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ABSTRACT
Long-term sequelae of cancer and its treatment render
childhood cancer (CC) survivors vulnerable to cognitive and
behavioural difficulties and likely affect their quality of life
(QoL). Our aim was to compare levels of cognition,
psychosocial functioning, and health-related QoL of CC
survivors to healthy controls and examine the associations
between these three domains. Seventy-eight CC survivors
(age range = 7–16 years,≥ one year since cancer treatment)
and 56 healthy controls were included. Cognition (i.e., fluid
intelligence, executive functions, memory, processing
speed, and selective attention), psychosocial functioning,
and health-related QoL were assessed using standardized
tests and questionnaires. The cognitive performance,
parent-reported psychosocial behaviour, and health-related
QoL of the CC survivors were within the normative range.
However, working memory was significantly poorer in
survivors than controls, and visuospatial working memory
below the normative range was more commonly observed
among survivors than among controls. Processing speed
significantly predicted survivors’ performance in executive
functions. Among survivors, greater peer problems were
significantly associated with poorer cognitive functions and
health-related QoL. Despite the evidence for good
intellectual functioning, which might point towards
adequate reserves, in some survivors, domain-specific
difficulties may emerge years after cancer relating to
psychosocial development and QoL.
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Introduction

As childhood cancer (CC) survival rates have been increasing considerably over
the past few decades, special attention has been paid to adverse late effects.
Even though cancer treatment protocols are continuously modified to reduce
long-term sequelae (Mucci & Torno, 2015), cognitive late effects are often
reported (Krull et al., 2018; van der Linden et al., 2020). Cognitive problems
likely affect psychosocial behaviour and health-related quality of life (Ehrhardt
et al., 2018; Tonning Olsson et al., 2020). For instance, 29% to 59% of long-
term survivors who have been treated for leukemia (Krull et al., 2013) and
approximately 15% to 85% of adult survivors of childhood brain tumours
demonstrate cognitive impairment (Brinkman et al., 2016). These variations in
the reported figures are attributable to differential definitions of cancer sub-
groups, impairment, and the cognitive domain of interest. One cognitive
domain that is substantially affected is executive functions (Cheung et al.,
2016; Ehrhardt et al., 2018; Krull et al., 2018).

Executive functions are a set of late-maturing cognitive processes such as
working memory, inhibition, and cognitive flexibility (Miyake et al., 2000).
These complex cognitive subdomains facilitate learning and the achievement
of control over one’s behaviours. An important issue within the field of child
neuropsychology is young patients’ risk for cognitive deficits in later years.
Specifically, their cognitive performance might decline with age because
cancer and its treatment might hinder their achievement of developmental
milestones (Anderson et al., 2011). This phenomenon is most prominent
within late-maturing cognitive domains such as executive functions, because
developmental milestones relating to executive functions occur quickly after
one another (Ewing-Cobbs et al., 2004). Hence, executive functions merit
special attention in examinations of the severity of late effects.

Executive functions play a critical role in the development of psychosocial
behaviour (e.g., social competence, emotional distress), which is often
affected in CC survivors (Ehrhardt et al., 2018; Hocking et al., 2015; Moyer
et al., 2012), and this likely affects their quality of life (Vetsch et al., 2018). Never-
theless, research on quality of life following CC has yielded inconclusive results.
Indeed, some studies have found that survivors’ health-related quality of life
tends to be worse than that of their healthy peers, whereas others have
found that they report comparable or even better health-related quality of
life than their healthy counterparts (Vetsch et al., 2018). Ehrhardt et al. (2018)
and Tonning Olsson et al. (2020) have examined the relationship between cog-
nition, psychosocial functioning, and quality of life in adult survivors of CC and
demonstrated that cognitive impairment is associated with lower social attain-
ment (e.g., educational attainment, unemployment) and poorer health-related
quality of life. The findings of Puhr et al. (2019) highlight that in particular
lower executive functioning is associated with poorer social outcome (e.g.,
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educational adjustments, government support) in young adults after childhood
cancer.

Cancer type, treatment modality, age at diagnosis, and the time elapsed since
cancer treatment have been suggested to play key roles in the severity of cog-
nitive late effects (Brinkman et al., 2016; Krull et al., 2013; Krull et al., 2018). For
instance, CC survivors with central nervous system (CNS) involvement demon-
strate cognitive impairment more commonly than CC survivors without CNS
involvement (Ellenberg et al., 2009; Krull et al., 2018). Cancer treatment (e.g.,
CNS radiation therapy, chemotherapy) can adversely affect the myelinization
process (Saykin et al., 2003), and children with a younger age at diagnosis are
at greater risk for cognitive dysfunction because cerebral development is par-
ticularly vulnerable in early childhood (Anderson et al., 2011; Kahalley et al.,
2013; Krull et al., 2018). It has been proposed that complex interactions
between different risk factors determine recovery (Anderson et al., 2011).

Some survivors experience difficulties in one domain or across multiple
domains (e.g., cognition, psychosocial behaviour, quality of life), but others
do not present with adverse late effects (Brinkman et al., 2016; Conklin et al.,
2012; Kesler et al., 2010; Krull et al., 2013; Krull et al., 2018). The cognitive
reserve model postulates that, after recovering from an illness, an individual’s
functional outcome will vary because of differences in cerebral (e.g., brain con-
nectivity, cerebral perfusion) and cognitive reserve capacities (e.g., cognitive
performance before diagnosis), thereby leading to different cognitive and psy-
chosocial outcomes and altered quality of life (Richards & Deary, 2005; Stern,
2009). Thus, according to the cognitive reserve model, even when the cancer
type and treatment modalities of two survivors are the same, good age-appro-
priate functional outcomes may be observed in one survivor but not in the other
(Stern, 2009). The cognitive reserve model considers the effects of risk factors on
functional outcomes (e.g., location of the brain tumour, age at diagnosis)
(Dennis et al., 2014; Stern, 2009).

Up to now, there are only few studies investigating late effects of childhood
cancer including a multi-view perspective on cognition, psychosocial function-
ing, and quality of life (Ehrhardt et al., 2018). We therefore adopted a holistic
approach by not only investigating cognition, psychosocial functioning, and
health-related quality of life on their own, but also the relationship between
these functional domains. Similar to the conventions of standard clinical practice,
multiple domains were examined and different perspectives on functional out-
comes were adopted because such an approach can yield more comprehensive
insights into functional outcomes (Anderson et al., 2019; Lidzba et al., 2019). This
approach also permits the assessment of a possible hierarchical cascade; in other
words, more elementary cognitive functions (e.g., attention, processing speed)
can influence more complex ones such as executive functions (Rose et al., 2008).

Thus, our primary objectivewas to investigate functional outcomes among CC
survivors by assessing their cognitive performance (especially executive
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functions), parent-reportedpsychosocial behaviour, andhealth-related quality of
life and the relationship between these domains. We expected a majority of CC
survivors to demonstrate good functional outcomes. In contrast, we expected
a limited number of survivors, especially those with CNS involvement, to demon-
strate domain-specific difficulties relative to healthy controls. We expected that
cognition, psychosocial functioning, and health-related quality of life likely
affect one another. Since processing speed is claimed to be a major determinant
underlying deficits in executive functions (Mulder et al., 2011), we expected pro-
cessing speed to predict performance on tests of executive functions. Our second
objective was to examine the impact of clinical risk factors on cognition. In
accordance with the cognitive reserve model (Dennis et al., 2014; Richards &
Deary, 2005; Stern, 2009), we considered clinical risk factors (i.e., CNS involve-
ment, radiation therapy, age at diagnosis, years elapsed since cancer treatment)
to be indicators of threat to the functional outcomes of survivors. We hypoth-
esized that clinical risk factors will negatively impact on cognitive outcomes.

Method

In this study, we analyzed the data that were collected as a part of the Brainfit
Study, which was a multidisciplinary clinical trial that aimed to examine the cog-
nitive and neural characteristics of CC survivors and the efficacy of a cognitive
and a physical training (Benzing et al., 2018, 2020). All the data analyzed in
this study included solely pre-training assessments, hence none of the study
participants received any form of intervention at the time of assessment. This
study was conducted between January 2017 and December 2018 and was
approved by the local ethics committee (KEK) of Bern and Zurich, Switzerland
(KEK BE 196/15; KEK ZH 2015–0397; ICTRP NCT02749877).

Participants

CC survivors
A total of 262 survivors treated at the Children’s University Hospital in Bern and
Zurich and registered in the Swiss Childhood Cancer Registry were successfully
contacted by mail and phone. Twenty survivors did not meet the inclusion cri-
teria at the time of recruitment (e.g., relapse and readmission for cancer treat-
ment, older than the age criterion), and 161 eligible survivors declined the
invitation to participate in the study (e.g., the travel distance to the study
location was too far, participation required too much effort, current health
status, a lack of interest).

Thus, we recruited 81 7–16-year-old CC survivors. Inclusion criteria for survi-
vors were: (a) diagnosed with cancer within the past 10 years involving cancer
with CNS involvement (i.e., brain tumour, spinal cord) or without CNS involve-
ment (i.e., the brain and spinal cord were not directly affected by cancer) and
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(b) the termination of treatment (i.e., surgery, chemotherapy, and/or radiation
therapy) was at least 12 months prior to participation. With regard to survivors
without CNS involvement, only thosewhohad undergone chemotherapy or radi-
ation therapy in addition to surgery (i.e., tumour removal) were included. Survi-
vors with secondary, benign, and malignant tumours were included. The
exclusion criteria were as follows: (a) an unstable health status, (b) noncompli-
ance or substance abuse, and (c) an inability to follow study procedures. After
data collection, the data of three survivors were excluded from analyses
(relapse: n = 1, noncompliance: n = 1, language problems: n = 1). Thus, the final
sample size was 78 (without CNS involvement: n = 61, with CNS involvement:
n = 17). For the comparability of demographic and clinical variables between par-
ticipating andnon-participatingCC survivors, see the supplementary information
(S1 – S4). Participating and non-participating CC survivors did not significantly
differ in terms of sex, age at diagnosis, treatment duration, and years elapsed
since cancer treatment (see Tables S1–S3). Frequencies of cancer types and treat-
ment modalities were largely comparable between participating and non-parti-
cipating CC survivors (see Table S4). 19% of the participating CC survivors
received a combination of surgery, chemo- and radiotherapy. In contrast, only
7% of the non-participating CC survivors received a combination of surgery,
chemo- and radiotherapy. Conversely, surgery only (11% versus 18%) and
surgery in combination with chemotherapy (24% versus 34%) was slightly less
represented by participating CC survivors than by non-participating survivors.

Healthy controls
We recruited 57 7–16-year-old children and adolescents who were comparable
to the group of CC survivors in terms of age and sex. They all had normal or cor-
rected-to-normal hearing and vision. The exclusion criteria were as follows: (a) a
chronic illness that can potentially influence development (e.g., birth deformity,
congenital heart defect, cerebral palsy, epilepsy), (b) medical problems that can
potentially influence development (e.g., encephalopathy, traumatic brain
injury), (c) developmental disorders (e.g., autism, attention deficit/hyperactivity
disorder), (d) mental disorders, (e) noncompliance or substance abuse, and (f) an
inability to follow study procedures. These controls were the siblings of the sur-
vivors (n = 2) or were recruited through recruitment advertisements, which were
posted on the hospital website and circulated within the neighbourhood. One
participant was excluded because he had a history of anorexia nervosa, which
was unknown to the examiners at the time of assessment. The data of the
remaining 56 controls were analyzed.

Procedure

Before administering the assessments, we sent an information letter and a study
information booklet to eligible participants and conducted a standardized
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screening interview over the telephone to ensure that the inclusion criteria were
met. All the participants and the legal guardians of participants who were
younger than 14 years of age provided written informed consent before they
responded to the assessments in accordance with the Code of Ethics of the
World Medical Association (i.e., Declaration of Helsinki).

The participants underwent a neuropsychological assessment that lasted for
1.5 h (including a break) at the Children’s Hospital in Bern or Zurich. The neurop-
sychological tests were administered by trained psychologists. The participants
and their caregivers also completed a set of standardized questionnaires. The
participants received 30 Swiss francs and a gift voucher, and their travel costs
were reimbursed.

Measures

Socioeconomic status (SES) was assessed using the German version of the
Family Affluence Scale II (Boudreau & Poulin, 2008). The composite score can
range from one to nine, and higher scores are indicative of a higher SES.

Cognitive performance tasks
Fluid intelligence was measured using the Test of Nonverbal Intelligence (Brown
et al., 2010). In accordance with the model that has been developed by Miyake
et al. (2000), we assessed the following executive functions: verbal working
memory using the number recall and word order subtests of the German
Version of the Kaufman Assessment Battery for Children (K-ABC II; Melchers &
Preuss, 2003), visuospatial working memory using the block recall subtest of
the Working Memory Test Battery for Children (Pickering & Gathercole, 2001),
inhibition, and cognitive flexibility using the color-word interference test of
the Delis-Kaplan Executive Function System (Delis et al., 2001). The completion
time and number of errors committed on the inhibition and cognitive flexibility
tasks were recorded. Furthermore, planning (assessed using the Rover subtest),
verbal memory (assessed using the Atlantis and Atlantis recall subtests of the K-
ABC II), selective attention (assessed using the cancellation subtest), and proces-
sing speed (assessed using the coding and symbol search subtests of the
German version of the Wechsler Intelligence Scale for Children, fourth edition
(Wechsler, 2003)) were assessed. The raw scores were transformed into standard
(M = 100, SD = 15) or scaled scores (M = 10, SD = 3) based on norms presented in
the respective test manuals.

Measures of psychosocial functioning and quality of life
Psychosocial behaviour was assessed using the German parent-report version of
the Strengths and Difficulties Questionnaire (Goodman, 1997). It yields a total
difficulties score (subscales: emotional problems, conduct problems, hyperactiv-
ity/inattention, peer problems) and includes a prosocial behaviour scale. Total
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scores can range from one to seven; four represents an average score, and
higher scores are indicative of greater difficulties. Health-related quality of life
was assessed using the German parent- and self-report versions of the Kidsc-
reen-10 Index (Ravens-Sieberer et al., 2014). Raw scores were transformed
into T-scores using existing norms for the Swiss population. Higher T-scores
are indicative of better health-related quality of life.

Missing value imputation

Using the predictive mean matching algorithm (five datasets), missing values
that were attributable to the following reasons were imputed based on all
the variables that were embedded within the dataset (Sterne et al., 2009): (a)
unavailable age norms, (b) unreturned questionnaires, or (c) non-evaluable
tests (e.g., because of difficulties in administration). Consequently, 7.8% of the
data points, classifiable as missing at random, were imputed. The pattern of
results remained the same, irrespective of whether the analyses were conducted
with or without imputed data. Thus, for all the analyses, the imputed data of 78
CC survivors and 56 controls were included.

Statistical analyses

All analyses were conducted using IBM SPSS (version 25.0). Based on the Maha-
lanobis distance (Fidell & Tabachnick, 2003), we ascertained that none of the
participants were probable multivariate outliers. For all the analyses, the signifi-
cance level was set at p < .05. Hedges’ g was computed to estimate effect size.

To address our primary objective, the first set of analyses was conducted to
compare CC survivors and controls, and the second set of analyses was con-
ducted to compare CC survivors with and without CNS involvement (subgroup
analyses). Because the group sizes were unequal, we did not conduct an
ANOVA. Comparing survivors against healthy peers guaranteed a comparison
control group uniformly tested across all outcome variables. Further, Pearson’s
chi-square test was used to examine group differences in sex distribution and
frequencies of cognitive performance below the normative range (i.e., scaled
score < 7; standard score < 85). To identify survivors at risk to show any altera-
tions in developmental pathways, i.e., cognitive difficulties, the cut-off value
of 1 SD below the normative mean was chosen (see Beauchamp et al. (2015)).
Group differences in the following continuous variables were examined using
independent-samples t-test: demographic variables (i.e., age and SES), clinical
risk factors (i.e., age at diagnosis, treatment duration, and years since cancer
treatment), and the scores yielded by the cognitive performance tests and stan-
dardized questionnaires. Two-tailed tests were conducted to examine group
differences in demographic and clinical variables and health-related quality of
life. Based on a review of the extensive literature on the sequelae of CC
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(Hocking et al., 2015; Krull et al., 2018), one-tailed tests were conducted to
examine the cognitive and psychosocial variables. Two-tailed Pearson’s corre-
lation analysis was conducted to examine the relationship between cognitive
performance and the scores that were yielded by the questionnaires among sur-
vivors and among controls. Additionally, forced-entry hierarchical multiple
regression analyses were conducted to examine the effects of processing
speed and CNS involvement on the executive functions of survivors. CNS invol-
vement was entered into the model in the first step, and processing speed was
entered in the second step.

To address our second objective, forced-entry hierarchical multiple
regression analyses were conducted. In the first step, CNS involvement
was entered into the model. In the second step, the clinical risk factors
(i.e., radiation treatment, age at diagnosis, and years elapsed since cancer
treatment) were entered as additional predictors. The cognitive domains
in which the two groups of survivors significantly differed, served as the
outcome variables.

Results

Differences between childhood cancer survivors and controls

The two groups were comparable in terms of age, sex, and SES (Table 1). The
clinical characteristics of the CC survivors are presented in the supplementary
information (Table S4).

The mean performance scores of the CC survivors and controls were within
the normative range across all the cognitive domains (Table 2). There were sig-
nificant group differences in executive functions (i.e., verbal and visuospatial
working memory, inhibition, and cognitive flexibility), verbal memory, selective
attention, and processing speed; specifically, the survivors performed worse
than the controls. Visuospatial working memory below the normative range
occurred in 19% of the CC survivors and was more commonly observed
among CC survivors than among the controls (x2 = 5.4, p = .022, d = 0.41). The
groups did not differ significantly in any of the other cognitive domains (see
Figure 1).

The mean parent-reported psychosocial behaviour and health-related quality
of life scores of the survivors and controls were within the normative range
(Table 3). However, the survivors obtained significantly higher total difficulties
scores than the controls. Specifically, there were significant group differences
in conduct problems, peer problems, and hyperactivity/inattention. The two
groups did not differ significantly in their health-related quality of life.

The severity of conduct, r(78) =−0.252, p = .029, and peer problems, r(78) =
−0.423, p < .0005, were negatively correlated with visuospatial working
memory performance among survivors. In survivors, the severity of peer
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Table 1. Demographic and clinical data.

Controls (n = 56) CC survivors (n = 78) CC subgroups (n = 78)

without CNS involvement
(n = 61)

with CNS involvement
(n = 17)

Mean (SD)
range

Mean (SD)
range t/ p

Mean (SD)
range

Mean (SD)
range t/ p

Age 11.49 (2.75)
7.0 – 16.2

11.23 (2.49)
7.3 – 16.7

0.58 .565 10.90 (2.32)
7.28 – 15.56

12.42 (2.80)
7.98 – 16.70

−2.29 .025*

Sex (female/male) 27/29 32/46 0.68 .408 25/36 7/10 < 0.01 .989
SES 6.84 (1.49)

4 – 9
6.6 (1.43)
2 – 9

0.77 .446 6.58 (1.60)
2 – 9

6.68 (1.77)
2 – 9

−0.2 .843

Age at diagnosis N/A 5.38 (3.13)
0.6 – 12.7

N/A N/A 4.94 (3.04)
0.67 – 12.74

6.95 (3.05)
0.57 – 12.13

2.4 .019*

Treatment duration N/A 1.34 (0.92)
0.0 – 3.6

N/A N/A 1.45 (0.84)
0.15 – 3.18

0.93 (1.09)
0.00 – 3.63

−2.13 .036*

Years since cancer treatment N/A 4.51 (2.04)
1.1 – 9.2

N/A N/A 4.50 (2.05)
1.13 – 9.15

4.55 (2.08)
1.11 – 7.48

0.08 .939

Note. Units of age, age at diagnosis, and treatment duration = years; N/A = not applicable; SD = standard deviation;
n = sample size; CC = childhood cancer; SES = socio-economic status: ranging from 1 to 9, with higher scores representing higher SES; t = t-value;
= chi-square; p = level of statistical significance, * < .05.
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problems was further negatively correlated with inhibition (completion time: r
(78) =−0.259, p = .028), cognitive flexibility (completion time: r(78) =−0.436, p
< .0005; errors: r(78) =−0.294, p = .009), processing speed (r(78) =−0.351, p

Table 2. Cognitive functions.
Controls
(n = 56)

CC survivors
(n = 78)

Mean (SD)
range

Mean (SD)
range t p Effect sizec

Fluid intelligencea 107.36 (12.22) 105.99 (11.69) 0.66 .291 0.10
85 – 132 82 – 136

Working memory verbala 101.8 (13.09) 96.47 (11.63) 2.48 .007* 0.44
78 –146 73 – 128

visuospatiala 108.28 (16.84) 100.48 (18.85) 2.45 .007* 0.43
73 – 140 56 – 145

Inhibition completion timeb 11.07 (2.44) 9.92 (2.86) 2.42 .008* 0.43
4 –15 1 – 15

errorsb 11.00 (2.19) 10.96 (2.21) 0.10 .460 0.02
3 – 14 3 – 14

Cognitive flexibility completion timeb 10.95 (2.61) 9.98 (2.83) 1.96 .025* 0.35
2 – 16 1 – 14

errorsb 10.83 (2.38) 10.56 (2.30) 0.65 .259 0.12
4 – 15 4 – 14

Planningb 12.57 (2.43) 11.99 (2.70) 1.29 .101 0.22
5 – 17 5 – 18

Verbal memoryb 12.55 (2.34) 11.72 (2.59) 1.92 .028* 0.33
8.5 – 17.5 5.0 – 17.5

Selective attentionb 10.81 (2.79) 9.67 (3.42) 2.04 .021* 0.36
5 – 16 1 – 18

Processing speeda 105.5 (12.37) 101.42 (16.10) 1.66 .007* 0.28
79 – 134 53 – 131

Note. CC = childhood cancer; N/A = not applicable; SD = standard deviation; n = sample size; t = t-value,
p = level of statistical significance, * < .05.
aStandard score (mean 100, SD 15)
bScaled score (mean 10, SD 3)
cg Hedges for continuous variables with unequal sample sizes

Figure 1. Percentage of childhood cancer (CC) survivors and controls with performance below
the normative range in cognitive domains. The dotted line indicates the cut-off of the percen-
tage of survivors expected to perform below the normative range according to the Gaussian
distribution.
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Table 3. Psychosocial functions and health-related quality of life.

Controls
(n = 56)

CC survivors
(n = 78)

CC subgroups

without CNS
involvement
(n = 61)

with CNS
involvement
(n = 17)

Mean (SD) Mean (SD) t p
Effect
sizec Mean (SD) Mean (SD) t p

Effect
sizec

Psychosocial behaviora

Total difficulty score 4.06 (0.30) 4.34 (0.71) −2.62 .005* 0.49 4.26 (0.76) 4.61 (0.91) −1.43 .078 0.44
Emotional problems 4.21 (0.49) 4.31 (0.63) −0.93 .178 0.17 4.26 (0.73) 4.48 (0.77) −1.05 .149 0.30
Conduct problems 4.20 (0.50) 4.40 (0.71) −1.75 .041* 0.32 4.37 (0.85) 4.48 (0.75) −0.54 .300 0.13
Hyperactivity/Inattention 4.10 (0.33) 4.31 (0.55) −1.88 .034* 0.45 4.24 (0.61) 4.54 (0.83) −1.32 .093 0.45
Peer problems 4.20 (0.49) 4.50 (0.79) −2.61 .005* 0.44 4.34 (0.66) 5.05 (1.20) −2.73 .003* 0.88
Prosocial behavior 4.18 (0.51) 4.16 (0.48) 0.13 .449 0.04 4.12 (0.42) 4.33 (0.62) −1.22 .113 0.45
Health-related quality of lifeb

Parent-reports 53.10 (9.95) 50.89 (10.84) 1.15 .246 0.21 51.80 (9.58) 47.61 (13.59) 1.3 .198 0.39
Self-reports 51.42 (12.35) 51.05 (12.48) 0.17 .87 0.03 52.41 (12.17) 46.18 (12.50) 1.57 .124 0.51

Note. CC = childhood cancer; SD = standard deviation; n = sample size; t= t-test; p = level of statistical significance, *< .05.
arange of entire scale: 1–7; 4 = average, > 5 = slightly raised, ≥ 6 raised
bT-values (mean 50, SD 10): higher values indicate higher quality of life
cg Hedges for variables with unequal sample sizes
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= .002), selective attention (r(78) =−0.327, p = .006), fluid intelligence (r(78) =
−0.226, p = .048), and parent reported health-related quality of life (r(78) =
−0.425, p < .0005). This indicates that the survivors who reported greater psy-
chosocial problems performed poorer on tasks measuring executive functions,
processing speed, selective attention, and fluid intelligence, and reported lower
quality of life. For the control group, none of these associations were significant
(for details on all correlational analyses and Bonferroni-corrected results, see
Table S5 in the supplementary information).

Differences between the two survivor subgroups

Survivors with and without CNS involvement were comparable in terms of sex,
SES, and years since cancer treatment. However, survivors with CNS involve-
ment were significantly older at the time of assessment and diagnosis and
had received treatments for shorter durations of time than their counterparts
without CNS involvement (Table 1).

There were significant subgroup differences in cognitive flexibility, verbal
memory, selective attention, and processing speed; specifically, survivors with
CNS involvement performed worse on the tests that measured these variables
(see Table 4). Performance below the normative range in cognitive flexibility
(completion time: x2 = 9.82, p = .002, d = 0.76; errors: x2 = 11.12, p = .001, d =
0.82), selective attention (x2 = 5.35, p = .021, d = 0.54), and processing speed
(x2 = 4.21, p = .040, d = 0.48) were more commonly observed among survivors
with CNS involvement. More specifically, depending on the cognitive domain,
a maximum of 35% and 16% of survivors with and without CNS involvement
demonstrated cognitive performance below the normative range, respectively
(Figure 2). The parents of survivors with CNS involvement reported greater
severity of peer problems than the parents of those without CNS involvement.
The two subgroups did not differ in their health-related quality of life (Table 3).

Impact of processing speed on the executive functions of survivors

The predictor CNS involvement explained 26.7% of the variance in cognitive
flexibility (completion time: F(1,76) = 24.3; p < .0005, β = – 3.35; p < .0005). Pro-
cessing speed significantly predicted performance on tests of all the subdo-
mains of executive functions (verbal working memory: β = 0.291, p < .0005;
visuospatial working memory: β = 0.407, p = .002; inhibition [completion
time]: β = 0.111, p < .0005; cognitive flexibility [completion time]: β = 0.083,
p < .0005). Processing speed and CNS involvement together accounted for
12.6% of the variance in verbal working memory (F(2,75) = 6.57, p = .002),
11.8% of the variance in visuospatial working memory (F(2,75) = 6.16, p
= .003), 37.2% of the variance in inhibition (completion time: F(2,75) = 23.45,
p < .0005), and 43.1% of the variance in cognitive flexibility (completion
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time: F(2,75) = 30.21, p < .0005). Consequently, processing speed explained an
additional 16.4% of the variance in the average time taken to complete the
cognitive flexibility task. With regard to accuracy (i.e., the number of errors
committed on the inhibition and cognitive flexibility tasks), processing
speed failed to emerge as a significant predictor. However, processing
speed and CNS involvement explained 5.7% of the variance in inhibition
errors (F(2,75) = 3.26, p = .043) and 11.8% of the variance in cognitive flexi-
bility errors (F(2,75) = 5.89, p = .004). For details, see supplementary infor-
mation (Table S6).

Impact of risk factors

Cerebral development is considered to be particularly vulnerable during the
first three years of life (Anderson et al., 2010; Gilmore et al., 2018). Therefore,
the following groups, which differed in their age at diagnosis, were com-
pared: < 3 years old at diagnosis (n = 23; M ± SD = 2.0 ± 0.1) and≥ 3 years
old at diagnosis (n = 55; M ± SD = 6.8 ± 0.4). Younger age at diagnosis signifi-
cantly predicted poorer verbal memory (β = 2.08, p = .001) but none of the

Table 4. Cognitive functions of childhood cancer subgroups.
CC survivors

without CNS
involvement
(n = 61)

with CNS
involvement
(n = 17)

Mean (SD)
range

Mean (SD)
range t/ F p

Effect
sizec

Fluid
intelligencea

106.82 (11.98) 103.00 (10.37) 1.2 .118 0.33
82 – 136 83 – 121

Working
memory

verbala 96.69 (11.80) 95.71 (11.31) 0.31 .380 0.08
75 – 128 73 – 111

visuospatiala 102.23 (17.94) 94.22 (21.19) 1.56 .059 0.43
56 – 145 56 – 131

Inhibition completion
timeb

10.20 (2.74) 8.92 (3.13) 1.61 .054 0.45
1 – 15 1 – 15

errorsb 11.16 (2.07) 10.21 (2.61) 1.57 .058 0.43
6 – 14 3 – 14

Cognitive
flexibility

completion
timeb

10.71 (2.07) 7.36 (3.61) 3.62 < .0005*
.001***

1.35
5 – 14 1 – 13

errorsb 10.92 (1.83) 9.28 (3.25) 1.95 .026* 0.74
6 – 14 4 – 15

Planningb 12.20 (2.52) 11.24 (3.25) 1.13 .136 0.36
5 – 18 5 – 15

Verbal memoryb 12.13 (2.49) 10.22 (2.43) 1.91 .003* 0.77
5 – 17.5 7 – 15.5

Selective
attentionb

10.07 (2.96) 8.24 (4.56) 1.99 .024* 0.55
4 – 17 1 – 18

Processing
speeda

103.97 (14.20) 92.29 (19.44) 2.75 .003* 0.76
65 – 131 53 – 126

Note. CC = Childhood cancer; SD = standard deviation; n = sample size; t = t-value
p = level of statistical significance, *< .05.
aStandard score (mean 100, SD 15)
bScaled score (mean 10, SD 3)
cg Hedges for continuous variables with unequal sample sizes
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other cognitive functions. CNS involvement and age at diagnosis together
explained 9.9% additional variance than the percentage of the variance
that was explained solely by CNS involvement. This increase in variance
was statistically significant (ΔF(3,73) = 4.05, p = .01). Thus, a total of 18.1% of
the variance in verbal memory was accounted for (F(4,73) = 5.23, p < .001).
Neither radiation treatment nor years since cancer treatment emerged as sig-
nificant predictors in addition to CNS involvement. Note that the clinical risk
factors (e.g., age at diagnosis, years since cancer treatment) are confounded.
Nevertheless, multicollinearity was assessed and was shown not to be an
issue for the present analysis. For details, see supplementary information
(Table S7).

Discussion

Cognitive and psychosocial functioning and health-related quality of life

This study examined the late effects of CC on cognitive performance, psychoso-
cial behaviour, and health-related quality of life. Beyond this, relations between
these domains were investigated. This holistic approach allowed us to adopt a
multi-view perspective on and between different functional domains. Conse-
quently, the results offer comprehensive insights into the long-term effects of
CC in children and adolescents and the results add to the existing research
on cognitive, psychosocial, and quality of life outcomes in adults after childhood
cancer (Ehrhardt et al., 2018).

Figure 2. Percentage of childhood cancer (CC) subgroups with performance below the norma-
tive range in cognitive domains. The dotted line indicates the cut-off of the percentage of sur-
vivors expected to perform below the normative range according to the Gaussian distribution.
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In this study, the cognitive and psychosocial functioning of the CC survivors
was poorer in a number of domains than that of healthy controls. However,
some of these group differences appear to emerge because of above average
performance of the control sample rather than below average performance of
survivors. The mean scores that the survivors obtained on all the measures of
cognitive and psychosocial functioning and quality of life fell within the norma-
tive range. It is important to acknowledge possible sampling bias in this study
whereby survivors with good outcomes may have been overrepresented.
Further, participants living close to the university hospital and those with
good family resources may have been more likely to participate. Additionally,
the good cognitive outcome of our CC survivor group likely represents the
high quality of medical care received during and after the cancer disease.
Thus, the generalizability of the results to the entire survivor population is
limited. Although group means were indicative of good functional outcomes,
some survivors, especially those with CNS involvement, demonstrated
domain-specific difficulties. Depending on the cognitive domain, a maximum
of 35% of the survivors with and without CNS involvement show cognitive per-
formance below the normative range. Based on the cognitive reserve model
(Richards & Deary, 2005; Stern, 2009), we conclude that a majority of the parti-
cipating survivors (i.e., 84–65%) possesses adequate cognitive reserve capacities
to compensate for the adverse effects of cancer and its treatment. Note, that 15–
16% are expected to fall below the normative range.

In this study, peer and conduct problems were more common among the
survivors than among healthy controls (Hocking et al., 2015; Mendoza et al.,
2019). Interestingly, our data confirm previous findings (Ehrhardt et al., 2018;
Hocking et al., 2015; Puhr et al., 2019; Tonning Olsson et al., 2020): executive
functions, processing speed, and fluid intelligence were correlated with peer
problems, and this was associated with poorer health-related quality of life in
CC survivors. This finding underscores the importance of good executive func-
tions and other cognitive functions for age-appropriate social behaviour and
good quality of life (Ehrhardt et al., 2018; Puhr et al., 2019; Tonning Olsson
et al., 2020; Wolfe et al., 2013). Our data extend the previous findings by Ehr-
hardt et al. (2018) on adult CC survivors for the first time in children and adoles-
cents. Everyday social situations place high demands on executive functions.
Specifically, interactions with peers and adaptive social behaviours necessitate
emotion regulation, social decision-making, and the retention andmanipulation
of information in short-term storage. Future research might be directed at inves-
tigating the mediating role of peer problems on cognitive functions.

Despite good intellectual functioning, the CC survivors demonstrated signifi-
cantly poorer performances on the tests of executive functions, verbal memory,
selective attention, and processing speed than the healthy controls, such as pre-
viously stated (Ellenberg et al., 2009; Krull et al., 2018; Peterson et al., 2019). The
largest group effects emerged for working memory, inhibition, and cognitive
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flexibility. This indicates that the effects of CC on cognitive functioning may
largely converge on the domains that necessitate higher-order cognitive pro-
cesses (Krull et al., 2018; Van Der Plas et al., 2018). The cognitive flexibility of sur-
vivors with CNS involvement was poorer than that of their counterparts without
CNS involvement and irrespective of whether completion time or the number of
errors served as the dependent variable, the effect sizes were large. This pattern
of results did not emerge for the other domains of executive functions. Thus,
when cognitive demands increase, subgroup differences become more pro-
nounced. In particular, CC and its treatment appear to affect the cognitive func-
tions that mature slowly and that are only about to be established at time of
diagnosis or during the later developmental stages (Anderson et al., 2011).

Nevertheless, consistent with past findings, the survivors who participated in
this study also demonstrated poorer performances in more elementary cogni-
tive processes such as processing speed and selective attention (Krull et al.,
2018; Van Der Plas et al., 2018). A considerable percentage of the variance in
the domain of executive functions was explained by processing speed. This
finding supports the hierarchical cascade hypothesis, which suggests that
more elementary cognitive functions (e.g., processing speed) influence
higher-order cognitive functions (i.e., executive functions) (Rose et al., 2008).
This finding might have practical relevance to school authorities; specifically,
schools should support children with disadvantages in the best possible
manner. Our data let us hypothesize that granting survivors additional time
to complete their tasks and examinations may attenuate the performance
gap between them and their peers.

Interestingly, the CC survivors and controls did not differ significantly in their
performance on the test of fluid intelligence. The cognitive pattern that
emerged in this study (i.e., normal fluid intelligence but domain-specific weak-
nesses) is not only consistent with past findings (Kahalley et al., 2013; Krull et al.,
2018) but also underscores the importance of thorough domain-specific diag-
nostics (Wegenschimmel et al., 2017). An intelligence quotient cannot ade-
quately portray a profile of the strengths and weaknesses of an individual.
Indeed, such information is of particular relevance to decisions about rehabilita-
tion and educational guidance (Kahalley et al., 2013; Wegenschimmel et al.,
2017). It should be noted, however, that data on intelligence might not be com-
parable among studies because of the different assessment approaches. We
assessed nonverbal intelligence using a single task (matrix reasoning), while
others often assess intelligence based on many cognitive tasks resulting in a
Full Scale IQ score (i.e., including vocabulary, working memory, processing
speed) (Iyer et al., 2015; Kahalley et al., 2013; Krull et al., 2013; Liu et al.,
2015). Interestingly, Wegenschimmel et al. (2017) showed that the Full Scale
IQ scores of pediatric cancer patients was associated with processing speed,
leading to underestimated general cognitive outcome in patients with low pro-
cessing speed. Likewise, our data present a strong influence of processing speed
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on complex cognitive functions, namely executive functions. It is recommended
that this point be kept in mind when comparing results on intelligence in CC
survivors across studies (Iyer et al., 2015; Kahalley et al., 2013; Krull et al.,
2013; Liu et al., 2015).

Although cognitive late effects were observed in specific cognitive domains,
the mean Kidscreen-10 Index scores that the survivors obtained were indicative
of relatively good health-related quality of life. This finding suggests that the
survivors were psychologically resilient and had adopted healthy coping strat-
egies to cope with their challenging experiences (Vetsch et al., 2018; Zebrack
& Zeltzer, 2003). Their outcome scores ranged from very weak (> 2 SD below
the mean) to very strong (> 2 SD above the mean; see for instance, Beauchamp
et al., 2015 for the classification of neuropsychological impairment). This sub-
stantial variance in cognitive outcomes might be attributable to individual
differences in cognitive and cerebral reserve capacities (Kesler et al., 2010;
Stern, 2009), which serve as a buffer against functional impairment (Richards
& Deary, 2005; Stern, 2009). The cognitive reserve model is consistent with
the observation that children are resilient against adverse effects such as
cancer and its treatment (Rutter, 2013). Resilience theory suggests that survivors
can be protected against adverse events by promoting successful adaptation to
their negative sequelae (Beauchamp & Yeates, 2019; Rutter, 2013). Both the cog-
nitive reserve model and resilience theory attribute the good outcomes
observed among clinical populations to brain plasticity, which facilitates the
adaptation of the CNS to changes in the external and internal milieu (e.g., hos-
pitalization, brain tumour, therapies, stress reaction (Anderson et al., 2011;
Dennis et al., 2014; Rutter, 2013)). This mechanism of CNS adaptation was illus-
trated by Kesler et al. (2010), who demonstrated the neural reorganization by
means of changes in the brain volumes of leukemia survivors. Further neuroima-
ging research is needed to enhance our understanding of the relationship
between cognitive reserve and cerebral reserve capacity.

Clinical risk factors

Our findings suggest that CNS involvement is a key risk factor that predicts cog-
nitive outcomes. However, our own research shows that cerebral alterations on
the level of resting-state functional networks are altered even in CC survivors
without CNS involvement (Spitzhüttl et al., 2020). Past studies have found
that age at diagnosis is linked to cognitive functioning (Mulhern & Palmer,
2003; Mulhern et al., 2004; Sands et al., 2001). Accordingly, age at diagnosis
(in addition to CNS involvement) predicted performance on tests of memory
but none of the other cognitive functions in this study. The present cross-sec-
tional findings suggest that brain development is more vulnerable to the
adverse effects of cancer and its treatment during the early stages of life (Ander-
son et al., 2011; Mulhern & Palmer, 2003). However, the development of
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different cognitive functions follow different trajectories. Thus, there may be
specific periods of vulnerability (Anderson et al., 2011), which determine the
effect of age at diagnosis on cognitive functions.

Limitations

Because of the relative rarity of CC, our sample was heterogeneous with regard
to cancer type, treatment protocols (i.e., treatment modality and intensity), age
at diagnosis, and years elapsed since cancer treatment – all these are clinical risk
factors claimed to impact on functional outcome (Brinkman et al., 2016; Krull
et al., 2013; Krull et al., 2018). For instance, classifying participants into sub-
groups based on treatment protocols or brain tumour localization (i.e., supra-
tentorial and infratentorial) will facilitate the disentanglement of the
contributions of clinical risk factors. However, this was not feasible in our
study because the size of the subgroups was small. Further, comparisons of
the two CC subgroups revealed significant differences in demographic and clini-
cal variables (i.e., age at assessment, age at diagnosis, and treatment duration). It
should be noted that exclusion criteria for healthy controls differed from exclu-
sion criteria for cancer survivors. The presence of chronic illnesses, medical pro-
blems, developmental and mental disorders may influence development and
thus might impact on CC survivors’ functional outcomes. Nevertheless, in
cancer survivors, chronic illnesses, medical problems, developmental or
mental disorders are not entirely independent from the cancer and its treat-
ment. Hence, excluding these survivors would be problematic itself and
might possibly reduce the representativeness of the survivor population. More-
over, many analyses were performed in the current study and thus the prob-
ability of false-positive results has to be considered. The literature shows that
p values are under recent criticism and meaningful differences between
groups should be identified by focusing on effect sizes, rather than interpreting
statistical significance on its own (e.g., Amrhein et al. (2019)).

Neuropsychological assessments are administered in controlled environ-
ments and therefore lack ecological validity. For instance, the selective attention
task requires the participant to pay attention for only two minutes; in contrast,
the school environment places greater attentional demands on students. Con-
sequently, we speculate that some of our participants may experience difficul-
ties in their everyday functioning (e.g., based on teacher reports) despite
obtaining good test scores. Indeed, our holistic approach (assessing late
effects on cognitive and psychosocial behaviour, and quality of life) was not
intended to be exhaustive, and it cannot comprehensively capture the entire
range of late effects that CC survivors may experience. Note, that, as indicated
by supplementary analyses, survivors who participated and survivors who
declined participation were comparable in terms of demographic and clinical
variables (S1 to S4).
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Future directions

In future studies aspects of family functioning (i.e., parenting styles, parental
support and parental mental health) may be integrated to investigate its
influence on cognition, psychosocial functioning, and quality of life after CC
cancer (see for instance Hocking et al. (2011)). Further, to unravel different
aspects relating to recovery over time, clinicians should be encouraged to
conduct long-term follow-ups, enabling close monitoring of developmental tra-
jectories after childhood cancer.

Conclusion

On average, the CC survivors demonstrated good outcomes not only in terms of
cognitive performance but also psychosocial functioning and health-related
quality of life. The present findings suggest good cognitive reserve and resilience
of children and adolescents who were diagnosed with and treated for cancer –
which is likely attributable to cerebral neuronal plasticity. However, there was
substantial variability in cognitive and psychosocial outcomes and the survivors
were more likely to perform below the normative range in specific cognitive
domains. Moreover, cognition and psychosocial behaviour are closely linked
and psychosocial outcome related to the survivor’s health-related quality of life.
Taken together, despite the evidence for good intellectual functioning, which
might point towards adequate reserves, in some survivors, domain-specific
difficulties may emerge years after cancer relating to psychosocial development
and quality of life. CC survivors constitute a vulnerable clinical population that
requires holistic monitoring even years after their cancer treatment and recovery
because cognitive and psychosocial difficulties may emerge only with the
passage of time. Therefore, cognitive rehabilitation programmes and educational
support should be provided when it is most needed to possibly enhance and/or
uphold the cognitive reserves and resilience of children and adolescents.
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