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KEY PO INT S

l Cerebral metabolic
stress is reduced in
SCA patients receiving
HU compared with
untreated patients,
but remains higher
than patients
receiving CTT.

l HU reduces the
volume of tissue with
maximal metabolic
stress in the internal
border zone, a region
at high risk for stroke.

Chronic transfusion therapy (CTT) prevents stroke in selected patients with sickle cell anemia
(SCA). We have shown that CTT mitigates signatures of cerebral metabolic stress, reflected
by elevated oxygen extraction fraction (OEF), which likely drives stroke risk reduction. The
regionof highestOEF fallswithin theborder zone,where cerebral bloodflow (CBF) nadirs;OEF
in this region was reduced after CTT. The neuroprotective efficacy of hydroxyurea (HU)
remains unclear. To test our hypothesis that patients receivingHU therapy have lower cerebral
metabolic stress compared with patients not receiving disease-modifying therapy, we pro-
spectively obtained brain magnetic resonance imaging scans with voxel-wise measurements of
CBF andOEF in 84participantswith SCAwhoweregroupedby therapy: nodisease-modifying
therapy, HU, or CTT. There was no difference in whole-brain CBF among the 3 cohorts
(P 5 .148). However, whole-brain OEF was significantly different (P < .001): participants with
out disease-modifying therapy had the highest OEF (median 42.9% [interquartile range (IQR)
39.1%-49.1%]), followed by HU treatment (median 40.7% [IQR 34.9%-43.6%]), whereas CTT
treatment had the lowest values (median 35.3% [IQR 32.2%-38.9%]).Moreover, the percentage
of white matter at highest risk for ischemia, defined by OEF greater than 40% and 42.5%, was

lower in the HU cohort compared with the untreated cohort (P5 .025 and P5 .034 respectively), but higher compared with
the CTT cohort (P5 .018 and P5 .029 respectively). We conclude that HUmay offer neuroprotection by mitigating cerebral
metabolic stress in patients with SCA, but not to the same degree as CTT. (Blood. 2019;133(22):2436-2444)

Introduction
The neurologic consequences of sickle cell anemia (SCA) are
significant, ranging from cognitive deficits affecting academic
achievement to devastating strokes in the setting of cerebral
vasculopathy. Historically, 11% of individuals with SCA experi-
ence an overt stroke by age 20 years.1 Screening with trans-
cranial Doppler ultrasound (TCD) and initiation of chronic
transfusion therapy (CTT) for elevated time-averaged mean
blood flow velocities in the internal carotid or middle cerebral
arteries decreases the relative risk for initial overt stroke by
92%.2-4 However, TCD is not predictive of silent cerebral infarcts
(SCIs),5 which occur in from 30.8% to 39.1% of individuals before
age 18 years without any apparent plateau in prevalence.6,7 In
addition, patients with SCA who have not suffered from cerebral
infarction still endure cognitive dysfunction8-11 that progresses
with age,11,12 as well as aberrant development of gray and white
matter.13

Red blood cell transfusion has long been established as an ef-
fective treatment of stroke prevention in SCA,4,14-17 whereas the

role of hydroxyurea (HU) in the prevention of the neurologic
consequences in SCA is still evolving. HU induces hemoglobin
(Hb) F production, decreasing the severity of anemia in patients
with SCA,18 and has become standard of care for children un-
affected by overt stroke or elevated TCD.19 Accumulating evidence
suggests HU may be neuroprotective, specifically preventing
conversion to20-23 and secondary reversion to24 abnormal TCD
velocities, but data do not support the use of HU for secondary
stroke prevention when the resources for CTT are available.25

Similarly for SCIs, data suggest a likely benefit of HU in pre-
vention of SCIs; however, a lack of randomized controlled trials
leaves the exact role and degree of benefit of HU unclear.26-28

Both HU and CTT increase arterial oxygen content (CaO2), which
is low in SCA, via an increase in Hb. The cerebral metabolic rate
of oxygen use (CMRO2), a measure of oxygen demand within
the brain, is the product of CaO2, cerebral blood flow (CBF) and
oxygen extraction fraction (OEF).29 To maintain CMRO2 in the
setting of low CaO2, both CBF30,31 and OEF32,33 are globally
elevated in patients with SCA. The border zone regions of the
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brain, with relatively low CBF, demonstrate the greatest ele-
vation in OEF in patients with SCA and colocalize with regions at
greatest risk for infarction.33-35 CTT increases CaO2, which lowers
CBF and OEF, thereby relieving ongoing cerebral metabolic
stress and providing a likely mechanism for stroke risk reduc-
tion.36 The effect of HU on cerebral metabolic stress, however,
has not been characterized. Studying oxygen metabolism in
patients treated with CTT or HU helps define the relative effect
of each intervention on ischemic physiology.Moreover, measures
of cerebral oxygen metabolism hold promise to individualize
therapies aimed at mitigating the neurologic consequences
of SCA.

In this study, we prospectively obtained voxel-wise measure-
ments of CBF and OEF in patients with SCA not receiving
disease-modifying therapy, and in those receiving HU therapy or
CTT. First, we hypothesized that patients receiving HU would
have lower CBF and OEF compared with patients not receiving
disease-modifying interventions. Second, we hypothesized that
the volume of brain tissue with OEF elevation, suggestive of
tissue at heightened risk for stroke, would be smaller in the HU
cohort compared with the untreated cohort. If proven, these
data would suggest that HU reduces metabolic stress and may
aid in prevention of cerebral infarcts and other neurologic
morbidity of SCA.

Methods
This study was approved by the Institutional Review Board at
Washington University in St. Louis, Missouri. Informed consent
was obtained from all participants or their legal guardians.
Participants aged 5 years or older with SCA, Hb SS, or Hb S b

thalassemia null disease, were recruited from St. Louis Children’s
Hospital or Barnes Jewish Hospital at Washington University
School of Medicine. Exclusion criteria include hypertension
requiring more than 1 pharmacologic intervention, diabetes
mellitus requiring insulin therapy, concomitant treatment with
HU and CTT, history of stem cell transplant, neurologic condition
other than SCA, and inability to tolerate a magnetic resonance
imaging (MRI) scan without sedation. Institutional standard of
care guidelines for annual screening with TCD and initiation
of HU by 1 year of age were formalized in 2011 and 2014, re-
spectively. Before this, practice varied on the basis of provider
preference and TCD availability. Participants were grouped for
analyses by their SCA therapy at the time of brain MRI: SCA
without disease-modifying therapy, SCA receiving HU, and SCA
receiving CTT. Details regarding HU dosing and CTT were
obtained through review of the medical record and participant
medication log on day of the MRI. Participants receiving CTT
were scanned within a 24-hour period before the administration
of their scheduled red blood cell transfusion. All participants
underwent laboratory evaluation, including a complete blood
count, Hb capillary gel electrophoresis, and Hb venous satura-
tion for evaluation of dyshemoglobins and measurement of
peripheral oxygen saturation (SpO2) with pulse oximetry, as part
of the study evaluation. For the CTT cohort, pretransfusion
laboratory values were used for all analyses, with the excep-
tion of dyshemoglobin measurements, which were drawn post-
transfusion in 2 participants. Three participants did not have
a Hb capillary gel electrophoresis obtained, excluding them from
multivariate modeling including these variables. Five participants
did not have Hb venous saturations drawn, and 1 participant had

this laboratory evaluation performed 11 months after the study
visit. Vasculopathy was defined as narrowing of the internal carotid
artery or middle cerebral artery identified by magnetic resonance
angiogram (MRA). Seven participants (2 in the subgroup not
receiving disease-modifying therapy and 5 receiving HU) did not
have a MRA as part of their study evaluation. These participants
were evaluated for vasculopathy by review of a clinically obtained
MRA or TCD within a mean of 32.9 6 22.0 months of the study
evaluation. Data from 54 participants included in this study have
been previously reported by our research group.33,35,36

Imaging protocol and processing
Participants underwent brain MRI without sedation on a Siemens
3T Tim Trio or 3T Biograph mMR scanner (Erlangen, Germany)
with a 12-channel head coil. Standard three-dimensional mag-
netization prepared rapid acquisition gradient echo (MP-RAGE)
T1 (echo time/repetition time [TE/TR]5 2.95/1800 ms; inversion
time 5 1000 ms; flip angle 5 8°; acquired voxel resolution 1 3
1 3 1 mm, 0.48 3 0.48 3 1 mm voxel resolution after in-plain
interpolation), axial and coronal fluid attenuated inversion re-
covery (FLAIR, TE/TR, 93/9000 ms; inversion time, 2500 ms;
0.86 3 0.86 mm in-plane resolution, 5-mm slice thickness), and
MRA sequences were acquired. A board-certified neuroradiologist
reviewed images to classify the participants as having an in-
farction and/or vasculopathy, and a board-certified neurologist
(A.L.F. or K.P.G.) manually delineated infarcts on the FLAIR
images. Regions of infarction were excluded from image anal-
ysis. We used a pseudocontinuous arterial spin labeling se-
quence (TE/TR, 12/3780 ms; in-plane voxel resolution, 3 3
3 mm; slice thickness, 5 mm, 22 slices; number of averages, 80;
labeling duration, 2000 ms; postlabel delay, 1500 ms) to mea-
sure CBF.37 Blood T1 was measured individually in the superior
sagittal sinus with an inversion-recovery echo planar imaging
sequence with an adiabatic nonselective inversion pulse, or
modeled by participant’s absolute Hb A and Hb S if a measured
value was unavailable to improve CBF reproducibility.38,39 Thirty-
four participants did not have a pseudocontinuous arterial spin
labeling sequence obtained with a 1.5-second postlabel delay
because of a change in study protocol, and were excluded from
CBF analyses. Voxel-wise, OEF was measured with an asymmetric
spin echo sequence.40 Two subjects did not have an asymmetric
spin echo sequence obtained as part of their MRI scan. Quanti-
fication of CBF and OEF have been previously described.33,36

FMRIB’s Automated Segmentation Tool was used to segment
individual MP-RAGE images into gray and white matter,41 and
FMRIB’s Integrated Registration and Segmentation Tool was
used to segment subcortical nuclei.42 To limit partial volume
effects, voxels with a probability less than 0.7 of being classified
correctly as gray or white matter were removed, and a 1-voxel
morphological erosion of gray and white matter was applied to
segmented images. FMRIB’s Linear Image Registration Tool
coregistered images obtained within a scan session.43,44

Participant OEF maps and segmentations coregistered to the
MP-RAGE were transformed to the International Consortium
for Brain Mapping template with Advanced Normalization
Tools45 and averaged to obtain per cohort OEF maps. OEF
maps containing only white matter voxels with acceptable fitting
errors33 were averaged by cohort and thresholded to identify
regions of the average cohort map with OEF greater than 40%,
42.5%, and 45%. Three thresholds were evaluated to ensure
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results were not specific to a single threshold, with 40% being
the median whole-brain OEF for the HU cohort. Individual
participant white matter OEF maps were also thresholded at
OEF values greater than 40%, 42.5%, and 45% to permit vol-
umetric comparisons between cohorts. To adjust for differences
in whole-brain volume between participants, we normalized the
individual thresholded volumes by individual total white matter
volume before comparison. To investigate the regional preva-
lence of elevated OEF, voxel-wise population heat maps within
the white matter were computed by dividing the number of
participants with highOEF (exceeding thresholds of 40%, 42.5%,
or 45%) by the total number of participants within each cohort
who had OEF values with acceptable fitting errors per voxel.

Statistical analysis
Data are described with median (interquartile range). Compar-
isons between the 3 cohorts were made with Kruskal-Wallis test,
x-squared test, or Fisher’s exact test, with significant differences
followed by pairwise comparisons with Mann-Whitney U test.
Bivariate correlations between whole-brain CBF and OEF with
cohort, age, sex, total Hb, SpO2, percentage Hb A (%Hb A),
% Hb F, % Hb S, ratio of gray to white matter volume, and pres-
ence of SCI, overt stroke, or vasculopathy were performed with
Spearman’s r (r). General linear modeling with stepwise entry
was used for multivariate analyses of whole-brain CBF and OEF.
A univariate P , .3 was required for entry into, and P 5 .05 for
retention within the general linear model. Patients found to
be statistical outliers in invalid regressions, with Studentized
residuals $3 and Cook’s distance values $1, were removed

from model, and naive regression was repeated. Final multi-
variate models were valid without collinearity and with normal
residuals. Raw P values are reported with significance specified
as a P , .05 after correction by the Benjamini-Hochberg
procedure for a final, overall family-wise error rate of .05.
Statistical analyses were performed with SAS (version 9.2, SAS
Institute Inc, Cary, NC).

Results
Brain MRIs were obtained from 84 participants divided into
3 cohorts: no disease-modifying therapy (N 5 23), HU (N 5 38),
and CTT (N 5 23). There were no significant differences in age,
sex, genotype, or SpO2 among the 3 cohorts (Table 1). The
HU cohort was taking a median HU dose of 24.6 (interquartile
range, 18.3-30.8) mg/kg/day.

Although Hb was significantly lower in the cohort not receiving
disease-modifying therapy vs the other 2 cohorts, there was
no significant difference in Hb between the cohorts receiving
HU andCTT therapy (P5 .162). As expected, the cohort receiving
CTT had a significantly higher Hb A percentage compared with
the other 2 cohorts, and the cohort receiving HU had a signifi-
cantly higherHbF percentage comparedwith the other 2 cohorts.
The CTT cohort had a significantly lower Hb S percentage com-
pared with the other 2 cohorts. The CTT cohort had a significantly
higher prevalence of SCI, overt stroke, and vasculopathy, whereas
there was not a difference in prevalence between the cohort without
disease-modifying therapy and those receiving HU (Table 1).

Table 1. Description of the study population

No disease-modifying
therapy (N 5 23)

Hydroxyurea therapy
(N 5 38)

Chronic transfusion
therapy (N 5 23) P

Age, median (IQR), y 11.0 (8.0-21.0) 11.5 (9.0-23.0) 15.0 (10.0-20.0) .940

Sex, female (%) 11 (47.8) 17 (44.7) 14 (60.9) .460

Genotype .661
Hb SS, n (%) 20 (87.0) 33 (86.8) 22 (95.7)
HbSb0, n (%) 3 (13.0) 5 (13.2) 1 (4.3)

SpO2, median (IQR), % 96.0 (94.0-99.0) 99.0 (97.0-100.0) 97.0 (96.0-98.0) .035

Hematologic parameters
Hb, median (IQR), g/dL 7.8 (7.1-8.1)*,† 8.7 (7.8-9.9)* 9.1 (8.5-9.8)† .001‡
Hb A, median (IQR), % 0.0 (0.0-0.0)† 0.0 (0.0-0.0)¶ 52.2 (43.0-63.1)†,¶ ,.001‡
Hb F, median (IQR), % 7.9 (3.4-14.4)*,† 17.7 (12.2-25.5)*,¶ 2.2 (0.0-4.5)†,¶ ,.001‡
Hb S, median (IQR), % 82.4 (75.1-89.9)† 78.4 (70.2-83.4)¶ 41.8 (31.7-49.4)†,¶ ,.001‡
Carboxyhemoglobin, median (IQR), % 2.7 (2.3-3.7)† 2.4 (1.8-3.1) 2.0 (1.9-2.6)† .023‡
Methemoglobin, median (IQR), % 2.2 (1.9-2.5) 2.3 (1.9-2.6) 1.8 (1.6-2.4) .206

Neurologic disease
Silent infarct, n (%) 10 (43.5)† 15 (39.5)¶ 19 (82.6)†,¶ .003‡
Overt stroke, n (%) 0 (0)† 2 (5.3)¶ 11 (47.8)†,¶ ,.001‡
Vasculopathy, n (%) 1 (4.4)† 2 (5.3)¶ 10 (43.5)†,¶ ,.001‡

HbSb0, Hb S b thalassemia null disease.

*Significant difference between cohort not receiving disease-modifying therapy vs cohort receiving HU.

†Significant difference between cohort not receiving disease-modifying therapy vs cohort receiving CTT.

‡Statistically significant.

¶Significant difference between cohort receiving HU vs cohort receiving CTT.
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CBF was compared among the 3 cohorts to evaluate potential
effects of HU on global and regional CBF.Whole-brain (P5 .148),
gray matter (P5 .312), and white matter (P5 .274) CBF were not
significantly different between the 3 cohorts (Table 2; Figure 1).
Forty-five participants (53.6%) had a measured T1, and T1 was
calculated in 39 (46.4%) participants. There was not a significant
difference between measured and calculated T1 values (mea-
sured T1, 1881.9 [1705.0-2013.5] ms; calculated T1, 1824.4
[1737.9-1909.6] ms; P 5 .302). There was not a difference in
whole-brain (P 5 .152), gray matter (P 5 .287), or white matter
(P5 .499) CBF between participants with a measured or calculated
T1. To investigate factors influencing CBF, we explored the rela-
tionships among CBF; treatment cohort, age, sex, SpO2, Hb,
% Hb A, % Hb F, % Hb S, the ratio between gray and white matter
volume, and presence of SCI, overt stroke, and vasculopathy. On
univariate analysis, whole-brain CBF increased with younger age
(r 5 20.350; P 5 .013) and lower Hb (r 5 20.392; P 5 .005), but
was not significantly correlated with SpO2 (P 5 .223), % Hb A
(P5 .910),%HbF (P5 .170), %HbS (P5 .148), or the ratio of gray
to white matter volume (P 5 .053). Two participants were found
to be statistical outliers and were removed from the final multi-
variate model. In multivariate analysis, total Hb (b 5 25.30; 95%
confidence interval [CI], 28.23 to 22.37; P , .001), presence of
vasculopathy (b 5 214.23; 95% CI, 222.56 to 25.89; P 5 .001),
% Hb F (b520.01; 95%CI,20.01 to20.00; P5 .003), age (b5
20.55; 95%CI,20.91 to20.18; P5 .004), andmale sex (b527.41;
95% CI, 214.29 to 20.52; P 5 .036) remained independent
predictors of whole-brain CBF (R2 5 0.581; P , .001).

We further evaluated effects of HU on global and regional OEF,
finding that whole-brain (P , .001), gray matter (P , .001), and
white matter (P , .001) OEF differed among the 3 cohorts.
Pairwise comparisons found that OEF was significantly de-
creased in the cohort receiving HU therapy when compared with
the cohort not receiving disease-modifying therapy. Moreover,
the cohort receiving CTT had a significantly lower OEF than the
other 2 cohorts in the whole brain, gray matter, and white matter
(Table 2; Figure 1). To investigate potential mechanisms of OEF
reduction, we modeled predictors of OEF including treatment
cohort, age, sex, SpO2, total Hb,%HbA,%Hb F, %Hb S, ratio of
gray to white matter volume, and presence of SCI, overt stroke,
or vasculopathy. On univariate analysis, whole-brainOEF increased

with younger age (r520.253; P5 .022), lower SpO2 (r520.371;
P 5 .001), lower Hb (r 5 20.845; P , .001), lower % Hb A
(r 5 20.370; P , .001), higher % Hb F (r 5 0.224; P 5 .047),
and higher % Hb S (r5 0.371; P, .001), but not the ratio of gray
matter volume to white matter volume (P5 .118). In multivariate
analysis, Hb (b 5 23.40; 95% CI, 23.99 to 22.81; P , .001),
% Hb A (b520.00; 95% CI,20.00 to20.00; P, .001), age (b5
20.13; 95% CI, 20.21 to 20.06; P , .001), SpO2 (b 5 20.42;
95% CI, 20.70 to 20.14; P 5 .004), and male sex (b 5 21.42;
95% CI, 22.80 to 20.04; P 5 .044) remained independent
predictors of whole-brain OEF (R2 5 0.780; P , .001).

We identified that the region of greatest OEF was located in the
deepwhitematter (Figure 2), where CBF is found to be at a nadir,
consistent with prior reports.33,36 To determine the effect of HU
on regional OEF, as an indicator of tissue at heightened risk
for ischemia, we thresholded individual OEF maps to measure
white matter volumes with OEF values greater than 40%, 42.5%,
and 45%. The cohort receiving HU had a lower percentage
whitematter volumewith OEF values greater than 40% (P5 .025),
42.5% (P 5 .034), and 45% (P 5 .052) when compared with the
cohort not receiving disease-modifying therapy. However, the
HU cohort had a higher percentage white matter volume with
OEF values greater than 40% (P 5 .018), 42.5% (P 5 .029), and
45% (P 5 .035) when compared with the CTT cohort (Table 3).
We further quantified the percentage of patients within each
voxel with high OEF, defined as greater than 40%, 42.5%, and
45%. Figure 3 illustrates the prevalence of patients with OEF
above the 3 thresholds across the 3 cohorts. The highest
prevalence of elevated OEF consistently falls within the internal
border zone in all 3 cohorts, with a stepwise decrease in prev-
alence of regional peak OEF for the HU and CTT cohorts
compared with the cohort not receiving disease-modifying
therapy.

Discussion
We report that cerebral OEF is decreased in patients with SCA
treated with HU compared with those not receiving disease-
modifying therapy, but not to the same degree as those patients
receiving CTT. Multivariate modeling of OEF within this study
population shows that a change in total Hb and % Hb A, but not

Table 2. Whole brain and segmented CBF and OEF between cohorts

No disease-modifying
therapy, median (IQR)

Hydroxyurea therapy,
median (IQR)

Chronic transfusion
therapy, median (IQR) P

Cerebral blood flow (N 5 11) N 5 25 N 5 14
Whole brain CBF, mL/100 g/min 99.8 (82.7-117.7) 90.8 (74.2-100.2) 87.0 (75.9-96.4) .148
Gray matter CBF, mL/100 g/min 112.5 (93.4-130.1) 97.4 (86.7-109.8) 94.3 (87.7-112.8) .312
White matter CBF, mL/100 g/min 60.5 (46.1-81.5) 55.5 (46.6-66.6) 51.1 (48.7-55.9) .274

OEF N 5 22 N 5 38 N 5 22
Whole brain OEF, % 42.9 (39.1-49.1)*,† 40.7 (34.9-43.6)*,¶ 35.3 (32.2-38.9)†,¶ ,.001‡
Gray matter OEF, % 44.3 (39.2-49.2)*,† 41.2 (36.3-44.4)*,¶ 35.0 (33.2-37.7)†,¶ ,.001‡
White matter OEF, % 42.6 (38.1-48.7)*,† 39.8 (33.8-43.5)*,¶ 34.1 (30.8-39.2)†,¶ ,.001‡

*Significant difference between cohort not receiving disease-modifying therapy vs cohort receiving HU.

†Significant difference between cohort not receiving disease-modifying therapy vs cohort receiving CTT.

‡Statistically significant.

¶Significant difference between cohort receiving HU vs cohort receiving CTT.
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a manipulation of Hb F or Hb S, had greatest influence on OEF
reduction. Last, we report that the volume of brain tissue with
elevated OEF is decreased in participants treated with HU, and
is further decreased in patients treated with CTT. Together, the
data suggest that HU may provide neuroprotection by im-
proving cerebral oxygen delivery, leading to a reduction in OEF.
Moreover, the data also suggest that the reduction in OEF with
HU is not as great as seen with CTT.

HU is accepted as the standard of care in clinical practice for
children with SCA who do not require CTT.19 Yet, investigations
thus far have not precisely defined the role of HU for primary
and secondary stroke prevention. Previous studies suggest
that treatment with HU can prevent the conversion of TCD
from conditional to abnormal velocity.20-23 The TWiTCH trial
reported that patients with an abnormal TCD, but normal MRA,
can safely transition from CTT to HU without reversion of TCD
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Figure 1. Whole-brain and segmented CBF and OEF between cohorts. Although there was no difference in CBF among the 3 cohorts in the whole brain, gray matter, or white
matter (A), there was a significant decrease in whole brain, gray matter and white matter OEF in the cohort receiving HU therapy (blue) compared with those not receiving disease-modifying
therapy (red), but not to the extent of those receiving CTT (green) (B). *Statistically significant after Benjamini-Hochberg step-up procedure used to correct for multiple comparisons.
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Figure 2. HU decreases the volume of brain tissuewith elevatedOEF in the border zone. The average whitematter OEFmap for each cohort was thresholded at 40% (dark
teal), 42.5% (light teal), and 45% (white)OEF to identify thebrain regionswith peak oxygenmetabolic stress, as a potential index of elevated stroke risk. The figure shows the averageOEF
map for each cohort (left), pairedwith the thresholded regions overlaid on a T1 atlas (right). There is a decrease in thresholded brain tissue in the cohort treatedwith HUwhen compared
with those not receiving disease-modifying therapy across all thresholds, but the cohort receiving CTT has a significantly lower volume of at risk tissue compared with the HU cohort.
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to abnormal, allowing HU to be used for primary stroke pre-
vention within a specific subgroup of patients with SCA.24

However, HU is not used for secondary stroke prevention if the
resources for CTT are available after publication of the SWiTCH
trial, showing that the combination of HU plus phlebotomy was
inferior to CTT plus chelation therapy in patients with a history
of overt stroke.25 Although CTT is beneficial in preventing
recurrent SCIs and overt strokes,17 the role of HU in primary or
secondary prevention of SCIs remains unclear. The HUSTLE
study found patients treated with HU had slower SCI accu-
mulation than untreated patients,26 which was corroborated by
Rushton et al’s retrospective study.27 In contrast, Rigano et al
reported an increase in detection and progression of SCIs in
a cohort treated with HU when compared with the cohort’s
pretreatment period in a multicenter, retrospective study eval-
uating clinical consequences of SCD in participants who were
treated with HU.28 Our data provide physiologic evidence that
patients with SCA treated with HU have lower OEF when com-
pared with those not receiving disease-modifying therapy.

As the OEF in patients treated with HU is approaching that of
healthy control participants,33,36 we interpret this finding to
support the clinical data that HU may provide neuroprotection
in select clinical scenarios. However, other interpretations of
a reduction in OEF are discussed here. We also found that OEF
in HU-treated patients was higher than patients treated with CTT,
suggesting that HU may not be a replacement for CTT, especially
when stroke risk is known to be high.25

We have previously shown that the brain region with greatest
OEF falls within the internal border zone where CBF nadirs,33 and
this region of elevated OEF colocalizes with the region at
greatest risk for infarction.33-35 In this study, we demonstrate
that this region at risk, defined by elevated OEF, is smaller in pa-
tients treated with HU, but still larger than seen in those treated
with CTT. Our findings illustrate that the volume of brain with
high OEF decreased in patients treated with HU when compared
with those not receiving disease-modifying therapy, regardless
of the chosen threshold, suggesting that treatment reduces the

Table 3. Comparison of brain volumes experiencing metabolic stress between cohorts

No disease-modifying
therapy, median (IQR)

Hydroxyurea therapy,
median (IQR)

Chronic transfusion
therapy, median (IQR) P

White matter volume (%)
OEF threshold .40% 48.1 (21.9-64.3)*,† 32.3 (6.3-47.3)*,¶ 6.1 (2.5-25.5)†,¶ ,.001‡
OEF threshold .42.5% 36.0 (13.1-59.3)*,† 20.4 (3.6-36.7)*,¶ 3.9 (1.3-15.3)†,¶ .001‡
OEF threshold .45% 22.1 (8.6-49.4)† 11.2 (2.2-25.4)¶ 2.1 (0.7-10.9)†,¶ .002‡

*Significant difference between cohort not receiving disease-modifying therapy vs cohort receiving HU.

†Significant difference between cohort not receiving disease-modifying therapy vs cohort receiving CTT.

‡Statistically significant.

¶Significant difference between cohort receiving HU vs cohort receiving CTT.
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Figure 3. Percentage of patients with brain tissue
experiencing increased metabolic stress decreases
with HU. These population heat maps illustrate the
percentage of participants within each white matter
voxel that has an OEF exceeding the defined threshold
overlaid on a T1 atlas (OEF threshold of 40%, left column;
42.5%, middle column; 45%, right column). The highest
prevalence of elevated OEF consistently falls within the
internal border zone in all 3 cohorts. The percentage of
participants exceeding these thresholds is decreased in
participants treated with HU compared with those not
receiving disease-modifying therapy, but not to the ex-
tent of the participants receiving CTT.
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amount of tissue potentially at risk for stroke. A planned future
analysis is to follow patients with MRI to prospectively determine
whether elevated OEF is predictive of stroke risk.

The most likely mechanism for OEF reduction with HU is an
increase in arterial oxygen content (CaO2), primarily resulting
from increased total Hb concentration. We found that total Hb
was the strongest predictor of whole-brainOEF in themultivariate
model, including all 3 cohorts, and have previously reported
significant relationships between Hb and OEF.33,36 In support of
these findings, lower Hb has previously been associated with
increased stroke risk in patients with SCA.1,17,46 Moreover, cere-
bral infarction has been found in acutely anemic children without
SCD.47 HU increases total Hb by inducing the synthesis of Hb F,18

which binds oxygen with higher affinity than Hb A and Hb S,48,49

leading to increased oxygen saturation. In addition, heterocellular
expression of Hb F within red cells with HU retards polymerization
of deoxygenated Hb S, resulting in reduced sickling and hemolysis
in hypoxic tissue.50 Hence, Hb F affects OEF directly through an
increase in Hb concentration and/or by altering red cell sickling.
OEF in sickled vs normal red cells has not been studied, as it requires
the examination of oxygen metabolism at a single-cell level.

The reduction in OEF in patients treated with HU and CTT could
additionally be explained by a left shift in the oxygen-Hb dis-
sociation curve, with Hb A, Hb F, and Hb S affecting OEF via
differential oxygen binding.48,49 Despite similar total Hb con-
centrations, OEF was significantly different in the CTT cohort
compared with the HU cohort, suggesting that Hb isoforms,
in addition to Hb concentration, may influence the fraction of
oxygen extracted from the blood. In our multivariate model,
total Hb concentration and the Hb A percentage, only present
through transfusion in this cohort, predicted OEF. In addition to
providing an infusion of normal Hb A-containing red cells, CTT
reduces Hb S percentage more than HU therapy does. Although
our multivariate model did not demonstrate an effect of % Hb F,
limited power may have precluded the detection of an effect.
Further investigations will be required to elucidate the role of
individual Hb isoforms, and left-shifting of the oxygen-Hb dis-
sociation curve, on cerebral oxygen metabolism.

Finally, a reduction in OEFmay be related tomicrovascular disease
in SCA. Microvascular disease potentially increases capillary transit
time heterogeneity, causing shunting across the capillary bed with
resultant reduction in OEF.51 This phenomenon and its effect on
OEF has not been measured in SCA, but capillary transit time
heterogeneity has beenmodeled in other neurovascular insults.52,53

Although an increase in capillary transit time heterogeneity may
reduce local OEF, other microvascular studies in patients with SCA
have found a decrease in capillary-level red blood cell velocity,
increased capillary tortuosity, and presence of red blood cell pauses
within the microvasculature.54-57 With such competing influences,
the net effect of microvascular disease on OEF in SCA is unclear.
Further studies with novel technologies capable of measuring
OEF at the capillary level are ultimately required to understand
the effects of SCA on regional cerebral oxygen metabolism.

Although we see a significant difference in OEF between cohorts,
CBF was not different between cohorts, nor was cohort a signif-
icant predictor of CBF in our multivariate analysis. Because of the
smaller sample size of CBF data collected, these data may be
underpowered to detect a difference between the cohorts, which

is particularly relevant to CBF as it varies with age58 and severity
of anemia.39,59 Furthermore, individuals with SCA demonstrate
impaired cerebrovascular reserve60,61 and autoregulation.62 The
current therapeutic options in SCA may be insufficient to provide
adequate reduction in hemodynamic stress, while allowing for
some degree of normalization of OEF in the setting of impaired
cerebrovascular reserve and autoregulation. Although our data
are limited by sample size, our results suggest that OEF may be
a more sensitive biomarker of ongoing cerebral metabolic stress
than CBF in SCA.

Strengths of our study include the application of a noninvasive
MRImethod, capable of measuring voxel-wiseOEF in the border
zone region at highest risk for stroke in SCA. However, our study
has limitations. The cross-sectional design prevents one from
determining causality; thus, longitudinal studies are needed to
confirm whether HU leads to a reduction in OEF. The present
analysis did not investigate regional OEF in the vascular distri-
bution of stenotic vessels in participants with vasculopathy,
which will be an essential future direction to understand the
effect of large vessel vasculopathy on regional metabolic stress.
Our analyses of CBF were limited by sample size; thus, they may
have been underpowered to detect subtle differences. The
recommendation to use a longer postlabel delay in children by
the International Society for Magnetic Resonance in Medicine
Perfusion Study Group and the European Consortium for ASL in
Dementia was published in 2016,63 whichwas after data collection
for this study began. Hence, fewer subjects hadCBF data collected
with a 1.5-second postlabel delay, but the current sample size was
sufficient for model fitting. We also did not find a difference in CBF
when comparing pre- and posttransfusion CBFmeasurements with
those obtained in nontransfused patients with SCA.36 In addition,
we used a single compartment model in the processing of CBF,
which can potentially underestimate CBF when compared with
phase contrast MRI resulting from labeling inefficiencies in the
setting of increased blood velocity, inhomogeneities in labeling
and venous outflow, or microvascular shunting in patients with
anemia.64 A T1 value estimated by absolute Hbs A and Hbs S was
used in the CBF calculation for participants for which an in vivo
T1 measurement was not available. Estimated T1 values may be
falsely elevated, which could lead to an underestimation of CBF.65

However, we did not find a significant difference between those
participants with a measured vs calculated T1 value (P 5 .300).

We conclude that HU mitigates cerebral metabolic stress, as
measured by a reduction in OEF, in patients with SCA, but not to
the same degree as CTT. Through an increase in Hb, HU improves
cerebral oxygen delivery, leading to a reduction inOEF. Although
HU’s role in the prevention of overt stroke, SCIs, and cognitive
decline in SCA warrants further investigation, we provide physi-
ologic data to support that HU may be neuroprotective.
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