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Abstract

Background—Long-term survivors of childhood acute lymphoblastic leukemia (ALL) are at risk 

for neurocognitive impairment, which may be associated with fatigue, sleep problems, systemic 

inflammation and oxidative stress. We examined these associations among survivors of childhood 

ALL treated with chemotherapy only.

Methods—Survivors of ALL (N=70, 50% males, mean[SD] age 14.3[4.7] years; 7.4[1.9] years 

post-diagnosis) completed neurocognitive testing, behavioral ratings, and reported sleep quality 

and fatigue symptoms at ≥5 years post-diagnosis. Serum was collected concurrently and assayed 

for interleukin 1-Beta and 6 (IL-1β, IL-6), tumor necrosis factor alpha (TNF-α), high-sensitivity 

C-reactive protein (hsCRP), malondialdehyde, myeloperoxidase and oxidized low-density 

lipoprotein. General linear modeling was used to assess associations among biomarkers and 

functional outcomes, adjusting for age and stratified by sex.
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Results—Survivors performed worse than population norms on executive function and 

processing speed, and reported more behavioral problems (P’s<0.05 adjusted for multiple 

comparison). In female survivors, fatigue was associated with poor executive function (r=0.41; 

P=0.02), processing speed (r=0.56; P<0.001) and attention (r=0.36 to 0.55; P’s<0.05). Female 

survivors with frequent nighttime awakening displayed more inattention (P=0.01), hyperactivity 

(P=0.03), and aggression (P=0.01). Worse executive function, processing speed and behavioral 

symptoms were observed in female survivors with higher IL-6, IL-1β and hsCRP (P’s<0.05). Male 

survivors with high TNF-α demonstrated worse organization (P=0.03), but no significant 

associations between neurocognitive outcomes and sleep/fatigue measures were observed.

Conclusion—Neurocognitive function in female survivors appears more susceptible to the 

effects of sleep disturbance and fatigue. Systemic inflammation may play a role in neurocognitive 

impairment and behavioral symptoms.
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Introduction

Advances in treatment and supportive care over the last several decades have increased 

survival rates for childhood acute lymphoblastic leukemia (ALL). Although the 5-year 

survival rate currently approaches 95%1, survivors who do not receive cranial radiation 

remain at risk for a myriad of late effects, including neurocognitive impairment in the areas 

of executive function, processing speed and attention2.

Long-term survivors also report significant fatigue and sleep disturbances, including 

prolonged sleep onset latency, abnormal sleep duration, nighttime and premature 

awakenings, and daytime sleepiness3. Fatigue and poor sleep quality have an adverse impact 

on survivors’ neurocognitive and behavioral functions3. Specifically, fatigue is associated 

with impairments in processing speed, attention and memory in adult survivors of childhood 

cancer3. However, little is known about potential biological mechanisms underlying these 

associations.

There is mounting evidence that systemic inflammation is associated with poor sleep quality 

and fatigue4. Sleep duration has been linked to serum concentrations of high-sensitivity C-

reactive protein (hsCRP), tumor necrosis factor - alpha (TNF-α) and interleukin-6 (IL-6)5. 

Systemic inflammation and oxidative stress have also been associated with neurocognitive 

problems in the general population6. Activation of inflammatory pathways has emerged as a 

proposed pathophysiology behind neurocognitive impairment in survivors of adult cancer 

treated with chemotherapy only7,8. To date, the majority of research on this subject has been 

conducted among survivors of early-stage breast cancer7–9. There is limited research that 

evaluates whether inflammation and oxidative stress contribute to neurocognitive problems 

in long-term survivors of childhood ALL.
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The primary objective of this study was to evaluate the impact of sleep and fatigue on 

neurocognitive function and behavioral symptoms in survivors of childhood ALL. The 

secondary objective was to evaluate associations of biomarkers of inflammation and 

oxidative stress with neurocognitive outcomes, as well as sleep and fatigue measures.

Methods

Participants

From 2000 to 2010, 408 children with ALL were treated at St. Jude Children’s Research 

Hospital (SJCRH) on the Total Therapy XV protocol (ClinicalTrials.gov, NCT00137111)1. 

Potentially eligible participants were active survivors who were receiving pediatric follow-

up care at SJCRH, and at least five years from diagnosis and over eight years of age. 35 

patients died prior to recruitment, and 71 survivors were excluded for the following reasons: 

previous treatment with cranial radiation for central nervous system (CNS) relapse or bone 

marrow transplantation or additional chemotherapy for a secondary cancer (n=30); pre-

existing non-cancer related neurodevelopmental or genetic disorder associated with 

cognitive impairment or brain injury unrelated to cancer (n=22); lack of proficiency in 

English (n=1); or not eligible for follow-up (e.g., discharged from active pediatric follow-up 

care [n=13], under foster care [n=4] or in prison [n=1]). Of the 302 eligible survivors, 218 

(72%) participated in a long-term follow-up study beginning in January 1, 20102. Sleep 

measures and serum collection for inflammation and oxidative stress were introduced into 

the research protocol on March 15, 2012, at which time 85 survivors were still eligible for 

recruitment; 70 of these survivors (83%) completed the sleep measures and contributed 

serum. This study was approved by the institutional review board at SJCRH; informed 

consent was obtained from the parent or participant, and assent from the participant, as 

appropriate.

Neurocognitive and behavioral outcomes

All participants completed neurocognitive testing with certified examiners under the 

supervision of a board-certified clinical neuropsychologist. Measures of executive function, 

processing speed, intelligence, attention and memory span were examined. Parents of 

survivors rated their children’s neurobehavioral functioning. Behavioral problems were self-

reported by survivors. Neurocognitive and behavioral assessment tools are summarized in 

Supplementary Material 1.

Fatigue and sleep measures

Measures of sleep quality were completed by parents of survivors aged 8 to 12 years, and 

self-reported by adolescent survivors (age 13 to 21 years old). Survivors also self-reported 

their symptoms of fatigue. Sleep quality and fatigue assessment tools are summarized in 

Supplementary Material 1.

Biomarkers

A total of 5 ml of blood was drawn from all participants on the day of testing and stored 

until assay according to standard procedures. Serum was assayed in duplicate at the CLIA-

approved Cytokine Reference lab at the University of Minnesota using commercially 
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available standardized immunoassay kits. The following biomarkers of inflammation were 

assayed: interleukin (IL)-1-beta (IL-1β), IL-6 and tumor necrosis factor-alpha (TNF-α) and 

high-sensitivity C-reactive protein (hsCRP). Biomarkers of oxidative stress included 

malondialdehyde (MDA), myeloperoxidase (MPO) and oxidized low-density lipoprotein 

(OxLDL). Details of biomarkers assay are summarized in Supplementary Material 2.

Statistical analysis

Given evidence to suggest sex-specific associations of oxidative stress and inflammation 

with vascular-related diseases in the general population10, as well as sex differences in 

reports of fatigue and sleep in cancer patients3, all analyses were stratified by sex. For 

descriptive purposes, neurocognitive, behavioral, and fatigue outcomes were transformed 

into age-adjusted Z-scores (mean=0, standard deviation=1.0) using national normative data. 

Sleep duration was kept on a continuous scale, while all other indices of sleep were treated 

as categorical variables. Mann-Whitney tests were conducted to identify measures that were 

statistically different between male and female survivors, adjusted for false discovery rate 

(FDR). Only those neurocognitive and behavioral measures on which group performance 

differed from normative samples or between sexes at P<0.05, adjusted for FDR, were 

included in subsequent analyses.

Associations among fatigue, sleep quality and neurocognitive and behavioral outcomes were 

evaluated using general linear modeling (GLM). As biomarkers often display a threshold 

effect, biomarker levels were rank-ordered into tertiles based on sample distribution of the 

cohort, stratified by sex. Neurocognitive, behavioral and fatigue scores were compared 

between survivors falling in the top tertile vs other tertiles using GLM. All statistical models 

were adjusted for current age and each outcome measure was analyzed separately using the 

raw score of the specific measure to avoid multi-collinearity. Chi-square was used to 

examine the proportion of survivors with versus without delayed sleep onset, frequent 

nighttime and premature awakening by tertile grouping.

Results

Survivors demographic and treatment characteristics are presented in Table 1. 

Neurocognitive performance fell below the population mean on measures of executive 

function, perceptual intelligence, attention, memory and processing speed (Supplementary 

Material 3). More parent-reported neurobehavioral symptoms were endorsed compared to 

population norms. Survivors self-reported more behavioral problems, as well as greater 

fatigue compared to the general population (Supplementary Material 3). Approximately two-

third of survivors reported delayed sleep onset while 30–40% had frequent nighttime and 

premature awakenings.

Fatigue and neurocognitive/behavioral outcomes

In females, higher levels of general fatigue were associated with poorer performance on 

cognitive flexibility, processing speed and multiple measures of attention (P’s<0.05; Table 

2). Higher cognitive fatigue was associated with more parent-reported neurobehavioral 

symptoms in females, as well as more self-reported inattention, hyperactivity, learning 
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problems and aggression (P’s<0.05). In males, higher fatigue was associated with more self-

reported inattention problems (P’s<0.05) (Table 2).

Sleep and neurocognitive/behavioral outcomes

Longer sleep duration was associated with poorer executive function in females (P’s<0.01)

(Figure 1). More frequent nighttime awakening was associated with more self-reported 

behavioral symptoms in females (Figure 2), and lower performance on cognitive flexibility 

(P=0.04) and processing speed (P<0.05) in males (Supplementary Material 4). Premature 

awakening was also associated with poorer processing speed (P’s<0.05) and abstract 

reasoning (P=0.003) in females (Supplementary Material 4). No association between sleep 

latency and neurocognitive or behavioral outcomes was found.

Biomarkers and functional outcomes

Distribution and descriptive data for each biomarker is presented in Supplementary Material 

5. Age was negatively correlated with TNF-α in both males (P=0.05) and females (P=0.009) 

(Supplementary Material 6). Body mass index was positively correlated with hsCRP and 

IL-6 for both male and female survivors. Body mass index (P=0.0009) and age (P=0.01) 

were correlated with OxLDL in females, but not in males.

Lower scores on cognitive flexibility, organization and visual-motor processing speed were 

observed in females with higher IL-6, IL-1β and hsCRP levels (P’s<0.05) (Figure 3). 

Females with high TNF-α also had worse organization (P=0.04) and abstract reasoning 

(P=0.02) (Supplementary Material 7). Higher IL-1β was associated with more self-reported 

behavioral symptoms (P’s<0.05), cognitive fatigue (P=0.002) and longer sleep duration 

(P<0.001) (Supplementary Material 7).

Males with high TNF-α demonstrated worse parent-reported organization skills (P=0.03), as 

well as more self-reported inattention (P=0.05) and learning problems (P=0.04; 

Supplementary Material 7).

Males with higher OxLDL displayed more parent-reported problems with initiation 

(P=0.04). No other associations between markers of oxidative stress and functional 

outcomes were identified in males and females (Supplementary Material 8).

We did not identify any associations between serum biomarkers and sleep latency, frequent 

nighttime and premature awakening for either males or females (Supplementary Material 9).

Discussion

This study explored the impact of sleep and fatigue on neurocognitive and behavioral 

outcomes among survivors of ALL treated on a chemotherapy-only protocol. Sex differences 

were observed for sleep, fatigue, neurocognitive and behavioral outcomes. Sleep and fatigue 

were associated with multiple neurocognitive measures in female survivors, but less so in 

male survivors. Females with high levels of hsCRP, IL-6 and IL-1β demonstrated worse 

neurocognitive and behavioral functioning. Higher levels of IL-1β were also associated with 

greater cognitive fatigue and longer sleep duration in females.
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Sex differences for fatigue, sleep duration and neurocognitive measures were somewhat 

surprising, and might be attributed to more prevalent self-reported symptoms of fatigue in 

females3. Previous studies have demonstrated the sex-specificity of late effects of cancer 

treatment11, particularly in neurocognitive function among cancer survivors12. The 

underlying mechanisms of neurocognitive impairment may differ by sex in cancer survivors, 

such that females may be more sensitive to the effects of fatigue and sleep disturbances than 

males. Current evidence in the literature has highlighted that distinct hormonal and physical 

changes at specific time points in the lifespans of males and females, such as puberty, may 

confer differential risk for sleep-related disorders and health outcomes.13 Since both sleep 

and fatigue are highly modifiable health outcomes, an approach targeted at sex-specific 

pathophysiology may have direct benefit on neurocognitive function in this population. For 

example, female survivors who exhibit sleep problems may be in greater need for preventive 

strategies, such as psychological and cognitive behavioral therapy, as well as education or 

information interventions to improve sleep hygiene.14,15

Contrary to hypotheses and prior studies linking sleep deprivation to poor functional 

outcomes, we found that longer sleep duration was associated with worse neurocognitive 

performance in cancer survivors. Similar results were also observed in a study that examined 

sleep problems in healthy urban adolescents16. Longer sleep duration does not necessarily 

reflect higher quality sleep but instead may serve as a marker of poor sleep efficiency16. In 

our study, longer sleep duration was associated with poorer executive functioning, cognitive 

abilities subserved by the frontal lobes. Recent experimental studies in healthy controls 

involving sleep quality and sleep fragmentation reported impaired performance on tasks of 

frontal lobe or executive function, including measures of verbal fluency, creativity and 

planning skills17,18. We have previously reported that chemotherapy exposure was 

associated with white matter abnormalities in the frontal brain regions of ALL survivors, 

suggesting that frontal brain regions and executive functions are more prone to long-term 

pathology2. Significant associations between sleep and neurocognitive function were 

observed more consistently in females but not males. To note, studies conducted on patients 

with traumatic brain injury also suggested that females may be more susceptible to the post-

injury sleep disturbances and fatigue than males19,20. Collectively, our results suggest that 

following treatment-related disruption of frontal lobe function, female survivors may be 

more sensitive than males to the effects of poor sleep quality on cognitive abilities subserved 

by frontal lobes.

Behavioral abnormalities are often observed in children and adolescents that demonstrate 

sleep problems21. In our study, female survivors who had frequent nighttime awakening 

reported more inattention and learning problems. Self-reported cognitive fatigue and general 

fatigue were also strongly associated with behavioral problems in both male and female 

survivors. Fatigue is commonly clustered with sleep and behavioral problems in childhood 

cancer survivors undergoing active chemotherapy 22, and may share a common 

pathophysiology that involves dysregulation in neurotransmitters such as dopamine, 

serotonin, and/or norepinephrine23. Within the general population, inadequate sleep may 

cause deleterious effects on cardiovascular, immune and various metabolic systems 24. These 

findings concur with current evidence that interventions improving survivors’ sleep quality 
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may improve their behavioral functioning and ameliorate health outcomes in cancer 

survivors25.

There is limited research that evaluates associations of biomarkers of inflammation and 

oxidative stress on neurocognitive function in survivors of childhood cancer. Our results 

suggest that survivors with higher levels of IL-6, IL-1β and CRP tended to have worse 

executive function and processing speed. Studies conducted in breast cancer survivors also 

found weak to moderate correlations between IL-1β, IL-6, TNF-α levels, and different 

degrees of cognitive impairment8. Higher baseline soluble tumor necrosis factor receptor 

type II in breast cancer patients treated with chemotherapy was significantly associated with 

increased self-reported memory complaints, while higher levels of TNF-α were associated 

with lower left hippocampal volume7,9.

We observed more consistent associations between inflammatory biomarkers and 

neurocognitive outcomes in female as compared to male survivors. There is mounting 

evidence in the literature that supports inflammatory mediators and immune cells as 

principle regulators of brain sexual differentiation, other than just neurotransmitters and sex 

hormones26. Acute and chronic stress can induce microglial cell mediated immune 

activation and inflammation in the brain, and recent studies have demonstrated sex 

differences in microglial density, function, and morphology in several brain regions27. Sex-

specific association of oxidative stress and inflammation is also observed in other vascular-

related diseases10. Since the levels of biomarkers were similar between males and females in 

our sample, it is plausible that female survivors of ALL may be more sensitive, with a lower 

physiologic threshold to the effects of chronic inflammation. Understanding the underlying 

pathophysiology of these sex-specific risks will facilitate potential application of sex-

specific interventions to avoid poor long-term adverse outcomes. To note, studies have 

shown the anti-inflammatory effects of intensive aerobic activity and strength training, as 

well as healthy diets that are high in anti-oxidants such as flavonoids and triterpenes, in 

survivors of cancer.28,29 Female survivors may benefit from intensive administration of these 

behavioral therapies to minimize the impact of chronic inflammation on health outcomes.

Relatively robust trends between hsCRP and multiple measures of executive function, 

processing speed and attention were observed. Being one of the most sensitive markers of 

low-grade inflammation, serum CRP is linked to cerebral microstructural integrity and 

cognitive function30,31. One study found higher CRP values to be associated with worse 

performance in executive function in a large cohort of elderly individuals 30. Elevated CRP 

is also a predictor of vascular injury and cardiovascular complications in the general 

population31. Whether lowering CRP can prevent cognitive decline and/or microstructural 

white matter alterations in long-term survivors of ALL needs to be addressed in future 

studies.

Higher IL-1β levels were associated with greater cognitive fatigue in female survivors. A 

meta-analysis revealed a positive correlation between general or physical fatigue and serum 

cytokine levels of IL-6 and IL-1 receptor antagonist in adult cancer patients 4. Cancer-

related fatigue is a multidimensional construct that includes physical, sleep-related and/or 

cognitive tiredness32; our data suggests that not all facets of fatigue may be equally sensitive 
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to changes in biomarkers. Multiple biologic processes can contribute to fatigue symptoms, 

including immune response, inflammation, metabolic and neuroendocrine function, 

hypothalamic–pituitary–adrenal (HPA) axis, and genetics23. Consistent with the literature 

that reported positive correlations between hours of sleep and circulating inflammatory 

markers33, survivors within the top tertiles of IL-1β and IL-6 also reported longer sleep 

duration. Increased serum cytokine levels are reported in cancer patients with dampened 

circadian rhythms, with disordered sleep inducing an increase in IL-6 and transforming 

growth factor-α34. These cytokines, termed nocturnal cytokines, affect the sleep-wake cycle, 

causing a disruption in the neuroendocrine control of cortisol release, resulting in further 

release of pro-inflammatory cytokines35. Our data, albeit preliminary, suggests that fatigue 

and sleep symptoms may be exacerbated by the impact of immune activation and disruption 

of circadian rhythms secondary to cancer treatment-related adrenocortical insufficiency.

Limitations should be considered in interpretation of these results. Our study sample size 

was relatively small and did not include an age-matched healthy comparison control group. 

However, our results are consistent with the robust literature that demonstrates associations 

among sleep, fatigue and neurocognitive performance in other diseased populations. Even 

though the proxy- or self- reported measures of sleep adopted in this study have been 

previously validated with objective sleep assessments36,37, the reporting style may be 

influenced by response bias, perceived stress or psychological distress of the rater. The use 

of subjective measures also did not permit us to explore other sleep-related disorders such as 

obstructive sleep apnea. Findings from this study should be validated in larger prospective 

studies with the use of more objective sleep quality measures (e.g., polysomnography and 

actigraphy). We identified associations between inflammatory biomarkers and body mass 

index, implying that physical activity and diet may affect the inflammatory and oxidative 

stress status in survivors. However, these lifestyle data were not collected in this current 

report and should be investigated in future studies. Lastly, the dosages and schedule of 

chemotherapy utilized in this study is different from those conducted at other institutions 

(e.g., COG protocols). However, the current results should be generalizable as the specific 

chemotherapeutic agents (e.g. methotrexate, corticosteroids, etc.) are similar to those used in 

other protocols.

Conclusions

Our results support the contribution of poor sleep and fatigue to neurocognitive impairment 

and behavioral symptoms in adolescent survivors of childhood ALL, and suggest that 

systemic inflammation may be one of the critical pathophysiological basis linking these 

functions. Female survivors appear particularly sensitive to the adverse effects of sleep, 

fatigue and systemic inflammation. Future research should investigate whether the effect of 

sleep and fatigue on brain structural and functional outcomes may be mediated by the 

response and reactivity to chronic stress, as well as to evaluate the beneficial effect of 

pharmacological and lifestyle interventions on reducing systemic inflammation and 

improving neurocognitive function as well as sleep in survivors of childhood cancer.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Association between Sleep Duration and Executive Function
Longer duration of sleep was associated with worse executive function in female survivors 

but less consistently in male survivors. Associations between sleep duration and other 

neurocognitive/behavioral measures are presented in Supplementary Material 4.

A: Cognitive flexibility (Males: r=−0.47, P=0.01; Females: r=0.68, P<0.0001);

B: Verbal fluency (Males: r=0.08, P=0.68; Females: r=−0.50, P=0.004).

C: Organization (Males: r=−0.04, P=0.83; Females: r=−0.47, P=0.01).
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Figure 2. Association between Frequent Nighttime Awakening and Behavior in Female Survivors
Female survivors who reported frequent nighttime awakening displayed more behavioral 

symptoms than those who did not, in (A) inattention, P=0.01; (B) hyperactivity/impulsivity, 

P=0.03; (C) learning problems, P=0.01; (D) defiance/aggression, P=0.04. Such associations 

were not observed in male survivors; associations between sleep variables and other 

neurocognitive/behavioral measures are presented in Supplementary Material 4.
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Figure 3. Association between Inflammatory Biomarkers and Executive Function/Processing 
Speed in Female Survivors
Comparison of each executive function/processing speed measure was conducted between 

female survivors within the top tertile, versus those within other tertiles, for IL-6 (A), IL-1β 
(B) and CRP (C). Female survivors within the top tertile demonstrated worse performance 

on multiple measures of executive function and processing speed, as compared to those 

within other tertiles. Associations between inflammatory biomarkers and other 

neurocognitive/behavioral measures are presented in Supplementary Material 7.
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