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Purpose: Population-based surveillance of children aged 3–10 years from metropolitan Atlanta was used to

determine if stroke-related neurological damage in children with sickle cell disease (SCD) is associated with

developmental disabilities (DD). Methods: School and medical records were reviewed annually to identify eligible

children. Observed-to-expected ratios, P values, and population attributable fractions were calculated. Results:

Children with SCD had increased risk for DD (O/E 5 3.2, P , 0.0001), particularly mental retardation (O/E 5 2.7,

P 5 0.0005) and cerebral palsy (O/E 5 10.8, P , 0.0001). This risk was confined to DD associated with stroke

(O/E 5 130, P , 0.0001; for DD without stroke: O/E 5 1.3, P 5 0.23). Conclusions: Children with SCD have

increased risk for DD associated with stroke; thus, aggressive interventions are needed to prevent stroke in these

children. Genetics in Medicine, 2001:3(3):181–186.
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Sickle cell disease (SCD) is a collection of autosomal reces-
sive genetic disorders characterized by a hemoglobin variant
called sickle hemoglobin (Hb S). The Hb S variant is caused by
a substitution of valine for glutamic acid at the sixth amino
acid position in the beta globin gene. All individuals who are
homozygous or compound heterozygous for Hb S exhibit
some clinical manifestations of SCD. Individuals homozygous
for Hb S exhibit the most severe form of SCD.1 Individuals who
are Hb S compound heterozygotes with other hemoglobin
variants, such as Hb C and b1-thalassemia, generally have a
less severe course of the disease. However, individuals who
have Hb S in combination with b0-thalassemia often have se-
vere expression of the disease.1 SCD can be quite debilitating.
Symptoms include chronic anemia, acute chest syndrome,
pain crises, splenic and renal dysfunction, susceptibility to bac-
terial infections and stroke.2

When compared with the general population, children with
SCD have a particularly high risk for stroke, especially for ce-
rebrovascular infarctions.3–5 Approximately 5–10% of chil-
dren with SCD have a clinical history of stroke,5,6 and without
transfusion intervention, as many as 50 –70% of those children
experience recurrent strokes.5,7 In addition, magnetic reso-
nance imaging (MRI) and computed tomographic (CT) scans

reveal that 4 –18% of children with SCD who do not have a
clinical history of stroke have experienced silent cerebrovascu-
lar infarctions.6,8 –10 Together, these data suggest that up to
30% of all children with SCD experience some type of cerebro-
vascular insult. However, since the risk estimates of these stud-
ies were performed on clinically referred populations, the ac-
tual risk for stroke among children with SCD needs to be
assessed in a population-based analysis.

There is some evidence that neurological damage is associ-
ated with strokes among children with SCD. It has been shown
that children with SCD who have experienced a clinically rec-
ognized stroke are cognitively impaired when compared with
unaffected siblings.11 The cognitive impairment appears to be
due to stroke and not to the disease itself. That is, children with
SCD who have experienced stroke are also cognitively im-
paired when compared with other children with SCD who have
not experienced a stroke.6,11,12 Moreover, children with SCD
who do not have cerebrovascular abnormalities (as detected by
MRI) do not appear to have cognitive deficits.11 Studies using
MRI and CT scans to identify children with silent cerebrovas-
cular infarctions have noted that these children are also cogni-
tively impaired when compared with unaffected children.6,11

However, the impairment among children with silent strokes is
not as severe as it is among the children who have experienced
clinical strokes. Results from a few studies have suggested that
the disease itself is a risk factor for cognitive impairment. Sub-
tle neuropsychological deficits were observed among children
with SCD who do not have a clinical history of stroke when
they were compared with unaffected children.13,14 However,
these studies did not use diagnostic methods, such as MRI and
CT scans, to detect the presence of silent cerebrovascular in-
farctions. Recently, a study did find evidence of cognitive def-
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icit among children with SCD who did not have abnormalities
detected by MRI.15 The authors suggested that cognitive defi-
cits in the absence of stroke could be due to chronic hypoxia of
brain tissue.

Although the studies mentioned above performed extensive
batteries of tests to determine the specific neurological deficits
of children with SCD in the presence or absence of stroke, none
of the studies was population-based. Thus, none of the studies
was able to estimate the magnitude of the association between
SCD and cognitive deficits associated with stroke. In the
present analysis, we have examined the contribution of SCD to
the occurrence of specific developmental disabilities (DD) as-
sociated with and without stroke in a population-based study
of developmental disabilities among 3- to 10-year-old
children.

METHODS
Study population

The Metropolitan Atlanta Developmental Disabilities Sur-
veillance Program (MADDSP) ascertained children 3–10 years
of age who resided in the five county (Clayton, Cobb, DeKalb,
Fulton, Gwinnett) metropolitan Atlanta area during 1991—
1993 and who had at least one of the following developmental
disabilities:16

Mental retardation (MR): an intelligence quotient (IQ) of
70 or less on the most recent, individually administered stan-
dardized psychometric test or, in the absence of an IQ test, a
written statement by a psychometrist that a child’s intellectual
functioning falls within this range.

Cerebral palsy (CP): nonprogressive, but often changing,
motor impairment syndromes secondary to lesions or anom-
alies of the brain arising at any time during brain development
as diagnosed by a qualified physician or from physical findings
by other qualified health care professional (e.g., physical or
occupational therapist) and confirmed by a MADDSP devel-
opmental pediatrician. It does not include motor disorders
that are transient, that result from progressive disease of the
brain, or are due to spinal cord abnormalities or injuries.

Hearing impairment (HI): measured, bilateral, pure-tone
hearing loss at frequencies of 500, 1,000, and 2,000 Hz averag-
ing 40 decibels or more, unaided, in the better ear or, in the
absence of measured hearing loss, a description, provided by a
certified audiologist or physician, of a hearing loss of 40 deci-
bels or more in the better ear (e.g., profound sensorineural
hearing loss).

Visual impairment (VI): measured visual acuity of 20/70 or
worse, with correction in the better eye or, in the absence of
measured visual acuity, a statement by an eye specialist of ei-
ther (1) a functional description of visual acuity of 20/70 or
worse, (2) low vision or blindness, or (3) cortical blindness.

Most children eligible for MADDSP were identified from a
review of the records from special education programs in the
public schools serving the five county metropolitan Atlanta
area or from other Georgia Department of Education pro-
grams for children with DD. Additional sources reviewed to

identify eligible children included facilities of the Georgia De-
partment of Human Resources that provide services for chil-
dren with DD, as well as pediatric and public hospitals and
clinics in the metropolitan Atlanta area. School and medical
records were reviewed annually to identify eligible children.
Once a child was identified as eligible, medical and demo-
graphic data were collected from the records. Many children
met the eligibility status for the program for multiple years. In
the present analysis, we counted each child once, regardless of
the number of years a child met eligibility criteria.

Statistical methods

Using medical data obtained from the children’s records, we
used the International Classification of Diseases, 9th Revision
(ICD-9) code 282.6 to identify the number of children in
MADDSP with SCD. Because all of the children with SCD were
black, we restricted our analysis to black children with DD. We
determined the expected numbers of children with SCD using
the observed number of black children in MADDSP and the
expected frequency of SCD in the black population (1/375).2

Information concerning the children with strokes did not al-
ways specify the type of stroke (hemorrhagic or infarctive).
Thus, for the purposes of our analyses, we identified children
with stroke by ICD-9 code 436. We generated observed to ex-
pected ratios with confidence intervals (CIs) and one-sided P
values based on the Poisson distribution using the Statistical
Analysis Battery for Epidemiologic Research (SABER).17 Pop-
ulation attributable fractions calculated by the Miettinen for-
mula18 were used to estimate the contribution of SCD to the
occurrence of DD among 3- to10-year-old black children in
Atlanta.

RESULTS

During the 1991–1993 study years, in metropolitan Atlanta
there were 22 children with SCD among 2,566 black children
aged 3 to 10 years with developmental disabilities. Of those 22
children, 14 (64%) were male, 16 (73%) had MR, 14 (64%) had
CP, 1 (4.5%) had HI, and 1 (4.5%) had VI. Thirteen (59%) of
these children had a history of stroke and 9 (41%) exhibited
multiple disabilities. A summary of the clinical and demo-
graphic characteristics of the children with SCD is shown in
Table 1.

First, we determined if, in general, there were more children
with SCD and any DD than would be expected in this popula-
tion. The results of this analysis are summarized in Table 2.
Overall, the observed to expected (Obs/Exp) ratio for SCD and
any DD was 3.2 (95% CI: 2.0 – 4.9, P , 0.0001) among 3- to
10-year-old black children in metropolitan Atlanta. This asso-
ciation between SCD and DD was not limited to either sex
(Table 2).

We next examined whether SCD was associated with a spe-
cific DD (Table 3). Results revealed statistically significant as-
sociations between SCD and MR and CP, with Obs/Exp ratios
of 2.7 (95% CI: 1.5– 4.4, P 5 0.0005) and 10.8 (95% CI: 5.9 –
18.0, P , 0.0001), respectively. SCD contributes to 0.4% of MR
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among black children and to 2.6% of CP among black children.
We did not observe statistically significant associations be-
tween SCD and HI or VI, although the numbers of children
with these disabilities were small (Table 3).

Based on level of MR, there were 4.5 (95% CI: 1.9 – 8.9, P 5
0.0006) times the expected number of children with SCD and
severe MR (IQ , 50) and 1.9 (95% CI: 0.8 –3.9, P 5 0.08) times
the expected number of children with SCD and mild MR
(IQ 5 50 –70) (Table 4). Almost 1% of severe MR among black
children is attributed to SCD in this population.

Analyses of maternal sociodemographic factors were per-
formed on a subset of the MADDSP data set: those children
born in the metropolitan Atlanta area for whom demographic
data were available. For maternal education (,12 years vs.
$12 years), the observed to expected ratios were 2.8 (95% CI:
0.9 – 6.4) for children born to mothers with ,12 years of edu-
cation and 3.0 (95% CI: 1.4 –5.5) for children born to mothers
with 12 or more years of education. Both ratios were of similar
magnitude and statistically significant at P , 0.05. Therefore,
the association between SCD and DD was not restricted to a
particular maternal education level in our population. Next,
we stratified the population on the basis of maternal age (,35
years vs. $35 years). The Obs/Exp ratio was higher for children
with SCD born to older mothers ($35 years) (5.3, 95% CI:
0.6 –19.0) than for children with SCD born to younger mothers
(,35 years) (2.9, 95% CI: 1.5– 4.9), but the ratio for older

Table 1
Clinical and demographic features of the children with sickle cell disease in
the Metropolitan Atlanta Developmental Disabilities Surveillance Program,

1991–1993

Case Sex
Mental

retardation
Cerebral

palsy

Hearing
impair-

ment

Visual
impair-

ment Stroke
Age at
stroke

1 f x x x 2 yr, 7 yr

2 m x x x 4 yr

3 f x x x 9 yr

4 f x

5 m x

6 f x

7 m x

8 m x x x 2 yr

9 f x

10 m x

11 m x

12 m x x 4 yr

13 f x x 6 yr

14 m x x 4 yr

15 f x x 3 yr

16 f x x 5 yr

17 m x x x ,1 yr

18 m x x x 1 yr

19 m x x x x 3 yr

20 m x

21 m x x

22 m x x x 2 yr, 3 yr

Table 2
Association between sickle cell disease and developmental disabilities among

black children aged 3–10 years, metropolitan Atlanta, 1991–1993

Males Females Total

No. of children 1,604 962 2,566

Observed 14 8 22

Expected 4.3 2.6 6.8

Observed/expected 3.3 3.1 3.2

(95% CI) (1.8–5.5) (1.3–6.1) (2.0–4.9)

P value 0.0002 0.005 ,0.0001

Population attributable
fraction (%)

0.6 0.6 0.6

Table 3
Association between sickle cell disease and specific developmental disabilities

among black children aged 3–10 years, metropolitan Atlanta, 1991–1993

Mental
retardation

Cerebral
palsy

Hearing
impairment

Visual
impairment

No. of children 2,243 488 162 135

Observed 16 14 1 1

Expected 6.0 1.3 0.4 0.4

Observed/expected 2.7 10.8 2.3 2.8

(95% CI) (1.5–4.4) (5.9–18.1) (0.1–13.0) (0.1–15.5)

P value 0.0005 ,0.0001 0.33 0.33

Population
attributable
fraction (%)

0.4 2.6 0.3 0.5

Table 4
Association between sickle cell disease and level of mental retardation among

black children aged 3–10 years, metropolitan Atlanta, 1991–1993

Mild MR
(IQ 5 50–70)

Severe MR
(IQ , 50)

MR: unknown
level

No. of children 1,399 668 176

Observed 7 8 1

Expected 3.7 1.8 0.5

Observed/expected 1.9 4.5 2.1

(95% CI) (0.8–3.9) (1.9–8.9) (0.1–11.9)

P value 0.08 0.0006 0.39

Population attributable
fraction (%)

0.2 0.9 0.3

MR, mental retardation.

Sickle cell disease and developmental disabilities
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mothers was not statistically significant (P 5 0.06 older moth-
ers, P , 0.001 younger mothers).

We examined our population to determine whether the as-
sociation between SCD and DD could be attributed to the pres-
ence of stroke. The results of this analysis, shown in Table 5,
suggest that the association between SCD and DD is almost
entirely due to the presence of stroke. The Obs/Exp ratio of the
children with stroke was 130 (95% CI: 69 –222, P , 0.0001)
compared with the statistically nonsignificant 1.3 Obs/Exp ra-
tio (95% CI: 0.6 –2.5, P 5 0.23) of the children without stroke.
Among the black children who had a DD associated with
stroke, the population attributable fraction of SCD was 34%.
Thus, about a third of the cases of stroke-related DD among
black children was due to SCD.

Examination of the age at which stroke occurred for the
children with SCD indicated that 10/13 (77%) of the children
experienced a stroke before the age of 5 years (Table 1). In
order to determine if the association between SCD and DD
with stroke was restricted by the age at stroke, we stratified the
population based on whether or not the stroke occurred before
age 5 and computed the Obs/Exp ratios (Table 5). The results
showed that there were more children with SCD and DD with
stroke than would be expected, regardless of the age at which
the stroke had occurred.

Of the children with SCD, 41% exhibited multiple DD.
There were 8.7 (95% CI: 4.0 –16.4, P , 0.0001) times the ex-
pected number of children with SCD and multiple DD (Table
6). Of the children with SCD and multiple DD who had expe-
rienced a stroke (N 5 8), seven children had MR and CP, and
one child had MR, CP, and VI. Further examination of the
children with multiple disabilities indicated that this associa-
tion was also due to the presence of stroke (Table 6). Among
black children, 38% of those with multiple DD who had expe-
rienced a stroke also had SCD.

To determine whether or not stroke was causal for the DD in
the children with SCD and stroke, we examined the diagnostic
dates for both the stroke and the DD. For all children with SCD
who had experienced a stroke (N 5 13), either the diagnostic
date of the stroke preceded the date of the DD diagnosis (N 5

8) or was concurrent with it (N 5 5). This finding strongly
suggests that the strokes were causal for the DD among these
children.

DISCUSSION

The purpose of this population-based study was to measure
the contribution of sickle cell disease to developmental disabil-
ities associated with the presence or absence of stroke. Using
children identified through the Metropolitan Atlanta Develop-
mental Disabilities Surveillance Program, we were able to spe-
cifically examine the association of sickle cell disease with men-
tal retardation, cerebral palsy, hearing impairment, and visual
impairment. Our results suggest that, among black children,
0.6% of these four developmental disabilities can be attributed
to SCD. When examining each developmental disability sepa-
rately, we found that 2.6% of cerebral palsy and almost 1% of
severe MR (IQ , 50) among black children can be attributed
to SCD. Although these numbers may not appear to be signif-

Table 5
Association between sickle cell disease and developmental disabilities according to the presence of stroke and stratified by age at stroke among black children

aged 3–10 years, metropolitan Atlanta, 1991–1993

Developmental disability
without stroke

Developmental disability
with stroke

Developmental disability
with stroke at less than

5 years of age

Developmental disability
with stroke at 5–10 years

of age

No. of children 2,528 38 28 4

Observed 9 13 10 3

Expected 6.7 0.1 0.07 0.01

Observed/expected 1.3 130 143 300

(95% CI) (0.6–2.5) (69–222) (69–263) (62–877)

P value 0.23 ,0.0001 ,0.0001 ,0.0001

Population attributable fraction (%) ,0.1 34 35 75

Table 6
Association between sickle cell disease and multiple developmental

disabilities with stroke among black children aged 3–10 years, metropolitan
Atlanta, 1991–1993

Multiple
developmental

disabilities

Multiple
developmental
disabilities with

stroke

Multiple
developmental

disabilities without
stroke

No. of children 391 21 370

Observed 9 8 1

Expected 1.0 0.1 1.0

Observed/expected 8.7 133 1.0

(95% CI) (4.0–16.4) (58–263) (0.3–5.6)

P value ,0.0001 ,0.0001 0.63

Population
attributable
fraction (%)

2 38 ,0.1

Ashley-Koch et al.

184 Genetics IN Medicine



icant, once the population is stratified on the presence or ab-
sence of stroke, the association between SCD and DD becomes
extremely strong. Among black children residing in metropol-
itan Atlanta, 34% of DD associated with stroke and 38% of
multiple DD associated with stroke were attributable to SCD.
In contrast, SCD contributes to less than 0.1% of DD and mul-
tiple DD unrelated to stroke among black children. Thus, the
increased risk for DD among black children with SCD is almost
entirely due to the presence of stroke.

The contribution of SCD related stroke to DD in the black
population is probably even greater than what we have esti-
mated here. First, we did not account for mortality in children
with SCD. Using death certificate data, one study estimated
that the mortality rate for children with SCD who were 1– 4
years old in Georgia during 1981–1992 was 1.05 per 100 person
years.19 Thus, some children with SCD may have died before
they reached eligibility for inclusion in the MADDSP. Second,
we were unable to perform diagnostic procedures to detect the
presence of silent cerebral infarctions. Approximately 4 –18%
of all children with SCD experience silent cerebral infarc-
tions6,8 –10 and silent cerebral infarctions are associated with
cognitive deficits.6,11 Children with SCD who experienced si-
lent cerebral infarctions would not have been classified as hav-
ing a stroke in our analysis, unless they also experienced a
clinically recognized stroke. Finally, since we had restricted our
definition of stroke to ICD-9 code 436, we did not have com-
plete ascertainment of all the children in the MADDSP who
had experienced a stroke. Specifically, the child representing
Case 5 (Table 1) had experienced a hemorrhagic stroke that
was coded as ICD-9 code 430. Thus, in our analysis he was not
included as having stroke. For these reasons, we may have un-
derestimated the contribution of sickle cell related stroke to
DD in the black population.

Those children with SCD and stroke who were ascertained
through the surveillance program had an average onset of
stroke at 3.5 years. This age is younger than the 6- to 7-year
average onset reported previously.5,12 However, our cohort
ranged in age from 3 to 10 years and the children in the other
studies ranged in age from 0 to 20 years5 and 5 to 18 years.12

Although we cannot say that the average age of onset of stroke
is younger than previously reported, we can say that school-
aged children with SCD are experiencing stroke at very young
ages and are severely impaired as a result. Others have docu-
mented this observation as well.9 Thus, stroke prevention in
SCD children must begin early in life.

The results from this analysis have significant implications
for the clinical management of children with SCD. An early
study showed that children with SCD who had experienced
neurological damage from a stroke never regained the intellec-
tual and neurological status that they had prior to the stroke.5 If
sickle cell related stroke can be prevented, the devastating dis-
ability caused by stroke among these children will be signifi-
cantly reduced. Consequently, the clinical management of
children with SCD should include carefully monitoring for
stroke risk factors. Such risk factors have been explored in chil-
dren with SCD and include increased systolic blood pressure,

transient ischemic attacks, low hemoglobin concentrations,
and acute chest syndrome episodes.4 In addition, a recent
study has also identified risk factors for silent cerebral infarc-
tions. These risk factors include low rate of painful events, a
history of seizures, increased leukocyte count and the Senegal
bs globin haplotype.8 For years, blood transfusion has been the
standard of care for prevention of recurrent strokes. Recently,
it has been shown that transfusion regimens are also successful
in the primary prevention of stroke.20 However, currently rec-
ognized risk factors do not have great predictive power and
prevention therapies, such as blood transfusions, carry signif-
icant health risks.21,22 Nonetheless, given the magnitude of the
association between SCD and DD with stroke, the impact
stroke has on the lives of children with SCD, their families, and
the community cannot be ignored. Thus, we must work to
identify risk factors with better predictive power and safer pre-
ventive therapies than are currently available.

The role of sociodemographic factors in the association be-
tween SCD and DD is unclear. A positive association between
maternal education and academic and neuropsychological
outcomes of children with SCD had been previously report-
ed.23 However, we did not detect this association in our own
data. Additionally, other analyses of the MADDSP population
indicated that mothers who are 35 years or older are at in-
creased risk of having children with MR when compared with
mothers who are younger (CA Boyle, unpublished data). The
present analysis of the MADDSP population suggested a trend
which indicates that children with SCD born to older mothers
have a slightly increased risk for DD than those born to
younger mothers, but the trend was not statistically significant.
Most likely, the results from this analysis suffered from low
power due to the small number of children born to older
mothers (N 5 141) in our population. Thus, the role of socio-
demographic factors in the association between SCD and DD
requires additional investigation. We should also note that
there was a preponderance of male SCD cases. However, this
was also true for the entire DD population. The proportion of
male SCD cases was 64% and for the entire DD population, the
proportion of males was 63%. Thus, factors independent of
SCD must contribute to the preponderance of males with DD.

To our knowledge, the present analysis is the first popula-
tion-based study that has measured the contribution of SCD to
the occurrence of DD among black children. The population-
based design of the study was strengthened by careful and com-
plete ascertainment of DD outcomes. However, as with most
analyses, there were also weaknesses. First, the frequency of
SCD in this population had to be estimated. State newborn
screening estimates of black children born in metropolitan At-
lanta during the appropriate years were incomplete since the
state of Georgia did not perform universal screening.24 Instead,
we used a national estimate of the prevalence of SCD.2 How-
ever, even if this estimate of our population prevalence is
somewhat inaccurate, it still would not affect our findings be-
cause of the large Obs/Exp ratio (130) for stroke-related DD
among children with SCD. A second weakness of the study is
that the genotype results (Hb SS, Hb SC, etc) were not available
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for the children in the analysis. Because this information was
not available, we cannot make inferences about genotype-phe-
notype correlations. However, we suspect, due to the severity
of disease among the children with SCD in our population,
that most are homozygous for Hb S. Children homozygous for
Hb S have a more severe course of disease1 and have the highest
rates of stroke among children with SCD.4 – 6 Finally, we were
unable to contact the children with SCD and perform addi-
tional examinations such as MRIs and more extensive neuro-
logical tests. Thus, we were unable to detect silent cerebral
infarction and to correlate specific disabilities with detailed
diagnostic results. However, even with these limitations, we
were able to demonstrate clearly that neurological damage is
associated with stroke among children with SCD.

In conclusion, we have shown that children with SCD are at
a much greater risk for DD than would be expected in our
population and that this increased risk appears to be almost
entirely associated with the occurrence of stroke. Since there
are identifiable risk factors and preventive measures for strokes
among children with SCD, the morbidity and disability due to
SCD related stroke can be significantly reduced. These inter-
ventions have the potential to be as effective at reducing mor-
bidity as was penicillin prophylaxis in reducing mortality
among children with SCD.
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