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Background: Increasing attention has been dedicated to investigate modifiable risk
factors of late effects in survivors of childhood cancer. This study aims to evaluate
neurocognitive and behavioral functioning in a relatively young cohort of survivors of
childhood acute lymphoblastic leukemia (ALL) in Hong Kong, and to identify clinical and
socio-environmental factors associated with these outcomes.

Methods: This analysis included 152 survivors of childhood ALL who were ≥5 years post-
diagnosis (52% male, mean [SD] age 23.5[7.2] years at evaluation, 17.2[7.6] years post-
diagnosis). Survivors completed performance-based neurocognitive tests, and reported
their emotional and behavioral symptoms using the Child/Adult Behavior Checklist. Socio-
environmental variables (living space, fatigue, physical activity, family functioning, and
academic stress) were self-reported using validated questionnaires. Clinical variables and
chronic health conditions were extracted from medical charts. Multivariable linear
modeling was conducted to test identify factors associated with neurocognitive/
behavioral outcomes, adjusting for current age, sex, age at diagnosis and cranial
radiation. An exploratory mediation analysis was performed to examine the mediating
effects of risk factors on neurocognitive and behavioral outcomes.

Results: As compared to population norms, a minority of survivors developed mild-
moderate impairment in motor processing speed (36.2%), memory (9.2%) and attention
measures (4.0%-10.5%). Survivors also reported attention problems (12.5%), sluggish
cognitive tempo (23.7%) and internalizing (depressive, anxiety and somatic symptoms)
problems (17.1%). A minority of survivors developed mild-moderate treatment-related
chronic conditions (n=37, 24.3%). As compared to survivors without chronic conditions,
survivors with chronic conditions had more executive dysfunction (B=5.09, standard error
[SE]=2.05; P=0.014) and reported more attention problems (B=5.73, SE=1.43;
P<0.0001). Fatigue and poor family functioning was associated with multiple measures
of behavior problems (all P<0.001). A lower level of physical activity was correlated with
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more self-reported symptoms of inattention (B= -1.12, SE=0.38, P=0.004) and sluggish
cognitive tempo (B=-1.22, SE=0.41, P=0.003). Exploratory analysis showed that chronic
health conditions were associated with behavioral measures through fatigue as the mediator.

Conclusion: The majority of young Chinese survivors of ALL had normal cognitive and
behavioral function. Regular monitoring of behavioral function should be performed on
survivors who develop treatment-related chronic conditions. Health behavior and socio-
environment factors may be potentially modifiable risk factors associated with health
outcomes in survivors.
Keywords: cognitive, function, behavior, childhood cancer, childhood acute lymphoblastic leukemia
(ALL), survivorship
INTRODUCTION

Improved treatment strategies for childhood acute lymphoblastic
leukemia (ALL) have yielded survival rates higher than 90% (1).
However, survivorship may be complicated by a myriad of
treatment-related adverse effects (2, 3). Most current survivors
of childhood ALL receive contemporary treatments that
eliminate the need for cranial radiation therapy (CRT). Still,
long-term survivors of childhood ALL who have been treated
with contemporary chemotherapy protocols exhibit mild to
moderate neurocognitive impairment (4, 5). The rates of
neurocognitive deficits affecting executive function, processing
speed and memory are threefold higher among survivors of
childhood ALL than the general population (4, 6–8). Survivors
also demonstrate behavioral and psychological problems (9–11),
as well as worse academic performance (12, 13).

The association of central nervous system (CNS)-directed
therapies, such as high-dose methotrexate and intrathecal
chemotherapy, with worse neurocognitive outcomes in
survivors of childhood ALL is well established (4, 6–8, 14–16).
Leukoencephalopathy, sepsis and other acute toxicities that
occur during active treatment are predictive of structural
changes in the brain and subsequent deficits in functional
outcomes (9, 17–19). After treatment, aging survivors of
childhood cancer develop chronic health conditions, such as
cardiovascular, pulmonary and metabolic disorders, at higher
rates than those observed in age-matched non-cancer siblings
(20, 21). In addition to their associations with early mortality,
emerging studies of survivors have shown that these chronic
health problems are related to cognitive impairment and
psychosocial difficulties (15, 22–25).

To date, the majority of cognitive studies have involved
Western populations. However, a recent systematic review
identified 13 cognitive studies in survivors of childhood cancer
in Asian countries, and found that 10.0%–42.8% of survivors
demonstrated mild-to-moderate impairments in intelligence
(i.e., overall IQ) (26). Evidence obtained in a Western
population cannot be extrapolated to Asian survivors because
of genetic differences in responses to drug therapies and
susceptibilities to developing treatment-related chronic
toxicities (27). Ethnic and sociocultural factors may lead to
differential effects of treatments on cognitive processes in Asian
2

and Western survivors (28, 29). Cultural values and family
relationships may also shape psychosocial development (30).
However, few studies have systematically evaluated the
multifactorial aspects of cognitive and psychosocial outcomes
in Asian survivors of childhood cancer.

Notably, most research has focused on either disease- or
treatment-related factors as predictors of cognitive dysfunction.
Few studies have examined the mediating effects of socio-
environmental factors on the functional outcomes of survivors
(31). This is especially relevant in the Asian context, in which
great emphasis has been placed on ameliorating the adverse
health effects of an urban environment, such as sleep
disturbances, a sedentary lifestyle and academic stress, on
children and adolescents (26, 32). Particularly, poor
environmental factors and health behaviors may influence
poorer neurocognitive and behavioral functions, especially in
survivors who are already at risk of adverse health outcomes due
to the cancer and related treatment.

In Hong Kong, approximately 50 pediatric patients are
diagnosed with leukemia each year (33). The survival rate of
patients with childhood ALL in Hong Kong is comparable to
those in other developed countries, and more than 90% of
patients survive more than 5 years after diagnosis (34).
Currently, no studies have systematically characterized the
functional outcomes in this population. The objectives of this
study were to evaluate the prevalence of neurocognitive and
behavioral deficits, and to identify clinical and socio-
environmental factors associated with these outcomes in a
cohort of young Chinese survivors of childhood ALL. We also
included an exploratory objective to examine the mediating
effects of socio-environmental factors on neurocognitive and
behavioral outcomes in this population.
METHODS

Study Design
This was a prospective, cross-sectional study conducted at the
Long-term Follow-up (LTFU) Clinic of the Prince of Wales
Hospital in Hong Kong. This regional tertiary care public
hospital serves as a major hub providing LTFU care to
survivors of childhood cancer. This study was approved by the
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Joint Chinese University of Hong Kong – New Territories East
Cluster Clinical Research Ethics Committee. Written informed
consent and assent were obtained from all adult and pediatric
participants, respectively.

Study Population
Eligible participants were recruited through consecutive
sampling. Between June 2019 and June 2020, investigators
obtained the list of patients who were due for follow-up
consultation at the LTFU clinic, which typically occurred once
a week. Patients were then screened for eligibility using the in-
house electronic patient record system (Clinical Management
System [CMS]). All eligible patients who subsequently attended
the LTFU clinic were invited to participate in the study.

Survivors were eligible for the study if they (1) were at least 12
years old during the time of recruitment, (2) had been diagnosed
with ALL before the age of 18 years, and (3) had survived for at
least 5 years since diagnosis or had completed treatment at least 2
years previously. We excluded survivors who (1) had relapsed,
(2) developed secondary malignancies, (3) had any genetic
disorder or pre-existing condition associated with cognitive
impairment (e.g., Down syndrome), (4) were pregnant or
lactating or (5) had a history of traumatic brain injury.

Of the 192 survivors who were screened for eligibility, 175
fulfilled the inclusion criteria and were invited to participate in
the study (Supplement 2). Subsequently, 158 survivors
completed the assessments. After excluding 6 of those
survivors because of missing diagnosis or treatment protocol
information, the data of 152 survivors were analyzed (response
rate: 86.9%). The study cohort (Table 1) comprised 32 pediatric
survivors (mean age = 14.0, SD = 2.2 years) and 120 adult
survivors (mean age = 26.0, SD = 5.9 years). On average, they
were 17.2 (SD = 7.6) years post-cancer diagnosis, and 15.3 (SD =
11.2) years had elapsed since treatment (Table 1).

Previous Treatment Exposures
The treatment characteristics of the study cohort is presented in
Table 1. All survivors in Hong Kong were treated with childhood
ALL protocols (34) that were similar to the strategies adopted by
international pediatric oncology organizations. Based on the
clinical presentations of leukemia at diagnosis and evaluation
of minimal residual disease, the patients were stratified into
standard-risk, intermediate-risk, or high-risk protocols.
Protocols were divided into four major components: remission
induction block, consolidation block, maintenance block, and
CNS-directed treatment. A variety of cytotoxic drugs were
administered, which typically included intravenous (IV) high-
dose methotrexate (HDMTX, defined as a single-dose of more
than 1 g/m2 of methotrexate) with leucovorin rescue, intrathecal
chemotherapy injections (either methotrexate, or a combination
of methotrexate, hydrocortisone, and cytarabine), oral
dexamethasone pulses, anthracyclines, L-asparaginase,
cytarabine and cyclophosphamide. Children who were
stratified into the intermediate-risk/high-risk protocols
received longer duration of treatment with higher intensity of
Frontiers in Oncology | www.frontiersin.org 3
TABLE 1 | Clinical and Treatment Characteristics of Study Cohort (n=152).

Characteristics No. (%) Mean (SD)

Demographics and Clinical
Sex
Male 79 (52.0) –

Female 73 (48.0) –

Highest education (years) – 13.2 (3.3)
Age at diagnosis (years) – 6.3 (4.3)
Age at evaluation (years) – 23.5 (7.2)
≤ 18 32 (21.0) –

>18 – ≤30 93 (61.2) –

>30 27 (17.8) –

Time since diagnosis (years) – 17.2 (7.6)
5 – ≤10 27 (17.8) –

>10 – ≤15 35 (23.0) –

>15 – ≤20 44 (28.9) –

>20 46 (30.3) –

Time since completion of treatment (years) – 15.3 (11.2)
2 – ≤10 39 (25.6) –

>10 – ≤15 35 (23.0) –

>15 – ≤20 43 (28.3) –

>20 35 (23.0) –

Risk group
Standard risk 61 (40.1) –

Intermediate risk 67 (44.0) –

High risk 22 (14.1) –

Missing 2 (1.3) –

Treatment modality
Cranial radiation 32 (21.0) –

Chemotherapy-only protocol 120 (79.0) –

HSCT 4 (2.6) –

Chemotherapy
IV daunorubicin/doxorubicin* (mg/m2) – 194.4 (53.0)
IV high-dose methotrexate* (g/m2) – 14.2 (6.3)
8g/m2 56 (36.9) –

20 g/m2 96 (63.1) –

Intrathecal chemotherapy* (no. of injections) – 17.6 (4.1)
Chronic health conditions^
Any 37 (24.3) –

Cardiopulmonary 13 (8.6) –

Grade 1/2 (mild-moderate) 13 (8.6) –

Grade 3/4 (severe-life threatening) 0 –

Endocrine 7 (4.6) –

Grade 1/2 (mild-moderate) 7 (4.6) –

Grade 3/4 (severe-life threatening) 0 –

Metabolic 7 (4.6) –

Grade 1/2 (mild-moderate) 5 (3.3) –

Grade 3/4 (severe-life threatening) 2 (1.3) –

Neurology 10 (6.6) –

Grade 1/2 (mild-moderate) 9 (5.9) –

Grade 3/4 (severe-life threatening) 1 (0.6) –

Psychiatry 9 (5.9) –

Grade 1/2 (mild-moderate) 0 –

Grade 3/4 (severe-life threatening) 9 (5.9) –

Vision & Hearing 3 (2.0) –

Grade 1/2 (mild-moderate) 3 (2.0) –

Grade 3/4 (severe-life threatening) 0 –
April 2021 |
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HSCT, hematopoietic stem cell transplantation; IV, intravenous; SD, standard deviation.
*Cumulative doses of selected chemotherapy drugs were extracted from medical charts,
which were only available for 138 survivors. Cumulative doses for the remaining survivors
(n=14) were estimated based on the chemotherapy protocol they received. Total HDMTX
was also categorized as 8 g/m2 (4 cycles of 2 g/m2) of methotrexate versus 20 g/m2 (4
cycles of 5 g/m2).
^Conditions were graded for severity according to the National Cancer Institute’s
Common Terminology Criteria for Adverse Events (CTCAE version 4.03).
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HDMTX (4 cycles of 5g/m2 HDMTX in intermediate-risk/high-
risk protocols vs 4 cycles of 2g/m2 HDMTX in low-risk
protocols), intrathecal chemotherapy and dexamethasone, in
addition to other chemotherapeutic agents. A minority of
children in the intermediate-risk/high-risk arm, especially
those who were treated before 1995, received prophylactic CRT.

Study Outcomes
Neurocognitive function was assessed using a standardized
performance-based neurocognitive battery, which included: (1)
measures of attention (Continuous Performance Test-III [CPT-
III] variables: detectability, omissions, variability, hit reaction
time block change and hit reaction time inter-stimulus interval)
(35), (2) memory (Modified Taylor Complex Figure) (36), (3)
processing speed (Trail Making Test Part A [TMT-A] and
Grooved Pegboard) (37) and (4) executive function (Trail
Making Test Part B [TMT-B] and CPT-III variables:
commissions and preservations) (37). Detailed descriptions of
the study tools and sources of reference norms data are reported
in Supplement 1.

Behavioral functioning was evaluated using the Child
Behavior Checklist (CBCL) and Adult Behavior Checklist
(ABCL) for pediatric survivors (12 – 18 years of age) and adult
survivor (≥ 18 years of age), respectively (38). The syndrome
scales of the CBCL and ABCL were set as the primary behavioral
outcomes of interest in this study. The standardized scales
included attention problems, thought problems, internalizing
problems (consisting anxiety/depression, somatic complaints
and withdrawn behavior), externalizing problems (consisting
aggressive behavior, intrusive behavior and rule-breaking
behavior), obsessive-compulsive problems and sluggish
cognitive tempo. Traditional Chinese-language versions of the
ABCL and CBCL are available, and age- and gender-
standardized local norms have been established for the Hong
Kong context (39). The descriptions of ABCL/CBCL domains are
presented in Supplement 1.

All neurocognitive and behavioral measures were
transformed into age-adjusted T-scores (mean = 50; standard
deviation [SD] = 10) using references provided by the test
manuals or the published literature (Supplement 1). All T-
scores were scaled such that a higher score was indicative of
worse cognitive functioning or more severe problems. To
estimate the prevalence of impairments within the study
sample, impairment was defined as a score worse than 1.5
standard deviations of the age-adjusted T-score, a definition
that has been adopted by multiple studies involving childhood
cancer survivors in the literature (6, 10, 15, 18).

Clinical and Treatment Variables
Demographic and cancer-related information was abstracted
from the Clinical Management System (CMS), an electronic
health data repository of the public healthcare system in Hong
Kong. This database is considered a reliable data source for
epidemiological research in Hong Kong (40). The CMS includes
cancer-related variables (diagnoses, age at diagnosis, risk
stratification) and treatment-related variables (chemotherapy
drugs, cumulative doses, CRT).
Frontiers in Oncology | www.frontiersin.org 4
Information about chronic health conditions was collected
from the CMS and through patient/proxy interviews. The
severity of the conditions was graded according to the National
Cancer Institute’s Common Terminology Criteria for Adverse
Events (CTCAE version 4.03) (41), which defines the severity of
the health conditions as asymptomatic/mild symptoms (grade 1),
moderate symptoms requiring minimal interventions (grade 2),
severe/disabling symptoms requiring extensive interventions
(grade 3), and life-threatening conditions (grade 4). For this
study, the health conditions of interest were limited to the
cardiopulmonary, endocrine, metabolic, psychiatric,
neurological and hearing/vision systems, as these have been
associated with neurocognitive function in cancer survivors
(15, 22, 23, 25, 42). Only chronic health conditions with a
reported age of onset during or after the completion of cancer
treatment were included.

Socio-Environmental Variables
Family functioning was assessed using the Chinese Family
Assessment Instrument (CFAI) (43). The CFAI is a 33-item
tool that measures the domains of mutuality, communication
and cohesiveness, conflict and harmony, parental concern and
parental control. It has been validated within the general
population in Hong Kong, with satisfactory test–retest
reliability (Cronbach’s alpha = 0.96) (44). The item scores are
summed to yield total scores ranging from 33 to 165, and a
higher score represents poorer family functioning.

Physical activity was self-reported using the validated Chinese
University of Hong Kong: Physical Activity Rating for Children
and Youth (CUHK-PARCY) (45, 46), which uses an 10-point
scale to evaluate the level, intensity and frequency of physical
activity performed by children and adolescents. The scale ranges
from 0 to 10, with a higher rating indicating a more physically
active lifestyle.

The subjective fatigue level was assessed using the Pediatric
Quality of Life Inventory Multidimensional Fatigue Scale
(PedsQL MFS) (47, 48). This scale comprises 18 items that
evaluate the subjective sleep-rest fatigue, general fatigue and
cognitive fatigue. The PedsQL MFS has demonstrated good
internal consistency reliability, content validity and construct
validity in the Chinese pediatric and young adult population
(49). Each item is scored on a 100-point reverse Likert scale. A
lower score indicates more severe fatigue.

Academic stress in survivors who were still attending school was
assessed using the Education Stress Scale for Adolescents (ESSA).
The 16-item ESSA addresses five latent variables: pressure related to
studies, academic workload, concern about grades, self-expectation
and despondency (50). The ESSA has been culturally adapted and
validated in Chinese adolescents. The scale showed good internal
consistency (Cronbach’s alpha = 0.81) and test–retest reliability
(intraclass correlation coefficient = 0.78) in Chinese adolescents
(50). The total score ranged from 16 to 80, with a higher score
indicating greater academic stress.

Sample Size
The primary outcome of interest was a statistical difference in the
mean cognitive scores between survivors and reference norms
April 2021 | Volume 11 | Article 655669
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(mean = 50, SD = 10). At the inception of this study, there were
no studies that reported performance-based cognitive outcomes
in Asian survivors of childhood ALL. Hence, sample size
calculation was based Western survivors of childhood ALL
who received similar treatment regimens and neurocognitive
testing at follow-up (7). The mean differences in cognitive scores
between survivors and norms ranged from 0.25 to 2.3 SDs.
Conservatively, to detect a 0.25 SD difference in scores between
survivors and norms with a significance level a=0.05, the
required sample size was 126 survivors.

Statistical Analysis
The sample characteristics and outcomes measures are
summarized using descriptive statistics. As CRT is a well-
established predictor of brain outcomes in survivors of
childhood cancer (7, 15, 22), the clinical characteristics and
neurocognitive/behavioral outcomes are presented separately
for survivors who did and did not undergo CRT (CRT and
non-CRT groups, respectively). The Mann-Whitney U test and
Chisquare test were used to compare differences in
characteristics between CRT and non-CRT groups.

A one-sample t test was used to compare the survivors’
performance with population norms (T-score = 50). Only
measures on which the survivors differed from the normative
samples after correcting for false discovery rate (51), and
demonstrated an impairment rate of more than 5% were
included in subsequent analyses.

Multivariable general linear modeling (GLM) was used to
identify the factors associated with neurocognitive and
behavioral outcomes. The basic model included the current
age, sex, age at diagnosis and CRT status. Subsequently, other
independent variables of interest were added to the basic model
and analyzed separately to avoid multi-collinearity. The
following risk factors were determined a priori based on a
literature review (6, 7, 10, 13, 16, 18, 22, 23, 52–54): (1)
chronic health conditions; (2) treatment factors, including risk
stratification, the IV HDMTX dose (8 g/m2 vs 20 g/m2) and
number of intrathecal chemotherapy injections; and (3) socio-
environmental factors, including fatigue, living space (≤ 600 vs
> 600 square feet [55 m2]), family functioning, physical activity
and academic stress (only for current students). Unstandardized
point estimates (B) and standard errors (SE) were used to
quantify the effect size of the associations. Correction was not
conducted for multivariable analysis because the risk factors of
interest were identified a priori.

To address the exploratory objective, a Spearman’s
correlation test was conducted to test the relationships between
the socio-economic variables. Mediation analyses were
performed to examine the mediating effects of socio-
environmental factors on neurocognitive and behavioral
outcomes. To ensure that the model was meaningful and to
reduce redundancy, only variables that were significantly
associated with outcomes in the multivariable models and
those deemed to be conceptually relevant based on consensus
from the investigators were included in the mediation analyses.
Mediation pathways were tested using the PROCESS algorithm
for SPSS (55). Separate mediation models were run for each
Frontiers in Oncology | www.frontiersin.org 5
outcome measure. Survivors’ current age, sex, age at diagnosis
and CRT status were included as covariates within mediation
models. Unstandardized point estimates and bootstrapped 95%
CIs (BCCI) for the total indirect effect and specific indirect
pathways were estimated. Missing data were handled using
listwise deletion. All analyses were conducted using SPSS
version 26 (Chicago, SPSS Inc.). A P value <.05 was considered
statistically significant, and all statistical tests were two-sided.
RESULTS

Comparison Between CRT Group Versus
Non-CRT Group
A minority of survivors (n = 32, 21.1%) received CRT; the others
were treated with chemotherapy-only protocols (Supplement 3).
There were more male survivors in the CRT group than in the
non-CRT group (78.1% vs 45.0%, P <.001). On average, survivors
in the CRT group were older (30.8 [6.8] vs 21.5 [6.0] years,
P <.0001) and had survived for a longer time since diagnosis
(24.0 [7.9] vs 15.4 [6.4] years, P <.0001) than those in the non-
CRT group. The CRT group also had significantly higher
proportions of survivors who were diagnosed with an
endocrine (12.5% vs 2.5%, P = 0.016), metabolic (12.5% vs
2.5%, P = 0.016) or neurological (18.8% vs 3.3%, P = 0.002)
condition, compared with the non-CRT group.

Socio-Environmental Factors
The socio-environmental characteristics of the study cohort are
presented in Supplement 4. The mean CUHK-PARCY score
for physical activity was 6.0 (SD = 1.6, range 1 = 10), indicating
that survivors generally participated in moderate physical
activities for durations > 20 minutes once or twice per week.
The survivors’ self-reported fatigue score was 68.3 (SD = 14.8,
range = 34.7 – 100). The mean family functioning score was
68.1 (SD = 21.4, range = 33 – 172). A slight majority (n = 90,
59.2%) of the survivors resided in less than 600 square feet of
living space.

Neurocognitive and Behavioral Outcomes
Survivors performed more poorly than the reference norms on
measures of motor processing speed, memory, executive
function, and attention after correcting for false discovery rate
(all P values <.05; Figure 1). The mean scores of all cognitive
measures are presented in Supplement 5. A minority of
survivors demonstrated impairments in memory (9.2%), motor
processing speed (36.2%) and executive function on CPT
Commissions (8.5%) (Figure 1). The rates of impairment on
attention measures ranged from 4.0% to 10.5% (Figure 1).

Compared with the age- and sex-matched norms, the
survivors reported significantly more issues with all measures
of behavioral functioning (all P values <.001; Figure 2). The
mean scores of all behavioral measures are presented in
Supplement 5. On the syndrome scales, the proportions of
survivors who reported symptoms of inattention and
internalizing and externalizing problems ranged from 7.9% to
17.1%. Approximately a fifth of survivors reported thought
April 2021 | Volume 11 | Article 655669
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problems (17.8%), and nearly a quarter reported a sluggish
cognitive tempo (23.7%).

Survivors in the CRT group demonstrated worse cognitive
flexibility on TMT-B than those in the non-CRT group (mean
[SD] 60.7 [28.2] vs 48.9 [20.9], P = .050) (Supplement 6). The
CRT group reported more obsessive-compulsive problems
(P = 0.048) and anxiety problems (P = 0.015) than the non-
Frontiers in Oncology | www.frontiersin.org 6
CRT group (Supplement 6). There were no between-group
differences in the other neurocognitive and behavioral domain
scores. Descriptively, the impairment rates for internalizing
problems (31.3% vs 13.3%), externalizing problems (12.5% vs
6.7%) and obsessive-compulsive problems (18.8% vs 7.5%)
were almost twice as high in the CRT group as in the non-
CRT group.
FIGURE 1 | Neurocognitive Outcomes and Prevalence Rates of Impairment. CI, confidence interval; CPT, Conners Continuous Performance Test-III; GPB, Grooved
Pegboard; HRT, hit reaction time; ISI, inter-stimulus Intervals; MTCF, Modified Taylor Complex Figure; SD, standard deviation; TMT, Trail Making Test. All
neurocognitive measures were transformed into age-adjusted T-scores (mean = 50; standard deviation [SD] = 10) using references provided by the test manuals or
the published literature (Supplement 1). All T-scores were scaled such that a higher score was indicative of worse functioning. A one-sample t test was used to
compare the survivors’ performance with population norms (Dotted line; T-score = 50). * indicates statistical significance at P≦0.05 after correcting for false discovery
rate ** indicates statistical significance at P≦0.01 after correcting for false discovery rate To estimate the prevalence of impairments within the study sample,
impairment was defined as a score below the 1.5 standard deviation poorer than the age-adjusted T-scores of reference norms. Prevalence estimates are expressed
as proportion (%) and 95% confidence intervals.
FIGURE 2 | Behavioral Outcomes and Prevalence Rates of Impairment. CI, confidence interval; SD, standard deviation. All behavioral measures were transformed
into age-adjusted T-scores (mean = 50; standard deviation [SD] = 10) using references provided by the test manuals or the published literature (Supplement 1). All
T-scores were scaled such that a higher score was indicative of more problems. A one-sample t test was used to compare the survivors’ performance with
population norms (Dotted line: T-score = 50). * indicates statistical significance at P≦0.01 after correcting for false discovery rate. To estimate the prevalence of
impairments within the study sample, impairment was defined as a score below the 1.5 standard deviation poorer than the age-adjusted T-scores of reference
norms. Prevalence estimates are expressed as proportion (%) and 95% confidence intervals.
April 2021 | Volume 11 | Article 655669
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Factors Associated With Neurocognitive
Outcomes
After adjusting for sex, age at diagnosis, age at evaluation and
CRT status, multivariable analysis showed that survivors who
developed chronic health conditions had more executive
dysfunction than those who did not have any chronic
conditions (CPT commission: B = 5.09, SE = 2.05, P = .014)
(Table 2). Interestingly, higher number of intrathecal
chemotherapy injections was associated with a better
performance on executive function (CPT commission: B =
-0.024, SE = 0.09, P = .049, Table 2).

Survivors who resided in < 600 square feet of housing space
had worse performances in the domains of memory (B = 6.50,
SE = 2.88; P = .027) and motor processing speed (B = 4.75, SE =
2.21; P = .034) than survivors who resided in larger housing
spaces. Worse family functioning was associated with more
executive dysfunction (CPT commission: B = 0.07, SE = 0.04,
P = .049). No associations of neurocognitive outcomes with other
socio-environmental variables were observed.

Factors Associated With Behavioral
Outcomes
Compared with survivors without chronic health conditions,
those who developed chronic health conditions reported more
symptoms of inattention (B = 5.75, SE = 1.43, P <.0001) and
internalizing (B = 5.99, SE = 2.40, P = .014), externalizing
Frontiers in Oncology | www.frontiersin.org 7
problems (B = 4.62, SE = 2.16, P = .034), and sluggish
cognitive tempo (B = 5.34, SE = 1.56, P = .001; Table 3).
Survivors who were treated with a cumulative dose of 20 g/m2

of HDMTX had more externalizing problems than survivors
treated with 8 g/m2 of HDMTX (B = 5.31, SE = 2.36, P = .027).

Regarding the living environment, poorer family functioning
was strongly associated with all measures on the syndrome scales
(Table 3). Survivors who resided in < 600 square feet of housing
space were more likely to report internalizing problems (B =
4.06, SE = 1.99, P = .044) and a sluggish cognitive tempo (B =
2.89, SE = 1.31, P = .030) than survivors with larger
housing spaces.

A higher level of physical inactivity was correlated with more
self-reported symptoms of inattention (B = -1.12, SE = 0.38, P =
.004) and a sluggish cognitive tempo (B = -1.22, SE = 0.41, P =
.003; Table 3). Survivors who were more fatigued reported
significantly worse outcomes on all measures of the syndrome
scale (all P values <.0001). Among the subset of survivors who
were current students, academic stress was associated with
multiple domains of behavioral functioning (all P values <.05).

Exploratory Analysis
A positive correlation was also observed between physical
inactivity and fatigue (r = 0.34, P <.0001), and strong inter-
correlations were identified between fatigue, family functioning
and academic stress (Supplement 8).
TABLE 2 | Factors Associated with Neurocognitive Outcomes.

Risk factors* Motor processing
speed (Grooved

Pegboard)^

Memory (MTCF)^ Inattentiveness
(CPT Detectability)^

Inattentiveness (CPT
Commissions)^

Sustained attention (CPT
HRT block change)^

B SE P B SE P B SE P B SE P B SE P

Treatment factors
Risk group
Intermediate/high risk 0.96 2.4 0.68 1.19 3.2 0.71 2.39 1.77 0.18 0.62 1.59 0.70 0.97 1.76 0.58
Standard risk (referent) – – – – – – – – – – – – – – –

IV HDMTX Ɨ

20 g/m2 2.14 3.37 0.53 6.42 4.59 0.17 0.39 2.31 0.86 1.98 2.54 0.44 2.83 2.22 0.21
8 g/m2 (referent) – – – – – – – – – – – – – – –

IT chemotherapy (no. of injections) 0.005 0.34 0.98 0.14 0.47 0.75 0.20 0.25 0.43 -0.024 0.09 0.049 -0.039 0.02 0.052
Chronic health conditions
Any 4.94 2.75 0.074 7.87 3.98 0.051 2.94 2.01 0.14 5.09 2.05 0.014 -0.49 1.83 0.78
No (referent) – – – – – – – – – – – – – – –

Socio-environmental factors
Living space※

≤ 600 square feet 4.75 2.21 0.034 6.50 2.88 0.027 1.96 1.68 0.24 1.15 1.75 0.51 1.41 1.53 0.36
>600 square feet (referent) – – – – – – – – – – – – – – –

Family functioning^ 0.06 0.05 0.23 -0.09 0.06 0.16 0.04 0.04 0.34 0.07 0.04 0.049 -0.02 0.03 0.53
Physical activity# 0.49 0.75 0.52 0.83 0.95 0.38 -0.69 0.53 0.19 -1.05 0.55 0.059 0.08 0.48 0.85
Fatigue# -0.05 0.07 0.55 -0.14 0.09 0.14 -0.09 0.05 0.13 -0.11 0.05 0.070 0.06 0.05 0.20
Academic stress^,§ 0.10 0.16 0.53 0.09 0.21 0.65 -0.07 0.09 0.48 -0.04 0.11 0.72 0.15 0.11 0.17
April 2021 | V
olume 11
 | Article
B, unstandardized coefficient; CPT, Conners Continuous Performance Test; HDMTX, high-dose methotrexate; HRT, hit reaction time; IT, intrathecal; IV, intravenous; MTCF, Modified
Taylor Complex Figure; SE, standard error.
*All statistical models were adjusted for sex, age at diagnosis, age at evaluation and cranial irradiation. Only measures on which the survivors differed from the normative samples after
applying false discovery rate, and had an impairment rate of more than 5% (Figure 2) were examined for associations with risk factors. Boldface indicates statistical significance at P≦0.05.
^A higher value was indicative of worse functioning.
#A higher value was indicative of better functioning.
ƗTotal HDMTX categorized as 8 g/m2 (4 cycles of 2 g/m2) of methotrexate versus 20 g/m2 (4 cycles of 5 g/m2).
§Academic stress was evaluated in survivors who were still schooling.
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TABLE 3 | Factors Associated with Behavioral Outcomes.

Risk factors* Attention problems^ Thought problems^ Internalizing
problems^

Externalizing
problems^

Obsessive-
compulsive
problems^

Sluggish cognitive
tempo^

B SE P B SE P B SE P B SE P B SE P B SE P

Treatment factors
Risk group
Intermediate/
high risk

0.32 1.25 0.79 0.19 1.24 0.87 0.18 2.09 0.92 0.43 1.87 0.81 1.57 1.19 0.19 0.18 1.40 0.89

Standard risk
(referent)

– – – – – – – – – – – – – – – – – –

IV HDMTX Ɨ

20 g/m2 0.78 1.53 0.61 0.65 1.71 0.70 2.96 2.72 0.27 5.31 2.36 0.027 0.99 1.65 0.55 1.05 1.83 0.56
8 g/m2 (referent) – – – – – – – – – – – – – – – – – –

IT chemotherapy
(no. of injections)

0.002 0.01 0.89 0.005 0.01 0.73 -0.02 0.02 0.37 -0.04 0.01 0.042 -0.01 0.01 0.27 -0.015 0.01 0.35

Chronic health conditions
Any 5.73 1.43 <0.0001 3.05 1.53 0.048 5.99 2.40 0.014 4.62 2.16 0.034 1.12 1.43 0.43 5.34 1.56 0.001
No (referent) – – – – – – – – – – – – – – – – – –

Socio-environmental factors
Living space※

≤ 600 square feet 1.91 1.23 0.12 0.79 1.27 0.53 4.06 1.99 0.044 0.29 1.81 0.87 0.46 1.18 0.69 2.89 1.31 0.030
>600 square feet
(referent)

– – – – – – – – – – – – – – – – – –

Family
functioning^

0.14 0.03 <0.0001 0.15 0.03 <0.0001 0.29 0.04 <0.0001 0.23 0.04 <0.0001 0.13 0.03 <0.0001 0.15 0.03 <0.0001

Physical activity# -1.12 0.38 0.004 -0.87 0.39 0.030 -1.04 0.63 0.10 -0.71 0.57 0.21 -0.60 0.37 0.10 -1.22 0.41 0.003
Fatigue# -0.30 0.03 <0.0001 -0.28 0.04 <0.0001 -0.53 0.05 <0.0001 -0.38 0.05 <0.0001 -0.24 0.03 <0.0001 -0.35 0.03 <0.0001
Academic
stress^,§

0.21 0.08 0.017 0.16 0.09 0.08 0.49 0.13 <0.0001 0.38 0.11 0.002 0.19 0.08 0.028 0.19 0.09 0.044
Frontiers in Oncology
 | www.frontiersin.org
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B, unstandardized coefficient; HDMTX, high-dose methotrexate; IT, intrathecal; IV, intravenous; SE, standard error.
*All statistical models were adjusted for sex, age at diagnosis, age at evaluation and cranial radiation. Boldface indicates statistical significance at P≦0.05.
^A higher value was indicative of worse functioning. Refer to Supplement 2 on detailed explanation of specific behavioral domains.
#A higher value was indicative of better functioning.
ƗTotal HDMTX categorized as 8 g/m2 (4 cycles of 2 g/m2) of methotrexate versus 20 g/m2 (4 cycles of 5 g/m2).
§Academic stress was evaluated in survivors who were still schooling.
FIGURE 3 | Predicted Mediation Pathway (Exploratory Analysis). Predicted mediation pathway for association between chronic health conditions and behavioral
outcomes, via fatigue (A) and physical activity (B). Mediation analysis was run separately for each behavioral measure, controlling for sex, age at evaluation, age at
diagnosis and cranial radiation.
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Based on findings from the primary analyses and consensus
from the investigators, we explored the mediating effect of fatigue
on the relationship between chronic health conditions and self-
reported behavioral outcomes, adjusting for current age, age at
diagnosis and CRT status (Figure 3A). The analysis was then
repeated, replacing fatigue with physical activity as the mediator
(Figure 3B).

Chronic health conditions were significantly associated with
self-reported attention problems indirectly through fatigue (ß =
3.06, P = 0.007; total indirect effect ß = 3.12, 95% BCCI 1.27 –
5.81). Similar results were obtained for other behavioral
measures on the syndrome scales, except for thought problems
(Supplement 9). Physical activity was not identified as a
mediator between chronic health conditions and behavioral
outcomes. Unstandardized point estimates and 95% BCCIs for
the total indirect effect and specific indirect pathways are
summarized in Supplement 9.
DISCUSSION

This is one of the first studies to evaluate the neurocognitive and
behavioral outcomes of Chinese survivors of childhood ALL. A
minority of survivors (4.0% to 36.2%) demonstrated moderate
impairment on performance-based cognitive assessments across
the domains of attention, executive function, motor processing
speed and memory. Our results are consistent with those of studies
in which ALL survivors were shown to exhibit deficits in these
domains (4, 7, 26). Survivors reported more behavioral problems
relative to the population norms, particularly in the domains of
attention, a sluggish cognitive tempo and depressive symptoms.

Consistent with the literature (7, 15, 22), we found that the
CRT group displayed significantly worse memory performances
than the non-CRT group. The lack of differences in other
neurocognitive and behavioral scores between the CRT and
non-CRT survivors is probably due to the limited sample size
in the former group. However, the rates of deficits in
internalizing and emotional problems were descriptively higher
in the CRT group. Specifically, a third of the survivors in the CRT
group reported internalizing problems, such as depression,
anxiety and withdrawal behaviors. Brain injuries induced by
the cancer itself or by neurotoxic treatments, such as CRT, at an
early stage in life can severely affect critical periods of brain
development (7). Beyond the direct neurotoxic effect of CRT, the
effects of aging and CRT-associated chronic health conditions
may have contributed to the higher rates of functional
impairment in the CRT group (15, 22). Hence, our results are
consistent with well-established evidence indicating that
survivors exposed to CRT face the highest burden of morbidity
and require intensive cognitive and behavioral rehabilitation.

Fortunately, most contemporary international treatment
protocols for ALL have eliminated CRT. Collective evidence
from the literature on long-term survivors demonstrates the
probable cognitive-sparing effect of chemotherapy-based
protocols over CRT (4, 7, 8, 31, 56). However, survivors still
Frontiers in Oncology | www.frontiersin.org 9
suffer from apparent cognitive impairment due to the
administration of intensive chemotherapy.

Although methotrexate is an integral component of modern
ALL treatment regimen with known neurotoxic effects, we did
no t i d en t i f y a s i gn ifi c an t and con s i s t e n t do s e -
dependent relationship between HDMTX and long-term
outcomes. Possibly, the cumulative dose is a less sensitive
surrogate for drug exposure, as it may introduce errors of
measurement and compromise the accuracy of the results (6).
We also did not manage to account for the psychological effect of
leucovorin rescue in this retrospective study. Interestingly, the
use of IT chemotherapy was associated with better outcomes,
probably because IT chemotherapy is a common component of
contemporary treatment regimens and is typically associated
with better functional outcomes than traditional CRT-based
therapies in earlier eras. This probably explained why further
post-hoc analysis showed that the association between IT
chemotherapy and neurocognitive outcomes were no longer
significant when the analysis was conducted only within the
non-CRT group. Our future work will include the prospective
collection of plasma HDMTX exposure and leucovorin rescue
data as a more precise approach to identify the sources of long-
term neurocognitive outcomes.

The association of specific treatment exposures at an early
stage of life with health morbidities over time has been well
established in survivors of childhood cancer, particularly in CRT
survivors (20, 21). Our cohort of Chinese survivors was still
relatively young. Still, nearly a fifth of the non-CRT survivors had
developed clinical cardiopulmonary complications, psychiatric
disorders and other health conditions. Notably, these chronic
health conditions were associated with worse outcomes on
multiple self-reported behavioral measures, even after
accounting for CRT status. This finding is similar to those of
emerging studies that identified the contributions of chronic
health conditions resulting from childhood cancer therapies to
emotional distress and neurocognitive impairment (22, 23,
25). These observations have important clinical implications.
First, although the chronic health conditions in these survivors
may be irreversible, the timely treatment of late effects may help
to alleviate the psychological and behavioral symptoms. Hence,
our findings emphasize the importance of systematic screening
for chronic health conditions in survivors; to the best of our
knowledge, this is not commonly practiced at most institutions
in China (32). Second, the routine monitoring of psychological
symptoms in young survivors who have developed chronic
health conditions may facilitate the early identification of
behavioral problems before they develop into clinical
developmental problems and affect functional outcomes.

Our results offer valuable new insights regarding culturally
relevant socio-environmental factors that influence behavioral
functioning in Chinese survivors of ALL. We found that a
smaller living space was associated with worse memory and
motor processing speed performances on performance-based
measures. Poorer family functioning correlated with more self-
reported behavioral problems. General population studies have
shown that environmental characteristics, such as noise
April 2021 | Volume 11 | Article 655669
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pollution, overcrowding and housing problems, can affect
neurodevelopment in children (57–59). Although we did not
have data on the household size and living space per person, this
finding is still especially relevant to the context of Hong Kong,
where the type, area and size of housing are surrogate markers of
socio-economic status and access to quality healthcare (60, 61).
Also notable is that the assessments of survivors in this study
were conducted in 2019, during which Hong Kong was affected
by citywide social unrest. Increases in family conflicts and
emotional distress were reported during that period (62).
Similarly, academic stress is widespread in most Asian
societies, particularly in Chinese cultures (63, 64). From a
service perspective, our findings highlight the importance of
identifying these potentially modifiable risk factors and
developing culturally relevant preventive interventions (e.g.,
providing social support to improve the family environment,
mindfulness interventions to relieve academic stress) to improve
the clinical and psychosocial outcomes of survivors.

Consistent with the literature (54, 65), in our study, fatigue
was consistently associated with multiple measures of behavioral
functioning. The survivors’ self-reported fatigue score (mean =
68.3 points) corresponded to a mild-to-moderate level of fatigue,
based on the published thresholds in individuals with major
conditions (66, 67). Particularly, the results of our exploratory
pathway analysis support the mediating effect of fatigue on the
relationship between chronic health conditions and behavioral
outcomes. Although physical activity was not a significant
mediator of this relationship, it is strongly associated with both
fatigue and measures of behavior functioning. Taken together,
these preliminary findings complement the growing evidence in
the literature that supports the beneficial effects of physical
activity on mental health in cancer survivors (65, 68–70). From
a physiological perspective, neurobehavioral changes are closely
related to aging in the general population (71). Exercise may
potentially delay the onset of premature frailty and chronic
disease burdens and could lead to better psychosocial
outcomes in survivors (72, 73). From a psychological
perspective, certain types of sports promote teamwork and
self-efficacy. The emotional and educational influences of
physical activities may address specific externalizing problems
in adolescents, such as rule-breaking behaviors, aggression and
antisocial personality traits (74). For example, adventure-based
and family-centered physical activity programs have been shown
to reduce fatigue, depression and anxiety in survivors in both
domestic and international studies (68, 75, 76).

Our study has a few limitations. This single-center study
recruited survivors through non-probability sampling, which
may have been subject to sampling bias. However, a post-hoc
analysis did not identify major differences between participants
and non-participants, except for a marginal older age at follow-
up for the non-participant group (Supplement 10). The
population of childhood ALL survivors in Hong Kong is small
and we attempted to recruit every eligible survivor from
consecutive sampling at the LTFU clinic; this approach would
have established a reasonable sampling frame. While we
acknowledge that the treatment protocols represented in our
Frontiers in Oncology | www.frontiersin.org 10
study cohort are heterogeneous and span across 1990s to 2000s,
the treatment agents (except CRT) remain the backbone of
modern therapies for childhood ALL. The treatment strategies
across the eras are no different from protocols captured in
epidemiological studies of other countries (22, 77–81). By
including survivors who were treated in the earlier eras, our
cohort is representative of the growing population of aging
cancer survivors in the current health care system. We did not
include a control group of subjects without cancer for
comparison. However, the rates of impairment presented in
this study were based on reference norms (Chinese norms for
TMT-A, TMT-B and behavioral assessments), and our data do
suggest that the survivors demonstrated worse behavioral
outcomes relative to the general population. Although our
sample size was calculated a priori to detect differences in
cognitive outcomes between survivors and norms, it may not
be sufficiently powered to detect associations with multiple risk
factors. However, our findings are consistent with the robust
literature that identifies CRT, fatigue and chronic health
conditions as poor predictors of functioning. A minority of
survivors in our sample were diagnosed before 2000, or prior
to the implementation of computerized medical records, and
therefore had incomplete medical and treatment records. For
example, the total CRT doses and cumulative doses of most
chemotherapy drugs could not be calculated because of
incomplete documentation. Furthermore, a common source
bias might explain the strong associations between self-
reported behavioral outcomes and socio-environmental factors.

Future studies should include a more objective evaluation of
variables, such as actigraphy studies physical activity and sleep, as
well as culturally relevant measures of social attainment outcomes
(e.g. housing tenure, employment history, personal income level
etc.). Despite these limitations, this work serves as both a feasibility
study and a model with which to facilitate larger-scale research
that will validate our preliminary findings. To the best of our
knowledge, this is one of the largest studies to examine the long-
term neurocognitive and psychosocial outcomes of Chinese
survivors of childhood ALL. A multicenter study that involves
the prospective collection of outcome data and comparison with
an age- and sex- matched control group may also better reflect the
trajectories of functional outcomes in these Chinese survivors as
they advance from early to long-term survivorship.
CONCLUSION

Our findings suggest that the majority of young survivors of ALL
exhibit normal cognitive and behavioral function during the
early phase of survivorship. However, subgroups of survivors
who developed chronic health conditions or were exposed to
adverse socio-environmental conditions were found to be at risk
of developing poor functional outcomes. These individuals
require closer pre-emptive screening to identify behavioral and
cognitive problems before they develop into clinical
developmental conditions that could impair the survivors’
educational and occupational outcomes. We acknowledge that
April 2021 | Volume 11 | Article 655669
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it may not be possible to fully eliminate the neurotoxic effects of
chemotherapy. Nevertheless, survivors may benefit from
appropriate interventions to address modifiable risk factors,
such as the provision of social support to families and
interventions to encourage survivors to adopt a physically
active lifestyle. Our findings should be validated in a larger-
scale study that involves the prospective collection of outcome
data, as this would better reflect the trajectories of neurocognitive
and behavioral changes in survivors of childhood ALL in Hong
Kong. We also expect that multinational and collaborative trials
might facilitate comprehensive investigations of racial/ethnic-
specific outcomes and the associated risk factors.
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