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with migraine
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Objective: Patent foramen ovale (PFO) may play an important role in the
progression of white matter hyperintensity (WMH) through paradoxical
embolism-induced chronic cerebral microcirculatory dysfunction. WMH
is closely associated with the pathogenesis of migraine. This study aims to
investigate the burden of WMH in young patients with PFO and their potential
association with migraine.

Methods: A retrospective analysis was conducted involving 47 young patients
with PFO (PFO group) and 50 healthy controls (HC group). The Headache
Impact Test-6 (HIT-6), Migraine Disability Assessment (MIDAS), and Visual
Analogue Scale (VAS) scores were recorded to assess the severity of migraine.
Conventional MRI was utilized to evaluate periventricular hyperintensity (PVH)
and deep white matter hyperintensity (DWMH) grades, and the differences were
compared between groups. Correlations among laboratory indicators, right-to-
left shunt (RLS) grade, PFO diameter, WMH burden, and migraine severity were
examined in PFO patients.

Results: The PVH and DWMH scores were significantly higher in the PFO group
than in HC (p < 0.001). PFO diameter and RLS grade both showed positive
correlations with PVH, DWMH, VAS, MIDAS and HIT-6 scores (p < 0.05). The
grades of PVH and DWMH were significantly positively correlated with the
HIT-6, VAS, and MIDAS scores (p < 0.001). PFO diameter was an independent
predictor of PYH and DWMH grades (p < 0.001).

Conclusion: Young PFO patients exhibit an increased WMH burden, and PFO
diameter serves as an independent risk factor for WMH grade. These findings
suggest that PFO may contribute to the development of WMH in young
individuals, potentially through mechanisms involving paradoxical embolism
and chronic cerebral hypoperfusion. In young patients with PFO and migraine,
monitoring WMH burden via neuroimaging may provide insights for future
personalized management strategies.

KEYWORDS

cryptogenic stroke, migraine, patent foramen ovale, right-to-left shunt, white matter
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1 Introduction

Patent foramen ovale (PFO) is the primary cause of right-to-left
shunt (RLS), which is present in approximately 25-30% of the general
population, with a notable increase to about 40% among individuals
with cryptogenic stroke (CS) (1-3).

White matter hyperintensities (WMH) are areas of elevated signal
intensity observed on brain magnetic resonance imaging (MRI) fluid-
attenuated inversion recovery (FLAIR) sequences. They are associated
with an elevated risk of future stroke, increased stroke severity,
cognitive decline, and mortality, and have been identified as predictors
of stroke, cognitive decline, and depression (4, 5).

The PFO facilitates a pathological mechanism for paradoxical
embolism, wherein emboli originating from the venous system gain
access to the arterial circulation. Current evidence suggests a
correlation between PFO-related paradoxical embolism and an
elevated risk of WMH (6). Additionally, research has demonstrated
that cerebral microinfarcts in specific parts of the brain are linked to
the presence of PFO, thereby reinforcing the association between
PFO-related microembolic events and damage to brain tissue (6).

The WMH is recognized as a biomarker for chronic migraine (7).
The likelihood of developing WMH in individuals with migraine is
two to four times greater than in the general population (8), and this
correlation may be significantly associated with the RLS (9). The
proposed underlying mechanism suggests that RLS may permit
microemboli or vasoactive substances from the venous system to
circumvent the pulmonary circulation’s filtration function, thereby
entering the cerebral arterial circulation directly. This process could
potentially damage cerebral white matter, and subsequently result in
the formation of WMH (9).

The RLS grade is primarily used to evaluate the severity of RLS
(10), and PFO diameter is a crucial factor in assessing its severity and
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clinical implications (11). Although the PFO diameter and RLS are
associated with WMH occurrence (12), no clear evidence indicates
that PFO diameter or RLS severity directly leads to WMH aggravation.
The underlying pathophysiological mechanism necessitates further
investigation to validate the hypothesis that PFO facilitates the entry
of microemboli or vasoactive substances into the brain, triggering
chronic microcirculatory dysfunction, which in turn leads to the
formation and progression of WMH.

Currently, there is a lack of systematic research on the quantitative
relationship among PFO diameter, RLS grade, WMH burden, and
migraine severity in young PFO patients. Therefore, this study
investigates young PFO patients to minimize age-related confounding
effects. By distinguishing and grading WMH in different locations,
include periventricular and deep white matter, it aims to elucidate the
quantitative relationships among PFO diameter, RLS grade, WMH
burden, and migraine severity.

2 Materials and methods
2.1 Patient population

This study received approval from the Ethics Committee of Zibo
Central Hospital (Approval No. 2024219). As a retrospective study, it
was exempted from informed consent and conducted in accordance
with the Declaration of Helsinki and relevant regulations.

A total of 47 young patients diagnosed with PFO at Zibo Central
Hospital (PFO group) between January 2022 and February 2024 were
retrospectively enrolled (Figure 1).

The inclusion criteria for the PFO group were as follows: (1)
Diagnosis of PFO via transesophageal echocardiography (TEE); (2)
Age between 18 and 55 years (13), irrespective of sex; (3) Completion

Age 18-55 years

PFO was diagnosed by TEE

| History of hypertension and diabetes (n=74) [

History of major brain diseases
(n=54)

History of drug or poison abuse or dependence,
alcoholism, etc. (7= 32)

Current or previous history of
neuropsychiatric disorders (n=7)

FIGURE 1
Flowchart of patient enrollment.

. Initial participant Exclude L_| Final participant
Brain MRI scan was performed (n=245) (n=47)
History of major physical diseases (n=5)
Laboratory data were collected Atherosclerosis > 50%
(n=14)
. B - Patients at high risk for severe organic heart
Migraine meets the diagnostic . g
- H disease (n=19)
criteria of the International —
Classification of Headache
Disorders, 3rd Edition (ICHD-III). - Poor MRI image quality _

(n=3)

Frontiers in Neurology 02

frontiersin.org


https://doi.org/10.3389/fneur.2025.1737566
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Lietal.

of cranial MRI scanning; (4) Availability of laboratory data; (5) A
documented history of migraines that aligns with the diagnostic
criteria outlined in the International Classification of Headache
Disorders, 3rd edition (ICHD-III) (14). The exclusion criteria
included: (1) A history of hypertension or diabetes mellitus; (2) A
history of major cerebrovascular diseases, such as stroke, intracranial
hemorrhage, brain tumors, multiple sclerosis, or significant traumatic
brain injury; (3) A history of substance abuse, alcoholism, or
dependence; (4) A history of neuropsychiatric disorders or a family
history of such conditions; (5) A history of major systemic diseases,
including malignancy, uremia, autoimmune diseases, or thyroid/
parathyroid dysfunction; (6) Significant atherosclerosis, defined as
stenosis of 50% or greater, as detected by CT angiography of the head
and neck or color Doppler ultrasound; (7) Severe organic heart disease
or other high-risk conditions for cardioembolism; (8) Poor-quality
MRI images.

Healthy controls (HC group) were retrospectively selected from
individuals who underwent brain MRI scanning during the same
period as part of routine health examinations. The MRI scanning
protocols for the HC group were matched with those of the PFO
group to ensure consistency in the assessment of WMH. The control
group was screened to adhere to the same exclusion criteria as the
PFO group, ensuring the absence of significant cerebrovascular
diseases and specified systemic conditions. Ultimately, 50 healthy
controls, matched for age and sex, were included in the study.

2.2 Laboratory test indicators

Laboratory test indicators assessed for patients in the PFO group
encompassed brain natriuretic peptide, fibrinogen, C-reactive protein,
mean platelet volume, homocysteine, lipoprotein(a), total cholesterol,
fasting blood glucose, serum creatinine, serum uric acid, and serum
urea. All laboratory indicators were collected within 7 days preceding
the MRI examination.

2.3 Color ultrasound data collection

A contrast transesophageal echocardiography (cTEE) procedure
was conducted using a Philips EPIQ CVx (Philips Healthcare, MA,
United States) by an experienced sonographer (W. Z., with 7 years of
ultrasound diagnostic experience). The PFO diameter was measured
using an electronic caliper, and the maximum opening of the PFO was
recorded during the end-diastolic phase. Absolute contraindications
included dysphagia, esophageal pathology, or recent surgery. Relative
contraindications, such as esophageal varices or active upper
gastrointestinal bleeding, necessitated a pre-procedural risk
assessment (15).

Patients were positioned in the left lateral decubitus orientation for
the purpose of conducting contrast echocardiography. An agitated
saline solution was administered via the left antecubital vein. The
presence, timing, and grading of RLS were evaluated during both
resting conditions and the Valsalva maneuver, as confirmed by TTE
(Transthoracic Echocardiograph). The severity of RLS was classified
based on the number of microbubbles detected in the left atrium during
TTE: Grade 1 (minimal) was characterized by 1-10 bubbles; Grade 2
(moderate) by 11-25 bubbles; and Grade 3 by more than 25 bubbles or
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complete left atrial opacification (10). RLS was further categorized as
either persistent, occurring at rest without the Valsalva maneuver, or
provoked, occurring exclusively during the Valsalva maneuver.
Additionally, during TTE assessment, the presence of an Atrial Septal
Aneurysm (ASA) was documented, defined as a protrusion of the
septal base measuring >10 mm beyond the atrial septal plane or a total
excursion of >15 mm throughout the cardiac cycle (16).

2.4 MRI data acquisition

All participants underwent brain magnetic resonance imaging
(MRI) using a 3.0-Tesla clinical magnetic resonance scanner
(MAGNETOM Skyra; Siemens, Erlangen, Germany) equipped with a
20-channel phased-array head surface coil. Routine MRI protocols
included T1-weighted imaging (T1WI) fluid-attenuated inversion
recovery (FLAIR) and T2-weighted imaging turbo spin-echo (T2WI
TSE), and T2WI-FLAIR sequence scans, covering the whole brain.
Scanning sequence parameters are presented in Supplementary Table S1.

2.5 WMH grade

The location of WMH was categorized as either periventricular
hyperintensity (PVH) or deep white matter hyperintensity (DWMH).
The grading scale for each is typically from 0 to 3, based on visual
rating scales like the Fazekas scale (17). Grade 0: Absence of both PVH
and DWMH. Grade 1: PVH presents as “caps” or pencil-thin lining;
DWMH as punctate foci. Grade 2: PVH forms a smooth “halo”s
DWMH shows beginning confluence of foci. Grade 3: PVH appears
irregular and extends into deep white matter; DWMH appears as large
confluent areas. Two neuroradiologists, one with 20 years of
experience (Q. S.) and another with 10 years of experience (Y. L.), who
were blinded to clinical information including age, sex, and group
allocation, independently graded the WMH for all participants. Any
discrepancies were resolved through consensus discussion.

2.6 Headache impact test-6 (HIT-6), visual
analog scale (VAS) and migraine disability
assessment (MIDAS) scoring

Migraine severity was evaluated using the HIT-6, VAS, and MIDAS
scores, which assesses headache-specific symptoms and the functional
impairment associated with headache disorders. This evaluation was
performed by a neurologist (Y. M.) with 10 years of experience.

2.7 Statistical analysis
Statistical analyses were carried out using the R software package'
and the Statistical Package for Social Sciences version 27.0 (IBM

Corp., Armonk, NY, United States). The inter-rater reliability for PVH
and DWMH grading was assessed utilizing the Kappa statistic.

1 http://www.R-project.org/
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Categorical data were presented as frequencies (percentages) and
compared using chi-square tests. Continuous data were initially tested
for normality. For data that did not follow a normal distribution,
differences were represented as medians with interquartile ranges and
analyzed using nonparametric statistical tests. Partial correlation
analysis, adjusted for age and sex, was employed to investigate the
associations between PFO diameter, WMH grade, RLS grade, RLS
classification (persistent/provoked), presence of ASA, migraine
severity (measured by HIT-6, VAS and MIDAS), and various
laboratory indicators. Ordinal multinomial logistic regression analysis
was conducted to assess the impact of PFO diameter and LS grade on
WMH p<0.05
statistical significance.

grade. was considered indicative of

3 Results
3.1 Clinical data and laboratory indicators

The study included a total of 47 patients with PFO (comprising 17
men and 30 women, aged 18-55 years). The HC group consisted of 50
participants (comprising 17 men and 33 women, aged 18-55 years).
Comparative analysis between the two groups showed no significant
differences in terms of sex and age (p = 0.823 and 0.441, respectively).
Provoked RLS was identified in 29 patients (61.7%), whereas persistent
RLS was observed in 18 patients (38.3%). An ASA was detected in 9
patients with PFO, accounting for 19.1% of the cohort. Within the PFO
group, the HIT-6 scores ranged from 36 to 78, with a median score of
44, the VAS scores ranged from 0 to 10, with a median score of 2.5, the
MIDAS scores ranged from 0 to 540, with a median score of 37. The
mean disease duration among migraine patients was 2.6 years. The
frequency of migraine attacks was 2.0 episodes per month (Table 1).
The laboratory data characteristics of the PFO group are detailed in
Supplementary Table S2.

TABLE 1 Characteristics of PFO and HC groups.

10.3389/fneur.2025.1737566

3.2 WMH grade consistency test

The Kappa test results indicated excellent inter-rater reliability in
the grading of WMH between the two neuroradiologist, with Kappa
coefficients of 0.983 for PVH and 0.910 for DWMH, both with
p <0.001.

3.3 WMH grade group comparison

Comparative analysis of WMH grades between the PFO and HC
groups revealed significantly higher grades for both PVH and
DWMH in the PFO group (p < 0.001 for both), as shown in Table 2
and Figure 2. Representative images of WMH were shown in
Figure 3.

3.4 Correlation of PFO diameter with
laboratory indicators, HIT-6 score, VAS
score, MIDAS score, RLS grade and WMH
grade

Partial correlation analysis, controlling for sex and age,
demonstrated a positive correlation between the PFO diameter and
PVH (r = 0.539, p < 0.001), DWMH (r = 0.550, p < 0.001), HIT-6
score (r=0.751, p < 0.001), VAS score (r = 0.577, p < 0.001), MIDAS
score (r=0.751, p < 0.001), and RLS grades (r=0.296, p = 0.048).
Furthermore, PVH (r=0.430, p=0.003), DWMH (r=0.365,
p =0.014), VAS score (r = 0.480, p = 0.001), MIDAS score (r = 0.453,
p=0.002), and HIT-6 score (r=0.452, p = 0.002) were positively
correlated with RLS grade. The PVH grade was found to have a
positive correlation with HIT-6 score (r = 0.643, p < 0.001), VAS score
(r=0.764, p < 0.001), and MIDAS score (r = 0.654, p < 0.001). The
DWMH grade was found to have a positive correlation with HIT-6

Characteristic PFO group (n = 47)

HC group (n = 50)

Sex (male) 17(36.2%) 17(34.0%) 0.05 0.823
Age (year) 37.00 + 20.00 38.00 £ 13.00 —-0.774 0.441
PFO diameter (mm) 1.30(0.60) -
RLS Grade 1 3(6.4%) -
Grade 2 11(23.4%) -
Grade 3 33(70.2%) -
RLS type (provocative) 29(61.7%) -
ASA 9(19.1%) -
HTI-6 44.0(16.0) -
MIDAS 37(80.0) -
VAS 2.5(6.0) -
Mean disease duration (year) 2.6(9.0) -
Attack frequency (episodes/ 2.0(4.0) -
month)

HC, healthy control; PFO, patent foramen ovale; RLS, right-to-left shunt; ASA, atrial septal aneurysm; HTI-6, headache impact test-6; MIDAS, migraine disability assessment; VAS, visual

analog scale.
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score (r=0.712, p <0.001), VAS score (r=0.817, p <0.001), and
MIDAS score (r = 0.675, p < 0.001).

Figure 4 presents a heatmap illustrating the correlations among
PFO diameter, RLS grade, HIT-6 scores, VAS scores, MIDAS scores,
laboratory indicators, and WMH grades.

However, neither the type of RLS (provoked vs. persistent) nor
the presence of ASA exhibited statistically significant correlations
with WMH grades, HIT-6 scores, VAS scores, or MIDAS scores
(p>0.05).

3.5 Ordinal multinomial logistic regression
analysis of the impact of PFO diameter and
RLS grade on PVH and DWMH grades

The ordinal multinomial logistic regression analysis assessing the
impact of PFO diameter on PVH and DWMH grades indicated that
PFO diameter serves as an independent influencing factor for both
PVH and DWMH grades (p < 0.001) (Table 3).

4 Discussion

This study concentrated on young patients with PFO, identifying
a significantly increased burden of WMH. Subsequent analysis
demonstrated that the PFO diameter was strongly correlated with the
severity of both PVH and DWMH, as well as with the grade of
RLS. Notably, multivariate analysis confirmed that the PFO diameter
serves as an independent risk factor influencing the severity of PVH
and DWMH.

The findings suggest that PFO is a risk factor not only for stroke
but also for an extensive WMH burden in the brain (6). However,
previous studies have not consistently established an association
between PFO and WMH. This inconsistency may be attributed to
the greater impact of PFO on stroke risk in younger patients,
whereas studies such as that by Di Tullio et al. (18) involved
participants with a relatively high mean age (68.4 + 9.4 years).
Advanced age itself is a significant risk factor for cerebrovascular
disease and WMH, and its substantial confounding effect may
obscure the relatively weaker independent contribution of PFO. In

TABLE 2 Comparison of WMH grades between PFO and HC groups.

Grade

Type

PVH 0 7(14.9%) 33(66.0%) 30.967 <0.001
1 29(61.7%) 17(34.0%)
2 9(19.1%) 0
3 2(4.3%) 0

DWMH 0 16(34.0%) 41(82.0%) 26.069 <0.001
1 20(42.6%) 9(18.0%)
2 4(8.5%) 0
3 7(14.9%) 0

DWMH, deep white matter hyperintensity; PVH, periventricular hyperintensity; WMH,
white matter hyperintensity.
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this study, we focused on young individuals to minimize age-related
confounding factors in stroke risk and to investigate the association
between PFO and the severity of WMH.

Grade0 m Gradel Grade2 Grade3
P <0.05
P <0.05
100.00% | wa30%
14.90% 18.00%
19.10%
80.00% 8.50% AT
60.00%
42.60%
61.70%
40.00% 82.00%
66.00%
20.00% 34.00%
14.90%
0.00%
PFO-PVH PFO-DWMH HC-PVH HC-DWMH
FIGURE 2

Column diagram of WMH grade between PFO and HC groups. It
shows the distribution of PVH and DWMH grade in the PFO and the
HC groups. DWMH, deep white matter hyperintensity; HC, healthy
control; PFO, patent foramen ovale; PVH, periventricular
hyperintensity.

PFO without migraine
F

Nz

Healthy control

FIGURE 3

Representative images of WMH. FLAIR image of patient 1 with PFO:
female, 50 years old, migraine, PFO diameter 3.3 mm, PVH Grade 2
(A) and DWMH Grade 3 (B). FLAIR image of patient 2 with PFO: male,
47 years old, without migraine, PFO diameter 2.0 mm, PVH Grade 2
(C) and DWMH Grade 1 (D). FLAIR image of HC: female, 49 years old,
PVH Grade 1 (E) and DWMH Grade 0 (F). WMH, white matter
hyperintensity; DWMH, deep white matter hyperintensity; HC,
healthy control; PFO, patent foramen ovale; PVH, periventricular
hyperintensity.
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FIGURE 4

Heat map depicting the correlation among PFO diameters, WMH
grades, RLS grade, HTI-6 scores, VAS scores, MIDAS scores, and
laboratory indexes. The color bar on the right and the symbols in the
figure display correlations. BNP, brain natriuretic peptide; FIB,
fibrinogen; Cr, serum creatinine; CRP, c-reactive protein; DWMH,
deep white matter hyperintensity; FBG, fasting blood glucose; HCY,
homocysteine; Lp_a, lipoprotein(a); MPV, mean platelet volume;
PFO, patent foramen ovale; PVH, periventricular hyperintensity; RLS,
right-to-left shunt; TC, total cholesterol; UA, serum uric acid; UU,
serum urea; HTI-6, headache impact test-6; MIDAS, migraine
disability assessment; VAS, Visual Analogue Scale. *p < 0.05,

**p < 0.01, and ***p < 0.001.

The PFO is recognized as a risk factor for paradoxical embolism
and stroke, serving as an anatomical conduit for emboli to reach the
brain and potentially cause cerebrovascular events (19, 20). WMH is
a prevalent neuroimaging marker indicative of brain health (21). The
Fazekas scoring system categorizes WMH into two regions: PVH and
DWMH, assessing the severity of each separately. PVH is characterized
by gliosis, myelin pallor, and demyelination, whereas DWMH is more
heterogeneous, with greater axonal loss, vacuolation, and
arteriolosclerosis (22). Prior research has associated PFO with white
matter lesions (23, 24), primarily located in the deep white matter and
appearing punctate (25). Our findings demonstrate a positive
correlation between increased PVH and DWMH burden and the PFO
diameter. Regression analysis revealed that the PFO diameter is an
independent predictor of both PVH and DWMH grades. This suggests
that patients with larger PFO diameters may experience increased
microembolic entry into the arterial circulation, impacting the
cerebral microvasculature. Consequently, patients with larger PFO
diameters demonstrate increased cerebral gliosis, myelin pallor,
demyelination, axonal loss, vacuolation, and arteriolosclerosis.

This study also identified a positive correlation between RLS and
both WMH burden and migraine severity, aligning with previous
research findings (3, 12). RLS has been implicated as a potential
contributing factor for stroke and migraine with aura in the presence
of PFO (26). As the RLS grade escalates, the passage of small
microemboli or vasoactive substances, such as serotonin, through the
PFO also increases (27). These factors may precipitate migraines via
cortical spreading depression (CSD) and induce cerebral white matter
microvascular damage and an elevated WMH burden through direct
or indirect CSD-related ischemia or neuroinflammation (28, 29). This
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TABLE 3 Ordered multiple logistic regression analysis of the effect of
PFO diameter on PVH and DWMH grades.

Variable 95% ClI
Lower Upper
limit limit
PVH 2.247 1.031 3.464 <0.001 ‘
DWMH 1.841 0.749 2,933 <0.001 ‘

CI, confidential interval; DWMH, deep white matter hyperintensity; PFO, patent foramen
ovale; PVH, periventricular hyperintensity.

suggests that the observed increase in WMH burden in young PFO
patients may involve overlapping or interacting pathophysiological
processes associated with both RLS and migraine.

The relationship between migraine and WMH has garnered
substantial attention, with WMH being considered a marker of
chronic migraine (7), potentially affecting cognitive function and
other neurological outcomes. The migraine severity assessment
indicators in this study, including the VAS, HIT-6, and MIDAS scores,
demonstrated statistically significant correlations with the grades of
PVH and DWMH. A substantial of neuroimaging studies has
demonstrated that migraine patients are more likely to exhibit WMH
compared to HC (29, 30). And a significant proportion of migraine
patients (63.9%) exhibit WMH on T2WT and T2WI-FLAIR (26, 31).
The pathophysiological mechanisms underlying WMH in migraine
have not been fully elucidated. Possible mechanisms include: brain
injury induced by metalloproteinases activated during cortical
spreading depolarization, ischemic microvascular dysfunction with
subsequent  regional  hypoperfusion, = microembolization,
hypercoagulable states, and endothelial dysfunction (29). Preclinical
studies have demonstrated that microemboli, such as air, polystyrene
microspheres, and cholesterol particles, can induce CSD (32). Smaller
emboli are associated with rapid and transient CSD, accompanied by
a significant reduction in cerebral blood flow (CBF) (33). This
mechanism, wherein microemboli induce CSD that may progress to
ischemic events, offers a biological rationale for the observed
association between migraine and ischemic stroke in patients with
PFO (33, 34).

This study acknowledges several limitations that suggest avenues
for future research. Firstly, the small sample size and reliance on a
single-source origin necessitate validation in larger cohorts. Secondly,
since TTE is an invasive procedure and was not performed on the HC
group, along with missing blood biomarker information, may
introduce potential selection bias. Thirdly, the manual classification of
WMH based on two-dimensional (2D) imaging data constrains the
accuracy of quantifying WMH burden in patients with PFO. Future
studies should incorporate artificial intelligence methodologies
combined with three-dimensional (3D) imaging to achieve more
precise volumetric measurements and standardized quantification.
Lastly, as this was a retrospective study, data on the presence of
migraine aura were unavailable. These data will be systematically
collected and analyzed in future prospective studies.

5 Conclusion

In conclusion, young patients with PFO exhibit a higher
burden of WMH, and the PFO diameter emerges as an
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independent risk factor for the severity of WMH. These findings
suggest that PFO may contribute to the development of WMH in
young individuals, potentially through mechanisms involving
paradoxical embolism and chronic cerebral hypoperfusion. In
young patients with PFO and migraine, monitoring WMH burden
via neuroimaging may provide insights for future personalized
management strategies.
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