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BACKGROUND: Identification of risk factors and causes of stroke is key to optimize treatment and prevent recurrence. Up
to one-third of young patients with stroke have a cryptogenic stroke according to current classification systems (Trial of
ORG 10172 in Acute Stroke Treatment [TOAST] and atherosclerosis, small vessel disease, cardiac pathology, other causes,
dissection [ASCOD]). The aim was to identify risk factors and leads for (new) causes of cryptogenic ischemic stroke in young
adults, using the pediatric classification system from the IPSS study (International Pediatric Stroke Study).

METHODS: This is a multicenter prospective cohort study conducted in 17 hospitals in the Netherlands, consisting of 1322
patients aged 18 to 49 years with first-ever, imaging confirmed, ischemic stroke between 2013 and 2021. The main outcome
was distribution of risk factors according to IPSS classification in patients with cryptogenic and noncryptogenic stroke
according to the TOAST and ASCOD classification.

RESULTS: The median age was 44.2 years, and 697 (52.7%) were men. Of these 1322 patients, 333 (25.2%) had a cryptogenic
stroke according to the TOAST classification. Additional classification using the ASCOD criteria reduced the number patients
with cryptogenic stroke from 333 to 260 (19.7%). When risk factors according to the IPSS were taken into account, the
number of patients with no potential cause or risk factor for stroke reduced to 10 (0.8%).

CONCLUSIONS: Among young adults aged 18 to 49 years with a cryptogenic ischemic stroke according to the TOAST
classification, risk factors for stroke are highly prevalent. Using a pediatric classification system provides new leads for the
possible causes in cryptogenic stroke, and could potentially lead to more tailored treatment for young individuals with stroke.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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young adults (18-49 vyears), resulting in about 2
million young adults who are affected by stroke
worldwide every year, with incidence increasing over the
past decade.'® Stroke at young age comes with high

An estimated 10% to 15% of all strokes occur in

socioeconomic costs and patients encounter lifelong
consequences.>* Rapid identification of causes and risk
factors of ischemic stroke in young adults is key to opti-
mize treatment and prevent recurrence. Still, in up to one-
third of all cases with ischemic stroke at young age, no
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Nonstandard Abbreviations and Acronyms

ODYSSEY Observational Dutch Young Symptom-
atic Stroke Study

clear cause is identified after thorough clinical work-up
and the use of stroke classification schemes such as the
TOAST (Trial of ORG 10172 in Acute Stroke Treatment)
classification and the ASCOD (atherosclerosis, small
vessel disease, cardiac pathology, other causes, dissec-
tion) classification.58

However, these classifications have been developed
for ischemic stroke patients often older than 65 years.
They have gradually been implemented in clinical prac-
tice of patients with stroke at younger ages, without any
formal evaluation and validation in this specific domain.
This may result in unjustified classification of patients
with a cryptogenic stroke, while in fact causes or risk
factors for stroke are present that are not recognized
as such within the conventional developed classifica-
tion schemes. In addition, the currently used classifica-
tions lump patients with diverse and rare causes and
underlying pathophysiological mechanisms into 1 other
determined category, thereby ignoring the possible dif-
ferent long-term prognosis of stroke depending by the
different causes.

In contrast to the classification schemes used in
adults, the classification developed for childhood-
and adolescent stroke by the IPSS study (Interna-
tional Pediatric Stroke Study) designates not 1 single
cause of stroke. The IPSS allows multiple risk factor
categories that are not mutually exclusive and recog-
nizes age-specific presumed risk factors and etiolo-
gies that are not included in the TOAST and ASCOD.®
Although a risk factor is not necessarily synonymous
with a cause, rapid identification of risk factors is an
important step to initiate treatment and counseling
of patients.

We therefore investigated the causes and risk factors
of stroke in young adults in a prospective cohort study
of young patients with imaging proven ischemic stroke
according to the TOAST, ASCOD, and IPSS criteria to
search for clues that help find potential causes in cryp-
togenic stroke.

METHODS
Data Availability

The raw and anonymized data used in this study can be
shared upon and after permission of our institutional review
board. Written proposals can be addressed to the correspond-
ing author and will be assessed by ODYSSEY (Observational
Dutch Young Symptomatic StrokE studY) investigators for
appropriateness of use, and a data sharing agreement in
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accordance with Dutch regulations will be put in place before
data are shared.

Study Description

This study is part of the ODYSSEY, a Dutch multicenter
prospective cohort study in 17 centers on the risk factors
and prognosis of patients with a first-ever, ischemic stroke
or intracerebral hemorrhage aged 18-49 years. Details of
the study have been described previously.'® For this study,
we included patients with ischemic stroke. Patients were
included consecutively between May 2013 until end of inclu-
sion in February 2021.

In short, our study comprises consecutive patients aged
18-49 years with first-ever symptomatic ischemic stroke with
radiological evidence of cerebral ischemia. Patients with tran-
sient symptoms (<24 hours) all had diffusion weighted imaging
positive lesions (DWI+) on magnetic resonance imaging and as
such were included as (minor) stroke according to the tissue
based definition."

Baseline Data Collection

Information on (vascular) risk factors, stroke severity according
to the National Institutes of Health Stroke Scale (NIHSS) on
admission and modified Rankin Scale (mRS) at discharge, treat-
ment in the acute phase and at discharge were systematically
collected as were results of neuroimaging, laboratory and car-
diac diagnostic tests. Case-fatality was defined as death within
the first 30 days after stroke. Case fatality was ascertained by
checking all medical files, in combination with an interview by
phone as part of the regular follow-up. When patients were lost
to follow-up case fatality was ascertained by contacting their
general practitioners. In addition, patients completed a stan-
dardized structured questionnaire on level of education, marital
status, employment and additional potential risk factors such as
illicit drug use. We provide a complete case analysis.

Risk Factors and Causes of Stroke
To limit missing data, patient's medical files, including diagnos-
tic tests, risk factors, and the cause of ischemic stroke, were
systematically assessed for all patients by 1 of 4 raters (ME, JV,
MS, or EB) according to the modified TOAST criteria (includ-
ing a subdivision into high-risk and medium-risk sources of
cardio-embolism and in large artery atherosclerosis and likely
atherothrombotic disease)'?"'* (further referred to as TOAST),
ASCOD criteria® and modified IPSS criteria (referred to as
IPSS®; Table S1).

In case of doubt or disagreement of a risk factor of cause,
a consensus meeting was held with a vascular neurologist
(FEdL). The adjudicated causes and risk factors for stroke
according to the TOAST, ASCOD, and IPSS classification were
reviewed by 2 separate raters in the first 100 patients with an
interrater agreement of 98%.

Statistical Analyses

We reported categorical variables as numbers and frequencies
unless otherwise stated. Continuous variables were reported
as median and interquartile range (IQR). Age- and sex-spe-
cific analyses for causes and risk factors were performed
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by predefined age-groups: 18-25, 26-30, 31-35, 36-40,
41-45, and 46—49 years.

Categorical variables were compared through Pearson 2
or Fisher Exact tests, whichever was appropriate. Continuous
variables were compared by Student ¢ test or Mann Whitney
U test and the Kruskal-Wallis test was used for comparing
median age, NIHSS, and mRS between men and women and
between stroke subtypes.

For all analyses, 2-sided P values of <0.05 were consid-
ered statistically significant. Data were analyzed using SPSS
Software version 22 (IBM), R version 3.6.2 (R Project for
Statistical Computing) and Microsoft Office Excel 2007.

Ethical Approval

The Medical Review Ethics Committee region Arnhem-
Nijmegen approved the study (NL41531.091.12). Informed
consent was obtained for all patients. Additional approval was
obtained for Inclusion of patients that died within the first 30
days after stroke without informed consent for those who had
been unable to provide informed consent.

RESULTS

Demographics

In total, 1223 (92.5%) patients had an ischemic stroke
with symptoms lasting longer than 24 hours, and 99 (75%)
with symptoms <24 hours. Median age was 44.2 years
(ICR [38.4-475]), 697 were men (562.7%), and 38 (2.9%)
patients died within the first 30 days (case fatality; Table 1).
Work-up was according to clinical practice and local proto-
cols for young patients with stroke, including neuroimaging
for all patients: 1114 (84.3%) patients underwent com-
puted tomography, 1160 (87.7%) underwent magnetic
resonance imaging, 953 (72.1%) both computed tomogra-
phy and magnetic resonance imaging, 96.0% had imaging
of the carotid arteries (658 [49.8%)] computed tomography
angiography, 627 [47.4%] magnetic resonance angiogra-
phy, 517 [39.1%)] an ultrasound of the carotids). An elec-
trocardiogram was made in 1279 patients (96.7%), 1131
patients had a least 24 hours of cardiac rhythm monitor-
ing (85.5%), 1071 patients (81.0%) had a transthoracic
echocardiography, and 249 patients (18.8%) under-
went a transesophageal echocardiography. Of the 213
patients (16.1%) that did not receive any cardiac ultra-
sound, 31 patients (2.3%) had no clear cause for their
stroke. The other 182 patients (13.8%) without cardiac
ultrasound had a clear other cause of stroke, deeming
cardiac ultrasound unnecessary for the etiologic diag-
nosis. Laboratory diagnostics for antiphospholipid syn-
drome'® was performed in >70% of all patients.

Causes According to Modified TOAST Criteria,
Stratified by Age and Sex

Large artery atherosclerosis was identified as the cause
of stroke in 59 (4.5%) patients, likely atherothrombotic
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Table 1. Baseline Characteristics
Overall

18-49y, N (%) 1322 (100)
Median age, y (IQR) 44.2 (38.4-475)
Age groups, N (%)

18-25y 75 (5.7)

26-30y 72 (5.4)

31-35y 110 (8.3)

36-40y 186 (14.1)

41-45y 380 (28.7)

46-49y 499 (37.7)
Men, N (%) 697 (52.7)
Median NIHSS at admission, median (range) 3.0 (0-42)
Median NIHSS at discharge (range) 1.0 (0-42)
Median mRS at discharge (IQR) 2.0 (1.0-3.0)
Case fatality, N (%) 38 (2.9)
Territorial stroke, N (%) 1035 (78.3)
Lacunar stroke, N (%) 287 (21.7)
Localization

Left hemisphere, N (%) 588 (44.5)

Right hemisphere, N (%) 589 (44.5)

Bilateral, N (%) 145 (11.0)
Acute interventions, N (%)

Intravenous thrombolysis 241 (18.2)

Intra-arterial thrombectomy* 34 (2.6)

Both 88 (6.7)
Hypertension 499 (37.7)
Smoking 657 (49.6)
Excessive alcohol consumption 92 (7.0)
Dyslipidemia 864 (65.4)
Diabetes 138 (10.4)
Positive family history cardiovascular disease <60 y 386 (29.2)
BMI 25-30 369 (27.9)
BMI 30-35 187 (14.1)
BMI >35 81 (6.1)
Large artery atherosclerosis 59 (4.5)
Likely atherothrombotic 172 (13.0)
Small vessel disease 166 (12.5)
Cardio-embolic 226 (17.1)
Other determined cause 287 (21.7)
Multiple causes 79 (6.0)
Cryptogenict 333 (25.2)

Definitions of vascular risk factors: arterial hypertension: treated or known blood
pressure before stroke >140/90 mm Hg or hypertensive retinopathy, current smok-
ing or smoking stopped within the last 6 mo, excessive alcohol use: use of >200 g of
alcohol/wk, dyslipidemia: treated or known low-density lipoprotein before the stroke
>160 mg/dL or 4,1 mmol/L and/or high-density lipoprotein <1.0 mmol/L, diabetes:
treated or known blood fasting glucose >7 mmol/L or HbA1c >48 mmol/L, smok-
ing. BMI indicates body mass index; IQR, interquartile range; mRS, modified Rankin
Scale; and NIHSS, National Institutes of Health Stroke Scale.

*Patients for whom intravenous thrombolysis was no longer an option due to
expired time-window, but for whom the thrombectomy was still an option.

tFor the cryptogenic stroke patients, standard stroke work-up was partially
incomplete: 10% did not have had at least 24 h of cardiac rhythm monitoring, 8%
did not have a cardiac ultrasound, 17% had incomplete testing for antiphospho-
lipid syndrome, and 24% had no intracranial vascular imaging (computed tomog-
raphy angiography/magnetic resonance angiography).
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stroke in 172 (13.0%), small vessel disease in 166  ASCOD Classification
(12.5%), and cardio-embolic stroke in 226 (17.1%)
patients (Table 1; Table S3 for cardio-embolic causes).
Other determined cause of stroke was present in 287
(21.7%) patients (Table 2) and multiple causes in 79
(6.0%) patients (Table S4). In 333 (25.2%) patients, the
stroke had an undetermined cause and was classified
as cryptogenic. Patients with a cryptogenic stroke were
younger (median age of 43.3 years; IOR [36.2-46.7]),
than those with noncryptogenic stroke (median age e o
44.6: I0R [39.1-476]; P=p0.001 ) IPSS Classification

The cause of stroke according to the TOAST classifi-  Distribution of risk factors according to the IPSS is
cation differed between age-groups (Figure; Table Sb). shown in Table 3 for the whole cohort and for patients

Of the 333 patients with a cryptogenic stroke according
to the TOAST classification, 73 could be assigned to 1
of the ASCOD categories (Table S6). The 260 patients
in whom the stroke remained cryptogenic were younger
(median age 43.1 years; IOR [36.4-46.5]) than the 1062
patients classified otherwise according to TOAST and
ASCOD (median age 44.6; QR [39.0-47.6]; A/<0.001).

Table 2. Other Determined Causes of Stroke (Within TOAST Other Determined and Multiple Causes Category)

Cause of stroke No. of patients Comments

Carotid artery dissection 92

Vertebral artery dissection 64 Including basilar top dissection (1)

Antiphospholipid syndrome 50 APS in combination with increased factor VIIl activity (1)

lllicit drug use 16 Cocaine (9), cocaine + XTC + cannabis (2), cocaine + methadone (1), cocaine + cannabis

(1), amphetamine (1), amphetamine + ketamine (1), cocaine-induced vasculitis (1)

Hyperhomocysteinemia 12

Pregnancy/puerperium 9

Active malignancy 7 Cervical cancer (1), metastatic paraganglioma (1), metastatic anal carcinoma (1), metastatic
pancreatic carcinoma (1), thyroid carcinoma (1), colon carcinoma (1), metastatic nonsmall-
cell lung carcinoma (1)

Moyamoya 6

Radiotherapy-induced vasculopathy 6

Migrainous stroke 6

Hematological 7 positive JAK2 mutation (1), thrombocytosis, anemia, and leukocytosis (1), essential thrombo-

cytosis (1), TTP (2), polycythemia very (2)

SLE and SLE-like disease 4 SLE-like disease (1)

latrogenic 4 during placement of device in carotid (study) (1), cardio-thoracic surgery for aorta rupture
(1), for type A dissection (1), during endovascular treatment of ACOM aneurysm (1)

PACNS 3

Reversible vasoconstriction syndrome 4

Sneddon syndrome 3

HIV-associated 3

Acute systemic infection preceding 3 Bacterial subdural empyema with reactive vasculitis of middle cerebral artery (1), herpes

stroke zoster (1), varicella zoster (1)

Neurological infection 3 Neurosarcoidosis (1), neuroborreliosis (1), neurolues (1)

Other rare causes 3 Exophytic thrombus in brachiocephalic trunc (1), thrombus brachiocephalic artery (1), aneu-
rysm carotid artery with mural plaque (1)

MELAS 2

Takayasu arteritis 2

Intracranial dissection 2

Hypotension 2 suicide attempt with blood pressure lowering medication (1), blood pressure lowering in
hypertensive crisis (1)

Inadequate oral coagulation therapy 2 Low INR (1.9) in Wegener disease on oral coagulation therapy (1), forgotten doses of rivar-

oxaban in patient with history of a pulmonary embolism and small PFO (1)

Single cases were found for homozygous factor V Leiden, sickle cell disease, fibromuscular dysplasia, toxic induced stroke due to cisplatinum-induced thrombosis,
hemolytic anemia as paraneoplastic phenomenon, migraine with aura in combination with oral contraceptive use, patent foramen ovale (PFO), and lung embolus, a fat
embolus after femur fracture, and a congenital predisposition disorder. ACOM indicates anterior communicating artery; APS, antiphospholipid syndrome; HIV, human
immunodeficiency viruses; INR, international normalized ratio; MELAS, mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes; PACNS, primary angiitis of
the central nervous system; SLE, systemic lupus erythematosus; TOAST, Trial of ORG 10172 in Acute Stroke Treatment; TTF, thrombotic thrombocytopenic purpura; and
XTC, ecstasy.
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Figure. TOAST causes distribution among different age-
groups.

Significant differences between age groups and the percentages
of the smallest groups that are not shown in the Figure are shown
in Table Sb. CE indicates cardioembolic stroke; LAA, large artery
atherosclerosis; LAS, likely atherothrombotic stroke; Other, other
determined cause of stroke; and SVD, small vessel disease.

with a cryptogenic stroke according to the TOAST cri-
teria. Of the 333 patients, 18 (5.4%) reported illicit drug
use in the year before stroke. Coagulation abnormalities
were found in 85 of 333 patients (25.5%). Given that the
risk factors migraine, oral contraceptive use and smoking
in the IPSS are known for their increased risk of stroke
in interaction,'®'” these were investigated: Migraine was
present in 92 of the 333 patients (27.6%), of whom 34
women (18.9%) also used oral contraceptives. An esti-
mated 122 of the 333 patients with a cryptogenic stroke
according to the TOAST criteria (36.6%) were smokers,
of whom 31 women (17.3%) used oral contraceptives.
Thirteen women (7.3%) used both oral contraceptives,
had migraine and were smokers.

In 10 of the 333 patients with cryptogenic stroke,
according to the TOAST criteria (3.0%), not a single
IPSS risk factor could be identified (Table 3). The
group of 10 patients without any IPSS risk factor con-
sisted of 5 men and 5 women (median age 42.3 years;
36.6—45.8). Eight of these patients had an ischemic
stroke with symptoms lasting >24 hours, and 2 had
symptoms lasting <24 hours.

Stroke. 2023;54:439-447.DOI: 10.1161/STROKEAHA.122.040524
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Differences Between the IPSS Classification
in Cryptogenic and Noncryptogenic Strokes
According to TOAST Classification

In comparison with patients with a noncryptogenic stroke
according to TOAST, patients with a cryptogenic stroke
less often had arteriopathies (4.5% versus 35.6%) and
cardiac conditions (6.6% versus 32.4%), more often
had a prothrombotic state (44.7% versus 38.3%) and a
chronic systemic condition (9.0% versus 4.3%; Table 3).
Risk factors for early atherosclerosis were highly preva-
lent in both groups (90.1% versus 91.8%).

DISCUSSION

We found that 25.2% of young patients with an ischemic
stroke had a cryptogenic stroke according to the modi-
fied TOAST and 19.7% when further classified accord-
ing to ASCOD criteria. Only 0.8% of 1322 patients had
a cryptogenic stroke without any potential risk factors
when applying the IPSS classification.

Using the TOAST classification, we found a lower
percentage of patients with a cryptogenic stroke than
most European cohort studies.8'® This might be due to
both our systematic approach and to differences in time
period between studies, since radiological, cardiac and
laboratory testing have become more extensive over the
last decade resulting in more identifiable causes. Both
the TOAST and ASCOD classification, though often
applied in young patients with stroke, were not designed
to classify stroke in the young. This might explain why
46.9% of all strokes are classified as other determined-
and cryptogenic strokes. Although the ASCOD classifi-
cation separates patients with an arterial dissection from
the other determined causes, other categories are similar
to the TOAST classification. As such ASCOD has lim-
ited added value in clinical practice to identify additional
causes of stroke. Current classification systems devel-
oped for stroke patients in general (often >65 years)
seem therefore inadequate to classify stroke causes and
risk factors in young adults.

Evaluating patients with the IPSS classification can
broaden the view of clinicians on potential risk factors,
or factors that in interaction can play a role, such as oral
contraceptive use, migraine, and smoking.’®'" The IPSS
may shed light on (new) mechanisms that potentially
lead to stroke in young adults, by subdividing risk fac-
tors in many different categories, based on a presumed
pathophysiological mechanism. These different catego-
ries may help by forming a foundation for constructing a
classification more specific for young adults with stroke.
In contrast, the TOAST and ASCOD only have separate
categories for large and small vessel disease, cardio-
embolism, and dissection (ASCOD).

Although we found a potential risk factor in many
patients according to the IPSS classification, this is not
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Table 3. IPSS Risk Factor Categories for All Patients, Cryp-
togenic Patients According to TOAST and All Noncryptogenic
Patients According to TOAST Criteria

Risk Factors and Causes of Stroke in the Young

Table 3. Continued

SCIENCES

444 February 2023

TOAST
Total crypto- TOAST
cohort, genic, noncryp-
N=1322 N=333 togenic,
IPSS risk factor categories (%) (%) N=989 (%)
Arteriopathy 367 (27.8) | 15 (4.5) 352 (35.6)
Arterial dissection 163 (12.3) | 0(0.0) 163 (16.5)
Carotid artery stenosis (<60%) | 77 (5.8) 4(1.2) 73 (7.4)
Arteriopathy, otherwise* 65 (4.9) 81(2.4) 57 (5.8)
Carotid artery stenosis (>50%) | 35 (2.6) 0 (0.0) 35 (3.5)
Focal arterial stenosis 24 (1.8) 4(1.2) 20 (2.0)
Moyamoya 6 (0.5) 0(0.0) 6 (0.6)
Radiotherapy-induced vascu- 6 (0.5) 0 (0.0) 6 (0.6)
lopathy
RCVS 4 (0.3) 0 (0.0) 4 (0.4)
PACNS 3(0.2) 0 (0.0) 3(0.9)
Takayasu 2(0.2) 0 (0.0) 2(0.2)
Sickle cell arteriopathy 1(0.1) 0 (0.0) 1(0.1)
Cardiac condition 342 (25.9) | 22 (6.6) 320% (32.4)
Patent foramen ovale 196 (14.8) | 6§ (1.8) 190 (19.2)
Cardiac condition otherwisel| 68 (5.1) 14t (4.2) 54 (5.5)
Atrial fibrillation 33 (2.5) 0 (0.0) 33 (3.3)
Atrial septal aneurysm 26 (2.0) 2§ (0.6) 24 (2.4)
Hypokinetic segment of left 17 (1.8) 1(0.3) 16 (1.6)
ventricle
Mitral valve insufficiency 14 (1.1) 1(0.3) 13 (1.3)
Dilated cardiomyopathy 14 (1.1) 0 (0.0) 14 (1.4)
Congestive heart failure 12 (0.9) 0 (0.0) 12 (1.2)
Akinetic segment of left 10 (0.8) 0 (0.0) 10 (1.0)
ventricle
Myocardial infarction <4 wk 10 (0.8) 0(0.0) 10 (1.0)
Mechanical valve prothesis 8 (0.6) 0(0.0) 8 (0.8)
Left ventricle thrombus 10 (0.8) 0(0.0) 10 (1.0)
Infectious endocarditis 7 (0.5) 0 (0.0) 7 (0.7)
Atrial myxoma 6 (0.5) 0 (0.0) 6 (0.6)
Atrial flutter 5(0.4) 0 (0.0) 5(0.5)
Aortic valve insufficiency 4(0.3) 0 (0.0) 4 (0.4)
Cardiac intervention <72 h 4(0.3) 0(0.0) 4(0.4)
Left atrial thrombus 3(0.2) 0 (0.0) 3(0.3)
Aortic valve stenosis 3(0.2) 1(0.3) 2 (0.2)
Mitral valve stenosis 2(0.2) 0(0.0) 2(0.2)
Myocardial infarction (1-6 mo) | 2 (0.2) 0 (0.0) 2(0.2)
Noninfectious endocarditis 2(0.2) 0 (0.0) 2(0.2)
Chronic systemic conditions 206 (15.6) | 48 (14.4) | 158 (16.0)
Other chronic systemic condition | 72 (5.4) 30t (9.0) 42 (4.3)
lllicit drug use{| 68 (5.1) 18 (5.4) 50 (5.1)
Auto-immune disorders 44 (3.3) 11 (3.3) 33(3.3)
Solid extracranial tumor 12 (0.9) 0 (0.0) 12 (1.2)
Hematological malignancy 6 (0.5) 1(0.3) 5 (0.5)
(Continued)

TOAST
Total crypto- TOAST
cohort, genic, noncryp-
N=1322 N=333 togenic,
IPSS risk factor categories (%) (%) N=989 (%)
Fibromuscular dysplasia 3(0.2) 11 (0.3) 2(0.2)
Ehlers Danlos syndrome 3(0.2) 0(0.0) 3(0.3)
MELAS 2(0.2) 0 (0.0) 2(0.2)
Prothrombotic state# 528 (39.9) | 149 (44.7) | 379 (38.3)
Oral contraceptive use 298 (22.5) | 99 (29.7) 199 (20.1)
Hyperhomocysteinemia 121 (9.2) 25 (7.5) 96 (9.7)
Mild hyperhomocysteinemia 102 (7.7) 24t (7.2) 78 (7.9)
<40 umol/L
Antiphospholipid antibodies 63 (4.8) 2 (0.6) 61 (6.2)
Increased factor VIII activity 49 (3.7) 14 (4.2) 35 (3.5)
Antithrombin deficiency 43 (3.3) 16 (4.8) 27 (2.7)
Other acquired 36 (2.7) 111 (3.3) 25 (2.5)
Factor V Leiden mutation** 33 (2.5) 14 (4.2) 19 (1.9)
Prothrombin mutationtt 18 (1.4) 8 (2.4) 10 (1.0)
Other genetic 8 (0.6) 3(0.9) 5 (0.5)
Protein C deficiency 14 (1.1) 3(0.9) 11(1.1)
Protein S deficiency 7 (0.5) 3(0.9) 4(0.4)
Diffuse intravasal coagulation 2(0.2) 0 (0.0) 2 (0.2)
Acute systemic conditions 21 (1.6) 4(1.2) 17 (1.7)
Other acute systemic condition | 16 (1.2) 31 (0.9) 13 (1.3)
<72 h after surgery 4 (0.3) 0(0.0) 4(0.4)
Hypotension 1(0.1) 0(0.0) 1(0.1)
Need of vasopression 1(0.1) 0 (0.0) 1(0.1)
Chronic head/neck condition 374 (28.3) | 95 (28.5) 279 (28.2)
Migraine 348 (26.3) | 92 (27.6) 256 (25.9)
Head/neck tumor otherwise 12 (0.9) 0 (0.0) 12 (1.2)
VP drain 8 (0.6) 1(0.3) 7 (0.7)
Brain tumor or metastasis 7 (0.5) 0 (0.0) 7 (0.7)
Intracranial AVM 4(0.3) 3(0.9) 1(0.1)
Cerebral aneurysm 4 (0.3) 0 (0.0) 4(0.4)
Acute head/neck condition 25 (1.9) 2 (0.6) 23 (2.3)
Trauma < 3 mo 13 (0.1) 2 (0.8) 11 (1.1)
Other acute head/neck injury 10 (0.8) 0 (0.0) 10 (1.0)
Meningitis < 4 wk 1(0.1) 0(0.0) 1(0.1)
Head/neck surgery <72 h 1(0.1) 0 (0.0) 1(0.1)
Pregnancy related 15 (1.1) 4(1.2) 11 (1.1)
Pregnant 7 (0.5) 3(0.9) 4(0.4)
Postpartum < 6 wk 7 (0.5) 0 (0.0) 7 (0.7)
Risk factor for early atheroscle- 1208 (91.4) | 300 (90.1) | 908 (91.8)
rosis
Dyslipidemia 864 (65.4) | 186 (55.9) | 678 (68.6)
Cigarette smoking in last year 657 (49.7) | 122 (36.6) | 535 (54.1)
Hypertension 499 (37.7) | 70 (21.0) | 429 (43.3)
Family history positive <60 y 386 (29.2) | 94 (28.2) | 292 (29.5)
BMI 25-30 369 (27.9) | 101 (30.3) | 268 (27.1)
(Continued)
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Table 3. Continued

TOAST
Total crypto- TOAST
cohort, genic, noncryp-
N=1322 N=333 togenic,
IPSS risk factor categories (%) (%) N=989 (%)
BMI 30-35 187 (14.1) | 37 (11.1) 150 (15.2)
Diabetes 138 (10.4) | 10 (3.0) 128 (12.9)
Excessive alcohol consumption | 92 (7.0) 19 (5.7) 73 (7.4)
BMI >35 81 (6.1) 12 (3.6) 69 (7.0)
No IPSS risk factors 10 (0.8) 10 (3.0) 0 (0.0)

AVM indicates arteriovenous malformation; IPSS, International Pediatric
Stroke Society; RCVS, reversible cerebral vasoconstriction syndrome; and VP,
ventriculoperitoneal.

*Among arteriopathy condition otherwise conditions like stenosis of vertebral
artery, vessel wall irregularities, drug-induced vasculopathy, iatrogenic induced
stenosis carotid artery, cerebral media artery occlusion, dural AV-fistula, varicella
zoster angiopathy, vasculitis-like appearance of the vessels, fibromuscular dys-
plasia, thrombosis in giant aneurysm, late vasospasms and thrombi due to type A
dissection were listed.

tNot considered as causal by the treating physician and rater.

#Patients with both TOAST cardio-embolic stroke and multiple causes.

§Very small patent foramen ovale or atrial septum aneurysm without patent
foramen ovale, not considered the cause of stroke.

|[Conditions listed as cardiac condition otherwise were atrial septum defect
type 2, myocardial infarction (>1 year before stroke), closed ventricular septal
defect (VSD) in childhood, floppy or hypokinetic intra-atrial septum, pericarditis,
pacemaker, congenital AV-block, fibroelastoma of the valves, focal arterial steno-
sis, Marfan syndrome, bicuspid aortic valve, cor triventriculare, rhythm abnormali-
ties otherwise and hypertrophic cardiomyopathy.

{lUse of soft- and/or hard drugs on regular basis.

#When use of oral contraceptives is counted as a chronic systemic condition
instead of a prothrombotic state, numbers are as follows (chronic systemic condi-
tion vs prothrombotic state): Total cohort: 467 (35.3%) vs 315 (23.8%), TOAST
cryptogenic 137 (41.1%) vs 80 (24.0%).

“*Only 2 patients had a homozygous Factor V Leiden mutation.

t1All prothrombin mutations were heterozygous.

synonymous with causality. Classical concepts about the
cause of a disease include an event, condition, or charac-
teristic that plays an essential role in producing an occur-
rence of the disease, and multiple component causes can
act in combinations to produce different sufficient causes
for a disease.'® In addition, strength of association, consis-
tency, specificity, temporality, biological plausibility of a risk
factor, and the occurrence of stroke support causality.’
For many of the risk factors included in the IPSS, causality
remains to be demonstrated. However, this also holds true
for some of the causes in the TOAST and ASCOD sys-
tems (eg, mild hyperhomocysteinemia). Searching for risk
factors in the large group of young adults with cryptogenic
stroke using a risk factor system designed for children and
adolescents can provide leads for new causes and poten-
tial treatable targets, but also help in developing a more
structured, cost-effective diagnostic work-up linked to an
etiological classification. Evaluating causality of certain
common yet presumed risk factors in young adults with
stroke would be an important area of future research,?
and to further prove causality, evaluation of the long-term
prognosis for patients with different presumed risk fac-
tors is key, as is comparison of the prevalence of some
presumed risk factors in the general population. Examples
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we found in this study are the high number of young adults
with coagulation abnormalities with or without a patent
foramen ovale?' in both the cryptogenic and noncrypto-
genic category. Also, cannabis is frequently used among
young adults, often with concomitant use of alcohol and
other substances, but it is rarely considered the cause of
stroke. Meanwhile, a study in the United States showed
a rising trend in hospital admissions for cardiovascular
events in young adults due to cannabis use without con-
comitant use of other substances.?> However, studies on
differences in the prevalence of these coagulation abnor-
malities between patients and the healthy population, as
well as studies on the long-term effects and causality of
cannabis on cardiovascular outcomes are scarce.”

Our study has several strengths. First, this study is a
large, prospective cohort study investigating stroke in
young adults in the last decade. Patients were therefore
analyzed and treated according to the latest guidelines
including magnetic resonance imaging an extensive car-
diac work-up. The large number of patients allowed for
detailed subgroup analysis between men and women,
different age-groups, stroke subtype and different etiolo-
gies. Second, stroke misclassification was not present as
all strokes were confirmed on neuroimaging, and checked
independent from the treating physicians. Third, infor-
mation was gathered in both a detailed and structured
manner and verified by 2 from a pool of 4 investigators.
Risk factor and cause designation was done systemati-
cally by 4 raters, checked by one another afterwards in
100 cases and overall discussed to reduce the interrater
variability. Fourth, the study has a nation-wide character,
with consecutive patients from both academic and non-
academic hospitals in different regions of the Nether-
lands. By also including patients who visited outpatient
clinics (minor strokes) and patients who died within the
first 30-days of stroke (very severe) selection bias was
limited. In addition, this provides a good reflection of the
stroke population of young adults and increases the gen-
eralizability of our results to other European countries.

Limitations

Our study also has limitations. First, there were no demands
on diagnostic work-up for hospitals that participated in the
ODYSSEY study, and therefore, the 333 patients classified
as cryptogenic according to TOAST included some incom-
plete work-up cases. For example, 8.1% of our patients
without a cause of stroke did not receive a cardiac ultra-
sound, or had a transthoracic echocardiography without
bubble study, potentially leading to overestimation of the
number of cryptogenic strokes and an underestimation of
the number of patent foramen ovale. Similarly, intracranial
vascular imaging by computed tomography angiography
or magnetic resonance angiography was not performed
in 24% of our patients and not all cryptogenic patients
received complete laboratory testing for antiphosholipid
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syndrome. However, we think that, for example, a missed
diagnosis of vasculitis seems highly unlikely in patients
with unavailable intracranial vascular imaging without
anamnesis of headache, without other inflammatory labo-
ratory parameters and with neuro-imaging without strokes
in multiple territories. Regarding patients without complete
laboratory testing for antiphosholipid syndrome, stroke
was the first thrombo-embolic event for all patients, and
the women (44%) had no history of pregnancy complica-
tions. Second, all 17 participating centers included con-
secutive patients, although this was not always possible,
for example, during the COVID period (March 2020—Feb-
ruary 2021). However, these were most likely missing at-
random. Third, besides the standardized questionnaires, all
patient's files were checked for all the risk factors in the
IPSS; however, on some risk factors such as illicit drug
use, amount of alcohol consumption, and cigarette smok-
ing, patient's answers could possibly have not been honest
in the questionnaire and in medical history taking with their
treating physician, leading to an underestimation of some
of these risk factors. In contrast, attribution bias might
have played arole, since all patients with stroke have been
seen by a neurologist, and the professional tendency to
attribute stroke to a cause. Therefore, over reporting of
risk factors by patients might have occurred.

Conclusions

Current stroke classification systems developed for stroke
in general (often in patients over 65 years) cannot iden-
tify the cause of stroke in many patients, leaving a large
group of cryptogenic strokes in young adults <560 years of
age. Many additional potential risk factors for stroke can be
found using a risk factor classification system designed for
children and adolescents, providing leads for (new) causes,
although further research should elaborate on the actual
causality of some of these factors and the prevalence in
the general population. Whether a more extensive modified
pediatric risk factor classification can serve as a stepping
stone for a new classification scheme that may aid in the
development of tailored diagnostic work-up and treatment
for young patients with stroke needs to be further evalu-
ated. However, detailed, correct etiological classification
is essential for future studies, both on therapy, secondary
prevention and prognosis, for comparison of patients with
similar diagnostic work-up and cause.
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