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Sickle Cell Disease
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I. EPIDEMIOLOGY AND TREATMENT OF SILENT

CEREBRAL INFARCTS IN SICKLE CELL ANEMIA

Michael R. DeBaun, MD, MPH,*
Robert Mckinstry, MD, PhD, Desiree White, PhD,

and James F. Casella, MD

Silent cerebral infarcts (SCI) are the most common form
of neurologic injury in children with sickle cell anemia
(SCA) and are increasingly recognized as a major cause
of school problems, lower intelligence quotient (IQ)
and other neurocognitive deficits; thus, SCI represent a
current and evolving concern for students with SCA,

their family, teachers and practicing hematologists. SCI
are defined as an abnormal magnetic resonance image
(MRI)1 of the brain with increased signal intensity in
multiple T2-weighted images and no history or physi-
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Much progress has been made during the past
several decades in gaining understanding about
the natural history of sickle cell disease and
management approaches aimed at treating or
even preventing certain disease complications.
The characterization of the human genome now
offers the opportunity to understand relation-
ships regarding how gene polymorphisms as
well as how environmental factors affect the
sickle cell disease phenotype, i.e., the individual
patient’s overall clinical severity as well as their
specific organ function. This chapter explores
some of these recent advances in knowledge.

In Section I, Dr. Michael DeBaun character-
izes the problem of silent stroke in sickle cell
disease, comparing and contrasting its clinical
and neuroimaging features with overt stroke.
Combined, these events affect virtually 40% of
children with sickle cell anemia. New under-
standing of risk factors, associated clinical
findings, and imaging technologies are impact-
ing substantially on treatment options. The
appreciable cognitive dysfunction and other
sequelae of silent infarct demand more effective
treatments and ultimate prevention.

In Section II, Dr. Charles Quinn addresses the
conundrum of why some patients with sickle cell
disease do well whereas others fare poorly.
Some risk factors have been known for years,
based upon careful study of hundreds of patients

by the Cooperative Study for Sickle Cell Disease
and investigators studying the Jamaican new-
born cohort. Other prognostic measures have
only recently been defined. Dr. Quinn devotes
special attention to stroke and chest syndrome
as organ-related complications but also de-
scribes attempts to measure overall disease
severity and to predict survival. Recently, investi-
gators have attempted to predict factors respon-
sible for early mortality in children and following
onset of pulmonary hypertension in adults.

In Section III, Dr. Martin Steinberg reviews
pharmacologic approaches to sickle cell disease
and the rationale for their use. In addition to the
inhibition of hemoglobin S polymerization,
newer targets have been defined during the past
one to two decades. These include the erythro-
cyte membrane, changes in the red cell intracel-
lular content (especially loss of water), endothe-
lial injury, and free radical production. Hydroxy-
urea treatment attracted the greatest interest, but
many uncertainties remain about its long-term
benefits and toxicities. Newer “anti-sickling”
agents such as decitabine and short-chain fatty
acids also receive attention. Prevention of red
cell dehydration, “anti-endothelial” therapy, and
marshaling the potentially beneficial effects of
nitric oxide are other new and exciting ap-
proaches.
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cal findings of a focal neurologic deficit lasting more
than 24 hours.2 SCI occur in 22% of children with SCA
by 14 years of age who have not been identified as
having a clinically evident stroke (overt stroke)3; these
children are characterized by an increase in risk for
further neurologic progression, including overt strokes,3

new or progressive MRI lesions,4 poor academic attain-
ment,5 or lower IQ when compared to patients with
SCA with normal MRI examinations1 or siblings with-
out SCA.2 Despite evidence that SCI are prominent in
SCA, associated with significant morbidity and a sig-
nificant risk factor for progressive neurologic disease,
the optimal evaluation and treatment remain vague.

Prevalence and Risk Factors for
Silent Cerebral Infarcts

In children with SCA, SCI are prominent in infants
and toddlers younger than 4 years of age, and cumula-
tive prevalence continues to increase until at least 14
years of age. In an unselected group of 39 children
with SCI less than 4 years of age, Wang et al demon-
strated an incidence of 11% SCI.6 In the Cooperative
Study for Sickle Cell Disease (CSSCD), an infant co-
hort of 266 was identified and followed for approxi-
mately 14 years. Each patient had at least one study-
mandated brain MRI at age 6 years or older, and pa-
tients with overt strokes were excluded in the determi-
nation of the prevalence of SCI. Among the group of
children with SCA, 22% had SCI. This prevalence is
consistent with that reported in similar studies in Eu-
rope.4 Table 1 describes the prevalence of SCI in three
different cohorts of children with SCA. Children with
hemoglobin SC disease and S Beta + thalassemia are
also associated with an increased incidence of SCI, 6%
(7 of 120) and 15% (3 of 20), respectively.4

In addition to a high incidence in SCA, SCI infarcts
result in progressive neurologic morbidity, either new
or progressive cerebral injury, compared to children
without SCI. Using complete MRI histories from 266
children with SCA, participants with SCI had an in-

creased incidence of new stroke (1.03/100 patient years)
and new or more extensive SCI (7.07/100 patient years)
relative to stroke incidence among all children without
SCI (0.54/100 patient years).

Clinically useful risk factors that will allow clini-
cians to predict what group of children will have a SCI
have not been established. The CSSCD, study included
42 patients with SCI and patients without SCI. Low
pain event rate, history of seizure, leukocyte count
> 11.8 ×  109/L, and the SEN globin gene haplotype
were associated with an increased incidence of SCI7;
however, the ability of these factors to predict a SCI is
unreliable. Preliminary data suggest that genetic modi-
fiers may influence the risk of SCI, but replication stud-
ies along with evidence for a mechanism for the asso-
ciation are needed.8

Other than the presence of an elevated transcranial
Doppler (TCD) measurement, the greatest risk factor
for overt stroke is the presence of an SCI. Again in the
CSSCD, 5 (8.1%) of 62 patients with SCI had strokes
for an incidence of 1.45 per 100 patient-years com-
pared with 1 (0.5%) of 186 patients without prior SCI,
for an incidence of 0.11 per 100 patient-years (P =
.006).9 In an earlier study by CSSCD investigators, tran-
sient ischemic attack (TIA) was identified as a risk fac-
tor for strokes; however, this analysis did not account
for the presence of SCI. When the same data set was
later evaluated for the presence of SCI, it was deter-
mined that all patients with strokes and a prior TIA
also had SCI, and the only patient who had a stroke
without prior SCI had systemic lupus erythematosus.10

Taken together, these data reinforce the importance of
SCI as a significant risk factor for an overt stroke.

Neurological Imaging of Silent Cerebral Infarcts

Radiologic definition of SCI
SCI is diagnosed on the basis of an abnormal MRI of
the brain and a normal neurological examination, with-
out a history or physical findings associated with an

Table 1. Prevalence of silent cerebral infarct at institutions that performed surveillance magnetic
resonance imaging (MRI) examinations.

Number of Silent T otal Number Confidence
Reference Cerebral Infarcts of Pa tients Prevalence Interval

CSSCD 4 58 266 21.8% 16.8–26.8

French Cohort 21 23 155 15% 9.4–20.6

London Cohort 22 16 64 25% 14.4–35.6

Cumulative numbers from CSSCD, 97 485 20% 16.4–23.6
French Cohort and London Cohort

Abbreviations: CSSCD, Cooperative Study for Sickle Cell Disease
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overt stroke. An early definition of SCI was established
in the CSSCD1 and by Glauser et al.11 The only signifi-
cant difference between the two definitions is the re-
quirement of an evaluation by a pediatric neurologist
in the study by Glauser et al as opposed to a clinical
evaluation by a pediatric hematologist in the study by
the CSSCD. The CSSCD investigators defined SCI as
an area of abnormally increased signal intensity on the
intermediate and T2-weighted pulse sequences. The area
of abnormal signal had to have an appearance consis-
tent with infarction in addition to the abnormal signal.
This definition of SCI was refined in practice to in-
clude a focal 3-mm or larger area of abnormally in-
creased signal intensity on the T2-weighted image in
more than one view.

MRI mimics of silent cerebral infarcts
While the definition of the infarct-like lesion has been
established, there are MRI signal abnormalities that
mimic SCI but have distinct etiologies. Figure 1 illus-
trates this point. The T2 signal hyperintensities noted
in the deep white matter are the result of acute dissemi-
nated encephalomyelitis, rather than SCA. However,
the clinical setting would help distinguish these two
entities. Other mimicry includes the sequelae of peri-
ventricular leukomalacia, dilated perivascular spaces,
and delayed myelination in the terminal zones.

Other MRI observations in sickle cell disease
The relationship between SCI and other patterns of brain
injury that can be seen in children with SCA is not well
defined. In part, this is because SCI can only be identi-

Figure 1. A lesion that mimics silent cerebral infarct (SCI).

High signal intensity lesions in the central white matter of both
cerebral hemispheres (white arrows) in a child with acute
disseminated encephalomyelitis. SCI often have a similar
appearance.

Figure 2. Time-of-flight MR angiogram from a child with
sickle cell anemia (SCA) and Moya-Moya.

Severe narrowing of the distal internal carotid arteries and
proximal middle cerebral arteries (black arrows) is typical of
the intracranial vasculopathy seen with SCA. Prominent
lenticulostriate collateral vessels produce the Moya-Moya
(“puff of smoke”) pattern seen above the stenoses.

fied with surveillance MRI evaluations, which have only
recently become routine in some clinical centers. A
common finding is cerebral atrophy. This is a non-spe-
cific finding that serves as a marker for disease severity
in the brain. Another common finding is Moya-Moya,
a description that comes from the Japanese for “puff of
smoke” because of the angiographic appearance of sec-
ondary extensive collateral formation. Figure 2 is a
time-of-flight MRI angiogram in a child with SCA and
Moya-Moya. The arrows indicate the stenosis/occlu-
sion of the distal internal carotid arteries. The child
with SCA and Moya-Moya shown in Figure 3 has an
extensive area of cortical infarction corresponding to the
distribution of the posterior cerebral artery (arrows) and
silent cerebral infarct in the frontal regions.

Transcranial Doppler measurement as
a predictor of silent cerebral infarct
A National Heart, Lung, and Blood Institute (NHLBI)
sponsored Stroke Prevention Trial in Sickle Cell Ane-
mia (STOP) demonstrated that blood transfusion therapy
in patients with increased TCD velocities of the middle
cerebral artery or terminal portion of the internal ca-
rotid (> 200 cm/sec) could prevent overt strokes.12 Chil-
dren were randomly assigned to an intervention regi-
men with transfusion therapy to maintain the Hgb S
percentage below 30% or to standard care (observa-
tion).12 Of note, 7 of 10 patients in the observation arm
who developed overt strokes had SCI at the start of the
study, suggesting that the presence of both an elevated
TCD velocity (> 200 cm/sec) and SCI may increase the
risk of an overt stroke. Due to the design and size of the
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study, the investigators could not determine whether
the presence of SCI alone or in combination with an
elevated TCD measurement increased the risk of overt
stroke. A post hoc analysis suggested that both the pres-
ence of SCI and elevated TCD measurement were im-
portant risk factors; however, the numbers were too
small to determine whether the risk of overt stroke was
different in patients with and without SCI.

No prospective study has been designed to assess
the utility of TCD measurement for identifying SCI. In
the best study to date addressing the association be-
tween TCD measurement and SCI, Wang et al6 com-
pared the results of patients that participated in both the
CSSCD natural history study and the STOP trial. A
total of 78 children with SCD (mean age 11 years) were
common to the natural history study and the STOP trial.
Patients who experienced an overt stroke were excluded
from the analysis. MRI findings were classified as nor-
mal or SCI. Results of TCD measurements were classi-
fied as normal, conditional or abnormal (> 200 cm/
sec), based on the time-averaged maximum mean flow
velocity in the proximal middle cerebral and distal in-
ternal carotid artery. Among 17 patients with SCI, only
1 had conditional and 4 had abnormal TCD velocities.
In this small sample, no statistical association was found
between TCD measurements and MRI findings. The
study did not address whether the combination of a condi-
tional TCD measurement (high normal > 170 cm/sec,
< 200 cm/sec) and an SCI was a risk factor for future
neurologic injury. Current National Institute of Health
(NIH) recommendations are to identify children who
are at greatest risk of developing overt strokes, not SCI
(www.nlm.nih.gov/databases/alerts/sickle97.html).

Cognitive Sequelae of Silent Cerebral Infarcts
Children with SCI have significant cognitive deficits
that are intermediate in magnitude compared to chil-
dren with overt strokes and those with normal MRI.
Children with SCI have IQs in the low 80s, whereas
children with overt strokes or normal MRI have IQs in
the 70s and 90s, respectively.1 Schatz et al demonstrated
that 80% of children with SCA and SCI were found to
have clinically significant impairments in at least one
neurocognitive domain, when compared to 30% of the
children with SCA and a normal MRI of the brain.5

Other studies have shown that the majority of SCI
related to SCA affect frontal brain regions.13,4 In addi-
tion, frontal lobe infarcts, whether overt or silent in
children with SCA, have been associated with impair-
ments in attention14,15 and various aspects of executive
ability,14 such as working memory,16,17 and strategic long-
term memory processing.16 These studies provide guid-
ance for future research examining specific neuro-
cognitive impairments in children with SCI.

Given the high prevalence of SCI coupled with sig-
nificant cognitive impairment, cognitive remediation
of brain injury is becoming an important area of re-
search. In the first study assessing whether cognitive
remediation is even feasible in children with SCD, 6
children were identified with cerebral infarcts in the
frontal lobes (either overt or silent strokes) and placed
into a structured 6-week cognitive remediation pro-
gram.18 All of the children in the study were provided
with general academic tutoring. Three of the children
were provided with additional training using specific
strategies to enhance working memory and long-term
memory (silent rehearsal to facilitate working memory
and semantic organization to facilitate long-term

Figure 3. Magnetic resonance
imaging (MRI) from a child with sickle
cell anemia (SCA) and Moya-Moya.

The severe hemodynamic compromise
associated with the Moya-Moya
vasculopathy is associated with overt
stroke secondary to a right parietal
cortical infarction (white arrows). The
signal hyperintensities in the frontal
regions correspond to silent cerebral
infarctions.
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memory). In comparing memory performance pre- and
post-intervention, the investigators found that the scores
of children who received specific strategy training im-
proved considerably, whereas the cognitive scores of
children who received only academic tutoring remained
relatively unchanged. Although the sample size in this
study was quite small, these early findings optimisti-
cally suggest that, in addition to identifying cognitive
impairments in SCI, interventional strategies may as-
sist children in overcoming, circumventing, or com-
pensating for their impairments.

Treatment for Silent Cerebral Infarcts
Blood transfusion therapy has been the mainstay of in-
tervention for primary and secondary stroke preven-
tion in children with SCD. Blood transfusion therapy
to increase total hemoglobin while keeping the Hgb S
percentage less than 30% has several physiologic ben-
efits. Increasing the hemoglobin concentration with
hemoglobin A improves the blood’s oxygen carrying
capacity, lowers the fraction of cells that contain hemo-
globin S by dilution, and reduces the erythropoietic
drive that produces sickle hemoglobin. These physi-
ologic factors combine to be an effective strategy for
reducing the onset of stroke in patients who have an
elevated TCD12 and in preventing second stroke.19 The
relative risk reduction for the benefit of blood transfu-
sion therapy for primary or secondary stroke preven-
tion is approximately 85%, justifying the burdensome
task of at least monthly blood transfusion therapy and
deferoxamine administration 5 of 7 nights or more.

No therapy has been established for the treatment
of SCI; however, preliminary evidence to support the
possible benefits of blood transfusion therapy for SCI
was recently published. As part of a post hoc analysis
from the STOP trial, Pegelow et al identified individu-
als with SCA with both abnormal TCD measurement
and SCI.20 Among this group of 47 patients, two groups
were compared: those that were randomly allocated to
receive (n = 18) or not receive (n = 29) blood transfu-
sion therapy. None of the 18 patients receiving transfu-
sion therapy who had a baseline lesion seen on MRI
(SCI) developed new SCI lesions or overt strokes. In
contrast, among the 29 individuals who had baseline
SCI lesions who were not treated, 52% (15 of 29) of
this group subsequently developed new or worse SCI
lesions (n = 6) or suffered strokes (n = 9) over a 36-
month period.20 Thus, in patients with both an elevated
TCD velocity measurement and baseline SCI, blood
transfusion therapy showed a 100% relative risk reduc-
tion for the frequency of new overt strokes or subse-
quent SCI. This study strongly supports the use of blood
transfusion therapy in children with both SCI and an

elevated TCD measurement. However, there are no data
to support the use of blood transfusion therapy in chil-
dren with SCI and TCD measurements with time-aver-
aged maximum mean flow velocity measurements less
than 200 cm/sec. Only a clinical trial can determine
whether children with SCA and normal TCD measure-
ments will benefit from blood transfusion therapy.

Available evidence would suggest that blood trans-
fusion therapy may prevent further neurologic injury
in patients with SCI. However, we do not know if these
patients will benefit from this treatment. SCI lesions
are typically smaller than those present in overt stroke
and may represent microvascular pathology, as opposed
to overt strokes, which are generally associated with
larger ischemic cerebral areas and stenosis or occlusion
of the internal carotid and medium size cerebral ves-
sels. Further, we do not know if the benefit of blood
transfusion therapy will outweigh the risks and incon-
veniences of monthly transfusion.

Given this background and the state of equipoise
among pediatric hematologists as to whether blood trans-
fusion therapy should be implemented, the Silent Cere-
bral Infarct Transfusion (SIT) Trial has been funded
by the National Institutes of Health (NIH) and the Na-
tional Institute of Neurologic Disease and Stroke. The
primary hypothesis of this trial is that prophylactic blood
transfusion therapy in children with SCI will result in
at least an 86% reduction in the proportion of patients
with clinically evident strokes or new or progressive
SCI. Approximately 1800 children with SCA will be
screened with an MRI of the brain to identify 200 chil-
dren with SCI and TCD measurement less than 200
cm/sec. Among this group, 100 participants will be ran-
domly allocated to either blood transfusion or observa-
tion for a total of 36 months. Secondary outcome mea-
sures will include cognitive assessment and a formal
risk/benefit analysis. After the completion of the SIT
trial, we should know whether blood transfusion therapy
is effective and, if so, whether the benefits outweigh
the adverse consequences.

Other treatments
No treatment for SCI has been established, although
several should be considered in practice. Probably the
most often recommended therapy for SCI is hydroxy-
urea; however, significant caution must be exercised in
its use, because no formal trial has been initiated to
demonstrate efficacy. Further, such a trial may not be
feasible, given the cost, total number of patients that
would be required for identifying individuals with SCI,
and the eventual size of the trial (presumably more than
the 1800 participants in the SIT trial). Thus, only anec-
dotal experience and indirect evidence for support will
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Table 3. Predictors of adverse outcomes Identified in the
the Cooperative Study of Sickle Cell Disease (CSSCD).

Predictors Outcomes

↓ Hgb concentration Death, stroke, leg ulcers

↑  Hgb concentration Pain, ACS, AVN

↓ Hgb F concentration Death, ACS, pain, leg ulcers

↑  steady-state WBC Death, ACS

α-thalassemia present AVN

α-thalassemia absent Stroke

↑  Pain rate Adult death, AVN

Acute anemia Death, stroke

Abbreviations: ACS, acute chest syndrome; AVN, avascular
necrosis; Hgb, hemoglobin; WBC, white blood cells

justify using hydroxyurea for treatment of SCI. An-
other therapeutic option is a stem cell transplant from a
matched related donor. If successful, this strategy is
curative; however, only few patients have HLA–matched
full siblings, making this option less practical for most
children with SCA. Future studies using alternative stem
cell choices in unrelated donors may be a viable option
for the majority of children with SCA.

In summary, SCI in SCA represents a prevalent
and morbid condition, with high risk for progression
with either new SCI or subsequent strokes, and is asso-
ciated with lower IQ and other neurocognitive impair-
ments. Optimal treatments for SCI have not been es-
tablished. Table 2 summarizes the similarities and dif-
ferences between overt strokes and SCI. Past and ongo-
ing clinical trials have contributed to our understand-
ing of SCI, and promise to continue to do so. The role
of transfusions for SCI is currently being explored in a
large NIH-NINDS–funded clinical trial that should es-
tablish risk factors for SCI, the indications and risk/
benefit ratio of blood therapy for this disorder.

II. AN UPDATE ON RISK FACTORS AND PREDICTION OF

OUTCOMES IN SICKLE CELL ANEMIA

Charles T. Quinn, MD*

Sickle cell anemia (SS), despite its straightforward
Mendelian inheritance, is a highly phenotypically vari-
able disease. Some individuals with SS have frequent
vaso-occlusive complications and die young, whereas
others seem little affected by the disease and have a

normal lifespan. Therefore, risk factors and prediction
models are needed to best counsel patients and families
and to formulate optimal therapeutic plans. This sec-
tion briefly reviews classic studies of disease modifiers
and focuses on investigations in the past 5 years that
have elucidated new risk factors or defined early risk
prediction models.

Past Studies
The CSSCD identified or confirmed many of the cur-
rently known risk factors, however incomplete, for com-
mon complications of SS (Table 3). For example, low
Hgb F concentration and leukocytosis are associated
with increased risk of early death, acute chest syndrome
(ACS), and painful episodes. Patients with a low steady-
state Hgb concentration, compared to those with higher
Hgb concentration, are more likely to suffer early death
and stroke but are less likely to have ACS and pain.
Both avascular necrosis (AVN) and sickle retinopathy
are associated with a higher steady-state Hgb concen-
tration. Other known disease modifiers are the beta

Table 2. Summary of clinical features contrasting and comparing overt strokes and silent cerebral infarcts.

Overt Strokes Silent Cerebral Infarcts

Frequency prior to 14th birthday 9%23 22%4

Average age of onset 7.7 years23 Prior to 6 years of age6

Wechsler Intelligent Scale 70.81 82.81

for Children-Revised, Full Scale
Intelligence Quotient

Role of Transcranial Doppler Associated with an abnormal Not necessarily associated with an abnormal TCD
TCD velocity12 velocity24

Treatment Blood transfusion therapy to keep No established treatment
hemoglobin S less than 30%7 Focus of SIT Trial

*The 9% and 22% risk of infarct and silent cerebral infarct are not mutually exclusive. The incidence of silent cerebral infarcts
excludes patients who had an overt stroke; however, patients with an overt stroke may have had silent cerebral infarcts.

Abbreviations: TCD, transcranial Doppler; SIT, silent cerebral infarct transfusion

* University of Texas Southwestern Medical Center, Pediatric
Hematology-Oncology, 5323 Harry Hines Blvd., Dallas TX
75390-9063
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globin cluster haplotype and alpha thalassemia. These
established risk factors are reviewed elsewhere.1

Recent Studies

Risk factors for stroke
Stroke prediction for individuals with SS was recently
transformed when Adams et al demonstrated the utility
of transcranial Doppler (TCD) ultrasonography in pri-
mary stroke prevention.2 TCD is used to measure flow
velocities in the intracranial carotid and cerebral arter-
ies. Stenosis of these vessels, which may predispose to
stroke, produces locally increased flow velocities that
are detectable by TCD. Thus, children at risk of stroke
can be started on a regimen of chronic red blood cell
transfusions to prevent stroke. Although clearly pre-
dictive, the utility and universal acceptance of TCD
screening is limited by the inconvenience and morbid-
ity of chronic transfusions. Also, despite abnormally
increased TCD velocities, some children do not develop
a stroke. Approximately 10 children will have to be
chronically transfused to prevent 1 stroke in 1 child
each year. Thus, other predictors of stroke are still
needed.

Although a prior stroke is one of the strongest risk
factors for stroke in SS, the prognostic significance of
clinically “silent” strokes is now becoming clear. Chil-
dren with SS in the CSSCD who had silent strokes iden-
tified at 6 years of age had a 14-fold increased inci-
dence of subsequent new overt stroke (1.45 vs 0.11 per
100 patient-years, P = 0.006) during a mean follow-up
of 5.2 years.3 A multivariate model showed that silent
stroke was the strongest independent risk factor for overt
stroke (hazard ratio = 7.2, P = 0.027).3 MRI of the brain
to identify silent strokes might, therefore, prove to be
another useful screening measure to identify young chil-
dren with SS who have an increased risk of overt stroke.

The familial risk of stroke in SS was recently con-
firmed,4 but the molecular genetic basis of stroke risk
has been investigated only recently. Styles et al found
an association between specific HLA alleles and either
increased or decreased risk of stroke,5 and similar find-
ings were reported in an analysis of CSSCD partici-
pants.6 Polymorphisms of genes associated with adhe-
sion, thrombophilia, inflammation, and regulation of
blood pressure have also been associated with risk of
stroke.7 Of interest, a polymorphism in VCAM-1
(G1238C) protected against stroke in patients with SS
(odds ratio 0.35, 95% confidence interval [CI], 0.15–
0.83; P < 0.04).8

The hypothesis that nocturnal hypoxemia could
predict central nervous system (CNS) events, including
stroke, transient ischemic attacks, and seizure, in indi-

viduals with sickle cell disease has been tested.9 Mean
overnight oxygen saturation was found to be indepen-
dently associated with the time to a CNS event (hazard
ratio 0.82 for every 1% increase in saturation; P =
0.003). Screening for and appropriate management of
nocturnal hypoxemia might, therefore, be useful to pre-
dict stroke and possibly to prevent it.

Wierenga et al reported an increased risk of cere-
brovascular accidents among individuals with SS who
had aplastic crises due to parvovirus B19 infection.10

From this retrospective analysis, the crude risk of cere-
brovascular episodes was 58-fold greater in the 5-week
interval after parvovirus infection. Many of the epi-
sodes were coincident with the acute anemia, suggest-
ing a mechanism, but several individuals had seizures
and one had cortical blindness in the 2–5 weeks follow-
ing infection. The authors suggest that the development
of a parvovirus vaccine for humans might decrease the
risk of stroke. Furthermore, an increased awareness of
potential neurologic complications of parvovirus infec-
tion is needed.

Risk factors for acute chest syndrome
ACS is a descriptive name for a variety of acute pulmo-
nary illnesses in individuals with sickle cell disease
(SCD). ACS often occurs as a complication of another
SCD-related illness, such as a painful crisis, and may
not be apparent at the time of admission to the hospital.
The prediction of impending ACS would permit pre-
ventive therapeutic interventions, such as red blood cell
transfusions, to decrease morbidity and mortality. Secre-
tory phospholipase A

2
 (sPLA

2
) is an enzyme that cleaves

fatty acids, including arachidonic acid, from triglycer-
ides, and this enzyme may be a biomarker for impend-
ing ACS. The release of free fatty acids and the pro-
inflammatory arachidonic acid in the lungs likely con-
tributes to the pathogenesis of ACS, especially in cases
of pulmonary fat embolism. Styles et al showed that
the serum concentration of sPLA

2
 increases before ACS

is clinically apparent, peaks at the clinical onset of ACS,
and declines during its resolution.11 These data are prom-
ising, but the published evidence for a predictive role
of sPLA

2
 for ACS is limited to an analysis of about 20

patients, so further prospective study of this predictor
is needed.

Risk factors for severe disease or early death
Miller et al tested many putative risk factors in the
CSSCD infant cohort.12 To this end, they defined four
adverse outcomes: death, stroke, recurrent pain episodes
(greater than 2 per year on average over the course of
follow-up) and recurrent ACS (greater than 1 per year
over the course of follow-up). Infants with SS or sickle-
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β0-thalassemia (Sβ0) who had a Hgb concentration be-
low 7 g/dL in steady-state during the second year of
life, those with an increased WBC count, and those who
had dactylitis before 1 year of age were at significantly
increased risk of an adverse outcome. This model is
notable because it uses easily identifiable predictors in
early life, but its clinical utility is limited because only
3% of the cohort had a combination of factors that pre-
dicted a 2-fold or greater risk of an adverse outcome.
Also, it is unclear if this model is still valid, because
the second most common adverse outcome, childhood
death from SS, is becoming uncommon. For example,
most of the deaths (56%) in this study were from infec-
tion, which is now a rare event because of universal
newborn screening, prophylactic penicillin, and the
conjugated pneumococcal vaccine.13

Considering that leukocytosis predisposes to more
severe disease in SS, Okpala et al hypothesized that the
biological basis could be that the adherence of leuko-
cytes to vascular endothelium, mediated by adhesion
molecules, facilitates vaso-occlusion.14 Compared to
those without, patients who had complications of SCD
showed high expression of αMβ

2
 integrin by neutro-

phils and high expression of L-selectin by lymphocytes
and neutrophils (P < 0.03). The β

2
 integrin, CD18, was

highly expressed by neutrophils in patients with sickle
nephropathy (P = 0.018), and L-selectin was highly
expressed by lymphocytes in those with stroke (P =
0.03). Monocyte L-selectin increased in sickle cell cri-
sis relative to steady state (P = 0.04). They also found
that hydroxyurea therapy decreased the expression of
certain adhesion molecules coincident with clinical im-
provement and before significant induction of Hgb F.
Whether polymorphisms in adhesion molecules or dif-
ferences in their expression can be used to predict a
severe clinical course remains to be determined.

Gladwin et al studied the prevalence and effect on
survival of pulmonary hypertension among individuals
with SCD.15 Using echocardiographic measurement of
tricuspid regurgitant jet velocity, the investigators found
that 32% of their subjects had pulmonary hyperten-
sion. A tricuspid regurgitant jet velocity of ≥ 2.5 m/s,
as compared with a velocity of < 2.5 m/s, was strongly
associated with an increased risk of death (rate ratio,
10.1; 95% CI, 2.2–47.0; P < 0.001). Thus, echocardio-
graphic screening might be warranted for all adults with
SCD to identify a high-risk group that might benefit
from intervention. Interestingly, hydroxyurea therapy
was not associated with a decreased tricuspid regur-
gitant jet velocity, and there was no significant associa-
tion between the Hgb F or the WBC count, indepen-
dent risk factors for death in SCD, and tricuspid regur-
gitant jet velocity.

Summary
The explanations for the phenotypic heterogeneity of
SS remain incomplete, but the answers will likely be
found among the multitude of genes that are co-inher-
ited with the sickle (βS) mutation. That is, to under-
stand a monogenic disease like SS, one must consider
the molecular genetic context of the causative mutation
in each individual.16 Indeed, to understand phenotypes,
the paradigm of a single gene disorder does not hold.
Toward this end, genomic and proteomic profiling
methods are promising, but they are still in their in-
fancy. Until newer, comprehensive methods are avail-
able, we must continue to rely upon simple tools that
include individual clinical features, laboratory values,
and a small number of genetic polymorphisms.

III. DRUG TREATMENT FOR SICKLE CELL DISEASE:
THE OLD AND THE NEW

Martin H. Steinberg, MD*

Treatment of Sickle Cell Disease Is Based
on Pathophysiology

HbS polymerization
Deoxygenation causes HbS (α

2
β

2
S) to polymerize—the

proximate cause of sickle cell disease and a necessary
but insufficient precursor of the disease phenotype. HbS
and its polymer induce a panoply of cellular and tissue
injuries. Neither the fetal hemoglobin (HbF) tetramer
(α

2
γ

2
) nor the α

2
βSγ  hybrid tetramer is incorporated into

the HbS polymer, providing the rationale for treatments
aimed at increasing HbF concentration.

Sickle erythrocyte damage and dehydration
A distinguishing feature of sickle cell disease is the pres-
ence of dense, dehydrated erythrocytes and abnormal
reticulocytes. Since polymerization of HbS is uniquely
dependent on the cellular concentration of HbS, the
increased cellular hemoglobin concentration of dehy-
drated sickle erythrocytes markedly enhances the ten-
dency for HbS polymerization and cell sickling. Four
pathways have been implicated in the dehydration of
sickle erythrocytes, and modulation of these pathways,
especially the Gardos channel and K+-Cl– co-transport,
is a potential means of treatment.

* Boston University, 88 East Newton Street, E-211, Boston MA
02118
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Endothelial damage
Cellular damage enables adhesive interactions between
sickle cells, endothelial cells and leukocytes. As endo-
thelium is perturbed, vasoconstriction may be favored
as nitric oxide (NO) production is impaired. Several
agents directed at the endothelial receptors for sickle
erythrocytes or leukocytes may interrupt cell-cell in-
teractions.

Inflammation, reperfusion injury,
oxidant radical production
Neutrophils mediate inflammation and tissue damage.
Neutrophil numbers are increased and they may be ab-
normally activated and adherent. An “oxidant” envi-
ronment may also be present in the sickle erythrocyte
and endothelium. Novel ways of countering oxidant-
induced injury have been proposed.

HbS Polymerization
Several classes of drug, when titrated optimally, can
increase levels of HbF in most patients with sickle cell
anemia. Only one is approved for treating sickle cell
anemia.

Hydroxyurea
Hydroxyurea, the sole US Food and Drug Administra-
tion (FDA)–approved drug for treating sickle cell ane-
mia, should be used in all adults where indications for
this treatment are present.1 Unfortunately, for complex
reasons, only a fraction of patients who might benefit
from treatment receive it. Hydroxyurea increases HbF
in sickle cell anemia because its cytotoxicity causes eryth-
roid regeneration and perhaps because its metabolism
leads to NO–related increases in soluble guanylate cy-
clase (sGC) with an increase of cGMP that augments γ -
globin gene expression.2 A multicenter trial of hydroxy-
urea in adults with sickle cell anemia, where the drug
was given at sub-toxic doses, showed that hydroxyurea
reduced the incidence of pain and acute chest syndrome
by nearly half, with little risk seen during more than 9
years of observation. Cumulative mortality was reduced
nearly 40%, and a favorable result was related to the
ability of the drug to increase HbF and reduce painful
episodes and acute chest syndrome.3 No relationship
between decrements in neutrophil counts and mortality
was found. In infants, children and adolescents with
sickle cell anemia, the HbF response to hydroxyurea is
more robust than in adults. In a study of more than 100
children who received maximal drug doses, HbF in-
creased to almost 20% and the treatment effects were
sustained for 7 years without clinically important tox-
icity.4,5 HbF levels achieved during treatment were as-
sociated with baseline HbF level, hemoglobin level,

reticulocyte count, and leukocyte count and with com-
pliance to treatment. According to some experts, push-
ing the drug dose to near toxic levels is not necessary
for a clinically beneficial result. Some have proposed
using hydroxuyrea for secondary prevention of stroke
in children.6 Hydroxyurea may also conserve resting
energy expenditure by curbing the hypermetabolic state
observed in children with sickle cell disease.7

Hydroxyurea is potentially mutagenic and carcino-
genic.5 Cancer and leukemia have been reported in hy-
droxyurea-treated sickle cell disease patients, but
whether the incidence is higher than in the general popu-
lation is not known.3 The relative risk of leukemia in
hydroxyurea-treated sickle cell anemia is much less than
the observed risk in myeloproliferative disorders. To
put this into perspective, the risk of death from the
complications of adult sickle cell disease appears to be
at least 10-times greater than the possible incidence of
leukemia in hydroxyurea-treated sickle cell anemia pa-
tients.

Questions remain about the clinical benefits of hy-
droxyurea in HbSC disease. The pathophysiology of
HbSC differs from that of sickle cell anemia in some
aspects so one might expect that the response to hy-
droxyurea treatment may also differ. While cell density
was reduced, mean corpuscular volume increased and
hemolysis apparently reduced, HbF increases were in-
consistent.8,9 No randomized clinical trials have studied
the effectiveness of hydroxyurea in HbSC disease so
that a decision to treat patients with this genotype is a
matter of clinical judgment.

Decitibine
A less-toxic analog of 5-azacytidine, 5-aza-2′ -deoxy-
cytidine (decitibine), may affect HbF levels by causing
hypomethylation of the γ -globin genes. In 8 symptom-
atic sickle cell anemia patients who failed to respond to
hydroxyurea, decitibine treatment (0.2 mg/kg subcuta-
neously 1–3 times per week for 2 6-week cycles) led to
an increase in HbF from 6.5% to 20.4%, with an in-
crease in hemoglobin concentration from 7.6 to 9.6 g/
dL and a fall in reticulocytes from 231 to 163 ×  109/
L.10 Clinical trials of this agent are planned in patients
with sickle cell anemia and β thalassemia.

Short chain fatty acids
By acting as inhibitors of histone deacetylase (HDAC)
and causing histone hyperacetylation and changes in
chromatin structure, short-chain fatty acids, their de-
rivatives, and other compounds with HDAC activity can
enhance γ -globin gene expression in erythroid cells of
patients with sickle cell anemia and β thalassemia. Very
low concentrations of one HDAC inhibitor, an analog
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of trichostatin A, induced γ -globin gene expression in
an erythroleukemia cell line transfected with a reporter
construct and in erythroid colonies of normal adults.11

In the most advanced clinical trials of HDAC in-
hibitors, still only Phase II studies, arginine butyrate
given by infusion once or twice a month was associated
with a mean increase in HbF from 7% to 21% in 11 of
15 patients with sickle cell anemia. In some individu-
als, this level was maintained for 1–2 years.12 No HDAC
inhibitor of any class other than butyrate and phenyl-
butyrate has yet been used clinically.

Sickle Erythrocyte Dehydration

Inhibition of K +-Cl– co-transport
Oral magnesium supplementation inhibits erythrocyte
K+-Cl– co-transport in vivo. Following studies that
showed a beneficial effect on the erythrocyte membrane
of transgenic sickle mice, a 6-month clinical trial of
oral Mg pidolate improved erythrocyte hydration and
was associated with a reduction in the number of pain-
ful days.13 Studies to evaluate the effects of long-term
magnesium supplementation in adult and pediatric pa-
tients with sickle cell anemia are ongoing, and addi-
tional studies are planned in HbSC disease patients where
activated K+-Cl– co-transport and cell dehydration are
likely to play a major pathophysiological role.

Inhibition of Gardos channel
Clotrimazole is an inhibitor of the human red cell Gardos
channel but its use was associated with dysuria and re-
versible hepatocellular toxicity. ICA 17043, a clotri-
mazole derivative lacking the toxic imidazole residue,
was a 10-fold more potent blocker of the Gardos chan-
nel than the native drug. In a recently completed Phase
II trial of this agent in patients with sickle cell disease,
cell density and hemolysis were decreased while hemo-
globin concentration was increased. To see whether clini-
cal benefit accrues from these erythrocyte and hemato-
logical changes will require a Phase III clinical trial.

Inhibition of other channels
Movement of K+ via the Gardos channel requires the
parallel movement of Cl– anions to maintain electro-
neutrality. High-affinity blockers of Cl– conductance
can reversibly block human erythrocyte chloride con-
ductance in vitro without directly affecting the Gardos
channel or the K+-Cl– co-transport. In sickle mice treated
with a Cl– conductance inhibitor, packed cell volume
(PCV) increased and mean corpuscular hemoglobin
concentration (MCHC) decreased with an increase in
cell K+. A selective loss of the most dense erythrocytes,
with a shift from sickled to well-hydrated discoid eryth-

rocytes, was seen. Clinical trials of this class of agent
have not been done.

Anti-Adherence Therapy
Anti-adherence therapy for sickle cell disease targets
the abnormal interactions among erythrocytes, endo-
thelial cells, leukocytes and platelets that are part of the
pathophysiology of the disease process. Potential anti-
adherence agents have been studied in acute painful
events, where, through poorly understood mechanisms,
they restore microvascular circulation and improve tis-
sue ischemia. In Phase II studies of a non-ionic surfac-
tant copolymer, poloxamer 188, this agent reduced the
duration and increased the resolution of acute painful
episodes, an effect especially notable in children less
than 15 years old and in patients receiving hydroxyurea.14

Whether poloxamer 188 exerts its effects by modifying
interactions of sickle cells or other blood cells to endo-
thelium is not known. Its clinical effectiveness as a single
agent to treat or prevent vasoocclusive complications
is, at best, modest, and currently no additional trials of
this agent are ongoing.

Endothelium-dependent vasodilation is disturbed
in sickle cell disease.15 Superoxide generation induces
chronic inflammation that may be inhibited by apo-
lipoprotein (apo) A-1 mimetics. L-4F, an apoA-1 mi-
metic, inhibited superoxide production and improved
vasodilation in sickle mice.16  While a mechanism of
action is not yet totally clear, this agent may preserve
endothelial function and endothelial nitric oxide syn-
thase (eNOS) activity. This type of drug may have wide-
spread application in vascular diseases including sickle
cell anemia.17 Most agents (Table 4) that might disrupt
the adhesive interactions and inflammation hypothesized
to presage sickle vasoocclusion have not been studied
clinically.

Nitric Oxide
A potent vasodilator, NO is an important regulator of
vascular tone and, because of its interaction with he-
moglobin, blood vessels and blood cells, has been hy-
pothesized to have several advantageous effects in sickle
cell disease. Generated from L-arginine by NO synthases,
NO activates sGC, to produce the second messenger,
cGMP. NO inhibits the adhesive interactions among
platelets, leukocytes and sickle erythrocytes and de-
creases VCAM-1 expression in endothelial cells.

NO metabolites were decreased in severe sickle cell
vasoocclusive crises. Plasma L-arginine and serum L-
arginine levels were normal in children in the steady-
state and fell during vasoocclusive crisis while NO lev-
els were normal at presentation but decreased during
hospitalization. Three young patients with acute chest
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syndrome showed an increase in PaO
2
 and a decrease in

pulmonary artery pressure after inhaling NO. However,
in each case, standard treatment for this complication
was also given making the results difficult to interpret.
While a biologically sound rationale exists for using
NO in the acute chest syndrome and pulmonary hyper-
tension of sickle cell disease, a controlled trial of this
treatment has not been reported. It should be remem-
bered that this approach could be deleterious as NO can
be metabolized to damaging oxidants like nitrite (NO

2
–)

and peroxynitrite (ONOO–). In a clinical trial, inhaled
NO was associated with a small reduction in pain score
and opioid use in children with acute painful episodes.18

Future Goals of Drug Treatment
Our growing knowledge of the human genome and its
variation among populations and individuals raises the
possibility of being able to know very early—even
antenatally—the genetic susceptibility to developing one
or another of the many subphenotypes of sickle cell
disease and intervening to forestall anticipated compli-
cations. Understanding the genetic predispositions to a

phenotype many also help the design of innovative treat-
ments. Pharmacogenomics may further help tailoring a
treatment to a patient. Preliminary work has associated
several genetic polymorphisms in a diverse set of genes to
selected complications of sickle cell disease (Table 5).

REFERENCES

I. Epidemiology and Treatment of Silent Cerebral
Infarcts in Sickle Cell Anemia

1. Armstrong FD, Thompson RJ, Jr., Wang W, et al. Cognitive
functioning and brain magnetic resonance imaging in
children with sickle cell disease. Neuropsychology Committee
of the Cooperative Study of Sickle Cell Disease. Pediatrics.
1996;97:864-870.

2. Craft S, Schatz J, Glauser TA, Lee B, DeBaun MR.
Neuropsychologic effects of stroke in children with sickle cell
anemia. J Pediatr. 1993;123:712-717.

3. Miller ST, Macklin EA, Pegelow CH, et al. Silent infarction as
a risk factor for overt stroke in children with sickle cell
anemia: a report from the Cooperative Study of Sickle Cell
Disease. 2001;139(3):385-390.

4. Pegelow CH, Macklin EA, Moser FG, et al. Longitudinal
changes in brain magnetic resonance imaging findings in
children with sickle cell disease. Blood. 2002;99:3014-3018.

5. Schatz J, Brown RT, Pascual JM, Hsu L, DeBaun MR. Poor
school and cognitive functioning with silent cerebral infarcts
and sickle cell disease. Neurology. 2001;56:1109-1111.

6. Wang WC, Langston JW, Steen RG, et al. Abnormalities of the
central nervous system in very young children with sickle cell
anemia. J Pediatr. 1998;132:994-998.

7. Kinney TR, Sleeper LA, Wang WC, et al. Silent cerebral
infarcts in sickle cell anemia: a risk factor analysis. The
Cooperative Study of Sickle Cell Disease. Pediatrics.
1999;103:640-645.

8. Hoppe C, Klitz W, Cheng S, et al. Gene interactions and stroke
risk in children with sickle cell anemia. Blood.
2004;103:2391-2396.

9. Miller ST, Macklin EA, Pegelow CH, et al. Silent infarction as
a risk factor for overt stroke in children with sickle cell
anemia: a report from the Cooperative Study of Sickle Cell
Disease. J Pediatr. 2001;139:385-390.

10. Miller ML. Treatment of systemic lupus erythematosus. Curr
Opin Rheumatol. 1991;3:803-808.

11. Glauser TA, Siegel MJ, Lee BC, DeBaun MR. Accuracy of

Table 5. Future approaches to the pharmacotherapy of
sickle cell disease.

• Pharmacogenomics

• Genotype patients to detect “high-risk” alleles for disease
complications

KL, VCAM1, HLA, LDLR, TNF, IL4R, ADRB2 and CVA

NOS3 and ACS

BMP6, ANXA2, EDN1, TGFBR and AVN

PPH1, BMPR2, ACVRLK1, SLC6A4, PPARG and PH

CYP2D, OPRM1 and Opioid Response

• Develop interactive networks of “high-risk” alleles

• Develop novel therapeutics based on “global” high-risk
alleles and “complication-specific” alleles

• Genotype-based early identification and treatment of likely
complications

Table 4. Novel methods of modulating cellular interactions in sickle cell disease.

Agent Mechanism  Refer ence

Sulfasalazine NF-κB inhibitor; decreases endothelial activation  19,20

αVβ3 antibodies Block vWF and thrombospondin mediated adherence  21

Anionic polysaccharides Inhibit thrombospondin-mediated adhesion to the endothelium  22

Oxygenated perflubron- Increase O2 delivery and unsickle deformed cells
based fluorocarbon emulsion  23

IgG Inhibit WBC adherence and WBC-RBC interaction  24

Heparin Inhibits P-selectin–RBC interaction  25

Statins Inhibit tissue factor expression; induce NOS  26

Abbreviations: vWF, von Willebrand factor; NOS, nitric oxide synthase

D
ow

nloaded from
 http://ashpublications.net/hem

atology/article-pdf/2004/1/35/1634545/035_047ash.pdf by guest on 03 June 2024



46 American Society of Hematology

neurologic examination and history in detecting evidence of
MRI-diagnosed cerebral infarctions in children with sickle cell
hemoglobinopathy. J Child Neurol. 1995;10:88-92.

12. Adams RJ, McKie VC, Hsu L, et al. Prevention of a first
stroke by transfusions in children with sickle cell anemia and
abnormal results on transcranial Doppler ultrasonography. N
Engl J Med. 1998;339:5-11.

13. Moser FG, Miller ST, Bello JA. The spectrum of brain MR
abnormalities in sickle-cell disease:  a report from the
cooperative study of sickle cell disease. Am J Neuroradiol.
1996;17:965-972.

14. Brown RT, Davis PC, Lambert R, et al. Neurocognitive
functioning and magnetic resonance imaging in children with
sickle cell disease. J Pediatr Psychol. 2000;25:503-513.

15. Craft S, Schatz J, Glauser T, Lee B, DeBaun M. The effects of
bifrontal stroke during childhood on visual attention:
Evidence from children with sickle cell disease. Developmen-
tal Neuropsychology. 1994;10:285-297.

16. Brandling-Bennett E, White DA, Armstrong M, Christ SE,
DeBaun MR. Patterns of verbal long-term and working
memory performance reveal deficits in strategic processing in
children with frontal infarcts related to sickle cell disease.
Develop Neuropsychol. 2003;24:1-12

17. White DA, Salorio CF, Schatz J, DeBaun M. Preliminary study
of working memory in children with stroke related to sickle
cell disease. J Clin Exper Neuropsychol. 2000;22:257-264.

18. Yerys BE, White DA, Salorio CF, McKinstry RC, Moinuddin
A, DeBaun MR. Memory strategy training in children with
cerebral infarcts related to sickle cell disease. J Pediatr
Hematol/Oncol. 2003;25:495-498.

19. Scothorn DJ, Price C, Schwartz D, et al. Risk of recurrent
stroke in children with sickle cell disease receiving blood
transfusion therapy for at least five years after initial stroke. J
Pediatr. 2002;140:348-354.

20. Pegelow CH, Wang W, Granger S, et al. Silent infarcts in
children with sickle cell anemia and abnormal cerebral artery
velocity. Arch Neurol. 2001;58:2017-2021.

21. Bernaudin F, Verlhac S, Freard F, et al. Multicenter prospec-
tive study of children with sickle cell disease: radiographic
and psychometric correlation. J Child Neurol. 2000;15:333-
343.

22. Kirkham FJ, Prengler M, Hewes DK, Ganesan V. Risk factors
for arterial ischemic stroke in children. J Child Neurol.
2000;15:299-307.

23. Ohene-Frempong K, Weiner SJ, Sleeper LA, et al. Cere-
brovascular accidents in sickle cell disease: rates and risk
factors. Blood. 1998;91:288-294.

24. Wang WC, Gallagher DM, Pegelow CH, et al. Multicenter
comparison of magnetic resonance imaging and transcranial
Doppler ultrasonography in the evaluation of the central
nervous system in children with sickle cell disease. J Pediatr
Hematol Oncol. 2000;22:335-339.

II. An Update on Risk Factors and Prediction of
Outcomes in Sickle Cell Anemia

1. Quinn CT, Miller ST. Risk factors and prediction of outcomes
in children and adolescents with sickle cell anemia. Hematol
Oncol Clin North Am. 2004. In press.

2. Adams RJ, McKie VC, Hsu L, et al. Prevention of a first
stroke by transfusions in children with sickle cell anemia and
abnormal results on transcranial Doppler ultrasonography. N
Engl J Med. 1998;339:5-11.

3. Miller ST, Macklin EA, Pegelow CH, et al. Silent infarction as
a risk factor for overt stroke in children with sickle cell

anemia: a report from the Cooperative Study of Sickle Cell
Disease. J Pediatr. 2001;139:385-390.

4. Driscoll MC, Hurlet A, Styles L, et al. Stroke risk in siblings
with sickle cell anemia. Blood. 2003;101:2401-2404.

5. Styles LA, Hoppe C, Klitz W, Vichinsky E, Lubin B,
Trachtenberg E. Evidence for HLA-related susceptibility for
stroke in children with sickle cell disease. Blood.
2000;95:3562-3567.

6. Hoppe C, Klitz W, Noble J, Vigil L, Vichinsky E, Styles L.
Distinct HLA associations by stroke subtype in children with
sickle cell anemia. Blood. 2003;101:2865-2869.

7. Hoppe C, Klitz W, Cheng S, et al. Gene interactions and stroke
risk in children with sickle cell anemia. Blood.
2004;103:2391-2396.

8. Taylor JGt, Tang DC, Savage SA, et al. Variants in the
VCAM1 gene and risk for symptomatic stroke in sickle cell
disease. Blood. 2002;100:4303-4309.

9. Kirkham FJ, Hewes DK, Prengler M, Wade A, Lane R, Evans
JP. Nocturnal hypoxaemia and central-nervous-system events
in sickle-cell disease. Lancet. 2001;357:1656-1659.

10. Wierenga KJ, Serjeant BE, Serjeant GR. Cerebrovascular
complications and parvovirus infection in homozygous sickle
cell disease. J Pediatr. 2001;139:438-442.

11. Styles LA, Aarsman AJ, Vichinsky EP, Kuypers FA. Secretory
phospholipase A(2) predicts impending acute chest syndrome
in sickle cell disease. Blood. 2000;96:3276-3278.

12. Miller ST, Sleeper LA, Pegelow CH, et al. Prediction of
adverse outcomes in children with sickle cell disease. N Engl J
Med. 2000;342:83-89.

13. Quinn CT, Rogers ZR, Buchanan GR. Survival of children
with sickle cell disease. Blood. 2004;103:4023-4027.

14. Okpala I, Daniel Y, Haynes R, Odoemene D, Goldman J.
Relationship between the clinical manifestations of sickle cell
disease and the expression of adhesion molecules on white
blood cells. Eur J Haematol. 2002;69:135-144.

15. Gladwin MT, Sachdev V, Jison ML, et al. Pulmonary
hypertension as a risk factor for death in patients with sickle
cell disease. N Engl J Med. 2004;350:886-895.

16. Weatherall DJ. Phenotype-genotype relationships in mono-
genic disease: lessons from the thalassaemias. Nat Rev Genet.
2001;2:245-255.

III. Drug Treatment for Sickle Cell Disease:
The Old and the New

1. Steinberg MH. Management of sickle cell disease. N Engl J
Med. 1999;340:1021-1030.

2. Cokic VP, Smith RD, Beleslin-Cokic BB, et al. Hydroxyurea
induces fetal hemoglobin by the nitric oxide-dependent
activation of soluble guanylyl cyclase. J Clin Invest.
2003;111:231-239.

3. Steinberg MH, Barton F, Castro O, et al. Effect of hydrox-
yurea on mortality and morbidity in adult sickle cell anemia:
risks and benefits up to 9 years of treatment. JAMA.
2003;289:1645-1651.

4. Ware RE, Eggleston B, Redding-Lallinger R, et al. Predictors
of fetal hemoglobin response in children with sickle cell
anemia receiving hydroxyurea therapy. Blood. 2002;99:10-
14.

5. Zimmerman SA, Schultz WH, Davis JS, et al. Sustained long-
term hematologic efficacy of hydroxyurea at maximum
tolerated dose in children with sickle cell disease. Blood.
2004;103:2039-2045.

6. Ware RE, Zimmerman SA, Schultz WH. Hydroxyurea as an
alternative to blood transfusions for the prevention of

D
ow

nloaded from
 http://ashpublications.net/hem

atology/article-pdf/2004/1/35/1634545/035_047ash.pdf by guest on 03 June 2024



Hematology 2004 47

recurrent stroke in children with sickle cell disease. Blood.
1999;94:3022-3026.

7. Fung EB, Barden EM, Kawchak DA, et al. Effect of
hydroxyurea therapy on resting energy expenditure in
children with sickle cell disease. J Pediatr Hematol Oncol.
2001;23:604-608.

8. Steinberg MH, Nagel RL, Brugnara C. Cellular effects of
hydroxyurea in Hb SC disease. Br J Haematol. 1997;98:838-
844.

9. Miller MK, Zimmerman SA, Schultz WH, Ware RE. Hydrox-
yurea therapy for pediatric patients with hemoglobin SC
disease. J Pediatr Hematol Oncol. 2001;23:306-308.

10. Saunthararajah Y, Hillery CA, Lavelle D, et al. Effects of 5-
aza-2'-deoxycytidine on fetal hemoglobin levels, red cell
adhesion, and hematopoietic differentiation in patients with
sickle cell disease. Blood. 2003;102:3865-3870.

11. Cao H, Stamatoyannopoulos G, Jung M. Induction of human
gamma globin gene expression by histone deacetylase
inhibitors. Blood. 2004;103:701-709.

12. Atweh GF, Sutton M, Nassif I, et al. Sustained induction of
fetal hemoglobin by pulse butyrate therapy in sickle cell
disease. Blood. 1999;93:1790-1797.

13. De Franceschi L, Bachir D, Galacteros F, et al. Oral magne-
sium pidolate: effects of long-term administration in patients
with sickle cell disease. Br J Haematol. 2000;108:284-289.

14. Orringer EP, Casella JF, Ataga KI, et al. Purified poloxamer
188 for treatment of acute vaso-occlusive crisis of sickle cell
disease: A randomized controlled trial. JAMA.
2001;286:2099-2106.

15. Eberhardt RT, McMahon L, Duffy SJ, et al. Sickle cell anemia
is associated with reduced nitric oxide bioactivity in periph-
eral conduit and resistance vessels. Am J Hematol.
2003;74:104-111.

16. Ou J, Ou Z, Jones DW, et al. L-4F, an apolipoprotein A-1
mimetic, dramatically improves vasodilation in hypercholes-
terolemia and sickle cell disease. Circulation. 2003;107:2337-
2341.

17. Ansell BJ, Navab M, Hama S, et al. Inflammatory/antiinflam-
matory properties of high-density lipoprotein distinguish
patients from control subjects better than high-density
lipoprotein cholesterol levels and are favorably affected by
simvastatin treatment. Circulation. 2003;108:2751-2756.

18. Weiner DL, Hibberd PL, Betit P, et al. Preliminary assessment
of inhaled nitric oxide for acute vaso-occlusive crisis in
pediatric patients with sickle cell disease. JAMA.
2003;289:1136-1142.

19. Solovey AA, Solovey AN, Harkness J, Hebbel RP. Modula-
tion of endothelial cell activation in sickle cell disease: a pilot
study. Blood. 2001;97:1937-1941.

20. Kaul DK, Liu XD, Choong S, et al. Anti-inflammatory
therapy ameliorates leukocyte adhesion and microvascular
flow abnormalities in transgenic sickle mice. Am J Physiol
Heart Circ Physiol. 2004;287:H293-301.

21. Kaul DK, Tsai HM, Liu XD, et al. Monoclonal antibodies to
αVβ3 (7E3 and LM609) inhibit sickle red blood cell-
endothelium interactions induced by platelet-activating factor.
Blood. 2000;95:368-374.

22. Barabino GA, Liu XD, Ewenstein BM, Kaul DK. Anionic
polysaccharides inhibit adhesion of sickle erythrocytes to the
vascular endothelium and result in improved hemodynamic
behavior. Blood. 1999;93:1422-1429.

23. Kaul DK, Liu X, Nagel RL. Ameliorating effects of fluorocar-
bon emulsion on sickle red blood cell-induced obstruction in
an ex vivo vasculature. Blood. 2001;98:3128-3131.

24. Turhan A, Jenab P, Bruhns P, et al. Intravenous immune
globulin prevents venular vaso-occlusion in sickle cell mice
by inhibiting leukocyte adhesion and the interactions between
sickle erythrocytes and adherent leukocytes. Blood.
2004;103:2397-2400.

25. Matsui NM, Varki A, Embury SH. Heparin inhibits the flow
adhesion of sickle red blood cells to P-selectin. Blood.
2002;100:3790-3796.

26. Solovey A, Kollander R, Shet A, et al. Endothelial cell
expression of tissue factor in sickle mice is augmented by
hypoxia/reoxygenation and inhibited by lovastatin. Blood.
2004;104:840-846. Epub 2004 Apr 08.

D
ow

nloaded from
 http://ashpublications.net/hem

atology/article-pdf/2004/1/35/1634545/035_047ash.pdf by guest on 03 June 2024


