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Cognitive Impairment in Children with
Hemoglobin SS Sickle Cell Disease:
Relationship to MR Imaging
Findings and Hematocrit

R. Grant Steen, Mark A. Miles, Kathleen J. Helton, Susan Strawn, Winfred Wang,
Xiaoping Xiong, and Raymond K. Mulhern

BACKGROUND AND PURPOSE: Children with hemoglobin SS sickle cell disease are known

to suffer cognitive impairment if they have silent infarct, but recent evidence suggests that
patients with hemoglobin SS sickle cell disease may be impaired even if they are free of
infarction. We test a hypothesis that cognitive impairment in children with hemoglobin SS
sickle cell disease is associated with low hematocrit and MR imaging abnormalities.

METHODS: A cohort of 49 patients was examined, all of whom had hemoglobin SS sickle cell
disease but no history of clinical stroke. The Wechsler scales, which are standardized and
age-adjusted, were used to assess cognitive function. Patients also underwent MR imaging
examination of the brain, and hematocrit was measured in a subset of 45 patients. MR images
were evaluated by at least two readers, and abnormal imaging findings were evaluated by at
least three readers. Any lesion was sufficient to be classified as abnormal, with lesions defined
to include lacunar infarction, encephalomalacia, or leukoencephalopathy. Hematocrit data
were used if obtained within 3 months of psychometric testing and if there were no confounding
events in the patients’ charts. Wechsler test scores were then evaluated in relation to imaging
findings and hematocrit values.

RESULTS: Patients with imaging abnormalities had more cognitive impairment than did
patients with normal imaging findings in verbal intelligence quotient (P < .02) and verbal
comprehension (P < .01). Patients with low hematocrit had cognitive impairment shown by
many performance measures, including full-scale intelligence quotient (P < .006), verbal
comprehension (P < .006), and freedom from distractibility (P < .02). Multivariate analysis
showed that MR imaging and hematocrit were independent predictors of full-scale intelligence
quotient.

CONCLUSION: Focal brain injury, revealed by MR imaging, is associated with cognitive
impairment, but our data suggest that diffuse brain injury may also contribute to impairment.
These findings show that impairment is multifactorial and suggest that chronic brain hypoxia
is part of the pathophysiology of sickle cell disease.

Silent infarction is defined as an ischemic change in
brain tissue that is visible on MR images of patients
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with no clinical history of stroke. Silent infarction is
relatively common in children with sickle cell disease
and is associated with impaired cognitive function (1).
However, new findings suggest that cognitive impair-
ment can also be present in patients with sickle cell
disease who are free of focal brain damage (2). The
incidence of mild mental deficiency was elevated at
least 11-fold in a small sample of patients with sickle
cell disease with no clinical history of stroke, and the
full-scale intelligence quotient of these patients cor-
related with hematocrit (2). This suggests that cogni-
tive impairment in children with sickle cell disease
may be a function of chronic hypoxia of the brain (2,
3). Because this hypothesis has been controversial (4),
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we sought to elucidate the relationship between full-
scale intelligence quotient, MR imaging, and hematocrit
in a cohort of patients with hemoglobin SS sickle cell
disease, the most severe form of sickle cell disease.

Methods

Patients

A cohort of 49 patients with hemoglobin SS sickle cell
disease was examined, all of whom had no history of clinical
stroke and were seen at our institution. Most patients were
tested as part of an ongoing, prospective study of sickle cell
disease (2), and these patients were probably representative of
patients with hemoglobin SS sickle cell disease at St. Jude.
There were 27 boys and 22 girls in the study population, and
the average age of the patients was 9.5 years (SD = 3.9 years;
range, 4-19.7 years) at the time of study participation.

Psychometric Testing

Patients were examined by using the Wechsler scales (5), a
standard psychometric test of intellectual development. The
Wechsler Intelligence Scales for Children-Revised (WISC-R)
was used for 15 patients, and 34 patients who were examined
more recently underwent testing with the Wechsler Intelligence
Scales for Children-Version III (WISC-III). If multiple exam-
inations were available for a patient, we used the most recent
available scores, because the test is more accurate in older
patients (5) and because this strategy results in more patient
exposure to disease effects.

Patients were tested by a state-licensed psychologist who was
blinded to clinical findings and who used standard testing
materials (5). The primary outcome measures were the age-
adjusted scores: full-scale intelligence quotient, verbal intelli-
gence quotient, and performance intelligence quotient. The
composite factor scores derived from the full-scale intelligence
quotient were verbal comprehension, perceptual organization,
freedom from distractibility, and processing speed.

MR Imaging

Patients underwent MR imaging of the brain at 1.5 T (Sie-
mens Medical Systems, Iselin, NJ) with a standard quadrature
head coil. A conventional T1-weighted image set was acquired
in the transverse plane with parameters as follows: 266/6 (TR/
TE), 23-cm field of view, 90-degree flip angle, 256 X 256
matrix, and three acquisitions in an imaging time of 4 min 35 s.
A conventional T2-weighted image set was acquired in the
same orientation with parameters as follows: 3.5/19, 93; 23-cm
field of view; 256 X 256 matrix; and one acquisition in an
imaging time of 5 min 7 s. In March of 2000, we also added
fluid-attenuated inversion recovery imaging in the same orien-
tation, with parameters as follows: 9000/119, 2470-ms inversion
time, 23-cm field of view, 180-degree flip angle, 154 X 256
matrix, and one acquisition in an imaging time of 3 min 27 s.
MR angiography was also included in the examination, but no
patient was determined to have an abnormality solely on the
basis of MR angiography findings.

All images were read and dictation made by a neuroradiolo-
gist, often working with a neuroradiology fellow. All images
were reviewed by an experienced reader (R.G.S.) who had 8
years of experience in evaluating pediatric sickle cell disease
and who sought to verify the dictation. For those patients
whose dictation indicated abnormalities and for those patients
for whom some question arose, the images were evaluated by
another neuroradiologist (K.J.H.) who reconciled each ques-
tionable case, usually in consultation with the first radiologist.
All MR images were therefore evaluated by at least two read-
ers, and all abnormal findings were evaluated by at least three
readers.
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MR imaging findings were scored as normal or abnormal,
relying on a combination of T1-weighted, T2-weighted, and
fluid-attenuated inversion recovery images when available (6,
7). Small unifocal lesions (<1 cm) or large multifocal lesions
were sufficient to classify MR imaging findings, with lesions
broadly defined to include lacunar infarction, encephalomala-
cia, or leukoencephalopathy. Lacunar infarction was defined as
a shelled-out volume, usually in white matter, visible on both
T1- and T2-weighted MR images. Encephalomalacia was de-
fined as any other infarctive change, including atrophy. Leu-
koencephalopathy was defined as degeneration or demyelina-
tion of white matter, usually seen as high signal intensity on
T2-weighted MR images.

Hematocrit

Hematocrit data were used if obtained within 3 months of
psychometric testing and if there were no significant confound-
ing events in the patients’ chart (such as a recent transfusion).
In no case was more than one hematocrit measurement avail-
able for a given imaging date. We were unable to fully analyze
the cases of four patients for whom no concurrent hematocrit
data were available.

Statistical Tests

Statistical analysis was conducted with DataDesk statistical
software (Version 6; Data Description, Inc., Ithaca, NY), run-
ning on a Power Mac G4 (Apple Computer, Inc., Cupertino,
CA). Pooled ¢ tests were used for all group comparisons. Be-
cause of a clear prediction that patients with abnormal MR
imaging findings or low hematocrit would suffer more cognitive
impairment than would patients with normal MR imaging find-
ings or normal hematocrit, we used a one-tailed probability
function.

Results

Psychometric Testing

The mean full-scale intelligence quotient of the
patients was 80.3 (£12.8 SD), which is significantly
(P < .001) below the mean of normative data sup-
plied with the test (5). Scores for verbal intelligence
quotient, performance intelligence quotient, and the
various factor scores were also significantly (P < .001)
below the mean of normative data (5). The WISC-III
scores were not significantly lower than WISC-R
scores (78.0 = 13.5 SD versus 85.4 = 9.2 SD, not
significant). Full-scale intelligence quotient measured
with the WISC-III tended to decrease significantly
with age (r = —0.29, P = .04), which is not the case in
healthy children (5).

MR Imaging

Of the 49 patients with hemoglobin SS sickle cell
disease who were evaluated, 21 (43%) had abnormal
MR imaging findings (Table 1, Fig 1). No significant
difference existed in age between patients whose MR
imaging findings were normal (9.3 years = 4.0 SD)
and those whose MR imaging findings were abnormal
(10.1 years = 3.9 SD). The rate of clinically silent MR
imaging abnormalities for our patients was somewhat
higher than has been reported in some early studies
(6, 8, 13) but was consistent with the incidence of
abnormalities in other imaging studies (2, 3, 7). La-
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TABLE 1: Summary of abnormal MR imaging findings for patients with hemoglobin SS sickle cell disease

No. of Patients

Finding Affected Proportion (%)
Tortuous intracranial vessels by MR angiography 16 33
Any lacunar infarction 11 22
Tortuous intracranial vessels by MR angiography with no other abnormality 10 20
Multiple, bilateral frontal white matter lacunae 8 16
Mild-to-moderate arterial stenosis by MR angiography 7 14
Single frontal white matter lacune 4 8
Lacunar infarction in corona radiata/centrum semiovale 4 8
Encephalopathy/leukoencephalopathy 3 6

Note.—A total of 57% (28 of 49 patients) had abnormalities shown by either MR imaging or MR angiography, whereas 43% (21 of 49 patients)
had abnormalities shown by MR imaging alone. The proportion of patients with any abnormal finding was calculated from a total of 49 patients
evaluated. Because findings are not mutually exclusive, many patients are tabulated under more than one finding. Lacunar infarction was seen in 22%
of all patients, and the majority of all lacunar infarctions were in white matter.

Fic 1. Range of abnormalities shown by MR images of young patients with hemoglo-
bin SS sickle cell disease.

A, T1-weighted MR image of a 4.3-year-old boy with bilateral lacunae in the centrum
semiovale and paraventricular white matter. Image section is 3 cm thick. Image shows
multiple lacunae, the largest of which is approximately 7 mm in diameter.

B, T1-weighted MR image of a 5.0-year-old girl with multiple small bilateral white
matter lacunae in the centrum semiovale and the corona radiata. Image section is 3 cm
thick. Image shows several lacunae, the largest of which is approximately 7 mm in
diameter.

C, T1-weighted MR image of a 5.4-year-old boy with bilateral lacunar infarcts involving
both frontal lobes and the centrum semiovale on both sides. Image section is 3 cm thick.
Image shows two lacunae, the largest of which is approximately 6 mm in diameter.

D, Fluid-attenuated inversion recovery image of an 8.4-year-old boy with bilateral
leukoencephalopathy in the centrum semiovale. Image section is 3 cm thick. Image
shows abnormally high signal intensity. Because fluid-attenuated inversion recovery
images null signal intensity from CSF, this is not a partial volume effect from the ventricle.

cunae were present in 52% of patients with any MR tients with normal MR imaging findings versus those
imaging abnormality and 22% of patients overall. with abnormal MR imaging findings. Of the nine test

When MR imaging findings were used to stratify score comparisons presented in Table 2, the only
the cases (Table 2), few significant differences were comparisons that reached significance were those for

observed in psychometric test results between pa- verbal intelligence quotient (P < .02) and verbal com-



AJNR: 24, March 2003 SICKLE CELL DISEASE 385

TABLE 2: Psychometric test scores of patients with sickle cell disease stratified by MR imaging findings

Normal MR Imaging Findings Abnormal MRI

Pooled ¢ Test

Comparison No. Mean *= SD No. Mean = SD A P <
Mean hematocrit 30 250+ 438 15 23.0 %58 —8.0% NS
Full-scale 1Q 33 81.1 +11.0 16 78.6 £ 16.1 -3.1% NS

WISC-R FSIQ 10 83.0 £ 8.0 5 90.2 + 10.5 +8.6% NS
WISC-III FSIQ 23 80.2 = 12.1 11 73.4 = 15.7 —8.5% NS

Verbal I1Q 23 84.6 = 12.3 11 741 £152 —12.4% 0.02

Performance 1Q 23 78.9 + 12.5 11 77.5 £16.3 —1.8% NS

WISC-III factor scores

VC factor 22 86.0 = 12.9 11 744 £ 135 —13.5% 0.01
PO factor 23 80.0 +13.2 11 75.7 £ 16.4 —5.4% NS
FD factor 22 89.0 = 11.9 11 86.2 172 —3.1% NS
PS factor 20 85.3 = 14.0 11 93.7 199 +9.9% NS

Note.—IQ indicates intelligence quotient; WISC-R (FSIQ), Wechsler Intelligence Scales for Children-Revised full-scale intelligence quotient;
WISC-III FSIQ, Wechsler Intelligence Scales for Children-Version III full-scale intelligence quotient; VC, verbal comprehension; PO, perceptual
organization; FD, freedom from distractibility; PS, processing speed; NS, not significant. When MR imaging findings were used to partition patients
into those with normal MR imaging findings and those with abnormal MR imaging findings; few significant differences in psychometric test scores were
observed. The A value was calculated as the percent reduction in psychometric test scores in the abnormal MR imaging group, as compared with test
scores in the normal MR imaging group. A one-way pooled ¢ test was used to test for significance because of a prediction that patients with abnormal
MR imaging findings would have lower psychometric test scores. Patients with normal MR imaging findings were not significantly younger than patients
with abnormal MR imaging findings, nor was there a significant difference in hematocrit.

TABLE 3: Psychometric test scores of patients with sickle cell disease stratified by hematocrit

Hematocrit = 27 Hematocrit < 27

Pooled ¢ test

Comparison No. Mean = SD No. Mean = SD A P<
Mean hematocrit 17 29.2 =32 28 21.4 +3.7 —26.7% 0.0001
Full-scale 1Q 17 86.0 = 13.8 28 76.9 = 11.3 —10.6% 0.006

WISC-R FSIQ 6 90.5 + 9.0 9 82.0 = 8.1 -9.4% 0.04

WISC-III FSIQ 11 835+ 124 19 74.5 = 12.0 -10.8% 0.03
Verbal 1Q 11 87.1 =125 19 77.1 =129 —-11.5% 0.02
Performance 1Q 11 82.7 = 12.6 19 76.2 = 12.2 =7.9% NS

WISCH-III factor scores

VC factor 10 89.9 + 134 19 77.0 = 11.7 —-143% 0.006

PO factor 11 84.0 = 13.7 19 75.8 = 12.9 -9.8% NS

FD factor 10 96.2 = 12.1 19 853+ 13.3 -11.3% 0.02

PS factor 10 88.6 = 11.7 18 87.7 = 18.5 -1.0% NS

Note.—IQ indicates intelligence quotient; WISC-R (FSIQ), Wechsler Intelligence Scales for Children-Revised full-scale intelligence quotient;
WISC-IIT FSIQ, Wechsler Intelligence Scales for Children-Version III full-scale intelligence quotient; VC, verbal comprehension; PO, perceptual
organization; FD, freedom from distractibility; PS, processing speed; NS, not significant. When hematocrit was used to partition patients into those
with low hematocrit values (<27) and those with more normal hematocrit values (=27), significant differences in psychometric test scores were
observed: The A value was calculated as the percent reduction in the comparison value in the low hematocrit group, compared with the value in the
more normal hematocrit group. A one-way pooled ¢ test was used to test for significance because of a prediction that patients with low hematocrit would
have lower psychometric test scores. Patients with low hematocrit were not significantly younger than patients with more normal hematocrit (9.6 versus
9.4 years, P = 43).

prehension factor of the WISC-III (P < .01). No
significant difference in hematocrit between patients
with and without MR imaging abnormality was found
(Table 2).

The pattern of intelligence quotient scores was dif-
ferent, depending on whether MR imaging findings
were abnormal. Verbal intelligence quotient was sig-
nificantly higher than performance intelligence quo-
tient among patients with normal MR imaging find-
ings (P < .008) but not among patients with abnormal
MR imaging findings. In the group of patients with
abnormal imaging findings, verbal and performance
intelligence quotient scores were equally reduced.

Hematocrit

The mean hematocrit in the 45 patients for whom
we had appropriate data was 24.4 (£5.2 SD). We
used a mean hematocrit value of 27 as a cutoff point
to stratify patients (2). Patients with low hematocrit
performed significantly more poorly (Table 3) on six
of the nine measures of cognitive performance, in-
cluding full-scale intelligence quotient (P < .006),
verbal intelligence quotient (P < .02), verbal compre-
hension (P < .006), and freedom from distractibility
(P < .02). The largest difference in factor scores for
patients with low hematocrit was for verbal compre-
hension and freedom from distractibility scores,
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TABLE 4: Relationship of hematocrit to WISC-III scores in children with sickle cell disease

Test Measure or Correlation ANOVA
Factor Score Sample Size r= P < Adjusted R?

WISC-III FSIQ 30 0.50 0.005 22.7

Verbal IQ 30 0.42 0.02 14.8

Performance IQ 30 0.46 0.01 18.8
WISCH-III factor scores

VC factor 19 0.50 0.006 222

PO factor 20 0.46 0.01 18.8

FD factor 19 0.39 0.04 12.2

PS factor 18 0.13 NS 0.0

Note.—WISC-III indicates Wechsler Intelligence Scales for Children-Version III; ANOVA, analysis of variance; FSIQ, full-scale intelligence
quotient; IQ, intelligence quotient; VC, verbal comprehension; PO, perceptual organization; FD, freedom from distractibility; PS, processing speed;
NS, not significant. Regression of hematocrit with full-scale intelligence quotient and with various sub-tests or factor scores of the WISC-III. The
correlation (r) is reported, together with the level of significance calculated by analysis of variance. The proportion of variance in psychometric

measures, explained by hematocrit (R?), is expressed as a percentage.

TABLE 5: Full-scale intelligence quotient as a function of MR imaging findings and hematocrit

Average
Hematocrit = 27 Hematocrit < 27 FSIQ

Normal MR imaging findings 86.8 = 9.9 77.5 9.8 81.2 = 10.7
n=_§ n=12 n =20

Abnormal MR imaging findings 75.0 = 16.5 69.3 + 14.3 71.0 = 14.3
=3 n=7 n =10

Average FSIQ 835+ 124 74.5 = 12.0 77.8 £ 12.7
n=11 n=19 n =30

Note.—FSIQ indicates full-scale intelligence quotient, as measured by the WISC-III in children cross-stratified by hematocrit and MR imaging
findings. Multivariate analysis showed a significant effect of MR imaging findings on full-scale intelligence quotient (one-tailed, P = .016) and of
hematocrit on full-scale intelligence quotient (one-tailed, P = .038). There was no significant interaction between MR imaging and hematocrit (P =
.717), suggesting these factors are independent predictors of full-scale intelligence quotient.

which were approximately 12% lower in the severely
anemic patients. Among patients with more normal
hematocrit, there was no significant difference be-
tween verbal intelligence quotient and performance
intelligence quotient (P = .11).

Regression analysis was used to further explore the
relationship between hematocrit and cognitive im-
pairment. We found that hematocrit was significantly
correlated with full-scale intelligence quotient, verbal
intelligence quotient, performance intelligence quo-
tient, and the factors for verbal comprehension, per-
ceptual organization, and freedom from distractibility
(Table 4). Overall, hematocrit was able to explain
approximately 23% of the variance in full-scale intel-
ligence quotient and an average of 13% of the vari-
ance in factor scores. These findings argue that al-
though a significant relationship exists between
hematocrit and patient cognitive impairment, other
variables are also important in accounting for vari-
ance in full-scale intelligence quotient.

MR Imaging Findings and Hematocrit as
Predictors of Full-Scale Intelligence Quotient

We used a multivariate approach to examine the
subset of 30 patients for whom we had WISC-III data,
MR imaging findings, and hematocrit values (Table
5). Multivariate analysis showed a significant effect of
imaging findings on full-scale intelligence quotient
(one-tailed, P = .016) and of hematocrit on full-scale

intelligence quotient (one-tailed, P = .038). There
was no significant interaction between MR imaging
and hematocrit (P = .717), suggesting that MR im-
aging findings and hematocrit are independent pre-
dictors of full-scale intelligence quotient.

Discussion

Children with sickle cell disease suffer impairment
of cognitive function (1-3, 8-18). Although some
studies report little or no cognitive impairment
among patients with no history of clinical stroke (9,
16, 18), a general consensus exists that patients with
clinical stroke do show cognitive impairment (1, 8, 13,
15). We herein confirm that patients with silent in-
farct have cognitive impairment, compared with pa-
tients with normal MR imaging findings (Tables 2 and
5). However, we observed that patients who have
completely normal MR imaging findings can still
show significant cognitive impairment with respect to
normative data (Tables 2 and 5), suggesting that MR
imaging is not sensitive to some types of damage that
can produce cognitive impairment. The degree of
impairment is greater in children with low hematocrit
(Table 3), and hematocrit alone is able to explain
approximately 23% of the variance in full-scale intel-
ligence quotient (Table 4). Furthermore, abnormal
MR imaging and low hematocrit are independent
predictors of full-scale intelligence quotient in pa-
tients with sickle cell disease (Table 5). These findings
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TABLE 6: Mean full-scale intelligence quotient in children with sickle cell disease

Test Instrument Patient Score No. Control Score No. Reference
WISC-R 88.8 126 Armstrong et al., 1996
77.7 21 94.3 21 Swift et al., 1989
82.7 43 88.0 30 Wasserman et al., 1991
72.3 28 73.5 19 Knight et al., 1995
85.7 31 92.0 31 Noll et al., 2001
85.4 15 Present study
WISC-IIT 82.8 165 Wang et al., 2001
83.9 156 90.3 76 Bernaudin et al., 2000
81.8 41 Brown et al., 2000
86.0 30 92.1 15 Watkins et al., 1998
78.0 34 Present study
Weighted mean 83.6 89.1

Note.—Mean full-scale intelligence quotient for 690 patients with sickle cell disease, as compared with 192 control participants. Data are from
testing of patients and age- and race-similar control participants with the WISC-R or WISC-III. The weighted mean is an average of data from all
studies, weighted for the number of study participants in each of the studies. If a conservative assumption is made that the SD of patient and control

scores is = 15, as in Wechsler normative data, then the difference in weighted mean between patients and control participants is significant (P <
.000003). To be even more conservative, we then excluded studies that did not include control data collected concurrent with patient data or that
derived control data from non-siblings, and we assumed that the sample size of patients was equivalent to the sample size of control participants. This

left four studies (underlined), with a sample size of 142 patients and 142 control participants; the full-scale intelligence quotient difference between

patients and control participants was still significant (P < .00001).

show that cognitive impairment is associated with
focal brain damage (MR imaging abnormality), but
they also show that cognitive impairment can be as-
sociated with diffuse damage that is not revealed by
conventional MR imaging.

We report a high incidence of MR imaging abnor-
mality among patients with hemoglobin SS sickle cell
disease (Table 1). Our findings differ from those of
the Cooperative Study of Sickle Cell Disease, a multi-
institutional, longitudinal study of children with sickle
cell disease. The Cooperative Study of Sickle Cell
Disease found that approximately 26% of patients
with hemoglobin SS sickle cell disease with no history
of stroke had abnormal MR imaging findings (6, 8),
whereas we report that 43% of such patients had
abnormal MR imaging findings. One reason why we
report a higher incidence of imaging abnormality
could be that MR imaging itself has improved; the
first patients accrued to our study were enrolled in
1994, whereas the first patients accrued to the Coop-
erative Study of Sickle Cell Disease (8) were enrolled
in 1989. Furthermore, some of the Cooperative Study
of Sickle Cell Disease participant institutions used
MR imaging units that had a field strength of only 0.6
or 1.0 T (6, 8), whereas all our imaging was performed
at 1.5 T. Finally, we used 3-mm-thick sections in some
of the patient examinations, whereas 5-mm-thick sec-
tions were used in the earlier studies (6, 8). The
higher field strength and thinner sections we used
would make leukoencephalopathy, for example, more
apparent (Fig 1D). It seems likely that recent im-
provements in MR imaging methodology are suffi-
cient to explain why we report a higher prevalence of
lesions in our study.

A key question is whether patients with sickle cell
disease show cognitive impairment specifically be-
cause of their disease. Perhaps the best way to ad-
dress this question is to compare patients with their
healthy siblings (Table 6). Normative data supplied

with the Wechsler scales (5) do not constitute a fair
comparison for our patients, because normative data
are drawn from a control population selected to rep-
resent a broad range of income levels, races, and
environments. When patients with sickle cell disease,
who tend to be poor (11), urban, and black, are
compared with normative persons, who are usually
more affluent, suburban, and white, significant differ-
ences can arise for many reasons other than intelli-
gence (2, 3, 19). Apparent intellectual deficits in chil-
dren who live in inner cities can be associated with
low socioeconomic status (20, 21) or cultural bias
could exist in the test instruments (22). Furthermore,
children of low socioeconomic status usually suffer
more than do children of high socioeconomic status
from problems that impair performance on cognitive
tests, including inadequate prenatal medical care
(23), prenatal drug or alcohol exposure (24), birth
complications (25, 26), inadequate nutrition (27),
iron-deficiency anemia (28), poor general health sta-
tus (21), untreated attention deficit disorder (29),
environmental exposure to lead (30), educational
aridity (31), poor school attendance (32), homeless-
ness (33), a deficient social environment (22), and the
withering effects of racism (19). We think it is not
possible to make a meaningful comparison between
the published normative data and a sample of chil-
dren who are chronically ill, impoverished, and edu-
cationally deficient. Therefore, the critical compari-
son is between patients and their healthy siblings. A
compilation of recent data (Table 6) suggests that
patients do show significant cognitive impairment
when compared with the best available control group.
Statistical analysis of these data shows that the full-
scale intelligence quotient difference between pa-
tients and control participants is both robust and
statistically significant (Table 6).

The cause of cognitive impairment in patients with
sickle cell disease is not well understood. It has been
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hypothesized that all patients with sickle cell disease
with cognitive deficit have suffered an undiagnosed
clinical stroke or a subclinical ischemic event (1).
However, our results (Table 2) and the results of
other recent research (2, 8, 13, 18) suggest that cog-
nitive impairment can be present in patients with
sickle cell disease who have never suffered an isch-
emic event. In our study, a relatively high proportion
of patients had abnormal MR imaging findings, sug-
gesting that the ability of MR imaging to detect occult
ischemic lesions may have increased. Nevertheless,
we still found cognitive impairment in the group of
children with normal MR imaging findings. The
WISC-III full-scale intelligence quotient of children
in our study who had normal MR imaging findings
(Table 2) was significantly less than the weighted
full-scale intelligence quotient of control participants
(Table 6), even if we assume that the SD was *15 in
both groups (P < .005). Furthermore, both the
present study and the Cooperative Study of Sickle
Cell Disease (8) found that cognitive ability tends to
decrease as patients age, which is not seen in healthy
children and which is presumably a reflection of the
cumulative effect of disease on the brain.

It has been clearly shown that lacunar infarction is
associated with a decrease in full-scale intelligence
quotient (8, 13), so ischemic brain injury can cause
cognitive impairment. With the present study and
with a previous study (2), we have shown that cogni-
tive impairment in cases of sickle cell disease is asso-
ciated with reduced hematocrit, even in the absence
of ischemic damage. We herein report that MR im-
aging and hematocrit are independent predictors of
full-scale intelligence quotient (Table 5), showing that
cognitive impairment is multifactorial. That MR im-
aging findings were unable to identify all patients with
cognitive impairment (Table 5) suggests that cogni-
tive impairment may be associated with diffuse as well
as focal brain injury (2). We also showed that there
can be diffuse abnormality, specifically in the gray
matter, and that such diffuse abnormality is present in
a substantial fraction of children with normal MR
imaging findings (2, 7). If diffuse damage is respon-
sible for cognitive impairment in some patients with
sickle cell disease, this may explain why our study and
several other studies report relatively poor cognitive
ability among patients who have completely normal
MR imaging findings (8, 9, 15). Some studies have
reported no significant difference in cognitive ability
between patients with normal MR imaging findings
and those with abnormal MR imaging findings (15,
35), suggesting that diffuse damage may be more
important than focal damage in producing cognitive
impairment.

Low hematocrit is a significant predictor of cogni-
tive impairment in children with sickle cell disease
(Tables 3-5), which suggests that cognitive impair-
ment is associated with chronic hypoxia (2). Previ-
ously, we reported selective damage to gray matter in
patients with sickle cell disease (7); because gray
matter has a substantially higher metabolic rate that
does white matter, the selectivity of damage to gray
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matter is consistent with the hypothesis that cognitive
impairment is associated with chronic hypoxia (2, 7).
Furthermore, in young patients with sickle cell dis-
ease, the brain can show structural adaptations to
chronic hypoxia (36). The mean basilar artery volume
was 74% greater in patients with sickle cell disease
than in control participants (P < .001), and basilar
volume was inversely correlated with hematocrit (36).
Thus, an increase in the volume of blood flow to the
brain could be an adaptive response to anemia (36).
Finally, there is an inverse relationship between basi-
lar volume and full-scale intelligence quotient (r =
—0.62, P < .005) in patients with sickle cell disease,
such that patients with ectasia are more likely to show
cognitive impairment (36). Assessed together, these
results indicate that it is time to consider clinical trials
of interventions to increase hematocrit, with the goal
of preserving cognitive function.
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