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Risk profile of anatomical and functional parameters

of patent foramen ovale and associated anatomical
structures in patients with cryptogenic stroke or transient
iIschemic attack
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s kryptogénnou loziskovou ischémiou mozgu alebo tranzitornym
ischemickym atakom
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Abstract. Background: This study evaluated the risk profile of patent foramen ovale (PFO) pa-
rameters and associated structures for cryptogenic cerebrovascular (CV) accidents.

Methods: We enrolled prospectively 1270 consecutive patients who underwent contrast transesopha-
geal echocardiography: 702 patients with cryptogenic stroke (CS) or transient ischemic attack (TIA)
and 568 controls without CV accidents. In this study, we evaluated the patients diagnosed with PFO.
We compared 224 patients with CS or TIA and PFO (31.9%) to 106 controls with the incidental finding
of a PFO (18.7%). Diameter and length of the PFO, large PFO (diameter > 4 mm), long PFO (length
> 10 mm), shunt presence without Valsalva maneuver, shunt severity, atrial septal aneurysm (ASA;
septal excursion > 15 mm), atrial septal defect, and Eustachian valve/Chiari network were assessed.
Results: All characteristics of PFO significantly increased relative risk (RR) of CS/TIA vs population
without PFO [RR (95%Cl)] — PFO: 2.04 (1.57;2.66); p<0.001, large PFO: 4.99 (2.66;9.39); p<0.001,
PFO with diameter > median 2.4 mm: 3.20 (2.19;4.68); p<0.001, long PFO: 2.25 (1.65;3.06);
p<0.001, PFO with length > median 12 mm: 2.26 (1.61;3.17); p<0.001, moderate or large shunt:
2.25 (1.65;3.08); p<0.001, shunt present without Valsalva maneuver: 2.47 (1.74;3.52); p<0.001. PFO
diameter > median 24 mm and long PFO were identified in a multivariate logistic regression
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analysis as significant risk factors of CS/TIA — 2.43 (1.58;3.74) ;p<0.001 and 1.46 (1.02; 2.08);
p<0.05, respectively. In contrast, ASA, PFO+ASA, atrial septal defect, Eustachian valve/Chiari net-
work each did not increase the risk of CV accidents vs population without respective structure.
Conclusions: Out of the PFO parameters a large diameter most significantly increased the risk of
CS/TIA. Long PFO, shunt presence without Valsalva maneuver and moderate/large shunt also signifi-
cantly increased the risk. The atrial septal or right atrial structures potentially associated with PFO
did not increase the risk. Fig. 3, Tab. 3, Ref. 26, on-line full text (Free, PDF) www.cardiologyletters.sk
Keywords: patent foramen ovale — cryptogenic stroke — transesophageal echocardiography —
atrial septal aneurysm
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Abstrakt. Ciele: Stidia hodnotila rizikovy profil parametrov foramen ovale patens (PFO) a aso-
ciovanych struktdr u pacientov s kryptogénnymi cerebrovaskularnymi (CV) prihodami.

Metédy: Prospektivne sme zaradili 1 270 naslednych pacientov, ktori absolvovali kontrastnu tran-
sezofagovu echokardiografiu: 702 pacientov s kryptogénnou loziskovou ischémiou mozgu (LIM)
alebo tranzitornym ischemickym atakom (TIA) a 568 kontrol bez CV prihod. Analyzovali sme
pacientov s diagnostikovanym PFO. Porovnali sme 224 pacientov s LIM alebo TIA a PFO (31,9 %)
a 106 kontrol s ndhodnym nélezom PFO (18,7 %). Hodnotili sme Sirku a dizku PFO, velké PFO
(irka > 4 mm), dlhé PFO (dizka > 10 mm), skrat pritomny bez Valsalvovho manévra, zavaznost
skratu, aneuryzmu predsienového septa (ASA; exkurzie septa > 15 mm), defekt predsienového
septa a Eustachovu chlopnu/Chiariho sietku.

Vysledky: Vsetky parametre PFO signifikantne zvySovali relativne riziko (RR) LIM/TIA vs. populacia
bez PFO [RR (95 % CI)] — PFO: 2,04 (1,57; 2,66); p < 0,001, velké PFO: 4,99 (2,66; 9,39); p <
0,001, PFO so Sirkou > median 2,4 mm: 3,20 (2,19; 4,68); p < 0,001, dlhé PFO: 2,25 (1,65; 3,06);
p < 0,001, PFO s dizkou > median 12 mm: 2,26 (1,61; 3,17); p < 0,001, stredne zavazny/zavazny
skrat: 2,25 (1,65; 3,08); p < 0,001, skrat bez Valsalvovho manévra: 2,47 (1,74; 3,52); p < 0,001.
V multivariacnej logistickej regresnej analyze sme identifikovali PFO so Sirkou > median 2,4 mm
a dlhé PFO ako signifikantné rizikové faktory LIM/TIA - 2,43 (1,58; 3,74); p < 0,001, respektive
1,46 (1,02; 2,08); p < 0,05. Na rozdiel od toho ASA, PFO + ASA, defekt predsiefiového septa,
Eustachova chlopnia/Chiariho sietka nezvysovali riziko CV prihod vs. populacia bez danej Struktary.
Zavery: Spomedzi parametrov PFO najvyznamnejSie zvy3Sovala riziko LIM/TIA velkd Sirka kanala.
Riziko vyznamne zvy3Sovali aj dlhé PFO, skrat bez Valsalvovho manévra a stredne zavazny/zavazny
skrat. Struktury predsieriového septa alebo pravej predsiene, potencionalne asociované s PFO,
nezvysovali riziko. Obr. 3, Tab. 3, Lit. 26, on-line full text (Free, PDF) www.cardiologyletters.sk
Kldc¢ové slova: patent foramen ovale — kryptogénna mozgova prihoda — transezofagova echo-
kardiografia — aneuryzma predsienového septa

Patent foramen ovale (PFO) is the most prevalent con-
dition that is known to lead to systemic embolization.
In 2019 an interdisciplinary European position paper on
the management of patients with PFO was published
(1). According to this document, two questions must
be answered in PFO management: 1. estimating the
probability of causal relationship of a PFO with stroke/
transient ischemic attack (TIA), 2. probability of stroke/

TIA recurrence. Morphological and functional characte-
ristics of PFO and associated anatomical structures play
a crucial role in answering both questions.

Several studies compared the anatomy and patho-
physiology of PFO and atrial septal aneurysm (ASA) in
patients with cryptogenic cerebrovascular (CV) accidents
and controls (2-9). However, the number of patients was
relatively small (n = 23-88).
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1270 consecutive pts
with contrast TEE

702 pts with
cryptogenic stroke/TIA

568 controls w/o
stroke or TIA

106 controls w/o
stroke/TIA + PFO

224 pts with cryptogenic
stroke/TIA + PFO

Figure 1 The study population

Therefore it is still not definitely clear whether spe-
cific parameters of the PFO and associated anatomical
structures may stratify patients by the related probability
that a discovered PFO is incidental or stroke related
(10). It is also not known whether these parameters
may reliably identify the patients at increased risk and
those patients with cryptogenic stroke (CS) or TIA who
might benefit from PFO closure.

The purpose of this prospective study was to assess
in a larger group of patients the risk of anatomical and
functional parameters of PFO and potentially associated
septal or atrial structures for CS or TIA.

Methods

A total of 1270 consecutive patients underwent
prospectively contrast multiplane transesophageal
echocardiography (TEE): 702 patients with cryptoge-
nic brain ischemia (582 with stroke and 120 with TIA)
and 568 controls without the history of stroke or TIA.

Table 1 Baseline characteristics of patients
Stroke/TIA + PFO Controls + PFO p

(n = 224) (n =106)
Male 142 (63.4 %) 45 (42.5 %) < 0.001
Age (years) 57 +15° 514 £ 144" < 0.05
Stroke/TIA  194/30 (86.6 %/13.4 %)

PFO — patent foramen ovale, TIA —transient ischemic attack, "~ median
t interquartile range, ” — mean + standard deviation
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The diagnosis of CS or TIA was made by a neurologist
after excluding all definite identifiable causes.

In this monocentric study, we evaluated the patients
diagnosed with PFO. We compared 224 patients with
CS or TIA and PFO to 106 controls with the incidental
finding of a PFO (Figure 1). Baseline characteristcs are
given in Table 1. The data were analyzed for differences
in diameter (i.e. size, height) and length of the PFO,
presence of the large PFO, long PFO, ASA, Eustachian
valve or Chiari network, shunt severity, and the right-
-to-left shunt via PFO presence under basal conditions
(without Valsalva maneuver). The interatrial septum was
investigated in the longitudinal biatrial/bicaval view and
the transverse midesophageal 4-chamber view. The pre-
sence of PFO was defined as TEE evidence of right-to-left
shunt of more than 3 microbubbles in the left atrium
within three cardiac cycles after their appearance in the
right atrium, at rest, or after Valsalva maneuver (11,12).
Agitated glucose 5% solution was used in non-diabetics
to detect the presence or absence of the shunt. In diabe-
tics, agitated saline was used. The contrast was delivered
into cubital veins. The degree of shunting was defined
to be small if 3-9 microbubbles appeared, moderate if
10-30 microbubbles appeared, and large if more than
30 microbubbles appeared in the left atrium (13). For
each patient, we calculated the separation of septum
primum and septum secundum at rest, and after the
Valsalva maneuver. We considered the PFO diameter
as the bigger of these two values. Tunnel length was
defined as the maximum overlap of the septum primum
and septum secundum. The large PFO had a diameter
> 4.0 mm and long PFO had a tunnel length > 10 mm
(2,14). ASA was defined as a protrusion of interatrial
septum > 15mm into the left or right atrium or phasic
excursion more than 15 mm during the respiratory cycle,
with the base of the aneurysm > 15mm in diameter (15).

The study was performed according to the Decla-
ration of Helsinki and hospital ethical standards.

Statistical analysis

Categorical data are reported as frequencies and
percentages. Continuous data are presented as mean and
standard deviation if normally distributed and median
with interquartile range if not normally distributed. The
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Table 2 Comparison of patent foramen ovale (PFO) parameters in patients with
cryptogenic ischemic stroke/ transient ischemic attack (TIA) and in controls

Parameter of PFO Stroke/TIA Controls p
(n = 224) (n = 106)
Diameter of the channel (mm) 3.08 + 1.99 233 +1.41 < 0.001
Large PFO (diameter > 4 mm) 62 (27.7 %) 12 (11.3 %) < 0.001
Length of the channel (mm) 13.51 £ 5.24 13.06 + 5.76 NS
Long PFO (length > 10 mm) 163 (72.8 %) 67 (66.0 %) NS
Shunt severity 2.00 £ 0.78 1.93 £ 0.82 NS
Moderate/large shunt 156 (69.6 %) 67 (63.2 %) NS
Large shunt 69 (30.8 %) 32 (30.2 %) NS
Shunt present w/o Valsalva maneuver 128 (57.1 %) 50 (47.2 %) NS

NS - non-significant

normality of the distribution of continuous variables was
tested with the Kolmogorov-Smirnov test of normality.
The comparison of categorical variables was performed
using Pearson’s X2 test of independence or Fisher’s
exact test. The differences between the mean values
of continuous variables were compared using analysis
of variance (ANOVA). Logistic regression was used to
estimate the relative risk. A multivariate logistic regres-
sion model with the algorithm for stepwise regression
based on Likelihood Ratio statistics was used to identify
independent predictors of ischemic stroke or TIA in the
study population. Correlations were analyzed with linear
regression analysis and non-parametric Spearman'’s cor-

Risk factor

relation coefficient. Differences were declared to be sta-
tistically significant at p < 0.05. All statistical calculations
were carried out using SPSS Statistics 20.0 software (IBM
Corp. Released 2011. IBM SPSS Statistics for Windows,
Version 20.0. Armonk, NY: IBM Corp.).

Results
The prevalence of PFO was significantly higher in
patients with cryptogenic ischemic stroke or TIA compa-

red to the controls without the history of brain ischemia
(31.9% vs 18.7%, p < 0.0001).

Risk Ratios (95% CI) p-value

PFO— o 2.04 (1.57-2.66) <0.001
large PFO (diameter > 4.0 mm)— I @ { 4.99 (2.66-9.39) <0.001
PFO with diameter > median 2.4 mm —e— 3.20 (2.19-4.68) < 0.001
long PFO (length > 10 mm) Ho— 2.25 (1.65-3.06) < 0.001
PFO with length > median 12 mm o— 2.26 (1.61-3.17) < 0.001
> moderate shunt— Ho— 2.25 (1.64-3.08) < 0.001
large shunt - eo— 2.08 (1.34-3.23) < 0.001
shunt w/o Valsalva manoeuvre - : —eo— 2.47 (1.74-3.52) < 0.001
T T T 1
0 2 6 8 10

Relative risk

Figure 2 Risk ratio of cryptogenic stroke or TIA in patients with individual parameters of PFO compared to the po-

pulation without PFO
Cl - confidence interval
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Table 3 Prevalence of structures potentially associated with patent foramen ovale (PFO)

Associated structures Stroke/TIA Controls p
(n =702) (n = 568)

Atrial septal aneurysm 49 (7.0 %) 41 (7.2 %) NS

PFO + atrial septal aneurysm 34 (4.8 %) 22 (3.9 %) NS

Eustachian valve/Chiari network 71 (10.1 %) 49 (8.6 %) NS

NS — non-significant, TIA — transient ischemic attack

Table 2 displays the comparison of the PFO pa-
rameters in patients with CS/TIA and in controls. The
only parameter that significantly differed between these
groups was the diameter of the PFO. Patients with bra-
in ischemia had significantly larger PFO diameter and
higher prevalence of large PFO compared to controls.
Both groups did not differ in other characteristics of
PFO: length, prevalence of the long PFO, shunt severity,
prevalence of the large shunt or prevalence of the shunt
present under basal conditions.

There was no significant difference between the
patients with CS/TIA and controls in the prevalence of
the ASA, ASA + PFO, Eustachian valve or Chiari network
(Table 3). These patients did not differ in the prevalence
of atrial septal defects (0.57% vs 1.41%).

As shown in Figure 2, all parameters of PFO signi-
ficantly increased the risk ratio (RR) of CS or TIA vs
the population without PFO. We found the highest
RR of CS/TIA in the parameters related to the size of
the PFO: large PFO (channel diameter > 4.0 mm) and
PFO diameter > median value 2.4 mm (RR 5.0 and 3.2,

respectively). The presence of PFO increased two-fold
the risk of having cryptogenic brain ischemia compared
to those without PFO. Other PFO parameters increased
RR of CS/TIA in the range of 2.1 and 2.5 (long PFO,
PFO length > median value 12 mm, large shunt, shunt
presence without Valsalva maneuver).

In contrast to the parameters of PFO, no anatomical
structure potentially associated with PFO (ASA, simul-
taneous presence of ASA and PFO, Eustachian valve or
Chiari network) significantly increased the risk of CS/TIA
compared to patients without the respective structure.
Atrial septal defect did not significantly affect the risk
of cerebral ischemia either (Figure 3).

We performed a multivariate logistic regression
model including the presence of PFO, large PFO, PFO
with diameter > median 2.4 mm, long PFO, PFO with
length > median 12 mm, large shunt, shunt present
without Valsalva maneuver, ASA, PFO + ASA, and Eusta-
chian valve or Chiari network. In this model, PFO with
diameter > median 2.4 mm and long PFO emerged
as independent predictors of ischemic stroke or TIA in

Risk factor Risk Ratios (95% CI) p-value
Atrial septal aneurysm- —e— 0.97 (0.63-1.48) NS
PFO + atrial septal aneurysm- —— 1.26 (0.73-2.19) NS
Eustachian valve or Chiari network- |—o—| 1.19 (0.81-1.75) NS
Atrial septal defect— |—o—| 0.40 (0.12-1.34) NS
1 1 I 1
00 05 10 15 20 25

Figure 3

Relative risk

Risk ratio of cryptogenic stroke or TIA in patients with individual atrial septal structures or right atrial

structures compared to the population without corresponding structure

Cl - confidence interval
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the study population of 1270 patients (RR 2.43, 95%
confidence interval [Cl] 1.58-3.74, p < 0.0001 and RR
1.46, 95% Cl 1.02-2.08, p < 0.05, respectively).

In patients with CS/TIA, a weak but significant
correlation was found between the channel diameter of
the PFO and the shunt severity (r = 0.55, p < 0.0001).
No significant correlation was observed between the
channel length and the shunt severity.

Discussion

The main findings of our study are: 1. Among the
parameters of the PFO, large diameter was the most
powerful risk factor of CS or TIA vs the population
without PFO. Long PFO, moderate/large shunt, and
shunt present without Valsalva maneuver also signifi-
cantly increased the risk. 2. Associated septal/right atrial
anatomical structures were not found as risk factors of
CS or TIA compared to the population without cor-
responding structure.

The presence of PFO itself (regardless of its features)
doubled the risk of CS/TIA in our study. This finding is
consistent with the analysis of Handke et al. They showed
that the PFO was independently associated with CS
regardless of age of the patients (16). Similarly, Cerrato
et al. confirmed that PFO independently predicted an
ischemic stroke or TIA (6).

Our finding on the importance of large PFO diameter
correlates with the conclusions of other authors (5,17).
Schuchlenz et al. found that a PFO > 4 mm was asso-
ciated with an increased risk of TIA, ischemic strokes
(5). Lee et al. identified 3.0 mm as the optimal cutoff
value of PFO size to predict stroke recurrence within
3 years, with a sensitivity and specificity of 90.0% and
79.4% respectively (17). In contrast, Katsanos et al. in
their meta-analysis of 14 prospective studies with a total
of 4 251 patients with recurrent CS and TIA found that
PFO size was not associated with the risk of recurrent
stroke or TIA (18).

In our cohort, we also detected a large shunt as
a significant risk factor for cryptogenic CV events. The
same finding was identified in a meta-analysis of Hotda
et al. (10).

We have also compared the parameters of PFO in
patients with CS/TIA and controls. Symptomatic patients
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had a significantly larger PFO diameter, consistent with
the findings of most other studies (2,3,5,8). Our patients
with CS/TIA also had a significantly higher proportion
of large PFO. The same conclusion was found by other
authors (2,8). In our study, symptomatic and asympto-
matic patients did not differ in the channel length or
the proportion of the long PFO. Other authors found
a significantly longer channel in symptomatic patients
(2,8), in asymptomatic patients (4), or they found no
difference (3).

In contrast to some morphological parameters,
the functional parameters of PFO (shunt severity, the
prevalence of the large shunt, or the shunt presence
under basal conditions) did not differ in our study in
patients with CS/TIA and controls. Komar et al. observed
a significantly higher proportion of severe shunt via
PFO in cryptogenic CV events vs controls (8). Goel et
al. found only a non-significant trend towards a higher
proportion of severe shunt in stroke (2). Multiple authors
found that compared with controls, PFO patients with
acute stroke or TIA more frequently presented with
a right-to-left shunt at rest and higher membrane
mobility (7,9,19).

Owing to the fact that the patient populations in
various studies were heterogeneous, no universal profile
of PFO risk factors was found to distinguish between
patients with and without cryptogenic CV accidents. Hot-
da and Koziej presented the meta-analysis of 9 studies
that compared parameters of PFO in cryptogenic CV
accidents. No difference was found in the PFO channel
length. The PFO height measured at rest did not differ
between the groups but the height during a Valsalva
maneuver was larger in symptomatic patients. Wessler et
al. found no evidence that large PFO size, hypermobile
septum, and presence of right-to-left shunt at rest are
associated with clinical features suggesting that a CS is
PFO-attributable (20).

We hypothesized that in patients with cryptogenic
CV accidents there would be a significant positive
correlation between channel diameter and the shunt
severity. This correlation was significant, but weak. It is
obvious that the shunt severity depends not only on the
channel diameter. Schuchlenz et al. found, that in CS
semiquantitative contrast correlated with PFO size only if
the contrast agent was administered through a femoral
vein. The correlation was poor when the contrast was
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administered via a cubital vein as in our study (21). We
did not find a significant correlation between channel
length and shunt severity. The same finding was also
presented by Kumar et al. (22).

The most striking difference between our conclusions
and the literature concerns the risk of the ASA. Neither
ASA nor ASA + PFO were identified as risk factors of
cryptogenic CV accidents compared to the population
without corresponding structure. However, several stu-
dies have confirmed the prognostic significance of the
ASA (6,10,17). Lee at al. showed that ASA or hypermobile
atrial septum were independent predictors of stroke
recurrence in patients with PFO having CS (17). The
prognostic significance of the PFO + ASA combination
was also present in the study of Mas et al. The risk
of recurrent stroke or TIA at four years of follow-up
was 0% in patients with an ASA but no PFO, 5.6% in
patients with a PFO alone, and 19.2% in patients with
PFO + ASA (13). We assume that the main reason for
the difference between our findings and the literature
conclusions regarding the risk of ASA was its different
definition in our study.

In contrast to PFO, the prevalence of associated
structures (ASA, PFO + ASA, Eustachian valve/Chiari
network) was almost identical in our patients with CS/TIA
and controls. Previous studies have yielded conflicting
results regarding the prevalence of ASA. The majority
of the authors found ASA significantly more frequently
in symptomatic patients (2,6,8). On the other hand,
Natanzon et al. found the non-significant difference,
as in our study (4). However, it should be emphasized
that the definitions of ASA were not uniform. We found
surprisingly almost identical occurrence of simultaneous
PFO + ASA in symptomatic and asymptomatic patients.
The same conclusion was also published by Cerrato et
al. (6).

The clinical impact of high-risk morphology and/
or a large shunt in PFO is also given by the results
of interventional studies. The CLOSE trial performed in
patients with CS with an ASA or a severe shunt showed
that the closure of the PFO resulted in a statistically
significant higher reduction of stroke recurrences as
compared to medical therapy (11). Additionally, the
subgroup analysis of long term RESPECT study results
showed that patients with ASA or a larger shunt had
a greater risk reduction with PFO closure (12).
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Ahmad et al. performed the meta-analysis of 5 RCT
(n = 3 440) comparing transcatheter device closure plus
medical therapy and medical therapy alone in patients
with CS/TIA and the PFO. The mean follow-up was
2.0-5.4 years. In patients with large shunts, PFO closure
was associated with a significant reduction in stroke,
whilst there was no significant reduction in a small
shunt. There was no effect from the presence of ASA
on recurrent stroke (23).

DEFENSE-PFO was a RCT, analyzing whether the be-
nefits of PFO closure can be established on the basis of
the PFO morphology. A total of 120 patients with CS and
high-risk PFO was included. High-risk PFO was defined
as PFO with ASA, hypermobility (septal excursion into
either atrium > 10 mm), or PFO diameter > 2 mm. The
primary endpoint was a composite of stroke, vascular
death, or TIMI (Thrombolysis In Myocardial Infarction)-
defined major bleeding during 2 years of follow-up.
The closure in high-risk PFO resulted in a significantly
lower rate of the primary endpoint as well as stroke
recurrence (24).

The significance of the PFO parameters and as-
sociated structures is summarized in the European
position paper on the management of PFO (1). Shunt
severity, and atrial septal hypermobility, can be linked
to a causal role of PFO. Other anatomical risk fac-
tors should also be considered, but the likelihood of
a causal relationship between PFO and stroke is lower:
diameter and length of the PFO channel, prominent
Eustachian valve or Chiari network. Patients with PFO
are at higher risk of recurrent stroke/TIA if an ASA is
present. The diameter of the PFO channel should also
be considered as a risk factor for recurrence (but with
a lower level of risk).

Conclusion

Among the parameters of the PFO, large diameter
was the most powerful risk factor of cryptogenic brain
ischemia when compared to the population without PFO.
Long PFO, moderate/large shunt, and shunt presence
without Valsalva maneuver also significantly increased
the risk. PFO diameter > median 24 mm and long
PFO emerged as independent risk factors of CS or TIA.
Associated septal/right atrial anatomical structures were



not found as risk factors of CS or TIA compared to the
population without corresponding structure.

Limitations

In our study, patients with cryptogenic CV accidents
were significantly older and with a higher prevalence of
the male gender than the controls. The age difference
may be important as the interatrial septum undergoes
constant, lifelong remodeling. Therefore, the size of the
PFO may change over time (25). Patients with stroke and
TIA were evaluated in one cohort. If we did not include
patients with TIA, the results could be partially different.
PFO parameters were measured by 2-dimensional (2D)
echocardiography. However, PFO is a 3-dimensional
structure. Therefore, it may be difficult to estimate ac-
curate PFO morphology using 2D TEE (26). The exact
definition of ASA varies according to the size. In our
study, we defined ASA as a septal protrusion greater
than 15 mm. However, most authors use a cut-off value
of 10 mm. The hypermobile septum was not evaluated.

Conflict of interest: The authors declared no conflict
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Funding: The authors declared that no grants were
involved in supporting this work.
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