state of the art review

How I manage cerebral vasculopathy in children with sickle
cell disease
Valentine Brousse,1,2,3,4 Manoelle Kossorotoff5 and Mariane de Montalembert1,3,4
1

Paediatrics and Sickle-Cell Centre, University Hospital Necker-Enfants Malades, APHP, 2UMR S-1134, INSERM, 3GR-Ex, Laboratory of Excellence, 4Paris Descartes University, and 5Paediatric Neurology, French Centre for Paediatric Stroke, Necker-Enfants
Malades University Hospital, APHP, Paris, France

Summary
Sickle cell disease induces specific brain alterations that involve
both the macrocirculation and the microcirculation. The main
overt neurovascular complications in children are infarctive
stroke, transient ischaemic attack and cerebral haemorrhage.
Silent cerebral infarction, cognitive dysfunction and recurrent
headache are also common. Cerebrovascular disease selectively
affects children with the HbSS or HbS-b0 genotypes (i.e. sickle
cell anaemia). The incidence of stroke peaks between 2 and
5 years of age (102/100 patient-years) and increases with the
severity of the anaemia. Most strokes can be prevented by
annual transcranial Doppler screening from 2 to 16 years of
age and providing chronic blood transfusion when this investigation shows elevated blood-flow velocities. The role for hydroxycarbamide in children with abnormal transcranial
Doppler findings is under investigation. After a stroke, chronic
blood transfusion is very strongly recommended, unless haematopoietic stem cell transplantation can be performed. Routine magnetic resonance imaging shows that more than onethird of children have silent cerebral infarction, which is associated with cognitive impairments. Screening for silent infarcts
seems legitimate, since their presence may lead to supportive
treatments. The role for more aggressive interventions such as
hydroxycarbamide or chronic blood transfusion is debated.
Keywords: sickle cell anaemia, stroke, transcranial doppler,
hydroxycarbamide transfusion.
Sickle cell disease (SCD), one of the most common genetic
conditions, is a specific abnormality in the haemoglobin (Hb)
molecule: the glutamic acid in the 6th position of the haemoglobin beta chain is replaced by valine, producing HbS instead
of the normal HbA. The HbS mutation may be in a homozygous status, or combined on the other allele with another
mutation in the b-globin gene (HBB). The sickle cell disease

Correspondence: Mariane de Montalembert, Service de Pediatrie
Generale, H^
opital Necker, 149 rue de Sevres, Paris 75015, France.
E-mail: mariane.demontal@nck.aphp.fr

ª 2015 John Wiley & Sons Ltd
British Journal of Haematology, 2015, 170, 615–625

syndromes include the severe forms of the disease, the HbSS
and HbS- b0 genotypes [called also genotypes of sickle cell
anaemia (SCA)], and the milder genotypes HbSC and HbS-b+.
Deoxygenated HbS molecules undergo polymerization, causing
alterations in erythrocyte morphology and function, with rigid
sickle-shaped cells generating impaired flow through blood vessels and oxygen delivery to tissues. These rigid erythrocytes are
prone to haemolysis. Furthermore, excessive adherence of both
erythrocytes and leucocytes to the vascular endothelium contributes to vaso-occlusion, most notably of the post-capillary
venules. The resulting hypoxaemia can cause acute and chronic
impairments in the function of all organ systems. Thus, most
complications of SCD are related to small-vessel obstruction,
which may involve the bones, kidneys, heart, liver, and lungs.
In the brain, however, both the large cerebral arteries and
the microcirculation may show signs of occlusion or stenosis.
The most commonly affected large cerebral arteries are the distal internal carotid artery (ICA), proximal middle cerebral
artery (MCA) and proximal anterior cerebral artery (ACA).
Overt neurovascular complications result in infarctive stroke,
transient ischaemic attacks (TIAs) and cerebral haemorrhage.
Silent cerebral infarction (SCI) and gradual cognitive dysfunction are also common. Whether recurrent headache should be
classified as a neurovascular complication of SCD is under
debate (DeBaun et al, 2014; Kossorotoff et al, 2014a).
Here, after a review of epidemiological data, we will focus
on the management of cerebrovascular complications in children with SCD. We will not discuss the pathophysiology of
these complications, as recent detailed reviews on this topic
are available (Switzer et al, 2006; Connes et al, 2013). Multiple mechanisms are involved, including intimal proliferation,
inflammation, a hypercoagulable state, vascular tone dysregulation and haemolysis. Neither the relative importance nor
the timing of these mechanisms has been established.

Epidemiology
Overt stroke
A large American study assessed the rate and risk factors of
overt cerebrovascular events in 4082 patients with SCD
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enrolled between 1978 and 1988 (Ohene-Frempong et al,
1998). Overall, the likelihood of experiencing an overt stroke
before 20 years of age was 11% in children with the HbSS or
HbS-b0 genotypes. The incidence was highest before 10 years
of age, with 102/100 patient-years between 2 and 5 years
and 079/100 patient-years between 6 and 9 years. Infarctive
stroke predominated. Intracranial haemorrhage was far less
common and chiefly affected patients aged 20–29 years.
Overall, the haemorrhage/infarction ratio has been estimated
at 1/4 (Ohene-Frempong et al, 1998; Kossorotoff et al,
2014b). The HbSC genotype was associated with a 5-fold
lower risk of overt stroke during childhood compared to the
HbSS genotype. TIAs accounted for only one in ten cerebrovascular events in children (Ohene-Frempong et al, 1998).
Unless specific treatment is given, the risk of recurrence after
a first stroke is very high, at about 50% within 2 years (Powars et al, 1978; Pegelow et al, 1995).
Clinical risk factors for ischaemic stroke reported by
Ohene-Frempong et al (1998) were a history of TIA [relative
risk (RR), 560; 95% confidence interval (95%CI), 120–285],
a lower steady-state Hb level (RR, 185 per 10 g/l decrease;
95%CI, 132–259), acute chest syndrome in the past 2 weeks
(RR, 703; 95%CI, 185–267), a higher frequency of acute
chest syndrome episodes (RR, 239 per event/year; 95%CI,
127–448) and higher systolic blood pressure (RR, 131 per
10 mmHg increase; 95%CI, 103–167). Risk factors for cerebral haemorrhage were a lower steady-state Hb level (RR,
161 per 10 g/l decrease; 95%CI, 111–235) and higher
steady-state leucocyte count (RR, 194 per 5 9 109/l increase;
95%CI, 173–218).
Other studies identified additional risk factors for stroke,
among which the most important is increased blood-flow
velocity by transcranial Doppler (TCD) ultrasonography
(Adams et al, 1992) (see below). Other risk factors include
nocturnal hypoxaemia (Kirkham et al, 2001), a history of
bacterial meningitis (De Montalembert et al, 1993), and SCI
by magnetic resonance imaging (MRI) (Miller et al, 2001).
Concomitant glucose-6-phosphate dehydrogenase deficiency
was associated with an increased risk of stroke in one study
(Bernaudin et al, 2008) but not in another (Miller et al,
2011). Several genetic factors have been shown to influence
the risk of stroke, either by affecting total Hb and fetal Hb
(HbF) levels or by influencing the inflammatory response
(Adams et al, 1994; Styles et al, 2000; Sebastiani et al, 2005).
Several studies demonstrated a protective effect of a-thalassaemia against stroke (Adams et al, 1994; Bernaudin et al,
2008).

Moyamoya syndrome
Moyamoya syndrome is defined as progressive stenosis of the
distal ICAs combined with an abnormal network of collateral
vessels (Scott & Smith, 2009). Moyamoya syndrome in children leads to recurrent strokes and TIAs and, sometimes, to
cerebral haemorrhage. Progressive cognitive impairments
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may develop. A small case-series study of MRI/magnetic resonance angiography (MRA) in 30 patients with stroke
(n = 23), headaches, or seizures (n = 7) showed moyamoya
syndrome in 6 (20%) (Moritani et al, 2004). Moyamoya syndrome may be unilateral or bilateral in patients with SCA.

Silent cerebral infarction
Silent cerebral infarction is the most common neurological
event in children with SCA. The SCI Transfusion trial
defined SCI as visualization by brain MRI of a lesion measuring at least 3 mm along the greatest linear dimension
and seen in at least two planes of T2-weighted images (axial
and coronal) in children with no current focal neurological
deficit consistent with the site of the lesion (Casella et al,
2010). In a cohort study of 217 children, regular screening
showed SCI in one-third of patients by 8 years of age and
374% by 14 years of age (Bernaudin et al, 2011). In the
SCI Transfusion trial, routine brain MRI in 1074 children
with a mean age of 10 years showed SCI in 379 (353%)
(DeBaun et al, 2014). Silent cerebral infarctions occur
chiefly in the white matter of the border zones between the
ACA and MCA territories, suggesting a pathophysiological
role for haemodynamic variations (Debaun et al, 2012).
DeBaun et al (2014) found that risk factors for SCI were
male gender, lower baseline haemoglobin level, higher baseline systolic blood pressure and previous seizures. Silent
cerebral infarction is associated with an increased risk of
overt stroke (Miller et al, 2001), poor academic achievement
and lower intelligence quotient (IQ) (Bernaudin et al,
2000). Thus, the term SCI is inappropriate, although it
remains widely used.

Recurrent headache
Many children with SCA report recurrent headache.
Whether this symptom should be considered a symptom of
cerebrovascular disease and/or of chronic cerebral hypoxaemia is controversial. The recently published results of the
SCI Transfusion trial described an association between
recurrent headache and recurrent SCI [odds ratio (OR),
433; 95%CI, 15–136; P = 0007] (DeBaun et al, 2014). In
addition, our group recently demonstrated an imbalanced
coagulation profile in SCA children with recurrent headache/migraine, in addition to the coagulation abnormalities
often encountered in SCA (Kossorotoff et al, 2014a). Therefore, as described in other conditions in which enhanced
thrombus formation/embolism and/or microvascular dysfunction is associated with increased migraine prevalence, in
children with SCA the level of hypercoagulability might play
a role in headache/migraine. Repeated ultra-transient ischaemic cerebral events and chronic cerebral hypoxaemia may
relate to migraine in these children. Recurrent cephalalgia in
children with SCA might, thus, represent a clinical marker
of disease severity.
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Cerebrovascular disease screening in children
with sickle cell disease
Transcranial doppler: the reference-standard screening
method
Transcranial Doppler measures blood-flow velocity in the
large intracranial arteries of the circle of Willis. Arterial stenosis or blood-flow turbulence induces local blood-flow
acceleration. Adams et al (1992) first established the effectiveness of TCD screening for assessing the risk of ischaemic
stroke in asymptomatic children with SCA. An increased
time-averaged mean maximal velocity (TAMMV) in the
MCA was associated with an increased risk of stroke. The
threshold MCA TAMMV value for a high risk of stroke was
initially reported to be ≥170 cm/s (Adams et al, 1992). Subsequently, two stroke-risk subgroups were defined based on
TAMMV values in the MCA and ICA, i.e., a high-risk group
with TAMMV ≥200 cm/s and an intermediate-risk subgroup
with TAMMV between 170 and 199 cm/s (Adams et al,
1997). Subsequently, the STOP (Stroke Prevention Trial in
Sickle Cell Anaemia) study (Adams et al, 1998a,b) evaluated
the efficacy of chronic transfusion in these subgroups at
increased risk for stroke. The TCD categories used in the

STOP trial were as follows: normal, velocities <170 cm/s;
conditional, velocities > 170 cm/s and <200 cm/s; abnormal,
velocities ≥200 cm/s; and inadequate, no information available on velocities in the MCA and/or ICA. These categories
are currently used in clinical practice. Children undergoing
randomization in the STOP trial had TAMMV ≥ 200 cm/s
(see below).
Abnormal TCD findings mandate therapeutic intervention
and further investigations (see Fig 1). If the TAMMV is normal (<170 cm/s), TCD screening should be performed once
a year. Conditional TCD is an intermediate category that
warrants repeated TCD and additional investigations, as
conversion to abnormal TCD may occur. In a cohort of
patients with SCA (median age, 71 years) not receiving hydroxycarbamide (also known as hydroxyurea) or chronic
transfusion, 23% of patients converted from conditional to
abnormal TCD within 18 months (Hankins et al, 2008a). In
children enrolled in the STOP trial, the conversion rate to
abnormal TCD increased from 29% after a single conditional TCD to 55% after two conditional TCDs (Adams
et al, 2004). The optimal frequency of routine follow-up
TCD is unclear but may depend on other known risk factors, such as age, severity of anaemia and genetic predisposition (see Fig 1).

Cerebral vasculopathy screening strategy
2–16 years
HbSS/HbSβ°

Abnormal TCD
TAMMV ≥ 200 cm/s

Conditional TCD
170 cm/s < TAMMV < 199 cm/s

Repeat TCD within 8
d + MRA/MRI

Abnormal
TCD or
MRA

Normal or
conditional
TCD

Transfusion
programme
+/– HSCT
+ specific
management
in case of
moyamoya

Repeat TCD
every
3 months

Consider additional risk factors:
Low basal Hb level
Age < 10 years
Cervical velocities ≥ 160 cm/s

Inadequate TCD
i.e., No ultrasound window,
turbulent flow, asymmetry,
TAAMV < 70 cm/s

MRA/MRI

High
conditional
(185–199 cm/s)
+
abnormal MRA

Low
conditional
(170–184 cm/s)
+
abnormal MRA

Transfusion
programme +/–
HSCT

Normal TCD

MRA/MRI

High
conditional
(185–199 cm/s)
+
normal MRA

Discuss HC
+
Repeat TCD
every 6
weeks

Low
conditional
(170–184 cm/s)
+
normal MRA

Discuss HC
+
Repeat
TCD every
3 months

Normal

Repeat TCD
every 12
months
+
MRA/MRI
every 18–24
months

Abnormal

Transfusion
programme +/–
HSCT
+ specific
management
in case of
moyamoya

Repeat
TCD
every 12
months

Fig 1. Suggested algorithm for cerebrovascular screening and management strategyTCD, transcranial doppler; MRA, magnetic resonance angiography; MRI, magnetic resonance imaging; HC, hydroxycarbamide; HSCT, haematopoietic stem cell transplantation [if human leucocyte antigen
(HLA)-matched sibling]; TAMMV, time-averaged mean of the maximal velocity. MRA is considered abnormal when arterial stenosis is observed.
MRI is performed to complete cerebrovascular work-up, allow subsequent follow-up and guide educational support if needed.
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Current recommendations include annual TCD screening
between 2 and 16 years of age (Yawn et al, 2014). Screening
is not recommended before the age of 2 years. Among the
192 children included in the BABY HUG trial (age range, 7–
17 months: mean age, 126 months), none had abnormal
velocities and only 4 (2%) had conditional velocities. As with
older children, TCD velocities were inversely associated with
haemoglobin concentration and age (Pavlakis et al, 2010).
Transcranial Doppler screening is not recommended after
16 years of age, as velocities ≥200 cm/s were not found in a
study of 112 adults. Interestingly, adults with SCA had a
higher mean TAMMV (1109  257 cm/s) than controls
(711  12 cm/s) (Valadi et al, 2006).
Low blood-flow velocities may also indicate a stroke risk.
Blood-flow velocity is dramatically decreased downstream of
stenoses and in nearly occluded arteries. Abnormally low
TCD velocities may therefore reflect particularly severe arterial disease. Moyamoya should be suspected when velocities
are very low (<70 cm/s), suggesting post-stenotic demodulation or near-occlusive arterial disease (Lee et al, 2004). Magnetic resonance angiography can confirm the diagnosis by
showing severe stenoses of the ICA and its branches combined with abnormal collateral vessels.
More recent data suggest that elevated velocities in the
anterior cerebral arteries increase the stroke risk in patients
with SCA (Kwiatkowski et al, 2006).
Alterations in the extracranial portion of the ICA may also
indicate an increased risk of overt stroke, including in
patients who are free of intracranial arterial disease (Deane
et al, 2010). Extracranial ICA velocity was recently evaluated
in 435 stroke-free children with SCA (median age, 79 years).
TAMMV values ≥160 cm/s in the cervical ICA were found in
103% of patients and were strongly associated with arterial
stenosis (Verlhac et al, 2014). In this same cohort, isolated
extracranial ICA stenosis was significantly and independently
associated with SCI in 189 stroke-free SCA children (Bernaudin et al, 2015).
Finally, screening for cerebrovascular disease in children
with the HbSC or HbS-b+ genotype remains controversial.
Overall, these subgroups have a low prevalence of stroke in
childhood. Furthermore, all studies of transfusion efficacy
were performed in patients with HbSS or HbS-b0 disease. In
a retrospective study of 46 children with HbSC disease, MCA
TAMMV was significantly lower (mean, 129 cm/s) than the
range reported in HbSS disease, suggesting that the threshold
indicating an increased stroke risk might also be lower (Deane et al, 2008). At present, TCD screening is recommended
only in patients with the HbSS or HbS-b0 genotype (Yawn
et al, 2014).

Contribution of other imaging studies to screening for
cerebrovascular disease
Imaging techniques assessing the large intracranial vessels,
such as MRA, computerized tomography angiography (CTA)
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and conventional angiography, showed good correlations
with the TAMMV measured using TCD. Most children in
the STOP trial underwent MRI/MRA (Abboud et al, 2004).
Among patients who underwent MRA within 30 days of random assignment, those with severe stenosis had significantly
higher TAMMV values compared to those with mild or no
stenosis (P < 0001). Nevertheless, blood-flow alterations
suggestive of a high stroke risk seemed detectable by TCD
before the development of MRA abnormalities, further supporting the role for TCD as the reference-standard screening
tool for lesions in large cerebral arteries.
Magnetic resonance angiography / Magnetic resonance
imaging is needed in several situations (see Table I). At the
acute phase, the sudden development of focal neurological
manifestations in a child with SCD requires immediate MRI
to look for signs of stroke. In the context of severe suddenonset headache, emergency brain CT scan and CT angiogram
is usually sufficient to diagnose intracranial haemorrhage. As
paediatric cerebral infarction can be accompanied by severe
headache and may not be recognized on CT scan in the first
hours, in case of normal CT, emergency MRI/MRA is recommended. In the chronic setting, children with abnormal or
conditional TCD findings must undergo MRA/MRI to evaluate potential arterial and cerebral lesions. MRA/MRI is also
required in children with incomplete TCD assessments, as an
inability to assess intracranial artery velocities using TCD is
usually due to lack of a bone window but, alternatively,
may be related to an underlying arterial occlusion. Finally, in
children with chronic neurological symptoms, recurrent
Table I. Criteria for performing brain MRI/MRA in children with
sickle cell disease.
Acute events
Sudden onset of a neurological abnormality, e.g., a focal deficit or
seizures
Severe headache
Chronic manifestations
Routine MRI/MRA is recommended, at least once around 6 years
of age
MRI/MRA is mandatory in patients who meet any of the following
criteria:
TCD velocities >170 cm/s and <70 cm/s
Incomplete TCD
Asymmetric velocities
Turbulent flow
Recurrent headache
Cognitive delay
HSCT considered among the treatment options
Serial MRI/MRA is strongly recommended in children treated for
cerebrovascular disease (hydroxycarbamide and/or chronic
transfusion) and in those switched from chronic transfusion to
hydroxycarbamide. The interval between imaging studies is
determined on a case-by-case basis.
MRI, magnetic resonance imaging; MRA, magnetic resonance angiography; TCD, transcranial Doppler; HSCT, haematopoietic stem cell
transplantation.
ª 2015 John Wiley & Sons Ltd
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headache, and/or cognitive impairments, even when the TCD
findings are normal, MRA/MRI should be performed to look
for SCI and mild arterial stenosis. At present, routine MRI is
not recommended in asymptomatic children with SCA
(Yawn et al, 2014). However, SCI is associated with cognitive
impairments and can be detected only using MRI. Patients
with SCI may benefit from an early evaluation of their cognitive performance followed by appropriate educational and
psychological support.
Regular neuropsychological assessments and monitoring may be
highly helpful. In their recent review of SCI, DeBaun et al
(2014) recommend performing MRI in all schoolchildren at
least once. We agree with this recommendation, although we
acknowledge that MRI imaging is expensive and that the
cost-effectiveness of a systematic screening needs to be evaluated. Furthermore, it has been suggested that hydroxycarbamide stabilizes brain ischaemic lesions (Hankins et al,
2008b). Despite the lack of evidence concerning the ability of
hydroxycarbamide to prevent the occurrence of SCI, an early
diagnosis may also influence the decision to treat.
Longitudinal brain damage evaluation may be important,
for instance when monitoring treatment effectiveness in children with cerebrovascular disease receiving hydroxycarbamide and/or chronic transfusion, particularly when switching
from chronic transfusion to hydroxycarbamide (see below).
Helton et al (2014a,b) recently used data from children
enrolled in the SWiTCH (Stroke With Transfusions Changing to Hydroxyurea/hydroxycarbamide) trial to develop a
scale for grading MRI/MRA findings based on the presence,
size, location, and vascular territories of subcortical and/or
cortical infarcts (see below for details on the SWiTCH trial).
This new grading system awaits validation.
Conventional angiography is rarely appropriate. One of
the two indications is cerebral aneurysm. The other is moyamoya syndrome, in which conventional angiography provides
an assessment of cerebral perfusion and anastomoses between
the external and internal carotid arteries.
Finally, imaging techniques that assess brain parenchymal
perfusion can be useful to detect regional hypoperfusion,
particularly as a few cases of stroke occur in patients with
previously normal TCD findings (Adams et al, 1992). Arterial spin labelling (ASL) MRI involves the magnetic labelling
of arterial blood protons, instead of the intravenous injection
of a contrast agent (gadolinium). Arterial spin labelling provides a non-invasive quantitative assessment of cerebral
blood flow in capillaries, which is dependent on the function
of both large and small vessels. Arterial spin labelling studies
in children with SCA showed blood-flow acceleration in the
grey matter compared to normal controls, which was probably related to the increased cardiac output induced by
chronic anaemia (Oguz et al, 2003). Interestingly, hydroxycarbamide may normalize grey matter blood flow without
correcting the perfusion abnormalities in the white matter
(Helton et al, 2009). Correlation studies between Transcraª 2015 John Wiley & Sons Ltd
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nial doppler and techniques evaluating capillary blood flow,
such as ASL and positron emission tomography are needed
to validate tools evaluating the respective contributions of
large and small vessels to the brain damage.

Preventing a first ischaemic stroke in children
with cerebrovascular disease due to sickle cell
disease
Prevention of a first stroke by chronic transfusion in
children with abnormal TCDvelocities
STOP was a randomized trial of chronic transfusion versus
standard care in children with abnormal TCD velocities
(Adams et al, 1998a,b). Chronic transfusion decreased the
risk of stroke by 92% (Adams et al, 1998a). This welldesigned study prompted a recommendation to use chronic
blood transfusion in children with abnormal TCD velocities
National Heart, Lung, and Blood Institute, National Institutes of Health (NHLBI, 2014). In the STOP 2 trial, children
receiving chronic transfusion because of abnormal TCD
velocities were assigned at random to continuation or discontinuation of this treatment if they had received at least
30 months of transfusion therapy and had normal TCD
velocities on repeat examination. Discontinuation of the
chronic transfusion programme was followed by a high rate
of stroke or reversion to abnormal TCD velocities (Adams &
Brambilla, 2005). Based on STOP 2 results, the current recommendation for children with abnormal TCD velocities is
to receive lifelong transfusion therapy.
There is no randomized study evaluating the impact of
chronic transfusion or hydroxycarbamide versus observation
in patients with abnormal velocity and/or stenosis in one or
both extracranial portion of the internal carotid arteries.
Considering the growing evidence on the relationship
between cerebrovascular events and extracranial ICA stenosis
(Telfer et al, 2011; Verlhac et al, 2014; Bernaudin et al, 2015)
and extrapolating the experience acquired in patients with
intracranial vasculopathy, we suggest recommending transfusions in the same way for patients with extracranial ICA stenosis as for those with intracranial ICA stenosis.

Is hydroxycarbamide an alternative to chronic
transfusion in patients with abnormal transcranial
Doppler (TCD) velocities?
Hydroxycarbamide is an inhibitor of the enzyme ribonucleotide reductase and has been used in children with severe
SCD for almost two decades. Hydroxycarbamide increases
the level of HbF, which prevents the elongation of polymerized deoxygenated HbS fibres, decreases blood-cell adherence
to endothelial cells, and increases nitric oxide production
(Hillery et al, 2000). In the BABY HUG study, compared to
a placebo, hydroxycarbamide limited the age-related increase
in cerebral blood-flow velocities in asymptomatic infants
619
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(Wang et al, 2011), suggesting a protective effect on the
brain. Few data exist on hydroxycarbamide therapy in children with increased TCD velocities. In a study from Belgium,
34 children with TCD velocities >200 cm/s, indicating a
high-risk of first stroke, received hydroxycarbamide instead
of chronic transfusion, which was contra-indicated by alloimmunization. A single patient experienced a neurological
event (seizures) during the 96 patient-years of follow-up
(Gulbis et al, 2005). In another study, 21 patients with conditional or abnormal TCD findings experienced a significant
decrease in blood-flow velocities during hydroxycarbamide
treatment, and only 1 had a stroke (Zimmerman et al, 2007).
Finally, in November 2014, the National Institutes of Health
(NIH) stopped the TWiTCH trial prematurely, as the early
results showed that hydroxycarbamide therapy in children
with abnormal TCD findings decreased blood velocities to
the same extent as did chronic transfusion (www.nih.gov/
news/health/nov2014/nhlbi-19.htm). However, an important
point is that all children enrolled in the TWiTCH trial based
on abnormal TCD velocities had received chronic transfusion, for a median of 46  32 years, before switching to
hydroxycarbamide, and were carefully screened out if they
had any cerebral vasculopathy on MRA (Aygun et al, 2012).
This point raises the possibility that, in patients with normal
MRA receiving chronic transfusion, a switch to hydroxycarbamide may be safe albeit after a period of chronic transfusion, whose duration is unknown. In patients switched from
chronic transfusion to hydroxycarbamide, we recommend
regular TCD and MRA/MRI to look for cerebral and/or arterial lesions (Table I).

Management of silent cerebral infarction
Hydroxycarbamide therapy has been suggested to limit the
extension or recurrence of SCI (Hankins et al, 2008b). It
could be indicated in patients with SCI, but this indication
has to be confirmed by controlled studies. Recently, a randomized single-blind study allocated 196 children with SCI to
observation or chronic transfusion (DeBaun et al, 2014).
Median follow-up was 3 years. In the transfusion group
(n = 99), one child had a stroke and five new or enlarged
SCIs, compared to seven and seven, respectively, in the observation group (n = 97) (P = 004). This study raises major
questions. Up to one-third of children with SCA experience
SCI during childhood (DeBaun et al, 2014), with an increased
risk of stroke and neurocognitive impairments. Preventing
these neurological complications is highly desirable. However,
transfusing one third of patients with SCA may not be feasible, due to limitations in blood supplies and manpower, as
well as concerns of patients, their families and providers
regarding side effects, especially iron overload. Finally, it has
been suggested that haematopoietic stem cell transplantation
(HSCT) may be reasonable in patients with less severe forms
of SCA and an HLA-matched sibling (Nickel et al, 2014).
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Treating stroke in children with sickle cell
disease: acute treatment and secondary
prevention
Treating acute stroke
The sudden onset of a focal neurological abnormality in a
patient with SCD suggests a stroke. When available immediately, MRI is recommended to confirm the diagnosis. The
MRI protocol should include diffusion-weighted imaging to
detect a recent ischaemic event; a perfusion sequence to
detect focal hypoperfusion if the signs are very recent
because diffusion-weighted imaging may be normal within
the first 1 or 2 h of symptom onset; and vascular sequences
to look for cerebral venous thrombosis. When emergency
MRI is not available and the clinical manifestations are consistent with cerebral haemorrhage, CT is indicated. Finally,
when brain imaging cannot be performed quickly, probabilistic treatment should be started without delay. Supportive
measures, such as maintaining haemodynamic stability and
monitoring glucose and oxygen levels are recommended in
every case.
Despite the absence of controlled trials evaluating treatments for acute ischaemic stroke in paediatric patients with
SCD and the uncertainty surrounding the potential impact
of the initial management on long-term outcomes, emergency exchange transfusion is strongly recommended. The
treatment targets are a decrease in HbS to less than 30% and
an increase in total Hb to 100–120 g/l, without exceeding
120 g/l. Exchange transfusion produces immediate haemodynamic and rheological effects (Switzer et al, 2006; Webb &
Kwiatkowski, 2013) and improves long-term neurological
outcome (Hulbert et al, 2006). Extreme care must be directed at avoiding hypotension or hypertension and automated
procedures are preferred (NHLBI, 2014). If a delay in the
initiation of exchange transfusion is anticipated, a simple
transfusion is recommended to increase the Hb level to
about 100 g/l (Webb & Kwiatkowski, 2013).
To date, thrombolysis is not recommended in paediatric
patients with SCD and acute ischaemic stroke, notably
because thrombolysis is not among the recommended treatments in children outside the setting of a controlled trial
(DeVeber & Kirkham, 2008).
After emergency treatment, complementary workup is suggested in order to screen for another cause(s) of stroke
(thrombophilia workup, echocardiography).

Preventing recurrent stroke
Without secondary prevention, more than half the patients
with a first stroke will experience a second stroke. Long-term
observational studies have established that monthly blood
transfusions greatly decrease the risk of recurrent stroke
(Pegelow et al, 1995).
ª 2015 John Wiley & Sons Ltd
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The optimal pre-transfusion HbS level for stroke prevention is unknown. The most widely used target is <30%.
However, in 15 patients whose target HbS level was raised to
50% after at least 4 years with a target of 30%, no recurrences of ischaemic stroke were recorded over the median
follow-up of 84 months. Two patients died from cerebral
haemorrhage, but their HbS levels at the time of death were
30% and 29%, respectively (Cohen et al, 1992). Among 60
children treated with chronic transfusion and followed for
1917 patient-years, 8 experienced a single recurrent stroke
(six infarctive and two haemorrhagic strokes) and 13 experienced 15 transient neurological events. The HbS level was
greater than 30% at the time of five of the six infarctions
and 7 of the 15 transient events (Pegelow et al, 1995). In a
retrospective study of 137 children receiving secondary stroke
prevention at 14 centres, of which nine used an HbS target
of 40–50%, the recurrence rate was 22 per 100 patient-years
(Scothorn et al, 2002). However, these retrospective studies
cannot establish a causal relationship between the HbS level
and the risk of recurrent stroke. Recurrences are probably
related not only to the HbS level, but also to the severity of
the cerebrovascular disease and to concurrent medical events.
Patients with severe arterial stenosis or moyamoya syndrome
may experience stroke despite HbS levels well below 30%
(Scothorn et al, 2002). In general, however, chronic transfusion protects most patients from clinical neurological events
but does not always prevent worsening of the radiological
abnormalities, even when the HbS levels are kept below 30%
(Brousse et al, 2009; Hulbert et al, 2011; Helton et al,
2014a).

Transfusion protocols
Many teams use simple transfusion, which is easy to perform
but may result in excessive Hb levels and high blood viscosity. Furthermore, repeated simple transfusions rapidly lead to
iron overload (Singer et al, 1999), and exchange transfusion
is therefore preferable. Exchange transfusion was associated
with a lower risk of subsequent stroke compared to simple
transfusion in a retrospective study (Hulbert et al, 2006).
Exchange transfusion can be manual or automated (erythrocytapheresis). Erythrocytapheresis is better tolerated than
manual exchange transfusion because it maintains isovolaemia and limits iron accumulation in chronically transfused
patients (Hilliard et al, 1998). Limitations to the use of erythrocytapheresis are the need for two good venous access
ports and the high cost of the procedure.
In our centre, for each transfusion, the patient arrives at
about 8:30 AM. Blood is drawn for assays of Hb, HbS, ferritin, and hepatic and renal function parameters; as well as a
direct anti-globulin test. When the Hb level is below 80 g/l, a
simple transfusion of 15 ml/kg of packed red cells is given.
In patients with Hb levels between 80 and 90 g/l, after arrival
of the packed red-cell units at the day-treatment department,
a phlebotomy is performed to remove 5 ml/kg of blood, and
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5 ml/kg of saline is administered intravenously, followed by
15 ml/kg of packed red cells. Finally, in patients whose Hb
level is above 90 g/l a phlebotomy is performed to remove
5 ml/kg of blood, a 10-ml/kg saline infusion is given, a second phlebotomy is performed to remove 5 ml/kg of blood
and 15 ml/kg of packed red blood cells is administered, with
all these steps being performed via the same venous access.
The child usually leaves the day-treatment department at
about 5 PM (Mirre et al, 2010).

Prevention and treatment of transfusion-related
complications
The main complications of chronic transfusion fall into four
categories: red-cell allo-immunization; iron overload; paucity
of venous accesses and viral infections, which are the most
feared by parents but are extremely rare in industrialized
countries.
Red-cell allo-immunization is related to the discrepancy in
blood group distribution between recipients of African descent and the donors, most of whom are of Caucasian origin
in Europe and North America (Yazdanbakhsh et al, 2012).
Some antigens are more immunogenic and clinically more
relevant, leading to delayed haemolytic transfusion reactions.
For sickle cell patients receiving chronic transfusion therapy,
extended phenotyping should be performed and red blood
cell units should be matched for Rh Cc, Rh Ee, and Kell
antigens in addition to regular ABO and Rh D matching.
Most centres reserve extensive matching of Kidd, Duffy and
MNS blood groups for patients who have already developed
antibodies.
Venous access may be limited. When the peripheral veins
are insufficient, many teams use fully implantable venous
access devices, such as Port-a-Cath, despite reports of an
increased risk of sepsis (Jeng et al, 2002; Zarrouk et al,
2006). A few teams use a femoral catheter for each procedure
(Billard et al, 2013).
Iron overload is an unavoidable complication of repeated
transfusions. In contrast with thalassaemia, SCD seems to be
associated with preferential iron accumulation in the liver
and relative sparing of the heart (Darbari et al, 2006; Meloni
et al, 2014). Iron chelation should be started if the ferritin
level is greater than 1000 lg/l, the cumulative amount of
transfused red-cell packs is greater than 120 ml/kg, or the
liver iron content assessed using MRI is ≥7 mg/g dry weight
(NHLBI, 2014). Until 2004, chelation relied on subcutaneous
deferoxamine (Desferal), 40 mg/kg/day. In 2006, deferasirox
(Exjade) was licensed for use over 2 years of age in children
with SCD and transfusion-related iron overload. The starting
dosage is 20 mg/kg/day and is subsequently adjusted according to the ferritin level and tolerance. Deferasirox is usually
well tolerated in children with SCD (Vichinsky et al, 2011).
Blood leucodepletion and serological and genomic diagnostic tests for hepatitis viruses and the human immunodeficiency virus in blood products have dramatically reduced the
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risk of transfusion-transmitted viral infections (Schreiber
et al, 1996).

Is hydroxycarbamide an alternative to chronic
transfusion in patients after a stroke?
The SWiTCH study (Stroke with Transfusions Changing to
Hydroxyurea) was designed to determine whether hydroxycarbamide was as effective as chronic transfusion in preventing
recurrent stroke in children with SCA and iron overload
(Ware & Helms, 2012). Children with a past history of stroke
were allocated at random to hydroxycarbamide/phlebotomy
or standard transfusion/chelation treatment for secondary
stroke prevention and control of iron overload. A composite
endpoint combined stroke and iron removal. Stroke occurred
in 7 of the 67 children receiving hydroxycarbamide versus
none of the 66 children receiving transfusions while during the
same time period there was no difference between the study
arms for iron removal. The study was therefore closed prematurely and the authors concluded that transfusions and chelation remain a better way to manage children with SCA, stroke
and iron overload. At present, chronic transfusion with a target HbS level <30%, when feasible and safe, remains the best
option for stroke prevention in children with a history of overt
stroke. Hydroxycarbamide is a treatment of second choice for
patients with allo-immunization and those living in countries
where the blood supply is limited.

Hydroxycarbamide combined with transfusions after a
stroke
No randomized controlled trial has evaluated the potential
benefits of adding hydroxycarbamide to chronic transfusion in
patients with SCD and cerebrovascular disease. However, several studies reported a persistent risk of cerebrovascular disease progression in patients following well-conducted
transfusion programmes (Brousse et al, 2009; Hulbert et al,
2011). This finding is probably ascribable to the adverse effects
of residual sickle cells, high leucocyte counts, inflammation, a
hypercoagulable state and severe vascular lesions. In a retrospective study in seven children, hydroxycarbamide combined
with chronic blood transfusion was associated with a significant increase in pre-transfusion Hb levels combined with a
decrease in HbS and an increase in HbF percentages. All seven
children remained clinically stable on combined treatment
and six of them experienced stabilization of their cerebrovascular disease (Brousse et al, 2013). We suggest that combining
hydroxycarbamide with chronic transfusion may be helpful in
children with persistent abnormal or conditional TCD velocities despite a well-conducted chronic transfusion programme.

Haematopoietic stem cell transplantation
Given the complications of chronic transfusion, especially
iron overload, and the risk of cerebrovascular disease
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progression despite chronic transfusion, stroke is considered
an indication for HSCT in children and adolescents who
have an HLA-matched sibling (Walters et al, 1996; Bernaudin et al, 2007; Angelucci et al, 2014). This recommendation
extends to children with impaired neuropsychological function and abnormal cerebral MRI findings. Neurological outcomes after HLA-identical HSCT have been assessed in two
large but overlapping case-series studies (Bernaudin et al,
2007; Walters et al, 2010). Bernaudin et al studied 87
patients who received a transplant from an HLA-identical
sibling between 1988 and 2004. Among them, 6 died, including 1 from cerebral haemorrhage. The event-free survival rate
was 861% after a median follow-up of 6 years. Of the 36
patients with a history of stroke before transplantation, only
two experienced recurrent neurological events (1 TIA and 1
fatal intracranial haemorrhage). The vascular occlusions persisted and, among the 23 stenoses, 5 resolved, 16 remained
unchanged and 2 continued to worsen. In the work by Walters et al(2010), of 59 patients with a history of stroke who
were transplanted between 1991 and 2000, 55 survived,
including 50 who were free from SCD. Four patients died,
two from intracranial haemorrhage and two from graft-versus-host disease. None of the survivors who had stable
donor-cell engraftment experienced recurrent stroke after
transplantation. Of the 55 survivors, 46 underwent brain
MRI after transplantation, which usually showed stabilization
of the cerebrovascular abnormalities. In both cohorts, seizures were common, but the seizure risk decreased after the
introduction of routine anti-convulsant therapy. Finally, a
literature review of neurological outcomes after HSCT in
children with SCD has been recently reported (Bodas &
Rotz, 2014). Of the 196 patients, 81 had radiological cerebrovascular abnormalities before transplantation. Two patients
experienced a TIA during or after transplantation. Posttransplantation brain imaging performed in 45 patients
showed no change in the cerebrovascular lesions in 71%,
improvements in 13% and progression in 16%.
The appropriateness of HSCT in children with abnormal
TCD velocities but normal MRI/MRA findings is more controversial (Khoury & Abboud, 2011). Haematopoietic stem
cell transplantation is associated with severe complications,
although the risk is relatively low in patients with SCD who
receive stem cells from an HLA-identical donor (Bernaudin
et al, 2007). Bernaudin et al (2007) considered that HSCT is
indicated in patients with abnormal TCD velocities. Similarly, a recent study led the authors to suggest HSCT in
patients with ‘less severe’ SCD, in order to prevent progression to severe SCD (Nickel et al, 2014).

Specific management of moyamoya syndrome
Moyamoya syndrome in children with SCD may require specific therapeutic interventions combined with chronic transfusion. Revascularization surgery may be indicated, depending
on the angiography findings, previous stroke extent and
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clinical examination. Direct or indirect revascularization procedures may be used, according to the protocols used in each
centre (Scott & Smith, 2009). Patients with moyamoya should
receive specific management if they require general anaesthesia
or have severe acute anaemia (Scott & Smith, 2009).

Intracranial haemorrhage
Intracranial haemorrhage in children with SCD should be
managed in the same way as acute ischaemic stroke. The aetiological work-up should look not only for an arteriovenous
malformation, which is the most common cause of paediatric
non-traumatic intracranial haemorrhage, but also for intracranial aneurysms, which have been reported in patients with
SCD (Kossorotoff et al, 2014b) and moyamoya syndrome.
The appropriateness of chronic transfusion is debated.
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