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Abstract

Introduction: Moyamoya (MM) is a rare progressive stenosis of anterior cerebral circulation of
unknown etiology that occurs at higher prevalence in patients with sickle cell disease, trisomy
21, neurofibromatosis 1, and East Asians.

Hypothesis: Our objective was to compare the prevalence of potential shunting in patients with
MM to controls without MM. We hypothesized that vasoactive substances, normally inactivated
in the lungs, can escape inactivation through potential right-to-left shunting and thereby act
upon the endothelium in at-risk patients and contribute to the development of moyamoya. We
would then predict that there would be higher prevalence of potential right-to-left shunting
observed in our patients with MM compared to children without MM.

Methods: In an IRB-approved, retrospective case-control study we identified 70 MM patients
who had echocardiograms between 1991-2022 and compared the prevalence of potential
right-to-left shunting with that of a control group of 123 patients without MM or stroke from a
prior study.

Results: In the MM group, 35/70 (50%) had potential shunting identified on echocardiogram (26
intracardiac and 9 intrapulmonary) versus 29/123 (24%) potential shunting in our control group
(P=0.0001). Significantly higher prevalences of potential shunting remained in subgroup
analyses for potential intracardiac (37.1% vs 18.7%, p=0.004) and potential intrapulmonary
shunting (28.1% vs 5.7%. p=0.0002).

Conclusions: These observations support our hypothesis that shunting could contribute to
moyamoya development, possibly through unknown vasoactive substances escaping
inactivation in the pulmonary vascular bed, subsequently inducing vascular changes in patients
with predisposing conditions. This could represent a potential “second hit” mechanism
contributing to the development of moyamoya in predisposed patients. This has potential
mechanistic and therapeutic implications and will need to be verified in larger prospective
studies.
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Introduction

Moyamoya (MM) is a rare chronic progressive stenosis that affects the large anterior
cerebrovascular arteries of the Circle of Willis, most commonly the terminal bilateral internal
carotid arteries, with subsequent development of compensatory prominent small collateral
vessels. These small collateral vessels characteristically appear as a “puff of smoke” or
“moyamoya” in Japanese on angiographic imaging. These progressive vessel changes increase

the risk for stroke.*

Moyamoya was first described in Japan in the 1950s with geographical differences in incidence
and prevalence. The highest prevalence is in Japan, China, and Korea, with an annual incidence
up to 1 per 100,000 population, and prevalence approximately 10 per 100,000 population.*?
The incidence in the United States was 0.57 per 100,000 persons per year,’ though the
incidence for Asian Americans in the United States per one study was similar to that of Japan,
whereas the rates were lower for Caucasians, African Americans, and Hispanics in the United
States. Current studies suggest a bimodal distribution of age of onset for moyamoya, first

around 10 years of age and again at 40 years of age.! Both children and adults predominantly
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present with ischemic strokes, though adults are more likely to present with hemorrhagic stroke

compared to children.'

MM disease (MMD) differs from MM syndrome (MMS). MMD is more prevalent in East Asians,*
where the disease is associated with mutations in the ring finger protein 213 (RNF213) gene and
appears to be inherited in an autosomal dominant pattern with low penetrance.> This low
penetrance suggests that in individuals carrying the mutation in RNF213, other factors (a
“second hit”) contribute to the development of the vasculopathy. This gene is not associated
with Caucasian idiopathic MMS or other syndromic MM. The at-risk conditions known for
increased prevalence syndromic moyamoya (MMS) include sickle cell disease (SCD, 13,000 —
30,000 per 100,000 population), Trisomy 21 (T21, 3,800 per 100,000 population),
Neurofibromatosis 1 (NF1, 600 per 100,000 population), and patients with congenital heart
anomalies.®™ Studies suggest inflammatory, infectious, or genetic etiologies for both MMD

and MMS, but there currently are no clear unifying factors associating MMD and MMS.*?

It also remains unknown what risk factors connect the vasculopathy in these patients with these

higher risk medical conditions. Inflammatory or vasoactive factors may be contributory in
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patients at risk due to their underlying medical conditions or genetic factors such as mutations
in the RNF213 gene.*? We noted that the pulmonary vascular bed has significant enzymatic
function and serves to inactivate a host of inflammatory and vasoactive factors.” In the event of
right-to-left shunting, [via patent foramen ovale (PFO), atrial septal defect (ASD), ventricular
septal defects (VSD), or pulmonary arteriovenous malformations (pulmAVM)] such factors can
enter the arterial circulation without inactivation and thus affect the brain and cerebral arteries
directly. We hypothesized that the development of moyamoya in susceptible populations could
be due to unknown substances (such as these inflammatory or vasoactive substances) that
escape inactivation in the pulmonary vasculature via potential right-to-left shunting. With this
escape/shunting, these factors can subsequently induce cerebral arterial changes in these
susceptible populations, including those with RNF213 gene mutations, SCD, T21, NF1, or other
susceptible conditions. If this shunting were a contributing factor, we would predict a higher
prevalence of potential right-to-left shunting (including intracardiac and intrapulmonary

shunting) in patients with moyamoya compared to controls without moyamoya.
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Methods

To investigate this hypothesis, we performed a retrospective chart review of electronic medical
records of patients with moyamoya seen between 1991 and 2022 at Children’s Health, Dallas,
Texas to identify children <19 years old with a diagnosis of MMD or MMS who had undergone
echocardiogram by any technique. Using this data, we performed a case-control study
comparing the prevalence of potential right-to-left shunting in patient cases with MM versus

that in controls without MM or stroke from a prior multicenter study.*

Both studies were approved by the Institutional Review Board of the University of Texas

Southwestern, and informed consent provided or waived as appropriate.

Cases

Of our patients (n = 100) with moyamoya, we excluded patients who did not have clinically
obtained echocardiogram or MM diagnosis prior to 19 years of age. Our remaining cases (n =
70) included patients with MM and echocardiograms. Not all cases had Doppler or contrasted

echocardiograms. We reviewed only their clinically obtained studies.
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Controls

Our control group consisted of 123 patients without stroke from a prior prospective multicenter
observational study to detect potential right-to-left shunting in children. This is the only
reported study of the echocardiographically-detectable prevalence of PFO, and other potential
shunts in children without stroke.* Inclusion criteria for these controls included patients who
were “healthy” at the time of study but who did require the presence of an IV for another
clinical indication for the normal saline contrasted transthoracic echocardiogram (“bubble
study”).** Exclusion criteria for this control group included patients with SCD or a history of
stroke. In this prior study, echocardiograms were performed by a standard research protocol
and included contrast injections with and without Valsalva maneuver and the studies were

centrally reviewed and adjudicated.

Data Collection and Analysis

We collected demographics, presence of high-risk moyamoya conditions (including SCD, T21,
NF1, Asian descent), age of MM diagnosis, echocardiogram results, clinical history, and
laboratory data via review of electronic medical records. For our cases, we recorded the

presence of any type of echocardiogram (2D, color Doppler, bubble study with contrast or

Increased Prevalence of Potential Right to Left Shunting

Pediatr Stroke. 2023;7: 1-25
liatri ke I


http://www.pediatricstrokejournal.com

pediatric stroke

Original Research

agitated saline via transthoracic (TTE) or transesophageal (TEE) route), and whether any type of
shunting in any direction was observed. Shunting was characterized by the clinical
interpretation of the study for the MM patients. Potential right-to-left shunting was defined
and categorized as intracardiac shunting (defined by anatomic cardiac shunts or potential
intracardiac shunting on Doppler or bubble studies), intrapulmonary shunting (defined by late
bubbles on bubble studies, which is the detection of contrast or bubbles in the left atrium or
ventricle after 5 cardiac cycles), or no shunting. Potential right-to-left shunting was defined by
the identification of any potential shunt, in any direction. Thus, the identification of an ASD or
PFO without shunting observed by bubble study or by Doppler, or with identification of
left-to-right shunting, was categorized as a potential right-to-left shunt as variations in
intracardiac or intrapulmonary pressures (e.g. Valsalva maneuver) could lead to right-to-left
shunting and thus “paradoxical embolization” in these patients. Patients who had clinical
suggestion of shunting (murmurs, carotid bruits) but without formal diagnosis of a shunt via
echocardiogram were not classified as having potential shunts. Patients with documented
potential echocardiographic shunting at any time point in their medical records were considered

positive shunting, regardless of the temporal relation to MM diagnosis or symptoms.
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All control group patients had been enrolled in a prospective study and underwent standardized
bubble-contrasted TTEs which included two agitated saline contrast injections with Valsalva
maneuver and two agitated contrast saline injections without Valsalva maneuver. Again,
potential right-to-left intracardiac shunting was defined by any shunting in any direction by any
method; potential intrapulmonary shunting was again defined by late bubbles on bubble studies
as above. All TTEs in the control group were reviewed by a central cardiologist in standardized

fashion.

The prevalence of potential right-to-left shunting was compared between the two groups using
Chi-square statistics. We compared our cases with potential intracardiac shunts, intrapulmonary
shunts, and any potential right-to-left shunts to those of the controls. As many of our cases had
not undergone contrasted echocardiograms, we performed additional analyses, to evaluate
separately those who underwent contrasted studies for the detection of intrapulmonary shunts.
We compared the subset of cases with bubble studies with the controls (all of whom had
bubble studies). We also compared the individual at-risk groups (those of Asian descent, those
with SCD, T21, and NF1) and again compared the prevalence of potential intracardiac,

intrapulmonary, and any shunts between these subsets of cases to that of our controls. We
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used a p-value <0.05 for statistical significance.

Results

We identified 100 patients in total with moyamoya who fit inclusion criteria for index patients.
The age at MM diagnosis ranged from birth to 18.6 years of age, with mean age of 6.9 years,
and median age of 6.2 years. Three (3%) did not have age of diagnosis. There were 54 (54%)
females and 46 (46%) males. Thirty-seven (37%) were Caucasian, 47 (47%) Black/African
American, 7 (7%) Asian, 5 (5%) Hispanic, 4 (4%) other/unknown. Twenty-nine (29%) patients

had SCD, 14 (14%) patients had T21, and 12 (12%) patients had NF1. [Table 1, Figure 1]

Of our 100 moyamoya patients, we identified 70 (70%) patients who met inclusion criteria of
having MM and echocardiograms, which constituted our cases. In these cases, the age of
diagnosis ranged from birth to 18.6 years of age, with a mean age of 7.1 years and a median of
6.2 years. There were 36 (51.4%) females and 34 (48.6%) males. Twenty-five (35.7%) were
Caucasian, 36 (51.4%) Black/African American, 3 (4.3%) Asian, 4 (5.7%) Hispanic, 2 (2.9%)
other/unknown. Of these 70 patients with MM and echocardiograms, 24 (34.3%) had SCD, 14

(20%) had T21, and 5 (7.1%) had NF1. [Table 1, Figure 1] The etiologies of MM were similar in
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the total MM group as well as those with MM who had undergone echocardiography. There did
not appear to be major group differences between the MM patients who underwent
echocardiograms and those who did not. [Figure 1] Tests of significance were not performed

between the total MM group and those with MM and echocardiograms.

For our controls, there was no age of diagnosis as these patients were without stroke or MM

diagnosis. Fifty-three percent (53%) were male. Sixty-four percent (64%) were Caucasian, while

26% were Black/African American, 4.4% Asian, and 5.3% “other”.* [Table 1]

Movamoya: n = 100

SCD | 29 29%
(OtherWNomne | 38

38%

T21|14]14%

Amian | T| 7%

NF1[12]12%
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Movamoya + Echo: n =70

Other™one | 24

34%

SCD |24 | 34%

Aszian |3 | 5%

T21 )14 | 20%

Figure 1. Etiologies of Moyamoya. The etiologies of MM are similar in those with and without

echocardiograms. (Subgroup | n | percent)

Table 1: Demographics of Patients and Controls

Index: MM total Cases: MM + Controls: non-stroke
(n = 100) echocardiogram (n=70) patients™
(n=123)
Mean Age at diagnosis, years (+/- SD) [6.98 +/- 4.5 7.1+/-4.8 n/a
Gender n (%) male 46 (46%) 34 (48.6%) 65 (53.3%)
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Race n (%)

e Caucasian o 37(37%) ® 25(35.7%) e 79 (64.6%)

e Black o 47 (47%) o 36(51.4%) e 32(25.7%)

e Asian o 7 (7%) e 3(4.3%) o 5 (4.4%)

e Hispanic o 5(5%) e 4(5.7%)

e Other/Unknown o 4 (4%) o 2(2.9%) e 7(53%)
Etiologies of Moyamoya

e SCD e 29(29%) o 24(34.3%) e n/a

e T21 o 14 (14%) o 14 (20%) e n/a

e NF1 o 12 (12%) o 5(7.1%) e n/a

e Asian descent o 7(7%) o 3(4.3%) o 5(4.4%)

e Other/None e 38(38%) o 24(34.3%) ® n/a

Prevalence of Shunting

Of our 70 MM cases with echocardiograms, 35/70 (50.0%) had potential shunts observed on
echocardiogram. [Figure 2] Among those with any echocardiogram detecting potential shunting,
26 (37.1%) had potential intracardiac shunting. Only 32 of the patients had contrasted studies
(bubble echos), and 9 of these 32 (28.1%) showed evidence of potential intrapulmonary
shunting. [Table 2] Of our 123 controls, a total of 29 (23.6%) had potential shunts diagnosed on
echocardiogram. Twenty-three/123 (18.7%) controls had potential intracardiac shunting while
7/123 (5.7%) had potential intrapulmonary shunting. Using chi-squared statistics, we compared

the prevalence of potential shunting between our cases and controls.

We found a significantly higher rate of potential right-to-left shunting reported on

Increased Prevalence of Potential Right to Left Shunting

Pediatr Stroke. 2023;7: 1-25
liatri ke I


http://www.pediatricstrokejournal.com

pediatric stroke

Original Research

clinically-obtained echocardiogram in our patients with MM compared to that identified in a
large prospective multicenter research study of echocardiographically-detectable potential
shunting in a control group of children without stroke or SCD. Any potential shunting was
identified in 35/70 (50%) of MM cases vs 29/123 (23.6%) of controls (p= 0.0001). Potential
intracardiac shunting alone was identified in 26/70 (37.1%) of MM cases vs 23/123 (18.7%) of
controls (p=0.004). Intrapulmonary shunting was detected in 9/32 (28.1%) of MM cases with
contrasted echocardiograms vs 7/123 (5.7%) of controls (p=0.0002). The study is outlined in

Figure 2 with the analysis summarized in Table 2.

MM patients (n=100)

///\

N patientz+echo J MM patients, no echo

(=70} (a=30030%)
/”' \ Mo shunting
— E (n=35)(30%)
Intracardiac Intrapulmonary
shunting shunting
(n=26)37%) {(n=%112.3%)

Any shunting: n = 35 (50%)

Figure 2: Study Outline.
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Table 2: Prevalence of Potential Shunting.
Potential shunt detected MMD echo Control n/N P
n/N (%) (%) value*
n=70 n=123
Potential intracardiac shunt 26/70 (37.1%) 23/123 (18.7%) | 0.004

Potential intrapulmonary shunt 9/32 (28.1%) 7/123 (5.7%) 0.0002
on bubble studies (late bubble)

Any potential shunting 35/70 (50%) 29/123 (23.6%) | 0.0001
(intracardiac or intrapulmonary)

*Chi-square test
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Given the highly significant differences in the prevalence of potential right-to-left shunting in
our MM patients vs that in our controls, we performed subanalyses of each individual subgroup
but were hampered by small numbers of cases in each group. We found a significantly higher
prevalence of “any” potential shunting in MM patients with SCD [Table 3] or T21 [Table 4] vs
controls. For patients with MM and NF1 [Table 5] and in our small subset of self-reported Asian
patients [Table 6] we found a trend for a higher prevalence of potential shunting compared to

that in our controls. Again, these subanalyses were limited by small numbers of cases in each

group.

Discussion

Our study, to our knowledge, is the only study evaluating the prevalence of potential
right-to-left shunting in children with moyamoya in comparison with a well-studied control

group of children without stroke or moyamoya. Stroke rates®'%'*%

and cardiac shunting
prevalence®'>?*7?* have been investigated in patients with SCD, T21, and NF1. We found a

significantly higher prevalence of potential right-to-left shunting in our patients with moyamoya

compared to a large well studied group of children without stroke or moyamoya.
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Moyamoya remains a rare condition with unknown etiology. Most studies theorize
multifactorial effects of genetic, inflammatory, or infectious etiologies, contributing to the
development of MM. Though the RNF213 gene'*'? has been implicated, there is very low
penetrance, with only a small percentage of those individuals carrying the mutation developing
moyamoya.>*>?® Other studies have examined the contributions of matrix metalloproteinases
(MMPs), tissue inhibitors of metalloproteinases (TIMPs), cytokines, growth factors, and other
inflammatory biomarkers affecting the development of MM. 2% |t also remains unclear how
these hypothesized etiologies directly affect cerebral vasculature, and why individuals with

certain at-risk conditions such as SCD, T21, and NF1 are more likely to develop MMS.

Presumably some of these factors or their modifiers can be inactivated when blood passes
through the enzymatically active pulmonary vascular bed.****** If such factors foster the
development of moyamoya in predisposed individuals, then those who experience right-to-left
shunting would be at risk of having their cerebral vasculature exposed to higher levels of these
active factors via the mechanism of “paradoxical embolization,” which would presumably

increase their risk of developing moyamoya vasculopathy. What we do know is that those with
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32-35

SCD do have predisposed poorer lung pathophysiology, and have higher rates of potential

right-to-left shunting, as do those with T21 where atrial and ventricular septal defects are

common.>®38

Support for our hypothesis that “vasoactive factors” might affect the cerebral vasculature
comes from the evidence from numerous studies of the “vasoactive substance hypothesis” of
migraine, where shunting of some venous factors such as 5-hydroxytryptamine, nitric oxide,
kinin, and endothelin can bypass and thus avoid metabolism in the pulmonary bed, enter the
arterial circulation of the brain and serve as migraine triggers.***° Regarding shunting and MM,
in a report of 5 children with congenital heart disease (without T21) and early onset moyamoya,
4 of the 5 children had large potential shunts (ventricular septal defect in children with Tetralogy
of Fallot) and these 4 were diagnosed with moyamoya by age 2 years. The fifth patient had
coarctation and atrial and mitral valve stenosis but no specific mention of potential shunting.
Interestingly this last patient was diagnosed with moyamoya later at age 6 years.*! If our
hypothesis is correct then one might expect that children with predisposing conditions and
larger shunts may present at earlier ages, although we did not see a significant age effect in our

group of patients (data not shown).
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Unilateral MM is common and can progress to bilateral MM. Few studies specify the
lateralization of the affected hemisphere or report which hemisphere is initially or more
severely affected. Given that flow patterns from various shunts may direct shunted blood
preferentially to one hemisphere, further investigation of the lateralization of the affected

hemispheres or the severity of MM may be warranted.

Limitations of our study include the retrospective nature, the lack of echocardiograms in 30 of
the 100 patients with diagnosed moyamoya, and that not all echocardiograms in our cases were
full Doppler studies or contrasted echocardiograms. Our cases included only echocardiograms
obtained for clinical indications. Perhaps unknown indications led to the completion of
echocardiograms in those MM patients at increased risk of shunting. However, at our
institution, echocardiography is recommended for all patients presenting with stroke.
Interestingly, the higher rate of incomplete or non-Doppler echocardiograms without contrast in
our cases (as they were clinically obtained studies while our controls were complete contrasted
studies done as part of a prospective research study) could bias our analysis AGAINST observing

a higher prevalence of potential shunting, as our cases were less stringently evaluated for any
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potential shunt compared to their control counterparts. Had all our cases undergone
echocardiography by the same strict research protocol performed for our controls, we
undoubtedly would have observed more cases with some potential shunting. This would have
further elevated the high shunting prevalences we observed in the cases. Thus, we may have

underestimated the prevalence of potential shunting in our moyamoya group.

Our cases came from a single site in a retrospective review of clinical records, with probable
ascertainment bias. Concerns regarding the control group were discussed in the cited study.™
Control patients were deemed “healthy” but had required IV for other medical reasons
(scheduled procedures, IV fluids, etc.) due to IRB restrictions; this limited the number of
patients that were available, but we do not see how this could have biased our results towards
detection of fewer shunts. Some potential shunts, such as PFO, ASD, or VSD can close
spontaneously in early childhood. Thus, our echocardiograms performed at later ages, after the
development of MM in our cases, would have failed to detect potential shunting that could
have been present at a younger age. This, too, would bias our study against identification of a

higher prevalence of potential shunting in MM cases.
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An additional concern is that our data could possibly have been biased towards patients with
at-risk conditions given their underlying comorbidities - for instance, did we have a statistically
significant result because we had a biased sample of cases with poor lung and/or cardiac
pathology. However, our subanalyses of each respective at-risk group remained significant or
trended towards significance irrespective of subcategory, suggesting this bias likely played a
small role, if any. Finally, we recognize that the presence of a potential shunt does not directly
cause right-to-left shunting. We base the potential or possibility of said shunting based on
understanding of pathophysiology, and “paradoxical” embolization in situations that increase

pulmonary pressures such as Valsalva, infections, acute chest syndrome (in SCD patients), etc.

In conclusion, we observed a statistically significant increased prevalence of potential
intracardiac, intrapulmonary, and total (any) potential right-to-left shunting in our patients with
moyamoya and echocardiograms compared to our control group of non-stroke patients without
moyamoya. While we cannot conclude that shunting causes the development of moyamoya
from such a case-control study, the data support our hypothesis that moyamoya development
in predisposed populations may relate, in part, to unknown factors avoiding enzymatic

inactivation in the lungs, possibly via shunting / paradoxical embolization. These factors may
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thereby travel to the central nervous system to trigger cerebral arteries to develop moyamoya
in these predisposed populations. These observations have potential mechanistic and
therapeutic implications for moyamoya. This will need to be verified in larger prospective

studies.

Table 3. Secondary Analysis of Potential Shunting Only in Patients with SCD and MM

Method of shunt detection MMD echo, only SCD Control n/N (%) P value*
n/N (%) (n = 24) (n=123)

Potential Intracardiac shunt 3/24 (12.5%) 23/123 (18.7%) 0.466

Potential intrapulmonary shunt on 8/15 (53.3%) 7/123 (5.7%) <0.00001

bubble studies (late bubble)

Any potential shunting (intracardiac 11/24 (45.8%) 29/123 (23.6%) 0.025
or intrapulmonary)

*Chi-square test

Table 4. Secondary Analysis of Potential Shunting Only in Patients with T21 and MM

Method of shunt detection MMD echo, only T21 Control n/N (%) P value*
n/N (%) (n = 14) (n=123)
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Potential Intracardiac shunt

Potential intrapulmonary shunt on
bubble studies (late bubble)

Any potential shunting (intracardiac
or intrapulmonary)

*Chi-square test

Original Research
12/14 (85.7%) 23/123 (18.7%) <0.00001
0/6 (0%) 7/123 (5.7%) n/a
12/14 (85.7%) 29/123 (23.6%) <0.00001

Table 5. Secondary Analysis of Potential Shunting Only in Patients with NF1 and MM

Method of shunt detection

Potential Intracardiac shunt

Potential intrapulmonary shunt on
bubble studies (late bubble)

Any potential shunting (intracardiac
or intrapulmonary)

MMD echo, only NF1 Control n/N (%)
n/N (%) (n = 5) (n=123)

3/5 (60%) 23/123 (18.7%)
0/2 (0%) 7/123 (5.7%)
3/5 (60%) 29/123 (23.6%)

P value*

0.024

n/a

0.065
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Table 6. Secondary Analysis of Potential Shunting Only in Patients Self-Reporting Asian

Heritage and MM

Method of shunt detection

Potential Intracardiac shunt

Potential intrapulmonary shunt on
bubble studies (late bubble)

Any potential shunting (intracardiac
or intrapulmonary)

*Chi-square test
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