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Abstract
Objective
To determine the influence of patent foramen ovale (PFO) closure on circulatory biomarkers.

Methods
Consecutive patients with PFO-related stroke were prospectively enrolled and followed with
serial sampling of cardiac atrial and venous blood pre- and post-PFO closure over time.
Candidate biomarkers were identified by mass spectrometry in a discovery cohort first, and lead
candidates were validated in an independent cohort.

Results
Patients with PFO-related stroke (n = 254) were recruited and followed up to 4 years (median
2.01; interquartile range 0.77–2.54). Metabolite profiling in the discovery cohort (n = 12)
identified homocysteine as the most significantly decreased factor in intracardiac plasma after
PFO closure (false discovery rate 0.001). This was confirmed in a validation cohort (n = 181),
where intracardiac total homocysteine (tHcy) was immediately reduced in patients with
complete closure, but not in those with residual shunting, suggesting association of PFO
shunting with tHcy elevation (β 0.115; 95% confidence interval [CI] 0.047–0.183; p = 0.001).
tHcy reduction was more dramatic in left atrium than right (p < 0.001), suggesting clearance
through pulmonary circulation. Long-term effect of PFO closure was also monitored and
compared to medical treatment alone (n = 61). Complete PFO closure resulted in long-term
tHcy reduction in peripheral blood, whereas medical therapy alone showed no effect (β −0.208;
95% CI −0.375;-0.058; p = 0.007). Residual shunting was again independently associated with
persistently elevated tHcy (β 0.184; 95% CI 0.051–0.316; p = 0.007).

Conclusions
PFO shunting may contribute to circulatory tHcy elevation, which is renormalized by PFO
closure. PFO is not just a door for clots, but may itself enhance clot formation and injure
neurovasculature by clot-independent mechanisms. Biomarkers such as tHcy can potentially
serve as cost-effective measures of residual shunting and neurovascular risk for PFO stroke.
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Patent foramen ovale (PFO), a common congenital variant
cardiac anatomy characterized by right-to-left interatrial blood
shunting, is associated with more than 150,000 strokes per
year. PFO-related stroke is thought to be the result of venous
thrombi that enter the arterial circulation and travel directly to
the brain,1-5 which can be prevented by PFO closure.6-12

However, only a small portion of patients with PFO-related
stroke have a known tendency to form blood clots, and patient
selection for appropriate treatment remains challenging de-
spite successful clinical trials.6-8 For patients with thrombo-
philic conditions, the risk of stroke recurrence is significantly
increased.13 Especially in light of current increased incidence
of venous clotting and cryptogenic stroke in the COVID-19
pandemic, the molecular landscape of PFO shunting becomes
even more relevant to explore.

In addition to facilitating the passage of thrombi, we hy-
pothesize that PFO-related venous–arterial mixing may en-
able other harmful factors to bypass pulmonary filtration,
accumulate in circulation, and ultimately increase the risk of
neurovascular injury and ischemic stroke,3,14,15 similar to
speculated migraine physiology.16-18 Thus, understanding the
blood molecular signature of PFO shunting, critical in
heart–brain signaling, may benefit future patient selection for
treatment and prevention of PFO-related stroke.3,14

Studies have suggested an important role of small molecular
metabolites in the pathophysiologic processes of cardiovas-
cular and cerebrovascular disease.19,20 We thus used mass
spectrometry–based methods to investigate the influence of
PFO on circulatory profile in patients undergoing endovas-
cular PFO closure, with initial intracardiac exploratory
metabolomic discovery followed by target validation in a
larger cohort over time. The effect of PFO closure in pe-
ripheral circulation was also examined during long-term
follow-up and compared with medical therapy alone. We aim
to map circulatory metabolites as novel biomarkers for
shunting physiology and therapeutic targets for PFO-related
neurovascular disorders.

Methods
Study Population
From December 2007 to July 2014, 254 patients with PFO-
related stroke eligible for PFO closure were prospectively
recruited from the Cardio-Neurology Division at

Massachusetts General Hospital (MGH). All enrolled pa-
tients underwent extensive cardiac, neurologic, hematologic,
and imaging evaluations, including brain imaging with MRI
or CT, evaluation of intracranial and extracranial vascular
diseases with magnetic resonance angiography or ultraso-
nographic imaging, prolonged outpatient cardiac telemetry,
hypercoagulability workup, and May-Thurner anatomy
screening. All patients were diagnosed with cryptogenic
stroke attributable to PFO after other identifiable causes of
stroke were ruled out, and were unanimously deemed rea-
sonable candidates for transcatheter PFO closure by a
multidisciplinary MGH PFO Committee, which includes
several external neurologists, cardiologists, hematologists,
and peripheral vascular disease experts to review patients’
medical records and studies independently (12 members,
rotating to avoid bias), as mandated by institutional review
board. Of these patients, 193 opted for PFO closure, and 61
opted to stay on medical therapy with antithrombotic agents
alone, since positive results of PFO closure trials were not
yet available. Antithrombotic treatment options, which in-
cluded antiplatelet (aspirin, clopidogrel) and anticoagulant
(warfarin) agents, were the same for patients with PFO
closure and for patients receiving medical therapy only.
Patient information on vitamin B supplementation was also
obtained.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the Massachusetts General
Hospital institutional review board.Written informed consent
was obtained from all participants.

PFO Closure and Residual ShuntingMonitoring
PFO closure was performed under echocardiographic guid-
ance. All patients were given the same weight-based dosing of
fentanyl and midazolam for conscious sedation and IV hep-
arin for anticoagulation throughout their stay in the cathe-
terization laboratory (preprocedure, during procedure, and
postprocedure). Echocardiography with bubble study was
performed postclosure to evaluate device position and mon-
itor residual shunting. Follow-up echoes were performed at 1,
6, and 12months, and then annually up to 5 years postclosure.
PFO shunting size was reviewed by a trained cardiologist
blinded to the study, and was defined by the number of
bubbles present in the left atrium (LA) within 3 cardiac cycles
at rest or at the release of the Valsalva maneuver, with
0 bubbles as complete closure, 1–9 bubbles as small shunting,

Glossary
ANOVA = analysis of variance; AUC = area under the curve;CI = confidence interval;COPD = chronic obstructive pulmonary
disease; FDR = false discovery rate;Hcy = homocysteine;HPLC = high-performance liquid chromatography; LA = left atrium/
arterial;MCR2 = Michigan Regional Comprehensive Metabolomics Resource Core;MGH = Massachusetts General Hospital;
MS =mass spectrometry;OPLS-DA = orthogonal projections to latent structures-discriminant analysis; PFO = patent foramen
ovale; qTOF = quadrupole time-of-flight;RA = right atrium;ROC = receiver operator characteristic; SOP = standard operating
procedure; SRM = selected reaction monitoring; tHcy = total homocysteine; VIP = variable importance for projection.
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Table 1 Clinical Features of Patients With Patent Foramen Ovale (PFO)–Related Stroke in Each Study Group

Patient characteristics

Immediate effect of PFO closure Long-term follow-up

Discovery (n = 12) Validation (n = 181) p Valuea PFO closure (n = 115) Medical therapy (n = 61) p Valueb

Age, y 50.6 ± 7.62 49.52 ± 12.51 0.77 50.21 ± 12.79 46.65 ± 13.01 0.08

Male sex 6 (50) 100 (55.25) 0.72 54 (46.96) 20 (32.79) 0.07

Race/ethnicity 0.92 0.69

White 10 (83.33) 159 (87.85) 103 (89.57) 57 (93.44)

Black 1 (8.33) 11 (6.08) 5 (4.35) 1 (1.64)

Hispanic 1 (8.33) 9 (4.97) 3 (2.61) 2 (3.28)

Asian 0 (0) 2 (1.1) 4 (3.48) 1 (1.64)

Medical history

Hyperlipidemia 5 (41.67) 59 (32.6) 0.52 28 (24.35) 10 (16.39) 0.22

Hypertension 5 (41.67) 64 (35.36) 0.66 32 (27.83) 11 (18.03) 0.15

Diabetes 1 (8.33) 12 (6.63) 1.00c 4 (3.48) 4 (6.56) 0.58c

Migraine 2 (16.67) 56 (30.94) 0.47c 45 (39.13) 29 (47.54) 0.28

Stroke 9 (75) 134 (74.03) 0.94 87 (75.65) 41 (67.21) 0.23

TIA 3 (25) 47 (25.97) 1.00c 28 (24.35) 20 (32.79) 0.23

Atrial septal aneurysm 3 (25) 53 (29.28) 1.00c 28 (24.35) 12 (19.67) 0.48

May-Thurner anatomy 4 (33.33) 64 (35.36) 1.00c 38 (33.04) 17 (27.87) 0.48

Deep vein thrombosis 2 (16.67) 14 (7.73) 0.58c 6 (5.22) 0 (0) 0.17c

COPD 0 (0) 2 (1.1) 1.00c 0 (0) 0 (0)

Asthma 0 (0) 19 (10.5) 0.50c 8 (6.96) 5 (8.2) 0.76

Renal disease 0 (0) 2 (1.1) 1.00c 0 (0) 0 (0)

Medication

Aspirin 11 (91.67) 150 (82.87) 0.43 100 (86.96) 50 (81.97) 0.37

Clopidogrel 1 (8.33) 14 (7.73) 1.00c 13 (11.3) 6 (9.84) 0.77

Warfarin 1 (8.33) 29 (16.02) 0.76c 11 (9.57) 7 (11.48) 0.69

Vitamin B 0 (0) 16 (8.84) 0.59c 7 (6.09) 4 (6.56) 1.00c

Lipid-lowing agent 4 (33.33) 86 (47.51) 0.51c 49 (42.61) 21 (34.43) 0.29

Antihypertension agent 3 (25) 62 (34.25) 0.73c 32 (27.83) 19 (31.15) 0.64

Residual shunting 0.15

No shunting 10 (83.33) 101 (55.8) 88 (76.52)

Small shunting 2 (16.67) 55 (30.39) 18 (15.65)

Moderate/large shunting 0 (0) 25 (13.81) 9 (7.83)

Abbreviation: COPD = chronic obstructive pulmonary disease.
Data are shown as mean ± SD for continuous variables and as absolute number (percentage) of subjects for categorical variables.
a Comparison between discovery cohort and validation cohort.
b Comparison between PFO closed patients and patients on medical therapy alone.
c Continuity correction performed for variables with at least one expected cell count less than 5.
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10–30 bubbles as moderate shunting, and >30 bubbles as
large shunting.6,9,21

Blood Sampling
To investigate the immediate effect of PFO closure, proximal
(i.e., intra-atrial) venous and arterial blood was collected from
right atrium (RA) and LA pre PFO closure (pre-RA, pre-LA).
Post PFO closure, RA and LA blood (post-RA, post-LA) was
sampled from the atria or from pulmonary vein or femoral
artery in accordance with clinical procedure to avoid addi-
tional risk. Coronary angiogram with right and left heart
catheterization was also performed to evaluate heart function
and cardiovascular condition as per routine hospital protocol.
All atrial samples were consistently obtained after anesthesia
and systemic anticoagulants were administered, at similar
time intervals (both pre and post closure) during each pro-
cedure, and were immediately processed in real time to avoid
bias. To understand the long-term effect of PFO closure,
regular peripheral venous blood was also sampled (from
antecubital vein) before procedures (baseline) and at follow-
up visits. For patients receiving medical therapy only, venous

blood was drawn at baseline and follow-ups. Blood was col-
lected in EDTA-treated tubes. After centrifuging at 1,900 g for
15 minutes, supernatant plasma was aliquoted and immedi-
ately frozen at −80°C for further analysis in accordance with
previously published and validated standard operating pro-
cedure (SOP).14

Mass Spectrometry Profiling
Discovery metabolite profiling was performed by Michigan
Regional Comprehensive Metabolomics Resource Core
(MCR2). Plasma metabolites extracted from pre-RA, pre-LA,
post-RA, and post-LA blood were analyzed by high-
performance liquid chromatography (HPLC)/quadrupole
time-of-flight (qTOF) (Agilent) operated in both positive
and negative mode. Mass spectral features that represent
metabolites were extracted and aligned between samples, and
a total of 6,320 and 5,738 features were obtained in positive
and negative modes, respectively. To identify the metabolites,
the features were searched against an in-house library of
MRC2, comprising the spectral peaks, accurate mass, frag-
mentation pattern, and retention time for ;800 known

Figure 1 Metabolite Profiling in Discovery Patent Foramen Ovale (PFO) Closure Patient Cohort (n = 12)

(A) Diagram of blood sampling during PFO closure. (B) Scatterplot of orthogonal projections to latent structures-discriminant analysis (OPLS-DA) score for the
metabolites identified in pre–right atrium (RA), pre–left atrium (LA), post-RA, and post-LA. (C) Scatterplot of variable importance for projection (VIP) values
from OPLS-DA vs log-transformed false discovery rate (FDR) from 2-way repeated-measures analysis of variance. (D) Peak intensity of homocysteine with
pairwise comparisons. *p < 0.05; **p < 0.01; ***p < 0.001.
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metabolite standards previously analyzed under the same
experimental condition as the samples.22-24 Peak heights were
used to estimate relative concentration of each metabolite. All
features were used for data normalization and statistical
analysis, while only known metabolites were considered for
further validation.

Total Homocysteine Measurement
Candidate validation was performed using stable-isotope di-
lution HPLC–mass spectrometry (MS) with selected reaction
monitoring (SRM) in accordance with well-established pro-
tocol.25 Briefly, plasma samples were mixed with DL-homo-
cysteine-3,3,39,39,4,4,49,49-d8 stock solution, followed by
complete reduction of disulfides with dithiothreitol (DTT).
Metabolite mixture was then extracted by acidified acetoni-
trile, injected into Thermo Syncronis HILIC column (50 ×
2.1 mm [id]; 5 μm bead size) by Surveyor Autosampler
combined with MS pump (Thermo Fisher Scientific), and
analyzed by TSQ Quantum mass spectrometer (Thermo
Fisher Scientific) equipped with heated electrospray

ionization and operated in positive mode. Homocysteine (Hcy)
was detected under SRM mode, with ion transitions m/z
136.0→90.0 forHcy and 140.0→94.0 for Hcy-d4. Raw data were
processed by Pinpoint software 1.1 (Thermo Fisher Scientific),
in which the peak area for Hcy and Hcy-d4 was extracted and
their ratio was calculated.14 The plasma levels of total homo-
cysteine (tHcy) were determined using external standard curve
with tHcy concentration ranging from 0 to 50 μmol/L.

Statistical Analysis
Patient characteristics were compared between the discovery
and validation cohorts as well as between the follow-up co-
horts of PFO closure andmedical therapy, using Student t test
for continuous variables and χ2 test for categorical variables.
MS profiling data were interquartile log-ratio transformed and
analyzed by orthogonal projections to latent structures-
discriminant analysis (OPLS-DA) (SIMCA-P, v11.5, Ume-
trics) as well as by 2-way repeated-measures analysis of
variance (ANOVA) followed by multiple testing correction
via false discovery rate (FDR) method. tHcy levels in the

Figure 2 Immediate Effect of Patent Foramen Ovale (PFO) Closure on Intracardiac Total Homocysteine (tHcy) Levels
(Validation Cohort)

(A) tHcy levels in pre–right atrium (RA), pre–left atrium (LA), post-RA, and post-LA were plotted for all patients receiving PFO closure (n = 181). (B–D) tHcy levels
in patients with no residual shunting (n = 101), small residual shunting (n = 55), and moderate/large residual shunting (n = 25) post closure. Values are
expressed as mean ± 95% confidence interval. Two-way repeated-measures analysis of variance was used to compare tHcy levels in each cardiac atrium
followed by pairwise comparisons. *p < 0.05; **p < 0.01; ***p < 0.001.
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validation cohort were also analyzed using 2-way repeated
measures to determine the main effect of time (pre vs post),
location (RA vs LA), and time-by-location interaction, followed
by post hoc pairwise comparisons. To evaluate the effect of
residual shunting or different PFO treatment (PFO closure vs
medical therapy only) on the changes in tHcy level and control
for potential clinical confounders (age, sex, hyperlipidemia, hy-
pertension, diabetes, migraine, prior stroke/TIA, atrial septal
aneurysm, May-Thurner anatomy, deep vein thrombosis,
chronic obstructive pulmonary disease (COPD), asthma and
renal disease, vitamin B intake, lipid-lowering agents, and anti-
hypertensive agents), mixed effects model repeated measures
analysis was used, in which study subject was included as random
effect; pre- and post-tHcy levels (or baseline and follow-up
levels) were included as dependent variables; and time, residual
shunting (or PFO treatment), and other confounders were in-
cluded as covariates. The interactions between time and cova-
riates were used to evaluate the effect of PFO shunting (or PFO
treatment) and potential confounders on tHcy changes. Data
were log-transformed to meet the normal assumption as ap-
propriate. Assumptions of homoscedasticity, linearity, and ab-
sence of multicollinearity were assessed and no violations were
observed. Ordinal logistic regression with cumulative logits was
used to evaluate tHcy changes in predicting the residual shunting
after PFO closure in the long-term follow-up cohort, in which
residual shunting size in ordinal categories (no, small, and
moderate/large) was included as dependent variable, and the
changes in tHcy from baseline to follow-up and other potential
confounders were included as covariates. Proportional odds as-
sumptions were tested for ordinal logistic regression models and
no violations were detected. Receiver operator characteristic
(ROC) curve was used to evaluate tHcy changes in discrimi-
nating residual shunting (no vs small + moderate/large) and
moderate/large residual shunting (no + small vs moderate/
large) (SPSS v25.0, IBMCorporation). Continuous variables are
expressed asmean ± SD in tables and text, and asmeanwith 95%
confidence intervals (CIs) in figures; categorical variables are
presented as numbers and ratios (%).

Data Availability
Data supporting the findings of this study are available from
the corresponding author on reasonable request.

Results
Patient Demographics
A total of 254 patients with PFO-attributable cryptogenic
stroke eligible for PFO closure were consecutively enrolled, of
whom 193 received PFO closure and 61 stayed on medical
therapy alone. To evaluate the immediate effect of PFO clo-
sure, RA and LA blood collected from the first 12 patients pre
and post closure was used for discovery metabolite profiling,
and the samples from the remaining 181 patients were used
for validation. Of the patients undergoing PFO closure, 115
were followed clinically and were compared to medical
treatment alone. Baseline patient characteristics are

summarized in table 1, including cardiovascular and cere-
brovascular risk factors, history of stroke, TIA, and migraine,
as well as medication status. No significant difference was
observed between the discovery and validation groups or
between PFO closure and medical therapy groups.

Intracardiac Metabolite Profiling Identified
Hcy Reduction Following PFO Closure in the
Discovery Cohort
Through mass spectrometry profiling, 341 metabolites were
quantified in RA and LA plasma sampled from patients with
PFO-related stroke pre and post PFO closure (n = 12)
(figure 1A).

To identify the metabolites associated with PFO closure,
OPLS-DA was employed for satisfactory discrimination of the
pre-RA, pre-LA, post-RA, and post-LA groups (figure 1B),
and a variable importance for projection (VIP) score was
assigned to each metabolite in the OPLS-DAmodel for group
discrimination. The differences in individual metabolite
abundance between sample groups were further analyzed
using 2-way repeated-measures ANOVA. Coupling the clas-
sification found by OPLS-DA and the differential expression
obtained by 2-way repeated-measures ANOVA (time-by-
location interaction), Hcy was identified as the top differential
metabolite in this discovery cohort (figure 1C; VIP = 2.39,
time-by-location interaction: FDR = 0.001). Specifically, al-
though Hcy level was similar between RA and LA pre closure
(figure 1D; p = 0.55), post PFO closure, Hcy level was im-
mediately reduced in LA but not in RA (p < 0.001), suggesting
a critical role of PFO in regulating Hcy level.

Validation of tHcy Reduction Following PFO
Closure in an Independent Cohort
We further investigated the change of tHcy in a larger vali-
dation cohort (n = 181). Consistent with the discovery co-
hort, PFO closure resulted in a significant reduction of tHcy
in the validation cohort (figure 2A; time-by-location in-
teraction: p = 0.030; main effect of time: p < 0.001; main
effect of location: p < 0.001). Before closure, RA and LA
showed similar tHcy levels (p = 0.70), as would be expected
in a context of PFO-enabled venous–arterial mixing. Im-
mediately after PFO closure, tHcy reduction was seen in
both RA (p = 0.001) and LA (p < 0.001). A more dramatic
tHcy reduction was seen in LA than in RA (p < 0.001),
implying a potential tHcy clearance mechanism through
pulmonary circulation.

Association of tHcy With Residual Shunting Post-PFO
Closure
We have recently shown that residual shunting post PFO
closure increases the risk of stroke recurrence.26 In the present
study, PFOs were completely closed (no shunting) in 101
patients immediately (55.80%), while residual shunting was
observed in 80 patients, with small shunting detected in 55
patients (30.39%) and moderate/large in 25 patients
(13.81%).
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Significant 3-way interaction was observed for the degree of
residual shunting, time (pre vs post), and location (RA vs LA)
(p = 0.038), suggesting a potential influence of shunting size
on tHcy. As shown in figure 2B, tHcy levels were significantly
reduced in patients with complete closure (time-by-location
interaction: p = 0.010; main effect of time: p < 0.001; main
effect of location: p < 0.001). Differential tHcy level between
LA and RAwas only observed post closure (p < 0.001) but not
pre closure (p = 0.87). Patients with small residual shunting
were also seen to have a slight tHcy reduction (figure 2C;
time-by-location interaction: p = 0.23; main effect of time: p =
0.019; main effect of location: p = 0.16). tHcy level was sig-
nificantly reduced in LA (p = 0.020); however, no changes in
RA (p = 0.26) and no arteriovenous difference (p = 0.077)
were observed. No significant changes were found in patients
with moderate/large residual shunting (figure 2D; time-by-
location interaction: p = 0.067; main effect of time: p = 0.69;
main effect of location: p = 0.74). Taken together, these
findings suggest a dose–response effect of PFO shunting on
tHcy reduction.

Mixed effects model repeated measures analysis confirmed
the association of residual shunting with the changes of tHcy
(table 2; β: 0.115; 95% CI 0.047–0.183; p = 0.001). The result

remained robust after controlling for other potential con-
founders in multivariate model (β: 0.103; 95% CI
0.028–0.178; p = 0.007), establishing that residual shunting
was an independent determinant of tHcy reduction immedi-
ately following PFO closure.

Long-Term Effect of PFO Closure on tHcy Level
in Peripheral Venous Blood
To determine the long-term effect of PFO closure on tHcy
level, 115 patients were followed up to 4.29 years (median:
2.01 years; interquartile range: 0.68–2.53 years) post PFO
closure (table 1). Peripheral venous tHcy was measured at
baseline (pre closure) and at follow-ups post PFO closure
(figure 3A). Our results revealed a long-term reduction of
tHcy levels by PFO closure (baseline: 10.23 ± 4.31 μmol/L;
follow-up: 9.56 ± 3.91 μmol/L; p = 0.039; figure 3D).

Of these patients, 88 (76.52%) showed complete PFO closure
with no residual shunting, 18 patients (15.65%) had small
residual shunting, and 9 patients (7.83%) had moderate/large
residual shunting. As shown in figure 3B, patients with com-
plete closure exhibited a significantly decreased tHcy level
during follow-up as compared to baseline (10.18 ± 4.56 vs
8.98 ± 3.05 μmol/L; p = 0.007), whereas no significant change

Table 2 Mixed Effects Regression Analysis of Immediate Total Homocysteine Change Following Patent Foramen Ovale
Closure

Univariable model Multivariable model

β (95% CI) p Value β (95% CI) p Value

Residual shunting 0.115 (0.047 to 0.183) 0.001 0.103 (0.028 to 0.178) 0.007

Age 0.000 (−0.004 to 0.004) 0.99 0.001 (−0.004 to 0.006) 0.69

Sex 0.033 (−0.069 to 0.135) 0.52 0.009 (−0.098 to 0.116) 0.87

Hyperlipidemia −0.004 (−0.112 to 0.104) 0.94 −0.002 (−0.129 to 0.125) 0.98

Hypertension −0.070 (−0.175 to 0.036) 0.20 −0.072 (−0.225 to 0.082) 0.36

Diabetes 0.036 (−0.168 to 0.240) 0.73 0.093 (−0.128 to 0.314) 0.41

Migraine 0.115 (0.006 to 0.223) 0.04 0.103 (−0.016 to 0.223) 0.09

Stroke/TIA 0.038 (−0.078 to 0.154) 0.52 −0.005 (−0.138 to 0.128) 0.94

Atrial septal aneurysm 0.100 (−0.010 to 0.211) 0.08 0.050 (−0.070 to 0.170) 0.41

May-Thurner anatomy 0.071 (−0.035 to 0.176) 0.19 0.080 (−0.034 to 0.194) 0.17

Deep vein thrombosis 0.116 (−0.074 to 0.305) 0.23 0.161 (−0.032 to 0.354) 0.10

COPD 0.129 (−0.356 to 0.614) 0.60 0.241 (−0.273 to 0.754) 0.36

Asthma −0.008 (−0.174 to 0.157) 0.92 −0.062 (−0.234 to 0.110) 0.48

Renal disease 0.033 (−0.453 to 0.518) 0.89 0.163 (−0.346 to 0.673) 0.53

Vitamin B 0.000 (−0.179 to 0.178) 1.00 −0.013 (−0.201 to 0.175) 0.89

Lipid-lowing agent 0.012 (−0.090 to 0.113) 0.82 0.037 (−0.090 to 0.164) 0.56

Antihypertension agent 0.003 (−0.104 to 0.110) 0.95 0.021 (−0.128 to 0.170) 0.78

Abbreviations: CI = confidence interval; COPD = chronic obstructive pulmonary disease.
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was observed in patients with either small or large residual
shunting (small: 10.08 ± 3.55 vs 10.38 ± 4.58 μmol/L; p =
0.60; moderate/large: 10.96 ± 3.27 vs 13.47 ± 7.06 μmol/L;
p = 0.14). The dose–response effect of residual PFO shunting
was again observed in peripheral circulation over the long
term (table 3; β: 0.184; 95%CI 0.051–0.316; p = 0.007). After
adjusting for potential confounders, residual PFO shunting
remained as an independent factor associated with tHcy
changes (β: 0.207; 95% CI 0.053–0.362; p = 0.009).

Residual PFO shunting can likewise be predicted by changes
in tHcy level at follow-up (β: 0.222; 95% CI 0.072–0.372; p =
0.004). This result remained robust after covariate adjustment
(β: 0.309; 95%CI 0.112–0.505; p = 0.002), suggesting tHcy as
an independent predictor of residual shunting post PFO
closure. As shown by ROC curves (figure 3C), tHcy changes
exhibited discriminatory ability to predict the presence of
residual shunting (no vs small + moderate/large: area under
the curve [AUC]: 0.659; 95% CI 0.538–0.776; p = 0.014) and
the presence of high-risk moderate/large residual shunting
(no + small vs moderate/large: AUC: 0.705; 95% CI
0.531–0.879; p = 0.041).

Long-term Effect of PFO Closure vs Medical
Therapy Alone (From Peripheral Venous Blood)
We compared the effects of PFO closure vs medical therapy
alone. A total of 61 consecutive patients with cryptogenic
PFO-related stroke, who were eligible for PFO closure but
opted to stay on medical therapy alone, were recruited and
followed for up to 4 years (median: 2.06 years; interquartile
range: 0.87–2.56 years) (table 1). Peripheral venous tHcy was
measured at baseline and at follow-ups. In contrast to PFO
closure, medical therapy alone had no significant effects on
plasma tHcy levels (figure 3D; 10.86 ± 5.14 vs 11.49 ±
3.74 μmol/L; p = 0.18).

A comparison between PFO closure and medical therapy
revealed that different treatment choice was associated with
tHcy levels at long term (table 4; β: −0.208; 95% CI
−0.375;–0.058; p = 0.007). Although no significant differ-
ence was observed between the 2 groups at baseline (p =
0.39), PFO closure showed more efficient tHcy clearance
compared to medical therapy alone (p = 0.002) (figure 3D).
After adjusting for all potential major confounders, the choice
of treatment remained as an independent predictor of tHcy

Figure 3 Long-Term Effect of Patent Foramen Ovale (PFO) Closure and Medical Therapy on Circulatory Venous Total
Homocysteine (tHcy) Levels

(A) Diagram of blood sampling during long-term follow-up. (B) Baseline and follow-up tHcy levels in patients with no residual shunting (n = 88), small residual
shunting (n = 18), and moderate/large residual shunting (n = 9) post PFO closure. (C) Receiver operator characteristic (ROC) curves for tHcy changes in
detecting the presence of residual shunting (no vs small + large) and large residual shunting (no + small vs large). (D) Baseline and follow-up tHcy levels in
patients treated with PFO closure (n = 115) and medical therapy alone (n = 61). Values are expressed as mean ± 95% confidence interval (CI). Intergroup
comparisons at each time point (baseline and follow-up) were performed using Student t test (C) or 1-way analysis of variance followed by pairwise
comparisons (B). *p < 0.05; **p < 0.01; ***p < 0.001. AUC = area under the curve.
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changes (table 4; β: −0.225; 95% CI −0.379;−0.071; p =
0.005).

Discussion
Our study provides proof-of-concept that successful PFO
closure can independently reduce elevated levels of tHcy in
patients with stroke. These findings suggest that PFO itself
may participate in clot formation, beyond its role as a conduit
for clots. In our study, by sampling blood directly from cardiac
atrium during PFO closure procedure, we found that PFO-
related right-to-left interatrial blood shunting contributes to
elevated tHcy level with a dose–response effect such that the
degree of shunting correlates directly to the degree of tHcy
elevation. Furthermore, tHcy reduction is sustained over the
long term after PFO closure in venous blood, whereas medical
therapy does not alter tHcy level.

Growing evidence from clinical trials and system reviews
identified preclosure moderate/large PFO shunting as a sig-
nificant predictor of the benefit from PFO closure.6-8,27-29 Our
recent study also revealed that moderate/large residual
shunting post PFO closure increases the risk of stroke re-
currence and is crucial for treatment decisions.26 However, the
underlying mechanism remains to be understood. The results
from the present study lend molecular evidence to our key

clinical findings that the presence of PFO shunting, particularly
large shunting,26 can enable the accumulation and persistence
of Hcy as well as other vasoactive substances in circulation.

Hcy has long been recognized as a stroke risk factor, especially
for small vessel stroke.30,31 Among patients with stroke, it has
been found that tHcy level is higher in patients with a PFO
than those without a PFO,32 implying a potential relation
between PFO shunting and tHcy. Here, our study provides a
proof-of-concept that PFO-related right-to-left interatrial
blood shunting contributes to the elevation of harmful cir-
culatory factor tHcy, while complete PFO closure results in
immediate and persistent tHcy reduction in circulation. In
contrast, medical therapy alone showed no influence on tHcy
level. These findings support our hypothesis that PFO is not
just a door to allow clots through, but may itself enhance clot
formation and injure neurovasculature by clot-independent
mechanisms. Moreover, long-term tHcy level in peripheral
circulation represents a potential marker for quantifying the
size of residual shunting post PFO closure, which may facili-
tate accurate shunt monitoring in clinic.

In our study, patients had an average tHcy level of
10.45 μmol/L at baseline. For high-risk populations, a tHcy
level <10 μmol/L has been recommended as a reasonable
therapeutic goal.33 Although our level is only borderline ab-
normal, there are several lines of evidence suggesting that

Table 3 Mixed Effects Regression Analysis of the Long-term Effect of Patent Foramen Ovale Closure on Total
Homocysteine Levels

Univariable model Multivariable model

β (95% CI) p Value β (95% CI) p Value

Residual shunting 0.184 (0.051 to 0.316) 0.007 0.207 (0.053 to 0.362) 0.009

Age 0.002 (−0.005 to 0.009) 0.60 0.003 (−0.006 to 0.012) 0.49

Sex 0.019 (−0.166 to 0.205) 0.84 −0.001 (−0.246 to 0.244) 1.00

Hyperlipidemia 0.026 (−0.189 to 0.242) 0.81 −0.098 (−0.387 to 0.191) 0.50

Hypertension −0.081 (−0.287 to 0.125) 0.44 0.072 (−0.285 to 0.429) 0.69

Diabetes −0.114 (−0.619 to 0.391) 0.65 0.052 (−0.623 to 0.727) 0.88

Migraine 0.136 (−0.052 to 0.324) 0.16 0.235 (−0.013 to 0.484) 0.06

Stroke/TIA 0.075 (−0.140 to 0.290) 0.49 0.032 (−0.240 to 0.303) 0.82

Atrial septal aneurysm 0.219 (0.008 to 0.431) 0.04 0.199 (−0.055 to 0.452) 0.12

May-Thurner anatomy −0.116 (−0.311 to 0.080) 0.24 −0.143 (−0.388 to 0.102) 0.25

Deep vein thrombosis 0.292 (−0.121 to 0.705) 0.16 0.031 (−0.501 to 0.562) 0.91

Asthma 0.092 (−0.271 to 0.455) 0.62 0.029 (−0.476 to 0.534) 0.91

Vitamin B 0.190 (−0.195 to 0.576) 0.33 −0.101 (−0.610 to 0.408) 0.69

Lipid-lowing agent 0.058 (−0.129 to 0.245) 0.54 −0.048 (−0.310 to 0.214) 0.72

Antihypertension agent −0.113 (−0.318 to 0.093) 0.28 −0.188 (−0.533 to 0.158) 0.28

Abbreviation: CI = confidence interval.
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tHcy at 10 μmol/L is a risk factor for cerebrovascular dys-
function and stroke. For example, patients with tHcy
>10.2 μmol/L are at 2 times greater risk of stroke,34 and tHcy
level >10.3 μmol/L is predictive of early neurologic de-
terioration after ischemic stroke.35 In the healthy population,
tHcy level >9.6 μmol/L is associated with enlarged peri-
vascular space.36 Even 1 μmol/L tHcy elevation in circulation
is capable of promoting white matter lesions and lacunar in-
farcts, increasing the risk of future strokes.37 We thus suggest
that high tHcy levels as a result of PFO-related shunting may
continue to promote a hypercoagulable status important in
paradoxical embolism.5

Whereas kidney has also been considered as an important organ
responsible for Hcy clearance, the enzymes involved in Hcy
metabolism, such as methylene tetrahydrofolate reductase,
5-methyltetrahydrofolate-Hcy methyltransferase, cystathionine-
β-synthase, and cystathionine γ-lyase, are also expressed in ap-
preciable levels in the lung and are crucial for normal pulmonary
functions.38,39 Other Hcy uptake mechanisms, alanine-serine-
cysteine transporter system, aspartate and glutamate transporter
system, and large branched-chain neutral amino acids trans-
porter system also actively function in pulmonary artery endo-
thelium and alveoli.40,41 Moreover, elevated tHcy has frequently
been identified in a variety of pulmonary disorders, such as
COPD and pulmonary hypertension.42,43 This evidence all
suggests a role of lung in Hcy reabsorbance and metabolism.44

Although the exact causal relationship requires further in-
vestigation, our finding of the differential tHcy levels between
LA and RA following complete PFO closure (figure 2, A and
B) implies that venous Hcy may be metabolized via pulmo-
nary circulation. While no PFO stroke animal model exists,
the study of the connection between the heart and brain is an
emerging field highlighting the importance of organ–organ
interaction.4 Our attempt to understand the molecular land-
scape of PFO physiology directly at the bedside offers a
glimpse of how PFO-related stroke is a multiorgan systemic
disease that will require a multidisciplinary approach from
experts in heart, brain, blood, and lung.3

Whereas tHcy stands out as a rare, easily modifiable risk factor,
which can be corrected with vitamin supplementation, the
presence of PFO shunting, as evidenced by our metabolite
profiling (figure 1), may cause circulatory imbalance of many
other vasoactive substances. These procoagulable substances
can team up to contribute to various clinical symptoms and lead
to different responses to therapy. These findingsmay also relate
to migraine physiology, such that PFO closure affects migraine
frequency based on this circulatory signaling relationship of
PFO anatomy.3 As PFO shunting is far more complicated than
previously thought, an in-depth understanding of themolecular
landscape associated with PFO-related circulation will not only
expand our knowledge of the pathology of PFO-related dis-
orders, such as stroke, migraine, and white matter disease, but

Table 4 Mixed Effects Regression Analysis of Patent Foramen Ovale (PFO) Closure vs Medical Therapy Alone on Total
Homocysteine Levels

Univariable model Multivariable model

β (95% CI) p Value β (95% CI) p Value

Treatment (PFO closure vs medical therapy alone) −0.208 (−0.357 to −0.058) 0.007 −0.225 (−0.379 to −0.071) 0.005

Age 0.002 (−0.003 to 0.008) 0.40 0.005 (−0.001 to 0.012) 0.10

Sex 0.046 (−0.101 to 0.193) 0.54 0.090 (−0.082 to 0.263) 0.30

Hyperlipidemia −0.075 (−0.252 to 0.101) 0.40 −0.086 (−0.289 to 0.118) 0.41

Hypertension −0.134 (−0.302 to 0.035) 0.12 −0.028 (−0.285 to 0.229) 0.83

Diabetes −0.030 (−0.379 to 0.319) 0.87 0.050 (−0.342 to 0.441) 0.80

Migraine 0.063 (−0.084 to 0.210) 0.40 0.093 (−0.072 to 0.257) 0.27

Stroke/TIA 0.035 (−0.128 to 0.198) 0.67 0.040 (−0.144 to 0.224) 0.67

Atrial septal aneurysm 0.137 (−0.019 to 0.292) 0.09 0.114 (−0.042 to 0.270) 0.15

May-Thurner anatomy −0.106 (−0.263 to 0.050) 0.18 −0.132 (−0.301 to 0.036) 0.12

Deep vein thrombosis 0.212 (−0.188 to 0.612) 0.30 0.303 (−0.135 to 0.741) 0.17

Asthma 0.036 (−0.242 to 0.315) 0.80 −0.011 (−0.325 to 0.303) 0.94

Vitamin B −0.084 (−0.384 to 0.217) 0.58 −0.239 (−0.556 to 0.078) 0.14

Lipid-lowing agent 0.037 (−0.112 to 0.185) 0.63 0.048 (−0.126 to 0.222) 0.59

Antihypertension agent −0.130 (−0.289 to 0.029) 0.11 −0.192 (−0.420 to 0.035) 0.10

Abbreviation: CI = confidence interval.
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also guide treatment and medication usage,45,46 which may be
of particular importance for patients with PFO-related stroke
on medical therapy alone.

Compared to current gold standard of cardiac echo with
bubble counting for PFO sizing, small molecules, such as Hcy,
have the potential to give more sensitive and physiologic
quantification of PFO shunting. Bubble study is an anatomical
estimate of PFO size; developing molecular markers to
monitor not only shunting, but also the consequence of PFO
shunting in promoting a hypercoagulable state, may offer
additional value to guide therapy.

Due to the complexity of obtaining proximal intra-atrial blood
and peripheral blood comparison, there are several limitations to
our study. Blood sampling during PFOclosure can be challenging
due to clinical complexity and to ensure patient safety. However,
every effort was made to compare pre- and postclosure level
within the same individual at the same location with temporal
profiling as internal control. We also found similar tHcy level
between venous blood collected from proximal and peripheral
sites (pre-RA vs baseline: 10.40 ± 4.79 vs 10.23 ± 4.31 μmol/L, p
= 0.75); the potential technique noise did not cause a significant
deviation in tHcy measurement. The medications used during
PFO closure and in long-term treatment may also have potential
influence on tHcy levels. However, except for vitamin B, which
was adjusted during analysis to have no difference between
groups, there is no reported interaction for any of the antiplatelets
(aspirin, P2Y12 inhibitors), anticoagulants (heparin, warfarin), or
sedatives (fentanyl and midazolam) on Hcy metabolism. For the
acute medications used during PFO closure, all patients were
given the same anesthesia and systemic anticoagulants through-
out the procedure (see Methods), and we did not see any acute
influence of these medications on tHcy concentrations, as tHcy
levels were similar between baseline (venous) and pre-RA (both
venous blood), which were collected respectively before and after
administration of conscious sedation medication. The short half-
lives of these acute medications (;1 hour for heparin, 2–4 hours
for fentanyl, and 1.5–2.5 hours for midazolam) further suggest
that they may have little, if any, long-term influence. For the
medications used for chronic treatment, including antiplatelets
(aspirin, clopidogrel), anticoagulants (warfarin), vitamin B, lipid-
lowing agents, and antihypertension agents, we found no signif-
icant difference in their use between groups (table 1) and no
significant influence was observed on tHcy levels in either the
PFO closure group or the medical therapy group (tables 2–4).
Our exploratory profiling had amodest sample size due to limited
resources at the time, but we made every effort to eliminate
confounders with rigorous SOP during sample acquisition, ana-
lyzed all samples in a single batch to avoid variability, and vali-
dated our finding in amuch larger cohort.We had other potential
candidates, but due to limited resources, we selected tHcy be-
cause it was the most significantly changed candidate and is
biologically plausible (due to pulmonary inactivation) in addition
to being clinically relevant and easily modifiable. tHcy alone
showed some ability to discriminate residual shunting, but ex-
ploring circulatory alterations in a larger patient cohort and

developing a multi-biomarker panel will not only expand our
understanding of the complex PFO physiology, but also improve
performance in predicting residual shunting.

PFO-related stroke requires an in-depth understanding of the
molecular landscape associated with right-to-left shunting,
and novel biomarkers and therapeutic targets are needed for
better risk stratification and effective treatment. Future studies
are warranted to more rigorously map the proteomic,
metabolomic, genetic, and functional correlates of PFO
pathophysiology and their effects on neurovascular injury in
stroke and other disease such as migraine.

The present study demonstrates that PFO closure may serve
to renormalize circulating tHcy in patients with PFO-related
stroke. Accordingly, differential tHcy levels pre and post
closure may be a useful inexpensive biomarker (compared to
echocardiogram) to monitor PFO closure efficacy (i.e., the
degree of residual shunting). Our results further suggest a
means by which PFO shunting itself may contribute to clot
formation, setting the stage for PFO-related stroke.
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