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ABSTRACT
Childhood cancer and its treatment puts survivors at risk of low working memory 
capacity. Working memory represents a core cognitive function, which is crucial 
in daily life and academic tasks. The aim of this functional MRI (fMRI) study was to 
examine the working memory network of survivors of childhood cancer without 
central nervous system (CNS) involvement and its relation to cognitive perfor
mance. Thirty survivors (aged 7–16 years, ≥ 1 year after cancer treatment) and 30 
healthy controls performed a visuospatial working memory task during MRI, 
including a low- and a high-demand condition. Working memory performance 
was assessed using standardized tests outside the scanner. When cognitive 
demands increased, survivors performed worse than controls and showed 
evidence for slightly atypical working memory-related activation. The survivor 
group exhibited hyperactivation in the right-hemispheric superior parietal lobe 
(SPL) in the high- compared to the low-demand working memory condition, 
while maintaining their performance levels. Hyperactivation in the right SPL 
coincided with poorer working memory performance outside the scanner in 
survivors. Even in survivors of childhood cancer without CNS involvement, we find 
neural markers pointing toward late effects in the cerebral working memory 
network.

Abbreviations
fMRI: Functional magnetic resonance imaging; CNS: Central nervous system; 
MNI: Montreal Neurological Institute; SES: Socioeconomic status; SPL: 
Superior parietal lobe
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Introduction

The survival rates of children after cancer without the involvement of the CNS reach up to 90% in 
developed countries (Ward et al., 2019). This encouraging development, however, is accompanied by 
an increased number of children and adolescents suffering from cognitive late effects, particularly 
represented among others by low working memory capacity (Ashford et al., 2010; Cheung et al., 2016; 
Iyer, Balsamo, Bracken, & Kadan-Lottick, 2015; Krull et al., 2013; Robinson et al., 2010; Sleurs et al., 
2019; Stefancin et al., 2020). Working memory refers to the ability to hold and manipulate information 
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in one’s mind for a short time (Baddeley, 2012). Hence, working memory is particularly important for 
the development of reading (Nouwens, Groen, & Verhoeven, 2016) and arithmetic skills (Michel, 
Molitor, & Schneider, 2020; Raghubar, Barnes, & Hecht, 2010), and for educational achievement 
overall (Gathercole, Pickering, Knight, & Stegmann, 2004).

Along with reduced working memory capacity, survivors of cancers without CNS involvement have 
structural and functional brain alterations (Robinson et al., 2010; Sleurs et al., 2018, 2019; Stefancin et al., 
2020; Zhou, Zhuang, Lin, Michelson, & Zhang, 2020). These cerebral alterations are likely a consequence of 
the cytotoxicity of cancer treatments (e.g., chemotherapy, cranial irradiation) (Kesler, Gugel, Huston- 
Warren, & Watson, 2016). For example, childhood leukemia survivors exhibit decreased structural 
connectivity (Kesler et al., 2016), alterations in resting-state functional connectivity (Billiet et al., 2018), 
and reduced white and gray matter volumes (Zhou et al., 2020), whereas survivors of bone and soft tissue 
sarcoma show microstructural changes (Sleurs et al., 2018) and white matter damage (Sleurs et al., 2019). 
Furthermore, survivors without CNS involvement demonstrated higher working-memory related activa
tion in prefrontal (Robinson et al., 2010) and in parietal brain areas than healthy controls (Stefancin et al., 
2020). Earlier studies also showed that differences in network activation become more pronounced when 
the complexity of the task performed in a functional magnetic resonance imaging (fMRI) study increases 
(Arthursson et al., 2017; King, Na, & Mao, 2015; Robinson et al., 2010). These CNS alterations are 
consistently reported to be related to reduced working memory, poorer attention, and lower intelligence 
(Sleurs et al., 2018, 2019; Zhou et al., 2020). In survivors of cancer without CNS involvement few fMRI 
studies have so far been performed using a working memory task and investigating cognitive late effects 
(Robinson et al., 2010; Stefancin et al., 2020). fMRI is a method closely related to cognitive performance and 
thus can shed light on the neural underpinnings of low working memory capacity in childhood cancer 
survivors.

The timing of cancer and its treatment plays an important role in a child’s cognitive development 
(Anderson et al., 2010; Anderson, Spencer-Smith, & Wood, 2011; Krull et al., 2013). Younger age at 
diagnosis is related to lower cognitive functioning (Jacola et al., 2016; Jones & Pattwell, 2019; Mulhern 
& Palmer, 2003; Reddick et al., 2014) and to lower activation bilaterally in superior temporal and 
parietal cortices during an attentional task (Fellah et al., 2019). Brain development continues until 
young adulthood (Gogtay et al., 2004). Consequently, a young age at diagnosis means that cerebral 
development is disrupted during the early and hence more vulnerable stages of brain maturation 
(Anderson et al., 2011; Mulhern & Palmer, 2003).

The present study describes working memory-related neural activation in survivors of non-CNS 
childhood cancer and healthy controls. We hypothesized that the working memory network differs 
between survivors and controls and that the working memory-related neural activation is associated 
with working memory performance. We expected that the differences in neural activation become 
more pronounced in conditions with high cognitive demands (Arthursson et al., 2017; Chen, Wang, 
King, & Mao, 2016; King et al., 2015; Robinson et al., 2010). Further, younger age at diagnosis was 
expected to relate to lower working memory performance and stronger functional alterations.

Methods

This study was based on a subset of data collected within the framework of the Brainfit Study – 
a multidisciplinary, clinical trial examining the cognitive and neural characteristics of childhood cancer 
survivors and the efficacy of cognitive and physical training (Benzing et al., 2018, 2020). All data 
analyzed in the present study come from pre-training assessments, hence no study participant had yet 
received any form of intervention at the time of assessment. The Brainfit Study received approval from 
the local ethics committee (KEK) of Bern and Zurich, Switzerland (KEK BE 196/15; KEK ZH 
2015–0397; ICTRP NCT02749877) and was conducted between January 2017 and December 2018.
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Participants

Childhood cancer survivors
Inclusion criteria for the survivors were as follows: (a) age between 7 and 16 years, (b) diagnosed with 
cancer without CNS involvement (including secondary tumors, benign, and malignant tumors) within 
the past 10 years, and (c) termination of cancer treatment at least 12 months ago (i.e., treatment 
included either chemotherapy or radiation therapy, surgery was no necessity for inclusion). Exclusion 
criteria were: (a) unstable health status, (b) noncompliance with the study protocol or substance abuse, 
(c) inability to follow study procedures (e.g. language issues), and (d) braces, metal parts in the body, 
and pregnancy (making MRI scanning unsafe). Medical information on potentially eligible survivors 
was made available by the Swiss Childhood Cancer Registry. A total of 30 survivors of childhood 
cancer without CNS involvement were included in the analyses (for details on the recruitment and 
study participation process see Figure 1).

Healthy controls
Fifty-seven children and adolescents (age range 7–16 years), comparable to the survivor group in 
terms of age and sex, and with normal or corrected-to-normal hearing and vision were recruited. 
Recruitment was via flyers distributed in the neighborhood and posted on the hospital’s intranet. The 
reasons for exclusion were as follows: (a) history of neurological disease or cancer, (b) mental or 
chronic disorders, (c) developmental or other disorders (e.g., autism, attention deficit/hyperactivity 
disorder, learning disabilities), (d) noncompliance or substance abuse, (e) inability to follow study 
procedures, and (f) braces, metal parts in the body, and pregnancy (making MRI scanning unsafe). 
Data of 30 healthy controls were analyzed (for details see Figure 1).

Study procedure

Childhood cancer survivors and potentially eligible healthy controls received an information booklet 
by mail. This was followed by a standardized screening interview over the telephone to check that all 
the inclusion criteria were met. In accordance with the Code of Ethics of the World Medical 
Association (i.e., Declaration of Helsinki), informed written consent was obtained prior to participa
tion from the legal guardians and from survivors and controls over 14 years of age.

All the participants completed a cognitive assessment outside the scanner in the Division of 
Neuropediatrics, Development, and Rehabilitation at the Children’s University Hospital in Bern and 
performed a working memory fMRI task inside the scanner at the Department of Diagnostic and 
Interventional Neuroradiology at the University Hospital of Bern. Trained psychologists administered 
the assessments. All participants received careful instructions and some extra time to exercise the fMRI 
task prior to MRI scanning. Instructions and time to exercise lasted until the task was correctly 
understood and executed. The trained psychologist monitored in real time how the subjects answered 
on the task during the MRI, All of these endeavors ensured that all participants understood and 
performed the task correctly. Participants were reimbursed with a gift voucher, worth 20 Swiss francs, 
30 Swiss francs, and their travel costs were refunded.

Clinical measures outside the scanner

The socioeconomic status (SES) was measured using the German version of the Family Affluence Scale 
II (Boudreau & Poulin, 2008); composite scores can range from zero to nine, with higher scores 
indicating higher SES.

For the current study, the following cognitive measures outside the scanner were used: 1) fluid 
intelligence – Test of Nonverbal Intelligence, fourth edition (reliability r = .88) (Brown, Sherbenou, & 
Johnsen, 2010, p. 2) visuospatial working memory – block recall test, Working Memory Test Battery 
for Children (reliability r = .53) (Pickering & Gathercole, 2001, p. 3) verbal working memory – subtests 

DEVELOPMENTAL NEUROPSYCHOLOGY 251



number recall and word order, German version of the Kaufman Assessment Battery for 
Children, second edition (Melchers & Preuss, 2003). Raw scores were converted into age-dependent 
standard scores (Mean = 100, Standard deviation = 15) based on norms from the relevant test manuals.

������� �	� Flowchart of the recruitment and study participation process for the 30 survivors of childhood cancer without CNS 
involvement and the 30 age- and sex-controlled healthy peers.
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