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1Referral Center for Sickle Cell Disease, Department of Pediatrics, Centre Hospitalier Intercommunal, Créteil, University Paris XII, France; 2Medical Imaging
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Key Points

• Baseline hemoglobin levels
lower than 7 g/dL, acute
anemia, and extracranial
internal carotid stenosis are
significant and independent
risk factors for SCI in SCA.

Early transcranial Doppler (TCD) screening of the Créteil sickle cell anemia (SCA)-

newborn cohort, and rapid initiation of transfusion programs, resulted in successful

prevention of overt strokes, but a high cumulative risk of silent cerebral infarcts (SCI)

remained,suggesting thatTCDscreeningdoesnot identify all patientswithSCAat risk for

SCI. We hypothesized that episodes of hypoperfusion/hypoxia, as observed during

acute chest syndromes or acute anemic events (AAE), and extracranial internal carotid

artery (eICA) stenoses, detectable via submandibular Doppler sonography and cervical

magnetic resonance angiography (MRA), could also be risk factors for SCI. This study

includes 189 stroke-free patients with SCA from the Créteil newborn cohort (1992-2010)

followed longitudinally by magnetic resonance imaging/MRA, including cervical MRA at the last assessment. All patients with

abnormal TCD and/or intracranial stenoses were placed on a transfusion program. Mean follow-up was 9.9 years (range, 2.2-19.9

years; 1844 patient-years). Annual rates of clinical events were calculated. The cumulative risk for SCI was 39.1% (95% confidence

interval [CI], 23.5%-54.7%) by age 18 years, with no plateau. We confirm that baseline hemoglobin level lower than 7 g/dL before age

3 years is a highly significant predictive risk factor for SCI (hazard ratio, 2.97; 95%CI, 1.43-6.17; P5 .004). Furthermore, we show that

AAE rate (odds ratio, 2.64 per unit increase; 95%CI, 1.09-6.38;P5 .031) and isolated eICAstenosis (odds ratio, 3.19; 95%CI, 1.18-8.70;

P 5 .023) are significant and independent risk factors for SCI. (Blood. 2015;125(10):1653-1661)

Introduction

Strokes are an early and devastating complication in patients with
SCA.1 They are most often associated with arterial stenoses of
the large arteries of the Circle of Willis, which can be detected
early by nonimaging transcranial Doppler (TCD)2 or by TCD
imaging (TCDI),3,4 allowing primary stroke prevention through
the initiation of chronic transfusions.5 We previously reported
in the longitudinal Créteil Newborn Cohort the benefits of screening
patients early with TCD and promptly initiating a transfusion
program in patients with abnormal intracranial velocities, as the
risk for stroke by age 18 years was significantly decreased to only
1.9%6 from the previously reported 11%.1,7 However, despite
successful prevention of overt strokes, a high cumulative risk for
silent cerebral infarcts (SCI) was still observed in this cohort by age
14 years (37.1%; 95% confidence interval [CI], 26.3%-50.7%),6

especially in patients with no history of abnormal TCD and no
transfusion program, suggesting that TCD screening does not detect
all patients with SCA at risk for SCI and highlighting the need to
identify additional risk factors for better prevention of cerebro-
vascular disease in SCA.

Most SCI are already present by 6 years of age,8-12 and even as
soon as 2 years of age, as the Pediatric Hydroxyurea Phase 3 Clinical
Trial (BABY HUG) study reported the presence of SCI (13%) at the

mean age of 13.7 months.13 However, we showed in the Créteil
Newborn Cohort that the cumulative incidence for SCI did not
reach “a plateau,”6 indicating SCI can also occur later.

Several risk factors for SCI have already been identified, which
include low pain event rate, history of seizure, leukocyte count
higher than 11.8 3 109/L, and the SEN bS globin gene haplotype
(Cooperative Study of Sickle Cell Disease cohort),9 low baseline
hemoglobin level (Créteil6 and Philadelphia cohorts,12 and the Silent
Infarct Transfusion [SIT] Trial),14,15 and the presence of intracranial
stenosis (Créteil6,16 and Philadelphia cohorts12).

Since then, 2 important findings have been reported: first, acute
anemic events (AAE), defined as an hemoglobin concentration of
5.5 g/dL or less, regardless of etiology, with at least a 30% decrease
from the patient’s clinically established baseline,17 may be re-
sponsible for acute silent cerebral ischemic events, which are
identified using diffusion-weighted magnetic resonance imaging
(MRI) and can be reversible or result in SCI,17,18 suggesting that
the rate of AAE could be a risk factor for SCI in patients with SCA.
Second, despite the apparently predominant involvement of the Circle
of Willis in SCA cerebral vasculopathy, the extracranial portion of the
internal carotid artery (eICA) can be the site of stenosis and/or occlusion
and is also responsible for overt strokes and SCI.19-23 Contrary to
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intracranial stenosis in the Circle of Willis, detectable by TCD via
a temporal window and by intracranial magnetic resonance angi-
ography (MRA), assessing eICA requires using a new submandib-
ular approach21 and cervical MRA.19-24 We recently reported in
2 large cohorts of stroke-free SCA children that eICA velocities
of 160 cm/s or higher were highly predictive of eICA stenosis.24,25

We hypothesized that in addition to low baseline hemoglobin
level, the rate of AAE and the presence of eICA stenosis could be
additional risk factors for SCI. Thus, to determine the association
between eICA stenosis and SCI, we chose to study this issue in
a longitudinal cohort, the Créteil Newborn Cohort, as patients are
systematically assessed by MRI/MRA.

Patients and methods

The present study includes overt stroke-free patients from the SCA-Créteil
cohort (patients with homozygous sickle cell anemia, sickle cell/b0-thalassemia,
sickle-cell/D-Punjab, and sickle-cell/O-Arab), born betweenNovember 1992
and December 2010, regularly followed at the Créteil-SCD-center from
November 1992 to December 2013 until the age of 18 to 20 years. Patients
with SC and sickle cell/b1-thalassemia were excluded from this study,
as were allografted patients and those specifically referred to the center because
of cerebral vasculopathy. Patients were clinically evaluated every 3 months
and had a complete check-up every year.

TCDI via temporal window was systematically performed once a year from
the ageof 12 to18months.TCDI3,4 data, recordedwithout angle correction,were
classified according to the Stroke PreventionTrial in SickleCell Anemia (STOP)
study as normal (time-averaged mean of the maximum velocity , 170 cm/s),
conditional (170-199 cm/s), abnormal ($200 cm/s), or inadequate (unavailable
temporal windows). Any patient with conditional TCDI was then evaluated
every 3 months. Moreover, since June 2011, all patients with SCA had eICA
assessment via a submandibular approach with the same low-frequency (2Mhz)
TCDI transducer, placed below the angle of the jaw and aimed cephalad.24

Patients underwent cerebral MRI/MRA every 2 years after age 5 years to
avoid theneed for sedationor after 2 transfusions for those requiringa transfusion
program.MRI/MRA protocol included fluid-attenuated inversion recovery, T1,
T2, diffusion-weighted sequences and 3-dimensional time-of-flight angiogra-
phy of the Circle of Willis, and the same expert (S.V.) reviewed all MRI/MRA
imaging. Since June 2011, an additional 3-dimensional time-of-flight multislab
MRA (noncontrasted) sequence exploring extracranial ICA, and carotid
bifurcations were systematically added to the routine procedure. Before
analysis of the data, stenosis was defined by MRA as at least 20% decrease
in the lumen of middle cerebral artery, anterior cerebral artery, intracranial
ICA, and eICA. Evidence of ischemic lesions of at least 3 mm by MRI in
patients without a history of cerebrovascular events was considered SCI.

Hemoglobin levels were measured the same day as the TCDI assessment.
In case of unusually low hemoglobin, as observed during acute events such
as splenic sequestrations or erythroblastopenia, the patient was treated with
a single transfusion, and the TCDI was then repeated 3 months later. Patients
with abnormal TCDI without acute event and those with stenosis were placed
on transfusion program.

a-genes, b-globin haplotypes, and glucose-6-phosphate dehydrogenase
(G6PD) enzymatic activity were determined. Baseline blood parameters
were recorded (Table 1) between 1 and 3 years of age a minimum of 3 months
away from a transfusion, 1 month from a painful episode, and before any in-
tensive therapy (hydroxyurea [HU], chronic transfusion program$4months, or
stem cell transplantation).

Clinical (weight, height, simultaneous pulse oximetry [SpO2], blood
pressure) and biological (hemoglobin/hematocrit, reticulocytes, white blood
cell, neutrophils, platelets, lactate dehydrogenase [LDH], hemoglobin S
percentage (HbS%), hemoglobin A percentage (HbA%), fetal hemoglobin
percentage [HbF%], creatinine, and ferritin) parameters were recorded at least
once a year and at the last MRI/MRA with cervical MRA assessment.

HU has been used since 1992 in patients older than 3 years experienc-
ing frequent vasoocclusive crises (VOC) and/or acute chest syndromes
(ACS),26,27 and since 2000, it has been used in patients with hemoglobin
levels lower than 7 g/dL and normal TCDI.6 Moreover, in a subset of patients
with normal MRA16 and an abnormal TCDI history who normalized velocities
on transfusion program, HU was recommended to avoid long-term transfusion
program.6 A 2-month transfusion overlap occurred at the start of HU, TCDI
was controlled every 3 months, and transfusions were immediately reinstated6,16

in the case of abnormal TCDI recurrence or new evidence of stenosis. Stem
cell transplantation was recommended to patients with cerebral vasculopathy
or frequent VOC/ACS who had an available HLA-identical sibling.6,28

Parental written informed consent was obtained in accordance with the
Declaration of Helsinki. All events requiring hospitalization (VOC, ACS, AAE;
hemoglobin level# 6 g/dL), regardless of etiology, and all data were pro-
spectively and systematically collected in a clinical database. Use of the data-
base was approved for this project by the Créteil Institutional Review Board.

Statistical analysis

Participant baseline characteristics were summarized through the use
of percentages, mean (standard deviation, SD), or median, with 25th and 75th
percentiles denoted Q1 to Q3. Ninety-five percent confidence intervals
(95% CI) around point estimates were computed. Exact Fisher tests were
used to compare proportions and Wilcoxon rank sum tests to compare
continuous distributions. Birth date defined entry into the study. For Kaplan-
Meier estimates of SCI, participants were censored at the date of first SCI
occurrence or at the last MRI/MRA in the absence of SCI. SCI time data curves
were compared across baseline groups by the Log-rank test. Cumulative

Table 1. Patients’ clinical and biological characteristics

Characteristics SCA patients (n 5 189)

Sex

Female 101 (53.4%)

Male 88 (46.6%)

G6PD

Deficiency 18 (10.6%)

Normal 152 (88.8%)

a genes

2 15 (8.3%)

3 61 (33.9%)

4 102 (56.7%)

5 2 (1.1%)

a-thalassemia

Absent 104 (57.8%)

Present 76 (42.2%)

b haplotype

Car/Car 65 (39.6%)

Ben/Ben 33 (20.1%)

Sen/Sen 21 (12.8%)

Others 45 (27.4%)

Parameters at baseline, n (median [Q1-Q3])

White blood cell count, 109/L 171 (13.900 [11.400-17.200])

Neutrophil count, 109/L 164 (5.075 [4.015-7.372])

Platelet count, 109/L 169 (337.000 [269.500-438.000])

Hemoglobin level, g/dL 171 (8.1 [7.4-8.9])

Hematocrit, % 169 (24.6 [22.1-27.9])

Mean corpuscular volume, fL 168 (78.1 [71.6-85.1])

Reticulocyte count, 109/L 163 (273.700 [205.800-367.000])

Fetal hemoglobin, % 157 (15.0 [9.0-22.1])

SpO2, % 72 (98 [96-100])

LDH, IU/L 130 (732 [508-1028])

Average biological parameters were obtained at baseline after the age of 12 months

and before the age of 3 years, a minimum of 3 months away from a transfusion, 1 month

from a painful episode, and before any intensive therapy (hydroxyurea, transfusion

program, or stem cell transplantation). G6PD activity was assessed by reduction of NAD

phosphate to reduced NAD phosphate, measured by UV spectrophotometry. LDH range

for the institution was 135 to 225 IU/L.
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numbers and rates/year of VOC, ACS, and AAE from birth to when censored
were calculated.

To assess predictive risk factors for SCI among baseline variables
recorded before age 3 years, we used Cox regression analysis with estimated
hazard ratios and 95% CI. Association among SCI; rates/year of VOC, ACS,
AAE; and concomitant variables measured on cervical MRA was assessed
using logistic regression with estimated odds ratio (OR) and 95% CI.

Univariablemodels were fitted and all variables associatedwith the outcome
at the 10% level were retained for introduction into a multivariable model.
All statistical tests were 2-sided, with P values of .05 or less denoting statistical
significance. Statistical analysis was performed with SPSS, version 22, and
MedCalc (Belgium) software packages.

Results

Cohort characteristics

Of 308 newborns with SCA screened at birth in the Créteil area be-
tweenNovember 1992 andDecember 2010 (Figure 1), 8were never
seen at the Centre Hospitalier Intercommunal de Créteil SCD Center,
1 antenatal stroke occurred, 2 had strokes, 2 deaths occurred (one of
whom died of the stroke and the other of whom died during a trip to
Africa), 3 were lost to follow-up, and 13 moved to another location
before June 2011; thus, 279 SCA children were still followed at the
Center in June 2011,with 32 successfully transplanted (not included in
this study), 47 nontransfused and still too young in December 2013
to be assessed withMRI/MRAwithout sedation, and 11 no-show to
the scheduled MRI. Therefore, 189 stroke-free patients were assessed
with cerebral MRI/MRA and cervical MRA and are included in this
study.

The main characteristics of the participants, grouped as SCA
(n5 189: 182 sickle cell anemia, Sb0-thalassemia, and 1 SD-Punjab),
are summarized in Table 1. Themedian age at the firstMRI/MRAwas
5.4 years. The median number ofMRI/MRA per patient was 3 (range,
1-8 scans), and 867 MRI/MRA were performed in the 189 patients.
Follow-up between the first visit and the MRI/MRA with cervical
MRA provided was 1844 patient-years. The median age for the MRI/
MRA with cervical assessment was 8.7 years (range, 2.2-19.9 years).

The intensive therapies received by the 189 patients are described
in Figure 2. The total number of patient-years was 280 on HU, 415 on
transfusion program (overlap HU/ transfusion program for several
patients during several months), and 1199 when no intensive therapy
was given.

Intracranial velocities and stenosis

In this cohort, 62/189 (32.8%) had abnormal intracranial velocities at
the median age of 4.1 years (range, 1.3-8.8 years). Kaplan-Meier esti-
mates of the risk for abnormal intracranial velocities by age 18 years
were 35.7% (95%CI, 28.3%-43.1%), reaching a plateau by age 9years.

Intracranial stenosis was observed in 24/189 (12.7%) patients.
Kaplan-Meier estimates of the risk for intracranial stenosis by the age
of 18yearswere 18.1% (95%CI, 10.9%-25.3%), reaching a plateau by
the age of 11 years.

Extracranial velocities and stenosis at the MRI/MRA with

cervical assessment

High abnormal eICA velocities ($160 cm/s) were found in 35/189
patients (18.5%), who were significantly younger than those with
normal eICA velocities (mean [SD], 7.3 years [3.9] vs 10.3 [4.6];
P5 .01). eICAvelocities were isolated (without abnormal intracranial
velocities) in most patients (30/35), giving a prevalence of 15.9%
(30/189). Baseline parameters, including sex, a-thalassemia, G6PD
deficiency, b-haplotypes, hemoglobin, reticulocytes, leukocytes,
neutrophils, platelets, mean corpuscular volume, HbF%, and LDH,
were not significant predictors of abnormal eICA velocities. When
analyzing parameters concomitantly recorded at the time of MRI/
MRA with cervical MRA (Table 2), the presence of tortuosities (OR,
23.26; 95%CI 5.95-90.91; P, .001) and low hemoglobin level (OR,
2.20; 95%CI, 1.22 - 3.97;P5 .009) were significant and independent
associated risk factors for eICAvelocities ($160cm/s) bymultivariate
logistic regression analysis.

eICA stenoses were present in 23/189 patients (12.2%) and were
highly associated with high eICA velocities ($160 cm/s; 18/35 vs
5/154; P, .001). eICA stenosis was only associated with intracranial
stenosis in 2 young patients (3.7 and 5.3 years old), giving a prevalence

Figure 1. Characteristics of the newborn Créteil

studied cohort.
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of isolated eICA stenosis of 11.1% (21/189). eICA stenosis was sig-
nificantly more frequent in nonintensified patients (16/86; 18.6%)
compared with intensified patients (P5 .023; 2/50 patients receiv-
ing HU and 5/53 patients on a transfusion program).

No baseline biological parameters were significant predictive risk
factors for eICA stenosis. The associations of eICA stenosis with
concomitant parameters are shown in Table 2. The presence of
tortuousities (OR, 10.31; 95% CI, 2.51-41.67;, P5 .001) and isolated
abnormal high eICAvelocities (OR, 4.39; 95%CI, 1.39-13.9;P5 .012)
were retained as significant and independent associated risk factors for
isolated eICA stenosis by multivariate logistic regression analysis.

SCI

The cumulative risk for SCIwas 19.2% (95%CI, 12.6%-25.8%)by age
8 years, 32.4% (95% CI, 22.4%-42.4%) by age 14 years, and 39.1%
(95% CI, 23.5%-54.7%) by age 18 years, with no plateau. At the first
MRI/MRA, SCIwere present in 31/189 (16.4%) patients. Seven new
patients developed SCI during follow-up: one still had abnormal
velocities despite a transfusion program, 2 were nonintensified but
developed abnormal velocities in ICA and eICA, and 4 were receiv-
ingHU(Figure 2).Thus, 38/189patients (20.1%)developedSCI at the

median age of 6.4 years (range, 1.8-18.0 years). At the last follow-up
MRI/MRA (ie, the first with cervical MRA), 34/189 still had SCI,
whereas ischemic lesions were no longer visible or of a significant
size for 4 of them on a transfusion program.

Predictive risk factors for SCI among baseline parameters.
No predictive risk factor for SCI was found for sex (P 5 .43),
a-thalassemia (P5 .41), G6PD deficiency (P5 .16), and b-haplotype
using Cox regression analyses (Tables 3 and 4).

Baseline blood parameters (ie, leukocyte, neutrophil, reticulocyte
and platelet counts, SpO2, and LDH) were not significantly different
in patients with or without history of SCI, whereas mean (SD) hemo-
globin levels (7.8 [1.1] vs 8.3 [1.2] g/dL;P5 .016) andHbF (13.1 [6.9]
vs 16.5% [8.5];P5 .020) were significantly lower, andmean (SD) cor-
puscular volumehigher (80.7 [7.7] vs 77.1 [9.5] fL;P5 .025) in patients
with SCI (Table 3).

Baseline hemoglobin was the only predictive risk factor for SCI
retained by univariate Cox regression analysis (hazard ratio per 1 g/dL
decrease 5 1.42; 95% CI, 1.03-1.96; P 5 .03) (Table 4). Baseline
hemoglobin level lower than 7 g/dL (n5 24) was highly predictive of
SCI (hazard ratio, 2.97; 95% CI, 1.43-6.17; P 5 .004), and those
patients had a significantly higher cumulative risk for SCI (log
rank; P 5 .002) (Figure 3).

Figure 2. Patient groups according to initially

applied treatment (n 5 189). After a period without

intensive therapy, 75 of 189 patients were placed on

a transfusion program, 51 of them because of cerebral

macrovasculopathy (TP1) (abnormal intracranial veloci-

ties [n5 49], intracranial stenosis [n5 2, in 1 patient with

no available temporal window and in 1 patient with

conditional TCD]), and 24 other patients because of

frequent other complications in absence of any cerebral

macrovasculopathy (TP2) (recurrent splenic sequestra-

tions [n 5 7], SCI in patients participating in the SIT Trial

and randomized in the transfusion group [n5 3], frequent

VOC and/or ACS and age younger than 3 years [n 5 5],

tricuspid regurgitant jet velocity (TRJV) higher than

2.5 m/s [n 5 1], hip osteonecrosis [n 5 5], and priapism

[n 5 3]). Thirty-one patients older than 3 years were

treated with HU (n 5 31) because of frequent VOC and/

or ACS (n 5 26) or severe anemia with baseline

hemoglobin levels lower than 7 g/dL (n 5 5). During

follow-up, the transfusion program was stopped

postsplenectomy (n 5 1) and after normalization of

intracranial velocities with absence of intracranial

stenosis in patients refusing to take HU (n 5 2). The

transfusion program was replaced by HU in 31 patients

after normalization of intracranial velocities and ab-

sence of intracranial (Ic) stenosis (n 5 20), Ic stenosis

regression (n5 1), history of frequent VOC and/or ACS

in patients now older than 3 years (n 5 2), post-

splenectomy (n 5 5), normalized TRJV (n 5 1), end of

SIT Trial (n 5 2). However, 12 of them were placed

again on a transfusion program because of HU failure

to prevent VOC and/or ACS (n 5 5), TRJV higher than

2.5 m/s (n 5 3), abnormal TCD relapse, and/or intra-

cranial stenosis occurrence (n 5 4). At the end of

follow-up (first MRI/MRA with cervical assessment), 86

patients still did not receive intensive therapy, 50 were

receiving HU, and 53 were on a transfusion program.
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Association of SCI with rate/year of VOC, ACS, and AAE.
Rates per year of VOC and ACS were not significantly different in
patients with a history of SCI than in thosewithout. In contrast, the rate
of AAE per year was significantly higher in those who developed
SCI (0.32 [0.58] vs 0.15 [0.29]; P 5 .027) (Table 5). Univariate
logistic regression analysis showed a significant association between
SCI occurrence and the AAE rate (OR, 2.72 per 1/y increase; 95%CI,
1.13-6.54; P5 .025) (Table 6).

Association of SCI with intracranial stenosis. Atrend toward
significance was observed at the first MRI/MRA for the associa-
tion between SCI and the presence of intracranial stenosis, as SCI
were seen in 6/18 (33.3%) patients with intracranial stenosis vs
25/171 (14.6%) patientswithout SCI (Pearsonx-square test,P5 .041;
but Fischer Test, P 5 .085 NS). The presence of intracranial
stenosis was associated with a significantly increased risk for SCI
by logistic regression analysis (OR, 2.924; 95% CI, 1.004-8.475;
P 5 .049).

However, no significant association was found between history of
SCI and history of intracranial stenosis, probably because all patients
with intracranial stenosis had been promptly placed on a transfusion
program.

Association of SCI with extracranial ICA stenosis. A sig-
nificant associationwas found between history of SCI and the presence
of isolated eICA stenosis (OR, 2.83; (95% CI, 1.08-7.41; P 5 .035).
Isolated eICA stenosis (OR, 3.15; 95% CI, 1.17-8.47; P 5 .023)
and age at MRI/MRA with cervical assessment (OR, 1.082 per year
increase; 95% CI, 1.001-1.170; P5 .047) were retained as significant
and independent associated risk factors for SCI. This suggests a
relation between the duration of undetected extracranial stenosis
during follow-up and the risk for SCI occurrence.

Comparison of the baseline parameters, AAE rate, eICA
stenosis, and SCI among 3 groups of patients. Table 7 shows that
the 51 patients placed on a transfusion program because of cerebral
macrovasculopathy (49 abnormal TCD and 2 intracranial stenosis)
when compared with the nonintensified patients (less severe) at base-
line had significantly lower hemoglobin and HbF levels and higher
reticulocyte white blood cell counts and LDH levels compatible with
a severe anemia/hemolysis profile and a significantly higher SCI

prevalence, whereas those with frequent other complications (VOC,
ACS, osteonecrosis, etc.) had only a significantly lower HbF level. It
shows also that patients who required intensification had a significantly
higher AAE rate and SCI prevalence, whereas nonintensified patients
had more prevalent eICA stenosis.

Multivariate analysis. When AAE rate and isolated eICA
stenosis were introduced in the multivariate logistic regression model,
both the AAE rate (OR, 2.64 per 1/y increase; 95% CI, 1.09-6.38;
P 5 .031) and the presence of isolated eICA stenosis (OR, 3.19;
95% CI, 1.18-8.70; P 5 .023) remained significant and independent

Table 2. Associated risk factors for isolated eICA of 160 cm/s or more and eICA stenosis (logistic regression analysis)

Concomitant parameters

Associated risk factors

Isolated eICA ‡160 cm/sec Isolated eICA stenosis

OR (95% CI) P OR (95% CI) P

Univariate logistic regression analysis

Tortuosities 27.8 (9.1-83.3) ,.001* 29.41 (6.45-125) ,.001*

Age per 1 y increase 1.13 (1.02-1.25) .015* 1.05 (0.95-1.16) .363

Leukocyte count per 1 3 109/L increase 1.14 (1.02-1.28) .017* 1.17 (1.04-1.32) .010*

Neutrophil count per 1 3 109/L increase 1.16 (0.99-1.36) .051 1.17 (1.04-1.32) .07

Platelet count per 1 3 109/L increase 1.001 (0.996-1.003) .903 1.000 (0.996-1.004) .895

Hemoglobin level per 1 g/dL decrease 2.19 (1.30-3.69) .003* 1.38 (0.87-2.19) .169

Mean corpuscular volume per fL increase 1.03 (0.97-1.08) .346 1.005 (0.947-1.067) .868

Reticulocyte count per 1 3 109/L increase 1.003 (0.998-1.007) .211 1.005 (1.000-1.010) .051

HbF per 1% increase 1.02 (0.95-1.09) .648 1.02 (0.94-1.10) .649

SpO2 per 1% increase 1.29 (0.99-1.69) .063 1.07 (0.77-1.48) .696

LDH per IU/mL increase 30.02 (1.02-885.71) .049* 68.9 (1.52-3128) .030*

HbS% per 1% increase 1.030 (1.003-1.057) .026* 1.001 (0.979-1.023) .962

Absence of intensive therapy (HU or TP) 5.01 (2.03-12.36) ,.001* 2.67 (1.02-6.95) .045*

Isolated eICA $160 cm/s 14.49 (5.24-40) ,.001*

Multivariate analysis

Tortuosities 23.26 (5.95-90.91) ,.001* 10.31 (2.51-41.67) .001*

Hemoglobin level per 1 g/dL decrease 2.20 (1.22-3.97) .009*

Isolated eICA $160 cm/s 4.39 (1.39-13.9) .012*

*Significant tests.

Table 3. Comparison of baseline parameters in patients with or
without a history of SCI

Characteristic

History of SCI

PYes (n 5 38) No (n 5 151)

Sex, n (%)

Male (n 5 88) 21 (23.9%) 67 (76.1%) .276

Female (n 5 101) 17 (16.8%) 84 (83.2%)

G6PD, n (%)

Normal (n 5 152) 31 (20.4%) 121 (79.6%)

Deficiency (n 5 18) 6 (33.3%) 12 (66.7%) .230

a-thalassemia, n (%)

Present (n 5 76) 14 (18.4%) 62 (81.6%)

Absent (n 5 104) 24 (23.1%) 80 (76.9%) .467

Parameters at baseline,

n (mean [SD])

White blood cell count,

109/L

37 (15.1 [4.9]) 134 (14.3 [4.8]) NS

Neutrophil count, 109/L 34 (6.5 [3.1]) 130 (5.8 [3.2]) NS

Platelet count, 109/L 36 (363.2 [147.6]) 133 (350.5[128.0]) NS

Hemoglobin level, g/dL 37 (7.8 [1.1]) 134 (8.31 [1.21]) .016*

Mean corpuscular

volume, fL

35 (80.7 [7.7]) 133 (77.1 [9.5]) .025*

Reticulocyte count, 109/L 35 322.4 (105.6) 128 (286.3 [122.8]) NS

HbF, % 3 213.1 (6.9) 125 (16.5 [8.5]) .020*

SpO2, % 1 497.0 (3.7) 58 (98.0 [2.0]) NS

LDH, IU/L 30 863 (414) 100 (776 [351]) NS

Biological parameters were recorded before age 3 years. NS, not significant.

*Significant tests.
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associated risk factors for SCI. Moreover, when a baseline hemoglobin
level lower than 7g/dLwas also introduced in themodel, all remained
as significant and independent risk factors for SCI: AAE rate (OR,
3.39 per 1/y increase; 95% CI, 1.01-11.34; P5 .048), eICA stenosis
(OR, 3.11; 95% CI, 1.10-8.85; P5 .033), and baseline hemoglobin
level lower than 7 g/dL (OR, 2.88; 95% CI, 1.05-7.87; P5 .039).

Discussion

SCIs are the most common form of neurological diseases in children
with SCA, and they occur in 27% of this population before the age of 6

years12 and in 37% before the age of 14 years.6 Despite this, relatively
little is known about the causes of silent infarcts and the optimal prev-
entive therapy. It has been assumed that SCI are caused by small vessel
disease; however, most SCI observed in patients with SCAoccur in the
distal-field territories, that is, the deep white matter, suggesting they
couldbecausedbyhypoperfusionorhypoxic events,17which is favored
by an underlying arteriopathy of large vessels.

This study in the Créteil Newborn Cohort (1992-2010) confirms
that severe anemia at baseline is a predictive risk factor for SCI. We
had previously reported a similar association in the 1988-2007
newborn cohort.6 Others have found that low hemoglobin level
is associated with the risk for SCI by univariate analysis in the
Cooperative Study of Sickle Cell Disease cohort,9 but the multivari-
able analysis only retained as significant the low pain event rate, which
is known to be associated with low hemoglobin. A significant asso-
ciation between severe anemia and SCI was also found by univariate
analysis in the Philadelphia cohort.12 The large multicenter SIT
Trial cohort, including selected patients with SCA with no stroke
history, no abnormal TCD, and no treatment with HU or transfusion
program also showed that low baseline hemoglobin level is a sig-
nificant associated risk factor for SCI.14 Therefore, all studies are
in agreement that severe baseline anemia is a risk factor for SCI
in patients with SCA. We can speculate that treatments such as
HU, which significantly decreases hemolytic rate and the degree of
baseline anemia, could decrease the risk for SCI. In fact, in this latest
cohort (1992-2010), patients with severe baseline anemia (hemo-
globin, 7 g/dL) had been treated with HU since 2000, which may
have contributed to the apparent reduction of the cumulative risk for
SCI from 37.1% in the previous cohort (1988-2007)6 to 32.4% by
age 14 years in the present one.

A relationship between cerebrovascular events and/or SCI and
acute anemic events17,18,29,30 has been previously described, but not
systematically evaluated in a large newborn cohort. Cerebrovascular
episodes have been reported to be as 58 times higher than expected
in the 5-week interval after AAE related to B19 infection.29 A recent
study reports the occurrence in 7 patients with SCA of acute SCI,
defined as an area of restricted diffusion on diffusion-weighted imaging
sequences in the absence of focal neurologic findings lasting longer

Table 4. Predictive risk factors for a history of SCI

Characteristic

Cox regression analysis

Hazard ratio (95% CI) P

Sex

Male 1.30 (0.68-2.46) .426

Female

G6PD

Normal

Deficiency 1.88 (0.78-4.52) .161

a-thalassemia

Present

Absent 1.32 (0.68-2.55) .411

Parameters at baseline

Leukocyte count per 1 3 109/L increase 1.03 (0.97-1.10) .365

Neutrophil count per 1 3 109/L increase 1.02 (0.93-1.12) .655

Platelet count per 1 3 109/L increase 1.00 (0.99-1;00) .985

Hemoglobin level per 1 g/dL decrease 1.42 (1.03-1.96) .030*

Mean corpuscular volume per fL increase 1.02 (0.99-1.06) .233

Reticulocyte count per 1 3 109/L increase 1.002 (1.000- 1.005) .095

HbF per 1% increase 0.97 (0.93-1.02) .253

SpO2 per 1% increase 0.94 (0.78-1.15) .553

LDH per IU/mL increase 1.03 (0.38-2.83) .950

Biological parameters were recorded before age 3 years.

*Significant tests.

Figure 3. Probability of SCI occurrence depending

of the baseline hemoglobin level before age 3 years.
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than 24 hours.30 In 4 of the 7 cases, these were observed in the clinical
setting of AAE, suggesting that worsening anemia could be an addi-
tional risk factor for SCI. The present study reports a significant asso-
ciation between the AAE rate and the risk for SCI, strengthening the
causal relationship previously suggested.17,18,29,30

A trend toward significance for the association between intra-
cranial stenosis andSCIwas found at thefirstMRI/MRAassessment.
This is in agreement with data from the Philadelphia young cohort
study,12 which assessed 68 (70.8%) of 96 children before age 6 years
and found SCI in 18/68 patients, associated with the presence of
intracranial stenosis by univariate analysis. In contrast, we found
no association between intracranial stenosis and SCI at the last
MRI/MRA assessment, but only 7 of 24 patients with a history of
intracranial stenosis still had one at the last MRI. It may be that, as
all patients with abnormal TCDI and/or intracranial stenosis were
promptly placed on a transfusion program, stenosis might have been
reduced by a long-term transfusion program, thereby preventing SCI.
This suggests a beneficial effect of a long-term transfusion program
on stenosis outcome and SCI prevention. This is in accordance with the
STOP II trial, which randomly assigned patients who had no evidence
of stenosis and a history of abnormal intracranial velocities that
had normalized on transfusion program to pursuing vs halting
transfusions.31 In the pursuing transfusion group, the number of
SCI remained the same (n 5 25 vs 24), whereas the number of SCI
increased from 27 to 45 in the transfusion-halted group.31 Thus, current
data suggest that transfusion program may be beneficial in preventing
SCI occurrence in patients with a history of abnormal TCD. For patients
with no abnormal intracranial velocities, the SIT Trial, which randomly
assigned patients with SCI to transfusions vs simple observation,
recently reported that transfusion program significantly reduced
the incidence of SCI recurrence.32

The relationship between cerebrovascular events and extracranial
ICA stenosis had previously been suspected.20-24 An eICA bulbar
occlusion with a contralateral postbulbar eICA stenosis was reported
in a 19-year-old man who suffered a stroke.20 Telfer et al23 reported
10 patients with eICA occlusion or stenosis among 67 patients with
SCA assessed with MRI/MRA and neck MRA because of history of
stroke or abnormal velocities. Gorman et al.,21 using TCD assessment
via a submandibular approach and neckMRA, identified 3 stroke-
free patients with SCA with eICA stenosis and SCI. We recently
reported24 that eICA velocities of 160 cm/s or higher are highly pre-
dictive of eICA stenosis, which were more frequently observed in
tortuous arteries than in straight arteries, suggesting a causal mech-
anism similar to that involved in the carotid siphon stenosis. Turbulent
flow secondary to increased cardiac and cerebral blood flow resulting
from chronic anemia and decreased oxygen supply to the brain may
induce shear stress gradients and subsequent endothelial dysfunction,
especially in bended segments, leading to narrowing of the arterial
lumen. As suggested byWang,33 chronic anemia in patients with SCA
results in increased cerebral blood flow, chronic vasodilatation, and an
inadequate vascular response to hypoxic stress as in AAE induced by
splenic sequestration or Parvovirus infection,29 leading to parenchy-
mal ischemia,mainly in the distal-field territories. In the presentCréteil

Newborn Cohort study, in which all patients were systematically
assessed by MRI/MRA after age 5 years, with a neck MRA at last
assessment, we report for the first time in overt stroke-free children
with SCA that SCI are significantly associated with eICA stenosis.
This suggests that previously undetected extracranial arteriopathy
plays a significant and independent role in SCA cerebral ischemia,
along with low baseline hemoglobin level and the rate of AAE. In
the present study, eICA stenosis was more frequent in so-called
nonintensified patients than in those on a transfusion program or
receiving HU, suggesting a positive effect of intensive therapy in
reducing the prevalence of eICA stenosis, probably via an improve-
ment of anemia, as low baseline hemoglobin was a significant predic-
tive risk factor for abnormal eICA high velocities and stenosis.

These data show that chronic hypoxia via severe anemia and acute
hypoxia via AAE and eICA stenosis are significant and independent
risk factors for SCI, which are known to be associated with cognitive
impairment.34 Moreover, even in the absence of SCI, severe anemia
alone is a risk factor for cognitive impairment35,36 that tends to increase
during aging,37,38 suggesting a cumulative effect of SCA on focal and
diffuse brain injury.

This study has some limitations, as it is a longitudinal prospective
observational cohort study with no control group, and the follow-up
ended at the first MRI/MRA with cervical MRA. Thus, determining
effectiveness or assessing net benefits cannot be inferred here. Only
prospective randomized trials testing the effect of HU, a transfusion
program, or simple observation in patients with eICA stenosis could
answer these issues. Nevertheless, this study offers the advantages of
long-term and accurate data collection in a cohort from a single referral
center at which management care and procedures are standardized.
Moreover, prospective randomized trials testing intensive therapy vs
observation for patients with eICA stenosis could be unethical, as a
transfusion program is usually recommended for patients with SCA in
the presence of intracranial stenosis. In the present study, the regression
of stenosis in 17/24 patients after a mean 7.4 years on a long-term
transfusion program suggests a beneficial effect of a transfusion
program on intracranial stenosis outcome, in agreement with the
STOP trial that has a mean follow-up of 21 months, where a transfu-
sion program could reduce the risk of worsening intracranial stenosis
compared with the observational group.39 In contrast, such regression
of stenosis has not been described in patients with a history of stroke,
with, in fact, frequent worsening of stenosis observed despite a long-
term transfusion program,40-44 suggesting the importance of starting
a transfusion program as soon as stenosis is detected to provide the
maximum chance for regression. HU, which significantly increases
hemoglobin level, might prevent eICA stenosis, but a beneficial effect
on established stenosis in stroke-free patients seems unlikely. The
Stroke with Transfusions Changing to Hydroxyurea trial,43 which
randomly assigned patients with stroke history to pursuing a trans-
fusion program with iron chelation vs HU with phlebotomies was
prematurely closed because greater stroke recurrence (10% vs 0%)
was observed in the HU/phlebotomy group, showing that transfusion

Table 5. Comparison of the the rates per year (VOC, ACS, AAE) in
the patients with or without a history of SCI

Rate per year

History of SCI

PYes (n 5 38) No (n 5 151)

VOC 34 0.51 (0.70) 150 0.55 (0.69) NS

ACS 34 0.13 (0.19) 150 0.13 (0.17) NS

AAE 34 0.32 (0.58) 150 0.15 (0.29) .027

Table 6. Association of history of SCI with annual rates of events
(VOC, ACS, and AAE)

Rate per year

Associated risk factors for a history of
SCI (logistic regression analysis)

OR (95% CI) P

VOC per 1/y increase 1.10 (0.61-1.97) .752

ACS per 1/y increase 1.21 (0.15-9.86) .861

AAE per 1/y increase 2.72 (1.13-6.54) .025*

*Significant tests.
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program/chelation remains the best way tomanage childrenwith SCA
and stroke. However, a very plausible hypothesis is that the monthly
phlebotomies of 10 mL/kg performed in the Stroke with Transfusions
Changing to Hydroxyurea trial for patients receiving HU with hemo-
globin levels of 7 g/dL or higher, but with stenotic underlying cerebral
vasculopathy, may have been partly responsible for the strokes ob-
served in the HU group. However, HU might be helpful in reducing
mild stenosis in stroke-free patients.

We confirm here that baseline severe anemia is a highly significant
predictive risk factor for SCI. We report for the first time that the rate
of AAE and the presence of previously undetected eICA stenosis are
significant and independent associated risk factors for SCI, making
eICA assessment combining TCDI and cervical MRA essential for
complete cerebral vasculopathy evaluation in patients with SCA. Our
data strongly suggest that chronic (via severe anemia) and acute (via
AAE and eICA stenosis) hypoxia contribute to the progressive brain
injury observed in SCA and support the future design of controlled
studies using HU, transfusion programs, and stem cell transplantation
to prevent SCA brain injury and preserve cognitive functioning.
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