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ABSTRACT 
An Investigation of Episodic Memory Performance in Relation to Inflammation in 

Children with Sickle Cell Disease 
Mary C. Iampietro 

Degree: Doctor of Philosophy 
Temple University, 2014 

Doctoral Advisory Committee Chair: Tania Giovannetti, Ph.D. 
 
 

It is now well established that children with sickle cell disease (SCD) demonstrate 

cognitive deficits even in the absence of clinical stroke, but studies in children who have 

not experienced a stroke or other neurological event are lacking. Systemic processes that 

occur in SCD, like chronic inflammation and hypoxia, have been associated with 

hippocampal damage and episodic memory deficits in a range of clinical populations and 

animal models. However, studies examining episodic memory performance in children 

with SCD and in relation to systemic processes are largely absent. The present study 

addressed these gaps in young children with SCD who had not experienced a clinical 

stroke. Participants (N = 31) completed various memory measures as part of a larger 

neuropsychological protocol and participated in routine clinical blood draws. Latent class 

analysis (LCA) was used to empirically define SCD groups based on measures of specific 

visual memory processes, and results revealed two distinct visual memory groups, 

characterized by (1) visual memory deficits, specifically in delayed recognition abilities, 

and (2) intact visual memory. Follow-up analyses revealed that the two classes did not 

significantly differ on verbal memory performance. The relation between memory 

processes and both biomarkers of inflammation and adaptive functioning also were 

examined with variable-centered analyses. Results showed only one significant relation 

between C-reactive protein (CRP) and a measure of verbal delayed recognition. In sum, 
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young children with SCD demonstrate variable deficits in episodic memory, with most 

notable deficits in visual delayed recognition. Higher levels of CRP, a biomarker of 

inflammation, were associated with poorer verbal delayed recognition. The results 

indicate that young children with SCD experience deficits in memory, even in the 

absence of a neurological event, and specific memory processes should be assessed in 

these children to guide targeted interventions.  
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CHAPTER 1 

INTRODUCTION 

Sickle Cell Disease (SCD) is a genetically inherited anemia with a complex 

pathophysiology involving multiple body systems. Children with SCD suffer from a 

multitude of physical and neurological sequelae, including pain episodes, chest crisis, and 

clinical and silent strokes (Rees, Williams, & Gladwin, 2010). In addition to overt 

physical and neurological symptoms, children with SCD endure a lifetime of significant 

and damaging systemic processes, including anemia and resultant hypoxia, recurrent 

hypoxic-ischemic events, and a chronic, systemic inflammation response (Hogan, Pit-ten 

Cate, Vargha-Khadem, Prengler, & Kirkham, 2006; Rees et al., 2010). It is now well 

established that children with SCD demonstrate cognitive deficits (Berkelhammer et al., 

2007, for review), but a majority of research has focused on IQ and academic 

achievement in children who have experienced clinical strokes (approximately 10%) and 

silent strokes (approximately 20-25%; Adams et al, 1997). Investigations of more 

specific cognitive functions are limited, and research on cognitive functions in children 

who have not experienced clinical or silent strokes is lacking. This is problematic, as 

cognitive deficits are consistently observed in children with SCD in the absence of brain 

infarcts, suggesting that other factors may contribute to cognitive deficits in this 

population (Hogan et al., 2006). Investigations examining the relation between specific 

cognitive functions and other factors, like systemic processes, are needed. The 

hippocampus is especially vulnerable to the effects of hypoxia and inflammation (e.g., 

Bettcher et al., 2012; Hodges et al., 1996; Lin et al., 2009; Zola-Morgan, Squire, & 

Amaral, 1986) and is strongly associated with explicit learning and episodic memory, 
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processes associated with the development of functional independence and academic 

success in other populations (Liss et al., 2001; Puig et al., 2013). Despite this 

vulnerability in children with SCD, studies examining episodic memory performance in 

relation to systemic processes, like chronic inflammation, are largely absent (Iampietro, 

Giovannetti, & Tarazi, 2014). While the author acknowledges that future studies are 

needed to examine the relation of all specific cognitive functions (e.g., executive 

functioning, language, visual-spatial processing) to systemic processes in SCD, this study 

sought to target the significant gap in the literature in relation to memory functioning due 

to its putative functional importance and vulnerability in children living with SCD. 

The primary function of the hippocampus is learning and episodic memory 

(Squire, Stark, & Clark, 2004). It is now understood that the hippocampus is particularly 

vulnerable to hypoxic-ischemic damage (Hodges et al., 1996; Zola-Morgan et al., 1986), 

and subsequent episodic memory deficits following hypoxic-ischemic events are 

expected (Gadian et al., 2000). More recent research has uncovered associations between 

inflammation, both in the brain and systemically, hippocampal damage, and episodic 

memory performance (Jurgens, Amancherla, & Johnson, 2012; Semmler, Okulla, Sastre, 

Dumitrescu-Ozimek, & Heneka, 2005; Terrando et al., 2010).  More specifically, several 

investigations across the animal and human literatures have linked elevations in C-

reactive protein (CRP), a stable biomarker of low-grade, chronic, systemic inflammation, 

to episodic memory deficits (Bettcher et al., 2012; Lin et al., 2009; Teunissen et al., 

2003); studies have documented steady-state CRP elevations in SCD (Akohoue et al., 

2007; Hibbert et al., 2005; Kanavaki et al., 2012; Krishnan et al., 2010; Mohammed, 

Mahdi, Sater, Al-Ola, & Almawi, 2010). As children with SCD suffer from recurrent 
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hypoxic-ischemic episodes and chronic inflammation (Rees et al., 2010), two systemic 

processes that have been associated with hippocampal damage and episodic memory 

deficits, it is reasonable to conclude that children with SCD are experiencing deficits in 

learning and episodic memory performance (Iampietro et al., 2014).  

Surprisingly, episodic memory has been largely understudied in this population. A 

review of seven studies (Berkelhammer et al., 2007) concluded that memory deficits in 

children with SCD were generally limited to children who had experienced a clinical 

stroke, and visual-spatial memory impairments were more frequently reported than 

deficits in verbal memory. Additionally, deficits were observed between SCD clinical 

groups and control groups during free recall conditions but not in cued recall or 

recognition conditions (Berkelhammer et al., 2007). However, these findings were not 

consistent across studies, and a closer examination of individual reports drew these 

general conclusions into question. Generally, study sample sizes were small (i.e., N’s < 

30), yielding even smaller sample sizes across clinical comparison groups. Most studies 

made limited between-group comparisons; the emphasis on children with clinical stroke 

and silent infarct was heavy, and investigations in children who had not experienced a 

clinical or silent stroke were largely absent. The description of memory difficulties was 

very general, was often limited to one or two measures per study, and was not sufficiently 

nuanced to detect subtle problems. To the knowledge of the author, no study to date has 

analyzed the within-group performance on memory tasks to gain a more complete 

understanding of distinct episodic memory processes (i.e., learning, recall, recognition) in 

children who have not experienced a clinical stroke. Prior studies also have not examined 

heterogeneity in memory profiles across children with SCD. Heterogeneity within 
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children with SCD could be due to systemic factors, including inflammation, and could 

explain the equivocal results across past studies. This study sought to begin to understand 

heterogeneity in distinct memory processes across a group of children with SCD, with the 

additional aim of understanding patterns of performance in relation to systemic 

inflammation. 

Considering the lack of information regarding episodic memory deficits in 

children with SCD, especially in those who have not experienced a clinical stroke, a great 

need exists for the investigation of episodic memory functioning in these children.  

Episodic memory and learning functions are crucial for children, as their primary 

responsibilities include learning and performing in a school setting. Studies of children 

who have suffered hippocampal damage due to hypoxic-ischemic events have revealed 

that episodic memory deficits often go unnoticed by parents and teachers, and are only 

revealed and understood upon formal testing (Gadian et al., 2000; Vargha-Khadem et al., 

1997). Although clinical case reports of children with SCD do not remark on obvious 

failures in episodic memory and learning, formal testing of episodic memory has been 

significantly limited in this population. It is possible that episodic memory deficits will 

have their greatest impact on academic performance, as learning and explicit (i.e., 

hipppocampal-mediated) memory is central to academic activities. By contrast, daily, 

self-care activities may be achieved through implicit memory systems that do not require 

the hippocampus, and, therefore, may be relatively spared in children with SCD. To 

understand the functional significance of episodic memory abilities in children with SCD, 

this study additionally examined the relation between specific episodic memory processes 

and specific aspects of adaptive functioning. 
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Specific Aims and Hypotheses 

The current study investigated three primary aims.   

Aim 1: Characterize memory performance within and across children with SCD who had 

not experienced a clinical stroke through the examination of performance patterns in 

immediate recall, delayed recall, delayed recognition, and working memory.  

Hypothesis for Aim 1: Children with SCD vary in terms of the degree to which systemic 

processes are affected, including those processes that lead to hippocampal compromise. 

Therefore, it was hypothesized that hippocampal-mediated memory functions would be 

more affected in some children and less affected in others, and participants would group 

into two classes that differed in regard to hippocampal-mediated memory functions (i.e. 

delayed recall and delayed recognition). It was expected that the two classes would 

perform similarly on measures of working memory and immediate recall, but would 

differ in terms of severity of deficits on measures of delayed recall and delayed 

recognition.  

Aim 2: Examine specific aspects of episodic memory performance in relation to 

biomarkers of inflammation. Specifically, this study intended to understand the relation 

of C-reactive protein (CRP) level to immediate recall, delayed recall, and delayed 

recognition. CRP is a stable biomarker of low-grade, chronic, systemic inflammation, and 

several investigations across the animal and human literatures have linked CRP to 

episodic memory deficits (Bettcher et al., 2012; Lin et al., 2009; Teunissen et al., 2003); 

Furthermore, studies have documented steady-state CRP elevations in SCD (Akohoue et 

al., 2007; Hibbert et al., 2005; Kanavaki et al., 2012; Krishnan et al., 2010; Mohammed 

et al., 2010), supporting the validity and utility of this biomarker in this population. The 
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study also aimed to understand the relation of white blood cell (WBC) count to 

immediate recall, delayed recall, and delayed recognition. WBCs are elevated in response 

to inflammation (Wilkinson & Lackie, 1979). An investigation of a broad panel of 

biomarkers from children and adolescents with SCD in steady disease state found that 

high sensitivity CRP (hs-CRP) and WBC count were the only significant predictors of 

vaso-occlusive crisis, an important clinical endpoint of the vaso-occlusive and subsequent 

inflammatory state in SCD (Krishnan et al., 2010). Considering the potential clinical 

implications of the study findings, the author sought to investigate if CRP (obtained 

through additional clinical analysis) was a more sensitive measure of chronic, systemic 

inflammation in comparison to WBC count (obtained in routine clinical visits). 

Secondary Aim: If relations between aspects of episodic memory performance and 

biomarkers of inflammation were found, then the study sought to examine the unique 

contribution of inflammation to these relations above and beyond that of hemoglobin 

(Hgb) levels, a general marker of disease severity (anemia) that is routinely collected in 

clinical settings. Prior studies examining the relation between cognition and anemia, as 

indicated by Hgb levels, have yielded mixed findings. One study reported that severely 

anemic children with SCD obtained significantly lower FSIQ scores when compared to 

less anemic children with SCD (Bernaudin et al., 2000). In a more recent study, higher 

Hgb levels were associated with poorer verbal working memory performance (Hijmans et 

al., 2011), while an earlier study found no significant relations between Hgb levels and 

neuropsychological test performance (Grueneich et al., 2004).These contradictory 

findings suggest that other systemic processes, like inflammation, may be contributing 

more specifically to cognitive functioning. 
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Hypotheses for Aim 2: Based on research showing that the hippocampus is vulnerable to 

hypoxia (Hodges et al., 1996; Zola-Morgan, Squire, & Amaral, 1986) and inflammation 

(Jurgens, Amancherla, & Johnson, 2012; Semmler, Okulla, Sastre, Dumitrescu-Ozimek, 

& Heneka, 2005; Terrando et al., 2010), it was hypothesized that biomarkers of 

inflammation would be more strongly correlated with hippocampal-mediated memory 

functions (i.e. delayed recall and delayed recognition) than with immediate recall. More 

specifically, higher levels of CRP and WBC counts would be correlated with lower 

performance on measures of delayed recall and delayed recognition. Furthermore, it was 

hypothesized that these relations would offer unique information above and beyond the 

relations among memory performance and Hgb levels. 

Aim 3: Better understand the relation of specific aspects of episodic memory 

performance to aspects of adaptive functioning. More specifically, explore the relations 

between immediate recall, delayed recall, and delayed recognition, each with the 

functional aspects of Self Care and Functional Academics. It is important to understand 

the functional impact of memory abilities and specific deficits in memory performance.  

Deficits in specific aspects of episodic memory may have differential effects on aspects 

of adaptive functioning, and may not significantly impact other areas of functioning. 

Children with developmental amnesia, a syndrome caused by relatively selective damage 

to the hippocampus after hypoxic-ischemic episodes sustained at or shortly after birth 

(Gadian et al., 2000), demonstrate severe impairment in remembering the events of daily 

life (e.g., messages, visitors, the location of their belongings), but often attend 

mainstream schools, attain normal levels of speech and language competence, and 

demonstrate factual knowledge levels (i.e., semantic memory) in the low average to 
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average range (Gadian et al., 2000; Vargha-Khadem et al., 1997). Investigations of 

adaptive functioning in children with autism spectrum disorders have shown a strong and 

independent association between verbal memory abilities and adaptive functioning (Liss 

et al., 2001; Puig et al., 2013). Research in children with various developmental disorders 

highlights the differential impact of memory deficits on everyday functioning and 

abilities. As such, the third aim of this study is important to potentially inform clinical 

intervention. 

     Secondary Aim:  If relations between aspects of episodic memory performance and 

adaptive functioning were found, examine the unique contribution of episodic memory to 

these relations above and beyond that of general intellectual functioning, as measured by 

IQ. 

Hypotheses for Aim 3: It was hypothesized that aspects of adaptive functioning would be 

differentially correlated with memory functions. More specifically, parent ratings of 

poorer adaptive functioning in the domain of Functional Academics, which places high 

demands on explicit learning and episodic memory, would correlate with poorer 

performance on immediate recall, delayed recall, and delayed recognition, above and 

beyond general intellectual functioning. Parent ratings of poorer adaptive functioning in 

the domain of Self Care, which may be more routine and place fewer domains on explicit 

memory processes, would correlate less strongly than Functional Academics with 

performance on immediate recall, delayed recall, and delayed recognition. These 

correlations, if significant, would likely be accounted for by general intellectual 

functioning.  
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CHAPTER 2 

METHOD 

Participants 

Participants included children between the ages of 5 years-0 months and 10 years-

11 months with documented SCD genotypes HbSS or HbS/β0 thalassaemia. Detailed 

participant demographics are presented in the Results section. This study population was 

limited to children with HbSS or HbS/β0 thalassaemia due to increased disease severity, 

higher incidence of neurological abnormalities, and higher incidence of cognitive 

difficulties in children with these two genotypes. The HbSS genotype includes the 

majority of children with SCD (approximately 70%; Rees et al., 2010). Children were 

excluded from the proposed study if they met one or more of the following seven criteria: 

1) prior history of clinical stroke or cerebral hemorrhage; 2) current treatment with 

chronic transfusion therapy; 3) current treatment with medications that would interfere 

with cognitive testing, as determined by the child’s clinic physician (e.g., narcotic pain 

medications, antihistamines, psychiatric medications, and aspirin); 4) febrile state at time 

of recruitment; 5) current vaso-occlusive crisis; 6) prior hospitalization or infection seven 

days prior to study recruitment; and 7) evidence of an inability to comply with testing 

procedures (i.e. uncorrected vision problems, excessive fatigue). 

Recruitment and Informed Consent 

All participants recruited for this study were being treated within the established 

clinical sickle cell program within the Marian Anderson Sickle Cell Center at St. 

Christopher’s Hospital for Children (SCHC) in Philadelphia, PA. Physicians at SCHC 

identified eligible study participants and collected their contact information from the 
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medical chart. A letter describing the study was mailed to the parents/guardians of all 

eligible subjects. The letter was followed by a telephone call approximately one week 

prior to the child’s next scheduled clinic visit. During this phone call, the child’s 

parent/guardian was informed of the details of the study. If the parent/guardian expressed 

interest, the child’s eligibility was confirmed by phone through a series of questions, and 

study participation was scheduled in conjunction with their upcoming clinic visit.  

All children had informed consents signed by their parent or legal guardian; when 

applicable, assent was additionally obtained from the participant. Prior to study 

participation, the PI, investigators, or research coordinator reviewed the consent form 

with the parent/guardian. When the child’s age was 8 years-0 months or older, a separate 

assent form was reviewed with the participant, and assent was obtained. This process 

took place in a private exam room setting, and all parent/guardian and participant 

questions regarding the study were answered. This consent process was free of coercion, 

and the rights to privacy and confidentiality were respected. 

Protection of Confidentiality  

Throughout the course of the study, every effort was made to ensure privacy 

during the consent and assent procedures. These procedures were conducted in a private 

exam room in the sickle cell clinic. After consent/assent was obtained, all participants 

were assigned a numeric study identification number, and all study documents were 

marked with this unique study number only. All de-identified study demographic 

information, medical information obtained from medical chart review, and 

neuropsychological test results were stored in locked filing cabinets in locked offices at 

SCHC. Consent documents containing participants’ indentifying information were stored 
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in a locked filing cabinet in the research coordinator’s office separate from all study 

information and data. Research blood samples were also de-identified and marked with 

the participants’ unique study identification number, along with the date that the sample 

was obtained. All study-related computer data were entered into a password-protected 

and encrypted database and stored on HIPAA-compliant computers at SCHC and Temple 

University. Participant names and identifying information were compiled in a database 

separate from all study data; study data were identified only by arbitrary study 

identification numbers. Only the PI, study investigators, and research coordinator had 

access to study materials, and all of these individuals were trained and certified in 

procedures to ensure privacy of study participants and their caregivers. 

Remuneration to Participants 

All parents/guardians of children who completed participation in the study 

received cash remuneration of $25.00. The child participants received snacks and stickers 

throughout their study participation. 

Materials 

Background Information Form – All parents/guardians completed a brief, one-

page information form. This form gathered general information about the child’s family 

and home life (parents’ marital status, parent(s)’/guardian(s)’ education, number of adults 

and children in the home), the child’s early intervention history, and the child’s academic 

history. 

Parent Questionnaire of Adaptive Functioning – All parents/guardians completed 

the Adaptive Behavior Assessment System, second edition (ABAS-II) Parent Form 

(Harrison & Oakland, 2003). This rating scale is a comprehensive diagnostic measure 
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that assesses day-to-day adaptive skills in children across various settings, and yields 

individual scores for nine adaptive skill areas (e.g., Functional Academics, Self Care). 

The Parent Form (Ages 5-21) was completed by the parents/guardians of children 5 to 10 

years of age, and includes 232 items, with 21 to 25 items per skill area. Items are written 

at a fifth grade reading level. The ABAS-II Parent Form was standardized on a sample of 

1670 individuals, stratified by sex, race/ethnicity, and educational level parameters 

according to census data from 1999. Efforts were also made to ensure that the sample was 

representative by geographical region.  

Hematological Variables 

Hemoglobin (Hgb) – Hgb levels were procured as part of the participants’ routine 

clinical testing. Hemoglobin electrophoresis, a test that measures the different types of 

hemoglobin in the blood, was performed in the SCHC lab using a Coulter Counter.  

Whole blood hemoglobin concentration was obtained and reported as a continuous 

variable in grams per deciliter of blood (g/dL). Normal Hgb levels in healthy children 

range from 11 to 16 g/dL. Hgb is located inside the red blood cells and carries oxygen to 

every cell in the body (Hogan et al., 2006); the Hgb level reflects the amount of oxygen 

in the child’s blood. A reduction in the total number and efficiency of red blood cells in 

SCD leads to chronic oxyhemoglobin desaturation (Setty, Stuart, Dampier, Brodecki, & 

Allen, 2003) and systemic hypoxic anemia. Therefore, children with SCD typically 

present with lower than average Hgb levels.   

Inflammation Biomarkers 

White blood cell (WBC) count – A complete blood count, including WBC, was 

procured as part of the participants’ routine clinical testing, and lab work was performed 
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in the SCHC lab.  WBCs were obtained using a Coulter Counter. WBCs are elevated in 

response to inflammation (Wilkinson & Lackie, 1979), and children with SCD are in a 

chronic inflammatory state due to the complex pathophysiology of the disorder (Conran, 

Franco-Penteado, & Costa, 2009). WBCs were reported as a continuous variable, in 

thousands of cells per microliter (i.e., WBC x 103/uL). The normal range for WBC count 

in healthy children is 4.5 to 10 x 103/uL (Bagby, 2007; Dinauer & Coates, 2008).  

High sensitivity C-reactive protein (hs-CRP) – hs-CRP is a marker of low-grade, 

systemic inflammation often elevated in patients with SCD (e.g., Krishnan et al., 2010).  

This test was performed in the lab at Children’s Hospital and Research Center Oakland in 

Oakland, California using standard ELISA techniques. hs-CRP values were obtained and 

reported as a continuous variable in nanograms per milliliter (ng/mL). For data analysis 

purposes and consistency with published literature, hs-CRP values were converted to 

milligrams per liter (mg/L) by dividing values by 1000 (i.e., 474 ng/mL = .474 mg/L). 

According to a large population study, the National Health and Nutritional Examination 

Study (NHANES; Ford et al., 2003), C-reactive protein concentration among US children 

and young adults ages 3-19 years was found to be between 0.1 – 1.1 mg/L for the 25th to 

75th population percentiles. Geometric mean CRP concentrations were similar among 

male and female participants through approximately 15 years of age (Ford et al., 2003). 

Neuropsychological Test Measures  

All study participants completed a brief research protocol of neuropsychological 

tests as part of a larger study examining various domains of cognitive functioning in 

children with SCD. The protocol took approximately 75-90 minutes to complete. The 

measures examining episodic and working memory were analyzed as part of the current 
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study. Thus, only these measures are described below in detail. Dependent variables are 

presented in bold underlined text.   

Visual and Verbal Working Memory - Differential Abilities Scale, second edition (DAS-

II; Elliot, 2007). 

1. Recognition of Pictures – Recognition of Pictures is a test that measures visual 

working memory. In this task, the child views for 5 seconds one or more black-

and-white drawings of familiar objects. The stimulus page is then turned, and the 

child is presented with an array of semantically-related drawings, including the 

original object or objects. The child is then asked to point to the pictures that were 

originally shown. The total score was the number of correct test items 

(Recognition of Pictures). 

2. Recall of Digits Backward – Recall of Digits Backward is a test that assesses 

auditory/verbal working memory, requiring the child to recall lists of numbers 

presented orally by the examiner in reverse order. A score based on the child’s 

number of total correct responses was calculated (Digits Backward Total). 

Visual Episodic Memory - Developmental Neuropsychological Assessment (NEPSY), 

second edition (NEPSY-II; Korkman, Kirk, & Kemp, 2007). 

1. Memory for Designs – Memory for Designs is a measure that evaluates episodic 

memory for visually-presented information. In this task, the child is shown a grid 

with four to ten designs on a page, which is then removed from view. The child 

then selects the designs that he or she saw from a set of cards, and places the cards 

on a grid in the same locations as previously shown. This procedure is repeated for 

several discrete trials, the number of which is determined by the child’s age. The 
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total number of correctly identified designs, and the total number of correct 

locations are summed across all test trials, yielding separate Content and Spatial 

scores. The spatial score was used as a measure of immediate recall (Memory for 

Designs, Immediate Spatial Recall). 

A delayed task is administered 15-25 minutes later that requires the child to select 

previously-viewed designs from a set of cards, and place the cards on a grid in the 

same locations as shown during Memory for Designs. Separate Content and 

Spatial scores are calculated, and the delayed spatial score will be used as a 

measure of delayed recall (Memory for Designs, Delayed Spatial Recall). 

A separate recognition test trial was also developed specifically for this study.  

Children were shown an array of grids, one at a time, depicting a correct design in 

either a correct or incorrect spatial location. Children were asked to verbally 

indicate through a Yes/No response if the design was depicted in the correct 

spatial location. A percentage of total correct responses was calculated by dividing 

the total number of correct items by the total number of administered items. The 

number of items administered was dependent upon the child’s age. Percent correct 

responses were calculated for this recognition task (Memory for Designs, Spatial 

Recognition). 

Verbal Episodic Memory - Wide Range Assessment of Memory and Learning, second 

edition (WRAML-2; Sheslow & Adams, 2003). 

1. Verbal Learning – Verbal Learning is a list-learning task that assesses memory 

for verbally-presented information. In this task, the child is read a list of simple 

words and then immediately asked to freely-recall as many words as possible.  
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Three additional word presentation and recall trials follow the initial trial. For 

children 8 years of age and younger, 13 words are administered, and for children 

9 years of age and older, 16 words are administered. An immediate recall score 

was obtained based on the total number of correctly remembered words across the 

four learning trials (Verbal List Learning Total Recall, Learning Trials 1-4).   

After a delay of approximately 10 minutes, the child is asked to recall as many 

words as possible from the learned list. A delayed recall score was obtained by 

calculating the child’s learning retention (total correctly recalled words after a 

delay – total number of correctly recalled words on learning trial 4; Verbal List 

Learning Delayed Retention).   

After a second delay of approximately 10 minutes, the examiner reads a list of 

randomly ordered words that includes words from the original learning list and 

words that were not on the list. After hearing each word, the child responds “yes” 

or “no” if the word was on the original list. For children 8 years of age and 

younger, 34 words are administered, and for children 9 years of age and older, 40 

words are administered. A recognition score was obtained based on the number of 

correctly identified words (Verbal List Learning Recognition Total Correct). 

Measure of General Intellectual Functioning 

1. Stanford-Binet Intelligence Scales, fifth edition (SB5; Roid, 2003) – The 

Nonverbal Fluid Reasoning and Verbal Knowledge subtests were administered to 

participants to obtain an Abbreviated Battery IQ (ABIQ) score. This score served 

as a measure of general intellectual functioning. 

Study Procedure 
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Following recruitment and consenting procedures (as detailed in above sections), 

participants attended their scheduled clinic appointments that involved a visit with a 

clinic physician or nurse practitioner and a routine blood draw. Blood draws were 

performed by well-trained phlebotomists who were members of the clinic staff.  

Following the blood draw, participants completed the neuropsychological testing. 

Children were provided with brief testing breaks as necessary. Two standardized orders 

of test administration were designated and were assigned to study participants on an 

alternating basis. Upon completion of neuropsychological testing, children were 

encouraged to choose a small prize for their participation, and parents received $25 cash 

remuneration. 

Data Analysis  

Aim 1:  Latent Class Analysis (LCA) was used to characterize visual memory 

performance in children with SCD. The author entered visual memory measures (vs. 

verbal memory measures) into the LCA because visual-spatial memory impairments were 

more frequently reported than deficits in verbal memory in the limited previous research 

in children with SCD (Berkelhammer et al., 2007). LCA empirically identifies participant 

subgroups based on variables of interest (i.e. visual memory measures). LCA models are 

fit in a series of steps, starting with a one-class (independence) model. The number of 

classes then is increased one class at a time until there is no additional improvement to 

the fit of the model (Nylund, Bellmore, Nishina, & Graham, 2007). Various statistical fit 

indices were examined to determine the best-fitting model. These indices include the 

Akaike Information Criterion (AIC; Akaike, 1987), Bayesian Information Criterion (BIC; 

Schwartz, 1978), and Adjusted BIC (ABIC; Sclove, 1987). The model that yields the 
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smallest values on these indices is considered the best-fitting model. The Bayesian 

Information Criterion (BIC) has been identified as the strongest and most accurate 

information criterion indicator for model fit (Nylund, Asparouhov, & Muthen, 2007). The 

Bootstrap Likelihood Ratio Test (BLRT) was additionally considered. The BLRT 

compares the model with k classes to the model with k-1 classes; the resulting p-value 

indicates whether model fit significantly improves from the model that includes k-1 vs. k 

classes (Nylund et al., 2007a, 2007b). Monte Carlo simulation studies using a variety of 

sample sizes suggest that the BIC and BLRT are the most robust indicators of classes 

(Nylund et al., 2007a). Finally, the interpretation of the best LCA model was guided by 

conceptual theory. Specifically, models were examined to determine whether the addition 

of another class was substantively and clinically meaningful and consistent with previous 

research and the author’s conceptual model.  

Four neuropsychological test variables were chosen to represent different aspects of 

visual memory. The four variables reflect the memory processes of: Immediate Recall, 

Delayed Recall, Delayed Recognition, and Working Memory. The following 

neuropsychological test variables were entered into the LCA:  

1. Memory for Designs, Immediate Spatial Recall  (Immediate Recall) 

2. Memory for Designs, Delayed Spatial Recall  (Delayed Recall) 

3. Memory for Designs, Spatial Recognition  (Delayed Recognition) 

4. Recognition of Pictures  (Working Memory) 

The above four variables were entered into the LCA to determine the best-fitting 

model for the visual memory data. As previously stated in the hypotheses, it was 

predicted that a two-class model, that differentiated participants based on the extent to 
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which hippocampal-mediated memory was affected, would best fit the data. Specifically, 

it was hypothesized that the two classes would differ significantly on Delayed Recall and 

Delayed Recognition, which reflect hippocampal-mediated memory. The classes were 

expected to be comparable on Immediate Recall and Working Memory performance.  

Although age-adjusted scaled scores were used as the dependent variables, age was 

also subsequently entered into the model as a covariate to determine if age of the 

participant impacted class membership.  

After the best-fitting model was determined for the visual memory data, between 

group analyses were conducted to compare verbal memory performance across the 

resultant classes. These between-group comparisons were performed in an attempt to 

further validate the LCA classes. Four neuropsychological test variables were chosen to 

represent different aspects of verbal memory. The four variables reflect the memory 

processes of: Immediate Recall, Delayed Recall, Delayed Recognition, and Working 

Memory. The following neuropsychological test variables were used in the between 

group analyses:  

1. Verbal List Learning Total Recall, Learning Trials 1-4  (Immediate Recall) 

2. Verbal List Learning Delayed Retention  (Delayed Recall) 

3. Verbal List Learning Recognition Total Correct  (Delayed Recognition) 

4. Digits Backward Total  (Working Memory) 

It was expected that group differences on the verbal episodic memory measures 

would pattern similarly to the visual measures. That is, the class of participants with 

significantly lower Delayed Recall and Delayed Recognition on the visual memory 

measures would also show significantly lower scores on the verbal measures of Delayed 
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Recall and Delayed Recognition, as these variables reflect hippocampal-mediated 

memory. It was hypothesized that the groups would not differ on the verbal tests of 

Immediate Recall and Working Memory.  

Aim 2:  Multiple linear regressions were conducted to examine specific aspects of 

episodic memory performance in relation to biomarkers of inflammation. Regression 

analyses were conducted in lieu of between-group auxiliary analyses in the LCA to 

maximize statistical power. Additionally, it was reasoned that clinically meaningful 

information would have been lost in mean comparisons between groups (LCA) versus 

analyzing the biomarker information as continuous variables (regression analyses). Six 

independent regression analyses were conducted, each with one predictor variable. Hs-

CRP was used as an independent predictor for immediate recall (Memory for Designs, 

Immediate Spatial Recall), delayed recall (Memory for Designs, Delayed Spatial 

Recall), and delayed recognition (Memory for Designs, Spatial Recognition). White 

blood cell count was also used as an independent predictor for immediate recall, delayed 

recall, and delayed recognition variables.  

If more than one of the six aforementioned regression analyses were significant, then 

follow-up analyses were proposed to determine whether markers of inflammation 

explained significantly more variance in episodic memory performance than hemoglobin 

levels. A hierarchical linear regression analysis was proposed in the event that both Hgb 

and hs-CRP or white blood cell count were significantly associated with any of the six 

memory variables. In this regression, Hgb levels would have been entered in the first 

block and either hs-CRP or white blood cell count in the second block.   
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Aim 3: Multiple linear regressions were performed to examine specific episodic 

memory processes in relation to aspects of adaptive functioning. Six independent 

regression analyses were conducted, each with one predictor variable. Immediate recall 

(Memory for Designs, Immediate Spatial Recall), delayed recall (Memory for 

Designs, Delayed Spatial Recall), and delayed recognition (Memory for Designs, 

Spatial Recognition) were each used as independent predictors of parent ratings of Self 

Care and Functional Academics.   

A secondary aim was to determine whether episodic memory performance explained 

significantly more variance in adaptive functioning than overall level of general 

intellectual functioning (ABIQ).  In the case that this question warranted investigation, a 

hierarchical linear regression would have been conducted for each significant memory 

variable, entering IQ score in the first block and the significant memory variable(s) in the 

second block second. 

Power Analysis 

Statistical power was considered for all primary study aims. In relation to Aim 1, 

analyzed through LCA, a formal power analysis was not conducted. Unlike other person-

centered techniques such as cluster analysis, which is “structure seeking” and identifies 

the number of classes requested by a researcher, LCA uses a step-wise procedure and a 

variety of fit indices to determine whether the addition of classes improves the fit to the 

data (Beauchaine, 2003). Thus, there are no “gold standard” guidelines regarding the 

number of participants and power for a proposed LCA. However, classes composed of 

less than 10% of the total sample suggest over-fitting of the data, and the classes may be 

difficult to replicate. The present study hypothesized that a two-class model would best 
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fit the data, allowing for a high probability that each class would contain more than 10% 

of the total sample. Finally, if the study were underpowered to perform the LCA, fit 

statistics would converge to suggest that the one-class (unconditional) model should be 

selected.  

In relation to Aim 2 and Aim 3, a power analysis was conducted for linear 

multiple regressions with one predictor variable. The current study aimed for a sample 

size that allowed for .82 power to detect a medium to large effect (f = .25). To determine 

the necessary sample size to meet these criteria, the number of predictors (1), alpha level 

(.05), effect size (.25) and desired power (.82) were entered into a sample size calculator 

(G*Power 3.1; Faul, Erdfelder, Buchner, & Lang, 2009). The resulting sample size 

required to test these hypotheses within these parameters was 35. It was proposed that 

participants would be recruited and enrolled in the study until this sample size was met or 

exceeded, or until the conclusion of the recruitment period on August 1, 2013. 

Participants were recruited and enrolled until November 1, 2013, in an attempt to meet 

this proposed recruitment target. 
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CHAPTER 3 

RESULTS 

Characterization of the Sample 

Participants included 31 children (55% male) ranging in age from 5 years-2 

months to 10 years-8 months with documented SCD genotypes HbSS (n = 30) or HbS/β0 

thalassaemia (n = 1). The demographic and clinical characteristics of the study population are 

summarized in Table 1.

 

 

 

 

 

 

 

 

 

 

 

 

 

Missing Data 

 Thirty-one children completed neuropsychological testing that included an 

abbreviated IQ score, and completed clinic visits with a routine blood draw. Hgb and 

Table 1    
Participant Characteristics (n = 31)     
    
 M SD Range 
    
Age (years) 7.37 1.51 5.17 - 10.67 
Maternal Education (years) 12.58 1.61 10 - 18 
Abbreviated IQ (SS) 90.23 11.7 70 - 115 
   Verbal IQ (scaled) 8.48 2.74 3 - 14 
   Nonverbal IQ (scaled) 8.26 2.52 3 - 13 
    
hs-CRP (mg/L) (n = 29) 1.052 0.848 .006 - 2.6 
WBC (103/uL) 10.81 2.65 6.3 - 15.6 
Hgb (g/dL) 8.3 1.19 6.3 - 11.4 
    
ABAS-II Parent Report 
(scaled)    

   Self Care  9.83 3.26 3 - 15 
   Functional Academics 8.84 3.36 2 - 14 
NOTE: for scaled scores M = 10, SD = 3.   
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WBC values were not available from the SCHC lab for two study participants due to 

phlebotomist error. Consequently, Hgb and WBC values for these two children were 

averaged from their two clinic visits that occurred closest to the study visit. Inclusion of 

these average values did not significantly change the sample means or distributions for 

these two variables, so the average values were used to maintain the sample size. Hs-CRP 

values were obtained for the first 29 study participants; the final two participants were 

recruited after the blood samples were sent to the lab in Oakland, California. For four 

participants, hs-CRP values were reported by the lab as “above the detectable limit” and a 

numerical value was consequently not provided. The lab’s detectable limit was 2.5 mg/L, 

so these four participants were assigned the numerical value of 2.6 mg/L to represent a 

level above the detectable limit for data analysis purposes. It was determined that 

excluding children with the highest hs-CRP levels would significantly skew results.  
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Aim 1: Latent Class Analysis 

 LCA models were conducted with the scores of the four neuropsychological 

variables representing different aspects of visual memory (see Table 2). The one-class 

model was fit first, followed by models with 2 and 3 classes. When the 3-class model was 

run initially, one of the classes was comprised of only one individual with a low, outlying 

score on one neuropsychological variable. This outlying score for this participant was 

subsequently removed, and all of the models (i.e., one-class, two-class, three-class, etc.) 

were refit with this data point coded as missing. Of note, the LCA models were refit with 

data from all participants, as LCA utilizes full information maximum likelihood (FIML) 

estimation for missing data. FIML estimation allows for all participants to remain in the 

analysis and computes a casewise likelihood function using only those variables that are 

observed for the specific case with missing data (Enders & Bandalos, 2001). 

Table 2     
Visual Memory and Verbal Memory Variables Scaled Score (T-Scores) Data (n = 31) 
      
   M SD Range 
Visual Memory Scores     
 Memory for Designs      
    Immediate Spatial Recall (n = 30)  46.30 9.97 27-60 
    Delayed Spatial Recall (n = 30)  49.63 9.22 30-67 
    Spatial Recognition (%)*  73.39 20.45 31-100 
 Recognition of Pictures (n = 30)  52.17 6.35 41-67 
      
Verbal Memory Scores     
 Verbal List Learning     
    Total Recall, Learning Trials 1-4  51.81 9.22 27-70 
    Delayed Retention  49.13 7.28 32-63 
    Recognition Total Correct  52.74 10.48 30-70 
  Digits Backward Total   45.52 10.83 18-62 
* Normative data were not available; % correct was calculated.   
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  Specific values for the statistical fit indices can be found in Table 3. Examination 

of Table 3 indicates that the lowest BIC, which is considered the strongest and most 

accurate information criterion indicator of model fit (Nylund et al., 2007a), was found for 

the 2-class model. The AIC and ABIC reported that the 3-class model best fit the data, 

but the BLRT indicated that the 3-class model yielded a reduction in fit from the 2-class 

model and was not significant. Additionally, the entropy, a measure of classification 

certainty, was higher for the 2-class model than the 3-class model.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



        

	   27	  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



        

	   28	  

The 2-class LCA model was also re-run including age along with the visual 

memory measures. The addition of age did not influence the number of latent classes, or 

the distribution of individuals within those classes.  

The author’s theoretical framework and norm-based scores for the visual memory 

variables, which are shown in Table 4, were used to characterize the 2-class model. Class 

1 (Visual Memory Deficits; n = 12) was characterized by poor recognition abilities in 

regard to spatial information, with the mean performance falling slightly below chance. 

Children in Class 1 also demonstrated low average performance in their initial learning of 

spatial information. On average, children in Class 1 performed one standard deviation 

(i.e., 10 T-score points) lower than children in Class 2 on measures of immediate 

(Immediate Spatial Recall) and delayed (Delayed Spatial Recall) visual episodic memory. 

The classes were comparable on the measure of visual working memory (Recognition of 

Pictures). Individuals in Class 2 (Intact Visual Memory) performed in the average range 

on all visual memory measures with normative information. In significant contrast to 

individuals in Class 1, children in Class 2 recognized spatial information with a mean 

performance of 88% accuracy.  
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Comparisons of Age and Verbal Memory Variables Between Classes  

Tests of equality of means between latent classes were conducted to determine 

whether classes differed in terms of age and verbal memory measures. The test of 

equality of means holds class membership constant and provides chi-square statistics for 

pairwise comparisons between latent classes. All analyses were determined to be 

significant when p < .05. 

 Between-group analyses revealed that classes did not differ significantly in age 

(Table 5), suggesting that age at time of testing was not driving the differences in 

memory performance between the two classes.   

 Between group analyses comparing different aspects of verbal memory between 

the two classes revealed no significant group differences in verbal memory performance 

 
Table 4        
Visual Memory Test Scores Between Two-Class Model         
                

  

Latent Class 1 
Visual Memory 
Deficits (n = 12) 

 
Latent Class 2    
Intact Visual 

Memory (n =19) 
 

   

Norm-Derived    
T-Score 

 

Norm-Derived    
T-Score  

     M SD  M SD  
Visual Memory Scores        
 Memory for Designs        
    Immediate Spatial Recall  40.25 7.87  50.29 9.15  
    Delayed Spatial Recall  44.47 8.32  53.04 8.23  
    Spatial Recognition (%) *  49.9 9.31  88.05 7.2  
 Recognition of Pictures  51.38 5.22  52.69 6.93  
                  
* Normative data were not available; % correct was calculated.     
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(Table 5). Delayed recognition performance between the two classes approached 

significance and yielded a medium effect, (χ2(1) = 3.10, p = .08, φ = .32), with Class 2 

(Intact Visual Memory) performing better (i.e., over .5 SD difference) than Class 1 

(Visual Memory Deficits). 
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Relations between Biomarkers and Episodic Memory Performance: Regression 

Analyses 

 Multiple linear regressions were conducted to examine specific aspects of 

episodic memory performance in relation to biomarkers of inflammation. Six 

independent regression analyses were conducted, each with one predictor variable. Hs-

CRP was used as an independent predictor for the visual memory variables from Memory 

for Designs (Immediate Spatial Recall, Delayed Spatial Recall, Spatial Recognition). 

Separate regression analyses were also performed with white blood cell count as an 

independent predictor for these visual memory variables. As shown in Table 6, no 

significant relations between biomarkers of inflammation and visual episodic memory 

performance were detected.1 

 

 

 

 

 

 

 

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Multiple linear regressions were also conducted in an exploratory fashion using hs-CRP and 
white blood cell count as predictors and verbal episodic memory measures as dependent 
variables. All results were non-significant with one exception. One significant relation was 
detected between hs-CRP and verbal learning recognition, B = -1.609, SE B = .653, ß = -.428, p = 
.02. 
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Table 6     
Summary Linear Regressions for Biomarkers Predicting Visual Memory Variables 
     	  

 B SE B ß  	  
CRP     	  
Memory for Designs     	  
   Immediate Spatial 
Recall 0.577 0.682 0.161  	  

   Delayed Spatial Recall 0.796 0.608 0.244  	  
   Spatial Recognition  -0.496 4.717 -0.02  	  
     	  
White Blood Cell 
Count     	  

Memory for Designs     	  
   Immediate Spatial 
Recall 0.028 0.214 0.024  	  

   Delayed Spatial Recall 0.028 0.198 0.027  	  
   Spatial Recognition  0.126 1.435 0.016   	  
     	  

NOTE: Each row presents the results of a separate linear regression. All regression analyses did not meet 
criteria for statistical significance (i.e., all p > .05). 

 

Relations between Adaptive Functioning and Episodic Memory Performance: 

Regression Analyses 

Multiple linear regressions were conducted to examine the relation between 

episodic memory performance and aspects of adaptive functioning. Six independent 

regression analyses were conducted, each with one predictor variable. Visual memory 

variables from Memory for Designs (Immediate Spatial Recall, Delayed Spatial Recall, 

Spatial Recognition) were each used as independent predictors of parent ratings of Self 

Care and Functional Academics. As shown in Table 7, no significant relations between 
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parent report of adaptive functioning and visual episodic memory performance were 

detected.2  

 

 

 

 

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2	  Multiple linear regressions were also conducted in an exploratory fashion using verbal episodic 
memory measures as predictors of parent report of Self Care and Functional Academics; no 
significant relations were detected.	  

Table 7     
Summary Linear Regressions for Visual Memory Variables Predicting Adaptive 
Functioning 
     	  
 B SE B ß  	  
Immediate Spatial Recall    	  
   Self Care 0.239 0.185 0.241  	  
   Functional 
Academics -0.006 0.179 -0.006  	  

     	  
Delayed Spatial 
Recall     	  

   Self Care 0.297 0.167 0.323  	  
   Functional 
Academics -0.137 0.164 -0.157  	  

     	  
Spatial Recognition      	  
   Self Care 0.216 1.184 0.034  	  
   Functional 
Academics 0.786 1.122 0.129   	  

     	  
NOTE: Each row presents the results of a separate linear regression. All regression analyses did not meet 
criteria for statistical significance (i.e., all p > .05).      
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CHAPTER 4 

DISCUSSION 

 The first aim of the present study was to characterize memory performance within 

and across children with SCD who had not experienced a clinical stroke. This study 

utilized a person-centered approach to examine performance patterns in specific aspects 

of memory (immediate recall, delayed recall, delayed recognition, and working memory) 

to explore homogeneous subgroups of participants that would further our understanding 

of memory functioning in this at-risk clinical population. As hypothesized, statistical 

analyses grouped participants into two classes that were distinguished most significantly 

by their discrepant performance on a visual memory delayed recognition task—a 

hippocampal-mediated memory measure. Subsequent analyses offered some validation of 

the classes, as they also differed on a measure of verbal delayed recognition memory. 

Although this result just missed statistical significance, an estimate of the effect size 

suggested that this was a medium effect. The second aim was to examine specific aspects 

of episodic memory performance in relation to biomarkers of inflammation (hs-CRP and 

WBC). Although the primary aim was not supported, exploratory analyses revealed one 

statistically significant relation between hs-CRP and verbal learning recognition (i.e., a 

measure of hippocampal-mediated memory). The third aim was to examine the relation 

between episodic memory performance and aspects of adaptive functioning (Self Care 

and Functional Academics). Results revealed no statistically significant relations between 

memory performance and parent report of adaptive functioning. 

 LCA model fit indices revealed that a two-class model best fit the participants’ 

visual memory data. Considering the vulnerability of the hippocampus to the 
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pathophysiology of SCD (Iampietro et al., 2014) in conjunction with previous 

inconsistent memory findings in various clinical groups of children with SCD, it was 

hypothesized that participants would group into two classes that differed in regard to 

hippocampal-mediated memory functions (i.e., delayed recall and delayed recognition) 

but would be similar in their performance on measures of working memory and 

immediate recall. Systemic processes, like inflammation, vary in their level of severity 

among children with SCD, and it was hypothesized that this individual systemic process 

could be, at least in part, responsible for the heterogeneity in memory performance and 

inconsistent findings in previous research. Previous research has demonstrated that the 

complex pathophysiology of SCD variably contributes to lowered IQ scores (Hogan et 

al., 2006), but this has not been explored in relation to memory functioning. Results of 

the present study were consistent with the two-class hypothesis, in that participants in the 

first class performed poorly (slightly less than chance) in their visual delayed recognition 

abilities (hippocampal-mediated memory), while individuals in the second class 

performed significantly better with 88% accuracy. Also consistent with the two-class 

hypotheses, participants in both classes demonstrated comparable visual working 

memory abilities. Mean visual working memory performance for both classes was in the 

average range when compared to a normative sample. Somewhat counter to hypotheses, 

children in Class 1 also demonstrated low average performance in their initial learning of 

spatial information. Children in Class 1 performed approximately one standard deviation 

lower than children in Class 2 on measures of immediate and delayed visual episodic 

memory.  
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When follow-up analyses were performed using measures of verbal memory 

abilities, the LCA results were partially validated. There was a trend showing that the two 

classes differed in the expected direction on delayed verbal recognition. The class with 

visual memory deficits (Class 1) showed a mean score more than .5 standard deviations 

lower than the class with intact memory (Class 2). Although the difference did not reach 

statistical significance, the effect size was in the medium range. Thus, although this 

finding failed to reach statistical significance, the effect size indicated a result of clinical 

importance that was consistent with the findings related to the visual memory data. 

 Results of the LCA revealed that memory abilities in children with SCD do differ 

amongst individuals, and do differ in regard to specific memory processes, particularly 

delayed recognition. Some children demonstrated overall intact memory abilities, while 

other children demonstrated deficits in their initial learning, delayed recall, and 

recognition of information. Children demonstrated comparable (average) performance in 

their working memory abilities, and were most discrepant in their performance on 

delayed recognition tasks. This finding is interesting and calls into question the 

hypothesis that memory deficits in children with SCD can most likely be attributed to 

executive difficulties. While this hypothesis and the contribution of executive deficits to 

poor memory performance should not be discounted, the results of the present study 

suggest that for a subgroup of children, hippocampal-mediated memory processes may be 

negatively impacted and may be more significantly impacted than more frontally-

mediated memory tasks like working memory. Results additionally suggest that memory 

performance may differ across modalities (visual vs. verbal). The classes differed 

significantly on visual memory recognition scores, but this difference just missed 
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statistical significance for verbal memory measures. Thus, memory for visual information 

may be more vulnerable to disruption from SCD systemic processes than memory for 

verbal information. Although previous research on specific memory functions in children 

with SCD without clinical stroke is very limited, visual-spatial memory impairments 

were more frequently reported than deficits in verbal memory in all children with SCD 

(Berkelhammer et al., 2007). Although more research is required in children with SCD 

who have not experienced a clinical stroke, results of the present study appear to support 

this earlier finding.  

By contrast, the results of the present study were not consistent with findings from 

several prior studies that have shown memory deficits in children with SCD on tests of 

free recall but not on tests of cued recall or recognition (Berkelhammer et al., 2007). The 

results of the present study suggest that the heterogeneity in recognition performance in 

previous studies may have been lost through comparisons of small group means. 

 The second aim of this study was to examine specific aspects of episodic memory 

in relation to hs-CRP and WBC, biomarkers of inflammation. These analyses would 

begin to address whether markers of inflammation could explain the heterogeneity in 

memory profiles within the sample of SCD children. Although no statistically significant 

relations were detected between biomarkers and visual memory measures, a significant 

relation was detected between hs-CRP and verbal learning recognition. This finding 

supports the hypothesis that higher levels of CRP would be associated with poorer 

performance on hipocampal-mediated memory functions. Admittedly, however, support 

for this hypothesis is weak. The possibility exists that the study was slightly 

underpowered to detect significant differences. From a methodological consideration, it is 
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possible that clinically meaningful differences may have been lost in the analysis of hs-

CRP as a continuous variable in a variable-centered analysis, as only those children with 

the highest CRP levels may be vulnerable to hippocampal effects of systemic 

inflammation. Further investigation of chronic inflammatory levels and their relation to 

memory and other cognitive processes is warranted. 

In line with prior reports, the inflammatory biomarker data revealed elevated 

values that highlighted the significant inflammatory pathophysiology of SCD, even in 

this young sample. The mean WBC value was slightly higher than the high end of the 

normal range for children, and over 50% of the sample had values higher than the normal 

range. In regard to hs-CRP, the mean value for the sample was slightly below the 75th 

percentile value of a large population study of US children and young adults ages 3-19 

years (NHANES; Ford et al., 2003); 41% of the present study sample had values above 

the 75th percentile, and four participants had hs-CRP values above the lab’s detectable 

limit. Further investigation is required to better understand memory performance in 

individuals with elevated inflammatory biomarkers, as the present study examined group 

performance. Biomarker data in the present study was analyzed with regression analyses 

as a continuous variable to maximize statistical power. Additionally, variable-centered, 

regression analyses offered a method to evaluate the variability in the distribution of hs-

CRP across the entire study sample; this continuous relation would have been obscured in 

a between-group analysis of means. As discussed earlier, however, dichotomizing CRP 

values based on elevated and non-elevated levels may offer clinically useful information 

in future analyses. 
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 The third aim of the present study was to determine the functional significance of 

episodic memory abilities in children with SCD. This was done by examining the relation 

between episodic memory performance and parent report of aspects of adaptive 

functioning; results revealed no statistically significant relations between memory 

performance and parent report of Self Care behaviors and Functional Academics. The 

null finding for Self Care behaviors was not surprising, as it was expected that deficits in 

episodic memory functioning would not significantly impact self care behaviors required 

by young children, who are guided and prompted by caregivers during daily activities 

(Tarazi, Mahone, & Zabel, 2007). Other cognitive processes, such as procedural learning, 

may contribute more significantly to this area of adaptive functioning. In regard to 

Functional Academics, it is possible that, in this young sample, episodic memory deficits 

may be compensated for by other intact cognitive abilities. The literature on 

developmental amnesia asserts that even frank memory impairments in children often go 

unnoticed, and children appear to be functioning well in most aspects of their daily lives 

(Gadian et al., 2000; Vargha-Khadem et al., 1997). It is possible that, at the young age of 

this study sample, academic deficits have not been brought fully to the attention of the 

child’s parent or caregiver. 

 A limitation of the present study was that it was slightly underpowered (four 

fewer participants than indicated by a power analysis) to detect medium to large effect 

sizes in the biomarker and adaptive functioning regression analyses. Despite this 

limitation, the sample size exceeds that of most published studies of cognitive 

functioning (particularly memory) in children with SCD. This sample is also unique, as it 

is comprised of young children with SCD genotypes associated with the greatest clinical 
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disease severity, who have not experienced a clinical stroke. This unique sample allowed 

for the exploration of cognitive functioning in relation to the systemic pathophysiology of 

SCD, in the absence of an overt neurological event. To the author’s knowledge, this is the 

first study to examine distinct memory processes in this specific population of children 

with SCD. As medical advances in the treatment of SCD increase, it is likely that the 

incidence of overt neurological events (i.e., stroke and hemorrhage) will decrease, 

highlighting the importance of understanding cognitive and memory functioning in 

children with SCD who have not suffered a clinical neurological event. A second 

limitation of the present study is that normative data were not available for the visual 

recognition test variable, as this variable was developed for this study to examine of 

delayed recognition for spatial information. This limitation obviates a larger limitation in 

the study of memory processes in children, in that very few pediatric memory measures 

adequately assess specific processes and influences (e.g., modalities) of memory 

performance. 

In conclusion, the present study is the first to examine specific memory processes 

in a group of young children with SCD who had not experienced a clinical stroke. Over 

one third of the study sample demonstrated memory deficits, with the most salient 

difficulties in delayed recognition abilities. This finding was consistent with the 

hypothesis that a subgroup of children would demonstrate significant difficulties in 

hippocampal-mediated memory functions. A significant relation between hs-CRP and 

verbal recognition abilities was also found, suggesting inflammation, which has been 

reported to affect hippocampal functioning (Jurgens et al., 2012; Semmler et al., 2005; 

Terrando et al., 2010), may explain memory deficits in some children with SCD. These 
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findings are especially significant given the young age of the study sample, as results 

suggest that memory deficits can be present as early as young school age, in the absence 

of an overt neurological event. Continued research is needed in this population, and it is 

especially important to continue to look at specific memory processes from a person-

centered approach. Looking strictly at mean values in this group, children appear to be 

average in their memory abilities, which is not the case for all individuals with SCD. 

Person-centered statistics allow for the examination of performance both within and 

across individuals, allowing for a more thorough and nuanced understanding of 

functioning in these children.       
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CHAPTER 5 
 

EXTENSIVE LITERATURE REVIEW 

Hypoxia and Inflammation in Children with Sickle Cell Disease: Implications for 

Hippocampal Functioning and Episodic Memory 

Children with sickle cell disease (SCD) suffer from a multitude of medical 

complications and neurological sequelae, including clinical and “silent” stroke.  It is 

estimated that approximately 10% of children with SCD suffer a clinical stroke (Adams 

et al., 1997) before the age of 20 years (Ohene-Frempong et al., 1998), and silent strokes 

are evidenced in an additional 20-25% of those undergoing MRI scanning in adolescence 

(Adams et al., 1997). Neurocognitive functioning has been examined in children with 

SCD, largely in relation to these neurological insults. However, up to 65% of children 

with SCD may show no evidence of infarction (i.e., death of brain tissue due to 

obstruction of blood supply) or ischemia (i.e., damage or dysfunction of brain tissue due 

to restriction in blood supply) on MRI, and cognitive deficits are consistently observed in 

children with SCD even in the absence of clinical and silent stroke. Thus, other forms of 

neuropathology, which are not easily identified with current neuroimaging methods, 

likely contribute to cognitive deficits in this population (Hogan et al., 2006; Rees et al., 

2010).  

Systemic processes that occur in SCD have been associated with neurological 

compromise and neurocognitive impairment in animal models and other patient 

populations.  Specifically, children with SCD suffer from chronic anemia and resultant 

hypoxia, recurrent hypoxic-ischemic events, and a chronic, systemic inflammatory 

response. These systemic processes contribute to the complex pathophysiology of this 
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disease and may be modifiable treatment targets, but the association between these 

processes and cognitive functioning in SCD has not been thoroughly explored. There is a 

particular lack of information and understanding regarding episodic memory functioning 

in individuals with SCD, despite the fact that the hippocampus is especially vulnerable to 

the effects of hypoxia and inflammation, and that learning and episodic memory are 

necessary for functional independence and academic success. The primary aims of this 

paper are to highlight the systemic processes in SCD that have been associated with 

neurocognitive dysfunction and present a case for the importance of research on episodic 

memory in this population. 

Sickle Cell Disease Background, Medical Complications, Neurological Sequelae, and 

Known Cognitive Impairments  

Sickle Cell Disease Background: Definition and Pathophysiology 

Sickle Cell Disease (SCD) is a genetically inherited anemia that affects people of 

Afro-Caribbean origin (Hogan, Pit-ten Cate, Vargha-Khadem, Prengler, & Kirkham, 

2006). SCD refers to all of the genotypes associated with the characteristic clinical 

syndrome (Rees, Williams, & Gladwin, 2010). The term “sickle cell anemia” refers to 

individuals with the homozygous βS allele (HbSS) and accounts for approximately 70% 

of SCD cases. Twelve additional SCD genotypes have been described, but two 

genotypes, HbSC and HbS/β-thalassaemia, account for most of the remaining SCD cases 

(Rees et al., 2010).  Individuals with the HbSC genotype typically experience	  milder	  

neurological complications than those with sickle cell anemia (i.e., HbSS; Prengler, 

Pavlakis, Prohovnik, & Adams, 2002). The HbS/β-thalassaemia type has a highly 

variable presentation that depends on the HbS/β-thalassaemia mutation (Serjeant & 
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Serjeant, 2001). Although SCD severity varies widely and cannot be predicted solely on 

the basis of genetic subtype (Prengler et al., 2002), generally individuals with the HbSS 

genotype (i.e., sickle cell anemia) and the HbS/β0 thalassaemia subtype demonstrate the 

most severe disease presentation (Grueneich et al., 2004; Hijmans et al., 2011; Noll et al., 

2001; Rees et al., 2010). 

All SCD genotypes affect the β-globin component of the hemoglobin molecule 

(Hb), causing polymers to form within the red blood cells when oxygen levels are low 

(Hogan et al., 2006; Rees et al., 2010). This polymerization leads to dehydration of the 

red blood cell (Rees et al., 2010); the normally disk-shaped red blood cell becomes rigid, 

dense and, sickle-shaped (Pavlakis, Prohovnik, Piomelli, & DeVivo, 1989). Sickle cells 

are damaged as they pass through the vasculature (i.e., hemolysis - abnormal break-down 

of red blood cells), resulting in hemolytic anemia (i.e., anemia due to a reduction in the 

number of red blood cells; Hogan et al., 2006).  Hemolytic anemia leads to chronic and 

pervasive oxyhemoglobin desaturation and hypoxia (Setty, Stuart, Dampier, Brodecki, & 

Allen, 2003).  

A second major pathophysiological process in SCD is vaso-occlusion and 

associated inflammation.  The process of occlusion of microvessels throughout the body 

is frequently called vaso-occlusive crisis (VOC) and underlies the most salient clinical 

manifestation of SCD, acute pain (Stuart & Nagel, 2004). The frequency of VOC varies 

substantially amongst individuals with SCD, ranging from zero to greater than six 

episodes annually (Platt et al., 1991). Although less common in young children than in 

teenagers and young adults, acute pain is the most common reason for SCD-related 

hospital admission (Rees et al., 2010). Vaso-occlusion is caused by the elongated sickle-
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shape of the red blood cells. Recurrent vaso-occlusion leads to damage to the vessel wall 

and a continuous and chronic inflammatory response in children with SCD (Conran, 

Franco-Penteado, & Costa, 2009). This process will be described in greater detail in a 

subsequent section of this review. 

Medical Complications and Neurological Sequelae in Children with SCD 

The complex pathophysiology of SCD affects the entire body and leads to 

numerous medical complications, including frequent pain episodes, acute chest crisis 

(Ohene-Frempong et al., 1998), susceptibility to infection, and chronic organ damage to 

the kidneys, heart, and lungs (Steinberg & Rodgers, 2001). Pulmonary hypertension, 

priapism, leg ulcers (Rees et al., 2010), and a shortened life span (Conran et al., 2009) are 

also associated with SCD. Children with the homozygous form of SCD (i.e., sickle cell 

anemia, HbSS) are most vulnerable to all of these medical complications (Hogan et al., 

2006). The neurological sequelae of SCD includes clinical stroke (i.e., infarct or 

intracranial hemorrhage with overt clinical signs), “silent” stroke (i.e., brain lesion(s) 

typically involving the deep white matter on MRI without overt clinical signs; Prengler et 

al., 2002), seizures, and coma (Pavlakis et al., 1989). Individuals with SCD are most 

critically susceptible to clinical and silent stroke in early to mid-childhood (Hogan et al., 

2006; (Pegelow, Macklin, & Moser, 2002). Infarcts typically result from occlusion or 

narrowing of the distal internal carotid artery (ICA), proximal middle cerebral artery 

(MCA), and/or anterior cerebral artery (ACA; Adams et al., 1997). The frontal lobe white 

matter, within the borderzone between the middle and anterior cerebral artery 

distribution, is most commonly affected by infarcts in SCD (Prengler et al., 2002).  
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Increased cerebral blood flow velocity (CBFV) in the ICA and MCA has been 

associated with high risk of stroke in children with SCD (Adams et al., 1992, 1997). 

Blood flow velocities are increased in large vessels with occlusions or narrowing (e.g., 

Adams et al., 1992). Increased blood flow also may occur as a compensatory response to 

the reduction in oxygen levels associated with anemia/hypoxia (Brass et al., 1991; Steen, 

Reddick, Glass, & Wang, 1998). Transcranial Doppler (TCD) Ultrasonography is an 

efficient and non-invasive method to measure CBFV and is used in stroke prevention 

screening for all children with SCD. 

Cognitive Functioning in Children with SCD 

General intellectual functioning, as measured by IQ, has been compared in 

children with SCD and healthy controls, and among SCD groups with and without 

clinical/silent stroke. In a meta-analysis of 18 studies published between 1963 and 2001, 

Schatz and colleagues (2002) reported that the difference in Full Scale IQ (FSIQ) 

between children with SCD (n = 631; Weighted Grand Mean FSIQ = 86.4) and healthy 

controls (n = 446; Weighted Grand Mean FSIQ = 90.7 siblings and peers) yielded a small 

effect size (d = .31). The mean age of children included in the meta-analysis ranged from 

9.3 to 17.5 across the 18 studies, and the magnitude of the IQ difference between SCD 

children and controls was larger in studies of older children (i.e., d = .06 at age 9 – 10; d 

= .57 at age 11-13). A more recent study comparing 41 children with SCD (M age = 12.2 

years) to 38 SES-matched controls (M age = 11.6) showed the magnitude of the 

difference in IQ scores was quite large (M FSIQ = 80 vs. 88; d = .60), adding further 

support for the notion that the IQ discrepancy between healthy and SCD groups may 

increase over time (Hijmans, Fijnvandraat, and colleagues, 2011). Of interest, one study 
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included in the meta-analysis by Schatz et al. found that even children without a history 

of clinical stroke (n = 31, M age = 11.9) had a significantly lower FSIQ when compared 

to 31 healthy controls (M age = 11.6; M FSIQ = 85.7 vs. 92.0, d = .51- large effect; Noll 

et al., 2001). A follow-up study with a portion of this cohort found that abnormalities on 

brain MRI (i.e., silent stroke) were not associated with FSIQ but were associated with 

greater intra-individual variability in neuropsychological performance (Grueneich et al., 

2004).  

Berkelhammer and colleagues (2007) presented a comprehensive review of 29 

studies with neuroimaging and neurocognitive data published between 1986 and 2005.  In 

their review, neurocognitive compromise was generally related to the level of 

neurological injury, although inconsistencies were reported both within and across 

domains (i.e. FSIQ, VIQ, PIQ; Berkelhammer et al., 2007).  Although IQ deficits were 

found to be more prevalent in children with SCD who experienced a clinical stroke or 

silent infarct, deficits were detected even in the absence of any MRI abnormalities 

(Berkelhammer et al., 2007; Hogan et al., 2006; Schatz et al., 2002; Steen et al., 2005).   

Berkelhammer and colleagues (2007) reported seven studies showing low 

academic achievement in children with SCD, but two of these seven studies showed no 

significant association between neuroimaging results and academic functioning (Brown 

et al., 2000; Grueneich et al., 2004).  Interestingly, in one longitudinal study that assessed 

children 6-18 years of age every two to three years for up to 10 years, children with SCD 

and no neuroimaging abnormalities experienced a significant annual decline of .9 points 

in math achievement; no significant change was noted on a test of reading achievement 

(Wang et al., 2001). Several studies have examined academic performance more directly 
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using variables reflecting grade retention and special education services and showed that 

SCD children with clinical or silent stroke (n = 19; M age = 10.9) or without clinical or 

silent stroke (n = 47; M age = 10.7), are retained and received special education services 

more than matched controls (n = 18, M age = 12.1; Schatz, Brown, Pascual, Hsu, & 

Debaun, 2001) and relative to national, state, and local school district normative data of 

African American students (Epping et al., 2013). Another study of 62 children with SCD 

(M age =10.11 years) found that participants with elevated TCD velocities, suggesting 

greater vessel occlusion, were more likely to receive special education services than those 

with conditional or normal TCD values, despite comparable scores on reading and math 

achievement measures (Kral et al., 2003).  

With respect to specific cognitive skill areas, Berkelhammer and colleagues 

(2007) identified deficits in attention and executive function (EF) in 11 out of 13 studies 

reviewed. Overall, these deficits were significantly associated with clinical and silent 

stroke. Recently, Hijmans, Fijnvandraat, and colleagues (2011) reported relatively subtle 

difficulties on EF tests of visuospatial working memory (d = .30) and sustained attention 

in children (d = .20) when children with SCD aged 6 -18 (n = 41) were compared to SES 

matched controls (n= 38). Ruffieux et al. (2013) noted that differences in EF test scores 

between SCD (n = 96; M age =13.5) children and normative data increased significantly 

with age (β = -.15, p = .021) in a sample of children aged 6-24 years.  

In eight studies examining language in relation to neuroimaging findings, five 

studies reported language deficits in children with SCD (Berkelhammer et al., 2007). 

Although some have suggested that language deficits are most strongly associated with 

left-sided stroke, a recent study by Sanchez, Schatz, and Roberts (2010) showed 
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meaningful relations between language tests and TCD values in 39 school-age children 

(ages 5 – 8 years) without a history of clinical stroke. Children with elevated TCD 

velocities performed more poorly on tests of syntax (β = -.57) but TCD velocities were 

not significantly associated with semantic ability (β = -.19), phonological ability (β = -

.34), or other cognitive skills (i.e., visual motor skills, β = .03; short-term verbal memory, 

β = -.08; processing speed, β = -.32; Sanchez et al., 2010).   

Findings across 11 studies describing the visuomotor functioning of children with 

SCD were inconsistent (Berkelhammer et al., 2007). Generally, children with clinical 

stroke performed more poorly than children with silent stroke or without stroke on tasks 

assessing visuomotor function (see also Hijmans, Fijnvandraat, and colleagues, 2011), 

but several studies found no significant differences between SCD groups.  

Limitations of the Literature on Cognitive Functioning in Children with Sickle Cell 

Disease  

The literature on cognitive functioning in children with SCD is marred by 

limitations and methodological inconsistencies. Generally, study samples were small, 

with even smaller sample sizes for comparisons across SCD subgroups.  Most studies did 

not consider heterogeneity among SCD participants without clinical or silent stroke. Most 

studies also did not conceptualize cognitive deficits within a neurodevelopmental 

framework that considers both typical and atypical neurocognitive development. A 

developmental perspective would promote a fuller understanding of cognitive differences 

between matched controls and SCD children as delayed development, deficits associated 

with static injuries (e.g., stroke), or deficits associated with dynamic disease variables. 

This approach also considers the downstream effects of early neurological compromise or 
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cumulative effects of such events, possibly explaining why differences in some cognitive 

abilities become greater over the course of development (Anderson, 2002). Comparisons 

between children with SCD and no clinical stroke versus healthy children were largely 

absent. Another limitation is the limited focus on episodic memory abilities in children 

with SCD. This is a major oversight given the potential effects of SCD pathophysiology 

on brain structures relevant to episodic memory. 

Berkelhammer’s 2007 review of the cognitive literature included seven studies on 

memory. Since 2007, Ruffieux and colleagues (2013) examined verbal memory 

performance and reported that 12% of participants with SCD performed in the borderline 

impaired range (<5th percentile) on immediate learning trials, and 6% performed in the 

borderline impaired range on delayed recall trials. Between-group analyses comparing 

memory scores between participants with SCD and healthy controls may have revealed 

more subtle difficulties in the SCD group but were not reported. To our knowledge, no 

other studies examining memory in children with SCD have been published since 2007. 

The studies reviewed by Berkelhammer showed that memory deficits were present in 

children following clinical stroke and that visuospatial memory deficits were more 

common than verbal memory deficits. Also, memory deficits were generally noted on 

tests of free recall but not on tests of cued recall or recognition. However, findings were 

not consistent across studies, and to our knowledge, no study to date has analyzed within-

group performance on episodic memory tasks to gain a more complete understanding of 

distinct memory processes (i.e., encoding, recall, recognition) in children with SCD who 

have not experienced a clinical stroke. 
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Of the seven studies reviewed by Berkelhammer (2007), sample sizes ranged 

from 10 to 64 children with SCD. Kugler and colleagues (1993) reported no differences 

in performance on a visual reproduction memory task between children with cerebral 

infarcts (n = 6) and children with normal MRIs (n = 8), but this study was not sufficiently 

powered to detect differences and did not compare children with SCD to healthy children. 

Effect sizes were not reported; therefore, it is difficult to make conclusions about these 

null results. Craft, Schatz, Glauser, Lee, & Debaun (1993) reported no group differences 

between children with SCD (n = 29) and healthy sibling controls (n = 20) on a verbal list-

learning task; however, children with SCD and diffuse stroke on MRI (n = 11) performed 

in the severely impaired range and significantly lower than healthy sibling controls on a 

measure of immediate visual-spatial memory. The authors additionally reported no 

differences between children with SCD with no infarct on MRI (n = 12) and healthy 

sibling controls. As the group sample sizes were small, it is likely that only extreme 

differences were statistically significant; subtler deficits in functioning could not be 

detected. 

In a follow-up study, Schatz and colleagues (1999) compared children with SCD 

and diffuse (n = 18) or anterior cerebral infarcts (n = 7) on MRI to healthy sibling 

controls (n = 17) and again reported no significant differences in episodic memory 

performance on several variables of a verbal list-learning task. Closer examination of 

group means and standard deviations, however, revealed performance differences that are 

likely clinically meaningful.  Healthy sibling controls recalled a total average of 51.6 (SD 

= 8.7) words over five learning trials, while children with SCD and diffuse cerebral 

infarcts recalled an average of 39.7 (SD = 14.1) words, and children with SCD and 
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anterior cerebral infarcts recalled 48.1 (SD = 11.1) words. The effect size (Cohen’s d) for 

the difference between healthy children and those with diffuse infarct was not reported in 

the study but was quite large (d = 1.04), whereas the effect size for the difference 

between healthy participants and participants with anterior infarcts was small to medium 

(d = .35).  Furthermore, the larger standard deviations for the clinical groups, most 

notably the group with diffuse cerebral infarcts, indicate variability suggestive of subtle 

learning deficits that may be obfuscated in comparisons of group means in a small 

sample. 

In addition to the limitations resulting from small sample sizes and reduced 

statistical power, several previous studies failed to include normative data in their 

examination of episodic memory in children with SCD. For example, Kugler and 

colleagues (1993) did not include normative data when reporting comparable 

performance on a visual reproduction memory task between children with cerebral 

infarcts (n=6) and children with normal MRIs (n = 8). Therefore, it remains unclear if 

children performed in the normal range on this memory task when compared to healthy 

children their age. Similarly, Brandling-Bennett, White, Armstrong, Christ, & Debaun 

(2003) reported that children with SCD and frontal infarct on MRI (n = 10) performed 

significantly worse than children with SCD and no infarcts (n = 21) on measures of 

learning, short delay free-recall, and long delay free-recall on a verbal list-learning task. 

Both SCD groups demonstrated clinically comparable performance on all memory 

variables, but normative test data were not reported, allowing for the possibility that both 

SCD groups performed more poorly than healthy same-aged peers. Watkins et al. (1998) 

reported that children with clinical stroke (n = 5) performed significantly more poorly 
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than children with SCD and normal MRIs (n = 30) on immediate and delayed recall 

conditions of design memory and paired verbal associate learning; children with silent 

stroke (n = 4) did not differ significantly from patients with normal MRIs or healthy 

controls (n = 15). Again, SCD children with normal MRIs were not compared to healthy 

controls, limiting the understanding of episodic memory performance in children with 

SCD and normal MRIs.  

In addition to the significant methodological and statistical limitations of prior 

studies, another considerable barrier to understanding episodic memory performance in 

children with SCD is that the description of memory difficulties remains very general, is 

often limited to one or two measures per study, and is not sufficiently nuanced to detect 

subtle problems.  Schatz and colleagues (2001) reported abnormal performance on 

memory measures in two of 19 children with silent stroke, in two of 45 children with no 

visible clinical infarcts on MRI, and in one healthy sibling control.  For memory 

performance to be considered abnormal, the child was required to score 1.5 standard 

deviations below age expectations on two or more scores on a verbal list-learning task.  

This method allows for the detection of only gross memory deficits and does not offer a 

detailed characterization of learning and memory processes (i.e., encoding, retrieval, 

recognition).   

Several studies have included an incomplete assessment of episodic memory. For 

example, Cohen, Branch, McKie, & Adams (1994) examined only immediate auditory 

verbal memory and immediate visual-spatial memory in a small sample of children with 

SCD and clinical stroke (n = 10) and reported that children with left cortical infarct 

demonstrated qualitative deficits on both tasks, while children with right cortical infarct 



  

	   55	  

showed qualitative deficits in only visual-spatial memory. Immediate memory may be 

accomplished though temporary storage buffers (i.e., working memory) associated with 

the prefrontal and parietal cortices such that immediate memory measures are not ideal 

for the evaluation of hippocampally-mediated episodic memory. In addition, most 

published studies have not considered the typical course of episodic memory 

development. Samples often include participants of a wide age range (e.g., 5 years to 20+ 

years). The heterogeneity of typical episodic memory ability across this age range may 

obfuscate clinically significant differences between children with SCD and controls 

(Newcombe et al., 2007). Thus, future studies should aim to include complete evaluations 

of hippocampally-mediated tasks and samples that are stratified by age or consider 

developmental differences in episodic memory performance.  This is especially important 

given previous research suggesting that differences in some aspects of cognition between 

children with SCD and control samples increase across development.   

Hypoxia and Inflammation in Sickle Cell Disease  

Most children with SCD do not experience silent or clinical stroke but still 

demonstrate cognitive deficits (Hogan et al., 2006; Rees et al., 2010). Relatively few 

studies have focused on understanding cognitive functioning, particularly episodic 

memory, in these children. New studies on the influence of inflammation (in the absence 

of hypoxia) on the hippocampus and episodic memory in animals and older adults also 

will point to the need for more research on episodic memory in SCD. 

Hypoxia in Sickle Cell Disease  

In SCD, hypoxia is a consequence of anemia and hypoxemia (i.e., low partial 

pressure of arterial blood). Anemic hypoxia may explain cognitive changes in children 
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with SCD who do not demonstrate cerebral infarcts on neuroimaging, as anemia in non-

SCD populations has been associated with intellectual deficit (Hogan et al., 2006 for 

review). Severely anemic children with SCD obtained significantly lower FSIQ scores 

when compared to less anemic children with SCD (Bernaudin et al., 2000). However, not 

all studies have supported such a transparent association between cognitive performance 

and anemia. A recent study of Dutch children with SCD reported that hemoglobin level 

(a biomarker of anemia) was a unique predictor of verbal working memory in a 

regression model of disease severity variables, but the relation was counterintuitive 

(Hijmans, Grootenhuis, et al., 2011). Higher hemoglobin levels were associated with 

poorer verbal working memory performance.  An earlier study found no significant 

relations between hemoglobin levels and neuropsychological test performance 

(Grueneich et al., 2004). Studies that have examined other biomarkers of anemia, such as 

hematocrit (the percentage of the volume of whole blood that is made up of red blood 

cells) have shown relations with neurocognitive functioning in the expected direction and 

even in the absence of clinical and silent stroke (Kral et al., 2006; Steen, Xiong, Mulhern, 

Langston, & Wang, 1999; Steen et al., 2003). The relation between hypoxic anemia and 

cognitive functioning in SCD remains poorly understood. More research is needed to 

identify the biomarkers of hypoxic anemia that are most relevant to cognition (e.g., 

hemoglobin vs. hematocrit) as well as possible moderators of the relation between 

anemia biomarkers and cognition. 

Compensatory systemic mechanisms and SCD treatments (i.e., blood 

transfusions) may moderate the relation between anemia and cognition and introduce 

complexity to biomarker assessment. As mentioned previously, hypoxia often triggers an 
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increase in CBFV (Brass et al., 1991; Steen et al., 1998).  Individuals with higher TCD 

velocities, have demonstrated lower FSIQs, (Bernaudin et al., 2000; Kral et al., 2003) and 

both enlarged basilar artery volume and increased TDC velocity have been associated 

with lowered IQ (see Hogan et al., 2006 for review). Recent studies have revealed 

relations between increased TCD velocities and language impairment (Sanchez et al., 

2010), and TCD velocities and verbal working memory (Kral et al., 2003, 2006). 

Interestingly, an initial study showed a negative relation between TCD velocities and 

verbal working memory (Kral et al., 2003), while a second study reported a positive 

correlation between TCD velocities and immediate verbal memory for narrative 

information (Kral et al., 2006).  The authors hypothesized that this unexpected finding 

(i.e., higher velocity associated with better cognition) could have been explained by 

blood transfusions, which are often performed to treat children with abnormal TCD 

velocities to lower their risk for stroke. Blood transfusions increase hemoglobin (i.e., 

lower anemia) and were administered to some of the study children prior to data 

collection.  

Hypoxemia is another mechanism of hypoxia in SCD. Hypoxemia is low partial 

pressure of oxygen in arterial blood and is commonly associated with the pulmonary 

complications of SCD. Hypoxemia is most accurately measured by gas analysis of 

arterial blood samples, but pulse oximetry is more commonly used as a more efficient 

non-invasive assessment that allows for continuous monitoring of the blood oxygen 

through measures of light absorption.  Pulse oximetry has been validated in healthy 

populations, but its accuracy in SCD has been questioned, with one study showing that 

pulse oximetry underestimated true blood oxygenation in SCD (Blaisdell, Goodman, 
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Clark, Casella, & Loughlin, 2000). Nevertheless, studies have demonstrated meaningful 

relations between pulse oximetry and both risk for stroke (Kirkham et al., 2001) and 

cognition in SCD. Using path analysis, Hogan and colleagues (2006) demonstrated that 

the association between hypoxemia, as measured by daytime pulse oximetry, and FSIQ 

was fully mediated by TCD velocity, indicating that hypoxemia (as indicated by lower 

pulse oximetry readings) is associated with increased TCD velocity, which in turn is 

associated with lowered FSIQ.  This study additionally reported that the strength of the 

relation between TCD velocity and VIQ was moderate, while the relation between TCD 

and PIQ was only small. This finding, consistent with a finding that VIQ, but not PIQ, is 

sensitive to perturbations in TCD/CBFV (Kral et al., 2003), suggests that hypoxemia in 

SCD may have differential influence on verbal intellectual functioning (Hogan et al., 

2006). Furthermore, this study suggests that increased blood flow, which may reflect a 

systemic compensatory mechanism triggered by hypoxemia/anemia, may not be effective 

in maintaining cognitive abilities in children with SCD.  

Animal Models of Hypoxia, Brain, and Cognition 

 The selective vulnerability of the hippocampus, particularly neurons in the CA1 

region, to hypoxia has been clearly documented using animal models of vessel occlusion 

(Schmidt-Kastner & Freund, 1991). Models of anemic hypoxia that involve chronic iron 

deficiency, also have shown an association between reduced hemoglobin levels and 

reduced metabolism in the hippocampus (de Ungria et al., 2000). Animal studies that 

have included behavioral and cognitive paradigms have suggested that learning and 

memory may be especially vulnerable to anemic hypoxia, particularly early in 

development or later in lifespan in the context of chronic cerebrovascular disease (Beard, 
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2007). For example, Li and colleagues (2010) showed that aged rodents with 

hypertension and cerebrovascular disease that underwent a hemodilution protocol that 

induced anemia, exhibited impairment on the Morris water-maze, a spatial navigation 

task that is used to measure spatial learning and memory. These older rats performed 

more poorly on the maze task as compared to younger hypertensive rats that underwent 

the hemodilution protocol and older hypertensive rats without anemia (sham 

hemodilution protocol). Importantly, these researchers also showed that the 

experimentally induced anemia was associated with cellular molecular changes in 

hypoxia-related gene synthesis and protein translation in the brain, even in the absence of 

tissue hypoxia as measured with an invasive cortical tissue oxygen probe. In other words, 

even very mild hypoxia was associated with molecular changes and cognitive difficulties 

on a test of learning and memory.  These results suggests that the hypoxia associated with 

anemia in SCD may negatively impact learning and memory. Furthermore, the 

widespread cerebrovascular changes that occur in SCD, may make children especially 

vulnerable to the subtle effects of anemia, even when they do not show evidence of 

clinical or silent stroke.  

Hypoxia, Brain, and Cognition in Human Populations without Sickle Cell Disease 

The selective vulnerability of the CA1 hippocampal neurons to ischemia also has 

been documented in human studies of stroke (Hodges et al., 1996; Zola-Morgan et al., 

1986) and cardiac arrest (Petito, Feldmann, Pulsinelli, & Plum, 1987). Hippocampal 

changes and impaired episodic memory have been reported following even mild and 

chronic hypoxia, including high altitude exposure (see Virués-Ortega, Buela-Casal, 

Garrido, & Alcázar, 2004 for a review) and sleep apnea in older adults (Aloia et al., 2003; 
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Ju et al., 2012). Bass and colleagues (2004) recently reviewed the effects of mild hypoxia 

caused by various illnesses on cognition and behavior in children and showed consistent 

evidence for negative outcomes, but episodic memory was not explicitly examined. 

Several studies that have explored the cognitive effects of anemic hypoxia in iron-

deficient anemia have shown evidence for cognitive decline in various pediatric and adult 

populations (see Beard, 2003; Beard et al., 2005 for a review). Acute anemia induced via 

transfusion in healthy participants has been shown to induce cognitive impairment, 

including impaired immediate and delayed recall (Weiskopf et al., 2000).  

In sum, there is growing consensus that lowered IQ and cognitive test scores in 

children with SCD may be related to chronic oxygen or hemoglobin insufficiency in the 

brain (Hogan et al., 2006). The hippocampus and its primary neurocognitive functions 

(i.e., learning and memory) have been identified as a vulnerable neurocognitive system in 

both animal and human studies of hypoxia and anemia and should be a target of 

investigation in SCD. Systematic studies of learning and memory in SCD are needed. 

This research would benefit from the use of sensitive imaging measures, including 

measures of hippocampal volumes, cortical thinning, and white matter integrity (see 

Balci et al., 2012; Kirk et al., 2009; Vichinsky et al., 2010). Inflammation and ischemia, 

which are prominent in SCD, also have been associated with hippocampal changes and 

memory impairment in the animal and human literature.  

Inflammation in Sickle Cell Disease 

The inflammatory response in SCD is systemic and occurs throughout the entire 

body.  Children with SCD remain in a chronic inflammatory state, and the inflammatory 

response in children with SCD is now understood to be related to the complex 
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pathophysiological process of vaso-occlusion (Conran et al., 2009; Rees et al., 2010).  

The vaso-occlusive process is a complex, multistep sequence involving interactions 

among sickled red blood cells, activated leukocytes (white blood cells), endothelial cells 

(cells that line the interior surface of blood vessels), platelets, and plasma proteins 

(Conran et al., 2009; Frenette & Atweh, 2007).  This process is non-linear and should be 

conceptualized within a dynamic and interactive framework; however, we introduce this 

process here as a simplified chain of events in an attempt to facilitate understanding. 

Vaso-occlusion begins with the sudden blocking of postcapillary venules (Rees et 

al., 2010), which are very small blood vessels in the microcirculation throughout the body 

and the brain. Periodic blockages occur when the elongated, rigid, sickled red blood cells 

and leukocytes get trapped in the microcirculation (Conran et al., 2009, Rees et al., 2010). 

Vaso-occlusion damages red blood cells and exacerbates anemic hypoxia (i.e., hemolysis 

-the abnormal break-down of red blood cells; Rees et al., 2010). Vaso-occlusion also 

causes damage to the vascular endothelium, which additionally contributes to vaso-

occlusion. Recurrent vaso-occlusion causes ischemia (an obstruction of the tissue’s blood 

supply), which can lead to subsequent infarction (tissue death caused by a local lack of 

oxygen). The symptoms of vaso-occlusion may vary by location. In the periphery and 

chest, vaso-occlusion and infarction induce episodes of acute pain, referred to as vaso-

occlusive crisis (VOC) and lowered oxygen intake (e.g., hypoxemia). In the brain, vaso-

occlusion leads to infarction and cognitive deficits over time.   

Damage to the vascular endothelium, together with intravascular hemolysis, 

activates endothelial cells, causing the expression of inflammatory mediators (Conran et 

al., 2009). This inflammatory response worsens vaso-occlusion, because it enhances the 
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expression of endothelial adhesion molecules, which further increases the tendency of 

sickled red blood cells to adhere to the vascular endothelium and block blood perfusion 

(Rees et al., 2010). As described above, vaso-occlusion causes ischemia. Following 

periods of ischemia, blood is restored to the ischemic tissue through a process called 

reperfusion (Rees et al., 2010). The process of reperfusion leads to further brain injury 

(Kaul & Hebbel, 2000), because the ischemia-reperfusion cycle also triggers a low-grade, 

chronic inflammatory stress response (Platt, 2000) that is propagated by elevated 

synthesis of inflammatory cytokines, oxidative stress, and a decreased bioavailability of 

functional nitric oxide (Conran et al., 2009; Rees et al., 2010). The deficiency in 

functional nitric oxide contributes to endothelial dysfunction, vasculopathy (disease of 

the blood cells), and cerebrovascular disease (Rees et al., 2010). A vicious circle of 

repeated endothelial cell activation, cellular adhesion, and inflammatory molecule 

production perpetuates the chronic inflammatory state in children with SCD (Conran et 

al., 2009). 

In addition to elevated baseline leukocyte levels (e.g. Kaul & Hebbel, 2000; West, 

Wethers, Smith, Steinberg, & The Cooperative Study of Sickle Cell Disease, 1992), 

several inflammatory biomarkers have been found to be upregulated in SCD, including: 

tumor necrosis factor-α (TNF-α), granulocyte-microphage colony-stimulating factor 

(GM-CSF), interleukin-8 (IL-8), IL-6, IL-1, IL-3, and macrophage colony-stimulating 

factor (Conran et al., 2009).  Recent attention has also been paid to high sensitivity C-

reactive protein (hs-CRP) as a stable biomarker of low-grade, chronic, systemic 

inflammation, and several studies have documented steady-state CRP elevations in SCD 

(Akohoue et al., 2007; Hibbert et al., 2005; Kanavaki et al., 2012; Krishnan et al., 2010; 
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Mohammed, Mahdi, Sater, Al-Ola, & Almawi, 2010). Krishnan and colleagues (2009) 

obtained a broad panel of biomarkers from children and adolescents in steady state, and 

found that white blood cell (WBC) count and hs-CRP were the only significant predictors 

of VOC, as determined through hospitalizations with official diagnoses over a 3-year 

period. These results suggest inter-individual variability in hs-CRP and WBC during 

steady disease state that is predictive of VOC, an important clinical endpoint of the vaso-

occlusive and subsequent inflammatory state in SCD (Krishnan et al., 2009). Krishnan 

and colleagues additionally suggest that intra-individual stability of hs-CRP levels at 

steady state reflects the individuals’ baseline state of inflammatory response. Similar 

findings were reported in a study of Bahraini children with SCD (Mohammed et al., 

2010). A significant, positive association was detected between levels of hs-CRP and 

VOC clinical variables, including severity, frequency, type (generalized vs. local), and 

need for hospitalization, and hs-CRP was found to be an independent risk factor for VOC 

after controlling for potential confounds (Mohammed et al., 2010). 

As detailed above, children with SCD remain in a chronic, inflammatory state, 

and biomarkers of inflammation are associated with vaso-occlusion in the body. Recent 

research, as presented below, has indicated that, in the brain, the hippocampus is 

especially vulnerable to systemic inflammation.  This recent appreciation more strongly 

reinforces the need to explore this brain region’s primary functions (learning and 

memory) in children with SCD. 

Animal Models of Inflammation, Brain, and Cognition 

Recent animal research has provided compelling evidence supporting relations 

between inflammation, the hippocampus, and decline in learning and memory.	  	  Study 
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designs involving infusion of endotoxins (bacteria) and inflammatory markers directly 

into the brains of rats create an inflammatory response and allow for the direct 

assessment of inflammation on the brain.  Chronic neuroinflammation in rats has been 

studied through chronic infusion of lipopolysaccharide (molecules prepared from bacteria 

that elicit strong immune responses) into the fourth ventricle.  After 4 consecutive weeks, 

MRI results revealed enlarged lateral ventricles and significantly decreased size of the 

hippocampal formation and the temporal lobe region (Hauss-Wegrzyniak, Galons, & 

Wenk, 2000).  In a later study, Lin et al. (2009) examined the specific effects of 

inflammation without infection by infusing CRP (a marker of inflammation) via bilateral 

intra-cerebroventricular administration.  The authors found that CRP impaired initial 

learning and delayed memory on the Morris water-maze. CRP also impaired long-term 

memory in rats, as demonstrated by decreased response latency on the rat step-through 

passive avoidance test, a test that measured time to approach a learned aversive stimulus 

after a 24-hour delay period (Lin et al., 2009).   

In an effort to understand how to best ameliorate inflammatory-induced cognitive 

dysfunction following systemic infection (i.e. endotoxemia, a presence of bacteria in the 

blood) in mice, Terrando and colleagues (2010) reported that sustained systemic 

inflammation led to neuroinflammation and hippocampal-mediated cognitive 

dysfunction.  Similarly, in investigations of severe infection and inflammation, results 

revealed that the hippocampus was the most vulnerable brain region in rats during 

experimental sepsis (Semmler, Okulla, Sastre, Dumitrescu-Ozimek, & Heneka, 2005). 

Peripheral infection with influenza also induced hippocampal inflammation and altered 

the neuron morphology of the hippocampus in adult mice (Jurgens, Amancherla, & 
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Johnson, 2012).  On tests of cognition during peripheral influenza infection, the mice 

demonstrated impairment during a reversal learning task, and this was paralleled by 

increased hippocampal expression of proinflammatory cytokines (Jurgens et al., 2012).	  	  

The hippocampus is known to highly express proinflammatory cytokine receptors 

that lead to inflammation (Rothwell & Hopkins, 1995; Terrando et al., 2011).  More 

specifically, investigations with mice and rats have revealed that the hippocampus 

expresses the highest density of IL-1 receptors compared to other brain regions, making 

the hippocampus vulnerable to the adverse consequences of inflammation (Gemma, 

Fister, Hudson, & Bickford, 2005; Parnet et al., 1994).  IL-1 is a cytokine that has 

widespread effects on immune signaling and central nervous system functioning.  

Blocking the synthesis of the cytokine IL-1 has been shown to reduce systemic cytokine 

release and reverse the hippocampal abnormalities associated with infection and 

inflammation (Terrando et al., 2010).  

A more fine-tuned assessment of memory in relation to IL-1β, a pro-inflammatory 

cytokine, revealed that two weeks of hippocampal IL-1β overexpression impaired long-

term contextual and spatial memory in both male and female transgenic mice, whereas 

hippocampal-independent memory and short-term memory remained intact (Hein et al., 

2010).  The transgenic mice used in this study had a dormant human IL-1β excisional 

activation transgene that would express human IL-1β when activated following a single 

microinjection of a virus. This mouse model allowed the authors to conclude that 

neuroinflammation resulting from sustained IL-1β overexpression was sufficient to 

impair long-term contextual and spatial memory formation, without the presence of other 

confounding variables, such as widespread infection, brain injury, amyloid beta plaques, 
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or overt neurodegeneration (Hein et al., 2010).  Thus, the mere presence of 

neuroinflammation in SCD may lead to hippocampal dysfunction and episodic memory 

difficulties.  

In addition to examining cognition in relation to induced neuroinflammation and 

systemic infection, recent studies have investigated cognition and the inflammatory 

response in surgical trauma. Wan and colleagues (2007) reported a temporary impairment 

in spatial learning and memory in adult rats following a splenectomy. This temporary 

cognitive decline was associated with a hippocampal inflammatory response, specifically 

proinflammatory cytokine expression and glial activation in the hippocampus. In a 

similar investigation in adult and aged mice, the adult mice showed no signs of 

neuroinflammation following surgery, but aged mice had significantly increased levels of 

IL-1β mRNA in the hippocampus (Rosczyk, Sparkman, & Johnson, 2008). 

Recent studies have addressed how cytokines released in response to peripheral 

injuries and infections affect the brain, as cytokines are unable to cross the blood brain 

barrier in healthy animals. Terrando and colleagues (2011) reported that peripheral 

surgery disrupts the blood-brain barrier via release of TNF-α, which facilitates the 

migration of macrophages into the hippocampus. TNF-α has been found to be 

upregulated in SCD (Conran et al., 2009). Furthermore, populations with degraded 

vasculature, including older adults (Rosczyk et al., 2008) and children with SCD, may be 

especially vulnerable to neuroinflammation, as disruption in the blood brain barrier may 

expose the central nervous system to high levels of pro-inflammatory cytokines.  

Inflammation, Brain, and Cognition in Human Populations without Sickle Cell 

Disease  



  

	   67	  

Inflammation has been studied in relation to pathological aging and cognitive 

decline, most specifically in Alzheimer’s disease (AD), and recent research has 

implicated inflammation in cognitive decline in AD (Bermejo et al., 2008; Forlenza et al., 

2009; Locascio et al., 2008).  More specifically, several studies have revealed that CRP is 

increased in the hippocampus and cerebral cortex in the brains of individuals with AD 

(Lin et al., 2009; McGeer, Yasojima, Schwab, & McGeer, 2001; Wood et al., 1993; 

Yasojima, Schwab, McGeer, & McGeer, 2000).  In a group of older adults with a history 

of cardiovascular disease, CRP, but not the amino acid homocysteine, was found to be 

independently associated with cognitive dysfunction across multiple domains, including 

global cognitive performance, attention/psychomotor function, EF, visuospatial abilities, 

and episodic memory (Gunstad et al., 2006). In specific regard to memory after adjusting 

for age and sex, significant relations emerged between higher levels of CRP and poorer 

performance on short delay free recall on a list-learning task, as well as learning trials and 

delayed recall on a brief visual-spatial memory test.   

The relation between inflammation and cognition in healthy older adults is not 

well understood, as few investigations have been conducted within healthy populations. 

One study by Teunissen and colleagues (2003) examined the relation between various 

inflammation markers and cognition in a healthy aging population. At baseline, 3-year 

follow-up, and 6-year follow-up, higher levels of CRP were associated with poorer 

performance across five trials of a verbal list-learning task, as well as a delayed recall 

condition; these associations were independent of age, gender, or level or education. 

Additionally, elevated CRP levels were not significantly associated with measures of 

processing speed or response inhibition (Tuenissen et al., 2003). In a large prospective 
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study of adults 65 and older, hs-CRP was associated with visuospatial impairment and 

memory impairment reflected in a composite score, and participants in the highest hs-

CRP tertile ( >9.9 mg/L) had a 50% greater odds of impaired memory (Noble et al., 

2010). These studies highlight the relation between elevated levels of CRP and poorer 

cognition, specifically poorer memory performance.   

A recent study explored the relation between inflammation, as measured by CRP 

serum levels, verbal memory consolidation, and mesial temporal lobe volumes in 

functionally intact, neurologically healthy older adults; results indicated that adults with 

detectable levels of circulating CRP demonstrated poorer verbal memory consolidation 

when compared to adults with undetectable CRP levels (Bettcher et al., 2012). In regard 

to specific verbal episodic memory functioning, detectable levels of CRP were associated 

with poorer performance on free recall after a short delay, as well as diminished 

discrimination abilities on a recognition trial (Bettcher et al., 2012). These findings are 

especially provocative when considering patients with SCD, as they support that 

inflammation in healthy older adults is significantly related to poorer episodic memory 

outcomes. The authors additionally reported that detectable levels of circulating CRP 

were associated with smaller left medial temporal lobe volumes, when compared to 

adults with undetectable levels of CRP (Bettcher et al., 2012). The left medial temporal 

lobe, which includes the left hippocampus, is an area of the brain known to support 

verbal episodic memory consolidation (Bettcher et al., 2012). 

Despite recent evidence supporting the relation between inflammatory biomarkers 

and cognitive decline, specifically episodic memory, there remains a great lack of 

research examining the relation between inflammation and cognition in children with 
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SCD. The call for this examination is critical, as there is now evidence to support that 

increased markers of inflammation predict later cognitive decline (Alley, Crimmins, 

Karlamangla, Hu, & Seeman, 2008; Dik et al., 2005; Weaver et al., 2002; Yaffe et al., 

2004), and children with SCD sustain continuous inflammation, systemically and in the 

central nervous system, beginning at a very young age. 

In summary, hypoxia and inflammation are systemic consequences of SCD that 

have been shown to impact the brain and cognitive functioning. These processes may 

account for cognitive difficulties associated with SCD in children with and without 

clinical stroke and silent stroke.  These processes also may be modifiable and point to 

specific treatment targets. Another important feature of both hypoxia and inflammation is 

that they have been shown to negatively affect hippocampal functioning and memory in 

research using animal models and in studies of human populations without SCD. These 

points are summarized in Figure 1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

	   70	  

 
Figure 1 
Pathophysiological processes in sickle cell disease associated with hippocampal 
compromise 
 

 
 
Note: TNF-α= tumor necrosis factor; IL = interleukin; hs-CRP = high sensitivity C-reactive 
protein; CSF = colony-stimulating fact 

 

We acknowledge that these arguments are supported by animal studies that rely 

on methods to induce hypoxia and inflammation that may be meaningfully different from 

hypoxia and inflammation in SCD. Animal studies of inflammation involve the use of 

toxins or peripheral trauma, which are quite different from SCD. Also, the human studies 

that we have cited to emphasize the relation between hypoxia and inflammation and the 

hippocampus/episodic memory include a wide range of pathologies, including iron 

deficient-anemia. Children with SCD do not suffer from iron-deficiency but experience 

anemia due to multiple other causes. Nevertheless, as a whole, the extant literature 

strongly suggests that hippocampal functioning and episodic memory may be especially 
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vulnerable in children with SCD, but this neurocognitive system has been largely 

unstudied in this population. 

Future Directions for Research in Sickle Cell Disease Informed by Children with 

Developmental Amnesia 

Developmental amnesia (DA) is a syndrome caused by relatively selective 

damage to the hippocampus after hypoxic-ischemic episodes sustained at or shortly after 

birth (Gadian et al., 2000).  As stated earlier, the hippocampus is particularly vulnerable 

to hypoxic-ischemic damage (Hodges et al., 1996; Zola-Morgan, Squire, & Amaral, 

1986); thus, memory deficits following hypoxic-ischemic episodes are expected (Gadian 

et al., 2000).  Children with DA demonstrate severe impairment in remembering the 

events of daily life (e.g., messages, visitors, the location of their belongings), but often 

attend mainstream schools, attain normal levels of speech and language competence, and 

demonstrate factual knowledge levels (i.e., semantic memory) in the low average to 

average range (Gadian et al., 2000; Vargha-Khadem et al., 1997). 

Investigators have demonstrated through a series of case studies that the episodic 

memory deficits associated with DA became apparent only following entry to school, and 

the deficits were not well understood by teachers or parents (Gadian et al., 2000). 

Episodic memory impairments were often misattributed to simple forgetfulness or lapses 

in attention (Gadian et al., 2000). One case report described a 10-year-old boy who 

demonstrated difficulties following instructions and accurately recalling events.  The boy 

also demonstrated problems with orientation at home and at school and often got lost in 

unfamiliar surroundings.  Despite these challenges, he had no problems relating to others, 

and he was often misjudged by adults as being more capable than he truly was (Gadian et 
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al., 2000). It is possible that episodic memory deficits acquired at birth or very early in 

life present differently in day-to-day life than episodic memory deficits that are acquired 

in adulthood. For example, young children with focal hippocampal damage and episodic 

memory deficits appear to be able to acquire new semantic facts as well as their peers 

(Gadian et al., 2000; Vargha-Khadem et al., 1997), whereas adults with episodic memory 

deficits require more repetitions than aged-matched peers to acquire new semantic 

knowledge (Verfaellie, Koseff, & Alexander, 2000). Thus, in children, even profound 

episodic memory deficits may go unnoticed until formal testing is administered. 

On formal testing, children with DA typically show relatively circumscribed and 

marked impairments on measures of episodic memory. Investigators have recently 

focused on characterizing the nature of the episodic memory deficit associated with DA. 

A recent investigation of ten patients with DA showed a dissociation between recognition 

and recall processes, in that deficits in recall were significantly greater than deficits in 

recognition (Adlam, Malloy, Mishkin, & Vargha-Khadem, 2009).  This finding 

highlights the importance of examining the component processes of episodic memory, as 

memory is a multi-faceted construct and cannot be understood through the examination 

of one summary score or measure.   

The literature on DA has several important implications for the study of episodic 

memory functioning in children with SCD. First, DA illustrates another population in 

which hypoxic-ischemic events are associated with hippocampal damage and episodic 

memory impairment. Second, case reports of DA underscore the need for formal and 

comprehensive testing of episodic memory performance in children with SCD. Episodic 

memory deficits in young children with DA often go unnoticed without formal testing, 



  

	   73	  

becoming evident only as children get older. Even children with profound DA who 

suffered severe hypoxic-ischemic episodes were able to acquire new information and 

skills, and their memory disorder was not always obvious to parents and teachers (Gadian 

et al., 2000; Vargha-Khadem et al., 1997). Finally, more recent investigations on the 

component processes that contribute to the episodic memory deficit in DA demonstrate 

the complexity of these deficits in children. If episodic memory deficits are present in 

children with SCD, then identifying the component processes that are most impaired will 

elucidate possible mechanisms for decline and treatment targets.  	  

 In conclusion, the systemic processes of hypoxia and inflammation have both 

been associated with cognitive deficits, and more specifically with hippocampal 

dysfunction and deficits in episodic memory (see Figure 1). Children with SCD suffer 

chronic, systemic inflammation, chronic anemia-related hypoxia, and recurrent hypoxic-

ischemic episodes, and also demonstrate cognitive deficits. Interestingly, the relations 

between these systemic processes and cognition remain largely unexplored in children 

with SCD, and investigations of episodic memory are significantly lacking. Relations 

between these systemic processes and episodic memory performance are important to 

explore, especially given hippocampal vulnerability to inflammation and hypoxia. 

Hippocampal functioning impacts learning and memory, which are paramount functions 

for young children. Further, episodic memory deficits and related learning difficulties in 

children can go undetected by parents and teachers well into middle childhood.  

Previous research on cognition in SCD has focused largely on general intellectual 

functioning (IQ) and the relation between IQ and clinical or silent strokes. The evidence 

presented in this review highlights the necessity of investigation into episodic memory 
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performance in children with SCD in relation to inflammation and hypoxia. Given the 

known effects of SCD on IQ and other cognitive processes, future research must consider 

episodic memory abilities within the larger context of global cognitive deficits, attention, 

EF, language, and visuospatial abilities. Although findings remain somewhat 

contradictory, a number of studies have indicated poorer cognitive outcomes in older 

compared to younger children (Kral et al., 2006; Ruffieux et al., 2011; c.f Hijmans, 

Fijnvandraat, et al., 2011; Wasserman, Wilimas, Fairclough, Mulhern, & Wang, 1991), 

suggesting that chronic disease processes may be significant contributory factors in poor 

cognitive outcomes. However, a neurodevelopmental perspective is lacking in this work. 

Age must be considered in future research to account for variability in episodic memory 

ability over development. We chose the example of developmental amnesia to emphasize 

the importance of a developmental perspective in this research. Differences in the clinical 

presentation of episodic memory deficits that are present in childhood versus deficits that 

are acquired in adulthood must be considered. In addition, it is important to consider how 

early episodic memory deficits may present differently during the course of development 

(i.e, at age 5 versus at age 18). Neuroimaging, specifically methods that examine the 

integrity of cortical structures and white matter pathways also will be useful in future 

research on this topic. In fact, recent studies of cortical thinning in adults with SCD have 

identified abnormalities in the hippocampus and related memory structures (i.e., 

precuneus; Kirk et al., 2009; Vichinsky et al., 2010). In addition to elucidating the 

complex relations between the pathophysiological processes in SCD and cognition, future 

research may help to identify the inflammatory response as a possible target for 

treatment, with the goal of preventing specific cognitive deficits in children with SCD. 
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Alternatively, if further research shows that children with SCD do not demonstrate 

significant episodic memory deficits, protective factors associated with SCD should be 

examined for the potential to inform treatments for older adults and other populations that 

exhibit significant episodic memory deficits in the face of inflammation and hypoxia. 
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