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Abstract

Background: The effect of chemotherapy on brain development in long-term survivors of pediatric acute lymphoblastic leu-
kemia (ALL) was systematically reviewed. Methods: A systematic search of Pubmed, Scopus, and PsycINFO databases was
conducted to identify articles published between January 2000 and February 2020 that implemented magnetic resonance
imaging to assess brain structure and function in pediatric ALL survivors (diagnosed younger than 21 years of age). The
review included articles that were published on children diagnosed with ALL between 0 and 21 years of age and treated with
chemotherapy-only protocols. Articles meeting the inclusion criteria described survivors on average of 5 years or more from
diagnosis and were peer-reviewed articles and original studies. Results: The search yielded 1975 articles with 23 articles
meeting inclusion criteria. The review revealed that survivors had statistically significant alterations in brain anatomy, most
commonly a smaller hippocampus and impaired microstructural white matter integrity in frontal brain regions. Survivors
also had impaired brain function including lower brain network efficiency and altered resting state connectivity. Survivors
also displayed widespread reductions in brain activation (ie, frontal, temporal, parietal brain regions) during cognitive tasks.
Conclusion: Although the neurotoxic effects of cancer treatment are reduced in the absence of cranial radiation, survivors
treated on chemotherapy-only protocols still display long-term alterations in brain structure and function, which contribute
to lifelong neurocognitive late effects.

Prophylactic treatment of the central nervous system (CNS) to
reduce the risk of relapse in pediatric acute lymphoblastic leu-
kemia (ALL) has dramatically improved 5-year survival rates (1).
Over the years, the deleterious effects of cranial radiation ther-
apy (CRT) (2-4) as a method for prophylaxis resulted in the even-
tual replacement of CRT by risk-stratified intrathecal and high-
dose intravenous methotrexate (MTX) (5). Although survival
rates improved and neurotoxicity declined, survivors of pediat-
ric ALL treated with chemotherapy-only continue to demon-
strate long-term alterations in brain development and function,
which correspond with neurocognitive deficits in domains of at-
tention, executive function, and processing speed (6,7).
Neurocognitive deficits are initially subtle in survivors, though
they can progress over time and have an adverse impact on
long-term functional outcomes and quality of life (8).

Neurotoxic drugs used in chemotherapy can penetrate the
blood-brain barrier (BBB) and cause cytokine-induced inflam-
mation (9), neural apoptosis (10), and inhibit hippocampal neu-
rogenesis (11). These combined effects can have a lasting
impact on brain development and function, particularly among
pediatric patients who are within a critical time period for brain
development. Given that the majority of patients with ALL are
diagnosed and treated during early childhood, disruptions in
pediatric brain development can have a long-term impact on
survivors. To better understand the neurotoxic effects of che-
motherapy on brain structure and function, a systematic review
was conducted to assess the current literature reporting on
magnetic resonance imaging (MRI) in long-term survivors of
childhood ALL treated on chemotherapy-only protocols without
the use of CRT. This review summarizes the critical findings
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related to chemotherapy-induced brain changes as assessed
across various neuroimaging techniques.

Methods

A systematic review was conducted in accordance with the
Preferred Reporting Items for Systematic Review and Meta-
Analysis (PRISMA) guidelines (12).

Literature Search Strategy

Pubmed, Scopus, and PsycINFO databases were used to search
for articles published between January 1, 2000, and February 14,
2020. A combination of the following terms were used: “acute
lymphoblastic leukemia” OR “pediatric leukemia” OR
“childhood leukemia” OR “pediatric leukemia survivor” OR
“childhood leukemia survivor” OR “childhood cancer survivor”
AND “magnetic resonance imaging” OR “brain imaging” OR
“brain scan” OR “diffusion-weighted imaging” OR “diffusion ten-
sor imaging” OR “functional imaging” OR “blood-oxygen-level-
dependent imaging” OR “voxel-based morphometry” OR
“leukoencephalopathy” OR “tractography” OR “connectivity” OR
“brain structure” OR “brain volume” OR “surface area” OR
“cortical thickness” OR “white matter” OR “grey matter” OR
“fractional anisotropy” OR “mean diffusivity” OR “axial dif-
fusivity” OR “radial diffusivity” OR “apparent diffusion
coefficient”.

Study Selection

Study inclusion criteria for the review were as follows: 1)
reported on children diagnosed with ALL between 0 and
21 years of age who were treated with chemotherapy-only pro-
tocols and had no history of CRT or stem cell transplant, 2) de-
scribed survivors on average of 5 years or more from diagnosis
or 2.5 years or more from therapy completion, 3) implemented
magnetic resonance imaging (MRI) to assess brain structure or
function, 4) were peer-reviewed articles written in English, and
5) were original research studies. Case studies, case series (sam-
ple size < 20), abstracts, reviews, meta-analyses, commentaries,
and qualitative studies were excluded. A secondary search of
the articles referenced in original papers meeting the inclusion
criteria was also conducted. Methods of the analysis and inclu-
sion criteria were specified in advance.

Data Extraction

The titles and abstracts were extracted for articles yielded from
these search terms, and each was reviewed by 3 of the authors
(KG, ML, KK) for inclusion or exclusion. Articles meeting initial
inclusion were subsequently screened based on the full manu-
script to determine the final eligibility. Any disagreements be-
tween reviewers were presented and discussed by the group,
and a consensus was reached. The risk of bias for each article
that met the inclusion criteria was determined using the stan-
dardized Risk of Bias in Systematic Reviews (ROBIS) tool (13).
Risk of bias was assessed across 4 domains related to: 1) study
eligibility criteria, 2) identification and selection of studies, 3)
data collection and study appraisal, and 4) synthesis and find-
ings. The risk of bias for each of the domains, as well as for the
overall risk of bias, was rated as unclear, low, or high. Only

studies with an overall low risk of bias were included in the syn-
thesis of the systematic review.

Magnetic Resonance Imaging

Neuroimaging investigations provide appropriate mechanisms
for understanding brain anatomy, function, and disease pathol-
ogy (see Figure 1). MRI is a noninvasive technique used for ex-
amining the pathology and anatomy of the brain and can be
useful for assessing the effects of chemotherapy. Structural
MRI, most commonly T1-weighted images, can be analyzed to
determine the volumetric changes in the brain related to dis-
ease and treatment. Additional MRI sequences with varying
contrasts, such as T2-weighted images, T2-weighted images
with fluid attenuation, and double inversion recovery images
that attenuate fluid and normal white matter, can be applied to
the analysis to improve intensity-based brain segmentation,
particularly for white matter hyperintensities (ie, leukoence-
phalopathy) (14). Furthermore, the high-resolution T1-weighted
scans can be used to register other imaging sequences that
probe microstructure and brain connectivity such as diffusion
tensor imaging (DTI) and functional MRI (fMRI).

A common approach for analyzing brain structure uses an
unbiased whole-brain analysis technique known as voxel-based
morphometry (15). This approach involves spatially normaliz-
ing high-resolution structural brain scans into a standard ste-
reotactic space template followed by an automated brain
segmentation of grey and white matter for cortical and subcorti-
cal regions and smoothing using an isotropic Gaussian kernel.
Voxel-wise comparisons of grey and white matter are then
computed, while controlling for multiple comparisons, to evalu-
ate structural differences between individuals (16).
Morphometric properties, such as brain volume and cortical
thickness, can be measured using a freely available image anal-
ysis suite known as Freesurfer (17). Briefly, the process involves
removal of nonbrain tissue using a hybrid watershed and sur-
face deformation procedure (18), automated Talairach transfor-
mation, segmentation of the subcortical white matter and deep
grey matter volumetric structures (19,20), and automated topol-
ogy correction (21). Once the cortical models are complete, a va-
riety of deformable procedures can be performed for further
data processing and analysis including parcellation of the cere-
bral cortex into units with respect to gyral and sulcal structure
(22,23). Manual segmentation of the brain can also be performed
if investigating brain regions that are not included in the atlases
(ie, anatomical priors) used for automated segmentation.
Manual segmentation techniques are prone to errors in intra-
and interrated reliability, which can impact the validity of the
results. However, individuals with expertise in brain anatomy
and segmentation tools can overcome these barriers by having
multiple raters involved in the analysis and repeating the proce-
dures to establish internal consistency (24). These volumetric-
based approaches are sufficient to detect subtle changes in
brain architecture, making it a suitable technique for investigat-
ing the effects of chemotherapy on neuroanatomy in survivors
of childhood cancer.

Diffusion-weighted MRI techniques, such as DTI, can also be
used to investigate the microstructural properties of white matter
within the brain (25). White matter in the brain is composed of my-
elinated axons that support neural communication between differ-
ent brain regions. The myelin sheath facilitates neural
transmission and protects the axon bundles (ie, white matter
tracts) from neurotoxic agents. White matter integrity is
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characterized by the degree of anisotropy and the directional ori-
entation of water diffusion along the tracts (26). Noncompromised
white matter tracts typically exhibit increased fractional anisot-
ropy (FA) and decreased directional diffusivity (radial diffusivity,
axial diffusivity, mean diffusivity) in comparison to grey matter,
which varies with age. Fractional anisotropy is highly sensitive to
microstructural changes but less sensitive to the type of change, so
directional diffusivity (radial, axial, mean) is often reported in con-
junction with FA. Diffusion-weighted images can also be used to
perform deterministic or probabilistic tractography to assess alter-
ations in white matter microstructure (27). White matter tracts are
analyzed based on anatomical priors and represent the connec-
tions between cortical or subcortical regions. Diffusion-weighted
connectivity patterns and connectome-based analyses are often
assessed using measures derived from graph metric analyses.
Given that chemotherapy has a detrimental impact on the CNS, in-
cluding white matter in the brain, diffusion-weighted approaches
provide a suitable mechanism for detecting white matter injury in
pediatric cancer survivors treated with CNS-directed
chemotherapy.

Functional characteristics of the brain can be measured us-
ing fMRI, a technique that measures hemodynamic changes in
blood-oxygen-level-dependent (BOLD) signaling, which is re-
lated to underlying neural activity. Patterns of brain activation
can be evaluated from overt cognitive function (ie, task-based
fMRI) or periods of resting quietly (ie, resting state). Task-based
fMRI is commonly used to assess brain regions involved in
domain-specific cognitive processes, whereas resting state fMRI
is frequently used to assess the functional connectivity or global
organization of neural networks irrespective of any specific cog-
nitive demand. Alterations in brain activation and connectivity
have been observed in long-term survivors of pediatric leuke-
mia, demonstrating that this approach is useful for detecting
functional brain changes associated with chemotherapy.

Results

Study Search and Characteristics

The search yielded 1975 articles with 23 articles meeting inclu-
sion criteria (Figure 2). The majority of studies examined struc-
tural MRI (12 of 23; 52.2%) and microstructural white matter
integrity using DTI (11 of 23; 47.8%), and fewer studies examined
functional brain imaging using fMRI (5 of 23; 21.7%). A subset of
studies reported on multiple brain imaging techniques during
their investigation (6 of 23; 26.1%). All studies had an overall low
risk of bias. The details of articles included in the review are de-
scribed below based on the imaging modality (ie, structural and
functional MRI) and summarized in Table 1 and Figure 3.

Structural MRI

Structural characteristics of the brain (ie, grey and white matter
volume, cortical thickness) were assessed using MRI and sum-
marized in Table 1 and Figure 3. Volumetric analyses were used
to examine long-term structural brain alterations in survivors
of pediatric ALL (29,30,34,37,41-44,46–48). Widespread reduc-
tions in grey matter volumes were observed across various
brain regions in ALL survivors, but most notably, there were
consistent reports of smaller hippocampal volumes compared
with age-matched controls (37,42,46,47). Overall cerebral white
matter volumes were also smaller in ALL survivors, and survi-
vors displayed a lower ratio of intracranial white matter volume
in the frontal and temporal lobes (34,43,44). Regional reductions
in white matter volumes were also present (41,46). However,
there were some inconsistent reports from studies that did not
observe volumetric differences in the thalamus, caudate, puta-
men, amygdala, total grey matter, and total white matter
(30,47,48). Survivors also had thinner cortices in various brain

Figure 1. Illustration of different brain MRI modalities and data analysis techniques. BOLD ¼ blood-oxygen-level-dependent; MRI ¼magnetic resonance imaging.
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regions (42). Higher dexamethasone exposure was associated
with greater cortical thinning in the frontal, temporal, and pari-
etal lobes, particularly among female survivors (42).
Additionally, higher plasma concentration of MTX was associ-
ated with thicker cortices in the dorsal lateral prefrontal cortex,
a region involved in executive functioning (6). Brain abnormali-
ties that were less prevalent, but still observed in ALL survivors,
included cerebral microangiopathy, brain atrophy, infarcts, and
hemorrhage (28,38).

Additional white matter abnormalities were detected by
structural T1-weighted, T2-weighted, and fluid-attenuated in-
version recovery MRI sequences. Five studies reported that a
subset of survivors developed acute and/or persistent leukoen-
cephalopathy (28,31–33,45), a condition associated with appar-
ent white matter damage (ie, myelin damage) and defined by
T2-weighted hyperintensity in white matter. Risk for leukoence-
phalopathy was highest among patients receiving more inten-
sive therapy and higher doses of MTX (28,33).

Neurocognitive performance (ie, working memory and re-
sponse inhibition) was associated with structural brain changes
in ALL survivors. In particular, working memory performance
correlated with white matter volume in the amygdala,

thalamus, striatum, and corpus callosum, and response inhibi-
tion performance correlated with white matter volume in the
frontal lobe (46). Moreover, reductions in total white matter vol-
ume correlated with deficits in academic performance, atten-
tion, and intelligence (43,44). Frontal and temporal lobe grey
and white matter volumes were associated with math, reading,
vocabulary, and memory span, and parietal lobe volume was as-
sociated with math and memory span (34). Higher plasma con-
centration of MTX was associated with poorer performance on
metrics of cognitive flexibility, verbal fluency, spatial memory
span, and numerical processing speed (6).

Diffusion MRI (White Matter Microstructure)

White matter microstructures were assessed in survivors using
DTI and characterized by the degree of anisotropy and the direc-
tional orientation of water diffusivity (ie, metrics of white mat-
ter integrity). Statistically significant alterations in white matter
integrity were noted among survivors of childhood ALL, which
are summarized in Table 1 and Figure 3 (6,29–
32,34,36,37,39,40,45). Survivors displayed impaired white matter
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integrity (ie, decreased FA, increased directional diffusivity) in
the frontostriatal tracts, frontal lobe, corpus callosum, and other
white matter fiber tracts (6,30,32,34,36). Moreover, higher
plasma concentration of MTX during therapy was associated
with impaired white matter integrity in the frontostriatal tracts
and executive dysfunction (6). Only 1 study did not observe any
differences in white matter pathology (37).

Connectome-based analysis of diffusion-weighted imaging
revealed statistically significant alterations in microstructural
white matter connectivity and network clustering in ALL survi-
vors. Survivors had lower small-worldness and lower network
clustering (ie, decreased connectivity of neighboring brain
regions), which corresponded with impaired neurocognitive
performance. Survivors also had altered cluster connectivity
patterns (39). Survivors with impaired executive function dis-
played lower global network efficiency (ie, reduced network in-
tegration and information exchange) between white matter
microstructures than survivors without executive dysfunction.
In addition, survivors who received more intensive therapy (ie,
standard or high risk, increased intrathecal MTX administra-
tion) had the lowest network efficiencies (40).

Apparent white matter damage was also reflected in diffu-
sion measures of white matter integrity. Acute leukoencephal-
opathy was associated with long-term reductions in white
matter integrity within the frontostriatal tracts (32). Persistent
leukoencephalopathy was also associated with impaired white
matter integrity in several different white matter tracts.
Neurocognitive impairments at long-term follow-up correlated
with the mean diffusivity of white matter tracts in survivors
with persistent leukoencephalopathy. Moreover, the number of
intrathecal administrations of MTX, hydrocortisone, and cytara-
bine was associated with higher mean diffusivity (ie, impaired
white matter integrity) in several white matter tracts among
survivors with persistent leukoencephalopathy (45).

The association of cerebrospinal fluid biomarkers of CNS in-
jury and white matter integrity was also investigated in long-
term ALL survivors. Increases in glial fibrillary acidic protein,
myelin basic protein, and total tau levels from baseline through
consolidation were associated with a higher risk for leukoence-
phalopathy, increased diffusivity in white matter in the frontal
lobe, and greater neurocognitive impairments (31). The effects
of anesthesia exposure on white matter integrity was also eval-
uated in ALL survivors. Higher doses of propofol and longer du-
ration of anesthesia exposure was associated with attention
deficits and increased diffusivity (ie, impaired white matter in-
tegrity) in the corpus callosum, a region critical for interhemi-
spheric communication (29).

Functional MRI

Functional characteristics of the brain were measured using
resting state and task-based fMRI, and the findings were sum-
marized in Table 1 and Figure 3 (6,7,30,35,40). For resting state
fMRI, survivors displayed lower functional brain connectivity
between the default mode network and the inferior temporal
gyrus (30). Survivors with impaired executive function had
lower global efficiency (ie, reduced neighboring connections) in
functional connectome organization. Impaired survivors also
showed hyperconnectivity during resting state in brain regions
involving sensorimotor, visual, and auditory processing and
had poor separation between different brain networks (40).

For task-based fMRI, survivors had lower brain activation (ie,
reduced BOLD signaling) in the bilateral parietal and temporal
lobes during the continuous performance task (CPT), a metric of
sustained attention, and lower brain activation in the left parie-
tal and right hippocampus during an attention network task
(ANT), a metric of attention and executive function as defined

Figure 3. Summary of MRI-related outcomes in long-term survivors of acute lymphoblastic leukemia. BOLD ¼ blood-oxygen-level-dependent; MRI ¼ magnetic reso-

nance imaging; WM ¼white matter.
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by attentional arousal, spatial orientation, and cognitive flexi-
bility (7). Survivors with higher serum MTX exposure had lower
activation in the right temporal and bilateral frontal and parie-
tal lobes during the CPT, and increased activation in the ventral
frontal, insula, caudate, and anterior cingulate during the ANT
(7). In a separate study, higher plasma concentrations of MTX
were also associated with increased brain activity in the frontal
and anterior cingulate cortices, the caudate nuclei, and puta-
men during the ANT (6). Younger age at diagnosis was associ-
ated with lower brain activation during the CPT and ANT (7).
Furthermore, dexamethasone treatment was associated with
increased memory problems and decreased fMRI activity in the
left retrosplenial brain region while processing novel words
compared to survivors treated with prednisone. Story memory
was associated with altered activation in the left inferior
frontal-temporal brain regions in survivors treated with dexa-
methasone (35).

Discussion

Brain Development in Pediatric ALL Survivors

Widespread alterations in brain anatomy and function were ob-
served in long-term survivors of pediatric leukemia treated on
chemotherapy-only protocols. The findings revealed that che-
motherapy has a direct impact on brain anatomy, white matter
integrity, and functional activation, particularly in the frontal
lobe, hippocampus, and other regions involved in learning,
memory, and executive function. Connectome-based analyses,
derived from resting state fMRI and DTI, revealed lower network
clustering, lower global efficiency, reduced network integration,
and reduced information processing in ALL survivors. These
combined findings suggest that the neuroanatomical structures
are altered in survivors and the connections between them are
disrupted. Disruptions in neural network communication and
regional connectivity likely contribute, at least in part, to the
neurocognitive late effects (ie, impaired attention, executive
function, and processing speed) observed in survivors of child-
hood ALL.

It is important to note that many of these changes in brain
anatomy and function are observed early in the years following
chemotherapy (within 5-10 years), which suggests that
chemotherapy-induced neurotoxicity progresses rapidly and
must be intervened in a timely manner to mitigate long-term
side effects. Although the majority of chemotherapy agents do
not cross the BBB, genetic variability in BBB transporters can
modify or increase the amount of neurotoxicity agents that en-
ter the brain, potentially reducing the integrity of the barrier
(49). Additionally, chemotherapy can lead to apoptosis and re-
duced cell division in the brain, which are processes that di-
rectly impact brain development and function (50).
Chemotherapy may also inhibit brain development and worsen
neurocognitive deficits through DNA damage induced by in-
creased oxidative stress (51). Chemotherapy is also associated
with shorter telomere length (52,53), suggesting that accelerat-
ing neural aging may occur in survivors who received chemo-
therapy (54). Cytokine dysregulation can also occur during
chemotherapy and is associated with neural inflammation and
DNA damage (55). Dysregulation of proinflammatory cytokines
is also present in neurodegenerative disorders associated with
accelerated aging and severe cognitive impairments such as
Alzheimer disease (56). These findings may again suggest that
survivors are at risk for accelerated neural decline and cognitive

deficits. The neurotoxic effects of chemotherapy can also be
mediated by differences in sex hormones, such as variations in
levels of estrogen or testosterone, which can serve as neuropro-
tective agents against chemotherapy (57,58). Estrogen has also
been shown to have neuroprotective properties for preserving
telomere length (59). These findings suggest that patients with
reduced estrogen or testosterone may be more susceptible to
the chemotherapy-related neurotoxicity. Moreover, based on
the findings in this review, female survivors displayed greater
structural differences (reduced volume, greater cortical thin-
ning) compared with male survivors (42), demonstrating that
hormonal differences can affect the degree of neurotoxic dam-
age incurred during treatment. Although some of the neuroim-
aging studies in this review included ALL survivors treated on
sex-specific protocols (ie, males received 6 more months of
treatment than females), these differences are negligible as
males typically received maintenance drugs and low doses of
oral MTX, which are not commonly associated with neurotoxic-
ity. Moreover, all of the observed sex-based differences in neu-
roimaging outcomes were reported exclusively among females,
further suggesting that sex and hormonal differences may be
playing a key role in long-term neural development. Overall,
chemotherapy-induced brain changes are multifactorial in na-
ture and will require a multidisciplinary approach, utilizing
multiple neuroimaging techniques, to fully understand the
mechanisms underlying neurotoxicity in long-term survivors of
ALL.

Another potential mechanism of chemotherapy-induced
neurotoxicity involves impaired neurogenesis (ie, the genera-
tion of new neurons). Chemotherapy disrupts the proliferation
of neurogenesis in the dentate gyrus of the hippocampus, a
brain region involved in learning and memory (60). Preclinical
models have also demonstrated that chemotherapy is associ-
ated with a statistically significant decline in neurogenesis and
impaired cognitive function, particularly for hippocampal-
dependent memory functions (11). These findings may partially
explain the mechanism underlying the smaller hippocampal
volumes observed in long-term survivors of ALL, but the exact
mechanism between hippocampal volume and neurogenesis
has not yet been established. However, the results from this re-
view revealed that survivors had statistically significant reduc-
tions in hippocampal volume (37,42) and impaired performance
on hippocampal-dependent memory tasks (37), which is consis-
tent with the mechanism of impaired hippocampal neurogene-
sis and cognitive dysfunction. Connectome-based analyses
using DTI also revealed altered clustered connectivity in the
hippocampus, among other regions (39). Future studies should
use high-resolution MRI to segment subregions of the hippo-
campus and use in vivo magnetic resonance spectroscopy
(MRS) and chemical exchange saturation transfer (CEST)–based
imaging to assess the molecular composition of the brain to bet-
ter understand the role of hippocampal neurogenesis and how
it may be impacted in long-term ALL survivors.

Although chemotherapy treatment exposures are acute,
they are still administered during a period of rapid brain devel-
opment which has long-term implications on brain function
and cognitive abilities. Longitudinal MRI investigations of brain
development during childhood and adolescence have shown
complex patterns of regionally specific development in brain ar-
chitecture (ie, volume, cortical thickness, and surface area),
which are age-related and differ by sex (61–63). These develop-
mental brain changes continue to occur throughout early adult-
hood until the brain reaches full maturation (64). Studies have
demonstrated that white matter maturation develops more
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slowly in frontotemporal regions during childhood and adoles-
cence (65), which may suggest that these white matter regions
are most vulnerable to the neurotoxic effects of CNS-directed
chemotherapy because of their lack of mature myelin develop-
ment. Consistent with these findings, long-term survivors of
ALL treated with chemotherapy during childhood and adoles-
cence also displayed damages to white matter integrity in these
regions (ie, frontostriatal tracts), which was accompanied by ex-
ecutive dysfunction (6). Damages to white matter integrity may
lead to further disruptions in network connectivity patterns and
reduce information processing efficiency. Future studies should
employ multiple MRI techniques to better understand how
white matter alterations are associated with changes in brain
architecture and function. Brain-related changes should be
closely monitored throughout therapy and during long-term fol-
low-up to identify longitudinal changes that may be associated
with treatment exposures and neurotoxicity. To potentially mit-
igate the harmful effects of chemotherapy on brain structure
and function, brain stimulation techniques such as transcranial
direct current stimulation, transcranial alternative current
stimulation, and photo-biomodulation can be used to stimulate
different neural networks, at different frequencies, to enhance
or inhibit brain activity. Stimulation of frontal lobe networks in
ALL survivors may be particularly beneficial given that these
survivors displayed reduced frontal lobe volume, altered frontal
lobe activity during attention-related tasks, altered frontal lobe
connectivity with poorer network efficiencies, and reduced
white matter integrity in the frontostriatal tracts, particularly
among survivors who developed acute leukoencephalopathy
during treatment. These stimulation techniques may also im-
prove the neurocognitive deficits observed in ALL survivors, as
they have well-documented deficits in attention, executive
function, and processing speed, which are cognitive processes
mediated by frontal lobe networks (6,7).

Leukoencephalopathy

Acute leukoencephalopathy occurs in a subset of ALL patients
receiving treatment. Patients with acute leukoencephalopathy
can be symptomatic or asymptomatic, which can sometimes
make it difficult to detect without serial MRI monitoring. For
some patients, leukoencephalopathy is associated with stroke-
like symptoms including seizures, dysphasia, and altered men-
tal status (66,67). Regardless of whether patients experience
overt symptoms related to leukoencephalopathy, white matter
damage can still occur. As observed in this review, risk for leu-
koencephalopathy was highest among survivors who received
more intensive therapy and higher doses of MTX (28,33).
Leukoencephalopathy during treatment was associated with
long-term impairments in white matter integrity, particularly in
the frontostriatal tracts, a white matter fiber bundle critically in-
volved in higher-ordered cognitive processes (32). Survivors
with persistent leukoencephalopathy (from active therapy to
long-term follow-up) experienced greater neurocognitive defi-
cits and had reduced white matter integrity in the corpus callo-
sum, corona radiata, superior longitudinal fasciculi, and
superior fronto-occipital fasciculi, reflecting widespread altera-
tions in white matter networks. These findings demonstrate
that acute and chronic disruptions to white matter integrity (ie,
myelin damage) can have a lasting impact on brain function
and cognitive development. Overall, patients with acute or per-
sistent leukoencephalopathy have greater neuroanatomical
changes, increased neurocognitive impairment, and reduced

white matter integrity at long-term follow-up. Although all
patients receiving chemotherapy are at risk for developing neu-
rocognitive deficits and impaired brain function, patients who
develop leukoencephalopathy during therapy may be at greater
risk and require a modified or earlier intervention to help miti-
gate long-term neurocognitive and brain dysfunction.

Inflammation biomarkers collected from the CSF during
therapy may also be particularly useful for predicting acute leu-
koencephalopathy and long-term impairments in neurocogni-
tive abilities and brain function. Increases in glial fibrillary
acidic protein, myelin basic protein, and total tau levels from
baseline through consolidation were associated with a higher
risk for leukoencephalopathy and increased diffusivity (ie,
white matter damage) in the frontal lobe (31). These findings
demonstrate that biomarkers of inflammation collected during
treatment could be useful in predicting acute, as well as later,
changes in brain development and cognitive ability. By assess-
ing biomarkers associated with brain function, early identifica-
tion of patients at higher risk for developing
leukoencephalopathy can be detected, and early interventions
can be applied.

Treatment Factors Impact Brain Development

Treatment factors also played an influential role in brain devel-
opment in survivors. Survivors treated with more intensive
therapy (ie, standard or high risk compared with low risk) had
lower network efficiency between brain regions, had altered
brain structure and function, and displayed greater neurocogni-
tive impairments. The number of intrathecal administrations of
MTX, hydrocortisone, cytarabine, and dexamethasone was posi-
tively correlated with impaired white matter integrity in survi-
vors with persistent leukoencephalopathy at long-term follow-
up (45). The effect of CNS disease status was only reported for a
subset of studies (4 of 23; 17.4%), and it was not reported to be
associated with any neuroimaging outcomes. However, larger
research investigations with adequate power are warranted to
determine the extent to which CNS disease status may affect
long-term brain development and function in ALL survivors.
CNS disease will be an important factor to consider in future
neuroimaging investigations given emerging evidence that sug-
gests CNS changes may occur prior to treatment and are related
to neuroinflammation (31). Additionally, higher dexamethasone
exposure was associated with increased cortical thinning, par-
ticularly among female survivors (42). This suggests that differ-
ences in sex hormones (ie, endocrine system) may mediate the
effect of chemotherapy on brain structure. Dexamethasone ex-
posure also altered BOLD signaling, which corresponded with
memory deficits (35). No associations were observed between
dexamethasone exposure and hippocampal volume (42), de-
spite previous literature reporting hippocampi atrophy in indi-
viduals with prolonged exposure to glucocorticoids (68).
However, the effects of steroid use (ie, dexamethasone, predni-
sone) on brain structure in ALL survivors have only been inves-
tigated in a single-institution study, and additional research
studies are warranted. Overall, these findings highlight the del-
eterious effects of dexamethasone exposure on brain structure
(ie, reduced volume, increased cortical thinning) and function
(ie, altered hemodynamic responses during a memory-related
cognitive task), indicating that dexamethasone exposure should
be reduced when possible.

The effect of anesthesia was also investigated as a treatment
factor but yielded no effect on the structural properties of the
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brain, as assessed using T1-weighted MRI images. However, an-
esthesia exposure did have an impact neurocognitive function
and white matter integrity in ALL survivors. Specifically, higher
doses of propofol and increased duration of anesthesia expo-
sure were associated with attention deficits and increased diffu-
sivity in the corpus callosum, a region critical for
interhemispheric communication (29). As such, exposure to an-
esthesia should be limited as much as possible to prevent long-
term deficits in white matter integrity and neurocognitive late
effects.

We acknowledge a few limitations common to systematic
reviews and the nature of synthesizing large datasets. To reduce
these limitations, the PRISMA guidelines were adhered. Risk for
selection bias and low participation rates was also noted for a
few studies, but the majority of studies did not exhibit a risk of
bias. Studies that examined the molecular properties of the
brain using MRS- or CEST-based imaging were not included in
this review, nor were other non-MRI modalities such as magne-
toencephalography, electroencephalography (EEG), and func-
tional near-infrared spectroscopy (fNIRS), which may have
provided additional studies and further insight into brain func-
tion following chemotherapy, particularly for understanding
the temporal and electrophysiological properties of the brain.
Myelin water imaging was also reported as an outcome for one
of the studies (30), but these results were not considered given
the scope of this review.

Discussion

The neurotoxic effects of cancer treatment are reduced in the
absence of cranial radiation, but survivors treated with chemo-
therapy still display some deficits in brain structure and func-
tion, which may contribute to the neurocognitive late effects
observed in long-term survivors. Importantly, acute neurotoxic-
ity that occurs during chemotherapy can have a lasting impact
on brain development long after treatment has subsided. For
these reasons, long-term survivors of childhood ALL should be
closely monitored for neurocognitive deficits and corresponding
brain dysfunction. Investigators should use domain-specific
neurocognitive testing, rather than global cognitive measures,
to monitor changes in cognitive abilities among survivors.
Studies that investigate neurocognitive late effects in survivors
of childhood ALL should also include neuroimaging when feasi-
ble to allow for associations between brain and behavior to be
investigated. Longitudinal neuroimaging studies should also be
conducted to characterize the progressive change more accu-
rately in brain anatomy and function that occurs in survivors.

Advanced magnetic resonance techniques, such as multi-
shell diffusion imaging and multicompartment diffusion mod-
els including neurite orientation dispersion and density
imaging, can also be implemented in future studies to examine
microscopic white matter network connectivity (69).
Additionally, the use of myelin water imaging can build on cur-
rent knowledge of white matter integrity deficits in survivors by
more precisely measuring myelin content. Furthermore,
advancements in MRS- or CEST-based imaging may permit fu-
ture investigators to measure hippocampal neurogenesis,
which may play a key role in the neuroanatomical and neuro-
cognitive deficits observed in survivors. Unfortunately, many of
the advanced neuroimaging techniques that examine brain
connectivity and myelin integrity require scan sequences that
are not routinely collected as part of ALL treatment protocols
and are often limited to independent research studies. Broad

population-based screening using these advanced MRI techni-
ques would greatly benefit pediatric cancer survivors and other
clinical populations with high risk for neurological complica-
tions, but given their limited accessibility, additional neuroim-
aging investigations are needed to determine the most viable
method for implementing advanced MRI on a larger, clinically
relevant scale. The use of multimodality imaging (eg, simulta-
neous fMRI þ EEG) can also be incorporated into future investi-
gations to overcome the limitations of the independent
techniques. Combining magnetic resonance-based imaging
with other brain imaging modalities such as EEG and fNIRS will
be particularly useful for reducing the spatial and temporal con-
straints typically observed when using a single modality.
Considering that EEG and fNIRS systems can be portable and
are relatively inexpensive in comparison to other neuroimaging
modalities, these techniques may be a particularly useful and
cost-effective option for broad-population neurological screen-
ing in survivors. A combination of these various brain imaging
modalities provides a needed holistic approach to understand-
ing how chemotherapy impacts brain structure and function in
long-term survivors of ALL.
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