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Background. Advances in the treatment of acute lymphoblastic
leukemia (ALL) have led to great improvements in survival rates and
outcomes, but there is concern about cognitive late effects. We aimed
to determine whether ALL survivors have smaller cortical surface area
and/or thickness, and test whether this is related to disease and
treatment variables and self-reported executive functioning in
everyday life. Procedure. Magnetic resonance imaging (MRI) scans
from 130 adult long-term survivors of childhood ALL (age: 18-46
years; age at diagnosis: 0—16 years; years since diagnosis: 7-40) and
130 healthy controls were assessed to estimate and compare regional
cortical surface area and thickness. Information on disease and
treatment factors were obtained from patients’ records, and executive
functioning in survivors was measured using a validated question-
naire (BRIEF-A). Results. Smaller cortical surface area was observed
in several regions in both cerebral hemispheres in ALL survivors. In
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these regions, mean surface area was 4.1-5.5% smaller in ALL
survivors compared to healthy controls. In contrast, only one region
showed lower cortical thickness in ALL survivors. There were no
significant associations between cortical surface area/thickness in
these regions and disease or treatment variables. In ALL survivors,
smaller surface area in prefrontal regions, encompassing parts of the
superior frontal gyri and the left anterior cingulate cortex, was
associated with problems in executive functioning, specifically with
emotional control and self-monitoring. Conclusions. ALL survivors
had smaller surface area in several cortical regions and smaller
surface area in prefrontal regions was associated with reported
problems in executive functioning. Pediatr Blood Cancer
2015;62:1027-1034. © 2015 The Authors. Pediatric Blood & Cancer
published by Wiley Periodicals, Inc.

INTRODUCTION

Advances in the treatment of pediatric acute lymphoblastic
leukemia (ALL) over the last decades have dramatically increased
survival rates and outcomes [ 1,2]. Treatment protocols have included
CNS-directed chemotherapy and/or cranial irradiation. Therefore,
there is concern about cognitive late effects, even in ALL survivors
treated with lower doses of irradiation, or those treated with
chemotherapy agents only [3-6]. A large study of adult survivors
documented increased impairment rates across cognitive domains,
with the highest rates for executive function and processing speed.
Cognitive impairments were also found to have adverse impact on
educational attainment and employment [7].

The anatomical and physiological base of these cognitive
impairments is largely unknown. An increasing number of studies
using various imaging techniques have attempted to shed light on
the biological underpinnings of these late effects. Quantitative
magnetic resonance imaging (MRI) and diffusion tensor imaging
(DTI) studies have identified lower white matter volumes and
white matter microstructural alterations in ALL survivors [8—16]
(Table I). Less attention has been focused on the cortical regions
subserved by white matter fibers and the potential impact of cortical
abnormalities on cognition and behavior. In addition to smaller
white matter volume, we recently found lower volume of several
subcortical structures and total cerebral cortex in long-term
survivors of childhood ALL [17].

Importantly, cortical volume is determined by both surface area
and thickness. These distinct components are influenced by
different evolutionary [18], genetic [19] and cellular [20] processes,
and follow unique developmental trajectories [21,22], and thus may
show different vulnerability to ALL therapy. Further, different
cortical regions support distinct cognitive functions, and it is
therefore important to investigate regional deviations to be able to
map these to cognitive functions. We, therefore, examined regional

cortical surface area and thickness in adult survivors of childhood
ALL and the relationships to disease and treatment variables and
self-reported executive functioning.

METHODS

Sample

The study included 130 adult long-term survivors of pediatric
ALL and 130 healthy controls. Whole-brain volumetric results from
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these 260 participants have been previously reported [17], whereas
in this manuscript we report on detailed analyses of two distinct
facets of cortical structure: surface area and thickness. The
Regional Committee for Medical and Health Research Ethics
approved the projects and written informed consent was obtained
from all participants. The recruitment, eligibility criteria, screening
and final samples are described in detail elsewhere [17].

Survivors were identified by the Cancer Registry of Norway
(April 2009). Out of 210 eligible survivors (age <16 years when
diagnosed with ALL at Oslo University Hospital in the period 1970—
2002, age > 18 years at investigation, > 5 years since completed
therapy) 160 were willing to participate, and 135 underwent MRI.
Data sets from two survivors were lost due to technical difficulties
and three subjects were excluded because of major central nervous
system pathology (one with pineal cyst and hydrocephalus, one with
cerebellar atrophy, one with sequelae following brain surgery). Thus,
the final ALL survivors sample included 130 subjects. Among these,
two had self-reported neurological conditions (epilepsy and history
of cerebral contusion, respectively) and 14 replied yes to whether
they had mental health problems (mainly affective symptoms/
fatigue). Information on cancer disease and treatment was obtained
by review of patients’ records (Table II, also see Supplemental Table I
for an overview of treatment characteristics by cohort). Only 18
survivors had received cranial irradiation.

An equal number of healthy controls (n=130), matched as
closely as possible to the ALL survivors on sex and age, were drawn
from two ongoing research projects [23,24]. The controls were
recruited through newspaper advertisements and from local
workplaces and schools. Standardized health screening interviews
were conducted, and controls were required to be right handed,
fluent Norwegian speakers, have normal or corrected to normal
vision and hearing, and not to have self-reported neurological or
psychiatric conditions. Additionally, all scans were examined by a
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specialist in neuroradiology and required to be deemed free of
significant anomalies.

There were no significant group differences between the ALL
survivors and the healthy controls on age, sex, height, length of
education or estimated intelligence, as assessed by the Wechsler
Abbreviated Scale of Intelligence [25] (Table II). However, due to
different inclusion criteria, all controls were right handed, whereas
18 of the survivors were left handed.

Image Acquisition

MRI was performed using a 12-channel head coil on a 1.5-T
Siemens Avanto scanner (Siemens Medical Solutions, Erlangen,
Germany). The sequence used for cortical surface analyses was two
repeated 3D T1-weighted MP-RAGE sequences with the following
parameters: repetition time (TR) = 2,400 ms, echo time (TE) =3.61
ms, inversion time (TI)=1,000ms, flip angle =8°, bandwidth
=180 Hz/pixel, field of view (FOV)=240mm, matrix =192
x 192 x 160, 1.25 x 1.25 x 1.2mm voxels, sagittally acquired.
The two runs were averaged to increase the signal-to-noise ratio.
The protocol also included a 25-slice coronal T2-weighted FLAIR
(TR =7,000-9,000 msec, TE =109 msec) sequence to aid the
neuroradiological examination.

Image Analysis

All data sets were automatically processed and analyzed using
Freesurfer 5.1 (http://surfer.nmr.mgh.harvard.edu), which is docu-
mented and freely available for download online, and described in
depth elsewhere [26-29]. The cortical surface was reconstructed for
each subject to measure surface area and thickness at each surface
location or vertex. Individual surfaces were inspected for accuracy,
and corrected if judged inaccurate. Minor manual edits were

TABLE II. Demographic and Clinical Characteristics of ALL Survivors and Healthy Controls

Difference®
ALL survivors (n=130) Healthy controls (n = 130) t P
Age, years mean (SD, range) 29.3 (7.3, 18.6-46.5) 28.9 (8.8, 16.9-48.5) 0.40 0.692
Females, n (%) 65 (50.0) 66 (50.8) —0.12 0.902
Right handed, n (%) 112 91.1) 130 (100.0) —3.46 0.001
Height, cm mean (SD, range) 173.8 (10.5,153-202) 174.9 (8.7, 151-193) —0.89 0.374
Education, years mean (SD, range) 13.7 (2.7, 10-18) 14.3 (2.5, 10-18) —1.65 0.101
Estimated intelligence, mean (SD, range)b 114.0 (9.4, 91-135) 111.9 (9.6, 86-139) 1.74 0.083

Age at diagnosis, years mean (SD, range)
White blood cell count at diagnosis, median (range)

6.2 (4.0, 0.3-16.0)
10.3 (0.5-409.0)

Relapsed disease, n (%) 19 (14.6)
Follow-up, years mean (SD, range) 23.0 (7.7, 7.4-40.0)
Cranial radiation, n (%) 18 (13.8)

Cranial radiation dose (n=18), Gy mean (SD, range) 20.0 (3.2, 12-25)
Stem-cell transplantation, n (%) 3(2.3)
Vincristine, mg/m2 median (range) 22 (8-102)
Methotrexate intravenous, rng/m2 median (range) 21000 (0-75000)
Methotrexate intrathecal injections, median (range) 13 (0-36)
Antracyclines, mg/m® median (range) 120 (0-510)

Oral steroids, mg/m” median (range)°

4380 (1860-17250)

Notes: Information missing for handedness: 7 survivors, height: 15 controls, education: 1 control, estimated intelligence: 9 survivors, white blood
cell count: 15 survivors, and cumulative chemotherapy doses: 2 survivors. *Group differences tested with independent samples t-tests. "Wechsler
Abbreviated Scale of Intelligence (WASI) two-subtest form. “Prednisolone plus dexamethasone; steroid dose (mg)= prednisolone dose

(mg) + dexamethasone dose (mg) X 6.5.
Pediatr Blood Cancer DOI 10.1002/pbc
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performed on most subjects, usually restricted to the removal of
non-brain tissue. Before statistical analyses, maps were smoothed
with a Gaussian kernel of full-width at half maximum of 15 mm.

Self-Reported Executive Functioning

To measure aspects of executive function that are important for
everyday life, ALL survivors completed the Behavior Rating
Inventory of Executive Functioning — Adult Version (BRIEF-A)
(n =125, data missing for five survivors) [30]. The BRIEF-A is a
standardized self-report questionnaire comprising 75 items that are
rated on a 3-point scale, yielding a Global Executive Composite
which is an overarching summary score of nine nonoverlapping
subscales. The Global Executive Composite is split into two
summary indexes. The Behavioral Regulation Index measures the
ability to maintain appropriate regulatory control of one’s own
behavior and emotional responses, and includes the following four
subscales: Inhibit, Shift, Emotional Control and Self-Monitor. The
Metacognition Index measures cognitive aspects of executive
functioning, and includes five subscales: Initiate, Working Memory,
Plan/Organize, Task Monitor and Organization of Materials. Raw
scores were transformed to T-scores, which were used in the
analyses. Higher scores reflect more reported problems.

Statistical Analysis

Surface-based cortical analyses were performed on a vertex-
wise (point-by-point) level using general linear models (GLMs), as
implemented in FreeSurfer. Main effects of group were tested by
contrasting the ALL survivors and healthy controls while
controlling for sex, age and the interaction of sex and age. Separate
analyses were performed for cortical surface area and thickness
maps. The data were tested against an empirical null distribution of
maximum cluster size across 10,000 iterations using Z Monte Carlo
simulations as implemented in FreeSurfer [31,32] synthesized with
a cluster-forming threshold of P <0.05 (two-sided), yielding
clusters fully corrected for multiple comparisons across the
surfaces. Clusterwise corrected P < 0.05 (two-sided) was regarded
significant. Mean vertex-wise cortical surface area or thickness

values were then extracted from each significant cluster, as well as
from all hemisphere vertices.

To further examine the observed group differences, we first
performed one-way between-group analyses of covariance (ANCO-
VAs) with mean surface area or thickness in each cluster as dependent
variable, group as a fixed factor, and sex and age as covariates. Next,
the same analyses were repeated with global cortical surface area or
thickness (average values across all vertices in the respective
hemisphere) as an additional covariate. Finally, the initial ANCOVAs
were repeated after excluding: (1) the 18 survivors who had received
cranial irradiation; (2) the 19 survivors with relapsed disease; and (3)
the three survivors with stem-cell transplantation. Note that the effect
sizes in these analyses are inflated because they are based on already-
identified significant clusters.

To test whether observed differences at the group level were related
to other variables of interest within the group of ALL survivors, we
performed Spearman’s rank order correlations (two-sided), controlling
for sex and age, between cortical surface area/thickness in each cluster
and (1) disease (age and white blood cell count at diagnosis) and
treatment characteristics (cranial irradiation and cumulative chemo-
therapy doses) and (2) self-reported executive functioning (BRIEF-A).
Spearman’s rank order correlations were used as most of the disease,
treatment and self-report variables were not normally distributed. The
associations with executive functioning were tested in a hierarchical
fashion, starting with the Global Executive Composite and continuing
with follow-up analyses first on the two summary indexes and finally on
the subscales only if significant (P < 0.05) relationships were found for
the higher order scales.

RESULTS

Cortical Surface Area

Group differences in cortical surface area between ALL
survivors and healthy controls were tested with GLMs, controlling
for the effects of sex and age and their interaction. The results
revealed four clusters in the left hemisphere and three clusters in the
right hemisphere where ALL survivors showed significantly
smaller surface area (Fig. 1). First, effects were observed bilaterally

Cortical area

L ,
. 5
A\

(@)

P<

<ALL DN

0.05 0.05

0.001

< controls
0.001

Fig. 1. Cortical surface area in ALL survivors vs. healthy controls. GLMs were used to test the main effects of group while controlling for sex and
age. The results were corrected for multiple comparisons using cluster size inference. Uncorrected p values within the corrected significant clusters
are shown. Four cluster in the left hemisphere and three clusters in the right hemisphere showed negative effects, indicating smaller cortical surface

area in ALL survivors. No effects were seen in the opposite direction.

Pediatr Blood Cancer DOI 10.1002/pbc



in prefrontal clusters covering posterior portions of the superior
frontal gyri and also the left anterior cingulate cortex (LH:
2,943 mm?, clusterwise P=0.002, RH: 2,277 mmz, clusterwise
P =0.014). Second, effects were seen in clusters comprising large
parts of the superior temporal gyri and parts of the insula bilaterally
and in the right hemisphere extending into the supramarginal gyrus
(LH: 4,410mm?, RH: 5,505 mm?, clusterwise P < 0.001). Third,
clusters were found in precuneus, extending over to the postcentral
and supramarginal gyri in the left hemisphere and inferiorly into the
lingual gyrus in the right hemisphere (LH: 5481 mm? RH:
4,542 mm?, clusterwise P <0.001). Additionally, a cluster was
observed in the left hemisphere in the parahippocampal gyrus and
parts of lingual and fusiform gyri and the lateral occipital cortex
(3,585 mmz, clusterwise P <(0.001). No cortical regions had
significantly larger surface area in ALL survivors than in controls.

Mean cortical surface area within these clusters was 4.1-5.5%
smaller in ALL survivors compared to the healthy controls.
ANCOVAs with mean surface area in each cluster as dependent
variable, group as a fixed factor, and sex, age and additionally
average surface area across all hemisphere vertices as covariates
showed that the effects remained significant (all P-values < 0.05)
when controlling for global surface area differences. Next,
ANCOVAs were performed after excluding the 18 ALL survivors
who had received cranial irradiation and the effects remained
significant (all P-values < 0.01) (Table III). Finally, the same
analyses were performed after excluding either the 19 survivors
with relapsed disease or the three survivors with stem-cell
transplantation and the effects remained significant (all P-values
< 0.001) (Supplemental Table II).

Cortical Thickness

Group differences in cortical thickness between ALL survivors
and healthy controls were tested with GLMs, controlling for sex and

Cortical Structure in Leukemia Survivors 1031

age and their interaction. The results showed only one significant
cluster that covered superior portions of the precentral gyrus in the
right hemisphere (1,721 mm?, clusterwise P =0.010) (Fig. 2).
Mean cortical thickness within this cluster was 3.5% lower in ALL
survivors. The group difference remained significant (P < 0.001)
after controlling for average thickness across all hemisphere
vertices, and after excluding participants who had either received
cranial irradiation (n = 18; Table III), who had experienced relapse
(n=19), or individuals who had received stem-cell transplants
(n=3; Supplemental Table II).

Relationships with Disease and Treatment
Characteristics

Within the ALL survivors group, there were no significant
associations between either disease (age at diagnosis, white blood
cell count at diagnosis) or treatment variables (cranial irradiation,
cumulative chemotherapy doses) and cortical surface area/
thickness in the above described clusters (all P-values > 0.05).

Relationships with Self-Reported Executive Functioning

ALL survivors reported significantly more problems in
executive functioning, as reflected by higher scores on the Global
Executive Composite, than expected based on the norms (mean =
54.7, SD=10.9, r=4.78, P <0.001). Among the survivors, 16%
reported problems above cut-off defined as more than 1.5 SD above
the norm mean (T > 65). More difficulties in executive functioning
were associated with smaller surface area in both the left
(rs=—0.20, P =0.028) and the right prefrontal cluster (ry = —0.19,
P =0.031). In both prefrontal clusters, associations were also seen
between the Behavioral Regulation Index and surface area (LH:
ry=—0.21, P=0.020, RH: r,=—-0.18, P=0.046). Finally, we
tested the relationships between the subscales of the Behavioral

TABLE III. Group Differences in Cortical Surface Area and Thickness Between ALL Survivors and Healthy Controls

Difference ANCOVA*? ANCOVA® ANCOVA®
Cluster Anatomic regions % F Partial eta> F P Partial eta®> F P Partial eta
Area: left prefrontal Superior frontal, anterior —4.3 13.87 <0.001  0.051 6.95 0.009 0.027  11.96 <0.001  0.048
cingulate
Area: right prefrontal Superior frontal, —5.0 11.44 <0.001 0.043 4.39 0.037 0.017 9.43 0.002 0.038
paracentral
Area: left lateral Superior temporal, insula ~ —4.1 15.89 <0.001  0.058 8.87 0.003 0.034  14.40 <0.001  0.057
temporal
Area: right lateral Superior temporal, —4.7 1941 <0.001 0.070 13.43 <0.001 0.050 18.77 <0.001  0.073
temporal insula, supramarginal
Area: left parietal Precuneus, cuneus, -5.5 21.87 <0.001 0.079 15.72 <0.001 0.058 19.66 <0.001 0.076
postcentral,
supramarginal
Area: right parietal  Precuneus, cuneus, —4.2 14.51 <0.001 0.054 7.35 0.007 0.028 11.15 <0.001 0.045
lingual
Area: left medial Parahippocampal, —4.3 14.78 <0.001  0.055 7.38 0.007 0.028 12.28 <0.001  0.049
temporal lingual, fusiform,
lateral occipital
Thickness: right Precentral —-3.5 1293 <0.001 0.048 12.62 <0.001 0.047 14.95 <0.001  0.059

frontal

2ANCOVAs, with sex and age as covariates. "ANCOVAs, with sex, age and average surface area or thickness within hemisphere as covariates.
ANCOVAs after excluding 18 ALL survivors who had received cranial irradiation, with sex and age as covariates.

Pediatr Blood Cancer DOI 10.1002/pbc
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Cortical thickness

<ALL DT

< controls

0.001 0.05 0.05 0.001

Fig. 2. Cortical thickness in ALL survivors vs. healthy controls. GLMs
were used to test the main effects of group while controlling for sex and
age. The results were corrected for multiple comparisons using cluster
size inference. Uncorrected P values within the corrected significant
cluster are shown. One cluster in the right hemisphere showed a
negative effect, indicating thinner cortex in ALL survivors. No effects
were seen in the left hemisphere or in the opposite direction.

Regulation Index and surface area in these clusters and found that
Emotional Control was associated with surface area of the left
prefrontal cluster (r, = —0.20, P =0.025), while Self-Monitor was
associated with surface area of the right prefrontal cluster
(ry=—0.18, P=0.046).

DISCUSSION

The present study reports an analysis of cortical structure in
long-term survivors of pediatric ALL. Compared to healthy
controls, ALL survivors on average showed smaller cortical
surface area in several regions in both cerebral hemispheres, while
limited differences were observed in cortical thickness. No
relationships were found between cortical structure in these regions
and age when ALL was diagnosed, white blood cell count at
diagnosis or treatment intensity. Smaller surface area in prefrontal
cortical regions was associated with more self-reported problems in
executive functioning in ALL survivors.

Previous MRI and diffusion tensor imaging (DTI) studies have
documented lower volumes [9-13,15-17] and microstructural
alterations [8,10,12,14] in white matter in survivors of childhood
ALL. Effects of chemotherapy on white matter have also been
shown by two recent studies comparing the same patients before
and after treatment [33,34]. Only a few studies, mostly with
relatively small samples, have examined long-term effects of
childhood ALL and treatment on cortical or subcortical structure,
with mixed results [9,11,12,16,35]. Our previous study of this large
cohort showed smaller caudate, amygdala, hippocampus and
thalamus volumes in ALL survivors compared to healthy controls,
and also lower total volume of the cerebral cortex [17]. In the
present study, we investigated cortical structure in ALL survivors in
detail by differentiating between surface area and thickness [18-21]
and by performing analyses sensitive to regional effects. The results
revealed smaller cortical surface area in distributed regions,
including parts of the superior frontal, left anterior cingulate,

Pediatr Blood Cancer DOI 10.1002/pbc

superior temporal, insular, precuneus, lingual and left para-
hippocampal cortices. In contrast, only a restricted region in the
right precentral cortex showed lower cortical thickness in ALL
survivors.

The present study indicated that ALL survivors experience more
problems in executive functioning as compared to normative data.
Further, our results showed that smaller cortical surface area in
prefrontal regions covering posterior portions of the superior frontal
gyri and the left anterior cingulate cortex was associated with more
reported problems. Follow-up analyses revealed that these relation-
ships were primarily driven by reported difficulties with emotional
control and self-monitoring. Impaired performance on various
neuropsychological tests among ALL survivors have previously
been found to be associated with smaller white [9,13,16] and gray
[17,35,36] matter volumes, as well as lower white matter fractional
anisotropy [8,14,37] and functional hypoconnectivity [38]. For
instance, memory impairments in adult survivors treated with
cranial radiation therapy have been associated with smaller
temporal lobe volumes and thinner fronto-parietal cortices [39].
The results from the current study add to the existing evidence that
differences in brain structure may partly account for impairments in
cognitive functions that affect normal day to day functioning in a
sizable portion of ALL survivors.

Studies using animal models have demonstrated evidence for a
wide variety of candidate mechanisms for the neurocognitive
effects of chemotherapeutic agents [40-42]. However, many
questions with regard to the pathogenesis of long-term neuro-
cognitive dysfunctions among ALL survivors remain to be
clarified, including the neurobiological events underlying the
observed differential effects on cortical surface area and thickness
in the present study, and how these unfold over time. Three broad,
nonmutually exclusive, perspectives are available. First, the phase
shift hypothesis posits that aspects of the disease, treatment and/or
associated factors such as malnutrition, stress or repeated general
anesthesia could have a direct and stable negative impact on
neurocognitive systems [43]. Second, the disrupted development
hypothesis predicts that cancer and/or treatment factors may
interfere with developmental processes resulting in larger
impairments that become increasingly apparent with age if
occurring in periods of rapid development. Third, the accelerated
aging hypothesis states that cancer and/or its therapy may
accelerate cognitive decline and brain structure changes associat-
ed with normal aging [43]. The cross-sectional design of the
current study does not enable direct testing of any of these
hypotheses. We did not find any relationships between age at
diagnosis and cortical structure as one would expect from the
disrupted development hypothesis given that the most dramatic
brain changes take place early in life [44]. However, cortical
surface area shows prolonged developmental increase relative to
thickness [21,45], and ALL survivors did show smaller surface
area in various regions compared to healthy controls and there
were limited differences in cortical thickness. While this pattern
is consistent with the disrupted development hypothesis, it is the
opposite of what one would predict from the accelerated aging
hypothesis, since cortical thickness generally show more
pronounced reductions in aging [46]. To gain more insights
regarding which of these perspectives may best account for late
effects in ALL survivors, we need large-scale longitudinal
studies, also including older survivors. This is especially
important when studying wide age ranges of survivors, since



differences in treatment and other cohort effects can cause age-
related differences in cross-sectional studies.

The present study had limitations. First, this study used a cross-
sectional design, making it difficult to rule out the potential impact
of cohort effects. In particular, investigations of the impact of
demographic, disease and treatment variables are complicated by
the fact that these typically are confounded due to the initial risk
stratification [47], and by changing treatment protocols over time.
The ALL survivors in the current study were diagnosed during a
period of more than 30 years and management was, therefore,
highly variable (Supplemental Table I). Longitudinal studies can
account for these cohort effects and are also critically needed to
assess how neurocognitive dysfunctions among ALL survivors
unfold over the lifespan of individuals (see [48] for a review of
methods and considerations for longitudinal structural MRI).
Second, the BRIEF-A was only administered to the ALL survivors
and not the healthy controls, thus preventing direct group
comparisons regarding executive functioning. Third, the study
was limited to self-report assessment of executive functioning.
Rates of executive dysfunction in ALL survivors have previously
been found to be higher for performance-based tests than for self-
report measures, which is though to reflect long-term adaptation,
lack of insight or differential sensitivity [7]. Different tests and
questionnaires tap into different aspects of behavior (see [49]),
therefore future studies on the relationships between cortical
structure and executive functioning could benefit from including
multimethod cognitive assessment.

While the clinical implications of our findings remain uncertain,
they do add to a growing body of evidence suggesting that cancer
therapies may have a considerable long-term impact on the
developing brain. As long as we do not know the underlying
mechanisms, ongoing efforts, wherever possible, to minimize
treatment load, especially of CNS directed therapy, may be a way to
reduce neurocognitive late effects.

In conclusion, we found that adult long-term survivors of
childhood ALL on average had smaller cortical surface area in
several brain regions compared to healthy controls, but showed only
limited differences with respect to cortical thickness. Smaller
surface area in prefrontal cortical regions was related to more self-
reported problems describing emotional and behavioral aspects of
executive functioning. Longitudinal studies are needed to avoid
potential cohort effects and to delineate how brain structure and
cognitive functions within the heterogeneous ALL survivor group
change over the lifespan.
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