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Abstract

Objectives: Although pediatric obstructive sleep apnea (OSA) is estimated to affect 2–3% of the general population, its
prevalence in sickle cell disease (SCD) is much higher, with research suggesting a prevalence rate of upwards of 40%.
Despite the similar underlying pathophysiological mechanisms of neurocognitive effects in pediatric OSA and SCD,
there is a scarcity of information on how these two conditions interact. The aim of this study was to better understand
the contribution of sleep apnea to neurocognitive deficits in children diagnosed with SCD. Method: This study assessed
cognitive function in 26 children with comorbid SCD and OSA, 39 matched comparisons with SCD only, and 59
matched comparisons in children without a chronic health condition. Results: There were significant differences on
measures of processing speed and reading decoding, with children without a chronic health condition scoring better than
both chronic health condition groups. Additionally, the no chronic health condition group performed better on a test of
quantitative knowledge and reasoning and a test of visual–spatial construction than the SCD-only group. Contrary to our
hypotheses, there were no between-group differences suggesting an additive impact of OSA on cognition. Exploratory
analyses revealed associations within the group that had OSA showing that more severe OSA correlated with lower
performance on measures of processing speed and quantitative knowledge/reasoning. Conclusions: Children with
comorbid OSA and SCD do not present with greater deficits in cognitive functioning than children with SCD alone.
However, severe OSA may confer additional risk for neurocognitive impairments.

Keywords: Anemia, Sickle cell, Neurocognitive, Neuropsychologic, Pediatric chronic illness, Oxygen desaturation,
Sleep-disordered breathing

Pediatric obstructive sleep apnea (OSA) and sickle cell
disease (SCD) are conditions with high comorbidity,
which are also associated with problems in oxygen deliv-
ery to the brain and mild neurocognitive syndromes. The
ways in which these conditions may interact are not well
understood. OSA is a severe form of sleep-disordered
breathing that is estimated to affect 2–3% of children in
the general population (Gottlieb et al., 2003; Tauman &
Gozal, 2011). However, its prevalence among youth with
SCD, a collection of genetic disorders marked by the pro-
duction of abnormal hemoglobin, is much higher. The
high-risk genotypes of SCD (e.g., HbSS and HbSβ0)
account for approximately 65% of patients and are associ-
ated with more severe complications, whereas low-risk
genotypes (e.g., HbSC and HbSβ+) typically experience
milder symptoms. Recent estimates place the prevalence

rate of OSA at 41% among children with sickle cell anemia
and approximately 10–15% in children with less severe
genotypes (Katz et al., 2018; Rosen et al., 2014). This
significant increased risk of developing OSA in pediatric
SCD underscores the need for a greater understanding of
the relationship between the pathophysiology of OSA
and SCD, and its associated cognitive impacts.

OSA is characterized by recurrent upper airway obstruc-
tion during sleep, resulting in intermittent hypoxia and sleep
fragmentation (Tauman & Gozal, 2011). Typical immediate
symptoms include labored and noisy breathing, daytime
sleepiness, moodiness, and morning headaches (Kheirandish
& Gozal, 2006). In the long term, oxygen deprivation affects
brain function, including possible tissue death (cerebral infarc-
tion), and behavioral and neurocognitive deficits (Sforza &
Roche, 2012). The most common behavioral problems
include hyperactivity, attention deficits, and aggression
(Gottlieb et al., 2003). In addition, there are numerous areas
of cognitive impairments, with studies showing poorer
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executive functioning, impairedmemory skills, and lower gen-
eral intelligence in children with sleep-related breathing disor-
ders (Beebe et al., 2004; Gottlieb et al., 2004; Gozal et al.,
2010; Naismith et al., 2004). The cognitive deficits are at least
partially reversible with early, effective treatment; but with no
treatment or late treatment, cognitive deficits are likely to per-
sist (Friedman et al., 2003; Gozal & Pope, 2001;Montgomery-
Downs et al., 2005). The duration of exposure to sleep apnea,
however, is often unclear because the precise onset is
unknown.

SCD primarily affects individuals of African descent, with
approximately 1:400 African American newborns having the
disease (Hassell, 2010). The most common symptoms
include pain episodes, acute chest syndrome, and neurologi-
cal complications such as stroke and silent cerebral infarction
(Berkelhammer et al., 2007). As life expectancy has increased
in recent years, more attention has been paid to the serious
neurocognitive complications of SCD and their impact on
quality of life (McClellan et al., 2008; Panepinto et al.,
2005). Although research has revealed cognitive deficits in
75% of children who experience silent infarcts, cognitive
impairment is not limited to such cases (Schatz et al.,
2001). In fact, recent studies have found deficits in executive
functioning, attention, and working memory in children with
no known brain insults (Berkelhammer et al., 2007; Schatz
et al., 2002; Schatz &McClellan, 2006). These observed cog-
nitive deficits in the absence of overt strokes or silent infarcts
may be linked to the insufficient delivery of oxygen and glu-
cose to the brain, resulting in impaired brain function without
observable structural damage on clinical imaging studies
(Powars et al., 1999; Reed et al., 1999). Volumetric changes
have also been observed in the absence of visible infarcts,
providing further evidence that the presence of brain insults
alonemay not reflect total brain injury (Baldeweg et al., 2006;
Schatz & Buzan, 2006; Steen et al., 2005; Kawadler
et al., 2013).

The high rate of comorbidity of OSA and SCD is cause for
concern, particularly in light of a common pathophysiological
mechanism (hypoxia), and the potential impact of both disorders
on cognitive functioning.Although research on the link between
SCDandOSA in the study of neurocognitive functioning is lim-
ited, the few existing studies suggest that having both disorders
increases risk for impaired blood flow to the brain (e.g., stroke
and hypoxemia), which is typically a contributor to cognitive
deficits in SCD (Kirkham et al., 2001; Robertson et al.,
1988). In addition, recent research has identified nocturnal
oxygen desaturation associated with sleep-related disordered
breathing as a possible contributing factor to executive dysfunc-
tion in pediatric SCD (Hollocks et al., 2012). However, the over-
all paucity of research highlights the need for further studies.

An unpublished study conducted as part of a doctoral dis-
sertation reported on cognitive functioning in 41 children
with SCD and OSA compared with 49 children with SCD
and negative screenings for OSA (Katz, 2015). This sample
with cognitive testing was part of a larger group of children
with SCD and OSA, who were studied to understand medical
morbidity associated with OSA (Katz et al., 2018). The

results indicated comparable cognitive functioning between
these two groups, suggesting no added impact of OSA on
cognitive deficits in SCD. However, the analyses employed
a somewhat liberal matching procedure between groups, rais-
ing two large concerns. First, analyses included children with
OSA who may have received cognitive testing before the
onset of OSA symptoms. Second, the groups were matched
on health insurance status, which represents a relatively crude
measure of socioeconomic status. The current study includes
a subset of participants from this larger dataset but employs a
more rigorous matching procedure to address these two
concerns.

In this study, we examined the additive effect of having
OSA and SCD by retrospectively comparing children with
comorbid SCD and OSA to matched comparison groups
(SCD with negative screenings for OSA, demographically
matched children without a chronic health condition). We
hypothesized that there would be greater cognitive impair-
ment on tests tapping into working memory and processing
speed in children with both SCD and OSA than in the com-
parison groups. All cognitive measures are part of a larger
developmental screening program that includes measures that
have been previously identified as sensitive to SCD-related
disease processes (Schatz et al., 2009). We also explored
the relationship between severity of sleep apnea and cognitive
deficits using the same sleep parameters associated with
cognitive deficits identified by Hollocks et al. (2012).

METHODS

Participants

Study procedures were approved by the medical center insti-
tutional review board. Data collection spanned from April
2002 to April 2013. Participants were 124 children between
the ages of 4 and 8 years. In total, 26 children were diagnosed
with comorbid SCD and OSA (SCD +OSA; age range: 4.64–
8.15), 39 children with SCD only (age range: 4.92–8.08), and
59 children without a chronic health condition (no CHC; age
range: 5.10–8.15). All participants were self-identified as
African American. Participants from the SCD + OSA and
SCD-only groups were seen at a pediatric hematology/oncol-
ogy outpatient clinic in the southeastern USA that serves
youth from birth through 21 years of age. The clinic provides
medical care to approximately 450 SCD patients each year,
representing approximately 90% of all known SCD cases
in the catchment area. The larger developmental screening
program was offered to all children seen at the sickle cell
clinic at ages of 1, 3, 5, and 7 years. One child was tested prior
to reaching 5 years of age due to an error in calculating the
child’s age, and children who presented with pain or fatigue
were tested at their next appointment, resulting in children
being tested as early as 4 years, 9 months or as late as 8 years,
3 months (Puffer et al., 2009).

Participants from both the SCD + OSA and SCD-only
groups were selected from a larger cohort of 136 children
with SCD and OSA and 136 matched children with SCD
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and negative OSA screenings described previously (Katz
et al., 2018). These two cohorts were matched on age, gender,
SCD genotype severity, and hemoglobin level from the most
recent routine complete blood count at the time of the medical
record review. We identified 26 children with SCD and OSA
from this cohort who had (a) completed cognitive testing as
part of routine cognitive screening exams administered at
the start of elementary school, (b) received this testing within
2 years of their OSA diagnosis, and (c) completed testing after
a positive screening for clinical symptoms of sleep apnea.

The SCD-only comparison group was selected by identi-
fying children from the cohort with negative sleep apnea
screenings who had completed routine cognitive testing as
part of the same cognitive screening program (n= 49).
Initial examination of group demographics indicated poten-
tially meaningful differences in the distribution with more
females, children with family incomes in the $10,000–
$30,000 categories, and lower risk genotypes for children
with negative OSA screenings. To improve the matching,
we selected at random 8 males (out of 11 total) with lower
risk genotypes and 2 females (out of 7 total) with lower risk
genotypes from those with family incomes in the $10,000–
$30,000 range, resulting in a final sample of 39 children
for the SCD-only comparison group. In all cases, random
selection was performed by drawing participant numbers at
random from a bag.

The demographically matched comparison group (no
CHC) was children recruited from after-school programs
and summer care programs with predominantly African-
American children from Richland and Sumter counties in
South Carolina. In total, 67 children participated following
informed consent from a parent for the study procedures.
The no-CHC status was determined by parent’s report on a
structured list of a wide range of medical and developmental
conditions and an open-ended question to solicit any condi-
tions not listed. Participants were excluded if any neurodeve-
lopmental disorders (e.g., ADHD and autism) or any major
health conditions (e.g., history of cancer) were endorsed that
could impact cognitive functioning. To account for
differences in age, gender, and income between the pool of
participants for the no-CHC group and the SCD + OSA
group, a total of eight participants from the no-CHC group
were dropped from analyses. Seven of these participants
(out of eight total) were selected at random from among those
tested at 8 years of age (to better match for age), whereas the
final participant who was dropped was selected at random
from the original 10 females in the highest family income
group to provide a better match on gender and family income.

OSA Screening and Diagnosis

Overview

Inclusion in the SCD+OSAgroupwas determined using a two-
step procedure: (1) initial screening by the treating hematolo-
gist and (2) an overnight polysomnography. This screening
approach was found to have high sensitivity to OSA in the

larger cohort studied and identified group differences in medi-
cal morbidity. Specifically, 95% of children identified with
OSA symptoms using this screening method were diagnosed
with OSA using polysomnography, and the SCD+OSA group
demonstrated higher rates of medical complications, including
lung morbidity and infections (Katz et al., 2018).

Initial screening

OSA screenings for patients were conducted by the treating
hematologist at all routine health maintenance appointments
ranging from one to four times per year depending primarily
on the child’s age and genotype. The hematologist asked
parents about OSA-related behaviors including the presence
of snoring and early morning headaches and/or early morning
pain. If snoring was endorsed, the hematologist asked follow-
up questions on whether the snoring is loud and if it is a
concern for the parents. Referrals to further evaluate OSA
via overnight polysomnography were made if snoring was
reported in conjunction with early morning headache or pain
or parent concern regarding the snoring.

Polysomnography

Childrenwhomet the aforementioned criteria were referred for
overnight polysomnography in a dedicated sleep laboratory
using the Cadwell Sleep System (Cadwell Laboratories,
Inc., Kennewick, WA). The precise protocol varied over time
due to changes in instrumentation in the laboratory.
Monitoring included, at minimum, four electroencephalogra-
phy channels, two electrooculography channels, and two leg
electromyography channels used to determinewake/sleep state
and arousals. Additional measures were channels for electro-
cardiography measuring heart rate changes and potential
arrhythmias, a snoring microphone, oxygen saturation,
oronasal flow thermistor (or nasal pressure sensors), abdomi-
nal sleep breath respiratorymovement, chest respiratorymove-
ment, chin electromyography, and plethysmography. In the
record review, OSA diagnosis from medical record diagnostic
codes was confirmed in the sleep study report. There was
variability in the use of the apnea/hypopnea index (AHI) or
the respiratory disturbance index (RDI) across clinicians with
most reporting only one of these values. Eighteen of the diag-
noses for the SCD+OSA group were confirmed with AHI
scores and eight were confirmed with RDI scores. We con-
firmed that the AHI or RDI score was at least 1.0 per hour
to indicate that objective criteria supported the clinician diag-
nosis, which is the approach used by other studies assessing
OSA in children (Kuhle et al., 2009). The AHI or RDI score,
mean oxygen level, and lowest oxygen saturation point
(NADIR) were recorded for all participants.

Medical Record Review

Medical record reviews were conducted for patients seen for
routine health maintenance visits between April 2002 and
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April 2013. Positive screenings for OSA symptoms based on
clinical history result in assignment of medical codes for
snoring in the medical record, and positive exams for OSA
based on overnight polysomnography result in the assign-
ment of medical codes for OSA. As such, SCD medical
records were examined for diagnostic codes for snoring
and/or OSA. Medical record reviews were conducted to
confirm OSA overnight polysomnography results, assess
descriptive information, and document SCD treatment his-
tory for children with SCD who had positive screenings
for OSA. A total of 19 participants from the SCD + OSA
group received surgical treatment (i.e., adenoid removal).
The same medical record reviews were also conducted for
the SCD-only group. All remaining records were reviewed
to select controls for the SCD-only group.

Cognitive Measures

Processing speed

Processing speed was assessed using the Decision Speed
subtest of the Woodcock–Johnson Tests of Cognitive
Abilities, 3rd edition, which requires children to identify
the two pictures from a row of stimuli that are most concep-
tually similar (McGrew & Woodcock, 2001). Age-adjusted
standardized scores were used for analyses.

Language skills

Three tests from the Test of Language Development-Primary:
Third Edition (TOLD-P:3; Newcomer & Hammill, 1997)
were administered. The TOLD-P:3 was selected due to its
design for children in this age range, reliability at the subtest
and domain level, supporting validity data, and lack of cul-
tural bias for African-American children (Newcomer &
Hammill, 1997). Oral vocabulary requires the child to pro-
vide definitions for orally presented words. Grammatical
understanding requires that the child select the picture that
best demonstrates the meaning of sentences that have increas-
ingly complex syntax. Prior data with this task have sug-
gested that in addition to measuring language skills, this
test is likely sensitive to SCD-related deficits in verbal work-
ing memory (Sanchez et al., 2010). Word discrimination
requires the child to assess whether two similarly sounding
words are the same word or different words (e.g., pig–pig
vs. big–pig). Age-adjusted standardized scores were used
for all tests.

Visual-motor skills

Visual–motor skills were assessed using the Beery
Developmental Test of Visual-Motor Integration (DVTMI),
5th edition (Beery, 2004). The DVTMI requires children to
imitate and copy geometric forms of increasing complexity
using pencil and paper. The age-adjusted standardized score
was used for analyses.

Early academic skills

Academic/pre-academic skills were measured using the
Letter-Word Identification and Applied Problems subtests
of theWoodcock–Johnson Tests of Achievement, 3rd edition
(McGrew&Woodcock, 2001). Letter–Word Identification is
a measure of early reading skills and requires the child to
identify letters and words without having to know the mean-
ing of a word. Applied Problems serves as a measure of quan-
titative knowledge and reasoning and requires children to
analyze and solve orally presented math problems. Age-
adjusted standardized scores were used for both subtests.

Data Analysis

The Statistical Package for the Social Sciences, 25th Edition
(SPSS) was used to conduct all statistical analyses. Chi-
squared tests and one-way analysis of variance (ANOVA)
tests were conducted to identify any group differences not
controlled for by the matching process. Pearson bivariate cor-
relations were run to identify any potential covariates of the
relationship between chronic disease and cognitive function-
ing. One-way analysis of covariance (ANCOVA) tests were
run to evaluate any differences in cognitive functioning
between the SCD + OSA, SCD-only, and no-CHC groups.
Family income level was included as a covariate in these
ANCOVAs to reduce unexplained variance in the statistical
model. For any significant one-way ANCOVAs, posthoc
analyses were run using Tukey’s HSD test. The alpha level
was set as p < .05 for these analyses. Exploratory analyses
were conducted using Pearson bivariate correlations to exam-
ine the relationship between measures of OSA severity
(hypopnea index, mean O2 saturation, and NADIR) and cog-
nitive outcomes. The alpha level was set as p < .017 for these
exploratory analyses (.05/3 OSA severity variables).

RESULTS

Chi-squared tests and one-way ANOVAs revealed no signifi-
cant differences between the three groups on the matched var-
iables of age, gender, and income distribution. Additionally,
there were no significant differences in genotype severity
between the SCD+OSA and SCD-only groups (see Table 1).

Pearson bivariate correlations were run that included dem-
ographic and other descriptive variables as well as cognitive
outcomes to identify potential covariates. Correlations
revealed a significant relationship between family income
and the WJ-III Letter Word Identification subtest, r= .285,
p= .001. As such, family income was included as a covariate
in later analyses (see Table 2).

One-way ANCOVAs were run with group as the
independent variable (SCD+OSA, SCD only, and no
CHC), cognitive outcomes as the dependent variable, and
family income as a covariate (see Table 3). There were sig-
nificant differences on the WJ-III Decision Speed test
between the three groups, F(2, 120)= 9.18, p < .001, eta
squared = .134. Follow-up tests using Tukey’s HSD test
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revealed differences between the SCD + OSA and no
CHC groups (p= .001), and the SCD-only and no-CHC
groups (p= .002). In addition, there were significant
differences in group performance on the WJ-III Letter-
Word Identification test, F(2,120)= 11.74, p=< .001, eta
squared= .164; Tukey’s HSD test revealed significant
differences between the SCD+OSA and no CHC groups
(p= .024) and the SCD-only and no-CHC groups (p < .001).
There were also significant differences on the WJ-III Applied
problems test, F(2,120)= 4.02, p= .02, eta squared= .063,
and the DVTMI, F(2,120)= 5.39, p= .006, eta squared
= .083); Tukey’s HSD test revealed significant differences
between the SCD-only and no-CHC groups for both subtests,
p= .025, p= .003, respectively. There were no significant

differences in performance between groups on the
TOLD Oral Vocabulary, F(2, 120)= .53, p= .592, eta
squared= .009, Grammatical Understanding, F(2, 120)= 1.11,
p= .334, eta squared= .018, and Word Discrimination tests,
F(2, 120)= 1.41, p= .248, eta squared= .023. In summary,
although significant group differences were found, none of
the a priori hypotheses were supported.

Subsequent data analyses indicated our choice of covari-
ates impacted the study results. Pearson bivariate correlations
revealed no significant associations between OSA surgical
treatment and cognitive outcomes in the overall sample; how-
ever, follow-up analyses did identify significant associations
between OSA surgical treatment and cognitive outcomes for
the subgroup of participants in the SCD+OSA group.

Table 1. Comparison of clinical and demographic characteristics among children with SCD+OSA, SCD, and no CHC

Variable Group

SCD+OSA (n = 26) SCD only (n = 39) No CHC (n = 59) p-value Test statistic

Age in years (M (SD)) 6.25 (1.02) 6.35 (.96) 6.50 (.93) p= .479 F(2, 123)= .74
Gender (n (% female)) 14 (53.8%) 20 (51.3%) 32 (54.2%) p= .857 χ2= .087
Household income (n, %) p= .970 χ2= 2.31
<$10,000 6 (23.1%) 9 (23.1%) 10 (16.9%)
$10,000–20,000 4 (15.4%) 8 (20.5%) 11 (18.6%)
$20,000–30,000 2 (7.7%) 4 (10.3%) 9 (15.3%)
$30,000–40,000 6 (23.1%) 7 (17.9%) 10 (16.9%)
>$40,000 8 (30.8%) 11 (28.2%) 19 (32.2.%)
SCD genotype (n) p= .899 χ 2= .016
(High-risk total) 21 31 –

HbSS 17 30 –

HbSβ0 4 1 –

(Low-risk total) 5 8 –

HbSC 4 5 –

HbSβ+ 1 3 –

zBMI (M (SD)) .31 (1.53) .88 (1.40) .94 (1.17) p= .118 F(2,123) = 2.17
Obese classification (n, %) 5 (19.2%) 12 (30.8%) 36 (32.2%) p= .459 χ2= 1.56
Hemoglobin (M (SD)) 8.86 (1.55) 9.19 (1.56) – p= .417 t(61)= .82
WBC count (M (SD)) 11.57 (3.64) 11.35 (3.96) – p= .821 t(61)= .23

Note. Hemoglobin is reported in grams per deciliter (g/dL) and WBC count is reported in thousands per cubic milliliter (K/uL). Genotype risk status was
compared for high risk vs. lower risk totals.
BMI, body mass index; no CHC, no chronic health condition; OSA, obstructive sleep apnea; SCD, sickle cell disease; WBC, white blood cells.

Table 2. Bivariate correlations of cognitive measures and descriptive variables

Cognitive measures Family income Preterm birth BMI Surgical treatment for OSAa

TOLD Oral Vocabulary .07 −.12 .09 .66**
TOLD Grammatical Understanding .06 .04 .03 .32
TOLD Word Discrimination .17 −.05 .01 .08
WJ-III Decision Speed .07 −.06 .02 .46*
WJ-III Letter Word Identification .29** −.10 −.13 .33
WJ-III Applied Problems .16 .03 −.01 .34
DVTMI .16 .00 −.17 .58**

Note. Values presented as Pearson correlation coefficients.
DTVMI, Developmental Test of Visual-Motor Integration; TOLD, Test of Language Development Primary; WJ, Woodcock Johnson.
aThese represent correlations between treatment history of adenoid removal and cognitive outcomes in the SCDþOSA group.
**p < .01; *p < .05.
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Specifically, surgical treatment was related to outcomes on
the TOLD Oral Vocabulary, WJ-III Decision Speed, and
DVTMI (see Table 2). As such, an alternative data analytic
plan was used with OSA treatment included as a covariate
(in addition to family income) for the a-priori data analyses
described above (see Supplemental Table 1). This alternate
approach changed the statistical significance for two of
the cognitive measures: TOLD Oral Vocabulary,
F(2,119)= 4.48, p =.013, eta squared= .070, and WJ-III
Decision Speed tests, F(2,119)= 11.67, p< .001, eta squared
= .165. Tukey’s HSD test revealed significant differences
between the SCD+OSA and SCD-only groups on both the
TOLD Oral Vocabulary (p= .015) and WJ-III Decision
Speed tests (p= .034), with the SCD+OSA group evidencing
greater impairment than the SCD-only group.

Exploratory analyses were run examining the relationship
between measures of OSA severity and all seven cognitive
outcomes. Measures of OSA severity for the OSA+SCD
group included AHI-RDI (M= 11.40, SD= 9.35), NADIR
(M= 85.08, SD= 12.52), and mean oxygen saturation levels
(M= 94.85, SD= 2.99). There were no missing OSA
severity data for the 26 participants in the SCD+OSA group.
Pearson correlations revealed significant associations
between NADIR scores and scores on the TOLD Word
Discrimination test, with higher NADIR scores correlated
with better cognitive performance, r= .430, p= .028.
There was also a significant relationship between apnea indi-
ces (AHI or RDI) and scores on the WJ-III Decision Speed,
r=−.533, p= .006, and Applied Problems tests, r=−.482,
p= .015, with higher apnea indices correlated with decreased
performance. However, when the scatterplot was examined
for the NADIR correlation, it was identified that the effect
was due to a single, extreme outlier score for NADIR. The
correlation was no longer significant following removal of
the outlier, identifying it as an influential observation.
Scatterplots showing the association of apnea indices with
cognitive outcomes are shown in Figures 1 and 2.
Although Figure 1 shows a significant association between
apnea indices and the WJ-III Applied Problems test, we note
that the relationship was tested for a linear effect, but the data

appear as if it could be curvilinear. There were no significant
correlations between mean oxygen saturation levels and
cognitive outcomes.

DISCUSSION

OSA and SCD are common comorbid diagnoses that are
independently associated with insufficient oxygen delivery
to the brain and neurocognitive deficits; however, the overall
paucity of research on the combined effects of SCD and OSA
on cognitive functioning highlights the need for additional
studies to better elucidate risks to children with both condi-
tions. The current study compared neurocognitive function-
ing in children with both SCD and OSA, children with
SCD only, and children without a chronic health condition
(no CHC) to examine the additive effects of SCD and
OSA. Overall, the results did not indicate the combination
of OSA and SCD imparted a greater risk to cognitive func-
tioning than SCD alone. Significant differences in quantita-
tive reasoning and visual-motor skills were observed
between the SCD-only group and the no-CHC group. In addi-
tion, there were significant differences in processing speed
and reading skills between the no-CHC comparison group
and both SCD groups. These findings are in line with well-
documented research on the negative impact of pediatric
SCD on neurocognitive outcomes (Hijmans et al., 2010;
Schatz et al., 2002, 2009).

Alternative analyses identified greater impairments in
processing speed and semantic processing in the comorbid
SCD+OSA group in comparison to the SCD-only group
when controlling for history of OSA surgical treatment.
These findings suggest that surgical treatments for OSA
may play a role in ameliorating the detrimental impacts of
OSA on cognitive functioning. It is notable that children with
more severe OSA are more likely to receive surgical treat-
ment, and yet surgical treatment was associated with better
cognitive scores on three of the cognitive outcomes. This pat-
tern of correlations suggests benefits from the surgery rather
than a selection effect for those who receive surgery. As such,
future research should be careful in considering treatment

Table 3. Group scores on cognitive tests

Cognitive test Group

SCD+OSA (n = 26) SCD only (n = 39) No CHC (n = 59) p-value

WJ-III Decision Speed 89.31 (15.27)a 91.49 (11.96)a 102.67 (17.67)b p < .001
TOLD Oral Vocabulary 9.12 (2.27)a 9.15 (2.63)a 9.61 (2.46)a p= .592
TOLD Grammatical Understanding 8.92 (3.15)a 8.51 (2.85)a 9.39 (2.62)a p= .334
TOLD Word Discrimination 7.85 (3.26)a 8.23 (3.02)a 9.07 (3.50)a p= .248
DTVMI 91.73 (13.99)ab 85.82 (13.13)a 94.76 (11.93)b p= .006
WJ-III Letter-Word Identification 100.92 (12.38)a 96.44 (11.86)a 108.93 (13.56)b p < .001
WJ-III Applied Problems 96.08 (16.93)ab 95.18 (9.70)a 102.53 (13.85)b p= .02

Note. Values are presented as mean score (SD). Standardized WJ-III and DVTMI scores are based on a scale with a mean of 100 and standard deviation of 15.
Standard scores for the TOLD are based on a scale with a mean of 10 and standard deviation of 3.
DTVMI, Developmental Test of Visual-Motor Integration; TOLD, Test of Language Development Primary; WJ, Woodcock Johnson.
Cells in each row with different superscripts represent statistically significant differences in group means (p < .05).
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factors in assessing the cognitive effects of OSA. Replication
of these analyses in a different sample is important, given that
these analyses were not part of our a-priori analytic plan.

Contrary to our hypothesis, there were no significant
differences in performance between children with comorbid
OSA and SCD and those with SCD only; however, additional
exploratory analyses indicated a significant link between
OSA severity and cognitive functioning in the comorbid
OSA and SCD group. Specifically, youth with more severe
OSA evidenced poorer performance on measures of process-
ing speed and quantitative reasoning. These results are similar
to those reported by Hollocks et al. (2012), who found that
higher apnea indices were associated with lower performance

on tests of fluid reasoning. Therefore, it may be that addi-
tional risk for cognitive impairment is conferred by increased
OSA disease severity, while in cases of milder OSA, the neu-
rocognitive risk factors associated with SCD could outweigh
the contributions of OSA. For example, studies have found
that significant nighttime hypoxemia occurs in individuals
with SCD (Little et al., 2014; Whitesell et al., 2016). These
small-scale studies have suggested only about half of the
cases with significant nighttime hypoxemia have also dem-
onstrated OSA. Thus, nighttime oxygen deprivation, along
with other factors that contribute to silent cerebral infarction
in SCD, may occur frequently enough that the impact of mild
OSA is not detectable in a group comparison study as we

Fig. 2. Scatterplot showing the correlation between AHI-RDI scores and performance on the WJ-III Decision Speed task for the SCDþOSA
group.

Fig. 1. Scatterplot showing the correlation between AHI-RDI scores and performance on the WJ-III Applied Problems task for the
SCDþOSA group.
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conducted. However, studies with larger sample sizes are
needed that directly assess differences in cognitive function-
ing between children with SCD with milder OSA and those
with severe OSA. In addition, longitudinal studies of within-
person effects might be more sensitive to detect the impact of
mild OSA.

There were a number of limitations associated with the
current study. First, the sample size of the three groups is
comparable to many studies of SCD but is small in absolute
terms and this limits statistical power. However, the observed
absolute differences between the groups of children with
SCD suggested the equivalent of approximately a two stan-
dard score point decrement for children with OSA, at most,
on selected tests. Even with a much larger sample, such
differences may not be clinically meaningful. Another pos-
sible limitation is the presence of differences between the
three groups on factors we were not able to assess. For exam-
ple, clinical neuroimaging was not available to determine if
there were group differences in the rate of silent cerebral
infarction across groups. However, the groups were well
matched on available measures of demographics and disease
severity. A third limitation concerns the determination of the
onset of OSA. OSA can often go undiagnosed in children,
with diagnosis only occurring when symptoms have reached
a higher threshold (Perkin & Young, 2000; Pijpers et al.,
2004). As such, these challenges make it difficult to control
for the degree of exposure to OSA symptomatology in the
current sample. Finally, the lack of an OSA-only control
group makes it difficult to establish the extent to which the
cognitive measures and timing of the administration of mea-
sures provide a sensitive indicator of OSA-related deficits.
The current test battery was developed to be sensitive to
screening for SCD-related neurocognitive effects, but its
degree of sensitivity to OSA is not established.

In summary, this study adds to limited pre-existing research
on the relationship between OSA and neurocognitive deficits
in children with SCD by suggesting that increased OSA
severity, rather than a diagnosis of OSA in general, may be
associated with deficits in cognitive functioning. Although fur-
ther studies are needed to confirm and expand on these find-
ings, this more nuanced understanding of risk for children
with comorbid SCD and OSA has the potential to aid in the
early identification of cognitive deficits. For instance, in clini-
cal settings with limited resources, cognitive testing could be
prioritized for children with SCD with more severe OSA
symptomatology. As such, the current findings highlight the
need for further investigation of the impact of OSA on
neurocognitive functioning in pediatric SCD to aid in the
development of more nuanced treatment approaches for this
particularly vulnerable population.
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