
Regular Article

RED CELLS, IRON, AND ERYTHROPOIESIS

CME Article

Silent infarcts in sickle cell disease occur in the border zone
region and are associated with low cerebral blood flow
Andria L. Ford,1 Dustin K. Ragan,1 Slim Fellah,1 Michael M. Binkley,1 Melanie E. Fields,2 Kristin P. Guilliams,1,2 Hongyu An,3 Lori C. Jordan,4

Robert C. McKinstry,3 Jin-Moo Lee,1,3 and Michael R. DeBaun4

1Department of Neurology, 2Department of Pediatrics, and 3Mallinckrodt Institute of Radiology, Washington University School of Medicine, St. Louis, MO;
and 4Department of Pediatrics, Vanderbilt University, Nashville, TN

KEY PO INT S

l The SCI density map
revealed key SCI
locations in the deep
white matter of the
frontal and parietal
lobes.

l Peak SCI density
occurs in the region of
nadir cerebral blood
flow.

Silent cerebral infarcts (SCIs) are associated with cognitive impairment in sickle cell
anemia (SCA). SCI risk factors include low hemoglobin and elevated systolic blood
pressure; however, mechanisms underlying their development are unclear. Using the
largest prospective study evaluating SCIs in pediatric SCA, we identified brain regions
with increased SCI density. We tested the hypothesis that infarct density is greatest
within regions in which cerebral blood flow is lowest, further restricting cerebral ox-
ygen delivery in the setting of chronic anemia. Neuroradiology and neurology com-
mittees reached a consensus of SCIs in 286 children in the Silent Infarct Transfusion (SIT)
Trial. Each infarct was outlined and coregistered to a brain atlas to create an infarct
density map. To evaluate cerebral blood flow as a function of infarct density, pseu-
docontinuous arterial spin labeling was performed in an independent pediatric SCA
cohort. Blood flow maps were aligned to the SIT Trial infarct density map. Mean blood

flow within low, moderate, and high infarct density regions from the SIT Trial were compared. Logistic regression
evaluated clinical and imaging predictors of overt stroke at 3-year follow-up. The SIT Trial infarct density map
revealed increased SCI density in the deep white matter of the frontal and parietal lobes. A relatively small region,
measuring 5.6% of brain volume, encompassed SCIs from 90% of children. Cerebral blood flow was lowest in the
region of highest infarct density (P < .001). Baseline infarct volume and reticulocyte count predicted overt stroke.
In pediatric SCA, SCIs are symmetrically located in the deep white matter where minimum cerebral blood flow
occurs. (Blood. 2018;132(16):1714-1723)
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Introduction
Children with sickle cell anemia (SCA) are at ongoing risk for
multiorgan ischemia, including a high prevalence of silent cerebral
infarcts (SCIs). SCIs appear in infancy and accumulate occultly,
occurring in up to 37% of children by age 14 years,1,2 and in
53% of adults by age 32 years.3 Beyond structural brain injury,
the presence of SCIs heralds an increased risk for overt stroke,4

failure to meet academic milestones,5 and increased cognitive
impairment when compared to children with SCA who do not
have SCIs.6-8 Mechanisms underlying SCIs in children with SCA
are unclear; however, studies have identified several risk factors,
including impairment in cerebral oxygen delivery resulting from
low baseline hemoglobin levels9 and acute anemic events,10-12

as well as factors associatedwith injury to the cerebral vasculature,
such as high blood pressure or intracranial and extracranial
stenosis.9,11,13,14

Prior evidence suggests a spatial predilection for SCIs to occur
in the white matter of the frontal and parietal lobes.4 Further
morphometry15 and diffusion tensor imaging16 studies have
demonstrated white matter volume loss and disrupted white
matter integrity, respectively. Infarct patterns including both
border zone15,17 and cortical, wedge-like infarcts18 have been
noted. Border zone infarcts indicate that global reduction in
arterial oxygen content, cerebral hemodynamic factors, or both
may be driving ischemic mechanisms, whereas wedge-like
infarcts suggest that thromboembolic factors predominate.

As a planned secondary analysis from a multicenter random-
ized clinical trial in children with SCA, we tested the primary
hypothesis that SCIs are commonly located in the internal
border zone regions (anterior and posterior) because of is-
chemic vulnerability. As a secondary hypothesis, we tested
the premise that the location of SCIs would overlap with
regions of lowest resting cerebral blood flow. Evidence in
support of our hypotheses would provide insight into the
pathophysiology of SCIs in children with SCA and facilitate
targeted strategies for primary and secondary prevention of
cerebral infarcts.

Methods
SIT Trial design and participants
SIT Trial was a multicenter, international, randomized clinical trial in
which children with SCA and SCIs received standard care (no
hydroxyurea 3 months before randomization) or regular blood
transfusion therapy (NCT00072761).1 The trial was approved by
the institutional review board at each of 29 participating institutions.

Participants were recruited fromDecember 2004 until May 2010.
Children aged 5 to 15 years with confirmed hemoglobin SS or
hemoglobin Sb0 thalassemia, and at least 1 infarct-like lesion
on screening magnetic resonance imaging (MRI), scan were
included. An infarct-like lesion was defined as an MRI signal
abnormality at least 3 mm in 1 dimension and visible in 2 planes
on fluid-attenuated inversion recovery (FLAIR) T2-weighted
images, as determined by agreement of 2 of the 3 study neu-
roradiologists.19 The neurology committee adjudicated a lesion
as a SCI if the participant had either a normal neurologic ex-
amination or an abnormality on examination that could not be
explained by the lesion location. Children were excluded if
they had a history of a focal neurologic deficit associated with an
infarct or hemorrhagic stroke on brain MRI, seizure disorder,
treatment with hydroxyurea in the previous 3 months, history of
regular transfusion therapy, or transcranial Doppler (TCD) ve-
locities of at least 200 cm/s using the nonimaging technique, or
at least 185 cm/s using an imaging technique.

Of 1074 children with SCA undergoing a screening MRI,
379 (35%) had infarct-like lesions adjudicated by the neurora-
diology committee. Of these children, 96 were unable to con-
tinue participation in the randomized SIT Trial because of children
and families who declined or withdrew participation, could not
commit to the study timeline or had financial constraints, relocated,
had overt strokes, or failed further screening criteria, leaving
289 participants for inclusion in the SIT infarct density map
(Figure 1). Of this group, 196 were randomly assigned to trans-
fusion vs observational management within the SIT clinical trial.

Image and statistical analyses
Before the start of the SIT Trial, a lesion density analysis of all
MRIs was planned. The neuroradiology infarct adjudication process
facilitated the planned analysis. Participants who had infarct-like
lesions adjudicated by the SIT Trial neuroradiology committeewere
eligible for inclusion in the current study evaluating SCI location and
density in pediatric SCA. The precise location and maximal di-
ameter of each SCI adjudicated by the neuroradiology commit-
tee was recorded at the time of adjudication. T1 and FLAIR maps
were skull-stripped. T1 maps were segmented into gray and white
matter, using publicly available tools (FMRIB Software Library).20,21

Lesions were manually outlined in the native FLAIR space by a
board-certified vascular neurologist (A.L.F.), using publicly available
software (Medical Image Processing, Analysis, and Visualization;
https://mipav.cit.nih.gov/).22 Each SCI, as previously recorded
during the neuroradiologist’s central adjudication, was matched
to the individual’s FLAIR map before manually outlining. After all
SCIs within an individual were outlined, a FLAIR lesion mask for
that individual was created. Individual T1 maps and corresponding
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FLAIR lesion masks were coregistered to a common brain template
(Montreal Neurological Institute),23 using nonlinear registration24

and placing all lesions into a common space for creation of the
infarct density map. Infarct density was calculated in each voxel as
the sum of participants, with a lesion in that voxel divided by the
total number of participants in the cohort. The infarct density map
was completed before performing the cerebral blood flow analysis
described here. To determine the spatial extent of brain tissue
encompassing SCIs from the majority of the cohort, the infarct
density map was thresholded to include SCIs from 90% of the
cohort, a threshold that was chosen before creation of the infarct
density map. The volume contributing to this 90% lesion mask
was calculated. To evaluate spatial symmetry of the infarct density
map, voxel densities in the left hemisphere were plotted against
mirror voxel densities in the right hemisphere, with number of
voxels represented in the in-plane color axis. Correlation of right-
left densities was calculated using Pearson’s r. T1 images were
segmented to classify gray and white matter, using FMRIB’s au-
tomated segmentation tool, allowing quantification of tissue-type
volumes.25 The International Consortium for Brain Mapping lob-
ular atlas26 allowed classifying SCIs within anatomical lobes. Infarct
volumes were reported as median (interquartile range [IQR],
25th-75th percentile). Three additional infarct density maps
were created for screening MRI scans in nonrandomized SIT
Trial participants who had overt infarcts (these participants were
not included in themain SCI density map described here, or in the
logistic regression models described next), the baseline scan
of randomized children in the SIT Trial who had recurrent silent
or overt infarct by 3-year follow-up, and the 3-year follow-up
scan of randomized children in SIT who had overt infarct or
recurrent SCIs.

Cerebral blood flow analysis
To evaluate the relationship of infarct location to resting cerebral
hemodynamics, cerebral blood flow from an independent cohort

of children with SCA (n 5 41) was measured as a function of
infarct density from the SIT Trial SCI cohort (n 5 286). For the
cerebral blood flow analysis, data from a prospective, obser-
vational MRI study evaluating cerebral hemodynamics in pedi-
atric SCA was used. Enrollment criteria included children aged
5 to 21 years, laboratory-confirmed hemoglobin SS or hemo-
globin Sb0 thalassemia, and legal guardians providing written
consent. Children with overt strokes, elevated TCD velocities,
prior regular transfusion therapy, stem cell transplant, or other
neurologic disorder were excluded. As children with SCIs were
allowed in the cerebral blood flow analysis, infarct lesions were
manually delineated, using the same procedure as described
for the lesion density maps, and lesion voxels were excluded
from all blood flow analyses. All participants underwent a brainMRI
with a Siemens 3T Tim Trio (Erlangen, Germany) with a 12-channel
head coil without sedation. Cerebral blood flowwasmeasured using
a pseudocontinuous arterial spin labeling sequence (echo time/
repetition time5 12/3280 milliseconds; in-plane voxel resolution5

333mm; slice thickness5 5mm, 22 slices; number of averages5
80; postlabel delay 5 1000 milliseconds).27 For cerebral blood
flow quantification, blood T1 in the superior sagittal sinus was
individually measured using an inversion-recovery echo planar
imaging sequence, given its dependence on hematocrit.28-30

To test the hypothesis that border zone regions would dem-
onstrate the highest infarct density within vulnerable, low-flow
regions, cerebral blood flow maps from an independent pedi-
atric SCA cohort were coregistered to the infarct density map of
the SIT Trial participants so that cerebral blood flow could be
measured as a function of infarct density. Before knowledge of
the cerebral blood flow results, the maximal infarct density from
the infarct density map was divided by 3 to allow creation of
3 equal infarct density tiers in which cerebral blood flow would
be measured. Maximal infarct density was 18%; thus, the tiers

1074 Underwent Screening MRI

695 without infarct-like
lesions and excluded.

96 participants were excluded for:
withdrawn by site-investigator,

had time-commitment or
financial constraints, relocated,
had other screening failures or

withdrew, declined participation,
or failed MRI processing

379 had infarct-like
lesions detected on

screening MRI by SIT
neuroradiology

committee

13 (of 20) had history
of overt infarct and
had MRI available

13 MRIs included in overt
infarct density map286 MRIs included in

SIT SCI density map

196 participants with SCIs were
randomized to transfusions or

standard medical care

20 had recurrent infarct
(8 overt and 12 silent) at 3-

year and included in
recurrent SCI density map

90 participants with SCIs
were not randomized and

followed clinically

7 had overt stroke

Figure 1. Participant screening and enrollment in
the SIT Trial. Four density maps were created: (1) 286
children with SCA and no history of stroke who had SCIs
adjudicated by the SIT neuroradiology committee after
screening MRI; (2) 13 children with SCA and overt infarct
who were excluded from the cohort of adjudicated
SCIs; (3) baseline MRI; and (4) 3-year follow-up MRI from
20 children with SCA and no history of stroke who had
SCIs adjudicated and who had recurrent overt or silent
infarct by 3-year follow-up.
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were low infarct density (1%-6%), moderate infarct density
(7%-12%), and high infarct density (13%-18%) regions. Across
the 3 regions, mean white matter cerebral blood flow from the
independent pediatric SCA cohort was statistically compared.
The analysis was restricted to white matter because SCI densities
were highest within white matter and as a result of intrinsically
large differences between gray and white matter cerebral
blood flow. Statistical analysis evaluated differences in cerebral
blood flow across the 3 regions, using Friedman’s test to ac-
count for repeated measures with pairwise comparisons using
Wilcoxon signed-rank test, and adjustment for multiple testing
using Benjamini-Hochberg procedure to maintain a family-
wise error rate of 0.05. Similar to SCIs, an overt infarct analy-
sis evaluated resting cerebral blood flow within regions of low
(1%-25%) and high (26%-50%) infarct density. Only 2 cerebral
blood flow tiers were used because of the small cohort size and
range of potential infarct densities. Statistical analysis evalu-
ated differences in cerebral blood flow across the 2 regions of
overt infarct density, using Wilcoxon signed-rank test with P, .05
required for significance.

Logistic regression models for prediction of overt
stroke and recurrent silent infarcts
To evaluate imaging and clinical predictors of overt stroke and
silent infarct in children with SCA and SCIs, 2 logistic regression
models were performed. In the first model, the larger SIT Trial
cohort, including randomly and nonrandomly allocated partici-
pants (n 5 286), was evaluated for prediction of incident overt
stroke only. Recurrent SCIs could not be included in the end point
for the larger cohort, as the nonrandomized children did not get

3-year follow-up imaging unless they developed neurological
symptoms. For capture of overt stroke, SIT Trial project coordi-
nators visited each site and collected follow-up data including
clinic, hospital, and radiology records on all participants. A SIT
Trial stroke neurologist (L.C.J.) and the principal investigator, a
hematologist (M.R.D.), reviewed all source documents for suspected
neurological events and independently adjudicated the pres-
ence of a new stroke. The final diagnosis for each clinical
neurological event was based on review of the medical chart
and brain MRI. Recurrent silent infarction had to meet imaging
criteria for new silent infarction on follow-up MRI or enlarge-
ment of previous SCI by a linear increase in diameter of 3 mm or
more.

In the second logistic regression model, randomly allocated
participants (n 5 196) with SCIs and normal TCD velocities
were evaluated for infarct prediction. In this model, both
incident overt stroke and recurrent SCI were included in the
end point, as all participants underwent a 3-year follow-up
MRI scan.

Imaging variables in the logistic regression analyses included
baseline FLAIR lesion volume (defined as FLAIR lesion volume/
T1 brain volume to adjust for change in brain volume with age),
ratio of gray matter to white matter FLAIR lesion volume, and
percentage of FLAIR lesion volume within the SIT Trial heat map
region including SCIs from 90% of children. Clinical variables
demonstrating significance in the SIT Trial were included as
covariates: age, steady-state reticulocyte count, and parental
report of recurrent headaches.1 In addition, randomization to

Table 1. Clinical characteristics in SIT Trial participants and an independent cohort of children with sickle cell anemia

SIT Trial participants

Silent cerebral
infarcts
(n 5 286)

Overt
infarct

(n 5 13)*

Silent cerebral infarcts
with recurrent silent or overt
infarct at 3-y follow-up (n5 20)†

Independent SCA cohort
for cerebral blood flow

analysis (n 5 41)

Age, y 9.3 (2.5) 8.5 (2.4) 8.0 (2.0) 10.8 (3.9)

Sex, male 128 (44%) 5 (38%) 12 (60%) 21 (51%)

Race, African 281 (98%) 13 (100%) 20 (100%) 41 (100%)

Hemoglobin, g/dL 8.0 (1.0) 7.7 (0.9) 7.9 (1.1) 8.5 (1.2)

Hemoglobin, F % 11 (9) 9 (4) 13 (8) 18 (10)

Hemoglobin, S % 84 (11) 81 (21) 84 (8) 76 (11)

White blood cell count 3106/mL 13.2 (7.8) 10.2 (4.3) 13.7 (4.9) 10.0 (2.6)

Reticulocyte, % 12.8 (5.6) 13.2 (4.6) 13.7 (5.9) —

SpO2% 96.1 (3.0) 96.3 (2.4) 96.5 (2.5) 96.7 (2.7)

Systolic BP, mm Hg 109 (11) 108 (11) 106 (12) —

The table shows clinical characteristics of SIT Trial participants with (1) silent cerebral infarcts detected on screening, (2) overt infarcts detected on screening and not randomly allocated, and
(3) silent cerebral infarcts detected on screening who were followed prospectively and subsequently developed recurrent silent cerebral infarcts or strokes. Clinical characteristics of an
independent cohort of children with sickle cell anemia, including those with and without silent cerebral infarcts and who had cerebral blood flow assessment (non-SIT Trial participants), are
also shown.

Data shown as mean (standard deviation) for continuous variables and N (%) for dichotomous variable.

F, fetal; S, sickle.

*SIT Trial participants, screened only (not enrolled in the trial), followed prospectively and determined to have strokes.

†SIT Trial participants enrolled in the randomized control trial.
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observational care vs regular transfusions was included as a
clinical variable in the second logistic regression model pre-
dicting overt stroke and recurrent silent infarct in the partici-
pants in the subgroup who were randomly assigned in the SIT
Trial (n 5 196). A 2-step procedure was used for logistic re-
gression. The first step included imaging and clinical variables, as
described earlier, followed by the second step, which required a
significance level of 0.1 to allow a variable into themodel. P values
were estimated with the use of a permutation test. Odds ratios are
presented with the 95% likelihood ratio confidence interval.

Results
Of children screened for participation in the SIT Trial, 289
children with SCIs (and without any overt stroke history and

with normal TCD measurements) had FLAIR maps available for
infarct delineation. Three participants were excluded (absence
of T1-weighted image in 1; inability to align the T1 to the atlas in 2),
leaving 286 participants available for inclusion in the SCI density
map. Baseline clinical characteristics are shown in Table 1.

Silent cerebral infarcts fall within a small, symmetric
brain region in the deep white matter of the frontal
and parietal lobes
To evaluate the interaction between location and frequency
of SCIs in pediatric SCA, an infarct density map from
286 participants with SCIs was created (Figure 2A). Infarct
frequency within voxels ranged from 1 to 51 participants, and
corresponding infarct density ranged from 1 to 18%. Infarct
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Figure 2. Infarct density map from 286 children with
SCA and SCIs in the SIT Trial. Infarct density was cal-
culated for each voxel as the sum of participants with a
lesion in that voxel divided by the total number of
participants evaluated in the cohort. (A) Infarct densities
range from 1% to 18%, with greatest densities falling in
the deep white matter of the frontal and parietal lobes.
(B) The infarct density map was thresholded to de-
termine the region which encompassed SCIs from
90% of the cohort. The volume of this region was 5.6%
of total intracranial volume. *SCIs for 90% of children
are located within a confined region (5.6% of total brain
volume).
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Figure 3. SCIs in pediatric SCA are symmetric. Voxel
densities in the right hemisphere were plotted against mirror
densities in the left hemisphere with number of voxels rep-
resented in the in-plane color axis. Correlation of right-left
densities, calculated using Pearson’s r, demonstrates high
symmetry of lesion density between the 2 hemispheres.
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locations with the highest density were found in the white
matter of the frontal and parietal lobes above and adjacent
to the lateral ventricles.

To evaluate the spatial extent of SCIs encompassing most of
the cohort, the infarct density map was thresholded to delineate
the region capturing lesions from 90% of the population. SCIs
from 90% of children were confined to a relatively small brain
region measuring 5.6% of total brain volume (Figure 2B). The
infarct density map was further analyzed for degree of symmetry
between right and left hemispheres. Infarct densities for mirror
voxels between the right and left hemispheres were highly
symmetric (r 5 0.878; P , .001; Figure 3). Most SCIs were lo-
cated in white matter, with larger SCI volumes in white (median,
278 mm3; IQR, 125-772 mm3) compared with gray matter
(median, 33 mm3; IQR, 3-146 mm3; P , .001). Children were

most likely to have SCIs in the frontal lobes, followed by
parietal, temporal, and occipital lobes (Table 2).

Silent cerebral infarcts occur in the region of lowest
cerebral blood flow
The infarct density map was divided into regions of low (1%-6%),
moderate (7%-12%), and high (13%-18%) infarct density. An
independent cohort of 41 children with SCA and resting cerebral
blood flowwas used to evaluate cerebral blood flowwithin these
3 regions. Baseline characteristics are summarized in Table 1.
Fourteen of the 41 children (34%) had SCIs with median infarct
volume 314 mm3 (IQR, 158-844 mm3). Individual white matter
cerebral blood flow was measured within each of the 3 regions.
Cerebral blood flow was lowest in the region of highest infarct
density (P , .001; Figure 4). Pairwise comparisons of white
matter cerebral blood flow between the 3 infarct density tiers
were significant after adjustment for multiple comparisons
(P , .05). These data confirm that a nadir in resting cerebral
blood flow may contribute to elevated and symmetric infarct
densities in the border zone regions in pediatric SCA.

Infarct density maps for children with overt infarct
or children with SCIs and recurrent infarcts
To compare brain regions commonly affected by SCIs with brain
regions affected by overt infarct, children who were screened for
the SIT Trial, but excluded because of having an overt infarct, and
who had an MRI available for lesion delineation (n 5 13) were
included in a separate infarct density map (Table 1; Figure 5A).
Similar to SCIs, overt infarcts were predominantly located within
the border zone region (Figure 5B), but were larger in volume
when compared with SCIs in the SIT Trial: infarct volumes were
median 0.046% of total brain volume (IQR, 0.026%-0.421%) for
overt vs 0.034% (IQR, 0.018%-0.092%) for silent (P 5 .034).
Baseline and 3-year follow-up infarct density maps in children

Table 2. Tissue-type and lobar characteristics for silent
cerebral infarcts in the SIT Cohort (n 5 286)

SCI characteristics

Lesion volume, mm3

Total 381 (177, 1014)
Gray matter 33 (3, 146)
White matter 278 (125, 772)

Number (%) of patients with SCIs
Frontal lobe 258 (90%)
Parietal lobe 152 (53%)
Temporal lobe 99 (34%)
Occipital lobe 35 (12%)
Cerebellum 4 (1%)

Volumes are shown as median (25th percentile, 75th percentile).
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Figure 4. White matter cerebral blood flow is lowest in regions of highest infarct density. Resting cerebral blood flow maps from an independent cohort of children with
SCA were aligned to the infarct density map of the SIT Trial participants. (A) Mean cerebral blood flow was measured within 3 regions of low, moderate, and high infarct density.
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with SCIs (and no stroke history) who had overt or silent infarct
at 3-year follow-up (n 5 20) are shown in Figure 5C. For this
subgroup of children with recurrent infarct, the baseline MRI
scan demonstrated larger lesions compared with the baseline
scan from children who did not have infarct recurrence: infarct
volumes (percentage of total brain) were median 0.101% (IQR,
0.032%-0.618%) for those with recurrence vs 0.034% (IQR,
0.018%-0.089%) for those without recurrence (P , .001).

Imaging and clinical predictors of overt stroke or
recurrent silent infarct
Logistic regression evaluated the effects of baseline imaging
and clinical characteristics on incident overt stroke or recur-
rent SCIs. For prediction of overt stroke in the SIT Trial cohort
(n 5 286), baseline infarct volume as a percentage of total brain
volume was independently associated with overt stroke in
the multivariable logistic regression model (odds ratio, 9.20;
P 5 .001; Table 3). The ratio of gray to white matter FLAIR lesion
volume and percentage of lesion inside the 90% heat map were
not predictive. Of clinical predictors, steady-state reticulocytes
(odds ratio, 1.10; P5 .008) independently predicted overt stroke
(Table 3).

A second logistic regression model evaluated imaging and
clinical predictors of overt stroke and recurrent silent infarct
within the SIT randomized cohort only (n 5 196). This smaller
cohort had 2 unique assessments. First, the randomly allocated
cohort permitted the assessment of the effect of regular blood
transfusions on recurrent infarct. Second, the cohort allowed for
the primary end point to include both incident overt stroke and
recurrent SCI. Younger age, steady-state reticulocytes, parental
report of recurrent headache, and randomization to observa-
tional care rather than transfusion were significant predictors
of overt stroke and recurrent SCI at 3 years; whereas, baseline
imaging predictors were not predictive (Table 3).

Discussion
Silent cerebral infarcts in children with SCA are common, pro-
gressive, and associated with cognitive morbidity.4-8,31,32 We
tested the hypothesis that the majority of SCIs would occur in
the border zone region and the highest density of SCIs would
occur in the region of lowest cerebral blood flow. In a large cohort
of children with SCA and SCIs, we identified that the majority
of SCIs were located within a common region in the deep white
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Figure 5. Infarct density maps in children with overt infarct and in children with SCIs who had overt infarct or recurrent silent infarcts by 3-year follow-up. (A) Infarct
density map for children in the SIT Trial with SCIs, but excluded from adjudication as an SCI as a result of having an overt infarct (n 5 13). Overt infarcts are predominantly
located within the border zone region, however, were larger and extend into the gray matter. (B) Mean cerebral blood flow was measured within regions of low (1%-25%) and
high (26%-50%) infarct density. *White matter cerebral blood flow was lower in the region of highest infarct density (Wilcoxon rank sum test, P , .001). Similar to finding low
cerebral blood flow in region of high silent infarct density, these data are suggestive that a nadir in resting cerebral blood flow may contribute to the presence of overt infarcts.
(C) Infarct density map for the subset of children in the SIT Trial with SCIs who had overt or recurrent silent infarcts by 3-year follow-up (n5 20). BaselineMRI is shown on left, and
3-year follow-up MRI is shown on right. The baseline MRI scan demonstrated significantly larger lesions than baseline lesions from the larger SIT Trial cohort. The influence of
baseline infarct volume on infarct recurrence was evaluated using logistic regression models (Table 3). By 3-year follow-up, the infarct pattern demonstrated persistent regional
vulnerability within the border zone territory, yet lesions were enlarged and extended into gray matter.
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matter (Figure 2; Table 2). Further, by overlaying cerebral blood
flow maps from an independent cohort of children with SCA, we
demonstrated cerebral blood flow decreased as infarct density
increased (Figure 4). These results are consistent with previous
findings of stroke location in SCA showing that both SCIs fall
within the white matter of the frontal and parietal lobes, and
specifically within the border zone vascular distribution.4,18,33 Our
findings are unique, in that we show 90% of children have SCIs
within a relatively small border zone region, measuring 5.6% of
total brain volume, and they occur in the region of low blood flow.

After demonstrating the strong relationship between border
zone cerebral blood flow and SCI density, we further investi-
gated the group with overt infarcts (excluded after screening), as
well as the group with recurrent SCIs in those with pre-existing
SCI and followed up for approximately 3 years (clinical trial
participants). Both subgroups demonstrated peak lesion density
in the internal border zone, although baseline infarct volumes
were larger (Figure 5). Despite a small cohort of overt infarcts
(n 5 13), we found a strong relationship between low resting
cerebral blood flow and increased lesion density (Figure 5B).
These preliminary data suggest that overt infarcts share a similar
stroke mechanism to silent infarction with regard to border zone
ischemic vulnerability. Given the small sample size of this cohort,
the overt infarct density map does not exclude other stroke
mechanisms. Children with SCA are at increased risk for stroke
from several mechanisms, including embolic and hemorrhagic
etiologies; however, our findings indicate border zone vulnera-
bility is a common pattern, as found in SCIs. A recent study by
Fields et al33 demonstrated a region of elevated oxygen extraction
fraction that overlapped with greatest infarct density within a
cohort of children with SCA and SCIs. Within the elevated oxygen
extraction fraction region, cerebral blood flow was low, likely rep-
resenting the internal border zone. Elevated oxygen extraction

fraction likely represents a compensatory response to inade-
quate cerebral oxygen delivery suggestive of chronic ischemia in
the border zone region. Taken together, these data demonstrate
the intrinsic vulnerability of the deep white matter in pediatric
SCA, with the nadir in resting cerebral blood flow strongly
influencing the risk for both silent and overt infarct to this region.

Presence of a SCI or prior overt stroke are known predictors
of infarct recurrence4,10,34; however, imaging predictors of
recurrence such as lesion volume have not been thoroughly
evaluated in SCA. In our study, neither the ratio of gray to white
matter SCI volume nor the percentage of lesion within the
thresholded the infarct density map of the SIT Trial participants
predicted infarct recurrence. Only FLAIR lesion volume, adjusted
by brain volume, was predictive of overt stroke in the larger SIT
Trial cohort, but this baseline variable was no longer predictive
in the smaller randomized cohort when treatment assignment to
observation vs transfusion was included and when the end point
included both silent and overt infarct. These results suggest the
possibility that baseline infarct volume is more predictive of overt
infarct than recurrent silent infarct; however, further studies are
needed. Studies of nonsickle cell adult cerebrovascular disease
have shown that baseline lesion volume predicts recurrent is-
chemic stroke35 andwhitematter disease progression.36Magnetic
resonance angiography (MRA)-defined cerebral vasculopathy is
an important risk factor for children with SCA and overt strokes
receiving blood transfusion therapy37; however, MRA-defined
intracranial vasculopathy is infrequent in children with SCA and
SCIs who have normal or conditional TCD velocities, occurring
in less than 2% of the SIT population who received MRA.38

Parental report of recurrent headaches predicted infarct recurrence
in the randomized cohort of the SIT Trial. In a previous study,
Dowling et al39 found no association between presence of SCIs

Table 3. Imaging and clinical predictors of incident overt stroke and recurrent silent infarcts in children with sickle cell
anemia and silent cerebral infarcts in the SIT Trial

Odds ratio (95% confidence interval) P

Prediction of incident overt stroke: non-randomized
and randomized children (N 5 286)

Imaging predictors
FLAIR lesion volume (% of brain) 9.20 (3.01-28.08) .001
Gray to white matter FLAIR volume ratio — —

Percentage of lesion volume inside 90% heat map — —

Clinical predictors
Age at registration, years — —

Steady-state reticulocytes (%) 1.10 (1.01-1.20) .008
Parental report of recurrent headaches — —

Prediction of incident overt stroke and recurrent silent
infarcts: randomized children only (N 5 196)

Imaging predictors
FLAIR lesion volume (% of brain) — —

Gray to white matter FLAIR volume ratio — —

Percentage of lesion volume inside 90% heat map — —

Clinical predictors
Age at randomization, years 0.72 (0.56-0.89) .004
Steady-state reticulocytes (%) 1.10 (1.01-1.22) .040
Parental report of recurrent headache 4.06 (1.43-12.85) .011
Randomization to transfusion (vs observation) 0.30 (0.09-0.88) .036
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and recurrent headaches; however, this was a cross-sectional
study from the larger SIT Trial cohort, including amajority of the
children screened with MRI (n 5 872). In contrast, when chil-
dren with SCIs in the SIT Trial were followed longitudinally,
parental report of recurrent headaches was a significant pre-
dictor of recurrence. Although the longitudinal data suggest
a temporal association between headache and infarct recur-
rence, a prospective study focused on assessment of headaches
in children with SCA would be needed to confirm whether head-
ache predicts infarct recurrence.

The major strengths of the study include that this was a planned
ancillary study of themulticenter SIT Trial, with rigorous inclusion
and exclusion criteria, and central adjudication of SCIs in a panel
of neuroradiologists and neurologists. We believe our infarct
density map is representative and accurate for SCI spatial pre-
diction in children with SCA and normal or conditional TCD
readings. Identification of SCIs in children with SCA is often in
the setting of a SCI being singular and a small, minimum di-
ameter of 3mm, such that these lesions can be difficult to detect.
As a result of the SCI density map presented here, neuroradi-
ologists can have higher confidence that suspected lesions in the
hotspots for SCI are indeed likely to be SCI.

Our study had inherent limitations. Our results are specific
to children with SCIs and normal or conditional TCD velocities
(,200 cm/s), a subgroup that represents the majority of children
with SCIs. Our preliminary results also indicate that children with
overt stroke have a similar border zone distribution as children
with SCIs. We expect flow-limiting intracranial vasculopathy to
have been rare in the SCI density population, given that 2%-6%
of children with SCA and normal or conditional TCD velocities
demonstrate intracranial vasculopathy.14,38

To identify the relationship between cerebral blood flow and SCI
density, we used an independent cohort of children with SCA
who had prospectively acquired cerebral blood flow imaging,
one-third of whom had SCIs. The specifications of the non-SIT
Trial cohort allowed a similar cohort to the SIT Trial (Table 1),
including nontransfused children and excluding children with
overt stroke, elevated TCD velocities, or intracranial vascul-
opathy. In addition, SCIs from this independent cohort were
manually outlined and excluded from the analysis to prevent
inclusion of dead, nonperfused tissue in the assessment of low
cerebral blood flow. The observation that the lowest cerebral
blood flow region shows striking overlap with the SCI and overt
infarct lesion density maps suggests a region of vulnerability
before accumulating SCIs and overt infarcts. Evaluating cerebral
blood flow in the independent cohort of children with SCA and
low SCI burden strengthens the generalizability of our findings
for targeting therapeutic strategies to prevent SCI and overt
strokes.

For the arterial spin labeling cerebral blood flow analysis, images
were obtained using a postlabel delay of 1.0 seconds before the
recommendation to use a postlabel delay of 1.5 seconds.40 These
recommendations weremade for normal children, not for children
with SCA, who have greatly elevated cerebral blood flow and
reduced transit time relative to nonanemic children. Further, the
current analysis assessed cerebral blood flow differences within
an individual participant across regions of increasing infarct density;

thus, although absolute cerebral blood flowcouldbeoverestimated,
relative changes in cerebral blood flow are valid.

In a large multicenter population of children with SCA and
normal or conditional TCD values, the majority of SCIs are
symmetrically located in white matter of the internal border
zone, where resting cerebral blood flow is at a nadir. The infarct
density map provides a template for future studies evaluating
novel imaging biomarkers predicting stroke risk in SCA, and will
assist neuroradiologists in identifying SCIs within this established
region. Collectively, our data provide the physiological basis for
targeting primary and secondary infarct prevention therapies
that augment cerebral blood flow in the internal border zone.
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