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Abstract

Background: Pediatric patients with sickle cell disease (SCD) and moyamoya syndrome (MMS) are at high risk for recurrent
cerebrovascular accidents (CVA) despite best conservative management with chronic blood transfusions (CBT). The role of
surgical revascularization in this patient population is not clearly defined. We aim to compare the risk of stroke occurrence
in patients undergoing conservative treatment to those additionally undergoing surgical revascularization with conservative
treatment. Methods: The authors performed a retrospective cohort study of pediatric SCD-MMS patients seen in Jacksonville
and Delaware between 2006 and 2018. Patient characteristics and outcomes, including stroke occurrence, were compared
between those who underwent conservative treatment and those who underwent surgical revascularization. Results: A total
17 patients diagnosed with SCD-MMS were on CBT, of which 12 (70.6%) were female. The average age at CBT initiation
was 7.27 years. Prior to its initiation, 10 patients (83%) in the surgical and 6 (75%) in the conservative group experienced
strokes. Twelve patients underwent surgical revascularization on 18 hemispheres (17 indirect, 1 direct) for severe vasculopathy
or CVA - this included 2 patients who experienced a stroke while receiving CBT. The degree of vasculopathy was worse in
the surgical group. The mean follow-up for conservative and surgical groups were 11.8 and 4.4 years, respectively. Three
patients experienced strokes in the conservative group, while no strokes or major complications were observed in the surgical
group. Conclusion: Surgical revascularization appears safe and may effectively reduce stroke rates in pediatric patients with
SCD-MMS. Larger studies are needed to confirm these findings.

Introduction:

Stroke is among the most severe and common comorbidities experienced by children with sickle cell disease
(SCD) with an estimated prevalence of 11% before the age of 20 years.!* Of these children with SCD who
present with stroke, up to 43% are found to have moyamoya syndrome (MMS) on angiographic imaging.®
MMS is a cerebrovascular condition secondary to a pathologic condition, such as SCD, that is characterized
by progressive stenosis of the arteries of the Circle of Willis and the development of a fragile network of small
vessels that provide collateral blood flow. This network of capillary-sized blood vessels can fail to supply
the necessary blood and oxygen to the brain, thus children with SCD with MMS are 5 times more likely
to experience recurrent cerebrovascular events (CVEs — defined as strokes and transient ischemic attacks)
compared to patients with SCD without MMS.?

Despite this increased risk of cerebral ischemia, treatment to prevent stroke that is directed at children
with SCD-MMS has not been well studied. The current standard of care for stroke prevention is chronic



transfusion therapy (CTT) to maintain a pre-transfusion sickle hemoglobin (HbS) level less than 30%.%1%
This has demonstrated reduced rates of cerebrovascular events in pediatric patients with SCD, although the
risk of stroke in children with SCD-MMS still remains significant.!'3 Additionally, CTT is associated with
complications such as iron overload, compliance issues, and treatment discontinuation.?

Direct and indirect surgical revascularization procedures have been shown to be effective in reducing recurrent
events in idiopathic MMS; however, their role and effectiveness in the treatment for the combination of
SCD-MMS have not been well characterized. Small, single-center, retrospective studies in pediatric patients
with SCD-MMS have suggested that surgical revascularization decreases the risk of stroke with minimal
perioperative risk.*%7:9:12,15-17 Degpite promising results, these studies are limited by their small cohort size
and lack of control groups. We sought to examine the outcomes in a larger cohort of children with SCD-MMS
who underwent surgical revascularization in addition to CTT compared to those treated with CTT alone at
two sickle cell treatment centers with active hematology and neurosurgery programs.

Materials and Methods/Case Material:
Retrospective cohort study

A retrospective cohort study examined pediatric patients (ages 0-18 years) on CTT at the sickle cell programs
of the Nemours Alfred I. duPont Hospital for Children in Delaware and Nemours Specialty Care, University
of Florida - Jacksonville and Wolfson Children’s Hospital from 2006 to 2018. This study was approved
by both institutional review boards with a waiver of informed consent. Patients diagnosed with SCD and
MMS were included in the study. The diagnosis of MMS was determined by documented imaging findings
on magnetic resonance angiography (MRA), computerized tomographic angiography or digital subtraction
angiography. Diagnostic criteria of MMS on MRA includes characteristic angiographic findings of stenosis
or occlusion of the terminal portion of the internal carotid artery and the proximal portions of the anterior
cerebral and middle cerebral arteries along with abnormal collateral vessels at the base of the brain.!?

Conservative and surgical treatment groups were defined retrospectively. The conservative treatment group
consisted of patients treated with CTT and medical therapy, including aspirin and iron chelation. The
surgical group consisted of patients treated with the same conservative methods with the addition of surgical
cerebral revascularization (indirect or direct vascular bypass). All revascularizations were performed by the
senior authors (P.A., R.H. and J.P.).

The follow-up period was defined as the interval between the first transfusion on CTT and the last follow-
up appointment for patients in the conservative treatment group, or the interval between the first surgical
treatment and the last follow-up appointment for patients in the surgical treatment group. The study
endpoints included symptomatic stroke, stroke-related death, other cerebrovascular events [CVE — defined
as asymptomatic stroke or transient ischemic attack (TTA)]. Major surgical complications within 90 days of
surgery were reported.

Patient characteristics were compared in domains such as: age at first stroke and subsequent strokes, age
at initiation of CTT, aspirin intake, and iron chelation therapy. Vasculopathy scores were graded by a
pediatric neuroradiologist based on the vascular occlusion present on the patient’s MRA imaging according
to the SWIiTCH trial. The trial standardized a grading scale from 0 to 6 to assess the location, extent
and severity of vasculopathy, with increasing severity.!! A student T-test was used for continuous variables,
a chi-square test was used for categorical variables, and the Wilcoxon rank-sum test for ordinal variables.
Incidence of stroke recurrence was compared between the conservative treatment group and the surgical
treatment group using a Kaplan-Meier survival curve and the Logrank test. Statistical significance was
defined as p<0.05.

Revascularization procedure

Our protocol for screening, medical management, and surgical management of patients with SCD and MMS
has been described previously.? Indications for surgery include recent stroke or transient ischemic attack



(TTA) in the same distribution as cerebral arterial stenosis with the presence of moyamoya collaterals. Pa-
tients with remote or asymptomatic strokes generally undergo a physiologic cerebral flow study, such as
single-photon emission computed tomography, followed by a similar study with acetazolamide. Following
the administration of acetazolamide, if an area of hypoperfusion is found concordant with a stenosed cere-
bral artery, then revascularization surgery is generally recommended. In general, indirect revascularization
procedures such as encephaloduro-arteriosynangiosis are performed; occasionally, direct superficial temporal
artery to middle cerebral artery anastomosis has been performed, per surgeon’s preference.

Results:
Patient population and characteristics

Seventeen patients with SCD-MMS were included in our study. Twelve patients (70.6%) of the cohort were
female. All patients were initially managed conservatively. Ten patients in the cohort received surgical
revascularization at a later time (Figure 1). Eight patients (80%) in the surgical group and six patients
(85.7%) in the conservative group presented with unilateral stroke before beginning conservative medical
management. The average age at first stroke was 6.0 and 8.25 years old in the conservative and surgical
treatment groups, respectively. Of the remaining patients, two (20%) in the surgical group presented with
TIA, and two (28.6%) in the conservative group were asymptomatic but presented with an elevated peak
flow velocity on Transcranial Doppler Ultrasound. When comparing the average vasculopathy scores of the
left and right hemispheres, the mean and median score for the surgical group was 2.89 and 3, respectively.
For the conservative group, the mean and median scores were generally lower, 1.58 and 1.5, respectively.
The differences in pooled (left and right) mean vasculopathy scores between conservative and surgical groups
were found to be statistically significant (p=0.04). Eight patients (80%) in the surgical group and 5 patients
(71.4%) in the conservative group were on aspirin therapy. Nine patients (90%) in the surgical group and
6 patients (85.7%) in the conservative group were on iron chelation therapy (Figure 2). These differences
between groups were not statistically significant. Further characterization of each patient is listed in Table
1.

Surgical revascularization and outcomes

The average follow-up period until last follow-up or stroke was 4.4 and 7.4 years for the surgical and con-
servative groups, respectively. In the surgical revascularization group, there were no strokes; one patient
experienced a TIA. In the conservative treatment group, three patients experienced one stroke each (3
strokes per 100 patient years or 3% per year). In addition to CTT, two of the three conservative patients
who experienced stroke were on aspirin therapy, and all three were on iron chelation therapy. Although the
Kaplan-Meier survival analysis of stroke-free survival comparing the two groups showed a clear divergence
between curves, it did not show a statistically significant difference (p=0.146) (Figure 3).

Discussion:

This study represents, to our knowledge, the largest retrospective cohort of pediatric patients with SCD-MMS
analyzing the effectiveness and safety of surgical revascularization compared to conservative therapy. After
initiation of treatment, no strokes were observed in the ten patients who underwent surgical revascularization,
while three of the seven patients who underwent conservative therapy experienced a stroke during the course
of the average 7.4 year follow-up despite having less severe cerebral vasculopathy. No significant complications
of surgery were observed.

Hankinson et al. examined 12 pediatric SCD-MMS patients who underwent surgical revascularization for an
average of 46.8 months follow-up and found no strokes post-operatively and no major surgical complications.’
Only four of the patients were compliant with CTT protocol throughout the study; patients who received
conservative treatment only were not included. Greissenhauer et al. examined a similar cohort of 14 pediatric
SCD-MMS patients on CTT who underwent surgical revascularization.” There was one observed stroke in
the cohort and a reported 5-fold reduction risk in stroke compared to pre-surgical risk. Our group recently
published a systematic review of the literature available on surgical revascularization for children with sickle



cell disease and moyamoya syndrome. We found an overall rate of ischemic stroke free survival of 94.3%
with only 1.8% intraprocedural complications.?

A study comparing conservative and surgical treatment was published by Yang et al. who examined 15
pediatric SCD-MMS patients.!” Seven patients underwent surgical revascularization and eight patients un-
derwent conservative therapy. The authors observed no strokes in the surgical revascularization group and
four strokes in the conservative treatment group with an average follow-up of 11.6 years equating to a 2.3%
risk of stroke per year. The results of our study showed very similar results to these studies. We observed
a stroke risk of 3.0% per year in SCD-MMS patients undergoing conservative therapy alone and no risk of
stroke in patients who underwent surgical revascularization. When considering the differences in average
vasculopathy scores and observing a statistically significant difference between the two groups, the evidence
of more severe vasculopathy in the surgical group supports the protective nature of the surgery treatment
in regards to stroke.

Although our study does not show a statistically significant difference between treatment options, there is a
clear trend towards a clinically significant reduction of stroke risk associated with surgical revascularization.
By combining our data with published data from the Yang et al. study'” and the Hall et al. study® (the
only studies with similar cohorts of patients and detailed outcomes), the pooled data showed a statistically
significant difference (p=0.001) in the stroke rates between the conservative (n=30) and surgical (n=29)
groups. Figure 4 shows the difference in survival curves with the surgical group showing superior results.

The major limitations of our study are the lack of statistical power due to small sample size and the lack
of equivalent long-term follow-up in the surgical revascularization group. Furthermore, the two treatment
groups are not likely to differ only in the surgical therapy due to the retrospective design of the study. A
multi-center, retrospective study is currently underway to accrue a larger patient sample in order to better
detect a difference in stroke outcome between conservative treatment and surgical revascularization.

Conclusions:

The results of our study indicate that surgical revascularization is safe and does not result in further strokes
in pediatric patients with SCD-MMS. On the other hand, patients with the same diagnosis treated conserva-
tively experienced strokes at a rate of 3% per year, however the difference between the two groups’ stroke rates
were not statistically significant. Larger multicenter prospective studies are warranted to further examine
the utility and safety of surgical revascularization in this patient population.
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Legends:

TABLE 1 Patient Characteristics

Legend: J = Jacksonville | D = Delaware M = Male | F = Female Y = Yes | N = No | NA = Not Applicable®
Values based on vasculopathy scores from the SWiTCH grading system!!EDAS = Encephaloduroarteriosy-
nangiosis Direct = Direct Surgery (STA-MCA Bypass)® History of medication® Time from first transfusion
on CTT to last follow-up visit? Time from first transfusion on CTT to stroke event

FIGURE 1 Flow diagram of patient exclusion and treatment group selection

Legend:
SCD-MMS = Sickle Cell Disease and Moyamoya Syndrome
FIGURE 2 Patient Population Characteristics



Average Age at First Stroke (2a) Presenting Symptoms (2b) Medications: Aspirin and Iron Chelation (2¢)
Legend: Abn TCD = Abnormal Transcranial Doppler TTA = Transient Ischemic Attack

FIGURE 3 Surgical treatment group versus conservative treatment group Kaplan-Meier stroke-free survival
analysis with Logrank test and follow-up time in years, p=0.146

Legend: Cum Survival = Cumulative Survival Cons = Conservative Treatment Group Surg = Surgical
Treatment Group

FIGURE 4 Surgical treatment group versus conservative treatment group Kaplan-Meier stroke-free survival
analysis with Logrank test and follow-up time in years, pooled with data from Hall et al® and Yang et al'”
papers, p=0.001

Legend: Cum Survival = Cumulative Survival Cons = Conservative Treatment Group Surg = Surgical
Treatment Group
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