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Abstract

Background and Purpose: Patent foramen ovale (PFO)is associated with cryptogenic

stroke, especially in young adults. Transcranial Doppler (TCD) ultrasound is used as a

screening tool before transesophageal echocardiography (TEE). However, the use of Val-

salva maneuver (VM) to identify a right-to-left-shunt underlies interindividual variability.

Here, we aimed to assess whether a pressure-controlled standardization of VM is useful

to estimate PFO size.

Methods:We included patients aged 18–80 years with a PFO according to TEE. Subjects

underwent TCDwithmicroembolic signals (MES) counted under four pressure conditions

(i.e., at rest, 15 mbar, 40 mbar, and maximum expiratory pressure). Findings were corre-

lated with TEE-based PFO size. The predictive value of TCD at rest and VM-based TCD

for PFO size estimation was assessed by stepwise multivariate linear regression models

andmultiple cross-tab-analyses.

Results:We screened 203 subjects after a cerebrovascular event, of which 78 (48 males

[61.5%], median age 55 years [22–80]) with PFOwere included.We found an association

betweenMES count and expiratory pressure (p< .001). PredefinedMES count categories

at TCD pressure conditions correlated significantly with PFO size measured by TEE. We

propose aPFOsize estimationmodel basedonTCDat rest andunderVM,which classified

PFO size correctly in 64.1%with the highest accuracy for small PFOs.

Conclusion:Our data provide evidence that TCDwith step-wise barometric standardiza-

tion allows an estimation of PFO size with good accuracy. Though TCD will not replace

TEE in future, this might be of clinical value in circumstances where TEE cannot be easily

performed.
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INTRODUCTION

Patent foramen ovale (PFO) is a congenital remnant of the fetal cir-

culation, representing the major pathway between the venous and

the arterial system, which may persist into adulthood in approxi-

mately 25% of the general population.1 Although asymptomatic in

the vast majority of individuals, PFO is significantly associated with

ischemic stroke due to paradoxical embolism, especially in young

adults with no additional cardiovascular risk factors (i.e., cryptogenic

stroke).2

In clinical practice, the Risk of Paradoxical Embolism (RoPE)

score, considering patient age, stroke localization, and concomitant

cardiovascular risk factors, is frequently used to assess a causal

relationship between a PFO and ischemic stroke.3 Moreover, PFO

size represents an independent risk factor of stroke occurrence and

recurrence.4 Hence, a thorough risk assessment based on RoPE

score and morphological PFO features seems particularly important,

as recent evidence derived from three randomized-controlled trials

consistently demonstrated a therapeutic benefit of PFO closure for

patients below 60 years with cryptogenic stroke.5–7

In view of the abovementioned treatment implications, screening

for PFO plays an increasingly relevant role in the diagnostic work-up

of patients with ischemic stroke. While a PFO may be detected by

transthoracic echocardiography (TTE), transesophageal echocardiog-

raphy (TEE) remains the current gold standard and allows to precisely

assess its morphology and size.1,8 Yet, its routine application is often

bedeviled by the reduced compliance of patients with neurological

deficits or by the medication-induced sedation that may be necessary

to capture anatomical details by TEE.

Complementarily, the hemodynamic significance and the severity of

a potential right-to-left shunt (RLS) can be assessed indirectly by the

less invasive transcranial Doppler (TCD) ultrasound, which is a well-

established and highly sensitive screening tool.9,10 To this end, agitated

saline is injected into a peripheral vein and in case of RLS,microembolic

signals (MES) can be detected by transcranial ultrasound of the mid-

dle cerebral artery (MCA). This procedure is usually performed in rest-

ing state (i.e., without forced expiration) and during Valsalvamaneuver

(VM) with maximal achievable expiratory pressure (EP). Depending on

the number of observed MES, the following four categories have been

proposed: (1) 0MES (negative); (2) 1–10MES; (3)>10MES and no cur-

tain; and (4) curtain (meaning a shower of MES with no single bubble

being identified).11

One previous study indicated that the size of a PFO measured

by TEE significantly correlates with the amount of MES observed by

TCD.12 A concordance between the twomethodswas also foundwhen

theywere performed simultaneously.13 However,maximumEP is likely

to show marked interindividual variability, thus limiting generalizable

conclusions regarding PFO size and RLS classification. Another group

used controlled strain pressures and showed a correlation between

pressure values and the count ofMES, suggesting that a barometrically

controlled VMmay be useful for a reproducible shunt assessment.14 It

has also been shown that a pressure- and time-controlledmodified VM

may yield a higher rate of RLS detection when compared to coughing

alone.15,16

To the best of our knowledge, no previous study has evaluated

whether the size of a PFO (measured by the current gold standard

TEE) can be reliably predicted by TCD, when standardized EPs are

used during VM. To fill this gap in the literature and to facilitate

the diagnostic work-up of PFO in a clinical real-life setting, we per-

formed a prospective study to investigate the diagnostic value of indi-

rect PFO size estimation using TCD with a standardized barometric

control.

METHODS

Subjects

Patientswere recruited betweenOctober 2014 and February 2016 via

the Stroke Unit and the outpatient clinic of the Department of Neurol-

ogy of the Medical University of Vienna. We screened patients aged

18–80 years after a recent transient ischemic attack (TIA) or ischemic

stroke without atrial fibrillation, recent cardiac surgery, endocarditis,

or high-grade carotid stenosis. All patients with a PFOdetected by TEE

were eventually analyzed.

The study was approved by the local ethics committee of the

Medical University of Vienna on 14th of August 2014 (EC number

1442/2014).

Demographic and clinical details, including patient history, neuro-

logical examination, and imaging (MRI or CT) findings, were docu-

mented for all included patients. Patients underwent a TCD at the

Department of Neurology and subsequently a TEE at the Division of

Cardiology (Department of Medicine II) of the Vienna General Hospi-

tal (Medical University of Vienna).

Transcranial Doppler ultrasound

TCDwas performed using a GE LOGIQ P9 ultrasound system. Patients

were examined lying in supine position. A 2MHz ultrasound probewas

put over the MCA via the temporal window. Based on the routine pro-

tocol used at our department, agitated saline, that is amixture of 4.5ml

gelofusine (succinylated gelatine), 4.5 ml sodium chloride, and 1 ml air,

was injected in a peripheral vein (preferentially right antecubital vein)

over a period of 2–3 s. MES were observed by TCD as a sign for RLS

at different pressures while performing VM. Patients were asked to

exhale, and the resulting pressurewasmeasured by PARI-PEP® (PARI-

Positive Expiratory Pressure), allowing for barometric standardization.

Agitated saline was injected four times per patient with MES being

counted at rest (without exhaling) and then at three predefined EPs of

15 and 40 mbar as well as the maximally achievable EP, each lasting

for 10 s. The occurrence of MES within 10 s after injection was con-

sidered to be suggestive of a PFO. According to previous suggestions,

MES count was categorized as follows: (1) 0 MES (negative); (2) 1–10
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MES; (3)>10MES and no curtain; and (4) curtain (meaning a shower of

MESwith no singleMES being identified).11

Transesophageal echocardiography

TEEwas performed using a Siemens ACUSON SC2000 ultrasound sys-

tem. During the procedure, mild sedation was used, and patients were

lying in lateral position. The ultrasound probe was placed inside the

esophagus until the atrial septum appeared at the level of the fossa

ovalis, the potential source of cardiogenic embolism, followed by an

intravenous injection of contrast agent. TEE was performed during a

state of rest and during maximally achievable VM. The size of PFO

was defined as the maximal separation of septum primum and septum

secundum in mm. In line with previous studies, PFO was defined as

small (≤1.9mm), moderate (2–3.9mm), and large (≥4mm).12,17,18

Statistical analysis

Statistical analysis was performed using SPSS 25.0 (SPSS Inc, Chicago,

IL, USA). Univariate comparisonswere done by chi-square-test,Mann–

Whitney U test, or independent t-test (with Welch’s correction in

case of unequal standard deviations between the groups) as appropri-

ate based on whether visual inspection of the data and Kolmogorov–

Smirnov test indicated normal distribution. A two-sided p-value <.05

was considered statistically significant.

First, to verify the basic assumption of an association between

increasing VMpressure and increasing TCDMES count, we used Fried-

man’s Test with post-hoc pairwise comparisons by Wilcoxon signed-

rank test.

Nonparametric Spearman’s rank correlation analysis was per-

formed between the four TCD measures (TCD at rest and VMwith 15

mbar, 40 mbar, and the maximal achievable mbar) with the gold stan-

dard TEE-based PFO size.

Then, we compared accordance rate between size estimation by

TCDmeasures and TEE-based PFO size by cross-tab-analyses and chi-

square tests. To determine the contribution of resting state and Val-

salva TCD measures to PFO size estimation, we calculated stepwise

linear regression models with TEE PFO size as the dependent variable

and TCD measures as independent variables adjusted for age and sex.

R-squaredwas used to assess contribution of each variable to explana-

tion of variance in PFO size estimation within the overall model.

We tested all variables in regression models for collinearity by vari-

ance inflation factor (VIF) and excluded variables from the regression

analysis if the VIF was>2.0, corresponding to an R2 of 0.60.

RESULTS

Demographic and clinical baseline characteristics

A total of 203 patients fulfilled our abovementioned screening crite-

ria. Of these patients, in which a TCD was performed, 156 (77%) also

F IGURE 1 Recruitment of patients. Flowchart illustrating patient
selection from all 203 patients screenedwith transcranial Doppler
(TCD) ultrasound toward the final inclusion of 78 patients with
evidence for patent foramen ovale according to both TCD and
transesophageal echocardiography. Abbreviations: PFO, patent
foramen ovale; TEE, transesophageal echocardiography

F IGURE 2 Change of transcranial Doppler measures with
increasing Valsalva pressure. Abbreviations: Max., maximum pressure;
mbar, millibar; MES, microembolic signals; n, number of individuals;
TCD, transcranial Doppler ultrasound

underwent a TEE. Twenty-three of these 156 patients (14.7%) had a

TCDwith evidence of a PFO, but subsequent TEEwas negative.

In total, 78 subjects (48 males and 30 females) with a median age of

55 years (total range: 22–80 years) and a diagnosis of PFOaccording to

TEEwere included in the study (Figure 1).

The majority suffered a first stroke (82%). Most included individu-

als had a minor stroke with National Institutes of Health Stroke Scale

(NIHSS) ≤4 (53%), followed by TIA (36%) andmajor stroke with NIHSS

>4 (11%). Embolic stroke of undetermined source criteria19 were ful-

filled in 42% of cases. More strokes were located in the anterior terri-

tory (49%). The most frequently observed cardiovascular risk factors

were hypertension (54%), hyperlipidemia (51%), and smoking (32%)

(Table 1).

TCD measures change with increasing EP

For all four pressure levels used in TCD (i.e., at rest, 15 mbar, 40 mbar,

andmaximumpressure), the distribution ofMES categories is depicted

in Figure 2. The amount of MES was significantly associated with EP

(p < .001). In resting state, all MB categories could be noticed in TCD,

whereas with increasing pressure levels (i.e., 15 mbar, 40 mbar, and

maximum pressure), significantly more MES were detected, showing
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TABLE 1 Baseline characteristics of all 78 patients with evidence
for a PFO according to both TCD and TEE

Characteristics

Sex

Male n= 48 (62%)

Female n= 30 (38%)

Age at recruitment, years 55 (median), 22–80 (total range)

Type of stroke

TIA n= 28 (36%)

Minor stroke n= 41 (53%)

Major stroke n= 9 (11%)

Lesion site

Left hemisphere n= 33 (42%)

Right hemisphere n= 28 (36%)

Bilateral n= 6 (8%)

MRI-negative n= 11 (14%)

ESUS criteria fulfilled

Yes n= 33 (42%)

No n= 45 (58%)

Cerebral vascular territories

Anterior n= 38 (49%)

Posterior n= 22 (29%)

Multilocular n= 7 (9%)

Cardiovascular risk factors

Hypertension n= 42 (54%)

Hyperlipidemia n= 40 (51%)

Smoking n= 25 (32%)

Diabetes n= 7 (9%)

Coronary heart disease n= 3 (4%)

Oral contraception n= 1 (1%)

No risk factors n= 15 (19%)

History of previous stroke

First stroke n= 64 (82%)

Recurrent stroke n= 14 (18%)

Abbreviations: ESUS, embolic stroke of undetermined source; n, number of

individuals; TIA, transient ischemic attack.

a curtain with 40 mbar and maximal achievable pressure in almost all

patients. A statistically significant difference was noted between all

four pressure levels (at rest vs. 15 mbar: p < .001; 15 vs. 40 mbar:

p < .001; 40 mbar vs. maximum pressure: p < .001). Median maximal

achievable pressure was 70mbar (total range 45–100mbar).

Correlation between MES and PFO size

TCD pressure categories were significantly associated with PFO size,

as measured by TEE. As shown in Table 2, this was the case for both

continuous (mm) and categorical (i.e., PFO size categories) data, with

TCD at 15 mbar showing the strongest correlation (Spearman rho =

0.425 and 0.449, respectively, p< .001 for both).

Estimation of PFO size by TCD

In the multivariate regression model, 32.3% of PFO size variance was

explained by the sum of all TCD measures. Resting state TCD and 15

mbar contributed the most to PFO size estimation (explaining 14.9%

and 16.3% of variance, respectively), while 40 mbar contributed to a

lesser extent (1.1%, not significant) andmaximal EP not at all (Table 3).

By multiple-cross-tab-analysis, we developed a PFO size estima-

tion model based on the combination of TCD measures (Table 4). This

TCD classification system was able to correctly classify PFO size in

64.1% of cases. The estimation was most accurate for small PFOs, in

which all pressure levels up to 40 mbar contributed to size estimation.

In medium and large PFOs, the size estimation model performed less

accurately and the application of TCD at 40 mbar did not provide an

additional benefit (Table 4).

DISCUSSION

In this prospective study, we demonstrate that barometrically stan-

dardized pressure levels in TCD correlate significantly with the PFO

size measured by TEE. Furthermore, we implement a PFO size estima-

tion model based on pressure-controlled TCD findings with an overall

accuracy of 64%, showing the highest diagnostic accuracy for small-

sized PFOs.

In general, studies investigating diagnostic approaches for PFO are

currently warranted, asmultiple randomized-controlled trials convinc-

ingly demonstrated a therapeutic benefit of PFO closure, especially in

young patients with cryptogenic stroke.5–7 According to the current

guidelines of the American Heart Association, closure is particularly

recommended in caseswithhigh-risk anatomical features, suchas large

shunt size and atrial septal aneurysm, while its therapeutic benefit is

less clear in PFOswithout these characteristics.20

While TEE represents the diagnostic gold standard for PFO diag-

nosis, noninvasive TCD is often used beforehand as an easily accessi-

ble screening tool.21,22 In TCD, VM is used in addition to resting state

examination to detect RLS but underlies interindividual variability.

We hypothesized that barometric standardizationmaymitigate this

interindividual variability, thus increasing the diagnostic accuracy of

TCD for estimating PFO size. Moreover, this is of clinical relevance,

as PFO size represents an independent risk factor for cryptogenic

ischemic stroke.4

Herein, we finally analyzed subjects with both TCD and TEE indi-

cating the presence of a PFO for comparative analyses. However, dur-

ing our screening procedure, around 15% of patients undergoing both

procedures had a positive TCD (thus indicating RLS), but no structural

abnormalities according to TEE and could, therefore, not be included.

Of note, no casewith a PFOdetected by TEEwasmissed by TCD-based

screening. This is in line with previous data that show a higher sensitiv-
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TABLE 2 Correlation between TCDmeasures with increasing Valsalva pressure and TEE-based PFO size

TEE size (mm) p-valuea TEE size (ordinal) p-valuea

TCD at rest 0.278 .014 0.263 .020

15mbar TCD 0.425 <.001 0.449 <.001

40mbar TCD 0.322 .004 0.361 .001

Max pressure TCD 0.326 .004 0.379 .001

aCalculated by Spearman-Rank correlation.

Abbreviations:Max., maximum pressure; mbar, millibar; TCD, transcranial Doppler ultrasound; TEE, transesophageal echocardiography.

TABLE 3 Contribution of TCDmeasures at different pressures to estimation of PFO size

B (regression coefficient) 95%CI p-value Change in R2 (overall R2)

TCD at rest 0.565 0.023–1.420 .048 0.149 (0.149)

15mbar TCD 1.367 0.310–2.773 .042 0.163 (0.312)

40mbar TCD 0.576 –0.927 to 2.079 .448 0.011 (0.323)

Max pressure TCD 0.044 –2.673 to 2.550 .973 0.000 (0.323)

Abbreviations: CI, confidence interval; Max., maximum pressure; mbar, millibar; PFO, patent foramen ovale; TCD, transcranial Doppler ultrasound.

Note: Whole model: p<.001 (omnibus-test of fit) calculated by a stepwise linear multivariable regression model with TEE separation (mm) as the dependent

variable adjusted for age and sex. Positive regression coefficients indicate a positive association with PFO size.

ity but lower specificity of TCD compared to TTE.23 Some authors sug-

gest that TCDmight even bemore sensitive than TEE for the detection

of RLS.24 It is also noteworthy that a positive TCD only points toward

an RLS without differentiating between a cardiac and an extracardiac

shunt origin.25 As a result, TEE should definitely be performed in case

of a positive TCD indicating RLS. On the other hand, given the high sen-

sitivity, onemay argue that a negative TCDmay be sufficient to exclude

a clinically relevant RLS.

TABLE 4 Classification of PFO size depending on TCD at rest, 15mbar TCD, and 40mbar TCD

TCD at rest 15mbar TCD 40mbar TCD Expected PFO size

Frequency of correct

classification

NoMES NoMES NoMES No PFO NA

AnyMES Small PFO 100% (3/3)

1–10MB 1–10MES Small PFO 100% (1/1)

>10MES, no curtain

or curtain

NA NA

>10MES, no curtain

or curtainMES

>10MES, no curtain

or curtainMES

Medium PFO 50% (3/6)

1–10MES 1–10MES >10MES, no curtain

or curtain

Medium PFO 75% (3/4)

>10MES, no curtain

or curtain

NA NA NA

>10MES, no curtain >10MES, no curtain >10MES, no curtain

or curtain

Medium PFO 65.2% (30/46)

CurtainMES NA Large PFO 50% (7/14)

CurtainMES NA NA Large PFO 75% (3/4)

Whole cohort 64.1% (50/78);

p-value<.001a

aCalculated by chi-square test.

Abbreviations: mbar, millibar; MES, microembolic signals; NA, not applicable; PFO, patent foramen ovale; TCD, transcranial Doppler ultrasound.

Note: Some pressure levels were not fulfilled with one of the four categories (noMES; 1–10MES;>10MES, no curtain; curtain), explained by NA.

Since themaximal achievable expiratory pressure did not provide additional information, it was removed from the classification algorithm.
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As one would expect, the amount of MES observed by TCD in

our study continuously increased from resting state to maximum EP

in all study participants. Comparable findings have been reported by

Devuyst et al.14 Other studies revealed that the use of a pressure- and

time-controlled VM may enhance the RLS detection rate.15,16 These

findings along with our results argue in favor of controlled EPs for a

reproducible shunt assessment in clinical practice.

As mentioned above, the size of a PFO plays an increasingly appre-

ciated role in association with stroke risk.4,26 While it has been sug-

gested that the amount of MES seen by TCD may correlate with PFO

size,12 to our knowledge, no previous study has sought to investigate

this relationship by applying a barometric standardization. Hence, we

could demonstrate for the first time that MES counts at standardized

TCD pressure conditions are significantly associated with PFO size,

with lower pressure levels (mainly 15 mbar) contributing to the great-

est extent. By contrast, the maximum achievable pressure, which is

commonly used in clinical routine, did not contribute to size estimation

at all. This again strongly supports a change toward pressure control in

the standard diagnostic assessment of PFO.

To translate the aforementioned findings into clinical practice,

we applied an estimation model with the aim to correctly estimate

PFO size prior to TEE examination. In the long run, this could help

to prioritize patients at higher risk for a prompt and more detailed

cardiological assessment. In our study, we were able to provide a

correct estimation of PFO size in almost two thirds of all included

subjects. The estimation was most accurate for small PFOs in which

all pressure levels up to 40 mbar contributed. Since the accuracy of

size estimation was only moderate inmedium and large PFOs and TCD

at 40 mbar did not result in additional information, a subtler pressure

grading, for instance 30 mbar, may even enhance accuracy. This is an

important direction for future studies.

The major strength of our study is the prospective and system-

atic use of barometric standardization, which may allow a more

objective assessment in TCD-based PFO screening. In view of the

potential therapeutic consequences in case of a PFO diagnosis, our

research question also addresses a clinically meaningful question.

Since the study was performed in one single tertiary care center,

it was possible to standardize the diagnostic procedures regarding

both technical and personal aspects. Additionally, all included indi-

viduals have recently experienced an acute cerebrovascular disease

and can, therefore, be considered a representative cohort in which

PFO diagnostics may, indeed, play a relevant role in a real-life clinical

setting.

Our study also has some limitations. First, the sample size of 78

eventually analyzed patients is still comparably small, and future stud-

ies using similar approaches in larger patient populations are neces-

sary to replicate our findings. Another drawback of our study is the

lack of a control cohort with PFO but without a history of stroke. It is

also worthy of note that only subtle inaccuracies of the TEE-measured

PFO size may have resulted in different predefined categories (small,

moderate, and large PFO). Nonetheless, we believe that this drawback

could be minimized by our monocentric study design. Moreover, TCD

has some inherent limitations, as it fails todepict importantmorpholog-

ical features other than PFO size (e.g., atrial septal aneurysm). Further,

its usemay also be restricted due to anatomical circumstances, such as

an insufficient temporal bonewindow.27

Taken together, our study provides evidence that TCD with step-

wise barometric standardization allows an estimation of PFO size with

comparably good accuracy prior to TEE. Although TCD is a clinically

useful and highly sensitive screening tool, TEE justifiably represents

the current gold standard for PFO diagnosis. In view of the more

detailed anatomical assessment, TEE can be expected to remain the

method of choice in the future.

ACKNOWLEDGMENTS AND DISCLOSURE

All authors would like to thank the patients for participating in the

study. AG, WR, AP, HG, UK, MW, MK, FZ, GB, and TS have no disclo-

sures related to this article.

ORCID

AnnaGrisold https://orcid.org/0000-0002-5619-4858

REFERENCES

1. Miranda B, Fonseca AC, Ferro JM. Patent foramen ovale and stroke. J

Neurol 2018;265:1943-9.

2. Alsheikh-Ali AA, Thaler DE, Kent DM. Patent foramen ovale in crypto-

genic stroke: incidental or pathogenic? Stroke 2009;40:2349-55.

3. Kent DM, Ruthazer R, Weimar C, et al. An index to identify stroke-

related vs incidental patent foramen ovale in cryptogenic stroke. Neu-

rology 2013;81:619-25.

4. Lee JY, Song JK, Song JM, et al. Association between anatomic fea-

tures of atrial septal abnormalities obtained by omni-plane trans-

esophageal echocardiography and stroke recurrence in cryptogenic

stroke patients with patent foramen ovale. Am J Cardiol 2010;106:

129-34.

5. Mas JL, Derumeaux G, Guillon B, et al. Patent foramen ovale clo-

sure or anticoagulation vs. antiplatelets after stroke. N Engl J Med

2017;377:1011-21.

6. Saver JL, Carroll JD, Thaler DE, et al. Long-term outcomes of patent

foramen ovale closure or medical therapy after stroke. N Engl J Med

2017;377:1022-32.

7. Sondergaard L, Kasner SE, Rhodes JF, et al. Patent foramen ovale

closure or antiplatelet therapy for cryptogenic stroke. N Engl J Med

2017;377:1033-42.

8. Silvestry FE, Cohen MS, Armsby LB, et al. Guidelines for the echocar-

diographic assessment of atrial septal defect and patent foramen

ovale: from the American Society of Echocardiography and Society

for Cardiac Angiography and Interventions. J Am Soc Echocardiogr

2015;28:910-58.

9. Mojadidi MK, Bogush N, Caceres JD, Msaouel P, Tobis JM. Diag-

nostic accuracy of transesophageal echocardiogram for the detec-

tion of patent foramen ovale: a meta-analysis. Echocardiography

2014;31:752-8.

10. Spencer MP, Moehring MA, Jesurum J, Gray WA, Olsen JV, Reis-

man M. Power m-mode transcranial Doppler for diagnosis of patent

foramen ovale and assessing transcatheter closure. J Neuroimaging

2004;14:342-9.

11. Jauss M, Zanette E. Detection of right-to-left shunt with ultrasound

contrast agent and transcranial Doppler sonography. Cerebrovasc Dis

2000;10:490-6.

12. Telman G, Yalonetsky S, Kouperberg E, Sprecher E, Lorber A, Yarnit-

skyD. Size of PFOand amount ofmicroembolic signals in patientswith

ischaemic stroke or TIA. Eur J Neurol 2008;15:969-72.

https://orcid.org/0000-0002-5619-4858
https://orcid.org/0000-0002-5619-4858


PFO SIZE ESTIMATION BY TRANSCRANIAL DOPPLER 103

13. Belvis R, Leta RG, Marti-Fabregas J, et al. Almost perfect concordance

between simultaneous transcranial Doppler and transesophageal

echocardiography in the quantification of right-to-left shunts. J Neu-

roimaging 2006;16:133-8.

14. Devuyst G, Piechowski-Jozwiak B, Karapanayiotides T, et al. Con-

trolled contrast transcranial Doppler and arterial blood gas analysis to

quantify shunt through patent foramenovale. Stroke 2004;35:859-63.

15. Guo YZ, Gao YS, Guo ZN, Niu PP, Yang Y, Xing YQ. Comparison of

different methods of Valsalva maneuver for right-to-left shunt detec-

tion by contrast-enhanced transcranial Doppler. Ultrasound Med Biol

2016;42:1124-9.

16. Wang SB, Wang XC, Ma Y, Liu KD, Xing YQ. Right-to-left shunt detec-

tion using contrast-enhanced transcranial Doppler: a comparison of

provocation maneuvers between coughing and a modified Valsalva

maneuver. PLoSOne 2017;12:e0175049.

17. Aggeli C, Verveniotis A, Andrikopoulou E, Vavuranakis E, Toutouzas

K, Tousoulis D. Echocardiographic features of PFOs and paradoxical

embolism: a complicated puzzle. Int J Cardiovasc Imaging 2018;34:

1849-61.

18. Steiner MM, Di Tullio MR, Rundek T, et al. Patent foramen ovale

size and embolic brain imaging findings among patients with ischemic

stroke. Stroke 1998;29:944-8.

19. Hart RG, Diener HC, Coutts SB, et al. Embolic strokes of undeter-

mined source: the case for a new clinical construct. Lancet Neurol

2014;13:429-38.

20. Kleindorfer DO, Towfighi A, Chaturvedi S, et al. 2021 Guideline for

the prevention of stroke in patients with stroke and transient ischemic

attack: a guideline from the American Heart Association/American

Stroke Association. Stroke 2021;52:e364-e467.

21. Park S, Oh JK, Song JK, et al. Transcranial Doppler as a screening tool

for high-risk patent foramenovale in cryptogenic stroke. JNeuroimag-

ing 2021;31:165-70.

22. Palazzo P, Ingrand P, Agius P, Belhadj Chaidi R, Neau JP. Transcra-

nialDoppler to detect right-to-left shunt in cryptogenic acute ischemic

stroke. Brain Behav 2019;9:e01091.

23. Katsanos AH, Psaltopoulou T, Sergentanis TN, et al. Transcranial

Doppler versus transthoracic echocardiography for the detection of

patent foramen ovale in patients with cryptogenic cerebral ischemia:

a systematic review and diagnostic test accuracy meta-analysis. Ann

Neurol 2016;79:625-35.

24. Tobe J, Bogiatzi C, Munoz C, Tamayo A, Spence JD. Transcranial

Doppler is complementary to echocardiography for detection and risk

stratification of patent foramen ovale. Can J Cardiol 2016;32:986.e9-

986.e16.

25. Liu F, Kong Q, Zhang X, et al. Comparative analysis of the diagnostic

value of several methods for the diagnosis of patent foramen ovale.

Echocardiography 2021;38:790-7.

26. Ioannidis SG, Mitsias PD. Patent foramen ovale in cryptogenic

ischemic stroke: direct cause, risk factor, or incidental finding? Front

Neurol 2020;11:567.

27. Kwon JH, Kim JS, Kang DW, Bae KS, Kwon SU. The thickness and tex-

ture of temporal bone in brain CT predict acoustic window failure of

transcranial Doppler. J Neuroimaging 2006;16:347-52.

How to cite this article: Grisold A, RinnerW, Paul A, Gabriel H,

Klickovic U,WolztM, et al. Estimation of patent foramen ovale

size using transcranial Doppler ultrasound in patients with

ischemic stroke. Journal of Neuroimaging. 2022;32:97–103.

https://doi.org/10.1111/jon.12935

https://doi.org/10.1111/jon.12935

	Estimation of patent foramen ovale size using transcranial Doppler ultrasound in patients with ischemic stroke
	Abstract
	INTRODUCTION
	METHODS
	Subjects
	Transcranial Doppler ultrasound
	Transesophageal echocardiography
	Statistical analysis

	RESULTS
	Demographic and clinical baseline characteristics
	TCD measures change with increasing EP
	Correlation between MES and PFO size
	Estimation of PFO size by TCD

	DISCUSSION
	ACKNOWLEDGMENTS AND DISCLOSURE
	ORCID
	REFERENCES


