity analyses, including restricting controls 
to population-based individuals. The ability to account for mul-
tiple conventional and non-traditional vascular risk factors in 
multivariable models adds to the validity of the findings. Finally, 
with participants recruited from 19 centers across Europe, 
the results can be considered generalizable to populations of 
European origin.

FIGURE 5    |    Association between sedentary behavior and cryptogenic ischemic stroke, stratified by patent foramen ovale status (PFO), sex, and 
age group. OR, odds ratio; CI, confidence interval. Model 3, fully adjusted for demographics, traditional and non-traditional vascular risk factors.
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Nonetheless, some limitations need to be acknowledged. 
Although the study aimed to recruit all consecutive patients, 
some degree of selection bias toward those with milder strokes is 
possible. Yet, earlier studies have shown that younger IS patients 
typically present with lower NIHSS scores compared with older 
age groups [33]. As with any case–control study, our findings 
demonstrate associations but do not prove causality. Another 
limitation is that pre-stroke PA was assessed retrospectively 
after the index stroke, which raises the possibility of recall bias. 
Selection bias may also arise from the fact that both patients and 
controls agreeing to participate in an extensive research protocol 
could differ systematically from non-participants, for instance 
in terms of lifestyle habits or health awareness, potentially influ-
encing the observed associations. To address this, we conducted 
sensitivity analyses restricted to population-based controls, with 
results primarily in accordance with the main analyses.
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