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Sleep and sleep disorders in children with sickle cell disease 
(SCD) have been little explored. Sickle cell disease is the 

most common genetic disorder in the United States, with ap-
proximately 1,000 affected infants born each year.1 In SCD, 
mutation of the hemoglobin (Hb) molecule (sickle hemoglobin, 
or Hb S) results in polymerization, or sickling of Hb S under 
conditions of hypoxemia. Sickling, in turn, contributes to va-
soocclusion and hemolysis—events responsible for the high 
morbidity and mortality associated with SCD. 

Existing evidence suggests that children with SCD are at 
increased risk of disordered breathing during sleep2 and ob-
structive sleep apnea (OSA). Excessive adenoidal and tonsillar 
growth occurs in children with SCD, phenomena attributed to 
compensatory lymphoid tissue hyperplasia or chronic infection 
secondary to functional asplenia.3,4 Adenotonsillar hypertro-
phy presents the main risk factor for obstructive sleep apnea in 
childhood,5 a disease in which obstructed ventilation results in 
transient periods of hypoxemia. Thus, adenotonsillar hypertro-
phy presents an important risk factor for OSA in children with 
SCD, and hypoxemia during obstructed breathing may pose 
a risk for erythrocyte sickling. Evidence further suggests that 
children with SCD experience more severe sleep disordered 

breathing than unaffected children. A recent case-control study 
of children with SCD matched on age, gender, and ethnicity 
to healthy controls demonstrated a four-fold increased risk of 
nadir oxyhemoglobin saturation below 85%, and a 7-fold in-
creased risk of sleep time spent at an end-expiratory carbon 
dioxide level greater than 50 mm Hg in children with SCD 
compared to controls.6

Disease-specific normative polysomnography data do not 
currently exist for children with SCD. Few studies report poly-
somnography data on these children,6-10 with the exception of 
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Study Objectives: To describe polysomnographic parameters 
and their clinical correlates in a referred sample of children with 
sickle cell disease (SCD).
Methods: This was a retrospective medical record review of 
55 consecutive children aged 2-18 years with SCD (hemoglo-
bin [Hb] SS and Hb SC genotypes) undergoing polysomnogra-
phy for evaluation of sleep disordered breathing. Polysomnog-
raphy values were compared between SCD genotypes, 4 age 
groups, and adenotonsillectomy status using descriptive and 
nonparametric statistics.
Results: Obstructive sleep apnea (OSA) was diagnosed in 
38/55 (69%) children. Polysomnographic parameters differed 
significantly between Hb SS and Hb SC genotypes only on 
arterial oxyhemoglobin saturation (SpO2; 95.2 ± 3.8 vs. 98.0 
± 0.8, respectively, p < 0.01) and percent of sleep time be-
low SpO2 90% (T90; 8.0 ± 22.0 vs. 0.01 ± 0.02, respectively, 
p < 0.05). Increasing age was associated with decreasing 
SpO2 (rho = −0.282, p < 0.05), obstructive apnea-hypopnea 
index (OAHI; rho = −0.364, p < 0.01), total arousal index (rho = 
−0.272, p < 0.05) and respiratory arousal index (rho = −0.349, 

p < 0.01). Periodic limb movements in sleep (PLM) averaged 
4.7 ± 8.8/h, with a PLM index > 5/h in 5/17 children without 
OSA. Post- adenotonsillectomy, 8/10 children had OSA, but 
compared to untreated OSA-positive children they had a lower 
mean OAHI (4.4 ± 5.5 vs. 8.9 ± 12.5) and a lower T90 (1.6 ± 
4.2 vs. 9.2 ± 24.9).
Conclusions: Both OSA and PLMs were common in children 
with SCD. Children with Hb SS experienced more severe noc-
turnal oxygen desaturation than did those with Hb SC. Post-
adenotonsillectomy, most children had OSA, although they 
experienced fewer obstructive respiratory events and less se-
vere nocturnal oxygen desaturation than did untreated OSA-
positive children.
Keywords: Adenoidectomy, tonsillectomy, child, adolescent, 
sickle cell disease, obstructive sleep apnea, periodic limb 
movement disorder, polysomnography
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Polysomnography 

Each child underwent overnight polysomnography (Rem-
brandt version 7.4, Medcare, Reykjavik, Iceland) with ≥ 6 h 
of recording time, monitored by registered technicians trained 
in pediatric polysomnography. The following parameters were 
continuously recorded: sleep stages, using electroencephalog-
raphy (C3-A2, C4-A1, O1-A2, O2-A1, Fz-A1); heart rate, by 
electrocardiography; left and right electrooculogram; submen-
tal and tibial electromyogram; oronasal airflow, via thermistor; 
nasal airflow, via pressure transducer; capnography; chest and 
abdominal wall excursion us ing respiratory inductance pleth-
ysmography; and SpO2 via pulse oximeter. Subjects were au-
dio and video re corded. Respiratory events, sleep architecture, 
arousals, and periodic limb movements during sleep (PLM) 
were scored using standard criteria20-23 by a pediatric pulmon-
ologist board certified in sleep medicine. 

Polysomnographic parameters were defined as follows. An 
obstructive apnea was a decrease in nasal airflow of > 90% de-
spite continued respiratory effort for the duration of ≥ 2 missed 
breaths. An obstructive hypopnea was a decrease in nasal air-
flow ≥ 50%, despite persistent respiratory effort, lasting for ≥ 2 
missed breaths and associated with a drop in SpO2 ≥ 3%, an 
awakening, or an arousal. A central apnea was the absence of 
airflow accompanied by an absence of respiratory effort, last-
ing ≥ 20 sec or at least 2 missed breaths and associated with an 
arousal, an awakening, or a desaturation ≥ 3%. A mixed apnea 
included components of both an obstructive and a central ap-
nea. The OAHI was the sum of obstructive apneas, obstructive 
hypopneas, and mixed apneas per hour of sleep. Sleep stages 
are presented as the percent of total sleep time spent in each 
stage. Non-rapid eye movement (NREM) sleep stage 3 was the 
sum of reported NREM 3 and NREM 4 sleep stages based on 
scoring criteria in effect during the study period. 

Sleep efficiency was the ratio of sleep time to time in bed 
(lights out to lights on). Sleep latency was the number of min-
utes from lights out to the onset of the first of 3 consecutive 
epochs of NREM 1 sleep or the first epoch of any other sleep 
stage. Wake after sleep onset was the number of minutes of 
wake between sleep onset and sleep offset. An arousal was an 
abrupt shift in electroencephalographic frequency ≥ 3 sec sepa-
rated by ≥ 10 sec of stable sleep. An index was calculated as 
the number of events per hour of sleep. Arousal indices were 
classified as (1) total arousal index, the sum of all-cause arous-
als; (2) respiratory arousal index, arousals immediately follow-
ing an obstructive apnea or hypopnea; (3) PLM arousal index, 
arousals immediately following PLMs; and (4) spontaneous 
arousals. Periodic limb movements were defined as a series of 
≥ 4 consecutive leg movements having a period length (time 
between onset of consecutive leg movements) of 5-90 sec and 
lasting 0.5-5 sec (study period 2004-2006) or 0.5-10 sec (study 
period 2007-2008). Polysomnograms were not available for re-
scoring PLMs uniformly across the entire study period, thus 
potentially underscoring PLMs prior to the change in scoring 
rules in 2007 and presenting a limitation of these analyses. 
However, no significant difference in the mean PLM index was 
found between sleep studies performed during the period 2004-
2006 (n = 27) and those performed during 2007-2008 (n = 26; 
U = 265.5, p = 0.12), suggesting that the mid-study change in 
scoring of PLMs during sleep did not affect these results. Leg 

overnight pulse oximetry values.11,12 Establishing separate diag-
nostic polysomnographic criteria may be important, however. 
Dysfunctional hemoglobins in SCD and a right-shifted oxyhe-
moglobin dissociation curve alter arterial oxyhemoglobin satu-
ration (SpO2) values measured by pulse oximetry.13-15 Moreover, 
nearly half of children with SCD experience nocturnal hypox-
emia that is not associated with sleep disordered breathing.11,16 
These disease-related changes cannot be interpreted as incon-
sequential or normal, yet they suggest a need for interpreting 
polysomnography based on disease-specific values. 

The purpose of the present study was to describe polysom-
nography values of a sample of children with SCD referred to a 
sleep laboratory for evaluation of sleep disordered breathing. A 
secondary aim was to explore the association between objective 
measures of sleep and clinical variables including SCD geno-
type, age group, and adenotonsillectomy status. These findings 
are intended to contribute to the very limited literature using 
pediatric scoring of polysomnography data in this population. 
This study was carried out as part of a more comprehensive 
retrospective study of the relationship of OSA and severity of 
SCD in children.17 

METHODS

Sample 
The sample was a retrospective case series of children with 

SCD referred to a children’s hospital-based sleep laboratory for 
evaluation of sleep disordered breathing between March 2004 
and October 2008. Demographic, clinical, and polysomnograph-
ic data were collected from the hospital electronic medical record 
following approval by the institutional review boards of the Chil-
dren’s National Medical Center and the University of Maryland 
School of Medicine. Inclusion criteria were ages 2 to 18 years 
with a diagnosis of Hb SS or Hb SC disease. Subjects were ex-
cluded for craniofacial abnormality or neuromuscular disorder, 
current treatment with positive airway pressure therapy, pregnan-
cy, or illness at the time of the sleep study. Eighty consecutive 
children were screened, and 55 qualified for inclusion. 

Diagnostic Criteria for Clinical and Laboratory 
Variables

Obstructive sleep apnea was defined as an obstructive apnea-
hypopnea index (OAHI) ≥ 1.18 Severity of OSA was further clas-
sified into 3 levels (regardless of adenotonsillectomy status): no 
OSA, OAHI < 1; mild OSA, 1 ≤ OAHI < 5; or moderate-severe 
OSA, OAHI ≥ 5, utilizing the OAHI categories of the composite 
score for polysomnography severity proposed by Montgomery-
Downs et al.19 Body mass index (BMI; kg/m2) was calculated 
from height and weight measured at the time of polysomnogra-
phy, and when available checked for accuracy against a height 
and weight measured during a clinical visit closest to the time 
of polysomnography. Age groups were defined as 2 to 5 years, 
6 to 10 years, 11 to 14 years, and 15 to 18 years of age, divid-
ing the sample approximately equally. For comparisons by ad-
enotonsillectomy status, there were 3 OSA/adenotonsillectomy 
conditions: No OSA/No AT, OAHI < 1 and no adenotonsillec-
tomy; OSA/No AT, OAHI ≥ 1 and no adenotonsillectomy; and 
AT, adenotonsillectomy performed for any indication.
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OSA and moderate-severe OSA groups, respectively, with no 
significant difference between groups. The PLM arousal index 
averaged 0.79 ± 1.2 ranging from 0 to 6.6 per hour of sleep, with 
15.8% of PLMs associated with arousals.

The average BMI of the sample was 18.9 ± 5.4 (z-score 
0.23 ± 1.2), with an average BMI for the no OSA, mild OSA, 
and moderate-severe OSA groups of 19.9 ± 5.1 (z-score 0.26 
± 0.9), 19.2 ± 4.8 (z-score 0.52 ± 1.0), and 17.4 ± 6.8 (z-score 
−0.30 ± 1.6), respectively. The BMI was negatively associ-
ated with obstructive indices, including the obstructive apnea 
index (rho = −0.289, p = 0.03), the obstructive hypopnea in-
dex (rho = −0.282, p = 0.04), and the OAHI (rho = −0.301, 
p = 0.03), suggesting that as obstructive indices increased, BMI 
decreased. The BMI was also negatively associated with peak 
end-tidal carbon dioxide (rho = −0.375, p = 0.03). 

Sleep Parameters by Hemoglobin Genotype
Forty-one children had Hb SS, and 14 had Hb SC disease. 

Fourteen (34.1%) children with Hb SS did not have OSA, 
while 16 (39.0%) had mild OSA and 11 (26.8%) had moder-
ate-severe OSA. Among those with Hb SC, 3 (21.4%) children 
had no OSA, while 8 (57.1%) had mild OSA and 3 (21.4%) 
had moderate-severe OSA. Sleep parameters by genotype are 
shown in Table 2. Eight children (14.5%) with Hb SS, but none 
with Hb SC, had an OAHI > 10. Mean SpO2 was significantly 
lower (U = 139.0, p = 0.004) and T90 was significantly higher 
(U = 179.5, p = 0.03) in children with Hb SS than in those with 
Hb SC. Mean SpO2 was 93% or lower in 10 of 41 (24.4%) Hb 
SS children, indicating nocturnal hypoxemia.21 No child with 
Hb SC had a mean SpO2 below 95%. The T90 was > 10% for 6 
of 41 (14.6%) children with Hb SS, with 3 spending more than 
half the night below SpO2 90%, and one child having a T90 of 
96.6%. Children with Hb SC all had a T90 < 1% (0.01 ± 0.02). 
Nearly 17% (9 of 54) of the sample experienced oxyhemoglo-
bin desaturation below SpO2 80%, with 2 children, both with 
Hb SS, having desaturations below 60%. Nadir SpO2 during a 
respiratory event was 93% or lower in 33 of 40 (82.5%) chil-
dren with Hb SS, versus 9 of 14 (64.3%) children with Hb SC. 

movements occurring within 0.5 sec of an apnea or hypopnea 
or following an arousal were not scored as PLMs. A positive 
screen for PLM disorder was defined as a PLM index > 5 per 
hour of sleep. 

Statistical Analysis 
Statistical analysis was performed using the Statistical Pack-

age for the Social Sciences (SPSS, Inc.; Chicago, IL) version 
14.0. Alpha was set at 0.05 with Bonferroni correction for mul-
tiple post hoc comparisons, and all analyses were two-tailed. 
Descriptive statistics included mean ± standard deviation, range 
and percent. Percentages were based on the number of avail-
able subjects where data were missing. Data were not normally 
distributed, so nonparametric statistics were used to test asso-
ciations and group differences, including Spearman rho, Mann-
Whitney (U) test, and Kruskal-Wallis test. 

RESULTS

Sample characteristics by genotype are shown in Table 1. 
Based on polysomnography, 38 of 55 children (69.1%) had 
OSA, with 24 (43.6%) having mild and 14 (25.5%) having 
moderate-severe OSA. The OAHI ranged from 0 to 66.6 events 
per hour of sleep, with a mean OAHI for the no OSA, mild OSA, 
and moderate-severe OSA groups of 0.4 ± 0.3, 2.6 ± 1.1 and 16.4 
± 16.0, respectively. Mean SpO2 ranged from 82.9% to 99.2% 
and averaged 95.8 ± 2.5, 96.6 ± 2.5, and 94.8 ± 5.5 for the no, 
mild, and moderate-severe OSA groups, respectively, with no 
significant difference between groups. The percent of sleep time 
spent at SpO2 < 90% (T90) ranged from 0% to 96.6% and in-
creased nonsignificantly across OSA severity groups, averaging 
1.9% ± 4.7%, 2.3% ± 10.4%, and 17.0% ± 33.8%, respectively, 
for the no, mild, and moderate-severe OSA groups. The PLM 
index ranged from 0 to 56.5 per hour of sleep and averaged 4.7 ± 
8.8, with 14 of 53 (26.4%) children in the full sample and 5 of 17 
(29.4%) children without OSA screening positive for PLM dis-
order. The PLM index (n = 46) was highest in the no OSA group, 
averaging 6.3 ± 13.8, versus 3.6 ± 5.0 and 3.8 ± 5.2 for the mild 

Table 1—Demographic and clinical characteristics of children with sickle cell disease 
Hb SS (n = 41) Hb SC (n = 14)

N (%) Mean ± SD N (%) Mean ± SD
Age (years) 41 9.4 ± 4.6 14 9.9 ± 4.7
Sex, male 20 (48.8) 4 (28.6)
Body mass index (kg/m2)
(BMI z-score)

41 18.9 ± 6.0
(0.11 ± 1.25)

14 19.2 ± 3.7
(0.58 ± 0.84)

Daytime SpO2 (%) 39 97.4 ± 2.0 12 99.3 ± 0.6
Systolic blood pressure (mm Hg) 40 114.5 ± 11.2 12 113.5 ± 8.6
Diastolic blood pressure (mm Hg) 40 63.7 ± 7.5 12 67.6 ± 6.6
Hemoglobin (g/dL) 39 8.4 ± 1.3 13 10.6 ± 0.8
White blood count (109/L) 39 12.6 ± 4.0 11 9.3 ± 1.9
Hydroxyurea therapya (yes) 14 (34.1) 2 (14.3)
Chronic transfusion therapya (yes) 3 (7.3) 0
Adenotonsillectomy (yes) 6 (14.6) 4 (28.6)

aAt time of polysomnogram. BMI refers to body mass index; Hb, hemoglobin genotype; SpO2, oxyhemoglobin saturation. 
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(rho = −0.252, p = 0.06), suggesting that arousal indices im-
proved with age. However, age group differences in arousals 
reflected differences in obstructive indices, in that fewer ob-
structive events were seen in age groups having fewer total and 
respiratory arousals. While nonsignificant, the oldest age group 
had shorter total sleep time, lower sleep efficiency, longer sleep 
latency, and more wake after sleep onset than the other age 
groups. There was no significant difference in the PLM index 
or PLM arousal index between age groups.

Sleep Parameters by Adenotonsillectomy Status
Thirty-two OSA-positive children had not undergone ad-

enotonsillectomy at the time of polysomnography. Eight chil-
dren had adenotonsillectomy prior to polysomnography, and 2 
underwent polysomnography both before and after adenoton-
sillectomy. Indications for adenotonsillectomy were largely 
unreported in this sample but included 2 children with adeno-
tonsillar hypertrophy and 2 children with documented OSA. 
Two of these 4 children had an additional indication of recur-
rent otitis media. Sleep parameters by OSA/adenotonsillectomy 
condition are shown in Table 4. Descriptive statistics in this 
table include both pre- and post-adenotonsillectomy polysom-
nography data for the 2 children with available data; thus statis-
tical comparisons would violate the assumption of independent 

There were no significant differences between genotypes on 
sleep architecture, arousals, or PLM index. Children with Hb SS 
tended to have shorter sleep times, poorer sleep efficiency, more 
total arousals, increased sleep onset latency, and more wake af-
ter sleep onset than did children with Hb SC. Children screening 
positive for PLM disorder included 8 of 39 (20.5%) with Hb SS 
and 6 of 14 (42.9%) with Hb SC, a nonsignificant difference.

Sleep Parameters by Age
The average age of the sample was 9.5 ± 4.6 years. Age was 

negatively correlated with several respiratory parameters, in-
cluding the OAHI (rho = −0.364, p = 0.006), obstructive apnea 
index (rho = −0.370, p = 0.005), and mean SpO2 (rho = −0.282, 
p = 0.04). Differences in sleep parameters are compared be-
tween age groups in Table 3. 

Of the parameters related to sleep architecture, arousals 
or PLM index, age was positively correlated with NREM 2 
(rho = 0.382, p = 0.006) and negatively correlated with NREM 
3 (rho = −0.443, p = 0.001), suggesting that as age increased, 
more sleep time was spent in lighter (NREM 2) sleep and less 
was spent in slow wave (NREM 3) sleep. Age was also signifi-
cantly negatively correlated with total arousals (rho = −0.272, 
p = 0.04) and respiratory arousals (rho = −0.349, p = 0.009) and 
approached a negative association with spontaneous arousals 

Table 2—Polysomnography parameters in children with sickle cell disease, by genotype

Parameters Hb SS Hb SC
pan Mean ± SD Range n Mean ± SD RangeRespiratory parameters

OAHI (n/h) 41 6.2 ± 11.7 0-66.6 14 3.1 ± 2.1 0.3-7.9 0.53
OAI (n/h) 41 2.0 ± 5.4 0-31.5 14 1.3 ± 1.5 0-4.0 0.41
OHI (n/h) 41 4.2 ± 6.8 0-35.1 14 1.8 ± 1.3 0.3-5.3 0.75
Mixed apnea index (n/h) 41 0.1 ± 0.2 0-0.8 14 0.1 ± 0.1 0-0.3 0.11
Central apnea index (n/h) 41 0.2 ± 0.4 0-1.9 14 0.1 ± 0.2 0-0.5 0.93
Mean SpO2 (%) 41 95.2 ± 3.8 82.9-99.2 14 98.0 ± 0.8 95.9-99.1 0.004
Nadir SpO2 (%) 40 85.6 ± 10.5 54.3-98.4 14 90.8 ± 5.1 78.3-98.4 0.07
T90 (%) 41 8.0 ± 22.0 0-96.6 14 0.01 ± 0.02 0-0.1 0.03
PETCO2 (mm Hg) 27 51.9 ± 8.2 36.0-71.0 8 53.1 ± 4.7 46.0-61.0 0.44

Sleep architecture, periodic limb movement index, and arousals 
Total sleep time (min) 41 430.6 ± 81.2 107-548 14 445.6 ± 53.1 335-548 0.73
Sleep efficiency (%) 41 81.5 ± 15.2 21.4-98.1 14 86.2 ± 8.2 70.2-97.8 0.51
Sleep latency (min) 41 53.9 ± 70.5 0-392.0 14 26.1 ± 18.5 0.05-62.5 0.29
REM latency (min) 40 121.1 ± 58.2 49.0-236.0 14 114.6 ± 59.7 44.5-222.0 0.55
Wake after sleep onset (min) 41 46.6 ± 50.6 2-245 14 43.8 ± 28.7 6-110 0.46
NREM 1 (%) 37 3.1 ± 3.2 0.2-14.0 14 3.3 ± 3.0 0.5-11.9 0.52
NREM 2 (%) 37 52.9 ± 9.3 23.4-68.8 14 53.4 ± 6.8 42.6-64.3 0.87
NREM 3 (%) 41 24.8 ± 7.9 12.5-48.8 14 23.3 ± 6.0 11.4-31.2 0.61
REM (%) 41 19.4 ± 4.5 11.4-27.4 14 20.2 ± 4.5 13.2-26.7 0.53
PLM index (n/h) 39 3.5 ± 5.4 0-20.9 14 7.5 ± 14.6 0-56.5 0.39
PLM arousal index (n/h) 34 0.77 ± 1.3 0-6.6 12 0.83 ± 0.98 0-3.3 0.41
Respiratory arousal index (n/h) 41 2.8 ± 4.6 0-21.5 14 1.8 ± 1.2 0.4-4.5 0.31
Spontaneous arousal index (n/h) 41 6.8 ± 3.5 1.1-16.8 14 5.2 ± 2.9 0.4-9.5 0.16
Total arousal index (n/h) 41 12.6 ± 6.5 3.4-28.7 14 9.9 ± 4.3 3.1-17.9 0.17

aMann-Whitney test. OAHI, obstructive apnea-hypopnea index; OAI, obstructive apnea index; OHI, obstructive hypopnea index; PETCO2, peak end-tidal 
carbon dioxide; PLM, periodic limb movements during sleep; SpO2, oxyhemoglobin saturation; T90, percent sleep time below SpO2 90%. 
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follow-up polysomnography 7 months after initial polysomnog-
raphy and 4 months post-adenotonsillectomy. This child’s OAHI 
decreased from 17.0 preoperatively to 11.6 postoperatively. 
Oxygenation parameters were adequate pre-adenotonsillecto-
my and changed little following surgery (mean SpO2 = 99.2% 
pre- vs. 98.9% post-adenotonsillectomy; T90 = 0.40% pre- vs. 
0.70% post-adenotonsillectomy). The PLM index increased 
postoperatively (0.0 pre- vs. 5.8 post-adenotonsillectomy). The 
second child was 7 years of age, with a BMI of 14.8 (z-score 
= −0.46) at initial polysomnography, which increased to 16.0 
(z-score = 0.13) at follow-up polysomnography 7 months after 
initial polysomnography and 5 months post-adenotonsillectomy. 
This child’s OAHI decreased from 66.6 pre- to 16.9 post-adeno-
tonsillectomy, with continued SpO2 desaturations below 60%; 
however other oxygenation parameters improved (mean SpO2 
= 82.9% pre- vs. 92.4% post-adenotonsillectomy; T90 = 86.9% 
pre- vs. 13.4% post-adenotonsillectomy). 

DISCUSSION

This study described polysomnography parameters in 
a sample of children with SCD referred for evaluation of 

groups and are not made. Lag time between adenotonsillectomy 
and follow-up polysomnography averaged 63.4 ± 49.5 months, 
with a range of 3 to 143 months. 

Respiratory indices were generally better in the AT than the 
OSA/No AT condition, but were often not normal. The largest 
mean differences between the OSA/No AT and the AT conditions 
were for the OAHI and the T90. The mean PLM index was higher 
in children who had adenotonsillectomy than untreated OSA-
positive children. Post-adenotonsillectomy, 5 of 9 (56%) children 
screened positive for PLM disorder, compared with 6 of 31 (19%) 
in the OSA/No AT condition and 4 of 15 (26%) in the No OSA/No 
AT condition. The AT condition demonstrated the highest BMI; 
however, those children were, on average, 2 years older than those 
in the OSA/No AT condition, which was the youngest group. Pre-
adenotonsillectomy polysomnography and BMI were not avail-
able for 8 children who had adenotonsillectomy, so change from 
pre- to post- adenotonsillectomy could not be analyzed. 

The 2 children with both pre- and post-adenotonsillectomy 
polysomnography data, both with Hb SS, continued to have mod-
erate-severe OSA following surgery. The first child was 2 years 
of age, with a BMI of 17.4 (z-score = 0.94) at the time of initial 
polysomnography, which increased to 18.7 (z-score = 1.94) at 

Table 3—Polysomnographic parameters and BMI in children with sickle cell disease, by age group
Parameter

Respiratory parameters
2-5 years 6-10 years 11-14 years 15-18 years

n Mean ± SD (Range) n Mean ± SD (Range) n Mean ± SD (Range) n Mean ± SD (Range)
OAHI (n/h) 15 6.3 ± 5.5a (0.6 - 19.3) 16 7.6 ± 16.8 (0 - 66.6) 14 2.4 ± 4.6a (0.2 - 18.2) 10 5.0 ± 7.6 (0.3 - 19.5)
OAI (n/h) 15 2.1 ± 3.1 (0 - 12.0) 16 2.9 ± 7.8 (0 - 31.5) 14 0.6 ± 1.3 (0 - 4.2) 10 1.4 ± 3.0 (0 - 9.3)
OHI (n/h) 15 4.1 ± 4.0a (0.6 - 15.8) 16 4.6 ± 9.1 (0 - 35.1) 14 1.7 ± 3.4a (0.1 - 13.4) 10 3.6 ± 5.0 (0.3 - 15.2)
Mixed apnea index (n/h) 15 0.2 ± 0.3 (0 - 0.8) 16 0.03 ± 0.04 (0 - 0.1) 14 0.1 ± 0.2 (0 - 0.6) 10 0 (0)
Central apnea index (n/h) 15 0.2 ± 0.2 (0 - 0.7) 16 0.1 ± 0.3 (0 - 1.0) 14 0.2 ± 0.5 (0 - 1.9) 10 0.2 ± 0.3 (0 - 0.7)
Mean SpO2 (%) 15 96.2 ± 4.3 (84.3 - 99.2) 16 95.9 ± 3.9 (82.9 - 99.1) 14 96.2 ± 2.7 (90.6 - 98.6) 10 95.1 ± 2.7 (89.8 - 98.8)
Nadir SpO2 (%) 15 84.6 ± 11.4 (56.4 - 94.4) 15 88.8 ± 5.9 (78.3 - 98.4) 14 90.5 ± 4.7 (82.8 - 98.4) 10 82.7 ± 14.1 (54.3 - 94.4)
T90 (%) 15 9.8 ± 26.6 (0 - 96.6) 16 5.5 ± 21.7 (0 - 89.6) 14 2.2 ± 5.1 (0 - 15.1) 10 6.1 ± 16.0 (0 - 51.3)
PETCO2 (mm Hg) 9 51.4 ± 9.6 (36.0 - 70.0) 12 54.3 ± 8.4 (42.0 - 71.0) 9 53.7 ± 4.0 (48.0 - 59.0) 5 46.0 ± 1.2 (45.0 - 48.0)

Sleep architecture, periodic limb movement index, and arousals 
Total sleep time (min) 15 437.6 ± 11.2 (326.5 - 528.0) 16 455.8 ± 47.6 (331.0 - 526.0) 14 454.8 ± 62.5 (347.0 - 548.0) 10 367.0 ± 120.0 (107.0 - 548.0)
Sleep efficiency (%) 15 82.9 ± 11.2 (62.1 - 98.1) 16 86.9 ± 9.0 (64.5 - 96.6) 14 85.2 ± 10.1 (65.0 - 97.8) 10 72.0 ± 22.4 (21.4 - 96.4)
Sleep latency (min) 15 44.1 ± 50.0 (0.5 - 141.5) 16 28.3 ± 20.9 (1.5 - 69.0) 14 43.2 ± 44.6 (0 - 163.5) 10 85.7 ± 116.8 (5.0 - 392.0)
REM latency (min) 15 20.0 ± 5.0  (13.2 - 26.9) 16 19.7 ± 4.1 (14.2 - 27.4) 14 17.9 ± 4.8 (11.4 - 26.7) 10 21.1 ± 3.7 (13.1 - 25.3)
Wake after sleep onset (min) 15 49.3 ± 50.0 (2 - 182) 16 41.7 ± 36.6 (3 - 119) 14 39.1 ± 25.8 (6 - 94) 10 57.2 ± 72.2 (4 - 245)
NREM 1 (%) 15 2.7 ± 2.9 (0.2 - 10.3) 14 2.3 ± 2.6 (0.2 - 9.6) 13 2.8 ± 1.9 (0.5 - 7.0) 9 5.4 ± 4.5 (1.2 - 14.0)
NREM 2 (%) 15 49.3 ± 9.5 (23.4 - 64.9) 14 52.3 ± 8.5 (35.9 - 68.7) 13 57.3 ± 6.8 (47.0 - 68.8) 9 54.2 ± 8.0 (36.4 - 64.3)
NREM 3 (%) 15 27.9 ± 7.4 (19.6 - 48.8) 16 27.1 ± 6.1a (14.1 - 37.1) 14 20.9 ± 5.4a (12.5 - 28.9) 10 19.6 ± 7.9 (11.4 - 36.3)
REM (%) 15 20.0 ± 5.0 (13.2 - 26.9) 16 19.7 ± 4.1  (14.2 - 27.4) 14 17.9 ± 4.8 (11.4 - 26.7) 10 21.1 ± 3.7 (13.1 - 25.3)
PLM index (n/h) 14 5.9 ± 6.7 (0 - 20.9) 16 4.8 ± 14.0 (0 - 56.5) 13 4.5 ± 5.0 (0 - 15.1) 10 2.2 ± 3.1 (0 - 8.6)
PLM arousal index (n/h) 13 1.2 ± 1.9 (0 - 6.6) 12 0.4 ± 0.7 (0 - 1.7) 12 1.1 ± 1.0 (0 - 3.3) 9 0.4 ± 0.5 (0 - 1.2)
Respiratory arousal index (n/h) 15 3.2 ± 2.2a (0.4 - 7.5) 16 3.3 ± 6.1  (0 - 21.5) 14 1.4 ± 3.0a  (0 - 11.6) 10 2.1 ± 3.0 (0 - 8.9)
Spontaneous arousal index (n/h) 15 8.2 ± 3.4 (2.6 - 15.4) 16 6.1 ± 4.0 (0.4 - 16.8) 14 5.1 ± 2.3 (1.8 - 8.7) 10 5.8 ± 3.1 (1.1 - 9.5)
Total arousal index (n/h) 15 15.0 ± 5.7a (8.6 - 28.7) 16 11.0 ± 6.8 (3.1 - 27.1) 14 10.3 ± 5.2a (4.0 - 24.4) 10 11.0 ± 6.1 (3.4 - 20.4)

Body mass index n Mean ± SD (BMI z - score) n Mean ± SD (BMI z - score) n Mean ± SD (BMI z - score) n Mean ± SD (BMI z - score)
BMI (kg/m2) 15 16.1 ± 1.8 (0.2 ± 1.2) 16 16.2 ± 1.9 (-0.03 ± 0.8) 14 21.5 ± 6.1 (0.5 ± 1.4) 10 24.1 ± 6.8 (0.4 ± 1.3)

Post hoc Mann-Whitney test of paired group differences where Kruskal-Wallis test was significant, with Bonferroni correction for number of comparisons, 
ap ≤ 0.008. Bolded values highlight significant group differences for that variable. BMI, body mass index; OAHI, obstructive apnea-hypopnea index; OAI, 
obstructive apnea index; OHI, obstructive hypopnea index; PETCO2, peak end-tidal carbon dioxide; PLM, periodic limb movements during sleep; SpO2 , 
oxyhemoglobin saturation; T90, percent sleep time below SpO2 90%.
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of comparison (e.g., co-oximetry, arterial blood gas analysis) 
and method (arterial or capillary blood), although are gen-
erally within 5% of co-oximetry values.13-15 Even between 
SCD genotypes, the shift in oxyhemoglobin dissociation and 
amounts of dyshemoglobin differ,24 and thus could account 
for differences in hypoxemia observed between subjects with 
HbSS and HbSC in this study. However, the magnitude of dif-
ferences in oxygenation parameters in this study; for example, 
an average T90 of 8% in Hb SS versus virtually 0% in Hb SC 
subjects, and nadir SpO2 as low as 54% in Hb SS versus 78% 
in Hb SC, are unlikely to be explained solely by discrepant 
oximetry measurement. 

In our sample, obstructive indices decreased as age increased 
across the first three age groups, increasing again slightly in the 
oldest age group. The increase in obstructive events in adoles-
cents with SCD was not associated with an increase in BMI, 
but appeared more pronounced in those who were underweight. 
This finding contrasts with findings in unaffected children in 
which the bimodal peak of OSA during adolescence appears to 
be related to obesity.25

sleep disordered breathing. Sleep parameters were compared 
across SCD genotypes, age groups, and OSA/adenotonsil-
lectomy conditions. Two-thirds of the sample was diagnosed 
with OSA, suggesting that children with SCD are either at 
increased risk of OSA or that recognition of sleep disordered 
breathing and referral for polysomnography is delayed in 
these children. Our data also suggest that sleep is comparable 
between Hb SS and Hb SC genotypes, with the exception of 
respiratory indices influenced by the hemolytic process, af-
fecting oxygen-carrying capacity in Hb SS more severely 
than in Hb SC disease. Mean SpO2 was significantly lower 
and T90 was significantly higher in children with Hb SS than 
those with Hb SC disease, findings that replicate other stud-
ies.11-16 A consideration when interpreting these data, however, 
is that pulse oximetry measurement in SCD differs from that 
of people with normal adult hemoglobin on whom oximetry 
was validated, because of altered oxyhemoglobin affinity and 
the presence of dysfunctional hemoglobins. Studies of pulse 
oximetry measurement in children with SCD have both under-
estimated and overestimated SpO2, depending on the standard 

Table 4—Polysomnography parameters, age, and BMI in children with sickle cell disease, by adenotonsillectomy status

Parameters
No OSA, no adenotonsillectomy OSA, no adenotonsillectomy Adenotonsillectomy
n Mean ± SD Range n Mean ± SD Range n Mean ± SD Range

Age (years) 15 11.7 ± 3.9 2.5-17.6 32 7.8 ± 4.5 2.4-17.6 10 10.6 ± 4.6 3.0-17.1
Respiratory parameters

OAHI (n/h) 15 0.4 ± 0.3 0-0.9 32 8.9 ± 12.5 1.0-66.6 10 4.4 ± 5.5 0.4-16.9
OAI (n/h) 15 0.1 ± 0.1 0-0.5 32 3.0 ± 5.9 0-31.5 10 0.8 ± 1.1 0-2.9
OHI (n/h) 15 0.4 ± 0.3 0-0.9 32 5.8 ± 7.1 0.3-35.1 10 3.5 ± 4.8 0.3-14.2
Mixed apnea index (n/h) 15 0.01 ± 0.03 0-0.1 32 0.1 ± 0.2 0-0.8 10 0.1 ± 0.1 0-0.4
Central apnea index (n/h) 15 0.2 ± 0.3 0-1.0 32 0.1 ± 0.2 0-0.7 10 0.3 ± 0.6 0-1.9
Mean SpO2 (%) 15 95.5 ± 2.5 90.6-99.1 32 95.7 ± 4.1 82.9-99.2 10 96.9 ± 2.5 92.3-98.9
Nadir SpO2 (%) 15 89.9 ± 3.4 82.8-94.4 31 84.1 ± 11.6 54.3-98.4 10 88.0 ± 11.4 57.6-95.0
T90 (%) 15 2.1 ± 5.0 0-15.4 32 9.2 ± 24.9 0-96.6 10 1.6 ± 4.2 0-13.4
PETCO2 (mm Hg) 9 48.9 ± 4.0 45.0-58.0 22 52.8 ± 8.8 36.0-71.0 6 53.3 ± 4.6 46.0-58.0

Sleep architecture, periodic limb movement index, and arousals 
Total sleep time (min) 15 447.3 ± 113.6 107-548 32 431.3 ± 58.8 244-528 10 431.9 ± 59.6 335-520
Sleep efficiency (%) 15 81.3 ± 19.9 21.4-96.6 32 82.3 ± 14.5 21.4-98.1 10 85.5 ± 8.9 70.2-96.0
Sleep latency (min) 15 67.2 ± 99.9 4.5-392.0 32 42.2 ± 43.4 0.5-151.0 10 24.8 ± 19.6 0-55.5
REM latency (min) 15 92.6 ± 42.0 49.0-170.0 32 120.6 ± 59.6 44.5-236.0 10 150.5 ± 56.9 46.0-224.0
Wake after sleep onset (min) 15 34.2 ± 43.0 4-182 32 51.0 ± 49.5 2-245 10 48.3 ± 33.4 3-110
NREM 1 (%) 12 3.1 ± 3.8 0.5-14.0 31 2.9 ± 2.6 0.2-10.3 10 4.7 ± 3.6 0.2-11.9
NREM 2 (%) 12 55.4 ± 8.7 36.4-67.4 31 51.3 ± 8.7 23.4-68.7 10 53.5 ± 9.1 37.1-68.8
NREM 3 (%) 15 21.5 ± 7.3 11.4-36.4 32 26.5 ± 7.0 14.2-48.8 10 22.0 ± 6.9 12.1-31.1
REM (%) 15 19.9 ± 4.5 12.3-27.4 32 19.8 ± 4.4 12.7-26.9 10 19.8 ± 5.4 11.4-27.3
PLM index (n/h) 15 6.8 ± 14.7 0-56.5 31 3.3 ± 5.1 0-20.9 9 4.6 ± 3.5 0-9.5
PLM arousal index (n/h) 14 0.6 ± 0.8 0-2.0 28 0.8 ± 1.4 0-6.6 5 1.3 ± 1.4 0-3.3
Respiratory arousal index (n/h) 15 0.3 ± 0.3 0-1.1 32 4.0 ± 4.8 0-21.5 10 1.7 ± 1.3 0-4.5
Spontaneous arousal index (n/h) 15 4.8 ± 2.8 0.4-9.2 32 7.1 ± 3.7 0.9-16.8 10 6.2 ± 2.2 1.8-9.5
Total arousal index (n/h) 15 7.5 ± 2.7 3.1-11.0 32 14.1 ± 8.6 4.2-28.7 10 11.5 ± 4.1 5.7-17.9

Body mass index n Mean ± SD z-score n Mean ± SD z-score n Mean ± SD z-score
BMI (kg/m2) 15 19.2 ± 4.4 0.1 ± 0.8 32 17.7 ± 5.1 0.04 ± 1.3 10 22.3 ± 6.3 1.2 ± 0.9

Data includes pre- and post-adenotonsillectomy data on 2 subjects. BMI, body mass index; OAHI, obstructive apnea-hypopnea index; OAI, obstructive apnea 
index; OHI, obstructive hypopnea index; OSA, obstructive sleep apnea; PETCO2, peak end-tidal carbon dioxide; PLM, periodic limb movements during sleep; 
SpO2, oxyhemoglobin saturation; T90, % sleep time below SpO2 90%. 
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in children with SCD because of blood transfusions and acute 
phase response to vaso-occlusive tissue damage.34 Yet there is 
evidence that iron deficiency is not uncommon in this popula-
tion, particularly before the age of 6 years in untransfused pa-
tients.35 The present study lacked measures of iron storage, yet a 
nonsignificant difference in the PLM index between age groups 
makes low iron stores an unlikely cause of the elevated PLMs. 

The findings of this study highlight several implications for 
the clinical care of children with SCD. Foremost is the need 
to screen every child with SCD for sleep disordered breathing 
and other sleep related problems at every contact. Validated 
sleep questionnaires for use in children and adolescents are 
available.36 Referral for polysomnography should be initiated 
promptly when parents report symptoms suggestive of sleep 
disordered breathing including snoring, gasping, witnessed 
apneas and excessive daytime sleepiness. Providers should 
be aware that OSA can present at any age and in the absence 
of common comorbidities such as obesity. Close follow-up of 
OSA-positive children treated with adenotonsillectomy also ap-
pears to be required. Serious consideration should be given to 
performing routine post-adenotonsillectomy polysomnography 
to evaluate for residual disease, as eradication of OSA and not 
merely improvement in respiratory indices must be the goal of 
treatment.27 

This observational, retrospective study had some limitations. 
All cases were referred for polysomnography for assessment 
of sleep disordered breathing. Consequently, the prevalence of 
OSA found in this sample likely overestimates its prevalence 
in the general population of children with SCD. Analyses were 
limited by data and variables that were unavailable retrospec-
tively (pre-adenotonsillectomy polysomnography and BMI), 
lag times between adenotonsillectomy and follow-up polysom-
nography were long in some cases, and the number of children 
having adenotonsillectomy was small. Thus, the ability to draw 
conclusions regarding the effect of adenotonsillectomy on the 
presence and severity of OSA was limited. 

In conclusion, children with SCD may have a unique sus-
ceptibility to developing sleep disordered breathing and other 
sleep-related disorders, warranting further investigation. Areas 
of future research should include the prevalence, causes and 
consequences of OSA in children with SCD. For example, OSA 
has been associated with pulmonary hypertension in adults,37 a 
disease which, in SCD, carries a high risk of mortality. A po-
tential association between OSA and pulmonary hypertension 
presents an important area of investigation in children with 
SCD given the apparent high prevalence of each disease in this 
population.38,39 Effectiveness of treatments of OSA, particularly 
adenotonsillectomy, deserves investigation. Finally, the finding 
of elevated PLMs in children with SCD requires further inquiry 
into their causes and long-term consequences. Expanded re-
search in these areas is essential to improve outcomes of chil-
dren with a disease that causes progressive, lifelong decline in 
health and quality of life.
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