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Background: Students with sickle cell disease are at risk for poor academic
performance due to the combined and/or interactive effects of environmental,
psychosocial, and disease-specific factors. Poor academic performance has significant
social and health consequences.

Objective: To study academic achievement and attainment in children with sickle cell
disease in the United States.

Design: Medline, Embase, SCOPUS, CINAHL, ERIC, and PsycINFO were searched
for peer-reviewed articles. Studies of children (ages 5-18) diagnosed with sickle cell
disease of any genotype reporting academic achievement (standardized tests of reading,
math, and spelling) or attainment (grade retention or special education) outcomes were
included. Outcomes were analyzed using a random effects model. Achievement scores
were compared to within study controls or normative expectations. Prevalence of grade
retention and special education services were compared to national (United States)
estimates for Black students. Age at assessment and overall IQ were evaluated
separately for association with reading and mathematics scores. Subgroup analyses of
reading and math scores were analyzed by cerebral infarct status (no cerebrovascular
accident, silent infarct, stroke).

Results: There were 44 eligible studies. Students with sickle cell disease scored
0.70, 0.87, and 0.80 (p < 0.001) SD below normative expectations on measures of
reading, mathematics, and spelling, respectively. Compared to unaffected sibling and/or
healthy controls (k = 8, n = 508), reading and math scores were 0.40 (p = 0.017) and
0.36 (p = 0.033) SD below expectations. Grade retention was approximately 10 times
higher in students with sickle cell disease than Black students nationally. Intellectual
functioning explained 97.3 and 85.8% of the variance in reading and mathematics
performance, respectively (o < 0.001). Subgroup analyses revealed significant
differences in reading (p = 0.034) and mathematics (p < 0.001) based on infarct
status, with lower performance associated with presence of a silent infarct or stroke.
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Conclusion: Students with sickle cell disease demonstrate notable academic difficulties
and are at high risk for grade retainment. Development of academic interventions and
increased access to school support services are needed for this vulnerable population.

Systematic Review Registration:

https://www.crd.york.ac.uk/prospero/display_

record.php?ID=CRD42020179062.

Keywords: sickle cell, anemia, academic performance, neurocognitive, education, stroke, silent infarct, grade

retention

INTRODUCTION

Rationale

Students with sickle cell disease (SCD) are at risk for poor
academic performance (1, 2). These academic difficulties have
a substantial effect on quality of life and potential for future
income. Approximately 30% of students with SCD do not
graduate high school (3). These students with limited academic
attainment are at much higher risk for unemployment (4)
and have a significantly greater frequency of acute care
hospitalizations (5). Thus, it is important to understand the
extent of these academic difficulties in the SCD population to
potentially intervene and prevent future academic failure.

SCD is one of the most common genetic hemoglobin
disorders, occurring in approximately one in 400-500 African
Americans in the United States (6). SCD is caused by a single
point mutation that generates the abnormal hemoglobin S (HbS).
The HbS altered behavior leads to red blood cell adhesion and
vaso-occlusion, blocking oxygen and blood flow to vital organs
and bones. This blockage results in episodic pain and may
lead to cerebrovascular injuries, including silent cerebral infarcts
(SCI) and overt strokes (7). Students with SCD often require
frequent hospital admissions due to pain crises and other acute
complications (8) and display high levels of fatigue (9).

An extensive literature has demonstrated the combined
and/or interactive effects of environmental (10, 11), psychosocial
(8, 12), and disease-specific (13, 14) factors on cognitive
functioning in SCD, yet much less is known regarding
academic performance. Academic and cognitive performance
share many of the same risk factors (e.g., cerebrovascular
injury, chronic anemia, socioeconomic status); however, they
are unique constructs. In the general population, environmental
factors account for a greater amount of variance in academic
performance than cognitive ability (15, 16). This is particularly
relevant for students with SCD, as they are more likely to be
raised in single-parent families, live in low-income resource-
poor neighborhoods, and attend financially disadvantaged school
systems (17). Students with SCD miss an average of 20-40 school
days per year due to acute pain, fatigue, and frequent outpatient
visits (18), which are associated with poor academic performance
and grade retention (19, 20). Social and behavioral difficulties (21,
22) observed in SCD (e.g., anxiety, depression, limited sleep) may
further interfere with functioning in the school environment.

To assess academic performance, it is important to consider
both academic knowledge (e.g., test achievement measures)
and attainment (e.g., history of retention, graduation rates).
Academic achievement skills are necessary for performing well

in school but are not sufficient (23). Executive dysfunction
(e.g., attention deficit) and hospital visits due to acute pain
can interfere with school performance among students with
age-appropriate achievement skills. For example, a student may
possess the knowledge to perform well on a test or complete a
homework assignment, yet they are unable to adequately display
their knowledge as they cannot focus throughout the exam or
cannot complete the assessment test in the allotted time. This
distinction is highly relevant for intervention. Students with
executive difficulties are likely to benefit from behavioral therapy
or organizational support, whereas those with knowledge deficits
require remediation and/or tutoring in subject area content.

There exists a range of federal, state, and local laws,
regulations, and systems for special education and related
services for children and adolescents with SCD. In brief, special
education services are mandated through federal and state law
under the Individuals with Disabilities Education Act (IDEA),
typically taking the form of an Individualized Education Plan
(IEP). If a student does not qualify for an IEP, related services are
justified through Section 504 of the Rehabilitation Act of 1973,
which prohibits discrimination based on disability within federal
and federally assisted programs. The definition of a disability
under Section 504 is much broader than in an IEP and often
includes children with medical conditions such as SCD with no
observed learning/cognitive deficits (24). In practice, the most
important distinction between Section 504 and an IEP is that
Section 504 is intended to eliminate barriers for students with
disabilities whereas an IEP is remedial and often requiring the
provision of programs and services (25).

To our knowledge, there have been five meta-analyses
that have assessed cognitive deficits in individuals with sickle
cell disease (26-30), however; none of these studies included
academic achievement measures or academic attainment
outcomes. The most recent, and comprehensive, meta-analysis
conducted by Prussien et al. (26, 27), demonstrated deficits in
cognitive functioning across several domains. They also reported
a gradient of severity, with the most severe cognitive deficits
observed in individuals with stroke, followed by SCI, and no
cerebral vascular injury. Unlike previous meta-analyses, Prussien
and colleagues compared SCD patients to normative expectations
in addition to sibling or healthy controls. This comparison
allowed for further consideration of sociodemographic factors
effects on outcomes that are not fully captured when compared
to individuals of similar socioeconomic status. Our objective is
to quantitatively review academic outcomes in SCD, addressing
both academic achievement and attainment, domains which
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have yet to be reviewed in SCD. We hypothesized that students
with SCD would perform below normative expectations and/or
controls across measures of academic performance. We further
hypothesized that worse academic achievement performance
would be associated with increased age, reduced intelligence
scores, and presence of a cerebral infarct.

Objectives

The primary focus of this meta-analytic review is to provide
the first comprehensive quantitative analysis of academic
achievement and attainment in SCD. Thus, our first objective
was to assess reading, arithmetic, and spelling achievement skills
as well as rates of grade retention and special education within
the school environment in children with SCD. We compared
reading, arithmetic and spelling academic outcomes to both
normative expectations and sibling or healthy controls. Secondly,
we aimed to evaluate if age at assessment and intellectual
functioning moderated academic performance. Finally, we
examined if academic achievement outcomes differed by cerebral
infarct status.

METHODS

To increase transparency and reproducibility, our review
complies with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) reporting guidelines.

Protocol Registration

Prior to starting the review, we developed our study protocol,
which was published in PROSPERO, an international database
of prospectively registered systematic reviews, on 5/7/2020, and
assigned the identifier: CRD42020179062.

Eligibility Criteria

Inclusion criteria for study selection were (1) the study concerned
individuals with SCD of any genotype; (2) age at academic
assessment was between 5 and 18 years of age; (3) academic
performance was assessed using standardized tests with reliability
and validity statistics; (4) academic attainment was assessed via
grade retention or special education services (e.g., Section 504
Plan, Individualized Education Plan); (5) publication was in a
peer-reviewed journal as a full manuscript, (6) and publication
was in English and concerned students in the United States.
Studies were excluded if (1) the average age of the sample was >
18.0 years; (2) only questionnaire-based assessments of academic
achievement or grades were reported; (3) and publication
involved intervention for cognitive or academic performance. If
pre-intervention measures were reported, however, only these
were included (not post-intervention) in the meta-analysis.

Information Sources and Search Strategy

We searched the following electronic bibliographic databases:
Medline (Ovid) 1946-2020, Embase (embase.com) 1974-2020,
SCOPUS (2004-2020), CINAHL (1937-2020), ERIC 1966
2020 (eric.ed.gov), and PsycINFO (APA) 1967-2020. A medical
librarian (L.O.) developed the primary search in Medline, with
three main concepts: (1) sickle cell, (2) academic performance

and achievement, and (3) children. Each concept was developed
using both controlled and natural languages. MeSH terms were
identified, and keywords were gathered along with various
synonyms. The keywords were searched using the title, abstract,
and keyword fields within the Medline OVID database before
being translated to other databases. The final Medline search
strategy is found in our published protocol in PROSPERO (refer
to Supplementary Table 1). Citation management and duplicate
removal was accomplished with EndNote (Clarivate Analytics).

Study Selection

All titles and abstracts of studies were independently screened
by two reviewers (A.H. and L.H.) to identify studies meeting
the inclusion criteria. Discrepancies were resolved through
discussion or through an arbitrator (J.H.). Covidence
(www.Covidence.org) (31) was used to screen and review studies.

Data Extraction and Coding

Data from the final selection of eligible articles were
independently extracted by two review authors (A.H. and
L.H.) using a standardized template. Study data included:
number and age of subjects, sex, disease genotype, cerebral
infarct status (SCI, stroke, or none), and type of control subject
(healthy, sibling, or none). Academic performance variables
included: reading, arithmetic, and spelling performance. Reading
performance incorporated measures of basic word reading and
reading comprehension. Arithmetic performance was based
on measures of arithmetic calculation or applied mathematics.
Spelling performance was based on a single subtest in all studies.
Composite scores were computed for studies that reported
multiple arithmetic or reading subtests based on the weighted
average of each subtest. A list of academic achievement measures
used is provided in Supplementary Table 1. All performance
data were converted to an age-standardized score with a mean of
100 and a standard deviation (SD) of 15.

For special education and grade retention, percentages of SCD
and control children receiving any form of special assistance
or requiring grade retention were collected. Descriptions of
special education assistance by study are provided in the
Supplementary Material. Due to extensive variability in how
special education was defined and availability of normative data,
only IEP status was examined in analyses. Normative data for IEP
services (IDEA Part B) and grade retention were extracted from
U.S. national datasets. Grade retention normative values were
based on the U.S. Department of Commerce, Census Bureau,
Current Population Survey average retention rates for Black
students (K-12) from 1994 to 2016 (32). Normative values for
IEP services (IDEA Part B) were based on U.S. Department of
Education, Office of Special Education Programs, Individuals
with Disabilities Education Act (IDEA) database for the average
percentage of Black students (3-21 years) receiving services
through IDEA Part B from 2000 to 2019 (33).

Study Quality Assessment

Two review authors (A.H. and L.H.) independently assessed
study quality in chosen studies. A version of the National
Institutes of Health Quality Assessment Tool for Observational
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Cohort and Cross-Sectional Studies adapted by Prussien et al.
(26) was utilized. Studies received one point for each criterion
met, for a total score of 0-6 (higher values indicate higher study
quality). Information about quality ratings for included studies
are depicted in Supplementary Table 2. Study quality ranged 3-6
(Mean = 4.3, SD = 0.9).

Statistical Analyses

For studies based on the same sample or a subset of a sample,
only the study with the largest available sample was included.
Cochran’s Q-value, t2 and/or the I? value were used to quantify
heterogeneity. For example, the amount of heterogeneity (i.e.,
72), was estimated using the restricted maximum-likelihood
estimator. The Q-value was used to test whether differences in
studies are due to systemic differences or to chance alone. The
I? value assesses the percentage of inter-study variability that
can be attributed to heterogeneity. Forest plots were used to
display study results, effect sizes, measures of heterogeneity and
statistical tests.

Reading, mathematics, and spelling outcomes were compared
to normative expectations and controls. The normative
comparisons were based on comparisons to a normal distribution
with a mean of 100 and a standard deviation of 15. For each
study and outcome, z-scores were constructed by subtracting
100 from each study mean and dividing by the resulting value
by the standard deviation of 15. Study standard deviations were
transformed by dividing by the normative standard deviation of
15. For studies with a sample of appropriate controls, patients
with SCD were compared to controls. The Hedges' g was used
as an estimate of the effect size. Standardized differences were
calculated by multiplying Hedges” g by SD = 15.

Age at assessment and overall IQ were evaluated separately
for association with reading and mathematics outcomes. Age
and IQ were entered as linear predictors for reading and math
composite scores. The pseudo R-squared value was computed as
percent reduction in estimated 2 [amount of heterogeneity as
estimated based on a random-effects model vs. the amount of
(residual) heterogeneity as estimated based on the mixed-effects
meta-regression model with predictors].

Pooled estimates of the proportions using services of Special
education, 504, and IEP services and grade retention were
estimated using random effects models. Heterogeneity of studies
was also evaluated. For IEP’s and grade retention, normative
data were available, and comparisons were made via odds-ratios.
Normative values for IEP services (IDEA Part B) were based
on the average percentage of African-American students (3-21
years) receiving services through IDEA Part B from 2000 to
2019. Retention normative value of 3.8% based on average counts
per year from 1994 to 2016: (285,749/752,462). IEP normative
value of 15.6% based on average counts per year from 2000 to
2019: (1,261,827/8,068,662).

Subgroup analyses of assessments of reading and math
composite scores were analyzed by cerebral infarct status. Within
group heterogeneity and between group variation parameters
were quantified using mixed-effects meta regression models.

Thus, for each outcome of interest either a random-effects
model or mixed-effects (when moderator was present) was fitted

8
E Records identified through database search Duplicates
g (n=1647) (n=841)
i
on
E Records screened Records excluded
3 (n=2846) (n=741)
@
2
E Full-text assessed for eligibility Full-text excluded
b1 >
i) (n=105)
5 #Wrong outcome
measure (n=57)
*Adult population
— (n=4)
3
3 Studies included
E (n=44)
FIGURE 1 | PRISMA flow chart of study. All titles and abstracts of studies
were independently screened by two reviewers (A.H. and L.H.) to identify
studies meeting the inclusion criteria. Discrepancies were resolved through
discussion or through an arbitrator (J.H.). Covidence (www.Covidence.org)
was used to screen and review studies.

to the data for each outcome. The amount of heterogeneity
(i.e., %), was estimated using the restricted maximum-likelihood
estimator (34). The Q-test for heterogeneity (35) and the I?
statistic (36) were evaluated. Studentized residuals and CooKk’s
distances were used to identify possible outliers and/or influential
studies (37). The regression test (38) was used to evaluate funnel
plot asymmetry. The analysis was carried out using R (version
4.1.0) (R Core Team, 2020) and the metafor package (version
3.0.2) (39).

RESULTS

A total of 846 abstracts were screened for inclusion (see Figure 1).
A total of 105 studies met initial screening criteria. Of those,
57 studies were removed for not reporting outcomes of interest
(e.g., only measures of cognition or no academic attainment
outcomes reported) and 4 studies were excluded for having an
adult population (i.e., average age over 18). A final sample of 44
studies (total of 3,971 children with SCD) met criteria (Figure 1).
Overlapping samples are displayed in Supplementary Table 2.
Reading, mathematics, and spelling outcomes were assessed
via performance measures in 20, 18, and 7 unique studies,
respectively (Table 1). Of these, 8 studies assessing reading
and math performance included a control group of patients

Frontiers in Neurology | www.frontiersin.org

December 2021 | Volume 12 | Article 786065


http://www.Covidence.org
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Heitzer et al. Academic Performance Sickle Cell Disease

TABLE 1 | Reading, mathematics, and spelling outcomes compared to normative expectations and controls.

SCD vs. Normative expectations SCD vs. Controls

Outcome k n ASS g SEg p-value k n ASS g SEg p-value
Reading 20 1,520 -10.6 -0.70 0.08 <0.001 8 508 -6.0 —0.40 0.17 0.017
Math 18 1,369 —13.1 -0.87 0.10 <0.001 8 508 -5.4 —0.36 0.17 0.033
Spelling 7 279 -12.0 —0.80 0.17 <0.001 - - - - - -

SCD, sickle cell disease; normative expectations, normative values based on sample used to create performance measures; controls, siblings or demographically matched controls
(varies by study); k, number of unique studies included in analyses; n, total sample size from all included studies; ASS, difference in scores from normative expectations or controls
(Mean = 100, SD = 15) calculated by multiplying Hedges’ g by SD = 15; g = mean effect size Hedges’ g). SE g = standard error for Hedges’ g effect size.

Reading performance incorporated measures of basic word reading and reading comprehension. Math performance was based on measures of arithmetic calculation or applied
mathematics. Spelling performance was based on a single subtest in all studies. Composite scores were computed for studies that reported multiple arithmetic or reading subtests

based on the weighted average of each subtest.
p-value < 0.05 was in bold.

TABLE 2 | Provision of special education services and rates of grade retention in sickle cell disease compared to rates for African Americans nationally.

Outcome k n Percentage (95% CI) OR (95% CI) p-value
Special education 19 1,669 38% (29, 47%) - -
504 plan 5 808 10% (6, 15%) - -
Individualized Education Plan (IEP) 10 1,210 32% (22, 41%) 2.4(1.5,3.7) <0.001
Retention 16 1,803 27% (22, 33%) 9.7 (7.4,12.7) <0.001

k, number of unique studies included in analyses; n, total sample size from all included studies; Cl, confidence interval; OR, odds ratio for comparison to normative data.

Grade retention normative values were based on the average retention rates for Black students (K-12) from 1994 to 2016. Normative values for IEP services (IDEA Part B) were based
on the average percentage of Black students (3-21 years) receiving services through IDEA Part B from 2000 to 2019. Retention normative value of 3.8% based on average counts per
year from 1994 to 2016: (285,749/7,524,621). IEP normative value of 15.6% based on average counts per year from 2000 to 2019: (1,261,827/8,068,662).

p-value < 0.05 was in bold.

without SCD, and only 4 studies of spelling performance
recruited controls.

Ten studies reported IEP status among 1,210 students with
SCD (Table 2). Grade retention was assessed in 16 studies,
including 1,803 students with SCD. Only 3 studies reporting IEP
status or grade retention included a control group. Participants’
ages ranged from 5 to 18 years across all studies.

Reading, Math, and Spelling Performance
Results revealed significant differences in math, reading, and
spelling performance compared to age-normative expectations
(Table 1). Reading, math, and spelling scores were 10.6 (g =
—0.70), 13.1 (g = —0.87), and 12.0 (g = —0.80) points below
normative expectations (p < 0.001), respectively, consistent with
medium to large effect sizes. Results for SCD vs. normative
reading, math, and spelling scores were all highly heterogeneous
across studies (Tau? = 0.11-0.18, p < 0.01). Therefore, pooled
results should be interpreted with caution.

Reading scores of students with SCD fell 6.0 (g =
—0.40) points below demographically matched and/or sibling
controls without SCD (Figure 2). Performance on measures
of mathematics were 5.4 (¢ = —0.36) points below matched
controls (Figure 3). These studies also displayed a great amount
of heterogeneity in findings (Tau? = 0.15-0.16, p < 0.01). Only 4
studies assessing spelling performance recruited a control group,
therefore we did not calculate pooled group differences.

IEP Support and Grade Retention
Based on the 10 studies with IEP data (Table 2), the pooled
estimate for percentage of students with SCD having an

IEP was 32% (95% CI: 22, 41%). When comparing the
portion of students with SCD who have an IEP to a
normative value of 15.6%, the estimated pooled odds ratio
based on the random-effects model was 2.4 (95% CI: 1.5-
3.7, p < 0.001). Thus, children with SCD were more than 2
times more likely to receive an IEP than African American
students nationally.

Based on 16 studies including rates of grade retention,
the pooled estimate was 27% (22, 33%). The estimated
average odds ratio based on the random-effects model was
9.7 (95% CI: 7.4-12.7), p < 0.001 (Table2 and Figure 4).
Thus, children with SCD were almost 10 times more likely
to be grade-retained compared with African American
children nationally.

Age and 1Q Moderation of Reading and

Math Performance

As displayed in Table 3, across 19 studies that measured reading
performance, older age was marginally associated with poorer
reading performance (Estimate = —0.99, Standard Error = 0.52,
p = 0.056). Consistently, age was negatively associated with
math performance across 17 studies (Estimate = —1.72, Standard
Error = 0.83, p = 0.037).

Both reading and mathematics were highly associated with
overall 1Q across studies (Table 3). After inclusion of IQ as
a moderator in analyses, 11.2 and 51.8% of the variability
in reading and mathematics outcomes, respectively, can be
attributed to the remaining between-study heterogeneity.
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Study SCD Control SMD [95% CI]
N Mean(SD) N Mean(SD)
Bills (2019) 65 98(12) 59 109(14) - -0.83 [-1.19, -0.46]
Brown (1993) 26 96(17) 18 106(22) ——k -0.49[-1.10, 0.12]
Fowler (1988) 28 92(16) 28 104(17) —.— -0.75 [-1.29, -0.20]
Nabors (2002) 26 77(14) 13 85(14) —— -0.60 [-1.27, 0.08]
Noll (2001) 31 87(17) 31 90(18) —m— 017 [-0.67, 0.33]
Richard (1997) 42 93(40) 26 71(39) i—=— 0.55[0.05, 1.05]
Swift (1989) 21 82(12) 21 92(15) —— -0.74[-1.36, -0.11]
Wasserman (1991) 43  90(15) 30 94(18) -—I-—< -0.25[-0.72, 0.22]
RE Model (Q = 23.50, df = 7, p = 0.001; I? = 68.7%) - -0.40 [-0.73, -0.07]
SCD vs Control, Hedges g=-0.40 P-value=0.017 ’ A
-1.5 0 1

Standardized Mean Difference

FIGURE 2 | Forest plot for composite reading score among patients with sickle cell disease compared to controls. Reading performance incorporated measures of
basic word reading and reading comprehension. Composite scores were computed for studies that reported multiple reading subtests based on the weighted
average of each subtest. N, the sample size per study subgroup. SD, standard deviation. SMD, standardized mean difference. 95% Cl, 95% confidence interval.

Study SCD Control SMD [95% Cl]
N Mean(SD) N Mean(SD)
Bills (2019) 65 96(13) 59 103(14) . -0.52 [-0.88, -0.16]
Brown (1993) 26 94(13) 18 92(13) —=—  0.18[-0.42, 0.79]
Fowler (1988) 28 84(15) 28 84(18) -—I—' -0.02 [-0.55, 0.50]
Nabors (2002) 26 74(17) 13 89(20) — -0.83 [-1.52, -0.14]
Noll (2001) 31 81(14) 31 86(15) —a -0.31[-0.81, 0.19]
Richard (1997) 42 92(42) 26 88(53) —— 0.07 [-0.42, 0.56]
Swift (1989) 21 78(11) 21  93(8) — -1.45[-2.13, -0.77]

Wasserman (1991) 43 82(13) 30 86(16) —. -0.25[-0.72, 0.21]

RE Model (Q = 20.34, df = 7, p = 0.005; I = 69.5%)

- -0.36 [-0.70, -0.03]
SCD vs Control, Hedges g=-0.36 P-value=0.033 :

[ I [ [ |
3 2 -1 0 1
Standardized Mean Difference
FIGURE 3 | Forest plot for composite math score among patients with sickle cell disease compared to controls. Math performance based on measures of arithmetic

calculation or applied mathematics. Composite scores were computed for studies that reported multiple arithmetic subtests based on the weighted average of each
subtest. N, the sample size per study subgroup. SD, standard deviation. SMD, standardized mean difference. 95% CI, 95% confidence interval.

Academic Performance by Infarct Status studies within each of the subgroups (no CVA: I* = 50.5%,
Figures 5, 6 display reading and math performance for SCD  silent cerebral infarct: I> = 31.5%, and stroke: I = 71.4%).
patients with stroke, silent cerebral infarct, or no cerebrovascular ~ The mean reading score was 80.2 (95% CI: 66.7-86.2) in the
accident (CVA). stroke group, 86.3 (95% CI: 81.7-90.9) in the silent infarct group,
The test for subgroup differences in composite reading scores ~ and 89.2 (95% CI: 85.1, 93.3) in the group without history
by cerebral infarct status suggests that there was a statistically =~ of a CVA.
significant subgroup effect (p = 0.034), meaning that cerebral The test for subgroup differences in composite math
infarct status significantly affects reading performance. However,  scores by cerebral infarct status suggests that there was a
there was substantial unexplained heterogeneity between the  statistically significant subgroup effect (p < 0.001), meaning
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Study N Retained (%) Odds Ratio [95% ClI]
Crosby (2015) 30 12 (40.0%) : —. 16.9[8.1, 35.1]
Daly (2012) 34 15 (44.0%) ; — 20.0[10.2, 39.4]
Epping (2013) 197 46 (23.5%) : —— 7.715.5,10.7]
Fowler (1988) 28 15 (54.0%) : — 29.2[13.9, 61.4]
Karkoska (2020) 20  3(15.0%) e 45[1.3,15.3]
King (2006) 23 10 (43.5%) : —— 19.5[ 8.5, 44.4]
King (2014) 536 94 (17.5%) : - 5.4[4.3, 6.7]
Kral (2004) 62 21 (34.0%) : —— 13.0[7.7, 22.0]
Ladd (2014) 370 71(19.2%) : - 6.0[4.6, 7.8]
Mayes (2011) 83 18 (21.7%) : —— 7.0[4.2,11.8]
Partanen (2020) 103 32 (30.7%) : — 11.4[7.5,17.3]
Peterson (2005) 72 26 (36.0%) : —a— 14.3[8.9, 23.2]
Richard (1997) 42  13(31.6%) : —-— 11.4[5.9, 21.8]
Schatz (2018) 90 21(23.3%) : —— 7.7[4.7, 12.6]
Yarboi (2017) 65 17 (25.9%) : —— 9.0[5.2, 15.6]
Yarboi (2019) 48 3 (7.0%) —_— 1.710.5, 5.4]
RE Model (Q = 64.92, df = 15, p<.001; 1% 79.2%) i 9.7 [ 74, 12.7]
SCD vs Normative (3.8%), P-value=<0.001 | | I I | | |
0.4 1.0 2.7 7.4 201 546 1484
Odds Ratio (log scale)

FIGURE 4 | Forest plot of grade retainment among patients with sickle cell disease compared to national estimates for black students. Normative data for grade

retention were extracted from the U.S. Department of Commerce, Census Bureau, Current Population Survey (2017). Grade retention normative values were based

on the average retention rates for Black students (K-12) from 1994 to 2016. N is the sample size of SCD subjects per study. 95% Cl, 95% confidence interval.

TABLE 3 | Moderator analyses of reading and mathematics by intellectual functioning and age at assessment.

Q Age
Outcome k Beta p-value ? R? k Beta p-value ? R?
Reading 13 0.76 <0.001 11.22 97.3 19 —0.99 0.056 84.60 18.0
Math 11 0.84 <0.001 51.82 85.8 17 —1.72 0.037 88.02 21.0

1Q, intelligence quotient captured from a validated intelligence measure (mean = 100, standard deviation = 15); Age, average age (in years) of the study sample; k, number of unique
studlies included in the analyses. Reading performance incorporated measures of basic word reading and reading comprehension. Math performance was based on measures of
arithmetic calculation or applied mathematics. Spelling performance was based on a single subtest in all studies. Composite scores were computed for studies that reported multiple
arithmetic or reading subtests based on the weighted average of each subtest.

I estimates the amount of heterogeneity relative to the total variance. For example, in the model with reading as the outcome and IQ as the moderator, we estimate that 11% of the
total variance is due to heterogeneity.

R2, value is computed as percent reduction in estimated Tau? which is computed using the difference in Tau? estimates from the random effects model vs. the mixed-effects
meta-regression model (i.e., with predictor).

p-value < 0.05 was in bold.

that cerebral infarct status significantly affects composite math ~ bias and include: percentage retained in the SCD population
scores. However, there was substantial unexplained heterogeneity ~ (p < 0.01) and the composite reading scores among controls
between the studies within each of the subgroups (no CVA: I = (p=0.03).

33.4%, silent infarct: I> = 34%, and stroke I = 75.2%). The mean As a sensitivity analysis, we used a trim and fill data
math score was 76.2 (95% CI: 70.7-81.7) in the stroke group, 85.5  augmentation technique (40-42) to estimate how many studies
(95% CI: 80.8-90.2) in the silent infarct group, and 90 (95% CI: ~ would need to be included above or below the meta-analytic

85.9, 94.2) in the group without history of a CVA. mean to make the funnel plot symmetrical, and to estimate
. . . how the hypothetical missing studies might affect the estimated
Publication Bias grade retention estimate. The trim and fill yielded an estimate

The regression test (38) was used to test for publication  of the need to add 4 (SE = 2.7) studies on the left side
bias via funnel plot asymmetry. Egger’s Tests using two-tailed  (Supplementary Figure 1), and the resulting estimated rate of
criterion at p-values <0.05 were flagged for potential funnel plot  grade retention was 23% (95% CI: 17-30%).
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Study N Mean (SD) Mean [95% CI]
Stroke

Wang (2001) 24 84.6 (22.8) e 84.6 [75.5, 93.7]
Nabors (2002) 12 72.6 (13.8) —a— 72.6 [64.8, 80.4]
Gold (2008) 17 84.4 (14.1) —a— 84.4[77.6, 91.1]
Brown (2000) 22 79.1 (24.9) e 79.1[68.7, 89.5]
RE Model for Subgroup (Q = 6.05, df = 3, p = 0.109; 2= 50.5%, 2= 18.44) . = 80.2 [74.3, 86.2]
Silent Infarct

White (2006) 16 87.1(17.1) [ —— 87.1[78.7, 95.5]
Wang (2001) 51 81.8 (22.1) —a— 81.8[75.7, 87.9]
Kral (2006) 5 90.4 (6.1) —a— 90.4 [85.1, 95.7]
Gold (2008) 8 85.1(21.4) | . 85.1[70.3, 99.9]
Brown (2000) 11 84.9 (33.4) I - { 84.9[65.1, 104.6]
RE Model for Subgroup (Q = 4.45, df = 4, p = 0.349; I? = 31.5%, 1° = 8.33) i 86.3[81.7, 90.9]
No CVA

White (2006) 49 90.8 (14.2) —a— 90.8 [86.9, 94.8]
Wang (2001) 172 93.9 (18.0) - 93.9[91.2, 96.6]
Nabors (2002) 14 79.9 (13.8) —a— 79.9[72.7, 87.2]
Kral (2006) 22 89.2 (15.4) T 89.2[82.8, 95.7]
Gold (2008) 40 92.1(20.8) —a— 92.1[85.7, 98.6]
Brown (2000) 30 83.9 (25.9) e i 83.9[74.7, 93.2]
RE Model for Subgroup (Q = 16.04, df = 5, p = 0.007; I = 71.4%, 1% = 16.92) i 89.2[85.1, 93.3]
RE Model for All Studies (Q = 51.12, df = 14, p < .001; I = 70.8%, 1° = 24.71) <o 86.0[82.8, 89.2]
Test for Subgroup Differences: Qy = 6.77, df =2, p = 0.0338 :

[ T I T [ |
60.0 70.0 80.0 90.0 100.0 110.0

FIGURE 5 | Forest plot for Mean Composite Reading score by infarct status. CVA, cerebrovascular accident. Reading performance incorporated measures of basic
word reading and reading comprehension. Composite scores were computed for studies that reported multiple reading subtests based on the weighted average of
each subtest. N, study subgroup sample size. SD, standard deviation. 95% Cl, 95% confidence interval.

Mean Composite Reading Score

DISCUSSION

Students with SCD demonstrate deficits in academic achievement
across domains compared to normative expectations and
healthy/sibling controls. This achievement gap appears to
worsen as students with SCD age and demonstrate slowed
academic growth. Students with SCI or stroke displayed greater

achievement deficits than their peers without history of CVA.
Despite frequently receiving formal academic supports, students
with SCD are retained at an alarming rate.

This is the first meta-analysis examining academic
performance in children with SCD in the United States.
Compared to normative expectations, students with SCD
demonstrated substantial deficits in reading, arithmetic, and

Frontiers in Neurology | www.frontiersin.org

12

December 2021 | Volume 12 | Article 786065


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Heitzer et al.

Academic Performance Sickle Cell Disease

Study N Mean (SD) Mean [95% CI]
Stroke

Wang (2001) 24  T7.3(17.7) —— 77.3[70.2, 84.4]
Nabors (2002) 12 66.9(18.3) — . 66.9 [56.6, 77.3]
Gold (2008) 17 81.6 (18.1) b 81.6 [73.0, 90.1]
Brown (2000) 22 76.9(26.3) — . 76.9[65.9, 87.9]
RE Model for Subgroup (Q = 4.67, df =3, p = 0.198; I =33.4%, 1° = 10.67) -l 76.2[70.7, 81.7]
Silent Infarct

White (2006) 16 84.0(14.6) —— 84.0[76.8, 91.1]
Wang (2001) 51 82.0 (19.1) —a— 82.0[76.8, 87.2]
Kral (2006) 5 92.0 (8.4) " 92.0[84.7, 99.3]
Gold (2008) 8 82.3 (26.9) t A 82.3[63.7, 100.9]
Brown (2000) 1 87.4 (24.4) f = H 87.4[73.0,101.9]
RE Model for Subgroup (Q = 5.03, df = 4, p = 0.284; I? = 34.0%, 1° = 9.42) o 85.5[80.8, 90.2]
No CVA

White (2006) 49 925(14.7) . 92.5[88.4, 96.6]
Wang (2001) 172 90.7 (17.7) e 90.7 [88.1, 93.3]
Nabors (2002) 14 79.9(13.4) — 79.9[72.9, 86.9]
Kral (2006) 22 90.7 (18.4) — 90.7 [83.0, 98.4]
Gold (2008) 40  96.1(15.3) i 96.1[91.3, 100.8]
Brown (2000) 30 87.2(23.1) — 87.2[78.9, 95.4]
RE Model for Subgroup (Q = 15.52, df = 5, p = 0.008; I* = 75.2%, 1% = 18.95) o 90.0 [85.9, 94.2]
RE Model for All Studies (Q = 64.02, df = 14, p < .001; 7= 80.8%, = 42.35) <@ 85.2[81.3, 89.1]
Test for Subgroup Differences: Qy = 15.2, df =2, p = 0.0005 i

[ I T T T [ |
50.0 60.0 700 800 90.0 100.0 110.0

Mean Composite Math Score

FIGURE 6 | Forest plot for composite math score by infarct status. CVA, cerebrovascular accident. Math performance based on measures of arithmetic calculation or
applied mathematics. Composite scores were computed for studies that reported multiple arithmetic subtests based on the weighted average of each subtest. SD,
standard deviation. N, study subgroup sample size. 95% Cl, 95% confidence interval.

spelling. These deficits generally did not vary across academic
domains, with consistent medium to large effects. A large
portion of the variance in academic achievement was accounted
for by intellectual functioning, particularly reading skills. This
is consistent with findings in the general population, showing
a strong correlation between intellectual functioning and
academic knowledge and attainment (43, 44). Slowed academic
development is likely due in part to accumulated micro-infarcts,

chronic hypoxemia, and repeated tissue ischemia as well as the
cumulative impact of school absences. Academic deficits were
reduced when compared to healthy and/or sibling controls,
likely due to the contribution of sociodemographic factors. Most
studies assessing academic achievement in SCD only reported a
single subtest for each academic domain or a composite index,
precluding more granular analysis of academic weaknesses.
Only two of the included studies (11, 45) reported measures
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of academic fluency. In both studies, fluency measures were a
relative academic weakness, consistent with processing speed
deficits observed in SCD (46).

The implementation of school services differed notably across
studies. Provision of IEPs and 504 Plans ranged from 14 to 74%
and 4 to 16%, respectively. As expected, students with SCD were
over twice as likely to receive an IEP than a national sample
of African American students. These findings are consistent
with other chronic medical conditions of childhood, such as
congenital heart disease (47). Due to a limited number of
studies, we were unable to examine if cognitive and/or academic
performance were associated with provision of school services.
Among a national sample of students diagnosed with attention
deficit/hyperactivity disorder, provision of an IEP was associated
with disease severity, diagnosis of a developmental delay
and/or neurodevelopmental disorder, academic, and cognitive
performance (48). In contrast, implementation of a Section
504 Plan was primarily associated with sociodemographic
factors, such as primary language used in the home and type
of health care coverage (48). Ghafuri et al. (49) observed
that patients with SCD were more likely to receive school
services following a neuropsychological evaluation. Yet, it is
unclear if the results of the assessment resulted in improved
access rather than advocacy by the providers. Conclusions
drawn regarding school services are limited due to differing
descriptions of special education services, and many studies
did not differentiate between receiving a Section 504 Plan
vs. an IEP (see Supplementary Table 3). Surprisingly, rates of
services through Section 504 were much lower than those
reported for an IEP. The definition of a disability under
Section 504 is much broader than in an IEP and often
includes children with no observed learning/cognitive deficits.
Many families with limited resources may be unaware of
accommodations provided through Section 504 (48) and would
benefit from school advocacy. At a minimum, most children
with SCD, regardless of cognitive/academic deficits, should
qualify for accommodations under Section 504 to address
medical concerns (e.g., bathroom breaks, excused absences
for medical visits). For students with learning difficulties,
accommodations and services should be informed through a
more comprehensive evaluation done through the school and/or
pediatric neuropsychologist.

The odds of grade retention for students with SCD were
approximately 10 times greater than African American students
nationally. On average, 27% of students with SCD were
retained in at least one grade. These findings are concerning
given the research on the long-term effects of grade retention
demonstrating no benefits on academic attainment but negative
effects on psychosocial outcomes (50). Students who are retained
in grade are 50% more likely to drop out of high school (51)
and their odds of attending college are cut in half, even after
accounting for academic achievement, race, and socioeconomic
status (52). King et al. (1) conducted the largest (n = 536) study
assessing correlates of grade retention in students with SCD. They
found that older age, male sex, and lower household income
significantly increased risk of grade retention. Medical factors
such as silent cerebral infarcts or frequency of pain episodes were

not associated with grade retention. Because most studies did
not report correlates of grade retention, we were unable conduct
a meta-regression evaluating predictors of grade retention. It
is recommended that medical and behavioral health providers
advocate against retention for most students with SCD, instead
recommending school services through an IEP or 504 Plan based
on need.

Pooled effect sizes were smaller across academic achievement
and attainment outcomes when compared to healthy controls
relative to national normative data. These differences are likely
accounted for by sociodemographic factors, as students with
SCD tend to live in lower socioeconomic neighborhoods (3).
Lower SES is associated with reduced academic achievement
and attainment independent of disease status (53). A few of
the included studies reported relationships between SES and
academic achievement (19, 23, 54) or grade retention (1), but
we were unable to calculate any pooled values due to the lack of
standardization in the SES indices.

Poor academic attainment and grade retention have
significant consequences. In the general population, reduced
academic attainment is associated with poorer health literacy
(55) and increased mortality (56), while grade retention is related
to poorer psychosocial adjustment (57), delays in entering the
workforce (58), and reduced salaries (59). Among patients
with SCD, those without a high school education visit the
emergency department three times as frequently as patients
with post-secondary education (5). This association between
educational attainment and hospital visits persists even after
controlling for sociodemographic and disease factors (5). The
academic attainment of patients with SCD has social and health
consequences that go beyond the classroom environment.
Further research is needed to evaluate the breadth of these
academic consequences and potential intervention targets.

Individualized academic intervention and broader policy
changes are needed to address the significant academic needs
of students with SCD. Several institutions utilize academic
liaisons to support patients with SCD from early childhood
through adolescence. These liaisons typically work closely with
neuropsychologists to screen patients for learning difficulties
(60). If academic deficits and/or cognitive delays are identified,
the academic liaisons can advocate for patients within the school
environment and attend school meetings (e.g., IEP meetings).
Further, liaisons can provide psychoeducation to families about
their rights within the school environment and availability
of academic resources, such as Section 504. Beyond services
provided within the school environment, targeted academic
interventions are needed. A majority of SCD patients lack
academic readiness skills in preschool (61), and these early
skills are the strongest predictor of later academic attainment
(62, 63). Patients with SCD would benefit from increased access
to early intervention, preschool services, and targeted academic
readiness interventions.

Several study limitations exist. Due to variability in academic
achievement measures across studies, we could not analyze
specific areas of academic weakness beyond broad categories
of mathematics, reading, and spelling. Future research should
examine more specific academic outcomes (e.g., calculation,
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phonological processing, fluency). Moderation analyses
were limited to age and intellectual functioning. Additional
factors known to influence academic performance, such
as socioeconomic status, could not be analyzed due to
inconsistent reporting across studies. Factors which may
affect academic performance also include missed school days
due to outpatient appointments, illness and hospitalizations,
as well as accrual of strokes or silent infarcts. Only a small
number of studies reported academic achievement outcomes
based on cerebral infarct status. From the available studies, it
appears that there is a clear gradient of performance based on
infarct severity. Further research is needed to understand the
functional consequences of these cerebral vascular injuries and
implications for academic intervention. There is also a need
to understand the influence of infarct location and size on
academic performance.

To conclude, the present meta-analysis clearly demonstrates
the negative effects of SCD on academic achievement and
attainment. Consistent with cognitive deficits, the academic
achievement gap in math and reading appears to worsen as
students with SCD age. A substantial portion of academic
achievement is determined by levels of cognitive performance.
Further research is needed to understand this relationship,
and the specific cognitive domains that influence academic
functioning in SCD. Despite well-documented academic deficits,
most patients with SCD do not receive any form of academic
services. Students with SCD would benefit from increased school
advocacy and access to academic intervention services.
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Ischemic stroke is one of the most devastating complications of sickle cell anemia (SCA).
Previous studies have shown that intracardiac shunting including patent foramen ovale
(PFO) can be a potential risk factor for stroke in children with SCA. This study investigates
the association between PFO and overt ischemic stroke in the DISPLACE (Dissemination
and Implementation of Stroke Prevention Looking at the Care Environment) study cohort
of 5,247 children with SCA of whom 1,414 had at least one clinical non-contrast
transthoracic echocardiogram. Presence of PFO was taken from the clinical report.
Further, we assessed the association between PFO and other clinical and hemolytic
factors in children with SCA such as history of abnormal sickle stroke screen [elevated
Transcranial Doppler ultrasound (TCD) velocity] and patient’s baseline hemoglobin. In 642
children for whom all data were available, the adjusted odds ratio (OR) for overt stroke
was higher in those with PFO but this was not statistically significant (OR: 1.49, 95%
Cl: 0.20-11.03, p = 0.6994). With an OR of 0.85, the study suggested less PFOs in
those with abnormal TCD, but this was not statistically significant (95% CI: 0.17-4.25,
p = 0.8463). Overall, the prevalence of PFO in this large sub study of non-contrast
echocardiography amongst children with SCA is much lower than previous smaller
studies using bubble contrast echocardiography. Overt stroke was non-statistically more
common in children with SCA and PFO, but there was no evidence that PFO was more
common in those with abnormal TCD, the most important pediatric sickle stroke screen.

Keywords: sickle cell disease, children, ischemic stroke, patent foramen ovale, sickle stroke screen

INTRODUCTION

Sickle cell anemia (SCA) is the leading cause of overt ischemic stroke in children (1), with a stroke
risk up to 10% per year without any primary stroke prevention strategy applied (2-5). Stroke is
one of the most devastating complications in children with SCA leading to high morbidity and
mortality (3, 4). Several risk factors have been identified for stroke in children with SCA including
anemia, leukocytosis, hypertension, silent infarction, history of acute chest syndrome, and other
environmental and genetic factors (4, 6).
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Previous studies have shown patent foramen ovale (PFO) to
be a significant risk factor for overt ischemic stroke in adults
(without SCA) with a prevalence of up to 40% in young adults
(7, 8). PFO leads to paradoxical embolization where emboli from
the systemic venous circulation pass from the right heart directly
into the left heart and eventually the brain without filtration in
the lungs (8-10).

Children with SCA have been shown to be at a 4- to 100-
fold increased risk for thrombosis compared with the general
population (11). SCA is associated with increased activation
of coagulation mechanism leading to increased circulating
thrombin, platelet activation, increased activation of fibrinolysis
and decreased levels of anticoagulant proteins (12-15). In SCA,
the chronic anemia and pulmonary arterial hypertension may
lead to increased right heart pressure thereby predisposing to
right to left shunting and paradoxical embolization; this may
predispose children with SCA who have a PFO to increased risk
for stroke (16). Previous studies have shown that potential right-
to-left shunting through the heart or the lungs, diagnosed with
bubble contrast transthoracic echocardiograms, can be a risk
factor for stroke in children with SCA (17, 18). Unfortunately,
because of the perceived risks of bubble contrast in children
with SCA without stroke, most of these studies were limited by
their small sample size and the use of control groups of children
without SCA (17).

The greatest advancement to date in preventing strokes
in children with SCA has been using transcranial doppler
ultrasound (TCD) screening (now called a sickle stroke screen)
to identify children who are at risk of stroke and institute
primary prevention strategy (2). The sickle stroke screen is
used to detect stenosis in the distal intracranial portions of
the internal carotid artery and the proximal middle cerebral
artery MCA as evidence by elevated TCD velocity in the arteries
(19). The STOP trial demonstrated that children with elevated
TCD velocity >200cm per second that received regular blood
transfusion therapy had a 92% relative risk reduction in the
rate of overt strokes when compared with standard therapy.
Despite the success shown in the STOP trial, and the subsequent
published guidelines, many centers continue to have poor
implementation of the recommended annual TCD screening
(20-24). In addition, currently it is unclear whether the etiology
of strokes in children and adults occurring in the era of sickle
stroke screening with TCD are related to alternative stroke
mechanisms or implementation failure of the screening system.
Preliminary results from the DISPLACE study suggest that the
majority of ischemic strokes occurring in the current era are most
often occurring in children who have not had a sickle stroke
screen/TCD in the preceding 365 days (publication pending).
Although causality cannot be assessed in DISPLACE, it does
appear that a failure of implementation of sickle stroke screen is
in part responsible for these events.

Recently, the DISPLACE (Dissemination and Implementation
of Stroke Prevention Looking at the Care Environment) study
was funded by National Heart Lung and Blood Institute (NHLBI)
to evaluate implementation of TCD screening and assess barriers
and facilitators to evidence-based stroke prevention for children
with SCA across 28 sites in the USA (25). As part of DISPLACE

study, data were collected on children with SCA who were
aged 2-16 at the time of the study and included TCD results,
MRI results, Echocardiogram information (if done for clinical
assessment) as well as laboratory and demographic information.
The overall goal of the current study was to investigate the
association between PFO and overt ischemic stroke in the
DISPLACE cohort. Further, we assessed the association between
PFO and other clinical and hemolytic factors in children
with SCA such as abnormal TCD, baseline hemoglobin and
blood pressure.

METHODS

Study Population and Design

DISPLACE study retrospectively collected data on 5,247 children
with SCA aged between 2 and 16 years from 28 centers in the US
including clinical and laboratory assessments from defined study
years of 2012-2016 (25). These data included baseline values
of heart rate and blood pressure measurements, anthropometric
measurements including height and weight and presence or
absence of sickle cell disease-related therapies including chronic
red cell transfusion (CRCT) and hydroxyurea (HU) therapies.
Laboratory data included baseline data on complete blood count
including hemoglobin and reticulocyte count.

While the clinical and anthropomorphic data focused
were only collected during years 2012-2016, data from
radiographic studies were uploaded from birth-present. Thus,
Magnetic Resonance Imaging (MRI), TCD, and echocardiogram
reports were included if available throughout the lifespan of
the individuals. All of these radiographic studies including
echocardiograms were ordered by the treating provider for
standard of care (not for study-specific inquiry) and were not
read centrally. As shown in the practice pattern questionnaire for
echocardiography among participating centers in the DISPLACE
study, about 50% of the centers order echocardiogram as part
of routine care for children with SCD, while the remaining
50% order echo in children only secondary to other clinical
circumstances including history of overt stroke, history of silent
stroke, asthma, LVH on chest x-ray, murmurs that in non-typical
flow murmur.

All echocardiogram studies were performed and interpreted
according to the American Society of Echocardiography
guidelines (26, 27). The echocardiogram reports collected ranged
from 2000 to 2020. There was no central adjudication of the
echocardiograms or the reports; the data were only collected as
reported. The case report forms for neurologic complications
and MRI findings included the options for overt ischemic stroke,
silent cerebral infarct, and hemorrhagic stroke. Only the overt
ischemic stroke was included in this project.

The current study was conducted as a cross-sectional analysis
of children with SCA who had at least one echocardiogram and
one set of laboratory and clinical assessments (during the same
calendar year as the echocardiograph). Of the 5,247 children in
the DISPLACE database, 3,833 were excluded who did not have
an echocardiogram or accompanying lab and clinical assessment
resulting in an analysis cohort of 1,414 (Figure 1).
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5,247 children in the DISPLACE cohort

3833 excluded due to no available
echocardiogram result and
missing labs

v
‘ 1414 children included in the analysis

v | v

90 Children with 1324 children without

Patent foramen ovale Patent foramen ovale

FIGURE 1 | Flow chart depicting the number of DISPLACE study participants
included in the analysis. DISPLACE, Dissemination and implementation of
stroke prevention looking at the care environment.

Institutional Review Board and Data Use

Agreements

Institutional Review Board (IRB) approval and data use
agreement for the DISPLACE study were obtained at and
between each clinical institution and the sponsoring institution
using a common protocol (25). All data were de-identified at
time of entry and all data were retrospective; thus, consent
was not required from individual patients or their families. For
the current analysis, we further obtained IRB approval from
the University of Alabama at Birmingham to evaluate the de-
identified data.

Variable Definitions

Our primary outcome of interest was the relationship between
presence of PFO and presence of overt ischemic stroke. Our
secondary outcome is abnormal TCD velocity as recorded into
the DISPLACE database. Our predictor variable was PFO defined
as present/absent on the echocardiogram report. Our covariates
included age in years, sex, systolic blood pressure (SBP), diastolic
blood pressure (DBP), hemoglobin level, reticulocyte count and
ever or never use of (HU) or CRCT. Selection of our covariates
was based on previous knowledge on literature about their
importance in the research area (28, 29). All variables were
identified from the DISPLACE database.

Statistical Analysis

Descriptive analysis was carried out to examine the association
between PFO and covariates. Median and interquartile range
(IQR) were reported for age, hemoglobin level, reticulocyte
count, SBP, and DBP, whereas frequencies and percentages were
reported for sex, HU, and CRCT. In the bivariate analysis,
Kruskal-Wallis test and Cochran-Mantel-Haenszel test were
conducted for continuous and categorical variables respectively.
To determine the association between PFO and overt ischemic
stroke, a logistic regression was fit adjusting for covariates. Using
the no PFO as the referent group, crude and adjusted odds ratios

TABLE 1 | Demographics and clinical characteristics for children with sickle cell
anemia comparing children with PFO to those without.

N PFO NO PFO P-value
Number 1,414 90 1,324
Age (years) 1,414 48+53 8.7 + 46 <0.0001
Sex*, n (%) 0.2967
Male 725 41 (46.1) 684 (51.8)
Female 685 48 (563.9) 637 (48.2)
Hemoglobin (g/d) 950 8.9(8.0,99 8.6(7.896) 0.3624
Reticulocyte (per 1,000)" 437 326 283.0 0.8371
(137.8, 407.5) (158.0, 395.0)
Systolic BP (mmHg)" 642 107 (96,117) 109 (101, 116)  0.2861
Diastolic BP (mmHg)* 642 64 (53, 68) 62 (56, 68) 0.9791
Abnormal TCD, n (%) 142 133 (10.5) 9(10.0)
History of stroke, n (%) 102 97 (7.3 5 (5.6)
Therapy group, n (%) 0.0960
No therapy 617 51 (568.6) 566 (46.6)
Blood trans 190 10 (11.5) 180 (14.8)
Hydroxyurea 494 26 (29.8) 468 (38.5)

BF, Blood pressure (mmHg); Blood trans,
foramen ovale.

Tariables are reported as median (interquartile range).

*Variables are reported as the frequency and percent relative to the row attribute.
P-values from Row mean zero scores differ using Cochran-Mantel-Haenszel test for
categorical and ttest or Wilcoxon rank sum test for continuous variables.

Chronic red cell transfusion; PFO, Patent

(ORs) with their accompanying 95% confidence intervals (Cls)
were calculated for the group with PFO. Further, to determine the
association between PFO and abnormal TCD velocity, we used a
logistic regression and adjusted for potential covariates.

For all analysis, we used complete case analysis to handle
missing data, where we include only individuals with data
on all variables. Further to ensure our sample is similar in
baseline characteristics with the other children in the DISPLACE
cohort that were not included in our analysis, we compared the
demographics and clinical characteristics of children included in
our analysis to the children that were excluded due to the missing
echocardiogram results.

All reported P-values were 2 sided. Statistical significance was
defined as p < 0.05. All data analysis were performed using SAS
9.4 (SAS Institute, Cary, NC).

RESULTS

Participants’ Characteristics at Baseline
The baseline characteristics of the children are shown in table
1. A total of 1,414 children with SCD from DISPLACE were
included in the analysis who had completed echocardiograms
in the DISPLACE database. All of the children had SCA (HbSS
or HbSBO disease). All children had at least one documented
echocardiogram entered in the DISPLACE database, one clinical
assessment result and one complete blood count laboratory
result. Of the 1,414 children, 6.3% had PFO noted by
echocardiogram (Table 1).

The mean age of the children who had PFO was 4.8 years and
this was significantly lower than those without PFO (8.7years) (p
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TABLE 2 | Crude and adjusted odds ratios** and 95% Confidence intervals (95%
Cl) for the association between patent foramen ovale and ischemic stroke.

Total number ++No PFO PFO
Patients 1,414 1,324 90
Patients with ischemic stroke (%) 102 97 (7.3) 5 (5.6)
Crude odds ratio (95% Cl) 1,414 1.0 (ref) 0.74 (0.30-1.88)
*Adjusted odds ratio (95% Cl) 642 1.0 (ref)  1.49(0.20-11.03)

Cl, Confidence interval; PFO, Patent foramen ovale.

**Logistic regression was used to calculate odds ratio comparing children with PFO
to those without PFO *adjusted for age, sex, systolic blood pressure, diastolic blood
pressure. +-+The reference group is the group with no PFO. The sample size used for
the adjusted model dropped from 1,414 to 642 due to missing values in some of the
covariates included in the model.

TABLE 3 | Crude and adjusted odds ratios** and 95% Confidence intervals (95%
Cl) for the association between patent foramen ovale and abnormal TCD.

Total number ++No PFO PFO
Patients 1,414 1,324 90
Patients with abnormal TCD 142 133 (10.5) 9 (10.0)
velocity (%)
Crude odds ratio (95% ClI) 1,414 1.00 (refy  0.99 (0.49-2.03)
*Adjusted odds ratio (95% Cl) 642 1.00 (refy  0.85(0.17-4.25)

N (%), Number (percent); Cl, Confidence interval; PFO, Patent foramen ovale; TCD,
transcranial doppler ultrasound velocity.

“Logistic regression was used to calculate odds ratio comparing children with PFO
to those without PFO “adjusted for age, sex, systolic blood pressure, diastolic blood
pressure. +-+The reference group is the group with no PFO. The sample size used for
the adjusted model dropped from 1,414 to 642 due to missing values in some of the
covariates included in the model.

< 0.0001). There were no differences in sex, systolic or diastolic
blood pressure, hemoglobin, and/or reticulocyte count between
those with PFO and those without PFO (Table1). A lower
proportion of children with PFO had been treated on CRCT
compared to children without PFO, while a higher proportion of
children with PFO had been treated on HU compared to children
without, but this difference did not reach statistical significance
(p =0.0516). About 29% of children with PFO were on HU while
only about 10% of children with PFO were on CRCT.

Association Between PFO and Overt

Ischemic Stroke in Children With SCA

A total of 102 (7.2%) of the 1,414 children included in the analysis
had an overt ischemic stroke. Out of this 5 (5.6%) had PFO. The
odds of stroke was higher in those with PFO but this was not
statistically significant [OR: 1.49, 95% CI: 0.20-11.03, p = 0.6994;
Table 2].

Association Between PFO and Abnormal

TCD in Children With SCA

A total of 142 (10.0%) of the 1,414 included in the analysis had
abnormal TCD. Out of this, only 9 (10%) had PFO. There is
no evidence that the odds of having abnormal TCD is higher
among those with PFO compared to those without even after
adjusting for potential covariates (OR: 0.85, 95% CI: 0.17-4.25,
p = 0.8463; Table 3).

DISCUSSION

In the current crossectional analysis of a large cohort of children
with SCA, we found a lower than expected prevalence of
PFO as reported in the routine, presumably all non-contrast,
transthoracic echocardiograms. Only 6% of the children with
SCA were found to have PFO on routine echocardiogram.

Our results did not support the hypothesis that PFO is
associated with overt ischemic stroke in children with SCA as
only ~5% of children with PFO had overt ischemic stroke. In
contrast to this study, previous studies have reported consistently
higher prevalence of PFO in the general population (30) as well
as in children with SCA. In a meta-analysis, Mattle et al. showed
an increased risk of stroke among adults with PFO compared
to those without (30). One study, in which transthoracic and/or
trans esophageal echocardiography was used in more than three
quarters of children with stroke, found the prevalence of PFO to
be low (31). However there is evidence for a higher prevalence
of right-to-left shunting, including at atrial level, in children
with stroke undergoing bubble contrast, e.g., with transthoracic
echocardiography or transcranial Doppler (cTCD) (32, 33); this is
considered particularly important in those without vasculopathy
(32). Similarly, previous studies have reported an increased risk
of stroke among adults and children with SCA and PFO (16,
17, 34). In a study by Dowling et al. they found a significantly
higher prevalence of right to left shunting in children with
SCA compared to those without SCA. Importantly, this study
included any identified Right to Left shunting as the target
variable including but not limited to PFO (16). Additionally, they
also found that those with any potential right to left shunting
had a greater odds of being in the group of children with SCA
and stroke compared to children without SCD. There were
notable differences between their study population and their
target variable and ours which may have contributed to the
inconsistencies in the results. We included a control group of
children with SCA but without stroke, while they had a control
group of children without SCA or stroke.

Considering the pathophysiology of stroke in SCA, our results
showed that even though PFO may be a potential risk factor
for stroke in the general population, in children with SCA,
other risk factors seem to play a more important role in the
pathogenesis of stroke than the PFO. The presence of PFO should
not be considered to be confirmatory evidence of paradoxical
embolic stroke in children with SCA and overt ischemic stroke.
As shown in a review of echocardiogram features and paradoxical
emboli by Aggeli et al. even among the general population, the
presence of PFO does not necessarily confirm the diagnosis of
paradoxical embolic stroke in a patient with an overt ischemic
stroke. The patient’s clinical history, brain, cerebrovascular, and
cardiovascular imaging should be reviewed in detail to determine
whether embolic stroke is a possibility and if so, candidate
sources including carotid or vertebral vasculopathy as well as
right-to-left shunting (8). Further, in another review, Aggeli
et al. showed that even though PFO may increase the risk of
occurrence of an embolic stroke, there were not enough data to
determine whether PFO closure or antiplatelet drugs prevented
recurrence in these patients (35).
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In the current study we found no significant association
between PFO and abnormal TCD velocity. Approximately 10%
of the children with PFO had abnormal TCD on their sickle
stroke screen. Considering abnormal TCD velocity is the most
important surrogate use to identify those at increased risk of
overt ischemic stroke in children with SCA (19, 36, 37), our
hypothesis was that children with SCA with abnormal TCD
velocities will have higher prevalence of PFOs compared to those
with normal TCD velocities. However, this was not supported by
our findings.

Age was found to be significantly associated with PFO.
The median age for children with PFO was significantly lower
than that of children without PFO. This is expected and
consistent with findings from previous studies showing that
the majority of PFOs close during infancy, and for some
the closure may be gradual during childhood (38). Some
studies reported complete anatomic closure in up to 70-75% of
adults (39).

In the present study, hemolytic factors including
hemoglobin level and reticulocyte count were not
significantly associated with presence of PFO. Although
there is limited data on the relationship between hemolytic
factors and PFO, Kucukal et al. showed that increased red
cell adhesion markers correlate strongly with hemolytic
markers including hemoglobin level and reticulocyte
count and a history of intrapulmonary right to left
shunts (40).

Limitations of the Study

As expected with a retrospective crossectional study design, our
study has limitations. DISPLACE is a real-world evaluation of
current practice in clinical centers in the US. All echocardiograms
were performed according to standard of care for the
institution. The reports collected from each center were
used according to how they were reported from the center
with no additional review conducted as part of this study.
PFO was defined as present/absent on the echocardiogram
report. Not all children had a bubble study to determine the
presence of PFO. We had a low number of events compared
to what was reported in previous studies. Additionally, we
used only available data and therefore were not able to
include echocardiograms with reasonable amount of missing
data and DISPLACE participants who do not have echo
results. Therefore, in the adjusted models for the logistic
regression, the number of children included was only 45%
of the full cohort To ensure our study population did
not differ from the original DISPLACE study, we compared
the baseline characteristics of the participants included in
our analysis to the general DISPLACE participants and we
found no significant difference in the baseline demographic
and laboratory characteristics between the two populations
(Supplementary Table 1).

The strengths of our study include the use of a large national
population sample of children with SCA from 28 sites across the
US, which therefore facilitates the generalizability of our findings.
To our knowledge, this is one of the largest studies investigating
stroke and PFO in sickle cell disease. In addition, our study used

a comparison group of children with SCA without PFO and
therefore making the two groups more comparable in terms of
baseline characteristics.

CONCLUSION

Our study showed a much lower prevalence of PFO among
children with SCA than previously published. We found no
increased risk of stroke or abnormal TCD among those with
PFO compared to those without PFO in children with SCA.
This could be due to the fact that overall DISPLACE recorded
a much lower frequency of abnormal TCD than reported in
older studies (25). We believe that even though PFO may be
associated with increased risk of overt ischemic stroke in the
general population, in children with SCA, other known risk
factors including anemia, hypertension, silent infarction and
history of acute chest syndrome, likely play a more important
role. Contrast echocardiography or transcranial Doppler may
be considered in patients with SCA of any age who have
had an overt stroke and have no evidence of vasculopathy
on TCD or MRA. If treatment, e.g., closure or antiplatelet
therapy, is standard of care for people with cryptogenic stroke
and right-to left shunting, larger prospective studies in SCA
should focus on diagnosis or exclusion of right to left shunting
at cardiac or pulmonary level as a risk factor for overt
and silent stroke.

DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available
because of privacy reasons. However, aggregated datasets may
be shared. Requests to access the datasets should be directed to
Julie Kanter, jkanter@uabmc.edu.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by University of Alabama at Birmingham Institutional
Review Board. Written informed consent to participate in this
study was provided by the participants’ legal guardian/next
of kin.

AUTHOR CONTRIBUTIONS

NG, WJ, VH, and JK designed the study. AC, GH, and VH wrote
and reviewed the manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

This study was supported by the grant 5R01HL133896-04 to JK
from NIH and Pre-doctoral grant 20PRE35210531 to NG from
AHA.

Frontiers in Neurology | www.frontiersin.org

22

December 2021 | Volume 12 | Article 761443


mailto:jkanter@uabmc.edu
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Galadanci et al.

PFO and Stroke in Sickle Cell Disease

ACKNOWLEDGMENTS

The authors would like to thank the National Heart Blood and
Lung Institute (NHLBI) of the National Institute for Health
(NIH), USA and the American Heart Association (AHA).

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Baker C, Grant AM, George MG, Grosse SD, Adamkiewicz TV. Contribution

of sickle cell disease to the pediatric stroke burden among hospital discharges
of African-Americans-United States, 1997-2012. Pediatr Blood Cancer. (2015)
62:2076-81. doi: 10.1002/pbc.25655

. Adams RJ, McKie VC, Hsu L, Files B, Vichinsky E, Pegelow C, et al. Prevention

of a first stroke by transfusions in children with sickle cell anemia and
abnormal results on transcranial doppler ultrasonography. N Engl ] Med.
(1998) 339:5-11. doi: 10.1056/NEJM199807023390102

. DeBaun MR, Jordan LC, King AA, Schatz J, Vichinsky E, Fox

CK, et al. American society of hematology 2020 guidelines
for sickle cell disease: prevention, diagnosis, and treatment of
cerebrovascular disease in children and adults. Blood Adv. (2020)

4:1554-8. doi: 10.1182/bloodadvances.2019001142

. Ohene-Frempong K, Weiner §J, Sleeper LA, Miller ST, Embury S, Moohr JW,

et al. Cerebrovascular accidents in sickle cell disease: rates and risk factors.
Blood. (1998) 91:288-94.

. Adams RJ. Big strokes in small persons. Arch Neurol. (2007) 64:1567-

74. doi: 10.1001/archneur.64.11.1567

. Miller ST, Macklin EA, Pegelow CH, Kinney TR, Sleeper LA, Bello JA, et al.

Silent infarction as a risk factor for overt stroke in children with sickle cell
anemia: a report from the cooperative study of sickle cell disease. | Pediatr.
(2001) 139:385-90. doi: 10.1067/mpd.2001.117580

. Lechat P, Mas JL, Lascault G, Loron P, Theard M, Klimczac M, et al. Prevalence

of patent foramen ovale in patients with stroke. N Engl ] Med. (1988)
318:1148-52. doi: 10.1056/NEJM198805053181802

. Aggeli C, Verveniotis A, Andrikopoulou E, Vavuranakis E, Toutouzas

K, Tousoulis D. Echocardiographic features of PFOs and paradoxical
embolism: a complicated puzzle. Int ] Cardiovasc Imaging. (2018) 34:1849-
61. doi: 10.1007/s10554-018-1406-1

. Overell JR, Bone I, Lees KR. Interatrial septal abnormalities and

stroke: a meta-analysis of case-control studies. Neurology. (2000)
55:1172-79. doi: 10.1212/WNL.55.8.1172

Dowling MM, Ilkemba CM. Intracardiac shunting and stroke
in children: a systematic review. ] Child Neurol. (2011) 26:72-

82. doi: 10.1177/0883073810383913

Srisuwananukorn A, Raslan R, Zhang X, Shah BN, Han ],
Gowhari M, et al. Clinical, laboratory, and genetic risk factors
for thrombosis in sickle cell disease. Blood Adv. (2020) 4:1978-
86. doi: 10.1182/bloodadvances.2019001384

Ataga KI, Brittain JE, Desai P, May R, Jones S, Delaney ], et al
Association of coagulation activation with clinical complications in sickle
cell disease. PLoS ONE. (2012) 7:€29786. doi: 10.1371/journal.pone.00
29786

Colombatti R, De Bon E, Bertomoro A, Casonato A, Pontara E, Omenetto
E, et al. Coagulation activation in children with sickle cell disease is
associated with cerebral small vessel vasculopathy. PLoS ONE. (2013)
8:¢78801. doi: 10.1371/journal.pone.0078801

Shah N, Thornburg C, Telen MJ, Ortel TL. Characterization of the
hypercoagulable state in patients with sickle cell disease. Thromb Res. (2012)
130:€241-5. doi: 10.1016/j.thromres.2012.08.307

Hyacinth HI, Adams RJ, Greenberg CS, Voeks JH, Hill A, Hibbert JM, et al.
Effect of chronic blood transfusion on biomarkers of coagulation activation
and thrombin generation in sickle cell patients at risk for stroke. PLoS ONE.
(2015) 10:e0134193. doi: 10.1371/journal.pone.0134193

Dowling MM, Quinn CT, Ramaciotti C, Kanter J, Osunkwo I, Inusa B,
et al. Increased prevalence of potential right-to-left shunting in children

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found

online at:

https://www.frontiersin.org/articles/10.3389/fneur.

2021.761443/full#supplementary-material

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

with sickle cell anaemia and stroke. Br ] Haematol. (2017) 176:300-
8. doi: 10.1111/bjh.14391

Dowling MM, Lee N, Quinn CT, Rogers ZR, Boger D, Ahmad N,
et al. Prevalence of intracardiac shunting in children with sickle cell
disease and stroke. J Pediatr. (2010) 156:645-50. doi: 10.1016/j.jpeds.2009.
10.012

Razdan S, Strouse JJ, Naik R, Lanzkron S, Urrutia V, Resar JR, et al.
Patent foramen ovale in patients with sickle cell disease and stroke: case
presentations and review of the literature. Case Rep Hematol. (2013)
2013:516705. doi: 10.1155/2013/516705

Adams RJ, McKie VC, Carl EM, Nichols FT, Perry R, Brock K, et al.
Long-term stroke risk in children with sickle cell disease screened with
transcranial doppler. Ann Neurol. (1997) 42:699-704. doi: 10.1002/ana.4104
20505

Kwiatkowski JL, Voeks JH, Kanter J, Fullerton HJ, Debenham E, Brown L, et
al. Ischemic stroke in children and young adults with sickle cell disease in the
post-STOP era. Am ] Hematol. (2019) 94:1335-43. doi: 10.1002/ajh.25635
Crosby LE, Joffe NE, Davis B, Quinn CT, Shook L, Morgan D, et al.
Implementation of a process for initial transcranial doppler ultrasonography
in children with sickle cell anemia. Am J Prev Med. (2016) 51(1 Suppl.
1):S10-6. doi: 10.1016/j.amepre.2016.01.021

Reeves SL, Fullerton HJ, Cohn LM, Dombkowski K], Boulton ML,
Braun TM, et al. Missed opportunities for transcranial doppler screening
among children with sickle cell disease. Clin Pediatr. (2016) 55:1093-
9. doi: 10.1177/0009922815614351

Weisman JK, Diamond CE, Kappa S, Nickel RS. Transcranial
doppler screening adherence among children with sickle cell
anemia seen in the emergency department. ] Pediatr. (2019).

217:172-76. doi: 10.1182/blood-2018-99-115057

Reeves SL, Madden B, Freed GL, Dombkowski KJ. Transcranial doppler
screening among children and adolescents with sickle cell anemia. JAMA
Pediatr. (2016) 170:550-6. doi: 10.1001/jamapediatrics.2015.4859

Kanter ], Phillips S, Schlenz AM, Mueller M, Dooley M, Sirline L, et al.
Transcranial doppler screening in a current cohort of children with sickle cell
anemia: results from the DISPLACE study. ] Pediatr Hematol Oncol. (2021)
43:€1062-8. doi: 10.1097/MPH.0000000000002103

Silvestry FE, Cohen MS, Armsby LB, Burkule NJ, Fleishman CE, Hijazi
ZM, Interventions. Guidelines for the echocardiographic assessment of atrial
septal defect and patent foramen ovale: from the American society of
echocardiography and society for cardiac angiography and interventions. J
Am Soc Echocardiogr. (2015) 28:910-58. doi: 10.1016/j.ech0.2015.05.015
Writing Group for Echocardiography in Outpatient Pediatric C,
Campbell RM, Douglas PS, Eidem BW, Lai WW, Lopez L, et al
ACC/AAP/AHA/ASE/HRS/SCAI/SCCT/SCMR/SOPE 2014  appropriate
use criteria for initial transthoracic echocardiography in outpatient pediatric
cardiology: a report of the American college of cardiology appropriate
use criteria task force, american academy of pediatrics, American heart
association, American society of echocardiography, heart rhythm society,
society for cardiovascular angiography and interventions, society of
cardiovascular computed tomography, society for cardiovascular magnetic
resonance, and society of pediatric echocardiography. ] Am Soc Echocardiogr.
(2014) 27:1247-66. doi: 10.1016/j.ech0.2014.10.002

Eddine AC, Alvarez O, Lipshultz SE, Kardon R, Arheart K, Swaminathan S.
Ventricular structure and function in children with sickle cell disease using
conventional and tissue doppler echocardiography. Am ] Cardiol. (2012)
109:1358-64. doi: 10.1016/j.amjcard.2012.01.001

Faro GB, Menezes-Neto OA, Batista GS, Silva-Neto AP, Cipolotti R.
Left ventricular hypertrophy in children, adolescents and young adults

Frontiers in Neurology | www.frontiersin.org

December 2021 | Volume 12 | Article 761443


https://www.frontiersin.org/articles/10.3389/fneur.2021.761443/full#supplementary-material
https://doi.org/10.1002/pbc.25655
https://doi.org/10.1056/NEJM199807023390102
https://doi.org/10.1182/bloodadvances.2019001142
https://doi.org/10.1001/archneur.64.11.1567
https://doi.org/10.1067/mpd.2001.117580
https://doi.org/10.1056/NEJM198805053181802
https://doi.org/10.1007/s10554-018-1406-1
https://doi.org/10.1212/WNL.55.8.1172
https://doi.org/10.1177/0883073810383913
https://doi.org/10.1182/bloodadvances.2019001384
https://doi.org/10.1371/journal.pone.0029786
https://doi.org/10.1371/journal.pone.0078801
https://doi.org/10.1016/j.thromres.2012.08.307
https://doi.org/10.1371/journal.pone.0134193
https://doi.org/10.1111/bjh.14391
https://doi.org/10.1016/j.jpeds.2009.10.012
https://doi.org/10.1155/2013/516705
https://doi.org/10.1002/ana.410420505
https://doi.org/10.1002/ajh.25635
https://doi.org/10.1016/j.amepre.2016.01.021
https://doi.org/10.1177/0009922815614351
https://doi.org/10.1182/blood-2018-99-115057
https://doi.org/10.1001/jamapediatrics.2015.4859
https://doi.org/10.1097/MPH.0000000000002103
https://doi.org/10.1016/j.echo.2015.05.015
https://doi.org/10.1016/j.echo.2014.10.002
https://doi.org/10.1016/j.amjcard.2012.01.001
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Galadanci et al.

PFO and Stroke in Sickle Cell Disease

30.

31.

32.

33.

34.

35.

36.

37.

with sickle cell anemia. Rev Bras Hematol Hemoter. (2015) 37:324-
28. doi: 10.1016/j.bjhh.2015.07.001

Mattle HP, Meier B, Nedeltchev K.
in patients with patent foramen ovale.
5:92-102. doi: 10.1111/j.1747-4949.2010.00413.x
Ganesan V, Prengler M, McShane MA, Wade AM, Kirkham FJ. Investigation
of risk factors in children with arterial ischemic stroke. Ann Neurol. (2003)
53:167-73. doi: 10.1002/ana.10423

Benedik MP, Zaletel M, Meglic NP, Podnar T. A right-to-left shunt in
children with arterial ischaemic stroke. Arch Dis Child. (2011) 96:461—
7. doi: 10.1136/adc.2010.203992

Khan R, Chan AK, Mondal TK, Paes BA, Thrombosis and Hemostasis
in Newborns G. Patent foramen ovale and stroke in childhood: a
systematic review of the literature. Eur | Paediatr Neurol. (2016) 20:500-
11. doi: 10.1016/j.ejpn.2016.04.012

Razdan S, Strouse JJ, Reddy A, Resar DF, Hasan RK, Resar JR, et al. Patent
foramen ovale in adults with sickle cell disease and stroke. Am ] Hematol.
(2016) 91:E358-60. doi: 10.1002/ajh.24440

Aggeli C, Polytarchou K, Dimitroglou Y, Patsourakos D, Delicou
S, Vassilopoulou S, et al. Stroke and presence of patent foramen
ovale in sickle cell disease. J Thromb Thrombolysis. (2021)
52:889-97. doi: 10.1007/s11239-021-02398-3

Adams R, McKie V, Nichols F, Carl E, Zhang DL, McKie K, et al. The use of
transcranial ultrasonography to predict stroke in sickle cell disease. N Engl |
Med. (1992) 326:605-10. doi: 10.1056/NEJM199202273260905

Adams R]J, Nichols FT, Figueroa R, McKie V, Lott T. Transcranial doppler
correlation with cerebral angiography in sickle cell disease. Stroke. (1992)
23:1073-7. doi: 10.1161/01.STR.23.8.1073

stroke
(2010)

Prevention  of
Int ] Stroke.

38. Hampton T, Alsaleem M, Murphy-Lavoie HM. Patent foramen ovale.
Treasure Island, FL: StatPearls (2021).

Russo MG, Cirillo A, Rinelli G, Vairo U, Favilli S, Moreo A, et al. [Physiological
and paraphysiological echocardiographic findings in neonatal and pediatric
age]. G Ital Cardiol. (2019) 20:627-31. doi: 10.1714/3254.32223

Kucukal E, Man Y, Quinn E, Tewari N, An R, Ilich A, et al. Red blood
cell adhesion to ICAM-1 is mediated by fibrinogen and is associated
with right-to-left shunts in sickle cell disease. Blood Adv. (2020) 4:3688-
98. doi: 10.1182/bloodadvances.2020001656

39.

40.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Galadanci, Johnson, Carson, Hellemann, Howard and Kanter.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Neurology | www.frontiersin.org

24

December 2021 | Volume 12 | Article 761443


https://doi.org/10.1016/j.bjhh.2015.07.001
https://doi.org/10.1111/j.1747-4949.2010.00413.x
https://doi.org/10.1002/ana.10423
https://doi.org/10.1136/adc.2010.203992
https://doi.org/10.1016/j.ejpn.2016.04.012
https://doi.org/10.1002/ajh.24440
https://doi.org/10.1007/s11239-021-02398-3
https://doi.org/10.1056/NEJM199202273260905
https://doi.org/10.1161/01.STR.23.8.1073
https://doi.org/10.1714/3254.32223
https://doi.org/10.1182/bloodadvances.2020001656
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

& frontiers | Frontiers in

REVIEW
published: 21 June 2022
doi: 10.3389/fneur.2022.835823

OPEN ACCESS

Edited by:
Kirsten A. Donald,
University of Cape Town, South Africa

Reviewed by:

Sanford Auerbach,

Boston University, United States
Jeffrey Schatz,

University of South Carolina,
United States

*Correspondence:
Anna M. Hood
anna.hood@manchester.ac.uk

Specialty section:

This article was submitted to
Pediatric Neurology,

a section of the journal
Frontiers in Neurology

Received: 14 December 2021
Accepted: 20 May 2022
Published: 21 June 2022

Citation:

Hood AM, Crosby LE, Stotesbury H,
Kdlbel M and Kirkham FJ (2022)
Considerations for Selecting Cognitive
Endpoints and Psychological
Patient-Reported Outcomes for
Clinical Trials in Pediatric Patients With
Sickle Cell Disease.

Front. Neurol. 13:835823.

doi: 10.3389/fneur.2022.835823

Check for
updates

Considerations for Selecting
Cognitive Endpoints and
Psychological Patient-Reported
Outcomes for Clinical Trials in
Pediatric Patients With Sickle Cell
Disease

Anna M. Hood ™, Lori E. Crosby?3*, Hanne Stotesbury®, Melanie Kélbel® and
Fenella J. Kirkham?®

" Division of Psychology and Mental Health, Manchester Centre for Health Psychology, University of Manchester, Manchester,
United Kingdom, 2 Division of Behavioral Medicine, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH,

United States, ® Department of Pediatrics, University of Cincinnati College of Medicine, Cincinnati, OH, United States,
4James M. Anderson Center for Health Systems Excellence, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH,
United States, ° Developmental Neurosciences Unit and Biomedical Research Centre, University College London Great
Ormond Street Institute of Child Health, London, United Kingdom

Pediatric patients with sickle cell disease (SCD) experience a range of medical
complications that result in significant morbidity and mortality. Recent advances in
prophylactic and curative treatment approaches have highlighted the need for sensitive
and clinically-meaningful trial endpoints. The detrimental effects of cognitive and
psychological difficulties on social and economic mobility are well described. Although
numerous reviews have assessed cognitive outcomes in other rare genetic disorders,
SCD has not received the same focus. This review describes the cognitive (i.e., executive
function and processing speed) and psychological domains (i.e., depression and anxiety)
that are consistently associated with SCD pathology and, therefore, may be of particular
interest as clinical trial endpoints. We then discuss corresponding well-validated and
reliable cognitive tests and patient-reported outcomes (PROs) that may be appropriate
for clinical trials given their robust psychometric properties, ease of administration,
and previous use in the SCD population. Further, we provide a discussion of potential
pitfalls and considerations to guide endpoint selection. In line with the move toward
patient-centered medicine, we identify specific tests (e.g., NIH Toolbox Cognition Module,
Wechsler Cancellation Test) and psychological PROs (e.g., PROMIS depression and
anxiety scales) that are sensitive to SCD morbidity and have the potential to capture
changes that are clinically meaningful in the context of patients’ day to day lives.
In particularly vulnerable cognitive domains, such as executive function, we highlight
the advantages of composite over single-test scores within the context of trials. We
also identify general (i.e., practice effects, disease heterogeneity) and SCD-specific
considerations (i.e., genotype, treatment course, and disease course, including degree of
neurologic, pain, and sleep morbidity) for trial measures. Executive function composites
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Endpoints Clinical Trial SCD

hold particular promise as trial endpoints that are clinically meaningful, amenable to
change, relatively easy to collect, and can be incorporated into the routine care of patients
with SCD in various settings and countries.

Keywords: executive function, processing speed, depression, anxiety, intervention

INTRODUCTION

Sickle cell disease (SCD) is an umbrella term for a group of
inherited disorders that affect the structure of hemoglobin and
reduce the overall oxygen-carrying capacity of the blood (1).
SCD affects ~100,000 individuals in the United States (US)
and between 50,000 and 60,000 individuals in Europe (2), who
are mainly immigrants or the descendants of individuals from
endemic areas such as Sub-Saharan Africa (3, 4). For many years,
chronic blood transfusion and hydroxycarbamide have been the
primary therapeutic tools for SCD. Chronic blood transfusion
remains the gold-standard treatment for stroke prevention (5).
The US and European guidelines (6, 7) also highlight that
hydroxycarbamide should be available for all pediatric (>9-
months of age) SCD populations, and there is abundant evidence
for laboratory and clinical efficacy (8, 9). Bone marrow and
stem cell transplantations have long remained the only clinically
available curative treatment options, but there are significant
risks, and donors must be closely matched with recipients for
optimal outcomes (10, 11).

After years of stagnation, there has recently been an explosion
in prophylactic and potentially curative treatment options for
patients with SCD. The US Food and Drug Administration
(FDA) has approved triple the number of new therapies within
the past 4 years compared with the three decades prior.
Among these treatments is the L-glutamine amino acid, Endari,
which reduced oxidative stress and admissions for pain in
a recent phase 3 trial (12). Others include Crizanlizumab,
a humanized monoclonal antibody that binds to P-selectin,
inhibiting adhesive interactions that may play a central role in
pain episodes in SCD (13). Voxelotor (Oxbryta), a small molecule
that binds to hemoglobin, inhibits hemoglobin polymerization
and increases the hemoglobin’s affinity for oxygen, was also
recently approved (14). Although interest has also grown in
curative therapies, including gene therapy (i.e., inserting genes
to make healthy red blood cells) and gene editing (alteration
of a selected DNA sequence in a living cell), these remain
in the early stages of evaluation (15) (see Figurel for an
overview of treatment options). Other innovative approaches
currently under investigation in clinical trials in SCD include
behavioral interventions (Clinical Trial No: NCT03150433)
and Montelukast (Clinical Trial No: NCT04351698) (16) for
comorbid sleep-disordered breathing (16).

Given the increase in novel therapeutic and curative
approaches for the treatment of SCD, identifying sensitive
and clinically meaningful endpoints for clinical trials is a
pressing issue. Cognitive deficits (17, 18) have been identified
frequently in patients with SCD, with more profound deficits
observed in those with more severe neurologic injury (ie.,
infarction) (19). Additionally, patients with SCD experience

disproportionately high rates of psychological difficulties (i.e.,
depression and anxiety) (20, 21). Although more than 100 reports
have documented the effects of 82 treatments on cognitive
outcomes in patients with other rare genetic disorders (22), these
areas have not received the same focus in SCD. Highlighting
the knowledge gap, the American Society of Hematology (ASH)
and the American Food and Drug Administration (FDA)
recently partnered to develop consensus recommendations
for clinical trial endpoints for patients with SCD (23). The
ASH report included a summary of suggested cognitive tests
and psychological patient-reported outcome measures (PROs)
to use as endpoints. Our goal is to build upon these
broad recommendations and discuss in-depth cognitive and
psychological PROs that may be appropriate for use in clinical
trials whilst discussing specific factors and potential pitfalls
that must be carefully considered in selecting cognitive and
psychological endpoints for trials.

Systemic SCD vascular pathology may simultaneously affect
multiple end-organs with direct and indirect effects on the
brain (24), and cognitive outcomes represent the final common
pathway (25). Therefore, cognition may be well suited to assess
the functional benefit of new therapeutic approaches to vascular
end-organ disease. Further, better psychological functioning is
associated with improved patient-reported and functional life
outcomes, including quality of life (26, 27) and scholastic and
employment gains (28). Cognitive tests and psychological PROs
may also have several distinct advantages as endpoints for
patients with SCD, including their ability to reliably capture
meaningful cognitive impairment and psychological difficulties,
their rigorous validation in the population, and their sensitivity
to change.

Despite the significant advances that have resulted from
randomized controlled trials across all chronic illness pediatric
populations, the proportion of worldwide pediatric trials remains
low at 9% (29). Similarly, although children bear 25% of the
global chronic disease burden (30), few medicines are approved
specifically for children, with rates of off-label prescribing
estimated as high as 90%. Further, one study demonstrated that
38% of pediatric studies had yet to be completed for many drugs
(e.g., anti-infective) authorized for adult use up to a decade ago
(31). Given the evidence that early intervention may significantly
reduce the risk of acute events (32) and that over 40% of patients
with SCD are children (33), pediatric clinical trials are urgently
needed in this population.

With the evidence for the effects of SCD on cognition and the
proliferation of disease-modifying therapies in the last few years,
including cognitive and psychological endpoints in clinical trials
is a vital next step that may improve the knowledge-base around
clinically meaningful outcomes in pediatric patients with SCD.
Although cognitive dysfunction (17, 18, 34) and psychological
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difficulties (20) have been reported in pediatric patients with  advocates have called for their inclusion as critical endpoints for
SCD for many years, there has been a focus on documenting all  clinical trials assessing disease-modifying therapies (36).
observed challenges. Relatively less attention has been paid to Although cognitive function encompasses a variety of
the specific domains with the most significant deficits, likely to  domains, including general intelligence, language, visual-spatial
be related to the pathophysiology and potentially preventable or  abilities, and memory, patients with SCD appear to experience
even reversible, even though further focus in these areas could  particular difficulties in the domains of executive function (37-
inform the development of targeted interventions. In view of  39), processing speed (40), and attention (41, 42). Psychological
childhood being a critical window for intervention, our paper  functioning covers an equally broad range of domains,
will focus on the pediatric SCD population (0-18 years) and  comprising behavior, emotion, social skills, and overall mental
present a description of the cognitive and psychological domains  health. In the SCD population, however, depression and anxiety
in which patients frequently experience difficulties. Additionally, =~ symptoms appear to be the most common psychological
this paper will identify well-validated and reliable cognitive tests  challenges (20, 21). Below, we consider these cognitive domains
and psychological PROs that are capable of capturing changes  and areas of psychological functioning in which difficulties have
beyond any practice effects that are clinically meaningful in the =~ been most consistently reported in patients with SCD, and which
day to day lives of pediatric patients with SCD, and which may  therefore may be of particular interest as clinical trial endpoints.

therefore hold promise as trial endpoints. . .
Intelligence Quotient

Significantly reduced intelligence quotients (IQ) are often
observed in patients with SCD, and IQ is the most frequently

SELECTING COGNITIVE AND reported indicator of general cognitive abilities (17, 18). However,
PSYCHOLOGICAL DOMAINS although IQ provides a single composite with robust statistical

properties, we do not recommend using IQ as an endpoint

Selecting appropriate cognitive tests and psychological PROs  jn clinical trials that include pediatric patients with SCD (see
as endpoints in clinical trials is not trivial. Endpoints are the  Taple 1 for a detailed consideration).

analyzed parameters (e.g., change from baseline to 12 weeks

in standardized cognitive scores) and should be relatively easy ~Executive Function

to collect, proximal to the disease or treatment, medically = Moving beyond IQ, domain-specific tests of cognition are likely
significant, meaningful to patients, families and providers, and  better able to capture changes in pediatric patients with SCD
ideally be available for incorporation into routine care in a variety ~ within the context of a clinical trial. Executive function is the
of settings and countries (35). Cognitive tests and psychological =~ domain that has received the most attention in both the SCD
PROs fit all of these criteria, and patients with SCD and their ~ and broader literature. Debates remain as to the far transfer

Frontiers in Neurology | www.frontiersin.org 27 June 2022 | Volume 13 | Article 835823


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Hood et al.

Endpoints Clinical Trial SCD

TABLE 1 | Intelligence quotient (IQ)—considerations for use as a cognitive endpoint in clinical trials of pediatric patients with sickle cell disease.

Description

Reasons may not be appropriate for clinical trials

Reasons may be appropriate for
clinical trials

IQ is a total score derived from a set of
standardized subtests (i.e., verbal and
perceptual reasoning) designed to assess
human intelligence. Each specific subtest
(raw score) is compared to other children

in the same age group (normative sample).

Generally, an average IQ is 100 with a
standard deviation of 15. Sixty-eight
percent of population scores lie between
85and 115.

IQ represents an aggregate or global capacity comprising a set of related
but distinguishable abilities (43, 44).

1Q is also not designed to measure the extent of cognitive impairment in
single domains (43, 44).

IQ enables a compensation model, i.e., a deficit in one subtest (e.g., Block
Design) may be compensated by better performance in another, related, but
distinct subtest (e.g., Vocabulary) (45).

An IQ composite may obscure meaningful differences among subtest
scores, conflating relative strengths and weaknesses (45).

If no global 1Q effect is observed investigators may accept the null
hypothesis erroneously.

Some subtests that make up the IQ are less sensitive to change during a
clinical trial period, i.e., the Vocabulary and Similarities subtests rely on
crystallized intelligence (accumulated knowledge based on experience) (46)
that are unlikely to demonstrate an increase in 1Q through a short-term
intervention.

There is limited evidence that interventions to improve IQ have sustained
effects after they end (48).

1Q also only captures a subset of cognitive abilities pertinent to everyday
functioning. Scores do not comprehensively reflect abilities in areas that are
particularly vulnerable in pediatric patients with sickle cell disease.
Full-scale 1Q requires administering a minimum of 10 subtests, which can
take between 1 and 2 h depending on the participant’s age and the need for

The Wechsler Abbreviated Scale of
Intelligence Second Edition (WASI-Il 2 or 4
subtest versions) takes 15-30 min to
complete, respectively, can be given to
pediatric patients aged as young as 6
years of age, and IQ along with verbal
comprehension and perceptual reasoning
indices can be obtained (47).

Researchers may want to screen for global
intellectual disabilities obtained as a
baseline outcome rather than as a primary
endpoint.

Researchers may want to match IQ across
treatment and placebo arms obtained as a
baseline outcome rather than as a primary
endpoint.

breaks. This assessment length may be burdensome on both the

administrator and the participant.

Collecting and interpreting 1Q data as an endpoint in a clinical trial may be
logistically difficult and prohibitively expensive.

Pediatric patients with sickle cell disease tend to score relatively lower on
subtests (i.e., Vocabulary and Similarities) included in estimates or shorter
version |IQ tests. These tests does not include working memory and
processing speed subtests; thus, estimates of IQ may be overestimated.

(e.g., to other skills) and length of benefits (e.g., >1 year)
following interventions to improve executive function (49). The
relative influence of socioeconomic status on performance is
also an area of debate (50). Nevertheless, there is evidence
that executive function is trainable to a certain degree and
that more training leads to more significant gains (e.g., dosage
effects) (51). The core executive functions comprise higher-level
cognitive processes composed of three interrelated core skills:
inhibitory control, working memory, and cognitive flexibility
(52). Inhibitory control involves resisting the expression of an
instinctive response and/or impulse to do something. Working
memory involves holding information in mind while performing
one or more mental operations. Cognitive flexibility is the
mental ability to switch between concepts, flexibly adjust to
changing demands, and look at something from a different
perspective (53).

The dorsolateral prefrontal cortex is a region of the frontal
lobes associated with executive function (54), and alterations in
functional connectivity in this brain region have been observed
in patients with SCD (55). There is evidence that deficits in
switching and inhibition may be moderated by lesion type and
location in patients with SCD, with one study indicating that
children with frontal lesions showed the greatest impairments

(56). Another study found a diminished event-related potential
component difference between error and correct responses in
SCD children with frontal lesions, indicating weaker response
monitoring systems (57). Given that the prefrontal cortex
also mediates social behavior (58), interventions that improve
executive functions could, in theory, also indirectly support
improved quality of life via improved social behavior, which
may reciprocally enhance executive function. Support for this
theory has been demonstrated through a 6-month executive
function and social information intervention administered in
the classroom (e.g., preschoolers without SCD) that showed
improved inhibition, visual attention, and flexibility along with
improved social processing skills (59).

Using executive function as a cognitive endpoint in a clinical
trial in pediatric patients with SCD has several advantages. In
the general population, executive function has demonstrated
more predictive power than IQ, with working memory more
predictive of scholastic success (60) and childhood inhibitory
control revealed as more predictive of adult outcomes, including
physical and mental health, criminal activity, and quality of
life (61). Cognitive flexibility also predicts the ability to bounce
back from and adapt to negative life events and everyday
stressors (62). Specific to patients with SCD, there is considerable
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empirical evidence that executive dysfunction is related to sleep
(63), persistent pain (64), chronic fatigue (65), abnormal blood
velocities (66), cerebral blood flow (67), and quality of life (68—
70), which are all often domains that are targeted in clinical trials
of patients with SCD. Additionally, non-randomized studies
have demonstrated that computerized working memory training
programs (38, 39) and proximity to a blood transfusion (37)
improve executive function. Taken together, these studies provide
evidence that executive function is amenable to change in
populations with SCD and that performance in this domain may
serve as a clinically meaningful endpoint in future trials.

Processing Speed

Processing speed refers to processing information that can be
sensed, perceived, understood, and responded to rapidly (71)
and has been identified as a core component of attention (e.g.,
sustained, selective, and focused). Slowed processing speed can
limit cognitive function in other domains (e.g., how much
information can be attended to or encoded) (72); however,
although interrelated, processing speed has been shown to be
separable from other cognitive processes (73). Importantly,
processing speed is a sensitive and specific cognitive domain
for pediatric patients with SCD (40). Several studies have found
slower latency rather than poorer accuracy between patients
with SCD and controls, which indicates that slowed processing
speed may mediate impairments across other cognitive domains
(74-77). Similar to executive function, processing speed has
also been associated with SCD morbidity, including reduced
arterial oxygen content and white matter integrity (40) and
increased oxygen extraction fraction, a potential marker of
ischemic risk (67).

A Phase 1 randomized controlled trial (RCT) has also
demonstrated improved processing speed (Cancellation subtest
of the WISC) in twelve patients with SCD randomized to 6 weeks
of auto-adjusting positive airway pressure treatment (APAP)
(78). Processing speed was also the primary endpoint for a
larger, longer trial of APAP in children and adults with SCD
(79), and along with executive function, is the primary endpoint
of the planned trial to improve sleep-disordered breathing in
young children with SCD (16). Given the current evidence that
improved processing speed is related to improved functional
outcomes and has demonstrated change following treatment in
an RCT, it is a potentially sensitive and clinically meaningful
endpoint in clinical trials for patients with SCD. Researchers
could also consider including a test of processing speed as
a measured outcome and then controlling for it in analyses
assessing change in executive function endpoint to determine if
it has explanatory power.

Attention

Attention is a complex set of processes that allow individuals
to select and concentrate on relevant stimuli. There have been
relatively few studies specifically on attention in pediatric patients
with SCD (17). However, prevalence rates of ADHD in children
with SCD appear to be higher than the general pediatric
population estimate of ~10% (80), with studies conducted in
the US finding rates between 19 and 40% (81-83). In pediatric

patients with SCD, a pilot RCT has also demonstrated the short-
term efficacy of stimulant medication in improving attention
compared with placebo (41). Given that we have less evidence
about attention in pediatric patients with SCD, at this time, we
suggest that it should not be considered as a trial endpoint,
particularly as so many different tests and measures have been
used to assess this domain in a relatively small number of studies
(17). However, attention tests could be included in trials as
measured outcomes to learn if deficits are as widespread and
persistent as those found in the executive function and processing
speed domains.

Depression and Anxiety

Depression and anxiety are diagnosable disorders that cause a
persistent feeling of sadness and loss of interest, or a feeling
of unease, such as worry or fear, respectively. The prevalence
of depression in the pediatric SCD population is unclear, with
estimates between 4 and 46% (84). These estimates are mostly
much higher than the general population of Non-Hispanic
Black adolescents and young adults (7-9%) (85). The prevalence
of anxiety disorders is lower for children (8-17%) but may
still significantly impact quality of life (86-88). Behavioral
depression and anxiety-related interventions (in-person, mobile-
app, pharmacological) using cognitive-behavioral therapy (CBT)
(89) have been successful for patients with SCD in lowering
negative thinking (90, 91) and improving coping skills (92-94).
Similar to measures of attention, however, additional evidence
is needed before depression and anxiety PROs (symptomology
and diagnostic) should be used as endpoints in clinical trials
assessing disease-modifying therapies in pediatric patients with
SCD. Instead, we recommend that depression and anxiety are
measured as outcomes within the context of a clinical trial to
determine the relationship between cognitive domains and the
therapeutic of interest.

COGNITIVE TEST AND PSYCHOLOGICAL
PROs SELECTION FOR CLINICAL TRIALS

The first, though often overlooked, consideration when
choosing an endpoint is assessing whether the normative data
collected from the test reflects the country’s broad demographic
characteristics in which testing is conducted, including factors
such as age, racialised identity, sex, and educational status.
Choosing a test can be challenging when assessing the majority
Black SCD population, particularly on the African continent,
as most tests are normed in countries with majority White
populations (e.g., the US and the United Kingdom) using
census data to determine the number of children from racialised
identities. Moreover, no test is culture-free and cognitive
processes such as visual perception and spatial reasoning can
develop in culturally-distinct ways (95). To overcome these
challenges, clinical trials could measure the change in raw (i.e.,
the actual score generated on a test) rather than standardized
(i.e., normative age-scaled) scores. Clinical trials in which
multiple institutions across different countries collect data
must also determine whether the endpoint is appropriate for
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all institutions, particularly if some are high vs. low resource
institutions or in countries in the Global North or South.

Many of the standardized cognitive tests and psychological
PROs recommended in Tables 1, 2 are available in languages
other than English, most often Spanish. Conducting language
translations (e.g., from the original language to the target
language) when the primary language of the population of
focus is not available requires bicultural translators to generate
culturally-responsive translations that address the discrepancies
and cultural ambiguities that occur with text translations (102).
Investigators should recognize that language adaptation of
commercially distributed tests is not always possible as publishers
may not help to facilitate this process (103) and that translating a
test from one language to another does not eliminate the need to
consider cultural influences.

Clinical trials of pediatric patients with SCD can follow
established guidelines for other conditions in which patients
experience cognitive impairment (e.g., traumatic brain injury,
Neurofibromatosis Type 1). For example, FDA guidance for
drug trials of patients with a traumatic brain injury requires
documenting cognitive tests before trial initiation, choosing
tests and PROs guided by conceptual models, and providing
adequate justification of the outcome measure(s) (104). When
choosing tests for pediatric patients with SCD, it is essential
to consider the pathways by which novel therapies improve
SCD-related pathophysiology and how these may relate to the
neurophysiological processes that support brain function. For
example, drugs such as Voxelotor, which reversibly binds to
hemoglobin and prevents HbS polymerization by increasing
the hemoglobin’s affinity for oxygen, could likely improve
executive function by increasing hemoglobin concentration,
reducing compensatory hemodynamic stress (14). The current
randomized trial of Voxelotor, HOPE Kids 2, with a primary
endpoint of change in transcranial Doppler velocities in children
aged 2-16 years with SCD conditional velocities, includes tests of
executive function and processing speed.

Future trials must consider the extent to which any observed
changes are statistically significant and the extent to which
they are clinically meaningful or functionally significant. For
example, a cognitive test with good reliability may show a
statistically significant 1 to 2-point change. Practically, however,
this might not mean that the changes translate into functionally
relevant benefits (e.g., scholastic, employment) within the context
of patients’ daily lives. Therefore, an effect size that would
demonstrate meaningful change should be determined before
study initiation. Moreover, researchers can calculate the minimal
clinically important difference (MCID). MCID is the smallest
difference in the cognitive tests and psychological PROs used
as outcomes and endpoints that patients perceive as beneficial
or harmful, i.e,, what is actually important to patients (105).
Linking the magnitude of change to clinical trial efficacy and
effectiveness reflects the intention to find a clinically important
treatment effect.

MCID can be calculated through the (1) the anchor-based
method, i.e., by anchoring change on the PROMIS, a numerical
scale, to a categorical response (e.g., a lot better), (2) by consensus
(e.g., Delphi) methods, i.e., convening an expert panel to provide

independent assessments of MCID, and (3) the distribution-
based method, i.e., using the distribution of the outcome or
endpoint scores, particularly the variation between patients.
However, this method does not center on the patient (106).
For the psychological PROs, previous research in adult samples
has demonstrated a 3-4 point change on Patient-Reported
Outcomes Measurement Information System (PROMIS) anxiety
and depression (107) or a 5-point change on the Patient Health
Questionnaire (PHQ-9) (96) are considered as MCID. MCID
has been utilized less for cognitive tests, but a recent study
found that for older adults assessing raw scores and completion
times, MCID improvement over 1-year following an exercise
program was 3-5 symbols for the Digit Symbol Substitution Test
(a measure of processing speed) and —11.5 to —26.0s for the
Stroop (a measure of inhibition) (97).

There are several reliable cognitive test batteries (see Table 2)
and psychological PROs (see Table 3) that meet the criteria
defined above and that have been used in pediatric SCD
populations (17). These tests provide measures that may
therefore be good candidates for endpoints in clinical trials. To
aid decision making, Tables 2, 3 include details on the normative
data used for scoring (most often based on US Census data), the
cost and where to obtain tests, along with the training necessary
to administer and interpret results. Researchers will also have
to determine whether to obtain child-report and/or caregiver-
proxy reports for psychological PROs. This decision will often
be reached by considering the child’s age, weighing the burden
to families, the complexity of having multiple reporters, and
the additional cost of gathering and analyzing data. Child and
caregiver proxy reports should not be aggregated as the poor
reliability (i.e., low correlations) between child and caregiver
ratings represent different perspectives (98).

COGNITIVE TEST AND PSYCHOLOGICAL
PROs ADMINISTRATION

Standardized test administration is critically important so that
scores obtained do not over or underestimate actual ability
(99). All participants need a quiet, distraction-free environment,
along with a precise reading of instructions and the provision of
necessary tools or stimuli. Generally, psychometrists or graduate-
level students with specialized training administer and score
tests according to manual instructions. Psychologists qualified
to interpret scores should directly and closely supervise (100).
Cognitive testing and psychological assessment should optimally
occur in locations and at times that reduce the burden on
participants and are consistent across trial visits. When choosing
tests for clinical trials in low-resource settings, investigators
should consider tests that do not require time-consuming
adaptations, are inexpensive enough to be administered as a
part of usual care, and do not need expensive equipment (see
Figure 2).

Many standardized tests now have the option for
administration via an iPad (see Table 2). Computer-aided scoring
and interpretation are also available for these instruments. These
adaptations (e.g., stopwatch, audio recorder) make it much easier
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TABLE 2 | Neuropsychological test batteries previously used in the pediatric sickle cell population.

Battery Cognitive Tests Test time Ages Languages Norms Cost/admin Where to get Training needed Scoring
domain
NIH toolbox Executive
cognition module
(96)
Flexibility Inhibition DCCS 4 min 3-85 English; Introduced in 2012 $500 per year (up  Download from Online; in-person;  On iPad—raw,
Working memory  Flanker 3min 3-85 Spanish; N = 4,859 to 10 iPads)/1 iPad iTunes. qualified users—  age-corrected SS
List sorting 7 min 7-85 Cebuano representative of  per participant Psychologist to psychometrist, download to
U.S. Census unlock module; psychology iCloud or email
population healthmeasures.net graduate students,
[gender, racialised or psychologist
identity, ethnicity
(i.e., Hispanic),
SES]
Processing Speed  Pattern comparison 3min 7-85
NIH examiner Executive
©7)
Flexibility Set shifting 5 min 3-90 English; Normed Free/record forms; Available to Training videos; R (Statistical
Inhibition Flanker 5min Spanish 2006-2010 Computer with qualified users qualified users— Software) included
CPT 14 min N =1,113from9 PsychoPy Version; upon email psychometrist, on the distribution
Anti-saccades 5min sites in the U.S. has request psychology CD
Errors 7 min (range of sex, alternate forms http://memory. graduate students,
Working memory Dot counting 5min racialised identity, ucsf.edu/ or psychologist
N back 2min ethnicity). Range resources/
Fluency Phonemic 2min of disorders examiner.
Category 2min including 117
Planning Unstructured 6min patients with SCD
D-KEFS Executive
(98)
Flexibility Trail making 10min 8-89 English; Normed in 2000 $1,000 kit Pearson clinical is ~ Training By hand;
Dutch; N =1,750 and scoring, available to supervised by computerized
Danish; representative of  additional cost qualified users, licensed/ scoring kit; g-
Norwegian; U.S. Census record forms; e.g., clinical registered clinical  interactive (reports
Swedish population Annual license fee  psychologists psychologists can be generated
[gender, racialised  plus $1.25 per online)
identity, ethnicity ~ subtest/uses Q
(i.e., Hispanic), interactive on
SES] 2 iPads
Inhibition Color interference 12min
Initiation Design fluency 10min
Fluency Verbal fluency 7 min
Planning Tower 15min
NEPSY-II Executive
(99)
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TABLE 2 | Continued

Battery Cognitive Tests Test time Ages Languages Norms Cost/admin Where to get Training needed Scoring
domain
Flexibility Animal sorting 10min 7-16 English Normed in 2006 $1,000 kit and Pearson Clinical is  Training By hand;
N = 1,200 scoring, additional available to supervised by computerized
representative of  cost record forms; qualified users, licensed/registered scoring kit;
U.S. Census Annual license fee  e.g., clinical clinical g-interactive
population plus $1.25 per psychologists psychologists (reports can be
[gender, racialised  subtest/uses Q generated online)
identity, ethnicity ~ interactive on
(i.e., Hispanic), 2 iPads
SES]
Inhibition Inhibition 11 min 5-16
Fluency Design fluency 4 min 5-12
Attention Auditory attentionand 11 min 5-16
response set
Wechsler tests Processing Speed Coding 5min 6-90 21 languages Ns = 2,000-2,500 $1,400 kit Pearson Clinical is  Training By hand;
(WPPSI, WISC, including Representative of  and scoring, $60  available to supervised by computerized
WASI) English; U.S. and UK. per year for qualified users, licensed/ scoring Q global;
(100) Spanish; based on census  scored reports; e.g., clinical registered clinical  g- interactive
French; data (gender, Annual license fee  psychologists psychologists (reports can be
German racialised identity,  plus $1.25 per generated online)
Arabic; ethnicity, SES). subtest using Q
Chinese Separate norms interactive on
available for other 2 iPads
translations
Animal Coding 5min 4-7
Symbol Search 5min 6-90
Bug Search 5min 4-7
Cancellation 5min 4-90
Continuous Attention Kiddie CPT 8 min 4-7 English N = 1,400 $2,900 for USB Pearson Clinics al ~ Training Computerized
performance test CPT 14 min 8-90 representative of  with unlimited use available to supervised by scoring on USB
(101) U.S. Census of both tests qualified users, licensed/registered (reports are
population e.g., clinical clinical generated)
[gender, racialised psychologists psychologists

identity, ethnicity
(i.e., Hispanic),
SES]

SCD, sickle cell disease; Admin, Administration; DCCS, Dimensional Change Card Sort; Flanker, Flanker Inhibitory Control and Attention; SES, socioeconomic status; SS, standard scores; CPT, Continuous Performance Test; D-KEFS,
Delis-Kaplan Executive Function SystemTM ; WPPSI, Wechsler Preschool & Primary Scale of Intelligence; WISC, Wechsler Intelligence Scale for Children; WAIS, Wechsler Adult Intelligence Scale.
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TABLE 3 | Psychological patient-reported outcomes frequently used in the pediatric sickle cell population.

Measures Psychological Test Ages Languages Norms Cost/admin Where to get Training needed Scoring
domain time
PROMIS Depression 5 min 5-90 English; Ongoing validation; a range Free; NIH Toolbox app; Can train research By hand; on iPad,
(self-report and Anxiety 5min 5-90 Spanish; of disorders including on paper; PROMIS staff, students download and
caregiver-proxy Other patients with SCD computer; app; REDCap; quickly. score using
report) language with an app EPIC; OBERD; Interpretation of statistical software
(108) translations $750 fee for other language healthmeasures.net  scores from a
on translations (can request a psychologist
request waiver)
Beck depression Depression 5min 13-80 English; N = 500 adult psychiatric $40 per year for a single Pearson Can train research By hand; on iPad,
inventory-Il (BDI — Spanish; outpatients in the US and a scoring subscription; clinical-available to staff, students download and
1) student sample of 120 $100 for starter kit; qualified users, quickly. score using
(109) college students in Canada $60 for 25 paper record e.g., clinical Interpretation of statistical software
as the control group forms psychologists scores from a
psychologist
Patient Health Depression 2-5 mins 11-17 40 N = 6,000 patients (3,000 Freely available Download online Can train research By hand; on iPad,
Questionnaire-—9 18 and languages  from general internal staff, students download and
(PHQ-9) over including medicine and family quickly. score using
Adolescent English; practice clinics N = 3,000 Interpretation of statistical software
version available Spanish; from obstetrics-gynecology scores from a
(110) Arabic; clinics in the US psychologist
Chinese
State-trait anxiety Anxiety 10min 15 and 40 Large US sample of college $100 Adult complete Mind Garden- Can train research By hand; on iPad,
inventory over languages  and high school students kit—manual with scoring available to staff, students download and
(111) including Small groups of psychiatric, key and 25 record forms qualified users, quickly. score using
English; general and medical e.g., clinical Interpretation of statistical software
Spanish; patients, and psychologists scores from a
Arabic; young prisoners psychologist
Chinese
Generalized Anxiety 2-5min 13 and 40 N = 2,740 primary Freely available Download online Can train research By hand; on iPad,
Anxiety Disorder — over languages  care patients N= 5,030 staff, students download and
7 (GAD-7) including general population in quickly. score using
(112) English; Germany reported sex and Interpretation of statistical software
Spanish; other demographic scores from a
Arabic; characteristics, but not psychologist
Chinese racialised identity
or ethnicity
Child behavior Emotional and 10min 6-18 English; N = 2,300 children $500 for the computerized ASEBA —available Can train research By hand; on iPad,
checklist (CBCL) behavioral French; assessed at 42 mental starter kit to qualified users, staff, students download and
(113) problems Translation health agencies in the US e.g., clinical quickly. score using
into 60 (this is used in the scoring psychologists Interpretation of statistical software
languages  software). The Multicultural scores from a

Family Assessment Module
on the Progress and
Outcomes App provides
norms from 50 other
countries

psychologist

SCD, sickle cell disease; Admin, Administration; PROMIS, Patient-Reported Outcomes Measurement Information System; EPIC, Electronic Portfolio of International Credentials;, ASEBA, The Achenbach System of Empirically

Based Assessment.
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FIGURE 2 | Description of the process in choosing cognitive domains and psychological function and administering cognitive tests and psychological
patient-reported outcomes in clinical trials of pediatric patients with sickle cell disease. NIH, National Institutes of Health; D-KEFS, Delis Kaplan Executive Function
System; NEPSY-II, A Developmental NEuroPSYchological Assessment; PROMIS, Patient Reported Outcome Measurement Information System; CDI, Children’s
Depression Inventory; BAI, Beck Anxiety Inventory, BDI, Beck Depression Inventory-Il; RCADS, Revised Children’s Anxiety and Depression Scale.
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to test at multiple locations (e.g., SCD clinic), easing the burden
on patients and their families who likely have many routine
medical appointments to attend. Additionally, computer-based
batteries appear to reduce administration errors and increase
efficiency in testing (101). Disadvantages associated with iPad
administration of some tests include the need to configure Wi-Fi
to the test battery and the need for a blue-tooth connection
for between-device communication during administration.
There are several options for completing psychological PROs,
including paper and pencil, phone, or online (e.g., REDCap or
Qualtrics surveys).

The use of digital and remote assessment of psychological
PROs in clinical trials has accelerated since the start of the
COVID-19 pandemic (108). Although remote assessment may
improve reliability and reduce variability if continuous or
multiple data points are gathered, may be cost-effective, and
appear more inclusive as they reduce transportation burden,

there are disadvantages that researchers in clinical trials of
pediatric patients with SCD need to scrutinize before making
their decision. Remote assessment of psychological PROs may
reduce control, require participants to have Wi-Fi connections,
and personal computers, tablets or mobile phones, which may
not be available to all families. Providing in-person (conducted
during usual care appointments) and online options to complete
psychological PROs is one way to lessen digital exclusion for
patients and families (109).

Practice Effects

Practice effects refer to improvements in performance due
to increased familiarity with and exposure to test materials,
differing test-taking strategies, and less anxiety in the test-
taking environment. If not considered, such effects may be
difficult to disentangle from effects related to the intervention of
interest. Neuropsychologists generally schedule cognitive testing
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1-2 years apart in clinical practice. Serial cognitive testing and
psychological assessment occur more frequently in clinical trials,
making practice effects a genuine concern. If not correctly
integrated into the interpretation of results, practice effects can
easily lead to false conclusions. Despite this, these effects are often
underappreciated (100). Timed tests, psychomotor processing
tests, and novel tests are more susceptible to practice effects
(110). Unfortunately, these are the tests that patients with SCD
generally find the most challenging (37). Additionally, practice
effects tend to occur more often in younger vs. older participants
(111). It is also possible that practice effects may differ between
those with SCD and controls with disease severity (e.g., SCD
genotype, pain episodes, sleep difficulties, brain abnormalities)
in the pediatric SCD population serving to modify results.
However, this possibility has not yet been empirically tested.
When comprising their samples, researchers should weigh the
potential for practice effects (e.g., large age range, choice of tests)
when choosing appropriate endpoints for the clinical trial.

There are approaches to reduce practice effects in clinical
trials (112). First, massed practice in a pre-baseline period (e.g.,
showing all participants the test materials, providing instructions,
completing test practice items) may reduce the effects of novelty
and any anxiety related to the test-taking environment. The
precise number of pre-baseline assessments necessary to achieve
habituation (i.e., for cognitive performance to stabilize) has not
been established, but previous research in non-SCD populations
has indicated that 1 to 2 practice trials before baseline can
result in habituation (113). Using massed practice would have
to be considered carefully, however, given the additional cost
and time burden. Second, if it is possible to counterbalance the
administration of tests (e.g., systematic variation of the order
of conditions), it can help to reduce practice effects as well as
the influence of other nuisance variables. Third, computerized
adaptive testing (e.g., tests that adapt to the participant’s ability)
can reduce practice effects (114). Fourth, using tests with
multiple similar items or alternate forms of tests at baseline
and post-intervention can minimize item exposure. Specific to
patients with SCD, researchers could consider using the Wechsler
Cancellation subtest when assessing processing speed as previous
research demonstrates that this test appears more resistant to
practice effects in this population (78). Each approach has
strengths so that the final decision will depend on economic and
pragmatic considerations (112).

OTHER CONSIDERATIONS
Age

A clinical trial of pediatric patients with SCD will need to
consider the influence of normal growth and development
on cognitive processes. For instance, children between the
ages of 3-5 years have more difficulty with tests of executive
function, and different executive functions mature at different
rates (53). Attentional control emerges first in infancy and
then develops quickly in early childhood. Cognitive flexibility
and information processing take longer to develop and have a
critical period between 7 and 9 years. They are relatively mature
by 12 years of age. After a transitional period that begins in

adolescence, “executive control” is thought to emerge (115).
These developmental changes make assessing executive function
in a pediatric population more challenging. For example, if a
child is 7 years old at baseline and 9 years old at the end
of a clinical trial, any improvements in executive function
may be due to expected developmental growth rather than the
disease-modifying therapy or intervention under consideration.
As treatment effects are typically averaged across a sample,
further challenges may arise if the sample includes children
at very different developmental stages. In the example above,
scores in those over the age of 12 may be expected to remain
relatively unchanged. A specific examination of scores and/or
a well-matched control sample (ethnicity, age, socioeconomic
status) can help to determine if the change is related to age or
the intervention.

Researchers may choose to analyze both raw and standardized
scores. Raw scores might best fit the data (116) but are also
susceptible to regression to the mean (the tendency for a person’s
score to move toward the population mean test score with
retesting) and practice effects (117). Although changes in age-
corrected standard scores are likely more understandable to the
audience, their interpretation can be misleading. For example,
a negative change in standard scores can either represent an
actual decline in raw scores or a failure for raw scores to improve
at the expected rate for age, with no change in raw scores
or performance. In the context of a clinical trial, researchers
may need to consider standardizing post-treatment scores using
baseline age or assessing patients across a narrower age range
(e.g., 12-16 rather than 6-16 years), examining developmental
trajectories for the particular test.

Genotype and Treatment Course

Several SCD-specific factors need to be considered when
using cognitive tests as endpoints in clinical trials. Foremost,
although most clinical trials target pediatric patients with the
HDbSS genotype, they also include other genotypes (e.g., HbSC,
HbSPO thalassemia, HbSP+ thalassemia). The patients with
the HbSS genotype often experience the most clinical severity
and consequently have more cognitive challenges than other
patients with SCD (17). It is unclear if these patients also have
more psychological challenges. Moreover, if patients continue to
receive treatments (e.g., chronic blood transfusion, HU) as part
of standard care during the clinical trial, cognitive endpoints
may differ related to treatment type (118) or when the patient
received treatment in relation to cognitive testing (37). As such,
researchers may need to account for genotype and treatment
course and decide whether to minimize for these factors to ensure
balance across trial arms, divide samples into subgroups, or
control for these factors in their analyses.

Neurologic Complications

Previous research has shown that compared to controls, children
with SCD with and without overt neurologic complications
have a higher burden of white matter hyperintensities (119),
reduced cortical and subcortical gray matter volume (120),
and widespread reductions in the microstructural integrity
of white matter (40, 121). Past work also demonstrates that
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pediatric patients with SCD who have experienced overt stroke
consistently have poorer cognitive outcomes than other patients
with SCD and non-SCD controls (19). The literature is more
mixed concerning cognitive differences between patients with
SCD and silent cerebral infarction (SCI) and those with “normal-
appearing MRL.” Although older studies have tended to find a
detriment in cognitive performance in patients with SCI (17,
122), more recent studies have found few, if any, differences (40,
123-125). Discrepancies in the literature may relate not only to
differences in the precise definition of SCI, sample characteristics,
and cognitive domains studied but also to advances in MRI
technology, with higher resolution scans identifying a greater
number of patients (and controls) with SCI (126). With higher
resolution techniques, other characteristics such as lesion volume
may provide a more sensitive metric.

Given these challenges, if mixed neurologic groups are
included in a clinical trial, data from patients with extensive
structural tissue injury could be analyzed separately to determine
if they differ significantly from the larger sample. Alternatively,
investigators may control or minimize for neurologic status in
analyses. Deciding whether to analyse data from patients with
and without SCI will require deeper investigation of findings
and, ideally, reporting why data have been grouped (e.g., scores
were very similar) or not grouped (e.g., clinically meaningful
differences). However, researchers conducting analyses in
subgroups of pediatric patients with SCD (e.g., stroke vs. SCI vs.
no infarct on MRI) will have to balance the additional knowledge
gained with reduced statistical power, as sample sizes will be
made smaller by subgrouping. Another possible route includes
using block randomization so that there is more than one patient
group with equal numbers of participants with overt stroke and
SCI (presence/volume) assigned to each group.

Pain

Although pain causes significant morbidity for those living
with SCD, our understanding of the impact on cognition
remains limited. Nevertheless, the few studies conducted show
that persistent pain and executive dysfunction are significantly
related (64). Coordinating cognitive testing only when patients
are not experiencing pain can be a goal. However, this may
generally not be achievable given that many patients with
SCD experience persistent pain (127, 128). One potential
option is to use pain-related PROs to determine potential
pain interference and intensity and their relation to cognitive
endpoints. Pain experience/frequency may then be included as a
control variable in analyses (129). Minimization for baseline pain
is another alternative.

Sleep

Previous research indicates that pediatric patients with
SCD experience sleep-disordered breathing (130), including
obstructive sleep apnoea (131), along with a high prevalence
of sleep-onset insomnia (132). Other sleep disturbances (133),
including nocturnal enuresis (134) and leg movement (135),
occur in about one-third of patients. There is evidence that
sleep may impact cognitive performance (136). In clinical
trials of patients with SCD, including a measure of sleepiness

as an outcome would therefore be useful (137). Researchers
should also consider whether they will use a predefined
“sleepiness” cut-off score to determine if cognitive testing
can be conducted. Researchers might consider choosing the
most suitable time of day for each patient to be tested (138).
Utilizing these measures might increase the time burden and
require additional coordination with families, as the timing of
testing would need to be coordinated with greater precision
and ought ideally to be matched at both baseline and study
exit. Similar to our suggestions related to pain, accounting for
sleepiness in statistical analyses is another way to control for
this factor.

COGNITIVE COMPOSITE ENDPOINTS

Combining test scores or item responses from relevant
subdomains into a composite score creates a single endpoint with
several advantages for clinical trials in pediatric patients with
SCD. Multiple endpoints may appear to improve the explanatory
power and provide additional specificity; however, they also
require assumptions about the magnitude of the treatment
effect across outcome domains and increase the possibility of
post-hoc “cherry-picking” of significant results (104). Composite
endpoints may simplify decision making around selecting a
specific primary outcome from multiple plausible tests or
measures (139). The FDA requires a single outcome, defined a
priori, to license new drugs (140). In a rare disorder like SCD, the
additional statistical power afforded by a single endpoint cannot
be discounted. The easiest and most widely used method to create
a composite is to place the scores on a common metric (e.g.,
z, T, scaled score, or other standard scores) and then average
them (141). An executive composite created using this method
differentiated between children with SCD receiving chronic
transfusions, HU, and demographically-matched controls (37).
As this method does not assess inter-correlations between tests
or the factor structure, it can provide a summary score of overall
cognitive performance in a particular domain (141).

An alternative approach is to use confirmatory factor analysis
to model latent ability based on a set of scores. The latent ability
model captures variance across tests or measures and accounts
for covariance attributable to method effects or theoretical
similarities. For example, if two tests both measure cognition
with precision, but one test measures higher-order functioning
and the other lower-order functioning, the latent ability model
can measure the underlying trait across the full range of ability.
An additional advantage is that this methodology can control for
and quantify differences in performance based on demographics
(e.g., age, sex at birth). Once computed, a latent ability composite
score (mean = 0, standard deviation = 1) is available for each
participant in the study (104). Latent ability composite scores
have been created for Alzheimer’s disease studies (142) but not
yet for adult or pediatric SCD studies.

We advocate for a single cognitive endpoint in clinical trials
of patients with SCD, like an executive function composite.
Notably, a domain-specific composite is not the same as an 1Q,
which is an aggregate or global index that reflects performance
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across a wide variety of cognitive domains. There are inherent
challenges in developing composites as tests in the same domain
are not identical and may capture distinct abilities. Batteries of
executive function tasks balance both unity and diversity, but
the three target executive functions (e.g., cognitive flexibility,
inhibition, working memory) do tap into an underlying common
ability (52, 143), and there is evidence of dysfunction in all three
areas of executive function in SCD (17). The NIH EXAMINER
already provides an executive composite score that has been
shown to differentiate between groups of children with SCD with
and without silent infarction and stroke (144). However, most
neuropsychological batteries with demonstrated sensitivity to
executive dysfunction in SCD do not provide a specific executive
function composite, so either the averaging or latent approach
will need to be considered.

CONCLUSION

This paper identifies specific tests (e.g., NIH Toolbox Cognition
Module, Wechsler Cancellation Test) and psychological PROs
(e.g., PROMIS depression and anxiety scales) that can potentially
capture clinically changes meaningful in the context of patients’
day to day lives. For cognition, executive function and processing
speed are the domains in which pediatric patients with SCD have
the most difficulty. There is preliminary evidence that executive
function composite scores are amenable to disease-modifying
therapies (37-39); therefore, they hold particular promise as
endpoints for future clinical trials, with batteries such as the
NIH Toolbox and the NIH Examiner providing valid and reliable
measures with demonstrated sensitivity to change. A significant
proportion of pediatric patients with SCD have widespread
brain abnormalities, including in the prefrontal cortex of the
brain (145), executive function encompasses those cognitive
processes that underlie goal-directed behavior mediated by
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Research in sickle cell anemia (SCA) has used, with limited race-matched control
data, binary categorization of patients according to the presence or absence of silent
cerebral infarction (SCI). SCI have primarily been identified using low-resolution MRI,
with radiological definitions varying in lesion length and the requirement for abnormality
on both fluid attenuated inversion recovery (FLAIR) and T1-weighted images. We aimed
to assess the effect of published SCI definitions on global, regional, and lobar lesion
metrics and their value in predicting cognition. One hundred and six patients with
SCA and 48 controls aged 8-30 years underwent 3T MRI with a high-resolution
FLAIR sequence and Wechsler cognitive assessment. Prevalence, number, and volume
of lesions were calculated using a semi-automated pipeline for SCI defined as: (1)
Liberal: any length (L-SCI); (2) Traditional: >3 mm in greatest dimension (T-SCI); (3)
Restrictive; >3mm in greatest dimension with a corresponding T1-weighted hypo-
intensity (R-SCI). Globally, as hypothesized, there were large effects of SCI definition
on lesion metrics in patients and controls, with prevalence varying from 24-42% in
patients, and 4-23% in controls. However, contrary to hypotheses, there was no
effect of any global metric on cognition. Regionally, there was a consistent distribution
of SCI in frontal and parietal deep and juxta-cortical regions across definitions and
metrics in patients, but no consistent distribution in controls. Effects of regional SCI
metrics on cognitive performance were of small magnitude; some were paradoxical.
These findings expose the challenges associated with the widespread use of SCI
presence as a biomarker of white-matter injury and cognitive dysfunction in cross-
sectional high-resolution MRI studies in patients with SCA. The findings indicate that
with high-resolution MRI: (1) radiological definitions have a large effect on resulting
lesion groups, numbers, and volumes; (2) there is a non-negligible prevalence of
lesions in young healthy controls; and (3) at the group-level, there is no cross-sectional
association between global lesion metrics and general cognitive impairment irrespective
of lesion definition and metric. With high-resolution multi-modal MRI, the dichotomy
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of presence or absence of SCI does not appear to be a sensitive biomarker for the
detection of functionally significant pathology; the search for appropriate endpoints for
clinical treatment trials should continue.

Keywords: anemia, sickle cell, silent cerebral infarction, ischemia, white matter hyperintensities, magnetic
resonance imaging, cognition, intelligence quotient

INTRODUCTION

People with sickle cell anemia (SCA) are at risk of silent cerebral
infarction (SCI) (1). Traditionally, SCI in children with SCA has
been defined using the Silent Infarct Transfusion trial criteria: an
area of abnormally high signal intensity on T2-weighted (T2-w)
and/or fluid-attenuated-inversion-recovery (FLAIR) MRI (1.5T)
measuring at least 3mm in greatest dimension, visible on two
planes, and with no corresponding focal deficit (i.e., traditional
SCI definition, T-SCI; Figure 1) (2, 3). The majority of SCI are
“deep” white matter hyperintensities (WMH), but “juxtacortical”
and “periventricular” SCI have also been described (4, 5).

SCI occur in patients with SCA as young as 7 months (6), and
are associated with future neurological complications, including
new and enlarging SCI as well as ischemic stroke (7). Prevalence
appears to increase throughout life, with SCI detected in 25%

of patients by 6 years (5), 39% by 18 years (8), and 53% by 30
years (9). Using low-resolution sequences, presence of SCI has
also frequently been associated with cognitive impairment across
several domains (10), which may manifest as poor academic
attainment (11). The American Society for Hematology (ASH)
guidelines have therefore proposed that patients with SCA or
HbSPy thalassemia should undergo MRI to detect SCI (12),
while the use of presence of SCI as a biomarker for risk of
cognitive difficulties was recently discussed at the Food and
Drug Administration (FDA/ASH) meeting on endpoints for
clinical trials in SCA (13). Findings have, however, been mixed,
with several more recent studies failing to detect differences
between patients with and without SCI in various cognitive
domains, including general intelligence (IQ), processing speed
and working memory (14-16).

FIGURE 1 | Examples of different lesions in two patients with sickle cell anemia. The top row shows regions of interest overlaid on T1-weighted images, with the
juxta-cortical region shown in light blue, the deep region shown in light green, the periventricular region shown in light red, lesions that survived the FLAIR threshold
(equation 1) shown in bright yellow, and lesions that survived the T1 threshold (equation 2) shown in dark blue. The middle row shows corresponding FLAIR images,
with arrows showing the locations of lesions. The bottom row shows corresponding T1w images, with arrows showing the locations of lesions that survived the T1
threshold and restrictive definition. (A) Showing deep lesions meeting the liberal and traditional definitions in a male patient with sickle cell anemia aged 19. Despite
having high FLAIR lesion burden for both the liberal and traditional definitions, this patient had relatively low lesion burden on T1, with none of the lesions shown
meeting the restrictive definition. (B) Showing deep lesions meeting the liberal, traditional, and restrictive definitions in a male patient with sickle cell anemia aged 20.
This patient had a high FLAIR lesion burden, with some voxels within lesion masks meeting the restrictive definition.
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Beyond the pediatric T-SCI definition, a more restrictive
SCI definition (R-SCI) (Figure 1), based on studies in adults
without SCA, was proposed in the first large-scale study of
cognition in adults with SCA, requiring a hyperintensity of more
than 5mm in greatest dimension on T2w-MRI along with a
corresponding hypo-intensity on T1-weighted (T1w) MRI (17).
However, presence of R-SCI does not appear to predict general
cognitive performance (i.e., IQ) in adults (17) or children (18)
with SCA independently. Several studies employing a more
liberal definition of SCI (e.g., hyperintensity of any length, L-SCI)
have also failed to find associations with cognition (14, 19, 20).

Discrepancies in prevalence and association with cognition
may relate to differences in the precise definition of SCI,
clinical care, sample characteristics including age and cognitive
range, and advances in technology (21). Studies using lower
field strength magnets and lower-resolution sequences (e.g., 3—
5mm slice thicknesses with a slice gap) will by definition miss
some lesions meeting liberal and traditional criteria, and there
is evidence that lesion detectability increases with increasing
magnet strength; in a study of adults with SCA, the prevalence
of L-SCI increased from 60% at 3T (1 mm resolution) to 90% at
7T (0.8 mm resolution) (22).

There are relatively few data on the prevalence of SCI or any
association with cognition in age- and race- matched controls
and it is unclear whether the combination of increased lesion
detectability and more liberal criteria improves or disrupts the
ability to predict cognitive outcomes based on SCI presence alone
in SCA. Greater detection of SCI in patients may include those
with associated impairment, but smaller WMHs, also reported
in children without SCA (23), and associated with healthy aging
(24), may be less functionally significant.

In other populations where WMHs are common, including
healthy older adults and those with dementia, there is typically
no minimum lesion length requirement, and neurobehavioral
correlates vary with lesion burden, regional classification, and
lobar distribution (24, 25). Several recent studies employing
higher resolution sequences in SCA populations have therefore
considered one T-SCI per decade of life to be “normal,” and
thus grouped participants according to whether they have an
abnormal burden of T-SCI for age (15, 26). However, if the
overall burden is important, L-SCI volume may plausibly serve
as a more sensitive combination of lesion definition and metric.
Whilst a few studies have considered relationships between global
SCI volume and cognitive outcome in SCA (27-29), they all are
based on relatively low resolution MRI sequences with thick slices
(3-5mm). Only one considered the potential impact of lesion
distribution, albeit by grouping patients according to whether
they had frontal (n = 7) or more widely distributed (n = 18)
lesions (27).

Although the majority of clinical studies are now performed
at 3T, and the global and regional burden of SCI can be
quantified using semi-automated methods, no high-resolution
imaging studies have investigated the effect of published SCI
definitions, quantification metrics, and regional classification
criteria on prediction of cognitive outcome in SCA. Determining
the most sensitive combination of definition and metric using
modern scanners is important, particularly as clinical trials have

included or proposed including the appearance of new SCI
as endpoints, partly on the basis that they are traditionally
associated with cognitive impairment in SCA (13, 30, 31). In
addition, an SCI endpoint may appear less subjective than a
patient-reported outcome, and may also be more cost effective
than full cognitive assessment requiring considerable time and
effort for performance and interpretation. This was echoed in
the aforementioned FDA meeting on endpoints, but the need for
further validation using higher-resolution 3D sequences was also
emphasized (13).

Therefore, the purpose of this study was to investigate, using
previous radiological definitions, high-resolution FLAIR and
semi-automated methods, the potential clinical utility of SCI as
a biomarker of general cognition. Specifically, we hypothesized
that there would be significant differences in global lesion metrics
depending on the definition employed, with the most liberal
definition (L-SCI) identifying significantly greater lesion burden.
We also hypothesized that global lesion metrics based on the L-
SCI definition would best predict general cognitive performance.
In addition, we explored regional and lobar lesion metrics
based on different SCI definitions and their value in predicting
general cognition.

MATERIALS AND METHODS

Sample

People with homozygous SCA (HbSS) or HbSf3y-thalassemia
were recruited to three on-going and concurrent studies at UCL
Great Ormond Street Institute of Child Health between 2015
and 2019: the Sleep and Asthma Cohort follow-up (SAC) (32),
the Prevention of Morbidity in Sickle Cell Anaemia baseline
investigation (POMS) (31) and a study of sleep in SCA (33).
Controls were siblings and race-matched peers (i.e., Black British)
of patients recruited to SAC. Patients were ineligible for SAC
and POMS study participation if they were receiving nocturnal
respiratory support at the time of enrollment, participating in
a clinical trial evaluating blood transfusion or oxygen therapy,
or had chronic lung disease (other than asthma) or existing
respiratory failure. Additional exclusion criteria for the POMS
study were hospital admissions for acute sickle complications
within 1 month of enrollment, more than 6 hospital admissions
for acute sickle complications within 12 months of enrollment,
overnight oximetry showing mean overnight saturation of <90%
for more than 30% of total sleep time, severe sleep apnea defined
by 4% oxygen desaturation index >15/h, and chronic blood
transfusion or transfusion within 3 months of enrollment. For the
SAC and sleep studies patients were enrolled without regard to
past sickle- or sleep-related morbidity or transfusion status. West
London NHS (SAC; 05/Q0408/42, 11/EM/0084, 15/LO/0347),
Yorkshire NHS, (POMS; 15/YH/0213), and University College
London (community recruitment 14475/001) research ethics
committees provided ethical approval, and participants/parents
provided written informed consent.

Cognitive Measures
IQ was estimated using the two-subtest Wechsler Abbreviated
Scale of Intelligence (WASI; POMS participants) (34), the
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Wechsler Intelligence Scale for Children (WISC-IV; SAC
participants <16 years) (35), or the Wechsler Adult Intelligence
Scale (WAIS-IV; SAC participants >16 years) (36). Subtests
from the WISC-IV (POMS and SAC participants <16 years
old) or WAIS-IV (POMS and SAC participants >16 years
old) measuring working memory (Digit Span, Arithmetic) and
processing speed (Coding, Symbol Search) were used to calculate
composite indices (working memory index, WMI and processing
speed index, PSI, respectively). Participants were classified as
cognitively impaired if either their WMI, PSI, or IQ score fell
below 70, corresponding to the 2nd percentile (i.e., 2 standard
deviations below the normative mean). For 1 patient and 1
control with invalid performance on the coding subtest, and
1 control with invalid performance on the Symbol Search
subtest, Cancellation subtest scores were used to calculate PSI.
Participants were assessed as close to the date of MRI as possible,
with 76% undergoing both on the same day, and all undergoing
both within 4.5 months.

Hematological Measures

Peripheral oxygen saturation (SpO,) was recorded at rest using
a single fingertip pulse oximeter (Masimo Pronto) reading for
at least 3min on the day of MRI (SAC) or the closest trial
visit (POMS). For patients with SCA, use of disease-modifying
treatments (i.e., chronic blood transfusion, hydroxyurea) and
blood counts were collected from medical records using the
closest scheduled routine clinic visit to date of MRI.

Socioeconomic Measures

Educational attainment, estimated from UK postcode using the
English Indices of Deprivation (37) provided an index of socio-
economic status. This measure has demonstrated sensitivity in
SCA patients (16), and reflects educational attainment in local
areas based on several indicators: (1) average scores for pupils in
state-funded schools at ages 7-11 and 14-16 years, (2) absence
from state-funded secondary schools, (3) the proportion of
people staying on in education/training post 16 years, entry to
higher education, and (4) proportion of working adults with
no/low qualifications and language proficiency. Total scores are
ranked from 1 to 10, with 1 representing the most deprived.

Magnetic Resonance Imaging

MRI was performed on a 3T Siemens Prisma (Erlangen,
Germany) with 80 mT/m gradients and a 64-channel receive head
coil. The protocol included coronal high-resolution 3D FLAIR
(TR = 5,000 ms, TE = 395 ms, voxel size = 0.65 x 0.65 x 1.0 mm,
scan time = 6 min 22 s), axial 2D T2-w turbo spin echo (TR = 8
420 ms, TE = 68 ms, voxel size = 0.50 x 0.50 x 4.0 mm, scan time
= 2min, 50s), T1-w magnetization-prepared rapid acquisition
gradient echo (MPRAGE; TR = 2,300 ms, TE = 2.74ms, TI =
909 ms, flip angle = 8°, voxel size = 1 x 1 x 1 mm, scan time
= 5min, 21s) and 3D time-of-flight MRA sequences (TR =
21.0ms, TE = 3.4 ms, scan time= 5 min, 33 s).

SCI Definitions

The full pipeline for definition, quantification, and classification
of SCI in participants without focal neurological symptoms

is shown in Figure2. First, an experienced pediatric
neuroradiologist, blind to disease status, identified regions
of abnormally high signal intensity indicating an ischemic lesion
and recorded the lobe in which lesions were located. Lesions
were identified on the coronal FLAIR and confirmed on the
axial T2-weighted image, i.e., visible in two planes as lesions in
accordance with the silent infarct transfusion (SIT) trial protocol
(2). Clearly distinguishable SCI “mimics” were excluded (e.g.,
linear perivascular spaces running in the direction of small
veins). Using Horos (https://horosproject.org), lesions were
then manually measured on the coronal FLAIR, counted, and
considered against three definitions;

1)
2

L-SCI: any length (19, 29).

T-SCI: at least 3mm in greatest dimension (i.e., SIT-trial
definition) (2).

R-SCI: at least 3mm in greatest dimension with a
corresponding hypo-intensity on T1w MRI (17).

Quantification of Global SCI

To extract participant-specific estimates of total intracranial
volume, as well as masks of the cortex, white matter, and
ventricles (lateral and fourth), cortical reconstruction and
volumetric segmentation were performed on T1-w images using
Freesurfer (Center for Biomedical Imaging, Massachusetts, USA;
http://surfer.nmr.mgh.harvard.edu/). Regions of interest (ROIs)
were then manually drawn around the identified lesions on
native FLAIR images, before FLAIR and T1w images were bias-
corrected using SPM (Wellcome Trust Centre for Neuroimaging,
London, UK; http://www.filion.ucl.ac.uk/spm), and linearly
affine-aligned using FSL (FMRIB, Oxford, UK; https://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/FSL). Based on a previously published SCA-
specific pipeline (29), for each participant the mean FLAIR
intensity across cortex was calculated, and the following lower
threshold was used to determine which voxels within ROIs
should be included in a total FLAIR lesion burden mask
(Figure 2);

3)

LowerThrﬂa,-, = 1.02 X meangpAlRcortex (1)
Next, the FSL cluster tool separated the total FLAIR lesion mask
into individual FLAIR lesion masks that corresponded with each
lesion initially identified by the neuroradiologist. For consistency
with the FLAIR hyperintensity definition, and to operationalize
and automate the visual definition of a corresponding T1 hypo-
intensity provided by Choudhury et al. (18) (i.e., that lesions
appear either iso- or hypo- intense to surrounding gray matter),
the mean cortical T1 intensity for each participant was calculated.
The following upper threshold was then used to determine which,
if any, voxels within individual FLAIR lesion masks should
be included in a TI-thresholded FLAIR lesion cluster mask
(Figure 2):

UpperThry 1.02 X meanticortex (2)
The total number and volume of lesions surviving the semi-
automated pipeline were then calculated for lesions that met the

L-SCI, T-SCI, and R-SCI definitions.
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FIGURE 2 | Semi-automated pipeline. Showing regions of interest (ROIs) at each stage of the semi-automated pipeline overlaid on a FLAIR image from a
representative participant with sickle cell anemia (male, 25 years old). The initial ROls drawn around the lesions identified by the neuroradiologist are shown in red. The
ROls following application of the FLAIR threshold are shown in yellow, and the ROlIs following application of the T1 threshold in blue. The masks used for regional
classification, along with the corresponding simplified bullseye plot, are shown in light blue for the juxta-cortical region, light green for the deep region, and light pink
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Classification and Quantification of
Regional SCI

To classify lesions as periventricular, deep, or juxtacortical,
FSL was used to create participant-specific maps quantifying
distances from the ventricle and cortex masks from Freesurfer.
Although established absolute distance rules for classification of
lesions exist from work with adult non-SCA samples, we elected
not to apply these given the younger age range of our sample.
Instead, for each participant’s “distance from ventricle” map, an
upper threshold corresponding to the 5th percentile of voxels in
white matter was used to create a periventricular region mask
(Figure 2). Voxels within the periventricular region mask were
then excluded from the participant-specific cortex distance map
to avoid overlap. Next, an upper threshold corresponding to
the 75th percentile of voxels in white matter was applied to
the cortex distance map to create a juxtacortical region mask.
Remaining white matter voxels were then used to generate a
deep white matter region mask. These distance thresholds were

chosen as they gave the most accurate classification compared
with neuroradiologist classification for a random subsample of
patients (N = 10, pipeline accurately classified lesions in all
cases). We had also experimented with the 10th percentile of
white matter for the distance from ventricles mask, and the 85th
percentile of voxels for the distance from cortex mask. For the
10th percentile periventricular threshold, 1 lesion that was classed
as periventricular by the neuroradiologist fell in the deep regional
mask. Similarly, for the 85th percentile juxta-cortical threshold, 1
lesion that was classed as deep by the neuroradiologist fell in the
juxta-cortical mask.

The number and volume of lesions of each class were then
quantified. For the number of lesions, in the event of overlap
between FLAIR lesion masks and periventricular, juxtacortical,
and/or deep region masks, lesions were classified according
to whichever regional mask contained the greatest number of
FLAIR lesion voxels (Figure 1). If regions contained an equal
number of lesion voxels, the neuroradiologist was consulted
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TABLE 1 | Representation of lesion metrics included in regression models.

Model Lesion metrics included as predictors

SCly/n
SCly/n + SClyn* SCAyn

SCly/n + SClhumber

SCly/n + SClyn * SCAyn + SClumber + SClumber * SCAyn
SCly/n + SChoume

SCly/n + SClyn* SCAy/n + SChtume + SChome™ SCAYn

2 S

+ = addition; * = multiplication.
SClyn, binary variable representing presence or absence of silent cerebral infarction;
SClpumber, continuous variable representing the number of lesions; SClyeume, continuous
variable representing the volume of lesions; SCAyn, binary variable representing presence
or absence of sickle cell anemia.

for classification (N = 3 cases). For the volume of lesions, the
number of voxels within each regional mask was used, allowing
for within-lesion overlap between regions. A simplified “bulls-
eye” representation of lesion burden (38) in 12 regional-lobar
zones was created (Figure2), with the lobe as designated by
the neuroradiologist.

Statistical Analysis

Analyses were performed in RStudio Desktop 1.0.153 using
packages including “companion to applied regression” (39) and
“global validation of linear models” (40). Prior to statistical
analyses, variables were assessed for normality and equality of
variance. Non-normal lesion metrics (i.e., number and volume)
were log-transformed. Estimates of global lesion metrics (i.e.,
total prevalence, number, and volume) were compared between
L-SCI, T-SCI, and R-SCI definitions using Cochran’s-Q and
Friedman tests, and between patients and controls using Chi-
Squared, Fishers Exact (N < 10), and Mann-Whitney U tests.
Effect sizes were estimated using maximum-corrected measure of
effect size (né), Kendall’s W(w), Cramér’s-phi (¢), Cohens d (d),
and correlation coefficients (r), and interpreted using Cohen’s
conventions (small d = 0.2, né/w/d)/r = 0.1, medium d = 0.5,

e/ w/$/1/ = 0.3, large d = 0.8, n&, w/p/r = 0.5) (41).

Global Models

For each SCI definition, regression models estimating IQ, WMI,
PSI, and cognitive impairment from an increasingly complex
combination of global lesion metrics were computed (Table 1).
Models including binary indicators denoting the presence of
SCI or the presence of at least 1 SCI that met the relevant
definition per decade of life (Table 1; Model 1) were compared
to models where binary indicators were included alongside
continuous quantifiers, representing either the global number
(Table 1; Model 3) or volume (Table 1; Model 5) of SCI according
to the relevant definition.

To explore potential effects of SCA status on the effect of SCI
metric, where distributions allowed, models were also computed
with interaction terms composed of [mean-centered SCA status]
X [lesion metric] (Table 1; Models 2, 4, and 6). Models were also
re-computed in a subset including SCA patients only.

Regional Models

As for the global lesion models, exploratory regional models
including binary indicators denoting regional (i.e., deep, juxta-
cortical and periventricular) or lobar (ie., frontal, parietal,
temporal, and occipital) lesion presence, were compared to
corresponding models including indicator variables alongside
continuous quantifiers denoting SCI number or volume. Models
were also computed with a predictor based on the total
number of regional-lobar zones with lesion voxels. Previous
reports indicate a significantly unequal regional and lobar
distribution of lesions in patients with SCA (4). Therefore, we
expected a bimodal distribution of relatively commonly affected
regions/lobes vs. relatively rarely affected regions/lobes. To avoid
large between-region/lobe differences in statistical power and
statistical inferences based on very small numbers of participants,
only the most commonly affected regions and lobes were
included in regional models.

Model Statistics

Across all models, a probability threshold of p < 0.05 was
considered statistically significant, and model assumptions and
variance inflation factors (VIF) were assessed. If there was
significant multi-collinearity (i.e., VIF > 5) between binary
indicator or continuous quantifier variables, binary indicator
variables were dropped from models. The predictive value
of definitions was assessed by comparing beta-values and
semi-partial correlation coefficients for any significant lesion
predictors between the models. Based on prior literature (16, 18,
42), pre-selected covariates comprising age, sex, total intracranial
volume, SpO;, and education deciles, were included in all models.
In models re-computed in the SCA patient subset, hemoglobin
was additionally included as a covariate. Prior to their inclusion
in models, exploratory correlation analyses were performed
between variables. Correlations for comparison of the number
and volume of T-SCI, L-SCI, and R-SCI with FSIQ, WMI and PSI
were additionally computed separately for children <15.99 years
and adults >16 years. The relevant group means were imputed
for four patients with missing hemoglobin and seven controls
with missing SpO,. To match prior research (18), and maximize
our ability to detect effects of SCI should they exist, we did not
correct for multiple comparisons.

RESULTS

Participants

Of 172 recruited participants, 106 patients with SCA (53 male, age
range 8-29 years, 105 HbSS, 1 HbSf3y-thalassemia) and 48 race-
and age- matched controls (20 male, age range 8-30 years; 27
HbAA, 19 HbAS, 2 HbAC; 31 siblings of patients) were included
in the final sample (Figure 3).

Two patients had large vessel vasculopathy, six were receiving
chronic transfusion, 16 had been transfused within 3 months,
and 42 were prescribed hydroxyurea. SpO, was significantly
lower in patients than controls, and hemoglobin was lower than
normative values, but there were no significant differences in age,
sex, or education deciles (Table 2).
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FIGURE 3 | Participant flow-chart. Showing the flow of participants, with reasons for exclusion, and the final groups for analysis.
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Cognitive Performance

Analyses that assessed differences in cognitive performance
between patients with SCA and controls found that patients
had lower scores of 7 WMI points, 8 PSI points (ps <
0.005), and 4 IQ points (p = 0.06, Table 2; Figure4) than
controls. Effect sizes for these cognitive differences were
moderate to large. For controls, there were no significant
differences in cognition between those with and without sickle
cell trait (all ps > 0.5). 11.3% of people with SCA (12/106)
were identified as having cognitive impairment (i.e., WMI,
PSI, or IQ score < 70) compared with 4.2% (2/48) of
controls (see Table2). As shown in Figure4, the raw data
demonstrated greater variation in cognitive performance within
than between lesion groups, with no clear dose-dependent
effect of the total lesion number or volume, in patients
or controls.

Global SCI Metrics

Forty-five patients (42%, 23 male, median age = 16.9, range
= 8-27 years) and 11 controls (23%, 2 male, median age =
14.8, range = 9-21 years, HbAS = 7) had lesions that met
the L-SCI definition and survived the semi-automated pipeline.
Cochran’s Q tests revealed significant effects of SCI definition
on lesion prevalence in both patients and controls; the L-SCI
definition identified three more patients (7%) and six more

controls (120%) with lesions compared to the T-SCI definition,
and 20 more patients (80%) and nine more controls (450%)
compared to the R-SCI definition (ps < 0.05; Table 3). A similar
pattern was observed for the additional requirement that at
least 1 lesion be allowed per decade of life and the median
number and volume of lesions. Significant effects of SCA status
on global lesion metrics were also observed, with a greater
global prevalence, number, and volume of lesions observed in
patients, irrespective of the SCI definition employed (ps < 0.005;
Table 3).

T-SCI were detected in controls with sickle cell
trait as young as 9 years of age, and in those with
HbAA/AC as young as 12 years of age. A non-
significantly greater proportion of controls with HbAS
were identified as having SCI (L-SCI HbAA/AC: 4/29
[14%, 0 AC] vs. HbAS: 7/19 [37%]), irrespective of the
definition (ps > 0.05).

Global SCI Metrics and Cognition

Exploratory Spearman’s rank correlations revealed several
significant relationships (Figure5, Supplementary Figure 1).
In addition to expected associations between closely related
variables, decreases in SpO2 were modestly associated with
increases in L-SCI and T-SCI lesion number and volume
(rs —0.23 to —0.28, ps < 0.05; Figure5). When these
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TABLE 2 | Sample demographics and cognitive performance.

SCA Control
(n = 106) (n =48)

Between-group differences

Demographic variables
Sex

Age (yr)

Education Decile

Clinical variables

Chronic Transfusion

Acute Transfusion <3 months
Hydroxyurea

Hemoglobin (g/dl)

SpO2 (%)

Cognitive variables
Intelligence quotient (IQ)

Working memory index (WMI)

Processing speed index (PSl)

Count (percentage)
53 Male (50.00%) 20 Male (41.67%)

Median (range)

16.56 (8-29) 16.55 (8-30)
5.00 (1-10) 5.00 (2-10)
Count (percentage)
6 (5.66%) -

16 (15.10%) -
42 (39.62%) -

87.70 (60-134) -
97.00 (89-100) 99.00 (93-100)
Mean (SD)
93.15 (13.28) All97.29 (11.78)
HbAA/HBAC 98.31 (10.52)
HbAS 95.74 (13.64)
92.04 (14.18) All'98.90 (13.34)
HbAA/HBAC 99.03 (13.54)
HbAS 98.68 (13.40)
89.56 (12.99) All'97.10 (13.03)

HbAA/HBAC 97.62 (13.24)
HbAS 96.32 (13.01)

Chi-Squared test

X2 =0.62,p =043, ¢ =0.06

Mann-Whitney U test

U=2,594.5p=0.85 95% Cl = —1.64-1.98, r = 0.02
U =2,353.5,p=0.45, 95% Cl = —0.99-0.00, r = 0.06
Mann-Whitney U test

U = 3,742.5, p < 0.005%, 95% Cl = 1.00-2.00, r = 0.38
Students t-test

t101.6) = 1.94, p = 0.06A, 95% Cl = —0.09-8.37, d = 0.33
tz1.7) = 0.70, p = 0.49, 95% Cl = —4.94-10.10, d = 0.21

tge.1) = 2.90, p < 0.005%, 95% ClI = 2.16-11.56, d = 0.50
tagg) = 0.09, p = 0.93, 95% Cl = —7.68-8.38, d = 0.03

tig0.6) = 3.33, p < 0.005*, 95% Cl = 3.05-12.05, d = 0.58
1]39,1) =0.33, p= 0.74, 95% Cl = —6.52-9.13, d = 0.74

Count (percentage)
HbAA 1 (2.08%)
HbBAC 0 (0.00%)
HbBAS 1 (5.26%)

Cognitive impairment (Cl) 12 (11.32%)

Fishers Exact test
OR =5.95, p = 0.06", 95% Cl = 0.83-261.56 —

Values are summary and test statistics. For between group-differences in cognitive variables, the top row compares patients and controls, while the second row compares controls with

and without sickle cell trait.
"p<0.1;"p < 0.05.

SCA, sickle cell anemia; HbAA/HbAC, control with hemoglobin A; HbAs, control with hemoglobin S, sickle cell trait; SpOo, peripheral oxygen saturation; SD, standard deviation; 95%

Cl, 95% confidence interval.

analyses were conducted in only the SCA subsample, these
associations remained significant, and other modest associations
between decreases in hemoglobin and decreases in I1Q (r =
0.29, p < 0.05) and PSI (r = 0.20, p < 0.05) were observed
(Supplementary Figure 1). No univariate relationships were
observed between lesion variables and any measure of cognition,
and there were no relationships with total intracranial volume,
age, or education deciles. When the SCA subsample was further
stratified by age, there were no correlations for the L-SCI
or T-SCI definitions, but volume and number of R-SCI were
paradoxically positively correlated with IQ in children with SCA
aged <16 years (Table 4). There were no correlations between
volume or number of T-SCI, L-SCI or R-SCI and IQ in adults,
nor any correlations with WMI or PSI in either age group
(Table 4).

The results from the univariate correlation analyses were
echoed in regression models estimating IQ, WMI, PSI, and
cognitive impairment from global lesion metrics, where
no significant effects emerged (Table Al), irrespective
of the definition employed, the inclusion of interaction
terms for patient status, the model complexity, or whether
analyses were run across the whole sample or in people with
SCA only.

Regional SCI Metrics
In patients, across SCI definitions and lesion metrics
(Figures 6, 7, Supplementary Figures 2, 3), the distribution of
lesions was relatively consistent. Following the L-SCI definition
(Figures 6, 7), the deep frontal and parietal regional-lobar zones
were the most commonly affected (36.8 and 19.8%, respectively),
and accounted for the greatest proportion of the total number
(69%) and volume (72%) of lesions in people with SCA. The
juxta-cortical frontal and parietal zones were also among the
most commonly affected in people with SCA (29.2 and 17.9%,
respectively), but accounted for a relatively smaller proportion
of the total number (24%) and volume (19%) of lesions, with the
remaining regional-lobar zones rarely affected (all < 10%). In
controls, there was far less consistency between lesion metrics
based on the L-SCI definition. Whilst the juxta-cortical frontal
zone accounted for the greatest proportion of the total lesion
number (31%; Figure 7), the deep occipital zone accounted
for the greatest proportion of lesion volume (51%; Figure 7).
SCI were not particularly common in either zone, with the
juxta-cortical frontal zone affected in six controls (12.5%), and
the deep occipital zone in two (4.2%; Figure 7).

Lesion distributions in both patients and controls
were similar between the L-SCI (Figure7) and T-SCA
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TABLE 3 | Global lesion characteristics.

L-SCI T-SCI R-SCI
SCA HC SCA HC SCA HC Within-group differences
Lesion prevalence
Total number of participants with lesions 45 1 42 5 25 2 Cochrans Q test
(% of total group) (42.45%) (22.92%) (39.62%) (10.42%) (23.58%) (4.17%) SCA: Qz = 34.90, p < 0.005%, 77% =0.11

HC: Qo = 14.00, p < 0.005%, n = 0.15

Between-group differences

Chi-squared test
X3 =4.64, p=0.031*, ¢ = 0.17

Chi-squared test
X2 =11.90, p < 0.005%, ¢ = 0.28

Fishers Exact test
OR =7.03, p < 0.005*

Total number of participants with >1 lesion
per decade of life (% of total group)

37 9
(34.91%) (18.75%)

32 5
(30.19%) (10.42%)

12 0
(11.32%) (0.00%)

SCA: Qu = 42.00, p < 0.005%, n2 = 0.14
HC: Qo = 13.56, p < 0.005%, n2 = 0.14

Between-group differences

Chi-squared test
X2 =3.38,p=0.07", ¢ =0.15

Chi-squared test
X2 =6.08,p = 0.01*, ¢ = 0.20

Fishers Exact test
OR = NA, p =0.02*

Lesion number

Median total number of lesions in
participants with lesion meeting definition
(range)

4 3
(1-29) (1-12)

3 2
(1-26) (1-8)

2 1
(1-10) (1-1)

Friedman test

SCA: Q, = 76.80, p < 0.005*, W = 0.36
HC: Q2 = 19.50, p < 0.005*, W = 0.20

Between-group differences

Mann-Whitney U test
U =2,000.00, p = 0.01* r=-0.18

Mann-Whitney U test
U =1,781.00, p < 0.005*, r = —0.28

Mann-Whitney U test

U =2,036.00, p < 0.005"%, r = —0.22

Lesion volume

Median total lesion burden (volume, mm3)
in participants with any lesion burden
(range)

75 22
(1-5177) (2-1282)

63.5 19
(1-5177) (3-1075)

4 2
(1-268) 2-2)

Friedman test

SCA: Q2 =81.10, p < 0.005*, W = 0.38
HC: Q; = 19.50, p < 0.005*, W = 0.20

Between-group differences

Mann-Whitney U test
U = 1,938.00, p < 0.005* r = —0.20

Mann-Whitney U test
U =1,774.00, p < 0.005* r = —0.28

Mann-Whitney U test

U =2,036.00, p < 0.005%, r = —0.22

Values are summary and test statistics comparing lesion metrics between patients and controls groups (columns; Chi-Squared and Mann-whitney U tests) and within groups as a function of SCI definition (rows, Cochran’s-Q and
Friedman tests) “p < 0.1; *p < 0.05. L-/T-/R-SClI, Liberal/Traditional/Restrictive silent cerebral infarction definitions; HC, healthy control; SCA, sickle cell anemia.
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FIGURE 4 | Cognitive Performance and Global Lesion Presence. Showing full-scale 1Q (FSIQ: top row), working memory index (WMI: middle row), and processing
speed index (PSI: bottom row) in patients with sickle cell anemia (red triangles) and controls (blue circles). Participants are grouped by silent cerebral infarct status
(SCl+ = with silent cerebral infarction, SCI- without silent cerebral infarction) for the liberal definition (left column), traditional definition (middle column), and restrictive
definition (right column). For each definition, point intensity is weighted by the log-transformed number of lesions, and point size by the log transformed volume of

definitions (Supplementary Figure2) but varied with the
R-SCI definition (Supplementary Figure 3). Although the
overall pattern was similar in patients, frontal lesions were
more likely to survive the R-SCI criteria. There was no
obvious pattern as to the location of the two surviving lesions
in controls.

Regional SCI Metrics and Cognition

Exploratory regression models estimating cognitive performance
from regional and lobar lesion metrics yielded results similar
to those using global lesion metrics (Supplementary Table 1),
although a couple of significant effects emerged in models
predicting PSI. First, in models using regional lesion metrics
to predict PSI, there was a significant negative effect of the
presence of juxta-cortical lesions for the R-SCI definition. The
effect was significant across the whole sample, and in the
patient subsample, but was modest in size (r = 0.16-0.19), and
disappeared in the more complex models (i.e., models 2 and
3; Table 1), where a significant positive effect of restrictively-
defined deep lesion volume emerged in the SCA subsample
(Supplementary Table 1). Second, in complex models using
lobar lesion metrics to predict PSI, there were significant negative
effects of parietal lesion volume for both the L-SCI and T-
SCI definitions in the SCA subsample, but not for the R-SCI
definition, or for any definition across the whole sample. For the

R-SCI definition, a positive effect of frontal lesion volume was,
however, observed in the SCA subsample.

Across all models, coefficients for the lesion volume variables
that reached significance were very small in magnitude,
corresponding to a 0.17-0.19 decrease in PSI points for every 10%
increase in L-SCI or T-SCI defined parietal lesion volume, and a
0.43-0.44 increase in PSI for every 10% increase in restrictively
defined frontal or deep lesion volume (Supplementary Table 1).
Effect sizes were also modest (r = 0.20-0.22).

DISCUSSION

Using high-resolution FLAIR, we assessed the effect of three
published SCI definitions on global and regional lesion metrics
and explored their value in predicting general cognitive
performance. As hypothesized, we observed large effects of SCI
definition on estimates of lesion metrics in both patients and
controls. However, contrary to hypotheses, neither the presence,
nor the total number, nor the total volume of lesions based on
any SCI definition predicted general cognitive performance or
impairment. These findings underscore the numerous challenges
surrounding the widespread use of binary SCI status as a
biomarker of cognition in cross-sectional high-resolution MRI
studies in the SCA field, including challenges related to the
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definition, quantification, distribution, specificity, and timing.
Taken together, our findings suggest that with high-resolution
MRI: (1) radiological definitions have a large effect on resulting
lesion groups, numbers, and volumes; (2) there is a non-
negligible prevalence of lesions also in healthy controls; and (3)

N . . S A\
P S0
S R FEEF PP NP
Age 002 008 0 003 003 003 003 003 -001 -01 -0.08 -0.08 1
ICV 013 002 o0 002 003 002 003 014 -003 009 -0.09 o8
Edu. Decile -002 -001 003 o001 -004 003 o0 -001 -006 0.1 06
SpO2 023 024 014 -024 028 011 015 014 014 o4
L-SCI No. 009 041 0.1 o
T-SCI No. 000 000 -0

-0.08 -0.07

R-SCI No.
L-SCI Vol.

T-SClI Vol.

-0.2

-0.09

-0.4

0.02

FSIQ

R-SCI Vol.

-0.6

-0.8

FIGURE 5 | Correlations between model predictors. Showing relationships
between continuous variables included in the global regression models. Values
are zero-order Spearman’s rank correlation coefficients. Shaded areas
represent significant relationships (i.e., p < 0.05), with blue used to represent
negative relationships, and orange used to represent positive relationships,
and color intensity used to represent the strength of the relationships. ICV,
intra-cranial volume; Edu. Decile, education decile; SpO., peripheral oxygen
saturation; SCI Lib, SClI liberal definition; SCI Trad., SCI traditional definition;
SCI Rest, SCI Restrictive definition; No., Number; Vol, Volume; FSIQ, full-scale
1Q; WMI, working memory index; PSI, processing speed index.

at the group-level, there is no association between global lesion
metrics and general cognitive outcome irrespective of lesion
definition and metric.

SCI Definitions and Global Lesion Metrics
We observed large effects of SCI definition on global lesion
metrics, with the resulting lesion subgroups varying widely,
particularly in controls. Estimates of SCI prevalence based on the
L-SCI and T-SCI definitions in patients were in broad agreement
(43% and 40%, respectively), and were broadly comparable
with prior SCA studies employing higher field-strength MRI
(43). Prevalence in patients based on the R-SCI definition was
significantly lower (24%) but in line with a prior lower-resolution
pediatric study (18). The total number and volume of lesions were
less consistent between definitions, with 69 patient lesions (24%)
and 26 control lesions (62%) not meeting the T-SCI definition,
and a further 158 patient lesions (55%) and 14 control lesions
(33%) not meeting the R-SCI definition. Of note, excluded lesions
were often from individuals who had other lesions meeting the
T1w hypointensity and/or minimum length criteria.

While radiological SCI definitions that include minimum
length criteria may be justifiable in studies employing lower-
resolution sequences where reliability may be a concern, there
is less justification in higher resolution studies unless increased
sensitivity to a specific pathology and/or outcome can be
demonstrated. For prediction of cognitive performance, the
present study indicated little utility of the length requirement
of the T-SCI definition, or the additional T1 hypo-intensity
requirement of the R-SCI definition, though both definitions
had significant effects on resulting lesion groups, numbers,
and volumes. These findings demonstrate the need for a
standardized definition and quantification approach that is
reliable and replicable for further exploration in high-resolution
MRI studies. Ideally, future studies should also take into account
the definitions used in studies of cerebral small vessel disease
(CSVD) in adults (44-46).

For comparability with studies in CSVD, and to avoid
excluding smaller lesions before attempting to explore and

TABLE 4 | Spearman correlations for comparison of cognitive outcomes and silent cerebral infarct volume and number using the Liberal (L-SCl), Traditional (T-SCI) and

Restrictive (R-SCI) definitions.

Children (<16 y) with sickle cell anemia

Adults (>16 y) with sickle cell anemia

N =48 N =57
Q WMI PSI 1Q WMI PSI

Silent cerebral infarct definition r p r p r p r P r P r P
L-SCl total volume 0.172 0.2 0.006 09 —0.064 0.7 -0.191 02 -0.007 0.9 0.015 0.9
T-SClI total volume 0.182 0.2 —-0.022 09 -0.040 0.8 -0.156 0.2 0.029 0.8 0.027 0.8
R-SCl total volume 0.308 0.03* 0.090 05 —0.093 0.5 -0.1156 04 0.017 09 -0.024 0.9
L-SCI number 0.162 0.3 —-0.007 09 -0.064 0.2 —-0.204 0.1 0.012 0.9 0.019 0.9
T-SCI number 0.177 0.2 -0.029 08 —-0.025 0.9 -0.159 0.2 0.061 0.7 0.038 0.8
R-SCI number 0.309 0.03* 0.088 0.6  —0.099 0.5 -0.152 03 -0.038 0.8 -0.048 0.7
*p < 0.05.

v, years; 1Q, intelligence quotient; WMI, working memory index; PSI, processing speed index; L-/T-/R-SCI, Liberal/Traditional/Restrictive silent cerebral infarction definitions.
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FIGURE 6 | Heatmap for liberally-defined SCI. Showing the distribution and
frequency of lesions for the liberal definition in patients (top row) and controls
(bottom row). All lesions were registered to a standard space template (MNI
152) using non-linear registrations from the FSL_anat pipeline (https://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/fsl_anat). The color bar shows the number of participants
with lesions in a particular voxel.

understand the features of such lesions, it may be useful to
consider the greatest dimension and T1-intensity not as criteria
for inclusion, but as features worthy of further exploration
alongside other imaging features. Future studies should therefore
consider employing L-SCI definitions and semi-automated
segmentation techniques. Although substantial progress has been
made in the development of automated segmentation techniques
in other populations (47), the sensitivity of these techniques
to the often smaller and less well-defined lesions observed
in younger populations with and without SCA has yet to
be investigated.

Global Lesion Metrics and Cognitive

Performance

Globally, our results indicate greater variation in cognition
within than between lesion groups, with no observable dose-
dependent effect of the total lesion burden or the lesion burden
for age, in patients or controls. These findings align with those
of several recent high-resolution MRI studies that have failed to
detect an effect of the presence of T-SCI on cognition in patients
with SCA (15, 16, 48) (Table 5). However, they contradict lower-
resolution pediatric MRI studies where small to moderate effects
have been widely reported (Supplementary Table 2) (10, 11, 28,
55, 56). These lower resolution studies include children enrolled
in the Co-operative Study of Sickle Cell Disease (CSSCA) from
1989 to 1999 (56), and a subset of those enrolled in the SIT
trial from 2005 to 2013 (42). Given their relatively large samples,
prior meta-analyses have been heavily weighted by their inclusion
[e.g., (10)].

Of 11 studies conducted at 3T examining effects of SCI
on cognitive outcome, the only study to detect an effect used
a sequence with a 5mm slice thickness (Table5), 17 out of
27 studies conducted at 1.5T found a negative effect of SCI

on cognition (Supplementary Table 2). Taken together, these
findings are consistent with the notion that the use of higher
magnetic field strengths (i.e., 3T vs 1.5T) and higher resolution
FLAIR sequences (i.e., 0.65 x 0.65 x 1mm vs. 1.8 x 1.8 X
5mm) increases lesion detectability, and that this in turn may
skew or nullify prediction of cognitive impairment based on
a binary categorization according to presence or absence of
SCI, irrespective of the stringency of the definition employed.
Increased lesion detectability is consistent with the relatively large
proportion of controls we identified with SCI meeting L-SCI and
T-SCI criteria (23 and 10%, respectively), the majority of whom
were children. Other recent high-resolution MRI studies have
similarly reported a non-negligible prevalence of T-SCI in healthy
young adults (Table 6).

This interpretation raises the possibility that there may be a
tipping point beyond which lesions become large and prominent
and begin to have an effect. It is also possible that the inclusion
of young adults in our sample reduced our sensitivity to
potential age-dependent effects of SCI across specific domains.
Although we excluded participants >30 years, used cognitive
scores that were scaled for age, included age as a covariate in
our regression models, and observed no relationships between
age and global lesion metrics, we cannot exclude the possibility
of age-dependent effects of the global presence and burden of
lesions on individual cognitive trajectories in specific domains.

Discrepancies in the literature may also be accounted for
by differences in sample characteristics between prior and
more recent studies. The lesions observed at 1.5T MRI in the
majority of prior studies are likely to have met the traditional
or restrictive criteria (Supplementary Table 2). These studies
included untreated patients with clinically significant cerebral
vasculopathy, which may have contributed to both their SCIs
and their cognitive deficits. Therapies such as hydroxyurea
and transfusion were rarely used during the CSSCA but were
prescribed in 40 and 21%, respectively of our cohort with SCA. In
arecent study, executive function improved soon-after compared
with long-after a blood transfusion in 27 people with SCA, >80%
of whom had infarction on MRI (52). However, although the
incidence of recurrent infarcts, including overt strokes and T-
SCIs, was reduced, blood transfusion for 3 years did not improve
IQ in SIT (3). One of the exclusion criteria was treatment with
hydroxyurea within 3 months of SIT enrollment but there is
now evidence for a protective effect on IQ (61, 62). There is
therefore some evidence that the discrepancy between our data
and previous studies could be related to therapy. It is also possible
that the strategic position of SCI in relation to particularly
eloquent tracts plays a role in functional outcomes.

Regional Lesion Metrics and Cognitive

Performance

Our regional analyses yielded several interesting findings. We
detected a consistent regional distribution of lesions across
metrics and definitions in patients, but not controls. Whilst
lesions in patients were similarly prevalent in deep and juxta-
cortical frontal and parietal zones, lesions in deep frontal and
parietal zones were greater in number and size, echoing prior
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L-SCI

% of total group % of total lesion number % of total lesion volume

Patient

7.6% 1.0% 0.6%

0.0% 0.0%] 0.0%

Control

FIGURE 7 | Lesion distribution for liberally-defined SCI. Showing the distribution of lesions using bullseye plots, where sectors represent the four lobes (F, frontal; P,
parietal; O, occipital; T, temporal) and rings represent the three regions; periventricular (PV; interior ring; red), deep (DP; middle ring; green), and juxta-cortical (JC;
exterior ring; blue), yielding 12 regional lobar zones. Distribution is represented using three different metrics for patients (top row) and controls (bottom row): (1) the
proportion of the total group with lesion voxels in particular zone (% of total group), (2) the proportion of the total group lesion number classed as belonging to
regional-lobar zone (middle - % of total lesion number), and (3) the proportion of the total group lesion voxels present in a particular regional-lobar zone (right - % of
total lesion volume).

SCA studies (4, 63, 64). In exploratory models, we detected it is also possible that some T1 hypo-intensities were missed
some significant effects of regional and lobar lesion metrics  and/or excluded (Figure 1). Alternatively, T1 hypo-intensities
on PSI. The most consistent finding was a moderate negative =~ may represent older, more established lesions, with effects
effect on PSI of parietal lesion volume for both the L-SCI and  diminishing over time.
T-SCI definitions in the SCA subsample. However, confidence These possibilities could also account for the paradoxical
intervals were wide, and coefficients very small for these effects,  univariate association observed between higher volume and
highlighting the need to interpret them with caution. Findings  larger number of R-SCI and higher, rather than lower, IQ in
for the restrictive definition were less consistent. There was a  children with SCA <16 years. Another possibility is that in
moderate negative effect of the presence of juxta-cortical R-SCI  the child’s brain, adaptive physiology which may enable brain
in simple models, but the effect disappeared in the more complex ~ growth and development, e.g., higher cerebral blood flow (CBF),
models, where moderate positive effects of deep and frontal R-  might eventually favor the development of SCI in the borderzone
SCI volume emerged, again with wide confidence intervals and  regions (64, 65) related to vascular instability secondary to
small coefficients. exhaustion of cerebral reserve mechanisms, shunting or steal.
It is possible that the paradoxical effects we observed using ~ Such effects may plausibly improve or worsen over time
the R-SCI definition were related to our operationalization of  depending on age, along with the severity of the disease
the visual definition of a T1-hypointensity (18), which was  course. It might be possible to follow the trajectory in patients
novel and may have been too stringent. Given that the R-  longitudinally from a young age by comparing the prevalence,
SCI definition requires a corresponding FLAIR hyperintensity, =~ number and distribution of T-SCI, L-SCI, and R-SCIL This
and we applied the T1 threshold after the FLAIR threshold, = would enable exploration of trajectories and could help establish
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TABLE 5 | Overview of high-resolution MRI studies examining impact of SCI on cognitive outcomes in patients with SCA.

Study details SCA SCA (age) SCI definition MRI  Sequence Res. Lesion Metric % SCA Cognitive Tests Neg. effect of Neg. effect of Results: Assoc w/cognition or
(N) w/ SCI SCI-FsIQ, SCl—any other neuroimaging outcome
WML, or PSI domain
Hiimans et al. Netherlands 2010 21 6-18y No explicit definition ~ 1.5T, 3T Not reported Prevalence (i.e., 57%  WISC-IIl (composite scores), N N No significant differences found
(14) binary y/n) Stop-task, Tower of London, between SCI+ and SCI- groups
N-back task, Beery VMI
Krejza et al. us 2012 46 3-13y No explicit definition 3T Not reported Prevalence (i.e., 34%  K-BIT (Kaufman Brief - N No significant differences in any
(49) binary y/n) Intelligence Test) K-bit score between SCI+ and
SClI- groups, lesion volume
included in models as covariate;
significance and effect sizes not
reported
van der Land  Netherlands 2015 38 8-17.1y  L-SCl: area of 3T T2 =0.58 x 0.72mm, Prevalence (i.e., 50%  WISC-IIl (composite scores), Y Y SCl+ group significantly reduced
etal. (29) abnormally increased 29 slices with 5mm binary y/n) and Trail-making test, Beery VMI FSIQ (81 vs. 89), VIQ (84 vs. 93),
signal on T2 and thickness; FLAIR = 1.03 volume (rank score) and PSI (83 vs. 97). Effects of
FLAIR x 1.68mm, 29 slices SCl volume rank also observed
with 5 mm thickness. in regression models for these
scores.
Chen et al. (50)US 2017 25 Decline  T-SCl: area of FLAR =1 x 1 x 1mm Prevalence (i.e., 56% K-BIT - N SClI presence did not improve
M =9.67, abnormally increased binary y/n) model fits for IQ decline over time
SD = 1.41. signal on FLAIR—min
No Decline  3mm greatest
M =9.38, diameter
SD =294
Downes et al. Ireland 2020 28 8-18y No explicit definition Not  Not reported Prevalence (i.e., 36%  NIH toolbox tests of N N No significant differences
(51) reported binary y/n) executive function, language, between SCI+ and SCI- groups
and memory in EF or memory tasks,
significantly better performance
in the picture vocabulary task
Stotesbury UK 2018 83 8-37y T-SCI: area of 37 FLAIR =0.65 x 1 x Prevalence (i.e., 45%  WASI, WAIS/WISC-IV N N No significant differences found
etal. (16) abnormally increased 0.65mm, T2 =0.51 x  binary y/n) (composite scores) between SCl+ and SCI- groups
signal T2 and 0.51 x 5.6mm in FSIQ or PSI
FLAIR—min 3mm
greatest diameter
Hood et al. us 2019 61 3-22y T-SClI 3T Not reported Prevalence (i.e., 41%  NIH toolbox tests of N N No significant differences found
B2)n binary y/n) executive function, language, between SCI+ and SCI- groups
and memory for overall cognition (83.12 vs.
83.92), executive function (90.81
vs. 87.90) or non-executive
function (89.51 vs. 91.90)
composites
Choi et al. (15) US 2019 52 M=21.4, T-SClw/age: 3T FLAR=1.3 x 1.0 x Prevalence (i.e., 48%  WASI, WISC-IV N N No significant differences
SD =7.7 increased signal 1.0mm binary y/n) between those with a normal
FLAIR—min 3 and abnormal burden of SCI for
mm—>1 per decade age observed for FSIQ or matrix
of age reasoning (others not reported)
Farris et al. (53)US 2015 15 18-65y  L-SCI: area of 3T Not reported, Number 60%  Cogstate battery: GMLT - N No association between SCI
abnormally increased number and performance on
signal on FLAIR GMLT
Farris et al. (48)US 2016 15 18-65y  L-SClI: area of 3T Not reported, but slice  Volume - Cogstate battery: GMLT - N No association between SCI
abnormally increased thickness mentioned as volume and performance on
signal on FLAIR included in volume GMLT
estimate
Sanger etal. US 2016 48 19-59y  No explicit definition - Not reported Prevalence (i.e., 37.5% - - - No differences in SCI prevalence

64)

binary y/n)

as a function of employment
status

Studlies identifies from Pubmed searches in July 2021 using the terms “sickle” paired with “cognitive,” or “IQ" or “executive function” or “MRI"—supplemented with literature known to the co-authors. Note: there may be between-study
overlap in participants. Apersonal communication with author. SCA, Sickle Cell Anemia; C, Control; Res, Resolution; N, no; Y, yes; WISC/WAIS, Wechsler intelligence scale for children/ adults; WASI, Wechsler abbreviated scale of
intelligence; K-BIT, Kaufman Birief Intelligence Test; GMLT, Groton Maze Learning Test of executive function; /M, visual motor integration; L-/T-/R-SCI, Liberal/Traditional/Restrictive silent cerebral infarction definitions.
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TABLE 6 | Overview of SCI prevalence in prior high-resolution imaging studies in patients with SCA and controls.

Study details SCA (N) SCA (age) C (N) C (age) SCI definition MRI Sequence Res. % SCA %C w/SCI
w/SCI
Farris et al. (53) us 2015 15 18-55y 7 18-55y L-SClI: area of abnormally 3T Not reported, 60% 57%
increased signal on FLAIR
van der Land Netherlands 2015 10 18-25y 10 19-25y L-SClI: area of abnormally T FLAIR = 0.8 mm isotropic 90% 70%
et al. (22) increased signal on FLAIR T2 = 0.7 mm isotropic
and T2
Choi et al. (26) us 2017 33 1M1-41y 32 12-41y T-SCl w/age: area of 3T FLAIR=1.3 x 1.0 x 39% 13%
abnormally increased signal 1.0mm
FLAIR - min 3mm - >1 per
decade of age
Coloigner et al. us 2017 20 12-34y 19 17-41y T-SCl w/age: area of 3T FLAR=1.3 x 1.0 x 20% 0%
(57) abnormally increased signal 1.0mm
FLAIR - min 3mm greatest
diameter - more than 1 per
decade of age
Choi et al. (15) us 2019 52 M = 21.4, 40 M =277, T-SCI w/age: increased 3T FLAIR=1.3 x 1.0 x 48% 26%
SD=7.7 SD=11.3 signal FLAIR—min 3 mm - 1.0mm
> 1 per decade of age
Véclavu et al. Netherlands 2020 36 M = 37.4, 9 M = 32.08, T-SCl: area of abnormally 3T FLAIR = 0.98 x 0.98 x 82% 45%
(58) + US SD = 15.43 SD=11.14 increased signal on 1.12mm
FLAIR—min 2 mm greatest
diameter
Chai et al. (59) us 2021 26 M =242, 21 M = 22.6, T-SCl: area of abnormally 3T FLAR=1.3 x 1 x 1Tmm 54% 33%
SD =97 SD =89 increased signal on
FLAIR—min 3 mm greatest
diameter
Wang et al. us 2021 34 19-28y 49 28-37y No explicit definition 3T FLAIR =1.0 x 0.9 x 76% 39%
(60) 3.0mm

Studies identifies from Pubmed searches in July 2021 using the terms “sickle” paired with “cognitive,” or “IQ” or “executive function” or “MRI”— supplemented with literature known to the co-authors. There may be between-study overlap
in participants. SCA, Sickle Cell Anemia; C, Control; Res, Resolution; L-/T-/R-SClI, Liberal/Tradlitional/Restrictive silent cerebral infarction definitions.
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whether R-SCI, defined by T1 hypointensities, represent older,
more established lesions.

Limitations

It is worth re-iterating that for the few effects of SCI that we
did detect, there was considerable variability with associated
small coefficients and modest p-values. Given the high number
of models computed, these effects would not have survived
correction for multiple comparisons, irrespective of method. In
line with prior studies [e.g., (18)], and as we wanted to maximize
our ability to detect effects of SCI should they be present, we
elected not to apply correction for multiple comparisons in this
study. For this reason, it is particularly noteworthy that despite
not correcting for multiple comparisons, we observed no effects
of SCI metrics on cognitive difficulties in our global models. One
drawback to this approach is that the few effects that we did
detect in univariate correlations and regional models may have
been spurious.

Beyond our decision to not correct for multiple comparisons,
limitations of our study include our lack of direct measures of
socio-economic status and of hemoglobin in controls. Unless
direct benefit can be demonstrated, invasive measurements are
often considered inappropriate by UK ethical committees. Our
patient sample was also heterogeneous, with patients on a mix of
disease-modifying treatment types (i.e., hydroxyurea and chronic
transfusion regimens) for unknown and likely variable durations.
These limitations may have decreased the sensitivity of our
regression models, but given the raw data, are unlikely to have
had a major impact on the results. Unlike prior studies (2), we
also did not have the resources for central adjudication of SCIs
across a panel of neuroradiologists. This limitation was partially
mitigated by our neuroradiologist’s expertise, along with our use
of a semi-automated pipeline, which ensured that previously-
established (29) intensity thresholds were consistently applied.

A further limitation is that we did not include further multi-
modal analyses on the etiology or consequences of SCI in this
manuscript. It is however worth noting that although the name
“SCI” implies infarction, white matter hyperintensities on FLAIR
are non-specific, and other underlying pathologies are possible,
both in patients and controls. Although the pathophysiology
is unknown, the distinction between periventricular, deep, and
juxta-cortical lesions is thought to be etiologically meaningful
(66). The anatomical distinction is however based on relatively
arbitrary distance thresholds, and there is scope for further
optimization. Exploring regional and lobar effects is challenging
in SCA because most patients have multiple lesions, often
affecting multiple regional-lobar zones, and there is substantial
variability in terms of lesion number, volume, and spatial
distribution. Given that our findings suggest a peak voxel lesion
density of 9% (n = 4; Figure 5), the statistical power for voxel-
wise approaches is likely to be limited.

Future Directions

Using quantitative multi-modal methods to explore
the haemodynamic, susceptibility, and microstructural
characteristics of lesions, and of normal-appearing white-matter
in anatomical regions “at-risk” of haemodynamic compromise

(63, 65, 67-69), may enable better lesion classification, and
may also shed further light on the underlying pathology.
Understanding relationships between the microstructural tissue
characteristics of lesions and normal-appearing white matter
is particularly relevant in SCA, where studies have shown
widespread and functionally significant reductions in the
integrity of normal-appearing white matter (16, 70-72), also
in patients without lesions. Another advantage of quantitative
multi-modal approaches is that they provide continuous
measures that are more normally distributed, and more powerful
to work with statistically.

In parallel with quantification of SCI, documenting the effect
of reduced arterial oxygen content secondary to anemia and
hypoxia on cerebral blood flow (65) and oxygen extraction
fraction (73), may shed light on the etiology of cognitive
difficulties in SCA, alongside connectivity studies (74). In
addition, regional brain volumes may be reduced in SCA (75, 76);
we did not find an effect of total intracranial volume in our
regressions but further regional analyses are planned.

Future quantitative multi-modal approaches may also help
overcome another major challenge, which is that lesions are not
detected at the time they occur. As a result, there is no way to
determine the presence or absence of transient focal neurological
symptoms at the time of insult. Elegant work has demonstrated
a high prevalence of lesions on diffusion-weighted imaging in
acutely anemic, as well as in steady-state (77) patients with
SCA, with only some of these acute lesions later transitioning
into SCI observable on FLAIR. Longitudinal quantitative multi-
modal MRI studies may help identify what determines this
tipping point. Such studies may also shed light on whether acute
lesions are reversible or produce permanent damage below the
resolution of qualitative MRI.

CONCLUSION

In conclusion, our results highlight the challenges surrounding
SCI definition and quantification and suggest limited utility of
SCI metrics as biomarkers of cognitive dysfunction in cross-
sectional high-resolution MRI studies in patients with SCA.
We have demonstrated that with high-resolution MRI: (1)
radiological definitions have a large effect on resulting lesion
groups, numbers, and volumes; (2) there is a non-negligible
prevalence of lesions in young healthy race-matched controls;
and (3) at the group-level, there is no cross-sectional association
between global lesion metrics and general cognitive outcome
irrespective of lesion definition and metric. As high-resolution
multi-modal MRI is more widely available, the dichotomy of
presence or absence of T-SCI does not appear to be a sensitive
biomarker for detection of functionally significant pathology.
There is therefore a need to move beyond the focus on the SCI
dichotomy, with further standardization regarding definitions
and methods, toward a better understanding of the broader
underlying pathology. As such, the search should continue for
appropriate endpoints for clinical treatment trials, including brief
cognitive assessments in domains important for school and work
performance, such as processing speed and executive function
(52) as well as patient-reported outcomes (e.g., fatigue, pain).
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APPENDIX

TABLE A1 | Global regression models.

Global 1) SCI 2) SCI* SCA 3) SCI + SCI No. 4) SCI * SCA + SCI No * SCA 5) SCI + SCI Vol 6) SCI *SCA + SCI Vol * SCA
Models
Predictors SCI SCI SCI* SCA SCI SCI No. SCI SCI* SCA SCI No. SCI No. * SCI SCI Vol SCI SCI *SCA  SCl Vol SCI Vol
SCA *SCA
FSIQ
L-SCI b=-059, b=-029, b=-054, b=073, b=-104 b=221, b=-785 b=-232, b=6.83 b=171, b=-059, b=208 b=-515 b=-074, b=1.61,
any SCI p=0.79, p =0.90, p=0.92, p=0.82, p =0.58, p=0.52, p=0.34, p =0.29, p =0.23, p =0.69, p=053 p=064, p=058 p=047, p=0.49,
@ll, n = r=-0.02, r=-0.01, r=-0.01, r=0.02, r=—-0.04, r=0.05, r=-0.08, r=-0.09, r=0.10, r=0.03, r=-0.05, r=0.04, r=-004, r=-0.06, r=0.05,
154) Cl= Cl= Cl= Cl= Cl= Cl= Cl= Cl= Cl= Cl= Cl= Cl= Cl= Cl= Cl=
-5.0-3.8 —-48-42 -10.7-9.7 -58-7.2 —4.8-2.7 -46-90 -240-83 -6.6-20 -4.3-180 -6.8-102 -24-1.3 -6.6-10.7 —-23.7-134 -2.7-1.3 —-8.0-6.3
>1SClper b=0.06, b =0.09, b=1.98, - - - - - - - - - - - -
decade p =0.98, p=0.97, p=0.72,
@l n= r=0.00, r=0.00, r=0.03,
154) Cl= Cl= Cl=
—4.6-4.7 —4.7-4.8 —9.0-13.0
Any SCI b =-0.04, - - b=1.01, b=-077, - - - - b=250, b=-0.60, - - - -
(SCAonly, p=0.99, p=0.79, p=0.71, p=0.64, p=058,
n = 106) r=—0.00, r=0.02, r=-0.04, r=0.04, r=—-0.05,
Cl= Cl= Cl= Cl= Cl=
—-5.3-5.2 —6.6-8.7 —4.9-3.3 -8.0-13.0 -2.8-16
T-SCI b=-007, b=-0.12, b=3.53, b=1.03, b=-096 b=1.37, b=258  b=-143 b=1.34, - b=-0.21, - - b=-025 b=0.64,
any SCI p=098 p=09, p=060, p=076, p=065 p=073 p=081, p=0.64, p=0.388, p =0.67, p=0.67, p=0.68,
@l n= r=-0.00, r=-0.00, r=0.04, r=002, r=-0.04, r=0.08, r=002, r=-0.04, r=0.01, r=—-0.03, r=-0.03, r=0.03,
154) Cl= Cl= Cl= Cl= Cl= Cl= Cl= Cl= Cl= Cl= Cl= Cl=
—4.8-4.6 —5.4-5.1 —-9.6-166 —5.7-7.8 —5.2-3.3 —-6.693 —18.7-238 -75-46 -16.2-18.9 —-1.2-0.8 —1.4-09 -24-37
>1SClper b=0.34, b=0.11, b =23.84, - - - - - _ _ _ _ _ _ _
decade p =0.89, p =0.97, p =0.57,
@l n= r=0.01, r=0.00, r=0.05,
154) Cl= Cl= Cl=
—4.7-5.3 —-53-55 —-9.4-17.0
Any SCI b=1.27, - - b=23.30, b=-168, - - - - - b= -0.08, - - - -
(SCAonly, p=0.64, p=0.39, p=045, p =0.89,
n=106) r=0.04, r=0.08, r=-0.07, r=-0.01,
Cl= Cl= Cl= Cl=
—4.0-6.6 —-4.3-109 -6.1-2.8 —-1.2-1.0
R-SCI b =0.28, - - b=-044, b=1.29, - - - - b=-191, b=1.21, - - - -
any SCI p=0.92, p=0.90, p=0.74, p=0.65 p=047,
@, n= r=0.01, r=-0.01, r=0.03, r=-0.04, r=0.06,
154) Cl= Cl= Cl= Cl= Cl=
-5.3-5.9 —7.5-6.6 —-6.3-8.9 -10.1-6.3 —2.1-4.5
>1SClper b=3.35, - - - - - - - - - - - -
decade p=0.41,
@ll, n= r=0.07,
154) Cl = —4.59-
11.29
(Continued)
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TABLE A1 | Continued

Global 1) SCI 2) SCI* SCA 3) SCI + SCI No. 4) SCI * SCA + SCI No * SCA 5) SCI + SCI Vol 6) SCI *SCA + SCI Vol * SCA
Models
Predictors SCI SCI SCI* SCA SCI SCI No. SCI SCI* SCA SCI No. SCI No. * SCI SClI Vol SCI SCI*SCA  SCI Vol SCI Vol
SCA *SCA
Any SCI b =0.58, - - b =0.48, b=0.17, - - - - b=-141, b=1.04, - - - -
(SCAonly, p=0.85, p=0.90, p=0.97, p=0.75 p=0.55,
n=106) r=0.02, r=0.01, r=0.00, r=-0.03, r=0.06,
Cl= Cl= Cl= Cl= Cl=
—5.5-6.6 —7.4-8.3 —-7.8-8.2 —-10.3-7.56 —2.4-45
wwMmi b=-022, b=0.11, b=3.14, b=216, b=-186, b=263 b=427, b=-197, b=-050, b=3839, b=-092, b=378 b=934, b=-085 b=-151,
L-SCI p=093, p=097, p=058  p=055 p=037, p=049, p=063, p=040, p=094, p=047, p=037, p=043, p=036 p=044, p=0.55,
any SCI r=-0.01, r=0.00, r=0.04, r=0.05, r=-0.07, r=0.06, r=0.04, r=-0.07, r=-0.01, r=0.06, r=-0.07, r=0.06, r=0.07, r=-0.06, r=-0.05,
@l n= Cl= Cl= Cl=-7.94- Cl= Cl= Cl=—-4.81- Cl = —-13.3- Cl= Cl=—-12.6- Cl= -5.91- Cl= Cl= Cl= Cl= Cl=
154) —-5.1-4.61 —4.81-5.03 14.21 —4.95-9.26 —5.93-2.21 10.06 21.81 —6.64-2.69 11.63 12.68 —2.95-1.11 —5.60- —10.74- —-3.01-1.30 —6.54-3.52
13.15 29.42
>1SClper b=-0.83, b=-064, b=1.83 - - - - - - - - - - - -
decade p=0.75, p=0.81, p=0.76,
@ll, n= r=-0.08, r=-0.02, r=0.02,
154) Cl= Cl= Cl=
—5.94-4.27 —-5.81-4.52 10.14-13.79
Any SCI b =1.56, - - b=5.14, b=-263, - - - - b=837, b=-161, - - - -
(SCAonly, p=0.59, p=022, p=0.24, p=0.15 p=0.17,
n=106) r=0.05, r=0.12, r=-0.11, r=0.14, r=-0.13,
Cl= Cl=-3.11- Cl= Cl= Cl=
—4.10-7.21 13.39 —7.05-1.79 -3.0-19.7 —-4.0-0.7
T-SCI b =0.46, b=1.22, b=1.56, b=245b=-174, b=250, b=552, b=-096 b=-360, - b = -0.20, - - b=0.01, b=-0.18,
any SCI p=086p=067, p=083 p=051, p=046, p=057, p=064, p=077, p=0.71, p=0.72, p=0.99, p=0.91,
@l n= r=0.01, r=0.03, r=0.02, r=005 r=-0.06, r=0.05, r=0.04, r=-0.02, r=-0.08, r=—-0.03, r=0.00, r=-0.01,
154) Cl= Cl= Cl= Cl= Cl= Cl=—-6.15- Cl = -17.5- Cl= Cl=-22.6- Cl= Cl= Cl=
—4.68-5.59 —4.48-6.93 —12.68- —4.92-9.81 —6.34-2.87 11.15 28.58 —7.54-5.62 15.40 —1.28-0.89 —1.26-1.28 —3.46-3.10
15.79
>1SClper b=0.09, b = 0.60, b =0.70, - - - - - - - - - - - -
decade p=097, p=084, p=0.92
@l n= r=0.00, r=0.02, r=0.01,
154) Cl= Cl= Cl=
—5.37-56.55 —5.27-6.48 —13.66-
15.06
Any SCI b =2.08, - - b=544, b=-279, - - - - - b = -0.05, - - - -
(SCAonly, p=0.48, p=019, p=0.25, p =0.93,
n=106) r=0.07, r=013, r=-0.11, r=-0.01,
Cl= Cl=-273- Cl= Cl=
—3.67-7.83 13.62 —7.60-2.03 —1.23-1.13
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TABLE A1 | Continued

Global 1) SCI 2) SCI* SCA 3) SCI + SCI No. 4) SCI * SCA + SCI No * SCA 5) SCI + SCI Vol 6) SCI *SCA + SCI Vol * SCA
Models
Predictors SCI SCI SCI* SCA SCI SCI No. SCI SCI* SCA SCI No. SCI No. * SCI SClI Vol SCI SCI *SCA  SCI Vol SCI Vol
SCA *SCA
R-SCI b =0.29, - - b=1.82, b=-276, - - - - b=-145 b=0.96, - - - -
any SCI p =0.93, p=0.64, p=0.51, p=0.75 p=0.60,
@ll, n = r=0.01, r=0.04, r=-0.05, r=-0.03, r=0.04,
154) Cl= Cl= Cl= Cl= Cl=
—5.84-6.41 —5.86-9.51 —11.06- —10.41- —2.65-4.57
5.55 7.51
>1 SCl per b= —-1.30, - - - - - - - - - - - - - -
decade p=0.77,
@l n= r=-0.02,
154) Cl=
-10.01-
7.41
Any SCI b=1.13, - - b=2376, b=-425, - - - - b=-053 b=0.287, - - - -
(SCAonly, p=0.74, p=038 p=0.33, p=091, p=0.64,
n=106) r=0.03, r=0.08, r=-0.09, r=-0.01, r=0.04,
Cl= Cl=—-4.74- Cl= Cl= Cl=
—5.46-7.72 12.25 —12.91- —10.25- —2.86-4.60
4.41 9.18
PSI
L-SCI b=-167, b=-113, b=230, b=-126, b=-032, b=004 b=-114, b=-1.09, b=321, b=030, b=-050, b=1.05 b=-099, b=-066, b=1.19,
p=046, p=062, p=065 p=070, p=087, p=099, p=089, p=061, p=056 p=094, p=059, p=081, p=091, p=051, p=0.61,
Any SCI r=-0.06, r=-0.04, r=0.03, r=-0.08, r=-0.01, r=0.00, r=-0.01, r=-0.04, r=0.04, r=0.01, r=-0.04, r=0.02, r=-0.01, r=-0.05 r=0.04,
@l n= Cl= Cl= Cl=-7.72- Cl= Cl= Cl= Cl=—-17.0- Cl= Cl=-7.78- Cl= Cl= Cl= Cl= Cl= Cl=
154) —6.09-2.75 —5.58-3.32 12.32 —7.77-5.24 —4.05-3.41 —-6.70-6.77 14.75 —-5.32-3.14 14.21 —-8.20-8.80 —2.36-1.356 —-7.45-9.54 —-19.2- —-2.61-1.30 —3.37-5.76
17.22
>1SClper b=-0.93, b=-083 b=473 - - - - - - - - - - - -
decade p =0.69, p=0.73, p =0.39,
@l n= r=-0.03, r=-003, r=0.07,
154) Cl= Cl= Cl=-6.07-
—5.60-3.74 —5.50-3.83 15.53
Any SCI b = -0.08, - - b=0.52, b=-044, - - - - b=220, b=-054, - - - -
(SCAonly, p=0.97, p=0.89, p=0.82, p=0.67, p=061,
n=106) r=—0.00, r=0.01, r=-0.02, r=0.04, r=-0.05,
Cl= Cl= Cl= Cl=-7.92- Cl=
—5.08-4.91 —6.82-7.86 —4.37-3.49 12.32 —2.62-1.54
T-SCI b=-094, b=-035 b=4.40, b=032, b=-1.10, b=0.59, b=7.05 b=-072, b=-238, - b= -0.38, - - b=-0.25 b=0.50,
any SCI p=069, p=089, p=050, p=093 p=061, p=088 p=051, p=081, p=0.78, p =0.45, p=0.67, p=0.74,
@l n= r=-0.03, r=-0.01, r=0.05, r=001, r=-0.04, r=0.01, r=0.05 r=-0.02, r=-0.02, r=—0.06, r=-0.03, r=0.03,
154) Cl= Cl= Cl=-8.47- Cl= Cl= Cl= Cl=-13.8- Cl= Cl=—-19.6- Cl= Cl= Cl=
—5.63-3.75 —5.51-4.81 17.27 —6.42-7.06 —5.31-3.11 —7.24-8.41 27.92 —6.68-5.24 14.82 —1.37-0.61 —1.40-0.90 —2.46-3.47
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TABLE A1 | Continued

Global 1) SCI 2) SCI* SCA 3) SCI + SCI No. 4) SCI * SCA + SCI No * SCA 5) SCI + SCI Vol 6) SCI *SCA + SCI Vol * SCA
Models
Predictors SCI SCI SCI* SCA SCI SCI No. SCI SCI* SCA SCI SClI Vol SCI SCI *SCA  SCI Vol SCI Vol
*SCA

>1SClper b=-0.99, b=-0.75 b=23.385 - - - - - - _ _ _ _
decade p=069, p=078  p=0.56
@l n= r=-0.03, r=-0.02, r=0.04,
154) Cl= Cl= Cl=-9.12-

—5.99-4.00 —6.05-4.56 16.83
Any SCI b=1.22, - - b=2340, b=-1.81, - - - b=-0.11, - - - -
(SCAonly, p=0.63, p=0.35  p=0.40, p =0.84,
n=106) r=0.04, r=0.09, r=-0.08, r=-0.02,

Cl= Cl = -3.84- Cl= Cl=

—3.86-6.30 10.64 —6.07-2.46 —1.15-0.94
R-SCI b= -2.56, - - b=-191, b=-1.17, - - b=-388 b=0.73 - - - -
any SCI p =0.37, p =0.59, p =0.76, p =0.35, p = 0.66,
@ll, n= r=-0.07, r=-0.04, r=-0.02, r=-0.07, r=0.03,
154) Cl= Cl= Cl= Cl= Cl=

—8.15-3.03 —8.93-5.11 —-8.76-6.41 —-12.06- —2.56-4.02

4.30

>1SCl per b= -0.62, - - - - - - - - - - - -
decade p =0.88,
@ll, n = r=-0.01,
154) Cl=

—8.569-7.35
Any SCI b= -1.88, - - b=-0.92, b=-155 - - b=-372, b=0.96, - - - -
(SCAonly, p=0.52, p=0.81, p=0.69, p=0.39, p=0.56,
n=106) r=-0.086, r=-0.02, r=-0.04, r=-0.08, r=0.05

Cl= Cl= Cl= Cl= Cl=
—7.69-3.92 —8.44-6.59 —9.21-6.11 —12.27- —-2.32-4.24
4.83

Cl OR = 1.00, - - OR=0.78, OR=1.20, - - - OR = 1.06, - - - -
L-SCI p =0.99, p=081, p=0.75, p = 0.69,
any SCI Cl= Cl= Cl= Cl=
@l n= 0.26-3.87 0.10-6.19  0.39-3.73 0.81-1.38
154)
>1SCl per OR = 1.49, - - - - - - - - - - - -
decade p =0.57,
(@ll, n = Cl=
154) 0.39-5.74
Any SCI OR = 0.63, - - OR =0.45, OR=1.30, - - - OR =0.98, - - - -
(SCAonly, p=0.55, p=0.51, p=0.70, p=0.91,
n=106) Cl= Cl= Cl= Cl=

0.14-2.87 0.04-4.73  0.35-4.80 0.73-1.33

(Continued)
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TABLE A1 | Continued

Global 1) SCI 2) SCI* SCA 3) SCI + SCI No. 4) SCI * SCA + SCI No * SCA 5) SCI + SCI Vol 6) SCI *SCA + SCI Vol * SCA
Models
Predictors SCI SCI SCI* SCA SCI SCI No. SCI SCI* SCA SCI No. SCI No. * SCI SCI Vol SCI SCI*SCA  SClI Vol SCI Vol
SCA *SCA

T-SCI OR =1.28, - - OR=1.24, OR=1.03, - - - - - b=1.08, - - - -
any SCI p=0.72, p=0.82, p=0.96, p =0.57,
@l n= Cl= Cl= Cl= Cl=
154) 0.33-4.91 0.20-7.87  0.34-3.08 0.83-1.40
>1SClper OR=0.97, - - - - - - - - - - - - - -
decade p =0.96,
@ll, n= Cl=
154) 0.23-4.00
Any SCI OR = 0.68, - - OR=0.57, OR=1.17, - - - - - OR = 0.99, - - - -
(SCAonly, p=0.63, p=059, p=0.79, p =0.94,
n=106) Cl= Cl= Cl= Cl=

0.15-3.16 0.08-4.40 0.35-3.91 0.73-1.34
R-SCI OR = 2.02, - - OR =259, OR=0.59, - - - - OR = 4.35, OR=0.58, - - - -
any SCI p =0.33, p=0.27, p =0.63, p=0.13, p = 0.30,
@l n= Cl= Cl= Cl= Cl= Cl=
154) 0.49-8.26 0.48-14.17  0.07-5.05 0.65-29.16  0.21-1.61
>1SClper OR = 1.63, - - - - - - - - - - - - - -
decade p =0.64,
(@ll, n = Cl=
154) 0.21-12.61
Any SCI OR = 1.15, - - OR=1.44, OR=0.62, - - - - OR =251, OR=0.58, - - - -
(SCAonly, p=0.86, p=071, p=0.69, p=038 p=0.32,
n=106) Cl= Cl= Cl= Cl= Cl=

0.24-5.51 0.21-9.70  0.06-6.57 0.32-19.69  0.20-1.69

Values are regression coefficients (b), odds ratios (OR), probability values (p), semi-partial correlation coefficients (r), and 95% confidence intervals (Cl) from global regression models. SCI, silent cerebral infarction; SCA, sickle cell anemia;

No, number; Vol, volume; L-/T-/R-SClI, Liberal/Traditional/Restrictive silent cerebral infarction definitions.
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Quantifying the Cerebral
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Disease With Diffuse Optical
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" Wallace H. Coulter Department of Biomedical Engineering, Georgia Institute of Technology and Emory University, Atlanta,
GA, United States, ? Department of Electrical and Computer Engineering, Kennesaw State University, Marietta, GA,

United States, ° Pediatric Biostatistics Core, Emory University School of Medicine, Atlanta, GA, United States, * Department
of Pediatrics, Emory University School of Medicine, Atlanta, GA, United States, ° Aflac Cancer & Blood Disorders Center,
Children’s Healthcare of Atlanta, Atlanta, GA, United States, ° Children’s Research Scholar, Children’s Healthcare of Atlanta,
Atlanta, GA, United States

Red blood cell transfusions are common in patients with sickle cell disease who
are at increased risk of stroke. Unfortunately, transfusion thresholds needed to
sufficiently dilute sickle red blood cells and adequately restore oxygen delivery to the
brain are not well defined. Previous work has shown that transfusion is associated
with a reduction in oxygen extraction fraction and cerebral blood flow, both of
which are abnormally increased in sickle patients. These reductions are thought to
alleviate hemometabolic stress by improving the brain’s ability to respond to increased
metabolic demand, thereby reducing susceptibility to ischemic injury. Monitoring the
cerebral hemometabolic response to transfusion may enable individualized management
of transfusion thresholds. Diffuse optical spectroscopies may present a low-cost,
non-invasive means to monitor this response. In this study, children with SCD
undergoing chronic transfusion therapy were recruited. Diffuse optical spectroscopies
(namely, diffuse correlation spectroscopy combined with frequency domain near-infrared
spectroscopy) were used to quantify oxygen extraction fraction (OEF), cerebral blood
volume (CBV), an index of cerebral blood flow (CBF;), and an index of cerebral oxygen
metabolism (CMROy)) in the frontal cortex immediately before and after transfusion.
A subset of patients receiving regular monthly transfusions were measured during
a subsequent transfusion. Data was captured from 35 transfusions in 23 patients.
Transfusion increased median blood hemoglobin levels (Hb) from 9.1 to 11.7 g/dL
(0o < 0.001) and decreased median sickle hemoglobin (HbS) from 30.9 to 21.7% (p <
0.001). Transfusion decreased OEF by median 5.9% (p < 0.001), CBFi by median 21.2%
(p = 0.020), and CBV by median 18.2% (p < 0.001). CMRO»; did not statistically change
from pre-transfusion levels (o > 0.05). Multivariable analysis revealed varying degrees of
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Leeetal.

DOS-Measured Cerebral Hemodynamic Transfusion Effects

associations between outcomes (i.e., OEF, CBF;, CBV, and CMRO,j), Hb, and
demographics. OEF, CBF;, and CBV were all negatively associated with Hb, while
CMROy; was only associated with age. These results demonstrate that diffuse optical
spectroscopies are sensitive to the expected decreases of oxygen extraction, blood flow,
and blood volume after transfusion. Diffuse optical spectroscopies may be a promising
bedside tool for real-time monitoring and goal-directed therapy to reduce stroke risk for

sickle cell disease.

Keywords: diffuse correlation spectroscopy (DCS), near-infrared spectroscopy, sickle cell disease (SCD), blood
transfusion, cerebral hemometabolics, cerebral oxygen extraction fraction, frequency-domain near-infrared

spectroscopy, cerebral blood flow

INTRODUCTION

Sickle cell disease (SCD) is an autosomal recessive blood disorder
affecting millions of people worldwide, with ~300,000 newborns
diagnosed each year (1). In SCD, a single gene mutation causes
production of abnormal hemoglobin, hemoglobin S (HbS) (1). In
addition to impaired oxygen-carrying ability, HbS rapidly forms
intracellular polymers in the deoxygenated state, distorting red
blood cells (RBC) into a characteristic sickle shape (1). Sickling,
decreased RBC deformability, and increased cell aggregation
and hemolysis, result in increased blood viscosity and decreased
microvascular perfusion (1-3). The culmination of impaired
oxygen-carrying capacity and altered blood flow dramatically
increases the incidence of vascular occlusion and stroke in
patients with sickle cell disease (1).

Currently, routine screening with transcranial Doppler
ultrasound (TCD) is employed to minimize stroke risk in
children with sickle cell disease (4). Patients with persistently
elevated TCD blood flow velocities of the large feeding arteries
to the brain are placed on chronic transfusion therapy (CTT)
to reverse metabolic stress caused by anemia and to prevent
vaso-occlusion and stroke (5). CTT involves periodic RBC
transfusion to dilute sickle red blood cells (sSRBC) with the
general goal of maintaining HbS <30% and hemoglobin (Hb)
>10 g/dL (5). CTT has drastically reduced the incidence and
severity of both overt stroke and silent infarction (92 and 58%
relative risk reduction, respectively) (6, 7). However, recurrent
infarctions occur in 23-45% of patients receiving CTT, despite
successful maintenance of clinical thresholds for HbS and Hb
(8-10), suggesting that current standardized CTT guidelines
are insufficient for infarct prevention in a substantial fraction
of patients.

Transfusion is associated with a reduction in oxygen
extraction fraction (OEF) and cerebral blood flow (CBF), both of
which are abnormally increased in SCD patients due to reduced
arterial oxygen content (C,03) (11, 12). These reductions are
thought to alleviate hemometabolic stress by improving the
brain’s ability to respond to increased metabolic demand, thereby
reducing susceptibility to ischemic injury (11, 12). Monitoring
the cerebral hemometabolic response to transfusion may enable
individualized management of transfusion thresholds, with the
goal of sufficiently restoring cerebrovascular reserve by diluting
or replacing sickle red blood cells. In patients for whom CTT does

not adequately address metabolic needs, such monitoring may be
used to identify those who would benefit from more aggressive
therapies (e.g., bone marrow transplant) (12, 13).

Magnetic resonance imaging (MRI) provides excellent, high-
resolution images of cerebral blood flow and oxygen extraction
fraction that have been used in recent years to elucidate
mechanisms underlying regional vulnerabilities to injury in
patients with SCD (11, 12, 14). Indeed, recent work has
demonstrated the influence of CTT on relieving hemometabolic
stress in SCD patients (11, 12). However, MRI is prohibitively
expensive for routine monitoring, requires sedation in children
< 6y, and quantitative differences exist across scanners and
software platforms. Thus, its utility in individualizing CTT
management in SCD patients is limited.

Diffuse optical spectroscopies (DOS) present a low-cost, non-
invasive alternative to current neuroimaging techniques like
MRI. By operating in the near-infrared, DOS techniques exploit
the spectral window of low absorption that exists in tissue.
Photons emitted from a source placed on the tissue surface
propagate several centimeters (through the scalp and skull)
before reemission at the tissue surface. The properties of the
detected light can be related to hemodynamic properties of
the interrogated tissue, including hemoglobin oxygen saturation,
blood flow, blood volume, and oxygen metabolism. While
limited in depth sensitivity to the superficial cortex, DOS
offers numerous advantages to other neuroimaging techniques,
including portability, ease of measurements, and cost. Indeed,
a handful of studies have employed a type of DOS known
as continuous-wave near-infrared spectroscopy (CW-NIRS) to
demonstrate the technology is sensitive to expected increases
in cerebral oxygen saturation caused by transfusion (15-
18). However, to date, these studies have been limited to
commercially available CW-NIRS systems. While useful as
a trend monitor, CW-NIRS have been shown to produce
substantial inaccuracies in estimations of absolute oxygen
saturation (19, 20). Thus, although these studies have observed
expected trends in hemoglobin oxygen saturation following
transfusion, the magnitude of these increases is likely significantly
underestimated (19, 20).

Herein we employ two DOS techniques known as frequency-
domain NIRS (FDNIRS) and diffuse correlation spectroscopy
(DCS) to monitor the effects of blood transfusion on the brain
in a cohort of children with sickle cell disease receiving CTT.
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FDNIRS is an alternative to CW-NIRS that has been shown to
more accurately estimate hemoglobin oxygen saturation, while
also providing a measurement of cerebral blood volume (CBV).
DCS is a type of DOS used to measure cerebral blood flow (CBF).
The combination of oxygen saturation from FDNIRS and CBF
from DCS also enables us to estimate the cerebral metabolic rate
of oxygen (CMRO;) using Fick’s law (21). We hypothesize that
FDNIRS combined with DCS (FDNIRS/DCS) can non-invasively
quantify changes in markers of cerebral hemometabolic stress at
the bedside following transfusion. Specifically, we hypothesize
that FDNIRS/DCS can detect expected decreases in CBE, CBY,
and OEF post-transfusion, while CMRO; will remain unchanged.
Further, we hypothesize that CBE, CBV, and OEF will be inversely
associated with hemoglobin.

METHODS

Patient Population

Children ages 2 to 18 years old with SCD (HbSS or
HbS thalassemia) receiving chronic transfusion therapy were
recruited for this study. RBC transfusions were administered by
simple infusion, partial manual exchange, or apheresis following
our institution’s standard practice guidelines for CTT. Volume
of transfusion was calculated to target a post-transfusion venous
hemoglobin (Hb) of ~11 g/dL based on Hb levels measured
between 1-72h (mean 5h) prior to transfusion. Patients were
excluded on the basis of: significant illness within one month
of participation, hypertension, neurologic disorder not related
to SCD (e.g., seizures), Moyamoya or previous revascularization
surgery, prior history of major head injury requiring a visit
to an emergency department, and/or prior curative therapy.
All patients and/or their legal guardians provided informed
assent/consent. The study was approved by the Institutional
Review Board of Emory University.

Clinical and Laboratory Data

Complete blood count [hematocrit and hemoglobin (Hb)] and
hemoglobin electrophoresis (Hb S%, HbA%) were performed
on a venous blood sample obtained < 72h before transfusion.
Measurements were repeated immediately after transfusion.
Transcutaneous oxygen saturation (SpO3, %) and heart rate (HR,
bpm) were measured with pulse oximetry on the index finger
immediately before and after transfusion. Non-invasive cuff
blood pressure was also measured before and after transfusion.
C,0; (mL/dL) was estimated from SpO; and Hb, C,0, = 1.39 x
Sp02 x Hb.

FDNIRS/DCS Experimental Protocol and

Analysis

To assess the cerebral hemometabolic effects of transfusion,
brief (~15min) FDNIRS/DCS measurements were obtained
within 2h prior to the start of transfusion and were repeated
at the cessation of transfusion. Due to limitations in software
acquisition capabilities with our current system, FDNIRS and
DCS data sets were taken sequentially, not simultaneously.
For each measurement, we manually held an optical sensor
over the right and left frontal cortex for 3-5s intervals.

The sensor was repositioned three times per hemisphere
per optical modality (FDNIRS, DCS). After confirming
that there were no significant hemispheric differences, all
repetitions were averaged to yield a global mean of each
measured parameter.

In the following sections, we detail the instrumentation
utilized as well as the data analysis pipeline for both FDNIRS
and DCS.

Frequency-Domain Near-Infrared Spectroscopy
(FDNIRS)

FDNIRS enables quantification of oxy- and deoxy-hemoglobin
concentrations (HbO and HbR, respectively, uM) of the
interrogated tissue. In this study, we employed a customized
FDNIRS system (Imagent, ISS Inc.) with eight near-infrared laser
diode sources (690, 730, 750, 775, 785, 800, 825, and 830 nm)
modulated at 110 MHz and rapidly multiplexed at 20.8 Hz, along
with four photomultiplier tube detectors with gain modulation of
110 MHz + 5 kHz for heterodyne detection at 5 kHz. The patient
interface consisted of a 3D-printed rigid black sensor containing
five 2.5 mm fiber bundles (50 x©m multimode fibers, NA = 0.66,
FTTIIG23767, FiberOptics Technology, Pomfret, Connecticut),
one of which was used as the source, and the other four of
which were used as detectors spaced 2.0, 2.5, 3.0, and 3.5 cm from
the source.

For FDNIRS data acquisition, AC amplitude and phase data
for each wavelength, A, were acquired for 3-5s at 20Hz. Measured
AC amplitude attenuation, AC(r, 1), and phase shift, 0(r, 1),
at each separation, r, and wavelength, A, were first averaged
over the 3-5s acquisition interval and discarded if the phase
standard deviation exceeded 5° or if the AC coefficient of
variation was > 10%. Averaged data were then fit to the semi-
infinite solution to the diffusion equation to extract wavelength-
dependent reduced scattering and absorption coefficients (x,(2)
and p,(A), respectively) (22, 23). This approximation assumes a
linear relationship between In(AC(r, 1) x %) and O(r, 1) vs. r.
To ensure the data fit this linear model, we calculated Pearson’s
correlation coefficient, R, for both of these relationships, and we
discarded data for a given A in which R? < 0.97. The entire dataset
was discarded if < 5 wavelengths passed this linear fit criterion or
if the slope of 14}(A) vs. A was > 0.

Estimates of HbO and HbR were obtained by fitting 1, () vs.
A to the hemoglobin spectrum (24). Next, HbO and HbR were
used to derive total hemoglobin concentration (HbT = HbO +
HbR), hemoglobin oxygen saturation (SO, = HbO/HbT x 100%),
oxygen extraction fraction (OEF = (SpO; - SO3)/ (y x SpOz),
and cerebral blood volume [CBV = MW x HbT/(Dy; x Hb)].
Here, vy is the fraction of blood volume within the probed venous
compartment of the tissue (assumed to be 1 for all subjects
for simplicity), MW = 64,500 g/mol is the molecular weight of
hemoglobin, and Dy is the brain tissue density (assumed to be
1.05 g/mL).

Additionally, because DCS data were obtained at 852 nm to
quantify blood flow, we extrapolated FDNIRS-measured 1} and
q to 852nm. To estimate p/(852nm), a linear model was fit to
pL(x) vs. & and extrapolated to 852 nm. To estimate j1,(852nm),
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we used the following formula:

q (852nm) = eppo (852nm) x HbO + eppr (852nm) x HHR
+0.75 X W water (852nm) (1)

where HbO and HbR were obtained from FDNIRS &0 and
eppr are the extinction coefficients of oxy- and deoxyhemoglobin,
and the factor of 0.75 is the assumed water content of
the tissue.

Diffuse Correlation Spectroscopy

Diffuse correlation spectroscopy quantifies temporal fluctuations
in reflected light intensity measured by a detector located some
fixed distance away from a near-infrared light source placed
on the tissue surface. These intensity fluctuations, which are
caused by the motion of red blood cells, can be used estimate
an index of blood flow in the underlying tissue. The DCS
system employed herein consisted of an 852 nm long-coherence
laser (iBeam Smart, TOPTICA Photonics, Farmington, New
York), two four-channel single photon counting modules
(SPCMQAA4C-IO, Perkin-Elmer, Quebec, Canada), an eight-
channel hardware correlator (Flex05-8ch, New Jersey), and
a counter/timer data acquisition board (PCle-6612, National
Instruments) (25). Detected photon counts were used to estimate
an intensity autocorrelation function, g>(t), either via the
hardware correlator or with a custom software correlator. For

TABLE 1 | Patient characteristics (n = 35).

Age (y) 13.9 (10.7, 15.9)
Height (cm) 158.0 (147.8, 161.9)
Weight (kg) 55.7 (42.4, 69.6)

Type of transfusion, no. (%)

Simple 30 (85.7 %)
Partial exchange 4(11.4 %)
Apheresis 1(2.8 %)
Hydroxyurea, no. (%) 8 (22.9 %)
Duration on CTT, (mo) 16.1 (8.3, 21.3)

the first 26 transfusion events, we used the hardware correlator;
for the remaining transfusion events we transitioned to the
software correlator to increase versatility of data acquisition [e.g.,
acquisition rate, temporal resolution of g>(t)]. In vitro phantom
validations were used to confirm that the hardware correlator
and the software correlator yielded the same flow index, as
demonstrated by Wang et al. (25).

The patient interface for DCS measurements consisted of a
black sensor containing one 800 pm multimode source fiber
(FT800EMT, Thorlabs) and seven single-mode detector fibers
(780-HP, Thorlabs) bundled together and spaced 2.5cm from
the source. Compliance with the American National Standards
Institute (ANSI) maximum permissible exposure of skin to laser
radiation (< 4 mW/mm? at 852 nm) was ensured by utilizing a
5mm right-angle prism (MRAO03-E03, Thorlabs) to couple light
from the source fiber to the tissue surface, thereby yielding a spot
size radius >2 mm, and by adjusting the laser power so that the
output at the tissue surface was <50 mW.

For DCS data acquisition, hardware correlator data was
acquired at 1Hz. Software correlator data was acquired at 20 Hz
and downsampled by averaging to 1Hz prior to analysis for
consistency. Thus, each measurement repetition consisted of
3-5 data points. Data points with intensity < 6kHz were
excluded from analysis to avoid g;(t) with poor signal-to-noise
ratio (SNR).

To estimate CBF;, the measured intensity autocorrelation
functions, g;(tr), were first averaged across the 7 detector
channels to improve SNR. Averaged curves were fit to the
semi-infinite solution of the correlation diffusion equation
to derive CBF; (24). When FDNIRS data was available,
measured u, and /L; at 852nm were incorporated into
the fit for CBF;. When unavailable (as was the case in 2
measurements), i, and Ms were assumed to be 0.16 cm™!
and 8.4 cm™!, respectively (26). Fits were discarded if € >
14% where € = (€2, fir (Ti) — &2, meas (7i))/ 82, fir (Ti) x 100%.
As a final quality control step, repetitions with < 3 data
points were discarded, and entire measurement sessions were
discarded if < 2/6 repetitions failed to meet quality control
criteria.

To estimate CMRO»;, we employed a derivative of Fick’s

Data are reported as median (interquartile range) unless stated otherwise. law that relates CMROj to measurable quantities by
TABLE 2 | Effects of transfusion on hemoglobin and patient vitals.
Pre-transfusion Post-transfusion Difference in Post- and Pre-transfusion P

Hb (g/dL) 9.1 (8.3, 10.0), 35 11.7 (11.3, 12.3), 31 2.9(1.8,3.3), 31 < 0.001
HbA (%) 61.9(61.1,71.2), 34 74.2 (65.8, 81.8), 28 10.5 (7.9, 17.2), 27 < 0.001
HBS (%) 30.9 (22.5, 39.7), 34 21.7 (16.3, 27.2), 28 —8.0(—14.3, —6.8), 27 < 0.001
Ca0o (MmlvdL) 12.4 (11.6, 13.8), 35 16.3 (15.5,17.1), 31 4.0 (2.5, 4.6), 31 < 0.001
SpO, (%) 100 (99, 100), 35 100 (99, 100), 35 0.0 (0.0, 0.8), 35 0.75
HR (opm) 91.0 (79.3, 98.5), 35 82.0(73.3,90.9), 35 -8.0(-15.0, —2.3), 35 < 0.001
MAP (mmHg) 80.3 (76.4, 86.9), 35 80.0(74.3, 85.4), 35 -3.0(-7.7,5.3), 35 0.29

Data are reported as median (interquartile range), count of non-missing values. p-values were obtained from a two-sided Wilcoxon signed-rank test. Hb, hemoglobin; HbA, hemoglobin
A; HbS, hemoglobin S; CaO», arterial oxygen concentration; SpOo, transcutaneous oxygen saturation; HR, heart rate; MAF, mean arterial blood pressure. The bold values indicate the
value of p < 0.05 which are statistically significant.
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FIGURE 1 | Boxplots of paired pre- and post-transfusion cerebral blood flow index, CBF; (A) oxygen extraction fraction, OEF (B) cerebral blood volume, CBV (C) and
cerebral metabolic rate of oxygen index, CMROy; (D). For each boxplot, the central line denotes the median and the bottom and top edges of the box indicate the
25" and 75th percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers. Individual connected dots represent each pre-
and post-transfusion matched pair. p-values were obtained from two-sided paired Wilcoxon signed rank tests. CMROy; scaled by a factor of 107.

TABLE 3 | Effects of transfusion on blood flow, oxygen extraction, blood volume, and oxygen metabolism.

Pre-transfusion Post-transfusion Relative change (%) p
CBF; (1078 cm?/s) 0.84 (0.56, 2.13), 32 0.82 (0.60, 1.35), 30 —21.5(—46.5,16.1), 29 0.030
OEF (fraction) 0.43 (0.40, 0.47), 32 0.40 (0.37, 0.42), 30 —5.9(—10.1, —2.9), 28 <0.001
CBV (mL/100g) 4.7 (3.8,5.4), 32 3.9(3.3,4.6), 28 —18.2 (—22.8, —10.2), 26 <0.001
CMROy; 0.46 (0.28, 1.15), 31 0.53(0.34, 0.90), 24 13.8 (-36.3, 82.3), 23 0.951

Data are reported as median (interquartile range), count of non-missing values. p-values were obtained from a two-sided Wilcoxon signed-rank test. CBFi, cerebral blood flow index;
OEF, oxygen extraction fraction; CBV, cerebral blood volume; CMROy;, cerebral metabolic rate of oxygen, in units of 10~7 mL Oo/dL x cm?/s. The bold values indicate the value of p

< 0.05 which are statistically significant.

assuming a compartmentalized model of the vasculature  size, non-parametric Wilcoxon signed-rank test for paired

(24, 27): data was used to compare pre- and post-transfusion measures.
Linear mixed-effects regression models with random-intercept

CMRO,; = OEF x CBF; x C,0, (2)  at the transfusion level were used to examine the association of

each outcome measure (OEF, CBF;, CBV, and CMRO,;) with

Statistical Analysis demographical (sex and age) and laboratory data (Hb, HbA and

Primary analyses were performed at the transfusion level, with ~ HbS). These models were two-level and accounted for repeated

a total of 35 transfusions. Summary statistics are expressed  measures (pre- and post-transfusion measurements) nested
as median (interquartile range: 1% quartile, 3" quartile)  within the same transfusion event. Selection of predictors in the

for continuous measurements and count (percentage) for  final multivariable model was performed by backward selection
categorical measurements. Due to the relatively small sample  using marginally significant predictors from bivariable results
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FIGURE 2 | Relationship between each cerebral hemometabolic parameter (A-D: CBF;, E-H: OEF, I-L: CBV and M-P: CMRO,;) and hemoglobin (Hb), hemoglobin A
(HbA), age, and sex. In each subplot, solid circles represent pre-transfusion data and hollow circles represent post-transfusion data. Solid lines connect pairs of pre-
and post-transfusion data from a single measurement session; solid lines were not included for age and gender panels to aide in visualization, as neither age nor sex
changed during pre-post transfusion. CMROy;, cerebral metabolic rate of oxygen, in units of 10~ mL O,/dL x cm?/s.

with a threshold of p-value < 0.1. We used variance inflation
factors to assess collinearity among predictors included in
multivariable models and found a certain degree of collinearity
among Hb, HbA, and HbS. In these scenarios, Hb was chosen
as the representative predictor, since Hb is generally accepted
as the clinical parameter to manage RBC transfusion volume.
When the slope estimate of a certain predictor was a small
decimal number with too many trailing zeros, the predictor
was linearly scaled by a simple conversion (e.g., 0.1 xHbS) to
produce an easily readable and interpretable slope estimate. As a
secondary analysis, a three-level linear mixed-effect model was
fit for the 10 patients who had longitudinal measurements from

repeated transfusions, where pre- and post-transfusion were
nested within each transfusion event, and multiple transfusions
were nested within the patient. Due to the limited sample size,
results from this analysis are for preliminary information only
and should be6g interpreted with care. Further, ordinary least
square regression was used to examine the association of the
relative change in each outcome measure (rOEE rCBF;, rCBV,
and rCMRO;) with demographical data (sex and age) and
changes in laboratory data from pre- to post-transfusion (dHb,
dHbA and dHbS). Relative changes in outcome measures were
defined as the percent change in outcome measure from
pre- post-transfusion  (e.g., rOEF (OEFpost

to
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TABLE 4 | Bivariable and multivariable analysis of factors influencing cerebral hemometabolic parameters.

Bivariable Multivariable

Est (95% CI) P Est (95% CI)? P Est (95% CI)° P
CBF;
Age (y) —0.35 (—0.49, —0.21) <0.001 —0.35 (—0.49, —0.22) <0.001 —0.31 (—0.45, —0.18) <0.001
Sex 0.17 (—1.49, 1.82) 0.847 - -
Hb —0.13 (-0.26, 0.00) 0.053 —0.14 (-0.27, —0.01) 0.040 -
HbA% (x0.1) —0.36 (—0.67, —0.09) 0.011 - —0.29 (—0.56, —0.04) 0.028
HbS% (x0.1) 0.38(0.08, 0.72) 0.016 - -
OEF
Age (y, x0.01) —0.17 (-0.65, 0.31) 0.493 - -
Sex 0.04 (0.00, 0.07) 0.059 0.08 (-0.01, 0.07) 0.107 0.04 (0.00, 0.08) 0.045
Hb (x0.1) —0.11 (-0.14, —0.08) <0.001 —0.11 (-0.14, —0.07) <0.001
HbA% (x0.01) —0.11 (-0.20, —0.02) 0.008 —0.12 (—0.20, —0.03) 0.005
HbS% (x0.01) 0.11(0.00, 0.21) 0.024 - -
cBv
Age (y, x0.1) —0.15 (—1.45, 1.14) 0.818 - -
Sex 0.03 (—1.03, 1.08) 0.961 - -
Hb —0.33 (-0.41, —0.25) <0.001 - -
HbA% (x0.1) —0.49 (-0.70, —0.27) <0.001 - -
HbS%(x0.1) 0.51(0.23, 0.76) 0.002 - -
CMRO,;
Age (y) —0.21 (-0.29, —0.14) <0.001
Sex 0.27 (—-0.64, 1.17) 0.570
Hb (x0.1) —0.10 (—0.74, 0.51) 0.745 -
HbA% (x0.01) —0.21 (-=2.00, 1.11) 0.741 -
HbS% (x0.01) 0.06 (—1.37, 1.88) 0.933 -

CBFi, cerebral blood flow index; Hb, hemoglobin; HbA%, percent hemoglobin A out of total hemoglobin;, HbS%, percent hemoglobin S out of total hemoglobin; OEF, oxygen extraction
fraction; CBV, cerebral blood volume; CMROx;, cerebral metabolic rate of oxygen. Hb variables (Hb, HbA %, HbS % were not modeled together due to multicollinearity; @ Multivariable
models considering Hb with other predictors; ® Multivariable models considering HbA with other predictors. The bold values indicate the value of p < 0.05 which are statistically significant.

OEFpre)/OEFpe  x  100%); changes in laboratory data
were defined as the difference in laboratory data from
pre- to post- transfusion (e.g, dHb = Hbpost - Hbpre).
All statistical analyses were performed with CRAN R
(version 3.4.1, R Foundation). Significance was assessed at

the 0.05 level.

RESULTS

Patient Characteristics

A total of 23 children with HbSS on chronic transfusion therapy
were enrolled. Patients were mostly female (17/23, 73.9%). Of
these 23 patients, 8 (34.8%) were monitored on 2 separate
transfusions, and 2 (8.7%) were monitored on 3 separate
transfusions. Each follow-up measurement was performed > 6
months after the prior transfusion. In total, we measured 35
transfusion events. Of these 35 transfusions, 30 (85.7%) were
simple, 4 (11.4%) were partial exchange, and one (2.9%) was
apheresis (Table 1). At the time of transfusion, patients had
a median (IQR) age of 13.9 (10.7, 15.9) years, and 23% were
reported to be receiving hydroxyurea therapy.

Effect of Transfusion on Hb and Patient

Vitals

Tranfusion significantly increased Hb by median 2.9 (IQR: 1.8,
3.3) g/dL (p < 0.001), HbA by median 10.5 (7.9, 17.2) % (p <
0.001), and decreased HbS by median 8.0 (14.3, 6.8) % (p < 0.001,
Table 2). Heart rate decreased significantly by median 8.0 (15.0,
2.3) bpm (p < 0.001) after transfusion, consistent with the known
adaptive response from improved oxygen delivery and cardiac
output. SpO, and MAP remained statistically unchanged.

Effect of Transfusion on Cerebral

Hemometabolics

Out of 70 FDNIRS/DCS measurements, 62 FDNIRS (89%) and
62 DCS (89%) measurements passed quality control criteria
to be included in analysis. Transfusion was associated with
significant decreases in CBF;, OEF, and CBV. CBF; decreased
by median 21.5 (46.1, —16.1) % (p = 0.030), OEF decreased
by median 5.9 (10.1, 2.9) % (p < 0.001), and CBV decreased
by median 18.2 (22.8, 10.2) % (p < 0.001). CMROy; did not
statistically change in response to transfusion (p > 0.05, Figure 1,
Table 3). An outlier in both CBF; and CMRO,; made pre-
/post- transfusion trends difficult to visualize in the subplots of
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TABLE 5 | Bivariable analysis of factors influencing changes in cerebral
hemometabolic parameters.

Bivariable
Est (95% CI) P

rCBF;

Age () —3.13(-8.97, 2.71) 0.598
Sex —75.2 (—=101.09, —49.31) 0.007
dHb (g/dL) —8.34 (—21.283, 4.55) 0.523
dHbA% 2.74(0.15,5.33) 0.303
dHbS% —2.29 (-5.01, 0.42) 0.408
rOEF

Age (y) —0.54 (-0.83, —0.25) 0.074
Sex —3.64 (-5.95, —1.33) 0.127
dHb (g/dL) —2.65(—3.60, —1.70) 0.010
dHbA% 0.12(-0.11, 0.25) 0.589
dHbS% —0.13 (-0.37, 0.11) 0.571
rCBV

Age () 0.27 (—0.36, 0.90) 0.671
Sex —10.03 (—14.64, —5.39) 0.040
dHb (g/dL) —0.73(-0.96, —0.57) <0.001
dHbA% 0.23 (—0.12, 0.58) 0.510
dHbS% —0.38 (—0.74, —0.02) 0.305
rCMRO,;

Age () —3.13(-8.97, 2.71) 0.598
Sex —73.36 (—111.26, —35.46) 0.067
dHb (g/dL) —6.66 (—23.91, 10.59) 0.703
dHbA% 3.65 (0.04, 7.26) 0.325
dHbS% —3.33 (=7.07, 0.40) 0.384

rCBFi, relative % change in cerebral blood flow index; dHb, delta hemoglobin; dHbA%,
delta percent hemoglobin A out of total hemoglobin; dHbS%, delta percent hemoglobin
S out of total hemoglobin; rOEF, relative % change in oxygen extraction fraction; rCBV,
relative % change in cerebral blood volume; rCMROo;, relative % change in cerebral
metabolic rate of oxygen. The bold values indicate the value of p < 0.05 which are
statistically significant.

Figure 2. Supplementary Figure 1 shows this same data with
outliers removed. Note, these outliers were included in all
analyses; secondary analysis performed by removing outliers did
not change results.

Bivariable relationships between predictors (Hb, HbA, HbS,
age, and sex) and cerebral hemometabolic outcomes (CBF;j,
OEE CBYV, and CMROy;) are visualized in Figure 2, and linear
regression models for bivariable and multivariable relationships
are presented in Table4. Bivariably, CBF; was inversely
associated with age (p < 0.001), HbA (p = 0.011), and HbS (p
= 0.016). A marginally significant inverse association between
CBF; and Hb was also observed (p = 0.053). In multivariable
models, age and Hb, as well as age and HbA, remained significant
independent predictors of CBF;. For OEFE significant inverse
associations were observed with Hb (p < 0.001) and HbA (p =
0.008); additionally, OEF was significantly positively associated
with HbS (p = 0.024). OEF was marginally significantly higher
in females than in males (p = 0.059). In multivariable analysis,
Hb, as well as sex and HbA, remained significant independent

predictors of OEF (Hb, HbS and HbA were not modeled together
due to multicollinearity). For CBV, bivariable analysis revealed
significant inverse associations with Hb (p < 0.001) and HbA
(p < 0.001) and a positive association with HbS (p = 0.002).
For CMRO;, age was the only significant correlate (p < 0.001).
While the current analysis employed 2-level hierarchical models
at the transfusion-level, nesting pre-post observations within
transfusions, we also performed a sensitivity analysis wherein
repeated transfusions were also nested within patients, resulting
in 3-level hierarchical models. The only meaningful change in
the results from Table 4 observed in this 3-level analysis was a
significant inverse association between HbA and CMROy; (p =
0.023, Supplementary Table 1).

Finally, bivariable models were used to investigate the
relationship between predictor variables and relative changes
in each cerebral hemometabolic outcome from pre- to post-
transfusion (Table 5, Figures 3A-D). Relative change in OEF was
inversely associated with dHb (p = 0.010, Figure 3B). Similarly,
relative change in CBV was also inversely associated with dHb
(p < 0.001, Figure 3C). Relative change in CBF; and CBV were
significantly higher in males versus females (p = 0.007 and
0.040, respectively).

DISCUSSION

Herein, we demonstrate the feasibility of using diffuse optical
spectroscopies, specifically FDNIRS and DCS, as a low-
cost and non-invasive means to evaluate changes in oxygen
extraction fraction, cerebral blood flow, blood volume, and
oxygen metabolism after transfusion in children with sickle
cell disease. We found that FDNIRS/DCS measurements
of OEE CBF;, and CBV were significantly lower post-
transfusion than pre-transfusion, while no significant changes
were observed in CMRO; (Figure 1). These observations are
consistent with prior neuroimaging studies using MRI and
positron emission tomography that demonstrate significant
whole-brain decreases in OEE, CBE and CBV following
transfusion (11, 12). Further, OEE, CBF;, and CBV were
significantly inversely associated with hemoglobin concentration,
and these associations persisted after accounting for the
influence of age and sex (Table 4). While our changes in OEF
largely agree with previous reports (11, 12), the decreases
in CBF; that we measured were larger than expected (26).
We hypothesize that the origin of these differences is due
to the confounding influence of hematocrit (28) and work
is ongoing to develop correction factors that account for
this influence.

As expected, when regressed against all cerebral
hemometabolic outcome variables, age was significantly
inversely correlated with CBF; (Figure2C, bivariable and
multivariable analyses, Table4) and CMRO,; (Figure 20,
bivariable analysis, Table 4). However, the magnitude of the
decreases in CBF; and CMRO»; seen with age are large compared
to previous reports (29-33). These exaggerated changes
may be due to age-related changes that alter extracerebral
signal contributions to the measured optical signal, e.g.,
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increases in scalp/skull thickness, vessel density, and possibly
increased concentration of hemoglobin production in skull bone
marrow (34).

We note that we found sex was a significant predictor of OEF
after adjusting for HbA (Table 4), with females having a higher
OEF than males, and that sex was significantly associated with
relative changes in both CBF and CBV due to transfusion with
males having a higher relative change than females (Table 5).
However, these correlations have not been reported in previous
studies of children with sickle cell disease (11, 12, 35) and may be
an artifact of the relatively small number of males in our cohort.

Finally, we note several limitations of this study. First,
hemispheric data was averaged, resulting in a single, whole-
brain value for each cerebral hemometabolic marker. While
this approach was justified given that no significant differences
were observed between hemispheres for the cohort on a whole,
marked hemispheric asymmetry was observed in a small subset
of patients. Future work with an expanded cohort will explore the
complex relationship between vasculopathy and asymmetrical
response to transfusion. Second, for subject convenience, post-
transfusion measurements were performed immediately after
transfusion, which likely missed post-transfusion equilibrium.
While previous studies have shown that the most significant
changes in cerebral tissue oxygen saturation occur within the first
30min to 1h of transfusion start (17, 36), measuring prior to
equilibrium could potentially blunt changes in measured cerebral
hemometabolic markers (17). Third, our optical measurements
are limited in sensitivity to the frontal cortex. While data from
MRI suggest the effects of transfusion are global and uniform

within gray matter (35), we are unable to directly comment
on the whole-brain hemometabolic response to transfusion.
Fourth, 11% of data was discarded due to motion artifact
and/or poor SNR. With improvements in real-time analysis to
ensure adequate data quality at the bedside, we anticipate that
this discard rate can be dramatically reduced. Fifth, both our
FDNIRS and DCS analyses make the first-order assumption
that the head is a homogenous medium of uniform optical
properties/flow dynamics. This oversimplification neglects the
influence of extracerebral layers (skull, scalp, cerebrospinal fluid),
which can be appreciable (37) and, in the case of this cohort, may
be variable given the range of ages (2-18y). While the consistency
of our results with those of other neuroimaging modalities
suggest that this influence is not insurmountable, minimizing
these contributions either through advanced analytical modeling
(37-39) or through hardware approaches that isolate photons
that have traveled deeper in tissue (40, 41) will be an important
future step toward the clinical translation of NIRS/DCS. Finally,
when estimating OEF with FDNIRS, we assumed that the fraction
of our signal that arises from the venous compartment is the same
across our subjects (and equal to 1, although the exact magnitude
of this fractional value is less important since we assumed it
was the same for everyone). Inter-participant variations in this
assumed value could lead to errors in the estimation of OEF.

CONCLUSION

In summary, we demonstrate that diffuse optical spectroscopies
(namely, FDNIRS combined with DCS) can be used to detect
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expected decreases in OEF, CBV, and CBF; that occur in sickle
cell patients in response to blood transfusion. These results
suggest that FDNIRS/DCS could be useful as a low-cost, non-
invasive screening tool to enable individualized management of
transfusion thresholds, and to identify patients who might benefit
from a more aggressive therapy such as stem cell transplant.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The study was approved by the Institutional Review Board of
Emory University. Written informed consent to participate in
this study was provided by the participants’ legal guardian/next
of kin.

AUTHOR CONTRIBUTIONS

EB, RCB, and CJ conceived and designed the study. SYL, ROB,
KT, ES, KC, AG-Y, and AQ collected data. SYL and ROB analyzed
data. SG and SB helped with statistical analysis. SYL, ROB, and EB
drafted the manuscript. SYL, ROB, SG, SB, AQ, CJ, RCB, and EB

REFERENCES

1. Kato GJ, Piel FB, Reid CD, Gaston MH, Ohene-Frempong K,
Krishnamurti L, et al. Sickle cell disease. Nat Rev Dis Primers. (2018)
4:1-22. doi: 10.1038/nrdp.2018.10

2. Schmalzer EA, Lee Jo, Brown Ak, Usami S, Chien S Viscosity of mixtures of
sickle and normal red cells at varying hematocrit levels. Transfusion. (1987)
27:228-33. doi: 10.1046/j.1537-2995.1987.27387235626.x

3. Alexy T, Pais E, Armstrong JK, Meiselman HJ, Johnson CS, Fisher TC.

Rheologic behavior of sickle and normal red blood cell mixtures in sickle
plasma: implications for transfusion therapy. Transfusion. (2006) 46:912-
8. doi: 10.1111/j.1537-2995.2006.00823.x

. Adams R], McKie VC, Brambilla D, Carl E, Gallagher D, Nichols FT, et

al. Stroke prevention trial in sickle cell anemia. Control Clin Trials. (1998)
19:110-29. doi: 10.1016/S0197-2456(97)00099-8
5. DeBaun MR, Jordan LC, King AA, Schatz J, Vichinsky E, Fox

CK, et al. American Society of Hematology 2020 guidelines
for sickle cell disease: prevention, diagnosis, and treatment of
cerebrovascular disease in children and adults. Blood Adv. (2020)

4:1554-88. doi: 10.1182/bloodadvances.2019001142

6. Adams RJ, McKie VC, Hsu L, Files B, Vichinsky E, Pegelow C, et al. Prevention
of a first stroke by transfusions in children with sickle cell anemia and
abnormal results on transcranial doppler ultrasonography. New England J
Med. (1998) 339:5-11. doi: 10.1056/NEJM199807023390102

7. DeBaun MR, Gordon M, McKinstry RC, Noetzel MJ, White DA,
Sarnaik SA, et al. controlled trial of transfusions for silent cerebral
infarcts in sickle cell anemia. New England ] Med. (2014) 371:699-
710. doi: 10.1056/NEJMoal401731

8. Scothorn DJ, Price C, Schwartz D, Terrill C, Buchanan GR, Shurney W, et al.
Risk of recurrent stroke in children with sickle cell disease receiving blood
transfusion therapy for at least five years after initial stroke. ] Pediatr. (2002)
140:348-54. doi: 10.1067/mpd.2002.122498

9. Hulbert ML, Scothorn DJ, Panepinto JA, Scott JP, Buchanan GR,
Sarnaik S, et al. Exchange blood transfusion compared with simple

edited the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This project was supported by National Institute of Health
RO1HL152322 (EB), R21HL138062 (EB), F31HL154703
(ES), and American Heart Association 19POST34380337
(SYL). This work was supported by the National Science
Foundation Graduate Research Fellowship Program under Grant
No. 1937971 (ROB).

ACKNOWLEDGMENTS

We thank the Aflac Clinical Research Office, especially Amanda
Watt, Morgan Hathaway, Lauren Trotter, and Nwanna Ifendu, as
well as the clinical staft at the Aflac transfusion clinic for their
valuable support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2022.869117/full#supplementary-material

transfusion for first overt stroke is associated with a lower risk of
subsequent stroke: a retrospective cohort study of 137 children with
sickle cell anemia. J Pediatr. (2006) 149:710-2. doi: 10.1016/j.jpeds.20
06.06.037

Hulbert ML, McKinstry RC, Lacey JL, Moran CJ, Panepinto JA, Thompson
AA, et al. Silent cerebral infarcts occur despite regular blood transfusion
therapy after first strokes in children with sickle cell disease. Blood. (2011)
117:772-9. doi: 10.1182/blood-2010-01-261123

. Guilliams KP, Fields ME, Ragan DK, Eldeniz C, Binkley MM, Chen Y, et
al. Red cell exchange transfusions lower cerebral blood flow and oxygen
extraction fraction in pediatric sickle cell anemia. Blood. (2018) 131:1012-
21. doi: 10.1182/blood-2017-06-789842

Juttukonda MR, Lee CA, Patel NJ, Davis LT, Waddle SL, Gindville MC, et al.
Differential cerebral hemometabolic responses to blood transfusions in adults
and children with sickle cell anemia: hemodynamics of transfusions in SCA. J
Magn Reson Imaging. (2019) 49:466-77. doi: 10.1002/jmri.26213

Jordan LC, Kassim AA, Donahue MJ, Juttukonda MR, Pruthi S, Davis LT, et
al. Silent infarct is a risk factor for infarct recurrence in adults with sickle cell
anemia. Neurology. (2018) 91:e781-4. doi: 10.1212/WNL.0000000000006047
Jordan LC, Gindville MC, Scott AO, Juttukonda MR, Strother MK, Kassim
AA, et al. Non-invasive imaging of oxygen extraction fraction in adults with
sickle cell anaemia. Brain. (2016) 139:738-50. doi: 10.1093/brain/awv397
Nahavandi M, Tavakkoli F, Hasan SP, Wyche MQ, Castro O. Cerebral
oximetry in patients with sickle cell disease. Eur J Clin Invest. (2004) 34:143-
8. doi: 10.1111/§.1365-2362.2004.01307.x

Raj A, Bertolone SJ, Mangold S. Edmonds
cerebral tissue oxygenation in patients with
effect of transfusion therapy. ] Pediatric Hematol
26:279-83. doi: 10.1097/00043426-200405000-00004
Quinn CT, Dowling MM. Cerebral tissue hemoglobin saturation in
children with sickle cell disease. Pediatr Blood Cancer. (2012) 59:881-
7. doi: 10.1002/pbc.24227

Dhabangi A, Ainomugisha B, Cserti-Gazdewich C, Stowell
Dzik WS. Cerebral oxygenation during transfusion for

of
disease:
(2004)

HL. Assessment
sickle cell

Oncol.

C,
profound

Frontiers in Neurology | www.frontiersin.org

75

July 2022 | Volume 13 | Article 869117


https://www.frontiersin.org/articles/10.3389/fneur.2022.869117/full#supplementary-material
https://doi.org/10.1038/nrdp.2018.10
https://doi.org/10.1046/j.1537-2995.1987.27387235626.x
https://doi.org/10.1111/j.1537-2995.2006.00823.x
https://doi.org/10.1016/S0197-2456(97)00099-8
https://doi.org/10.1182/bloodadvances.2019001142
https://doi.org/10.1056/NEJM199807023390102
https://doi.org/10.1056/NEJMoa1401731
https://doi.org/10.1067/mpd.2002.122498
https://doi.org/10.1016/j.jpeds.2006.06.037
https://doi.org/10.1182/blood-2010-01-261123
https://doi.org/10.1182/blood-2017-06-789842
https://doi.org/10.1002/jmri.26213
https://doi.org/10.1212/WNL.0000000000006047
https://doi.org/10.1093/brain/awv397
https://doi.org/10.1111/j.1365-2362.2004.01307.x
https://doi.org/10.1097/00043426-200405000-00004
https://doi.org/10.1002/pbc.24227
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Leeetal.

DOS-Measured Cerebral Hemodynamic Transfusion Effects

anemia.  Transfusion. ~ (2014)  54:2802-2802.  doi:  10.1111/trf. 34. Kosaraju V, Harwani A, Partovi S, Bhojwani N, Garg V, Ayyappan S, et al.
12872 Imaging of musculoskeletal manifestations in sickle cell disease patients. BJR.
19. Kleiser S, Nasseri N, Andresen B, Greisen G, Wolf M. Comparison of tissue (2017) 90:20160130. doi: 10.1259/bjr.20160130
oximeters on a liquid phantom with adjustable optical properties. Biomed Opt 35. Fields ME, Guilliams KP, Ragan DK, Binkley MM, Eldeniz C,
Express. (2016) 7:2973-92. doi: 10.1364/BOE.7.002973 Chen Y, et al. Regional oxygen extraction predicts border zone
20. Kleiser S, Ostojic D, Andresen B, Nasseri N, Isler H, Scholkmann vulnerability to stroke in sickle cell disease. Neurology. (2018)
E et al. Comparison of tissue oximeters on a liquid phantom with 90:e1134-42. doi: 10.1212/WNL.0000000000005194
adjustable optical properties: an extension. Biomed Opt Express. (2017) 9:86- 36. Dhabangi A, Ainomugisha B, Cserti-Gazdewich C, Ddungu H, Kyeyune D,
101. doi: 10.1364/BOE.9.000086 Musisi E, et al. Cerebral oximetry in ugandan children with severe anemia:
21. Jain V, Buckley EM, Licht DJ, Lynch JM, Schwab PJ, Naim MY, et al. Cerebral clinical categories and response to transfusion. JAMA Pediatr. (2016) 170:995-
oxygen metabolism in neonates with congenital heart disease quantified 1002. doi: 10.1001/jamapediatrics.2016.1254
by MRI and optics. J Cerebral Blood Flow Metabolism. (2014) 34:380- 37. Dehaes M, Grant PE, Sliva DD, Roche-Labarbe N, Pienaar R, Boas
8. doi: 10.1038/jcbfm.2013.214 DA, et al. Assessment of the frequency-domain multi-distance method
22. Fantini S, Franceschini MA, Fishkin JB, Barbieri B, Gratton to evaluate the brain optical properties: monte carlo simulations from
E. Quantitative determination of the absorption spectra of neonate to adult. Biomed Opt Express. (2011) 2:552. doi: 10.1364/BOE.2.
chromophores in strongly scattering media: a light-emitting-diode 000552
based technique. Appl Opt, AO. (1994) 33:5204-13. doi: 10.1364/A0.33. 38. Kienle A, Patterson MS, Daégnitz N, Bays R, Wagniéres G, van den
005204 Bergh H. Noninvasive determination of the optical properties of two-
23. Fantini S, Franceschinifantini MA, Maier JS, Walker SA, Barbieri B, Gratton layered turbid media. Appl Opt. (1998) 37:779. doi: 10.1364/A0.37.
E. Frequency-domain multichannel optical-detector for noninvasive tissue 000779
spectroscopy and oximetry. Optic Eng. (1995) 34:32-42. 39. Martelli E, Sassaroli A, Bianco SD, Zaccanti G. Solution of the time-dependent
24. Durduran T, Choe R, Baker WB, Yodh AG. Diffuse optics for diffusion equation for a three-layer medium: application to study photon
tissue monitoring and tomography. Rep Progress Physics. (2010) migration through a simplified adult head model. Phys Med Biol. (2007)
73:43. doi: 10.1088/0034-4885/73/7/076701 52:2827-43. doi: 10.1088/0031-9155/52/10/013
25. Wang D, Parthasarathy AB, Baker WB, Gannon K, Kavuri V, Ko T, et 40. Selb J, Ogden TM, Dubb J, Fang Q, Boas DA. Comparison of a layered
al. Fast blood flow monitoring in deep tissues with real-time software slab and an atlas head model for Monte Carlo fitting of time-domain
correlators. Biomed Opt Express. (2016) 7:776-97. doi: 10.1364/BOE. near-infrared spectroscopy data of the adult head. ] Biomed Opt. (2014)
7.000776 19:016010. doi: 10.1117/1.JBO.19.1.016010
26. Lee SY, Cowdrick KR, Sanders B, Sathialingam E, McCracken CE, 41. Borycki D, Kholigov O, Chong SP, Srinivasan VJ. Interferometric
Lam WA, et al. Noninvasive optical assessment of resting-state cerebral Near-Infrared ~ Spectroscopy (iNIRS) for determination of optical
blood flow in children with sickle cell disease. Neurophoton. (2019) and dynamical properties of turbid media. Opt Express. (2016)
6:1. doi: 10.1117/1.NPh.6.3.035006 24:329. doi: 10.1364/0E.24.000329
27. Kety SS, Schmidt CF. The effects of altered arterial tensions of carbon dioxide Lo o ) ) .
and oxygen on cerebral blood flow and cerebral oxygen consumption of Author Dl.SClal'n‘lel’: An.yopmlons, findings, and conclusions or recomme.ndatlons
normal young men. J Clinic Investigation. (1948) 27:484-92. expre.ssed in this m:?terlal are those of the.author(s) and do not necessarily reflect
28. Sathialingam E, Williams EK, Lee SY, McCracken CE, Lam WA, the views of the National Science Foundation.
Buckley EM. Hematocrit significantly confounds diffuse correlation . )
spectroscopy measurements of blood flow. Biomed Opt Express. (2020) Conflict of Interest: The authors declare that the research was conducted in the
11:4786. doi: 10.1364/BOE.397613 absence of any commercial or financial relationships that could be construed as a
29. Wu C, Honarmand AR, Schnell S, Kuhn R, Schoeneman SE, Ansari SA, Carr potential conflict of interest.
J, Markl M, Shaibani A. Age-related changes of normal cerebral and cardiac X R . L .
blood flow in children and adults aged 7 months to 61 years. ] Am Heart Publisher’s Note: All claims expressed in this article are solely those of the authors
Association 5:¢002657. doi: 10.1161/JAHA.115.002657 and do not necessarily represent those of their affiliated organizations, or those of
30. Zhang N, Gordon ML, Ma Y, Chi B, Gomar JJ, Peng S, et al. The age-related  the publisher, the editors and the reviewers. Any product that may be evaluated in
perfusion pattern measured with arterial spin labeling mri in healthy subjects. this article, or claim that may be made by its manufacturer, is not guaranteed or
Front Aging Neurosci. (2018) 10:214. doi: 10.3389/fnagi.2018.00214 endorsed by the publisher.
31. Moses P, Hernandez LM, Orient E. Age-related differences in cerebral blood
flow underlie the BOLD fMRI signal in childhood. Front Psychol. (2014) Copyright © 2022 Lee, Brothers, Turrentine, Quadri, Sathialingam, Cowdrick,
5:300. doi: 10.3389/fpsyg.2014.00300 Gillespie, Bai, Goldman-Yassen, Joiner, Brown and Buckley. This is an open-access
32. LuH, Xu E Rodrigue KM, Kennedy KM, Cheng Y, Flicker B, et al. Alterations article distributed under the terms of the Creative Commons Attribution License (CC
in cerebral metabolic rate and blood supply across the adult lifespan. Cerebral BY). The use, distribution or reproduction in other forums is permitted, provided
Cortex. (2011) 21:1426-34. doi: 10.1093/cercor/bhq224 the original author(s) and the copyright owner(s) are credited and that the original
33. Takahashi T, Shirane R, Sato S, Yoshimoto T. Developmental Changes of  publication in this journal is cited, in accordance with accepted academic practice.
Cerebral Blood Flow and Oxygen Metabolism in Children. Am J Neuroradiol. No use, distribution or reproduction is permitted which does not comply with these
(1999) 20:917-22. terms.
Frontiers in Neurology | www.frontiersin.org 76 July 2022 | Volume 13 | Article 869117


https://doi.org/10.1111/trf.12872
https://doi.org/10.1364/BOE.7.002973
https://doi.org/10.1364/BOE.9.000086
https://doi.org/10.1038/jcbfm.2013.214
https://doi.org/10.1364/AO.33.005204
https://doi.org/10.1088/0034-4885/73/7/076701
https://doi.org/10.1364/BOE.7.000776
https://doi.org/10.1117/1.NPh.6.3.035006
https://doi.org/10.1364/BOE.397613
https://doi.org/10.1161/JAHA.115.002657
https://doi.org/10.3389/fnagi.2018.00214
https://doi.org/10.3389/fpsyg.2014.00300
https://doi.org/10.1093/cercor/bhq224
https://doi.org/10.1259/bjr.20160130
https://doi.org/10.1212/WNL.0000000000005194
https://doi.org/10.1001/jamapediatrics.2016.1254
https://doi.org/10.1364/BOE.2.000552
https://doi.org/10.1364/AO.37.000779
https://doi.org/10.1088/0031-9155/52/10/013
https://doi.org/10.1117/1.JBO.19.1.016010
https://doi.org/10.1364/OE.24.000329
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

:' frontiers ‘ Frontiers in Neurology

BRIEF RESEARCH REPORT
published: 07 July 2022
doi: 10.3389/fneur.2022.867437

OPEN ACCESS

Edited by:

Fenella Jane Kirkham,
University College London,
United Kingdom

Reviewed by:

Euclides José de Mendonca Filho,
McGill University, Canada

Eboni Lance,

Kennedy Krieger Institute,

United States

*Correspondence:
Steven J. Hardy
sjhardy@childrensnational.org

Specialty section:

This article was submitted to
Stroke,

a section of the journal
Frontiers in Neurology

Received: 01 February 2022
Accepted: 13 June 2022
Published: 07 July 2022

Citation:

Hardy SJ, Forman S, Hardy KK and
Schatz J (2022) Sluggish Cognitive
Tempo in Pediatric Sickle Cell Disease.
Front. Neurol. 13:867437.

doi: 10.3389/fneur.2022.867437

Check for
updates

Sluggish Cognitive Tempo in
Pediatric Sickle Cell Disease

Steven J. Hardy #*, Sydney Forman', Kristina K. Hardy?°® and Jeffrey Schatz*

" Divisions of Hematology and Oncology, Children’s National Hospital, Washington, DC, United States, ? Department of
Psychiatry and Behavioral Sciences, The George Washington University School of Medicine and Health Sciences,
Washington, DC, United States, ° Division of Neuropsychology, Children’s National Hospital, Washington, DC, United States,
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Background: Sickle cell disease (SCD) imparts risk for a range of neurodevelopmental
and neurocognitive disorders. Sluggish cognitive tempo (SCT) is a distinct syndrome that
often co-occurs with attention-deficit/hyperactivity disorder (ADHD) but has not been
described in SCD. We investigated the reliability and validity of a SCT measure in SCD
and examined associations with biopsychosocial risk factors and functional outcomes.

Materials and Methods: Caregivers (n = 85) of children with SCD ages 7-16 reported
on socio-demographics and the Kiddie-Sluggish Cognitive Tempo (K-SCT) measure,
Behavior Rating Inventory of Executive Function, and Conners 3. Disease-related
characteristics were extracted from health records.

Results: The K-SCT demonstrated excellent internal consistency (@ = 0.92) and
test-retest reliability (- = 0.82, p < 0.001). K-SCT scores were correlated with
ADHD-Inattention (- = 0.64, p < 0.001) and ADHD-Hyperactive/Impulsive (r = 0.46,
p < 0.001) scores, as well as functional outcomes, including learning problems (r = 0.69,
p < 0.001). In multivariate analyses controlling for ADHD symptoms, SCT accounted for
unique variance in learning (b = 9.67, p < 0.01) and executive functioning (b = 5.93,
p < 0.01). Nearly all participants (93%) with elevated levels of co-occurring SCT and
ADHD-Inattention symptoms had significant learning problems.

Conclusion: The K-SCT is a reliable and valid measure of SCT in SCD. SCT symptoms
are associated with learning difficulties even after controlling for ADHD symptoms.
Further research is needed to understand the biopsychosocial factors that lead to SCT
symptoms in SCD and examine long-term implications of SCT.

Keywords: sickle cell, cognitive, sluggish cognitive tempo, ADHD, attention, learning

INTRODUCTION

Sickle cell disease (SCD) is an inherited autosomal recessive disorder characterized by a genetic
mutation that produces sickle B-globin, causing hemoglobin molecules to polymerize when
deoxygenated and leading to hemolysis, inflammation, and vaso-occlusion (1). Millions of people
live with SCD globally, primarily in sub-Saharan Africa and Southeast Asian countries, though the
exact prevalence is unknown, due in part to the paucity of newborn screening programs (2, 3). SCD
is the most common genetic disorder in the United States, affecting nearly 100,000 people, of whom
90% identify as Black (4). Early concerns of SCD center on an increased risk for life-threatening
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infection and although pain is often described as the
hallmark symptom, SCD has the potential to cause myriad
acute complications and chronic organ damage (1). The
pathophysiology underlying clinical manifestations of SCD is
complex and influenced by environmental factors; consequently,
there is notable variability in symptom presentation and course
(5, 6).

Neurocognitive and neurodevelopmental deficits are a
common complication of SCD. Slowed processing speed,
attention difficulties, and executive dysfunction are often
identified as salient neurocognitive symptoms beginning in
the preschool period, often continuing into adulthood (7).
Neurodevelopmental syndromes have also been linked to disease
severity in SCD with as many as half of all preschool-age children
showing evidence of developmental delay with elevated rates of
neurodevelopmental issues persisting into adolescence (8-11).

A key disease-specific contributor to these deficits are
cerebrovascular complications that interfere with oxygen delivery
to the brain. Cerebrovascular effects of SCD can begin in
the preschool period and increase steadily in prevalence into
adulthood with half or more of all adult patients showing
cerebrovascular disease (7, 8, 12). These disruptions to oxygen
delivery are believed to underlie the development of silent
cerebral infarction, the most common form of acquired brain
injury documented in SCD, and changes in white matter tissue
that are linked to cognitive deficits (13-15). In contrast to
cognitive deficits demonstrated on formal cognitive testing,
neurodevelopmental syndromes are based largely on behavioral
symptoms and have received less attention as indicators of
neurologic sequalae of SCD. The purpose of the present study is
to investigate distinct patterns of neurodevelopmental symptoms
that may result from the heterogeneity in brain impacts observed
in SCD.

Although there are common underlying cerebrovascular
mechanisms that affect brain health in SCD, less attention has
been paid to the variability in impact among individuals. For
example, cerebral infarction from overt stroke often occurs
in a variety of regions supplied by the anterior and middle
cerebral arteries with lesion locations differing across patients
(16). Silent cerebral infarction often involves patchy lesions in
the border zone regions between these arterial distributions (13,
16). Thus, the brain effects of SCD occur in a wide range of
areas that could disrupt functional connections in the frontal,
parietal, and temporal lobes as well as subcortical nuclei such
as the caudate and putamen. The effects on deep white matter
regions surrounding the lateral ventricles (both anteriorly and
posteriorly) also mean small differences in the location of lesions
could have implications for the white matter pathways affected.

Despite these individual differences in the functional brain
systems most affected, there has been a strong tendency
to study the cognitive and behavioral effects of the disease
in a unidimensional manner, such as identifying the most
common neurocognitive or behavioral sequalae averaged across
a group. This approach is an important starting point to
understand the most salient and common deficits in a
condition but can lead to an underappreciation of heterogeneity.
In the present study, we use recent conceptualizations of

dimensions of attention-deficit/hyperactivity disorder (ADHD)
as a framework for understanding different presentations
of neurodevelopmental effects of SCD. More specifically,
we examined the extent of symptoms reflecting inattention,
hyperactivity and impulsivity, and sluggish cognitive tempo
(SCT) to understand if these represent distinct dimensions
of SCD-related behavioral complications potentially stemming
from variability in underlying brain effects.

In current diagnostic approaches, there are three subtypes of
ADHD which reflect two dimensions of symptoms: inattentive
symptoms and hyperactive-impulsive symptoms with the third
category representing a combined presentation with both
dimensions present (17). The predominantly inattentive subtype
of ADHD (ADHD-I) has typically been noted as the most
common behavioral phenotype observed in youth with acquired
brain insults (18, 19). Between 7 and 25% of youth with SCD have
been diagnosed with ADHD; though, reports may underestimate
true prevalence due to complexities associated with diagnosing
ADHD in SCD and the significant barriers to formal evaluation
(9, 20, 21).

The dimension of SCT was originally developed within the
literature on ADHD as a possible phenotype that may better
identify youth with predominantly inattentive symptoms but
was later identified as a distinct phenotype from inattentive
symptoms that often co-occurs with ADHD-I (22). SCT as a
syndrome is marked by pronounced symptoms of daydreaming,
drowsiness, being easily confused, difficulty initiating and
sustaining effort, low activity level and passivity as compared
with inattentive symptoms, such as a short attention span,
inattentiveness to what others say, and distractibility. Since the
original development of the SCT concept there has been growing
support for SCT as either an additional variant of ADHD that is
distinct from the predominantly inattentive subtype or perhaps a
separate disorder with high comorbidity with ADHD (22, 23).

Cognitive neuroscience methods have been used to identify
likely underlying neural systems for SCT that differ from
those observed in ADHD, whereas more traditional clinical
neuropsychological tools have typically not identified distinct
features of SCT (23). Elevated SCT symptoms have been
associated with deficits in arousal (both at rest and the
regulation of arousal in response to environmental stimuli) and
selective attention (specifically, in the engagement and shifting of
attention), implicating the autonomic nervous system, thalamic,
and posterior parietal systems that underlie these functions (24—
27). This contrasts with studies of classic ADHD presentations,
which are noted to show deficits in executive function and reward
sensitivity with critical regions for these systems in prefrontal and
superior parietal brain regions (23, 27, 28). In addition to having
different neurocognitive profiles, SCT symptoms have been noted
to confer additional functional impacts on academic performance
not captured by classic ADHD symptoms, are more likely to be
comorbid with internalizing disorders, and are associated with
lower family socioeconomic status (23, 29, 30).

Prior research on SCT has examined this construct within
people that have ADHD and in typically developing individuals
without major health conditions but no studies, to our
knowledge, have described SCT in SCD. Therefore, we conducted

Frontiers in Neurology | www.frontiersin.org

July 2022 | Volume 13 | Article 867437


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Hardy et al.

Sluggish Cognitive Tempo in SCD

a study with the following objectives: (1) Determine the reliability
and validity of the Kiddie-Sluggish Cognitive Tempo (K-
SCT) measure in a sample of youth with SCD; (2) Describe
biopsychosocial correlates of SCT symptoms in pediatric SCD;
and (3) Examine the unique contribution of SCT symptoms to
functional difficulties (e.g., learning problems, mood concerns)
and the synergistic influence of SCT and ADHD symptoms
on functional outcomes in SCD. We hypothesized that the
K-SCT would demonstrate acceptable reliability and validity.
It was expected that participants with lower socioeconomic
status (e.g., lower parent educational attainment, lower family
income) and greater SCD-related neurological risk (e.g., HbSS
or HbSR thalassemia genotypes, overt stroke, silent cerebral
infarcts) would be rated as having more SCT symptoms.
We also hypothesized that higher SCT symptoms would be
significantly correlated with greater functional impairment (e.g.,
learning problems, mood concerns) and that SCT symptoms
would uniquely account for variance in parent-reported learning
problems beyond the influence of inattentive ADHD symptoms.
Also consistent with prior studies, we expected that participants
with both high SCT symptoms and high inattentive ADHD
symptoms would exhibit the greatest degree of functional
impairment (23, 29, 30).

MATERIALS AND METHODS

Participants

Children and adolescents with SCD and their caregivers were
recruited to participate in a larger clinical trial evaluating
a computerized cognitive rehabilitation intervention. Patients
were deemed eligible if they were between ages 7-16 years,
were fluent in English, were accompanied by a parent or legal
guardian, and had reliable access to electricity so they would be
able to charge a mobile device at home if they screened into
the intervention phase of the trial. Exclusion criteria included
having a physical limitation that interfered with computer use
(including severe intellectual disability) and recently starting a
stimulant medication (<30 days). If patients had recently started
a stimulant, they were still invited to enroll in the study after
taking the medication for at least 30 days, at which point they
would meet eligibility criteria.

Procedures

Study procedures were reviewed and approved by the
Institutional Review Board prior to data collection. Eligible
patients were approached during routine hematology clinic
visits and recruited to participate. After obtaining informed
consent, participants completed a brief neurocognitive screening
assessment to identify participants with working memory
difficulties who would be eligible to be randomized to either
a digital cognitive training intervention arm or an inactive
waitlist arm. Data for the present analyses were obtained from
all participants at baseline regardless of whether they exhibited
working memory difficulties. Data were also extracted from
participants in the waitlist arm 5-8 weeks after the baseline
assessment, though these data were only used to examine
test-retest reliability of the SCT measure. The current study

focused on caregiver ratings of behavior and learning completed
as part of a baseline assessment. Participants were provided with
a $20 gift card and either parking validation or a $10 public
transportation pass following each assessment.

Measures

Socio-Demographic, Disease, and Treatment
Characteristics

Primary  caregivers  reported on  socio-demographic
characteristics including participant age and sex, annual
household gross income, and caregiver educational attainment. A
medical chart review was conducted to determine SCD genotype
(HbSS/HbSB? thalassemia or HbSC/HbSRT thalassemia),
current treatments (e.g., hydroxyurea, chronic blood transfusion
therapy), hemoglobin, and stroke history.

Sluggish Cognitive Tempo

The Kiddie-Sluggish Cognitive Tempo measure was completed
by caregivers to report on symptoms of SCT (31). This 15-item
measure produces a total score and three subscales that aim
to quantify: Daydreaming (6 items), Working Memory Slips (5
items), and Sleepy/Tired (4 items). Caregivers answer each item
by rating how often their child exhibits certain behaviors as Never
or Rarely, Sometimes, Often, or Very Often. The 15-item version
of the K-SCT was reduced from a larger item pool based on an
exploratory factor analysis that demonstrated these items had
high loadings on primary factors of SCT and low cross-loading on
measures of ADHD-I symptoms. The K-SCT has been previously
shown to have good psychometric properties including strong
reliability and validity among children with ADHD (31).

Related Constructs and Functional Outcomes

The Conners 3rd Edition Parent-report (Conners 3) was used
to measure ADHD symptoms and associated cognitive and
behavioral problems (32). Caregivers completed the 99-item
Conners 3 by reporting observations of cognitive and behavioral
symptoms using a Likert-type scale with four options: 0 (not at
all), 1 (just a little true), 2 (pretty much true), and 3 (very much
true). The measure consists of several subscales but for the focus
of the current study, analyses focused on the following domains:
Executive Functioning, Learning Problems, Aggression, Peer
Relations, ADHD Predominantly Hyperactive/Impulsive, and
ADHD Predominantly Inattentive. The Conners 3 has good
internal consistency, with a Cronbach’s alpha of 0.91. Previous
reports suggest there is no evidence of race or sex bias, and
the demographics of the standardization sample reflected the
demographic makeup of the 2,000 U.S. Census (33).

The Behavior Rating Inventory of Executive Function (BRIEF)
was also administered to assesses caregiver observations of
functional impairment across metacognitive and behavioral
regulation domains (34). The 86-item BRIEF asks caregivers
to choose one of three options (never, sometimes, often) in
response to the listed statements. Two primary index scores are
produced: The Metacognition Index (MI) and the Behavioral
Regulation Index (BRI). The MI score reflects abilities to monitor
behavior and performance, organize materials, plan and organize
tasks, engage working memory, and initiate tasks. The BRI score
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represents functioning related to inhibiting behavior, shifting
tasks, and controlling emotions. The BRIEF has good internal
consistency, with alphas ranging from 0.80 to 0.89. Demographic
characteristics of the standardization sample reflected the census
distribution, and analyses found that race and ethnicity do not
significantly affect BRIEF scores (34).

Data Analysis

Descriptive analyses were conducted to examine socio-
demographic and medical characteristics of the study sample.
Unless otherwise noted, data used in analyses were collected at
baseline. Cronbach’s alpha was calculated to evaluate internal
consistency of the K-SCT total score as well as each of the
subscales. Paired samples correlations were used to determine
test-retest reliability on the K-SCT total score from baseline
to 5 to 8-week follow-up. In order to evaluate for convergent
evidence of the K-SCT, we examined Pearson correlation
coefficients among the K-SCT total score and the Conners 3
ADHD Primarily Inattentive symptom scale and the Conners
3 ADHD Primarily Hyperactive/Impulsive symptom scale. A
similar procedure using Pearson’s r was followed to evaluate
test-criterion evidence between K-SCT scores and concurrently
measured functional outcomes (e.g., metacognitive functioning,
behavioral regulation, learning problems, aggression, and
peer relations). Analyses to determine associations between
the K-SCT and socio-demographic and disease-related risk
factors varied according to the risk variable type (e.g., Pearson’s
r for continuous variables, independent samples ¢-tests for
dichotomous variables).

Linear regression analyses were conducted to assess the
variance in functional outcomes attributable to SCT after
controlling for the influence of ADHD-I symptoms and
conceptually relevant covariates. To explore the implications
of having a single elevation of domain symptoms (i.e., either
high SCT or ADHD-I) compared to a mixed presentation
of symptoms (i.e., high SCT and ADHD-I), variables were
transformed to signal the presence or absence of significant
symptoms. Specifically, K-SCT scores were dichotomized at the
75th percentile, as no established cutoffs exist, and Conners
ADHD-I scores were dichotomized at a T score of 65 (i.e., >1
SD above the mean). Participants were assigned to one grouping
based on the presence or absence of elevated ADHD-I and SCT
scores: (1) normal ADHD-I and SCT symptoms; (2) elevated
ADHD-I with normal SCT symptoms; (3) normal ADHD-
I symptoms with elevated SCT symptoms; and (4) elevated
ADHD-I and SCT symptoms.

RESULTS

Eighty-five caregivers completed the K-SCT at baseline to report
on SCT symptoms in their children. Descriptive results for the
sample are presented in Table 1. Five caregivers elected not to
report gross family income; these cases were excluded from
regression analyses where income was used as a covariate. A
review of medical records found that a clinical MRI had been
obtained for 53 participants (62%) an average of 1.25 years (SD =
1.73) prior to study enrollment. The K-SCT exhibited excellent
internal consistency, with a Cronbachs alpha of 0.92 for the

TABLE 1 | Descriptive characteristics of the study sample.

n (%) Range Mean (SD)

Socio-demographic variables

Age 7-16 10.45 (2.97)

Sex (female) 49 (568%)
Caregiver education (no college 47 (55%)
degree)

Annual family income (<$50,000) 42 (53%)
Medical variables
Genotype (HbSS/HbSE

thalassemia)

64 (75%)
Taking hydroxyurea 46 (54%)
Chronic blood transfusion 23 (27%)
therapy

Hemoglobin 6.90-14.20 9.40 (1.46)

Overt stroke 7 (8%)

MRI documented in medical 53 (62%)

record

MRI-confirmed silent infarct 18 (34%)
Caregiver-reported behavioral functioning
K-SCT total

K-SCT daydreaming

K-SCT working memory slips

K-SCT sleepy/tired

Conners-3 ADHD primarily
inattentive

0-2.60
0-3.00
0-2.60
0-2.75
36-90

0.60 (0.50)
0.51 (0.65)
0.60 (0.56)
0.74 (0.61)
57.64 (14.52)

Conners-3 ADHD primarily 38-90

hyperactive/impulsive

52,22 (10.94)

n = 85. K-SCT possible scores range from 0 to 3. Higher K-SCT scores reflect greater
sluggish cognitive tempo symptoms. Conners 3 subscale scores represent T scores
where the population mean is 50 and the standard deviation is 10. Higher Conners 3
scores reflect greater difficulties.

15-item total score. Internal consistency ranged from good to
excellent for the three subscales, with a Cronbach’s alpha of 0.94
for the Daydreaming subscale, 0.87 for the Working Memory
Slips subscale, and.81 for the Sleepy/Tired subscale. Test-retest
statistics comparing baseline to 5 to 8-week follow-up (n = 17)
were also acceptable, as paired samples correlations were 0.82 (p
< 0.001) for the total score, 0.69 (p = 0.002) for the Daydreaming
subscale, 0.82 (p < 0.001) for Working Memory Slips subscale,
and 0.77 (p < 0.001) for the Sleepy/Tired subscale.

Results also provided convergent evidence of the K-SCT
in youth with SCD (see Table 2). The baseline K-SCT Total
score was significantly correlated with the Conners 3 ADHD
Primarily Inattentive Presentation domain score (r = 0.64,
p < 0.001) and the ADHD Primarily Hyperactive/Impulsive
Presentation domain score (r = 0.46, p < 0.001), such that
participants who were rated has having more SCT symptoms
were also described as having more ADHD Inattentive and
ADHD Hyperactive/Impulsive symptoms.

SCT was unrelated to parent educational attainment and
family income. Also contrary to hypotheses, SCT did not vary
significantly by genotype, hemoglobin, or overt stroke. Although
SCT also did not vary by silent infarct history, the sample
size for this analysis was reduced as the variable was restricted
to only those cases where a clinical MRI had been previously
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TABLE 2 | Correlations between Kiddie-Sluggish Cognitive Tempo scores, related constructs, and socio-demographic and disease characteristics.

K-SCT total score

Conners-3 ADHD inattentive presentation

Conners-3 ADHD hyperactive/impulsive presentation

Socio-demographics

Age -0.04 0.06
Sex 0.01 —0.06
Parent education 0.04 0.12
Family income —0.08 0.10
Medical variables

HbSS or HbSBP thalassemia -0.19 —0.29*
Overt stroke -0.17 —0.08
Silent infarct —0.03 —0.08
Hemoglobin 0.02 0.1
Kiddie-Sluggish Cognitive Tempo

K-SCT total - 0.64"*
K-SCT daydreaming 0.90** 0.58**
K-SCT working memory slips 0.87* 0.62**
K-SCT sleepy/tired 0.64** 0.32**
Conners 3

ADHD inattentive 0.64* -
ADHD hyperactive/impulsive 0.46** 0.52**
Learning problems 0.69** 0.79**
Executive functioning 0.55** 0.92**
Defiance/aggression 0.23* 0.31*
Peer relations 0.23* 0.18
BRIEF

Metacognition index (MI) 0.66™ 0.83*
Behavioral regulation index (BRI) 0.47* 0.51*

0.10
-0.19

0.05

0.02

-0.21
0.05
0.06
0.08

0.46™

0.47**

0.44**
0.16

0.52**
0.42**
0.39™
0.53*
0.25*

0.51*
0.71*

n = 85. **Indicates p < 0.01. *Indicates p < 0.05. “Silent infarct” reflects only silent infarcts confirmed by MRI. A chart review found a clinical MRl had been completed for 53 participants.

conducted (n = 53; 62%), of which 34% (n = 18) revealed
evidence of silent infarct. Results supported hypotheses regarding
the associations between SCT and functional outcomes. Greater
SCT symptoms as measured by the K-SCT total score were
significantly associated with greater caregiver-rated learning
problems, metacognitive and behavior regulation difficulties,
defiance/aggression, and peer problems (Table 2).

Based on prior literature suggesting conceptual overlap
between SCT and ADHD Inattentive symptoms, we examined
whether there was a unique influence of SCT on caregiver-rated
learning problems, metacognitive functioning, and behavior
regulation when controlling for ADHD Inattentive symptoms
(Table 3). Linear regressions demonstrated that models
incorporating socio-demographic variables, SCD characteristics,
ADHD Inattentive and ADHD Hyperactive/Impulsive
symptoms, and SCT symptoms as independent variables
significantly predicted caregiver-rated learning problems (R?
= 0.75, p < 0.001), metacognitive functioning (R?> = 0.75, p <
0.001), and behavior regulation (R? = 0.52, p < 0.001). Even
after controlling for ADHD symptoms, higher SCT symptoms
significantly predicted learning problems (8 = 0.35, p < 0.001).
For every l-point increase in the K-SCT total score, there
was a T-score increase of 9.67 on the Conners 3 Learning
Problems subscale. Similarly, after controlling for ADHD

symptoms, greater SCT symptoms predicted more difficulties
with metacognitive functioning (8 = 0.25, p < 0.01). Each
1-point increase on the K-SCT Total score was associated
with a T-score increase of 5.93 on the BRIEF MI. SCT did not
significantly predict caregiver-rated behavior regulation.
Participants were grouped based on the presence of significant
SCT symptoms (>75th percentile; n = 21; 25%) and ADHD-I
symptoms (T score > 65; n = 26; 31%) to better characterize
the functional effect of SCT, ADHD-I, and the combination
of SCT and ADHD-I symptoms on learning problems (see
Figure 1). Conners 3 Learning Problems subscale means and
standard deviations are available in Supplementary Table 1.
Most participants were categorized as having normal levels of
both ADHD-I and SCT symptoms (1 = 53; 62%). The next largest
group had both clinically elevated ADHD-I and SCT symptoms
(n = 15; 18%), followed by elevated ADHD-I symptoms with
normal SCT symptoms (n = 11; 13%), and normal ADHD-I
symptoms with elevated SCT symptoms (n = 6; 7%). A majority
of participants with clinically elevated ADHD-I symptoms were
rated as having significant learning problems, regardless of their
degree of SCT symptoms (21 of 26 participants; 81%). Similarly,
most participants with elevated SCT symptoms had significant
learning problems, regardless of ADHD-I symptoms (15 of
21 participants; 71%). While most participants with elevated
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TABLE 3 | Multiple regression models predicting functional outcomes.

b SE [} P R?
Dependent variable: Conners-3 learning problems
(Constant) 19.33 7.65 0.75**
Age 0.48 0.30 0.10 0.11
Severe SCD genotype 0.63 2.25 0.02 0.78
Stroke or silent infarct 0.82 2.00 0.038 0.68
Parent education —1.01 0.78 —0.09 0.20
Family income —-0.38 0.51 —0.06 0.45
Conners-3 ADHD inattentive 0.58* 0.08 0.59 <0.01
Conners-3 ADHD hyperactive/impulsive 0.04 0.10 0.03 0.72
K-SCT total 9.67** 2.23 0.35 <0.01
Dependent variable: BRIEF metacognition index
(Constant) 14.30 6.07 0.75**
Age 0.66* 0.25 0.16 0.01
Severe SCD genotype 1.32 1.88 0.05 0.49
Stroke or silent infarct -0.37 1.67 —0.01 0.83
Parent education —0.65 0.65 -0.07 0.32
Family income 0.80 0.42 0.14 0.06
Conners-3 ADHD inattentive 0.52* 0.07 0.63 <0.01
Conners-3 ADHD hyperactive/impulsive 0.06 0.08 0.05 0.45
K-SCT total 5.93** 1.86 0.25 <0.01
Dependent variable: BRIEF behavioral regulation index
(Constant) 6.93 7.51 0.52**
Age 0.57 0.61 0.16 0.07
Severe SCD genotype 3.31 2.33 0.14 0.16
Stroke or silent infarct —0.34 2.07 -0.02 0.87
Parent education 0.15 0.80 0.02 0.86
Family income -0.35 0.52 -0.07 0.51
Conners-3 ADHD Inattentive 0.10 0.08 0.14 0.23
Conners-3 ADHD Hyperactive/Impulsive 0.57** 0.10 0.55 <0.01
K-SCT Total 3.03 2.30 0.14 0.19

*Indicates p < 0.05; **Indicates p < 0.01.

ADHD-I symptoms and normal SCT symptoms were rated
as having significant learning problems (7 of 11 participants;
64%), nearly all of those with both elevated ADHD-I and SCT
symptoms had learning problems (14 of 15 participants; 93%).

DISCUSSION

The current study characterized SCT symptoms in children and
adolescents with SCD by reporting on the reliability and validity
of a parent proxy-report measure of SCT symptoms, examining
associations between SCT and socio-demographic and disease-
related risk factors, and describing the effect of SCT symptoms
and combined ADHD-I and SCT symptoms on functional
outcomes. Reliability and validity analyses supported the K-SCT
as a reliable measurement tool with evidence of convergent and
test-criterion validity. Findings also revealed that, contrary to
hypotheses based on the broader ADHD literature, we were not
able to identify risk factors for SCT symptoms among youth with
SCD: SCT symptoms did not vary by any socio-demographic

factors or SCD-related risk variables that were measured. Data
did, however, support the clinical significance of SCT symptoms:
Higher SCT symptoms were associated with functional outcomes
even after controlling for ADHD-I symptoms. In addition,
the combined presentation of SCT and ADHD-I symptoms
conferred significant risk for learning problems.

In order for novel phenomena to be studied, rigorous methods
of measurement are needed. The K-SCT has been used to
study SCT in typically developing children and those with
other neurodevelopmental diagnoses but to our knowledge,
its psychometric properties had not been evaluated in SCD.
Results supported the 15-item K-SCT as a reliable and valid
instrument for assessing SCT symptoms in children ages 7-16
with SCD. Data suggested that the K-SCT has excellent internal
consistency and produces reliable scores across a 5 to 8-week
period. Moreover, results provided convergent evidence for the
K-SCT as the K-SCT total score was significantly correlated with
the Conners 3 ADHD Primarily Inattentive and ADHD Primarily
Hyperactive/Impulsive subscales. Many associations followed
expected patterns, with K-SCT scores correlating stronger with
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FIGURE 1 | Clusters of inattentive and sluggish cognitive tempo symptoms and their association with learning problems.
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symptoms of inattention than symptoms hyperactivity and
impulsivity. These findings provide initial support for the
reliability and validity of the K-SCT and suggest that it could be
used to further investigate SCT in pediatric SCD.

Based on previous studies suggesting associations between
socio-demographic risk factors and neurocognitive outcomes
in typically developing children and in youth with SCD, we
expected that demographic characteristics and measures of
socioeconomic status would be related to SCT symptoms.
However, K-SCT scores did not vary by age, sex, parental
education, or family income. These expectations were derived
primarily from prior studies of youth with ADHD, and
it may be that associations do not generalize across all
populations at risk for SCT symptoms, particularly among
more diverse groups exposed to a multitude of neurologic
risks. It is also possible that community-level factors unique
to the region where patients were recruited (e.g., proximity
to a large children’s hospital with a comprehensive SCD
care clinic and dedicated social workers, high quality schools
and other community resources, access to early intervention
services) helped buffer the effect of broad proxy measures of
socioeconomic status.

Our findings may also reflect nuances of measuring
socioeconomic risk and associated outcomes. Prior studies
point to variability in relationships between socioeconomic
variables and neurocognitive outcomes that depend in part
on the domain examined and how socioeconomic risk is
operationalized. Strong evidence supports a connection
between socioeconomic status (parent educational attainment,
in particular) and global intellectual functioning in SCD
(35), whereas others have reported no association between
socioeconomic status and certain neurocognitive abilities
(36). Researchers have been attuned to the complexity of
measuring socioeconomic and social-environmental risk

factors, recognizing that parent educational attainment and
income are important predictors that lead to downstream
risks (e.g., parenting stress) known to more directly influence
neurodevelopmental and behavioral outcomes.

Variability in defining and measuring risk inevitably leads
to conflicting findings in the literature, especially when
studying heterogenous groups such as youth with SCD.
For instance, Yarboi and colleagues found that maternal
experiences of financial stress predicted performance
on measures of verbal intelligence but not visual-spatial
functioning and non-verbal reasoning in school-age children
with SCD (37). Similarly, Bills et al. reported that, in a
sample of young children with SCD, traditional measures
of socioeconomic status were not uniformly correlated with
neurocognitive performance (36). Moreover, they found
that parent and family functioning (e.g., positive parent-
child interactions, caregiver warmth and support) predicted
phonological processing and ADHD symptoms over and
above socioeconomic status (36). Future research should
incorporate an intentional and multimodal approach to
measuring social-environmental risk factors and evaluate
effects on neurodevelopmental outcomes prospectively to better
explicate these complicated relationships.

Results also suggested that disease-related variables were
not associated with SCT. A limitation of this study was
that neuroimaging data were not consistently collected across
participants. Prior research also suggests a more specific
pattern of neurocognitive deficits (e.g., specific to arousal
regulation) may be important for SCT symptoms, rather
than simply examining the presence/absence of neurologic
injury. The available neuroimaging data identified relatively
few participants with silent infarcts and overt strokes in our
sample and data regarding infarct location and size that
could have helped to clarify potential associations between
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neural injury and SCT were not available. Thus, there
were multiple methodological factors that could account
for these null findings. Future research should consider
including more refined measures of structural brain effects
and cognitive neuroscience methods that could identify those
children with specific neurocognitive deficits associated with
SCT in prior research. It may also be useful for future
studies to incorporate prospective neuroimaging, which would
enable characterization of pathways that give rise to distinct
neurocognitive phenotypes over time and could determine effects
of disease-modifying therapies on the prevention or slowing of
neurocognitive decline.

The most salient aspect of the current
was the influence of SCT on functional outcomes.
High SCT was associated with more problems with
learning, metacognitive functioning, executive abilities,
behavioral regulation, defiance and aggression, and peer
relationships. These findings suggest that SCT symptoms
significantly contribute to learning problems and negatively
influence  cognitive, behavioral, and social outcomes
in youth with SCD. Furthermore, regression models
controlling for ADHD-I symptoms appeared to suggest
that SCT symptoms represent a unique risk to functional
outcomes including learning problems and metacognitive
functioning difficulties.

Additional evidence is needed to more fully understand
the extent to which ADHD-I and SCT represent overlapping
or distinct neurodevelopmental presentations. The influence
of SCT was especially prominent among children who had
elevated ADHD-I symptoms, as they were rated as having
the greatest difficulties with learning, metacognition, and
behavioral regulation. Ninety-three percent of participants

findings

with  this combined presentation of high ADHD-I
and SCT symptoms demonstrated clinically significant
learning problems. Therefore, elevated SCT symptoms

appear to be not only independently related to real-
world neurocognitive, behavioral, and social challenges,
but also contribute to a synergistic effect on functional
outcomes when occurring in the setting of significant
ADHD-I symptoms.

This finding has implications for the treatment of ADHD in
SCD and efforts to mitigate behavioral and learning difficulties,
as SCT has been shown to be associated with non-response to
stimulant medication for children with ADHD (38). Although
there is no indication that evidence-based treatments for
ADHD will not be similarly effective in youth with SCD
with ADHD, studies have also demonstrated the availability
of safe and efficacious treatments for attention and working
memory in SCD (39, 40). Optimizing available treatments
for neurodevelopmental syndromes in SCD is a critical need,
given the reportedly low rates of engagement in behavioral
(~50%) and pharmacologic treatments (21-63%) for ADHD
(9, 21). Tailoring interventions to specific neurodevelopmental
phenotypes (e.g, ADHD-I and SCT symptoms) has the

potential to enhance efficacy and could affect interest in
treatment; though, facilitators and barriers to accessing care need
further investigation.

SCT is a neurodevelopmental syndrome that has been recently
described and may be underappreciated due to confusing its
symptoms with those of ADHD-I. Additional research on
SCT 1is needed to advance our understanding of the ways
SCD negatively affects everyday functioning, including the high
rate of learning difficulties observed in SCD. SCT symptoms
may be particularly important for their negative synergy with
ADHD-I symptoms in producing learning difficulties; however,
larger samples are needed to conduct analyses that can better
disentangle complex cognitive phenotypes and overlapping
symptom clusters (e.g., latent profile analysis). More research is
also needed to understand the long-term functional implications
of SCT symptoms and the specific etiological factors in SCD
that may increase risk for SCT. In particular, there are specific
functional neural systems that have been found to be disrupted
among children with SCT symptoms and future research should
consider examining the integrity of these neurocognitive systems
in relation to SCT symptoms in SCD to better identify how to
prevent these difficulties.
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Chronic anemia: The effects on
the connectivity of white matter
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Botian Xu*#, Jian Shen*, Anand A. Joshi?, Richard M. Leahy?**
and John C. Wood3**
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Chronic anemia is commonly observed in patients with hemoglobinopathies,
mainly represented by disorders of altered hemoglobin (Hb) structure (sickle
cell disease, SCD) and impaired Hb synthesis (e.g. thalassemia syndromes,
non-SCD anemia). Both hemoglobinopathies have been associated with white
matter (WM) alterations. Novel structural MRI research in our laboratory
demonstrated that WM volume was diffusely lower in deep, watershed areas
proportional to anemia severity. Furthermore, diffusion tensor imaging analysis
has provided evidence that WM microstructure is disrupted proportionally to
Hb level and oxygen saturation. SCD patients have been widely studied and
demonstrate lower fractional anisotropy (FA) in the corticospinal tract and
cerebellum across the internal capsule and corpus callosum. In the present
study, we compared 19 SCD and 15 non-SCD anemia patients with a wide
range of Hb values allowing the characterization of the effects of chronic
anemia in isolation of sickle Hb. We performed a tensor analysis to quantify
FA changes in WM connectivity in chronic anemic patients. We calculated the
volumetric mean of FA along the pathway of tracks connecting two regions
of interest defined by BrainSuite’'s BCI-DNI atlas. In general, we found lower
FA values in anemic patients; indicating the loss of coherence in the main
diffusion direction that potentially indicates WM injury. We saw a positive
correlation between FA and hemoglobin in these same regions, suggesting that
decreased WM microstructural integrity FA is highly driven by chronic hypoxia.
The only connection that did not follow this pattern was the connectivity within
the left middle-inferior temporal gyrus. Interestingly, more reductions in FA
were observed in non-SCD patients (mainly along with intrahemispheric WM
bundles and watershed areas) than the SCD patients (mainly interhemispheric).

KEYWORDS

chronic anemia, diffusion MRI, tensor analysis, sickle cell disease (SCD), thalassemia,
white matter (WM)
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Introduction

Chronic anemia (CA) is a condition in which the number
of erythrocytes or hemoglobin (Hb) concentration is lower
than expected and incapable of meeting physiological needs (1).
Worldwide, the prevalence of anemia is very high, affecting
around 1.93 billion people and causing more significant
disability than asthma, diabetes, and cardiovascular disease
combined (2). Tissue oxygen consumption is heterogeneous
and organ-specific. The brain is one of the organs with higher
metabolic demand that receives preferential blood flow under
acute circumstances (3). As a result, neurons are specifically
sensitive to hypoxia (4). CA causes reduced oxygenation in the
brain, leading to hypoxia, neuroinflammation, and white matter
(WM) remodeling (5).

CA is a standard clinical feature seen in patients with
hemoglobinopathies (6), mainly represented by qualitative
disorders in Hb structure (e.g., sickle cell disease, SCD)
and quantitative disorders of Hb synthesis (e.g., thalassemia
syndromes, non-SCD) (7). Hemoglobinopathies have been
associated with gray matter (GM) (8-11) and WM alterations
(12-17), cerebral vasculopathies (18-20), and changes in
cerebral blood flow (21-26), thus serving as a model for the
cerebral changes caused by CA (15, 17).

Studying SCD and non-SCD patients with a wide range of
Hb values and genetic predisposition to anemia simultaneously
allows the characterization of the effects of CA in isolation from
sickle Hb (17, 22). In this context, novel structural magnetic
resonance imaging (MRI) research done in our laboratory,
where SCD and non-SCD patients were simultaneously
analyzed, demonstrated that WM volume was diffusely lower in
deep, watershed areas proportional to anemia severity regardless
of Hb genotype (15). This relationship between anemia and WM
volume was confirmed in a repeated analysis with a restricted
population consisting of patients with beta-thalassemia (27).

We hypothesized that CA causes similar damaging effects
and changes in structural connectivity of WM in patients
with hemoglobinopathies. Furthermore, the damage is driven
by hyperemia and not by the intrinsic pathophysiology of
these hemoglobinopathies. To characterize alterations in the
WM, we performed a diffusion tensor imaging (DTI) analysis
and quantified the average fractional anisotropy (FA, overall
directionality of water diffusion) along the pathways connecting
every pair of regions of interest (ROIs) defined by an anatomical
atlas. This approach covers all the WM bundles in the brain and
not merely the main association fascicles (28).

Diffusion MRI (dMRI) is used to study in-vivo WM
microstructure and allows quantitative characterization
of healthy and diseased tissue. The most widely used
dMRI technique is DTI, despite various limitations. Its
derived metrics like FA are potential biomarkers of brain
abnormalities in patients with neurodegenerative diseases.
For example, DTI analysis already provided evidence of
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the relationship between WM microstructure and markers
of anemia severity, such as oxygen saturation level and
Hb value (13). Additionally, SCD patients have shown
lower FA in the corticospinal tract and cerebellum (13),
across the internal capsule (14), the corpus callosum
(14, 16, 29, 30), and in the deep WM (30). Decrement
of FA was also observed in major WM tracts in CA
patients, regardless of the anemia subtype, and correlated
significantly with the neurocognitive decline observed in the
CA population (29).

Materials and methods

Participation criteria

All participants in this study were part of a larger
project on Sickle Cell Disease at Children’s Hospital Los
Angeles that
Each participant was recruited with informed consent. We

its Institutional Review Board approved.
collected MRI data and blood tests on patients, including
non-SCD, SCD, and healthy controls matched by sex and
age. The accepted age range was between 10 to 50 years
old. Eligibility criteria included patients with SCD diagnosis
(Hb SS, Hb SC, Hb $B° and Hb St genotypes), patients
with chronic anemia diagnosis (beta-thalassemia major,
beta-thalassemia intermedia, hemoglobin H-constant spring,
congenital dyserythropoietic anemia, spherocytosis anemia,
and autoimmune hemolytic anemia) and healthy controls
(mainly recruited from family members of SCD patients to
match race and ethnicity between groups). The exclusion
criteria disqualified those patients with previous overt stroke,
acute chest syndrome, pain crisis hospitalization (within one
month), and pregnant candidates. Similarly, individuals with
prior history of neurologic insults, developmental delay, or
chronic medical conditions that require regular medical care
or medications and pregnant candidates would be ineligible as
healthy controls.

We followed the standard guidelines and regulations
for MRI safety and exclusion criteria. On the same day,
each participant completed the MRI examination without
sedating medications, and we collected vital signs and blood
samples.

Laboratory markers

To account for the similarities and differences in CA
pathophysiology, all participants enrolled in our study
underwent a thorough examination of their blood samples.
Complete blood count, reticulocyte total, and quantitative Hb
electrophoresis percentages of Hb S, Hb A, Hb A2, hemoglobin
E etc.) were analyzed in the clinical laboratory. Additional
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TABLE 1 Demographics.
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Mean and standard deviation of demographic information and selected complete blood count measurements.

CTL, control; non-SCD, non sickle cell disease; SCD, sickle cell disease.

7‘Group comparison using one-way analysis of variance (ANOVA) result with Tukey-Kramer test for multiple comparisons. Statistically significant values (p < 0.05) are color-coded as
follows: green color denotes the comparison between CTL and non-SCD groups, red compares CTL and SCD, and blue color non-SCD with SCD patients.

surrogates for hemolysis like lactate dehydrogenase (LDH) and
plasma-free Hb levels were also quantified (Table 1).

Image acquisition

The MRI data were acquired on a 3T Philips Achieva scanner
using an 8-channel head coil for each participant. The structural
3D T1-weighted (T1-w) sequence specification was TR/TE =
8.3/3.8 ms, SENSE = 2, and isotropic voxel size of 1 mm>. In
addition, a single-shell dMRI sequence was acquired with TR/TE
= 6,700/86 ms; isotropic voxel size of 2.5 mm?; 30 diffusion-
encoding directions at b-value = 1,000 s/mm? and one b-value
= 0 s/mm? using a single-shot echo-planar imaging sequence.

Post-processing

The Brain extraction and parcellation from the T1-weighted
(T1-w) images were processed with BrainSuite (brainsuite.org,
v19b). Specifically, BrainSuite’s Cortical Surface Extraction
(CSE) tool was used to perform skull stripping (31), tissue
classification, including partial volume fraction of voxels
identified as WM, GM, and CSF (32), topological corrections
(33), and delineation of the inner/outer cortex. In addition,
BrainSuite’s Surface Volume Registration (SVReg) tool (34,
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35) performed anatomical co-registration to the BCI-DNI
anatomical atlas (35), and brain segmentation.

The dMRI data were corrected for localized geometric
distortions to enable accurate multi-modal analysis. Each
subjects motion and eddy current-induced distortions were
corrected with FSLs eddy module (36, 37). Using BrainSuite’s
Diftusion Pipeline (BDP), we registered the dMRI to the T1-w
data, followed by susceptibility-distortion correction based on
the inverse contrast normalization (38).

Diffusion modeling

Using the well-known tensor equation, we calculated
the fractional anisotropy maps in BDP. To render more
accurate tractography in the WM, we also computed in
BDP the orientation density functions (ODFs). In particular,
the ensemble average propagator response function optimized
(ERFO) uses machine learning and linear estimation theory to
optimize ODF accuracy for arbitrary q-space sampling schemes.
It has shown advantages over other methods (39). Furthermore,
ERFO can model single-shell (and multi-shell) data and has the
capacity of rendering crossing fibers with the most negligible
false positives (40).

Whole-brain deterministic fiber
(41),

tracking, based on

quantitative  anisotropy and visualization were
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the DSI
(http://dsi-studio.labsolver.org).
GM
excluded to avoid partial volume effects. Afterward, detail
of fiber bundles
ROIs (previously labeled on the TI-w structural images)

Studio
The
subcortical

performed with tractography package
of

regions

sections tracks

entering  cortical or were

connectivity analysis connecting two
was implemented with the TractConnect Matlab package
(https://neuroimage.usc.edu/neuro/Resources/TractConnect).
Specifically, TractConnect uses filtered tracks connecting two
ROIs to define a volumetric white matter surface (WMS) and
projects it into the FA maps (Figure 1). Then FA values within
WMSs were averaged.

For each individual, the average FA values were used as the
elements of the connectivity matrix. 88 ROIs from the BCI-
DNI atlas were used: 66 cortical regions, 14 subcortical, corpora
quadrigemina, mammillary bodies, brainstem, and cerebellum.

Overall, this modeling method offers higher sensitivity
and specificity to detect not only regional differences in WM
microstructure (like voxel-wise analysis would do) but along the
connectivity pathways, and it is robust to some of the commonly
criticized featured of DTI ((42, 43)): the inability to render
crossing fibers and to define connectivity between ROIs by
streamlining counting. The first was overcome by using ERFO
to model diffusion ODFs and the latter by defining the WMSs
and characterizing these “connections” with the mean FA value.

Statistical analysis

For each element of the connectivity matrix (upper
triangular part), Figure 1, the FA differences between groups
were modeled using multiple linear regression analysis after
controlling for logarithm of age (log-age), sex, and group.
The logarithm of age was used because brain maturational
effects are nonlinear with age in adolescents and young
adults (44, 45). Finally, the results were also corrected
for multiple comparisons using the False Discovery Rate
(FDR) to adjust the correspondent p-values (46) with a 20%
acceptance rate.

A similar analysis was performed using a permutation
analysis using Manly’s method (47, 48), which was also FDR
corrected (49) with the same threshold. Given the complexity
of the data, it was not possible to guarantee all the assumptions
of linear modeling. Consequently, we also chose to model the
WMSs using nonparametric permutation analysis. Overlapping
between the two methods provided an additional confidence
level in our results.

For completeness, we tested the possible contribution of
changes in FA caused by monthly transfusions and LDH
values in patients. For this, we only ran a multiple linear
regression analysis controlling also for log-age, sex, and group.
All the statistical analyses were calculated using the R statistical
package (50).
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FIGURE 1

FA analysis in WMS based on the coregistration of the parceled
T1-w with dMRI maps. This coregistration allows mapping the
connectivity tracks between two ROIs to the FA map. The exact
process is repeated to create a connectivity matrix for each
subject.

Results

Demographics

In this analysis we considered 19 clinically asymptomatic
SCD patients (age = 22.4 & 7.8 years; Hb = 10.1 £ 2.1 g/dL; F =
9 patients), 15 non-SCD anemic patients (age = 22.4 = 4.8 years;
Hb = 10 £ 2.8 g/dL; F = 8 patients) and 23 control subjects (age
= 21.3 % 6 years; Hb = 13.3 & 1.2 g/dL; F = 14 individuals).
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The age range for all the participants was 11.2 to 35.8 years. All
demographics are reported in Table 1.

The breakdown of the race (and ethnicity) for control
subjects was 17 African-American (non-Hispanic) and 5 White
(Hispanic) individuals. SCD patients included 17 African-
American (non-Hispanic) and 2 White (Hispanic) patients. The
non-SCD group consisted of 8 Asian (non-Hispanic), 5 White
(non-Hispanic), and 2 White (Hispanic) patients.

For the SCD group, the genotypes were 12 Hb SS and 7 Hb
SC patients. Because of the specific matches between control and
SCD, 9 of the control subjects were identified with sickle cell trait
having hemoglobin AS (Hb AS). Previous work in our laboratory
suggests that the Hb AS subtype does not alter normal cerebral
blood flow (CBF) regulation and balance of oxygen supply and
demand Field (22), making Hb AS carriers good candidates for
control subjects.

The specific anemias in the non-SCD group consisted
of 7 patients with beta-thalassemia major, 3 beta-thalassemia
intermedia, 2 hemoglobin H-constant spring, 1 congenital
dyserythropoietic anemia, 1 spherocytosis anemia and 1
autoimmune hemolytic anemia.

Of the CA patients, 8 non-SCD (7 beta-thalassemia major
and 1 congenital dyserythropoietic anemia) and 5 SCD (Hb SS
patients) were on monthly transfusions. The rest of the non-
transfused SS patients were prescribed hydroxyurea and had a
mean hemoglobin F fraction of 18%. One patient with SC was
also taking hydroxyurea. At Children’s Hospital Los Angeles,
it is recommended to treat all pediatric patients, of all SCD
genotypes, nine months and older with hydroxyurea unless they
have been placed on chronic transfusion (51, 52), as indicated by
NIH guidelines (53). Furthermore, as of 2,000, all SCD patients
at our facility have received access to the transcranial Doppler
screening (51-54).

Laboratory comparisons

Laboratory and clinical markers are shown in Table 1.
Hemoglobin (p = 0.96) and hematocrit (p = 0.10) levels
were not statistically different between CA groups, but both
had statistically significant lower values compared with healthy
control (non-SCD, SCD: p < 0.01). Furthermore, the SCD
population showed significantly higher levels of reticulocytes (p
< 0.01) and LDH (p < 0.01) compared to both non-SCD and
control, suggesting increased intravascular hemolysis. However,
plasma-free Hb was not different between CA types (p = 0.99).
SCD patients had mildly increased white cell counts with respect
to control subjects (p < 0.01) but not relative to the non-SCD
anemic patients (p = 0.11). In the case of Hb electrophoresis, Hb
S was highest for SCD patients. Still, our control also exhibited a
smaller percentage of Hb S because of the inclusion of sickle trait
subjects. SCD patients demonstrated the highest hemoglobin F
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(Hb F) concentration, with intermediate levels observed in non-
SCD patients. Most control subjects had no Hb F, but one subject
had 11.7% Hb F.

White matter connectivity

Overall, no statistically significant WMSs were found when
comparing SCD with non-SCD patients. 10 WMSs in CTL
vs. non-SCD and 5 WMSs in CTL vs. SCD analysis showed
significant differences in both multiple linear regression and
permutation analysis (Table 2). *FA indicates the group mean
FA after controlling for log-age and sex using the multiple linear
regression. The point-biserial correlation coefficient, r+pa Gr»
shows the direction and strength of the relationship between
*FA and the status of being anemic or not. A negative rpa Gr
value depicts higher *FA in control individuals than CA patients.
All WMSs reported in Table 2 showed this behavior except for
one (left middle and inferior temporal gyrus) in healthy controls
vs. non-SCD comparison. The *FA unpaired two-samples t-test
statistic is also displayed for completeness, which agrees with the
multiple linear regression analysis.

When Hb was included in the mathematical models as a
covariate, all the *FA differences reported in Table 2 were no
longer statistically significant. This suggests that many of the
effects reported are driven by the Hb differences between healthy
controls and CA patients. To further study the relationship
between *FA and Hb, we calculated the Pearson correlation
coefficient, r+g4 ppp,» and their respective p-value, p+pa,fg, for the
WDMSs reported in Table 2. *FA was significantly correlated with
Hb levels in 8 out of the 10 WMSs in the population consisting
of control and non-SCD analysis and in 3 out of the 5 WMSs in
the control and SCD population. Consequently, by calculating
rEF ALHD? the proportion of variance in *FA explained by Hb, we
observed that in control and non-SCD for the WMSs reported
in Table 2, Hb accounts for up to 26% (right thalamus and right
amygdala) of the variance in *FA, and up to 21% (left thalamus
and left parahippocampal gyrus) in the case of controls with
SCD patients.

The spatial locations of the WMSs listed in Table 2 are 3D-
rendered in the left and right hemispheres of a representative
subject (Figure 2). In these same WMSs, we saw a positive
correlation of *FA with Hb. Significant results were bilateral and
generally symmetrical across hemispheres. Interestingly, more
WMSs survived for the non-SCD (mainly intrahemispheric
and along with watershed areas) than for the SCD (mainly
interhemispheric) group compared with healthy controls.

Table 3 shows the results of the multiple linear regression
when adding in the model transfusion status. For non-SCD
patients, 4 out of 10 WMSs displayed in Table 2 were still
statistically significant, and for SCD patients, all the WMSs
reported in Table 2 still appeared. When including LDH as a
marker of hemolysis in the mathematical model, 6 out of 10
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TABLE 2 Results for "FA.

ROI-1

CTL*FA CA*FA

10.3389/fneur.2022.894742

I'*FA,HgT T-statictic’

R. middle frontal gyrus 0.49
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L. middle orbito-frontal gyrus R. subcallosal gyrus 0.54

—0.70

—0.63

—-0.73

—0.72

0.62

—0.73

—0.63

—0.59 t(30) =3.9p <0.01 0.41 <0.01

—0.50 t(34) =3.4p <0.01 0.37 <0.01

0.41

—0.58 t(34) =4.2p <0.01 <0.01

—0.61 t(34) =4.5p <0.01 0.53 <0.01

0.50 t(34) =3.3p <0.01 —0.25 <0.01

—0.68 t(37) =5.6 p < 0.01 0.35 0.03

—0.58 t(39) =4.5p <0.01 0.42 <0.01

Connectivity between ROI-1 and ROI-2 that was statistically significant after FDR correction in multilinear and permutation models controlling for the group, sex, and age (log-
transformed). The upper and lower sections of the table show the statistics for FA when comparing healthy controls (CTL) with non-SCD and SCD patients. No conections were statistically

significat when comparing non-SCD with SCD patients.

“Mean group FA controlled for sex and age (log-transformed) along the volumetric white matter surface connecting these ROIs. Standardized (unitless) values are shown.
T Point-biserial correlation coefficient and results of the unpaired two-samples t-test on the “FA values between groups.

¥ Pearson correlation of “"FA with Hb and the correspondent p-value is also displayed.

WMSs were statistically significant for non-SCD and 4 of 5
WMSs for SCD patients.

Discussion

We observed potential microstructural differences along
WMSs in both groups of patients with CA with and without
SCD compared to controls. These results predominantly showed
lower FA values in CA patients, indicating the loss of coherence
in the main diffusion direction, which could indicate WM
injury. Lower FA was highly associated with decreasing Hb levels
revealing that the decreased microstructural integrity found in
CA patients is highly driven by chronic hypoxia.

Previous work in CA has shown that the whole brain
increases cerebral blood flow (CBF) to compensate for the
loss of oxygen-carrying capacity (21, 24, 55-57). This offset
in CBF preserves total resting oxygen delivery to the whole
brain (21, 22, 55, 58), such that the correspondent oxygen
extraction fraction (OEF) from the cerebral cortex seems to
be normal or even reduced (26, 59-62). Although resting
oxygen delivery is preserved in the cortex, the cerebral vascular
reserve is diminished, proportional to the resting hyperemia
(23, 25), potentially leaving the brain vulnerable to acute insults
such as nighttime hypoxia, acute anemia, and fever. However,
while there have been some reports of reduced cortical and
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subcortical GM volumes (9, 63, 64) in patients not receiving
chronic transfusion or hydroxyurea treatment, total GM volume
appears preserved (65) in clinically asymptomatic SCD patients
(adolescents and young adults) treated with either therapy
suggesting that cortical volume loss may not manifest until later
in life.

However, regions of deep WM do not seem to have the
same metabolic stability during periods of ischemic stress. OEF
is increased in the deep watershed areas (56), colocalizing with
WM injury patterns (18, 58, 66). Chai et al. (58) showed that
independently of disease state, CBF and oxygen delivery to
regions of deep WM and border zone regions are considerably
smaller than those measured elsewhere within the WM and
GM. Furthermore, Wang et al. (30) showed that elevated CBF
can be associated with normal-appearing (i.e., infarct-free) WM
disruption. Inadequate resting oxygen delivery in the WM is
further compounded by blunted cerebrovascular reserve (25).

Thus, chronic hypoperfusion plays a role in the development
of the entire WM damage phenotype, including hyperintensities
on the T2 FLAIR (17, 18, 58, 66, 67), reduced WM volume
(15,27, 68) or changes in diffusion metrics (12-14, 16, 29, 30).

Based on this consideration, the damage observed in non-
SCD patients compared with controls followed an intuitive
pattern located primarily in the frontal-parietal WM watershed
areas (Table 2). Watershed areas are regions in the brain that sit

frontiersin.org


https://doi.org/10.3389/fneur.2022.894742
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Gonzaélez-Zacarias et al.

10.3389/fneur.2022.894742

FIGURE 2

3D-rendering of left and right hemispheres of a representative subject, the white matter surfaces (WMSs) where FA was controlled for age (log
transformed), sex and group and it was statistically significant in both statistical models (linear regression and permutation analysis) after FDR
correction. The specific regions of interest are listed on Table 2. Top Row: green WMSs, comparison of healthy controls (CTL) with non-sickle
cell anemia (hon-SCD). Bottom row: red WMSs, comparison of CTL with sickle cell anemia (SCD)

in-between major cerebral arterial territories and are the most
susceptible to hypoxic-ischemic damage when a supply-demand
mismatch occurs in the cerebrovascular supply (18, 58, 69).

While most of the affected connections were unilateral,
WMSs observed with lower FA in non-SCD patients appeared
similarly distributed between the two hemispheres (Figure 2).
These results are consistent with the spatial patterns of lower
WM volume associated with the severity of anemia diffusely
across frontal, parietal lobes, and temporal lobes especially in
these watershed areas (15, 68).

Given that most of the WMSs survived when controlling
for a hemolysis marker (Table 3), the results are also aligned
to a model of global hypoxia that will usually cause diffuse,
bilateral brain injury as seen in patients in drowning accidents,
cardiac arrest, or bilateral carotid stenosis, in contrast to more
localized and asymmetric injury patterns caused by embolic
stroke (70). Therefore, we suggest that the injury pattern in WM
microstructure of non-SCD patients can indicate global chronic
hypoxia driven by anemia’s effect on the brain’s hemodynamics.
A possible explanation is that the vascular architecture providing
blood perfusion to WM areas is the long-penetrating medullary
arteries with poor collateralization. Consequently, WM is
especially vulnerable to hyperintensities development under
focal ischemic events or periods of acute stress (71).
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For SCD patients and healthy controls, three out of five
connections crossed to the contralateral side. Interhemispheric
involvement is consistent with previous results from our
laboratory showing lower FA in the corpus callosum in CA
patients (higher burden on SCD) (29). There are similar
observations on SCD in studies performed in Tanzania (16),
the United Kingdom (14), and the United States (30). Kawadler
et al. (13) also showed associations between microstructural
properties in the corpus callosum with daytime oxygen
saturation and Hb levels in SCD patients, indicating that hypoxia
related at least in part to low hemoglobin in SCD patients drives
the WM injury patterns.

Previous DTT studies in SCD patients have also reported
widespread FA decrease in the WM (12-14, 30). Surprisingly, we
did not observe this extent of systematic FA derangements. This
difference possibly reflects the variability in disease expression
in our SCD cohort compared to previous reports; 7 subjects
had SC genotype, and 5 of the 12 SS patients were receiving
chronic transfusions. While SC and chronically transfused
patients develop WM hyperintensities, the phenotype of their
WM disease is less severe than nontransfused SS and Sﬂo (72),
and may even result from different mechanisms. Furthermore,
the mean hemoglobin F fractions among the nontransfused SS
patients was 18%, suggesting good response to hydroxyurea. Our
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TABLE 3 Results of FA when controlling for transfusion status and lactose dehydrogenase (LDH).

ROI-1 ROI-2

T-statictic

Transfusion® LDH®

t(30) =3.0p <0.01

R. thalamus R. middle frontal gyrus

L. thalamus

L. gyrus rectus

R. cingulate gyrus

R. superior frontal gyrus

R. cingulate gyrus

L. cingulate gyrus

L. middle temporal gyrus L. inferior temporal gyrus

t(30) =3.4p <0.01

t(34) =2.9p < 0.01 t(34) = 3.5 p < 0.01

t(34) = 2.7 p < 0.01

t(34) = 4.0 p < 0.01

L. middle orbito-frontal gyrus

R. subcallosal gyrus

I
g
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&
Z
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&

L. middle orbito-frontal gyrus

t(37) =5.6 p <0.01 t(37) =4.1p <0.01

t(39) =3.2p <0.01

Connectivity between ROI-1 and ROI-2 that was statistically significant after FDR correction in the multilinear model. For consistency same ROIs are displayed as in Table 1. The upper
and lower sections of the table show the statistics for FA when comparing healthy controls (CTL) with non-SCD and SCD patients. Similar to Table 2, no conections were statistically

significat when comparing non-SCD with SCD patients.

L4 Unpaired two-sample t-test on FA values controlled for the group, sex, age (log-transformed), and transfusion status.
© Unpaired two-sample t-test on FA values controlled for the group, sex, age (log-transformed), and LDH values.

non-SCD and SCD cohorts were matched for hemoglobin level,
so one could reasonably have expected a similar spectrum of
disease. Nevertheless, this is a cross-sectional study of young
adults, and there is a possibility that exposure to severely reduced
arterial oxygen content prior to treatment irreversibly affected
brain microstructure during brain development in transfusion-
dependent non-SCD patients.

Additionally, Table3 shows almost no contribution
from monthly transfusions or LDH in the WMSs
found in SCD patients. Possibly, the distribution
of WMS in SCD and non-SCD looks substantially
different due to uncontrolled confounders, such as

chronic pain reported extensively as a burden for SCD
patients (73, 74).

In childhood, SCD patients might have an intermittent
pain phenotype. Around 50% of the cases evolve as a
chronic pain syndrome in adulthood, with periods of lower
and higher pain correlated with the ongoing vaso-occlusion
(75). Table 2 shows a significant involvement of the orbito-
frontal gyrus, which has been implicated in the modulation
of chronic pain (76-78) and pain-related emotions (79).
Furthermore, functional imaging studies have shown that
regions like the thalamus and the parahippocampal gyrus, also
depicted in Table 2, belong to the functional pain network
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(80, 81). In particular, the thalamus has been identified as
a central region that processes pain (82). Anemia, by itself,
is a robust biomarker of disease severity in SCD, so it is
not surprising that hemoglobin levels correlate with FA in
pain circuits.

Several research groups have also shown neurocognitive
decline in patients with CA, suggesting a possible and
early involvement of the brain even in the absence of
overt strokes (83, 84). Many significant WMSs were in the
prefrontal cortex (Figure 2), where WM abnormality has been
associated with negative effects on neurocognitive function
in CA patients (14, 15, 29). Specifically, Chai et al. reported
that lower FA in the corpus callosum was associated with
lower scores across nine neurocognitive measures. At the
same time, Stotesbury et al. (14) found that white matter
microstructural properties were associated with processing
speed, where FA was the strongest predictor. Additional
work in our laboratory has previously demonstrated that
lower WM volume predicted low matrix reasoning scores, a
measure of executive function, in CA patients and identified
changes in resting-state fMRI activity in the orbitofrontal and
subcallosal gyri (11). Altogether, microstructural injury patterns
indicated in CA patients driven by low Hb levels may have
cognitive consequences.
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Limitations

The small sample size limited our study. All participants
were part of a larger project on Sickle Cell Disease at
Children’s Hospital Los Angeles that involved various MRI
protocols (75 minutes of total scan time) and was not limited
to the dMRI sequence (4 minutes). Our current approach
allowed us to include all WM tracks, but it required to have
high-quality structural and diffusion data, limiting us to a
smaller sample size than described in Chai et al. (29). While
significant sex differences have been previously indicated in
the study of CA, we could not fully resolve sex disease-
specific differences. The use of data from multiple cohorts
of CA, whose intrinsic pathophysiology is different, weakens
statistical power in the short term but opens the possibility to
differentiate and characterize the unique damage induced by
individual hemoglobinopathies. In addition, the control subjects
were mainly recruited from family members of SCD patients,
and they do not necessarily represent the non-SCD population.
Consequently, the statistical differences that we found in non-
SCD patients (even when controlling for log-age and sex) could
be affected by random effects.

Although
investigations are a strength of this study, we did not have

our contemporaneous hematological
previous hemoglobin or any oxygen saturation values. The
use of chronic blood transfusion therapy in some of our
patients potentially represents a limitation on our findings
because no single hemoglobin level characterizes the hypoxic
exposure. Furthermore, SCD patients are often placed on
chronic transfusions later in life (than non-SCD patients)
and their current hemoglobin values do not reflect their
lifetime hypoxic exposure. Chronic transfusion is also a
complicated therapeutic yielding improvement in erythrocyte
deformability and oxygen-carrying capacity but increased
viscosity in the microcirculation can potentially worsen the
blood flow and oxygen delivery (85). Given our sample size,
it would be tough to accurately separate the rheologic and
oxygen-carrying capacity effects of red blood cells. Furthermore,
the inclusion of transfusion status in the model weakens the
statistical power by adding an additional degree of freedom.
In addition, we were not able to assess any additional effect of
low oxygen saturation on arterial oxygen content and therefore
hypoxic exposure.

The constraints associated with using single-shell diffusion
images and simple tensor modeling are well documented in the
literature, and urge caution to draw firm conclusions from a
single tensor metric like FA. This work tried to address some
of these limitations by using ERFO ODFs to correctly render
crossing fibers and creating WMSs to avoid characterizing
connectivity by streamlining counting. However, we recognize
that the information provided by FA is limited and that other
methods like diffusion kurtosis imaging and neurite orientation
dispersion have proven to be more robust to some of the pitfalls
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of DTT and could provide a more biological explanation of our
current observations.

Conclusion

To characterize the effects of CA in white matter, mean
FA along the WMSs (surface connecting two ROIs) of chronic
anemic patients with sickle and non-sickle anemias were
compared with healthy controls. This grouping allowed the
isolation of sickle hemoglobin effects in our analysis. Both CA
cohorts showed localized FA differences along the WMSs of
patients compared with controls but did not show differences
between them. However, non-SCD patients manifested bigger
systematic FA derangements in the watershed areas that were
bilateral and spatially symmetrical. These results suggested that
the broad spectrum of variability in disease expression in our
sickle cell anemia cohort and uncontrolled confounders of
mesostructure integrity affected our ability to detect widespread
WM abnormalities as proposed in the literature. Nevertheless,
finding interhemispheric WMSs affected in SCD aligns with
previous literature reports showing decreased FA in the corpus
callosum in CA patients. Recognizing both the differences
and the similitudes between CA patients and the affliction
that anemia causes in white matter may help develop earlier
and more generalized interventions to help overcome the
anemia burden.
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The risk of stroke in children with sickle cell disease (SCD) is detected by
abnormal intracranial arterial time-averaged mean of maximum velocities
(TAMVs >200 cm/s). Recently, extracranial internal carotid artery (elCA)
arteriopathy has been reported, and a cross-sectional study showed that
elCA-TAMVs >160 cm/s are significantly associated with elCA kinkings and
stenosis. The cumulative incidence of and predictive risk factors for intracranial
arteriopathy are well described in sickle cell anemia (SCA=SS/SB0) but
are lacking for SC/SB+ children, as is the cumulative incidence of elCA
arteriopathy. We report a prospective longitudinal cohort study including 493
children with SCD (398 SCA, 95 SC/SB+), all assessed by transcranial and
cervical color Doppler ultrasound. Cerebral MRI/MRA data were available in
375 children with SCD and neck MRA in 365 children. elCA kinkings were
defined as elCA tortuosities on neck MRA, with an internal acute angle
between the two adjacent segments <90°. The median follow-up was 10.6
years. The cumulative incidence of kinkings was significantly lower in SC/SB+
children than in children with SCA, and no SC/SB+ child developed intra-
or extracranial stenotic arteriopathy. The 10-year KM estimate of cumulative
incidence (95% CI) for elCA-TAMVs >160 cm/s revealed its development in
the 2nd year of life in children with SCA, reaching a plateau of 17.4% (13.2—
21.6%) by about 10 years of age, while the plateau for elCA stenosis was 12.3%
(8.3-16.3%). elCA assessment identified 13.5% (9.3—-17.7%) patients at risk of
stroke who were not detected by transcranial color Doppler ultrasound. We
also show, for the first time, that in addition to a congenital origin, elCA kinkings
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sin patients with SCD can develop progressively with aging as a function
of elCA-TAMVs, themselves related to anemia severity. Ongoing hydroxyurea
treatment was significantly associated with a lower risk of abnormal intracranial
arteriopathy and elCA kinkings. After adjustment with hydroxyurea, baseline
low hemoglobin, high reticulocyte, and WBC counts remained independent
risk factors for intracranial arteriopathy, while low hemoglobin and SEN g-
haplotype number were independent risk factors for extracranial arteriopathy.
The association between extracranial arteriopathy and SEN B-haplotype
number suggested a genetic link between the ethnic origin and incidence
of elCA kinkings. This prospective cohort study shows the importance of
systematically assessing the elCA and of recording biological parameters
during the 2nd year of life before any intensive therapy to predict the risk of
cerebral arteriopathy and treat patients with severe baseline anemia.

sickle cell disease/anemia, transcranial and cervical color-Doppler, ultrasound,
cerebral MRI/MRA, cerebral arterial stenosis, neck-MRA, hydroxyurea, silent cerebral

infarct

Introduction

The cumulative incidence of and predictive risk factors for
intracranial arteriopathy have been well described in children
with sickle cell anemia (SCA; i.e., SS, SB0, and SDPunjab) but are
lacking for SC/SB+ children. Strokes are most often associated
with stenosis of the large arteries of the intracranial anterior
circulation (1). Transcranial Doppler (TCD) screening assesses
time-averaged mean of maximum velocities (TAMVs) in the
middle cerebral artery (MCA), anterior cerebral artery (ACA),
and internal carotid artery (ICA) (2, 3). Abnormal high TAMV's
(=200 cm/s) identify patients with a 40% stroke risk within
36 months (4) and are associated with a risk of silent cerebral
infarcts (SCI) (5-7). In 1998, prophylactic red cell chronic
transfusion programs were shown to significantly reduce the
incidence of strokes among patients at risk (STOP-I) (8).

While the involvement of the circle of Willis is certainly
predominant in SCA cerebral vasculopathy, less attention has
been given to the extracranial internal carotid artery (eICA),
which can be the site of stenosis and/or occlusion and is
also responsible for overt strokes and SCI (9-13). Contrary
to intracranial arteriopathy detectable by TCD via a temporal
window and by cerebral MRA, assessing the eICA requires using
a color Doppler ultrasound through a submandibular approach
(11) and neck MRA (9-14). In two large cohorts of stroke-
free children with SCA, we reported in a cross-sectional study
(14) that eICA-TAMVs >160 cm/s are highly associated with
kinkings and eICA stenosis (14), which were independent risk
factors for SCI, along with acute and chronic anemia (7).

Since this first description, there has been no report on
the cumulative incidence of extracranial cerebral arteriopathy
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during childhood and the associated predictive risk factors.
The aim of the present study was to evaluate the cumulative
incidence of and predictive risk factors for extracranial cerebral
arteriopathy and to compare them with cumulative incidence
of and predictive risk factors for intracranial arteriopathy in a
newborn SCD (SCA & SC/SB+) cohort, longitudinally assessed
for cerebral intra- and extracranial arteriopathies.

Methods and patients

Since 1992, our center has systematically assessed patients as
soon as 18 months of age by using a transcranial color Doppler
ultrasound machine (14). The assessment of the eICA has been
performed via submandibular windows using the same low-
frequency probe as for the TCD since June 2011 (14). Starting
in May 1993, MRI/MRA with a 1.5T magnet with FLAIR, T1,
T2, SWI, diffusion-weighted sequences, circle of Willis, and
3D time-of-flight (TOF) angiography were performed without
sedation every 2 years in children older than 5 years, but
earlier in patients on chronic transfusion for abnormal TCD and
systematically before hematopoietic stem cell transplantation.
Neck 3D TOF angiography (neck MRA) was added in June
2011 (14). Neck MRA was systematically performed in children
older than 5 years but earlier in those with abnormally high
eICA velocities. All imaging data were reviewed by the same
expert (SV). Arteries were assessed for shape deformations and
stenosis, defined as at least a 25% decrease in the lumen based on
diameter. Tortuosities can be classified into three types, namely,
loop, coiling, and kinking (15, 16). Loops are defined as S- or
C-shaped deformities coiling as a circular course, while kinking
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is described as a sharp angulation. For the present study, only
kinkings with an internal acute angle between the two adjacent
segments <90° were retained for analysis. Stenosis was defined
as a 25% decrease at least in the lumen of MCA, ICA, ACA,
or elCA.

The present cohort included children born between Jan 1988
and Jan 2018 who were followed in the center at least until
June 2012 in order to systematically assess annually by TCD
and at least once by cervical color Doppler ultrasound. Parental
written informed consent was obtained in accordance with
the Declaration of Helsinki, and data were prospectively and
systematically recorded in the clinical database of the referral
center for SCD in Créteil (CNIL, N° 2069568). The use of
the database was approved for this cohort study by the Créteil
Institutional Review Board.

Indications for intensive therapy were as follows:
Hydroxyurea has been prescribed since 1992, initially in
patients older than 3 years and experiencing frequent vaso-
occlusive crises (VOC) and/or acute chest syndrome (ACS) (17).
Since 1998, a subset of patients with an abnormal TCD history
but with normalized velocities on chronic transfusion and no
stenosis on MRA have been prescribed hydroxyurea (18, 19).
Moreover, because of the proven negative effect of anemia
on cognitive performance (20), hydroxyurea has also been
given to patients with normal TCD but hemoglobin <7 g/dl
since 2000. Thereafter, hydroxyurea was also recommended to
symptomatic children during the 2nd year of life after their first
complete checkup including TCD. More recently, considering
the safety and efficacy of the Baby HUG trial (21) and the
NIH recommendations (22), hydroxyurea was occasionally
prescribed as soon as 9 months of age. Chronic transfusion was
recommended in children experiencing at least two acute splenic
sequestrations until the recommended age for splenectomy,
in those with intracranial or eICA-TAMVs >200 cm/s or
stenosis on cerebral or neck MRA and in those still experiencing
frequent VOC/ACS on hydroxyurea. Transplantation was
recommended to patients with a matched sibling donor (MSD)
who experienced frequent VOC/ACS despite hydroxyurea or
to those with cerebral vasculopathy defined by the presence of
intra- or extracranial stenotic arteriopathy, abnormal TAMYV, or
the presence of ischemic lesions.

The follow-up was from Jan 1988 to Sept 2019. Alpha-
genes, beta-globin haplotypes (BEN, CAR, SEN, and others),
and G6PD enzymatic activity were recorded. Average biologic
parameters were obtained at baseline after the age of 12 months
and before the age of 3 years, a minimum of 3 months away from
a transfusion, 1 month from a painful episode, and before any
intensive therapy.

Statistical analysis

Participant baseline characteristics were summarized

through the use of percentages, and mean (standard deviation,
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SD) or median (range); 95% confidence intervals (95% Cls)
around point estimates were computed. Fisher exact tests were
used to compare proportions and Mann-Whitney tests to
compare continuous distributions.

Birth date defined entry into the study. For Kaplan-Meier
estimates of cumulative incidence (probability) of events, the
participants were censored on the date of last visit or event, that
is, TAMVs >200 cm/s for intracranial arteries and >160 cm/s for
the eICA, or stenosis on cerebral and neck MRA. Failure time
data curves were compared across baseline groups by the log-
rank test. Because only six deaths occurred among 493 patients,
they were not considered competing risks for studied events but
treated as noninformative censoring observations at the time of
death, similar to children who had not experienced any event
of interest and were censored at the time of their last visit. The
presence or not of ongoing treatment by hydroxyurea for at least
6 months was recorded for each event in each patient.

Association between outcomes and baseline variables was
assessed using Cox regression with the estimated hazards ratio
(HR) and 95% CI and adjusted with ongoing hydroxyurea
treatment. The absence of violation of the proportional
hazard assumption was checked in the analyses. Univariable
models were fitted, and variables associated with the outcome
at the 20%
multivariable model, except for those with strong correlation

level were retained for introduction into a

such as hematocrit with hemoglobin and neutrophils with the
WBC count. Multivariate analyses used a stepwise selection
process that consists of a series of alternating forward
selection and backward elimination steps. All statistical tests
were two-sided, with p-values of 0.05 or less denoting
statistical significance.

Statistical analyses were performed with SPSS version 24, R
version 4.0.2, and MedCalc (Belgium) software packages.

Results

This study included 493 children (238EF 255M) with
SCD [398 SCA (385 SS, 10 SB0, and three SDPunjab),
65 SC, and 30 SP+ patients], all assessed by TCD before
2 years of age and at least once with cervical Doppler.
Those born after June 2009 (N = 205) were simultaneously
assessed by intracranial and cervical Doppler before 2 years
of age.

In the overall cohort, the median (range) follow-up was
10.6 (1.1-22.9) years, providing 5,335 patient-years of follow-
up. A total of three children with SCA had an ischemic stroke:
the first one had an abnormal TCD at 18 months of age (235
cm/s on left MCA) and had a stroke 1 month later, just before
the confirmatory TCD; the second one had normal left-sided
velocities but no available temporal window on the right side
and had a stroke related to severe right MCA stenosis at 4.4
years of age; the third child had normal TCD but developed
a febrile ACS at age 4.2 years and experienced a massive
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bilateral MCA and ACA thrombosis and died. Overall, five
deaths occurred in children with SCA: the first one at age 4.2
years was related to the overt stroke described before, two others
were related to sepsis at ages 2 and 7 years, and two occurred
after transition at age 19 years related to complicated haplo-
identical transplant and at age 20 years related to severe ACS;
one death occurred in an SB+ patient at age 13 years during
the course of ACS related to acute pulmonary hypertension
with thrombosis of the inferior vena cava. Hydroxyurea was
prescribed in 235/398 (59.0%) patients with SCA at the median
age of 5.1 (0.7-17.8) years and in 3/95 (3.2%) SB+ patients at
3, 4, and 6 years. Indications for hydroxyurea were frequent
VOC/ACS (N = 132), baseline hemoglobin lower than 7 g/dL
(N = 28), a history of TAMV > 200 cm/s after normalization
on chronic transfusion, and no stenosis (N = 75). Chronic
transfusion was started in 221 SCA children at a median age
of 3.6 (0.5-17.1) years and in two S+ children. Indications
for chronic transfusion in children with SCA were abnormal
TAMVs > 200 cm/s (N = 116) in intracranial (N = 97) or
in extracranial arteries (N = 19), intracranial stenosis or eICA
stenosis not associated with abnormal TAMVs > 200 cm/s
(N = 25), and recurrent splenic sequestrations or frequent
VOC/ACS despite hydroxyurea in the others. The patients with
a history of abnormal TAMV placed on chronic transfusion
who were switched to hydroxyurea (N = 75) received both
until the maximal tolerated dose of hydroxyurea was reached.
Stem cell transplantation was performed in 70 patients with
SCA from a matched sibling donor (N = 66) or haploidentical
donor (N 4) at a median age of 6.7 (3.2-19.7) years.
The main indication for transplantation was the presence of

cerebral vasculopathy (N = 40): history of overt stroke (N
= 1), intra- or extracranial arteriopathy on MRA (N = 24),
abnormal TAMV without stenosis (N = 11), presence of silent
cerebral infarcts without stenotic arteriopathy but associated
with other complications (N = 6), or hydroxyurea failure to
decrease the rate of VOC/ACS or to avoid other complications
(N = 30).

Among the 493 patients with SCD, G6PD activity was
available in 439 patients, and deficit was present in 63 of
them (13.9%). Alpha genes were available in 454 patients,
and 167 (36.8%) had a deletion of at least one «-gene.
Beta-haplotypes were available in 417 patients, and 268 of
them were homozygous: CAR/CAR (N = 131), BEN/BEN
(N = 91), and SEN/SEN (N = 46), while the others were
heterozygous. Baseline mean (SD) biological parameters of
patients with SCA and SC/SB+ patients and in patients with
CAR/CAR, BEN/BEN, and SEN/SEN are shown (Table 1).
Proportions of patients with intra- or extracranial arteriopathy
according to genetic markers and mean (SD) biological
parameters in each type of arteriopathy are shown in
Table 2.

The
Figure 1.

flowchart of the study is presented in
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Comparative cumulative incidence
(95% CIl) of intra- and extracranial
arteriopathies in children with SCD

All data were calculated at 10 years of age (median follow-
up).

Intracranial arteriopathy

Intracranial TAMVs >200 cm/s

TAMVs >200 cm/s were observed in 97 children
with SCA at a median age of 3.8 (1.3-8.7) years. The
cumulative incidence of intracranial TAMVs >200 cm/s
was 27.6% (22.8-32.4%) in children with SCA, reaching
a plateau by 9-10 years of age, while no SC/SB+ child
developed abnormal intracranial TAMV (log rank; p < 0.001)
(Figure 2A).

Intracranial stenosis

Intracranial MRA was available in 375 patients with
SCD (321 SCA, 54 SC/SB+). Intracranial stenosis by MRA
was observed only in 35 children with SCA at the median
age of 4.8 (2.2-12.0) years. The cumulative incidence of
intracranial stenosis was 11.1% (7.5-14.7%) in children with
SCA, while no SC/SB+ child developed intracranial stenosis
(log rank: p 0.001) (Figure2B). It was significantly
higher in those with a history of intracranial TAMVs
>200 cm/s (N = 97): 24.1% (15.1-33.1%) than in the
others (N = 278): 4.2% (1.7-6.6%) (log rank; p < 0.001)
(Figure 2C).

Extracranial arteriopathy

elCA-TAMVs >160 cm/s

eICA-TAMVs >160 cm/s were observed in 61 of 398
children with SCA and temporarily in one of 95 SC/SB+ child.
eICA-TAMVs >160 cm/s were isolated (without intracranial
TAMVs >200 cm/s) in 50 of 62 children with SCD. Among the
205 patients with SCD simultaneously assessed with transcranial
and cervical color Doppler ultrasound since the 2nd year of life,
eICA-TAMVs >160 cm/s were observed at the median age of 3.6
(1.3-9.5) years. The cumulative incidence of eICA-TAMVs >160
cm/s was 17.4% (13.2-21.6%) in children with SCA and 1.1%
(0-3.4%) in SC/SB+ children (log rank; p < 0.001) (Figure 3A).

In children with SCA, the cumulative incidence of isolated
(without intracranial TAMVs >200 cm/s) eICA-TAMVs >160
cm/s was 14.4% (12.6-16.2%), while that of isolated eICA-
TAMVs >200 cm/s was 6.2% (3.2-9.2%).
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TABLE 1 Baseline biological parameters in SCD patients, according to genotype (SCA vs. SC/Sb+) and beta-haplotype categories.

Genotype Beta-Haplotypes
Biological parameters SS/Sbo SC/Sb+ P-value CAR/CAR BEN/BEN SEN/SEN Other
Hemoglobin level (g/dL) 84+13 104 +0.9 <0.001 8.0+ 1.1 86+ 13 9.0+ 1.6 92414
Hematocrit (%) 24.8 £ 4.0 29.9£3.1 <0.001 238£3.5 254£39 259£59 267 £37
Reticulocyte count (10°/L) 292116 129 + 63 <0.001 297 + 104 276+ 113 275+ 120 234+ 138
WBC count (10°/L) 139450 88429 <0.001 140 £52 13.7 £ 4.8 131451 120 £ 5.0
Neutrophil count (10°/L) 53429 34£15 <0.001 55432 53£3.0 4.6+2.0 4625
Platelet count (10°/L) 341+ 116 321+99 NS 340 £ 120 356 122 329+ 83 328 £108
MCV (fL) 760+9.3 66.0 £ 6.4 <0.001 74.8 £ 11.0 77.0£7.8 783 £6.7 71.8£9.4
Bilirubin (micromol/L) 29.7£162 132451 <0.001 31.9+153 28.2£20.0 29.6 £ 16.5 214129
LDH (IU/L) 710 £ 342 394 £ 151 <0.001 828 £ 406 663 + 282 558 £ 233 549 £292
HbF (%) 17.1£7.9 9.0+7.8 <0.001 14.1+67 18.7 £ 8.2 217+£78 12.1+83

Average biologic parameters were obtained at baseline after the age of 12 months and before the age of 3 years, a minimum of 3 months away from a transfusion, 1 month from a painful episode, and before any intensivetherapy.

Except platelet count, which is similar in SCA and SC/Sb+ children, all other parameters are highly significantly (p < 0.001) different in both populations, that is, in SCA compared to SC/Sb+ children, hemoglobin and hematocrit were lower, while
WBC, neutrophils, reticulocyte counts, MCV, bilirubin, LDH, and HbF% werehigher.
Hemoglobin and hematocrit were significantly lower in patients with CAR/CAR than in those with BEN/BEN (p = 0.001) and (p = 0.005), respectively, and in patients with SEN/SEN (p = 0.001) and (p = 0.010), respectively, but were not different

between BEN/BEN and SEN/SENpatients.

Hemoglobin F% was significantly lower in patients with CAR/CAR than in patients with BEN/BEN (p < 0.001) and SEN/SEN (p < 0.001) and was lower in patients with BEN/BEN than in those with SEN/SEN patients but not significantly (p =0.054).
LDH was significantly higher in patients with CAR/CAR than in those with BEN/BEN (p = 0.004) and in those with SEN/SEN (p < 0.001) and was higher in patients with BEN/BEN than in those with SEN/SEN but not significantly (p =0.051).
Thus, patients with CAR/CAR were the most anemic with the most hemolysis and with the lowest HbF%, while patients with SEN/SEN were the less anemic with the least hemolysis and had the highestHbF%.

103

‘|e 1@ uipneulag

965982202 1N3U4/685¢°0T


https://doi.org/10.3389/fneur.2022.846596
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

ABoj0INaN Ul SIa13UOI4

TABLE 2 Proportions of patients with SCD with intra- and extracranial arteriopathies according to genetic markers, baseline biologic parameters, and ongoing hydroxyurea treatment for at least 6
months at each event.

Overall SCD population: SCA and SC/Sb+ (N = 493)

Proportions
Intracranial elCA elCA elCA No intra 200&
TAMV>200 Stenosis TAMV>160 Tortuosities Stenosis No eICA>160
97/493 (19.7%) 35/375 (9.3%) 62/493 (12.6%) 100/365 (30.6%) 38/365 (10.4%) 348/493 (70.6%)
Genetic markers N
Genotype (N = 493)
SCA 398 97/398 (24.4%) 10.9% 15.3% 33.5% 11.8% 63.8%
SC/Sb+ 95 0/95 (0%) 0/39 (0%) 1/95 (1.1%) 11.6% 0% 98.9%
Gender (N = 493)
M 255 18.4% 8.6% 12.5% 33.3% 12.2% 72.9%
F 238 21% 10.1% 12.6% 27.9% 8.7% 68.1%
G6PD activity (N = 439)
normal 376 18.9% 7.0% 12.5% 30.2% 8.6% 71.3%
deficient 63 28.6% 15.6% 9.5% 26.3% 14.0% 65.1%
Alpha-Thalassemia (N = 454)
absent 287 21.6% 10.8% 13.6% 28.6% 11.1% 68.6%
present 167 18.0% 5.0% 12.6% 33.1% 9.6% 71.3%
Beta Haplotype (N = 417)
CAR/CAR 131 28.2% 11.4% 16.8% 30.4% 12.3% 58.0%
BEN/BEN 91 26.4% 10.4% 13.2% 32.3% 10.4% 64.8%
SEN/SEN 46 13% 2.6% 23.9% 45.9% 17.9% 69.6%
Other 149 16.7% 9.4% 9.3% 26.2% 6.3% 76.0%
Biological parameters mean £ SD
Hemoglobin level (g/dL) 428 78+12 7.6+ 1.0 82+14 83+13 81+12 92+14
Hematocrit (%) 427 234+£35 21.7+£5.5 242+4.0 246+3.7 244+37 269+43
Reticulocyte count (10°/L) 419 3454134 369 + 131 277 £ 101 284 + 105 293 +99 230 +£ 119
WBC count (10°/L) 428 16.4£54 17.7 £ 6.6 13.6 £39 13.7 £ 44 13.7£5.1 11.7 £ 4.7
Neutrophil count (10°/L) 419 6.3+£3.3 6.5+ 4.0 54426 50+24 49428 45425
Platelet count (10°/L) 426 336 + 130 342 +102 314 £ 105 337 £ 112 318 + 104 337 £ 110
MCV (fL) 424 79.0 7.4 81.9+6.2 764 +7.7 75679 76.7 £ 8.3 71.9 +10.0
Bilirubin (mmol/L) 334 348 +£17.7 30.3 £ 14.8 299+ 135 29.5+ 14.4 27.6 £10.9 23.0£ 152
LDH (IU/L) 372 858 + 385 1026 + 412 662 + 312 657 + 313 675 £ 327 586 4 311
HbF (%) 416 142+ 6.4 14.5£55 16.4 £ 84 16.5 £ 8.0 16.7£72 15.5£9.0
Proportions
Hemoglobin < 7g/dL 40 21/40: 52.5% 7/38: 18.4% 11/40: 27.5% 12/35:34.3% 5/35: 14.3% 11/40: 27.5%
WBC count > 20 x 109/L 38 20/38: 52.6% 8/34:23.5% 5/38: 13.2% 9/32:28.1% 5/33: 15.1% 15/38:39.5%
Reticulocyte count > 400 x 10°/L 54 21/54: 38.9% 8/45: 17.8% 6/54: 11.1% 13/41: 31.7% 4/43:9.3% 28/54: 51.9%
Ongoing hydroxyurea treatment at each event
N 143/493 102/375 216/493 169/365 206/365 NA

‘|e 1@ uipneulag
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Event on ongoing HU treatment

12/143: 8.4%

11/102: 5.4%

22/216:10.2%

36/169: 21.3%

13/206: 6.3%

NA
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SCD children born between Jan-1988 & Jan-2018
still alive & followed at CHIC-center in June-2012
all assessed with transcranial &
cervical color-Doppler-ultrasound

N=493
SS/SP0 SC/Sp+ SCD
N=398 N=95 N=493
Intra TAMV 2200  97/398 0/95 97
elCATAMV > 160  61/398 1/95 62
Isolated elCA 160 49 1 50

Intracranial MRA done (N=375)
N=321 =54

Intracranial Stenosis 35/321 0/54 35

Neck-MRA done (N=365)
N=313

elCA Stenosis 38/313 0/52 38
Isolated elCA stenosis 31 0
elCA kinking 95/313 5/52 100

FIGURE 1
Flowchart of the newborn SCD cohort study systematically assessed by transcranial and cervical color Doppler ultrasound.
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FIGURE 2

one patient.
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Comparative cumulative incidence of intra- and extracranial arteriopathies in SCA vs SC/Sb+ children and according to TAMV. (A) Intracranial
TAMV > 200 cm/s. (B) Intracranial stenosis. (C) Intracranial stenosis according to a history of TAMV (< or > 200 cm/s). Of note, among the 13
patients with stenosis but no history of TAMVs >200 cm/s, 10 had a history of conditional TAMV (170-199 cm/s), one had no temporal window
with underlying severe intracranial arteriopathy, one had a stroke related to extracranial arteriopathy, and no obvious reason was found in
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FIGURE 3
Comparative cumulative incidence of elCA arteriopathy in SCA vs SC/Sb+ children and according to TAMV. (A) elCA > 160 cm/s. (B) eICA
kinkings. (C) elCA kinkings according to elCA TAMV (< or > 160 cm/s). (D) elCA stenosis. (E) elCA stenosis according to elCA TAMV (< or > 160
cm/s).
elCA kinkings The cumulative incidence of eICA kinkings was 30.3% (24.7-

eICA kinkings were identified by neck MRA in 95 children
with SCA and only in five SC/SB+ children. Kinkings were
present at the first neck MRA in the majority of children but
developed secondarily in 12 SCA- and 1 SC/SB+ children.

Frontiersin Neurology

107

35.9%) in children with SCA and 7.1% (0-14.9%) in SC/SB+
patients (log rank; p = 0.005) (Figure 3B). In children with a
history of eICA-TAMVs >160 cm/s, the probability of kinkings
was 76.4% (64.9-87.9%) vs 17.1% (12.4-21.8%) in those with
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FIGURE 4
Cumulative incidence of intra- and extracranial arteriopathies in SCD children according to ongoing hydroxyurea treatment at each event. (A)
Intracranial TAMV > 200 cm/s. (B) Intracranial stenosis. (C) elCA kinking. (D) elCA-TAMV > 160 cm/s. (E) elCA stenosis.

no history of eICA-TAMVs >160 cm/s (log rank; p < 0.001)

(Figure 3C).

elCA stenosis
Neck MRA was available in 365 children with SCD. The
first neck MRA was performed at the median age of 5.0 (1.6—-

8.6) years in

31

present in 38 and isolated (without intracranial stenosis) in

children with SCD. All patients with eICA stenosis were

children with SCA and not SC/SB+ children. The cumulative
incidence of eICA stenosis was 13.0% (8.6-17.4%) in children

children born after June 2009. eICA stenosis was in
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with SCA and 0% in SC/ SB+ children (log rank; p = 0.015)
(Figure 3D) and was 47.8% (34.8-60.8%) in children with a
history of eICA-TAMVs > 160 cm/s, but only 3% (0.9-5.1%)

those with eICA-TAMVs <160 cm/s (log rank; p < 0.001)
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(Figure 3E). The cumulative incidence of isolated eICA stenosis
was 11.1% (7.3-14.9%).

Of note, chronic transfusion was also required in 13.5% (9.3-
17.7%) additional children who had no intracranial arteriopathy
but had eICA-TAMVs >200 cm/s or eICA stenosis.

Impact of ongoing hydroxyurea
treatment at event

Ongoing hydroxyurea treatment at event (Figure4) was
significantly associated with a lower risk of intracranial TAMV
> 200 cm/s (log rank; p < 0.001), intracranial stenosis (log rank;
p = 0.002), and eICA kinkings (log rank; p = 0.001) and a trend
to a lower risk of eICA-TAMYV 160 cm/s and eICA stenosis.

Predictive risk factors for intra- and
extracranial arteriopathies

Considering the impact of hydroxyurea, univariate COX
regression analyses with baseline biological parameters
were carried out after adjustment for ongoing hydroxyurea
treatment at event and are presented in Table 3. Moreover,
all multivariate analyses were also adjusted with ongoing

hydroxyurea treatment.

Intracranial arteriopathy

Abnormal high intracranial TAMVs >200 cm/s

Multivariate Cox regression analysis introducing all
risk factors <0.2 presented in Table3 (except hematocrit
and neutrophil counts strongly correlated with hemoglobin
and WBC counts, respectively) retained as significant and
independent predictive risk factors: baseline hemoglobin level,
which, per unit increase, decreased the risk [HR = 0.495
(0.401-0.613), p < 0.001], and the WBC count, which increased
the risk [HR = 1.098 (1.055-1.143), p < 0.001], independently
of ongoing hydroxyurea treatment. For the model predicting
abnormal high intracranial TAMV including hemoglobin and
WBC, the P-value for the proportional hazard (PH) assumption
test was P = 0.84, indicating no violation of the PH assumption.

Using thresholds, the analysis retained baseline hemoglobin
<7g/dL [HR = 4.630 (2.703-7.937), p < 0.001], WBC >20x10
(9)/L [HR = 3.774 (1.876-6.494), p < 0.001], and reticulocytes
>400 x 10°/L [HR 2.247 (1.321-3.817), p = 0.003] as
significant and independent predictive risk factors.

Intracranial stenosis
Multivariate analysis retained only as predictive risk
factors: baseline hemoglobin [HR = 0.537 (0.382-0.755), p
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< 0.001], which decreased the risk, and WBC count [HR
= 1.098 (1.033-1.168), p = 0.003], which increased the risk
of intracranial stenosis occurrence independently of ongoing
hydroxyurea treatment.

Extracranial arteriopathy

Isolated eICA-TAMVs >160 cm/s
Cox
independent predictive risk factors: baseline hemoglobin
[HR = 0.739 (95% CI: 0.583-0.937), p = 0.013] and SEN
beta-haplotype number [HR = 1.653 (95% CI: 1.064-2.566), p
= 0.025], which per unit increase decreased and increased the
risk of eICA-TAMVs >160 cm/s, respectively. For the model
predicting abnormal high eICA-TAMVs including hemoglobin
and SEN beta-haplotype number, the P-value for the PH
assumption test was P = 0.96, indicating no violation of the

Multivariate regression  analysis retained as

PH assumption.

elCA kinkings

Multivariate Cox regression analysis retained as significant
and independent predictive risk factors for eICA kinkings:
baseline hemoglobin [HR = 0.757 (95% CI: 0.627-0.915), p
= 0.004], which, per unit increase, decreased the risk and
SEN beta-haplotype number [HR = 1.453 (95% CI: 1.108-
1.905), p = 0.007], which, per unit increase, increased the risk,
independently of ongoing hydroxyurea treatment.

Of note, the prevalence of kinkings in SCD patients without
SEN beta-haplotype was 29.2% (66/226) vs. 35.1% (13/37) in
those with one and 45.9% (17/37) in those with two SEN beta-
haplotypes.

elCA stenosis

Multivariate Cox regression analysis retained as significant
and independent predictive risk factors for eICA stenosis:
baseline hemoglobin [HR = 0.681 (95% CI: 0.506-0.917), p =
0.011] and SEN beta-haplotype number [HR = 1.697 (95% CI:
1.096-2.626), p = 0.018], respectively, independently of ongoing
hydroxyurea treatment.

Impact of the SEN beta-haplotype

While the presence of SEN beta-haplotypes was protective
for the development of intracranial TAMVs >200 cm/s, it
was a risk factor for eICA-TAMVs >160 cm/s and eICA
kinkings, with a maximum impact in the presence of two
SEN beta-haplotypes (Figures 5A,B). As children with
SEN/SEN have the highest baseline hemoglobin compared
to other beta-haplotypes, the lowest probability of intracranial
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TABLE 3 Predictive risk factors for intra- and extracranial arteriopathies in patients with SCD.

SCD patients (N = 493)

Intracranial TAMV>200

N =97/493

Intracranial stenosis
N =35/375

Isolated eICA TAMV>160

N =50/493

eICA kinkings
N =100/365

Isolated eICA Stenosis
N = 31/365

COX regression analysis after Adjustment with ongoing HU treatment at event Hazard Ratio (HR) and 95% Confidence Interval

HR (95% P-value HR (95% P-value HR (95% P-value HR (95% P-value HR (95% P-value
[9)) [0))) [9))) [9)) [0)))
Per presence
Genetic markers
Gender F vs. M >0.2 >0.2 >0.2 >0.2 >0.2
G6PD deficiency 1.610 0.071 2.347 0.038 >0.2 >0.2 >0.2
(0.960-2.703) (1.048-5.236)
Alpha-Thalassemia >0.2 0.436 0.051 >0.2 >0.2 >0.2
(0.190-1.002)
Per beta-haplotype number
Beta Haplotype
Car 1.415 0.002 1.351 0.098 1.280 0.118 >0.2 >0.2
(1.137-1.760) (0.946-1.930) (0.939-1.744)
Ben >0.2 >0.2 >0.2 >0.2 >0.2
Sen 0.624 0.017 >0.2 1.311 0.154 1.330 0.031 1.579 0.037
(0.423-0.921) (0.904-1.901) (1.027-1.723) (1.027-2.427)
Per unit increase
Biological parameters
Hemoglobin level (g/dL) 0.196 <0.001 0.461 <0.001 0.683 <0.001 0.774 <0.001 0.721(0.551- 0.018
(0.101-0.382) (0.336-0.633) (0.554-0.843) (0.671-0.894) 0.945)
Hematocrit (%) 0.888 <0.001 0.871 <0.001 0.901 <0.001 0.925 <0.001 0.929 0.055
(0.863-0.914) (0.832-0.911) (0.851-0.953) (0.887-0.965) (0.862-1.002)
Reticulocyte count (10°/L) 1.006 <0.001 1.007 <0.001 1.002 0.077 1.002 0.003 1.002 0.126
(1.004-1.007) (1.004-1.009) (1.000-1.004) (1.001-1.004) (0.999-1.005)
WBC count (10°/L) 1.149 <0.001 1.145 <0.001 1.038 0.167 >0.2 >0.2
(1.111-1.187) (1.086—1.206) (0.984-1.095)
(Continued)
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TABLE 3 (Continued)

SCD patients (N = 493)

Isolated eICA Stenosis
N = 31/365

Intracranial stenosis
N = 35/375

Intracranial TAMV>200
N =97/493

Isolated eICA TAMV>160
N =50/493

eICA kinkings
N =100/365

COX regression analysis after Adjustment with ongoing HU treatment at event Hazard Ratio (HR) and 95% Confidence Interval

‘|e 1@ uipneulag

HR (95% P-value HR (95% P-value HR (95% P-value HR (95% P-value HR (95% P-value
CI) CI) CI) CI) CI)
Neutrophil count (10°/L) 1.152 <0.001 1.119 0.025 1.077 0.131 >0.2 >0.2

(1.090-1.217)

(1.014-1.235)

(0.978-1.185)

Platelet count (10°/L) >0.2 >0.2 0.198 >0.2 >0.2

MCV (fL) 1.069 <0.001 1.089 <0.001 1.030 0.072 >0.2 >0.2
(1.043-1.095) (1.043-1.137) (0.997-1.063)

Bilirubin (mmol/L) 1.030 <0.001 >0.2 1.015 0.079 1.011 0.085 >0.2
(1.018-1.042) (0.998-1.032) (0.998-1.025)

LDH (IU/L) 1.001 <0.001 1.002 <0.001 >0.2 >0.2 >0.2
(1.001-1.002) (1.001-1.003)

HbF (%) >0.2 >0.2 0.2 1.019 0.115 >0.2

(0.995-1.043)

Thresholds

Hemoglobin < 7g/dL 5.525 <0.001 2.278 0.100 2.247 0.041 >0.2 >0.2
(3.247-9.346) (0.853-6.060) (1.033-4.878)

WBC count > 20 x 10°/L 5.236 <0.001 3.363 0.003 >0.2 >0.2 >0.2
(3.115-8.772) (1.558-8.621)

Reticulocyte count > 400 x 3.817 <0.001 3.559 0.003 >0.2 >0.2 >0.2

10°/L

(2.299-6.329)

(1.541-8.264)

Univariate Cox regression analysis after adjustment with ongoing hydroxyurea treatment at each event. Levels of thresholds used were the 10th percentile for hemoglobin (7.0 g/dL) and near the 90th percentile for WBC (19.7 x 10°/L) and reticulocyte
counts (422 x 10°/L) but rounded for easier clinicaluse.
The bold values indicates the significant P-values (<0.05).
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FIGURE 5
Comparison of cumulative incidence of intra- and extracranial TAMV and kinkings according to homozygous beta-haplotype category and
outcome of hemoglobin level and HbF% in non-intensified children according to the three beta-haplotypes categories. (A) Cumulative
incidence of intracranial TAMV > 200 cm/s according to homozygous beta-haplotypes category. (B) Cumulative incidence of elCA kinkings
according to homozygous beta-haplotypes category. (C) Outcome of hemoglobin level during aging in non-intensified patients (not on
hydroxyurea, or on chronic transfusion, or transplanted) according to homozygous beta-haplotypes category. (D) Outcome of HbF% level
during aging in non-intensified patients according to homozygous beta-haplotypes category. These values were recorded at annual checkup in
non-intensified children with SCA. While mean hemoglobin remained relatively stable during aging in children with BEN/BEN and CAR/CAR,
hemoglobin decreased in children with SEN/SEN between 5 and 10 years of age before significantly increasing thereafter. Thus, children with
SEN/SEN were the most anemic between 5 and 10 years of age and the less anemic after 15 years of age. This age period corresponds with the
occurrence of abnormal TAMV and elCA kinkings in patients with SEN/SEN.

arteriopathy was not surprising, but the highest risk of
extracranial arteriopathy was unexpected. As the mean
(SD) age at hydroxyurea initiation in SEN/SEN [6.2 yr,
(3.2)] was slightly higher than that in BEN/BEN [5.2 yr,
(2.8)] and CAR/CAR [5.4 yr, (2.9)] children, although not
significantly, we determined the changes in hemoglobin
and HbF% with aging in the non-intensified patients (no
hydroxyurea, chronic transfusion, or transplantation). We
observed that in children with SEN/SEN, but not in children
with other haplotypes,
between 5 and 10 years of age, a period during which they
developed intracranial TAMVs >200 cm/s and eICA kinkings
(Figures 5C,D).

hemoglobin strongly decreased
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Discussion

Here, we present the first longitudinal cohort study
including 493 children with SCD simultaneously assessed by
transcranial and cervical color Doppler ultrasound. In the
present SCD cohort study, only children with SCA and not
SC/SB+-children developed both intra- and extracranial macro-
arteriopathies during infancy. Lower intracranial TAMVs in
patients with SC were previously reported (23), but the
cumulative incidence of cerebral arteriopathy in longitudinal
cohort studies has been missing in the literature, and the benefit
of TCD screening in children with compound heterozygous SCD
is not well defined (24). The present study showing the absence
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of cerebral macro-arteriopathy in SC/SB+ children raises the
issue of the usefulness of early TCD screening in this population.
However, as kinkings were observed in several SC/SB+ children
in this cohort, and SCI has been reported in this population,
(25, 26) the data suggest that the presence of eICA stenosis
should be investigated in adult patients.

In SCA, most ischemic strokes are linked to intracranial
arteriopathy, but the circle of Willis is normal in approximately
25% of cases (9), indicating an additional underlying
mechanism. Interestingly, several cases of strokes have been
reported to be associated with stenosis/occlusion of eICA (1, 10—
13). Moreover, the incidence of SCI was significantly associated
with the presence of eICA stenosis (7). Until now, cerebral
MRA and TCD have been mainly used to explore the major
intracranial vessels. Compared with those of the intracranial
vasculature, morphologic changes of the extracranial vasculature
in patients with SCD are less well described and understood.
Cervical color Doppler ultrasound scanning has only recently
been used in SCD. Using a submandibular approach, Gorman
et al. (11) detected abnormal eICA-TAMVs in four of 131
children, three of whom had a stroke, while 13 of 236 children
had eICA stenosis or occlusion in Deane et al’s study (12).
Telfer et al. used neck MRA in 67 SCA patients with a history
of stroke or abnormal TCD and found that 10 of 67 (15%)
had eICA occlusion (13). We reported a cross-sectional study
between June 2011 and April 2012 in two stroke-free cohorts
including 435 SCA cases assessed by transcranial and cervical
Doppler, with intracranial and neck MRA available in 104 of 435
subjects (14). We showed that TAMVs were about 25% lower in
the eICA than in the MCA and that eICA-TAMVs >160 cm/s
were highly associated with eICA stenosis and kinkings.

The present longitudinal cohort study is the first to show
that the kinetics of extracranial arteriopathy in patients with
SCA are similar to those of intracranial arteriopathy as abnormal
eICA-TAMYV and stenosis were observed as soon as the 2nd year
of life, in line with Telfer’s study reporting the occurrence of
four stroke episodes associated with eI[CA occlusion in young
children at 2 to 4 years of age (13). Importantly, we show
that the cumulative incidence of abnormal eICA-TAMYV reaches
a plateau by about 10 years of age, as previously shown for
intracranial abnormal TAMYV in children with SCA (17). The
importance of systematically detecting extracranial arteriopathy
is supported by the ability of eICA assessment to identify 13.5%
additional patients at risk of stroke because of eICA-TAMVs
>200 cm/s or eICA stenosis in the absence of intracranial
arteriopathy. A cross-sectional study in 167 children and adults
with SCA assessed by cerebral MRI/MRA and neck MRA
reported the presence of intra- or extracranial stenosis in 20
and nine patients, respectively, but extracranial stenosis was
always associated with the presence of intracranial stenoses and
could not be evaluated as an independent risk factor for stroke
(27). Thus, the authors suggested that systematic detection of
extracranial stenosis may have limited clinical utility in patients
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with SCD (27). However, Verlhac et al. (28) recently reported
in the Debré, Paris, cohort the presence of eICA stenosis in
48 children with SCA, of whom eight had a history of stroke;
importantly, five of eight had isolated eICA stenosis, confirming
the clinical utility to systematically assess the extracranial part of
the internal carotid artery.

We also show for the first time that in addition to a
congenital origin, e[CA kinkings in patients with SCD can
develop progressively with aging as a function of elCA-TAMVs,
themselves related to anemia severity. Kinkings are known to
be increased in a variety of connective tissue genetic disorders,
such as Loeys-Dietz syndrome (29). They are associated with a
risk of eICA dissection (30) and transient cerebral arteriopathy
and may represent a clinically relevant imaging biomarker of
vascular biology for pediatric strokes (31). The congenital or
acquired origin of kinkings is still debated (32). Their non-
association with age has been reported, suggesting that they
are the result of alterations during embryological development,
rather than vascular remodeling secondary to aging (33). In
SCA children, they may promote the formation of stenosis
by disturbing blood flow, for example, in the intracranial
carotid siphon and bifurcation. However, other studies have
described predisposing factors such as older age, female gender,
and hypertension, suggesting vascular remodeling. A study
compared the presence of eICA kinkings assessed by neck
MRA in 56 patients with SCD with 56 controls and showed
significantly greater tortuosity in the eICA and vertebral arteries
in patients with SCD than in controls, suggesting that they
could be due to aberrations in hemodynamics from nonlaminar
flow in these vessels (34). Our findings showing progressive
development of eICA kinkings during infancy argues in favor
of vascular remodeling as a consequence of high blood flow
associated with severe chronic anemia. This is also supported
by studies using an arteriovenous fistula model in rabbits,
showing that high blood flow and high shear stress [defined as
the tangential force per unit area exerted by the wall on the
fluid (35)] induced endothelial cell activation, proliferation, (36)
dilatation, elongation, and tortuosity, and smooth muscle cell
proliferation (37). When arteries are enlarged and remodeled
in response to high flow conditions, wall shear stress is
subsequently reduced, and long-term exposure to low wall shear
stress (< 5 dynes/cmz) induces severe intimal thickening (37).
Worsening of eICA tortuosity can induce a blood pressure
drop (38) responsible for cerebral ischemia occurrence when
self-regulatory mechanisms cannot compensate for the blood
flow drop. This could explain the association between eICA
stenosis and the presence of SCI (7). Nevertheless, additional
genetic factors promoting eICA kinkings cannot be excluded,
as suggested by the increased incidence of kinkings and
extracranial arteriopathy observed in this series in patients with
SEN beta-haplotype.

While the SCA genotype and low baseline hemoglobin
level were predictive risk factors for intra- and extracranial
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arteriopathies, high baseline reticulocyte count and LDH, the
surrogate markers for hemolysis, and WBC count were only
predictive of intracranial arteriopathy risk. SEN-S-haplotypes
which were found associated with a lower risk for intracranial-
arteriopathy, were unexpectedly associated with higher risk for
extracranial arteriopathy, but showed in non-intensified patients
that SEN/SEN children had decreased hemoglobin between 5
and 10 years of age, the period when they start developing
eICA-kinkings with higher frequency compared to other beta-
haplotypes. Another explanation could be a genetic link between
the ethnic origin from Senegal and the presence of kinkings.
Thus, it would be important to compare the prevalence of
kinkings in non-SCD patients from Senegal with other African
countries. This finding could explain the higher incidence of
SCI observed in patients with the SEN S-haplotype (39), as we
previously showed an association between eICA kinkings and
SCI (7).

Could our findings impact the choice of therapy for cerebral
arteriopathy prevention? The present prospective cohort study
was not designed to test the impact of hydroxyurea treatment,
which was only given in patients with normal cerebral velocities
or in those with a history of abnormal cerebral velocities who
had normalized them on chronic transfusion and had no arterial
stenosis. However, we show that ongoing hydroxyurea treatment
for at least 6 months at event was associated with a lower risk
of intracranial arteriopathy, and we show, for the first time,
an association with a lower risk of eICA kinking development.
As severe baseline anemia is the major predictive risk factor
for intra-/extracranial arteriopathy and SCI (7, 40), it is clear
that any treatment improving anemia such as hydroxyurea or
voxelotor (41) could be useful to decrease the risk of intra-
/extracranial arteriopathy. Hydroxyurea induces the increase
in HbE MCV, and hemoglobin; decreases WBC, neutrophil,
and platelet counts; improves hemolytic markers [decreased
reticulocyte count and LDH (42)]; and significantly decreases
the rate of VOC, ACS, and transfusion needs (43). The safety and
efficacy of hydroxyurea in young children have been established
in the United States (22) and in malaria-endemic sub-Saharan
Africa (44, 45), justifying early hydroxyurea initiation, not
only to prevent crises but also to secondary strokes in low-
income countries where safe blood products are rare and
costly. As hemolytic anemia and high WBC count are the
major risk factors for intracranial arteriopathy, hydroxyurea is
a good candidate for primary stroke prevention. Open-label
trials in the United States and Nigeria (46-51), and several
randomized trials comparing hydroxyurea with the placebo
such as BABY HUG (21, 52) (the United States), SCATE
(53) (the United States, Jamaica, and Brazil), and NOHARM
(54) (Uganda) have shown that hydroxyurea lowers velocities
in patients with elevated intracranial velocities and reduces
the risk of conversion to abnormal velocities (46-51) and
of first clinical strokes. Thus, to date, there are robust data
showing that hydroxyurea decreases the risk of abnormal
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intracranial TAMVs. In France, providers were initially reluctant
to systematically treat asymptomatic young children with
hydroxyurea due to the cytotoxic effect of hydroxyurea on
dividing cells, including spermatogonia (55-57). However, a
recent report in patients treated with hydroxyurea prior to
puberty, whose sperm parameters were analyzed after treatment
suspension and several months on chronic transfusion, showed
no specific effect of hydroxyurea on sperm parameters above
those SCD-related (58), supporting its early use. Nevertheless,
in the absence of systematic cerebral MRI/MRA and neck
MRA in those studies comparing hydroxyurea with placebo, the
impact of hydroxyurea on decreasing the risk of stenosis, SCI,
and extracranial arteriopathy remains unknown. The HUSTLE
study, evaluating the prevalence of SCI in a cohort treated
with hydroxyurea at maximum tolerated dose, 