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Abstract 
 
 
 

 
Title of Dissertation:  Relationship of Obstructive Sleep Apnea and Sickle Cell Disease 

Severity in Children 
 
Valerie E. Rogers, Doctor of Philosophy, 2009 
  
Dissertation Directed by:  Dr. Jeanne Geiger-Brown, Associate Professor, Family and 

Community Health 
 
Statement of the Problem:  Obstructive sleep apnea (OSA) initiates hypoxemia and 

elevated inflammatory markers, events which contribute to vaso-occlusion in sickle cell 

disease (SCD) independent of OSA. Children with SCD are at increased risk of 

developing OSA due to SCD-related adenotonsillar hypertrophy, and OSA may increase 

vaso-occlusion and SCD severity through hypoxemia and inflammation. Identification of 

OSA-related factors influencing SCD severity is important to reduce SCD-related 

complications. 

Purpose:  The purpose of this study was to test the hypotheses that SCD severity is 

associated with OSA, is associated with OSA-related changes in polysomnography 

parameters and treatment of OSA with adenotonsillectomy decreases SCD severity. 

Methods:  A case series study was conducted collecting data from the medical record. 

Subjects were children aged 2-18 years with SCD, referred to a sleep laboratory for 

evaluation of OSA. Outcome measures included rates of help-seeking behaviors (medical 

contacts and days of care) for vaso-occlusive crises at 2 time points, and a Sickle Cell 



 

 

Disease Severity Index (DSI) score. Analyses were descriptive and nonparametric, with 

exploratory regression modeling. 

Results:  Younger children had more severe OSA (r=-.314, p=.017), and older children 

had more severe SCD (medical contacts, r=.303, p=.021; days of care, r=.369, p=.007). 

Underweight adolescents had the highest obstructive apnea-hypopnea indexes (OAHI). 

Medical contacts decreased as OSA severity increased, H(2)=7.85, p<.05; and days of 

care showed a decreasing trend with increasing OSA severity, r=-.26, p<.01. Medical 

contacts were negatively associated with OAHI (p<.01), respiratory arousal index (p<.01) 

and peak end-tidal CO2 (p<.05); days of care were negatively associated with OAHI 

(p<.05); and DSI scores were negatively associated with mean sleep oxyhemoglobin 

saturation (p<.01) and sleep efficiency (p<.05). Children with OSA having 

adenotonsillectomy increased help-seeking during the year following surgery (NS; 

medical contacts, r=-.32; days of care, r=-.35).  

Conclusion:  Contrary to hypothesized relationships, OSA severity was negatively 

associated with help-seeking during the year preceding polysomnography, and help-

seeking increased following adenotonsillectomy. The relationship between OSA and 

SCD severity is complex, with certain subgroups more severely affected. Screening 

children with SCD for OSA should be routine, and threshold for polysomnography 

should be low. Post-adenotonsillectomy, children with SCD should be followed closely.  
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CHAPTER 1:  INTRODUCTION 

Hypoxemia has long been recognized as a precipitating event in the vaso-

occlusive process in sickle cell disease (SCD; Earley et al., 1998), the underlying cause 

of many of the hallmark events in SCD. Inflammation has more recently been 

demonstrated to play a significant role in the development of vaso-occlusion (Hebbel, 

Osarogiagbon, & Kaul, 2004). These events, including painful crises and acute chest 

syndrome, are by far the leading cause of its morbidity and early mortality (Frenette, 

2004).  

Obstructive sleep apnea (OSA) is a disease that results in both hypoxemia and 

inflammation consequent to its pathological processes. Thus there is potential for an 

interaction between the consequences of OSA and precipitation of vaso-occlusive events 

in SCD. The present study was based on the hypothesis that pathophysiological 

mechanisms associated with OSA, including cyclic hypoxemia and elevated 

inflammatory mediators, can promote vaso-occlusion through common mechanisms, and 

that treatment of OSA improves SCD severity.  

This chapter briefly reviews the causes and consequences of SCD and OSA. The 

research questions which form the basis of this investigation are presented. A theoretical 

framework on which to anchor the study, the interaction of the pathological processes of 
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OSA and SCD in exacerbating severity of SCD, is proposed. Finally, conceptual 

definitions and limitations of this investigation are defined. 

1.1  Background 

 1.1.1  Sickle Cell Disease 

Sickle cell disease is the most common genetic disorder in this country, and the most 

common single gene disorder in African Americans, affecting around one in 375 persons 

of African descent (Beyer, Simmons, Woods, & Woods, 1999). Over 70,000 people in 

the United States have the disease (United States National Library of Medicine, 2007), 

with approximately 1,000 infants born with sickle cell disease each year in the United 

States (Connecticut Sickle Cell Consortium, 2008).  

In SCD, mutation of the β globin gene on the hemoglobin molecule (hemoglobin 

S) results in hemoglobin that polymerizes or sickles when exposed to hypoxemia. The 

most common sickle hemoglobinopathy is sickle cell anemia, or homozygous 

hemoglobin SS (HbSS) disease. However, there are heterozygous variants in which 

hemoglobin S combines with other abnormal hemoglobin types to produce other sickle 

hemoglobinopathies, most commonly hemoglobin SC disease (HbSC) and hemoglobin S-

βThalassemia (including HbS-β0Thalassemia and HbS-β+Thalassemia) diseases. Sickle 

cell anemia is generally the most severe of the sickle hemoglobinopathies, and HbS-

β
0Thalassemia tends to be comparable to HbSS disease in severity. Hemoglobin SC and 

HbS-β+Thalassemia tend to have a milder course than does HbSS disease. 

Two main pathophysiological features characterize SCD. One of these is chronic 

hemolytic anemia, resulting in deficient oxygen-carrying capacity, increased cardiac 

workload and increased metabolic demands (Hibbert et al., 2006). The other feature is 
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vaso-occlusion or obstruction of the microvasculature by sickled red cells, resulting in 

tissue ischemia and infarction. These processes contribute to deterioration of health, 

chronic pain, disruption of productivity and socialization, and early death (Gil et al., 

2000; Schnog et al., 1998; Valrie, Gil, Redding-Lallinger, & Daeschner, 2007). Of the 

two pathophysiological processes, vaso-occlusion produces the most prominent signs of 

disease, and results in a number of complications. Painful crises are the most common 

outward manifestation of vaso-occlusion, and are the hallmark of the disease (Frenette, 

2004). They are, by far, the leading reason for hospitalization and medical costs 

(Bilenker, Weller, Shaffer, Dover, & Anderson, 1998; Davis, Moore, & Gergen, 1997). 

Acute chest syndrome, a pneumonia-like complication attributable, in part, to vaso-

occlusion, is the most common cause of death in people with SCD (Burlew, Telfair, 

Colangelo, & Wright, 2000; Castro et al., 1994). Other vaso-occlusive events include 

splenic sequestration, a potentially life-threatening complication in which red cells are 

acutely sequestered in the spleen; and priapism, a painful and often prolonged erection 

not associated with sexual desire. Repeated vaso-occlusion leads to progressive organ 

damage, contributing to renal failure, cardiac impairment, stroke, avascular necrosis, 

cognitive decline, predisposition to sepsis, and other complications (Armstrong et al., 

1996; Darbari et al., 2006; de Montalembert et al., 2004; Hogan et al., 2006; Morris et al., 

2005; Rogers, 2005; Steinberg, 2005).  

Despite advances in treatment of SCD over the last 2 decades, the death rate for 

children and adults with SCD continues to exceed that of healthy African Americans in 

nearly every age group (Shankar et al., 2005). In addition to its significant personal 

expense, the societal cost of medical care of persons with SCD is enormous. Children 
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with SCD in one study were found to have health care expenditures that were 8.8 times 

higher than that of the collective group of children who were enrolled in managed care 

programs (Bilenker, et al., 1998). Sickle cell disease is the second most common 

diagnosis in the urban hospital inpatient setting (Solomon, 2008). Vaso-occlusive 

episodes account for 79% to 91% of emergency room visits and 59% to 68% of 

hospitalizations among people with SCD (Yang, Shah, Watson, & Mankad, 1995). 

Studying hospital utilization patterns and costs for adults with SCD in Illinois, Woods, et 

al. (1997) found that 97.4% of hospital admissions were for painful crises, at a median 

charge of $1,170 per day, in 1992 dollars (Woods et al., 1997).  

Another study compared hospitalization rates and costs of care for children with 

sickle cell anemia between 1995 and 2003 utilizing Maryland Health Services Cost 

Review Commission discharge data. Investigators found no significant changes in 

hospitalization rates or lengths of stay of these children over that time period. However, 

they did identify a 40% increase in costs for hospital discharges in 2003 compared to 

inflation-adjusted 1995 expenditures. This compared to an increase of 20% for total state-

wide pediatric hospitalization costs over the same period (Lanzkron, Haywood, Segal, & 

Dover, 2006). There was even a more dramatic increase in the cost of care for adults with 

sickle cell anemia, increasing 60% over inflation from 1995 to 2003 compared to a 31% 

increase over that time for total state-wide adult hospital costs. While the number of 

hospitalizations of adults with sickle cell anemia increased significantly from 1995 to 

2003 (1.006 and 1.288, respectively), length of stay significantly decreased (6.16 and 

4.99 days, respectively) during that time (Lanzkron, et al., 2006). Total 2003 costs for the 

hospitalization of 456 children (an estimated 53.5% of the population of children with 
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sickle cell anemia in Maryland) amounted to $2,720,957 (Lanzkron, et al., 2006). These 

findings were particularly striking because they were collected in an era of hydroxyurea 

availability, a medication that is known to decrease the number of painful crises by 44% 

(Charache et al., 1995), as well as to decrease the incidence of acute chest syndrome. 

Decreasing the morbidity and mortality associated with sickle cell disorders is clearly a 

public health priority. 

Newborn screening for SCD and early institution of measures such as penicillin 

prophylaxis and pneumococcal immunization, as well as care at Comprehensive Sickle 

Cell Centers, has improved outcomes of children with SCD. Further decrease in the 

morbidity of SCD may need to include early identification and treatment of co-occurring 

disorders that, in addition to independently causing health problems, have the potential to 

exacerbate the severity of SCD. In particular, this issue needs to be addressed in children, 

prior to the onset of SCD-related irreversible organ damage, declining quality of life 

(McClish et al., 2005) and major medical expenditures. One disease that has potential to 

exacerbate the course of SCD severity in children is OSA.  

1.1.2  Obstructive Sleep Apnea 

Obstructive sleep apnea is a condition in which intermittent obstruction of the 

upper airway during sleep results in hypoxemia and sleep disruption. It constitutes the 

severe end of a spectrum of disorders of breathing during sleep. Between 1% and 3% of 

the general population of children has OSA (Ali, Pitson, & Stradling, 1993; Gislason & 

Benediktsdottir, 1995). Adenotonsillar hypertrophy is its most common cause of OSA in 

children (Marcus, 2001). A physiological pattern of increasing hypertrophy followed by 

progressive involution of the lymphoid tissue of the tonsils and adenoids occurs during 
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childhood, with adenotonsillar size peaking around 6 to 8 years of age. Narrowing of the 

upper airway at the level of these organs can be significant, contributing to sleep-

disordered breathing and potentially to the development of OSA.  

Children with SCD appear to be at increased risk of developing sleep-disordered 

breathing and OSA. One significant risk factor is adenotonsillar enlargement related to 

sickle cell pathology. Reasons for lymphoid tissue hypertrophy in SCD have been poorly 

explored and are unclear, but loss of splenic function due to insult from vaso-occlusive 

events and chronic adenotonsillar infection are likely to play a role (Ajulo, 1994; 

Maddern, Reed, Ohene-Frempong, & Beckerman, 1989; Michaels, 1987). Other risk 

factors include African American race (Redline et al., 1999; Rosen et al., 2003)—by far 

the ethnic/racial group with the highest prevalence of SCD—and low socioeconomic 

status (Spilsbury et al., 2006), common among African Americans although not specific 

to SCD.  

1.1.3  Potential for Interaction Between Two Disease Processes 

There are common mechanisms between the pathophysiological processes 

initiating organ damage in OSA and the pathophysiological processes initiating vaso-

occlusion and hemolysis in SCD that may present a theoretical link between the two 

diseases. Sickle cell disease may contribute to adenotonsillar enlargement, narrowing the 

upper airway and predisposing children to sleep-disordered breathing and OSA. Children 

who go on to develop OSA experience cyclic upper airway obstruction leading to 

hypoxemia, hypercapnia, activation of the sympathetic nervous system and elevation of 

several inflammatory mediators, processes that induce a hypercoagulable state and 

promote endothelial dysfunction. In turn, vaso-occlusive events and hemolysis in SCD 
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are precipitated by hypoxemia-induced sickling of red blood cells in combination with 

elevated circulating inflammatory mediators that enhance coagulation, narrow the 

microvasculature and promote endothelial dysfunction (Chiang & Frenette, 2004). Thus, 

pathophysiological mechanisms implicated in OSA could potentially contribute to vaso-

occlusion in SCD.  

1.2  Statement of the Problem 

Evidence is beginning to emerge that, even in otherwise normal children, OSA 

contributes to poor health outcomes as a result of cyclic hypoxemia and sleep 

fragmentation. These outcomes include blood pressure dysregulation (Amin et al., 2004; 

Marcus, Greene, & Carroll, 1998), structural and functional cardiovascular changes 

(Amin et al., 2002), and cerebrovascular and neurocognitive changes (Beebe et al., 2004; 

Hill et al., 2006; O'Brien & Gozal, 2004). Children with SCD, too, are at risk of 

developing cardiovascular changes (Covitz, 1994; Lester, Sodt, Hutcheon, Arcilla, 1990; 

Rees, et al., 1978; Sachdev et al., 2007), organ damage (Aliyu, Tumblin, & Kato, 2005; 

Powars, Chan, Hiti, Ramicone, & Johnson, 2005) and neurological and neurocognitive 

deficits (Armstrong et al., 1996; Ohene-Frempong et al., 1998; Steen, Xiong, Mulhern, 

Langston, & Wang, 1999). Furthermore, physiologic adenotonsillar hypertrophy 

occurring during childhood, in combination with lymphoid hypertrophy resulting from 

asplenia, place children with SCD at increased risk of developing OSA. The problem 

then, is that SCD may contribute to the development of OSA which, in turn, may increase 

clinical severity in children with SCD. 
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1.3  Purpose 

The purpose of this study was to test three hypotheses. First, that in children with 

SCD, OSA is associated with SCD severity and that more severe OSA is associated with 

more severe SCD. Second, that adenotonsillectomy, the primary treatment for OSA in 

children, decreases SCD severity in children having both diseases. Third, it tests the 

hypothesis that abnormal polysomnographic parameters in children are associated with 

severity of SCD.  

1.4  Research Questions and Hypotheses 

The research questions and hypotheses of this non-experimental study sought to 

demonstrate that SCD severity is increased in children with concurrent OSA and that 

treatment of OSA decreases SCD severity. The following questions were addressed in 

this study: 

Research question 1: Is obstructive sleep apnea related to sickle cell disease severity in 

children? 

Hypothesis 1.1: Sickle cell disease severity is greater in children having OSA, 

and increases with increasing OSA severity. 

Research question 2: Does adenotonsillectomy improve SCD severity in children with 

OSA?  

Hypothesis 2.1: In children with OSA, SCD severity decreases following 

adenotonsillectomy. 

Research question 3: In children, are there polysomnographic parameters that are 

associated with or predict SCD severity?  
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 Hypothesis 3.1: Sleep parameters associated with OSA (obstructive events, gas 

exchange abnormalities and arousals/sleep fragmentation) will be associated with or 

predict SCD severity in children. 

1.5  Significance  

Although there is emerging evidence that OSA could potentially influence SCD 

severity, few studies have examined this relationship. No studies were identified which 

examined the relationship of the full range of sleep parameters and SCD severity. Risk 

factors for the onset of vaso-occlusive events other than or in addition to oxygen 

saturation may exist among sleep parameters. For example, sleep parameters reflecting 

obstructed ventilation (apneas and hypopneas) scored using pediatric criteria, or those 

reflecting activation of the sympathetic nervous system (sleep efficiency and arousals), 

tested as predictors of crises, could provide evidence of a link between OSA and the 

development of vaso-occlusion. Research is needed investigating the effect of a wide 

range of sleep parameters affected by OSA, in addition to nocturnal oxygen saturation, to 

determine their individual and collective influence on SCD severity and the effect of 

OSA treatment on outcomes.  

This study added to the body of knowledge regarding the relationship between 

OSA and SCD severity in children by examining the effect of sleep parameters other than 

oxyhemoglobin saturation (SpO2) on SCD severity. It was also the first study examining 

the effect of adenotonsillectomy, performed as treatment of OSA, on attenuating SCD 

outcomes in children. The significance of this study was that it could potentially provide 

evidence that OSA contributes to disease severity in children with SCD above and 

beyond known risk factors. It was hoped that evidence from this study would translate to 
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increased awareness among healthcare providers of an increased risk of sleep-disordered 

breathing and OSA among children with SCD, and of its consequences. Furthermore, it 

was anticipated that providers, as a result, would become more vigilant in screening at-

risk children for sleep-disordered breathing through the use of sleep disorders screening 

questionnaires and polysomnography referrals. 

1.6  Conceptual Frameworks 

Two models, the first modeling vaso-occlusion in SCD and the second modeling 

cardiovascular consequences of obstructive sleep apnea, provided the organizing 

conceptual framework for studying the problem of sleep disordered breathing in children 

with SCD.  

1.6.1  Model: Vasculopathobiology of Sickle Cell Disease 

Hebbel, et al. (2004), among others, have proposed that the vascular endothelium 

contributes substantially to the vascular pathophysiology of SCD. Their model of the 

vasculopathobiology of SCD consists of multiple, overlapping and reciprocally 

reinforcing cycles of sickling, ischemia-reperfusion, coagulation, chronic vasculopathy, 

angiogenesis and vaso-responsive balance (Hebbel, et al., 2004). Sickle cell disease is 

conceptualized as a chronic inflammatory state, in which its pathophysiological processes 

continue unrelentingly, even in the absence of help-seeking, or seeking medical care for 

treatment of these pathologic processes. In this inflammatory state, the endothelium is 

abnormally activated, displaying adhesion molecules and releasing inflammatory 

mediators (the coagulation cycle).  

As a result, sickle red cells and leukocytes aggregate and adhere to the post-

capillary endothelium, slowing the flow of blood through the capillaries and resulting in 
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excessive deoxygenation of sickle red cells, leading to sickling within the capillary and 

vaso-occlusion (the sickling cycle). Vaso-occlusion leads to tissue ischemia and injury 

with resultant pain, organ damage and inflammation. As blood flow is restored, 

reperfusion leads to the generation of oxygen free radicals, causing further tissue damage 

and increasing inflammation (the ischemia-reperfusion cycle).  

Sickle red cells hemolyze as a result of repeated sickling. Accelerated red blood 

cell hemolysis necessitates increased erythropoietin to boost red cell production and to 

maintain oxygen-carrying capacity. Hemolysis also releases hemoglobin into the plasma, 

which in turn results in loss of the ability of the microvasculature to vasodilate in 

response to obstruction (the vaso-response balance cycle). In combination with an 

activated coagulation cycle, this causes instability in vascular tone and increased vascular 

permeability, contributing to complications such as acute chest syndrome (the 

angiogenesis balance cycle) (Hebbel, et al., 2004). In summary, SCD is conceptualized as 

a continuing cycle of inflammation and vaso-occlusion through the interacting cycles 

hypothesized in this model.  

1.6.2  Model: Sleep Apnea-Hypopnea and Cardiovascular/Cerebrovascular 

Disorders 

Javaheri (2005) proposed a theoretical model of the mechanisms by which OSA 

leads to the development of endothelial dysfunction, cerebrovascular disorders and 

cardiovascular disease. In this model, cycles of apnea-recovery occurring during periods 

of obstructed respiration cause three major abnormalities:1)  blood gas derangement 

caused by failure of oxygen/carbon dioxide exchange during ventilation, 2) changes in 

intrathoracic pressure as ventilatory effort continues against resistance, and 3) arousals 
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and shifts to lighter sleep stages, leading to fragmented sleep and upregulation of the 

sympathetic nervous system, during a time when parasympathetic activity normally 

restores physiological balance. These abnormalities, in turn, help propagate 

inflammation, thrombosis and decreased oxygen delivery resulting in endothelial 

dysfunction and the development of cardiovascular and cerebrovascular disease.  

Obstruction of ventilation through apneas (complete cessation of ventilation) and 

hypopneas (partial obstruction of ventilation) results in hypoxemia. Hypoxemia, in turn, 

leads to decreased cerebral and cardiac perfusion and tissue ischemia and damage. 

Apnea- and hypopnea-induced hypoxemia triggers a burst of sympathetic nervous system 

activity designed to terminate the obstructive event through arousal. Systemic activation, 

in turn, leads to increased systemic vascular resistance (identified by increased heart rate 

and blood pressure) and increased cardiac work load.  

These cyclic changes in blood pressure lead to changes in coronary and cerebral 

blood flow and decreased delivery of oxygen to vital organs. Other sympathetic nervous 

system-mediated changes include the release of inflammatory mediators such as 

cytokines and C-reactive protein. Inflammation and hypoxic tissue ischemia, in turn, lead 

to increased expression of endothelial adhesion molecules. As a result, leukocytes adhere 

to endothelial cells, causing endothelial dysfunction syndrome and leading to 

development of hypertension, stroke, heart failure, atherosclerosis and coronary artery 

disease. 

In summary, OSA is conceptualized as a repeating cycle of hypoxemia-

reoxygenation and abnormal sympathetic nervous system activation during a period 

(sleep) that is normally physiologically restorative. In turn, these abnormalities result in 
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ischemia-reperfusion related tissue injury, inflammation with increased endothelial 

adhesiveness, coagulopathy, and organ damage.  

1.6.3  Hypothesized Model: Interaction of Obstructive Sleep Apnea and Sickle 

Cell Disease Severity in Children 

At this time, there is no theoretical model of the effects of OSA on vaso-occlusive 

events in children with SCD. However, many of the mechanisms involved in the 

development of cardiovascular disorders identified in Javaheri’s model mirror 

mechanisms of vaso-occlusion in the model proposed by Hebbel, et al. (2004). 

Pathophysiological mechanisms common to both OSA and SCD include hypoxemia, 

hypercapnia, elevation of inflammatory mediators, endothelium-mediated adhesivity, 

increased coagulopathy and tissue damage through ischemia-reperfusion injury. While 

these models provide a reasonable framework for this proposed study, the development 

of each was based largely on tissue studies, mouse models and human adult studies, and 

mechanisms of vaso-occlusion and OSA in human children may diverge from these 

models. 

The author presents a conceptual model, Interaction of Obstructive Sleep Apnea 

and Sickle Cell Disease Severity in Children, which proposes pathways by which OSA 

and SCD may interact to influence SCD severity in children (Figure 1.1). This model 

draws on the two models discussed above. In the hypothesized model, adenotonsillar 

hypertrophy exacerbated by SCD contributes to the development of OSA. Both OSA and 

SCD contribute to creating a hypoxemic and inflammatory state. Red cell sickling 

contributes to inflammation through contact of the rigid cells with the endothelium, and 

through release of intracellular components into the intravascular space as a result of 
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hemolysis. Inflammation and sickling compose the 2-step process leading to vaso-

occlusion. Finally, both hemolysis and vaso-occlusion damage organs and lead to organ 

dysfunction, vaso-occlusive crises and increased disease severity.   

 
 
Figure 1.1  Interaction of Obstructive Sleep Apnea and Sickle Cell Disease Severity in 
Children 
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Note: In this model, white boxed constructs are predictors and the black boxed construct 
is the outcome. Bolded constructs are the diseases considered in this study. Non-italicized 
constructs are measured and italicized constructs are not measured in this study, but are 
necessary to understanding this pathway to SCD severity. RBC = red blood cell. 
 
 
 

The premises of this proposed model have recently been hypothesized by Okoli, 

Irani and Horvath (2009). These investigators noted that vaso-occlusion in sickle 

hemoglobinopathies involves multiple pathways, including sickle cell-endothelial cell 

interactions, leucocyte activation, vascular reactivity, polymerization of hemoglobin, and 

hypercoagulability, and that these processes are also abnormal in OSA. They hypothesize 

that these abnormalities, when initiated by OSA may initiate or potentiate the vaso-
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occlusive process in SCD (Okoli, Irani, & Horvath, 2009), similar to the processes 

suggested in the proposed model.  

1.7  Conceptual Definitions 

Adenotonsillar hypertrophy is enlargement of the adenoids, tonsils or both that 

contributes to obstruction of the upper airway during sleep, and sleep-disordered 

breathing. Sickle cell disease is hypothesized to contribute to enlargement as a result of 

chronic infection and lymphoid tissue hypertrophy in response to autosplenectomy. 

Disease severity represents the relative illness of a child related to their SCD. It is 

reflected by the vaso-occlusive and hemolytic processes measured in this study. It was 

defined by three parameters: number of medical contacts for treatment of vaso-occlusive 

crises, number of days of medical care of vaso-occlusive crises during these medical 

contacts, and scores on the Sickle Cell Disease Severity Index (DSI).  

Hemolysis is the destruction of red blood cells. In people with SCD, the sickling 

process accelerates red cell hemolysis, resulting in hemolytic anemia and release of 

intracellular components into the intravascular space. Anemia results in decreased 

oxygen-carrying capacity, increased erythropoesis and increased cardiac workload. Free 

hemoglobin scavenges nitric oxide, a vasoactive substance responsible for decreasing 

vascular tone, thus causing constriction of vessels and predisposing to vaso-occlusion. 

Hypoxemia is a drop in oxygenation of the blood. It can result from the 

pathophysiological processes of SCD and from cyclic upper airway obstruction occurring 

in OSA. Hypoxemia results in decreased oxygen delivery to the tissues, contributing to 

tissue damage, inflammation and red cell sickling. An SpO2 ≤ 93% indicates hypoxemia 

(American Thoracic Society, 1996). 
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Inflammation represents the body’s response to the sickling process, vaso-

occlusion and hemolysis occurring in SCD and to cyclic hypoxemia occurring during 

OSA. These processes increase circulating inflammatory mediators such as C-reactive 

protein, which then contribute to vaso-occlusion.  

Organ dysfunction in SCD results from both the vaso-occlusive and hemolytic 

processes. These pathological processes progressively damage organs throughout the 

body, with organ-specific damage occurring in the brain, spleen, bones, lungs, penis and 

cardiovascular system. This process is unrelenting and progressive throughout life in 

SCD, resulting in increasing SCD severity with increasing age. 

Sleep-disordered breathing and obstructive sleep apnea: Sleep-disordered 

breathing is a continuum of disorders occurring during sleep, ranging from primary 

(benign) snoring to OSA. Obstructive sleep apnea is a disorder on the severe end of the 

spectrum of sleep-disordered breathing characterized by partial or complete obstruction 

of the upper airway that disrupts ventilation and sleep continuity.  

Vaso-occlusion and vaso-occlusive crisis: Vaso-occlusion is a process that occurs 

in SCD when the microcirculation becomes occluded through a 2-step process of 

inflammation-induced multi-cellular aggregation on the post-capillary endothelium and 

sickling of red cells within the capillary (Frenette, 2004). As a result, blood vessels are 

obstructed, leading to ischemia, infarction and tissue death. Vaso-occlusive crises imply 

serious or life-threatening complications requiring medical care.   

1.8  Assumptions 

 Several assumptions were necessary in conducting this study, including the 

following: 
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1. This sample of children with SCD referred for polysomnography were 

representative of all children with SCD referred for polysomnography. 

2. The children with SCD followed in the hematology department at the sample 

children’s hospital sought care for vaso-occlusive crises at this institution.  

3. The threshold for medical care referral for vaso-occlusive crises among 

physicians caring for children was similar. 

4. Hospital medical records were complete and credible sources of patient 

information and extraction of information from those records was performed 

without error. 

5. The physiological mechanisms of OSA, and those contributing to SCD 

severity, were similar among all ages of children and were similar to those 

proposed in the conceptual model.  

6. Polysomnography was valid and reliable, interpretation was accurate, and was 

comparable between studies. 

7. Pulse oximetry values obtained during polysomnography were valid and 

reliable, and were comparable to the general population of children without 

SCD. 

8. OSA caused progressive SCD morbidity with continued exposure despite 

differences in exposure to OSA prior to polysomnography. 

9. Hydroxyurea therapy and non-chronic blood transfusions did not totally 

prevent events related to SCD severity. 

10. Adenotonsillectomy cured OSA in children SCD.  
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11. Curing OSA by adenotonsillectomy was responsible for any improvement in 

SCD severity.  

1.9  Limitations 

 There were several limitations to this study. The use of a historical sample from a 

single children’s hospital limited the ability to generalize results to other settings and 

samples. Children with SCD seen at this medical center may differ from children cared 

for in other medical settings in personal characteristics such as socioeconomic status, 

disease severity, and parental education (Kelsey, Whittemore, Evans, & Thompson, 

1996). Physicians at this institution, too, may have inter-individual differences in 

thresholds for referring children with SCD for polysomnography, and insurance 

constraints may limit its use, thus biasing the sample of children having polysomnogram.  

Errors during chart abstraction, and data gathered by a study investigator are 

potential sources of bias. Ideally, data should be extracted by two independent auditors, 

with comparison of results and resolution of differences (Kelsey, et al., 1996). However, 

the intensity of time and labor required to extract data precluded this option. Lack of 

paper medical records, too, eliminated that medium as an alternate source for comparison 

of data and limited the number of verifications that could be employed in assuring 

reliability of the data. Use of a data extraction tool, examination of all records despite 

their classification and cross-checks between records from multiple departments, were 

employed to improve the accuracy of the collected data.  

 Medical records were missing data on some clinical and laboratory variables. This 

was often caused by patient noncompliance in keeping scheduled follow-up visits. 

Polysomnography variables were another category with missing data. The quality and 
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completeness of polysomnography reports and interpretation varied over time, with 

newer polysomnographic equipment and more complete reporting at later time periods. 

Lack of repeat polysomnography post-adenotonsillectomy precluded determination of 

OSA “cure” by adenotonsillectomy. Data regarding the length and level of exposure to 

OSA prior to polysomnography, too, was unavailable, thereby eliminating interpretation 

of disease severity based on past exposure to OSA. Radiographic reports, excluding those 

interpreted as normal, often reported objective findings but lacked diagnostic 

interpretation (e.g. of acute chest syndrome). It was clear from interval histories, too, that 

many vaso-occlusive crises were managed at home and thus were another source of 

missing data. Retrospectively, it is impossible to obtain all data on vaso-occlusive crises, 

and this limited the validity of the findings.  

The most important limitation of this study was the small sample size. 

Retrospectively, sample size was limited by the number of children with SCD referred for 

polysomnography and the length of follow-up pre- and post-polysomnography required 

for inclusion in the study. Opening the study to data collection at other institutions would 

have introduced confounders including differences in protocols for conducting 

polysomnography, variations in interpretation of polysomnography results between 

institutions, differences in referral patterns and different availability of data. Furthermore, 

because medical record security is necessarily stringent, obtaining access to data sources 

at one institution was extraordinarily difficult. Concurrently gaining access at another 

institution was likely to prove difficult or impossible.  
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CHAPTER 2:  REVIEW OF THE LITERATURE 

2.1  Overview 

 This chapter reviews current literature on potential relationships between sickle 

cell disease (SCD) and obstructive sleep apnea (OSA). The pathophysiological processes 

of each disease and hypothesized commonalities between SCD and OSA that contribute 

to SCD severity are explained as proposed in the model in Figure 1.1. Finally, the current 

state of research on outcomes of treatment of OSA with adenotonsillectomy as it relates 

to SCD severity is discussed. 

2.2  Sleep-Disordered Breathing, Obstructive Sleep Apnea and Disease Severity 

 2.2.1  Sleep-Disordered Breathing and Obstructive Sleep Apnea in Children 

 Sleep-disordered breathing is a disorder of breathing that occurs during sleep and 

characterized by prolonged increased upper airway resistance to inspiration, partial upper 

airway obstruction or complete obstruction that disrupts pulmonary ventilation, 

oxygenation or quality of sleep (Carroll, 2003). It consists of a continuum of respiratory 

disturbance ranging from primary snoring on the mild end of the continuum to OSA on 

the severe end. Children with primary snoring experience upper airway resistance during 

inspiration as their muscles relax during increasingly deep stages of sleep, causing the 
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familiar snoring sound. However, children with primary snoring do not experience 

obstructive pauses in breathing or oxyhemoglobin desaturation, caused by decreased 

oxygen exchange. The incidence of primary snoring in children is between 10% and 30% 

(Chervin et al., 2002; Gozal, 1998; Owen, Canter, & Robinson, 1995).  

Occurring on the severe end of the sleep disorders continuum, OSA is a disorder 

of breathing occurring during sleep in which continued respiratory effort is met with 

resistance to air flow, thereby significantly reducing (hypopnea) or completely 

eliminating (apnea) air exchange. Between 1% and 3% of children have OSA (Ali, et al., 

1993; Gislason & Benediktsdottir, 1995), and its presence is under-recognized in 

children. There are differences in the causes of OSA between adults and children. The 

greatest contributor to OSA in adults is obesity. In children, OSA may be caused by 

several factors. Obesity is one that is becoming increasingly common (Carotenuto et al., 

2006). The incidence of OSA in children in biphasic, with obesity playing a major role in 

its development in adolescents between the ages of 12 and 18 years of age (Arens & 

Marcus, 2004). Deposition of neck fat that occurs with obesity can narrow the airway 

(Arens & Marcus, 2004; Horner, Mohiaddin, Lowell, Shea, Burman, Longmore, et al., 

1989). A large epidemiologic study demonstrated an odds ratio of 4.5 for development of 

OSA in obese children (Redline et al., 1999). However, obesity is not generally as 

prominent a factor in the development of OSA in children as it is in adults.  

Neuromotor and structural upper airway factors play a role in the development of 

childhood OSA. Children with OSA have been shown to have smaller airways, on 

average, than normal children, as well as larger adenoids, tonsils and soft palates (Arens 

et al., 2001; Isono, Shimada, Utsugi, Konno, & Nishino, 1998), Sleep onset in humans is 
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associated with a narrowing of the upper airway and increased in upper airway resistance, 

resulting in relative hypoventilation during sleep compared to wakefulness (Arens & 

Marcus, 2004). As compared to adults, neuromotor tone is increased and upper airway 

reflexes are brisker in children, possibly in compensation for their smaller airways. 

However, these reflexes are blunted in children with OSA (Arens & Marcus, 2004). 

Furthermore, muscle tone is decreased during sleep, particularly during rapid eye 

movement (REM) sleep during which there is a broad motor atonia. During REM, 

decreased pharyngeal tone can lead to upper airway collapse (Goh, Galster, & Marcus, 

2000; Perkins, 2007).  

The most common risk factor for the development of OSA in children, however, 

appears to be hypertrophy of the lymphoid tissue of the tonsils and adenoids. This occurs 

most commonly between 2 and 8 years of age, although lymphoid tissue continues to 

grow until 12 years of age or beyond (Marcus, 2001). During sleep, adenotonsillar tissue 

can partially occlude the airway (Arens et al., 2003; Arens et al., 2001). Other factors 

contributing to the development of OSA include craniofacial anomalies, such as Pierre 

Robin sequence, that decrease the size of the airway and decreased neuromuscular tone in 

combination with craniofacial features that result in a narrowed upper airway, such as in 

Down’s syndrome. Groups of children with increased rates or risk of OSA include 

African Americans (Redline et al., 1999; Rosen et al., 2003), male gender post-puberty 

(Marcus, Hamer, & Loughlin, 1998) and low socioeconomic status (Spilsbury et al., 

2005). 

2.2.2  Pathophysiological Outcomes of Obstructive Sleep Apnea 
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The combined loss of gas exchange and continued respiratory effort occurring 

during obstruction of ventilation in OSA results in several concurrent pathologic 

processes. Cyclic hypoxemia and hypercapnia occur during apneas and hypopneas. 

Continued ventilatory effort against a full or partially obstructed airway creates cyclic 

swings in intrathoracic pressure. Finally arousals, which serve to terminate some 

obstructive events, lead to fragmented sleep and upregulation of the sympathetic nervous 

system (Quan, Gersh, & National Center on Sleep Disorders Research, National Heart, 

Lung & Blood Institute, 2004), disrupting a predominance of parasympathetic activity 

normally associated with conservation and restoration of body resources (Javaheri, 2005).   

Sleep fragmentation, hypoxia and other effects of OSA can result in excessive 

daytime somnolence with potentially impaired academic performance, disrupted 

participation in social activities and decreased physical activity. Gozal (1998), for 

example, found poorer academic performance in children with OSA as compared to 

normal children. In a large epidemiologic sample (n = 1600), Gozal and Pope (2001) 

found that children who snored between 2 to 6 years of age had lower academic 

performance in eighth grade compared to children who had not snored during childhood, 

despite the resolution of snoring years earlier. Sleep fragmentation and resultant 

sleepiness may not be as prominent a feature in children as it is in adults, however. 

Children are less likely to have full cortical (electroencepthalographic) arousals in 

response to upper airway obstruction and hypoxemia than are adults, and children with 

OSA have demonstrated deficits in arousal above those of normal children (Arens et al., 

2001). Thus, many children preserve their sleep architecture at the expense of prolonged 

hypoxemia. 
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Obstructive sleep apnea also contributes to cardiovascular morbidity. Mechanisms 

linking cardiovascular disease and sleep disordered breathing are not fully understood. 

However, sustained and aberrant sympathetic nervous system activation (evidenced by 

elevated blood pressure and heart rate), endothelial dysfunction, and inflammation have 

all been implicated in the increased prevalence and severity of cardiovascular morbidity 

associated with OSA in adults (Hayakawa, Terashima, Kayukawa, Ohta, & Okada, 1996; 

Imadojemu, Gleeson, Gray, Sinoway, & Leuenberger, 2002).  

Evidence for similar associations is emerging in children as well. For example, 

children with OSA showed evidence of increased sympathetic tone as measured by 

peripheral arterial tonometry, and took a significantly longer time to return to baseline 

after a cold pressor test, indicating an inability to down regulate OSA-associated 

sympathetic hyperactivation following a challenge (O'Brien & Gozal, 2005). The Tucson 

Children’s Assessment of Sleep Apnea study was one in which home sleep studies were 

performed on over 400 children (Enright et al., 2003). This study demonstrated that 

nocturnal arousals contribute to the development of daytime hypertension in children. 

This effect was attributed to sympathetic nervous system activation secondary to 

arousals. Marcus, et al. (1998) likewise showed that children with OSA had significantly 

higher diastolic blood pressures as compared to healthy children.   

2.3  Sickle Cell Processes and Disease Severity 

2.3.1  Hypoxemia and Red Blood Cell Sickling 

 Phenotypic expression of sickle cell disease is influenced by a number of factors, 

including age, gender, genotype and the amount of fetal hemoglobin in the circulation 

(Miller et al., 2000; Quinn & Ahmad, 2005; Quinn & Miller, 2004; Sebastiani et al., 
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2007; Shankar et al., 2005). The event considered to be the hallmark of the disease is the 

vaso-occlusive crisis (Frenette, 2004). It is caused by vaso-occlusion, the pathobiologic 

process occurring in sickle cell disease that occludes small blood vessels and results in 

tissue ischemia, infarction, pain and eventual multi-system organ damage. Hemoglobin S, 

the abnormal hemoglobin contained in sickle red blood cells, polymerizes under 

conditions of hypoxemia producing the characteristic sickle-shaped cells that give the 

disease its name. The traverse of red cells through the microcirculation likely results in 

frequent erythrocyte sickling, as oxygen dissociates from hemoglobin in the capillaries 

(Embury, 2004; Frenette, 2004), although this process only becomes problematic when it 

occurs in the microvessels. 

2.3.2  Red Blood Cell Hemolysis in Sickle Cell Disease 

Repeated cycles of sickling damage the cell membrane, causing red blood cells to 

hemolyze. Thus, sickle red cells have a much shorter lifespan than do normal red blood 

cells (10 to 20 days, as compared to 120 days for a normal red cell), which results in 

hemolytic anemia that is often severe. The degree of hemolysis is reflected in elevated 

bilirubin levels, lactate dehydrogenase levels and reticulocyte count, and may also be 

reflected in decreased mean red cell volumes. Via anemia and the release of intracellular 

elements into the intravascular space, hemolysis increases the workload of the heart, 

decreases tissue oxygenation and leads to organ damage. 

2.3.3  Vaso-occlusion and Vaso-occlusive Crises 

Sickling of red blood cells is a necessary but not sufficient condition to initiate a 

vaso-occlusive event.  A two-step process is hypothesized to cause vaso-occlusion (Kaul 

& Fabry, 2004). One step in this process involves inflammation-mediated adherence of 
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leukocytes and immature erythrocytes (reticulocytes) to the post-capillary endothelial 

lining of the vessels. Both hypoxemia and inflammation cause the vascular endothelium, 

as well as sickle red cells and leukocytes to become sticky, resulting in aggregates of 

leukocytes and sickle red cells that adhere to the endothelium, decreasing the diameter of 

the post-capillary microvasculature and slowing capillary blood flow. Erythrocyte transit 

time is increased, resulting in greater oxygen desaturation and further predisposing to 

sickling. Delayed red cell exit from the capillary due to impeded flow allows red cells to 

sickle within the capillaries rather than after their exit into larger vessels, creating a “log-

jam” of sickled red cells and contributing to vaso-occlusion. 

While vaso-occlusion occurs commonly and in all organs of the body as a result 

of the sickling cycle, clinically detectible vaso-occlusive events are less common. Vaso-

occlusive crises can take many forms. Four types of crises are outcomes of this study, and 

are discussed below. These include painful crises, acute chest syndrome, splenic 

sequestration crises and priapism.  

 Painful crises 

Painful crises result from vaso-occlusion in the bone marrow and other organs. 

Vaso-occlusive pain can be chronic or acute, mild or severe and debilitating. Pain occurs 

most commonly in the arms and legs, back, chest, or head (Dampier et al., 2004; Ellison 

& Shaw, 2007). It is a unique pain that is recognized by children with sickle cell disease, 

even at an early age. Not all persons with the disease experience painful crises, but rather, 

a small portion account for the bulk of occurrences. This phenotypic variation in painful 

crises has been highlighted in several studies. For example, one study evaluated painful 

crises in 3,578 patients as part of the Cooperative Study of Sickle Cell Disease cohort 
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(Platt et al., 1991). In this cohort, 39% of subjects experienced no painful crises requiring 

medical attention, while 1% had 6 or more episodes of pain per year requiring medical 

care. These investigators found that only 5.2% of the sample accounted for nearly one-

third of all painful episodes (Platt et al., 1991). Moreover, pain crises increase in 

frequency with age. In one study, painful events (other than dactylitis) occurred in 7% of 

children during their second year of life, but by the ages of 10 through 19 years, 28% of 

the children experienced at least one pain episode per year requiring medical care (Platt et 

al., 1991). 

Painful crises are more common than previously appreciated when measured by 

hospital admissions, because they are commonly cared for at home. Several diary studies 

have documented the frequency of painful crises in children and adolescents. Gil, Porter, 

Ready, et al. (2000) in a 2-week diary study of 34 children and adolescents with SCD 

found that children reported pain on 12% of days, and 65% of parents reported that their 

child had pain at least once during the 2-week study period. Another study found that 

parents sought medical care for their child having a pain crisis during only 10% of 

painful episodes (Shapiro et al., 1995). Nor was severity of pain found to be a predictor 

of seeking medical care. Disease severity variables were unrelated to health care 

utilization, but parent education was positively correlated with bringing a child in for 

treatment during painful episodes (Gil, Porter, Ready, et al., 2000). Besides being 

emotionally and physically taxing, painful crises disrupt the lives of children with SCD in 

other ways, contributing to school absenteeism and lost social time. In the same diary 

study, 35% of participants missed school due to pain, and school was missed on 40% of 
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days during which pain was experienced, leaving 60% of days during which they were 

attempting to learn while coping with pain (Gil et al., 2000).  

No reliable means of diagnosing painful crises have been found. Despite known 

changes from steady state in laboratory parameters during sickling crisis, studies have not 

identified a reliable, objective measure of pain crises. Lopez, Griswold, Navek, and 

Urbanski (1996), in a retrospective and prospective study of 199 patients experiencing 

vaso-occlusive sickle cell crisis treated in the emergency department, found no blood 

count values that predicted admission to the hospital. Likewise, Frush, Ware, and Kinney 

(1995), evaluating factors associated with hospital admission in 146 patient visits to the 

emergency department for painful crises, found no blood count value that significantly 

predicted hospital admission. Conducting a retrospective study of 60 children having a 

total of 86 emergency department visits for painful crises, Chapman, El-Shammaa, and 

Bonsu (2004) found that only hemoglobin level was significantly different between 

children successfully discharged from the emergency department as compared to those 

requiring hospital admission. The difference in hemoglobin level from baseline was 0.4 

g/dl between groups, a value so small that, despite statistical significance, it does not 

have clinically significant predictive value. Thus, lacking an objective measure, vaso-

occlusive pain is generally accepted to be what the person reports it to be. 

Acute chest syndrome 

Acute chest syndrome is a life-threatening complication of sickle cell disease that 

is similar to pneumonia. The highest incidence in all sickle genotypes is between the ages 

of 2 and 4 years (Castro et al., 1994). It is the major cause of mortality in sickle cell 

disease, attributable to 25% of all deaths in this population and occurring across all ages 
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(Taylor et al., 2004). Causes of this syndrome are multifactorial and include infection, 

pulmonary edema, and pulmonary vascular occlusion creating regions of persistent 

atelectasis which then convert to pulmonary infiltrates. Clinical presentations vary with 

age, but often include fever, cough and/or chest pain. Clinical diagnosis is elusive, as 

exemplified in several studies. For example, investigators in the Cooperative Study of 

Sickle Cell Disease (Vichinsky et al., 1997) determined that the second most common 

finding in patients with acute chest syndrome was a normal examination, representing 

35% of all cases. In another study, Morris, Vichinsky and Styles (1999) followed 73 

patients with sickle cell disease presenting to the emergency department with fever. Of 

these, 24% had radiologic evidence of acute chest syndrome. However, only 39% of the 

sample who were subsequently diagnosed radiologically with acute chest syndrome had 

been clinically suspected. Lack of clinical evidence, however, does not predict less severe 

disease. Reliable diagnosis, then, is crucial and is made by findings of a new infiltrate on 

chest x-ray accompanied by fever or respiratory symptoms. 

Association of painful crises and acute chest syndrome 

It is noteworthy that painful crisis often precedes the development of acute chest 

syndrome. Taylor et al. (2004), in a retrospective chart review of 45 patients with sickle 

cell disease involving 63 episodes of acute chest syndrome, found that 21% of these 

patients were originally admitted for painful crises. Likewise, Yale, Nagib and Guthrie 

(2000) found that in half of their patients, acute chest syndrome was preceded by vaso-

occlusive pain crises. Vichinsky et al. (1997), again using data from the Cooperative 

Study of Sickle Cell Disease found that 50% of adults who developed acute chest 

syndrome had experienced pain during the preceding 2 weeks. Two factors related to 
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painful crises are thought to contribute to the development of acute chest syndrome. First, 

pain, particularly in the chest or abdomen, is likely to cause splinting and decreased lung 

expansion leading to atelectasis. Second, management of pain with opioids, the analgesic 

of choice for treatment of acute painful crisis in SCD, can decrease the respiratory drive 

and lead to hypoventilatory atelectasis (Kopecky, Jacobson, Joshi, & Koren, 2004). So, in 

the present study, admissions for painful crises and acute chest syndrome were not 

considered distinctly. 

Splenic sequestration 

Splenic sequestration is a less common but potentially life-threatening vaso-

occlusive complication of SCD. In children with HbSS disease (sickle cell anemia) it 

typically occurs between 6 months and 3 years of age, while occurring in older children 

or adolescents in HbSC or HbS-βThalassemia disease; however, it can occur at any age. 

The environment of the spleen is particularly suited to sickling of red cells, due to its 

slow blood flow and tortuous microcirculation (Sheth, Ruzal-Shapiro, Piomelli, & 

Berdon, 2000). Vaso-occlusion results in trapping of blood within the spleen. A splenic 

sequestration crisis is characterized by acute sequestering of blood in the spleen, causing 

rapid enlargement of the spleen accompanied by an acute drop in blood volume and 

potentially hypovolemic shock (Sheth, et al., 2000; Zimmerman, Ware, & Kinney, 1997). 

Clinical presentation includes pallor, tachycardia, pain, splenomegaly and a drop in 

hemoglobin greater than 2 gm/dL below baseline. Because painful crises and acute chest 

syndrome often manifest during a slightly later period of childhood, splenic sequestration 

was included as an outcome in the present study to capture vaso-occlusive crises in the 

younger members of this sample. 
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Priapism 

Priapism is a persistent, painful erection unassociated with sexual desire, resulting 

from red cell sickling within the corpora cavernosa, leading to hemostasis and ischemia. 

Relative deoxygenation and stasis of blood within the corpus cavernosa during erection 

are thought to predispose to sickling of red cells (Harmon & Nehra, 1997). Vaso-

occlusion results in decreased outflow from the penile veins and venous hemostasis and 

ischemia (Maples & Hagemann, 2004). Nearly half of all males with SCD experience 

priapism, with a median age at first occurrence of 12 years (Redding-Lallinger & Knoll, 

2006). Although often treated at home, if unresolved, it is considered a medical 

emergency because it can result in irreversible cellular damage and impotence (Maples & 

Hagemann, 2004).  

2.4  Organ Dysfunction 

Even in the absence of pain or other outward signs of disease, organ damage due 

to hemolysis and particularly to vaso-occlusion is unrelenting (Schnog et al., 1998). 

Evidence of organ damage is apparent when examining the prevalence of functional 

asplenia in children with SCD. Asplenia in these children is caused by splenic infarction 

and begins by 6 months of age, with 58% of children with SCD becoming functionally 

asplenic by 2 years of age and 94% by the age of 5 years. Loss of the spleen, an organ of 

the lymphatic system responsible for filtering and destroying encapsulated bacteria 

(among other functions), predisposes to development of sepsis. Organ damage is further 

demonstrated by changes occurring in the brain of children with SCD, leading to stroke 

and cognitive decline (Armstrong et al., 1996). Acute chest syndrome leads to lung 

damage and early death (Castro et al., 1994). Repeated episodes of priapism lead to 
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impotence, and cardiovascular changes can lead to blood pressure dysregulation 

(Rodgers, Walker, & Podgor, 1993; Sellers, 1978). In a 10 year observational study of 

1,056 patients with sickle cell anemia, 48% of the sample was found to have some form 

of irreversible organ damage by the fifth decade of life (Powars, Chan, Hiti, et al., 2005).  

Furthermore, organ damage may not be clinically apparent and people with SCD 

who are at risk of death from their disease may appear relatively healthy. Studying the 

risk factors for early death in the Cooperative Study of Sickle Cell Disease, Platt et al. 

(1994) found that 33% of deaths occurred in relatively healthy patients during acute 

sickling crisis, including 78% experiencing painful crisis. In another study, Machado et 

al. (2007) examined the severity of pulmonary hypertension during vaso-occlusive pain 

crisis and exercise in adults with sickle cell disease. Pulmonary hypertension, a 

complication common in adults and in some children with SCD, is associated with 

increased mortality and sudden death. In this study, the investigators found acute 

elevations in pulmonary pressures during vaso-occlusive crises that were not present 

during the steady-state (Machado et al., 2007), a finding that may help explain morbidity 

and mortality in otherwise well-appearing patients with SCD during painful episodes. 

2.5  Interactive Disease Pathways 

 2.5.1  Obstructive Sleep Apnea as an Inflammatory State 

Evidence is emerging that OSA induces a state of chronic inflammation, and that 

inflammation is an important mediator of many of its consequent pathological changes. 

Inflammation is caused through several mechanisms. Hypoxemia leads to tissue ischemia 

and cell death. Sympathetic nervous system activation leads to increased cardiovascular 

demands. In turn, these aberrant processes create an inflammatory state, with measurably 
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elevated markers of inflammation. Studying the presence of inflammatory mediators in 

OSA, for example, Ridker (2002) found that C-reactive protein, an important serum 

marker of inflammation, predicted future cardiovascular morbidity in adults with OSA. In 

children, C-reactive protein was found to be elevated in OSA in at least two controlled 

studies (Li et al., 2008; Tauman, Ivanenko, O'Brien, & Gozal, 2004), and was correlated 

with OSA disease severity. In another study examining a sample of 20 age, body mass 

index (BMI) and race-matched non-obese children, investigators found significant 

elevation of the pro-inflammatory cytokine IL-6 and a significant decrease in the anti-

inflammatory cytokine IL-10 in the children with OSA as compared to the healthy 

controls (Gozal, Serpero, Capdevila, & Kheirandish-Gozal, 2008). Among the results of 

inflammation are increased oxidative stress (from free oxygen radical damage) and 

increased adhesiveness of both endothelial cells and leukocytes.  

2.5.2  Sickle Cell Disease as an Inflammatory State 

Sickle cell disease, too, creates an inflammatory state. In SCD, sickling and vaso-

occlusion related tissue damage result in inflammation, evidenced by increased 

inflammatory markers and an elevated white blood cell count. In a study of 12 

asymptomatic children with HbSS disease and 9 controls matched for age, gender and 

BMI, both IL-6 and C-reactive protein were significantly higher in the children with SCD 

than in the controls (Hibbert et al., 2005). Another study matched 35 stable adolescents 

with HbSS disease with 39 tanner (sexual maturation) stage-matched healthy controls and 

found significantly higher levels of C-reactive protein and IL-8, an inflammatory marker, 

in the SCD sample compared to controls. The investigators concluded that both low-
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grade inflammation and elevated oxidative stress were present in the children with SCD, 

even in the absence of acute crisis (Akohoue et al., 2007).  

2.5.3  Potential Disease Interactions 

Potential for interactions between the disease processes of SCD and OSA is 

noteworthy. In OSA, cyclic apnea/hypopnea contributes to the development of 

hypoxemia, to increased adhesiveness of leukocytes and endothelial cells, and to 

elevation of inflammatory markers. In SCD, hypoxemia contributes to sickling. In turn, 

sickled red cells and vaso-occlusive tissue damage contribute to inflammation which, in 

turn, activates the endothelium and creates an environment conducive to vaso-occlusion.  

The potential for co-occurrence of OSA and SCD to increase the propensity to vaso-

occlusion in children must be seriously considered. 

2.6  Current Research on Sleep-Disordered Breathing and Sickle Cell Disease Outcomes  

Although there is emerging evidence that OSA could potentially influence SCD 

severity, few studies have examined this relationship, and those studies suffer from a 

number of limitations. To begin with, the phenomenon of nocturnal oxyhemoglobin 

desaturation complicates the picture of OSA and its influence on disease severity in 

children with SCD. Nearly one-half of children with SCD develop nocturnal hypoxemia 

unassociated with sleep disordered breathing during early childhood (Quinn & Ahmad, 

2005; Setty, Stuart, Dampier, Brodecki, & Allen, 2003). The causes of this condition are 

as yet undetermined, but may include lung damage from vaso-occlusive events including 

acute chest syndrome, and low hemoglobin levels due to hemolytic anemia. Hypoxemia 

is a known risk factor for sickling and has been studied as a possible contributor to the 

occurrence of vaso-occlusive events in SCD, but findings have been inconclusive. What 
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is known, however, is that hypoxemia is more common in patients with HbSS disease 

compared to HbSC disease, that males have significantly lower SpO2 than do females 

and that this condition likely develops during early childhood (Quinn & Ahmad, 2005). 

Two studies were identified that specifically examined sickling crisis as an 

outcome of hypoxemia, as measured by pulse oximetry. In the first study, a cross-

sectional measurement of steady-state daytime SpO2 by pulse oximetry was carried out 

on a prospective birth cohort study of 362 children with SCD and 122 African American 

controls (Homi et al., 1997). They found that disease severity (as measured by sick visits, 

hospitalizations, and episodes of pain crisis or acute chest syndrome) was not associated 

with SpO2. Limitations of this study, however, included that pulse oximetry measures 

were brief (5 minutes) rather than continuous measures and did not reflect changes that 

might occur during sleep; and that only crises receiving medical care were included. 

Several diary studies of children with SCD have established that as few as 10% to 33% of 

children experiencing painful crises seek medical care (Gil et al., 2000; Shapiro et al., 

1995), and that help-seeking is not necessarily related to severity of pain (Gil et al., 

2000).   

In a secondary data analysis of a prospective, clinic-based cohort study of 95 

children aged 2-17 years with SCD, investigators compared overnight pulse oximetry 

measures to rates of painful crises requiring hospital treatment (Hargrave, Wade, Evans, 

Hewes, & Kirkham, 2003). These investigators, in contrast to the previous study by 

Homi, et al. (1997), found that both mean and nadir nocturnal SpO2 as well as the 

percent of sleep time spent below an SpO2 of 90%, were significantly associated with a 

higher rate of painful crises. However, they found no correlation between the presence of 



36 

 

OSA and pain episodes. A notable limitation of this study was that diagnosis of OSA, 

inferred from oximetry data that reflected dips in SpO2 of greater than 4% associated 

with acute pulse rate rises, was likely to miss obstructive events without desaturation  

(Kirk, Bohn, Flemons, & Remmers, 2003) but which are nevertheless pathological, and 

would otherwise be captured by full-night polysomnography.  

This convenience sample was somewhat biased in that subjects generally had 

more symptoms than did nonparticipants, likely indicating that families and physicians of 

these children were more motivated to have the child participate, as reported in the 

original study (Kirkham et al., 2001). Conversely, as the study progressed and the more 

seriously ill children entered transfusion or hydroxyurea programs, this could have 

shifted the bias toward less symptomatic children. The variation in the timing of sleep 

studies in relation to subjects’ ages may also be important. In a retrospective study of 585 

children with SCD, for example, Quinn & Ahmad (2005) demonstrated significant 

negative correlation between age and SpO2 in children with sickle cell anemia, and age 

was determined to be a significant predictor of SpO2. So, sleep parameters collected at an 

early age do not necessarily reflect values that would be found if measured later in 

childhood. 

Only one study was identified that examined the relationship between overnight 

polysomnography measures and pain crises. Brooks, Koziol, Chiarucci and Berman 

(1996) carried out a prospective, descriptive study of pain crises as related to sleep 

parameters in 28 children and adolescents, aged 3-25 years, with SCD. In this study, 11 

children had mild SCD (no hospitalizations for pain crises in the past year) and 8 had 

severe disease (2 or more hospitalizations for pain crises in the past year). None of these 
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children had symptoms of sleep-disordered breathing. A further 9 children with 

symptoms of sleep-disordered breathing were included. All children underwent full night 

polysomnography. The authors found that neither the respiratory disturbance index (a 

measure of the number of apneas and hypopneas during sleep), nor lowest SpO2 on 

overnight pulse oximetry, predicted pain crises.  

Subjects were a convenience sample, recruited as part of a larger study of SCD. 

Only four subjects had OSA by the authors’ criteria, so comparisons were made with a 

small OSA group, and group sizes (diagnosis of OSA versus no OSA) were very uneven, 

severely decreasing the power to detect a true difference if there was one. A wide age 

range was included in the sample, making comparisons between age groups and gender 

impossible, despite a relationship between age and tonsil size, and the increased 

prevalence of OSA in older males. Comparisons were also limited to oxygenation 

parameter and obstructive events. Finally, the definition of obstructive events used in this 

study was that used in adults (>10 seconds) rather than the definition used in children (the 

length of 2 breaths, which can be much shorter than 10 seconds in small children), which 

likely missed some obstructive events (Rosen, D'Andrea, & Haddad, 1992).  

A few studies have examined the association of sleep-disordered breathing and 

nocturnal oxyhemoglobin desaturation in children with SCD. Kaleyias et al. (2008) 

carried out a case control study of 19 children with SCD and 10 healthy controls matched 

on age, gender and ethnicity. All children underwent overnight polysomnography in a 

sleep laboratory. In this study, the investigators found that children with SCD had a four-

fold increased risk over that of controls of experiencing a desaturation below 85%, and a 

seven-fold increased risk of sleep time spent above an end-expiratory carbon dioxide 
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level of 50%. This finding was despite investigators’ exclusion from analysis of all 

nocturnal oxyhemoglobin desaturations unassociated with obstructed breathing events 

(apneas, hypopneas, arousals and paradoxical breathing), demonstrating that children 

with SCD seem to experience more severe sleep-disordered breathing than do children 

without SCD, independent of the presence of nocturnal oxygen desaturation.  

Nocturnal hypoxemia has been associated with an increase in inflammatory 

markers in sickle cell disease. In a study of 24 children with sickle cell disease and 10 

controls, Inwald et al. (2000) demonstrated that overnight nadir SpO2 (but not overnight 

mean SpO2) was significantly correlated with levels of platelet-erythrocyte complexes 

and monocytes, and concluded that inflammatory cell activation and cellular 

adhesiveness appear to be more marked in children with SCD who experienced overnight 

hypoxemia. Setty, et al.(2003) demonstrated, in a study of 37 children with SCD using 

overnight pulse oximetry, that children with  a mean overnight SpO2 of 93% or less had 

higher concentrations of all endothelial and leukocyte activation markers compared to 

children whose mean overnight SpO2 was greater than 93%. So, studies have been small, 

limitations of these studies have been numerous, and their remains a lack of consensus on 

the effect of sleep-disordered breathing and OSA on SCD severity. 

2.7  Treatment of Obstructive Sleep Apnea in Children with Sickle Cell Disease 

2.7.1  Adenotonsillar Hypertrophy in Sickle Cell Disease  

There is evidence to suggest that children with SCD have a greater propensity to 

develop airway obstruction and OSA than do children who do not have SCD. These 

children tend to have larger tonsils than do children who do not have SCD (N. Luban, 

personal communication, July 1, 2008). There are several proposed mechanisms for this 
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increased adenotonsillar size, including reactive enlargement of the tonsils due to 

repeated infections (Ajulo, 1994) and compensatory lymphoid hypertrophy in response to 

functional splenectomy (Davies, Stebbens, Samuels, & Southall, 1989). It is hypothesized 

that the lymphoid tissue of the tonsils and adenoids assume a greater immunologic role, 

trapping and killing microorganisms to compensate for loss of the spleen. As a result of 

adenotonsillar hypertrophy, it is likely that children with SCD have a higher incidence of, 

and possibly more severe sleep disordered breathing and OSA.  

An early study examining the presence of sleep-disordered breathing in children 

with SCD was carried out by Wittig, Roth, Keenum, et al. (1988). Administering a 

parent-report survey comparing 65 children with SCD and 102 healthy, non-SCD siblings 

on their snoring behaviors, investigators found that the children with SCD snored 

significantly more than did their healthy siblings (43% versus 18%). Two studies, one by 

Rosen, et al. (2003) and the other by Redline, Tishler, Schluchter, et al. (1999), found an 

increased prevalence of sleep disordered breathing in African American children 

compared to white children, and in this country, SCD is largely a disease of people of 

African descent. Finally, in a large, prospective study by Spilsbury (2006), OSA was 

found to be more common among children of lower socioeconomic status, and the 

majority of children with SCD belong to families of ethnic minorities, a significant 

number of whom live near the poverty level (Schatz & McClellan, 2006). 

2.7.2  Adenotonsillectomy and Resolution of Disease 

In children, primary treatment of OSA involves adenotonsillectomy. Several 

studies have demonstrated the efficacy of this procedure in treating or curing OSA. 

Brietzke and Gallagher (2006) performed a meta-analysis of studies examining the 
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effectiveness of adenotonsillectomy for the treatment of pediatric OSA. Fourteen studies 

were included in this analysis. Investigators found that the success rate of 

adenotonsillectomy for normalizing sleep parameters was 82.9%. An earlier study of 21 

children with SCD who were symptomatic for OSA and who were diagnosed with OSA 

by polysomnography showed resolution of all apneas greater than 10 seconds and a 

decrease in end-tidal carbon dioxide levels averaging 12 mmHg post-adenotonsillectomy 

(Maddern, et al., 1989). 

There are several studies examining resolution of OSA specifically in children 

with sickle cell disease post-adenotonsillectomy. However, only two studies evaluated 

sickling crises as an outcome. Ajulo (1994) examined outcomes of sickling crises in a 

sample of 45 children with sickle cell disease. Before surgery, 35 of the 45 children 

experienced pain crises in the year preceding adenotonsillectomy. After surgery, only 1 

of the 45 subjects experienced a pain crisis. In this study, adenotonsillectomy was 

performed because of recurrent infection rather than for treatment of OSA. In another 

study, Ijaduola and Akinyaju (1987) found that adenotonsillectomy alone reduced the 

frequency of sickling crises from nearly 5 per year to 1.5 per year. Unfortunately, 

hypoxemia was not an indication for surgery in these studies and no sleep or pulse 

oximetry measurement was performed. However, these results might make sense from 

the perspective that recurrent infection is likely to cause hypertrophy of the adenotonsillar 

tissue, thereby increasing upper airway obstruction in these children. In fact, in the 

former study (Ajulo, 1994), all tonsils grew strep on tissue culture despite absence of 

symptoms, even when swab cultures were negative, lending credibility to an association 

between recurrent infection and OSA. Maddern, et al. (1989) retrospectively evaluated 
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pre- and post-adenotonsillectomy sleep studies of 21 symptomatic children with sickle 

cell disease. All children in this study had OSA. Postoperatively, all apneas greater than 

10 seconds had resolved. Pain crises were not evaluated in this study, and the definition 

of obstructive apnea was inadequate to include all clinically relevant apneas or hypopneas 

in this sample. 

Adenotonsillectomy may also decrease the inflammatory response initiated by 

OSA. In a study of 20 non-obese children with polysomnographically diagnosed OSA 

undergoing adenotonsillectomy, investigators found that following surgery, mean C-

reactive protein levels decreased significantly from those obtained at the time of OSA 

diagnosis. These investigators concluded that the systemic inflammatory response 

associated with OSA is reversible upon treatment (Kheirandish-Gozal, Capdevila, 

Tauman, & Gozal, 2006). 

No studies were found that examined the full range of sleep parameters that might 

theoretically influence the outcome of vaso-occlusive crises, for example measures of 

sympathetic nervous system activation such as sleep efficiency or arousals. This deficit is 

despite a potential for OSA-related sympathetic nervous system activation to promote the 

development of vaso-occlusion through inflammation. Furthermore, no studies were 

identified that compared pre- and post-adenotonsillectomy pain crises outcomes of 

children with SCD specifically referred for adenotonsillectomy for OSA (compared to 

children referred because of recurrent tonsillitis).  

It is possible that removing the additional source of hypoxemia, hypercapnia and 

inflammation caused by OSA, over and above that already generated innately by SCD, 

might decrease the occurrence of vaso-occlusive events. This, of course, would depend 
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on whether OSA does increase their occurrence. More research is needed to clarify the 

relationship of OSA to SCD severity and to improved SCD outcomes by treatment of 

OSA. This study represents a preliminary exploration of these issues.
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CHAPTER 3:  METHODS 

3.1  Study Design 

A retrospective case series study was conducted to examine the relationship 

between sickle cell disease (SCD) severity and obstructive sleep apnea (OSA) in children 

referred for evaluation of sleep-disordered breathing, to test the hypotheses that 1) OSA 

increases SCD severity in children, 2) treatment of OSA with adenotonsillectomy 

decreases SCD severity, and 3) polysomnographic parameters are related to/predict SCD 

severity in children. 

3.2  Sample 

 The study was conducted at an east coast children’s hospital (the sample hospital) 

having a Comprehensive Sickle Cell Center that follows approximately 1,000 children 

with SCD. All children with SCD having an overnight polysomnogram at the hospital 

from April 1, 2003 through October 31, 2008 were considered for inclusion in the study. 

The start time period was selected because it occurred after implementation of a new 

electronic record-keeping system. The end time period was selected to allow time for 

patient records to be entered into the electronic record, thus minimizing missing data due 

to delayed data entry into the system. 
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3.2.1  Inclusion and Exclusion Criteria 

 Inclusion criteria 

 Inclusion criteria varied somewhat by research question. For research question 1, 

“Is obstructive sleep apnea related to SCD severity in children?” and research question 3, 

“In children with SCD, are there polysomnographic parameters that are associated with 

or predict SCD severity?” subjects were selected on the basis of the following inclusion 

criteria:  

1) Diagnosis of SCD 

2) Age 2 through 18 years at the time of polysomnography 

3) Followed in the Comprehensive Sickle Cell Center (the hematology clinic) at 

the sample hospital for at least 12 months prior to polysomnography, with data available 

on outcome measures, and  

4) Polysomnogram performed at the sample hospital.   

Inclusion criteria for research questions 2, “Does adenotonsillectomy improve 

sickle cell disease severity in children with obstructive sleep apnea?” incorporated the 

above inclusion criteria, and added  

5) Followed in the hematology clinic at the sample hospital for at least 12 months 

following polysomnography or for 12 months following adenotonsillectomy, where 

applicable, with data available on outcome measures.  

 The lower age limit of 2 years was chosen to allow the temporizing effect of fetal 

hemoglobin on SCD severity to diminish. Fetal hemoglobin decreases from birth through 

early childhood, but reaches a median level of less than half of the birth level by 2 years 

of age (Brown et al., 1994) and is generally low enough for children to begin manifesting 
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complications of sickle cell disease, including vaso-occlusive crises, as early as 6 months 

of age (Solomon, 2008). Outcomes of both sleep disorders and SCD vary between 

children and adults, so the upper age limit of 18 years allowed consideration of subjects 

who are approaching the end of adolescence but are not yet physiologically adults. The 

12 month data collection period before and after polysomnography/adenotonsillectomy 

was chosen to provide a reasonable time frame during which vaso-occlusive crises might 

occur in patients in whom they do occur. It is known that about 40% of patients have 

crises in clusters, with long periods during which medical care is not required (Powars, 

Chan, & Schroeder, 1990), so some children who do experience vaso-occlusive crises 

may not have experienced one in the course of one year. However, this time frame 

presented a compromise between accurate collection of data on SCD severity outcomes 

and elimination of subjects who might not have data available over a more extended 

period of time.  

 Exclusion criteria 

 Subjects were excluded if they:  

1) Had craniofacial anomalies or neuromuscular disorders 

2) Were on a chronic blood transfusion therapy (hypertransfusion) 

3) Were pregnant during the study period 

4) Had previously documented OSA or were on continuous positive airway 

pressure therapy, or  

5) Had adenotonsillectomy prior to polysomnography.  

Craniofacial and neuromuscular disorders are conditions known to predispose to 

the occurrence of sleep disordered breathing (Richardson, 2007) independent of SCD and 
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adenotonsillar hypertrophy. Blood transfusion attenuates occurrence of vaso-occlusive 

crises by decreasing the percent of HbS in the blood. Children having non-routine blood 

transfusions were not excluded, however, nor were children receiving hydroxyurea 

therapy, a treatment known to decrease pain crises and acute chest syndrome (Aliyu, et 

al., 2005). Exclusion of subjects on hypertransfusion eliminated some of the most 

severely ill children. However, these children were few, and their disease severity was 

not reflected in vaso-occlusive crises because these were minimal once scheduled 

transfusions started. Eliminating all children receiving non-routine transfusions or 

hydroxyurea therapy, however, would have eliminated most of the severely ill patients 

from the study, curtailing our understanding of SCD severity.    

3.2.2  Defining the Sample 

 A list of potential subjects was compiled by accessing the Sleep Laboratory 

database of polysomnography reports on the sample hospital intra-net using the words 

“sickle cell” as a cross-reference term. Eighty children had polysomnography and were 

also classified as having SCD between April 1, 2003 and October 31, 2009. Six children 

were excluded for being too young and 2 children for being too old. Two children were 

excluded because they had sickle trait rather than SCD. Nine children received medical 

care for crises at another institution and did not have disease severity data available, so 

were excluded. Seven children were disqualified for having adenotonsillectomy prior to 

their polysomnogram, and one was disqualified for being on continuous positive airway 

pressure therapy for treatment of OSA prior to polysomnography. Two children were 

disqualified for participation in a hypertransfusion program (two other children were on 

hypertransfusion but had been previously disqualified for previous adenotonsillectomy).  
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One child underwent polysomnogram during admission for painful crisis. 

Considering that pain and opioid medications can affect sleep, this child was excluded. 

Two disqualified children had a severe seizure disorder, one child was autistic, one had 

cerebral palsy and one child had been born extremely prematurely and had multiple 

medical problems. The final sample included 45 children with SCD having complete 

records for research questions 1 and 3. Fifteen of these children were excluded from 

analysis for research question 2. One had been lost to follow-up, one was started on 

continuous positive airway pressure therapy post-polysomnography, 3 were begun on 

hypertransfusion programs, one started both continuous positive airway pressure therapy 

and hypertransfusion and one child had his adenoids and tonsils removed for OSA-like 

symptoms, although did not have OSA on polysomnography. The remaining eight 

children did not complete a full year of follow-up due to the proximity of their 

polysomnogram to the study end date. The final sample for research question 2 consisted 

of 30 subjects, 23 of whom had OSA (Table 3.1). 

3.3  Data Source 

 The prime document source for data collected in this study was the electronic 

medical record at the sample hospital. At this institution, paper medical records are no 

longer available. All records on inpatient admissions (prior to May, 2008), emergency 

room visits, hematology and otolaryngology outpatient clinic visits, laboratory reports, 

radiology reports and sleep study reports have been scanned and are stored in the 

electronic record system. Inpatient admissions beginning May, 2008 are stored in a 

recently added electronic record-keeping system in which data are entered directly into 

the electronic system.  
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Access to the electronic medical record systems is limited by password. After 

obtaining Institutional Review Board (IRB) approval of this study, including waiver of 

informed consent and Health Insurance Portability and Accountability Act (HIPAA) 

waivers (Appendix A through Appendix D), the investigator completed an on-line 

computer-based training session and a clinical information system user competency 

assessment before being assigned password access to the system. Electronic medical 

record data were extracted via hospital-based computer through either of the electronic 

record-keeping systems. Data collection was organized using a Retrospective Chart 

Extraction Tool developed by the author (Appendix E).  
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Table 3.1. Subject Inclusion/Exclusion 
 

Sample n 

Screened 80 

Less than 2 years of age 6 

More than 18 years of age 2 

Sickle trait 2 

Received medical care elsewhere 9 

Prior adenotonsillectomy 7 

Prior CPAP 1 

Hypertransfusion program 4a 

PSG during VOC admission 1 

Neurological disorders 4 

Multiple medical problems 1 

Final sample, research questions 
1 and 3 
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CPAP post-PSG 2b 

Hypertransfusion post-PSG 4 

Adenotonsillectomy post-PSG, 
no OSA 

1 

Lost to follow-up 1 

Incomplete data post-PSG 8 

Final sample, research question 2 30 

 
Note.  aTwo subjects also excluded for prior adenotonsillectomy; b1 subject also on 
hypertransfusion; CPAP = continuous positive airway pressure therapy; PSG = 
polysomnogram; VOC = vaso-occlusive crisis. 
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3.4  Instrumentation 

3.4.1  Sickle Cell Disease Severity Index  

The Sickle Cell Disease Severity Index (Sebastiani et al., 2007) is a score 

calculated via an on-line calculator that computes a number representing disease severity 

in persons with SCD. This instrument was developed to model risk of death within 5 

years in people of all ages with SCD. Bayesian network modeling was employed to 

model the simultaneous “synergistic and antagonistic interactions” (Sebastiani et al., 

2007, pg. 2729) of all variables known to influence disease severity in SCD. The model 

included 13 laboratory tests, 7 clinical events, and demographic and treatment variables 

considered significant contributors to disease severity and death in people with SCD. 

Modeling was based on a sample of 3,380 adult and pediatric patients followed in the 

Cooperative Study of Sickle Cell Disease, including 1,753 infants and children younger 

than 19 years of age (Sebastiani et al., 2007). All common sickle cell genotypes were 

accounted for in the sample. Fourteen variables reflecting both vaso-occlusive and 

hemolytic processes were found sufficient to compute a disease severity score. These 

included age, sex, transfusion therapy, acute chest syndrome, priapism, painful episodes, 

stroke, sepsis, white blood count, mean cell volume, reticulocytes count, bilirubin level, 

lactate dehydrogenase and systolic blood pressure. Variables are categorized and 

weighted according to their marginal effect on the outcome of death within 5 years in the 

original sample (Table 3.2; Sebastiani et al., 2007).   
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Table 3.2  Odds Ratios and 95% Confidence Intervals for Select Categorical Variables 
for the Sickle Cell Disease Severity Index  
 

Variable Odds ratio (95% CI) Referent group 

Acute chest syndrome 1.18 (1.14; 1.24) No ACS 

Pain 1.61 (1.45; 1.77) No pain 

Sepsis 67.19 (57.66; 78.29) No sepsis 

Sex 1.16 (1.08; 1.25) Female 

Stroke 3.81 (3.20; 4.54) No stroke 

 
Note. From Sebastiani, et al. (2007), Supplemental Methods and Tables  

 

Predictive value and accuracy of the model were tested by comparing DSI scores 

calculated from the Cooperative Study of Sickle Cell Disease sample against DSI scores 

and SCD severity judged by history and physical exam by clinical experts in two 

unrelated SCD samples (the validation samples). One of the validation samples included 

90 children less than 21 years of age. The error rate (frequency of misclassification of 

disease severity based on a .500 cut-point for high versus low short-term risk of death) in 

predicting death in the Cooperative Study of Sickle Cell Disease cohort was 7.5%. 

Specificity for not dying in the validation samples when given a DSI score of less than 

.500 was 100% in each sample, with a sensitivity of 80% (e.g. assigned a DSI score > 

.500 and died) in one sample, suggesting that the model accurately detects subjects at 

risk. The other sample had too few deaths to make meaningful comparisons.  

The DSI score is based on an individual’s values for the clinical and laboratory 

values, collected during steady-state. Clinical values, including history of stroke, 

priapism, pain, acute chest syndrome and sepsis, are dichotomized into no (never 

experienced the event) or yes (experience the event). Thus, once an event is experienced 
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the value remains positive without consideration of subsequent event-free clinical 

experience. Although this classification cumulatively increases disease severity over 

time, its use can be justified by the findings of several studies that recurrence of many of 

these events in SCD are related to their initial occurrence. For example, the chance 

recurrent stroke in a patient with SCD who has experience a stroke and survives is 60% 

to 90% and the chance of recurrent acute chest syndrome is about 44% (Redding-

Lallinger & Knoll, 2006), with each episode carrying a high mortality rate.  

However, it is incorrect to think that the DSI score can only increase and never 

decrease. The final DSI score is based on the interaction of values for each variable, and 

improvements in one variable or implementation of treatment can result in a decreased 

DSI score, despite the irreversibility of the clinical values. A person experiencing a 

stroke, for example, can significantly decrease their risk of recurrence and decrease their 

DSI score with the implementation of a chronic transfusion program. The particular 

clinical profile of a patient is entered into the on-line calculator (Boston University, 2007; 

at http://155.41.217.225/dss-calculator/index.php) and a value for their estimated death 

risk is calculated, ranging from 0 (least severe) to 1 (most severe).  

In the Cooperative Study of Sickle Cell Disease cohort, the median DSI score for 

children aged 2 through 18 years who did not die was approximately .040, and for those 

who died the median score was approximately .800. The median DSI score for children 

classified as having mild/intermediate disease severity by expert clinical judgment in the 

validation sample was .050 (n = 80) and for children classified as severe, the median DSI 

score was 0.670 (n = 10). There has been some indication that the predictive power of the 

model is limited (Steinberg, 2005), possibly due to omission of genotype in the model. 
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Recent revision of the on-line calculator added two additional variables, genotype and 

avascular necrosis, to strengthen the predictive power of the DSI, and these variables 

were included in the calculation of DSI scores for the sample in the present study. No 

studies were identified that used the DSI as a predictive or diagnostic tool.  

3.4.2  Polysomnography 

Polysomnography is an objective measure of sleep architecture (sleep stages) and 

sleep parameters including sleep-related respiratory events evaluated through concurrent 

measure of several physiological parameters during a full night sleep in a monitored 

laboratory setting (in this study). Measurements include electrocardiogram, 

electroencephalogram (EEG), electromyography (chin, legs, outer canthus of the eyes), 

chest and abdominal excursion (measured by respiratory inductance plethysmography), 

nasal airflow measured by nasal thermistor and nasal cannula, microphone to capture 

snoring and videotaping to capture positioning and movement.  

Criteria for interpretation of polysomnography in adults are standardized 

(Rechtschaffen & Kales, 1968). However, pediatric scoring criteria have recently been 

developed (Ober, Ancoli-Israel, Chesson, Quan, & American Academy of Sleep 

Medicine, 2007). Polysomnography is a well-validated diagnostic technique that 

evaluates sleep related abnormalities of ventilation and is currently considered the gold 

standard for diagnosis of OSA. Polysomnographic variables collected for this study 

included obstructive apnea-hypopnea index, mean SpO2, nadir respiratory event-related 

SpO2, percent of sleep below SpO2 90%, peak end-tidal carbon dioxide (CO2) level sleep 

efficiency, wake after sleep onset, total and respiratory event-related arousals, and 

periodic limb movement index. 
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3.4.3  Pulse Oximetry 

Pulse oximetry is the instrumentation used to measure SpO2 continuously 

throughout polysomnography studies. It works on the principal that oxyhemoglobin 

absorbs more infrared light and deoxyhemoglobin absorbs more red light. The proportion 

of hemoglobin sites saturated with oxygen (the SpO2) is measured by exposing 

hemoglobin molecules, via a light-admitting diode placed on the finger, toe or earlobe, to 

red and infrared light. A light-receiving sensor on the opposing side of the body part 

calculates the proportion of hemoglobin that is oxygenated in the artery between light 

source and sensor (Stone & Frazier, 2005).  

Pulse oximetry measurement in children with SCD has some limitations due to 

the presence of dysfunctional hemoglobins, carboxyhemoglobin and methemoglobin in 

arterial blood. These dysfunctional hemoglobins do not transport oxygen, yet absorb light 

at the wavelengths measured with pulse oximetry (Blaisdell, Goodman, Clark, Casella, & 

Loughlin, 2000; Craft et al., 1994; Pianosi, Charge, Esseltine, & Coates, 1993), 

potentially distorting SpO2 values. Furthermore, oxygen dissociation curves of patients 

with SCD are shifted to the right, allowing more efficient delivery of oxygen in an 

anemic state. Thus, SpO2 may appear to be low on pulse oximetry while oxygen delivery 

may actually be adequate.  

Studies are somewhat discrepant regarding the reliability and accuracy of pulse 

oximetry in the sickle cell population. Blaisdell, et al. (2000), for example, found poor 

specificity (67%) of pulse oximetry for detecting hypoxemia and overestimation of the 

number of hypoxic clinically stable patients with SCD. In another study of sickle cell 

patients in crisis, pulse oximetry significantly overestimated SpO2 as compared to co-
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oximetry ( a gold-standard, 6 wavelength measure of SpO2), with a mean bias of 6.9% 

(Craft et al., 1994). Pianosi, Charge, Esseltine, and Coates (1993) however, found that 

SpO2 measured by pulse oximetry was similar to that calculated from arterialized 

capillary blood in patients with sickle cell disease, as did Rackoff, Kunkel, Silber, 

Asakura, and Ohene-Frempong (1993), who found that SpO2 values measured using 

pulse oximetry were similar to those calculated from venous blood and transcutaneous 

oxygen measurement in sickle cell patients. Overall, pulse oximetry is considered 

acceptable in measuring SpO2 in children with SCD in steady state and in measuring 

changes from baseline, provided the SpO2 does not drop below 80% (Abdu, Gomez-

Marquez, & Aldrich, 2008; Ahmed, Siddiqui, Sison, Shahid, & Mattana, 2005). 

3.5  Operational Definitions 

Variables measuring the constructs of interest in this study are discussed below. 

Figure 3.1 depicts the conceptual model on which this study is based, with the measured 

variables listed with the constructs they represent.  
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3.5.1  Predictor Constructs and Measured Variables 

Adenotonsillar Hypertrophy 

Adenotonsillectomy was defined as surgical excision of bilateral adenoids and 

tonsils. An operative note or report of adenotonsillectomy by a hematologist or 

otolaryngologist in the medical record was accepted as proof of adenotonsillectomy.  

 Values on the following variables measuring hypoxemia/hypercapnia and 

inflammation were derived from polysomnography and were collected from 

polysomnography reports: 

Hypoxemia/Hypercapnia 

Mean Oxyhemoglobin Saturation is the average percent saturation of oxygen of 

the total oxygen-carrying capacity of the hemoglobin during sleep by pulse oximetry.  

Nadir Oxyhemoglobin Saturation is the lowest percent SpO2 achieved during 

sleep, by pulse oximetry.  

Obstructive Apnea-Hypopnea Index: Obstructive apnea-hypopnea index is the 

number of obstructive apneas, obstructive hypopneas and mixed apneas/hour of sleep 

time. An obstructive apnea is the absence of airflow despite continued breathing effort. 

An obstructive hypopnea is a decrease in air flow ≥ 50% for 2 breaths or more, with 

persistent respiratory effort and a drop in SpO2 ≥3% or an EEG arousal (Katz & Marcus, 

2005). A mixed apnea combines obstructive and central apnea.  

Percent Sleep Time Below SpO2 90% is the minutes of sleep spent at SpO2 < 

90% divided by minutes of sleep time. 

Peak End-Tidal Carbon Dioxide represents hypercapnia and is the highest level of 

exhaled CO2 during sleep.  
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Inflammation 

Arousals are discrete events observed in the EEG frequency that indicate a brief 

cessation or disruption of sleep. Respiratory arousals serve to end a respiratory event. 

Some may diminish sleep quality and quantity. Measures of arousals included 1) total 

arousal index, the sum of all-cause arousals/hour of sleep and 2) respiratory arousal 

index, the number of arousals associated with a respiratory event/hour of sleep.  

Periodic Limb Movement Index Periodic limb movements are brief jerks of the 

arms or legs that recur at regular intervals and disrupt sleep. The index is a measure of the 

number of periodic limb movements/hour of sleep.  

Sleep Efficiency reflects sleep disruption and is the total achieved minutes of 

sleep divided by minutes from sleep onset to sleep offset. This ratio provides a general 

measure of sleep quality based on the assumption that increased awake time in bed is an 

indication of poorer sleep quality. 

Wake After Sleep Onset reflects sleep disruption and is the minutes scored as 

wake from sleep onset to sleep offset.  

3.5.2  Outcome Construct and Measured Variables 

Disease Severity  
 
Disease severity included three measures. The first two were help-seeking 

behaviors, which reflected the act of seeking out medical care, as opposed to needing 

care, for vaso-occlusive crises. Help-seeking behaviors included the number of medical 

contacts and the number of days of care on which treatment of vaso-occlusive crises was 

received, during either the 12 month period before or the 12 month period following 
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polysomnography/adenotonsillectomy. The third measure of SCD severity was the DSI 

score. 

Medical Contacts was defined as any medical contact (hospitalization, emergency 

room visit, hematology clinic visit) for the treatment of vaso-occlusive crisis separated by 

at least one calendar day and a discharge home prior to readmission. This definition 

reflects that used by Nietert, Abboud, Zoller and Silverstein (1999), and is used to 

capture as many medical contacts as possible. It does not attempt to separate help-seeking 

contacts by discrete vaso-occlusive events, as data on the start and end of these events 

was not available. An admission for a vaso-occlusive crisis counted as a contact even if a 

child was admitted with a concurrent diagnosis (e.g. asthma exacerbation) and could be 

either the principle or secondary diagnosis. If a medical contact was instituted for a vaso-

occlusive crisis and the child’s stay was extended for other reasons, only the days on 

which the child was treated for crisis were counted as outcome. If a contact was initiated 

through the emergency room and continued on to admission on the next calendar day 

without discharge home, it was considered the same contact. This variable included the 

total number of medical contacts during either the 12-month period prior to 

polysomnography or the 12-month period following polysomnography or, where 

applicable, following adenotonsillectomy. 

Days of Care was defined as the number of days of medical care that occurred 

during medical contacts. Care on any calendar day counted as one day, so that an 

emergency room or hematology clinic visit of any length less than 24 hours counted as 

one day of care. This variable included the total number of days of care during either the 
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12-month period prior to polysomnography or the 12-month period following 

polysomnography or, where applicable, following adenotonsillectomy. 

Vaso-occlusive crises included in the measurement of medical contacts and days 

of care included the following: 

1) Acute Chest Syndrome was defined as a diagnosis by a chest radiograph 

performed during a medical contact which was interpreted by a radiologist as either acute 

chest syndrome or pneumonia. Alternately, in the absence of a stated diagnosis, acute 

chest syndrome was defined by the a finding of a new infiltrate (Morris, et al., 1999; 

Quinn & Ahmad, 2005), consolidation, atelectasis or upper airspace disease on 

radiograph with accompanying fever, respiratory symptoms or chest pain recorded in the 

medical record. This definition of acute chest syndrome incorporated the diagnosis of 

pneumonia. This combination has the potential to confound the diagnosis of acute chest 

syndrome (as pneumonia occurs more frequently than does acute chest syndrome); 

however the diagnoses cannot accurately be separated retrospectively. In SCD, 

pneumonia and acute chest syndrome often occur simultaneously or pneumonia can 

precipitate acute chest syndrome. Medically they are treated the same, and radiographic 

findings of one are not exclusive of the other (A. Holley, personal communication, 

January 8, 2009; G. Winnie, personal communication, January 19, 2009; Redding-

Lallinger & Knoll, 2006).  

2) Painful Crisis was defined as self-reported or parent-reported pain in the arms, 

legs, back, abdomen, chest, or head that lead to help-seeking, and was attributable to 

SCD. Minimum treatment to be considered a painful crisis included intravenous 

hydration and/or administration of opioids or ketorolac (Alexander, Higgs, Dover, & 
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Serjeant, 2004; Dampier et al., 2004; Day, 2004; Glassberg, Spivey, Strunk, Boslaugh, & 

DeBaun, 2006; Homi, Levee, Higgs, Thomas, & Serjeant, 1997; Miller et al., 2000).  

3) Priapism was defined as a the finding of priapism on physical examination by a 

health care provider at the time of help-seeking, and that required medical intervention.  

4) Splenic Sequestration was defined as a diagnosis of splenic sequestration by a 

physician, based on physical examination revealing an enlarged spleen and decreasing 

hemoglobin value on laboratory report that required hospitalization. 

Sickle Cell Disease Severity Index Score was defined as the value calculated by 

the on-line Sickle Cell Disease Severity Calculator (Boston University, Center of 

Excellence in Sickle Cell Disease, 2007), using an individual’s values for the 16 clinical 

and laboratory variables on the calculator. The 16 measured variables and the categories 

of each used in Bayesian modeling are listed below. 

1) Age was measured in years, to one decimal place, recorded on the date of the 

polysomnogram. For calculation of the DSI score, age is categorized as a) <18 years of 

age, b) 18-40 years of age, or c) > 40 years of age. All subjects in this study were in the 

youngest (referent) group for calculations of the DSI score at the time of 

polysomnography.   

2) Avascular necrosis was defined as a radiologist’s diagnosis by radiograph or 

magnetic resonance imaging (MRI) study. Results of MRI were accepted over radiograph 

results when evidence conflicted. Absence of avascular necrosis was defined as either 

radiographic confirmation of normal bone structure or absence of symptoms (leg, hip, 

joint pain), in the absence of radiographic confirmation of its absence. It was categorized 

as a) yes, any evidence of avascular necrosis at any time in life prior to calculation of that 
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DSI score, or b) no (referent group), never experienced avascular necrosis prior to 

calculation of that DSI score. 

3) Acute chest syndrome, defined as above, was categorized into a) yes, any 

episode of acute chest syndrome at any time in life prior to calculation of that DSI score, 

or b) no (referent group), never experienced acute chest syndrome prior to calculation of 

that DSI. 

4) Sex was categorized as a) male, or b) female (referent group). 

5) Genotype was categorized as a) HbSS, or b) HbSC (referent group). For DSI 

calculation, children other than HbSS or HbSC were classified as one of those two sickle 

hemoglobin variants, based on clinical and laboratory similarity of that variant to either 

HbSS or HbSC, either as reported in the literature or as reported by the child’s 

hematologist. For example, HbS-β0Thalassemia is clinically similar to HbSS and was so 

classified (Quinn & Ahmad, 2005) for calculation of the DSI score. A third genotype 

category for on-line DSI score calculation, HbSS with alpha thalassemia, was not used in 

this study because alpha thalassemia status was not available. 

Laboratory values:  Five laboratory values were included in the calculation of the 

DSI score, representing aspects of SCD severity due to hemolysis and vaso-occlusion. 

Referent values are those that reflect laboratory values found in the majority of the sickle 

cell population. All laboratory values were collected during steady-state, a period during 

which no vaso-occlusive crises or illnesses had occurred for at least 2 weeks, insofar as 

these were available. They were collected within ± 6 months of the target date of the DSI 

score calculation. All laboratory values were defined as the value reported on the hospital 
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laboratory report and are the average of two values, where available. Units of measure 

were all compatible with those used in the DSI calculator.  

In cases in which children were never seen during steady-state, for example 

children with chronic pain syndrome, laboratory values were extracted from medical 

contacts when laboratory values were least likely to be affected, for example blood tests 

drawn during an emergency room visit for a rash rather than for a febrile illness, or for a 

mild vaso-occlusive crisis rather than from a serious episode of acute chest syndrome. 

Laboratory values that were appreciably out of line with other of the patient’s laboratory 

values were considered missing values. 

6) Lactate dehydrogenase (LDH) was reported in U/L units and reflects the 

hemolytic process. Categories for calculation of DSI scores include a) <300, b) 300-600 

(referent group), or c) >600.  

7) Mean cell volume (MCV) was reported in fL units. Categories for calculation 

of DSI scores include a) <80, b) 80-98, (referent group), or c) >98.  

8) Bilirubin was reported in mg/dL, reflects the hemolytic process. Categories for 

calculation of DSI scores included a) <1.3 (referent group), b) 1.3-3.4, or c) >3.4. 

9) Reticulocyte percent is the percent of the total red blood cell count composed of 

reticulocytes. It reflects the hemolytic process. Categories for calculation of DSI scores 

included a) <4.8, b) 4.8-13 (referent group), or c) >13.  

10) White blood cell (WBC) count was reported in K/uL and reflects the 

inflammatory process. Categories for calculation of DSI scores included a) <10.8 

(referent group), b) 10.8-13.5, or c) >13.5.  
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11) Pain, defined as painful crisis above, was categorized as a) yes, any episode 

of vaso-occlusive pain at any time in life prior to calculation of that DSI score, or b) no 

(referent group), never an experienced episode of vaso-occlusive pain prior to calculation 

of that DSI score. 

12) Priapism, defined as above, was categorized as a) yes, male positive for any 

episode of priapism at any time in life prior to calculation of that DSI score, b) no 

(referent group), male but never experienced priapism prior to calculation of that DSI 

score, or c) female, not applicable. 

13) Sepsis was defined as any culture-documented infection in the bloodstream, 

regardless of the infecting organism. If sepsis occurred before being followed in the 

hematology clinic, a hematologist reported episode of sepsis was accepted as 

documentation of sepsis. For calculation of a DSI score, sepsis was categorized as a) yes, 

any episode of sepsis at any time in life prior to calculation of that DSI score, or b) no 

(referent group), never experienced sepsis prior to calculation of that DSI score. 

14) Stroke was defined as radiological confirmation of stroke. Both overt 

(symptomatic), and silent (asymptomatic) stroke diagnosed on routine screening or 

during participation in the Silent Infarct Transfusion Trial study were counted as stroke. 

For calculation of a DSI score, stroke was categorized as a) yes, any episode of stroke at 

any time in life prior to calculation of that DSI score, or b) no (referent group), never 

experienced stroke at any time prior to calculation of that DSI score. 

15) Systolic blood pressure, reported in mmHg, was defined as a reported systolic 

blood pressure on the medical record taken during steady-state. Method of blood pressure 

measurement and circumstances of measurement could not be determined retrospectively. 
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For calculation of a DSI score, systolic blood pressure was categorized as a) <80, b) 80-

120 (referent group), or c) >120. 

16) Transfusion therapy was defined as regular, timed blood transfusions for the 

purpose of ameliorating severe SCD symptoms and complications. It did not include 

isolated transfusions administered during vaso-occlusive crises or preoperatively. For 

calculation of a DSI score, transfusion therapy was categorized as a) yes, receiving 

chronic transfusion therapy at any time during the period of time being considered for 

calculation of the DSI score, or b) no (referent group), did not receive chronic transfusion 

therapy during that time. Only chronic transfusion therapy occurring during the period of 

time for which the DSI score was calculated was counted as a yes, as the protective effect 

of transfusions only lasts for the period during which there is a decreased percent of HbS.   

Predictor and outcome variables of the proposed conceptual model are 

summarized in Table 3.3. This table itemizes the measured variables representing each 

construct, and identifies categories and referent groups for each. 
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3.6  Data Collection Timeline 

 Data were collected on the variables related to help-seeking for care of vaso-

occlusive crises (medical contacts and days of care) for 12-month periods. The time 

period during which laboratory data could be collected for calculation of DSI scores 

included a period ± 6 months of the time point for DSI score calculation. This time period 

was used to allow the greatest time frame during which to capture laboratory variables, 

because healthy children were generally only followed bi-yearly to yearly and sick 

children presented few opportunities to collect steady-state values between sick contacts.  

For research question 1, data collection related to help-seeking occurred during 

the 12-months preceding polysomnography. Subjects were excluded if they did not have 

a full 12 month data collection period for this question. Data for calculating DSI scores 

were collected at the time of polysomnography (Figure 3.2).  

 

Figure 3.2  Data Collection Timeline for Research Question One  
 

PSG
No/mild/severe OSA

12 months

VOC rate
DSI

 

Note. Data collection for differences in vaso-occlusive crisis (VOC) rate and Sickle Cell 
Disease Severity Index scores (DSI) between children having sickle cell disease 
with/without obstructive sleep apnea (OSA) at time of polysomnogram (PSG).  
 
 

 To address research question 2, data on treatment of vaso-occlusive crises was 

collected during the 12 months follow polysomnography. For children who underwent 

adenotonsillectomy for treatment of their OSA, the 12-month data collection period 
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included instead, the 12-month period following surgery. Data for calculating DSI scores 

were collected at three time points: 1) 12 months preceding polysomnography, 2) at the 

time of polysomnography and 3) 12 months following polysomnography, or following 

adenotonsillectomy where applicable (Figure 3.3). 

 

Figure 3.3  Data Collection Timeline for Research Question Two  
 

PSG 

VOC rate VOC rate

T&A

12 months pre-PSG

VOC rate

12 months post-PSG

VOC rate

PSG

DSI DSI

DSI DSI

DSI

DSI

PSG

VOC rate

12 months post-T&A

VOC rate
DSI DSIDSI

Group 1 

No OSA, no T&A

Group 2 

OSA, no T&A

Group 3

OSA, T&A

12 months pre-PSG

12 months pre-PSG

12 months post-PSG

 

Note. Data collection for differences in vaso-occlusive crises (VOC) and Sickle Cell 
Disease Severity Index scores (DSI) between children having sickle cell disease with and 
without obstructive sleep apnea (OSA), who did/did not have adenotonsillectomy (T&A).  
 
 
 
3.7  Reliability of the Data 

The electronic record posed problems with data collection. Records of medical 

contacts were sometimes incomplete. For example, the existence of forms was sometimes 

referenced on other forms from a particular contact, but they were not available in the 

electronic record for that visit. At other times, forms from one contact were scanned into 
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records of a contact occurring on another date, misfiled behind the forms for that contact, 

and were not easily located. Accurate data collection required accessing every contact 

within the study time frame and at least one contact before and after the time frame, and 

examining every page of the electronic record for misfiled forms. To assure accuracy and 

completeness of data extraction, data extraction was repeated by the investigator on 10% 

(n = 5) of the sample. In order to institute changes as required in the data extraction early 

in the data collection process, this was carried out about 3 weeks into data collection. 

This time frame for repeated data collection was used to allow for the learning curve for 

use of the electronic record to asymptote.  

Percent agreement on data collected on the first and second data extractions was 

calculated, with 80% agreement considered acceptable intra-rater agreement. Variables 

were grouped into 5 categories for intra-rater comparisons. Data collection categories 

included: 1) polysomnography variables recorded from sleep study reports, 2) historical 

clinical occurrences reported at any time in the medical record including stroke, sepsis, 

priapism, acute chest syndrome and pain, 3) laboratory values (collected on the same date 

for the first and second data extraction), and 4) help-seeking outcomes, with number of 

medical contacts and number of days of care considered separately. The fifth category 

involved DSI scores calculated using the on-line DSI calculator.   

Intra-rater agreement for the first three categories was excellent. The 

polysomnography category included 25 variables (per subject) for a total of 125 

comparisons, with an agreement rate of 99%; historical clinical occurrences included 18 

variables for a total of 90 comparisons, achieving 95.5% agreement; and 38 laboratory 

values created 190 comparisons, with an agreement rate of 92.6%. Of note, every effort 
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was made to collect laboratory values on the same date. In a few cases, dates had not 

been recorded during the initial data extraction, and these laboratory values were not 

included in the analysis, as they might be correctly recorded, but differ because of 

collection on different dates.  

To calculate intra-rater agreement on help-seeking, any overlap in dates of 

medical contacts for treatment of vaso-occlusive crises was counted as agreement on that 

contact. Days of care were in agreement if they fell on the same date. Large discrepancies 

existed between data collected on the initial five subjects. These were children who 

frequently sought help for vaso-occlusive crises and whose data were extracted at the 

beginning of the learning curve for use of the electronic medical record. Agreement for 

dates of medical contact on these subjects was 69.1%, with a range of 25.8% to 100% 

and for dates of days of care was 71.0%, with a range of 21.8% to 100%.  

Data were then re-collected on another five subjects. In this sample, agreement 

improved significantly, although subjects displayed less help-seeking in the second set of 

comparisons than in the first set. For dates of medical contact, agreement was 93.2% 

(range 75.0%-100%), and for days of care agreement was 88.8% (range 76.9%-100%). 

Overall intra-rater agreement for the 10 re-extractions was 81.4% for medical contacts 

and 79.9% for days of care (Table 3.4). As a result of intra-rater testing, the decision was 

made to rescore help-seeking outcomes on every subject. Discrepancies between the 

initially extracted dates and the subsequent extraction were resolved by reentering the 

subject’s database and resolving each discrepancy date-by-date. Thereby, data on help-

seeking outcomes were examined at least three times for every subject.  
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Table 3.4  Intra-rater Agreement on Data Extraction for Vaso-occlusive Crises Requiring 
Care, n = 10 
 

 
Case 

 
Variablea 

1st data 
extraction 

2nd data 
extraction 

 
# deletedb 

 
# addedc 

% 
agreementd 

1 
Medical contacts  12 19 8 15 25.8 
Days of care 32 78 20 66 21.8 

2 
Medical contacts  8 10 3 5 55.5 
Days of care 17 29 3 15 60.9 

3 
Medical contacts  13 17 2 6 73.3 
Days of care 110 110 6 6 94.5 

4 
Medical contacts  6 5 1 0 90.9 
Days of care 11 7 4 0 77.7 

5 
Medical contacts  1 1 0 0 100 
Days of care 1 1 0 0 100 

6 
Medical contacts  1 1 0 0 100 
Days of care 2 2 0 0 100 

7 
Medical contacts  7 7 0 0 100 
Days of care 31 31 1 1 96.8 

8 
Medical contacts  5 6 0 1 90.9 
Days of care 17 23 0 6 85.0 

9 
Medical contacts  4 4 1 1 75.0 
Days of care 6 7 1 2 76.9 

10 
Medical contacts  1 1 0 0 100 
Days of care 3 4 0 1 85.7 

 
Note. aPre-polysomnogram + post-polysomnogram or post-adenotonsillectomy vaso-occlusive 
crises;  b(# dates on 1st data extraction not identified on 2nd data extraction); c (# dates on 2nd data 
extraction not identified on 1st data extraction); d % agreement = [(1st data extraction + 2nd data 
extraction) – (# deleted + # added)] / (1st data extraction + 2nd data extraction). 
 
 
 

Calculated DSI scores were also tested for reliability. Errors in data entry into the 

DSI calculator could potentially change SCD severity status. To test the reproducibility 

of the DSI score, intra-rater agreement was calculated on a sample of scores. There were 

122 calculated DSI scores for the total sample. Scores were recalculated for children 

having the 30 highest values. Agreement between pairs of DSI scores for this group was 

89%.  Scores were then recalculated on a random sample of 29 of the remaining subjects. 

Intra-rater agreement between pairs of DSI scores for the second sample was 95%. For 
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the total sample having rescored DSI (n = 59), intra-rater agreement between paired 

scores was 93.2%, with disagreement between 4 pairs of scores. Differences ranged from 

-.32 to .1, with DSI scores on the second calculation generally being higher. No subject’s 

severity classification changed as a result of rescoring their DSI. Both sets of tests (higher 

severity sample and total sample) indicated acceptable intra-rater agreement.  

Scores on the DSI are sensitive to changes in categorization of each variable (e.g. 

systolic blood pressure categorized as 80-120 versus >120 mm Hg), and missing data 

might theoretically significantly change the DSI score. Data missing for the calculation of 

DSI scores included 23 missing bilirubin levels, one missing mean cell volume and one 

missing white blood count. The most common missing variable was LDH, with 71 

missing values among the 122 calculated DSI scores, so 58% of DSI scores in this study 

were missing LDH values. Lactate dehydrogenase is a marker of the severity of 

hemolysis and is reported to be an important prognostic indicator in calculation of DSI 

scores (Sebastiani et al., 2007). In the original cohort used for model fitting of the DSI, an 

odds ratio (95% CI) of 0.85 (0.76; 0.94) was reported for the LDH category < 300, and of 

1.98 (1.71; 2.29) for the LDH category >600, as compared to the referent LDH category 

300-600. Given that the risk of death for the highest LDH category was nearly double 

that of the referent category, it was important to test the reliability of the DSI scores with 

missing LDH values. All DSI scores that included an LDH were compared to DSI scores 

for the same subject and time point, but with the value for LDH entered into the on-line 

calculator as missing. Scores for the DSI were skewed, so Kendall’s W test was used to 

test for significant differences in scores between those calculated with and those 

calculated without an LDH value. Kendall’s W is a nonparametric test of inter-rater 
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reliability. No significant difference was found between groups of DSI scores based on 

missing versus available values for LDH (χ
2(1) = .333, p = .561). In this sample, then, 

LDH did not significantly change DSI scores. As a result, DSI scores without LDH 

values were interpreted equivalently to those having an LDH value.   

Finally, four children had sickle hemoglobinopathies other than HbSS or HbSC. 

In these cases, separate DSI score calculations were performed alternately classifying 

children as having HbSS and as having HbSC disease. In no case did this reclassification 

of genotype result in a change in the DSI score, so DSI scores for these children were 

accepted as valid, despite the limited genotype classifications in the DSI model.  

3.8  Statistical Methods 

3.8.1  Missing Data 

As with many retrospective studies, missing data presented a problem in this 

study. The greatest problem was missing data regarding information on vaso-occlusive 

crises. Many crises experienced by the children were noted in the medical record but had 

been managed at home by the parents, so were not available for inclusion in the study. 

Children also, at times, sought help at other institutions. Several children were excluded 

from seeking help at the sample hospital because of health insurance constraints and 

these children were excluded from the study; however, there may have been instances of 

help-seeking at other institutions that were not obvious from the medical record. Only 

vaso-occlusive crises managed at the sample hospital were considered as an outcome, 

unless adequate documentation of that medical contact existed. Adequate documentation 

consisted of notes in the medical record of dates and diagnoses for these contacts. Several 

medical record sources were evaluated to verify information regarding medical care for 
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vaso-occlusive events. Hematology clinic visits, hospitalizations and emergency room 

visits always entailed an interim history, which queried parents about unscheduled 

medical contacts and constituted evidence of care elsewhere. Record of transfer by 

ambulance to the sample hospital also constituted evidence that medical care for less 

serious illnesses was being sought elsewhere. Any child recognized to have sought help 

for vaso-occlusive crises at other institutions without corresponding data to verify and 

include these contacts was excluded from the study.  

Other missing variables included blood pressure values, radiologic evaluation for 

avascular necrosis and some polysomnographic variables, particularly for 

polysomnography performed during the year 2003. No polysomnogram result lacked data 

on the obstructive apnea-hypopnea index, and all obstructive apnea-hypopnea indexes 

were calculated uniformly. Alpha thalassemia status was another missing variable in this 

sample. Alpha thalassemia is a genetic variant of hemoglobin that occurs in about 30% of 

people with HbSS disease (Steinberg, 2005). Although its effect is not consistent, it 

generally attenuates the more severe complications of SCD. The DSI calculator assigns a 

risk of death 1.12 times higher to people with HbSS disease without alpha thalassemia 

than it does to those having concurrent alpha thalassemia (Sebastiani et al., 2007; 

Steinberg, 2005). In this sample, no subjects had data on alpha thalassemia status. Thus, 

DSI scores for children actually having alpha thalassemia may be slightly higher than 

they would be with accurate information on this variable. No DSI score was calculated in 

cases where there were missing values on more than two variables. This resulted in one 

missing DSI score pre-polysomnography and two missing scores post-polysomnography. 
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Subjects were deleted from analyses related to research question two if they did 

not have a full 12 months of data on medical contacts during the 12-month period 

following their polysomnogram or adenotonsillectomy, where applicable. Analyses were 

conducted excluding cases pairwise to maximize the number of comparisons and 

minimize exclusions due to missing data. Data was imputed only for the exploratory 

regression models in research questions one and three, using the Statistical Package for 

the Social Sciences (SPSS, Inc., Chicago, IL), version 14.0 Missing Values Analysis 

program and expectation maximization imputation.  

 3.9  Statistical Analysis 

Analyses were performed using SPSS 14.0, with the exception of negative 

binomial regression which was performed using SPSS 17.0. Data screening showed that 

most variables were not normally distributed. The only normally distributed variable used 

in these analyses was age. Many variables had outliers, particularly the outcome 

variables. For example, days of care pre-polysomnogram ranged from 0 to 38, and post-

polysomnogram/adenotonsillectomy ranged from 0 to 83, whereas the median value of 

these variables was only 4 days. Consequently, most data analyses were performed using 

nonparametric statistics.  

Classic parametric statistics are based on certain assumptions, such as normally 

distributed data, homoscedasticity, absence of outliers and equal group sizes. Violations 

of the assumptions of a parametric test substantially lower the power of the test and 

inflate the rate of both Type I and Type II error (Erceg-Hurn & Mirosevich, 2008). 

Wilcox (1998), for example, showed that only a small departure from normality reduced 

the power of the t-test from .96 to .28. Small sample sizes, moreover, can produce highly 
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inaccurate confidence intervals and inflate Type I error when data are skewed (Wilcox & 

Keselman, 2003) as they are in this study.  

Nonparametric tests can provide better control over the probability of Type I error 

when assumptions of parametric tests are violated (Wilcox & Keselman, 2003). Several 

studies have shown, for example, that the Wilcoxon Signed Rank test, the nonparametric 

equivalent of the t-test, is three to four times more powerful than the t-test under skewed 

conditions (Blair & Higgins, 1980; Bridge & Sawilowsky, 1999). Nonparametric tests 

used in this study were those based on the principle of ranked data. The alpha level for 

individual statistical tests was set at p ≤ .05 using the Fisher’s exact statistic when sample 

size allowed or Monte Carlo statistic for analyses for which sample size was too large to 

estimate a p-value using the computationally intense Fisher’s exact method. Bonferroni 

correction was applied to post hoc tests. All statistical tests were two-tailed except for 

tests of trends, which were one-tailed. 

The presence of OSA was considered to be an obstructive apnea-hypopnea index 

of ≥1 (Amin et al., 2004; Katz & Marcus, 2005). Severity of OSA was categorized 

according to commonly reported categories, as 1) no OSA, obstructive apnea-hypopnea 

index < 1, 2) mild OSA, obstructive apnea-hypopnea index 1 – 4.9, and 3) moderate-

severe OSA, obstructive apnea-hypopnea index ≥ 5. 

Age was categorized for some analyses, to examine differences in outcome and 

clinical variables by age group. For these analyses, children were categorized into the 

following age groups: 1) 2 - 5 years, 2) 6 - 10 years, and 3) 11 - 17 years. Age groupings 

of children are not standardized between studies, and can never totally represent 

maturational, SCD severity-related and sleep-related changes that occur with aging, 
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because children mature at different rates. For this study, the cut-point for the oldest 

group was chosen to represent the approximate onset of puberty and/or entry into middle 

school. For African American females, the average age of breast development is 8.9 

years, with menarche achieved at an average of 12.2 years (Herman-Giddens et al., 

1997). For African American males, the average age of pubic hair development is 11.2 

years (Herman-Giddens, Wang, & Koch, 2001). These values provided approximations 

of pubertal onset. The cut-point of 5 years of age in the younger children represents a 

split of approximately equal group sizes among the younger subjects. It has further 

relevance in that fetal hemoglobin, which has properties that attenuate some sequelae of 

SCD, decreases throughout childhood but remains above 20%, on average, through 5 

years of age (Brown et al., 1994). This is a threshold of fetal hemoglobin that has been 

proposed to prevent acute clinical events (Powars, Weiss, Chan, & Schroeder, 1984) 

although it has limited usefulness in this study given that a number of children were on 

hydroxyurea, a drug which exerts its therapeutic effect by elevating fetal hemoglobin. 

Body mass index (kg/m2) and BMI percentile for age, based on the Centers for 

Disease Control and Prevention BMI-for-age growth charts, were calculated using an on-

line calculator available through the Children’s Hospital of Philadelphia 

(http://stokes.chop.edu/web/zscore/). Body mass index percentile for age is a means of 

age-adjusting BMI in children. The percentile indicates the relative position of a child’s 

BMI compared to children of the same sex and age. Less than the 5th percentile is 

classified as underweight, the 5th to < 85th percentile is classified as a healthy weight, 85th 

to < 95th percentile is classified as overweight, and ≥ 95th percentile is obese (Centers for 

Disease Control and Prevention, 2008). 
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Prior to addressing the research questions, descriptive statistics (mean, standard deviation 

[SD], median, and range) for the sample were computed on demographic and clinical 

descriptors. Groups based on OSA severity (no, mild or moderate-severe OSA) were 

compared on demographic and clinical variables using descriptive statistics. Differences 

between groups on these variables were tested using appropriate statistics, including: 1-

way ANOVA for normally distributed data; Kruskal-Wallis test (H), a nonparametric test 

of differences in a continuous outcome between greater than two independent groups 

analogous to a 1-way ANOVA; or Chi-square test of differences for categorical data. 

Effect sizes (r) were calculated using Cramer’s V (V) for Chi-square tests or Jonckheere-

Terpstra test (J) for nonparametric analyses. The Jonckheere-Terpstra (one-tailed) trend 

test is a nonparametric test of trends across groups or across time points.  A measure of 

effect size for trend is calculated using the formula r = Z / √N, when Z = the reported z-

score and N = total number of observations.  

Non-significant group differences were considered evidence that these variables 

did not need to be controlled in subsequent analyses of SCD outcomes, except in analyses 

identified as exploratory. Statistical analyses for the three research questions were 

conducted as follows. 

3.9.1  Research Question One 

 This question asked if OSA is related to SCD severity. Kruskal-Wallis test was 

employed to analyze group differences based on OSA severity on the help-seeking 

outcomes and on DSI scores at the time of polysomnography. Differences found to be 

significant were analyzed post hoc between pairs of groups based on level of OSA 

severity using the Mann-Whitney U test (U). The Mann-Whitney U is a nonparametric 
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test of differences in a continuous outcome between two independent groups analogous to 

a t-test. Effect sizes were calculated for Mann-Whitney tests using the same formula as 

for the Jonckheere-Terpstra trend test. Jonckheere-Terpstra test was employed to identify 

significant linear trends across levels of OSA severity on the outcome variables.  

As an exploratory analysis, a model was fit for the two help-seeking outcomes 

with age, obstructive apnea-hypopnea index and the interaction of age and obstructive 

apnea-hypopnea index employing negative binomial regression. Negative binomial 

regression is appropriate for analyzing dependent variables consisting of count data with 

many non-occurrences (e.g. no medical contacts) and with no upper limit to the number 

of occurrences. It is useful when overdispersion (variance > mean) prevents use of the 

more parsimonious Poission regression model. Negative binomial regression is thought to 

be more stable than Poisson regression for small samples (Garson, 2006) and can be used 

when the probability of experiencing an event is not independent. For example, in this 

study painful crises are known to occur in clusters, and occurrence of acute chest 

syndrome is more likely in a person who has previously experienced the event, thus 

making these outcomes non-independent. The dependent variable is modeled by a log-

link function which logarithmically transforms the variable, and an ancillary parameter, k, 

which accounts for the unmeasured variable responsible for its non-independence.  

There is no agreement on minimum sample size for the negative binomial 

regression technique, but it is generally recommended that the number of parameters in 

the model be less than 10% of the sample size (Greenland, 2008), so that a sample size of 

45 was low for some initial negative binomial models in this study, unless effect size was 

large. For these regressions, estimation was set to robust, scale parameters were set to 
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fixed, and chi-square statistics were calculated using likelihood ratio. These settings are 

reported to be more accurate with small samples (Garson, 2006) than are the alternative 

settings.  

3.9.2  Research Question Two 

This question asked whether adenotonsillectomy improved SCD severity in 

children with OSA. Differences between groups based on adenotonsillectomy status were 

explored using descriptive statistics. The Wilcoxon Signed Rank test (T) was used to 

compare medical contacts and days of care during the year pre-polysomnography and the 

year post-polysomnography/adenotonsillectomy (heretofore pre vs post) for all subjects 

with complete follow-up data, and again for the subset of subjects who had OSA. The 

Wilcoxon Signed Rank test is a nonparametric test of differences in matched-pairs data 

analogous to a paired t-test. Effect sizes were calculated using the same formula as with 

the Mann-Whitney U test above, except that N = the total number of observations 

wherein the same person measured pre vs post is considered to be 2 observations. 

Friedman’s ANOVA (χ2) was employed to analyze within-subjects change in the DSI 

score over three time periods (pre-polysomnography, at time of polysomnography and 

post-polysomnography/adenotonsillectomy). Friedman’s ANOVA is a nonparametric test 

of differences in more than two repeated conditions in a related sample and is analogous 

to repeated measures ANOVA.  

Rank-based nonparametric tests can only examine within-group differences over 

time, and between-group differences over time can only be examined descriptively by 

using a split-file command and comparing outcomes between groups. So, in order to 

statistically compare between-groups differences in pre vs post SCD severity based on 
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adenotonsillectomy status, a change score was calculated for change in help-seeking 

behaviors from pre to post. Change was classified as better (less help-seeking post than 

pre), the same, or worse (more help-seeking post than pre), and was first analyzed using 

descriptive statistics, then employing the Mann-Whitney U to test between-groups 

differences.  

3.9.3  Research Question Three 

 This question asked whether there are polysomnographic parameters that are 

associated with or that predict SCD severity in children. First, descriptive statistics were 

used to examine differences in polysomnographic parameters for the combined sample. 

Comparisons were made on polysomnographic gas exchange parameters, and on sleep 

disturbance and sleep architecture parameters, between groups based on OSA severity. 

Group differences were tested employing Kruskal-Wallis and Jonckheere-Terpstra trend 

tests.   

Bivariate correlation employing Kendall’s tau (τ) was used to screen for 

polysomnographic variables associated with the outcome measures at the p = .20 level, to 

be included in exploratory regression analyses. Kendall’s tau is a nonparametric test of 

correlation similar to Spearman’s rho, but provides a better estimate of the population 

with small sample sizes (Field, 2005).  

Negative binomial regression modeled the two help-seeking outcomes. Pseudo R2 

is reported for these models. However, pseudo R2 cannot be interpreted as being 

equivalent to the R2 of a linear regression model. In linear regression (based on ordinary 

least squares), the R2 represents the variability in the dependent variable that is explained 

by the model. Negative binomial regression is based on maximum likelihood estimates, 
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and model estimates are not calculated to minimize variance. There are numerous 

methods for calculating a pseudo R2, and each method yields different results for the 

same data. McFadden’s R2 is reported in this study, and equals (1 – [full model log 

likelihood/intercept-only model log likelihood]; Statistical Consulting Group, 2008). 

Thus, it is a useful measure of improvement of the full model over the intercept-only 

model, and is useful when comparing nested models, the technique used in this study. 

The adjusted pseudo R2 adjusts for the number of predictors in the final model and is a 

more conservative value than is the pseudo R2, adjusting for the number of parameters in 

the model.  

Standard linear regression was used to fit a model for the outcome DSI scores, 

using the same screening criteria for inclusion of predictors as described above. Adequate 

sample size for linear regression modeling testing the overall model is at least 50 plus the 

number of predictors multiplied by 8, and at least 104 cases plus the number of predictors 

if testing individual predictors, given a medium effect size, alpha = .05 and beta = .20 

(Tabachnick & Fidel, 2001; pg. 117). So the sample size was low for this regression 

analysis and it was considered exploratory.  

3.10  Human Subjects Protection 

Permission to conduct this study was obtained from the IRB at the University of 

Maryland, Baltimore and at the sample hospital prior to the start of data collection. This 

study involved only the use of secondary data. It met the requirements for Expedited 

Review by both IRBs, and both subject informed consent and Health Insurance 

Portability and Accountability Act authorization were waived. A codebook was created to 

link data to specific subjects. This codebook was maintained separately from the database 
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and was stored on a password-protected computer in a locked room in the offices of the 

primary investigator at the institution of data collection, thus ensuring patient 

confidentiality.  
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CHAPTER 4:  FINDINGS 

The purposes of this study were 1) to examine the influence of obstructive sleep 

apnea (OSA) on the severity of sickle cell disease (SCD) in children, 2) to test the effect 

of adenotonsillectomy for treatment of OSA on improvement in SCD severity, and 3) to 

explore the influence of polysomnographic parameters associated with OSA on SCD 

severity. The results of data analysis for the three research questions are presented in this 

chapter. 

4.1  Description of the Sample  

 4.1.1  Demographic Characteristics 

Eighty children with SCD underwent polysomnography at the sample children’s 

hospital between April 1, 2003 and October 31, 2008. Forty-five subjects were eligible 

for inclusion for research questions one and three. Thirty subjects qualified for inclusion 

for research question two. Ages of the subjects ranged from 2.3 years to 17.6 years, with 

a mean age of 9.5 years (Table 4.1). Fourteen children (31.1%) were 2-5 years of age, 15 

(33.3%) were 6-10 years of age, and 16 (35.6%) children were 11-17 years of age. The 

sample included 21 (46.7%) males. Nearly all (95.6%) subjects were African American. 
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Table 4.1  Demographic Characteristics of Children with Sickle Cell Disease Referred for 
Polysomnography, N = 45 
 

 N (%) Range Mean ±SD (Mediana) 
Age (years)  2.3-17.6 9.5 ± 4.7 

2 - 5 yrs 14 (31.1)   
6 - 10 yrs 15 (33.3)   
11-17 yrs 16 (35.6)   

Sex    
Male 21 (46.7)   
Female 24 (53.3)   

Race    
African American 43 (95.6)   
Other 2 (4.4)   

Sickle Cell Genotype    
HbSS 32 (71.1)   
HbSC 9 (20.0)   
Other 4 (8.9)   

Body mass index (BMI)  13.5-40.0 18.2 ± 4.9 (16.8) 
BMI percentile for age  <1-99 48.8 ± 32.0 (36.0) 

< 5 (underweight) 3 (6.7) <1-4 2.0 ± 1.7 (1.0) 
5 - < 85 (healthy weight) 31 (68.9) 17-81 36.8 ± 18.7 (32.0) 
85 - <95 (overweight) 4 (8.9) 89-93 90.8 ± 1.7 (90.5) 
≥ 95 (obese) 7 (15.6) 95-99 97.6 ± 1.6 (98.0)  

 
Note: aMedian value reported for non-normally distributed variables; HbSS = 
hemoglobin SS (sickle cell anemia); HbSC = hemoglobin SC disease. 
 
 

Mean BMI was 18.2, with a BMI percentile ranging from <1 to 99% and 

averaging 48.8%. Three children (6.7%) were underweight, 31 children (68.9%) were at a 

healthy weight, and 11 children (24.4%) were overweight or obese (Figure 4.1). In the 

younger two age groups, males had higher BMI percentiles than did females, but were 

surpassed by females in the 11-17 year age group (Figure 4.1). 
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Figure 4.1  Body Mass Index Percentile-for-Age, by Age Group and Sex 
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Note. Numbers on bar = number of children in each age/BMI percentile category. 
 

4.1.2  Clinical Characteristics 

The most commonly represented hemoglobin genotype was HbSS, including 32 

children (71%). Nine (20%) children had HbSC disease, and of the remaining 4 (8.8%) 
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children, 2 had HbS-B0Thalassemia and 2 had rare sickle hemoglobinopathies. Sickle cell 

disease-related clinical complications included painful crisis, which had ever been 

experienced by 38 children (84.4%) and acute chest syndrome which had occurred in 33 

(73.3%) children (Table 4.2). No child in the sample had experienced an overt stroke, but 

3 children (6.7%) were diagnosed with silent strokes on screening MRI. Two (4.4%) 

children had experienced sepsis, 2 children (4.4%) were diagnosed with avascular 

necrosis and priapism was reported in 7 males (33.3% of males). Eleven children (24.4%) 

had experienced at least 1 episode of splenic sequestration, and another child had a 

history of splenectomy. Categories were not mutually exclusive, and many children 

experienced more than one type of SCD-related complication. 

Twelve (26.7%) children had been started on hydroxyurea therapy prior to 

polysomnography due to recurrent SCD complications. Asthma was reported in 29 

children (64.4%), a prevalence much higher than the reported 7.8% current prevalence of 

asthma among African American children (Rodriguez, Winkleby, Ahn, Sundquist, & 

Kraemer, 2002).  
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Table 4.2. Clinical Descriptors of Children with Sickle Cell Disease Referred for 
Polysomnography, N = 45 
Clinical variables N (%)   

Obstructive sleep apnea (OSA)     
Mild OSA 19 (42.2)   
Mod-severe OSA 14 (31.1)   

Asthmaa (all genotypes) 29 (64.4)   
HbSS (of HbSS, % with asthma) 20 (62.5)   
HbSC (of HbSC, % with asthma) 5 (55.6)   

Hydroxyurea therapyb  12 (26.7)   
Sepsisa  2 (4.4)   
Strokea  3 (6.7)   
Priapisma (males only) 7 (33.3)   
Splenic sequestrationa  11 (24.4)   
Avascular necrosisa  2 (4.4)   
Acute chest syndromea (ACS) 33 (73.3)   

HbSS (of HbSS, % with ACS) 25 (78.1)   
HbSC (of HbSC, % with ACS) 4 (44.4)   

Painful crisisa  38 (84.4)   
HbSS (of HbSS, % with pain) 27 (84.4)   
HbSC (of HbSC, % with pain) 7 (77.8)   

Laboratory variables N (%) Mean ±SD Range 

Systolic blood pressure, mmHg  113.5±10.3 93-137 
Diastolic blood pressure, mmHg  64.2±8.1 46-84 
Daytime pulse oximetry, %  97.3±2.2 92.5-100 
Hemoglobin, g/dl  8.8±1.5 6.1-11.9 

HbSS  32 (78.0) 8.3±1.3 6.1-11.4 
HbSC  9 (22.0) 10.5±0.23 10.3-11.0 

White blood count, 109/L  11.4±3.7 5.2-21.4 
HbSS  31 (77.5) 12.3±4.0 5.16-21.41 
HbSC 9 (22.5) 9.5±2.1 6.62-12.48 

Mean cell volume, fL  80.3±7.9 61.3-98.1 
HbSS 32 (78.0) 82.6 ±7.0 71.0-98.1 
HbSC 9 (22.0) 73.4±2.1 61.3-87.6 

Reticulocyte %  9.9±6.3 2.1-26.9 
HbSS 32 (78.0) 12.2±6.1 2.1-26.9 
HbSC 9 (22.0) 3.9±1.4 2.3-6.7 

Bilirubin, mg/dL  2.7±1.8 0.7-8.2 
HbSS 26 (78.8) 2.9±1.7 0.7-7.9 
HbSC 7 (21.2) 1.6±1.0 0.7-3.8 

Lactate dehydrogenase, U/L  369.2±78.8 223-462 
HbSS 6 (66.7) 404.5±60.4 288-462 
HbSC 3 (33.3) 271.0±43.9 223-309 

Note. Clinical N (%) reports children positive for condition only; categories are not mutually 
exclusive. aDiagnosed at any time in life prior to polysomnogram (PSG); bTherapy at time of 
PSG. 
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 4.2.2  Differences in Demographic and Clinical Variables by Obstructive Sleep 

Apnea Status 

Thirty-three (73.3%) of the children referred for polysomnography were 

diagnosed with OSA. Nineteen children (42.2%) had mild OSA and 14 (31.1%) had 

moderate-severe OSA. Groups based on severity of OSA were compared on several 

demographic and clinical variables using appropriate statistical tests (Table 4.3). Twenty-

four children with HbSS (75% of HbSS) disease and 8 children with HbSC (88.8% of 

HbSC) disease were diagnosed with OSA. Differences in OSA severity by hemoglobin 

genotype could not be analyzed statistically because of the small sample of children with 

non-HbSS genotypes. Hydroxyurea therapy was utilized by 50% of children with no 

OSA versus 26% with mild OSA and only 7% having moderate-severe OSA. There was a 

significant difference between hydroxyurea groups (yes/no) and level of OSA severity (χ
2 

= 6.071, p = .048, V = .367), with the percentage of children on hydroxyurea decreasing 

as level of OSA severity increased.  
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There was a significant difference in obstructive apnea-hypopnea index by age 

group with a significant trend toward younger children having more severe OSA, H(2) = 

6.331, p = .033, J = 236.0, z = -2.106, p = .017, r = -.314 (Figure 4.2). When examined 

by BMI percentile categories, children in the youngest age group had an approximately 

equal mean obstructive apnea-hypopnea index between BMI percentile categories, while 

the group having the highest obstructive apnea-hypopnea index was the underweight 11-

17 year old children.  

 

Figure 4.2  Mean Obstructive Apnea-Hypopnea Index, by Age Group and Body Mass 
Index Percentile, N = 45 
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Note. Bars show means; error bars show +/- 1.0 SD. OAHI = obstructive apnea-hypopnea 
index. 
 

 

Although not significant, differences in OSA severity were notable between the 

sexes. Thirteen males (61.9%) had OSA, versus 20 females (83.3%), with 71.4% of the 
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children with moderate-severe OSA being female. The mean obstructive apnea-hypopnea 

index of females exceeded that of males in every age group and in the two lower BMI 

percentile categories, with approximately the same average obstructive apnea-hypopnea 

index between sexes in the highest BMI percentile category (Figure 4.3).  

 

Figure 4.3  Mean Obstructive Apnea-Hypopnea Index by Sex, Age Group and Body 
Mass Index Percentile, N = 45 
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Note. Bars show means; error bars show mean +/- 1.0 SD. OAHI = obstructive apnea-
hypopnea index. 
 

 

Sixty-nine percent of children with asthma also had OSA, with most (70.0%) 

having mild OSA. There was no difference between OSA severity groups on systolic 

blood pressure or on any hematological parameter, but there was a significant trend 

toward decreasing systolic blood pressure, J = 212.0,  z= -2.25, p = .012, r = -.335, and 

decreasing mean cell volume, J = 235.0, z = -2.014, p = .023, r = -.30, with increasing 

level of OSA severity.  
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4.2  Research Question One 

4.2.1  Analysis 

Research question one asked whether OSA is related to SCD severity. It was 

hypothesized that SCD severity would be related to the presence and severity of OSA. 

Forty-five subjects were included in these analyses. During the year preceding 

polysomnography, 64.4% of children sought help for vaso-occlusive crisis, including a 

total of 101 medical contacts and 381 days of care. Eight (17.8%) children sought help 

for acute chest syndrome, 24 (53.3%) for painful crisis, and 12 (26.7%) for treatment of 

concurrent acute chest syndrome and painful crises. Two children sought help for 

priapism, one of whom was concurrently experiencing painful crisis. No children 

experienced splenic sequestration during the study period. Medical contacts averaged 2.2 

per child (Table 4.4). Sixteen (35.6%) children had no medical contacts and 7 (15.6%) 

children accounted for 37.6% of all medical contacts, with 2 children (4.4%) having 9 

contacts each. Distributions of help-seeking behaviors and DSI scores for the combined 

sample and by OSA severity can be seen in Table 4.4.  
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Medical contacts were significantly different between groups based on OSA 

severity, H(2) = 7.85,   p = .017 (Figure 4.4). In post hoc comparisons, it was found that 

the significant difference was between the group with no OSA and the group having 

moderate-severe OSA, with the moderate-severe OSA group having significantly fewer 

medical contacts than the group with no OSA, U = 32.0, z = -2.753, p = .005, r = -.54.  

 
 
Figure  4.4  Help-Seeking for Vaso-occlusive Crises Pre-Polysomnography, by 
Obstructive Sleep Apnea (OSA) Severity, N = 45 
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Days of care averaged 8.5, with 4 (8.9%) children accounting for 133 (34.9%) of 

the total days of care. Days of care were not significantly different across OSA groups 

but showed a significant negative trend, J = 249.0, z = -1.76, p = .041 r = -.26, toward 

decreasing days of care as level of OSA severity increased from none to moderate-severe. 

There was no significant difference or significant trend for DSI scores between levels of 

OSA severity.  

Overall, males averaged more medical contacts than did females, 2.8 ± 2.3 versus 

1.8 ± 2.5, respectively. Males also averaged more days of care than did females, 10.1 ± 

10.6 and 7.1 ± 10.0, respectively; however, days of care varied greatly within sexes 

according to their level of OSA severity (Figure 4.5).  
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Figure 4.5  Mean Days of Care for Vaso-occlusive Crises, by Obstructive Sleep Apnea 
Severity and Sex, N = 45 
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Note. Bars show means. Error bars show means +/- 1.0 SD.  

 

There was a significant difference between age groups on medical contacts, H(2) 

= 7.592, p = .02, J = 431.00, z = 2.029, p = .021, r = .303, and days of care, H(2) = 8.998, 

p = .01, J = 453.00, z = 2.475, p = .007, r = .369, with a significant positive trend across 

groups for each outcome. As age increased, both medical contacts and days of care 

increased. However, an interaction was noted between age group and days of care (Figure 

4.6), with the older children seeking more help as level of OSA severity increased, while 

the two younger groups sought help less often as level of OSA severity increased. A 

similar pattern was observed for medical contacts.  
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Figure 4.6  Mean Days of Care for Vaso-occlusive Crises, by Obstructive Sleep Apnea 
Severity and Age Group, N = 45 
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Note. Bars show means. Error bars show mean +/- 1.0 SD. Number above bar = mean. 
OSA = obstructive sleep apnea. 
 

 

There was also a significant difference between groups based on asthma status for 

both medical contacts, U = 94.5, z = -3.4, p < .001, and days of care, U = 73.0, z = -3.9, p 

< .001. Children with asthma had more medical contacts and more days of care for vaso-

occlusive crises than did children without asthma at every level of OSA severity (Figure 

4.7). However, post hoc comparisons revealed a significant difference in help-seeking 

between groups based on asthma status only in children having moderate-severe OSA 

(medical contacts, U = 10.0, z = -2.007, p = .037; days of care, U = 10.0, z = -2.002, p = 

.033).  
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Figure 4.7  Mean Days of Care for Vaso-occlusive Crises, by Obstructive Sleep Apnea 
Severity and Asthma Status, N = 45 

none mild mod-severe

OSA severity

5.0

10.0

15.0

20.0

25.0

D
ay

s 
o

f 
C

ar
e

�

�

�

�

�

�

3.3

13.9

0.2

12.1

1.1

11.2

No
Yes

Asthma

Obstructive Sleep Apnea Severity
 

Note. Bars show means. Error bars show means +/- 1.0 SD.  
 
 

Several post hoc analyses were carried out to identify interactions involving other 

variables that might help explain the unexpected negative association of OSA on help-

seeking behaviors. The effect of an interaction between age and obstructive apnea-

hypopnea index on medical contacts and days of care during the year pre-

polysomnography is represented by Figure 4.8, although the bar graph is restricted to 

grouped variables. The figure demonstrates that among 2-5 year old and 6-10 year old 

children, the number of medical contacts decreased with increasing OSA severity. 

Among 11-17 year olds, the opposite trend is seen, with the mild and moderate-severe 

OSA groups seeking more medical contacts than the no-OSA group. However, the 

greatest number of medical contacts among 11-17 year old children occurred in the group 

having mild OSA. Days of care increased with increasing age group in the mild and 
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moderate-severe OSA groups, while generally decreasing across increasing level of OSA 

severity, with 6-10 year old children without OSA seeking the greatest number of days of 

care. 

 
 
Figure 4.8  Interaction of Age Group and Obstructive Sleep Apnea Severity in Help-
Seeking Behaviors Pre-Polysomnography, N = 45  
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Note. Obstructive Sleep Apnea (OSA) Severity: none = obstructive apnea-hypopnea 
index (OAHI) <1, mild = OAHI 1 to <5, moderate-severe = OAHI ≥ 5. 
 
 
 

Medical contacts and days of care pre-polysomnography were separated into 

those exclusively for painful crises and those exclusively for acute chest syndrome, to 

determine whether type of vaso-occlusive event interacted with help-seeking behaviors to 

account in any way for their negative association with level of OSA severity. The 

association of obstructive apnea-hypopnea index and help-seeking for painful crises was 

tested using correlation. This was repeated for association of obstructive apnea-hypopnea 

index and help-seeking for acute chest syndrome. The obstructive apnea-hypopnea index 
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was negatively correlated with both medical contacts, τ = -.309, p = .006, and days of 

care, τ = -.224, p = .044, for painful crisis. The relationships between the obstructive 

apnea-hypopnea index and help-seeking for acute chest syndrome were not significant 

but were in the same direction, supporting an assumption that the relationship between 

OSA and help-seeking was not dependent on the reason for seeking help. 

The mean DSI score for the combined sample was .155 (median .049), with a 

range of .018 to .784. This indicated that generally children were healthy relative to their 

SCD. Median DSI scores by age group are depicted in Figure 4.9. In this figure, DSI 

scores of the study sample (boxplots) are compared to those of children who lived and 

died in the original cohort of the Cooperative Study of Sickle Cell Disease on which the 

Sickle Cell Disease Severity Index was modeled (figure on right; Sebastiani et al., 2007) 

as well as being compared to DSI scores of children judged clinically to have mild, 

intermediate or severe SCD in a DSI validation sample (figure on left). The areas 

between the dotted lines in each figure indicate the 25% to 75% interquartile range of 

DSI scores of the two validation samples. 
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Figure 4.9  Sickle Cell Disease Severity Index Score by Age Group, Compared to 
Mortality and Clinically Judged Severity in Validation Samples 
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Note. Sickle Cell Disease Severity Index (DSI) scores of the present study by age group 
(boxplots). Area demarcated by dotted lines and brackets represent the 25-75% 
interquartile range of DSI scores for A) children who lived versus those who died in the 
Cooperative Study of Sickle Cell Disease cohort, and B) children judged to have 
mild/intermediate versus severe sickle cell disease from the child cohort of the Boston 
Medical Center DSI validation study. 
 
 
 

At the time of polysomnography, three children in the present study had DSI 

scores > .500, the cut-score for severe SCD and increased risk of death (Sebastiani et al., 

2007). The DSI score was not significantly associated with age group. Overall, females 

had higher average DSI scores at the time of polysomnography than did males (.173 and 

.135, respectively). Median DSI scores were stable over levels of OSA severity (Table 

4.4), with median scores of .050, .040 and .050 for no, mild and moderate-severe OSA 

groups, respectively. There were no significant differences in DSI scores between levels 

of OSA severity, indicating that SCD severity, measured by the DSI score, was not 

affected by OSA severity. Mean DSI scores of females were higher than those of males at 
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every level of OSA severity (Figure 4.10). The highest mean DSI scores were in children 

with mild OSA for both sexes.  

 

Figure 4.10  Mean Sickle Cell Disease Severity Index Score, by Obstructive Sleep Apnea 
Severity and Sex at Polysomnography, N = 45 
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Note. DSI = Sickle Cell Disease Severity Index score; OSA = obstructive sleep apnea. 
 
 
 

4.2.2  Exploratory Hypothesis Testing 

To test the hypothesis that OSA increases SCD severity, and that SCD severity 

increases in proportion to the severity of OSA, a negative binomial regression model was 

fit for each of the help-seeking behaviors using age, obstructive apnea-hypopnea index, 

and the interaction of the obstructive apnea-hypopnea index and age as predictors (Table 

4.5). Age was included as it is related to both SCD and OSA severity. A regression model 

was not fit for DSI score, as age is included in the dependent variable and bivariate 
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testing of DSI score and obstructive apnea-hypopnea index showed no relationship 

between the two variables. 

 
 
Table 4.5  Negative Binomial Regression Models of Help-Seeking Behaviors, by 
Obstructive Sleep Apnea Severity, N = 45 
 

Variables B SE B Likelihood 
Ratio χ2 

Exp (B) 

Model 1 Medical contacts  9.958**  

Intercept .169 .348 .139 1.185 
Age .094 .034 4.605* 1.099 
OAHI -.060 .024 6.091* .942 

Model 2 Days of care  18.753***  

Intercept .987 .417 6.108* 2.683 
Age .148 .043 12.868*** 1.160 
OAHI -.064 .022 9.563** .938 

 
Note. *p < .05, **p < .01, ***p < .001. DSI = Sickle Cell Disease Severity Index; OAHI 
= obstructive apnea-hypopnea index. 
 
 
 

For the model of medical contacts, goodness of fit indexes indicated a fair model 

fit. Both the Deviance and the Pearson Chi-square Value/df were low (0.777 and 0.561, 

respectively), indicating underdispersion. However, Poisson regression was not 

appropriate for an outcome in which occurrences were not independent, so the negative 

binomial model was retained. The initial model was significant, Likelihood Ratio χ2(3) = 

18.912, p < .001. Cook’s distance and leverage values were acceptable. However, the 

interaction of age and obstructive apnea-hypopnea index was multicollinear with 

obstructive apnea-hypopnea index (r = -.980), and so was removed and the model was 

rerun with only main effects of age and obstructive apnea-hypopnea index as predictors. 

Cook’s distances and leverage values remained acceptable and all standardized residuals 
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were < 2.5 SD. Increases in the Akaike’s Information Criterion (AIC) and Bayesian 

Information Criterion (BIC) indicated that this model was not as good a fit as the 

previous model. However, the model was significant, Likelihood Ratio χ2(2)=  9.958, p = 

.007. Both obstructive apnea-hypopnea index (p < .05) and age (p < .05) were significant 

predictors of medical contacts. Results indicated that “for every unit increase in 

obstructive apnea-hypopnea index, the odds of medical contacts at the predicted rate, 

B(SE) = -0.060 (0.024), decreased by 0.058, holding age constant,” and that “for every 

unit increase in age, the odds of medical contacts at the predicted rate, B(SE) = 0.094 

(0.034), increased by 10%, holding the obstructive apnea-hypopnea index constant.” 

For the model of days of care, goodness of fit indexes indicated a fair model fit. 

Deviance and the Pearson Chi-square Value/df were acceptable, 1.812 and 1.178, 

respectively. The initial model was significant, Likelihood Ratio χ2(3) = 32.205, p < .001. 

Cook’s distance and leverage values were acceptable. The interaction of age and 

obstructive apnea-hypopnea index was multicollinear with obstructive apnea-hypopnea 

index (r = -.987), and so was removed and the model was rerun with only main effects of 

age and obstructive apnea-hypopnea index as predictors. Cook’s distances and leverage 

values remained acceptable and all standardized residuals were < 2.8 SD. Increases in the 

AIC and BIC indicated that this model was not as good a fit as the previous model. 

However, the final model was significant, Likelihood Ratio χ2(2) = 18.753, p < .001. 

Both obstructive apnea-hypopnea index (p < .01) and age (p < .001) were significant 

predictors of days of care. Results indicated that “for every unit increase in obstructive 

apnea-hypopnea index, the odds of days of care at the predicted rate, B(SE) = -0.064 

(0.022), decreased by 0.062, holding age constant,” and that “for every unit increase in 
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age, the odds of days of care at the predicted rate, B(SE) = 0.148 (0.043), increased by 

16%, holding the obstructive apnea-hypopnea index constant.”  

4.2.3  Summary 

 Obstructive sleep apnea demonstrated a significant negative influence on both 

medical contacts and days of care during the year pre-polysomnography. Thus, the 

hypothesis that OSA increased SCD severity proportionally to the severity of OSA was 

not supported. Age was significantly positively related to both medical contacts and days 

of care. There was a significant positive trend in days of care by age group, 

demonstrating that as age increased help-seeking increased; however there was an 

interaction noted between the two variables. Children aged 11-17 years demonstrated 

greater help-seeking as OSA severity increased, in contrast to the younger age groups 

who demonstrated less help-seeking with increasing OSA severity.  

Scores on the DSI did not demonstrate a significant relationship with OSA 

severity. Females had higher mean DSI scores at every level of OSA severity than did 

males. Males demonstrated more help-seeking behaviors, while there was a 

nonsignificant trend toward females having more severe OSA. A diagnosis of asthma was 

significantly positively associated with both help-seeking outcomes. Finally, use of 

hydroxyurea was significantly related to lower level of OSA severity. 

4.3  Research Question Two 
 

4.3.1  Analysis 

This question asked whether adenotonsillectomy improved SCD severity in 

children with OSA. Thirty subjects qualified for inclusion in the analyses, including 7 

children with no OSA, 13 with mild OSA (3 of whom had adenotonsillectomy), and 10   
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having moderate-severe OSA (6 of whom had adenotonsillectomy).  

Pre to post SCD severity differences by level of OSA severity 

During the year following polysomnography/adenotonsillectomy (post), the 30 

children included in these analyses accrued a total of 70 medical contacts, averaging 2.3 

± 3.0 contacts per child. Two children accounted for 31% of medical contacts. Days of 

care totaled 302, averaging 10.1 ± 17.6 days per child. Two children received 50 and 83 

days of care, respectively, accounting for 44% of the total days of care. Children who did 

not have OSA had the highest average days of care and the highest average medical 

contacts both pre and post, compared with either of the OSA-positive groups (Table 4.6). 

The average days of care during the year prior to polysomnography (pre) in the no-OSA 

group was 15.6 days, versus 8.0 days in the group with mild OSA and 7.0 days in the 

moderate-severe OSA group. Days of care post averaged 14.9 in the no-OSA group, 

versus 5.2 in the mild OSA group and 13.1 in the group with moderate-severe OSA. In 

the children having adenotonsillectomy, time from diagnosis of OSA surgery ranged 

from 30 to 381 days, averaging 123 ± 106 days from diagnosis to treatment of OSA. 

Differences between pre versus post medical contacts and days of care, and 

differences between at-polysomnography to post-polysomnography/adenotonsillectomy 

(at to post) DSI scores were examined by OSA severity. Level of OSA severity did not 

account for a significant difference pre to post on either help-seeking outcome, nor was 

there a difference in DSI scores between the 3 time points (12-months pre-

polysomnography, at-polysomnography, and 12-months post-

polysomnography/adenotonsillectomy) for any group based on OSA severity.  
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In order to examine between-group differences in SCD severity outcomes, a 

change score, computed as post minus pre (e.g. medical contacts or days of care during 

year post-polysomnography/adenotonsillectomy minus medical contacts or days of care 

during year pre-polysomnography). Change in DSI scores was computed as post minus at 

(e.g. DSI score 1 year post-polysomnography/adenotonsillectomy minus DSI score at 

time of polysomnography). This resulted in a positive score if the value of that SCD 

severity outcome variable had increased (the child had gotten worse on that measure), 

and a negative score if the value had decreased (the child had gotten better). The no-OSA 

group averaged 0.7 fewer days of care per year in the follow-up period compared to pre-

polysomnography and the mild OSA group averaged 2.8 fewer days of care post versus 

pre. The group of children with moderate-severe OSA, however, increased their days of 

care by an average of 6.1 days during the follow-up period (Table 4.6). A similar trend 

was found for change in medical contacts pre to post. Scores on the DSI improved in the 

no-OSA group and in the moderate-severe group but became slightly worse in the mild 

OSA group (change = .008).  

Pre to post SCD severity differences by adenotonsillectomy status 

Children with OSA were compared, based on adenotonsillectomy status, on 

within-group differences in pre versus post medical contacts and days of care (Table 4.7). 

Prior to polysomnography, medical contacts in the OSA-positive group who did not have 

adenotonsillectomy (n = 14) decreased from a median of 1.5 pre to1.0 post-

polysomnography, and median days of care decreased from 4.0 to 2.0 days post- 

polysomnography.  
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The opposite trend was noted in the OSA-positive group who did have 

adenotonsillectomy (n = 9). That group had a median of 0.0 medical contacts pre which 

increased to 1.0 post-adenotonsillectomy and a median of 0.0 days of care pre which 

increased to 5.0 days post-adenotonsillectomy. No significant differences were found pre 

to post on either help-seeking outcome for either group based on adenotonsillectomy 

status. There was a medium effect size for a difference in medical contacts pre to post, T 

= 0, z = -1.34, p = .180, r = -.32, in the group who had adenotonsillectomy that was not 

seen in the group who did not. This indicated that adenotonsillectomy had a 

nonsignificant but medium effect of increasing the number of medical contacts post-

adenotonsillectomy as compared to pre-polysomnography. It should be noted that pre-

polysomnography medical contacts were more frequent in the non-surgery group than 

they were in the adenotonsillectomy group, however, and that there was an interaction 

between time (pre to post) and adenotonsillectomy status for medical contacts (Figure 

4.11).  

A medium effect size was also found for the difference in days of care pre-

polysomnography to post-adenotonsillectomy, T = 2.0, z = -1.49, p = .136, r = -.35. This 

meant that there was a medium albeit nonsignificant effect of adenotonsillectomy 

increasing the number of days of care in the year following surgery compared to the year 

pre-polysomnography. The group not undergoing adenotonsillectomy only demonstrated 

a very small effect size, strengthening the conclusion that the increase in days of care 

from pre to post may have been attributable, in part, to the adenotonsillectomy rather than 

to chance alone. Again, however, note that the non-surgery group initially started out 

with more severe SCD pre-polysomnography as measured by days of care, in comparison 
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to the group who had adenotonsillectomy, and that there was an interaction between time 

(pre to post) and adenotonsillectomy status for days of care.  

 

Figure 4.11  Median Medical Contacts and Days of Care Pre-Polysomnography to Post-
Polysomnography/Adenotonsillectomy in Children with Obstructive Sleep Apnea, n = 23 
 

Pre-PSG                         Post-PSGPre-PSG                         Post-PSG

Adenotonsillectomy 
Status

No
Yes

 

 
Note. PSG = polysomnogram, T&A = adenotonsillectomy. 

 
 
Scores on the DSI demonstrated no significant within-group differences from at to 

post based on adenotonsillectomy status. Nevertheless, it should be noted that the 

opposite pattern of SCD severity was identified for DSI scores as was found for medical 

contacts and days of care. The group who proceeded to adenotonsillectomy had higher 

scores on the DSI at-polysomnography than did the group who did not have surgery 

(Figure 4.12).  
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Figure 4.12   Median Sickle Cell Disease Severity Index Scores, At-Polysomnography to 
Post-Polysomnography/Adenotonsillectomy in Children with Obstructive Sleep Apnea, 
n=23 

 

Note. DSI = Sickle Cell Disease Severity Index score, PSG = polysomnography, T&A = 
adenotonsillectomy. 
 

 

The difference in DSI scores at-polysomnography between adenotonsillectomy 

groups just reached significance, with a medium effect size, U = 32.5, z = -1.926, p = 

.050, r = -0.40. However, the difference in DSI scores between groups post-

polysomnography/adenotonsillectomy was not significant. These findings indicate that 

children who proceeded to adenotonsillectomy had greater SCD severity based on DSI 

scores at the time of polysomnography than did the group not having surgery, but that 

their disease severity decreased following adenotonsillectomy unlike the non-surgery 

group whose DSI scores did not decrease, resulting in a nonsignificant difference 

between the two groups post-polysomnography/adenotonsillectomy. It should be noted 

that DSI scores for the surgical group remained higher following surgery than were DSI 

scores for the group not having surgery.   
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 Change scores (post minus pre) for each SCD severity outcome were then 

compared between groups based on adenotonsillectomy status, including only children 

with OSA (Table 4.8). Subjects who did not have surgery appeared to have greater 

improvement (or less deterioration) in their disease severity over time compared to the 

group who had adenotonsillectomy. However, no significant difference in change scores 

was found between adenotonsillectomy groups for any of the outcome measures.  

 
 
Table 4.8  Change in Sickle Cell Disease Severity Pre- Polysomnography to Post-
Polysomnography/Adenotonsillectomy in Children with Obstructive Sleep Apnea, by 
Adenotonsillectomy Status 
 

 
Sickle Cell Disease 
Severity Outcomes 

No adenotonsillectomy  
n = 14 

Adenotonsillectomy  
n = 9 

r 
Mean  
± SD 

Median Range Mean  
± SD 

Median Range 

Change in medical contactsa -1.79   
± 1.9 

0 -4.0 to 
5.0 

0.33   
± 0.71 

0 0 to 
2.0 

-.33 

Change in days of carea 0.74   
± 17.2 

0 -19.0 
to 56.0 

1.5 6  
± 3.2 

0 -4.0 to 
6.0 

-.35 

Change in DSIb score -.003   
± .037 

0 -.010 
to .080 

-.028 
± .082 

-.001 -.23 to 
.02 

-.12 

 
Note. Mann-Whitney U test of differences between adenotonsillectomy groups on all 
measures was nonsignificant. aChange = (post-PSG/T&A minus pre-PSG). bDSI change 
= (post-PSG/T&A minus at-PSG); DSI = Sickle Cell Disease Severity Index score; T&A 
= adenotonsillectomy. 
 

Medium effect sizes were nevertheless found between groups for the pre to post 

change in medical visits, U = 41.0, z = -1.58, p = .15, r = -.33, and the pre to post change 

in days of care, U = 37.0, z = -1.69, p = .11, r = -.35, indicating that the 

adenotonsillectomy group had a medium, albeit nonsignificant effect of increased help-

seeking during the year following surgery compared to the non-surgery group. Figure 

4.13 demonstrates individual change in days of care from pre- to post-
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polysomnography/adenotonsillectomy. Change scores on the DSI decreased (DSI scores 

got better) in the group having surgery, but the effect size for this change was very small, 

U = 51.0, z = -.34, p = .76, r = -.21.  These effect sizes mirrored the findings of the pre to 

post within-groups difference tests. 

 

Figure 4.13  Individual Change in Days of Care for Vaso-occlusive Crises Pre-
Polysomnography (PSG) to Post-Polysomnography/Adenotonsillectomy, by 
Adenotonsillectomy Status 
 

N=9N=14

 
Note. Dotted line indicates median (Md = 4.0) days of care for sample pre and post. 
Missing individuals are on the Y = 0 line. 
 
 
 

Change in SCD severity pre to post on clinical and demographic variables 

Finally, demographic and clinical variables were compared on pre to post change 

for the number of children who got better, got worse, or stayed the same on medical 
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contacts, days of care and DSI scores (Table 4.9). These included OSA severity, 

adenotonsillectomy status, age group, sex, genotype, asthma status and hydroxyurea 

therapy status. Overall, medical contacts remained the same for half of the children (15; 

50.0%), compared to 8 (26.7%) children who got better and 7 (23.3%) who got worse. 

More children increased their days of care or got worse (11; 36.7%) post versus pre than 

those who decreased their days of care or got better (10; 33.3%), while 9 (30.0%) 

remained the same. Scores on the DSI were better (decreased) post versus pre in 12 

(42.9%) children compared to 11 (39.3%) whose scores got worse (increased) and 5 

(17.9%) whose scores remained the same.
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There was no clear pattern of betterment or worsening on any variable. The only 

children who improved over time on all 3 measures were those with HbSC disease and 

children with asthma. Children on hydroxyurea and those in the 2-5 year age group 

remained the same or got better on the three outcome measures. All other children got 

worse on at least one outcome measure. Numbers were too small to test for significant 

group differences. 

4.3.2  Summary 

The effect of adenotonsillectomy on SCD severity in this sample was mixed. 

Help-seeking behaviors were significantly more frequent pre-polysomnography in 

children who did not proceed to adenotonsillectomy than in those who did, indicating 

greater initial SCD severity (measured by help-seeking) in the non-surgery group. Neither 

the children having adenotonsillectomy nor those who did not have surgery demonstrated 

a significant within-group difference pre to post in help-seeking behavior or a significant 

between-group difference in change in help-seeking pre to post. Adenotonsillectomy was 

associated with a medium effect size for increase in medical contacts and days of care 

during the year following surgery that was not observed in the non-surgical group, and 

there was an interaction between time (pre to post) and adenotonsillectomy status for 

both measures.  

Scores on the DSI were significantly higher pre-polysomnography in children 

who did proceed to adenotonsillectomy than in those who did not, indicating greater 

initial SCD severity (measured by DSI score) in the surgery group. However, DSI scores 

decreased enough following adenotonsillectomy to render the post-adenotonsillectomy 
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between-group difference nonsignificant. This effect of decreasing DSI scores during the 

year following adenotonsillectomy was not observed in the non-surgical group.  

Thus, the hypothesis that adenotonsillectomy decreased SCD severity in children 

with OSA was not supported for the outcomes of medical contacts or days of care, but 

was partially supported for the outcome of DSI scores. However, SCD severity was in 

direct opposition between groups based on adenotonsillectomy status depending on 

whether it was measured by help-seeking or by DSI score. 

4.4  Research Question Three 

Research question three asked whether there are polysomnographic parameters 

that are associated with or that predict SCD severity in children. The full sample of 45 

children was included in these analyses. First, polysomnographic parameters for the 

entire sample were evaluated using descriptive statistics. Groups based on OSA severity 

were compared on parameters to determine differences. Polysomnographic predictor 

variables were then screened for inclusion in multivariate models, and regression model-

testing of each outcome variables was performed. 

 4.4.1  Analysis 

Polysomnographic parameter findings of the total sample 

The most common complaint leading to referral for polysomnography was 

snoring, with 40 (88.9%) children having a history of snoring. All but one child had 

either a history of snoring or demonstrated snoring on polysomnography. The obstructive 

apnea-hypopnea index for the entire sample averaged 7.0/hour of sleep (Table 4.10).  
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Table 4.10  Polysomnography Characteristics of Children with Sickle Cell Disease Referred for 
Sleep-Disordered Breathing, 2003-2008 
 

Sleep Parameters (normativea) N Mean ±SD Median Range 

Total Sleep Time,b min (360-460) 44 431.80±79.2 447.00 107.0-528.0 

Obstructive AI, n/hour (0.0 ± 0.1) 45 2.48±6.0 .030 0-31.5 

OHI, n/hour (0.1 ± 0.1) 45 4.42±7.4 1.80 0-35.1 

Mixed AI, n/hour (0) 44 0.052±0.2 0.00 0-0.8 

OAHI, n/hour (0.33 ± 0.26) 45 6.95±12.9 2.70 0-66.6 

Central AI, n/hour (0.1 ± 0.1) 44 0.21±0.4 0.05 0-2.3 

Mean SpO2, % (97.0 ± 0.6) 45 95.16±3.9 96.00 82.9-99.2 

Nadir SpO2, % (95.0 ± 1) 45 83.76±14.1 88.10 20.5-98.4 

SpO2 < 90%      

Minutes (0) 45 38.65±108.6 0.00 0-508.0 

% (0) 45 9.23±24.6 0.02 0-96.6 

End Tidal CO2 > 50 mmHg, %  31 3.24±11.7 0.00 0-59.7 

PETCO2, mmHg (46 ± 3) 34 51.44 ±7.8 50.5 36.0-71.0 

Sleep Efficiency, % (90.8 ± 6.5) 44 83.28±14.3 87.10 21.4-98.1 

SOL, min (23 ± 20) 45 44.97±64.6 27.00 0.5-392.0 

REMOL, min (132.0 ± 57.7) 43 113.35±53.8 103.00 44.5-222.0 

WASO, min (23 ± 31) 44 44.35±47.2 34.50 4-245 

Arousals     

Total, n/hour (8.8 ± 3.8) 43 11.27±6.2 10.00 1.8-28.7 

Respiratory, n/hour (0.2 ± 0.3) 41 2.67±4.1 1.10 0-21.5 

Limb movement, n/hour (6.1± 1.8) 41 2.65±4.7 1.40 0-28.6 

Spontaneous, n/hour (10.1 ± 8.0) 42 6.70±3.6 6.60 0.4-16.8 

PLMI, (1.4 ± 1.4c) 43 4.28±9.5 .060 0-56.5 

Sleep stages     

Non-REM stage 1, % (5 ± 3) 42 3.06±3.0 2.10 0-14.0 

Non-REM stage 2, % (51± 9) 42 53.05±10.0 54.10 23.4-75.8 

Non-REM stage 3, % (26 ± 8) 44 24.73±7.4 24.85 11.8-48.8 

REM, % (19 ± 6) 44 19.42±5.5 20.20 1.0-27.4 

 

Note: References (American Thoracic Society, 1996; Iglowstein, Jenni, Molinari, & Largo, 2003; Katz & 
Marcus, 2005; Marcus et al., 1994; Marcus et al., 1992; Montgomery-Downs, O'Brien, Gulliver, & Gozal, 
2006; Traeger et al., 2005; Uliel, Tauman, Greenfeld, & Sivan, 2004; Verhulst et al., 2007; Wong, Galster, 
Lau, Lutz, & Marcus, 2004). aVaries between studies; bReported total sleep time is during 
polysomnography; cAges 3-7 years. AI = apnea index; OAHI = obstructive apnea-hypopnea index; OAI = 
obstructive apnea index; OHI = obstructive hypopnea index; PETCO2 = peak end-tidal CO2; PLMI = 
periodic limb movement index; REMOL = REM onset latency; SOL = sleep onset latency; SpO2 = 
oxyhemoglobin saturation by pulse oximetry; WASO = wake after sleep onset. 
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Twelve (26.7%) children had an obstructive apnea-hypopnea index below 1.0, for 

19 (42.4%) children it was between 1.0 and 4.9 and for 14 (31.1%) it equaled or exceeded 

5.0, with 8 children (17.7%) having an obstructive apnea-hypopnea index greater than 

10.0. Obstructive hypopneas were far more common (median 1.8) than were obstructive 

apneas (median 0.03). Mean SpO2 during sleep was 95.2%. Eleven (24.4%) children had 

a mean SpO2 ≤ 93.0%, indicating nocturnal hypoxemia by American Thoracic Society 

guidelines (1996), and five (11.1%) had a mean SpO2 < 90%. One child only achieved an 

average SpO2 of 82.9%. Mean SpO2 in children < five years of age was 94.6% ± 5.1%, 

and children ≥ five years of age averaged 95.4% ± 3.4%, with no significant difference 

between these groups. Males average SpO2 was 94.3% while females averaged 95.9%, a 

difference that was not significant. Children with HbSS disease averaged SpO2 94.3% 

while those with HbSC disease averaged 98.2%, achieving significant difference on 

SpO2 between the two hemoglobin genotypes, U = 50.0, z = -2.96, p = .002. 

Nadir respiratory event-related oxyhemoglobin desaturation averaged 83.7%. One 

child had a reported nadir of 20.5%. While this is likely to be an artifactual rather than a 

true value, other low SpO2 nadirs were noted, with 2 children (4.4%) having a nadir 

respiratory desaturation < 60%. Thirty-eight (84.4%) children experienced desaturation ≤ 

93%, with 18 (40%) experiencing desaturation below 90%, 6 (13.3%) below 80% and 5 

(11.1%) below 70%. Twenty-five (55.5%) children spent any sleep time below SpO2 

90% and 4 children spent more than half of the night < 90% with one child spending only 

3.4% of his sleep above 90%. 

Mean (83.3%) sleep efficiency was slightly low. Nineteen (43.2%) children had a 

sleep efficiency less than 85%, with eight (18.2%) children < 75%. One child achieved 



121 

 

107 minutes of sleep during polysomnography and attained a sleep efficiency of only 

21.4%. Median arousal indexes were within normal limits. Total arousal indexes for 12 

(26.7%) children, however, were above 12.5 (>1 SD above the normative value reported 

in Table 4.10), and 33 (80.5%) children had respiratory arousal indexes > 0.5 (>1SD, 

Table 4.10). Periodic limb movement index mean and median were also within normal 

limits for the sample. However, 9 (20.9%) children had a periodic limb movement index 

> 5, indicating periodic limb movement disorder, and one child had a periodic limb 

movement index of 56.5.  

Polysomnographic parameters by level of OSA severity 

Children were compared by level of OSA severity on polysomnography variables 

related to gas exchange (Table 4.11), and those related to sleep disturbance and sleep 

architecture (Table 4.12). For these comparisons a subject having only 107 minutes of 

sleep during polysomnography was excluded, as his sleep was non-representative of his 

normal state and would make meaningful group comparisons difficult. As one would 

expect, there were significant differences between obstructive indexes by level of OSA 

severity (obstructive apnea index H(2) = 27.04, p < .001; obstructive hypopnea index 

H(2) = 31.22, p < .001; obstructive apnea-hypopnea index H(2) = 37.55, p < .001). 

Neither mean SpO2 nor nadir SpO2 differed significantly across OSA severity groups. 

However, there was a significant trend of lower SpO2 nadir with increasing level of OSA 

severity, J = 219.5, z = -2.07, p = .019, r = -.31, with a mean nadir SpO2 of 89.7% in the 

no-OSA group compared with 86.3% in the mild OSA group and 75.4% in the group 

with moderate-severe OSA.  
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 Percent of sleep time below 90% SpO2 was likewise not significantly different 

between groups based on OSA severity, but showed a significant positive trend, J = 

392.5, z = 1.78, p = .039 r = .27, with time below 90% increasing as level of OSA 

severity increased. The average time below 90% was 1.4% in the no-OSA group, versus 

7.8% in the mild OSA group and 17.7% in the group with moderate-severe OSA. Percent 

of sleep time with an end-tidal CO2 > 50 mmHg was significantly different between 

groups, and showed a significant positive trend, H(2) = 8.04, p = .012; J = 195.5, p = 

.002, z = 2.76, r = .50. Peak end-tidal CO2 was not different between groups but also 

showed a significant trend of increasing peak end-tidal CO2 with increasing level of OSA 

severity, J = 229.5, z = 1.98, p = .024 r = .34. These trends were all in the expected 

direction. 

There were no significant differences in sleep efficiency between groups by level 

of OSA severity. The group with no OSA achieved adequate mean sleep efficiency 

(90.1%), with children having OSA experiencing slightly decreased sleep efficiency 

(mild OSA, 83.6%; moderate-severe OSA, 85.6%). There was a trend toward increasing 

minutes of wake after sleep onset with increasing level of OSA severity, J = 382.5, z = 

1.87, p = .030 r = .29. The total arousal index and the respiratory arousal index were both 

significantly different between OSA severity groups, with a significant positive trend, 

H(2) = 10.13, p = .004, J = 452.5, z = 3.0, r = .45 and H(2) = 28.35, p < .001, J = 491.0, z 

= 5.75, r = .91 respectively, indicating that as OSA severity increased arousals increased. 

Again, all trends were in the expected direction. No stage of sleep was significantly 

different between groups.  
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Association of polysomnographic parameters with SCD severity  

 Obstructive apnea-hypopnea index, mean SpO2, nadir SpO2, percent of sleep 

time below 90% SpO2, peak end-tidal CO2, sleep efficiency, wake after sleep onset, total 

arousal index, respiratory arousal index, and periodic limb movement index (the 

operational variables for hypoxemia and inflammation) were screened for inclusion in 

multivariate models using p = .20 as a criterion for inclusion (Table 4.13) to determine 

which predictors would be entered into regression models for each of the outcome 

variables. Seven parameters were found to be related to at least one measure of SCD 

severity. 

 

Table 4.13  Correlation of Polysomnography Parameters and Sickle Cell Disease Severity 
Outcomes   
 
 Medical contacts Days of care DSI 

Days of care 
.818*** 

n = 45 
  

Obstructive apnea-hypopnea 
index 

-.341** 
n = 45 

-.251* 
n = 45 

 

Mean SpO2   
-.296** 
n = 45 

Peak end-tidal CO2 
-.321* 
n = 34 

-.215 (p.093) 
n = 34 

 

Sleep Efficiency  
.140 (p.200) 

n = 44 
-.232* 
n = 44 

Total arousal index 
-.149 (p.183) 

n = 45 
  

Respiratory arousal index 
-.341** 
n = 41 

-.221 (p.056) 
n = 41 

 

Wake after sleep onset 
-.165 (p.145) 

n = 44 
-.165 (p.134) 

n = 44 

.197 
(p.062) 
n = 44 

 
Note.  Kendall’s tau correlation, *p < .05, **p < .01, ***p < .001. DSI = Sickle Cell 
Disease Severity Index score. 
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The two help-seeking outcomes were highly correlated, τ = .822, p = <.001 

although neither was correlated with DSI score. Findings for medical contacts included a 

significant negative associations with obstructive apnea-hypopnea index, τ = -.341, p < 

.01, peak end-tidal CO2, τ = -.321, p = .015, and respiratory arousal index, τ = -.341, p = 

.004; and a near significant negative association with total arousal index and wake after 

sleep onset. For days of care, findings included a significant negative association with 

obstructive apnea-hypopnea index, τ = -.251, p < .05; and a near significant negative 

association with peak end-tidal CO2, respiratory arousal index and wake after sleep onset 

and a near significant positive association with sleep efficiency. As had previously been 

found regarding the association of the help-seeking behaviors and the obstructive apnea-

hypopnea index, all associations were in the opposite direction than hypothesized. 

Findings for DSI score included a significant negative association with mean SpO2, τ = -

.3296, p < .01, and sleep efficiency, τ = -.232, p < .05, and a near significant positive 

association with wake after sleep onset. These correlations were in the expected direction, 

with DSI score increasing as sleep efficiency deteriorated, SpO2 decreased and the 

amount of wake after sleep onset increased.  

4.4.2  Exploratory Hypothesis Testing 

The ability of polysomnographic parameters to predict SCD severity was tested 

using regression modeling. Predictor variables that were correlated with the outcome 

measures at the p ≤ .20 level were included in the model. Nested model-testing was used 

in these analyses to find the most parsimonious combination of predictors for each 

dependent variable. With each model test, the nonsignificant predictor with the largest p-
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value was deleted from the model. The final model was the one including only predictors 

that contributed significantly to the model. 

To maximize available cases, missing values were imputed. The variables sleep 

efficiency and wake after sleep onset both had one missing case (2.3%), identified on 

missing values analysis as missing at random. The variable respiratory arousal index had 

4 missing values (8.9%) regarding which the separate variance t-test indicated a 

significant relationship to DSI, even after adjusting the alpha for the number of 

comparisons. These values were nevertheless imputed, as this analysis was exploratory. 

Peak end-tidal CO2 had 11 (24.5%) missing values. Although found to be missing at 

random on separate variance t-tests, this variable was deleted from the analysis due to the 

high percent of missing values. Complete data were available on all three outcome 

variables, age, mean SpO2 and obstructive apnea-hypopnea index. Two cases were 

excluded from these analyses: the case with only 107 minutes of sleep during 

polysomnography and one case with wake after sleep onset of 245 minutes. There 

remained 43 cases available for these analyses. 

The first model was fit for medical contacts with obstructive apnea-hypopnea 

index, total and respiratory arousal indexes, and wake after sleep onset as predictors 

using negative binomial regression. The initial model was not significant, Likelihood 

Ratio χ2(4) = 6.455, p = .167. Goodness of fit indexes indicated a reasonable model fit in 

the initial model, but one case had a standardized Pearson residual of 3.7. This case was 

deleted, leaving 42 cases for the analysis. Respiratory arousal index was found to be 

multicollinear with obstructive apnea-hypopnea index (r = -.831). Of the two variables, 

obstructive apnea-hypopnea index had the highest p value so was deleted from the model. 
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Deviance and Pearson χ2 value/df were acceptable at each step, and in the final model 

were both below 1.0 (0.910 and 0.693, respectively), indicating slight underdispersion. 

Cook’s distances were acceptable at each step. Leverage values were high in two cases 

(0.614, 0.545). A scatter plot of predicted versus residual values showed these two cases 

to be outliers, but when they were deleted, new cases emerged with high leverage values, 

so all cases were retained. Wake after sleep onset and total arousal index were 

nonsignificant predictors and were deleted in stepwise fashion.  

The AIC and BIC decreased with each model and the final model Log Likelihood 

increased from the initial model, -83.852 and -78.205, respectively, demonstrating an 

improvement in model fit. The final model was accepted, as it was more parsimonious 

than was the initial model. This model was significant, Likelihood Ratio χ2(1) = 10.987, p 

= .001 (Table 4.15). Respiratory arousal index was the only significant negative predictor 

of medical contacts, Likelihood Ratio χ2(1) = 10.987, p = .001. The odds ratio indicated 

that “for every unit increase in respiratory arousal index, the odds of the predicted rate of 

medical contacts, B(SE) = -0.267(0.102), decreased by 23.4%.” When the analysis was 

repeated deleting the respiratory arousal index instead of the obstructive apnea-hypopnea 

index which had been deleted due to multicollinearity, the obstructive apnea-hypopnea 

index emerged as the only significant predictor of medical contacts, Likelihood Ratio 

χ
2(1) = 28.720, B(SE) = -0.091(0.043),  p < .001 (Table 4.14). 



129 

 

Table 4.14  Regression Models of Sickle Cell Disease Severity Outcomes with Related 
Polysomnography Parameters  
 

 
Note. *p < .05, **p < .01, ***p < .001. Final model 1 adjusted pseudo R2 = .054; Final 
model 2 adjusted pseudo R2 = .134; Final model 3 adjusted R2 = .149. aNegative 
Binomial regression, bLinear regression,  cLogarithmic and reflected transformation; dp-
value for parameter estimates reported (vs test of model effects as reported for other 
variables). AI = arousal index; OAHI = obstructive apnea-hypopnea index; WASO = 
wake after sleep onset. 

Variables B SE B β Exp (B) R2 
(Pseudo-R2) 

Model 1a Medical contacts, 12 months pre-polysomnography, n = 42 

Initial model     (.073)* 

Intercept .904 .326  2.470  
Respiratory AI -.305 .209  .737  
Total AI .051 .034  1.052  
WASO -.003 .003  .997  
OAHI -.015 .051  .985  

Final model     (.066)* 

Intercept 1.207** .183  3.343  
Respiratory AI -267* .100  .766  

Model 2a Days of care, 12 months pre-polysomnography, n =39  

Initial model     (.159)***  
Intercept 4.981* 1.85  145.583  
Respiratory AI -.740** .206  .477  
WASO -.015 .005  .985  
Sleep efficiency -.017 .020  .983  
OAHI -.081 .095  .922  

Final model     (.142)** 
Intercept 3.32***  .263  27.685  
Respiratory AI -.833*** .148  .435  
WASOd -.021** .004  .988  

Model 3b Sickle Cell Disease Severity Index score at-polysomnography, n = 42           

Initial model     .229 
Constant -.101 .101    
Sleep efficiency .070 .035 .439   
Mean SpO2 .045 .026 .246   
WASO .003 .038 .015   

Final model     .170* 
Constant -.023 .057    
Sleep efficiencyc .065* .023 .413   
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The second model was fit for days of care with obstructive apnea-hypopnea 

index, respiratory arousal index, sleep efficiency and wake after sleep onset, employing 

negative binomial regression. The initial model was not significant, Likelihood Ratio 

χ
2(4) = 9.420, p = .051. Diagnostic evaluation proceeded as in the previous analysis. Four 

cases were deleted, two for Cook’s distances > 1.4 and two for standardized Pearson 

residuals > 3.0. On examination, each of these cases had parameter values that were 

outliers on one or more of the predictors. These cases were deleted, leaving 39 cases for 

the analysis. Goodness of fit indexes indicated a reasonable model fit in the initial model, 

and these continued to reflect a good fit in the final model. Deviance and Pearson χ2 

value/df were acceptable and remained so in the final model (1.346 and 0.759, 

respectively). Nonsignificant parameters were deleted from the model in stepwise 

fashion, including obstructive apnea-hypopnea index and sleep efficiency. The AIC and 

BIC decreased over model iterations. The final model Log Likelihood increased from the 

initial model (-105.96 and -134.332, respectively), demonstrating improvement in model 

fit.  

      The final model was accepted. This model was significant, Likelihood Ratio 

χ
2(1) = 38.330, p < .001). Respiratory arousal index, Likelihood Ratio χ2(1) = 35.050, p < 

.01, was the only predictor that significantly contributed to the model of days of care. The 

odds ratio indicated that “for every unit increase in respiratory arousal index, the odds of 

the predicted rate of days of care, B(SE) = -0.872 (0.141), decreased by 58.2%.” Wake 

after sleep onset was a significant individual predictor of days of care (p = .001), however 

it did not contribute significantly to the model, Likelihood Ratio χ2(1) = 3.280, p = .070. 
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A model was fit for DSI scores with mean SpO2, sleep efficiency and wake after 

sleep onset as predictors, using standard linear regression (method = enter). Mean SpO2, 

sleep efficiency, wake after sleep onset and the DSI score at the time of 

polysomnography were skewed. These variables were logarithmically transformed. This 

successfully normalized the distribution of the first three variables but failed to improve 

DSI scores. It was elected to winsorize the 3 DSI values greater than .700, more nearly 

normalizing its distribution (z-skew = 2.88; although a histogram continued to 

demonstrate a bimodal distribution). Logarithmic transformation after winsorizing failed 

to improve the distribution so it was elected to use the winsorized DSI scores without 

transformation. Mean SpO2, sleep efficiency and wake after sleep onset had a negative 

skew and were additionally transformed using reflection to achieve a positive skew. This 

did not improve the skew of (log) wake after sleep onset, and the negative skew was only 

slight, so this variable was used without reflection. 

Assumptions were evaluated as follows. Tolerance values were all greater than 

0.1, but the VIF of wake after sleep onset = 1.70 and of sleep efficiency = 1.75, 

indicating potential but minor multicollinearity. The Durbin-Watson test was slightly 

high but acceptable, 2.7. One Mahalanobis distance was elevated (16.99) indicating a 

multivariate outlier. This subject had a sleep efficiency of 73.8% and was excluded from 

analysis, leaving 43 cases for the analysis. Cook’s distances and leverage values were 

acceptable. All standardized residuals were < 2.0 SD.  

The initial regression model was significantly different than the constant-only 

model, F(3, 39) = 3.873, p = .016. The variables (log of) wake after sleep onset and 

(reflected log of) mean SpO2 were not significant predictors in the model and were 
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removed in stepwise fashion. The final model was significant, F(1, 40) = 8.202, p = .007. 

Reflected (log of) sleep efficiency was the only polysomnographic parameter to 

contribute significantly to prediction of DSI score, t(41) = 2.864, p = .007. Log 

transformation of sleep efficiency precluded prediction of unit increases in DSI score, 

however direction of the association indicated that as (log of) sleep efficiency decreased, 

DSI scores increased (remembering that sleep efficiency was reflected). Altogether, 17% 

(15% adjusted) of the variance in DSI scores was predicted by (log of) sleep efficiency.  

 4.4.3  Summary 

Twenty-four percent of the sample was hypoxemic during sleep (mean SpO2 ≤ 

93%). More than half of the children spent at least some sleep time below SpO2 90%, 

and 11% had SpO2 nadirs below 70%. The obstructive apnea-hypopnea index was > 5 in 

31% of children, indicating moderate OSA, and 18% had severe OSA, with an 

obstructive apnea-hypopnea index ≥ 10. Arousals during sleep were common, with 81% 

having a total arousal index > 1 SD above normative values. Periodic limb movement 

disease was identified in 21% of the sample. 

The polysomnographic parameters obstructive apnea-hypopnea index, respiratory 

arousals and peak end-tidal CO2 were significantly negatively associated with medical 

contacts; and obstructive apnea-hypopnea index was significantly negatively associated 

with days of care during the year preceding polysomnography. The DSI score was 

significantly negatively associated with sleep efficiency and mean SpO2. Respiratory 

arousal index significantly (negatively) predicted medical contacts and days of care, and 

sleep efficiency significantly (negatively) predicted DSI score.
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CHAPTER 5:  DISCUSSION 

5.1 Overview 

 Sickle cell disease (SCD) is a genetic disorder that causes lifelong suffering and 

pain in many, and cumulative organ damage across the lifespan in nearly all who have the 

disease. The costs of SCD, physically, emotionally and financially, are considerable. 

Much research has been conducted to discover the causes and consequences of vaso-

occlusion and hemolysis, the hallmark pathophysiological events of SCD. However, little 

is known about the effect of obstructive sleep apnea (OSA), a disease that may contribute 

to vaso-occlusion and hemolysis, on SCD severity. Yet, there are sound reasons to 

believe that SCD may contribute to the development of OSA, and that OSA may 

contribute to escalation of SCD severity. This is of particular importance in children, 

whose disease trajectory is only beginning, and in whom disruption of the evolution of 

damaging disease processes has the potential to improve health and quality of life and to 

increase longevity.  

To date, the few studies that have examined the relationship of OSA and SCD 

severity in children have yielded contradictory results. They have been hampered by 

small sample sizes and have often been retrospective in nature. This is not surprising, as 

recruiting subjects with two major disorders is difficult, and doing so with 
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children is even more challenging. Nevertheless, studying the interaction of OSA and 

outcomes of SCD in children has the potential to improve the lives of many during 

childhood and beyond. For example, risk factors for increased SCD severity may be 

discovered among abnormal polysomnographic parameters, with the potential to limit 

organ damage by early treatment of OSA. Outcomes of treatment of OSA unique to 

children with SCD can be investigated for their efficacy and risks.  

The present study was carried out to examine the relationship between SCD 

severity and OSA in children referred for evaluation of sleep-disordered breathing. 

Children were identified retrospectively and followed forward to identify whether SCD 

severity was increased in children with OSA over that of children with SCD who did not 

have OSA, and to determine if its primary treatment, adenotonsillectomy, was followed 

by a decrease SCD severity. It further explored the association of polysomnographic 

parameters with SCD severity outcome measures. 

5.2  Discussion 

Forty-five children with SCD aged 2 through 17 years with SCD underwent 

polysomnography and were included in the study and 30 children were followed after 

polysomnography or adenotonsillectomy.  

 5.2.1  Obstructive Sleep Apnea and Sickle Cell Disease Severity 

Three quarters of the sample was diagnosed with OSA by polysomnography. This 

figure is comparable to the study by Kaleyas, et al. (2008) in which 15 (79%) of the 19 

children with SCD who screened positive for sleep-disordered breathing were diagnosed 

with OSA by polysomnography, and is higher than the prevalence found in the study by 

Brooks, et al. (1996) in which 4 (44%) of the nine children with SCD referred for 
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polysomnography for sleep-disordered breathing were positive for OSA. The high 

prevalence of OSA in this sample likely reflects a bias toward referring more severely 

symptomatic children, and therefore children more likely to have OSA, for 

polysomnography than would be found in the general population of children with SCD.  

Children with moderate to severe OSA in this sample had significantly fewer 

medical contacts than did the children without OSA. Two children had obstructive apnea-

hypopnea indexes greater than 50, yet neither of these children had a single medical 

contact for treatment of vaso-occlusive crises during the year prior to polysomnography. 

Even when they were deleted from analyses the negative association of OSA severity 

with SCD severity continued to be significant (p .043). This is a new finding that has not 

been replicated in other studies, and seems counterintuitive. It may represent an 

interaction effect of SCD severity or OSA with some other variable, such as asthma, age, 

gender, or a number of other candidate confounders.  

Children with asthma are known to have an increased incidence of both painful 

crises and acute chest syndrome (Caboot & Allen, 2008; Glassberg, Spivey, Strunk, 

Boslaugh, & DeBaun, 2006), thus increasing their help-seeking for these events, and that 

was found to be true in the present study. Children with asthma exhibited significantly 

greater help-seeking for both medical contacts and days of care. However, three-quarters 

of the children in this study who did not have OSA had asthma whereas asthma affected 

fewer than half of the children with moderate-severe OSA. Thus, based on asthma status, 

one might still expect the children without OSA to have greater SCD severity measured 

by help-seeking, as was found in this study.  
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Severity of SCD is also known to be positively associated with age. Yet the two 

younger age groups comprised nearly three-quarters of the group with moderate to severe 

OSA whereas adolescents made up half of the group with no OSA. Thus, based on age-

mediated SCD severity, one could expect the group without OSA (generally the older 

children) to have more severe SCD than the group with moderate-severe OSA. 

Another explanation of the unexpected negative association between severity of 

OSA and SCD severity is that health care providers may develop a higher index of 

suspicion of OSA in children with more severe SCD, creating a referral bias. Repeated 

episodes of acute chest syndrome or painful crises likely initiate a search for potential 

triggers. Sleep-disordered breathing in children with less severe SCD, then, may escape 

notice of referring physicians until it becomes severe. There is precedence for this 

explanation. In a telephone survey of parents whose children had undergone 

adenotonsillectomy for OSA (Richards & Ferdman, 2000), investigators found that the 

average length of time between parent recognition of their child’s snoring causing 

significant problems and surgery was 3.3 years. Furthermore, 82% of children had 

experienced significant symptoms for more than a year, 31% for more than 4 years, and 

13% for greater than 6 years before surgical correction of their sleep apnea (Richards & 

Ferdman, 2000), indicating that physicians were not taking parental concerns seriously, 

or did not have an appreciation of the fact that children can develop OSA.  

In yet another survey conducted of pediatricians and family practitioners caring 

for children, mean knowledge score on the Obstructive Sleep Apnea Knowledge and 

Attitudes in Children questionnaire was only 70%, indicating significant deficits in 

knowledge about OSA and its treatment in children among both academic and 
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community physicians caring for children (Uong et al., 2005). Furthermore, in this study, 

only 14.5% of physicians were aware that children with sickle cell disease have an 

increased risk of OSA (Uong et al., 2005). It seems that physicians may be slow to 

recognize the presence of sleep-disordered breathing in children, or may not have full 

appreciation of its health implications, thus delaying its diagnosis. 

The finding of low awareness of pediatric OSA among health care providers 

caring for children may also explain why the youngest children in the present study, who 

are followed more closely during their early years both for SCD and for primary health 

care, had less severe SCD but more severe OSA compared to the older age groups. 

Frequent health maintenance visits to medical care providers during early childhood 

provide opportunities for education of parents regarding prevention and management of 

SCD-related complications and routine childhood illnesses. These visits may effectively 

improve health and decrease help-seeking behaviors. However, if this is so, then sleep-

disordered breathing is not being identified at these visits. a possibility supported by the 

finding of increased frequency of OSA in the younger children over that of older children 

in this study. Severity of SCD in these children may, thus, be well managed while at the 

same time their sleep-disordered breathing becomes more severe. 

There may exist yet another explanation. In a diary study of children with SCD 

examining their pain patterns and health care use, it was found that parents with more 

education were more likely to bring their child to the emergency room for treatment of 

painful crises (Gil et al., 2000) than were less educated parents. These children did not 

experience fewer or less severe vaso-occlusive crises by diary report, they were merely 

seen less often for medical treatment. It may be that less educated parents lack the 
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background or knowledge to recognize situations that pose risks to their child’s health. 

Lower education, too, often signals lower socioeconomic status, and health promotion 

and disease prevention are often of low priority among this group (Brawley & Tejeda, 

1995; Tangrea, Adranza, & Helsel, 1992).  

Moreover, life stressors, lack of transportation, difficulty taking time off from 

work, and lack of emotional and physical support may leave parents unable to cope with 

the stress of having a child who requires frequent medical attention. Thus, the parents 

who do not bring their children in for treatment of vaso-occlusive crises are likely to be 

the same ones who do not bring their child in for treatment of symptoms of sleep-

disordered breathing. In these children, OSA might become severe before its presence is 

recognized or acted upon by parents with low educational levels, possibly accounting for 

the conflicted finding of high OSA severity accompanied by a low rate of help-seeking 

for vaso-occlusive crises.  

One final finding in examining the relationship of OSA with SCD severity is 

noteworthy. During adolescence, obesity supplants adenotonsillar hypertrophy as the 

greatest risk factor for development of OSA. Yet in this study, the underweight 

adolescents (11-17 year age group) had the highest obstructive apnea-hypopnea indexes. 

Once again, this finding seems counterintuitive to findings of other studies in which 

obesity usurps adenotonsillar hypertrophy as the primary risk factor for OSA in 

adolescents. However, this finding may indirectly support the hypothesis that increasing 

severity of OSA is associated with increasing SCD severity. Sickle cell disease is a 

hypermetabolic state caused by protein turnover resulting from hemolysis, and increased 

cardiac work load occurring in compensation for anemia. Hibbert and colleagues found 
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that the energy consumption of children with SCD was 1.5 times higher than that of 

healthy age- and sex-matched controls, with hemoglobin synthesis that was increased 20 

times, and reticulocytes percentage that was increased 16 times over that of the controls 

(Hibbert, et al., 2006). In that study, children with SCD had significantly lower BMI than 

did the controls. In another study, children with SCD who were age and ethnicity-

matched to healthy controls had significantly increased resting energy expenditures over 

that of the controls, even after adjusting for sex and fat-free mass (Barden, et al., 2000). It 

seems plausible, then, that the children with the most severe SCD are likely to be the 

most underweight, and the finding in the present study that these children also had the 

most severe OSA may indicate an association between SCD severity and OSA severity. 

5.2.2  Adenotonsillectomy and Improvement in Sickle Cell Disease Severity 

The issue of improvement in SCD severity as an outcome of treatment of OSA by 

adenotonsillectomy has not previously been explored. In the present study, all children 

having adenotonsillectomy did so, at minimum, for treatment of OSA. Data on chronic 

tonsillitis was not available for all subjects, so the effect of curing the chronic infection 

versus the effect of treating OSA on SCD outcomes could not be evaluated. However, 

there is reason to believe that treatment of chronic tonsillitis and treatment of OSA may 

yield similar results. Chronic tonsillitis is thought to cause an inflammatory reaction of 

the lymphoid tissue of the adenoids and tonsils in children with SCD, causing them to 

hypertrophy and potentially contributing to the development of OSA. Thus, 

adenotonsillectomy would cure both the chronic tonsillitis and the upper airway 

obstruction caused by hypertrophied tonsils and adenoids that might have contributed to 

the development of OSA.  
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Yet the finding of a negative association between SCD severity and OSA in this 

study contradicts the hypothesis that adenotonsillar hypertrophy secondary to SCD 

contributes to an increased prevalence of OSA which, in turn, contributes to SCD 

severity. Children without OSA had the highest rate of help-seeking during the year 

preceding polysomnography and this continued post-polysomnography indicating that 

adenotonsillar enlargement due to sickle cell pathology, if present, was unlikely to be 

related to their increased SCD severity through OSA. Furthermore, there was a medium, 

albeit nonsignificant effect of adenotonsillectomy increasing help-seeking during the year 

following surgery indicating that removing the potential obstruction caused by enlarged 

adenoids and tonsils, while potentially curing OSA, was not responsible for a decrease in 

SCD severity. Even if only half of the children were cured of their OSA by 

adenotonsillectomy, some overall effect would be expected to be seen if adenotonsillar 

hypertrophy had contributed to an increased prevalence of OSA and OSA, in turn, had 

contributed to increased SCD severity.  

This finding is difficult to explain in light of the contribution of OSA, in 

otherwise healthy children, to increased illness. Two studies examined health care 

utilization of otherwise healthy children who had OSA. In one study, investigators found 

a 215% elevation in health care use by these children (Tarasiuk et al., 2007) over that of 

healthy children without OSA. In the second study, comparing children with OSA who 

underwent adenotonsillectomy to those who did not have surgery, annual health care 

costs were reduced by one-third in children who had adenotonsillectomy (Tarasiuk, 

Simon, Tal, & Reuveni, 2004) over the children who did not have the surgery.  
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In the present study, the children not having adenotonsillectomy were the children 

experiencing greater SCD severity (measured by help-seeking) prior to 

polysomnography. So, there may have been a selection bias in determining which 

children had adenotonsillectomy and it is possible that the sickest children were not 

considered acceptable risks to undergo surgery. No child having greater than 18 days of 

medical care or greater than three medical contacts for treatment of vaso-occlusive crises 

pre-polysomnography underwent adenotonsillectomy. The decrease in SCD severity in 

the group not having surgery may merely represent regression to the mean, which might 

also explain some of the increase in disease severity in the children having 

adenotonsillectomy. Since the children having adenotonsillectomy were generally the 

healthier children based on help-seeking outcomes, their increased need for help-seeking 

post-adenotonsillectomy might be coincidental.  

However, it is known that vaso-occlusive crises do not occur at regular intervals. 

In a four-decade prospective study of over 1,000 patients with sickle cell anemia, for 

example, it was found that 40% of patients had crises in clusters, interspersed with long 

periods during which no medical attention was sought for treatment of painful crises 

(Powars, Chan, Hiti, et al., 2005). It is quite possible, given the limited time frame of this 

study, that some children who would have experienced vaso-occlusive crises at some 

point escaped capture of these events by mere coincidence of the start and end dates of 

the study, while other children might have, just as coincidentally, been experiencing 

clusters of events during the study period that might have ceased after study end.  

Only one child experienced a vaso-occlusive crisis during admission for 

adenotonsillectomy, so a direct, short-term effect of anesthesia or surgery on promoting 



142 

 

crises is an unlikely cause of the postoperative increase in help-seeking seen during the 

year following surgery in this study. Yet, 25% to 30% of people with SCD develop 

postoperative complications, including painful crises, atelectasis, pneumonia and acute 

chest syndrome (Buck & Davies; Halvorson, McKie, McKie, Ashmore, & Porubsky, 

1997). In the largest, prospective, multi-center randomized trial to date of preoperative 

blood transfusion regimens for people with SCD undergoing elective ear, nose or throat 

surgery including adenotonsillectomy, investigators found a 32% rate of serious 

complications post-adenotonsillectomy, double the complication rate reported among 

people without SCD (Waldron et al., 1999). The median age of patients in that study was 

8.2 years with a range from 1.7 to 26.7 years, so most subjects in that study were still 

children. Fifteen percent of the patients with SCD developed sickle cell-related 

complications postoperatively, 94% of these being development of acute chest syndrome. 

Important in the study was the finding of a nearly three-fold increase in postoperative 

SCD-related events in people with a history of pulmonary disease, defined as a previous 

history of acute chest syndrome, recurrent pneumonia, tuberculosis or emphysema.  

The follow-up period of the study was 30 days, and 91% of complications 

occurred within 5 days of surgery (Waldron et al., 1999). This meant that 9% of 

complications occurred as distant from surgery as 30 days. No study has followed 

children with SCD for more than 30 days to determine the length of time during which 

they might remain at risk of clinical complications related to surgery, thus increasing 

their need for medical care as a direct result of surgery or anesthesia. In the present study, 

acute chest syndrome had previously occurred in 73% of the sample, and this history of 
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pulmonary disease might have increased their susceptibility to develop post-

adenotonsillectomy complications. 

Surgery itself appears to be tolerated differently by children with SCD than by 

children not having SCD. In another study of children with SCD undergoing laparoscopic 

cholecystectomy, investigators found that children with SCD reported greater pain scores 

than did children without SCD during the first postoperative day and consumed more 

than double the total postoperative morphine for the same surgery (Crawford, Galton, & 

Naser, 2006). Furthermore, the duration of patient controlled analgesia use among 

children with SCD was more than double that of children without SCD (Crawford, 

Galton, & Naser, 2006). It is possible that in the present study, the increase in help-

seeking seen during the year following adenotonsillectomy represents a latent or long-

term complication of surgery or of opioid pharmacokinetics on increasing the incidence 

of vaso-occlusive events, or possibly the effect of postoperative alteration of pain 

perception increasing the perceived need for medical care for these events. 

In addition to the increased risk presented by SCD, OSA likewise presents a risk 

of postoperative complications in children. One study found a 16% to 27% increased 

postoperative risk of respiratory complications in children with OSA (Leong & Davis, 

2007). Furthermore, one study demonstrated that children with obstructive breathing who 

have asthma develop more post-adenotonsillectomy respiratory complications, including 

oxygen desaturations and respiratory failure, than do children without asthma (Kalra, 

Buncher, & Amin, 2005). In children with SCD, these complications may increase the 

risk of acute chest syndrome and consequently the risk of painful crises, which is 

commonly associated with acute chest syndrome. While the short-term effect of 



144 

 

adenotonsillectomy did not appear to account for the increase in help-seeking seen in the 

present study during the year following adenotonsillectomy, there may be as yet 

unknown long-term effects. Surgery and anesthesia, for example, are known to disrupt 

sleep architecture (Cronin, Keifer, Davies, King, & Bixler, 2001; Rosenberg-Adamsen, 

Kehlet, Dodds, & Rosenberg, 1996), increase catecholamines and other cytokines 

through sympathetic nervous system activation and promote an inflammatory response 

through tissue trauma (Lydic & Baghdoyan, 2005; Tung & Mendelson, 2004). In 

addition, people with OSA have been found to experience an exaggerated effect of 

anesthesia (Tung & Mendelson, 2004). It is possible that surgery or anesthesia propagate 

long-term changes in children with SCD who also have OSA, such as prolonged 

sympathetic activation or a prolonged inflammatory response, which may induce a 

prolonged period of increased vaso-occlusive response. No studies were located that 

examined long-term elevation of inflammatory markers postoperatively in people with 

SCD, so this remains an unexplored area. 

However, time may also play a part in the contradictory findings of the present 

study. Sickle cell disease severity increases with increasing age, so the longer study time 

period in children having adenotonsillectomy, due to the lag time between diagnosis of 

OSA and surgery, might favor an increase in SCD severity. Children who did not have 

surgery were followed for two consecutive years, one year before polysomnography and 

one year immediately following polysomnography. Children having surgery, however, 

did not accrue their year of follow-up until after their adenotonsillectomy. The spacing 

between polysomnography and adenotonsillectomy averaged 126 days and exceeded a 

year in one case, so the study period was longer for children having surgery. While the 
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increase in age for these children was relatively small, it might have been long enough, 

over and above the age increase experienced by the group not having surgery, to account 

for the nonsignificant yet notable increases in help-seeking in the group undergoing 

adenotonsillectomy, particularly where change in pubertal status may have increased 

their risk for both SCD severity and OSA.  

Changes may also have occurred during the study period that exacerbated SCD 

severity in the children having adenotonsillectomy, or remitted severity in the children 

not having surgery, that could not be measured retrospectively. Examples might include 

new diagnosis of asthma, medication changes including corticosteroid use for asthma 

exacerbations (Ramagopal, Scharf, Roberts, & Blaisdell, 2008), change in parental work 

status (reflecting the ability to access medical care), weight gain or loss, and emotional or 

lifestyle upheavals. 

Finally, another consideration is that adenotonsillectomy does not cure all 

children of OSA. While the cure rate among children is about 82% (Brietzke & 

Gallagher, 2006), there is emerging evidence indicating that it may be as low as 50% in 

African American children (Bhattacharjee et al., 2008). Furthermore, about 8% of 

children experience recurrent or residual symptoms of OSA following 

adenotonsillectomy (Contencin, Guilleminault, & Manach, 2003). Children with the 

highest obstructive apnea-hypopnea indexes (Suen, Arnold, & Brooks, 1995), older 

children and children who are overweight are even less likely to be cured of OSA 

following adenotonsillectomy (Tauman et al., 2006). This study included several children 

with severe OSA, as well as older children and several children who were overweight. In 

fact, nearly half of the children (44%) having adenotonsillectomy in the present study 
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were overweight or obese as compared to only 14% of the children who did not have the 

surgery. Although the sample size in the present study is too small to statistically 

examine the influence of many of these confounders, they may nevertheless have 

contributed to postoperative residual OSA. Furthermore, there is evidence that treatment 

of OSA results in weight gain following adenotonsillectomy, increasing the risk of OSA 

recurrence (Soultan, Wadowski, Rao, & Kravath, 1999). Adenotonsillectomy itself may 

change the airway structure or function in a way unique to children with SCD or to 

African American children, in some way favoring upper airway narrowing or collapse 

during sleep. It is quite possible that the children in this study who experienced increased 

medical contacts and increased days of care following adenotonsillectomy were those 

whose OSA was not cured by surgery, and that continued OSA might have contributed to 

their increased help-seeking.  

5.2.3  Polysomnographic Parameters and Sickle Cell Disease Severity 

The present study involved a sample of children with SCD referred for 

polysomnography for evaluation of sleep-disordered breathing, so it is no surprise that 

several polysomnographic parameters were abnormally elevated. However, it was 

surprising to find out just how abnormal these parameters were. Three quarters of the 

sample had OSA and 6 children had obstructive apnea-hypopnea indexes greater than 10, 

with 2 children exceeding 50. Possible reasons that children having this degree of OSA 

severity may have gone undetected have been previously discussed.  

The obstructive apnea-hypopnea index was significantly negatively associated 

with both medical contacts and days of care for vaso-occlusive crises in the year prior to 

polysomnography. The negative association between the obstructive apnea-hypopnea and 
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help-seeking is a new finding. Hargrave, et al. (2003), in their cohort study of 95 children 

with SCD, found no correlation between the presence of OSA and painful episodes. 

Likewise, Brooks, et al. (1996) found no association between pain crises and the 

respiratory disturbance index, a measure similar to the obstructive apnea-hypopnea index 

used to measure the severity of OSA in the present study.  

The present study included help-seeking for types of vaso-occlusive crises in 

addition to the traditional outcome measure of painful crises, principally acute chest 

syndrome. However, it is unlikely that the negative association found in the present study 

between the obstructive apnea-hypopnea index and help-seeking is related to this 

addition. Post hoc analysis revealed that the relationship was significant only for painful 

crises, yet there was a negative, albeit nonsignificant, association between the obstructive 

apnea-hypopnea index and acute chest syndrome in the same direction.  

One quarter of the sample was hypoxemic during sleep and four-fifths of the 

sample had oxyhemoglobin desaturations into the hypoxemic range (≤ 93%), with over 

half spent at least some sleep time below SpO2 90%. These are not surprising findings in 

children with SCD. Several studies have shown that these children have abnormal 

oxyhemoglobin saturation. Nearly half of children with SCD have been found to develop 

nocturnal oxyhemoglobin desaturation, and this effect likely develops before the age of 5 

years (Quinn & Ahmad, 2005; Setty, et al., 2003). In addition, oxyhemoglobin saturation 

has been found to be lower in males than in females (Quinn & Ahmad, 2005), and in 

children with HbSS disease compared to children with HbSC disease (Setty, et al., 2003). 

Mean SpO2 in the present study was not significantly different between children under 

the age of five years and children five years of age and older. Children under five years of 
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age were already experiencing nocturnal oxyhemoglobin desaturation. Likewise, mean 

SpO2 was not significantly different between the sexes in the present study. There was, 

however, a significant difference in mean SpO2 between the genotypes HbSS and HbSC, 

a finding comparable to other studies. In the present study, mean sleeping SpO2 was not 

associated with either of the help-seeking outcomes. This finding was in agreement with 

the findings of Brooks, et al. (1996), but in opposition to the findings of Hargrave, et al. 

(2003), who found that low mean SpO2 was significantly associated with an increase in 

the number of painful crises.  

Mean sleeping SpO2 was significantly negatively correlated with DSI score in the 

present study. The DSI has never been used in the capacity of an SCD severity measure 

in outcomes research prior to this study, so this is a new finding. The association was in 

the expected direction, with mean sleep SpO2 decreasing as DSI score increased. Scores 

on the DSI were also significantly negatively correlated with sleep efficiency, with sleep 

efficiency decreasing as DSI scores increased. These findings, in a direction that would 

be expected, may indicate that the DSI is a better outcome measure of sleep-disordered 

breathing than is help-seeking behavior in children with SCD.  

Regression modeling using polysomnographic parameters (obstructive apnea-

hypopnea index, mean SpO2, total and respiratory arousals, sleep efficiency and wake 

after sleep onset) as predictors of DSI score identified sleep efficiency as a significant 

negative predictor of DSI score and accounted for nearly one-fifth of its variance. 

Regression models of number of medical contacts and number of days of care pre-

polysomnography using polysomnographic predictors were also significant, with 
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respiratory arousal index negatively predicting both help-seeking behaviors and wake 

after sleep onset independently, negatively predicted days of care.  

One last finding bears mention. Over one-fifth of the sample had periodic limb 

movement disorder, defined as a periodic limb movement index ≤ 5. Although the 

periodic limb movement index was not associated with any of the three SCD severity 

measures, its presence can disrupt sleep and may be an indicator of instability of the sleep 

system (Picchietti & Dzienkowski, 2007). It is sometimes associated with low serum 

ferritin levels; however, the reason for this finding in children with SCD is unknown and, 

to the author’s knowledge, has not been reported.  

5.3  Strengths and Limitations 

There are several limitations to this study. The retrospective nature of the study 

precluded collection of data on home-managed care of vaso-occlusive crises, which 

constitute the majority of these events, thus causing considerable measurement error in 

the variables related to help-seeking. Timing of events might be significant, too, in that 

overnight obstructive events or peripheral vasoconstriction due to sympathetic nervous 

system activation would more likely trigger morning crises, whereas most often crises 

occur later in the afternoon or evening (Imadojemu, Gleeson, Gray, Sinoway, & 

Leuenberger, 2002; Kaul, Fabry, & Nagel, 1996). However, the start time for vaso-

occlusive crises seen at the institution of data collection was unavailable, so this issue 

could not be examined.  

Data on variables that might potentially influence SCD severity other than that 

available in the electronic record, for example the onset of puberty, smoking in the home 

or emotional status, were not available, limiting identification of other potential 
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contributors to SCD severity. There was likely a confounding effect of chronic 

adenotonsillar infection, either overt or covert, with OSA on outcome measures that 

could not be accounted for in this study, as this would require tissue cultures that are not 

routinely carried out. Furthermore, there was no way to determine the effectiveness of 

adenotonsillectomy on curing OSA, as repeat polysomnography following surgery was 

not routinely performed. Thus, some of the contradictory results found in this study may 

be attributable to missing data or to continuation of OSA despite surgery. 

The Sickle Cell Disease Severity Index score is a relatively new measure of SCD 

severity. Other than the publication detailing its development, no studies were located 

that had used the measure. It is relatively untested as an outcome measure, so that 

inferences made as a result of this study regarding its usefulness as a measure of SCD 

severity should be viewed with some skepticism until its use becomes more widespread 

and more data is available regarding its reliability and validity. Furthermore, the DSI 

score was found to be sensitive to small changes in clinical and laboratory values when 

children hovered near the categorical cut-points of a variable. For example, a child 

having a steady-state systolic blood pressure value of 118 mm Hg yielded a lower DSI 

score than that same child whose blood pressure crossed the 120 mm Hg cut-point to 121 

mm Hg. This 3 mm Hg increase in systolic blood pressure is unlikely to be clinically 

significant, yet it is enough to elevate the DSI score and may be representative of the 

reason for marked changes in DSI scores that were sometimes seen in children. The 

clinical relevance of the magnitude of these changes in DSI scores is unknown. Variation 

due to small changes in clinical or laboratory values that shifted children to a higher-risk 

category for that variable and increased their DSI never resulted in reclassification as 
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severe SCD. However, it did account for some of the increase in variability in DSI scores 

that confounded interpretation. 

There was a higher prevalence of acute chest syndrome in this study than is 

reported in the literature. This is likely due, at least in part, to an overestimation because 

of the inclusion of pneumonia as acute chest syndrome. This may have inflated the 

outcome variables related to vaso-occlusive events. However, it is also probable that 

children experiencing acute, recurrent respiratory events are more likely to be referred for 

polysomnography than those not experiencing them, thus the prevalence of acute chest 

syndrome would, through referral bias, be higher in this sample. Finally, small sample 

size hampered statistical testing of the many interactions noted graphically in the above 

figures. Sickle cell disease severity and its causes present a complex puzzle, with many 

confounding and interacting variables. A much larger sample is required to accurately 

test these relationships. 

 Despite its limitations, this study had several notable strengths. The OSA status 

on all cases was documented by overnight polysomnography in a hospital-based sleep 

laboratory, considered the gold standard for diagnosis of OSA. Polysomnography was 

carried out using nasal cannula (except in a few instances where not tolerated) and 

respiratory inductance plethysmography, both shown to improve diagnostic sensitivity of 

polysomnography (Griffiths, Maul, Wilson, & Stick, 2005; Masa, et al., 2003; 

Serebrisky, Cordero, Mandeli, Kattan, & Lamm, 2002; Trang, Leske, & Gaultier, 2002). 

Furthermore, all studies were scored using accepted pediatric scoring criteria. These are 

in contrast to several related studies in which decisions on the presence and severity of 

OSA in children were based on overnight pulse oximetry, home-based or partial night 
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polysomnography, or on studies scored using adult scoring criteria, all of which are likely 

to underestimate the presence and severity of OSA (Kirk, et al., 2003).  

In many ways, this study has forged new ground. The theoretical framework on 

which the study is predicated is a newly emerging area of research. Only one recent 

publication has addressed the issue of an interaction of obstructive sleep apnea and sickle 

cell disease and that publication was presented as a hypothesized relationship and not as a 

research study. This was one of the first studies to examine the relationship of 

polysomnographic parameters other than those related to gas exchange to SCD severity, 

and one of the few to examine the relationship of sleep parameters to the occurrence of 

vaso-occlusive crises and SCD severity. It was furthermore the first study to examine the 

effect of adenotonsillectomy as treatment of obstructive sleep apnea on change in SCD 

severity.  

5.4  Implications 

 5.4.1  Implications for Practice 

 One of the perplexing findings to come out of this study was that children having 

lower SCD severity, judged by the conventional measure of help-seeking for vaso-

occlusive crises, had more severe OSA. Whether or not OSA affects disease severity in 

these children, they are at risk of the same consequences of OSA as are otherwise healthy 

children. These consequences, as discussed in chapter 1, are not inconsequential. 

Compounding the ongoing organ damage occurring in SCD even in those who are 

clinically stable (Schnog et al., 1998), children with OSA are at increased risk of long-

term morbidity. So it is imperative to identify children with SCD having OSA and to 

institute appropriate treatment. Whereas the children with more severe SCD are evaluated 
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frequently, and reasons for their vaso-occlusive events are investigated and treated, 

children with mild SCD may not be receiving the same careful screening. Given that 

SCD is likely to increase the risk of OSA, even children with mild SCD seen only on 

routine health maintenance visits need to be screened for OSA at every available 

opportunity.  

 There is no one best screening tool for OSA; however there are several reliable 

and valid measures that are readily available for screening and their existence should be 

taken advantage of in screening high-risk children, such as children with SCD, for sleep 

disorders. Even an adequate history can reveal symptoms suspicious of OSA such as 

snoring, gasping or witnessed apneas during sleep. Children screening positive for sleep-

disordered breathing must be treated aggressively and referred for polysomnography, the 

only method by which to accurately diagnose OSA. Furthermore, it is not just symptoms 

of breathing disorder that are important. Restless sleep, restless legs, or repetitive 

movements during sleep can signal other sleep disorders that fragment sleep such as 

periodic limb movement disorder. Involvement of sleep specialists in the ongoing 

multidisciplinary approach used to manage children with SCD in Comprehensive Sickle 

Cell Clinics is imperative, and institutions and providers that do not use a 

multidisciplinary approach to the management of SCD are well advised to institute one. 

It behooves nurses, physicians and other health care providers who care for 

children with SCD to listen to and act upon parents’ concerns regarding their child’s 

sleep. As identified by Richards and Ferdman (2000), in their study of delays in diagnosis 

and treatment of children with OSA, parents often recognize problems with their child’s 

sleep long before health care providers. These concerns should be treated seriously. 
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Moreover, considering some parents’ reticence to speak out about their concerns, health 

care providers must take care to ask the appropriate questions to elicit these concerns. In 

addition, parents are likely to require education regarding the existence of OSA in 

children and the symptoms for which they need to be vigilant. Just as parents are 

routinely educated on other aspects of care of a child with SCD, such as managing vaso-

occlusive crises at home and when to seek medical care if the child is febrile, they should 

also be educated on symptoms of which to be aware that might suggest a sleep disorder. 

Health care providers, too, must take the initiative to educate themselves 

regarding the presence and consequences of OSA in children. In this study, younger 

children had more severe OSA than did the older children. This may represent a referral 

bias in that providers may not recognize that young children, too, can have OSA, with the 

result of referring only the most severely symptomatic children for polysomnography. 

They need to recognize that snoring is not a normal part of sleep in children (Gozal, 

2008), and that its presence should be investigated. There may be other subgroups of 

children with SCD that require increased vigilance in screening. For example, in the 

present study underweight adolescents appeared to be at increased risk of having severe 

OSA. Likewise, children who were not on hydroxyurea therapy had a higher prevalence 

of OSA. This finding may be confounded by the fact that the less severely ill children 

were the ones with a higher prevalence of OSA and were consequently also the children 

less likely to be taking hydroxyurea, yet hydroxyurea might itself exert some as-yet 

unknown effect on the development of sleep-disordered breathing.  

The idea that a medication might promote OSA is not without precedence. In a 

study of patients with severe unstable asthma, for example, investigators found that 
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asthmatics on long-term oral corticosteroids had a significantly higher respiratory 

disturbance index than did patients using steroids in bursts (Yigla, Tov, Solomonov, 

Rubin, & Harlev, 2003). Investigators hypothesized that prolonged and continuous use of 

oral corticosteroids in asthma increased upper airway collapsibility (Yigla, et al., 2003), 

thus contributing to OSA severity. It might be that hydroxyurea exerts a positive effect on 

increasing upper airway tone. 

Another important finding of this study was that SCD severity, measured by help-

seeking behavior, was increased in children with OSA following adenotonsillectomy. 

Whether or not this finding is directly related to the surgery, health care providers need to 

follow children with SCD closely after adenotonsillectomy with the expectation that they 

may require more medical attention, and to identify and manage any ill effects. The 

traditional single postoperative visits following adenotonsillectomy may be inappropriate 

in children with SCD. Furthermore, consideration should be given to repeating 

polysomnography in children with SCD who are at increased risk of failure of 

adenotonsillectomy to cure OSA. These children include African Americans (which 

encompasses most children with SCD; Bhattacharjee et al., 2008), children with high 

obstructive apnea-hypopnea indexes (Suen, Arnold, & Brooks, 1995), older children and 

those who are overweight (Tauman et al., 2006).  

 5.4.2  Implications for Research 

 Rather than answering the questions of whether OSA increased SCD severity and 

whether adenotonsillectomy, in treating OSA, improved SCD severity, this study raised 

far more questions than it answered. Perhaps the question needing to be asked is what is 

an appropriate measure of SCD severity? The need for a meaningful measure of SCD 
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severity was proposed by Quinn, et al. (2008) following their study in which testing of a 

model of SCD severity developed by the Cooperative Study of Sickle Cell Disease study 

group, in an independent cohort of children with SCD, demonstrated the model to not be 

a good fit.  

In the present study, help-seeking including medical contacts and days of care for 

vaso-occlusive crises, was used as an indicator of SCD severity. This definition was 

based on the conceptual model developed for this study and is a definition often used in 

SCD research. However, it became clear during data collection that many children who 

did not receive care for vaso-occlusive crises were nevertheless in the hospital and in the 

emergency room repeatedly for SCD-related complications other than vaso-occlusive 

events. The most common reason for these contacts was fever. Although fever in most 

children could reasonably be managed at home, children without a spleen are at increased 

risk of sepsis and death, and as a result fever is always treated aggressively. Because 

fever is a specific indicator for medical care in children with SCD, and fever of unknown 

origin is one of the most frequently billed diagnosis codes in children with SCD 

(Bilenker, et al., 1998), the question arises whether these contacts should be considered in 

the definition of disease severity.  

 Even proper spacing of vaso-occlusive crises as an outcome measure is unclear. 

Because the end of one crisis and the start of another can never be determined 

retrospectively, various investigators have counted vaso-occlusive crises as separate 

events if they were separated by a discharge, by at least 48 hours, by at least one week, 

and by other variations to assure an accurate count of separate crises. In this study, one 

day of separation spaced by a discharge home was defined as a separate crisis. However, 
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to test the effect of different spacing of help-seeking outcomes, portions of the analyses 

were rerun using vaso-occlusive crises separated by at least 2 days and again using vaso-

occlusive crises separated by at least 7 days. Results of analyses using each of the three 

definitions of separate vaso-occlusive crises (1, 2 and 7 days) were nearly the same, with 

no change in any of the outcomes. So, it seems that the number of days separating vaso-

occlusive crises may not be critical to this definition of SCD severity in this sample.  

 Many studies only include painful crises as the outcome measure of SCD severity. 

This study included painful crises, acute chest syndrome, priapism and splenic 

sequestration as vaso-occlusive events. No child had a splenic sequestration during the 

study period, and only one had an episode of isolated priapism requiring medical care, so 

these types of vaso-occlusive events did not add to the definition of SCD severity. 

Moreover, in limited analyses of outcomes including only acute chest syndrome 

compared to those including only painful crises, while differing in their significance 

level, demonstrated effects occurring in the same direction, indicating that in this study 

choosing one outcome over the other would likely not have altered its conclusions.  

 Another issue related to developing a meaningful measure of SCD severity is the 

confounding use of treatments known to decrease severity, such as hypertransfusion and 

hydroxyurea therapies. Children in this study were excluded when they were started on 

hypertransfusion. However, non-routine transfusions, which likely tempered SCD 

severity, were not excluded, and children on hydroxyurea were likewise included in the 

study. Exclusion of these children would likely have biased the study toward children 

who are less severely affected by SCD, and would have greatly decreased the sample 

size, as use of these therapies in children have become widespread. Furthermore, 
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excluding the most severely ill children may have limited the ability to generalize 

findings to a wider population of children with SCD who are using these therapies 

routinely. Yet, they have definitively been shown to modify SCD severity. A measure 

needs to be developed that can take into account all of these newer treatments and their 

ramifications so that all children with SCD can be included in outcomes research. In fact, 

the most severely ill children have the most to gain from the very research from which 

they may be excluded by virtue of their more aggressive treatment.  

 One of the outcome measures used in this study, the DSI score, was developed to 

take into account a variety of SCD severity indicators of hemolysis and vaso-occlusion. 

The strength of this measure in research has not been tested. However, the finding that it 

did not correlate with the measures of help-seeking behaviors may mean either that it 

measures a different aspect of SCD severity than do help-seeking outcomes, or that the 

other outcomes are inadequate measures of severity of SCD. The DSI score did correlate 

with three polysomnography parameters, and in the expected direction. Furthermore, a 

fair portion of the variance of the DSI score could be explained by these parameters. This 

instrument needs to be tested more thoroughly, but holds some hope of being a better 

indicator of SCD severity in relation to the study of OSA than are the help-seeking 

measures. Unfortunately, hydroxyurea was not in use during the time of collection of the 

data used to validate the DSI and its use is not accounted for in the model. 

 Small sample size in this study limited the type and quality of statistical analyses 

that could be employed. Mean and median values do not adequately tell this story. Many 

of the interactions that were occurring in these data can only be demonstrated in the 

figures presented in Chapter 4. Epidemiological studies examining hospital discharge 
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databases may enlighten some of the issues raised in the present study. However, ideally 

large, multi-center, prospective studies need to be designed and implemented to better 

define the risk of various aspects of OSA in children with SCD, and to test the impact of 

adenotonsillectomy in these children. Large samples would allow testing of interactions 

between variables, such as the interactive effect of asthma status, age, sex or BMI 

percentile and OSA severity on SCD severity outcomes, and the role that hydroxyurea 

may play in moderating OSA severity. 

Very few studies have sought to examine the effect of OSA on SCD severity in 

children and no studies have examined the effect of adenotonsillectomy as treatment of 

OSA on those outcomes. There is a need for expanded research in areas of SCD severity 

in children that would better elucidate the influence of OSA on this population and 

identify the subgroups most at risk of severe SCD based on the presence and severity of 

OSA.                                                                                                                                                                                                                                        

5.5  Conclusion  

  This study was undertaken to describe the effect of OSA on SCD severity in 

children. Results of this study indicate that OSA is associated with help-seeking behavior 

in children with SCD, but in the opposite direction than was hypothesized. The finding of 

more severe OSA in younger children and in those with less severe SCD may indicate an 

overlooked diagnosis in children not perceived to be at high risk. There is some 

indication that use of the DSI score as a measure of SCD severity may be more useful in 

uncovering this relationship than is the traditionally-used but inaccurate measure of help-

seeking.  
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There was limited support for the hypothesized model of the interaction of OSA 

and SCD severity in children. Only mean SpO2 and sleep efficiency were significantly 

associated with SCD severity measured by DSI score, in the hypothesized direction. 

Future research is needed to more fully identify the risk factors for SCD severity among 

the abnormal sleep parameters present in OSA and the clinical and laboratory factors that 

interact with these parameters to change the course of SCD.
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APPENDIX E  RETROSPECTIVE CHART EXTRACTION TOOL    
          ID ____________ 
        Date of Collection _____ 
 
Check for inclusion/exclusion criteria prior to collecting data 
 
Inclusion:  
� Age 2 to 18 years 
� PSG 2003-2008, at CNMC 
� 12 months of CNMC Hematology clinic data available prior to PSG 
� 12 months of CNMC Hematology clinic data available on children + for OSAS post-
adenotonsillectomy or post-PSG if no adenotonsillectomy performed 
� Had adenotonsillectomy at CNMC, or surgical records available  
 
Exclusion:  
� Neuromuscular or craniofacial anomalies 
� Current chronic transfusion therapy (VOC outcome only) 
� Previously documented OSAS, or on CPAP therapy 
� Pregnancy during study period 

 

���� Variables 

 Age at PSG         ________ (years to 1 decimal)  
 Sex:   ____Male  ____ Female 
 Race: __Black/African American __Non-Black Hispanic __Native American 

__Asian __White 
 Zip code  
 Physical Exam 
 Ht _____ in / cm   Wt ____ lbs / kg   

Date ____/____/______ (at time of PSG ± 6 months, prior to adenotonsillectomy) 

 Blood pressure (steady-state, 2 values 12 months pre-PSG, ± 6 months) 
1) _____ / _____ mm Hg    2) _____ / _____ mm  

 Blood pressure (steady-state, 2 values within ± 6 months of PSG, prior to 
adenotonsillectomy) 
1) _____ / _____ mm Hg    2) _____ / _____ mm Hg     

 Blood pressure (steady-state, 2 values 12 months post-PSG or adenotonsillectomy, ± 6 
months)    
1) _____ / _____ mm Hg    2) _____ / _____ mm Hg     

 Pulse oximetry, daytime (steady-state, 2 values within ± 6 months of PSG, prior to 
adenotonsillectomy)        1)  __________ SpO2        2)  __________ SpO2  

 Laboratory Values 
 Genotype (check one): ___ HbSS ___  HbSC ___  HbSβ+Thalassemia 

___HbSβ0Thalassemia  
 HbF ____ %      Age at collection _______  (after 12 months of age; yrs to 1 decimal) 
 Hemoglobin (steady-state, 2 values within ± 6 months of PSG, prior to 

adenotonsillectomy) 
1) __________ g / dl (or mmol/L)   2) __________ g / dl (or mmol/L)     
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APPENDIX E (continued) 
 WBC count (steady-state, 2 values 12 months pre-PSG, ± 6 months)  

1) __________ x 106/L (or /Μl       2) __________ x 106/L (or /µ/L)      
 WBC count (steady-state, 2 values at time of PSG ± 6 months, prior to 

adenotonsillectomy)  
1) __________ x 106/L (or /µL)      2) __________ x 106/L (or /µ/L)       

 WBC count (steady-state, 2 values 12 months post-PSG or adenotonsillectomy, ± 6 
months)  
1) __________ x 106/L (or /µL)      2) __________ x 106/L (or /µ/L)       

 Reticulocyte count (steady-state, 2 values 12 months pre-PSG, ± 6 months) 
1) __________ % (or x 10-3)           2) __________ % (or x 10-3)        

 Reticulocyte count (steady-state, 2 values at time of PSG ± 6 months, prior to 
adenotonsillectomy)  
1) __________ % (or x 10-3)           2) __________ % (or x 10-3)        

 Reticulocyte count (steady-state, 2 values 12 months post-PSG or 
adenotonsillectomy, ± 6 months) 
1) __________ % (or x 10-3)           2) __________ % (or x 10-3)        

 MCV (steady-state, 2 values 12 months pre-PSG, ± 6 months) 
1) __________ µ3 (or fl)                 2) __________ µ3 (or fl)              

 MCV (steady-state, 2 values at time of PSG ± 6 months, prior to 
adenotonsillectomy) 
1) __________ µ3 (or fl)                2) __________ µ3 (or fl)              

 MCV (steady-state, 2 values 12 months post-PSG or adenotonsillectomy, ± 6 
months) 
1) __________ µ3 (or fl)          2) __________ µ3 (or fl)              

 Bilirubin (steady-state, 2 values 12 months pre-PSG, ± 6 months) 
1) _________ mg/dl (or µmol/L)   2) _________ mg/dl (or µmol/L)     

 Bilirubin (steady-state, 2 values at time of PSG ± 6 months, prior to 
adenotonsillectomy) 
1) _________ mg/dl (or µmol/L)   2) __________ mg/dl (or µmol/L)     

 Bilirubin (steady-state, 2 values 12 months post-PSG or adenotonsillectomy, ± 6 
months) 
1) __________ mg/dl (or µmol/L)      2) __________ mg/dl (or µmol/L)     

 LDH (steady-state, 2 values 12 months pre-PSG, ± 6 months) 
1) __________ U (or IU/L)          2) __________ U (or IU/L)          

 LDH  (steady-state, 2 values at time of PSG ± 6 months, prior to adenotonsillectomy) 
1) __________ U (or IU/L)         2) __________ U (or IU/L)          

 LDH (steady-state, 2 values 12 months post-PSG or adenotonsillectomy, ± 6 months) 
1) __________ U (or IU/L)         2) __________ U (or IU/L)          

 Past Medical History 
 Adenotonsillectomy     Date ____ / ____ / _______ 

Indication (check one): ____ chronic tonsillitis  ____ OSA  ____ Other (explain) 
 

 Tonsillar size index (0 to 4+):   
_____ Right   _____ Left (at ENT consult for adenotonsillectomy) 
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APPENDIX E (continued) 
 Sepsis (ever)          ____ Yes   ____ No  (ever, prior to 12-months pre-PSG) 

                               ____ Yes   ____ No  (12-month period pre- PSG) 
                               ____ Yes   ____ No  (12-month post-PSG or adenotonsillectomy)    

 Stroke (ever)           ____ Yes   ____ No  (ever, prior to 12-months pre-PSG) 
                               ____ Yes   ____ No  (12-month period pre- PSG) 
                               ____ Yes   ____ No  (12-month post-PSG or adenotonsillectomy) 

 Priapism (ever)       ____ Yes   ____ No  (ever, prior to 12-months pre-PSG) 
                               ____ Yes   ____ No  (12-month period pre- PSG) 
                               ____ Yes   ____ No  (12-month post-PSG or adenotonsillectomy) 

 Asthma                                ____ Yes   ____ No 
 Chronic blood transfusions:  ____ Yes   ____ No  (ever, prior to 12-months pre-PSG)  

                                              ____ Yes   ____ No  (12-month period pre- PSG) 
                                              ____ Yes   ____ No  (12-month post-PSG or 

adenotonsillectomy) 
 Hydroxyurea therapy       ____ Yes   ____ No       
 Dates of single blood transfusions during study period (if not on chronic blood 

transfusions) 
  1) ____ / ____ / ______      2) ____ / ____ / ______        3) ____ / ____ / ______    

 Acute Chest Syndrome    ____ Yes   ____ No  (ever, prior to 12-months pre-PSG)  
 Acute Chest Syndrome    ____ Yes   ____ No  (12 month period pre-PSG) 
 Acute Chest Syndrome    ____ Yes   ____ No  (12 month post-PSG/adenotonsillectomy) 
 Date of contact 1  ______# days admission  _____  +CXR Y/N  F Y/N  Rsx Y/N 
 Date of contact 2  ______# days admission  _____  +CXR Y/N  F Y/N  Rsx Y/N 
 Date of contact 3  ______# days admission  _____  +CXR Y/N  F Y/N  Rsx Y/N 
 Date of contact 4  ______# days admission  _____  +CXR Y/N  F Y/N  Rsx Y/N 
 Date of contact 5  ______# days admission  _____  +CXR Y/N  F Y/N  Rsx Y/N 
 Painful crisis               ____ Yes   ____ No   (ever, prior to 12-months pre-PSG) 
 Painful crisis                 ____ Yes   ____ No   (12 month period pre-PSG) 
 Painful crisis                 ____ Yes   ____ No  (12 month post-PSG or adenotonsillectomy) 
 Painful crisis episodes (12 months pre-PSG to 12 month period post-PSG or 

adenotonsillectomy; excludes time counted as acute chest syndrome) 
 Date of contact 1  _____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 2  _____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 3  _____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 4  _____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 5  _____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 6  _____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 7  _____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 8  _____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 9  _____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 10 ____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
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APPENDIX E (continued) 
 Date of contact 11 ____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 12 ____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 13 ____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 14 ____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 15 ____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 16 ____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 17 ____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 18 ____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 19 ____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 20 ____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 21 ____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 22 ____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 Date of contact 23 ____  # days treated ___ ED/OP/Ho   IV Y/N   Op-K Y/N    
 PSG Parameters      Date of PSG ___ / ___ / _____    Rembrandt version ______ 
 History of: ___ snoring  ___EDS ___adenotonsillar hypertrophy ____witnessed apneas/gasping 
 OAHI _______     OAI _______       OHI _______     
 REM-related   OAHI _______     OAI _______       OHI _______     
 CAHI _______     CAI _______        CHI _______         MAI _______     
 SpO2     Mean ___ Median ___   Resp related nadir ____  T90 ___ / ___   min / % 

 PETCO2   Mean in NREM ____  Mean in REM ____   T≥50 ___ %   
 Sleep Efficiency            _______ %        WASO  _______ min   
 Sleep onset latency       _______ min        REM onset latency     _______ min       
 TRT / TST  ___ / ___ min      PSG parameters scored using: __ TRT  __TST  
 Typical night sleep?   ____ Yes    ____ No    Better / Worse    
 Arousal index/hr:  Total ___ Resp ___ Limb movement___ Spont___ PLMI___ 
 Sleep stages %:        1  _____           2  ______        3/4 ______       REM ______     
 Miscellaneous comments (string) 

Note (in alphabetical order): ACS= acute chest syndrome; CAHI= central apnea hypopnea 
index; CAI= central apnea index; CHI= central hypopnea index; CXR= chest x-ray; ED= 
emergency department; EDS= excessive daytime sleepiness; EEG= electroencephalographically 
derived; ENT= Ear, nose and throat doctor (Otolaryngologist); F= fever during hospitalization; 
HbF= fetal hemoglobin %; Ho= hospitalization; Ht= height in inches/centimeters; IV= 
intravenous fluids during hospitalization; LDH= lactate dehydrogenase; MCV= mean cell 
volume; OAHI= obstructive apnea hypopnea index; OAI= obstructive apnea index; OHI= 
obstructive hypopnea index; OP= outpatient sickle cell clinic; Op-K= parenteral opioid or 
ketorolac administration during hospitalization; OSA, obstructive sleep apnea; PETCO2= end-tidal 
partial pressure of carbon dioxide; PLMI= periodic limb movement index; PSG= 
polysomnography; REM= rapid eye movement sleep; Rsx= respiratory symptoms during 
hospitalization; SCD= sickle cell disease; SpO2= peripheral oxyhemoglobin saturation by pulse 
oximetry; T>50= percent of sleep time spent at PETCO2 greater than 50%; T90= percent sleep 
time spent below SpO2 90%; TRT= total recording time; TST= total sleep time; WASO= wake 
after sleep onset; WBC= white blood cell count; Wt= weight in pounds/kilograms; Y/N= yes/no.
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