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Key Points

• First study of cognitive
functioning in adult
patients with SCD
genotypes other than
homozygous for
hemoglobin S.

• Patients with “severe”
genotypes had signifi-
cantly poorer speed of
processing when com-
pared with those with
“moderate” genotypes.

Psychomotor slowing is common in childrenwith sickle cell disease (SCD), but little is known

about its severity in adults. We conducted a cross-sectional study to quantify psychomotor

speed, measured with the digit symbol substitution test (DSST), in relationship with disease

severity in adults with SCD attending an outpatient clinic (n5 88, age 36.3 years).

Genotype was used to group patients in “severe” (homozygous for hemoglobin S or

compound heterozygous with b0 thalassemia) or “moderate” groups (compound

heterozygous for HbS, with either HbC or b1 thalassemia). Analyses were repeated after

exclusion of patients with a history of stroke (n 5 11). Mild impairment in processing

speed was detectable in both the “severe” and the “moderate” group (30% and 9%,

respectively; age-adjusted P 5 .14). Compared with the “moderate” group, those in the

“severe” group had significantly lower standardized DSST scores (P 5 .004), independent

of adjustment for factors that differed between the groups: hemoglobin, ferritin,

hydroxyurea use, blood pressure parameters, and stroke history. Results were similar

after excluding patients with stroke. Psychomotor slowing in SCD differs in relationship

to genotype; this difference appears unrelated to history of stroke or severity of anemia

and other risk factors examined cross-sectionally. Although less prevalent, mild cognitive

impairment was also detectable in patients with a less severe genotype. Longitudinal

studies of SCD should include all diseases genotypes and examine factors that would

reduce the risk of slow processing speed and perhaps more general cognitive impairment

in each subgroup.

Introduction

Sickle cell disease (SCD) is a term used to define syndromes characterized by the inheritance of a
mutated hemoglobin (HbS) that polymerizes under hypoxic conditions leading to dysfunctional and
abnormally shaped (sickled) red blood cells. Both patients with homozygous HbS (HbSS disease or
sickle-cell anemia) and patients with HbS coinherited with other hemoglobin mutations (HbC [HbSC], D,
O, E, and b-thalassemia [HbS/b thalassemia]) suffer from red blood cell sickling and its downstream
effects.1 On an organ level, ischemia and infarction are common and lead to loss of function. The central
nervous system is highly affected in SCD, with young children with HbSS disease suffering from a very
high prevalence of overt and silent ischemic stroke and all patients from a rising, high incidence of both
ischemic and hemorrhagic stroke as they age.2-5 Psychomotor slowing, an indicator of brain dysfunction
and cognitive impairment, has been amply documented in children with SCD,6-9 but there are limited
data on the prevalence of this complication in adult patients. Although the primary risk factor for
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psychomotor slowing is stroke,10 there has been mounting
evidence that cognitive impairment also occurs in patients without
a history of overt or silent stroke.11-13 Risk factors for cognitive
impairment in patients with SCD without stroke are, however, not
completely known,14 particularly in relationship to the SCD geno-
type. To date, there is only 1 major study characterizing cognitive
impairment in adult patients with SCD in the absence of stroke.
It was conducted on a selected cohort of 149 patients with HbSS
disease, without a history of recent transfusion or major chronic
complications including liver and kidney disease. The results of this
study showed that cognitive impairment was common, predomi-
nantly affected psychomotor speed, and was associated with
anemia in the older patients.13 Studies of cognition in other SCD
genotypes are needed, particularly because approximately one-third
of patients with SCD in the United States and millions worldwide
have SCD genotypes other than HbSS.15 As care for SCD
improves, a larger number of patients are surviving to an older
age16,17 and may be exposed to currently unknown risk factors of
cognitive impairment. Thus, it is extremely important to identify
modifiable risk factors to prevent the onset or slow the progression
of cognitive impairment within this population.

The objective of this analysis was to assess psychomotor speed in
relationship to the SCD genotype. Because little is known about
genotypic differences in cognition, we examined several factors
related to SCD severity and determined whether any of these
factors would attenuate the association between genotype and
psychomotor speed in our cohort. We hypothesized that if
differences in cognition by genotype were seen, they could be
explained, at least partly, by differences in demographic, disease-
related, or treatment factors between the 2 groups.

Methods

Study population

Patients with SCD were recruited from the University of
Pittsburgh Medical Center Adult Sickle Cell Program outpatient
clinic under the University of Pittsburgh Institutional Review
Board protocols PRO12040139 and PRO08110422. All pa-
tients with HbSS, HbSC, and HbS/b, the 3 most prevalent
genotypes of SCD, older than 18 and able to provide informed
consent were informed about the study by staff members during
their routine clinic visit and offered entry into the study if they
were in steady-state SCD.18 Eligibility criteria also included
whether they were (1) English speaking and (2) currently
receiving routine follow-up care at the University of Pittsburgh
Medical Center Adult Sickle Cell Program. Exclusion criteria
included the following: (1) pregnancy as determined by a positive
urine human chorionic gonadotropin test at the time of informed
consent and (2) acute medical problem including acute vaso-
occlusive crisis. Of 182 patients who visited the clinic during this
time, 118 were interviewed, 113 provided informed consent, and
88 completed testing. Four were ineligible after providing
consent, 2 refused to consent, 1 died before completing testing,
and 18 were unable to schedule testing during the study period.
Upon obtaining informed consent, patients received a blood
draw and the digit symbol substitution test (DSST). For the
analysis, patients with HbSS disease were clustered with
patients with HbS/b0 thalassemia (n 5 56 for both genotypes
combined) as these syndromes share similar disease features

and patients with HbSC disease with patients with HbS/b1

thalassemia (n 5 32 for both genotypes combined). For brevity,
SCD genotypes were defined as “severe” (HbSS and HbS/
b0 thalassemia) and “moderate” (HbSC and HbS/b1 thalassemia).

DSST

The DSST is a pencil and paper test of information processing
speed.19 In this decoding test, participants are given 90 seconds to
match and write as many digits to symbols as possible from a key
consisting of the correct digit-symbol pairs. Scores reflect the
number of correct digit-symbol matches made in 90 seconds,
such that higher scores indicate higher function. The digit-symbol
matching task assesses encoding, retrieval, visuomotor coordina-
tion and speed, learning and memory, and selective attention
and thus was chosen as the primary outcome of interest, as
cognitive impairment among patients with SCD affects primarily
working memory and psychomotor speed.13 Furthermore, the
DSST does not suffer from a ceiling effect and can identify changes
at the highest levels of cognition.20 The raw DSST scores were
standardized based on age, race, sex, and education-based
norms21; analyzed as a continuous variable; and will be referred
to as standardized DSST scores. Standardized DSST scores were
used to define mild cognitive impairment (MCI), defined as #1.5
standard deviations (SDs) below the DSST T-score (T-scores had a
mean of 50 and SD of 10). In our sample, a T-score of 40 was 1 SD
below the mean (17th percentile); a T-score of 35 was 1.5 SDs
below the mean (10th percentile).21

Other variables of interest

Variables related to severity of SCD genotype and factors known to
be related to cognitive function8,9,22 were considered for inclusion
in the analyses. Self-reported participant age, race, sex, and
completed level of education were recorded. Blood pressure was
collected by trained clinic personnel at the time of cognitive testing
and later abstracted from the participant’s medical records. Mean
arterial pressure (MAP) was calculated from diastolic blood
pressure (DBP) and systolic blood pressure (SBP) values: MAP
5 [(23 DBP)1 SBP]/3. Blood samples were used to determine a
variety of clinical measures of interest, including serum creatinine
(mg/dL), reticulocyte count, albumin (g/dL), lactate dehydrogenase
(LDH, IU/L), ferritin (ng/mL), white blood cell (WBC) count, and
platelet count. Hydroxyurea and opiate use history were collected
because use of these medications may differ between genotypes
and potentially be associated with cognitive function.22,23 The
variables were defined as holding a current, active prescription for
hydroxyurea and any opiate, as determined at the time of testing, by
abstracting prescription records from the patients’medical records.
History of stroke, silent cerebral infarct (SCI) diagnosed by
magnetic resonance imaging (MRI), and transfusion within the last
90 days were abstracted from the patients’ medical records. In
addition, a study neuroradiologist reviewed any clinically available
brain MRIs for all patients participating in the study. The
neuroradiologist’s read superseded medical history in cases of
discrepancy as follows: patients with cerebral infarct by MRI were
categorized as having a history of stroke, whereas those with
findings of small vessel disease were categorized as having a
history of SCI. In one case, the MRI of the brain of a patient with a
history of stroke was not available for review; that participant was
included in the history of stroke group.
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Statistical analyses

Descriptive statistics were calculated first for the entire analytic
sample, and then by genotype, comparing the “severe” with
“moderate” group to help identify potential confounders of the
association between genotype and standardized DSST. Linear
regression was used to assess the association between genotype
and continuous demographic and disease-related characteristics.
Logistic regression was used to assess the associations between
genotype and categorical disease-related characteristics. All
models were adjusted for age, except the model of age and
genotype, and standardized DSST with genotype. Linear regres-
sion models were then used to assess the relationship between
standardized DSST and genotype, individually adjusted by
potential confounders that were associated with genotype
severity as identified in the previous descriptive analyses, followed
by a model fully adjusted for all potential confounders. We
adjusted for individual factors first because we sought to
understand the influence of each variable on the association
between DSST and genotype. All assumptions of normality and
independence of predictors were met. As some covariates were
not collected for all 88 participants, and given the lack of prior
research in this field, we ran each model with the maximum sample
size possible. We repeated these methods for those without a
history of stroke. Additionally, we conducted sensitivity analyses
fitting these models among those people who had complete data
on all variables in order to directly compare the model results. All

analyses were conducted with SAS, version 9.4 (SAS Institute
Inc., Cary, NC).

Results

Main characteristics of the study participants

A greater proportion of participants in this study had a “severe”
genotype (63.6%) as opposed to a “moderate” genotype (36.4%).
Because patients with a “severe” genotype were younger
compared with those in the “moderate” group (33.7 years old vs
40.9 years old, P 5 .006), all between-group comparisons were
adjusted for age. There were no significant differences in education
(13.1 vs 13.2 years, P 5 .78) or the proportion of males (37.5%
male vs 37.5% male, P5 .97) between the genotype groups. When
compared with participants with “moderate” genotype, participants
with “severe” genotype had lower hemoglobin levels (9.2 g/dL vs
11.5 g/dL, P, .0001), higher ferritin (1141.6 ng/mL vs 403.4 ng/mL,
P 5 .02), lower DBP (68.8 mm/Hg vs 73.5 mm/Hg, P 5 .02) and
MAP (83.1 mm/Hg vs 88.6 mm/Hg, P5 .01), and a higher proportion
of hydroxyurea use (57.1% vs 31.2%, P 5 .04). There was not a
significant difference in platelet count, LDH, SBP, oxygen saturation,
WBC count, reticulocyte count, creatinine, opiate use, and history of
transfusion, stroke, or SCI (based on MRI) between the groups
(Table 1). Although there was a higher proportion of patients with MCI
in the “severe” group (30.4% vs 9.4%), the difference was not
statistically significant (P 5 .14).

Table 1. Characteristics of the entire analytic sample and by genotype severity

Entire analytic sample “Severe” genotype “Moderate” genotype

P*Mean (SD)* (n 5 88) Mean (SD)* (n 5 56) Mean (SD)* (n 5 32)

Age, y 36.3 (12.0) 33.7 (10.8) 40.9 (12.8) .006

Male sex, n (%)* 33 (37.5) 21 (37.5) 12 (37.5) .97

Education, y 13.1 (1.7) 13.1 (1.8) 13.2 (1.7) .78

MCI, n (%) 20 (22.7) 17 (30.4) 3 (9.4) .14

DSST T-score 46.3 (11.7) 47.6 (14.5) 51.0 (13.4) .004

O2 saturation, % 97.8 (1.8) 97.5 (1.8) 98.1 (1.7) .15

WBC count, 3109/L 9.5 (3.7) 9.7 (3.8) 9.2 (3.7) .86

Hemoglobin, g/dL 10.0 (1.9) 9.2 (1.5) 11.5 (1.5) <.0001

Platelet count, 3109/L 314.0 (162.8) 344.1 (179.8) 263.3 (115.1) .17

Reticulocytes, % 1.5 (3.4) 1.7 (4.0) 1.1 (1.9) .49

LDH, IU/L 302.8 (146.0) 321.2 (142.3) 269.2 (149.1) .16

Ferritin, ng/mL 892.6 (1664.3) 1141.6 (1864.4) 403.4 (1042.2) .02

Creatinine, mg/dL 0.7 (0.2) 0.7 (0.3) 0.8 (0.2) .91

SBP, mm/Hg 114.2 (13.9) 111.3 (13.4) 118.9 (13.6) .08

DBP, mm/Hg 70.6 (8.8) 68.8 (7.7) 73.5 (9.8) .02

MAP, mm/Hg 85.2 (9.4) 83.1 (8.4) 88.6 (10.0) .01

Hydroxyurea use, n (%) 42 (47.7) 32 (57.1) 10 (31.2) .04

Opiate use, n (%) 25 (28.4) 15 (26.8) 10 (31.2) .57

Transfusion history, n (%) 22 (25.9) 17 (31.5) 5 (16.1) .15

Stroke history, n (%) 11 (12.5) 9 (16.1) 2 (6.3) .13

SCI history, n (%) 4 (4.5) 3 (5.4) 1 (3.1) .65

*Age-adjusted P value calculated with linear regression for continuous variables and logistic regression for categorical variables; the models with age were unadjusted, and the models with
standardized DSST T-score were unadjusted. The bold font indicates P , .05.
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Associations with DSST

Participants with a “severe” genotype had lower DSST scores (47.6
vs 51.0, P5 .004), indicating poorer psychomotor speed (Table 1);
after excluding the 11 patients with stroke, participants with a
“severe” genotype still had lower standardized DSST scores,
compared with those with a “moderate” genotype (45.1 6 10.6 vs
52.1 6 10.2, P 5 .01). Adjustment for hemoglobin, ferritin, DBP,
MAP, and history of taking hydroxyurea did not attenuate the
association between genotype severity and DSST (Table 2).
Results were similar when excluding the patients with stroke
(supplemental Tables 1 and 2). Sensitivity analyses excluding
participants with a history of stroke, and analyses limited to the
sample of participants with complete data for all models, yielded
similar results (supplemental Table 3).

Discussion

To our knowledge, this is the first study to examine cognitive
performance in compound heterozygotes (HbSC and HbS/b0 thalas-
semia). We found differences in psychomotor speed measured by the
DSST between patients classified based on genotype. This difference
is remarkable, considering the relatively small sample size and the
finding that the “moderate” group was nearly 10 years older than the
“severe” group. Processing speed decreases with age in both normal
adults and other populations, and older age was found to be
associated with worse cognitive function in a subanalysis of the
largest study of cognitive function in adult patients with SCD.13 Thus,
our results suggest genotype is a stronger risk factor for poorer
cognitive function than age in our cohort. This is important because
although cognitive function has beenwell characterized in children with
SCD,8,24 few studies have examined factors that influence cognitive
function during adulthood13,25 or in milder forms of the disease.

In the entire analytic sample,;22% of participants met the criteria for
MCI as they performed at or below the 10th percentile of the general
population (accounting for age, education, race, and gender). This
finding is of potential clinical relevance; information processing
slowing negatively impacts numerous functional outcomes and

disease management, and hence impairment in this domain deserves
immediate attention.26 Importantly, poor disease self-management
and medication adherence are major concerns in SCD27-29 and
could be ameliorated via interventions targeting information process-
ing and executive function domains. The 9% prevalence of MCI in the
“moderate” group, although lower than the 30% observed in the
“severe” group, is also notable. Patients with a moderate genotype
are generally considered at lower risk of vascular complications (eg,
pediatric stroke, kidney disease, and pulmonary hypertension) and
have a longer life expectancy as compared with those in the “severe”
group.30 Based on our findings, however, these patients are likely to
experience accelerated cognitive decline with older chronological
age and may benefit from cognitive impairment screening early in life.

We then explored whether factors that have been associated with
other disease complications in SCD could individually explain the
difference in cognitive function between the 2 groups. In particular,
we focused on the factors that were significantly different between
the 2 groups in bivariate comparisons (Table 1). We found that the
2 groups differed significantly with respect to demographic and
laboratory characteristics and clinical factors that are expected to
impact cognitive function. The association of genotype with DSST,
however, remained statistically significant after individual adjust-
ment for hemoglobin, ferritin, LDH, blood pressure parameters
(DBP and MAP), history of taking hydroxyurea or stroke (P , .05),
and a model adjusted for all of these factors collectively (P , .05),
suggesting that the impact of genotype is independent of these
potential risk factors. Although the number of patients with a history
of stroke was not significantly different between the groups, there
were, as expected, a higher number of patients with stroke in the
“severe” genotype group.We found, however, that the results of our
analyses did not differ significantly when we excluded patients with
stroke (supplemental Tables 1 and 2). It was also surprising that
adjusting for this complication did not attenuate the difference in
DSST, considering its strong association with decreased cognitive
function in other studies (Table 2; supplemental Table 2). It is
possible that patients with “severe” SCD may also have a higher
burden of cerebrovascular disease not detectable by conventional
MRI methods but associated with cognitive impairment.31

Establishing trajectories of cognitive performance is important to
understanding how SCD may impact cognitive function with aging.
Differences in cognition between patients with SCD and control
groups are apparent at an early age.9,32 Additionally, it was found that
general domains of attention and executive functions had the largest
impairments in pediatric populations.9 These differences in cognitive
function in patients with SCD compared with controls are thought to
increase with age,9,33 but a lack of prospective cognitive evaluations in
patients with SCD makes it difficult to predict the trajectories of
cognitive declinewithin this population. Studies examining relationships
between SCD and several measures of cognitive function in older
populations have yielded mixed results, some finding no difference
compared with controls,34,35 and others finding poorer processing
speed,13,36 worse memory,13 and lower IQ and perceptual organiza-
tion.13 Thus, the question of whether cognitive function deteriorates
with aging in SCD remains unanswered.

Processing speed is of particular interest given that deficits in this
area have been previously associated with increased markers of
cerebrovascular damage andmay represent evidence of accelerated
brain damage in populations with SCD.35,37 Furthermore, deficits in

Table 2. Association of genotype and DSST T-score, adjusted for

factors that were associated with genotype severity

Covariates (X)

Model adjusted for X

VIF*b (SE); P

Unadjusted 27.42 (2.48); .004 1.00

Hemoglobin 27.10 (3.05); .02 1.50

Ferritin 27.62 (2.67); .006 1.05

DBP 27.97 (2.63); .003 1.07

MAP 28.14 (2.68); .003 1.09

Hydroxyurea use 27.54 (2.58); .004 1.07

Stroke/SCI history 26.63 (2.42); .008 1.02

Fully adjusted† 28.70 (3.47); .01 7.76

DSST T-scores are adjusted for age, race, sex, and education. The b and P values are for
the variable “genotype” (severe vs moderate-severe), for the model of “genotype” predicting
DSST score, adjusted for the covariate reported in the corresponding row of the table.
SE, standard error.
*VIF indicates variance inflation factor of genotype in unadjusted and adjusted models.
†Fully adjusted model includes genotype, hemoglobin, ferritin, DBP, MAP, hydroxyurea use,

and stroke/SCI history as predictors.
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processing speed are also detectable in pediatric populations
across multiple studies and similarly correlate with the burden of
cerebrovascular damage.8,9,38 Thus, it can be hypothesized that this
domain may be particularly susceptible to brain aging in SCD,
although direct comparisons between pediatric and adult popula-
tions are complicated by the heterogeneity of the study populations
and tests used. Interestingly, Crawford and Jonassaint found that
statistically adjusting for differences in processing speed attenu-
ated other deficits in cognitive performance in SCD.36 These results
suggest that processing speed may be impacted to a larger degree
than other cognitive domains and that it may represent the “core”
cognitive impairment in SCD, leading to a downstream effect in
other cognitive processes. Here we found a significant difference in
processing speed between the “moderate” and “severe” genotypes
in fully adjusted models that was not explained by history of stroke/
SCI. Unfortunately, the results cannot be directly compared with
those of Vichinsky et al13 because comparison groups differed
between these 2 studies; however, both studies support the notion
that this deficit also occurs in the absence of ischemic lesions
detectable by conventional MRI methods. In order to determine the
impact of age, future studies should explore cognitive function
prospectively, with a particular emphasis on processing speed, in
patients with SCD followed from childhood into adulthood so that
trajectories can be determined. Standardized scores along with raw
or comparison scores should be presented.

Our study has several limitations. Although we explored the role of
the most important factors responsible for disease severity in SCD,
our relatively small sample size did not permit us to conduct an
exhaustive analysis of the multitude of genetic, epigenetic, and
environmental factors that affect the SCD phenotype and could
have an impact on cognitive function. This variability could only be
comprehensively assessed in a much larger epidemiological study.
Furthermore, the cross-sectional design did not allow us to assess
how longitudinal changes in risk factors could affect cognitive
function. Finally, our study is limited by its focus on 1 specific
cognitive task assessed by the DSST. Although this test is
particularly advantageous in SCD because it has good test-retest

variability and is suitable for longitudinal testing, is easy and quick to
administer, is sensitive to MCI, and probes one domain preferentially
affected in patients with SCD, further studies should more
thoroughly explore differences in other neurocognitive domains.

This was the first study of cognitive functioning in adult patients with
SCD genotypes other than HbSS; future longitudinal studies
should assess the risk factors for cognitive impairment in these
patients so that preventive and therapeutic strategies based on
surveillance and early detection may be developed.
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