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Abstract

Background: Children with sickle cell disease (SCD) experience neurodevelopmental 

delays; however, there is limited research with preschool age children. This study examined 

neurocognitive risk and protective factors in preschoolers with SCD.

Procedure: Sixty-two patients with SCD (60% HbSS/HbSβ0-thalassemia; 40% HbSC/HbSβ+-

thalassemia) between the ages of 3 and 6 years (Mean=4.77 years) received a neuropsychological 

evaluation as routine systematic surveillance. Patients were not selected for disease severity, 

prior central nervous system findings, or existing cognitive concerns. Thirty-four patients 

(82% HbSS/HbSβ0-thalassemia) were prescribed hydroxyurea (HU) at the time of their 

neuropsychological evaluation. On average, these patients had been prescribed HU at 2.15 

(Standard Deviation=1.45) years of age. The average dose was 28.8 mg/kg/day. Besides genotype, 

there were no group differences in medical or demographic factors based on HU treatment status.
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Results: Patients with HbSS/HbSβ0-thalassemia scored below normative expectations on 

measures of intelligence, verbal comprehension, and school readiness (false discovery rate 

adjusted p-value [pFDR]<0.05). Age, sickle genotype, and HU treatment exposure were not 

associated with measured neurocognitive outcomes (pFDR>0.05). Greater social vulnerability 

at the community level was associated with poorer performance on measures of intellectual 

functioning, verbal comprehension, visuomotor control, and school readiness, as well as parent 

report of executive dysfunction (pFDR<0.05). Greater household socioeconomic status was 

positively associated with academic readiness.

Conclusions: Preschoolers with severe SCD (HbSS/HbSβ0-thalassemia) perform below age 

expectations on measures of intelligence and academic readiness. Sociodemographic factors 

were stronger drivers of neurocognitive performance than disease severity or disease-modifying 

treatment. Neurodevelopmental interventions targeting the home and broader community 

environment are needed.
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Introduction

Sickle cell disease (SCD) is a group of genetic blood disorders that results in abnormal 

hemoglobin within red blood cells.1 SCD affects approximately 100 000 individuals in the 

United States, and African American/Black individuals are disproportionally affected.2 The 

most common and severe form of SCD is sickle cell anemia (HbSS/HbSβ0-thalassemia).3

SCD is characterized by early and progressive neurocognitive deterioration.1, 4 Slowed 

development is thought to result from a combination of social determinants5 and biological 

factors.6, 7 Community characteristics (e.g., poverty rates) and parental characteristics (e.g., 

level of education) have been found to be independent predictors of cognitive development 

in young children with SCD.8, 9 The role of the socioeconomic environment is particularly 

salient in the United States where there are high levels of income inequality and a lack 

of universal healthcare. Chronic neurological insults include accumulated micro-infarcts, 

hypoxemia, and repeated tissue ischemia.10 Silent infarcts occur in 25-35% of children 

with SCD.11 Following the advent transcranial doppler screening for stroke risk and 

chronic transfusion therapy for those identified at risk, the prevalence of overt stroke 

is now approximately 2%.12 Both silent infarcts and stroke are strongly associated with 

neurocognitive performance in SCD.13

There is limited research examining neurocognitive performance in early childhood 

and preschool patients with SCD, however. From birth to three years of age, studies 

have documented delays in cognitive, language, and motor functioning. Thompson and 

colleagues14 followed 89 children with SCD from 6 to 36 months of age. They observed 

a significant decline in cognitive development from 12 to 24 months of age. Across other 

early childhood studies, researchers have documented developmental delays unrelated to lab 

values or sickle genotype in SCD.15–19 Yet, a recent study documented increased risk for 
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developmental delays among 2- and 4-year-olds with a more severe SCD genotype using a 

parent screening questionnaire.20 Environmental predictors of developmental delays include 

reduced parent education,15, 19 family income,15 and neighborhood resources.17

Three studies with small samples (n<30) have assessed neurocognitive performance 

in preschool-aged patients with SCD.21–23 Findings documented deficits in language, 

visuospatial, and motor domains with medium to large effect sizes compared to normative 

expectations.23 Consistent with early childhood studies, neurocognitive performance was 

associated with socioeconomic status but not lab values or genotype.23 None of the 

preschool-aged studies examined school readiness skills, which are the strongest predictors 

of academic success in later elementary24, 25 and high-school26 in the general population. 

Steen and colleagues27 examined cognitive and academic skills among students with SCD 

in kindergarten compared to demographically matched controls. They observed that students 

with SCD displayed lower scores on a measure of auditory discrimination and there was a 

trend towards lower language skills.

Treatments targeted at the symptom burden of SCD, including hydroxyurea (HU), have 

shown potential neuroprotective effects. Cross-sectional findings from a large SCD cohort 

(n=364) of patients from school age to young adulthood at our institution demonstrated that 

HU use was associated with higher scores on measures of overall intellectual functioning.9 

Further, we found that earlier use of HU was positively associated with most neurocognitive 

domains. The only study to examine neurocognitive outcomes following HU treatment in 

young children (9-18 months), found no difference in cognitive or adaptive development 

in children treated with HU vs. placebo over two years.28 The mechanism behind these 

potential neuroprotective effects is unknown. HU reduces cerebral metabolic stress and 

improves oxygen delivery to the brain,29, 30 potentially preserving neurocognitive skills.

Our understanding of neurocognitive performance and risk factors in preschool children 

with SCD is limited. In the present study, the first objective was to examine neurocognitive 

performance across a wide range of outcomes compared to normative expectations. The 

second objective was to determine if disease severity, HU treatment, or socioeconomic 

status were associated with outcomes. We hypothesized that preschoolers with SCD would 

perform below normative expectations across outcomes and that improved neurocognitive 

performance would be associated with HU treatment and increased socioeconomic status but 

not sickle genotype.

Methods

Participants

Preschool participants of the Sickle Cell Clinical Research Intervention Program (SCCRIP) 

study, ages 3 to 6 years with a cognitive assessment, were eligible for this study. The design 

of SCCRIP has been described previously.31 Briefly, SCCRIP is a longitudinal lifetime 

cohort study that collects retrospective and prospective data on clinical, neurocognitive, 

psychosocial, geospatial, and health outcomes of children, adolescents, and adults with 

SCD. SCCRIP was approved by the St. Jude Internal Review Board, and all participants 

provided written informed consent prior to participation. These assessments are not clinical 
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referrals, but a systematic surveillance, as patients were not selected for disease severity, 

prior central nervous system findings, or existing cognitive concerns. All data were collected 

between 2012 – 2018.

Demographic, medical, and treatment variables

Social vulnerability on the community level was calculated using The Social Vulnerability 

Index (SVI).32, 33 The SVI estimates the relative vulnerability of participants based on 

variables such as education, poverty, and housing data (renting vs. home ownership),32 

where a higher percentile score (range=0-100) means higher social vulnerability. The 

Barratt Simplified Measure of Social Status (BSMSS)34 was used to measure household 

socioeconomic status based on a composite of maternal and paternal education as well as 

occupation status. The BSMSS yields a single comprehensive score ranging from 8 to 66 by 

adding the education and occupation scores, with a lower score equating to lower household 

socioeconomic status.

HU was administered to participants with HbSS/HbSβ0-thalassemia according to NHLBI 

guidelines.35 For participants with HbSC/HbSβ+-thalassemia, HU administration was based 

on the frequency of acute disease complications.36 Hematologic indices including total 

hemoglobin (Hb), fetal hemoglobin (HbF), white blood cell (WBC) count, and platelet count 

(PLT) were performed at steady state on the same day of neurocognitive testing or were the 

average value of measurements within three months prior to testing. Daytime Hb oxygen 

saturation was measured on the same day of the neurocognitive testing. Lab values were 

chosen as measures of disease severity as they reflect the underpinnings of the disease 

leading to clinical symptoms. Hb and HbF are well validated markers of disease severity 

in SCD. WBC and PLT count are markers of inflammation and are associated with worse 

clinical outcomes in SCD. Finally, daytime Hb oxygen saturation was used as a proxy for 

cerebral oxygen saturation.

Neurocognitive measures

Participants completed a battery of neurocognitive tests. The administration of all measures 

was completed by a licensed psychologist or a psychometrist supervised by a licensed 

psychologist. Testing was administered in a private room in the psychology clinic at St. 

Jude Children’s Research Hospital. A structured interview was completed with all parents 

while their child completed testing. This interview assessed a wide range of topics such as 

developmental history, intervention services, and parent education/occupation.

The Wechsler Preschool & Primary Scale of Intelligence, Fourth Edition (WPPSI-IV)37 was 

used to measure intelligence (FSIQ). For children below 4 years of age, the FSIQ contains 

the following subtests: Receptive Vocabulary (identifying spoken words), Information 

(verbal knowledge), Block Design (visuospatial reasoning), Object Assembly (visuospatial 

and abstract reasoning), and Picture Memory (visual working memory). The FSIQ for 

children above 4 years of age is composed of the following subtests: Information (verbal 

knowledge), Similarities (verbal abstract reasoning), Block Design (visuospatial reasoning), 

Matrix Reasoning (fluid/abstract reasoning), Picture Memory (visual working memory), 

and Bug Search (processing speed). The WPPSI-IV also provides a Verbal Comprehension 
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Index, measuring broad verbal skills. For children younger than 4, the index is composed of 

Receptive Vocabulary and Information subtests whereas children 4 and older complete the 

Information and Similarities subtests.

The Wide Range Assessment of Visual Motor Abilities (WRAVMA)38 – Drawing subtest, 

measured visuomotor control. The Drawing subtest requires children to draw shapes of 

increasing complexity, and scoring is based on the accuracy of these drawings. School 

Readiness was assessed using the Bracken Basic Concept Scale: Receptive – Third Edition, 

School Readiness Composite (BBCS-3:R).39 The BBCS-3:R measures knowledge of school 

readiness concepts such as shapes, colors, numbers, letters, and sizes. The Behavior Rating 

Inventory of Executive Function – Preschool (BRIEF-P) 40 was used to assess executive 

functioning in day-to-day activities based on parent report. Specifically, we report the Global 

Executive Composite (GEC) scale, which is a composite of all clinical scales, representing 

overall executive functioning. Most participants completed the entire battery of measures, 

and there was minimal missing data (WPPSI-IV = 1, WRAVMA = 2, BBCS-3:R = 2, 

BRIEF-P = 0).

All included measures demonstrate adequate reliability and validity for clinical use. 

Normative data for all included neuropsychological measures approximates the demographic 

distribution of the United States based on U.S. census data. African Americans accounted 

for approximately 12-18% of participants in the normative samples.

Statistical Analyses

Two-sample t-test or Wilcoxon rank sum test and Fisher’s exact test were used to evaluate 

two group differences on demographic and medical/treatment variables. The Shapiro–Wilk 

test was used to test for normality of the data.

For our first objective, one-sample-t test or Wilcoxon signed rank test was used to 

compare neurocognitive performance across a wide range of outcomes to their normative 

expectations. Cohen’s d was calculated as an effect size measure.41 For the secondary 

objective, univariate correlation analyses were first conducted between neurocognitive 

outcomes with demographic, medical, and treatment factors using Pearson or Spearman 

correlation test for continuous variables and point-biserial correlation for the variable of 

currently on HU. Then univariate and multivariate linear regression models were used to 

assess the associations of neurocognitive performance with each of the factors including 

sickle genotype, HU treatment, or socioeconomic status along with common covariates 

of age at evaluation and sex. Before multivariate analysis, we checked all the covariates 

for multicollinearity (a variance inflation factor <2). All p-values were two-sided. False 

discovery rate (FDR) adjusted p values (pFDR or q-value) were used to account for multiple 

comparisons and pFDR < 0.05 was considered statistically significant. Because of small 

sample sizes, we were underpowered to conduct analyses separately for the secondary 

objective by sickle genotype. Analyses were performed in Statistical Analysis System (SAS) 

version 9.4 (SAS Institute Inc., Cary, NC, USA).
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Results

Demographic and clinical characteristics by HU use

Neurocognitive testing was administered to a total of 62 patients that on average were 4.77 

(Standard Deviation [SD]=0.60) years of age at the time of testing (Table 1). Out of the 

entire sample, 34 (55%) patients received disease-modifying therapy in the form of HU. 

Those taking HU, started the medication at 2.15 (SD=1.45) years of age and were prescribed 

the medication for 2.62 (SD=1.07) years on average at the average dose of 29 mg/kg/day. 

Four patients received HU treatment for less than a year. Approximately 18% of patients 

had parent-reported developmental concerns and 16% received early intervention services. A 

large majority (88%) attended either daycare, preschool, or pre-kindergarten. As expected, 

patients with HbSS/HbSβ0-thalassaemia were more likely to be prescribed HU than patients 

with HbSC/HbSβ+-thalassaemia (pFDR=0.001). Patients prescribed HU displayed higher 

levels of HbF than those who were not prescribed HU (pFDR=0.05). No other medical 

or sociodemographic factors differed between the HU-treated and untreated groups (all 

pFDR>0.05).

The 62 patients with neurocognitive testing were similar to those without testing based 

on demographic characteristics (Supplemental Table 1). Univariate associations between 

neurocognitive outcomes with demographic, medical, and treatment factors are provided in 

Supplemental Table 2.

Sickle genotype and neurocognitive performance

As displayed in Table 2, patients with HbSS/HbSβ0-thalassaemia performed below 

normative expectations on measures of intelligence (pFDR<0.01), school readiness 

(pFDR=0.01), and verbal comprehension (pFDR<0.01). In contrast, patients with 

HbSC/HbSβ+-thalassaemia did not perform below normative expectations on any 

outcome (all pFDR>0.05). In univariate analyses, patients with HbSS/HbSβ0-thalassaemia 

obtained lower intelligence scores than those with HbSC/HbSβ+-thalassaemia (p=0.04), 

yet this group difference did not persist after correction for multiple comparisons 

(pFDR=0.18). In multivariate analyses, adjusted for household (BSMSS) and community 

(SVI) socioeconomic status, sex, and current HU use, there were no differences 

in neurocognitive performance between those with HbSS/HbSβ0-thalassaemia and 

HbSC/HbSβ+-thalassaemia.

Current use of HU and neurocognitive performance

Table 3 displays neurocognitive outcomes by HU treatment status. HU treatment was not 

associated with neurocognitive performance on any outcome measure in univariate analyses 

(all pFDR>0.05). Consistently, there was no effect of HU treatment on neurocognitive 

performance after adjusting for household (BSMSS) and community (SVI) socioeconomic 

status, age, genotype, and sex (all pFDR>0.05).

Lab values and neurocognitive performance

In multivariate analyses adjusting for household (BSMSS) and community (SVI) 

socioeconomic status, age, genotype, sex, and HU treatment there was no association 
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between HbF, Hb, WBC, or Hb oxygen saturation and any neurocognitive outcome (all 

pFDR>0.05). However, there was a positive association between PLT and intelligence 

(Estimate=0.04, SE=0.01, pFDR=0.02) and verbal comprehension (Estimate=0.04, SE=0.01, 

pFDR=0.01).

Socioeconomic status and neurocognitive performance

In univariate analyses (see Table 4), decreased household socioeconomic status (BSMSS) 

was associated with lower scores on a measure of School Readiness (pFDR=0.005). This 

association did persist in multivariate analysis, after adjusting for age, sex, sickle genotype, 

and HU treatment (pFDR=0.01). When community socioeconomic status (SVI) was added 

as a covariate, household socioeconomic status (BSMSS) did not maintain significance 

after adjustment for multiple comparisons (pFDR=0.06). Intelligence, visuomotor control, 

parent ratings of executive functioning, and verbal comprehension were not associated 

with household socioeconomic status (BSMSS) in univariate or multivariate analyses (all 

pFDR>0.05).

Table 4 displays associations between community socioeconomic status (SVI) and 

neurocognitive performance. Multivariate analyses adjusted for age, sex, genotype, and 

HU treatment, but not household socioeconomic status, demonstrated that increased social 

vulnerability was associated with lower scores on measures of intelligence, visuomotor 

control, academic readiness, and verbal comprehension as well as greater parent ratings 

of executive dysfunction (all pFDR<0.05). After adding household socioeconomic status 

(BSMSS) as a covariate, only the association between the SVI and visuomotor control 

remained (p=0.02), but this relationship did not persist after adjusting for the false discovery 

rate (pFDR=0.06).

Discussion

In the largest study of preschool children with SCD, poor neurocognitive performance was 

associated with reduced familial socioeconomic status and increased social vulnerability at 

the community level. Across most measures, HU treatment status and disease severity were 

not associated with neurocognition. Measures of overall intelligence and school readiness 

were below normative expectations for patients with HbSS/HbSβ0-thalassaemia but not 

among those with HbSC/HbSβ+-thalassaemia.

Consistent with several other studies,17, 19, 23 sociodemographic factors were the 

primary contributor to neurocognitive outcomes amongst our sample of preschoolers with 

SCD. Unlike prior studies, we assessed both familial and community level metrics of 

socioeconomic status. Our analyses suggest that both metrics of socioeconomic status 

(e.g., poverty, housing data) contribute to early neurocognitive performance. Many patients 

diagnosed with SCD live in communities with limited resources and experience social, 

political, and economic marginalization.42–44 These social determinants have a profound 

impact on nearly every facet of health.45–47 As demonstrated in our analyses, community 

and familial socioeconomic status are highly associated and overlapping constructs. Prior 

work among young children with SCD has shown that parenting styles14 and quality of the 

household environment17 predict neurodevelopmental outcomes. These findings highlight 
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the importance of bolstering household and community-level resources for families of 

children with SCD and suggest targets for neurodevelopmental interventions. Medical 

providers may support these families by providing information on child development (e.g. 

importance of reading to child) and local community resources providing early intervention 

or high-quality preschool programs. Future research is needed to determine what 

specific aspects of community-level social vulnerability contribute to early neurocognitive 

development.

In contrast to studies of school-age and adolescent patients with SCD,9, 48–50 HU treatment 

was not significantly associated with neurocognitive performance on any outcome measure. 

The most obvious explanation for this discrepancy is the limited duration of treatment 

exposure among our sample. On average, patients were treated with HU for 2.55 years at 

the time of their neurocognitive evaluation, compared to 3.04 years in our prior analyses 

of patients ranging from 8-24 years of age.9 Duration of treatment is known to moderate 

the effects of HU treatment on neurocognitive performance.9, 48 Furthermore, measures of 

disease severity did not appear to significantly contribute to neurocognitive outcomes in 

young patients with SCD in previous studies,14, 19 therefore any neuroprotective effect of 

HU treatment at this young age is likely to be small relative to that of other children with 

longer treatment exposure. Lastly, the current sample of patients is much smaller than our 

previous analyses of older children,9, 48 limiting the power to detect treatment effects. To 

determine the long-term effects of HU treatment, we will serially monitor these patients 

to determine the trajectory of neurocognitive functioning for those with and without HU 

treatment.

Preschool children with HbSS/HbSβ0-thalassemia obtained scores below normative 

expectations on measures of overall intelligence and school readiness. Specifically, overall 

intelligence fell 3/4th of a standard deviation below expectations and school readiness fell 

a half standard deviation below normative values. In contrast, those with HbSC/HbSβ+-

thalassaemia performed within normative expectations across measures. Although group 

differences based on sickle genotype did not reach significance, it appears that patients 

with HbSS/HbSβ0-thalassemia display neurocognitive weaknesses that are not present or 

detectable in HbSC/HbSβ+-thalassaemia at this early age, consistent with neurocognitive 

differences based on genotype observed in adulthood51 and select early childhood studies.20 

Reduced neurocognitive performance among patients with HbSS/HbSβ0-thalassemia is 

potentially due to increased disease severity and higher risk of neurological complications. 

Visuomotor and executive functioning skills are known to be reduced in older patients 

with SCD,52, 53 but these deficits were not yet apparent in our sample. Notably, we relied 

on parent-report of executive functioning skills, which may not be sensitive to some of 

the early executive deficits observed in other studies.21 Weaknesses in school readiness 

skills were strongly associated with parent education and occupation (r=.42). Because 

school readiness is highly predictive of later academic performance and a variety of health 

outcomes, it is essential to increase access to evidence-based school readiness interventions 

and quality preschool programs for families with SCD. A large majority of our sample were 

in preschool or daycare, where they should be exposed to pre-academic skills. Therefore, 

poor performance on the school readiness measure may be reflective of the quality of 

teaching services.
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Most lab markers of disease severity were not associated with neurocognitive performance. 

Several studies have observed that greater total hemoglobin and/or hematocrit levels are 

positively associated with neurocognitive outcomes,54–56 yet others observed no significant 

differences.23, 48, 57 Similarly, there are inconsistent findings for measures of HbF, PLT, 

and oxygen saturation.9, 58, 59 In the only other preschool-age study of neurocognition 

to assess the association of lab values and neurocognitive performance, no significant 

associations were observed.23 We found that total PLT was positively associated with 

a measure of intelligence following adjustment for covariates and multiple comparisons. 

Bernaudin and colleagues previously observed that thrombocytosis was associated with 

intelligence scores.54 Additionally, a single study observed that the mean platelet volume is 

correlated with white matter volume in patients with SCD.60 The association between PLT 

and neurocognition is unclear and requires further examination, as results are not consistent 

and the underlying mechanism whereby platelets may be contributing to brain function are 

not yet understood.

This study has several strengths including detailed medical, sociodemographic, and 

treatment history for all participants. The study utilized a wide range of neurocognitive 

outcomes and assessed multiple facets of socioeconomic status. However, notable 

limitations do exist. Only patients with clinical indications received neuroimaging, therefore 

we lacked information on history of silent infarcts or vessel stenoses that may contribute 

to neurocognitive performance. We were unable to randomize patients to HU, due to 

treatment being standard of care, and examiners were not blinded to treatment history. 

Four of the HU-treated patients had received treatment for less than a year, further 

limiting the neuroprotective effects of the medication. Due to a limited sample size, we 

were underpowered to examine the effects of HU treatment duration on neurocognitive 

functioning or interactions between SES and other variables of interest. We did not utilize a 

demographically matched or sibling-control group. Further, the demographic characteristics 

of the normative group differs from our sample limiting our interpretation of the results.

In conclusion, our findings suggest that preschool patients with HbSS/HbSβ0-thalassaemia 

display deficits in intellectual functioning and academic readiness skills. These early deficits 

are predominately driven by a combination of familial- and community-level socioeconomic 

factors rather than disease severity. Yet, other relevant disease factors (e.g., neuroimaging 

findings and frequency of hospitalizations) were not assessed. Neuroprotective effects of 

HU treatment were not detected in our sample of preschoolers with SCD, potentially due to 

limited exposure. Longitudinal studies are needed to determine the neurocognitive trajectory 

of patients based on HU treatment status. Development of tailored behavioral interventions 

to address neurocognitive weaknesses early in life are essential for pre-school children with 

SCD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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