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ARTICLE INFO ABSTRACT

Keywords: Introduction: Cure rates for pediatric acute lymphoblastic leukemia (ALL) have reached an all-time high
Acute lymphoblastic leukemia (> 90%); however, neurocognitive difficulties continue to affect quality of life in at least a subset of survivors.
Late effects There are relatively few quantitative neuroimaging studies in child and adolescent ALL survivors treated with

Magnetic resonance imaging
Chemotherapy

Gray matter

White matter

chemotherapy only. Use of different outcome measures or limited sample sizes restrict our ability to make
inferences about patterns of brain development following chemotherapy treatment. In this study, we used
magnetic resonance imaging (MRI) to evaluate brain outcomes in ALL survivors, comparing against a group of
typically developing, cancer free peers.

Materials and methods: Participants included 71 ALL survivors, on average 8 years after diagnosis and 8-18 years
of age, and 83 typically developing controls. Anatomical MRI was performed to evaluate brain structure; dif-
fusion and magnetization transfer MRI were used to examine brain tissue microstructure.

Results: Successful MRI scans were acquired in 67 survivors (94%) and 82 controls (99%). Structurally, ALL
survivors exhibited widespread reductions in brain volume, with 6% less white matter and 5% less gray matter
than controls (p = 0.003 and 0.0006 respectively). Much of the brain appeared affected — 71 of 90 evaluated
structures showed smaller volume — with the most notable exception being the occipital lobe, where no
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significant differences were observed. Average full-scale IQ in the survivor and control groups were 95 (CI
92-99) and 110 (CI 107-113), respectively. Using data from the NIH Pediatric MRI Data Repository, we eval-
uated the extent to which elevated IQ in the control group might affect the structural differences observed. We
estimated that two thirds of the observed brain differences were attributable to ALL and its treatment. In ad-
dition to the structural changes, survivors showed, on average, globally lower white matter fractional anisotropy
(-3%) and higher radial diffusivity (+5%) (p < 107°), but no differences in magnetization transfer ratio.

Conclusions: Neuroanatomical alterations in late childhood and adolescent ALL survivors treated with che-
motherapy-only protocols are widespread, with white matter being somewhat more affected than gray matter.
These MRI results indicate brain development is altered in ALL survivors and highlight the need to examine how

these alterations emerge.

1. Introduction

Pediatric acute lymphoblastic leukemia (ALL) is the most common
form of childhood cancer. It is typically diagnosed between 2 and
5 years of age (Howlader et al., 2017). Treatment requires a combi-
nation of chemotherapy agents administered across phases over
2-3 years. These intensive protocols are remarkably successful: five-
year survival rates currently exceed 90% (Howlader et al., 2017). Un-
fortunately, even with elimination of craniospinal radiation, ALL sur-
vivors are at risk of developing cognitive or behavioral problems which
may include impairments in processing speed (Jacola et al., 2016; Liu
et al., 2018; van der Plas et al., 2018), working memory (Iyer et al.,
2015; van der Plas et al., 2018), attention (Krull et al., 2013; Iyer et al.,
2015; Jacola et al., 2016; Liu et al., 2018; van der Plas et al., 2018),
executive function (Liu et al., 2018) and motor coordination (Iyer et al.,
2015; van der Plas et al., 2018).

Several MRI studies in ALL survivors have pointed to the potential
role of abnormal brain development or pathology in poor outcomes
after treatment. Leukoencephalopathy was reported in ~ 25% of on-
treatment ALL patients and was associated with increased risk of long-
term behavioral problems (Cheung et al., 2016). Other differences are
reported to include smaller total and regional gray and white matter
volumes, lower fractional anisotropy (FA), and increased diffusivity
(Aukema et al., 2009; Edelmann et al., 2014; Reddick et al., 2014; Krull
et al., 2016; van der Plas et al., 2017). Both differences in volume
(Reddick et al., 2014; Edelmann et al., 2014; van der Plas et al., 2017)
and in diffusion tensor imaging (DTI) measurements (Aukema et al.,
2009; Cheung et al., 2016; Darling et al., 2018) have been associated
with cognitive outcomes, including executive function (Cheung et al.,
2016), processing speed (Aukema et al., 2009; Cheung et al., 2016),
working memory (Edelmann et al., 2014; Cheung et al., 2016; van der
Plas et al., 2017), as well as intelligence and academic performance
(Edelmann et al., 2014; Reddick et al., 2014). However, a recent meta-
analysis identified only 10 published neuroimaging studies with control
groups that focused on ALL survivors treated with chemotherapy alone
(Zhou et al., 2020), 90% of which included < 30 survivors.

The interpretation of brain structure differences in ALL survivors
can depend significantly on selection of an appropriate control group.
Comparisons to typically developing controls versus to population
norms, where available, often result in different findings (Godoy et al.,
2020). For studies in children, where ethical and institutional restric-
tions limit recruitment strategies, it is generally the case that recruited
control subjects have an elevated average full-scale IQ. Recent reviews
and meta-analyses highlight that this has been true in studies of ALL
survivors as well (Iyer et al., 2015; Zhou et al., 2020). The extent to
which this influences interpretation of brain structure findings is un-
clear. As a result, our understanding of the effects of childhood ALL and
contemporary chemotherapy treatment on the brain remains in-
complete.

The primary aim of the present study was to conduct a systematic
evaluation of brain structure in late childhood and adolescent ALL
survivors who were treated with contemporary chemotherapy-only
protocols. We collected neuroimaging data including MRI scans to

evaluate brain structure volumes, as well as regional cortical areas and
thicknesses. Our primary objective was to quantify brain structure
differences between ALL survivors and typically developing peers. We
further used diffusion tensor imaging (DTI) to evaluate microstructural
differences in white matter affecting water diffusion. As a secondary
aim, we investigated the implications of full-scale IQ in the typically
developing control group on our overall findings and evaluated asso-
ciations between full-scale IQ and brain structure differences in both
ALL survivors and typically developing peers.

2. Materials and methods
2.1. Participants

This study was conducted at the Hospital for Sick Children (Toronto,
Canada) in conjunction with another study called N-PhenoGENICS that
evaluated cognitive abilities, genetic variation and nutrition in ALL
survivors (van der Plas et al., 2018). The present study expanded the
parent study by adding a typically developing comparison group and
neuroimaging. ALL participants were considered eligible if they: (1)
were diagnosed with ALL between 1 and 10 years of age; (2) were
treated with chemotherapy only (no cranial radiation or bone marrow
transplant); (3) completed treatment at least 2 years prior to partici-
pation; (4) were able to complete neuroimaging without sedation (as
per ethical guidelines prohibiting use of sedation for research purposes
only); (5) did not have a diagnosis of Down syndrome; (6) were not
currently taking psychoactive medication; (7) did not have a history of
head trauma; and (8) were between 8 and 18 years old at evaluation.
Participants were drawn from an eligible population of 155 individuals
(Fig. 1).

We also recruited typically developing controls (CTL) by posting
advertisements on message boards at the Hospital for Sick Children.
Interested parents/caregivers contacted team members to establish
eligibility by completing screening questions that included items about
history of mental health, head trauma, and current psychoactive med-
ications. Participants in the CTL group completed the same neuroima-
ging protocol as the ALL survivor group. CTL participants were eligible
to participate if they had no MRI contraindications, had not been pre-
viously diagnosed with a neurodevelopmental disorder, had no history
of serious head trauma, were not currently taking psychoactive medi-
cation, and were between 8 and 18 years old. Initial recruitment targets
for the study were 150 participants in total, split approximately evenly
between ALL and CTL groups. Recruitment was adapted over the course
of the study to ensure age and sex were comparable between the
groups, which resulted in a final total of 71 ALL survivors and 83 CTL
participants. Note that a subset of male participants (7 ALL survivors)
were included in a previous neuroimaging study that employed iden-
tical recruitment strategies as the present study (van der Plas et al.,
2017).

General cognitive abilities in all participants in the ALL and CTL
groups were assessed using the Wechsler Intelligence Scale for Children
IV (WISC) (Wechsler, 2004) for individuals 16 and under and the
Wechsler Adult Intelligence Scale IV (WAIS) (Wechsler, 2008) for
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Potentially Eligible

Previous or concurrent participation in
parent study (N-PhenoGENICS)

(N=204)
Out of age range N =26
Excluded N =23
e Cranial radiation therapy N=13
e Relapse N=1
e MRI incompatibility N=9
(surgery, medical device)
Eligible for Contact
(N=155)
Non-Participants N =84
e Declined N =31
e Withdrawn N=6
e Recruitment cutoff or N =47
passive decline
Completed Testing
(N=71)
Not included N=4
Completed neuropsych. only N=1
Poor scan quality N=3

Final Survivor MRI Sample
(N =67)

Fig. 1. Consort diagram of ALL participants. Survivors were drawn from a pool
of participants in another study (N-PhenoGENICS). A total of 155 were con-
sidered eligible for the present study. A total of 150 participants were planned
for completion of testing, with approximately half survivors and half controls.

participants who were 17 or older (5 ALL, 6 CTL).

All procedures and study-related communications with participant
families were conducted in accordance with a written protocol ap-
proved by the Hospital for Sick Children’s Research Ethics Board.
Informed consent was obtained from all participants, and/or their
parents/guardians. Assent was obtained from participants considered
unable to provide informed consent.

2.2. Magnetic resonance imaging

Eligible participants were scanned on a 3-Tesla Siemens Trio Tim or
Prisma™ MRI system running syngo software. The imaging protocol
consisted of the following scans: T;- and T,-weighted anatomical scans,
a fluid attenuated inversion recovery scan, a diffusion tensor imaging
(DTI) series with 60 directions (b = 1000 s/mm?), and magnetization
transfer (MT) scans. Complete scan parameter details are provided in
Supplementary Table 1. One ALL participant was unable to complete
scanning on the day of testing, and scans from four participants (3 ALL,
1 CTL) were judged unsatisfactory for analysis.
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2.3. Repository MRI data

To address the impact of full-scale IQ on the MRI results, additional
reference images were obtained from the NIH Pediatric MRI Data
Repository provided by the NIH MRI Study of Normal Brain
Development (Evans, 2006). Participants for this study were also re-
cruited from the community and were excluded if they had a behavioral
disorder, a psychiatric disorder, or a neurological condition. The se-
lected data included 373 images from 175 subjects between the ages of
5 and 21 years old. From these, we generated two subgroups by
matching to the recruited CTL and ALL participants: (1) a group
matching CTL based on age, sex and full-scale IQ; and (2) a group
matching the ALL group based on age and sex, but selected to have an
average full-scale IQ of 100, which is the expected population norm
(labeled N_100). Comparison of the N_100 to N_CTL groups allowed
evaluation of potential impact of CTL group biases and thus aids in-
terpretation of the ALL-to-CTL differences.

To generate the two subgroups from the NIH data, matching was
performed based on sex, age and full-scale IQ. A match between sub-
jects i and j was determined by minimization of a Euclidean distance
metric derived from normalized subject differences:

IQ; — 1Q;)? (AGE; — AGE;)*
> + Wace

01Q foGE (€8]

Di,zj = Wyex (5€X; # seX;) + Wig

where o represents the standard deviation in the indicated variables
(IQ and age). The weighting term w;,, was set to be very large to ensure
sex match, and wagg was fixed at 1. The wjq weighting term was set to 2
for the N_CTL sample and to 20 for the N_100 sample, in order to
prioritize matching by IQ and to strictly enforce an average full-scale IQ
of 100 for the latter. For the N_100 group, the target IQ for each match
was selected from a gaussian distribution with mean 100. Repeat
matches within or across the N_CTL and N_100 groups were allowed.
Too few low full-scale IQ samples were present in the NIH data set to
produce a third group matched to the ALL group based on age, sex and
full-scale IQ.

2.4. Image processing

To quantify brain structure differences, MR images were processed
through the CIVET pipeline (v2.1.0) using the CBRAIN interface
(https://mcin-cnim.ca/technology/cbrain/) (Ad-Dab’bagh et al., 2006).
Stereotaxic registration of the T;-weighted MR images used the
ICBM152 linear target (Mazziotta et al., 2001), and gray matter (GM),
white matter (WM) and cerebrospinal fluid (CSF) were classified using
the INSECT algorithm (Zijdenbos et al., 1998; Tohka et al., 2004).
Cortical surfaces were extracted (Kim et al., 2005) to estimate thickness
(Jones et al., 2000), surface area and volume for the frontal, parietal,
temporal and occipital cortices. Gyrification indices were computed for
each hemisphere. Segmentations of the ventricles, putamen, brain stem,
subthalamic nuclei, fornix, caudate, and frontal, parietal, temporal and
occipital lobe WM were generated using ANIMAL (Collins et al., 1999).
Additional structural segmentations were achieved using multiple au-
tomatically-generated templates (Chakravarty et al., 2013) with pre-
defined atlases for: the thalamus, globus pallidus, and striatum
(Chakravarty et al., 2006); the hippocampus (Winterburn et al., 2013);
the amygdala (Entis et al., 2012); and WM structures (Mori et al.,
2008). In total, 90 individual volumetric measurements, and 16 mea-
surements each of cortical thickness and surface area were extracted.
Additionally, to estimate intracranial volume, twenty-one individual
segmentations were generated and then multi-atlas segmentation with
label fusion was used to produce segmentations for each individual
(Wang et al., 2013).

DTI measurements of FA, radial diffusivity (RD), axial diffusivity
(AD), and mean diffusivity (MD) were computed using the FMRIB’s
Diffusion Toolbox (DTIFit) (Behrens et al., 2007) after correction for
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distortion based on By maps. Each diffusion measurement was com-
puted voxelwise and then averaged over the WM volume of individual
structures identified in the Johns Hopkins atlas (Mori et al., 2008). The
MT ratio was computed from the MT on and MT off images and then
likewise averaged by structure.

2.5. Statistical analysis

Outcome measures were fit by regression using a linear model.
Outcome in the j™ subject was modelled as:

Viy =By + ﬁl'?j’)i + B,8ageax() + B;0ageg) + Bysex + BEY +

7]

Sageg) + BT sexq)

B
@

The mri-superscript coefficient was included to account for scanner
differences and was referenced to the Prisma’™ configuration. The §
preceding the age and age at diagnosis (ages.) terms indicates re-
presentation as differences from the group mean for the modeling
(12.2 years and 3.8 years, respectively). Sex differences were defined
relative to the average by assigning + 0.5 to males and —0.5 to fe-
males. All grp-superscripts indicate coefficients factored by group, with
the contrast matrix defined so that the ALL and N_100 coefficients both
represented differences from their control groups (CTL and N_CTL re-
spectively). Where noted, we further added intracranial volume as a
covariate. All statistical tests were two-sided. The false discovery rate
(FDR) was used to control for multiple comparisons, with g-values re-
ported to establish significance. Where plotted by group, MRI results
were adjusted for sex, age and MRI system using the regression results
prior to visualization.
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3. Results
3.1. Sample

The study sample included 71 ALL survivors (ALL) and 83 typically-
developing controls (CTL) . Sample characteristics for both groups are
summarized in Table 1. On average, participants were 12.2 years old
(SD = 2.8 years, range 8.0-18.1 years). Mean age at ALL diagnosis was
3.8 years (SD = 1.7 years) and an average of 8.1 years (SD = 2.5 years)
had elapsed since diagnosis at the time of testing. A majority of the ALL
survivors were treated with either the AALL0331 or AALL0232 pro-
tocol, for standard and high risk respectively. The AALL0932 and
POG9904 (both standard risk) were also used to treat 6 individuals
each; a complete tally by protocol is provided in Table 1.

Average full-scale IQ in the ALL and CTL groups were 95.3 and
109.6, respectively (with 95% confidence intervals [CI] of 92.1-98.5
and 106.9-112.7) (Table 1). The ALL group had significantly lower
mean full-scale IQ than both the CTL group (p < 1 x 10°) and the
expected population norm of 100 (p < 0.005). The CTL group had a
higher than expected full-scale IQ compared to the expected population
norm (p < 1 x 10°®), but was consistent with the full-scale IQ of the
NIH sample (mean 111.8, CI 110.7 — 113.0). The ALL group mean IQ
was comparable to a previous report based on the same eligible sur-
vivor population (van der Plas et al., 2018), which reported full-scale IQ
of 95.9 (CI 93.4 - 98.4) for 130 participants (average 13.1 years old,
60% male).

3.2. Reduced volume in ALL survivors
MRI morphology measurements revealed widespread differences in

the ALL group relative to the CTL group. Total brain volume was 5.0%
smaller in ALL survivors (Fig. 2, p = 0.0004), with 4.9% (p = 0.0006)

Table 1
Summary of Participant Groups.
Category CTL ALL P NIH N_CTL N_100
Participants 83 71 373 83 71
Sex
Female 42 32 0.6 190 42 32
Male 41 39 183 41 39
Ethnicity 0.28
European 36 36
Asian 16 17
Mixed/Other 31 18
Age (y, = SD) 125 = 2.8 119 = 2.8 0.13 12.1 = 3.6 12.6 = 2.8 11.8 = 2.8
8-9 20 27 0.25 69 18 23
10-11 16 15 77 20 18
12-13 19 12 57 14 11
14-15 19 9 58 17 10
16-18 9 8 55 14 9
Handedness 0.59
R 74 66 327 75 60
L 9 5 47 8 11
Diagnosis Age (y) - 38 = 1.7 - - - -
=2 - 23
3 - 26
4 - 8
5 - 6
6 - 3
=7 - 5
Treatment Protocol -
AALL0331 - 37
AALL0232 - 12
AALL0932 - 6
POG9904 - 6
Other - 10 - - -
Mean full-scale IQ (95% CI) 109.6 (106.9-112.7) 95.3 (92.1-98.5) 7 x 1010 111.8 (110.7-113.0) 109.9 (107.4-112.6) 100.4 (99.2-101.6)

* Ethnicity was available in too few NIH subjects for comparison.
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Fig. 2. Comparison of summary volumes in participant groups. Means and 95% confidence limits for volume (y-axis) are shown in black across participant groups (x-
axis). The colored circles represent individual observations. Plotted volumes are adjusted for sex and age. ALL survivor participants had significantly smaller total
brain (A), total white matter (B) and total gray matter (C) volumes than CTL participants (p = 0.0004, 0.003, and 0.0006, respectively). Total cerebrospinal fluid
(CSF) volume was not different between groups (D). Three additional groups were formed from the Pediatric MRI Data Repository and are shown as a complete data
set (NIH), and matched to the CTL (N_CTL) and ALL groups (N_100, with a target full-scale IQ of 100). No significant differences were noted between the N_100 and

N_CTL groups.

and 5.8% (p = 0.003) reductions in total gray and white matter vo-
lumes respectively. Cerebrospinal fluid (CSF) volumes were comparable
between groups. No significant differences were identified in the N_100
group relative to the N_CTL group. Total intracranial volume was 3.8%
smaller in ALL survivors compared to CTL (Supplementary Fig. 1,
p = 0.023). Total brain, gray matter and white matter volume differ-
ences between the ALL and CTL groups were still considered significant
when covarying for intracranial volume (p = 0.01, 0.01, and 0.05,
respectively), suggesting relative loss in brain tissue is greater than can
be accounted for by smaller intracranial volumes.

Fig. 3 summarizes the regional volumetric differences observed
across the brain. Compared with the CTL group, the ALL group had
significantly smaller volumes for 71 of the 90 structures evaluated
(~80% atq < 0.1) (Fig. 3A). Plots for sample individual structures are
provided in Fig. 3B-D. Even where not significant, the fitted values
uniformly indicated smaller structure volumes in the ALL survivors
except in CSF spaces. Supplementary Table 2 shows regression results
for all structures. The age term in the linear model was used to estimate
age-related volume increase or decrease, providing a cross-sectional

estimate of growth rate (e.g., Fig. 3E). The regression estimates in-
dicated a median volume increase of 0.8%/yr over all measured
structures in the CTL group. Although we noted that 73% of structures
(66 of 90) in the ALL group exhibited reduced age-related volume in-
crease, this difference in slope was not found to be statistically sig-
nificant in any brain region (Supplementary Table 2).

3.3. Reduced cortical surface area in ALL survivors

Reduced cortical area was observed to be widespread in the ALL
survivor group (Fig. 4A). The reduction in surface areas was statis-
tically significant in 11 of the 16 regions evaluated: the frontal lobes
(Fig. 4B,C); the temporal lobes; the parietal lobes (D); the para-
hippocampal cortices; the insula area (bilaterally); and the left cin-
gulate cortex. In contrast, cortical thickness was not significantly
different between the ALL and CTL groups, with the exception of a
small reduction (2%) in thickness of the isthmus of the left cingulate
cortex (q = 0.01). We further observed an age-related decrease in
cortical thickness (median —0.6%/yr across cortical regions for the
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Fig. 3. Volumetric comparisons between ALL survivors (ALL) and typically-developing controls (CTL). In (A), percent volume difference in the ALL group relative to
the control is shown mapped to structure for all structures where q < 0.10, demonstrating widespread volume differences. Sample plots adjusted for sex and age are
shown for the left external capsule (B), putamen (C), and parietal lobe white matter (D). Error bars show 95% confidence intervals about the mean. Cross-sectional
evaluation of growth rate was also evaluated. In (E), an example plot of volume (adjusted for sex) versus age is shown for the parietal lobe. The slope was not

significantly different (p = 0.17).

CTL group). A majority of cortical regions (14 of 16) exhibited a
positive age-related increase in cortical thickness for the ALL group
relative to the CTL group, possibly suggesting a slowed cortical
thinning through development. However, like the age-related volume
observations, these trends were not considered significant for any of

the cortical regions individually. A sample plot of thickness versus
age is provided in Fig. 4E. A complete listing of results by structure is
provided in Supplementary Table 2. Gyrification index over the left
and right hemispheres were not significantly different
(Supplementary Fig. 2).
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Fig. 4. Cortical area comparisons between ALL survivors (ALL) and typically-developing controls (CTL). In (A), cortical area differences expressed as percent
difference in the ALL group relative to the CTL group are mapped across the brain (@ < 0.10), demonstrating widespread differences. Sample plots of area by group
adjusted for sex and age are shown for the left and right frontal lobes (B,C) and for the right parietal lobe (D). Error bars show 95% confidence intervals about the
mean. Cross-sectional evaluation of growth rate was also evaluated. In (E), an example plot of cortical thickness (adjusted for sex) versus age is shown for the insula

cortex (right). The slope was not significantly different (p = 0.13).

3.4. Impact of CTL sample IQ on anatomical findings

We compared neuroanatomy between NIH participants that were
matched on sex, age and IQ with the CTL group (N_CTL) and NIH
participants that were matched on sex and age to the ALL group with
average full-scale IQ of 100 (N_100) (Fig. 5A). No statistical differences

were observed between the N_CTL and N_100 groups after FDR cor-
rection; however, we did note that 90% of the regression estimates
suggested that brain structure volumes tended to be smaller in the
N_100 group than in the N_CTL group. To evaluate the possible influ-
ence of this bias on our findings, we computed the ratio of the N_100
and ALL regression coefficients for all structures identified as altered in
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Fig. 5. Comparison of ALL-CTL differences with data from the NIH pediatric MRI data repository. Full-scale IQ is plotted in (A) for the collected ALL and CTL data and
all data selected from the pediatric MRI data repository (NIH). Two subgroups drawn from the NIH group: one matched to the CTL group (N_CTL, based on age, sex
and full-scale IQ) and the second matched to the ALL group (N_100, based on age and sex, but with an average full-scale IQ of 100). A histogram showing the ratio of
the N_100-N_CTL difference to the ALL-CTL difference is shown in (B). All structures that were found to be significantly different in the ALL group were included. The
N_100 group showed a similar difference as the ALL group, but averaged only 0.32 times the volume/area difference from N_CTL.

the ALL group (i.e., fan 100 / Baar, Where B, is the estimated volume
difference between group G and its respective control group). A ratio of
0 would indicate that CTL IQ has no effect on neuroanatomical differ-
ences between ALL survivors and controls, while a ratio of 1 would
indicate that the differences in the ALL group are entirely accounted for
by the full-scale IQ of the CTL group. Our analysis yielded an average
ratio across structures of 0.32 (0.27-0.37 CI, with std. dev. 0.25), and is
depicted as a histogram in Fig. 5B. The ratio, averaged across struc-
tures, was significantly different from both 0 and 1 based on a two-
tailed t-test. We concluded that the elevated IQ of the CTL group likely
accounts for about one third of the observed structural reductions in the
ALL group based on the N_100-to-N_CTL comparison, but that the bal-
ance of the structural differences between groups should be considered
specific to the ALL group.

3.5. ALL treatment factors

Since age at diagnosis (von der Weid et al., 2003) and sex (Waber
et al., 1992; Brown et al., 1998; Jain et al., 2009) have been identified
in previous reports to modulate cognitive outcomes, we tested their
association with full-scale IQ and brain structure measurements in the
ALL group. Neither were found to be significant in this sample of ALL
survivors. We also investigated the possible relationship between full-
scale IQ and brain morphology outcomes, after accounting for overall
ALL-to-CTL differences. We found no statistically significant associa-
tions after correction for multiple comparisons (q > 0.8); several plots
showing these comparisons are provided in Supplementary Fig. 1
(p < 0.05, uncorrected). In addition, treatment protocol was not found
to be a significant determinant of either IQ or brain structure outcomes.

3.6. Altered diffusion in ALL survivors

Our primary structure-by-structure analyses revealed no group dif-
ferences in the DTI and MT data after controlling for FDR. However, a
trend did indicate elevated diffusivity in several brain regions (Fig. 6A-
F, uncorrected p < 0.05). Thus, a secondary analysis was undertaken
by comparing the average FA, RD and AD across structures. After

averaging across individuals for each structure, a consistent 2.8% de-
crease in FA and 4.6% increase in RD in the ALL group compared to the
CTL group was observed (Fig. 6G-H), suggesting a subtle, global al-
teration in white matter microstructure in the ALL group compared to
the CTL group.

4. Discussion

Our results demonstrate that neuroanatomical abnormalities are
widespread in child and adolescent ALL survivors. The largest differ-
ences were evident in volume and cortical surface area reductions,
which affected most of the brain. Results further indicated lower full-
scale IQ in ALL survivors compared to either age-matched controls or
population norms. Our structural findings in child and adolescent ALL
survivors indicate the presence of brain structure differences following
chemotherapy treatment.

Consistent with prior work, our results indicate reduced white
matter volume (Zeller et al., 2013; Genschaft et al., 2013; Reddick et al.,
2014; Edelmann et al., 2014; van der Plas et al., 2017) and gray matter
volume (Zeller et al., 2013; Genschaft et al., 2013; van der Plas et al.,
2017) across a broad age spectrum following treatment. We also ob-
served global trends indicating lower FA (-2.8%) linked with higher RD
(+4.6%) in ALL survivors, a pattern that has been reported previously
(Zou et al., 2017; Darling et al., 2018). The age range of recruited
participants (8-18 years of age) allowed us to estimate growth trends in
a cross-sectional manner, revealing no significant differences in age-
related volumetric or DTI differences between groups. These results
suggest that a significant portion of the volume differences observed
between groups may occur during or early after treatment, prior to
survivor participation in the study.

No significant dependence was observed between ALL clinical his-
tory (age at diagnosis, treatment protocol) and brain outcomes. This
finding may in part be explained by limited distribution of age at di-
agnosis in the ALL sample. Targeted recruitment of ALL survivors di-
agnosed at a later age would likely be needed to elucidate the impact of
age at diagnosis. Similarly, treatment protocols are highly standardized,
so that true variation in delivered treatment across the participants is
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likely limited. On the other hand, it is possible that the reported al-
terations in brain structure in ALL survivors are the result of a mix of
factors that encompass clinical history, genetic variation (Kamdar et al.,
2011), medical complications (Inaba et al., 2017; Cheung et al., 2018),

sociodemographic factors (Peng et al., 2020), as well as their interac-
tions (Cheung et al., 2018). Elucidating the roles of each of these factors
is complex. Longitudinal neuroimaging in children undergoing treat-
ment for ALL will be beneficial for studying treatment related factors;
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however, this will be a challenging endeavor because young children
have difficulty remaining still and treatment-related side effects
(nausea, behavioral changes) can further complicate data acquisition.
Preclinical models may provide an important alternative approach to
investigating these factors and candidate mechanisms. We have already
employed this strategy to examine the influence of cranial radiation on
brain development (de Guzman et al., 2015, 2019; Beera et al., 2018),
including detailed comparisons to human outcomes (Nieman et al.,
2015), and for systematic evaluation of ALL chemotherapy agents and
their contribution to brain toxicity (Spencer Noakes et al., 2018).

We replicate and extend previous work that identified reduced
surface area in ALL survivors (Tamnes et al., 2015). In particular, we
found the occipital lobe was conspicuously unaffected in ALL survivors
compared to the rest of the cortex (Fig. 4A). More limited growth (Li
et al., 2015) and early maturation (Gogtay et al., 2004) in the occipital
lobe may make it less sensitive to treatment-related toxicities than other
lobes. Another visually striking feature in our findings was an apparent
lateralization of ALL surface area differences, with the right temporal
lobe less affected than the left (Fig. 4A). Although this visual perception
is not statistically significant in the analysis, it may be consistent with
reported developmental differences in the left and right temporal lobes
(Li et al., 2015). It would be valuable to compare ALL survivors treated
at younger versus older ages more broadly to ascertain whether the
patterns of structural difference are consistent with developmental
stage at diagnosis and treatment. Future work with a larger cohort of
ALL survivors diagnosed at later ages (e.g., > 6 y.o.) would be needed
to enable this approach.

In line with previous work (Godoy et al., 2020), ALL survivors in the
present sample exhibited lower IQ compared with controls. While
survivors were not considered clinically impaired compared to popu-
lation norms, the average full-scale IQ in the ALL survivors
(FSIQ = 95.3) was still significantly lower than would be expected for a
random sampling of 71 individuals from the normative population.
Given the distribution of IQ scores (Fig. 5A), the reduced average may
be driven by a small reduction in score across many survivors, rather
than a scenario where a few low-scoring individuals drive the group
average down. If this is the case, alterations in treatment or post-
treatment remediation approaches to improve outcomes may have po-
sitive quality of life implications for a majority of survivors.

The present study also provides an important perspective on the
potential contributions of full-scale IQ of recruited control participants
for studies of brain structure in child and adolescent survivors of
childhood cancer. Research studies in ALL survivors, including this one,
generally compare against a control group with full-scale IQ higher
than expected population norms (Iyer et al., 2015; Zhou et al., 2020).
Such group differences could confound the interpretation of brain
structural differences between groups, and leaves questions about how
much of the reported findings may be artifactual. Utilizing the NIH
Pediatric MRI Data Repository, we were able to estimate the relative
contribution of elevated IQ (and possibly elevated CTL age, see Table 1)
in the control group to the reported structural differences. Approxi-
mately one third of the observed overall brain differences were esti-
mated to be attributable to CTL group characteristics (i.e., elevated IQ
compared to expected population norms, and age), leaving two thirds of
the group differences in brain morphology attributable to factors spe-
cific to ALL and its treatment. This result provides confidence that our
findings, and those reported previously, are important features of late
effect pathology, and not artifactual. Recruitment of typically devel-
oping control participants will be an ongoing challenge in the pediatric
setting and evaluation of the corresponding impact on interpretation
will be important to understanding brain health in ALL survivors.

The co-occurrence of the morphological abnormalities and reduced
full-scale IQ in the ALL survivor population naturally leads to spec-
ulation about how they might be related. Full-scale IQ generally cor-
relates only poorly with overall brain volume (Pietschnig et al., 2015);
however, significant structural abnormalities are expected to affect

10

NeuroImage: Clinical 28 (2020) 102428

functional outcomes. Accordingly, several studies have reported brain
structure differences in ALL survivors linked with altered cognitive or
behavioral scores (Edelmann et al., 2014; Reddick et al., 2014; van der
Plas et al., 2017; Darling et al., 2018). After accounting for group (CTL
vs ALL), we did not find any such associations between structure
measurements and full-scale IQ. Further evaluation of structure as it
relates to domain-specific cognitive measures is likely to provide a more
meaningful comparison (Hearps et al., 2017).

Some limitations warrant mentioning. The cross-sectional design of
the study limited our ability to determine causal relationships between
chemotherapy exposures and brain outcomes. We must also consider
the possibility of participation bias, both in the CTL and ALL groups,
particularly regarding our evidence that full-scale IQ contributes to
brain outcomes. While inclusion of the NIH neuroimaging repository
mitigated some of this concern, innovative recruitment strategies are
required for comprehensive investigation of neurocognitive late effects
in ALL survivors (Dixon et al., 2019). Additionally, we found that in-
tracranial volume was significantly reduced in ALL survivors relative to
controls. After controlling for ICV, group differences remained sig-
nificant for only 20% of the regions for which a difference had been
detected without ICV as a covariate. Given that ICV is often considered
to represent global brain volume attained following development
(Edelmann and Krull, 2013; Nopoulos et al., 2011), reductions in ICV
may be another manifestation of abnormal development associated
with ALL and its treatment. It will be important to determine if certain
regions are differentially impacted in ALL survivors.

5. Conclusions

ALL and its treatment have broad and lasting implications for the
brain. We demonstrated that ALL survivors exhibit extensive brain
structural differences compared to typically developing controls, in-
cluding volume loss of both gray and white matter, as well as decreased
cortical surface area and volume. Determining when these differences
in brain structure and function emerge will be an important step in
isolating mechanisms of toxicity and designing protective or re-
habilitative strategies.
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