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Abstract

Objective—To determine the prevalence of potential intracardiac shunts, including patent
foramen ovale (PFO), in children with sickle cell disease (SCD) and stroke.

Study design—We performed a transthoracic echocardiogram (TTE) on 40 children with SCD
(39 with hemoglobin SS and 1 with sickle-beta? thalassemia) and earlier stroke (overt stroke in 30,
silent infarction in 10). We compared 3 TTE techniques: conventional 2-dimensional imaging,
color Doppler ultrasound, and intravenous agitated saline contrast injection for the detection of
intracardiac shunts. We also evaluated the clinical, laboratory, and radio-graphic findings of the
children with and without shunts.

Results—We identified PFO or other potential intracardiac shunts in 10 of 40 children with SCD
and earlier stroke (25%; 95% Cl, 11.6-38.4). With contrasted TTE, we failed to detect potential
shunts in 2 children. In a comparison group of 60 children with stroke but without SCD,
retrospective review of clinical echocardiograms identified PFO in 7 of 60 (11.7%; 95% Cl,
3.6-19.8). Clinical features significantly associated with the presence of intracardiac shunts were
stroke in the setting of vaso-occlusive crisis (P = .026) and headache at stroke onset (P =.014).

Conclusion—One-quarter of children with SCD and stroke have potential intracardiac shunts. A
combination of echocardiographic techniques is required for optimal shunt detection. Intracardiac
shunting could be a risk factor for stroke in children with SCD because they are predisposed to
thrombosis and elevations of right heart pressure, which could promote paradoxical embolization
across an intracardiac shunt.

Children with sickle cell disease (SCD) sustain strokes at a rate 220 times higher than other
children.! Clinically overt stroke occurs in 8% to 11% of patients, and as many as 35% of
patients have clinically silent stroke detectable only with magnetic resonance imaging
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(MRI).2 The identified risk factors for stroke in SCD include previous stroke, sickle
vasculopathy, severe anemia, and acute chest syndrome.3 Transcranial Doppler ultrasound
(TCD) can identify children with SCD at highest risk of stroke, but the only treatment
shown to prevent stroke is chronic transfusion, with risks of infection and iron overload.*
Stroke may occur before preventive transfusion therapy can be initiated, and some children
with normal TCD study results still sustain stroke. Identification of additional risk factors
could lead to improved risk stratification and new strategies for stroke prevention.

Inchildren and young adultswithoutSCD, intracardiacshunting, primarily via a patent
foramen ovale (PFO),has been identified as a risk factor for stroke. The mechanism is
presumed to be “paradoxical embolization,” in which venous emboli avoid filtration in the
pulmonary vasculature by right-to-left shunting through a holein the heart.>60bservations of
focalneurologic deficits and MRI lesions consistent with embolicphenomenon in patients
withSCD and fat embolization syndrome after vaso-occlusive crisis (VOC) support a role of
paradoxical embolization in the neurologic complications of SCD.”-8 The only route for
venous fat emboli from necrotic bone marrow to reach the brain is via right-to-left shunting
either at the cardiac or pulmonary level.

Few earlier reports have described the prevalence of PFO or other intracardiac shunts in
children with SCD and stroke. We hypothesized that intracardiac shunts, potentially
treatable with percutaneous transcatheter closure,® may play a causal role in stroke in
children with SCD. We conducted a pilot study to determine the prev alence of PFO or other
intracardiac shunts in children with SCD and earlier stroke and to evaluate different
echocardiographic shunt detection methods in this population. We compared the prevalence
of detectible PFO and other intra-cardiac shunts with the prevalence in published reports of
children and young adults and with that in a comparison group of children without SCD who
sustained stroke and were evaluated with echocardiography according to our institutional
pediatric stroke protocol.

This study was approved by the institutional review board at the University of Texas
Southwestern Medical Center at Dallas. We enrolled children ages 2 to 19 years, from the
Pediatric Sickle Cell Clinic of Children's Medical Center Dallas, with a diagnosis of sickle
cell anemia (hemoglobin SS, n = 39) or sickle-beta® thalassemia (n = 1) and earlier stroke
confirmed with MRI. Thirty children had clinically overt stroke, and 10 children had silent
infarcts. In this pilot study, we could not, a priori, decide which subgroup of stroke
(clinically silent or overt) would be more likely to be caused by paradoxical embolization. In
adults without SCD, PFO has been implicated in small strokes similar in appearance to the
silent infarcts in SCD.10 Likewise, PFO has been implicated in paradoxical embolization in
adult overt strokes that are similar in appearance and distribution to those in pediatric
patients with SCD." In this pilot study, we therefore included children with SCD with either
silent or overt stroke. We screened all scheduled patients with SCD and a history of stroke in
this cross-sectional study. No patients were excluded, and only 2 patients declined to
participate. Patients were approached for consent at the time of their routine clinical
appointments.
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The gold standard for detection of intracardiac shunting in adults is contrasted
transesophageal echocardiography (TEE). In our institutional clinical pediatric stroke
protocol, we routinely examine children with stroke for evidence of intracardiac shunting
with contrasted transthoracic echocardiography (TTE). Because of the smaller body size and
the thinner chest wall of most pediatric patients, the superiority of TEE over TTE may not
be great. Further, in this pilot research study in pediatric patients, we felt that TEE was too
invasive and the requirement for anesthesia for TEE in pediatric research subjects with SCD
was too great a risk. Therefore, we examined our patients with TTE and compared 3
techniques for the detection of intracardiac shunts: conventional 2-dimensional imaging,
color Doppler ultra-sound, and intravenous contrast injection with agitated saline. For the
latter, the left atrium was observed for the appearance of contrast for a minimum of 5
cardiac cycles after injection, both at rest and with Valsalva maneuver. Detection of contrast
in the left atrium provided evidence of right-to-left shunting. We defined the presence of
PFO or intracardiac shunt as detection of shunt by any echocardiographic method: 2-
dimensional, color Doppler ultrasound, or either of the contrast injections. In adult research
studies, the sensitivity of shunt detection has been shown to increase with increasing number
of contrast injections, with PFOs detected by up to 11 contrast injections.!! In this pilot
study in pediatric patients, we limited our study to 2 contrast injections. Severity of tricuspid
regurgitation was graded on the basis of American Society of Echocardiography
recommendations.12

We did not include a control group of patients without stroke in this pilot study because of
ethical concerns for research in pediatric subjects that involved invasive procedures with
limited potential benefit to the control patients: in this case, intravenous access and contrast
injection. We felt that in children with SCDand stroke, this evaluation was acceptable
because it is part of our standard clinical evaluation of stroke in children without SCD. We
made every effort to perform the contrasted TTE when the children had intravenous access
obtained for a clinical indication, which most commonly was for blood transfusion. Study
TTE was performed, in most cases, either immediately before or after blood transfusion. The
children were clinically stable and pain free at the time of TTE.

We did include, as a comparison group, the results of echocardiographic studies obtained for
clinical purposes in 60 children without SCD who were examined for stroke with TTE or
TEE according to our institutional pediatric stroke protocol. We excluded children <3
months of age because of the high prevalence of PFO in this age group, and we excluded
children with known congenital heart disease. In our routine clinical evaluation, we most
commonly use TTE, and when a PFO or other potential intracardiac shunt is detected with
2-dimensional or color Doppler ultrasound methods, contrast is not routinely given.
Therefore we did not limit our comparison group to only those children with contrasted
echocardiogram, because this would have led to under-representation of the proportion with
PFO or other potential intracardiac shunts. When clinically indicated, agitated saline contrast
is given by the same methods used in our study patients. TEE was performed for clinical
indication in 7 patients. These 60 TEE and TTE studies were reviewed retrospectively by the
study cardiologist (C.R.).
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Demographic, clinical, and radiographic features were abstracted from the medical record
with a structured data collection sheet for exploratory, hypothesis-generating analyses. We
pilot-tested a structured questionnaire to assess headache and migraine according to
International Headache Society Criterial3 and for headache severity with PedMIDAS
scores.1# Analyses of these factors for association with intra-cardiac shunts were conducted
by using #2 or Fisher exact test for categorical variables and Student t test or Mann-Whitney
U test for continuous variables, as appropriate. Because these were exploratory analyses, we
did not correct for multiple comparisons and a P value <.05 was considered to be nominally
significant. Clinical information was not available for many subjects in this retrospective
review, and clinical symptoms and laboratory data at stroke presentation were not available
for many patients, particularly patients with silent infarcts, in which the time of onset was
unknown for most. Statistical analyses were performed with SPSS software version 15.0
(SPSS, Chicago, Illinais).

Echocardiographic evidence of PFO or other potential intra-cardiac shunting was identified
in 10 of the 40 children (25%; 95% CI, 11.6-38.4) with SCD and stroke. PFO was identified
with 2-dimensional echocardiogram in 2 patients, with color Doppler ultrasound in 6
patients, and with agitated saline contrast in 5 patients. Two potential intracardiac shunts
that were not identified with contrasted TTE were detected with conventional 2-dimensional
echocardiogram or with color Doppler ultrasound methods (Table I). One patient with silent
infarct had a ventricular septal defect and was categorized with the intracardiac shunt
patients and not included in Table I because contrast injection or further evaluation for PFO
was not performed. No other cardiac structural abnormalities were identified. No atrial
septal aneurysms were observed. Tricuspid regurgitation categorized as trivial or mild was
detected in 32 patients, with no significant difference between patients with shunts and
patients without shunts. There were no cases of moderate or severe tricuspid regurgitation.
Right ventricular pressure estimates were similar in patients with and without intracardiac
shunt. There were no adverse events reported during or after TTE with contrast.

Our comparison group of children without SCD who sustained stroke included 60 children
with a mean age of 8.9 years and a male predominance (23 female, 37 male). TTE was
performed in 53 children, and TEE was performed in 7 children. PFO was identified in 7 of
53 children (13.2%) with TTE with color Doppler ultrasound. Contrasted TTE was
performed in 35 of these 53 children, and no additional cases of PFO were identified. Only 2
children with PFO identified with color Doppler TTE received contrast, demonstrating a
PFO in 1 child but not the other. Contrasted TTE was not performed for the other 18
children, including for 5 of the 7 found to have PFO with color Doppler TTE. Of the 7
additional children examined with contrasted TEE, none was found to have a PFO. Overall,
we found evidence of PFO in 7 of 60 children (11.7%; 95% CI, 3.6-19.8) in our comparison
group without SCD who had stroke and were >3 months old and had no history of
congenital heart disease.

In this pilot study, we performed exploratory analyses of demographic and clinical factors
obtained with retrospective chart review. There were no statistically significant differences
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in the sex, mean age at time of stroke or at examination, blood pressure at time of TTE, or
laboratory findings between the patients with shunts and the patients without shunts (Table
I1). Further, there were no significant differences in the 2 groups for the presence of
multiple, bilateral, or anterior circulation infarcts on MRI. The distribution of left and right
hemisphere infarcts and silent infarcts were similar as well. Magnetic resonance angiograms
were available for 39 of the patients, and the results were abnormal in 29 patients, with
abnormalities graded as stenosis, occlusion, or moyamoya pattern. There were no
statistically significant differences in abnormalities found with magnetic resonance
angiogram in the 2 groups.

The only 2 clinical factors significantly associated with intracardiac shunts were stroke in
the setting of VOC (P =.026) and headache at the onset of stroke (P = .014). There were no
significant associations with other concurrent or earlier illnesses, including obstructive sleep
apnea, asthma, acute chest syndrome, gallstones, or priapism, and there were no significant
differences in patient-reported recurrent migraine or other headache, headache frequency, or
PedMIDAS scores. Because 10 patients had silent infarcts and thus their time of onset of
stroke and its clinical setting were unknown, we analyzed the clinical features of acute
illness, headache, or pain crisis at stroke onset both with and without the missing data. The
significance levels did not change for these comparisons (Table II).

Discussion

With a combination of echocardiographic methods, we demonstrated the prevalence of PFO
and other potential right-to-left shunts in children with SCD with a history of overt or silent
stroke to be 25% (95% Cl, 11.6-38.4). In our comparison group of children without SCD
who had stroke, a group in which intracardiac shunting is an established risk factor for
stroke and in which echocardiographic evaluation is part of routine clinical care, we
identified PFO in only 11.7% (95% Cl, 3.6-19.8). Autopsy studies have found probe patent
PFO in 35% of children 1 to 19 years of age,1° but the prevalence of those detectable with
echocardiography appears to be much lower (Table I1). In healthy young adults, the
prevalence of PFO that is detectable with echocardiography is between 3% and 22%.516 A
meta-analysis of 9 case-control studies of young adults without SCD reported a significant
association between PFO and stroke, with PFO identified in 17.8% of control patients (95%
Cl, 14.3-21.3) and in 40.2% of patients with stroke (95% Cl, 36.2-44.2).5

There have been few studies of PFO in children without SCD who have sustained stroke,
although a causal link to stroke was suggested in a report of 2 cases’ and in a small series
of children with transient ischemic attack or stroke in which evidence of left-to-right
shunting was detected in 9 of 18 children (50%) without SCD with contrasted-TCD.8 The
25% prevalence of potential intracardiac shunt identified in our study is higher than that
reported in a study of the risk factors for arterial ischemic stroke in 104 previously healthy
children without SCD or known history of congenital heart disease by using non-contrasted
echocardiogram.18 Atrial septal defect was detected in only 1 of 104 of these children. Of 35
children with SCD and stroke, only 6 were examined with non-contrast echocardiogram, and
no atrial septal defects or intracardiac shunts were noted. Contrasted echocardiogram was
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performed in 9 children with stroke (presence of SCD not noted), but no shunting was
detected.18

We were unable to identify any earlier reports of the prevalence of intracardiac shunts or
PFO detectable with contrasted echocardiogram in children with SCD with or without
stroke. However, recent studies (Table 111) with color Doppler TEE identified PFO or other
potential intra-cardiac shunts in only 5 of 53 healthy children and young adults (9.4%)
without stroke aged 10 to 29 years!® and in only 21 of 817 of 10-year-old children (2.6%) in
a large screening study by using TTE with color Doppler ultrasound.29 Another study
examined 107 children with SCD (including 11 with stroke) by using TTE with color
Doppler.18 PFO was identified in only 2 of these children (1.7%) with SCD. There was no
indication whether these children were in the subgroup with stroke. Another small study of
children without SCD or stroke on screening TTE with color Doppler ultrasound before
neurosurgery found PFO in 6 of 30 patients (20%).2

By comparison, we identified PFO or other intracardiac shunts with color Doppler TTE
alone (excluding the additional cases identified with contrast) in 7 of 40 of our patients with
SCD and stroke (17.5%) and in 7 of 53 of our patients without SCD who had stroke
(13.2%). In this pilot study, statistical comparisons with other studies would be
inappropriate, but the prevalence of TTE-detectable PFO in children with SCD and stroke
that we observed is apparently greater than that in our comparison group of children without
SCD who have had stroke, and it is well above that reported in the 3 largest screening
studies (Table I11). This suggests that further controlled studies are warranted to determine
whether the prevalence of PFO is higher in children with SCD and stroke than children with
SCD without stroke.

Our observations highlight the difficulty of identifying PFO and other intracardiac shunts in
children. Results for contrasted TTE were negative for shunt in 2 patients in whom shunt
was detected with color Doppler ultrasound scanning, conventional 2-dimensional
echocardiogram, or both. In our comparison group, contrasted TTE results were negative in
1 of 2 children in whom a shunt was detected with color Doppler ultrasound. It is likely that
children are less compliant than adults with the Valsalva maneuver, which improves
detection of right-to-left shunting.22 However, paradoxical embolization could still occur in
children with color Doppler ultrasound evidence of left-to-right shunting in certain clinical
settings, such as VOC, acute chest syndrome, or pulmonary hypertension, in which
increased right heart pressures could result in right-to-left shunting. Thus, we included
children with PFO detected with any of the 3 methods in our intracardiac shunt/PFO group,
and we believe future clinical evaluation and research study designs should incorporate all 3
methods.

Our study has several limitations. Ethical concerns about research in pediatric subjects led
us to use the less-invasive technique of TTE rather than TEE and precluded inclusion of a
control group in this pilot study. We also included 10 children with silent infarcts. The risk
factors for silent infarcts?® may differ from those of overt stroke, but small MRI lesions
similar in appearance to the silent infarcts of SCD have also been described in deep sea
divers, in whom an association with PFO has also been suggested.10 Because of their

J Pediatr. Author manuscript; available in PMC 2014 December 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Dowling et al.

Page 7

clinically silent nature, the time of occurrence is unknown, and thus we were unable to
include their clinical and laboratory data at the time of stroke, limiting our analysis. In
addition, echocardiograms were performed well after the onset of stroke in most cases. The
prevalence of PFO in the autopsy study declined with each decade, so late anatomic closure
of PFO appears to occur in some patients.1® By obtaining delayed studies, we may have
underestimated the PFO prevalence at the time of stroke. Further, we did not correct for
multiple comparisons in our exploratory hypothesis-generating analyses of the demographic
and clinical factors in this pilot investigation. The 2 clinical factors we found to have
statistically significant associations with the presence of intracardiac shunts, presentation
with VOC and headache at stroke onset, must therefore be viewed as highly speculative, but
both have biologic plausibility. First, during VOC, immobility and dehydration favor
formation of venous thrombi, a potential source of paradoxical emboli, and pulmonary
artery pressures increase, favoring right-to-left shunting.24 Second, for headache at stroke
onset, increasing evidence suggests an association between PFO in migraine.2>27 These
potential associations will need to be explored more fully in larger studies.

Intracardiac shunts such as PFO could be an independent modifiable risk factor for stroke or
recurrent stroke in children with SCD. A large, controlled study of the prevalence of intra-
cardiac shunts or PFO in children with SCD could demonstrate that intracardiac shunts are a
risk factor for stroke in SCD. This could lead to improved risk stratification in screening and
therapeutic trials and offers the possibility of a novel preventative treatment for stroke in
children with SCD.
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Glossary
MRI Magnetic resonance imaging
PFO Patent foramen ovale
SCD Sickle cell disease
TCD Transcranial Doppler ultrasound
TEE Transesophageal echocardiogram
TTE Transthoracic echocardiogram
VOC Vaso-occlusive crisis
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Detection of patent foramen ovale/intracardiac shunt with echocardiographic technique

Table |

Patient

2-dimensional echocardiography  Color Doppler ~ Agitated saline contrast

© 00 N oo o B W N P

+

+

+

+
+

+

+
ND
+

ND

+, PFO/shunt detected with this method; —, PFO/shunt not detected with this method; ND, not done.
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Exploratory, hypothesis-generating analysis of the characteristics of patients with sickle cell and a history of
stroke with presence or absence of intracardiac shunt

Shunt present,n (%) n=10 Shunt absent,n (%)n=30 Pvalue

Mean age at TTE (years)

Mean age at stroke (years)

Sex (% male)

Silent infarct

Systolic blood pressure
Diastolic blood pressure

Hgb at time of stroke (g/dL)
WABC at time of stroke (x 109/L)
Platelets at time of stroke (x 10%/L)
Multiple infarcts

Bilateral infarcts

Abnormal MRA
*
Acute illness at stroke onset

Headache at stroke onsetT

Pain crisis at stroke onseti

TR (trivial or mild)

11.2 (+ 4.2)
7.0 (+4.2)

50.0%
2 (20.0%)
1105
61.8
6.2
22.2
277.8
7 (70.0%)
5 (50.0%)
7 (70.0%)
6 (60.0%)

4 (40.0%)
4 (40.0%)

7 (70.0%)

12.4 (+ 4.8)

6.0 (+4.0)
53.3%
8 (26.7%)
112.1
63.6
73
18.0
380.8
21 (70.0%)
10 (33.3%)
22 (73.3%)
7 (23.3%)

1(3.3%)
2 (6.7%)

25 (83.3%)

494
573
.855
673
.669
.619
134
574
.223
1.000
457
.838
122

.014

.026

.361

Hgb, Hemoglobin level; WBC, white blood cell count; MRA, magnetic resonace angiography; TR, tricuspid regurgitation.

*
Comparison remained non-significant (P = .109) when excluding patients with missing data (eg, those with silent infarction for whom clinical

setting of acute stroke was unknown or others with missing data).

TComparison remained significant (P = .010) when excluding patients for whom headache status at onset of stroke was unknown or not reported.

¢Comparison remained significant (P = .029) when excluding patients for whom clinical status at onset of stroke was unknown or was not reported.
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