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ABSTRACT
Paediatric cancer survivors often suffer from cognitive long-
term difficulties. Consequently, strengthening cognition is of
major clinical relevance. This study investigated cerebral
changes in relation to cognition in non-brain tumour
paediatric cancer survivors after working memory or physical
training compared to a control group. Thirty-four children
(≥one-year post-treatment) either underwent eight weeks of
working memory training (n = 10), physical training (n = 11),
or a waiting period (n = 13). Cognition and MRI, including
arterial spin labelling and diffusion tensor imaging, were
assessed at three time points (baseline, post-training, and
three-month follow-up). Results show lower cerebral blood
flow immediately after working memory training (z =−2.073,
p = .038) and higher structural connectivity at the three-
month follow-up (z =−2.240, p = .025). No cerebral changes
occurred after physical training. Short-term changes in
cerebral blood flow correlated with short-term changes in
cognitive flexibility (r =−.667, p = .049), while long-term
changes in structural connectivity correlated with long-term
changes in working memory (r = .786, p = .021). Despite the
caution given when interpreting data from small samples,
this study suggests a link between working memory training
and neurophysiological changes. Further research is needed
to validate these findings.

ARTICLE HISTORY
Received 1 August 2023
Accepted 10 May 2024

KEYWORDS
Paediatric cancer survivors;
Working memory training;
Physical training; Cerebral
blood flow; Structural
connectivity

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives
License (http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way. The
terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or
with their consent.

CONTACT Everts Regula regula.everts@insel.ch Division of Neuropediatrics, Development and Rehabi-
litation, Department of Pediatrics, Inselspital, Inselspital, Freiburgstrasse 15, 3010 Bern, Switzerland

Supplemental data for this article can be accessed online at https://doi.org/10.1080/09602011.2024.2356294.

NEUROPSYCHOLOGICAL REHABILITATION
https://doi.org/10.1080/09602011.2024.2356294

http://crossmark.crossref.org/dialog/?doi=10.1080/09602011.2024.2356294&domain=pdf&date_stamp=2024-05-28
http://orcid.org/0000-0001-6556-3419
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:regula.everts@insel.ch
https://doi.org/10.1080/09602011.2024.2356294
http://www.tandfonline.com


Introduction

Due to early diagnosis and improved treatment approaches, long-term survival
rates for paediatric cancer survivors are 80% (Xu et al., 2016). However, this
promising improvement comes with an increased number of paediatric
cancer survivors suffering from adverse long-term effects, such as cognitive
difficulties (Krull et al., 2018). Cognitive long-term sequelae are associated
with impaired daily functioning and quality of life (Kunin-Batson et al., 2014).
In a previous cross-sectional study, our young Swiss paediatric cancer survivors
likewise revealed long-term cognitive difficulties (Siegwart et al., 2020). In
addition, paediatric cancer survivors reveal significant structural and functional
brain alterations (Kesler et al., 2021). Even non-brain tumour paediatric cancer
survivors present structural and functional brain alterations associated with cog-
nitive performance (Kesler et al., 2014; Siegwart et al., 2021; Spitzhüttl et al.,
2020; van der Plas et al., 2017). Brain alterations presumably emerge as a con-
sequence of cancer itself and the cytotoxic cancer treatments (Kesler et al.,
2016). Treatment-related factors such as cranial radiotherapy (Spiegler et al.,
2004) and high-dose chemotherapy (Sleurs et al., 2019) specifically contribute
to these changes. For instance, leukaemia patients receiving central nervous
system (CNS)-directed treatment face a higher risk for cognitive difficulties (Wil-
liams & Cole, 2021). However, it is important to note that even cancer treatment
that is not directed at the CNS can cause neural damage (Ahles & Saykin, 2007;
Sleurs et al., 2016).

Cancer and its treatment during childhood and adolescence disrupt brain
maturation processes such as angiogenesis, synaptic pruning, and myelination
(Gogtay et al., 2004; Ikonomidou, 2018). Because brain maturation is associated
with cognitive development, cerebral alterations due to cancer and its treat-
ment can impede the developmental trajectory of cognitive functions (Hearps
et al., 2017). Evidence-based and effective interventions are needed to counter-
act long-term cognitive sequelae in children and adolescents. Cognitive and
physical training programmes have been applied to foster cognitive functioning
in various children and adolescents with atypical development. Cogmed (Kling-
berg et al., 2005) is a cognitive training programme often used in clinical prac-
tice. The training focuses on strengthening the working memory capacity. It is
based on the assumption that through intensive and repeated training,
working memory but ideally also untrained cognitive functions can be
improved (near- and far-transfer effect; Sala & Gobet, 2020; Shipstead et al.,
2012). In paediatric survivors of brain tumour and leukaemia, studies have
found beneficial effects of Cogmed on cognitive functions (Conklin et al.,
2015, 2017; Hardy et al., 2013). A recent meta-analysis including typically devel-
oping children and an active control group reported a significant effect of
working memory training on cognitive skills directly related to the working
memory training (near transfer g = 0.47), whereas little to no evidence was
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found regarding far-transfer effects (g = 0.09; Sala & Gobet, 2020). These results
are in line with the conclusions of other meta-analyses on working memory
training in the healthy population (Aksayli et al., 2019; Melby-Lervåg et al.,
2016; Sala et al., 2019). Consequently, working memory training is repeatedly
being criticized because of its specificity and lack of generalizability (Kassai
et al., 2019; Melby-Lervåg & Hulme, 2013).

Physical training programmes are another promising strategy to support cog-
nitive development (Pesce et al., 2021). Studies have shown beneficial effects of
physical exercise on a range of cognitive functions in healthy children and ado-
lescents (Singh et al., 2019). Cognitively challenging physical exercises are
reported to particularly improve cognitive functions such as executive functions
(Pesce, 2012; Tomporowski & Pesce, 2019). Exergaming (i.e., active video gaming)
can be designed as physical training that fosters cognitive functions (Benzing &
Schmidt, 2018). Therefore, it is increasingly used to improve cognitive functions
in clinical-related settings (Stanmore et al., 2017). A very recent systematic review
meta-analysis on the effect of physical training on cognitive functions included
1277 individuals across 18 randomized controlled trials (RCT), all of whom were
affected by paediatric cancer (Bernal et al., 2023). The authors present moderate
evidence that, compared with control, physical activity and exercise improved
objective cognitive performance measures (five RCTs; Hedges’ g = 0.40) and
patient-reported measures of cognitive function (13 RCTs; Hedges’ g = 0.26). In
our previous study (Brainfit study; Benzing et al., 2018), we investigated the effec-
tiveness of the Cogmed and Exergame training in 69 paediatric cancer survivors
and revealed an improvement of the trained visual working memory after
Cogmed training (near transfer effect), but no training effects on cognitive func-
tions after the Exergame training (Benzing et al., 2020).

The literature suggests that cognitive and physical interventions might result
in structural and functional changes in the brain (Buschkuehl et al., 2012;
Hötting & Röder, 2013), which may transfer to behavioural changes. Cerebral
blood flow (CBF) is considered a crucial physiological marker for healthy brain
development and an important contributor to neurorehabilitation (Liu et al.,
2018; Wang & Licht, 2006). The development of CBF is known to undergo a
decrease during late childhood and early adolescence in healthy children
(Biagi et al., 2007; Liu et al., 2018). However, it likely follows atypical pathways
in non-brain tumour paediatric cancer survivors (Schuerch et al., 2023). CBF
was closely associated with long-term cognitive and motor functions in non-
brain tumour paediatric cancer survivors, with higher CBF relating to lower cog-
nitive and motor functions as presented in one of our previous cross-sectional
studies (Schuerch et al., 2023). Studies in healthy adults suggest that CBF
increases emerge after short and high-demanding cognitive trainings (as
additional executive control is needed to perform the task) whereas CBF
decreases occur after longer trainings when participants are able to perform
the task effortlessly (Buschkuehl et al., 2014; Schneiders et al., 2012). The

NEUROPSYCHOLOGICAL REHABILITATION 3



heightened activity during cognitive training may trigger changes in local blood
flow to meet the metabolic demands of active neurons, a phenomenon known
as neurovascular coupling (Bogorad et al., 2019). Furthermore, cognitive train-
ing could potentially impact blood vessel structure and function, enhancing
CBF in brain regions associated with the trained cognitive functions (Bogorad
et al., 2019). In addition, cognitive training might stimulate the release of neu-
rotransmitters and neurotrophic factors. These substances can influence blood
vessel dilation and promote angiogenesis, which could contribute to changes in
cerebral blood flow (Bogorad et al., 2019; Toda et al., 2009). To summarize,
changes in CBF might be one of the underlying cerebral mechanisms of cogni-
tive improvements after working memory training.

Not only working memory training but also physical training can entail
changes in CBF. The literature from healthy adults suggests that physical exer-
cise might lead to improved cognitive functions through changes in vasculari-
zation and CBF as indirectly measured with functional magnetic resonance
imaging (Hötting & Röder, 2013). Furthermore, a study assessing healthy
brain aging found a positive relationship between physical activity and CBF
(Boraxbekk et al., 2016). Chaddock-Heyman et al. (2016) proposed that the
results found in adults might also apply to children during cerebral develop-
ment. However, in patients with breast cancer, physical fitness was associated
with CBF, but physical training did not alter CBF (Koevoets et al., 2023).

In addition to CBF, white matter is a crucial component of cognitive and
physical training effects in the brain. White matter comprises neuronal fibres
with varying extents of myelination that enable signal transfer across brain
regions and is therefore important for intact brain functioning (Buyanova &
Arsalidou, 2021). Prior studies have shown increased structural connectivity
after two months of working memory training in young healthy adults (Caeyen-
berghs et al., 2016; Takeuchi et al., 2010). However, when examining the effect
of working memory training in extremely preterm-born children, Kelly et al.
(2020, 2021) found similar changes in white matter microstructure when com-
paring working memory training to an active control group. Hence, these two
studies showed a common structural connectivity increment in training and
control subjects, which yielded evidence against a specific effect of working
memory training with respect to white matter metrics. In a systematic review
of exercise trials in children with brain tumour, Sharma et al. (2021) propose
that exercise has a positive effect on volumetric or diffusion-based neuroima-
ging outcomes, as well as motor performance and cardiorespiratory fitness. Par-
ticularly, Riggs et al. (2017) revealed an increase in structural connectivity after
three months of exercise training in paediatric brain tumour survivors.

Based on the above findings we conclude that still little is known about train-
ing-related cerebral changes in non-brain tumour paediatric cancer survivors fol-
lowing cognitive or physical training. Therefore, the present study aims to
investigate the effects of working memory and physical training on CBF and
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structural connectivity in non-brain tumour paediatric cancer survivors. By doing
so, we hope to gain a better understanding of the underlying mechanisms of
training effects. Given the limited and partly inconsistent evidence about train-
ing-related cerebral changes in paediatric cancer survivors, we took an explora-
tory approach refraining from formulating directional hypotheses regarding the
cerebral changes following working memory or physical training. We hypoth-
esize that (a) an 8-week computerized working memory or physical training
will lead to short- and long-term changes in CBF and structural connectivity in
non-brain tumour paediatric cancer survivors and (b) training-related changes
in CBF and structural connectivity are related to cognitive changes.

Methods

Design and procedure

This longitudinal randomized controlled study reports on a subsample of the
Brainfit study, a clinical trial aiming to evaluate cognitive, motor, and neural
characteristics of paediatric cancer survivors and the behavioural and neural
effectiveness of working memory and physical training immediately after the
training and at three-month follow-up (for more details see Benzing et al.,
2018, 2020). The present analyses focused on the physiological correlates
before and after working memory or physical training, namely CBF and struc-
tural connectivity. The Brainfit study was approved by the local ethics commit-
tee (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 at the Children’s University Hospital, Inselspital, Bern. In accordance with
the Code of Ethics of the World Medical Association (Declaration of Helsinki),
legal guardians gave written informed consent and all participants provided
assent to participate. At baseline, immediately after the training or waiting
period, and at three-month follow-up, cognitive performance was assessed
and magnetic resonance imaging (MRI) was conducted (Figure 1). After baseline

Figure 1. Design of the Brainfit study.
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assessment, patients were randomized into either one of the intervention
groups or the waiting control group using SecuTrial by R.E. adopting the mini-
mization algorithm with age, sex, nonverbal IQ, study centre, and CNS involve-
ment of the cancer diagnosis as stratification factors. Blinding was implemented
for investigators conducting the assessments, but due to the nature of super-
vised intervention studies, double-blinding was not feasible. Furthermore,
patients remained blinded to the specific study hypotheses. For more infor-
mation about the main study, including enrolment and allocation, see
Benzing et al. (2018, 2020) and Figure S1.

Paediatric cancer survivors

Paediatric cancer survivors registered in the Swiss Childhood Cancer Registry
were recruited from the Children’s University Hospital Bern or Zurich, Switzer-
land. Inclusion criteria were: (a) diagnosed within the past ten years with
cancer (e.g., brain tumour, spinal cord, leukaemia), (b) cancer treatment termi-
nated at least 12 months prior to participation (to assess the long-term
effects of paediatric cancer), and (c) age between 7 and 16 years at the time
of the first assessment. Further, only patients with additional chemotherapy
or radiation therapy were included when cancer treatment comprised
surgery. Exclusion criteria were: (a) inability to cooperate with study procedures,
(b) any unstable health status, (c) substance abuse or noncompliance, and (d)
metal items in the body and pregnancy (MRI exclusion criteria). The present
study included a subsample of non-brain tumour paediatric cancer survivors
(brain and spinal cord were not directly affected by cancer itself) who had
undergone MRI in the framework of the Brainfit study (n = 34). Detailed
sample description as well as varying sample sizes for the time point compari-
sons (T1–T2 and T1–T3) are shown in Tables 1, S2, and S3.

Intervention

Following randomization, the interventions were set up at the participants’
homes. The first training session was carried out under the supervision of
specifically trained research assistants. The participants received weekly
phone calls from trained coaches throughout the training period. The partici-
pants’ parents or legal guardians provided supervision of the training sessions.
Group A and B (see Figure 1) underwent an eight-week training programme
with an individually adjusted difficulty level, with the goal to train three times
per week for 45 min. Group A trained the storage and processing of verbal
and visuospatial components taxing working memory capacity with a compu-
terized working memory training (Cogmed RM®; Klingberg et al., 2005). Group
B received a physical training (XBOX Kinects, Microsoft, Redmond, WA). The
so-called Exergame (Shape UP, Ubisoft, Montreal) included coordination
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exercises and dance-like activities that have been shown to be cognitively and
physically challenging. Group C served as a waiting control group and was pro-
vided with one of the two training programmes after completing the follow-up
study (please see Benzing et al. (2020) for further details on the interventions).
Groups A and B filled out training diaries throughout the training period, report-
ing how many training sessions they performed.

Assessments

Assessments took place at the University Hospital in Bern andwere conducted by
psychologists, postgraduate students, and study assistants under supervision.
After each assessment, participants were reimbursed for their travel expenses
and compensated with a gift voucher valued at 30 Swiss francs. Age and sex
were obtained from questionnaires. Weight and height were measured with a
scale and a tape rule. The BMI (kg/m2) was calculated based on weight and
height. Socioeconomic status was measured using the German version of the
Family Affluence Scale II (FAS; Boudreau & Poulin, 2009). Sum scores range
from zero to nine, with higher scores marking higher socioeconomic status.

Table 1. Demographics, medical characteristics, and training data at baseline (T1).
Waiting
(n = 13)
M (SD)
Range

Cogmed
(n = 10)
M (SD)
Range

Exergame
(n = 11)
M (SD)
Range H/χ2/U p

Demographic data
Age at T1a 10.75 (2.38) 10.81 (2.38) 11.62 (2.36) 0.952 .621

7.28–15.56 7.46–14.85 7.97–14.98
Sex (m/f) 9/4 5/5 5/6 1.565 .457
Handedness (r/l) 12/1 10/0 11/0 1.664 .435
BMI 18.50 (2.19) 19.37 (4.17) 17.74 (2.62) 1.124 .570

15.75–21.07 14.81–26.22 13.05–21.64
SES 6.69 (1.44) 6.10 (1.20) 6.60 (1.43) 0.960 .619

5–9 4–8 5–9
Nonverbal IQ 105.54 (10.24) 109.00 (13.92) 107.82 (11.24) 0.914 .633

91–126 82–126 94–129
Medical data
Age at diagnosisa 5.68 (3.56) 5.25 (3.64) 5.41 (3.47) 0.057 .972

1.25–12.74 0.67–11.39 1.60–12.03
Treatment durationa 1.57 (0.89) 1.55 (0.91) 1.52 (0.81) 0.054 .973

0.30–3.17 0.33–3.18 0.35–3.01
Time since treatmenta 3.50 (1.67) 4.01 (1.97) 4.68 (1.97) 2.424 .298

1.13–7.25 1.73–6.68 1.90–7.80
Training data
Time between T1 and T2b 13.92 (2.06) 13.10 (2.60) 13.09 (1.81) 1.331 .514

11–17 10–18 10–16
Time between T1 and T3b 27.42 (3.26) 24.78 (3.87) 26.22 (1.48) 3.223 .200

22–32 20–30 24–29
Training sessions n.a. 18.30 (5.46) 18.73 (9.24) 48 .621

9–25 5–30

Note: BMI = body mass index; SES = socioeconomic status ranging from 1 to 9, with higher scores representing
higher SES; M =mean; SD = standard deviation; n = sample size; m/f = male/female; r/l = right/left; U =Mann–
Whitney U test; H = Kruskal–Wallis H test; χ2 = chi-square test; p = level of statistical significance.

aTime in years.
bTime in weeks.

NEUROPSYCHOLOGICAL REHABILITATION 7



Handedness was classified according to the writing hand observed during the
neuropsychological assessment. Cancer type, age at diagnosis, type of treatment,
and treatment durationwere extracted from the Swiss ChildhoodCancer Registry
and checked using clinical records in case of missing data.

Cognitive assessment
Nonverbal IQ was assessed using the Test of Nonverbal Intelligence, fourth
edition (TONI-4; Brown et al., 2010; Ritter et al., 2011). Executive functions
were assessed based on the model of Anderson (2002): Visuospatial working
memory was assessed using the Block Recall subtest of the Working Memory
Test Battery for Children (WMTB-C; Gathercole et al., 2004; Pickering & Gather-
cole, 2001). Inhibition was measured with the third condition of the color-
word interference subtest (Stroop task) of the Delis-Kaplan Executive Function
System (D-KEFS; Delis et al., 2001). Cognitive flexibility was measured with the
fourth condition of the color-word interference subtest (Switching task) of the
D-KEFS (Delis et al., 2001). Planning was assessed using the Rover subtest of
the K-ABC II (Melchers & Preuß, 1991). Processing speed was evaluated with
the processing speed index generated from the subtests coding and symbol
search of the German version of the Wechsler Intelligence Scale for Children,
fourth edition (WISC-IV; Wechsler, 2003).

Neuroimaging

Image acquisition
The neuroimaging data was obtained at the Institute of Diagnostic and Inter-
ventional Neuroradiology at the University Hospital of Bern and the MR
images were acquired using a 3T whole-body MRI system (Magnetom Prisma,
Siemens Medical Systems, Erlangen, Germany) equipped with a 64-channel
head coil. A neuroradiologist evaluated all scans.

Structural imaging: T1-weighted structural imaging was conducted using a
3D T1 magnetization-prepared rapid gradient echo (MPRAGE) sequence with
the subsequent parameters: total acquisition time, TA = 4:33 min; repetition
time, TR = 1950 ms; echo time, TE = 2.19 ms; slices per slap = 176; field of
view, FoV = 256 mm× 256 mm; matrix dimension = 256 × 256; isovoxel resol-
ution = 1 mm3.

Arterial spin labelling: For the acquisition of the CBF, we adopted a pulsed
arterial spin labelling sequence with a FAIR (slice selective and nonslice selective
inversion pulse) labelling scheme combined with a QUIPSSII (saturation scheme)
module for bolus cut-off, as depicted in Wang et al. (2003). The subsequent par-
ameters were applied: total acquisition time, TA = 4:59 min, repetition time, TR
= 4600 ms, echo time TE = 16.18 ms, bolus duration = 800 ms, inversion time, TI
= 1500 ms, field of view, FoV = 192 mm× 192 mm, flip angle = 180°, voxel size =
1.5 × 1.5 × 3.0 mm. Additionally, a M0 image (TA = 2.16 min) for quantification
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purpose of CBF was recorded with TR = 8000 ms and inversion time TI =
7000 ms. All other parameters were unchanged.

Diffusion tensor imaging: To assess measures of white matter structural con-
nectivity, a spin-echo echo-planar 2D diffusion-weighted imaging (DWI) proto-
col was run (TA = 1:37 min, TR = 3200 ms, TE = 72 ms, isotropic voxel size = 2.2
mm3, FoV = 220 mm× 220 mm, 100 × 100 matrix, slice number = 54, pixel band-
width = 2084 Hz/pixel). Diffusion-sensitizing gradients were employed along N
= 12 non-collinear directions at b-values of b = 1300 s/mm2 (two averages, sep-
arately stored) and one b = image (one average) was acquired per slice.

Preprocessing and analyses
Arterial spin labelling: For the preprocessing, SPM12 and MATLAB (Version
R2019b; the MathWorks Inc., Natick, MA, USA) were used. Initially, the structural
and functional images were manually reoriented, setting the origin at the
anterior commissure. Afterward, the structural images underwent segmentation
into gray matter, white matter, and cerebrospinal fluid. Using the gray and white
matter images, the structural images were then skull-stripped. To address
motion artefacts, the raw pASL images were realigned. Subsequently, CBF
quantification was carried out using an in-house MATLAB script. The ASL tech-
nique allows for CBF estimation and a calibrated CBF measure was obtained by
solving a one-compartment-model (Buxton, 2005; Wang et al., 2003) with the
following equation:

CBF = (6000∗l(DM)eTI/T1)/(2a∗TI1∗M0).

The variables are as follows: blood/tissue water partition coefficient λ = 0.9 g/ml,
ΔM represents the difference signal (control − label), T1 = 1650 ms – the stan-
dard value recommended for arterial blood at 3T, labelling efficiency α = 0.85,
M0 refers to the equilibrium brain tissue magnetization, and the time constants
TI and TI1 (=bolus duration) are previously described. To compute whole-brain
CBF values, a threshold of 150 was set for the raw ASL images to exclude non-
brain contributions. Subsequently, the resulting CBF maps were co-registered to
the skull-stripped structural images and normalized to the MNI standard space.
Gaussian smoothing (6 × 6 × 6 mm³ Full-Width at Half-Maximum) was applied to
reduce inter-individual anatomical differences. To account for the partial
volume effect of brain perfusion, each CBF map was masked with the individual
normalized segmented gray matter structural image using a threshold of 0.7 to
create the gray matter mask. Region of interest (ROI) analyses were performed
using explicit masks of the working memory and motor network. The working
memory ROI was extracted from a mask based on visuospatial working
memory-related activation of our healthy control group during task-based
fMRI, as described in Siegwart et al. (2021), where a similar patient subsample
to this study was included. The motor ROI was adopted from Sharma and
Cohen (2012), as it includes non-primary motor areas (Steiner et al., 2021;
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extracted with the WFU Pickatlas; Version 3.0.5b; https://www.fmri.wfubmc.edu/
downloads). This motor ROI has been previously applied in our studies involving
paediatric samples (Schuerch et al., 2023; Steiner et al., 2021).

Diffusion tensor imaging: DTIprep (https://www.nitrc.org/projects/dtiprep/)
was used for preprocessing and quality check. A DTI diffusion scheme was
employed, capturing data from 12 diffusion sampling directions at a b-value of
1300 s/mm2. We acknowledge that a DTI sequence with a greater number of
diffusion directions could yield more comprehensive information. However,
due to time restrictions, we applied a short DTI sequence with only 12
diffusion directions. This compromise ensured participant comfort and compli-
ance, thereby enhancing the quality of our study. The acquired images had an
in-plane resolution and slice thickness of 2.2 mm. To ensure the accuracy of
the b-table, an automatic quality control routine (Schilling et al., 2019) with
additional visual inspectionwas performed. The diffusion data underwent recon-
struction in the MNI space utilizing q-space diffeomorphic reconstruction (Yeh &
Tseng, 2011), which generated the spin distribution function (Yeh et al., 2010). A
diffusion sampling length ratio of 1.25 was applied, resulting in an output resol-
ution of 2 mm isotropic. Restricted diffusion was quantified using restricted
diffusion imaging (Yeh et al., 2017). For fibre tracking, a deterministic algorithm
was employed (Yeh et al., 2013). Whole-brain seeding was implemented, with
randomly selected thresholds for anisotropy (from a range) and angular
threshold (ranging from 15 to 90 degrees). The step size was randomly selected
within a range of 0.5–1.5 voxels. To enhance the smoothness of fibre trajectories,
the propagation direction was averaged with a randomly selected percentage
(ranging from 0% to 95%). Tracts with lengths shorter than 30 mm or longer
than 400 mm were discarded. In total, 1’000,’000 seeds were placed. The brain
parcellation method known as HCP-MMP was utilized, and the connectivity
matrix was calculated using the ncount (connection normalized by the median
length) of the connecting tracts. Subsequently, the connectivity matrix and
graph theoretical analysis were performed using DSI Studio (http://dsi-studio.
labsolver.org). For statistical analyses, we used the median value of the connec-
tivity matrix ranging between zero and one and the number of tracts per thou-
sand [k].

Statistical analyses

The SPSS software (Version 28.0.1.1; IBM Corp., Armonk, NY, USA) was used for
statistical analysis. For data visualization, ggplot 2 package in R (Version 3.3.5;
Wickham, 2016) was used. The significance level was set to p < .05 (two-sided).
Cohen’s r was calculated as effect size with r = .10 small effect, r = .30 medium
effect, and r = .50 large effect (Cohen, 1988). Given the small sample size, non-
parametric tests were applied for all analyses. As our analyseswere of exploratory
nature, they were not corrected for multiple testing (Althouse, 2016). Group
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differences in demographics, medical, and training data were examined using
either Kruskal–Wallis H, Mann–Whitney U, or Pearson-Chi2 tests. To analyse poss-
ible training-related changes in CBF and structural connectivity, Wilcoxon-
signed-rank testswere used for all three groups separately. To assess associations
between cerebral changes and changes in outcome measures, Spearman’s rank
correlational analyses were calculated. We based our post-hoc correlational ana-
lyses on the significant changes (from theWilcoxon-signed-rank Tests) in CBF and
structural connectivity. Raw scores were used for the cognitive variables. Using
raw scores has the advantage of providing amore precise evaluationof individual
performance and greater variance within the group. To construct a composite
score of processing speed, raw scores of the respective subtests were trans-
formed into z-scores using the mean and standard deviation of our patient
sample. Change scores (relative deltas, Δ) were calculated by subtracting the
value of the baseline assessment (T1) either from the value immediately after
the training (T2) or from the follow-up (T3) and dividing it by the value of the
baseline assessment ((T2− T1)/T1 or (T3− T1)/T1). Relative deltas were created
for CBF, structural connectivity, and cognitive performance. We refrained from
conducting linear mixedmodels because we did not fulfil the necessary assump-
tions. To cancel out learning effects, we compared the relative deltas of the
Cogmed group and the Exergame group with the waiting control group. We
defined the comparison between the baseline assessment (T1) and the assess-
ment immediately after the training period (T2) as short-term effects. The com-
parison between the baseline assessment (T1) and the three-month follow-up
assessment (T3) was defined as long-term effects. Due to the small and clinically
heterogeneous training groups, the relationship between training-related cer-
ebral changes and cancer treatment, cancer type, and other clinical measures
was only analysed descriptively.

Results

Demographics, medical characteristics, and training data

The three groups were comparable regarding demographics, medical character-
istics, and training sessions (see Table 1). According to the training diaries, only
50% of the Cogmed group and only 54.5% of the Exergame group reached the
prescribed amount of at least 20 training sessions. Details on cancer type and
cancer treatment are presented in Table S1.

Changes in cognitive performance

Cognitive performance did not differ significantly at baseline (T1) between the
three groups. Due to small sample sizes, we compared the relative cognitive
change (relative deltas) of the Cogmed group and the Exergame group with
the waiting control group. After the Cogmed training, short- and long-term
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changes in visuospatial working memory were significantly more pronounced
than in the waiting control group (short-term: U = 27, p = .018; long-term: U =
9, p = .001). After the Exergame training, short- and long-term cognitive
changes did not differ significantly from those observed in the waiting
control group (see Table S4).

Changes in cerebral blood flow and structural connectivity

CBF and structural connectivity did not differ significantly between the three
groups at baseline (T1; ps > .05).

Short-term effects (T1 versus T2)
Immediately after the Cogmed training, CBF within the working memory ROI
was significantly reduced when compared to baseline (z =−2.073, p = .038,
see Figure 2 and Table S2). At the individual level, there was a decrease in
CBF within the working memory ROI in eight of nine patients. In the Cogmed
group, global CBF and CBF within the motor ROI did not differ between T1
and T2. After the Exergame training and waiting control period, CBF did not
change significantly between T1 and T2.

Structural connectivity did not change between T1 and T2, neither in the
training groups nor the waiting control group, even when excluding the outliers
(see Table S3).

Long-term effects (T1 versus T3)
At three-month follow-up (T3), no significant changes in CBF were found in any
of the three groups compared to the baseline assessment (see Table S2).

After the Cogmed training, structural connectivity significantly increased at
the three-month follow-up when compared to baseline in regard to the
number of tracts (z =−2.386, p = .017; see Figure 2 and Table S3) and in
regard to the median of the connectivity matrix (z =−2.240, p = .025; see
Table S3). At the individual level, there was an increase in structural connec-
tivity in seven of eight patients (for the number of tracts [k] as well as the
median of the connectivity matrix). After the physical training and in the
waiting control group, structural connectivity remained stable between T1
and T2, even when excluding the outliers (see Table S3).

Association between cerebral changes and cognitive changes

Post-hoc correlational analyses were based on the results of significant training-
related cerebral changes. Hence, we only report correlations in the Cogmed
group, as only in this group significant cerebral changes occurred. The short-
term changes in CBF within the working memory ROI correlated significantly
with the short-term changes in cognitive flexibility (r =−.667, p = .049; see
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Figure 3). This indicates that a decrease in CBF within the working memory ROI
was related to an increase in cognitive flexibility. In addition, a significant associ-
ation between the long-term changes in the median of the connectivity matrix

Figure 2. Short- and long-term effects depicted as a series of boxplots (with interquartile range
and minimum and maximum value) in (a) CBF within the working memory ROI and (b) struc-
tural connectivity (number of tracts [k]) presented for the three groups. The lines connect the
mean values. Depending on comparison (T1–T2, T1–T3), sample sizes for cerebral blood flow
analyses differed. Waiting control group: n = 8 to 10; Cogmed group: n = 7 to 9; Exergame
group: n = 7 to 10; see Table S2. Depending on comparison (T1–T2, T1–T3), sample sizes for
structural connectivity analyses differed. Waiting control group: n = 10 to 13; Cogmed group:
n = 8 to 10; Exergame group: n = 7 to 10; see Table S3. *p < 0.05.
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and long-term changes in visuospatial working memory was found, which
implies that stronger connectivity was related to better visuospatial working
memory (r = .786, p = .021; see Figure 3). No other significant associations
between training-related cerebral and cognitive changes occurred (see Table
S5). The number of completed training sessions was unrelated to cerebral
changes.

Discussion

Summary of study results

In this longitudinal study, we examined the effects of working memory and
physical training on CBF and structural connectivity and the associations with
cognitive functions in non-brain tumour paediatric cancer survivors. First, our
exploratory analyses showed that working memory training entailed a short-
term decrease in CBF and a long-term increase in structural connectivity. No cer-
ebral changes were found after physical training. Second, we found an associ-
ation between cerebral changes and changes in visuospatial working memory
and cognitive flexibility.

Effect of cognitive training and physical training on cognition

A comprehensive meta-analysis suggests that working memory training can
improve the trained functions in healthy children and adolescents, whereas
transfer effects to untrained cognitive domains remain scarce (g = 0.09; Sala &
Gobet, 2020). Our small non-brain tumour survivor sample shows a near transfer
effect with improvements in visuospatial working memory performance after
the working memory training that goes beyond the improvements seen in
the waiting control group. Our results are consistent with data from our
larger sample of paediatric cancer survivors (n = 69), including the present par-
ticipants. In the previous behavioural study, working memory training entailed
significant improvements in the trained visuospatial working memory in the
short- and long-term, whereas no significant cognitive improvement was
found after the physical training (Benzing et al., 2020). While there are many
studies on the effect of physical activity on different health outcomes (see
Cheung et al. (2021) for a systematic review), a very recent review and meta-
analysis summarizes the benefit of physical training on cognitive functions in
paediatric cancer survivors (Bernal et al., 2023). The authors conclude that
overall, physical activity and exercise have only moderate effects on cognitive
performance (Bernal et al., 2023). However, individual studies still demonstrate
significant improvements after physical activity training on attention, but no
treatment effects on working memory, processing speed, verbal fluency, or
memory (Sabel et al., 2017). Still, physical training in paediatric cancer survivors
have shown to entail significant benefits on motor functions (see Rapti et al.
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(2023) for a review), self-efficacy (Li et al., 2013; Ruble et al., 2016), increases in
quality of life, decreases in fatigue (Wurz & Brunet, 2016; Yeh et al., 2011), and
improvements in mood (Huang et al., 2014). Furthermore, in a previous study
including part of the present sample, motor activities and executive functions

Figure 3. (a) Correlation between short-term changes in CBF within the working memory ROI
and short-term changes in cognitive flexibility (n = 9) and (b) Correlation between long-term
changes in structural connectivity and long-term changes in visuospatial working memory
(n = 8). The solid line represents the linear regression fit. The shaded area around the line indi-
cates the 95% confidence interval.
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were closely interrelated in paediatric cancer survivors and lead to the assump-
tion that training motor functions would entail a benefit on cognitive perform-
ance (Benzing et al., 2022). Hence, we conclude that in our study, the physical
training might not have been cognitively stimulating enough or might have
suffered from insufficient intensity or low frequency to imply a cognitive
change in our paediatric cancer survivor sample. Furthermore, it is important
to acknowledge that the present study did not exclusively include paediatric
cancer survivors with cognitive deficits. The average cognitive performance of
the present sample was within the normative range. In contrast, a study con-
ducted by Conklin et al. (2015), which focused solely on paediatric cancer survi-
vors with cognitive deficits, revealed training effects including far transfer onto
untrained cognitive functions following working memory training.

Effect of cognitive training and physical training on cerebral perfusion

There is currently no clear pattern of results on specific neural mechanisms
underlying working memory training, neither with respect to changes in
neural activation patterns, resting state connectivity, brain structure, nor the
dopaminergic system (Buschkuehl et al., 2012). Concerning CBF, one study
suggested increased perfusion that correlated with task proficiency after
seven days of working memory training in healthy young adults (Buschkuehl
et al., 2014). These results presumably reflect an improved neural readiness or
the recruitment of additional functional resources after a short cognitive train-
ing. However, the authors suggest that longer-lasting working memory training
likely entails a decrease in CBF coming along with more cognitive efficacy and
hence, less neural effort during task performance (Buschkuehl et al., 2014). Con-
sistent with this notion, the present study found a decrease in CBF after working
memory training in the survivor sample. To perform a task effectively, paediatric
cancer survivors might need more brain capacity, but in the course of training,
this over-recruitment of brain capacity may reduce, suggesting a decrease in
cerebral activation coming along with increased cerebral efficiency (Kesler
et al., 2021; Robinson et al., 2010). Likewise, our previous cross-sectional study
associated lower CBF with better cognitive and motor performance (Schuerch
et al., 2023). It is important to note that in the current study, the changes in
CBF after working memory training were only short-term, similar to the transient
effects of working memory training described in the meta-analytic review of
Melby-Lervåg and Hulme (2013).

Regarding the effects of physical training on CBF, the literature is still incon-
clusive. Our physical training did not facilitate changes in CBF. Nevertheless,
since aerobic exercise can promote neuronal plasticity, it is unsurprising that
it also promotes cerebrovascular plasticity (Barnes, 2015). Furthermore, the
potential benefits of aerobic exercise on brain functions are suggested to
stem from alterations in CBF, resulting in an improved oxygen supply of the
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brain (Hötting & Röder, 2013). Several studies in mouse models have shown
exercise-induced increases in microvascular density in the motor cortex and
striatum (Nishijima et al., 2016). Robust models to study cerebrovascular plas-
ticity in humans are still continually advancing and need to be applied in
health and disease. In breast cancer survivors, moderate to large (but nonsignifi-
cant) effects on cognition and CBF were found following high-intensity physical
training (Northey et al., 2019). Furthermore, in patients with breast cancer,
changes in CBF were associated with changes in physical fitness, but physical
training did not influence CBF (Koevoets et al., 2023).

Effect of cognitive training and physical training on structural connectivity

Our present finding of a long-term increase in structural connectivity after
working memory training is in line with the literature. In healthy young
adults, an increase in structural connectivity occurred shortly after working
memory training (Caeyenberghs et al., 2016) and at a two-month follow-up
(Takeuchi et al., 2010). Similar results are presented in school-aged survivors
of neonatal critical illness. Immediately after working memory training, children
exhibited increased structural connectivity (Schiller et al., 2019). However, Kelly
et al. (2020, 2021) were unable to replicate these findings in a group of extre-
mely preterm-born children two weeks after working memory training and indi-
cated that the working memory training group revealed a similar increase in
structural connectivity as the active control group.

Physical training might similarly affect structural connectivity. For example,
Scholz et al. (2009) conducted a six weeks of juggling training with healthy
adults and found an increase in structural connectivity immediately after the train-
ing and at one-month follow-up. In paediatric brain tumour survivors, Riggs et al.
(2017) found an increase in structural connectivity immediately after three
months of exercise training and at a six-month follow-up. However, as for CBF,
we did not find any changes in structural connectivity after physical training.

Relationship between cerebral and cognitive changes

After the working memory training, we found associations between cerebral
and cognitive changes. In specific, short-term changes in CBF were negatively
associated with short-term changes in cognitive flexibility. In addition, long-
term changes in structural connectivity were positively associated with long-
term changes in visuospatial working memory. Likewise, prior studies have
shown associations between cerebral changes and cognitive improvement.
For example, Schiller et al. (2019) revealed that children (survivors of neonatal
critical illness) who cognitively improved after the working memory training
had significantly higher structural connectivity than children without improve-
ment. In addition, changes in CBF have been associated with task proficiency in
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healthy adults after cognitive training (Buschkuehl et al., 2014). Taken together,
our results further strengthen the proposed relationship between cognitive and
cerebral changes after cognitive training.

Summary of cerebral changes

It seemsdifficult to detect a clear pattern between cerebral and cognitive changes
after either cognitive or physical training. In general, training-related cerebral
changes are thought to reflect complex, highly dynamic neuroplastic processes
that often underlie cognitive changes. In detail, increases in neural activation at
the beginning of the training phase are suggested to be followed by decreases
in neural activation during the consolidation of the training task (Buschkuehl
et al., 2012). We hypothesized changes in cerebral perfusion and structural con-
nectivity after cognitive as well as physical training. The present study’s findings
align with our previous results revealing specific workingmemory improvements
merely after working memory training (Benzing et al., 2020). Despite the lack of
cognitive improvements after physical training in our previous behavioural
study, itwouldhavebeenpossible thatphysical trainingnevertheless entailedcer-
ebral changes.Anotionassumes that cerebral changesmight functionas aprecur-
sor for cognitive changes (Kelly et al., 2020). Still, our understanding of whether
and how cognitive and physical training can contribute to substantial cerebral
changes remains limited (Buschkuehl et al., 2012). Owing to the high specificity
of the working memory training, cerebral changes might be more likely to
occur than after the broader and less targeted physical training. Given that pre-
vious studies reported cerebral changes following physical training (Hötting &
Röder, 2013; MacIntosh et al., 2017; Riggs et al., 2017), again, one needs to keep
inmind that the lack of such changes in our studymight be due to the insufficient
intensity and frequency of training sessions. In addition, one could argue that the
applied physical training was not specific enough and needs higher cognitive
demands to enhance cognitive processes (Pesce, 2012; Tomporowski & Pesce,
2019). Furthermore, the time to start with a training regime (during or after
cancer) might have an impact on the extent of cerebral changes. As we applied
the training with a mean of around four years after cancer and its treatment, we
only observed effects in a chronic period, where cerebral and cognitive develop-
ment after cancer and its treatment have already progressed.

Limitations

Themost prominent limitation of the present study is the small sample size, which
forced us to use descriptive measures and basic statistical tests, without being
able to include possible influencing factors (such as time since treatment or age
at diagnosis). Our results might not have enough statistical power to detect the
training effects of the training interventions. Furthermore, it is important to
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note that our analyses were of exploratory nature and therefore, we did not
correct for multiple testing. Moreover, the present study solely provided a basic
categorization of cancer types and treatment modalities. Future studies should
include more detailed treatment information to examine differential impacts of
cancer-related risk factors particularly focusing on whether cancer treatment
was CNS-directed (e.g., intrathecal chemotherapy, cranial radiotherapy). In
addition, our participants completed a low number of training sessions, with con-
siderable variance in both training groups. Lastly, our DTI sequence only included
12 directions and with a TA = 1:37 min, which limits the explanatory power of the
results. Thus, our results should be interpreted as exploratory findings.

Future perspectives

Working memory training specifically improves working memory performance
and might not be universally suitable to improve cognitive functioning in
paediatric cancer survivors generally. Hence, it is crucial to comprehensively
assess cognitive functioning to identify individuals with working memory
difficulties and further specifically tailor working memory training for these
individuals. Additionally, future training studies should integrate the individ-
ual preferences and motivational factors of participants (Katz et al., 2021).
To further improve patient adherence and sustainability in real-word situ-
ations, e-health approaches, including regular reminders, social exchange,
and an individualized feedback system might be beneficial. Moreover, a com-
bination of cognitive and physical training (rather than isolated, specific train-
ings of cognitive and motor performance) offers an interesting approach
since cognitive and motor functions are tightly interrelated and mutually
develop during childhood (Benzing et al., 2022; Van Waelvelde et al., 2020).
The combination of cognitive and physical trainings might also address the
before mentioned issue of working memory trainings being too specific
and physical trainings not targeting cognitive functions enough. Future train-
ing studies could additionally increase training effects and generalization by
incorporating social interactions through group settings (Riggs et al., 2017;
Schmidt et al., 2015), social media, or by including neurostimulation such
as transcranial direct current stimulation which likely supports neural
changes during training (Quinn et al., 2020).

Conclusion

To conclude, a short-term decrease in CBF and a long-term increase in struc-
tural connectivity occurred in non-brain tumour paediatric cancer survivors
after working memory training whereas no cerebral changes emerged after
the physical training. Further, associations between cerebral and cognitive
changes were presented. Despite the small sample size, the present
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findings offer a first valuable insight into the training-related neuroplasticity
in non-brain tumour paediatric cancer survivors years after cancer and its
treatment.
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