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The Connection Between
Patent Foramen Ovale and

Migraine

Preetham Kumar, MDa, Yasufumi Kijima, MD, PhDb,
Brian H. West, MD, MSa, Jonathan M. Tobis, MDa,*
KEYWORDS

� Migraine headache � Patent foramen ovale � Right-to-left shunt

KEY POINTS

� Although observational studies have shown that migraineurs with aura respond well to patent fora-
men ovale (PFO) closure, randomized trials have not confirmed this.

� Until a randomized double-blinded study clearly demonstrates a significant benefit of PFO closure
to reduce migraines, medical therapy will remain the treatment of choice for migraines.

� One challenge in conducting such a study is adequate patient recruitment in a timely fashion given
strict inclusion criteria.
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BACKGROUND

A patent foramen ovale (PFO) is a remnant of the
fetal circulation that permits oxygenated blood
from the placenta to pass from the inferior vena
cava across the atrial septum into the arterial circu-
lation (Fig. 1). This mechanism of bypassing the
nonfunctional fetal lungs and directing oxygenated
blood to the fetal brain is critical for fetal develop-
ment and is preserved by evolution in all mammals.
After birth, the lungs are aerated and serve to
oxygenate the blood; the pressure in the left atrium
exceeds that in the right atrium and the septum pri-
mum closes over the foramen ovale and fuses with
the septum secundum. By genetically determined
mechanisms,1 the foramen ovale remains patent
in 20% to 30% of the general adult population.
Thus, PFO is by far the most common congenital
heart defect. Although most people with a PFO
remain asymptomatic, in peoplewho havemigraine
with aura, the presence of a PFO is about 50%.2

One hypothesis for this 2-fold higher frequency of
PFO is that a genetic influence might predispose
some patients to a higher risk of developing both
a Cardiology, University of California, Los Angeles, Room
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migraine and atrial septal abnormalities. Another
hypothesis is that migraine, especially migraine
with aura, may be triggered by vasoactive sub-
stances (eg, serotonin) that are ordinarily metabo-
lized during passage through the lungs, and the
presence of a right-to-left shunt such as a PFO or
a pulmonary arteriovenous malformation allows
these chemicals to bypass metabolic alteration in
the lungs and gain entry to the arterial circulation
in a higher concentration so that on reaching the
brain, they stimulate receptors in susceptible indi-
viduals, which produces the cerebral migraine phe-
nomena. The latter hypothesiswasderived after the
observation that PFO closure often resulted in relief
of migraine headaches (Figs. 2–5).

OBSERVATIONAL STUDIES SUGGESTING AN
ASSOCIATION BETWEEN MIGRAINE AND
PATENT FORAMEN OVALE

In 1998, Del Sette and colleagues at the University
of Genova, Italy, described the first association
between right-to-left shunting, stroke, and
migraine with aura. Del Sette and colleagues
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Fig. 1. PFO anatomy. IVS, interventricular septum; LA, left atrium; RA, right atrium. (From Yasunaga D, HamonM.
MDCT of interatrial septum. Diagn Interv Imaging 2015;96:893; with permission.)
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carried out a case-control study in which 44 pa-
tients suffering from migraine with aura, 73 pa-
tients younger than 50 year with a history of
cryptogenic focal cerebral ischemia, and 50 con-
trols asymptomatic for cerebrovascular disease
and without a history of migraine underwent bilat-
eral transcranial Doppler (TCD) with injection of
contrast medium during normal ventilation and
during Valsalva maneuver. The prevalence of a
right to left shunt was 41% (18/44) in patients
with migraine with aura and 35% (26/73) in pa-
tients with cryptogenic stroke, compared with
16% (8/50) in normal controls (P<.005).3

Schwedt and colleagues4 conducted a system-
atic review of case-control studies published up to
2008 looking at PFO and migraines and concluded
that there is a bidirectional association. Migraine
Fig. 2. Transesophageal echocardiography showing a
long-tunnel PFO with an atrial septal aneurysm
(ASA). Ao, aorta; LA, left atrium; RA, right atrium.
with aura (but not without aura) is more common in
patients with PFO than in the general population,
and PFO is more prevalent in patients who have
migraine with aura than in the general population.
Anzola and colleagues5 compared the frequency of
right-to-left shunt using TCD in 113 patients who
had migraine with aura, 53 patients who had
migraine without aura, and 25 age-matched con-
trols. PFO was present in 48% of subjects who had
migraine with aura, but was not different in migrai-
neurswithout aura (23%), comparedwith thecontrol
group without migraine (20%) (P5 .002).
Wilmshurst and colleagues6 were the first to

report the benefits of PFO closure on migraine
headache. Of 37 patients who underwent PFO
closure, 21 (57%) had a history of migraines, with
16 having a history of migraine with aura and 5
Fig. 3. A thrombus caught straddling the PFO be-
tween the right and left atrium. LA, left atrium; RA,
right atrium.



Fig. 4. (A, B) Axial diffusion-weighted images showing a 1.08 � 1.93 cm cortical infarct. (C) MR angiogram of the
neck showing patent carotid arteries.
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having a history of migraine without aura.
Following PFO closure, 7 out of 16 (44%) migrai-
neurs with aura had complete resolution of
migraines and 8 of the remaining 9 had an
improvement in both frequency and severity of mi-
graines, whereas 3 out of 5 (60%) migraineurs
without aura had complete resolution of migraines.
Fig. 5. Brain MR imaging of a patient with frequent
migraines who had white matter lesions. Arrow iden-
tifies white matter lesion visible on FLAIR axial image.
Khessali and colleagues7 assessed the preva-
lence of right-to-left shunt in patients with visual
aura and evaluated the effect of shunt closure on
resolution of aura. The investigators divided the
study population into 2 groups, one group with vi-
sual aura (n5 225) and the other group as the con-
trol (n 5 200). The visual aura group was further
subdivided into 3 subgroups. Group A (n 5 175)
consisted of patients who had a history of visual
aura that was followed by a migraine headache
immediately or within 60 mins. Group B (n 5 29)
consisted of patients with a history of visual aura
and migraine headache that were temporally unre-
lated (ie, not occurring within 60 mins of each
other). Group C (n 5 21) consisted of patients
with a history of visual aura without a history of
headache. In the 3 groups, 168 (96%, P<.0001),
21 (72%, P<.0001), and 14 (67%, P<.0001) pa-
tients were positive for right-to-left shunt, respec-
tively. PFO closure was performed in 67 (40%), 8
(38%), and 5 (36%) patients within each group,
respectively; and 52% (35/67), 75% (6/8), and
80% (4/5) had complete resolution of visual aura
at the 12-month follow-up. The similar distribution
of right-to-left shunt in all 3 patient groups and the
correlation between PFO closure and improve-
ment of aura suggests a similar pathophysiology
between the presence of PFO and the visual
aura phenomenon, regardless of whether head-
ache is present in the symptom complex.

In contrast to the findings of the above
mentioned studies, Rundek and colleagues8 con-
ducted a population-based study in which 1101
patients with a history of migraines were evaluated
for PFO using transthoracic echocardiography
(TTE) with saline contrast and provocative maneu-
vers and the investigators did not find a significant
difference in the prevalence of PFO among
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subjects who had migraine compared with those
who did not have migraine (14.6% vs 15%). It is
important to understand that the frequency of
finding a right-to-left shunt highly depends on the
type of testing that is performed. TTE has a 40%
false-negative rate, TEE has a 10% false-
negative rate, and TCD is the most sensitive nonin-
vasive test with a 3% false-negative rate when all 3
studies are compared with a diagnostic right heart
catheterization and probing the atrial septum with
a guidewire.9

The aforementioned studies are summarized in
Table 1.
RANDOMIZED CLINICAL TRIALS SUGGESTING
AN ASSOCIATION BETWEEN MIGRAINE AND
PATENT FORAMEN OVALE

The previous studies were all observational and
subject to recognized bias of nonrandomized
data. The MIST (Migraine Intervention with STAR-
Flex Technology) trial was the first to investigate
the effects of PFO closure for migraine in a
prospective, randomized, double-blind, sham-
controlled clinical trial. Patients who suffered
from migraine with aura, experienced frequent
migraine attacks, had more than or equal to 2 pre-
viously failed classes of prophylactic treatments,
and had a moderate or large right-to-left shunt
consistent with the presence of a PFO were ran-
domized to transcatheter PFO closure with the
STARFlex implant or to a sham procedure. One
hundred forty-seven patients were randomized
Table 1
Observational studies of the prevalence of migraine i
of the procedure on migraine

Study

Prevalence of Migraine
in Patients Referred for
PFO Closure

Wilmshurst et al,32 2000 21/37 (57%)

Morandi et al,33 2003 17/62 (27%)

Schwerzmann et al,34

2004
48/215 (22%)

Post et al,35 2004 26/66 (39%)

Reisman et al,36 2005 57/162 (35%)

Azarbal et al,37 2005 37/89 (42%)

Donti et al,38 2006 35/131 (27%)

Anzola et al,39 2006 50/163 (31%)

Kimmelstiel et al,40 2007 24/41 (59%)

Papa et al,41 2009 28/76 (37%)

Khessali et al,7 2012 204/590 (35%)

Total 547/1632 (34%)
and followed for 6 months. The primary efficacy
end point was complete cessation of migraine
headache 91 to 180 days after the procedure. No
significant difference was observed in the primary
end point of migraine headache cessation be-
tween implant and sham groups (3/74 vs 3/73,
respectively; P 5 .51). The secondary efficacy
end point was the frequency of migraine headache
days. The reduction in migraine days was not sta-
tistically significant. Two hypotheses were devel-
oped to explain why the MIST trial did not
achieve the expected success and dramatic
reduction in frequency of migraine headaches
that was described in the observational studies.
The first hypothesis stated that the patient popula-
tion was somehow fundamentally different on a
mechanistic or physiologic basis than the patient
populations that were treated in the observational
studies. The second hypothesis stated that the
right to left shunt in the study population was not
effectively closed by the particular device used.10

The PREMIUM (Prospective, Randomized
Investigation to Evaluate Incidence of Headache
Reduction in Subjects with Migraine and PFO Us-
ing the AMPLATZER PFO Occluder to Medical
Management) trial was a double-blind study inves-
tigating migraine characteristics for more than
1 year in subjects randomized to medical therapy
and PFO closure with the Amplatzer PFOOccluder
device (Abbott Vascular, Chicago) versus medical
therapy and a sham procedure (right heart cathe-
terization). Subjects had to have 6 to 14 days of
migraine per month, had failed at least 3 migraine
n patients referred for PFO closure and the effect

% Migraine Improved/
Cured Following PFO
Closure

Length of
Follow-up (mo)

86 30

88 6

81 12

65 6

70 12

76 18

91 20

88 12

83 3

82 12

76 12

80.5 13 � 7.5
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preventive medications, and had a significant
right-to-left shunt defined by TCD grade 4 or 5.
Of 1653 subjects consented, 230 were enrolled.
The primary efficacy endpoint was responder
rate (defined as 50% reduction in migraine
attacks). The primary endpoint was achieved in
45/117 (38.5%) patients randomized to device
and 33/103 (32%) patients randomized to control,
failing to show statistical significance (P 5 .32).
The secondary efficacy endpoint was reduction
in migraine days. The study group experienced mi-
graines less often than the control group and the
difference was statistically significant (�3.4 vs
�2.0 d/mo, P 5 .025). In addition, 10 of 117 pa-
tients (8.5%) who underwent PFO closure had
complete migraine remission by 1 year versus 1
(1%) in the control group (P 5 .01). Although the
PREMIUM trial did not demonstrate efficacy for
PFO closure using the primary endpoint of
responder rate, an additional subset analysis was
performed that evaluated subjects who had aura
as a consistent component of their migraine at-
tacks (aura present in >50% of migraine episodes).
For this subgroup analysis, there was a significant
difference in the responder rate: 49% (19 of 39)
versus 23% (9 of 40) for device versus control
group, respectively (P5 .015). In addition, for sub-
jects with frequent aura, 15.4% (6 of 39) had com-
plete cessation of their migraine attacks versus
2.5% (1 of 40) in the control group (P 5 .04). The
potential benefit in a minority of migraine patients
suggests a need to further investigate populations
who are more likely to benefit from PFO closure
than the medication refractory population.11 It is
expected that future trials will focus on PFO
closure in a more select patient population of
migraine with frequent aura.

The PRIMA (Percutaneous closure of patent fo-
ramen ovale in migraine with aura) trial was amulti-
center, prospective, randomized, open-label
international trial that evaluated if percutaneous
PFO closure was effective in reducing migraine
headaches in patients with migraine with aura
that were refractory to medical treatment. Partici-
pants had to be diagnosed with migraine before
the age of 50, had to experience more than or
equal to 3 migraine attacks or more than or equal
to 5 migraine headache days per month and less
than 15migraine days permonth over the 3months
preceding enrollment, and had to be unresponsive
to 2 commonly prescribed preventive medica-
tions. Of 705 subjects screened over a 90-day
screening period involving 3 screening visits, 107
were enrolled. The enrolled patients were subse-
quently randomized 1:1 to either percutaneous
PFO closure (n 5 53) or medical management
(n 5 54) and then followed for 12 months. Of
note, within 14 days of randomization, both groups
were given acetylsalicylic acid 75 to 100 mg/d for
6 months and clopidogrel 75 mg/d for 3 months.
The primary efficacy endpoint was reduction in
monthly migraine days during months 9 to 12 after
randomization compared with months 1 to 3
before randomization. Although the PFO closure
group experienced less migraine days per month
than the control group, the difference was not sig-
nificant (�2.9 vs �1.7 days, respectively, P 5 .17).
The secondary efficacy endpoint was average
reduction in migraine attacks and although the
PFO closure group experienced less migraine at-
tacks than the control group, the difference was
not significant (�2.1 attacks vs �1.3 attacks,
respectively, P 5 .097). Four of forty patients
(10%) in the PFO closure group were completely
free of migraine attacks during months 10 to 12
compared with 0 of 41 patients (0%) in the control
group but this was not significant (P 5 .055).
Neither antiplatelet agent had significant influence
on headache days. Although the PRIMA trial failed
to show that PFO closure significantly reduced
overall monthly migraine days compared with
ongoing medical management in patients with re-
fractory migraine with aura and PFO, a post hoc
analysis focusing solely on migraines with aura
showed that the number of migraine with aura
days and migraine with aura attacks were mark-
edly reduced in the PFO closure group compared
with controls (�2.4 vs �0.6 days, respectively,
[P 5 .0141] and �2.0 vs �0.5 attacks, respec-
tively, [P 5 .0003]). In addition, 16 of 40 patients
(40%) in the PFO closure group were completely
free of migraine attacks with aura compared with
4 of 40 patients (10%) in the control group
(P 5 .004). These latter findings support the hy-
pothesis that PFOs play a major role in pathoge-
nicity for migraine with aura. In stroke, the ROPE
score is used to determine if a PFO is stroke
related or incidental. Similarly, it is theorized that
the presence or absence of aura can resolve the
question of incidental versus pathogenic PFO.
Limitations to the trial include lack of blinding of
the PRIMA patients, premature termination of the
study by the sponsor due to slow enrollment,
due to slow enrollment, lack of a sham interven-
tion, and failure to completely abolish the right-
to-left shunts in 12% of the PFO closure group.12
ASSOCIATION OF PATENT FORAMEN OVALE,
MIGRAINE, AND CRYPTOGENIC STROKE

People who have migraine headache, especially
migraineurs with aura, have an increased risk
of cryptogenic stroke.13 Cryptogenic stroke, or
stroke of unknown cause, is a diagnosis of
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exclusion after standard causes of stroke have
been ruled out by an extensive workup. This defi-
nition typically applies to people younger than
60 years, above which it is assumed that athero-
sclerosis is present and is the most likely cause
of the stroke. The origin of the thrombus is usually
not found unless a peripheral deep vein throm-
bosis is present. It is hypothesized that one cause
of cryptogenic stroke is a venous thrombus,
perhaps from peripheral or pelvic varicose veins,
that bypasses the lungs via a PFO and enters the
arterial circulation. Occasionally, this paradoxic
embolism can be documented by echocardiogra-
phy when a large thrombus trapped in a PFO
(Fig. 3). The venous clots that produce crypto-
genic stroke are usually less than 3 mm in diam-
eter. However, once the clot passes to the brain,
it is not possible to prove how it got there.
According to a meta-analysis of 6 case-control

studies, the relative risk (RR) of ischemic stroke
for migraine with aura and migraine without aura
are 2.3 and 1.8, respectively. The RR of ischemic
stroke in women with migraine using oral contra-
ceptives is increased to 8.7, suggesting that
women with migraine should not take oral contra-
ceptives.14 One study in the Netherlands used MR
imaging to assess 134 patients who had migraine
without aura, 61 patients who had migraine with
aura, and 140matched controls. Although the total
percentage of patients with an ischemic infarct
was not increased in migraineurs versus controls
(5% vs 8.1%), when the data were analyzed by
vascular supply, there was an increased incidence
of posterior circulation infarcts in migraineurs with
aura (8.1% vs 0.7%).15

In Iceland, the Age Gene/Environment Suscepti-
bility (AGES) – Reykjavı́k study prospectively
observed 4689 people for an average of 25 years
and then performed a brain MR imaging. Migraine
was present in 12.2% of the participants and 63%
of this subgroup was identified as having migraine
with aura. Patients who hadmigraine with aura had
an increased risk of subsequent infarct lesions on
MR imaging (OR 1.4; 95% CI 1.1–1.8). However,
because the study did not assess for the presence
of right-to-left shunting, we do not know the rela-
tive frequency of PFO in those migraineurs who
developed stroke versus the migraineurs who did
not develop a stroke.16

According to the initial theory of migraines and
aura, it was believed that migraine was “a vascular
headache” due to ischemia caused by intense
arterial vasospasm. It was also thought that if the
arterial constriction was prolonged and severe
enough, a cerebral infarct could ensue. Over
time, the understanding of the cause of migraine
has changed. Several lines of evidence, including
functional MR imaging, PET imaging during
migraine, and gene insertion studies of familial
migraine with hemiplegia in mice, demonstrate
that migraine is initiated by vasodilation and then
vasoconstriction (not the converse), but the
severity of decreased flow is about 25%, which
is not sufficient to induce an infarct. The current
theory is that migraine represents neurovascular
dysfunction associated with allodynia (painful
response to any stimuli) involving multiple areas
within the brain. The transient neurologic deficits,
manifested as aura, are due to a spreading wave
of depolarization over the cerebral cortex (cortical
spreading depression [CSD]) that starts in the oc-
cipital area and progresses over the sensory and
motor cortex at 2 to 3 mm/min. The aura sequence
corresponds to the timing of the CSD and usually
lasts 20 minutes. The question remains, why is
there a higher prevalence of stroke in migraineurs?
One possibility is that there is an association of
migraine with accelerated atherosclerosis, but
there has never been any evidence to demonstrate
this metabolic hypothesis.
The prevalence of migraine headache in people

who present with cryptogenic stroke is approxi-
mately 30% to 50%. Both migraine with aura and
cryptogenic stroke are associated with a higher
frequency of PFO. So, in people with migraine
headaches who develop stroke, what is the fre-
quency of right-to-left shunting? Wilmshurst and
colleagues17 demonstrated that the prevalence
of a right-to-left shunt in patients with a history of
migraine with aura who had a stroke (84%) was
significantly greater compared with patients with
a history of migraine with aura but no history of
stroke (38.1%, P<.001), patients without a history
of migraine who had a stroke (55.6%, P<.05),
and population controls (12.2%, P<.001). In addi-
tion, the prevalence of right-to-left shunt in pa-
tients with a history of migraine without aura who
had a stroke (75%) was also significantly greater
compared with patients who had migraine with
aura but no history of stroke (38.1%, P<.05) and
population controls (12.2%, P<.001). This obser-
vation led to the theory that the increased fre-
quency of stroke in migraineurs is due to the
presence of a PFO for both conditions: the PFO
is the pathway through which the migraine with
aura is chemically triggered and also increases
the likelihood of having a paradoxic embolism
pass from the venous side to the brain.
This theory is also consistent with the higher risk

of stroke in migraineurs who are on birth control
pills or hormone replacement therapy.18 Estrogen
increases the risk of venous thrombosis. If a PFO
is present, as suggested by the history of migraine
with aura, it is possible that a venous thrombus,
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induced by the addition of estrogen, may permit a
paradoxic embolism to occur and result in a cryp-
togenic stroke. If this hypothesis can be
confirmed, the next step would be evaluation of
prophylactic closure of PFO in a randomized trial
to test whether it is an effective method of treat-
ment for prevention of stroke in migraineurs. How-
ever, this type of study would be difficult to
perform as the absolute risk of stroke in migrai-
neurs is small. Therefore, a large number of pa-
tients would need to be treated with PFO closure
and followed-up over many years to show an
effect.

Between January 2008 and November 2017, the
UCLA Comprehensive Stroke Center identified
712 patients with ischemic stroke; 127 patients
(18%) were diagnosed as having a cryptogenic
stroke. Of these, 68 patients had adequate testing
for PFO and a documentedmigraine history. Of the
34 patients with both cryptogenic stroke and mi-
graines, 27 (79%) had a PFO. Of the 15 patients
with cryptogenic stroke andmigraine with frequent
aura, 14 (93%) had a PFO. Of the 34 patients with
cryptogenic stroke but without a history of mi-
graines, 20 (59%) had a PFO. The difference in
prevalence of PFO between patients with crypto-
genic stroke with migraine, with migraine with
aura, and without migraine was statistically signif-
icant (P 5 .042). When compared with a control
general population of 200 people where the
prevalence of PFO was 18%, patients with crypto-
genic stroke with or without migraine had signifi-
cantly greater prevalence of PFO (P<.00001 and
P<.00001, respectively).13 These observations
suggest that the majority (60%) of cryptogenic
strokes are associated with a PFO and that the
strokes that occur in migraineurs with aura are
almost always associated with a PFO.
ASSOCIATION OFMIGRAINE AND FLOW RATE
ACROSS A PATENT FORAMEN OVALE

A retrospective study in 142 migraine subjects
looked at the relationship between the degree of
right-to-left shunt and visual aura. Eighty-two
(58%) subjects were classified into the frequent
aura (aura present in >50% of migraine attacks)
group, and 60 (42%) were classified into the occa-
sional (�50%) or no aura group. The degree of
right-to-left shunt was measured by TCD using
the Spencer Logarithmic Scale, which assigns a
score of 0 to 5, with grade 3 or higher considered
as a positive result representing a significant right-
to-left shunt. TCD Spencer grade in the frequent
aura group was significantly greater than that in
the occasional or no aura group both at rest and
post-Valsalva (3.2 � 1.4 vs 2.1 � 1.6, P<.001 for
rest; 4.3 � 1.0 vs 3.8 � 1.3, P 5 .009 for post-
Valsalva). Therefore, migraineurs who have
frequent visual aura have a greater degree of
right-to-left shunt than migraineurs with infrequent
visual aura.19 This observation that the degree of
right-to-left shunting affects the frequency of
migraine aura demonstrates that there is a dose-
response effect between PFO flow and aura
frequency.
MIGRAINE AND CEREBRAL WHITE MATTER
LESIONS

Migraineurs have a higher frequency of white mat-
ter lesions (WML) in the brain detected by MR im-
aging.20 WML are usually 2 to 5 mm hyperintense
signals appearing on FLAIR or T2 sequences that
are secondary to axonal degeneration, gliosis,
and demyelination believed to be the result of
microvascular ischemia (see Fig. 5). WML can be
detected anywhere along the white matter tracts
of the cerebrum, cerebellum, and the brainstem.
WML appear similar to lesions found in multiple
sclerosis, vasculitis, and lacunar strokes. It is not
clear why migraineurs should have a higher inci-
dence of WML, but the assumption has been
that migraine produces vascular constriction and
ischemia that could damage the axonal myelin. A
second possibility is that migraine stimulates a
metabolic process that is detrimental to the myelin
sheath.

In one study from France, 1643 individuals older
than 65 years had WML on MR imaging and were
followed-up for 5 years. The risk of developing a
subsequent stroke in these patients was directly
correlated with the volume of the WML and was
5 times higher for the highest quartile of WML vol-
ume. However, the presence of WML did not pre-
dict other cardiovascular outcomes, suggesting
that the pathophysiology of WML may be different
from large vessel atherosclerosis.21 The presence
of a PFO was not assessed in this population.

Another theory for the presence of WML in
migraineurs is ischemic insult associated with a
right-to-left shunt due to embolic material such
as platelet clumps that could bypass filtration in
the lungs and enter the cerebral circulation. An Ital-
ian group headed by Carlo Vigna conducted an
observational study of 82 patients, all of whom
had a PFO, severe migraine, and WML on MR im-
aging. All 82 patients were offered PFO closure
and 53 patients elected to undergo a PFO closure
procedure. In the subjects who had their PFO
closed, the number of migraine attacks was
reduced from 32 � 9 in the 6 months before
closure to 7 � 7 in the 6 months after closure
(P<.001). In the 29 subjects who elected not to
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undergo PFO closure, there was no significant
reduction in migraines (from 36 � 13 to 30 � 21).
This study suggests that migraineurs with WML
may identify a group that is particularly sensitive
to PFO closure. It also suggests that in some peo-
ple, the presence of a PFO could be causally
related to WML. However, it is unclear whether
this is because PFO is casually related to migraine,
or whether the WML are a sign of greater respon-
siveness to PFO closure.22 In addition, this was an
observational study and not a randomized trial.
Data supporting this hypothesis have been con-

flicting. Bosca and colleagues23 imaged 44 migrai-
neurs with and without aura; 29 patients (66%) had
WML but only 7 of the 29 (24%) patients with WML
had a right-to-left shunt. This suggests either that
there are multiple causes for WML in migraine or
that right-to-left shunting is unrelated to WML.
Del Sette and colleagues24 conducted a similar
study with 80 patients and arrived at the same
conclusion.
In support of the theory that migraine produces

WML is the observation that migraineurs without a
PFO have a high incidence of WML on MR imag-
ing.23,24 But WML also are present in people with
PFO who do not have migraine. This is a difficult
area to study, because there is an increase in
WML with increasing age, so that comparison
studies need to adjust for the age of the subjects.
In addition, it is difficult to obtain a control popula-
tion of people who are asymptomatic but have had
a brain MR imaging. There are several open-
access repositories of brain MR imaging in a
normal population.25 The prevalence of WML per
decade was looked at in subjects with a known
right-to-left shunt versus this control general pop-
ulation (Yasufumi Kijima, MD and Jonathan M.
Tobis, MD, unpublished data, 2016). There were
397 subjects who had a documented right-to-left
shunt using TCD with bubble contrast who under-
went brain MR imaging. These subjects were then
divided into migraineur (N 5 244) and non-
migraineur (N 5 153) groups. Between 20 and
60 years of age, in nonmigraineurs with a right-
to-left shunt, WML were more prevalent compared
with age-matched controls. However, in people
aged 60 to 80 years, the incidence of WML in non-
migraineurs with known right-to-left shunt was no
greater than that of the general elderly population.
Within each 2 decade age group of migraineurs
with a right-to-left shunt (group A), nonmigraineurs
with a right-to-left shunt (group B), and the control
subjects (group C), WML were more prevalent in
migraineurs versus controls in 2 age groups: 20
to 39 years (27% vs 13% vs 10%, P<.01) and 40
to 59 years (58% vs 47% vs 30%, P<.001). How-
ever, WML were also more prevalent than controls
in the group with a right-to-left shunt but without
migraine in the 40 to 59 year olds. This observation
suggests that both migraine without a right-to-left
shunt and a right-to-left shunt without migraine
may predispose to the development of WML.
The results of prior studies may vary if they did
not take into account the age of the subjects.
One concern regarding the presence of WML is

the long-term consequences. To date, WML have
been linked to strokes, cognitive impairment, and
dementia but some of these links have conflicting
evidence. In regard to stroke, a 2010 meta-
analysis of 12 studies looking at the association
of white matter hyperintensities with risk of first
ever stroke demonstrated a significant association
between the 2 (hazard ratio [HR] 3.3, 95% CI: 2.6–
4.4, P<.001).26 Furthermore, a pooled population-
based analysis of the Atherosclerosis Risk in Com-
munities Study and Cardiovascular Health Study
(CHS), which followed 4872 clinically stroke-free
individuals over a median of 13 years, demon-
strated that greater MR imaging–defined burden
of WMLwas a risk factor for spontaneous intrapar-
enchymal hemorrhage (P<.0001).27 In regard to
cognitive impairment, a study looking at 67 Amer-
ican participants with normal cognition found that
high baseline WML was related to the risk of pro-
gression to mild cognitive impairment (MCI) (HR
3.3; 95% CI 1.33–8.2, P 5 .01) but the Framing-
ham Offspring Study, which observed 1694 partic-
ipants for a mean duration of 6.2 years, showed
that the volume of WML was associated with risk
of MCI only in those aged 60 years or older
(OR 1.49, 95% CI: 1.14–1.97, P<.05).28,29 Lastly,
other studies, showed that the burden of WML
was significantly associated with an increased
risk of dementia.29,30
THE PATHWAY FORWARD

Although observational studies have shown that
migraineurs with aura respond well to PFO
closure, randomized trials have not confirmed
this. Until a randomized double-blinded study
clearly demonstrates a significant benefit of PFO
closure to reduce migraines, medical therapy will
remain the treatment of choice for migraines.
One challenge in conducting such a study is
adequate patient recruitment in a timely fashion
given strict inclusion criteria. For example, a large
number of patients who were screened for MIST II
were excluded because the number of headache
days exceeded the upper cutoff for the trial.
Another challenge is finding patients with similar
clinical characteristics to those who benefitted
from PFO closure in the observational studies.
Often, these patients presented with migraine
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and frequent aura or cryptogenic stroke. Another
proposal has been to enroll patients who respond
to antiplatelet therapy.31 The authors are opti-
mistic that a future randomized trial of PFO closure
to reduce migraine will identify the correct patient
subset, and PFO closure will become part of the
treatment options for people who suffer from
migraine.
REFERENCES

1. Wilmshurst P, Nightingale S. Relationship between

migraine and cardiac and pulmonary right-to-left

shunts. Clin Sci 2001;100:215–20.

2. Niessen K, Karsan A. Notch signaling in the devel-

oping cardiovascular system. Am J Physiol Cell

Physiol 2007;293(1):C1–11.

3. Del Sette M, Angeli S, Leandri M, et al. Migraine

with aura and right-to-left shunt on transcranial

Doppler: a case-control study. Cerebrovasc Dis

1998;8:327.

4. Schwedt TJ, Demaerschalk BM, Dodick DW. Patent

foramen ovale and migraine: a quantitative system-

atic review. Cephalalgia 2008;28:531.

5. Anzola GP, Magoni M, Guindani M, et al. Potential

source of cerebral embolism in migraine with

aura: a trans-cranial Doppler study. Neurology

1999;52(8):1622–5.

6. Wilmshurst PT, Pearson MJ, Nightingale S, et al. In-

heritance of persistent foramen ovale and atrial

septal defects and the relation to familial migraine

with aura. Heart 2004;90(11):1315–20.

7. Khessali H, Mojadidi MK, Gevorgyan R, et al. The ef-

fect of patent foramen ovale closure on visual aura

without headache or typical aura with migraine

headache. JACC Cardiovasc Interv 2012;5(6):

682–7.

8. Rundek T, Elkind MS, Di Tullio MR, et al. Patent fora-

men ovale and migraine: a cross-sectional study

from the Northern Manhattan Study (NOMAS). Cir-

culation 2008;118:1419.

9. Mojadidi MK, Roberts SC, Winoker JS, et al. Accu-

racy of transcranial Doppler for the diagnosis of

intracardiac right-to-left shunt: a bivariate meta-

analysis of prospective studies. JACC Cardiovasc

Imaging 2014;7(3):236–50.

10. Dowson A, Mullen M, Peatfield R, et al. Migraine

intervention with STARFlex technology (MIST) trial.

Circulation 2008;117(11):1397–404.

11. Tobis J, Charles A, Silberstein SD, et al. Percuta-

neous closure of patent foramen ovale in patients

with migraine: the PREMIUM trial. J Am Coll Cardiol

2017;70(22):2766–74.

12. Mattle HP, Evers S, Hildick-Smith D, et al. Percuta-

neous closure of patent foramen ovale in migraine

with aura, a randomized controlled trial. Eur Heart

J 2016;37:2029–36.
Downloaded for Anonymous User (n/a) at UC Irvine (CS N
2024. For personal use only. No other uses without perm
13. West BH, Noureddin N, Mamzhi Y, et al.

Frequency of patent foramen ovale and migraine

in patients with cryptogenic stroke. Stroke 2018;

49(5):1123–8.

14. Etminan M, Takkouche B, Isorna FC, et al. Risk of is-

chaemic stroke in people with migraine: systematic

review and meta-analysis of observational studies.

BMJ 2005;330(7482):63.

15. Kruit MC, van Buchem MA, Hofman PA, et al.

Migraine as a risk factor for subclinical brain lesions.

JAMA 2004;291(4):427–34.

16. Scher AI, Gudmundsson LS, Sigurdsson S, et al.

Migraine headache in middle age and late-life brain

infarcts. JAMA 2009;301(24):2564–70.

17. Wilmshurst P, Nightingale S, Pearson M, et al. Rela-

tion of atrial shunts to migraine in patients with

ischemic stroke and peripheral emboli. Am J Cardiol

2006;98(6):831–3.

18. MacGregor EA. Estrogen replacement and

migraine. Maturitas 2009;63(1):51–5.

19. Kijima Y, Miller N, Noureddin N, et al. The degree

of right-to-left shunt is associated with visual aura

due to migraine. J Am Coll Cardiol 2015;66(15):

TCT–738.

20. Kruit M, Buchem MV, Launer L, et al. Migraine is

associated with an increased risk of deep white mat-

ter lesions, subclinical posterior circulation infarcts

and brain iron accumulation: the population-based

MRI CAMERA study. Cephalalgia 2010;30(2):

129–36.

21. Buyck JF, Dufouil C, Mazoyer B, et al. Cerebral white

matter lesions are associated with the risk of stroke

but not with other vascular events: the 3-City Dijon

Study. Stroke 2009;40(7):2327–31.

22. Vigna C, Marchese N, Inchingolo V, et al. Improve-

ment of migraine after patent foramen ovale percu-

taneous closure in patients with subclinical brain

lesions: a case-control study. JACC Cardiovasc In-

terv 2009;2(2):107–13.

23. Bosca M, Tembl J, Bosca I, et al. Study of the rela-

tionship between white matter lesions in the mag-

netic resonance imaging and patent foramen

ovale. Neurologia 2008;23(8):499–502.

24. Sette MD, Dinia L, Bonzano L, et al. White matter le-

sions in migraine and right-to-left shunt: a conven-

tional and diffusion MRI study. Cephalalgia 2008;

28(4):376–82.

25. Job DE, Dickie DA, Rodriquez D, et al. A brain imag-

ing repository of normal structural MRI across the life

course: brain images of normal subjects (BRAINS).

Neuroimage 2017;144(B):200–304.

26. Debette S, Markus HS. The clinical importance of

white matter hyperintensities on brain magnetic

resonance imaging: systematic review and meta-

analysis. BMJ 2010;341:c3666.

27. Folsom AR, Yatsuya H, Mosley TH Jr, et al. Risk of

intraparenchymal hemorrhage with magnetic
orth America) from ClinicalKey.com by Elsevier on April 22, 
ission. Copyright ©2024. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S1052-5149(19)30006-1/sref1
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref1
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref1
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref2
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref2
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref2
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref3
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref3
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref3
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref3
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref4
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref4
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref4
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref5
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref5
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref5
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref5
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref6
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref6
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref6
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref6
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref7
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref7
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref7
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref7
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref7
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref8
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref8
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref8
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref8
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref9
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref9
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref9
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref9
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref9
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref10
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref10
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref10
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref11
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref11
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref11
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref11
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref12
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref12
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref12
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref12
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref13
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref13
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref13
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref13
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref14
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref14
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref14
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref14
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref15
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref15
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref15
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref16
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref16
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref16
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref17
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref17
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref17
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref17
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref18
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref18
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref19
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref19
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref19
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref19
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref20
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref20
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref20
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref20
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref20
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref20
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref21
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref21
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref21
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref21
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref22
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref22
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref22
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref22
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref22
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref23
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref23
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref23
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref23
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref24
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref24
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref24
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref24
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref25
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref25
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref25
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref25
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref26
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref26
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref26
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref26
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref27
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref27


Kumar et al270
resonance imaging-defined leukoaraiosis and brain

infarcts. Ann Neurol 2012;71:552–9.

28. Smith EE, Egorova S, Blacker D, et al. Magnetic

resonance imaging white matter hyperintensities

and brain volume in the prediction of mild cognitive

impairment and dementia. Arch Neurol 2008;65:

94–100.

29. Debette S, Beiser A, DeCarli C, et al. Association of

MRI markers of vascular brain injury with incident

stroke, mild cognitive impairment, dementia, and

mortality: the Framingham Offspring Study. Stroke

2010;41:600–6.

30. Kuller LH, Lopez OL, Newman A, et al. Risk factors

for dementia in the cardiovascular health cognition

study. Neuroepidemiology 2003;22:13–22.

31. Sommer RJ. PFO closure for migraine: dead, alive,

or in need of another trial? Denver (CO): TCT; 2017.

32. Wilmshurst PT, Nightingale S, Walsh KP, et al. Effect

on migraine of closure of cardiac right-to-left shunts

to prevent recurrence of decompression illness or

stroke or for haemodynamic reasons. Lancet 2000;

356(9242):1648–51.

33. Morandi E, Anzola GP, Angeli S, et al. Transcatheter

closure of patent foramen ovale: a new migraine

treatment? J Interv Cardiol 2003;16(1):39–42.

34. Schwerzmann M, Wiher S, Nedeltchev K, et al.

Percutaneous closure of patent foramen ovale re-

duces the frequency of migraine attacks. Neurology

2004;62(8):1399–401.
35. Post MC, Thijs V, Herroelen L, et al. Closure of a pat-

ent foramen ovale is associated with a decrease in

prevalence of migraine. Neurology 2004;62(8):

1439–40.

36. Reisman M, Christofferson RD, Jesurum J, et al.

Migraine headache relief after transcatheter closure

of patent foramen ovale. J Am Coll Cardiol 2005;

45(4):493–5.

37. Azarbal B, Tobis J, Suh W, et al. Association of in-

teratrial shunts and migraine headaches: impact of

transcatheter closure. J Am Coll Cardiol 2005;

45(4):489–92.

38. Donti A, Giardini A, Salomone L, et al. Transcatheter

patent foramen ovale closure using the Premere

PFO occlusion system. Catheter Cardiovasc Interv

2006;68(5):736–40.

39. Anzola GP, Frisoni GB, Morandi E, et al. Shunt-asso-

ciated migraine responds favorably to atrial septal

repair: a case-control study. Stroke 2006;37(2):

430–4.

40. Kimmelstiel C, Gange C, Thaler D. Is patent foramen

ovale closure effective in reducing migraine symp-

toms? A controlled study. Catheter Cardiovasc In-

terv 2007;69(5):740–6.

41. Papa M, Gaspardone A, Fragasso G, et al. Use-

fulness of transcatheter patent foramen ovale

closure in migraineurs with moderate to large

right-to-left shunt and instrumental evidence of

cerebrovascular damage. Am J Cardiol 2009;

104(3):434–9.

http://refhub.elsevier.com/S1052-5149(19)30006-1/sref27
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref27
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref28
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref28
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref28
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref28
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref28
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref29
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref29
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref29
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref29
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref29
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref30
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref30
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref30
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref31
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref31
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref32
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref32
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref32
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref32
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref32
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref33
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref33
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref33
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref34
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref34
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref34
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref34
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref35
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref35
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref35
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref35
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref36
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref36
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref36
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref36
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref37
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref37
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref37
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref37
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref38
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref38
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref38
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref38
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref39
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref39
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref39
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref39
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref40
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref40
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref40
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref40
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref41
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref41
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref41
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref41
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref41
http://refhub.elsevier.com/S1052-5149(19)30006-1/sref41

	The Connection Between Patent Foramen Ovale and Migraine
	Key points
	Background
	Observational studies suggesting an association between migraine and patent foramen ovale
	Randomized clinical trials suggesting an association between migraine and patent foramen ovale
	Association of patent foramen ovale, migraine, and cryptogenic stroke
	Association of migraine and flow rate across a patent foramen ovale
	Migraine and cerebral white matter lesions
	The pathway forward
	References




