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Sickle Cedll Disease

George R. Buchanan, Michael R. DeBaun, Charles T. Quinn, and Martin H. Steinberg

Much progress has been made during the past by the Cooperative Study for Sickle Cell Disease
several decades in gaining understanding about and investigators studying the Jamaican new-
the natural history of sickle cell disease and born cohort. Other prognostic measures have o
management approaches aimed at treating or only recently been defined. Dr. Quinn devotes 2
even preventing certain disease complications. special attention to stroke and chest syndrome g
The characterization of the human genome now as organ-related complications but also de- 3
offers the opportunity to understand relation- scribes attempts to measure overall disease g
ships regarding how gene polymorphisms as severity and to predict survival. Recently, investi- E
well as how environmental factors affect the gators have attempted to predict factors respon- N
sickle cell disease phenotype, i.e., the individual sible for early mortality in children and following ‘g
patient’s overall clinical severity as well as their onset of pulmonary hypertension in adults. g
specific organ function. This chapter explores In Section Ill, Dr. Martin Steinberg reviews g
some of these recent advances in knowledge. pharmacologic approaches to sickle cell disease 3
In Section |, Dr. Michael DeBaun character- and the rationale for their use. In addition to the ]
izes the problem of silent stroke in sickle cell inhibition of hemoglobin S polymerization, §_’
disease, comparing and contrasting its clinical newer targets have been defined during the past =
and neuroimaging features with overt stroke. one to two decades. These include the erythro- g
Combined, these events affect virtually 40% of cyte membrane, changes in the red cell intracel- g
children with sickle cell anemia. New under- lular content (especially loss of water), endothe- 5
standing of risk factors, associated clinical lial injury, and free radical production. Hydroxy- §
findings, and imaging technologies are impact- urea treatment attracted the greatest interest, but &
ing substantially on treatment options. The many uncertainties remain about its long-term 3
appreciable cognitive dysfunction and other benefits and toxicities. Newer “anti-sickling” g
sequelae of silent infarct demand more effective agents such as decitabine and short-chain fatty I§
treatments and ultimate prevention. acids also receive attention. Prevention of red g
In Section II, Dr. Charles Quinn addresses the cell dehydration, “anti-endothelial” therapy, and g
conundrum of why some patients with sickle cell marshaling the potentially beneficial effects of g
disease do well whereas others fare poorly. nitric oxide are other new and exciting ap- 2
Some risk factors have been known for years, proaches. 2
based upon careful study of hundreds of patients i
|. EPIDEMIOLOGY AND TREATMENT OF SILENT their family, teachers and practicing hematologists. SCI "
CeREeBRAL INFARCTS IN SickLE CELL ANEMIA are defined as an abnormal magnetic resonance image
(MRI)? of the brain with increased signal intensity in
Michael R DeBaun, MD, MPH* multiple T2-weighted images and no history or physi-
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Hematology 2004 35


https://crossmark.crossref.org/dialog/?doi=10.1182/asheducation-2004.1.35&domain=pdf&date_stamp=2004-01-01

cal findings of a focal neurologic deficit lasting morecreased incidence of new stroke (1.03/100 patient years)
than 24 hour§.SCI occur in 22% of children with SCA and new or more extensive SCI (7.07/100 patient years)
by 14 years of age who have not been identified aelative to stroke incidence among all children without
having a clinically evident stroke (overt strokeahese SCI (0.54/100 patient years).
children are characterized by an increase in risk for Clinically useful risk factors that will allow clini-
further neurologic progression, including overt strokesgians to predict what group of children will have a SCI
new or progressive MRI lesioAgoor academic attain- have not been established. The CSSCD, study included
ment® or lower 1Q when compared to patients withd2 patients with SCI and patients without SCI. Low
SCA with normal MRI examinatioA®r siblingswith-  pain event rate, history of seizure, leukocyte count
out SCA? Despite evidence that SCI are prominent i 11.8x 1(°/L, and the SEN globin gene haplotype
SCA, associated with significant morbidity and a sigwere associated with an increased incidence of;SCI
nificant risk factor for progressive neurologic diseasdiowever, the ability of these factors to predict a SCl is
the optimal evaluation and treatment remain vague. unreliable. Preliminary data suggest that genetic modi-
fiers may influence the risk of SCI, but replication stud-
Prevalence and Risk Factors for ies along with evidence for a mechanism for the asso-
Silent Cerebral Infarcts ciation are needéed.
In children with SCA, SCI are prominent in infants  Other than the presence of an elevated transcranial
and toddlers younger than 4 years of age, and cumuReppler (TCD) measurement, the greatest risk factor
tive prevalence continues to increase until at least fdr overt stroke is the presence of an SCI. Again in the
years of age. In an unselected group of 39 childré®SSCD, 5 (8.1%) of 62 patients with SCI had strokes
with SCI less than 4 years of age, Wang et al demofor an incidence of 1.45 per 100 patient-years com-
strated an incidence of 11% SUh the Cooperative pared with 1 (0.5%) of 186 patients without prior SCI,
Study for Sickle Cell Disease (CSSCD), an infant cder an incidence of 0.11 per 100 patient-yeds=(
hort of 266 was identified and followed for approxi-.006)? In an earlier study by CSSCD investigators, tran-
mately 14 years. Each patient had at least one studyent ischemic attack (TIA) was identified as a risk fac-
mandated brain MRI at age 6 years or older, and p@r for strokeshowever, this analysis did not account
tients with overt strokes were excluded in the determier the presence of SCI. When the same data set was
nation of the prevalence of SCI. Among the group dater evaluated for the presence of SCI, it was deter-
children with SCA, 22% had SCI. This prevalence imined that all patients with strokes and a prior TIA
consistent with that reported in similar studies in Ewalso had SCI, and the only patient who had a stroke
rope? Table 1 describes the prevalence of SCI in threwithout prior SCI had systemic lupus erythematd8us.
different cohorts of children with SCA. Children with Taken together, these data reinforce the importance of
hemoglobin SC disease and S Beta + thalassemia &€l as a significant risk factor for an overt stroke.
also associated with an increased incidence of SCI, 6%
(7 of 120) and 15% (3 of 20), respectively. Neurological Imaging of Silent Cerebral Infarcts
In addition to a high incidence in SCA, SCl infarcts
result in progressive neurologic morbidity, either neviRadiologic definition of SCI
or progressive cerebral injury, compared to childre8CI is diagnosed on the basis of an abnormal MRI of
without SCI. Using complete MRI histories from 266the brain and a normal neurological examination, with-
children with SCA, participants with SCI had an in-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 establisheflied with surveillance MRI evaluations, which have only
in the CSSCDand by Glauser et &.The only signifi- recently become routine in some clinical centers. A
cant difference between the two definitions is the reeommon finding is cerebral atrophy. This is a non-spe-
quirement of an evaluation by a pediatric neurologigific finding that serves as a marker for disease severity
in the study by Glauser et al as opposed to a clinical the brain. Another common finding is Moya-Moya,
evaluation by a pediatric hematologist in the study by description that comes from the Japanese for “puff of
the CSSCD. The CSSCD investigators defined SCI amoke” because of the angiographic appearance of sec-
an area of abnormally increased signal intensity on tleedary extensive collateral formatioRigure 2 is a
intermediate and T2-weighted pulse sequences. The atieae-of-flight MRI angiogram in a child with SCA and

of abnormal signal had to have an appearance condi#sya-Moya. The arrows indicate the stenosis/occlu-
tent with infarction in addition to the abnormal signalsion of the distal internal carotid arteries. The child
This definition of SCI was refined in practice to in-with SCA and Moya-Moya shown iRigure 3 has an
clude a focal 3-mm or larger area of abnormally inextensive area of corticaifarction corresponding to the
creased signal intensity on the T2-weighted image diistribution of the posterior cerebral artery (arrows) and
more than one view. silent cerebral infarct in the frontal regions.

MRI mimics of silent cerebral infarcts Transcranial Doppler measurement as

While the definition of the infarct-like lesion has beera predictor of silent cerebral infarct

established, there are MRI signal abnormalities th&t National Heart, Lung, and Blood Institute (NHLBI)
mimic SCI but have distinct etiologigsigure 1 illus-  sponsored Stroke Prevention Trial in Sickle Cell Ane-
trates this point. The T2 signal hyperintensities notadia (STOP) demonstrated that blood transfusion therapy
in the deep white matter are the result of acute dissermi-patients with increased TCD velocities of the middle
nated encephalomyelitis, rather than SCA. Howevererebral artery or terminal portion of the internal ca-
the clinical setting would help distinguish these twaeotid (> 200 cm/sec) could prevent overt stroKezhil-
entities. Other mimicry includes the sequelae of peritren were randomly assigned to an intervention regi-
ventricular leukomalacia, dilated perivascular spacesien with transfusion therapy to maintain the Hgb S

and delayed myelination in the terminal zones. percentage below 30% or to standard care (observa-
tion).r2 Of note, 7 of 10 patients in the observation arm
Other MRI observations in sickle cell disease who developed overt strokes had SCI at the start of the

The relationship between SCI and other patterns of braitudy, suggesting that the presence of both an elevated
injury that can be seen in children with SCA is not wellCD velocity (> 200 cm/sec) and SCI may increase the
defined. In part, this is because SCI can only be identisk of an overt stroke. Due to the design and size of the

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

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

Severe narrowing of the distal internal carotid arteries and

High signal intensity lesions in the central white matter of both proximal middle cerebral arteries (black arrows) is typical of
cerebral hemispheres (white arrows) in a child with acute the intracranial vasculopathy seen with SCA. Prominent
disseminated encephalomyelitis. SCI often have a similar lenticulostriate collateral vessels produce the Moya-Moya
appearance. (“puff of smoke”) pattern seen above the stenoses.
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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.

study, the investigators could not determine wheth&ognitive Sequelae of Silent Cerebral Infarcts
the presence of SCI alone or in combination with a@hildren with SCI have significant cognitive deficits
elevated TCD measurement increased the risk of ovénat are intermediate in magnitude compared to chil-
stroke. A post hoc analysis suggested that both the prdsen with overt strokes and those with normal MRI.
ence of SCI and elevated TCD measurement were itGhildren with SCI have 1Qs in the low 80s, whereas
portant risk factors; however, the numbers were tachildren with overt strokes or normal MRI have 1Qs in
small to determine whether the risk of overt stroke wake 70s and 90s, respectivélychatz et alemonstrated
different in patients with and without SCI. that 80% of children with SCA and SCI were found to
No prospective study has been designed to asséswse clinically significant impairments in at least one
the utility of TCD measurement for identifying SCI. Inneurocognitive domain, when compared to 30% of the
the best study to date addressing the association lebildren with SCA and a normal MRI of the brdin.
tween TCD measurement and SCI, Wang &tain- Other studies have shown that the majority of SCI
pared the results of patients that participated in both thelated to SCA affect frontal brain regiof$In addi-
CSSCD natural history study and the STOP trial. Aon, frontal lobe infarcts, whether overt or silent in
total of 78 children with SCD (mean age 11 years) wehildren with SCA, have been associated with impair-
common to the natural history study and the STOP triahents in attentioft’® and various aspects of executive
Patients who experienced an overt stroke were excludakility,* such as working memot§*”and strategic long-
from the analysis. MRI findings were classified as notterm memory processirt§These studies provide guid-
mal or SCI. Results of TCD measurements were classince for future research examining specific neuro-
fied as normal, conditional or abnormal (> 200 cméognitive impairments in children with SCI.
sec), based on the time-averaged maximum mean flow Given the high prevalence of SCI coupled with sig-
velocity in the proximal middle cerebral and distal innificant cognitive impairment, cognitive remediation
ternal carotid artery. Among 17 patients with SCI, onlpf brain injury is becoming an important area of re-
1 had conditional and 4 had abnormal TCD velocitiesearch. In the first study assessing whether cognitive
In this small sample, no statistical association was foumemediation is even feasible in children with SCD, 6
between TCD measurements and MRI findings. Thehildren were identified with cerebral infarcts in the
study did not address whether the combination of a condliental lobes (either overt or silent strokes) and placed
tional TCD measurement (high normal > 170 cm/semto a structured 6-week cognitive remediation pro-
< 200 cm/sec) and an SCI was a risk factor for futurgram?® All of the children in the study were provided
neurologic injury. Current National Institute of Healthwith general academic tutoring. Three of the children
(NIH) recommendations are to identify children whovere provided with additional training using specific
are at greatest risk of developing overt strokes, not S&trategies to enhance working memory and long-term
(www.nlm.nih.gov/databases/alerts/sickle97.html). memory (silent rehearsal to facilitate working memory
and semantic organization to facilitate long-term
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memory). In comparing memory performance pre- anelevated TCD measurement. However, there are no data
post-intervention, the investigators found that the scoré&s support the use of blood transfusion therapy in chil-
of children who received specific strategy training imeren with SCI and TCD measurements with time-aver-
proved considerably, whereas the cognitive scores afed maximum mean flow velocity measurements less
children who received only academic tutoring remaineithan 200 cm/sec. Only a clinical trial can determine
relatively unchanged. Although the sample size in thishether children with SCA and normal TCD measure-
study was quite small, these early findings optimistiments will benefit from blood transfusion therapy.

cally suggest that, in addition to identifying cognitive  Available evidence would suggest that blood trans-
impairments in SCI, interventional strategies may agdsion therapy may prevent further neurologic injury
sist children in overcoming, circumventing, or comin patients with SCI. However, we do not know if these

pensating for their impairments. patients will benefit from this treatment. SCI lesions
are typically smaller than those present in overt stroke
Treatment for Silent Cerebral Infarcts and may represent microvascular pathology, as opposed

Blood transfusion therapy has been the mainstay of ite overt strokes, which are generally associated with
tervention for primary and secondary stroke prevetarger ischemic cerebral areas and stenosis or occlusion
tion in children with SCD. Blood transfusion therapyof the internal carotid and medium size cerebral ves-
to increase total hemoglobin while keeping the Hgb Sels. Further, we do not know if the benefit of blood
percentage less than 30% has several physiologic bém@nsfusion therapy will outweigh the risks and incon-
efits. Increasing the hemoglobin concentration witkieniences of monthly transfusion.
hemoglobin A improves the blood’s oxygen carrying Given this background and the state of equipoise
capacity, lowers the fraction of cells that contain hem@mong pediatric hematologists as to whether blood trans-
globin S by dilution, and reduces the erythropoietitusion therapy should be implemented, the Silent Cere-
drive that produces sickle hemoglobin. These physdbral Infarct Transfusion (SIT) Trial has been funded
ologic factors combine to be an effective strategy fdyy the National Institutes of Health (NIH) and the Na-
reducing the onset of stroke in patients who have aional Institute of Neurologic Disease and Stroke. The
elevated TCEF and in preventing second stroR8he primary hypothesis of this trial is that prophylactic blood
relative risk reduction for the benefit of blood transfutransfusion therapy in children with SCI will result in
sion therapy for primary or secondary stroke prevemt least an 86% reduction in the proportion of patients
tion is approximately 85%, justifying the burdensomevith clinically evident strokes or new or progressive
task of at least monthly blood transfusion therapy ar8iCl. Approximately 1800 children with SCA will be
deferoxamine administration 5 of 7 nights or more. screened with an MRI of the brain to identify 200 chil-
No therapy has been established for the treatmeadren with SCI and TCD measurement less than 200
of SCI; however, preliminary evidence to support them/sec. Among this group, 100 participants will be ran-
possible benefits of blood transfusion therapy for SGlomly allocated to either blood transfusion or observa-
was recently published. As part of a post hoc analydisn for a total of 36 months. Secondary outcome mea-
from the STOP trial, Pegelow et al identified individusures will include cognitive assessment and a formal
als with SCA with both abnormal TCD measuremenisk/benefit analysis. After the completion of the SIT
and SCE° Among this group of 47 patients, two groupdrial, we should know whether blood transfusion therapy
were compared: those that were randomly allocated it effective and, if so, whether the benefits outweigh
receive (n = 18) or not receive (n = 29) blood transfuthe adverse consequences.
sion therapy. None of the 18 patients receiving transfu-
sion therapy who had a baseline lesion seen on MBther treatments
(SCI) developed new SCI lesions or overt strokes. Mo treatment for SCI has been established, although
contrast, among the 29 individuals who had baselirseveral should be considered in practice. Probably the
SCI lesions who were not treated, 52% (15 of 29) ohost often recommended therapy for SCI is hydroxy-
this group subsequently developed new or worse SGiea; however, significant caution must be exercised in
lesions (n = 6) or suffered strokes (n = 9) over a 3@s use, because no formal trial has been initiated to
month period® Thus, in patients with both an elevateddemonstrate efficacy. Further, such a trial may not be
TCD velocity measurement and baseline SCI, blodgasible, given the cost, total number of patients that
transfusion therapy showed a 100% relative risk reduarould be required for identifying individuals with SCI,
tion for the frequency of new overt strokes or subsend the eventual size of the trial (presumably more than
guent SCI. This study strongly supports the use of blodkde 1800 participants in the SIT trial). Thus, only anec-
transfusion therapy in children with both SCI and adotal experience and indirect evidence for support will
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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%%

Average age of onset 7.7 years?3 Prior to 6 years of age®

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 velocityl? velocity?4

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

justify using hydroxyurea for treatment of SCIl. An-normal lifespan. Therefore, risk factors and prediction
other therapeutic option is a stem cell transplant frommaodels are needed to best counsel patients and families
matched related donor. If successful, this strategy @d to formulate optimal therapeutic plans. This sec-
curative; however, only few patients have HLA—matchetion briefly reviews classic studies of disease modifiers
full siblings, making this option less practical for mosand focuses on investigations in the past 5 years that
children with SCA. Future studies using alternative stefmave elucidated new risk factors or defined early risk
cell choices in unrelated donors may be a viable optigmediction models.
for the majority of children with SCA.

In summary, SCI in SCA represents a prevalerRast Studies
and morbid condition, with high risk for progressionThe CSSCD identified or confirmed many of the cur-
with either new SCI or subsequent strokes, and is assently known risk factors, however incomplete, for com-
ciated with lower 1Q and other neurocognitive impairmon complications of SSTable 3). For example, low
ments. Optimal treatments for SCI have not been ddgb F concentration and leukocytosis are associated
tablished Table 2 summarizes the similarities and dif-with increased risk of early death, acute chest syndrome
ferences between overt strokes and SCI. Past and on@&CS), and painful episodes. Patients with a low steady-
ing clinical trials have contributed to our understandstate Hgb concentration, compared to those with higher
ing of SCI, and promise to continue to do so. The roldgb concentration, are more likely to suffer early death
of transfusions for SCI is currently being explored in and stroke but are less likely to have ACS and pain.
large NIH-NINDS—funded clinical trial that should es-Both avascular necrosis (AVN) and sickle retinopathy
tablish risk factors for SCI, the indications and riskare associated with a higher steady-state Hgb concen-
benefit ratio of blood therapy for this disorder. tration. Other known disease modifiers are the beta

I1. AN UPDATE ON Risk FACTORS AND PREDICTION OF  Tapje 3. Predictors of adverse outcomes Identified in the

OuTcoMES IN SickLE CELL ANEMIA the Cooperative Study of Sickle Cell Disease (CSSCD).
Charles T. Quinn, MD= Predictors Outcomes

L Hgb concentration Death, stroke, leg ulcers
Sickle cell anemia (SS), despite its straightforward Hgb concentration Pain, ACS, AVN
Mendelian inheritance, is a highly phenotypically vari: Hgb F concentration Death, ACS, pain, leg ulcers
able disease. Some individuals with SS have frequentsteady-state WBC Death, ACS
vaso-occlusive complications and die young, whereaghalassemia present AVN
others seem little affected by the disease and have-talassemia absent Stroke

t Painrate Adult death, AVN

Acute anemia Death, stroke

* University of Texas Southwestern Medical Center, Pediatric
Hematology-Oncology, 5323 Harry Hines Blvd., Dallas TX  Abbreviations: ACS, acute chest syndrome; AVN, avascular
75390-9063 necrosis; Hgb, hemoglobin; WBC, white blood cells
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globin cluster haplotype and alpha thalassemia. Thegiéuals with sickle cell disease has been tetddan
established risk factors are reviewed elsewhere. overnight oxygen saturation was found to be indepen-
dently associated with the time to a CNS event (hazard

Recent Studies ratio 0.82 for every 1% increase in saturati®ns
0.003). Screening for and appropriate management of
Risk factors for stroke nocturnal hypoxemia might, therefore, be useful to pre-

Stroke prediction for individuals with SS was recentlylict stroke and possibly to prevent it.
transformed when Adams et al demonstrated the utility Wierenga et al reported an increased risk of cere-
of transcranial Doppler (TCD) ultrasonography in pribrovascular accidents among individuals with SS who
mary stroke preventiochTCD is used to measure flow had aplastic crises due to parvovirus B19 infection.
velocities in the intracranial carotid and cerebral arteFrom this retrospective analysis, the crude risk of cere-
ies. Stenosis of these vessels, which may predisposétovascular episodes was 58-fold greater in the 5-week
stroke, produces locally increased flow velocities thahterval after parvovirus infection. Many of the epi-
are detectable by TCD. Thus, children at risk of strok&des were coincident with the acute anemia, suggest-
can be started on a regimen of chronic red blood cétig a mechanism, but several individuals had seizures
transfusions to prevent stroke. Although clearly preand one had cortical blindness in the 2—5 weeks follow-
dictive, the utility and universal acceptance of TCDng infection. The authors suggest that the development
screening is limited by the inconvenience and morbiaf a parvovirus vaccine for humans might decrease the
ity of chronic transfusions. Also, despite abnormallyisk of stroke. Furthermore, an increased awareness of
increased TCD velocities, some children do not develgmtential neurologic complications of parvovirus infec-
a stroke. Approximately 10 children will have to bdion is needed.
chronically transfused to prevent 1 stroke in 1 child
each year. Thus, other predictors of stroke are stRisk factors for acute chest syndrome
needed. ACS is a descriptive name for a variety of acute pulmo-
Although a prior stroke is one of the strongest riskary illnesses in individuals with sickle cell disease
factors for stroke in SS, the prognostic significance gSCD). ACS often occurs as a complication of another
clinically “silent” strokes is now becoming clear. Chil-SCD-related illness, such as a painful crisis, and may
dren with SS in the CSSCD who had silent strokes idenet be apparent at the time of admission to the hospital.
tified at 6 years of age had a 14-fold increased inci-he prediction of impending ACS would permit pre-
dence of subsequent new overt stroke (1.45 vs 0.11 pentive therapeutic interventions, such as red blood cell
100 patient-years? = 0.006) during a mean follow-up transfusions, to decrease morbidity and mortality. Secre-
of 5.2 years.A multivariate model showed that silenttory phospholipase AsPLA) is an enzyme that cleaves
stroke was the strongest independent risk factor for ovéatty acids, including arachidonic acid, from triglycer-
stroke (hazard ratio = 7.B,= 0.027) MRI of the brain ides, and this enzyme may be a biomarker for impend-
to identify silent strokes might, therefore, prove to beng ACS. The release of free fatty acids and the pro-
another useful screening measure to identify young chiiflammatory arachidonic acid in the lungs likely con-
dren with SS who have an increased risk of overt strokgibutes to the pathogenesis of ACS, especially in cases
The familial risk of stroke in SS was recently conef pulmonary fat embolism. Styles et al showed that
firmed,* but the molecular genetic basis of stroke riskhe serum concentration of sPLiAcreases before ACS
has been investigated only recently. Styles et al founglclinically apparent, peaks at the clinical onset of ACS,
an association between specific HLA alleles and eithand declines during its resolutiéifiThese data are prom-
increased or decreased risk of strbked similar find- ising, but the published evidence for a predictive role
ings were reported in an analysis of CSSCD particof sPLA, for ACS is limited to an analysis of about 20
pants® Polymorphisms of genes associated with adheatients, so further prospective study of this predictor
sion, thrombophilia, inflammation, and regulation ofs needed.
blood pressure have also been associated with risk of
stroke? Of interest, a polymorphism in VCAM-1 Risk factors for severe disease or early death
(G1238C) protected against stroke in patients with Siller et al tested many putative risk factors in the
(odds ratio 0.35, 95% confidence interval [Cl], 0.15€SSCD infant cohof€ To this end, they defined four
0.83;P < 0.04)2 adverse outcomes: death, stroke, recurrent pain episodes
The hypothesis that nocturnal hypoxemia coulfreater than 2 per year on average over the course of
predict central nervous system (CNS) events, includirfgllow-up) and recurrent ACS (greater than 1 per year
stroke, transient ischemic attacks, and seizure, in indiver the course of follow-up). Infants with SS or sickle-
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B°-thalassemia (®) who had a Hgb concentration be-Summary
low 7 g/dL in steady-state during the second year dthe explanations for the phenotypic heterogeneity of
life, those with an increased WBC count, and those wig65 remain incomplete, but the answers will likely be
had dactylitis before 1 year of age were at significantlipund among the multitude of genes that are co-inher-
increased risk of an adverse outcome. This modelited with the sickle §%) mutation. That is, to under-
notable because it uses easily identifiable predictors $tand a monogenic disease like SS, one must consider
early life, but its clinical utility is limited because onlythe molecular genetic context of the causative mutation
3% of the cohort had a combination of factors that préa each individuat® Indeed, to understand phenotypes,
dicted a 2-fold or greater risk of an adverse outcomthe paradigm of a single gene disorder does not hold.
Also, it is unclear if this model is still valid, becauseToward this end, genomic and proteomic profiling
the second most common adverse outcome, childhootkthods are promising, but they are still in their in-
death from SS, is becoming uncommon. For exampl@ancy. Until newer, comprehensive methods are avail-
most of the deaths (56%) in this study were from infe@ble, we must continue to rely upon simple tools that
tion, which is now a rare event because of universaiclude individual clinical features, laboratory values,
newborn screening, prophylactic penicillin, and thand a small number of genetic polymorphisms.
conjugated pneumococcal vaccifie.

Considering that leukocytosis predisposes to morél|. Druc TREATMENT FOR SickLE CELL DisEASE:

severe disease in SS, Okpala et al hypothesized that the THE OLD AND THE NEW
biological basis could be that the adherence of leuko-
cytes to vascular endothelium, mediated by adhesion Martin H. Seinberg, MD*

molecules, facilitates vaso-occlusifnCompared to

those without, patients who had complications of SCBreatment of Sickle Cell Disease | s Based

showed high expression oM, integrin by neutro- on Pathophysiology

phils and high expression of L-selectin by lymphocytes

and neutrophilsR < 0.03). TheB, integrin, CD18, was HbS polymerization

highly expressed by neutrophils in patients with sicklpeoxygenation causes Hb&,%) to polymerize—the

nephropathy R = 0.018), and L-selectin was highly proximate cause of sickle cell disease and a necessary

expressed by lymphocytes in those with straRe=( but insufficient precursor of the disease phenotype. HbS

0.03). Monocyte L-selectin increased in sickle cell criand its polymer induce a panoply of cellular and tissue

sis relative to steady state £ 0.04). They also found injuries. Neither the fetal hemoglobin (HbF) tetramer

that hydroxyurea therapy decreased the expression(afy,) nor thea,3% hybrid tetramer is incorporated into

certain adhesion molecules coincident with clinical imthe HbS polymer, providing the rationale for treatments

provement and before significant induction of Hgb Faimed at increasing HbF concentration.

Whether polymorphisms in adhesion molecules or dif-

ferences in their expression can be used to predictSikle erythrocyte damage and dehydration

severe clinical course remains to be determined. A distinguishing feature of sickle cell disease is the pres-
Gladwin et al studied the prevalence and effect aence of dense, dehydrated erythrocytes and abnormal

survival of pulmonary hypertension among individualseticulocytes. Since polymerization of HbS is uniquely

with SCD:* Using echocardiographic measurement alependent on the cellular concentration of HbS, the

tricuspid regurgitant jet velocity, the investigators founghcreased cellular hemoglobin concentration of dehy-

that 32% of their subjects had pulmonary hypertenirated sickle erythrocytes markedly enhances the ten-

sion. A tricuspid regurgitant jet velocity af2.5 m/s, dency for HbS polymerization and cell sickling. Four

as compared with a velocity of < 2.5 m/s, was stronglyathways have been implicated in the dehydration of

associated with an increased risk of death (rate ratigickle erythrocytes, and modulation of these pathways,

10.1; 95% ClI, 2.2-47.® < 0.001). Thus, echocardio- especially the Gardos channel and®- co-transport,

graphic screening might be warranted for all adults witi3 a potential means of treatment.

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 regu¥-Boston University, 88 East Newton Street, E-211, Boston MA
gitant jet velocity. 02118
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Endothelial damage reticulocyte count, and leukocyte count and with com-
Cellular damage enables adhesive interactions betwegdiance to treatment. According to some experts, push-
sickle cells, endothelial cells and leukocytes. As ending the drug dose to near toxic levels is not necessary
thelium is perturbed, vasoconstriction may be favoredr a clinically beneficial result. Some have proposed
as nitric oxide (NO) production is impaired. Severalising hydroxuyrea for secondary prevention of stroke
agents directed at the endothelial receptors for sickile children® Hydroxyurea may also conserve resting
erythrocytes or leukocytes may interrupt cell-cell inenergy expenditure by curbing the hypermetabolic state

teractions. observed in children with sickle cell disedse.
Hydroxyurea is potentially mutagenic and carcino-

Inflammation, reperfusion injury, genic® Cancer and leukemia have been reported in hy-

oxidant radical production droxyurea-treated sickle cell disease patients, but

Neutrophils mediate inflammation and tissue damagehether the incidence is higher than in the general popu-
Neutrophil numbers are increased and they may be dation is not knowrt. The relative risk of leukemia in
normally activated and adherent. An “oxidant” envihydroxyurea-treated sickle cell anemia is much less than
ronment may also be present in the sickle erythrocytikee observed risk in myeloproliferative disorders. To
and endothelium. Novel ways of countering oxidantut this into perspective, the risk of death from the

induced injury have been proposed. complications of adult sickle cell disease appears to be
at least 10-times greater than the possible incidence of
HbS Polymerization leukemia in hydroxyurea-treated sickle cell anemia pa-

Several classes of drug, when titrated optimally, carents.
increase levels of HbF in most patients with sickle cell Questions remain about the clinical benefits of hy-
anemia. Only one is approved for treating sickle cetiroxyurea in HbSC disease. The pathophysiology of

anemia. HbSC differs from that of sickle cell anemia in some
aspects so one might expect that the response to hy-
Hydroxyurea droxyurea treatment may also differ. While cell density

Hydroxyurea, the sole US Food and Drug Administravas reduced, mean corpuscular volume increased and
tion (FDA)—approved drug for treating sickle cell anehemolysis apparently reduced, HbF increases were in-
mia, should be used in all adults where indications faonsistent.® No randomized clinical trials have studied
this treatment are preséntinfortunately, for complex the effectiveness of hydroxyurea in HbSC disease so
reasons, only a fraction of patients who might benefihat a decision to treat patients with this genotype is a
from treatment receive it. Hydroxyurea increases Hbifatter of clinical judgment.

in sickle cell anemia because its cytotoxicity causes eryth-

roid regeneration and perhaps because its metabolifacitibine

leads to NO-related increases in soluble guanylate d4-less-toxic analog of 5-azacytidine, 5-aZa&oxy-
clase (sGC) with an increase of cGMP that augments cytidine (decitibine), may affect HbF levels by causing
globin gene expressiéi multicenter trial of hydroxy- hypomethylation of thg-globin genes. In 8 symptom-
urea in adults with sickle cell anemia, where the drugfic sickle cell anemia patients who failed to respond to
was given at sub-toxic doses, showed that hydroxyuragdroxyurea, decitibine treatment (0.2 mg/kg subcuta-
reduced the incidence of pain and acute chest syndromeously 1-3 times per week for 2 6-week cycles) led to
by nearly half, with little risk seen during more than @&n increase in HbF from 6.5% to 20.4%, with an in-
years of observation. Cumulative mortality was reduceztease in hemoglobin concentration from 7.6 to 9.6 g/
nearly 40%, and a favorable result was related to tik and a fall in reticulocytes from 231 to 1831%/
ability of the drug to increase HbF and reduce painfll.?® Clinical trials of this agent are planned in patients
episodes and acute chest syndrériva relationship with sickle cell anemia an@ thalassemia.

between decrements in neutrophil counts and mortality

was found. In infants, children and adolescents witBhort chain fatty acids

sickle cell anemia, the HbF response to hydroxyureaBy acting as inhibitors of histone deacetylase (HDAC)
more robust than in adults. In a study of more than 1@hd causing histone hyperacetylation and changes in
children who received maximal drug doses, HbF irchromatin structure, short-chain fatty acids, their de-
creased to almost 20% and the treatment effects weietives, and other compounds with HDAC activity can
sustained for 7 years without clinically important toxenhancey-globin gene expression in erythroid cells of
icity.*® HbF levels achieved during treatment were agatients with sickle cell anemia afdhalassemia. Very
sociated with baseline HbF level, hemoglobin levelpw concentrations of one HDAC inhibitor, an analog
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of trichostatin A, induced-globin gene expression in rocytes, was seen. Clinical trials of this class of agent
an erythroleukemia cell line transfected with a reportdrave not been done.
construct and in erythroid colonies of normal adtllts.

In the most advanced clinical trials of HDAC in-Anti-Adherence Therapy
hibitors, still only Phase Il studies, arginine butyraténti-adherence therapy for sickle cell disease targets
given by infusion once or twice a month was associatélde abnormal interactions among erythrocytes, endo-
with a mean increase in HbF from 7% to 21% in 11 dhelial cells, leukocytes and platelets that are part of the
15 patients with sickle cell anemia. In some individupathophysiology of the disease process. Potential anti-
als, this level was maintained for 1-2 yedido HDAC adherence agents have been studied in acute painful
inhibitor of any class other than butyrate and phenyévents, where, through poorly understood mechanisms,

butyrate has yet been used clinically. they restore microvascular circulation and improve tis-
sue ischemia. In Phase Il studies of a non-ionic surfac-
Sickle Erythrocyte Dehydration tant copolymer, poloxamer 188, this agent reduced the
duration and increased the resolution of acute painful
Inhibition of K*-CI- co-transport episodes, an effect especially notable in children less

Oral magnesium supplementation inhibits erythrocytéhan 15 years old and in patients receiving hydroxylirea.
K*-ClI- co-transport in vivo. Following studies thatWhether poloxamer 188 exerts its effects by modifying
showed a beneficial effect on the erythrocyte membrairgeractions of sickle cells or other blood cells to endo-
of transgenic sickle mice, a 6-month clinical trial othelium is not known. Its clinical effectiveness as a single
oral Mg pidolate improved erythrocyte hydration andgent to treat or prevent vasoocclusive complications
was associated with a reduction in the number of paiis, at best, modest, and currently no additional trials of
ful days?® Studies to evaluate the effects of long-ternthis agent are ongoing.

magnesium supplementation in adult and pediatric pa- Endothelium-dependent vasodilation is disturbed
tients with sickle cell anemia are ongoing, and addin sickle cell diseas®.Superoxide generation induces
tional studies are planned in HbSC disease patients whelgonic inflammation that may be inhibited by apo-
activated K-CI- co-transport and cell dehydration ardipoprotein (apo) A-1 mimetics. L-4F, an apoA-1 mi-

likely to play a major pathophysiological role. metic, inhibited superoxide production and improved
vasodilation in sickle mic®. While a mechanism of
Inhibition of Gardos channel action is not yet totally clear, this agent may preserve

Clotrimazole is an inhibitor of the human red cell Gardosndothelial function and endothelial nitric oxide syn-
channel but its use was associated with dysuria and tkase (eNOS) activity. This type of drug may have wide-
versible hepatocellular toxicity. ICA 17043, a clotri-spread application in vascular diseases including sickle
mazole derivative lacking the toxic imidazole residuegell anemid’ Most agentsTable 4) that might disrupt
was a 10-fold more potent blocker of the Gardos chathe adhesive interactions and inflammation hypothesized
nel than the native drug. In a recently completed Phasepresage sickle vasoocclusion have not been studied
Il trial of this agent in patients with sickle cell diseaseglinically.
cell density and hemolysis were decreased while hemo-
globin concentration was increased. To see whether clilitric Oxide
cal benefit accrues from these erythrocyte and hemat®-potent vasodilator, NO is an important regulator of
logical changes will require a Phase Il clinical trial. vascular tone and, because of its interaction with he-
moglobin, blood vessels and blood cells, has been hy-
Inhibition of other channels pothesized to have several advantageous effects in sickle
Movement of K via the Gardos channel requires theell disease. Generated frararginine by NO synthases,
parallel movement of Clanions to maintain electro- NO activates sGC, to produce the second messenger,
neutrality. High-affinity blockers of Clconductance cGMP. NO inhibits the adhesive interactions among
can reversibly block human erythrocyte chloride corplatelets, leukocytes and sickle erythrocytes and de-
ductance in vitro without directly affecting the Gardogreases VCAM-1 expression in endothelial cells.
channel or the KCI- co-transport. In sickle mice treated =~ NO metabolites were decreased in severe sickle cell
with a CF conductance inhibitor, packed cell volumevasoocclusive crises. Plasmarginine and serum-
(PCV) increased and mean corpuscular hemoglobarginine levels were normal in children in the steady-
concentration (MCHC) decreased with an increase state and fell during vasoocclusive crisis while NO lev-
cell K*. A selective loss of the most dense erythrocytes|s were normal at presentation but decreased during
with a shift from sickled to well-hydrated discoid eryth-hospitalization. Three young patients with acute chest
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Table 4. Novel methods of modulating cellular interactions in sickle cell disease.

Agent Mechanism Refer ence
Sulfasalazine NF-kB inhibitor; decreases endothelial activation 19,20
aVB3 antibodies Block vVWF and thrombospondin mediated adherence 21
Anionic polysaccharides Inhibit thrombospondin-mediated adhesion to the endothelium 22
Oxygenated perflubron- Increase O, delivery and unsickle deformed cells

based fluorocarbon emulsion 23
19G 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

syndrome showed an increase in Pa a decrease in phenotype many also help the design of innovative treat-
pulmonary artery pressure after inhaling NO. Howevements. Pharmacogenomics may further help tailoring a
in each case, standard treatment for this complicatibreatment to a patient. Preliminary work has associated
was also given making the results difficult to interpreseveral genetic polymorphisms in a diverse set of genes to
While a biologically sound rationale exists for usingelected complications of sickle cell disea&ab(e 5).

NO in the acute chest syndrome and pulmonary hyper-

tension of sickle cell disease, a controlled trial of this REFERENCES

treatment has not been reported. It should be remem-

bered that this approach could be deleterious as NO dafEpidemiology and Treatment of Silent Cerebral

be metabolized to damaging oxidants like nitrite (NO  Infarctsin Sickle Cell Anemia

and peroxynitrite (ONOG. In a clinical trial, inhaled 1. Armstrong FD, Thompson RJ, Jr., Wang W, et al. Cognitive
NO was associated with a small reduction in pain score functioning and brain magnetic resonance imaging in

.. . . . . . children with sickle cell disease. Neuropsychology Committee
and opioid use in children with acute painful episdées. of the Cooperative Study of Sickle Cell Disease. Pediatrics.

1996;97:864-870.
Future Goals of Drug Treatment 2. CraftS, Schatz J, Glauser TA, Lee B, DeBaun MR.

Our growing knowledge of the human genome and its Neuropsychologic effects of stroke in children with sickle cell

e . T . anemia. J Pediatr. 1993;123:712-717.
variation among populations and individuals raises tl‘be Miller ST, Macklin EA, Pegelow CH, et al. Silent infarction as

possibility of being aple to anW'Very early_.even a risk factor for overt stroke in children with sickle cell
antenatally—the genetic susceptibility to developing one anemia: a report from the Cooperative Study of Sickle Cell

or another of the many subphenotypes of sickle cell Disease. 2001;139(3):385-390.

disease and intervening to forestall anticipated compff: Pe9elow CH, Mackiin EA, Moser FG, et al. Longitudinal
. . . . . changes in brain magnetic resonance imaging findings in
cations. Understanding the genetic predispositions to a 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

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

* Pharmacogenomics anemia. J Pediatr. 1998;132:994-998.
« Genotype patients to detect “high-risk” alleles for disease 7. Kinney '_I'R,_Sleeper LA, Wang WC, et al. Silent c_erebral
complications infarcts in sickle cell anemia: a risk factor analysis. The

Cooperative Study of Sickle Cell Disease. Pediatrics.
KL, VCAM1, HLA, LDLR, TNF, IL4R, ADRB2 and CVA 1999:103:640-645,
NOS3 and ACS 8. Hoppe C, Klitz W, Cheng S, et al. Gene interactions and stroke
BMP6, ANXA2, EDN1, TGFBR and AVN risk in children with sickle cell anemia. Blood.
PPH1, BMPR2, ACVRLK1, SLC6A4, PPARG and PH 20_04;103:2391_.2396' . . .
o 9. Miller ST, Macklin EA, Pegelow CH, et al. Silent infarction as
CYP2D, OPRM1 and Opioid Response a risk factor for overt stroke in children with sickle cell
» Develop interactive networks of “high-risk” alleles anemia: a report from the Cooperative Study of Sickle Cell
- Develop novel therapeutics based on “global” high-risk Disease. J Pediatr. 2001;139:385-390.
alleles and “complication-specific” alleles 10. Miller ML. Treatment of systemic lupus erythematosus. Curr
Opin Rheumatol. 1991;3:803-808.

« Genotype-based early identification and treatment of likely 11. Glauser TA, Siegel MJ, Lee BC, DeBaun MR. Accuracy of

complications
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