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Cerebral hemodynamic assessment
and neuroimaging across the lifespan
in sickle cell disease
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Abstract

Children and adults with sickle cell anemia (SCA) have a higher risk of strokes compared to age- and race-matched peers.

Velocity in the middle cerebral or distal internal carotid artery as measured by transcranial Doppler ultrasound is a

recognized method to identify children but not adults with SCA at high-risk for first stroke. For both children and adults

with SCA that have had a stroke, no methods clearly identify individuals at highest risk of recurrent strokes or an initial

silent stroke, the most common neurological injury. Methods to assess cerebral hemodynamics in SCA have been utilized

for decades but often required radiotracers making them not feasible for screening and longitudinal follow-up. MRI

approaches that do not require exogenous contrast have been introduced and are appealing in both clinical and research

scenarios. Improved neuroimaging strategies hold promise for identifying individuals with SCA at increased risk of initial

and recurrent infarcts, justifying more aggressive risk-based therapy. We review the epidemiology of stroke in SCA, the

impact of strokes, stroke mechanisms, and potential imaging strategies including regional and global oxygen extraction

fraction, cerebral blood flow, and vessel wall imaging to identify individuals at high-risk of stroke.
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Epidemiology and neurological
complications of sickle cell disease
in children and adults

Sickle cell disease (SCD) is a group of recessively inher-
ited hemoglobinopathies. The most common and severe
form, sickle cell anemia (SCA), including genotype
HbSS and HbSbthalassemia zero, affects approxi-
mately 66,000 individuals in the United States.1 The
prevalence of SCA is highest in Africa, India and
the Mediterranean; globally in 2010, there were an esti-
mated 305,800 newborns with SCA.2 Among children
with SCA, the incidence of stroke is approximately
2/1000/year and in adults with SCA, the incidence is
even higher at approximately 9/1000/year.3 The major-
ity of adults with SCA will suffer a cerebral infarct.4

African-American adults with SCA have a three-fold
higher risk of overt strokes than African-Americans
of similar age (35–64 years) without the condition.5

Silent strokes (also referred to as silent cerebral
infarcts) can only be detected with MRI of the brain
and are defined as infarcts that are at least 3mm in one

dimension, are visible in two planes on fluid-attenuated
inversion recovery (FLAIR) T2-weighted images, and
are accompanied by a neurological examination that
reveals no abnormalities referable to the location of
the brain lesion,6 Figure 1. Untreated silent strokes
increase with age with a prevalence of approximately
39% at age 18 years and 50% at 30 years.4,7,8 Children
and adults with untreated silent strokes have a high-risk
of infarct recurrence or progression.8–11 Silent strokes
may go undetected, but have life-altering consequences
because they are associated with a decrease in global
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intelligence quotient (IQ),12 as well as poor academic
performance.13 The sequelae of both overt and silent
strokes include decreased educational attainment and
cognitive performance, lower rates of employment,
increased health care costs,14 and premature death.5,15

Hemorrhagic stroke is another frequent neurological
complication associated with SCA, particularly in adults.
In a large prospective cohort study of adults with SCA,
the incidence of hemorrhagic stroke in individuals with
SCA was highest among patients aged 20 to 29 years.3

Overall, hemorrhagic stroke accounts for about 25% of
strokes.16 Some of the increased rate of hemorrhagic
stroke is attributable to the higher prevalence of aneur-
ysms in SCA; in a hospital-based cohort, adults with
SCA had a prevalence of aneurysms of 10.8%.17

Cognitive impact of strokes in children
and adults with sickle cell anemia

Children with SCA with either overt or silent strokes
often have a significant drop in their Full Scale
Intelligence Quotient (FSIQ). In the most comprehen-
sive study of children with strokes, there was approxi-
mately a 20 point drop in the FSIQ after an overt
stroke.18 In a pooled analysis of 10 studies comparing
the FSIQ in children with SCA with and without silent
strokes, silent strokes were associated with approxi-
mately a 5 point drop in FSIQ (Figure 2).12 Lesion
burden appears to be important for cognitive function
such that increasing numbers of silent strokes leads to
poorer intellectual function.19

The natural history of adults with SCA with either
strokes or silent strokes is poorly defined, and the

impact of low FSIQ is less established in adults versus
children with SCA. In the most comprehensive study to
date, Vichinsky et al.20 demonstrated in 149 adults with
SCA without neurological findings that mean FSIQ
was significantly lower than FSIQ of age- and race-
matched controls, 90.5 and 95.7, respectively (mean dif-
ference, �5.2; 95% confidence interval (CI), �9.2,
�1.13). The largest difference between adults with
SCA, and controls was in processing speed (86.5 vs.
97.9 (mean difference, �11; 95% CI, �15.51, 7.40);
P< .001). Silent strokes, referred to as lacunae in this
study, were more frequent in adults with SCA, but were
not independently related to neurocognitive function.20

In a single center retrospective cohort study of adults
with SCA, Sanger et al.21 described the important rela-
tionship between poor cognition and unemployment.
The mean age of the sample was 30.7 years (range¼
19–59) and 44% of the participants were unemployed.
In a multivariable logistic regression model, lower
FSIQ scores were associated with unemployment
(odds ratio¼ 0.88; P¼ .002, 95% CI, 0.82, 0.96]). In
this sample of 50 adults with SCA, the mean FSIQ
was 88.0, and the presence of silent strokes was not
associated with cognitive deficits.

In both the Vichinsky et al.20 and Sanger et al.21 stu-
dies, no relationship between the presence of silent
strokes and low FSIQ was found.20,21 The absence of
an association between silent strokes and a reduction
in FSIQ in adults with SCA may be related to co-
morbid conditions frequently occurring in adults, such
as hypertension or diabetes. Alternatively, adults with
SCA may have chronic injury to the brain without evi-
dence for infarcts seen on MRI at current magnet

Figure 1. Silent and overt strokes. A child with sickle cell anemia (SCA) with no history of stroke-like symptoms had a screening

MRI performed. On fluid-attenuated inversion recovery (FLAIR) T2-weighted images, a silent stroke is a lesion that is 3 mm or larger in

one dimension and is visible in two imaging planes, typically axial (a) and coronal (b). A normal neurological examination with no

symptoms that localize to this lesion confirms this is a silent stroke. Notably, the infarct volume is quite small. In contrast, in a child

with neurological symptoms, MRI can confirm an overt stroke. Panel (c) shows a diffusion weighted image of a child with SCA and

restricted diffusion confirming overt stroke in the posterior limb of the right internal capsule and putamen at the time of acute

presentation (awoke with left sided weakness and numbness). Panel (d) shows the same lesion on FLAIR at two-year follow-up.

Note that the mature infarct volume is much smaller than at the time of acute symptoms.
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strengths. Evidence supporting injury to the brain with-
out detection of cerebral infarcts includes two studies
that show a lower than average mean FSIQ in adults
with SCA, 90.520 and 88.0.21

Mechanisms underlying acute stroke
and chronic ischemia in sickle cell anemia

Cerebral hemodynamics in SCA are complex and
are not completely understood. Unique features of
SCA impact cerebral hemodynamics. First, a shift in
the oxygen dissociation curve to the right alters the
typical tight association between hemoglobin oxygen
saturation measured with a pulse oximeter and meas-
urement of the hemoglobin oxygen saturation with
co-oximetry. Second, the red blood cells have abnormal
rheological properties (non-deformability), and ele-
vated hemoglobin S concentration increases blood
viscosity. Both the presence of hemoglobin S and the
abnormal rheological properties of the red blood cells
influence cerebral blood flow. Most of the algorithms
used to determine cerebral blood flow have been based
on individuals in the general population who do not
have profound anemia or abnormal hemoglobin as
seen in SCA.

Multiple potentially overlapping mechanisms of
cerebral infarction are possible in individuals with
SCD. These include: (1) anemia, both chronic anemia
with baseline hemoglobin in SCA of 6–8 g/dL and acute
anemia (a drop in hemoglobin) in the setting of illness3;
(2) inadequate oxygen delivery, including events that
increase the need for oxygen, such as febrile illness or
seizure, or reduce oxygen exchange such as acute chest
syndrome3; (3) intracranial stenosis which is present in at
least 10–15% of individuals with SCA22; (4) conven-
tional stroke risk factors, such as hypertension, diabetes,
and hyperlipidemia. Physiologically, risk for ischemic
stroke occurs when cerebral blood flow (CBF; ml
blood/100g tissue/min) and cerebral blood volume
(CBV; ml blood/ml parenchyma) are inadequate to
maintain the cerebral metabolic rate of oxygen con-
sumption (CMRO2; mmol O2/100g tissue/min).
CMRO2 is the product of CBF, the oxygen extraction
fraction from blood (OEF; ratio of oxygen supplied to
oxygen delivered) and blood oxygen content. Cerebral
blood oxygen content is decreased in SCA due to
reduced hemoglobin, the presence of hemoglobin S,
and reduced hemoglobin-bound oxygen.

All untreated children and adults with SCA have
chronic, hemolytic anemia. As in the general population,

Figure 2. Meta-analysis of studies in children with sickle cell anemia that included full scale intelligence quotient (FSIQ) for

those with and without silent cerebral infarcts (silent strokes). The meta-analysis includes a total of 10 published studies and com-

pares the mean difference in FSIQ between those children with sickle cell anemia with and without a silent stroke. The Forrest

plot x-axis reflects the mean FSIQ difference between those with and without silent stroke. The horizontal lines represent the

upper and lower boundaries of the 95% confidence interval. If the 95% confidence interval overlaps zero or crosses the zero

threshold, then no statistical differences were observed in that study. The black and gray diamonds represent the results of the

fixed and random effect models. The edges of the diamonds represent the 95% confidence interval of the meta-analyses for the fixed

and random effect models.12 The Forrest plot graphically shows the study size, the effect size, and the direction of change in the

FSIQ. The figure summarizes the strong evidence that silent strokes lead to a reduction in FSIQ in children with SCA. Used with

permission.
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adapting to chronic anemia is based on passive physio-
logic mechanisms, including initial cerebral vasodilation
(though capacity for vasodilation appears to be less in
the setting of anemia)23–25 with increased cerebral blood
flow and ultimately increased OEF if there is insufficient
oxygen delivery based on cerebral demand. In children
with SCA, even at baseline, there is a delicate relation-
ship between oxygen demand and supply to the brain. In
a cross-sectional study of 652 children with SCA, acute
silent cerebral ischemic lesions (acute silent strokes) were
detected with diffusion-weighted MRI of the brain
(Figure 3).26 These lesions were identified in children
that were asymptomatic at the time of the MRI of the
brain and were not expected to have acute or subacute
ischemia of the brain. Of the 10 asymptomatic children
with SCA with acute silent cerebral ischemic events, two
had follow-up imaging and one had a new silent stroke
in the same region of the prior acute silent ischemic
lesion detected by diffusion-weighted MRI of the
brain. The incidence of acute silent cerebral ischemic
events is approximately 10 times greater than the inci-
dence of stroke or silent stroke recurrence in children
with SCA. In the Silent Infarct Transfusion trial, the
incidence of acute silent cerebral ischemic events was
47.3 per 100 patient years and the incidence of silent
strokes was 4.8 events per 100 patient years.26 These
data provide evidence that, in children with SCA, there
are frequent discrete cerebral ischemic events occurring
sporadically, with some events proceeding to permanent
brain injury, strokes or silent strokes.

Given the small margin of reserve between supply and
demand of oxygen to the brain in SCA, acute drops in
hemoglobin are a high-risk period for strokes. Dowling
et al.27 tested the hypothesis that acute cerebral ischemic
events would occur in children and would be temporally
associated with a drop in hemoglobin levels to less than
5.5 g/d. In a cross-sectional study, the investigators
screened children with acute, severe anemia and no clin-
ical signs of stroke, both with and without SCA, with
diffusion-weighted MRI of the brain within 10 days of
the reduction in hemoglobin level. They demonstrated
that 18.2% (4 of 22) of the children with SCA and
6.7% (2 of 30) the children without SCA had new ische-
mic lesions of the brain in the setting of profound anemia.
Table 1 summarizes the incidence of silent strokes in chil-
dren with SCA with and without prior infarcts. These
studies provide strong evidence that children with pro-
found anemia are at increased risk for cerebral ischemic
injury, and children with SCA are higher risk because of
their unique biological factors. Unfortunately, in adults
with SCA, no similar risk stratification for initial and
recurrent strokes and silent strokes has been published.
Imaging methods to distinguish children and adults at
highest risk for ischemic lesions are needed.

Methods to assess cerebral
hemodynamics

Conventional neuroimaging methods such as MRI of
the brain and CT of the head will show parenchymal

Figure 3. Acute silent cerebral ischemic events. Children without focal neurological symptoms may have acute ischemic lesions seen

on diffusion-weighted MRI sequences. Panel (a) shows bilateral restricted diffusion in the borderzones. Panel (b) shows corresponding

changes on the apparent diffusion coefficient sequences to confirm that cerebral ischemia has occurred in the last seven days. Acute

silent cerebral ischemic events can occur in any location in the brain. Ischemia in the borderzone region is most often seen when a

child with SCA has had acute anemia, as was the case in this child, or significant hypotension.
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brain injury that may be in a pattern suggestive of
hemodynamic compromise (borderzone or watershed
ischemia) but do not assess cerebral hemodynamics.
Prior silent or overt stroke increases the risk of add-
itional cerebral infarcts. MR and CT angiography of
the brain assess cerebral blood vessels for intracranial
stenosis, anatomic variants in the cerebral circulation
and for aneurysms. Cerebral vasculopathy defined as
stenosis> 50% is a known risk factor for recurrent
cerebral ischemia.28 Given that prior cerebral ischemia
and cerebral vasculopathy portend future stroke risk,
in our practice, we assess clinically asymptomatic chil-
dren with MRI and MRA of the brain at least once
in childhood when these tests are able to be done with-
out sedation and once in adulthood. If silent strokes or
cerebral vasculopathy are present, we follow this group
with surveillance MRI and MRA of the brain for pro-
gression and consider increasing the intensity of disease
modifying therapy.

The standard method used to assess stroke risk
in children with SCD is transcranial Doppler ultra-
sound (TCD). Adams et al.29 validated this technique
in children with SCD and used TCD in their landmark
study, the Stroke Prevention Trial in Sickle Cell
Anemia (STOP). Children with elevated TCD velocity

200 cm/s or greater were randomized to monthly blood
transfusion versus observation, resulting in a 92% risk
reduction for stroke with blood transfusions. The
results of this seminal trial led to the new standard of
care for primary stroke prevention, namely, screening
for elevated TCD measurements coupled with initial
blood transfusion therapy for children with TCD velo-
cities� 200 cm/s.

Originally, elevations in TCD velocity were thought
to be a sign of intracranial stenosis. In fact, the initial
TCD validation study was designed to determine the
sensitivity and specificity of TCD in detecting signifi-
cant (>50% lumen diameter reduction) intracranial
arterial stenosis in children with SCD.30 TCD detected
intracranial stenosis that was >50% in 26 of 29 chil-
dren with SCA (sensitivity 90%, specificity 100%).
Despite this small validation study and the fact that
elevated TCD velocity �200 cm/s clearly identifies chil-
dren at risk for stroke,31 analysis of the STOP trial
MRA of the brain data showed that in children with
elevated TCD velocities, 79% had either no stenosis or
less than 25% stenosis.32 In most children, TCD seems
to reflect increased cerebral blood flow velocity. TCD
velocity criteria used in children cannot be used to
stratify risk of stroke in adults.33

More recent methods to assess stroke risk include
MR perfusion techniques such as arterial spin labelling
(ASL). The two main types of ASL are continuous
arterial spin labelling (CASL) and pseudocontinuous
arterial spin labelling (pCASL). ASL MR perfusion
allows for non-invasive quantification of global and
regional CBF. ASL generates an image by magnetically
‘‘labelling’’ water molecules as an endogenous tracer.
Selective radiofrequency irradiation inverts the magnet-
ization of arterial blood water in the region or plane
to which it is applied, usually in the neck for brain
perfusion, and a downstream measurement is taken
as labeled water molecules exchange into the brain.
Labelled images are subtracted from control (unla-
beled) images to estimate CBF. CBF has been shown
to be globally increased in children34 and adults35,36

with SCD. Figure 4 shows this elevation in adults
with SCA compared with healthy controls. One limita-
tion of ASL in SCA is that with elevated CBF, labelling
efficiency would be expected to be reduced. Cervical
phase contrast angiography has been used to determine
labelling efficiency in adults with SCA37 and confirmed
elevated blood velocities. Labelling efficiency was found
to be 0.60 compared with 0.85 in healthy age- and race-
matched controls. Reduced labelling efficiency will
result in an underestimation of CBF values without
correction in SCA.

A measure of the brain’s capacity to increase oxygen
delivery is OEF, defined as the ratio of oxygen con-
sumed over oxygen delivered to tissue. Elevation in

Table 1. Silent ischemic events in children with sickle cell

anemia: Identifying high-risk groups.

Ischemic brain lesion Study

Incidence of new

ischemic events

per 100

patient-years

Initial SCI Pegelow et al.10 1.0

Prior SCI with recur-

rent SCI while

untreated

Pegelow et al.10 7.1

Prior SCI with recur-

rent SCI while

untreated

DeBaun48 4.8

Prior SCI with recur-

rent SCI or stroke

while treated with

regular blood trans-

fusion therapy

DeBaun et al.48 2.0

Prior overt stroke with

recurrent SCI while

treated with regular

blood transfusion

therapy

Hulbert et al.28 5.0

ASCIE Quinn et al.26 47.3

ASCIE during acute

anemic event

Dowling et al.27 664

SCI: silent cerebral infarct; TCD: transcranial Doppler ultrasound; ASCIE:

acute silent cerebral infarct event.
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cerebral OEF is postulated to be a compensatory mech-
anism when CBF is inadequate. OEF has classically
been measured via PET. In a 1986 PET study in six
adults with SCA, both regional cerebral blood flow
and blood volume were found to be significantly ele-
vated when compared to healthy controls.38 Oxygen
extraction was not significantly different than controls.
However, studies continued, primarily in other patient
populations. The St. Louis Carotid Occlusion Study
demonstrated convincingly that elevated OEF was a
strong risk factor for stroke in adults without SCA,
but with unilateral carotid occlusion. Specifically, ipsi-
lateral-increased OEF was worrisome and a ratio of
ipsilateral-to-contralateral mean regional carotid terri-
tory OEF greater than 1.13 was thought to be highly
suggestive of stroke risk. In fact, the ischemic stroke
rate over two years was 26.5% in 39 patients with
increased OEF and 5.3% in 42 patients with normal
OEF, P¼ 0.004).39 In the multicenter Carotid
Occlusion Surgery Study (COSS), participants had
(15)O PET and were randomized to observation
versus extracranial to intracranial bypass surgery if
the OEF ratio was >1.13 on the occluded side. The
COSS study investigators did not find evidence that
an OEF ratio >1.13 and surgery significantly decreased
the rate of future strokes when compared to no surgery.
Two-year rates of ipsilateral ischemic stroke were
21.0% for the surgical group and 22.7% for the

nonsurgical group, a difference of 1.7% (95% CI,
�10.4% to 13.8%). However, elevated OEF was inde-
pendently associated with cognitive impairment in par-
ticipants with carotid occlusion confirming that
elevated OEF is a marker of cerebral impairment and
injury.40

Research evaluating the utility of OEF in SCA is just
beginning. Our group published data on 27 adults
with SCA.35 We used T2-relaxation-under-spin-tagging
(TRUST) MRI rather than PET to assess whole brain
OEF. Global OEF measurement is logical in SCA, par-
ticularly in adults with SCA without significant extra-
cranial or intracranial stenosis. Cerebral blood flow
and OEF were both elevated. However, OEF, but not
cerebral blood flow was increased in a linear fashion in
participants with higher levels of clinical impairment
defined as (1) moderate vasculopathy >50% of any
major extracranial or intracranial vessel, (2) prior
overt stroke or infarct on neuroimaging, and/or (3)
chronic debilitating SCA-related pain that required
treatment with chronic blood transfusion therapy.
When a significant unilateral intracranial or extracra-
nial stenosis is present, regional OEF measurements are
logical. Regional OEF assessment has been completed
using PET as described and recently using MRI in an
animal model41 and non-SCD patient populations.42

Cerebrovascular reactivity is the ability of cerebral
blood vessels to change their diameter; hence, their

Figure 4. Pseudo-continuous arterial spin labeling to assess cerebral blood flow in sickle cell disease. Mean cerebral blood flow

(CBF) maps in control participants (a) (n¼ 43) and participants with SCA (b) (n¼ 22) are shown.

Note that CBF is globally increased in SCA compared to controls.
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capacity to regulate regional blood flow in the brain.
Historically, adults with SCD have had assessment of
global cerebral blood flow by the 133Xenon inhalation
during normocapnia and hypercapnia.23 Currently,
high resolution quantitative maps of cerebrovascular
reactivity can be produced using blood-oxygen level-
dependent (BOLD) MRI,43,44 and inhalation of
carbon dioxide gases which assess for cerebral vasodila-
tion. When an individual has little capacity to vasodi-
late to increase cerebral blood flow, this may be a
worrisome sign. Prediction of cerebrovascular reserve
is a key goal. Some combination of these techniques
that assess OEF, CBF and perhaps cerebrovascular
reactivity may provide a profile for individuals with
SCA at the highest risk for stroke. Recent work has
shown that cerebrovascular reactivity is significantly
reduced in children with SCA, particularly in the setting
of anemia.45 None of the children in this study had
significant intracranial stenosis. Given that decreased
cerebrovascular reactivity may occur before the presence
of cerebral vasculopathy, in the future, cerebrovascular
reactivity may be used to stratify individuals with SCA
into high and low stroke risk groups. Studying cerebro-
vascular reactivity and other measures of cerebral hemo-
dynamics in SCA, a homogeneous single gene disorder
where individuals are predisposed to moyamoya pro-
vides a unique opportunity to understand the risk of
initial and subsequent stroke in other high-risk

populations, as typically moyamoya is a more heteroge-
neous group. To date, most of the work in this area has
been in non-SCA populations with moyamoya.46,47

Figure 5 provides an example of using BOLD MRI to
estimate cerebrovascular reactivity in SCD related
moyamoya syndrome.

Standard therapy fails to prevent stroke
recurrence

Despite regular blood transfusion therapy, which is the
standard of care for secondary stroke prevention in
children with overt and silent stroke, over a course of
five years, 45% of children with overt strokes will have
a new infarct recurrence (overt or silent).28 For children
with silent strokes, monthly blood transfusions signifi-
cantly reduce their risk of new infarct; however, the
number needed to treat to prevent 1 new infarct is
13 children.48 The most pressing clinical problem in
this high-risk population, children and adults with
SCA, is to clearly separate those likely to progress des-
pite receiving regular blood transfusion therapy from
the group not likely to have any recurrent cerebral
infarcts.

Use of novel imaging strategies to better identify
children that require more aggressive treatment is piv-
otal (e.g., revascularization surgery, stem cell trans-
plantation or even gene therapy available through

Figure 5. Cerebrovascular reactivity in sickle cell anemia in the setting of cerebral vasculopathy. A 25-year-old male with SCA and

history of overt stroke in the right posterior MCA territory (a) and unilateral moyamoya syndrome with right distal internal carotid

and middle cerebral artery occlusion (b) had measurements of cerebral blood flow and cerebrovascular reactivity (CVR) (c). The

patient was fitted with a nasal cannula (Salter Labs, Ref 400F) for end tidal CO2 monitoring and a non-rebreathing mask for admin-

istration of medical grade room air (21% O2, 79% N2) and hypercapnic hyperoxia (i.e. carbogen: 5% CO2, 95% O2). The CVR was

assessed using a paradigm consisting of two blocks of 3-min carbogen administration interleaved with 3-min blocks of medical grade

room air. Carbogen should produce cerebral vasodilation with good CVR. Gradient echo BOLD images were acquired. As expected,

the patient had reduced CVR in the region of his remote stroke (blue). He also had relatively preserved reactivity in the left

hemisphere, and posteriorly. Moyamoya preferentially affects the anterior circulation until very late stages.
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clinical trials). Clinical trials have answered many key
questions regarding evaluation for stroke risk and
treatment in children with SCA (Table 2). However,
basic information regarding stroke risk in adults with
SCA is lacking, and refinement of individual risk for
stroke recurrence is necessary in children and adults.

How might modern neuroimaging
methods help?

Clinicians providing medical care for children and adults
with SCA have a keen interest in modern neuroimaging
methods. In part, this attention is driven by the inability
to identify a subgroup of children and adults that are
likely to fail secondary stroke prevention with monthly
blood transfusions.49 The burden of monthly blood
transfusion is unacceptably high for individuals with
SCA and their families in terms of time away from
school and work, expense, excessive iron stores from
transfusions, and other side effects.14,28,50 Currently,
some families choose not to treat children identified as
high-risk for stroke51 because the numbers needed to
treat for secondary stroke prevention are so high.
Improvements in both structural and hemodynamic ima-
ging of the brain have the potential to increase the ben-
efit-to-burden ratio by improving patient selection.
If novel cerebral hemodynamic imaging could reduce
the number needed to treat with blood transfusion to
prevent recurrent infarcts, this would be a breakthrough.

Structural MRI identifies silent strokes and MR
angiography demonstrates cerebral vasculopathy, and
both of these findings are associated with increased
stroke risk. However, improved structural imaging
advances perhaps in combination with cerebral hemo-
dynamic data may be helpful. For example, with
increasing MRI magnet strengths, new lesions and

potential pathologies will be identified that are not
seen on lower resolution scans. Smaller areas of ische-
mic or hemorrhagic brain injury identified with ultra-
high field magnets must be studied to assure that they
are both predictive of future strokes and associated
with expected location-specific cognitive profiles
(frontal lobe lesions associated with executive function,
working memory, attention). Simply identifying poten-
tially new pathological lesions of the brain without evi-
dence that they are associated with markers of
abnormal cerebral hemodynamics such as increased
OEF, decreased CVR and current or future neuro-
logical morbidity does not advance the field and may
lead to over treatment.

Structural vascular imaging may also be helpful. For
example, vessel wall imaging provides information
regarding vessel wall thickening, luminal narrowing,
and vessel wall enhancement.52 Improvements in spa-
tial resolution, CSF suppression, and more quantitative
thickness measurement procedures are expected over
the next few years. Standard vascular imaging tech-
niques only evaluate luminal narrowing or dilation.
Cerebral vasculopathy is a strong risk factor for
stroke and stroke recurrence in SCA. Intimal injury
with proliferation is a consistent pathological finding
in SCA.53,54 With vessel wall imaging, it may be pos-
sible to identify intimal proliferation at an earlier stage
and implement new treatments to prevent progressive
cerebral arteriopathy and stroke. Furthermore, a better
understanding of the mechanism of arteriopathy
in SCA could inform specific treatments. Vessel wall
imaging is a new imaging modality worthy of further
investigation in SCA.

Combining hemodynamic and structural neuroima-
ging may have the potential to refine estimation of
future stroke risk. One major impact may come in

Table 2. Key clinical questions that were asked and answered from randomized clinical trials or meta-analyses in

sickle cell anemia.

Question Answer Adults

In individuals with SCA and overt strokes, are

blood transfusions better than no transfu-

sions for secondary stroke prevention?

Yes, in children with SCA (meta-analysis)49 Unknown

In individuals with SCA and overt strokes, is

hydroxyurea better than no treatment for

secondary stroke prevention?

Yes, in children with SCA (meta-analysis)49 Unknown

In individuals with SCA and prior infarct, is

MRA-defined vasculopathy associated with

future overt or silent strokes?

Yes, in children with SCA, Hulbert et al.28 Unknown

Are individuals with SCA and abnormally high

TCD measurements (>200 cm/s) at risk for

strokes within a year?

Yes, for children between 2 and 16 years of

age with SCA29,55
No33

SCA: sickle cell anemia; MRA: magnetic resonance angiography.
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relation to primary stroke prevention. Silent strokes are
the most common neurological injury in children and
adults with SCA; however, current methods to assess
stroke risk do not identify children at risk for silent
strokes. TCD has only been studied in relation to
overt stroke risk and has not been shown to be useful
to predict silent strokes. Modern and still investiga-
tional MRI methods may help elucidate cerebral hemo-
dynamic profiles for individuals at high-risk for first
silent strokes so that preventative strategies may be
implemented before brain injury occurs.

New MRI methods are able to rapidly assess OEF,
cerebral blood flow and cerebrovascular reactivity.
These novel MRI methods as well as other currently
undefined parameters may help identify thresholds
for transfusion, particularly if such thresholds were
associated with decreased cognitive performance as
was demonstrated in the COSS trial. Cerebral hemo-
dynamic parameters could be utilized in individuals
with acute severe anemia to help guide thresholds for
blood transfusion based on concerning cerebral hemo-
dynamics (ongoing research will be necessary to define
the proper hemodynamic thresholds). Similarly, MRI
methods could be utilized with intracranial stenosis to
assess effect of the stenosis on cerebral hemodynamics.
Severely altered hemodynamics may suggest the need
for neurosurgical revascularization in anemic patients
or other therapies including maintaining hemoglobin at
a higher level via transfusion.

Conclusion

Decades of research have defined several high-risk
groups for initial and subsequent strokes in SCA
(see Table 1); however, modern imaging methods may
allow further refinement to avoid unnecessary and bur-
densome treatments and to identify groups where pri-
mary prevention for silent strokes is worthwhile. Novel
neuroimaging strategies hold promise for identifying
children and adults with SCA at highest risk for initial
and recurrent cerebral infarcts (overt strokes and silent
strokes). One potential strategy is using MRI assess-
ments of regional or global OEF and cerebral blood
flow to identify the subgroup of children and adults
with altered cerebral hemodynamics that are most
likely to have recurrent strokes. Such advancement in
medical care would facilitate risk stratification, allow-
ing the high-risk group to enroll in randomized con-
trolled trials such as hematopoietic stem cell
transplant or gene therapy, and consideration of cere-
bral re-vascularization procedures in setting of cerebral
vasculopathy or some combination of these treatments.
Another potential strategy is the combined use of
MRA, CASL and OEF to identify whether select
regions of the brain are at risk for cerebral ischemic

injury and targeting interventions for those regions.
The challenges of new imaging techniques in SCA are
to validate novel imaging techniques such as MRI-mea-
sured elevated OEF and CBF and to determine whether
these measures better predict stroke risk when com-
pared to current known high-risk categories. Despite
neurological injury being common in children and
adults with SCA, in North America and Europe, SCA
is considered a rare disease. Given the low prevalence of
the disease in high income countries, where state of the
art neuroimaging procedures are likely to occur, multi-
center learning collaboratives are likely to advance the
field faster than single center studies.
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