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Abstract

Background: Patent foramen ovale (PFO) is a congenital anatomical variant which is associated with strokes in young
adults. Contrary to vascular risk factors and atherosclerosis, a PFO is present from birth. However, it is completely
unknown how an anatomical structure that is already present at birth in a large proportion of the population can convert
into a PFO that causes stroke in a few. Recent studies reported a significant association between certain trigger factors
and ischemic stroke in young adults. This study aims to investigate these triggers in PFO-associated stroke.

Methods: The ODYSSEY study, a multicenter prospective cohort study between 2013 and 2021, included patients
aged 18—49years experiencing their first-ever ischemic event. Participants completed a questionnaire about exposure to
potential trigger factors. A case-crossover design was used to assess the relative risks (RR) with 95% confidence inter-
vals (95% CI). The primary outcome was the RR of potential trigger factors for PFO-associated stroke.

Results: Overall, 1043 patients completed the questionnaire and had an ischemic stroke, of which 124 patients had a
PFO-associated stroke (median age 42.1 years, 45.2% men). For patients with PFO-associated stroke, the RR was 26.0
(95% CI 8.0-128.2) for fever, 24.2 (95% Cl 8.5-68.7) for flu-like disease, and 3.31 (95% CI 2.2-5.1) for vigorous exercise.

Conclusion: In conclusion, flu-like disease, fever, and vigorous exercise may convert an asymptomatic PFO into a
stroke-causing PFO in young adults.

Data access statement: The raw and anonymized data used in this study can be made available to other researchers
on request. Written proposals can be addressed to the corresponding author and will be assessed by the ODYSSEY
investigators for appropriateness of use, and a data sharing agreement in accordance with Dutch regulations will be put
in place before data are shared.
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Introduction

The foramen ovale allows for right-to-left shunting pre-
birth and usually spontaneously closes after birth. However,
in about 25% of individuals, it remains patent.' This patent
foramen ovale (PFO) is a possible cause of ischemic stroke
in selected patients, without any other cause of stroke. PFO
closure is proven beneficial in these selected patients over
medical therapy in preventing recurrent ischemic stroke.>?
Given the high prevalence of PFO, it will most often be an
innocent bystander, as the majority of patients with a stroke,
also those with a PFO, will have another cause of stroke.

Contrary to vascular risk factors and atherosclerosis, a
PFO is present from birth. However, it is completely
unknown how an anatomical structure that is already pre-
sent at birth in a large proportion of the population can con-
vert into a PFO that causes stroke in a few. The relatively
new concept of trigger factors may elucidate this pathologi-
cal conversion. A trigger factor is a short-lasting exposure
to a trigger (i.e. toxins, caffeine, sexual activity, physical
exercise, or infection), that may subsequently create a
(short-lasting) condition (e.g. a prothrombotic state or
increase in blood pressure) that may predispose to stroke.*°
Recent studies reported a significant association between
trigger factors (cola consumption, vigorous physical exer-
cise, sexual activity, illicit drug use, fever and flu-like dis-
ease) and ischemic stroke in young adults (< 50years).”?
To date, only one, case series (n=4) investigated the rela-
tion between a trigger factor (exercise-induced Valsalva)
and PFO-associated stroke.”!'? In practice, only a small per-
centage of patients who experience a PFO-associated stroke
reportedly performed a Valsalva-like maneuver prior to the
event. Besides, more than 50% of patients with a PFO have
permanent right-to-left shunting, also without a Valsalva-
like maneuver.!!

There is evidence suggesting that a PFO, unlike atrial
fibrillation or atherosclerotic plaques, is not a direct cause
of stroke; instead, it facilitates the passage of a venous
thrombus into the arterial circulation.'> We hypothesize,
therefore, that other trigger factors create environmental
conditions leading to a prothrombotic environment, caus-
ing a PFO-associated stroke. Hence, we investigated the
relationship between potential trigger factors (caffein-con-
taining coffee consumption, caffein-containing cola con-
sumption, alcohol consumption, cigarette smoking, illicit
drug use, vigorous physical exercise, sexual activity, fever
and flu-like disease) and the risk of stroke at young age in
patients with a PFO-associated stroke.

Methods—study population

We performed a case-crossover study as part of the
Observational Dutch Young Symptomatic StrokE studY
(ODYSSEY), a multicenter prospective cohort study on
the prognosis and risk factors of patients aged 18—49 years
with a first-ever ischemic stroke or intracerebral hemor-
rhage (ICH)."? Ischemic stroke was defined according to a
tissue-based definition as acute onset of a neurologic defi-
cit with imaging proof of ischemia. We included patients
between May 2013 and February 2021. Exclusion criteria
were any type of subarachnoid hemorrhage (SAH), cere-
bral venous sinus thrombosis, or a history of a clinically
symptomatic transient ischemic attack (TIA), ischemic
stroke, or ICH.

Baseline data collection

We systematically collected information including stroke
characteristics and severity (National Institutes of Health
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Stroke Scale, NIHSS), diagnostic laboratory and cardiac
tests, (vascular) risk factors, causes of stroke according to
the Trial of Org 10172 in Acute Stroke Treatment (TOAST)
classification, and medication at discharge.!>!4

Diagnosis of a PFO and its role in stroke

Most patients underwent transthoracic echocardiography
(TTE) with a bubble test using agitated saline to assess the
presence of a PFO. In cases where it remained unclear
whether the patient had a PFO or further evaluation was
required, they underwent a transesophageal echocardiog-
raphy (TEE). If the cause of stroke was evident early in
the diagnostic process (e.g. carotid artery dissection, sig-
nificant carotid artery stenosis), and additional informa-
tion regarding the presence of PFO would be of no value,
the patients would not receive an echocardiography. In
June 2018, we established a multidisciplinary Heart-
Stroke Team (HST) at the Radboud University Medical
Center to evaluate the relationship between PFO and
stroke.!® Patients evaluated in this multidisciplinary team
underwent a thorough work-up (cardiac evaluation, pro-
thrombosis screening, and neuroimaging). Afterward, the
HST decided whether the stroke was most likely to be
caused by the PFO. Prior to the HST, patients were classi-
fied by their neurologist based on the available knowledge
of that time, derived from the randomized control trials
(RCTs) (2016) on PFO closure (a cryptogenic stroke,
below the age of 60 years and with any type of PFO).!¢!3
As the understanding of PFO-associated stroke rapidly
evolved during the inclusion period of the ODYSSEY
trial, because of the appearance of the major PFO closure
trials'®!® that reported a benefit of closure in patients with
no other cause of stroke, all patients who were included in
our cohort before these trials were published were re-eval-
uated to assess whether there was a relation between the
PFO and the occurrence of stroke. These patients were
re-evaluated by a panel of five researchers/ medical doc-
tors (M.H.M.I., M.S.E., N.A.H., E.V,, and J.1.V.) to deter-
mine if the patients had a PFO-associated stroke. In the
re-evaluation, patients were classified as having a PFO-
associated stroke when they had a genuine cryptogenic
stroke with no signs of other (more likely) causes of stroke
after a complete work-up. This includes no lacunar infarc-
tion with signs of white matter hyperintensity and not
more than one cardiovascular risk factor (e.g. hyperten-
sion, diabetes, hyperlipidemia, smoking, and obesity). All
cases that were questionable were discussed with a spe-
cialized stroke neurologist (F.E.D.L.). If there was another
potential (competing) cause of stroke besides the PFO,
and it was more likely to be the primary cause, the patient
would be classified within that category. If the cause of
the stroke was attributed to another etiology (Table 1)
rather than the PFO, the PFO was considered to be an
innocent bystander.

Table |. Baseline demographics.

PFO-associated
stroke (n=124)

Bystander PFO

Demographics (n=48)

Men, n (%) 56 (45.2) 21 (43.7)

Vascular risk factors, n (%)

Hypertension 9(7.3) 11 (22.9)

Hypercholesterolemia 62 (50) 37 (77.1)

Percutaneous PFO closure,
n (%)

83 (66.9) x

0-5 0(0.0) 2(69)

7 27 (22.9) 14 (48.3)

9 22 (18.6) 2(6.9)

Median RoPE score (IQR) 8 (6-10) 7 (6-8)

Large artery atherosclerosis ~ x 2(42)

Small vessel disease x 6 (12.5)

Other determined cause X 16 (33.3)

Cryptogenic X 2(42)

PFO: Patent foramen ovale; IQR: interquartile range; TOAST: Trial of
Org 10172 in Acute Stroke Treatment.

*Missing data on RoPE score: 6 in the “PFO-associated stroke” group,
19 in the “Bystander PFO” group.

Assessment of trigger factors

Patients completed a structured, standardized question-
naire on exposure to potential trigger factors within prede-
fined hazard periods (Supplemental material). Based
on the previous studies, we recorded validated trigger
factors, including caffein-containing coffee consump-
tion, caffein-containing cola consumption, alcohol
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Table 2. Trigger factors for patients with PFO and stroke.

Exposed” Year
(hazard period)

Exposed” Year
(hazard period)

PFO-associated stroke

(n=124) Bystander PFO (n=48)

Trigger factor RR (95% CI) N (n) RR (95% ClI) N (n)

Cigarette smoking 0.74 (0.33-1.68) 26 (14) 0.72 (0.33-1.57) 21 (13)

Cola consumption

2.08 (0.86-5.02) 41 (5) 123 (0.12-12.75) 12 (1)

Severe exercise 5.03 (2.59-9.79)* 77 (10) 1.72 (0.26-11.53) 18 (1)

Combined vigorous exercise 3.31 (2.16-5.08)* 105 (27) 1.76 (0.67—4.60) 28 (4)

lllicit drug use - 8 (0) 3.9 (0.28-54.74) 4(1)

Flu-like disease 24.2 (8.53-68.70)*

PFO: Patent foramen ovale; RR: relative risk, Cl: confidence interval.
“RR and 95% ClI turned out to be significant.

47 (4)

22.75 (3.02-171.33)* 14 (1)

*The number of patients exposed to the trigger factor during the previous year (the number of patients exposed within the hazard period).

consumption, cigarette smoking, any illicit drug use
(cocaine, heroin, methadone, amphetamine, ecstasy, and
d-lysergic acid diethylamide (LSD) were considered hard
drugs, cannabis products, and mushroom-containing
psilocin-considered soft drugs), vigorous physical exer-
cise, sexual activity, fever, and flu-like disease.®”19%3
Ilicit drug use was combined due to the small sample
size. The crossover design presumes that exposure to a
trigger factor within a predefined period of time increases
the risk of stroke compared to non-exposure. Patients
were asked about their frequency of exposure to each trig-
ger factor in the previous year and exposure during a pre-
defined hazard period which was specific for each trigger
factor based on its estimated duration of the trigger eff
ect.!9222426 Different grades of vigorous physical exer-
cise were classified based on their metabolic equivalent of
task (MET), an objective measure of the ratio of the rate
at which a person expends energy, relative to the mass of
that person, while performing specific physical activity
compared to the resting metabolic rate. One MET is
equivalent to the resting metabolic rate, for example sit-
ting quietly, and results in burning 1kcal/kg/h. As an
example, a patient with a weight of 70kg performing a
one MET activity (sitting) for 1 h will use 70 kcal. We ana-
lyzed the following subcategories: heavy exercise
[MET]=6, severe exercise [MET]=7, and extreme exer-
cise [MET]=8.

To minimize recall bias, patients were asked to com-
plete the questionnaire as soon as possible after stroke. In
the sensitivity analysis, we excluded patients who com-
pleted the questionnaire >4 weeks after stroke (Table 3).
Furthermore, unreliable answers were excluded (e.g. incon-
sistent answers, unmistakable false answers) before analy-
ses were done.

Data analyses

We examined the exposure of potential trigger factors in a
hazard period compared to a control period using a case-
crossover design.>® In this design, patients serve as their
own control thereby minimizing the occurrence of con-
founding bias. Relative risk (RR) with 95% confidence
interval (CI) was calculated for each potential trigger factor
for ischemic stroke using the Mantel-Haenszel case-cross-
over method. The RR was determined by calculating the
ratio of exposure in the hazard period and reported yearly
exposure frequency based on patients’ weekly or daily
average frequency.’ The RRs should be interpreted as for a
short-term period and not as cumulative risks for a long-
term period.

Data were reported according to the Strengthening the
Reporting of Observational Studies in Epidemiology
(STROBE) reporting guidelines and analyzed using SPSS
Software version 22 (IBM) and R version 4.1.2 (R Project
for Statistical Computing).
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Table 3. Sensitivity analysis.

Excluded patients who filled in

PFO-associated stroke (n=124) questionnaires >4 weeks after index event (n=74)

Trigger factor RR (95% Cl) RR (95% ClI)

Cigarette smoking 0.74 (0.33-1.68) 0.54 (0.21-1.42)

Cola

2.08 (0.86-5.02) 2.09 (0.80-5.47)

Severe exercise 5.03 (2.59-9.79)* 6.29 (2.35-16.81)*

Sexual activity 2 (0.64-6.20) 3.52 (1.12-11.08)*

Fever 25.98 (7.96-84.78)*

41.96 (12.47-141.20)

PFO: Patent foramen ovale; RR: relative risk, Cl: confidence interval.
“RR and 95% CI turned out to be significant.

Standard protocol approvals,
registrations, and patient consents

The Medical Review Ethics Committee region Arnhem—
Nijmegen approved the study (NL41531.091.12). All
patients signed informed consent.

Results

Demographics are depicted in Table 1. There were 1322
patients with an ischemic stroke, of which 1043 completed
the trigger questionnaire. There were 124 (11.9%) patients
with a PFO-associated stroke, of which 83 (66.9%) were
closed. The median age of patients with a PFO-associated
stroke was 42.1years (IQR 31.1-53.1) and 45.2% were
male. Patients with a bystander PFO and stroke of other
etiology (4.6%) had a median age of 43.9 years (IQR 36.0—
51.8) and 43.7% were male.

In total, 870 (83.4%) patients underwent TTE, 30 (2.9%)
patients underwent TEE and 169 (16.2%) patients under-
went both TTE and TEE. Moreover, 143 (13.7%) patients
did not undergo echocardiography because the cause of
stroke was evident early in the diagnostic process and the
demonstration of a PFO would not alter our treatment
strategy.

Trigger factors of PFO-associated stroke

Fever and flu-like disease that occurred within 24 h prior
to stroke increased the risk of PFO-associated stroke

significantly (RR 26.0, 95% CI 8.0-84.8 and RR 24.2, 95%
CI 8.53-68.7, respectively) compared with periods without
fever or flu. Furthermore, heavy and severe vigorous physi-
cal exercise within 1 h before ischemic stroke increased the
risk of having a PFO-associated stroke significantly with an
RR 0f 3.31 (95% CI 2.2-5.1) for all vigorous physical exer-
cise combined (Table 2). Our sensitivity analysis, which
excluded all patients who completed the questionnaire
4weeks or more after their index event, showed an RR
increase for fever, flu-like disease, and vigorous exercise
(Table 3). No increased risk was found after exposure to
caffein-containing coffee consumption, caftein-containing
cola consumption, alcohol consumption, cigarette smok-
ing, illicit drug use, or sexual activity.

Discussion

We found that vigorous exercise, fever, and flu-like disease
may act as a potential trigger factor for PFO-associated
stroke. Ekker et al.” elaborate on the influence of trigger
factors in distinct non-PFO-associated stroke causes. Given
the fact that PFO is a lifelong persisting anatomical variant,
our findings may shed light on which (trigger) factors play
a role in conversion to a PFO-causing stroke.?” There are
several biological mechanisms explaining how an infection
may convert a PFO into a stroke-causing PFO. First, patho-
gens can cause an endotheliopathy by direct invasion of the
arterial wall when present in the systemic circulation, there-
fore causing a prothrombotic state.?

International Journal of Stroke, 19(7)
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It is possible that the endocardium of the PFO tunnel is
particularly vulnerable for pathogens. Previous research
using optical coherence tomography found in situ thrombus
formation and abnormal endocardium within the PFO tun-
nel in PFO-associated stroke patients.’

Infection and inflammation are known to be associated
with venous thromboembolism (VTE), especially the first
2weeks after infection onset, gradually declining thereaf-
ter.?’ This may partly explain PFO-associated strokes, as
the concept is that a (paradoxical) embolism emerges from
the venous circulation, entering the arterial circulation
when passing through the PFO.

A possible explanation for the association between vig-
orous exercise and PFO-associated stroke could be the
acute activation of the sympathetic nervous system and
therefore increase in heart rate and blood pressure, resulting
in increased shear stress.!” This may result in platelet depo-
sition, with an accompanying risk of thrombi.*° Furthermore,
high norepinephrine levels may lead to increased platelet
aggregation and oxygen demand.’! Hypothetically,
increased blood pressure due to exercising could increase
the intracardiac pressure and therefore increase the right-to-
left shunting. Besides increasing blood pressure, several
sports (e.g. weight lifting) could also increase the intratho-
racic pressure. Therefore, causing a Valsalva-like maneuver
during exercise which is a known risk factor for PFO-
associated strokes.’

A major strength of this study is the large sample size
with ischemic stroke patients based on a tissue-based defi-
nition, minimizing the inclusion of stroke mimics. In addi-
tion, all echocardiographic images were re-evaluated by an
experienced cardiologist. Due to the case-crossover design,
patients serve as their own control thereby minimizing the
occurrence of confounding bias. All patients with a stroke
and PFO who were not found eligible for PFO closure or
were included before the instigation of percutaneous clo-
sure, were re-evaluated by five independent researchers/
medical doctors (M.H.M.I., M.S.E., N.A.-H., E.V,, and
JI.V) to determine if the patient had a PFO-associated
stroke.

Our study also has limitations. Recall bias may have
played a role as all trigger factors were self-reported by
means of a questionnaire. It may be difficult for patients to
remember or make an estimated guess how often a trigger
occurred in the past year. Several trigger factors could be
defined more accurately. For example, we could quantify
caffeine consumption in milligrams or number of drinks
and separate the different types of exercise instead of using
the MET. Furthermore, we have no consecutive data on
PFO characteristics, such as diameter or tunnel length.
Another limitation of the study is the small number of
patients with each of the exposures therefore creating a
large confidence interval. Due to the small number of
patients exposed to illicit drug use, we were not able to
assess whether different types of drugs could serve as a

trigger factor for stroke. There could be a bias in reporting,
patients may not have been willing to share information
about physical activity, the use of drugs or smoking. Of all
patients with a PFO-associated stroke, 33.1% did not
undergo percutaneous closure. This could (partially) be
explained by the fact that a significant number of patients
were enrolled prior to the existence of positive RCTs dem-
onstrating the superiority of percutaneous closure over best
medical treatment. Unfortunately, there is no available data
regarding the reasons for acceptance or rejection of percu-
taneous closure.

Furthermore, the time window between the event and
the trigger may be difficult to define. We tried to mini-
mize recall bias using a sensitivity analysis. A possible
solution to address this in future research is to objectify
data using health record data and information from wear-
ables. Second, especially in fever and flu-like disease, the
width of the 95% confidence interval is quite wide due to
the smaller subgroups. Unfortunately, the sample size of
patients with an innocent bystander was too small to cal-
culate a reliable RR for fever and possible also for flu-
like disease regarding the large confidence interval. A
larger cohort of patients with a bystander PFO and a
stroke of other etiology are needed to explore the role of
trigger factors in these patients. Another limitation in
PFO-associated stroke research is the uncertainty about
the role of PFO in strokes with competing causes. There
is no reliable method to definitively determine which of
the competing causes is the actual culprit. We attribute
the stroke to the most prevalent cause, considering that
most competing etiologies are more likely to cause a
stroke than a PFO. Since several patients did not undergo
echocardiography due to an evident cause of stroke being
identified early in the diagnostic process, the prevalence
of patients with a bystander PFO is likely to be much
higher than represented in our study. Future research
should focus on which patients based on their character-
istics, in combination with PFO characteristics, are at the
highest risk for PFO-associated stroke. They should also
evaluate why most patients with a PFO experience a
stroke only once in their life, despite the fact that most
trigger factors are present multiple times throughout life.
Another interesting question for future research concerns
the age aspect of PFO-associated stroke since it occurs
more often in young adults, but it is very rare in children,
while trigger factors, such as fever and flu-like disease,
are abundantly present in childhood. Furthermore, it
remains unclear why, for example, labor does not seem to
be a major risk factor for PFO-associated stroke, despite
the facts that women during childbirth are in a prothrom-
botic state and need to exert a significant Valsalva maneu-
ver. Finally, imaging studies could detect if patients with
a PFO have more “silent infarctions” which lack clini-
cally overt stroke symptoms or if the PFO-associated
strokes are indeed sporadic.
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Conclusion

In conclusion, flu-like disease, fever, and vigorous exercise
may convert an asymptomatic PFO into a stroke-causing
PFO in young adults.
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