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Endothelial Dysfunction is Associated With 
Early-Onset Cryptogenic Ischemic Stroke in 
Men and With Increasing Age
Nicolas Martinez-Majander , MD, MSc; Daniel Gordin, MD, PhD; Lotta Joutsi-Korhonen, MD, PhD;  
Titta Salopuro, MD, PhD; Krishna Adeshara , MD, PhD; Gerli Sibolt, MD, PhD; Sami Curtze , MD, PhD;  
Jani Pirinen, MD, PhD; Ron Liebkind, MD, PhD; Lauri Soinne , MD, PhD; Tiina Sairanen, MD, PhD;  
Juha Sinisalo , MD, PhD; Mika Lehto , MD, PhD; Per-Henrik Groop, MD, PhD; Turgut Tatlisumak , MD, PhD;  
Jukka Putaala, MD, PhD

BACKGROUND: The aim of this study was to assess the association between endothelial function and early-onset cryptogenic 
ischemic stroke (CIS), with subgroup analyses stratified by sex and age groups.

METHODS AND RESULTS: We prospectively enrolled 136 consecutive patients aged 18 to 49 years (median age, 41 years; 44% 
women) with a recent CIS and 136 age- and sex-matched (±5 years) stroke-free controls. Endothelial function was measured 
with an EndoPAT 2000 device and analyzed as tertiles of natural logarithm of reactive hyperemia index with lower values 
reflecting dysfunction. We used conditional logistic regression adjusting for age, education, hypertension, diabetes mellitus, 
dyslipidemia, current smoking, heavy drinking, obesity, and diet score to assess the independent association between en-
dothelial function and CIS. Patients in the lowest tertile of natural logarithm of reactive hyperemia index were more often men 
and they more frequently had a history of dyslipidemia; they were also more often obese, had a lower diet score, and lower 
high-density lipoprotein cholesterol. In the entire cohort, we found no association in patients with endothelial function and 
CIS compared with stroke-free controls. In sex- and age-specific analyses, endothelial dysfunction was associated with CIS 
in men (adjusted odds ratio [OR], 3.50 for lowest versus highest natural logarithm of reactive hyperemia index tertile; 95% CI, 
1.22–10.07) and in patients ≥41 years (OR, 5.78; 95% CI, 1.52–21.95). These associations remained significant when dyslipi-
demia was replaced with the ratio of total to high-density lipoprotein cholesterol.

CONCLUSIONS: Endothelial dysfunction appears to be an independent player in early-onset CIS in men and patients approach-
ing middle age.
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The impact of stroke in young individuals is more 
multidimensional than in the elderly, affecting fam-
ily, social life, and working ability for years after 

the event. Because of yet largely unstudied reasons, 
the incidence of ischemic stroke at younger ages has 
been increasing for several decades.1 Furthermore, 
young patients need more extensive pathogenic evalu-
ation because of the manifold causes of their ischemic 

stroke.2 However, a European study of patients with 
first-ever early-onset ischemic stroke showed that 
strokes with a cryptogenic cause are more common 
the younger the patients, with an average proportion 
of ≈50%.3 Several studies have shown high rates of 
recurrence in the young, even in patients with crypto-
genic ischemic stroke (CIS), suggesting an active un-
derlying mechanism and unmet needs in secondary 

Correspondence to: Nicolas Martinez-Majander, MD, MSc, Neurology, Helsinki University Hospital and University of Helsinki, Haartmaninkatu 4, FI-00029, 
Helsinki, Finland. E-mail: nicolas.martinez-majander@hus.fi

For Sources of Funding and Disclosures, see page 11.

© 2021 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creat​ive 
Commo​ns Attri​butio​n-NonCo​mmerc​ial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use 
is non-commercial and no modifications or adaptations are made. 

JAHA is available at: www.ahajournals.org/journal/jaha

https://orcid.org/0000-0001-8489-7051
mailto:﻿
https://orcid.org/0000-0002-6960-5505
https://orcid.org/0000-0003-1545-8500
https://orcid.org/0000-0002-6831-5688
https://orcid.org/0000-0002-0169-5137
https://orcid.org/0000-0002-8691-5142
https://orcid.org/0000-0002-2430-8988
mailto:nicolas.martinez-majander@hus.fi
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2021;10:e020838. DOI: 10.1161/JAHA.121.020838� 2

Martinez-Majander et al� Endothelial Dysfunction in Cryptogenic Stroke

prevention.4,5 Better knowledge of pathways leading to 
CIS could lead to more optimal secondary prevention, 
thus improving long-term outcome after CIS.

Endothelium plays a key role in various actions, such 
as regulation of vascular tone, modulation of inflamma-
tion, platelet aggregation, and coagulation. There are 
various methods to investigate endothelial function, of 
which flow-mediated dilation (FMD) test in the brachial ar-
tery and peripheral arterial tonometry (PAT) are the most 
commonly used.6 Previous studies have found good cor-
relation of repeated measurements of endothelial func-
tion with PAT and the method has been well validated.7–10

Based on studies in vascular disease in other arterial 
beds, it is plausible to hypothesize that endothelial dys-
function also contributes to cerebrovascular disease 

and stroke.6,11 However, these associations have gone 
virtually uninvestigated in young patients with isch-
emic stroke. One study including young patients with 
spontaneous cervical artery dissection showed an im-
paired FMD that was not the result of stroke.12 Another 
study with middle-aged patients with ischemic stroke 
also showed an impairment of FMD but no significant 
differences between stroke subtypes.13 A few studies 
focusing on young stroke-free individuals showed that 
male sex, increasing age, body mass, binge drinking, 
smoking, diabetes mellitus, and ratio of total to high-
density lipoprotein cholesterol (HDL-C) were associ-
ated with endothelial dysfunction.14,15

We hypothesized that endothelial dysfunction may 
also contribute to thrombus formation in early-onset 
CIS.16 Therefore, we aimed to: (1) characterize clinical 
and biochemical parameters associated with endo-
thelial function in patients with CIS, and (2) assess the 
association between endothelial function and CIS with 
stratification by demographic subgroups by compar-
ing patients with age- and sex-matched stroke-free 
controls.

METHODS
Study Population
SECRETO (Searching for Explanations for Cryptogenic 
Stroke in the Young: Revealing the Etiology, Triggers, 
and Outcome) (NCT01934725) is a prospective mul-
ticenter case-control study, aiming to study risk fac-
tors and causal pathways of CIS in young adults. 
The study has been approved by the ethics com-
mittee of the Helsinki and Uusimaa Hospital District 
(362/13/03/00/2012). Written informed consent was 
obtained from all participants. The present study is a 
substudy of SECRETO and conducted in the Helsinki 
University Hospital. The data that support the findings 
of this study are available from the corresponding au-
thor upon reasonable request.

The methods of the main study have been previ-
ously described in detail.17 In this substudy, we included 
consecutive patients aged 18 to 49 years with a first-
ever recent CIS between October 2013 and February 
2019. The National Institutes of Health Stroke Scale 
(NIHSS) was used to assess stroke severity in pa-
tients on admission. All patients underwent standard-
ized and timely diagnostic workup to exclude definite 
causes of stroke. Investigations included brain mag-
netic resonance imaging, imaging of intracranial and 
extracranial vessels with either computed tomography 
angiography or magnetic resonance angiography, rou-
tine laboratory testing, 12-lead ECG, continuous ECG 
for at least 24 hours, and both transthoracic and trans-
esophageal echocardiography. Echocardiography 
studies were performed according to a standardized 
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protocol.18 Ancillary testing was performed upon the 
discretion of the physician in charge. All patients un-
derwent a repeat study visit at 3 months.

ASCO (atherothrombosis [A], small vessel disease 
[S], cardioembolism [C], and other causes [O]) classi-
fication was used to define CIS after initial diagnostic 
workup: absence of disease (grade 0); any of grade 
II (causality uncertain); and grade III (unlikely a direct 
cause) pathology using diagnostic testing with the 
highest grade of evidence.19 Thus, patients with any 
grade of I were excluded from this study as such pa-
tients had an evident cause for their stroke. Patients 
with patent foramen ovale–related strokes with any 
likelihood that patent foramen ovale would be poten-
tially causal were, however, included in the study. None 
of the patients underwent patent foramen ovale clo-
sure before the study assessments.

One sex- and age-matched (±5  years) stroke-free 
control subjects from the same region was searched 
and matched to each patient. A list of 20 potential control 
subjects per 1 patient was randomly generated by the 
population registry and an invitation letter was sent to 
these individuals one by one. If a fit, willing control sub-
ject was not found by this strategy, patients’ nonrelated 
proxies, hospital staff, or their proxies were recruited.

Risk Factors and Cardiovascular 
Comorbidities
Clinical history was obtained from all participants with 
medical records and a structured interview during a 
study visit. Level of education was dichotomized as: (1) 
low, ie, primary or lower secondary education, or upper 
secondary education; and (2) high, ie, post-secondary 
nontertiary or tertiary education. Risk factors registered 
were history of hypertension (mean of 2 office blood 
pressure measurements >140/90 mm Hg at study visit, 
prior diagnosis of hypertension, or prior antihyperten-
sive medication), diabetes mellitus (prior diagnosis of 
any diabetes mellitus and/or prior antidiabetic medi-
cation), cardiovascular disease (any prior diagnosis 
of coronary heart disease, congestive heart failure, 
peripheral arterial disease, or atrial fibrillation), current 
tobacco smoking (smoking at least 1 cigarette during 
the preceding year before index stroke). Obesity was 
defined according to the World Health Organization 
(WHO) based on waist/hip ratio for women >0.85 and 
for men >0.90.20 We assessed physical activity with 
the short version of the International Physical Activity 
Questionnaire21 and estimated total metabolic equiv-
alents per week. Adaptation of the WHO’s Alcohol, 
Smoking and Substance Involvement Screening Test22 
was applied to assess alcohol use. Heavy alcohol use 
was defined as at least 5 doses of alcohol per day or 16 
doses per week for women and at least 7 doses of al-
cohol per day or 24 doses per week for men.23 Dietary 

patterns were assessed using the Mediterranean Diet 
Score, which scores 10 main diet components includ-
ing nonrefined cereals, fruits, vegetables, potatoes, 
legumes, olive oil, fish, red meat, poultry, and full-fat 
dairy products.24 Consumption close to a healthy diet 
pattern was assigned scores 0, 1, 2, 3, 4, and 5 when 
the participant reported no, rare, frequent, very fre-
quent, weekly, and daily consumption, respectively. 
Consumption away from the health diet pattern was 
scored on a reverse scale.

Blood Biomarkers
We assessed blood markers that are known to associ-
ate with endothelial function, using both samples taken 
as part of routine care and samples obtained at study 
visit. All samples were analyzed in a central accredited 
laboratory (HUSLAB in Helsinki, Finland) with an auto-
mated analyzer. Total cholesterol, plasma low-density 
lipoprotein cholesterol (LDL-C), HDL-C, creatinine, and 
C-reactive protein were obtained from patient samples 
taken on the next working day after admission (ad-
mission samples). Glomerular filtration rate was esti-
mated with the Chronic Kidney Disease Epidemiology 
Collaboration equation.25

At study visit, investigational nonfasting plasma and 
serum samples were obtained from all participants, 
preprocessed according to standardized methods, 
and stored in cryogens at −180°C in liquid nitrogen at 
the Finnish Institute for Molecular Medicine. Plasma 
total cholesterol, LDL-C, HDL-C, creatinine, and 
high-sensitivity C-reactive protein were analyzed at 
HUSLAB with an automated analyzer. To assess the 
glycemic state on the stored investigational samples, 
serum concentration of glycated albumin (GA) was 
determined by competitive ELISA (human glycated al-
bumin enzyme-linked immunosorbent assay Kit, CSB-
E09599h; Cusabio) according to the manufacturers’ 
instructions.

Endothelial Function by PAT
Endothelial function was measured with an EndoPAT 
2000 device (Itamar Medical Ltd.) twice in patients 
(both at baseline and at 3-month study visit) and 
once in healthy controls. EndoPAT is a noninvasive, 
validated, and previously described technique used to 
evaluate peripheral endothelial function by measuring 
digital pulse amplitude.7,26 Specially designed biosen-
sors, which are composed of inflatable latex air cuffs 
connected by pneumatic tubes to an inflating device 
controlled by a computerized algorithm, were placed 
on the tip of each index finger. Briefly, in EndoPAT, 
after 5 minutes of baseline measurement of finger-tip 
arterial blood volume, a temporary occlusion of blood 
flow in the test arm is applied through air cuffs. After 
5 minutes of arterial occlusion, the cuff is deflated and 
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PAT tracing is recorded for another 5  minutes. The 
EndoPAT device provides a ratio of the PAT comparing 
the signal after cuff release with baseline recording in 
the test arm indexed to the contralateral arm. This ratio 
reflects a reactive hyperemia index, and natural loga-
rithm of reactive hyperemia index (LnRHI) was used to 
estimate endothelial function.27

Statistical Analysis
Clinical and biochemical parameters were reported for 
all participants and stratified by sex and age groups, di-
chotomized at median. McNemar test was used for uni-
variable comparisons of dichotomized variables, paired 
t test was used to compare normally distributed continu-
ous variables, and Wilcoxon signed rank test was used 
for non-normally distributed continuous variables. LnRHI 
was divided in tertiles based on the control subjects’ 
distribution. Clinical and biochemical parameters were 
characterized in LnRHI tertiles in the study patients.

The independent association between endothelial 
function and CIS was assessed with conditional logistic 
regression analysis adapted for a matched case-control 
study, reported as odds ratios (ORs) and 95% CIs. We 
constructed 4 models to study the association: (1) ad-
justed for demographics and clinical vascular risk factors 
(hypertension, diabetes mellitus, dyslipidemia, current 
smoking, heavy drinking, physical activity, obesity, and 
diet score); (2) adjusted for demographics, clinical vas-
cular risk factors except dyslipidemia but including total 
cholesterol/HDL-C ratio based on admission samples in 
patients; (3) adjusted for demographics, clinical vascular 
risk factors except dyslipidemia but including total cho-
lesterol/HDL-C ratio based on study visit samples; and 
(4) similar to model 3 but diabetes mellitus replaced with 
GA based on study visit samples.

We reported variables with missing data. Statistical 
analyses were performed with SPSS Statistics for 
Windows, version 25.0 (IBM). Statistical significance 
was set at P<0.05.

RESULTS
Characteristics of Patients and Matched 
Controls
Of the 142 consecutive patients with CIS, we ex-
cluded 1 because of an uncertain primary diagnosis 
of ischemic stroke (multiple sclerosis diagnosis during 
follow-up), 2 because of unwillingness to participate 
in this substudy, and 3 because of contraindications 
for EndoPAT measurement. Thus, 136 patients with 
CIS were left for analysis (median age, 41 years; inter-
quartile range [IQR], 35–46 years [44% women]) and 
compared with 136 age- and sex-matched controls 
(median age, 42 years; IQR, 35–47 years).

In the study patients, the median delay from index stroke 
to hospital admission and obtaining first routine blood 
samples was 0 days (IQR, 0–1 days). The median delay 
from index stroke to study visit including EndoPAT assess-
ment was 10 days (IQR, 8–15 days) and to first study blood 
samples was 10 days (IQR, 7–15 days). Median NIHSS on 
admission was 2 (IQR, 0–3; range, 0–13).

Compared with controls, patients had a lower level 
of education, were more often current smokers and 
obese, and had a lower diet score. Patients were more 
often using antihypertensive treatments before stroke 
compared with controls (11.0% versus 7.4%, respec-
tively) but less frequently using statins (2.9% versus 
7.4%). After hospital admission, antihypertensive med-
ication had been commenced in 47.1% and statins in 
81.6% of patients. At study visit, patients had lower 
LDL-C, HDL-C, and GA levels, as well as total choles-
terol/HDL-C ratio, compared with controls. In patients, 
LDL-C, HDL-C, and total cholesterol/HDL-C ratio de-
creased significantly between admission and study 
visit (P<0.001 for all pairwise comparisons) (Table 1).

Compared with male controls, male patients had a 
lower level of education and a lower diet score, were 
more often current smokers, and used alcohol more 
frequently. Female patients were more frequently obese 
and had a lower diet score compared with female con-
trols. Female patients more frequently used antihyper-
tensive treatment before stroke compared with female 
controls (13.3% versus 6.7%). Male controls were more 
frequently users of statins than male patients before 
stroke (13.2% versus 3.9%), whereas there was no sig-
nificant difference among women. At the study visit, both 
male and female patients had lower LDL-C and HDL-C 
levels, and male patients also had lower GA levels and 
total cholesterol/HDL-C ratio compared with controls.

In age-specific comparison, younger patients with 
CIS were more often heavy alcohol users and had a 
lower diet score compared with controls, whereas older 
patients had a lower level of education, were more often 
smokers and obese, and had a lower diet score com-
pared with controls. There were no relevant differences 
in prior medication either between younger or older pa-
tients and controls. In both age groups, patients had 
lower LDL-C levels, but only older patients also had lower 
HDL-C and GA levels, as well as total cholesterol/HDL-C 
ratio, compared with older controls (Table 2).

Characteristics Associated With 
Endothelial Function in Patients
The proportion of men and dyslipidemia decreased by 
increasing LnRHI. Patients in the second tertile tended 
to have more hypertension and had the lowest diet 
score. Obesity was less frequent and total cholesterol/
HDL-C ratio on admission decreased and HDL-C con-
centration increased by increasing LnRHI (Table 3).
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Univariate Comparison of Endothelial 
Function Between Patients and Controls
In the entire cohort, there was no difference in LnRHI 
as a continuous variable between patients and con-
trols (median LnRHI 0.75 [95% CI, 0.59–0.92] versus 
0.82 [95% CI, 0.63–1.00]; P=0.177). Older patients had 

significantly lower LnRHI compared with older controls 
(0.72 [95% CI, 0.52–0.89] versus 0.90 [95% CI, 0.65–
1.07]; P=0.004). In men alone, LnRHI tended to be lower 
in patients compared with controls (0.72 [95% CI, 0.55–
0.87] versus 0.88 [95% CI, 0.64–0.97]; P=0.069). In other 
subgroups, there was no difference in LnRHI between 

Table 1.  Characteristics and Comorbidities in Patients With CIS and Stroke-Free Controls in the Entire Sample and 
Stratified By Sex

Clinical Variables (No. 
With Missing Data)

All Women Men

Patients (n=136) Controls (n=136) Patients (n=60) Controls (n=60) Patients (n=76) Controls (n=76)

Low level of education (3) 69 (50.7) 48 (36.1)* 26 (43.3) 18 (31.0) 43 (56.6) 30 (40.0)*

Hypertension 41 (30.1) 33 (24.3) 21 (35.0) 14 (23.3) 20 (26.3) 19 (25.0)

Dyslipidemia 75 (55.1) 78 (57.4) 26 (43.3) 22 (36.7) 49 (64.5) 56 (73.7)

Diabetes mellitus 4 (2.9) 4 (2.9) 1 (1.7) 0 3 (3.9) 4 (5.3)

Cardiovascular disease 0 1 (0.7) 0 0 0 1 (1.3)

Current smoking 42 (30.9) 26 (19.1)* 13 (21.7) 11 (18.3) 29 (38.2) 15 (19.7)*

Heavy alcohol use 33 (24.3) 21 (15.4) 11 (18.3) 11 (18.3) 22 (28.9) 10 (13.2)*

Physical activity, 1000 
MET per wk

3.4 (1.6–4.5) 2.8 (1.6–4.2) 3.3 (1.4–4.0) 2.6 (1.5–4.1) 3.1 (1.9–6.0) 2.8 (1.8–4.2)

Obesity 76 (55.9) 57 (41.9)† 26 (43.3) 13 (21.7)† 50 (65.8) 44 (57.9)

Diet score (10) 25.0 (5.2) 27.0 (4.6)† 25.7 (5.9) 28.2 (4.7)* 24.4 (4.5) 26.1 (4.2)*

Prestroke medication

Antihypertensive 15 (11.0) NA 8 (13.3) NA 7 (9.2) NA

Statin 4 (2.9) NA 1 (1.7) NA 3 (3.9) NA

Medication at baseline visit

Antihypertensive 64 (47.1) 10 (7.4)† 23 (38.3) 4 (6.7)† 41 (53.9) 6 (7.9)†

Statin 111 (81.6) 10 (7.4)† 48 (80.0) 0† 63 (82.9) 10 (13.2)†

Routine laboratory assessment on admission

CRP, mg/L 1.5 (1.5–3.0) NA 1.5 (1.5–1.5) NA 1.5 (1.5–4.0) NA

eGFR, mL/min per 
1.73 m2

102 (16) NA 101 (18) NA 103 (15) NA

LDL-C, mmol/L 3.1 (0.9) NA 2.9 (0.9) NA 3.2 (0.9) NA

HDL-C, mmol/L (1) 1.3 (0.4) NA 1.5 (0.5) NA 1.2 (0.3) NA

Total cholesterol/HDL-C 
ratio (1)

3.8 (1.2) NA 3.5 (1.2) NA 4.2 (1.2) NA

Triglycerides, mmol/L 1.4 (1.2) NA 1.2 (0.7) NA 1.6 (1.4) NA

HbA1c, mmol/mol 34 (32–37) NA 34 (32–36) NA 34 (33–38) NA

Study visit laboratory assessment

hs-CRP, mg/L 0.9 (0.4–3.2) 0.8 (0.3–2.2) 1.5 (0.4–4.0) 1.2 (0.5–3.8) 0.8 (0.4–1.6) 0.7 (0.3–1.7)

eGFR, mL/min per 
1.73 m2

66 (62–71) 66 (63–69) 70 (66–74) 69 (66–72) 64 (60–66) 64 (59–66)

LDL-C, mmol/L 2.3 (0.7) 3.1 (0.9)† 2.2 (0.8) 2.9 (0.8)† 2.3 (0.6) 3.2 (1.0)†

HDL-C, mmol/L 1.1 (0.3) 1.3 (0.4)† 1.2 (0.3) 1.5 (0.4)† 1.0 (0.2) 1.2 (0.3)†

Total cholesterol/HDL-C 
ratio

3.5 (0.8) 3.7 (1.1)* 3.1 (0.7) 3.2 (0.8) 3.7 (0.7) 4.2 (1.1)†

Triglycerides, mmol/L 1.5 (0.8) 1.5 (1.1) 1.4 (0.7) 1.2 (0.9) 1.6 (0.8) 1.8 (1.1)

GA (1), nmol/mL 87.8 (29.1) 98.0 (30.7)† 94.7 (32.6) 102.8 (34.4) 82.4 (24.9) 94.2 (27.0)†

Data are expressed as number (percentage), median (interquartile range), or mean (SD).
CIS indicates cryptogenic ischemic stroke; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; GA, glycated albumin; HDL-C, high-density 

lipoprotein cholesterol; HbA1c, glycated hemoglobin; hs-CRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; MET, metabolic 
equivalent; and NA, not available.

*P<0.05.
†P<0.01.
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the patients and the controls (Figure). Moreover, there 
was no difference between LnRHI at baseline and 3-
month measurements in patients (0.75 [95% CI, 0.59–
0.92] versus 0.75 [95% CI, 0.53–0.89]; P=0.143).

Conditional Logistic Regression on 
Association Between Endothelial Function 
and CIS
In multivariate analyses, the lowest tertile of LnRHI 
was associated with CIS in men (OR, 3.50 for lowest 

versus highest tertile; 95% CI, 1.22–10.07) and in 
participants aged ≥41 years (OR, 5.78; 95% CI, 1.52–
21.95) when adjusted for demographics and vascular 
risk factors. These associations remained significant 
when dyslipidemia was replaced with admission total 
cholesterol/HDL-C ratio. However, when using study 
visit total cholesterol/HDL-C ratio, the association 
between LnRHI and CIS in men dampened to non-
significant, whereas the significant association in the 
older group persisted. When GA was used instead 
of history of diabetes mellitus with study visit total 

Table 2.  Characteristics and Comorbidities in Patients With CIS and Stroke-Free Controls Stratified By Age (Dichotomized 
at a Median of 41 y)

Clinical Variables (No. With Missing 
Data)

Younger Participants Older Participants

Patients (n=69) Controls (n=69) Patients (n=67) Controls (n=67)

Low level of education (3) 36 (52.2) 29 (42.0) 32 (48.5) 19 (28.8)*

Hypertension 12 (17.4) 13 (18.8) 29 (43.3) 20 (29.9)

Dyslipidemia 34 (49.3) 31 (44.9) 41 (61.2) 47 (70.1)

Diabetes mellitus 1 (1.4) 0 (0) 3 (4.5) 4 (6.0)

Cardiovascular disease 0 (0) 1 (1.4) 0 (0) 0 0)

Current smoking 17 (24.6) 15 (21.7) 25 (37.3) 11 (16.4)*

Heavy alcohol use 22 (31.9) 12 (17.4)* 11 (16.4) 9 (13.4)

Physical activity, 1000 MET per wk 3.5 (1.7–4.8) 2.6 (1.6–3.9) 3.3 (1.4–4.3) 2.9 (1.7–4.3)

Obesity 28 (40.6) 19 (27.5) 48 (71.6) 38 (56.7)

Diet score (10) 25.3 (5.4) 27.3 (4.5)* 24.6 (5.0) 26.7 (4.6)†

Prestroke medication

Antihypertensive 3 (4.3) NA 12 (17.9) NA

Statin 0 (0) NA 4 (6.0) NA

Medication at study visit

Antihypertensive 21 (30.4) 4 (5.8)† 43 (64.2)† 6 (9.0)

Statin 47 (68.1) 2 (2.9)† 64 (95.5)† 8 (11.9)

Admission laboratory assessment

CRP, mg/L 1.5 (1.5–3.0) NA 1.5 (1.5–3.0) NA

eGFR, mL/min per 1.73 m2 105 (18) NA 99 (14) NA

LDL-C, mmol/L 2.9 (0.9) NA 3.2 (1.0) NA

HDL-C, mmol/L (1) 1.4 (0.4) NA 1.3 (0.3) NA

Total cholesterol/HDL-C ratio 3.6 (1.1) NA 4.1 (1.3) NA

Triglycerides, mmol/L 1.2 (0.7) NA 1.6 (1.5) NA

HbA1c, mmol/mol 34 (32–36) NA 35 (33–38) NA

Study visit laboratory assessment

hs-CRP, mg/L 0.9 (0.4–3.2) 0.7 (0.3–2.1) 0.9 (0.4–3.9) 0.9 (0.5–2.4)

eGFR, mL/min per 1.73 m2 67 (64–72) 67 (64–71) 64 (62–70) 65 (60–67)

LDL-C, mmol/L 2.4 (0.8) 2.8 (1.0)* 2.2 (0.7) 3.3 (0.8)†

HDL-C, mmol/L 1.2 (0.3) 1.3 (0.3) 1.0 (0.3) 1.3 (0.4)†

Total cholesterol/HDL-C ratio 3.4 (0.8) 3.5 (1.1) 3.5 (0.7) 4.0 (1.0)†

Triglycerides, mmol/L 1.4 (0.7) 1.3 (0.9) 1.6 (0.9) 1.7 (1.2)

GA (1), nmol/mL 86.9 (31.8) 92.3 (24.4) 88.8 (26.3) 103.9 (35.2)†

Data are expressed as number (percentage), median (interquartile range), or mean (SD).
CIS indicates cryptogenic ischemic stroke; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; GA, glycated albumin; HbA1c, glycated 

hemoglobin; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; MET, metabolic 
equivalent; and NA, not available.

*P<0.05.
†P<0.01.
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cholesterol/HDL-C ratio, the only significant associa-
tion between LnRHI and CIS remained in participants 
aged ≥41  years. Finally, there was no association 
between endothelial dysfunction and CIS in the en-
tire study population, in women, or in patients aged 
<41 years alone after adjustment (Table 4).

DISCUSSION
Our case-control study suggests an association be-
tween endothelial dysfunction and early-onset CIS in 

men and a subgroup of patients aged >41 years. The 
association remained significant after adjusting for de-
mographic factors and a range of comorbidities, life-
style habits, and laboratory measurements.

Only a few studies have focused on endothelial 
dysfunction in young patients with stroke. One study 
included 25 consecutive patients with spontaneous in-
ternal carotid artery dissection (mean age, 41.8 years) 
and 39 individuals with vertebral artery dissection (mean 
age, 45.6 years), and compared them with 23 patients 
with CIS (43.6  years).12 Patients with internal carotid 

Table 3.  Clinical and Laboratory Characteristics in Patients With CIS by Tertiles of LnRHI

LnRHI

Low LnRHI Medium LnRHI High LnRHI P Value

Age, median (IQR), y 43.8 (36.1–47.1) 40.6 (36.1–46.2) 40.2 (29.6–44.1) 0.157

Men 33 (67.3) 32 (56.1) 11 (36.7) 0.009

Low level of education 28 (57.1) 25 (43.9) 16 (53.3) 0.590

Hypertension 15 (30.6) 23 (40.4) 3 (10.0) 0.019

Dyslipidemia 34 (69.4) 27 (47.4) 14 (46.7) 0.029

Diabetes mellitus 3 (6.1) 0 (0) 1 (3.3) 0.331

Current smoking 17 (34.7) 21 (36.8) 4 (13.3) 0.098

Heavy alcohol use 13 (26.5) 15 (26.3) 5 (16.7) 0.367

Physical activity, 1000 MET per wk 3.14 (1.1–5.4) 3.31 (1.7–4.1) 3.59 (1.9–7.5) 0.549

Obesity 35 (71.4) 34 (59.6) 7 (23.3) <0.001

Diet score (10) 25 (21–29) 22 (20–28) 26 (24–31) 0.028

Prestroke medication

Antihypertensive 3 (6.1) 12 (21.1) 0 (0) 0.742

Statin 3 (6.1) 1 (1.8) 0 (0) 0.099

Medication at study visit

Antihypertensive 25 (51.0) 32 (56.1) 7 (23.3) 0.039

Statin 40 (81.6) 48 (84.2) 23 (76.7) 0.660

Admission laboratory assessment

CRP, mg/L 1.5 (1.5–4.5) 1.5 (1.5–2.3) 1.5 (1.5–1.5) 0.093

eGFR, mL/min per 1.73 m2 103 (17) 102 (15) 101 (18) 0.343

LDL-C, mmol/L 3.1 (1.0) 3.1 (1.0) 3.1 (0.9) 0.997

HDL-C, mmol/L 1.2 (0.4) 1.3 (0.4) 1.5 (0.4) 0.027

Total cholesterol/HDL-C ratio 4.1 (1.3) 3.8 (1.3) 3.4 (0.9) 0.032

Triglycerides, mmol/L 1.6 (1.8) 1.4 (0.7) 1.1 (0.5) 0.138

HbA1c, mmol/mol 36 (32–38) 34 (33–37) 34 (32–35) 0.246

Study visit laboratory assessment

hs-CRP, mg/L 1.14 (0.56–4.20) 0.77 (0.41–3.16) 0.98 (0.37–1.69) 0.387

eGFR, mL/min per 1.73 m2 65 (63–70) 67 (63–71) 65 (62–71) 0.782

LDL-C, mmol/L 2.3 (0.7) 2.2 (0.7) 2.4 (0.7) 0.650

HDL C, mmol/L 1.1 (0.3) 1.2 (0.3) 1.2 (0.3) 0.047

Total cholesterol/HDL-C ratio 3.6 (0.8) 3.4 (0.8) 3.3 (0.7) 0.115

Triglycerides, mmol/L 1.7 (1.0) 1.4 (0.6) 1.3 (0.7) 0.126

GA (1), nmol/mL 87.5 (27.7) 88.9 (26.9) 91.5 (23.2) 0.913

Data are expressed as number (percentage), median (interquartile range), or mean (SD).
CIS indicates cryptogenic ischemic stroke; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; GA, glycated albumin; HbA1c, glycated 

hemoglobin; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; IQR, interquartile range; LDL-C, low-density lipoprotein 
cholesterol; LnRHI, natural logarithm of reactive hyperemia index; MET, metabolic equivalent; and NA, not applicable.
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artery dissection had significantly lower FMD index 
compared with young patients with CIS (5.7%±6.2% 
in internal carotid artery dissection, 5.0%±9.3% in 
vertebral artery dissection, and 13.2%±6.5% in CIS; 
P<0.0005). No difference between patients with ca-
rotid and vertebral dissection was observed. Another 
study with 50 middle-aged patients with stroke (mean 

age, 57.5 years) found patients with stroke to have a 
lower FMD index compared with 50 healthy controls. In 
that same study, FMD index in patients with ischemic 
stroke was lower than in patients with hemorrhagic 
stroke (3.8%±0.9% versus 6.0%±1.6%, respectively).13 
No difference in FMD index between ischemic stroke 
subtypes was observed. It needs to be recognized that 

Figure.  Case-control comparison of natural logarithm of reactive hyperemia index (LnRHI) between (A) women and men, 
(B) age groups (dichotomized at median), and (C) age groups (dichotomized at median) stratified by sex.
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the number of individuals in these studies was small, 
allowing only limited subgroup analyses.

In young stroke-free individuals, male sex, increas-
ing age, body mass, binge drinking, smoking, diabe-
tes mellitus, and total cholesterol/HDL-C ratio were 
associated with endothelial dysfunction.14,15 This is in 
accordance with our results showing that our patients 
with stroke in the lowest LnRHI tertile were also slightly 
older, more often men and obese, and had a higher 
total cholesterol/HDL-C ratio and a lower HDL-C level. 
Moreover, our finding suggesting that endothelial dys-
function associated with CIS particularly in men and 
older young adults is reasonable since features as-
sociated with endothelial dysfunction tend to cluster 
in these demographic patient subgroups. However, 
when LnRHI was analyzed as a continuous variable, a 
significant difference between cases and controls was 
shown only in older patients.

Endothelial function can be improved with several 
cardiovascular drugs, such as angiotensin-converting 
enzyme inhibitors, angiotensin receptor blockers, and 
statins.11 Statins have several beneficial pleiotropic ef-
fects, including anti-inflammatory and antioxidant activi-
ties, thus improving endothelial function both in primary 
and secondary prevention of cardiovascular events, 
including stroke. For statins, this beneficial effect is 
also distinct and independent of their lipid-lowering ef-
fect.28,29 The effects of statins may also be present in 
our patients since statins were initiated in 4 of 5 patients 
at admission. Studies have shown that even relatively 
short exposure to statins may have beneficial effects 
on endothelial function.28 Accordingly, adjustment for 
admission lipid status did not affect the association of 
endothelial dysfunction with CIS, but when we adjusted 
for study visit lipid status, we found no association with 
LnRHI and CIS in men. The change in lipid status upon 
the study visit likely serves as a surrogate for statin ini-
tiation, but it is unlikely that short-term statin use would 
have had a strong effect on our results. Nevertheless, 
it is possible that our findings could have been more 
profound without the wide initiation of statins particularly 
among our male and older patients.

In our study, men and older patients had lower GA 
levels compared with matched controls. Furthermore, 
replacing history of diabetes mellitus with GA did not 
affect the magnitude of the association of LnRHI with 
CIS in older individuals in our model adjusted for de-
mographics, vascular risk factors, and study visit total 
cholesterol/HDL-C ratio. Earlier studies have shown that 
GA enhances platelet activation and aggregation con-
tributing to endothelial dysfunction30,31 and has been 
shown to have a different impact on stroke events as it 
only associates with large-artery atherosclerosis but not 
small-vessel occlusion and cardioembolism in patients 
with diabetes mellitus and acute ischemic stroke.32 
Furthermore, GA was associated with increased early 

neurological deterioration in patients with prediabetes 
mellitus who had acute ischemic stroke,33 which reflects 
its variability in a disease-specific manner. Regarding 
short-term glycemia, GA levels can be affected by acute 
blood glucose change, albumin turnover or metabolism, 
and proteolysis degradation,34–36 factors that could not 
be adjusted for in our analysis. Nevertheless, in light 
of the existing data on GA in ischemic stroke, the low 
number of patients with preexisting diabetes mellitus 
and the absence of clinically significant atherosclerosis 
and findings on GA in our study, it seems unlikely that 
glycemic state has a major contribution on endothelial 
dysfunction in young patients with CIS.

Strengths of our study include a robust study 
protocol, prospective design, timely and extensive 
diagnostic workup, and structured data collection. 
Furthermore, stroke diagnoses were verified with mag-
netic resonance imaging. Extensive data collection 
enabled multiple confounders to be considered in lo-
gistic regression analyses. Moreover, there were only 
few cases with missing data. Some limitations need to 
be acknowledged, however. As our study was cross-
sectional in nature, it cannot prove causality between 
endothelial function and CIS. There was a delay of 
10 days from stroke onset to EndoPAT measurement 
and, because of this delay, we were not able to mea-
sure endothelial function without secondary prevention 
medication including statins already initiated. However, 
this delay was inevitable, since recruitment and 
EndoPAT measurement was possible only after base-
line diagnostic workup was completed and hence the 
stroke classified as cryptogenic. It seems unlikely that 
stroke itself would have affected peripheral endothelial 
function measured with EndoPAT. To assess endothe-
lial function in our study we used EndoPAT, which is 
less invasive and likely less operator-dependent com-
pared with assessment using FMD.37 However, some 
studies have shown that PAT and FMD are not inter-
changeable and FMD might demonstrate better reli-
ability for the between-day measurements.38,39 Since 
measuring LnRHI is an indirect method for assessing 
endothelial function, our results should be confirmed 
with FMD assessment as well. Furthermore, patients 
in our study presented with mainly mild to moderate 
strokes, with NIHSS on admission ranging from 0 to 
13. It has been previously suggested that young pa-
tients with stroke with undetermined cause might 
have milder strokes compared with well-established 
causes.40 Nevertheless, some selection bias might be 
present despite aiming to enroll consecutive patients.

CONCLUSIONS
In this case-control study, we showed an associa-
tion between endothelial dysfunction and CIS in men 
and patients aged 41 to 49  years. This association 
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emerged independent of several cardiovascular risk 
factors.
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