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ABSTRACT

Stroke and cognitive decline are hallmarks of sickle cell disease (SCD). The natural history of SCD predicts progres-
sive loss of 1 IQ point per year attributable to disease-related pathology. Hematopoietic cell transplantation (HCT)
is curative by reverting to donor-derived erythropoiesis, but evidence that HCT can positively influence disease-
induced cognitive decline is lacking. The Sickle Cell Unrelated Transplant Trial prospectively evaluated cognition
and brain magnetic resonance imaging (MRI) findings at 2 years after reduced-intensity conditioning followed by
unrelated donor HCT. Thirteen study participants completed pre-HCT and post-HCT assessments of intelligence.
The mean age of participants was 12.5 + 3.3 years (range, 6.7 to 17.4 years). Eleven of the 13 recipients completed
imaging studies at baseline and post-HCT. Seven had overt stroke pre-HCT, and 1 had an elevated transcranial
Doppler velocity with abnormal MRI. The mean Full-Scale 1Q was stable: 90.9 + 13 at baseline and 91.2 & 13 post-
HCT. The mean Performance IQ was 89.9 & 13 at baseline versus 90.9 + 13 post-HCT, and mean Verbal IQ was
93.4 £ 13 at baseline versus 93.2 4 13 post-HCT, respectively. Six recipients had stable MRI; 2 showed resolution
of all areas of infarction. Three had additional infarcts post-HCT noted at the 2-year time point. This is the first
report describing stabilization of IQ and central nervous system outcomes after unrelated donor HCT despite pre-
vious central nervous system morbidity and post-HCT posterior reversible encephalopathy syndrome. These pre-
liminary results post-HCT suggest that HCT may stabilize the cognitive decline of SCD and should continue to be
followed over the long term.
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INTRODUCTION

Sickle cell disease (SCD) results in hemolysis, endothelial
damage, and vasculopathy. The brain is particularly susceptible
to infarctions; overt and silent strokes are noted in >40% of
patients before adulthood [1]. Declines in cognition and IQ are
common even without any radiologic evidence of stroke [2,3].
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Following successful hematopoietic cell transplantation (HCT),
patients report improvements in pain and quality of life, and
hospitalization rates and transfusion requirements decline. It
is hoped that HCT will serve to ameliorate cognitive decline,
but functional assessments of affected organs, such as the
brain, are rarely reported post-HCT, and prospective system-
atic outcome analysis is lacking [4—8].

Matched sibling donor (MSD) HCT has proven advanta-
geous to this treatment modality in the majority of recipients
(>90%) with a suitable donor and has led to subsequent clinical
trials of HCT with alternative donors. A single French trial of
MSD HCT reported stabilization of cognition after transplant
[9]. However, MSD HCT is limited by <25% donor availability
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in the United States [10]. The use of unrelated donors (URDs)
and haploidentical donors expand the access to HCT. Graft-
versus-host disease (GVHD) and graft rejection have generated
new trials to offset complications while maintaining the use of
alternative donors for eligible patients [11,12]. The first URD
HCT trial in children with SCD (Blood and Marrow Transplant
Clinical Trials Network [BMT CTN] 0601; ClinicalTrials.gov
identifier NCT00745420) prospectively evaluated cognition
and brain imaging by magnetic resonance imaging (MRI) fol-
lowing reduced-intensity HCT. Here we report the findings of
that trial on behalf of the BMT CTN.

METHODS

BMT CTN 0601 was a phase 2 trial. Thirty children (age 4 to 19 years)
were enrolled between 2008 and 2014, of whom 29 were evaluable for pri-
mary outcomes. Eligibility included SCD with overt stroke, persistently ele-
vated transcranial Doppler velocity, recurrent pain, or acute chest syndrome.
The primary objective was 1-year event-free survival following HLA allele-
matched URD HCT. The conditioning regimen included alemtuzumab, fludar-
abine, and melphalan. GVHD prophylaxis included calcineurin inhibitor,
methotrexate, and methylprednisolone. Outcomes have been published pre-
viously [13].

Secondary Outcome Measures

Cognitive assessments were performed at <60 days before the initiation
of alemtuzumab and were repeated 2 years post-HCT. Age-appropriate test-
ing included the Wechsler Preschool and Primary Scale of Intelligence, 3rd
edition [14] or the Wechsler Abbreviated Scale of Intelligence [15] for IQ. The
latter, a 30-minute measure of Full-Scale IQ (FSIQ), includes Block Design,
Matrix Reasoning, Vocabulary, and Similarities. Performance IQ (PIQ) is a
composite of fluid abilities evaluating pattern recognition, abstract reasoning,
and problem solving. Verbal IQ (VIQ) is a composite of crystallized abilities
and acquired knowledge, such as vocabulary.

Central nervous system (CNS) complications (eg, seizures, hemorrhage,
new-onset stroke) and posterior reversible encephalopathy syndrome (PRES)
were tracked for 2 years post-HCT.

Brain MRI was obtained <30 days before initiation of alemtuzumab and
2 years post-HCT. Images were compared and categorized as (a) no infarct or
(b) infarct if fluid-attenuated inversion recovery T2-weighted MRI signal
hyperintensity >3 mm in linear dimension was visible in 2 orthogonal planes
using established imaging criteria [16,17]. Neuroimaging was centrally adju-
dicated by a single expert radiologist who was blinded to the clinical details.
Overt stroke was defined as an MRI lesion associated with neurologic deficit
persisting for >24 hours; silent infarct, as an MRI lesion without focal neuro-
logic deficit. MRI progression was defined as a new or enlarging MRI lesion
detected post-HCT. PRES was defined as increased diffusion coefficient in
areas of T2 hyperintensities on diffusion-weighted MRI in the context of
headache, seizures, visual disturbances, or altered level of consciousness
[18,19]. Cognitive assessments were performed locally and reviewed cen-
trally. Scaled scores were normalized for age. Patients who completed both
pre-HCT and post-HCT assessments are included in this report.

Statistical Methods

Descriptive statistics were completed with SPSS version 25 (IBM,
Armonk, NY). Continuous data were analyzed using the ¢ test, and a P value
<.05 was considered statistically significant.

RESULTS

Thirteen of 29 participants completed both sets of measure-
ments of intelligence. Sixteen were incomplete due to graft
rejection (3), death (5), and financial barriers to travel to com-
plete testing (8). The mean age of recipients was 12.5 + 3.3
years (range, 6.7 to 17.4 years). Eleven of 13 recipients com-
pleted imaging studies pre-HCT and post-HCT. Seven had overt
stroke pre-HCT, and 1 had an elevated transcranial Doppler
with abnormal MRI. Table 1 presents cognition and CNS imag-
ing outcomes by recipient with HCT indication and toxicities.
Of the 13 evaluable patients, 7 were off immunosuppressive
therapy (IST) before 2 years, and 2 were off after 2 years. One
patient continued IST beyond 2 years. Three others were on
IST at 1 year but were missing 2-year follow-up data.

IQ Was Stabilized or Improved in Most Participants at 2
Years Post-HCT

On average, FSIQ was stable over 2 years (Figure 1). The
average FSIQ score was 90.9 + 13 at baseline and 91.2 + 13
post-HCT. The average PIQ was 89.9 + 13 at baseline versus
90.9 & 13 post-HCT, and average VIQ was 93.4 & 13 at baseline
versus 93.2 + 13 post-HCT. The differences do not reach statis-
tical significance and thus indicate stability rather than
improvement at this early time point.

Effects of HCT on CNS Imaging

Six recipients had stable MRI findings; 2 had resolution of
all areas of infarction. Two of these 8 had PRES post-HCT. Three
had more infarcts on the 2-year MRI; however, the timing of
new infarcts post-HCT was unknown, and they were detected
at the 2-year time point. IQ was decreased in 1 patient by 10
points and was stable in the other 2 patients.

DISCUSSION

This report is the first describing stabilization of IQ and CNS
outcomes after URD HCT despite previous CNS morbidity and
post-HCT neurologic complications (Table 1). Significant cogni-
tive decline did not occur post-HCT even though 7 children
had previously experienced stroke, and 4 developed transient
PRES symptoms in the early post-HCT period. These prelimi-
nary results suggest that alternative donor HCT may stabilize
the cognitive decline associated with SCD, with children with
SCD expected to lose approximately 1 FSIQ point per year [2].
Eight of the 13 children had higher FSIQ and PIQ at follow-up
(Figure 1A and B), and 7 of the 13 had higher or stable VIQ at
follow-up (Figure 1C). Although there is a possibility of a prac-
tice effect with improved scores on repeated assessments [20],
this effect is more of an issue with shorter retest intervals,
such as weeks, as opposed to the 2-year interval in the present
study. Fluid cognition is impacted by anemia. A stable hemo-
globin concentration with fewer sickled cells likely contributed
to this stabilization. The greatest decrease in performance was
seen in participant 5. This child had a high burden of CNS
injury with 6 silent infarcts and an overt stroke before HCT.
We speculate that this burden of CNS injury may take a longer
time to stabilize even if a transplantation procedure is able to
stabilize the same. Limitations of a small sample size and a sin-
gle follow-up time point precludes us from completing a more
detailed analysis of these outcomes. None of those participants
with a decrease in IQ had a longer duration of IST compared
with those who improved, and we found no evidence of an
association between GVHD and IQ.

Early progression of CNS pathology on imaging studies fol-
lowed by longer-term stability following MSD HCT has been
reported previously [21,22]. The timing of the new lesions in 3
patients is unknown, except that it was noted at the 2-year
time point. Of 11 engrafted participants with imaging, 3 had
progressive infarcts. Two children with additional infarcts did
not have clinical neurologic events post-HCT; 1 child had PRES.
No association between GVHD and IST was found. Chronic
blood transfusion therapy has been found to be palliative in
children with SCD and overt strokes, with additional or pro-
gressive infarcts reported in 45% [23]. Although the 27% pro-
gression in this cohort appears to be superior to transfusion,
and infarcts may appear or improve with time depending on
the vascular milieu in the brain, our follow-up was only 2
years. Inclusion of brain imaging in HCT protocols is important
to identify the long-term impact of HCT on the brain.

In the only report of cognitive assessment in 15 French chil-
dren (median age, 8.8 years; range, 4.7 to 13.2 years) following
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Table 1
Demographic Data and Wechsler Abbreviated Scale of Intelligence Scores of Participants in the Sickle Cell Unrelated Transplant Trial
ID Age, yr Sex Indication Post-HCT Complications Hemorrhage Infarct FSIQ Pre FSIQ Post PIQ Pre PIQ Post VIQ Pre VIQ Post IST
Pre Post Pre Post
1 6.7 Male VOE Limited cGVHD 0 0 0 0 98 99 84 91 112 106 Off
2 83 Male Stroke x1, ICH x1, SCI x5 PRES, AIHA, 1 S 5 NC 87 93 76 91 97 96 Off
extensive cGVHD

3 9 Male Stroke x1, PRES, limited cGVHD 0 0 5 0 77 75 79 88 80 69 Onat1yr
moyamoya
disease, EDAS

4 9.9 Male Stroke x1 Limited cGVHD 0 0 8 0 92 92 89 86 97 100 On

5 10.7 Female Stroke x 1 None 0 0 6 7 95 85 103 86 88 89 Off

6 13 Male VOE Pulmonary embolism, 0 0 0 0 96 105 96 107 96 103 Offat 3 yr

sepsis, extensive cGVHD

7 13 Male Stroke x2 None 0 0 1 S 83 79 93 76 76 86 Off

8 13.5 Male ACS x2 Extensive cGVHD 0 0 0 0 100 92 86 85 114 102 Onat1yr

9 14.4 Female Stroke x1 None 0 0 5 6 97 100 91 89 102 109 Off

10 153 Female Stroke x1, AVN PRES, extensive cGVHD 0 1 3 5 83 83 92 92 77 77 Offat 3 yr

11 15.8 Female 1 TCD x2 (311 cm/s), PRES, extensive cGVHD ND ND ND ND 101 100 95 96 107 102 Onat1yr
abnormal MRI

12 15.9 Male VOE None ND ND ND ND 86 86 89 94 87 82 Off

13 17.4 Female VOE Limited cGVHD 0 0 0 0 87 96 96 101 81 91 Off

VOE indicates vaso-occlusive episode; cGVHD, chronic GVHD; ICH, intracranial hemorrhage; SCI, silent cerebral infarct; AIHA, autoimmune hemolytic anemia; EDAS, encephaloduroarteriosynangiosis; ACS, acute chest syndrome; AVN,

avascular necrosis; NC, no change; ND, no data; MRI, magnetic resonance imaging; TCD, transcranial Doppler.
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Figure 1. IQ assessment before and after unrelated donor HCT for severe sickle cell disease. (A) FSIQ. (B) PIQ. (C) VIQ.

MSD HCT for cerebral vasculopathy, median FSIQ increased
from 87 to 94 at 3 years post-HCT and remained stable at
5 years post-HCT, with no imaging correlation. With a shorter
follow-up of 2 years, we documented stable IQ in most chil-
dren despite a more complicated transplantation process and
despite the expected decline of 1 FSIQ point per year in in chil-
dren with sickle cell anemia based on previous studies [2]. As
techniques for alternative donor HCT improve and clinical tri-
als target improved outcomes, similar measurements of sec-
ondary CNS outcomes in more HCT recipients are crucial to
make informed decisions regarding indications, timing, bene-
fits, and methods of HCT. A lengthier set of measures of cogni-
tion was included in this protocol, but adherence to obtaining
these was challenging for logistical reasons despite a budget
inclusion. Financial support to study participants and

widespread ability to perform the testing in uniform fashion
could facilitate this process. IQ measurements were completed
in more participants than the scans.

HCT trials can now incorporate more accessible and efficient
cognitive assessment sets, such as the National Institutes of
Health Toolbox Cognitive Battery, an iPad-based application that
allows evaluation of several cognitive constructs and yields
scores in individual domains, a crystalized cognition composite, a
fluid cognition composite, and an overall composite score [24].
The cognitive domains assessed in this battery include attention,
episodic memory, working memory, language, executive func-
tion, and processing speed. After a brief training session, team
members can complete assessments without the need to rely on
the availability of a neuropsychologist. This enhances serial long-
term follow-up of neurocognition as providers and patients seek
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to assess SCD-related complications to plan interventions and
develop eligibility criteria for curative measures. Additional effort
during clinical trial development, uniformity in comparative test-
ing between protocols [25], and investment in registries to track
patients receiving longer-term supportive care and curative ther-
apies terms are immensely important to assess the value of ther-
apeutic interventions for SCD.
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