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Abstract

Background: An increasing number of patients
with sickle cell anemia (SCA) receive curative
hematopoietic-stem-cell-transplant (HSCT),
which has been shown to normalize elevated
cerebral blood flow (CBF) levels secondary to
chronic hemolytic anemia. However, less
information is available on how such reductions
in CBF and improvements in hemoglobin level
manifest in the setting of comorbid moyamoya
syndrome (MMS).

Objective: We present a single case of a young
adult female with history of SCA and secondary
MMS with bilateral ischemic strokes, bilateral
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revascularization surgeries for MMS in
adolescence, and a complex course following
HSCT in her 20s. Our goal is to highlight the
normalization of cerebral hemodynamics in
response to transplant in a patient where such
changes could be detrimental and secondarily to
demonstrate the utility of advanced magnetic
resonance imaging methods to monitor this
response.

Methods: Non-contrast MRI of the brain was
performed pre-transplant and approximately
one-year, two-years, and three-years post-
transplant. Cortical CBF and oxygen extraction
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fraction were assessed via arterial spin labeling
and TRUST, respectively.

Results: From pre- to post-transplant and
following treatment for pure red cell aplasia after
ABO incompatible HSCT, the patient’s hematocrit
improved from 30% to 41%, cortical CBF
normalized from a moderately elevated cortical
CBF of 66.2 ml/100g/min to 46.3 ml/100g/min,
and oxygen extraction fraction (OEF), assessed by
pseudocontinuous arterial spin labeling (pCASL),
was maintained within an approximately normal
range. No new cerebral infarcts developed during
this time.

Conclusions: This complex post-transplant
trajectory provides evidence of the potential for
HSCT to normalize CBF in the setting of SCA and
comorbid MMS without the development of new
cerebral infarcts, and for CBF-weighted imaging
methods having sensitivity to monitor the
cerebral hemodynamic sequalae of anemic
changes post-transplant.

Introduction

Sickle cell anemia (SCA), the most common and
severe form of sickle cell disease (SCD), is caused
by the inheritance of abnormal beta-globin
alleles carrying the sickle mutation (homozygous
HbSS phenotype) and associated chronic
hemolytic anemia.1 In SCA, low blood oxygen
content leads to compensatory cerebral
hyperemia to maintain adequate oxygen delivery
to tissue. When insufficient, this may lead to
reduced cerebral oxygen delivery and associated
infarction. Approximately 12% of SCD patients
also develop moyamoya  vasculopathy,2
characterized by intracranial steno-occlusion of
primarily the anterior circulation, resulting in the
development of lenticulostriate and
leptomeningeal collateral vessels.3  Thus,
patients with both moyamoya syndrome (MMS)
and SCA are at a unique risk for stroke given their
tenuous cerebral blood flow (CBF) due to severe
intracranial stenosis and hemolytic anemia,4
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which reduces the oxygen content of blood.
Curative hematopoietic-stem-cell-transplant
(HSCT) is now offered for SCA patients,5
increasing total hemoglobin while reducing
hemoglobin S levels and largely normalizing
compensatory hyperemia.6,7 However, less is
known regarding whether significant perfusion
pressure changes in response to curative HSCT
alter collateral pathways and increase infarct risk
in the setting of comorbid MMS. We report a
case of surveillance  anatomical and
hemodynamic imaging in a patient with SCA and
MMS before and after curative HSCT. This case
supports the utility of neuroimaging in assessing
CBF and OEF longitudinally and highlights the
need for further investigation into the potential
beneficial effects of HSCT in patients with
comorbid presentation.

Case Presentation

A female with SCA (HbSS) presented at six years-
of-age with acute and chronic bilateral ischemic
strokes (right>left frontoparietal lobes) in the
setting of bacterial meningitis. Despite chronic
red cell exchange therapy for secondary stroke
prevention, she developed new cerebral
infarctions, which has previously been
documented in patients with sickle cell disease
and vasculopathy.8 At age 13 vyears, she
developed bilateral moyamoya vasculopathy
with occlusions of the internal carotid artery
(ICA) terminus bilaterally, as well as M1 and Al
partial occlusion and lenticulostriate artery
enlargement. She subsequently underwent right
and left indirect surgical revascularization with
encephaloduroarteriosynangiosis at age 14 and
15 years, respectively, and demonstrated clinical
stabilization. She continued to receive monthly
exchange transfusions for many years (Figure 1).
In her 20s, HSCT was recommended as curative
treatment and was approved on an institutional
transplant protocol due to stroke and MMS
progression risk, and transfusion iron overload
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despite  chelation. A non-myeloablative
haploidentical bone marrow transplant (haplo-
BMT) was prescribed, as the patient had no
matched sibling and poor unrelated donor
options. Her brother was identified as a haplo-
match and served as the donor, with phenotype
HbAA ABO blood type B+, while the patient was
O+. Prior to HSCT, the patient underwent a MRI
of the brain, including pseudocontinuous arterial
spin labeling (pCASL) perfusion9 and oxygen
extraction fraction (OEF)10 imaging. Pre-
transplant, chronic left and right frontoparietal
infarcts were noted, along with large areas of
encephalomalacia in the middle cerebral artery
distribution bilaterally. MR angiography was
unchanged from prior studies. The patient’s
hematocrit was 30%, with a moderately-elevated
cortical CBF of 66.2 ml/100g/min in non-
infarcted tissue and approximately normal OEF of
31.8%.

While engraftment was successful (HbAA
genotype, 100% donor), the patient developed
pure red cell aplasia (PRCA) related to the ABO
incompatible HSCT, an autoimmune issue
resulting in transfusion-dependent anemia. At
this first post-transplant timepoint, the patient’s
hematocrit was maintained at 25% with
transfusion support. The patient’s CBF rose to
75.8 ml/100g/min with persistent anemia, and
her OEF increased to 39.3%. No new infarcts
were noted at this time, but cerebral
hemodynamic measures remained concerning.
To address her PRCA and need for ongoing blood
transfusions, the patient received two rituximab
infusions, which were ineffective. She was
subsequently given weekly injections of
daratumumab 1800 mg for four weeks, which
successfully treated her PRCA.11 Her hematocrit
rose to 39%, within a normal range [36-48% in
women],12 and has been maintained without
transfusions. Correspondingly, CBF largely
normalized to 38.2 ml/100g/min [normal range =
40-65 ml/100g/min],13,14,15 and the patient’s
OEF was assessed at 36.3% [normal range = 35-
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45%].16 At a fourth timepoint, approximately
three years post-transplant, cerebral
hemodynamic measures remained stable, with
hematocrit=41%, CBF=46.3 ml/100g/min, and
OEF=40.4%. Overall, from pre-HSCT to post-HSCT
after treatment for ABO incompatibility, the
patient’s hematocrit increased, CBF normalized
to an approximately healthy value (Figure 2), and
OEF adjusted slightly, albeit within a normal
range. No new strokes or silent cerebral infarcts
have developed, and her cerebral vasculopathy
remains severe but is stable at three years post-
transplant (Figure 3).

Discussion

This case demonstrates that haploidentical HSCT
was an effective treatment for mitigating
impaired cerebral hemodynamics in a patient
presenting with SCA and syndromic moyamoya
and was not associated with new infarcts despite
severe MMS with bilateral ICA occlusions.
Moreover, curative transplant has been shown to
normalize CBF and OEF in both children6 and
adults7,17 with SCD. However, because HSCT
decreases gray matter CBF to approximately
normal levels of 45-60 ml/100g/min, it is unclear
whether decreasing CBF affects collateral flow
pathways such as the lenticulostriate collaterals
in the comorbid setting of MMS and places
patients at risk for infarcts. More specifically,
collateral flow trajectories are sensitively
dependent on cerebral perfusion pressure, and it
is logical that a therapy-induced change in CBF
could detrimentally alter blood flow in these
regions. Limited information is available on this
possibility given that group-level neuroimaging
studies of SCA may exclude patients with MMS or
consider them only in sub-analysis given the
competing effects of arterial steno-occlusion and
anemia on CBF.

In this case, a patient with both SCA and MMS
showed normalization of CBF and an OEF that
maintained within an approximately normal
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range following HSCT. It is possible that HSCT,
especially in  conjunction with indirect
revascularization surgery for MMS, may restore
brain hemodynamics and contribute to stroke
protection. Initially, development of pure red cell
aplasia after transplant resulted in anemia with
hematocrit levels similar to SCA without
transplant. Hemodynamic impairment assessed
by CBF was consistent with the level of anemia,
rather than the hemoglobin phenotype, which
changed from HbSS to HbAA after transplant.
Following appropriate treatment for PRCA, the
patient’s hemoglobin levels and CBF stabilized to
within healthy physiological ranges, and she has
not experienced any new cerebral infarctions
with three years of post-transplant follow up.

Conclusion

This complex case of a patient with SCA and MMS
who underwent HSCT, complicated by
autoimmune pure red cell aplasia, demonstrates
that HSCT can normalize cerebral hemodynamics
without new stroke development, even as blood
flow to collateral vessels decreases. Additionally,
longitudinal functional neuroimaging performed
before and after transplant effectively monitored
cerebral hemodynamic changes. Following
correction of severe anemia post-HSCT,
normalization of CBF and hematocrit were
observed, while OEF remained in an
approximately normal range throughout
treatment course. Curative transplants are often
considered for patients at highest risk for
cerebral infarction who may also have comorbid
MMS. In this case, surveillance hemodynamic
imaging supported the clinical benefit of HSCT in
a patient with SCA and severe MMS, as
demonstrated by normalization of CBF and lack
of new infarct development. Although
conclusions are limited by the nature of a single
case report, these findings highlight the potential
for successful response to HSCT and underscore
the need for further study. Overall, this complex
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post-transplant  trajectory illustrates the
sensitivity of perfusion-weighted imaging
methods in detecting cerebral hemodynamic
changes after improvement in anemia following
transplant.
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Figure Legends

Figure 1. Timeline of patient imaging findings
(left) and medical history (right). (MRI/MRA =
magnetic resonance imaging/angiography, MCA
= middle cerebral artery, ICA = internal carotid
artery, ACA = anterior cerebral artery, MMS =
moyamoya syndrome, Hb = hemoglobin).
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Figure 2. Anatomical imaging of our patient with
sickle cell anemia (HbSS) and moyamoya
syndrome vasculopathy who was in her 20s at
the time of imaging. Magnetic resonance images
show chronic infarction (yellow arrows)
throughout the right hemisphere on axial T1-
weighted and T2-weighted FLAIR images at pre-
transplant, post-transplant with ABO
incompatibility (post-transplant 1) and post-
transplant after successful treatment for pure
red cell aplasia (post-transplant 2 and 3). At post-
transplant 1, as an incidental finding,
opacification of the frontal sinuses and mucosal
thickening of the maxillary sinus is visible (white
arrow). Bottom row: Perfusion maps show pre-
transplant cerebral blood flow (CBF=66.2
ml/100g/min) is elevated secondary to anemia
with hemoglobin level of 10.4 g/dL and increases
at post-transplant 1 during ABO incompatibility
(CBF=75.8 ml/100g/min, Hb=8.1 g/dL). However,
CBF reduces to an approximately normal range
outside of the infarct region at post-transplant 2
(CBF=38.2 ml/100g/min), with increased
hemoglobin level of 13.3 g/dL, consistent with
improved oxygen carrying capacity post-
engraftment. At post-transplant 3, CBF remains
stable within healthy physiological range
(CBF=46.3 ml/100g/min), with a stable
hemoglobin of 13.6 g/dL. See color bar on the
right side of the figure, which shows CBF in
ml/100g of brain tissue/minute.

Figure 3. Time of Flight magnetic resonance
angiography (MRA) images at pre-transplant and
three-years post-transplant with coronal (top
row) and axial views (bottom row). MRAs
demonstrate significant but stable
lenticulostriate collateral formation (red arrows),
bilateral surgical revascularization (blue arrows),
and severe intracranial stenosis of the bilateral
internal carotid arteries and proximal middle
cerebral artery and anterior cerebral artery
branches (yellow arrowheads on left side of
image, stenoses are bilateral).
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