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Background: Stroke is the leading cause of adult disability worldwide, with
approximately 30% of strokes remaining cryptogenic. One potential important
etiology is a patent foramen ovale (PFO), which may contribute to stroke
through paradoxical thromboembolism or in situ thromboembolus formation.
Recent advancements in robot-assisted transcranial Doppler (raTCD) have
shown increased sensitivity in detecting right-to-left shunt (RLS) compared to
transthoracic echocardiography (TTE), particularly in detecting the large shunts
which are associated with higher stroke risk.

Methods: We conducted a retrospective quality improvement project at our
regional stroke center to compare the performance of TTE and raTCD in
identifying RLS in ischemic stroke patients. The study involved 148 patients
admitted between February 2021 and February 2023. All patients underwent TTE
and raTCD with agitated saline bubble contrast, with additional transesophageal
echocardiography (TEE) at the treatment team's discretion. The primary metrics
analyzed included differences in overall RLS detection and large RLS detection
rates for raTCD, TTE and TEE.

Results: raTCD detected RLS in 60.1% of patients compared to 37.2% with
TTE (p < 0.001), with a 42.6% detection rate for large shunts on raTCD versus
23.0% on TTE (p < 0.001). The sensitivity and specificity of raTCD were 92 and
87.5%, respectively, compared to 78.57 and 7143% for TTE, using TEE as the
gold standard. Nine patients underwent PFO closure, all correctly identified with
large shunts by raTCD, while TTE missed or underestimated the PFO size in 44%
of the cases.

Conclusion: raTCD significantly outperforms TTE in detecting RLS and large
shunts, suggesting its integration into standard PFO workup protocols may
enhance secondary stroke prevention. These findings support the adoption of
ralCD as a complementary diagnostic tool alongside TTE and TEE for more
accurate PFO detection and risk stratification.

KEYWORDS

cryptogenic stroke, transcranial Doppler ultrasound (TCD), patent foramen ovale,
patent foramen closure, robotic
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1 Introduction

A significant advancement in the field of patent foramen (PFO)
detection occurred with the development of robot-assisted
transcranial Doppler (raTCD). The potential importance of this
technology stems from the fact that a large percentage of stroke
remains cryptogenic (approximately 30%), representing an ongoing
serious health care problem (1, 2). Our inability to properly diagnose
stroke etiology significantly jeopardizes secondary stroke preventive
measures (3-6). PFO has a reported prevalence of approximately 25%
in the general population and up to 40% in patients with acute
ischemic stroke (3). It is well recognized that PFO can facilitate the
passage of paradoxical thromboembolus from the venous to the
arterial circulation or serve as a site for in situ thromboembolus
formation. While PFO closure is now considered the gold standard in
younger patients with PFO-related stroke (<60-year-old), increasing
evidence is emerging of a potential benefit of PFO closure in selected
older patients (7-10). Based on the results of multiple positive PFO
closure trials conducted over the past 8 years, multiple American and
European medical societies have published PFO diagnostic and
management guidelines including indication for PFO closure (2, 3, 5,
6, 11-13). The methodology for optimal PFO detection has been a
topic of extensive investigation. The results of the recently published
RoBotic TCD Ultrasound BubbLe Study Compared to Transthoracic
Echocardiography for Detection of Right to Left Shunt (BUBL Study—
NCT04604015) reported an approximately three times higher right to
left shunt rate (RLS) compared to transthoracic echocardiography
(TTE) (14, 15). Furthermore, TTE completely missed or significantly
downsized two thirds of large shunts detected by raTCD. These
findings were deemed highly clinically relevant as PFO size is known
to be a predictor of stroke risk and of central importance in calculating
the risk/benefit ratio for PFO closure. Based on these results,
numerous commentators have touted raTCD to be a significant
medical advancement and have called for further independent “real-
world” data (4, 8, 11-17). To that end, we executed an independent
hospital-based quality improvement project to compare the
performance of TTE versus raTCD in identifying RLS in a real-world
setting at a regional stroke center and assess how increased detection
may translate into improved secondary stroke prevention by
PFO closure.

2 Methods

This study was a single-center quality improvement project
conducted at CHI Memorial Hospital in Chattanooga, TN. The study
involved a retrospective chart review, with data collection occurring
between February 2021 and February 2023, and chart review
conducted by clinical staff from February to July 2023. The project
aimed to evaluate the impact of incorporating automated transcranial
Doppler (raTCD) into the stroke workflow compared to standard
transthoracic echocardiography (TTE) for the diagnosis of right-to-
left shunts (RLS) and patent foramen ovale (PFO). It also sought to
quantitate the effect of raTCD utilization on the rate of PFO closures.
The data dictionary for the study included patient demographics,
raTCD results, TTE results, TEE results, and PFO closure. Local IRB
waived the need for patient consent and all data was collected as part
of standard clinical practice. Independent statistical analysis was
funded by the non-profit NeuroScience Innovation Foundation.
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2.1 Data collection protocol

All imaging was collected as standard of care on patients who
underwent hospitalization for an acute neurovascular episode,
including ischemic stroke or transient ischemic attack. All patients
underwent TTE with agitated saline bubble contrast as part of routine
clinical care. Based on increasing evidence of the importance of TCD
in the workup of cryptogenic stroke, raTCD was performed on all
patients as part of standard cryptogenic stroke workup. All patients
underwent TCD with agitated saline bubble contrast using an
automated TCD platform (raTCD - NovaGuide Intelligent Ultrasound,
NeuraSignal, Inc., Los Angeles, CA, United States). Additional testing,
such as TEE, was left to the discretion of the neurology treatment team.

The raTCD is a five degree-of-freedom robotic unit supported by
artificial intelligence (AI) algorithms for the identification of the acoustic
window and signal optimization using a traditional diagnostic TCD. The
contrast for the TCD bubble studies was delivered by injecting agitated
saline contrast at both rest and with calibrated Valsalva, with the patient
in the supine or near supine position. All raTCDs studies were performed
by ultrasonographers following completion of raTCD training and
demonstrated technical proficiency. The raTCD bubble studies were read
by a blinded fellowship trained certified vascular neurologist and graded
using the Spencer Logarithmic Scale (SLS) criteria (18). We adopted the
same definitions for a “large” RLS/PFO by raTCD as was used in the
BUBL study (SLS > Grade 3) and TTE RLS/PFO grading was categorized
as small, moderate, or large, with reads of moderate or large being
classified as large for secondary analysis (14). All TTE bubble studies
were performed by certified ultrasonographers and were read by blinded
level ITI echocardiography board-certified cardiologists.

2.2 Outcome measures

The primary outcomes paralleled those within the BUBL study
including: (a) rate of RLS detection with TTE and raTCD; (b) rate of
large RLS for TTE and raTCD; (c) RLS detection rate of raTCD vs.
TEE; (d) RLS detection rate of TTE vs. TEE; (e) sensitivity and
specificity of raTCD and TTE using TEE as the gold standard; and (f)
comparison of patients who received closure between raTCD and TTE
for identification of RLS/PFO™.

2.3 Statistical methods

The statistical methods were performed in parallel to that
performed in the original BUBL study described in detail by Rubin
etal. (14). We retrospectively analyzed data from 148 ischemic stroke
patients who underwent both raTCD and TTE over a 25-month
period starting February 2021. Continuous variables were reported as
means with standard deviations (SD) or medians with interquartile
ranges (IQR), appropriately determined by normality of the data
assessed using the Shapiro-Wilk test. Categorical variables were
presented as frequency counts and percentages (n, %). For
comparisons between categorical variables, we used chi-square tests
or Fisher’s exact tests, as appropriate, to assess statistical significance.
These were summarized in 2x2 tables. Two-sample proportion tests
were conducted, with 95% confidence intervals and p-values reported
to determine the statistical significance of the differences in detection
rate of RLS/PFO between different detection tools. The exact
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confidence intervals were calculated using the Clopper-Pearson
method for binomial proportions. Sensitivity and specificity analyses
were performed using TEE as the reference standard, with
corresponding confidence intervals computed using the Wilson score
method without continuity correction. All statistical analyses were
performed using the statistical package R (version 4.3.1). Significance
was determined at a two-tailed p-value <0.05.

3 Results

We retrospectively analyzed data from 148 ischemic stroke patients
who underwent both raTCD and TTE collected over a 25-month period
starting February 2021. Patient demographics are presented in Table 1.
Of the total population, 60.1% were male with a mean age (+S.D.) of
58.0 + 14.1. TTE and raTCD were performed in 100% of patients of
which 14.9% (n =22) underwent TEE, TTE, and raTCD. Table 2A
summarizes the overall RLS detection rate for raTCD versus
TTE. Analysis revealed a 22.9% higher RLS shunt detection rate for
raTCD (1.6 x higher) with a RLS shunt detection rate of 60.1% (1 = 89

TABLE 1 Patient demographics and testing performed.

Total patients N 148
Gender, n(%)

Female 59 (39.9%)
Male 89 (60.1%)
Age

Mean (SD) 58.0 + 14.1
Median (IQR) 59.0 (48.8, 68.2)
Patient Cohort

TCD performed n (%) 148 (100.0%)
TTE performed n (%) 148 (100.0%)
TEE performed n (%) 22 (14.9%)

10.3389/fneur.2025.1512061

positives) for raTCD vs. 37.2% (n = 55 positives) for TTE (p < 0.001; CI:
11.2, 34.7%). Table 2B summarizes the large RLS detection rate for
raTCD versus TTE. Among the total 148 cases studied, 42.6% (n = 63
positives) were identified by raTCD to have large shunts (classified as
RLS Grade > 3), representing 70% (63/89) of all positive shunts
identified on raTCD. In comparison, among the total 148 cases studied,
23.0% (n =34 positives) were identified by TTE as large shunts
(classified as moderate or large size on TTE), representing 61.8%
(n=34/55) of all positive shunts identified by TTE. Thus, raTCD
detected 19.6% more large PFOs (1.9 x higher) than TTE (p < 0.001; CI
8.5,30.7%). The agreement matrix presented in Table 3A demonstrates
that of the total 9 patients in our study that underwent PFO closure
11.1% (n = 1) had no PFO detected on TTE at all while no PFO that
underwent closure was missed by raTCD. The agreement matrix
presented in Table 3B demonstrates that all the PFOs in this study that
underwent closure were designated large by raTCD; however, of those
nine large/closed PFO cases, 44.4% (n = 4) were misdiagnosed as being
of small PFO size on TTE. The agreement matrix presented in Table 4A
compares raTCD with TEE (n =33) with raTCD detecting 72.7%
(24/33) and TEE 72.7% (24/33) (p = 1.0; CL: —21.5, 21.1%). Table 4B
shows the agreement matrix between TTE and TEE 177 (n = 22) with
TTE 59.1% (13/22) and TEE detecting 63.6% (14/22) (p=1.0; CL
—37.8,28.7%). Using TEE for comparison, we calculated the sensitivity
and specificity of raTCD vs. TTE. Our results showed raTCD sensitivity
and specificity of 95.8 and 88.9%, vs. TTE sensitivity and specificity of
78.6 and 75.0%, respectively (Table 4C). Of the 148 cases studied, 6.1%
(n=9) had no bone window using raTCD.

4 Discussion

PFO is associated with right-to-left cardiac shunt and is a well-
documented cause of embolic stroke (19). Accurate PFO detection,
sizing, and anatomic characterization are essential when assessing
PFO as a potential etiology for stroke and when calculating risk/
benefit ratio for PFO closure (3). Given the multiple randomized trials
showing the benefit of symptomatic PFO closure in properly selected

TABLE 2 Agreement matrix—comparison between raTCD and TTE for the detection of All RLS and large RLS.

(A) All RLS detection rate raTCD vs. TTE.
(n = 148) TTE Positive

TTE Negative

raTCD positive 50 (33.8%)

39 (26.4%) 89 (60.1%)

raTCD negative 5(3.4%)

54 (36.5%) 59 (39.9%)

Total 55 (37.2%)

93 (62.8%) 148 (100%)

Diference: 22.9%
(1.6 x higher for raTCD)

95% CI: [11.2, 34.7%]

p<0.001

(B) Large RLS detection rate raTCD vs. TTE.
(n = 148)

TTE large positive

TTE large negative

raTCD large positive 33(22.3%) 30 (20.3%) 63 (42.6%)
raTCD large negative 1(0.7%) 84 (56.8%) 85 (57.4%)
Total 34 (23%) 114 (77%) 148 (100%)

Diference: 19.6%
(1.9 x higher for raTCD)

95% CI: [8.5, 30.7%]

p<0.001
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TABLE 3 Agreement matrix—comparison between raTCD and TTE for cases with PFO closure.

(A) All RLS detection rate raTCD vs. TTE for cases with PFO closure.

(n=9) TTE positive TTE negative

raTCD positive 8 (88.9%) 1(11.1%) 9 (100%)
raTCD negative 0 (0%) 0 (0%) 0(0%)
Total 8 (88.9%) 1(11.1%) 9 (100%)

(B) Large RLS detection rate raTCD vs. TTE for cases with PFO closure.

(n=9) TTE large positive TTE large negative

raTCD large positive 5 (55.6%) 4 (44.4%) 9 (100%)
raTCD large negative 0 (0%) 0(0%) 0(0%)
Total 5(55.6%) 4 (44.4%) 9 (100%)

TABLE 4 Agreement matrix between raTCD vs. TEE and TTE vs. TEE.

(A) Detection rate of RLS between raTCD vs. TEE for patients with TEE performed.

(n = 33) TEE positive TEE negative

raTCD positive 23 (69.7%) 1 (3.0%) 24 (72.7%)
raTCD negative 1 (3.0%) 8 (24.2%) 9 (27.3%)
Total 24 (72.7%) 9 (27.3%) 33 (100%)
Difference: 0.0% 95% CI: [-21.5, 21.1%] p=10

(B) Detection rate of RLS between TTE and TEE for patients with TEE performed.

(n =22) TEE positive

TEE negative

raTCD positive 11 (50.0%) 2(9.1%) 13 (59.1%)
raTCD negative 3 (13.6%) 6(27.3%) 9 (40.9%)
Total 14 (63.6%) 8(36.4%) 22 (100%)
Difference: —4.5% 95% CI: [—37.8, 28.7%] p=10

(C) Sensitivity and specificity of detecting PFO (TEE as the gold standard).

Sensitivity Specificity
raTCD 95.8% 88.9%
TTE 78.6% 75.0%

patients, highly accurate PFO characterization is an essential step in
secondary stroke prevention (3, 6, 13). In this independent
investigation of raTCD, reported here, we performed a retrospective
review of 148 acute ischemic stroke patients admitted over a two-year
period to our regional stroke center. We compared RLS detection rates
and PFO size estimates based on number of bubbles detected, using
raTCD and TTE in all patients and compared the findings to TEE
when performed. Both the raTCD and TTE procedures followed
established protocols for bubble studies, ensuring consistency and
reliability in the diagnostic process. Our results corroborate the
findings of Rubin et al. (14) as we found a significantly higher rate
(delta = 22.9%, 1.6 x higher) of overall RLS with raTCD versus TTE
(60.1% vs. 37.2%, p<0.001) and a significantly higher rate
(delta = 19.6%, 1.9 x higher) of large RLS with raTCD versus TTE
(42.6% vs. 23.0%, p <0.001). Unlike Rubin et al. who did not
document PFO closures, we documented that at the time of our
analysis nine patients in our data set had undergone PFO closure.

Frontiers in Neurology

Despite the lack of statistical significance in our PFO closure patient
population between PFO detection on raTCD vs. TTE, likely due to
low patient number, our results do raise significant clinical concern as
11.1% (n=1) of patients who underwent closure had their PFO
missed entirely on TTE. Furthermore, 44.4% (n = 4) of the patients
who underwent PFO closure had their shunts size significantly
underestimated or not detected at all on TTE (all of which
demonstrated large shunts on raTCD). It was owing to the
performance of the raTCD that the large size of each of these cases was
identified which raised the heightened alert for the need for further
characterization by TEE and possible closure. The clinical importance
of our findings was further underscored by the fact that 26.4% (n = 39)
of our study population were negative on TTE but positive on raTCD
(Table 2A), while only 3.4% (n = 5) were detected on TTE but missed
on raTCD. Similarly, we found it highly clinically concerning that
20.3% (n = 30) of large RLS were missed on TTE but detected on
raTCD, while only 0.7% (n = 1) were missed on raTCD but detected
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on TTE (Table 2B). Of the five subjects with a positive TTE and
negative TCD, three had no windows which was known prior to the
bubble contrast injection and the remaining two were negative on
TEE. As TEE is often not routinely performed during the initial screen
for PFO (and itself may underdiagnose PFO), the highly statistically
significant improvement in our data for RLS shunt detection by
raTCD over TTE suggests that many patients would be in jeopardy of
having their PFO totally undiagnosed if TTE alone is used for
screening. Similarly important, the highly significant difference that
we report for large shunt detection rate by raTCD over TTE points to
the inadequacy of TTE alone in the assessment of PFO size. Initial
detection of a PFO on screening imaging may steer clinicians either
toward or away from performing TEE and, as discussed below,
accurate PFO sizing may be critical in calculating the risk/benefit ratio
of PFO closure the ultimate driver in the close/no close decision.
Therefore, reliance on TTE alone for PFO screening may lead to
incorrect clinical decision making, missed opportunities for proper
secondary stroke prevention by PFO closure, and increased
subsequent stroke risk for patients. Finally, our study was able to
expand on Rubin et al. by reporting sensitivity and specificity for both
raTCD and TTE compared to TEE (sensitivity of 95.8% and specificity
of 88.9% for raTCD and sensitivity of 78.6% and specificity of 75.0%
for TTE). While our overall total RLS detection rate by raTCD (60.1%)
was almost identical to that reported by Rubin et al. (64%), our overall
rate of positive RLS detected by TTE was higher (37.2% vs. 20%).
When compared to the report by Rubin et al., we found a substantially
higher rate of large RLS on raTCD (42.6% vs. 27.0%) and on TTE
(23.0% vs. 10%). The reason for our higher detection rates of RLS on
raTCD for larger PFOs and for all PFOs on TTE is uncertain. This
variability between our single center results and the multi-center trial
reported by Rubin may have involved multiple factors discussed in
detail below.

4.1 Concordance of studies supporting a
central role for TCD in RLS detection

Numerous investigations have compared various methodology for
PFO detection including TTE, TEE, and TCD (4, 17, 20-25). The
development of raTCD has emerged as a potentially important
advancement in the field of PFO detection. The recent muti-center
investigation comparing raTCD versus TTE by Rubin et al. reported
a 41.4% overall higher rate of RLS detection in stroke patients and a
17.4% higher detection of large RLS by raTCD over TTE (14). The
accompanying editorial underscored the potential significance of
Rubin’s findings and called for additional investigations comparing
raTCD to TTE and TEE (15). Similarly, Rubin’s findings led to a direct
call for further investigation of raTCD by the Roundtable of Academia
and Industry for Stroke Prevention (RAISE) (3). Based on the current
literature, RAISE endorsed raTCD being considered in the current
workup for PFO’. In a recent commentary by Dr. Braydon Dymm
titled “Could Robot-Assisted Transcranial
Transthoracic Echocardiography as Screening for Right to Left Shunt

Dopler Replace
After Cryptogenic Stroke” they challenged the current standard of
TTE per se as the initial screening tool for PFO detection in patients
with cryptogenic stroke (26).

Our results are consistent with previous reports comparing TTE,
TCD, and TEE for the detection of PFO. Mojadidi et al. in 2014
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published a meta-analysis of 27 studies and 1,968 patients with the
aim of determining the accuracy of TCD using TEE as a reference.
Their meta-analysis showed that TCD had a sensitivity, specificity,
positive likelihood ratio (LR+), and negative likelihood ratio (LR-) of
97,93%, 14, and 0.04, respectively. These authors concluded that TCD
is the preferred test for detecting RLS in patients with cryptogenic
stroke or migraine (27). A more recent meta-analysis (35 studies,
3,067 patients) reported a sensitivity, specificity, and area-under-curve
for PFO diagnosis by TCD of 96.1, 92.4%, and 0.98 versus 45.1, 99.6%,
and 0.86 for TTE. The analysis also reported LR+ and LR-for the TCD
(12.62, 0.04) and TTE (106.61, 0.55) respectively leading to their
conclusion of the diagnostic superiority of TCD in comparison to
TTE for RLS detection (4). A more recent study (775 patients with
TCD and TTE) reported significant test superiority (dominance) of
TCD over TTE for RLS/PFO detection and concluded with the
recommendation for TCD as the preferred screening method for RLS
despite the limitations of differentiating between intracardiac and
extracardiac shunts (28). Similar results were also reported in a 2018
investigation suggesting the need for TCD within the PFO work up
(29). This recent widespread interest in TCD is in line with the joint
European position paper involving nine separate national societies
which in 2019 called for TCD to be incorporated as an essential part
of PFO workup (12). Similarly, the European Stroke Organization
(ESO) in their 2024 published expert consensus report stated “as there
is no technique that can be considered as a gold standard, we advise
locally agreed diagnostic algorithms using the available techniques
(TCD, TTE and TOE) to diagnose an RLS” In that statement they
cited the recent Rubin et al. study as support (30). These various
publications are summarized in Table 5 comparing the overall
performance of TCD, TTE, and TEE.

4.2 Unique aspects of raTCD that may lead
to increased accuracy of raTCD

The major limitation of TCD is the inability to distinguish
between non-cardiac and cardiac RLS. Despite the fact that PFO is the
most likely diagnosis in RLS if bubbles are detected within 3-5 cardiac
cycles of injection, current guidelines recommend that all possible
PFO’s detected by TCD be evaluated by TEE prior to attempted
closure (3). This is critical to confirm the absence of an extracardiac
shunt and for anatomic PFO characterization. Despite this limitation,
TCD has specific advantages in the assessment of RLS/PFO including:
(1) a high bubble detection rate through the intracranial circulation
in the very narrow diameter middle cerebral artery whose
directionality of bubbles are all aligned with the angle of insonation;
(2) the ability to quantify and confirm an adequate Valsalva maneuver
by measuring a > 25% drop in MCA flow velocities; and (3) unlike
TTE and TEE, TCD is typically performed with the patient in a semi-
upright position which has been demonstrated to be associated with
higher rates of PFO detection. Furthermore, there appear to
be additional technical advantages of raTCD that increase its ability
to detect RLS. These include: (1) bilateral simultaneous automated
insonation with vessel imaging optimization (alleviating the need or
a trained vascular technologist) addressing the known limitation of
manual TCD, TTE, and TEE; (2) raTCD incorporates advanced
software to aid the user in identification of the regions of interest for
the study as well as full audio and video playback to aid distinguishing
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TABLE 5 Comparison of detection rate of raTCD/TCD vs. TTE and TEE between various other published studies.
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bubbles injected peripherally from artifact; (3) unlike TTE (in which
atrial images are partially obscured by the ribs) and manual TCD
(which has a higher rate of unsuccessful insonation due to poor bone
windows), raTCD offers excellent visualization of the unobstructed
intracranial vasculature for bubble detection (31) including “no
window” rates of 6.1% in the current study, 5.8% in BUBL study by
Rubin et al. (14) and 3.5% in a group of healthy volunteers (32); and
(4) utilization of Power M-Mode TCD which has been shown to
be more sensitive for RLS detection compared to single gated manual
TCD (18).

4.3 Impact of study protocol on RLS
screening test accuracy

In addition to technological differences between imaging
modalities, the specifics of different scanning protocols can have a
dramatic impact on the accuracy of tests. Valsalva maneuver appears
to play a major role in the ability to detect a positive bubble study on
TEE or TTE. Caputi et al. reported an overall PFO detection rate by
TEE of 63% with a general concordance between manual TCD and
TEE of approximately 90% with a sensitivity and specificity for cTCD
of 96.8 and 78.4%, respectively (17). Without Valsalva, TCD was far
superior at overall RLS detection (75%) over TEE (48%) (p < 0.001).
Furthermore, of the patients that demonstrated a “shower-curtain”
pattern on TCD at rest (indicating very large RLS), only 71% of those
patients exhibited RLS at all on TEE at rest. Of patients that exhibited
a smaller, “non-curtain effect,” RLS at rest on TCD, only 22% of those
were noted to have any RLS on TEE at rest. These findings indicate the
highly operator dependent nature of TEE and the critical aspect of
Valsalva when performing TEE and TCD. Based on their results and
the individual benefits of both TEE and TCD, Caputi et al. proposed
that “the combination of TEE and TCD could be considered the real
gold standard for PFO” (17). The critical importance of Valsalva also
applies to TTE where the maneuver has been reported to increase
specificity from 40 to 60% (33). While adequate Valsalva can be easily
confirmed quantitatively on raTCD by a drop in the MCA flow
velocity of approximately 25%, adequate Valsalva on TTE or TEE is
much harder to confirm and in the case of TEE harder to elicit due to
patient sedation. Difficulty with patient tolerability of the TEE probe,
variations in cardiac anatomy and operator experience all may
contribute to reducing the sensitivity of TTE and TEE in PFO
detection. Patient positioning also appears to be an additional
potentially important factor in PFO detection. Lucreziotti et al.
reported increased RLS on TCD and TTE with patients in the sitting
position compared to the supine position (31). Regarding raTCD,
Rubin et al. reported similar results in their secondary analysis of the
BUBL study showing that both Valsalva and bed positioning (HOB
angle 0°-45°) had a significant impact on RLS grade whereas IV
location did not (34). As TTE is typically performed with the patient
semi-prone, this may be a driver to lower performance. In our study
however (where raTCD was performed at or below 45° incline) it is
unlikely that this factor is a major contributing factor to our results.
Given the known positional effects on PFO detection it would
be theoretically ideal to compare raTCD and TTE simultaneously in
identical positions. Practically speaking, however, optimal imaging
windows on TTE are highly positional dependent based on body
habitus and are often suboptimal in the semi-erect position.
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Despite strong support in the literature for the role of TCD when
performed in conjunction to TTE for RLS detection, variability does
exist in the reported specificity of TTE for RLS detection (see Table 5).
A paper published in Echocardiography in 2020 (161 patients with
various neurological disorders) utilizing right heart catheterization as
the gold standard reported a sensitivity of 92.75% for TCD and 93.33%
for TTE, but specificity was not reported (35). TTE image quality is
known to be highly dependent on BMI (36). Therefore, well-established
regional differences in BMI nationally (highest in our region of the
south) may contribute to the variability in published RLS detection rates
using TTE (37). In addition to a multitude of other variables (ex.,
ultasonographer experience, degree of patient hydration, hardware and
software variability, etc.), Valsalva technique is a critical determinant of
RLS detection rates on TTE (38). As most centers, including ours, do not
use calibrated Valsalva during standard TTE bubble studies, variation in
Valsalva may contribute significantly to the variability in reported rates
of RLS on TTE. The ability of raTCD to mitigate the magnitude of the
influence of many of these variables appears advantageous (4, 17, 23, 33).
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4.4 Rational for the new protocol for PFO
workup incorporating raTCD

Recommendations are emerging in numerous review articles
and society guidelines in the United States and from Europe, that the
concept of TEE as a “gold standard” be replaced by the concept that
TEE, TCD, and TTE each have their own unique strengths and
limitations and that proper PFO screening requires a coordinated
protocol that often involves all three. Based on our results and the
numerous other investigations discussed above, we now propose the
following protocol as shown schematically in Figure 1. This protocol
builds upon that presented in the muti-society European guidelines
published in 2019 and the recent ESO guidelines on the diagnosis
and management of PFO (12, 30). TTE with agitated saline injection
is the logical initial diagnostic test to be performed to screen for
PFO. Given its non-invasive nature and the need to assess for other
causes of embolic source (mural wall thrombus, low ejection
fraction, wall motion abnormalities, or significant valvular
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abnormalities), TTE with bubble study is the obvious best initial
screening tool. Next, if no PFO or a small PFO is detected on TTE,
TCD should then be performed. We favor raTCD based on its
advantages listed above and it significant increased RLS detection
rate compared with manual TCD (14). The benefit of raTCD stems
from its increased sensitivity for overall RLS detection and its
superior ability to identify a larger number of bubbles leading to a
more accurate estimate of shunt size. While numerous scales, such
as the ROPE score, have been employed to assess likelihood of PFO
as a causative factor for stroke, more refined scales (ex., PASCAL)
now incorporate PFO size and the presence of high-risk structural
features (atrial septal aneurysm (ASA)) (39, 40). PASCAL allows for
an easy and highly clinically useful validated calculation of the risk/
benefit ratio of PFO closure (3). When calculating a PASCAL score
to determine risk/benefit ratio for potential PFO closure on a patient
with cryptogenic stroke, the clinician must go through a 4-step
process of: (1) accurately identifying that a PFO is present; (2)
calculating the ROPE score based on the patients history; (3)
estimating the size of the PFO (if PFO is absent or small on TTE,
raTCD should be performed); and (4) utilization of TEE to rule out
a non-cardiac cause of RLS and determining the presence or absence
of an associated ASA. With this data in hand, the PASCAL score can
then be calculated (3). Based on PASCAL, if the PFO is determined
to be the “possible” or “probable” stroke etiology, the risk/benefit
ratio may favor PFO closure in properly selected patients. If PASCAL
determines that the PFO is an “unlikely” etiology of stroke, PFO
closure may be associated with increased harm. Even in the absence
of an ASA, the identification of a larger PFO (which may be detected
on raTCD but undersized or missed on TTE or TEE) in the setting
of a high ROPE scale score may result in a moderate risk PASCAL
PFO score qualifying for closure (3). Therefore, missing a PFO
completely or mislabeling a PFO as small based on erroneous TTE/
TEE information may lead to loss of opportunity for proper
secondary stroke prevention by PFO closure. Similarly, the presence
of ASA, even in the presence of a small PFO, combined with high
ROPE score may qualify as a “possible” risk PFO on PASCAL
thereby justifying PFO closure. For these reasons, a stepwise protocol
utilizing TTE, raTCD, and TEE appears to be the best approach for
PFO detection and rigorous adjudication to properly determine the
risk/benefit ratio for PFO closure.

The preponderance of evidence discussed above now indicates
that by utilizing a combination of TTE, TEE, and raTCD, as outlined
in Figure 1, we can significantly reduce the likelihood of missed PFO
diagnoses that could otherwise occur with the exclusive use of TTE
and/or TEE. Recent publications also suggest that in rare cases in
which a high index of suspicion for PFO remains (ex., positive raTCD
but negative TTE/TEE), intracardiac echocardiography (ICE) or other
invasive intracardiac imaging can be considered (41-43). Ongoing
large-scale comparisons of TCD, TTE and TEE performance and
studies on how best to optimize each should continue to be reported.
The cumulative literature to date does suggest that the etiology of
stroke for many patients has likely been shrouded in mystery for years
due to lack of proper PFO detection. It is now time to adopt a new
standard of care approach for PFO screening based on a composite
assessment with TTE, raTCD, and TEE. In that way we can best fulfill
our commitment to our patients to provide them with the highest-
level of secondary stroke prevention.
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