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ABSTRACT

Background: Cancer and cancer treatments may impact the brain through several pathways leading
to cognitive impairment. Neuroimaging evidence has begun to elucidate the neurobiological under-
pinnings of cancer-related cognitive impairment. The aim of this paper was to systematically review
available literature on structural brain alterations following adult non-central nervous system (CNS)
cancers and associated treatments.

Methods: This review followed PRISMA guidelines and was registered in PROSPERO (ID#107387).
Comprehensive searches were conducted in June 2018 using PubMed and Web of Science. Inclusion
criteria were English peer-reviewed journal articles of formal, controlled studies that examined struc-
tural neuroimaging outcomes in adult non-CNS cancer patients and survivors. Selected articles were
assessed for quality and risk of bias using the National Institutes of Health Quality Assessment Tool for
Observational Cohort and Cross-Sectional Studies.

Results: Thirty-six publications of prospective and cross-sectional studies met inclusion criteria and
were included. Structural brain alterations following cancer and its treatment were reported in a
majority of the publications as evidenced by reduced global and local gray matter volumes, impaired
white matter microstructural integrity, and brain network alterations. Structural alterations were most
often evident when cancer-treated groups were compared with healthy controls, and more subtle
when compared with cancer controls. Regarding the existence of pretreatment impairments, the evi-
dence was equivocal. There was significant between-study heterogeneity in imaging analytical
approaches and use of statistical adjustments. Over half reported associations with cognitive out-
comes, though regions and associated cognitive domains were heterogeneous.

Conclusions: Structural brain alterations following cancer and cancer treatments were reported in a
majority of the reviewed studies. However, the extent of observed alterations depended on the choice
of comparison groups. Methodological issues exist that will need to be addressed systematically to
ensure the validity of findings. Large-scale prospective studies with extended assessment points are
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warranted to replicate and build upon initial findings.

Background

Converging evidence indicates that cancer and cancer treat-
ment is associated with cognitive impairment in patients
with non-central nervous system (CNS) cancers [1]. Initially
called ‘chemo-brain’, the term cancer-related cognitive
impairment (CRCI) has since been adopted by researchers, as
it more accurately captures its complex etiology, which may
not uniquely be attributed to neurotoxicity caused by
chemotherapy. A body of research has emerged suggesting
that cognitive impairment may be evident prior to the initi-
ation of systemic therapies pointing to the cancer itself as a
potential causal factor [2]. Other co-occurring symptoms
such as fatigue, sleep, and mood disturbances may also con-
tribute to CRCIl. Research examining the underlying patho-
physiological mechanisms of CRCl has identified several
candidate mechanisms. A dominant model relates to the role

of proinflammatory cytokines [3]. The release of these inflam-
mation-promoting signaling molecules (e.g., interleukin-6)
can be triggered directly by the cancer and tumor growth,
as a secondary process related to local and systemic treat-
ments, or as a consequence of altered behavioral and psy-
chological factors [4,5]. Once released, cytokines can signal
the brain through several pathways, leading to alterations in
neurotransmitter function and brain circuitry [6]. Other candi-
date mechanisms of CRCI include DNA damage and oxidative
stress, telomere shortening, mitochondrial dysfunction, epi-
genetic changes, as well as, endocrine and circadian disrup-
tion [7-10]. These pathophysiological mechanisms of CRCI
should not be regarded as competing explanatory models,
but as co-occurring and dependent processes that may lead
to CRCI (Figure 1). Furthermore, emerging research on mod-
erating risk factors including cognitive reserve and specific
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Figure 1. Several pathways are hypothesized to underlie the detrimental impact of cancer and cancer treatments on the brain and cognitive functions. First, cancer
and cancer treatments (e.g., chemotherapy) may either directly, or indirectly through various pathophysiological mechanisms including epigenetic changes, DNA
damage and oxidative stress, mitochondrial dysfunction, pro-inflammatory cytokine release, and endocrine and circadian disruptions, result in brain alterations and
cognitive impairment (A). These mechanisms should be regarded as co-occurring and dependent processes as indicated by the white arrow. Second, cancer and
cancer treatments may lead to increased psychological distress (e.g., symptoms of depression and anxiety) and behavioral changes (e.g., sleep disturbances), which
may again, either directly or indirectly, impact the brain and cognitive functions (B+C). Third, activated mechanisms and associated brain alterations, as well as cog-
nitive changes, may on their own have a negative impact on psychological and behavioral factors resulting in a negative feedback loop (C). Finally, known genetic

and demographic risk factors may moderate these pathways.

genetic predispositions suggest that some patients may be
at an increased risk [11].

Irrespective of the exact underlying pathophysiology, it
must be assumed that CRCl is mediated by brain alterations.
Indeed, there is emerging neuroimaging research elucidating
the underlying neurobiological basis of CRCI. The neuroimag-
ing literature can be categorized into functional and struc-
tural approaches. Both approaches have been adopted
within CRCI research as they provide answers to different
questions. While functional studies rely on the in vivo assess-
ment of ongoing brain activity at rest or during specific tasks
to investigate potentially altered brain activation patterns fol-
lowing cancer and cancer treatments, structural approaches
rely on the quantification of anatomical, morphological, and
microstructural properties of the physical brain, most com-
monly measured in white matter (WM) and gray matter (GM)
tissue, to investigate potentially altered structural properties
of the brain related to cancer and its treatment. Central
structural imaging modalities include T1-weighted magnetic
resonance imaging (MRI) and diffusion-weighted imaging
(referred to as diffusion tensor imaging, DTI). T1-weighted
MRI allows for high resolution anatomical images with excel-
lent contrast between WM and GM. It is useful for morpho-
metric and volumetric analysis of manually or automatically
delineated region of interests (ROIs) (e.g., the hippocampus).
More recent developments include fully automated approaches
such as voxel-based morphometry (VBM) [12], which employs
voxel-wise parametric statistical testing of GM density across
the entire brain or in specified ROIs. DTl is another MRI tech-
nique that uses the directional coherence of water diffusion in
the brain. Due to the uniformity of the fibrous structure of WM,
DTl can be used to indirectly assess the directionality and
microstructural integrity of WM tracts. Common DTl measures
are fractional anisotropy (FA), mean diffusivity (MD), axial

diffusivity (AD), and radial diffusivity (RD). These measures can
be analyzed using a variety of approaches including voxel and
tract-based analysis, ROl analysis, and network analysis.

In line with this, the aim of the present paper was to sys-
tematically and comprehensively review the structural neuro-
imaging literature in order to answer the following
questions: Is cancer and cancer treatment associated with
structural brain alterations in adult cancer patients with non-
CNS cancers? Are there differences in structural brain altera-
tions between cancer patients who receive treatment com-
pared with appropriate controls?

Methods
Registration and data source

The present systematic review was registered in The
International Prospective Register of Systematic Reviews
(PROSPERO) under ID# 107387 and conducted in accordance
with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [13]. A comprehen-
sive literature search of PubMed and Web of Science was
undertaken on 8 June 2018. Data were extracted from stud-
ies published in peer-reviewed journals using structural neu-
roimaging in adult non-CNS cancer patients (see Figure 2).
For details on study eligibility, search strategy, quality assess-
ment, and data extraction, see the Supplementary material.

Results

Flowchart of the selection process is presented in Figure 2.
Summary data and results extracted from the articles are pre-
sented in Tables 1 and 2.
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Figure 2. Flowchart of included studies according to PRISMA.

Characteristics of the included studies

A total of 36 publications were included in this systematic review
[14-49]. Below, we describe the main study characteristics.

Cancer diagnoses

Twenty-eight publications were focused on breast cancer
(BC) patients [14-41], three focused on testicular cancer
patients [42-44], two on patients undergoing hematopoietic
stem cell transplant [45,46], one on lung cancer patients [47],
one on prostate cancer patients [48], and one on ovarian,
peritoneal, and fallopian tube cancer patients [49]. Five of
the BC publications [15,17,21,24,40] were associated with
two research projects and six additional BC publications
[14,22,23,30,32,39] were connected with three research proj-
ects with overlapping samples. Inagaki et al. [30] reported
findings from two distinct samples and were counted separ-
ately in Figure 3. Two testicular cancer publications were
from one research project [42,44], as were the two publica-
tions pertaining to patients undergoing hematopoietic stem
cell transplant [45,46].

Sample size

Median patient sample size for the 36 reviewed studies was
in the 21-40 participant range. Four publications included

sample sizes exceeding 100 (from two projects) [17,24,30,40],
but the remaining studies had patient sample sizes that
were less than 80, see Figure 3.

Study design

Of the 28 BC studies, 19 were cross-sectional
[14,17,19,22-25,27,28,30-34,36,37,39-41] and nine were lon-
gitudinal designs [15,16,18,20,21,26,29,35,38]. One of the tes-
ticular cancer studies was cross-sectional [43], and the
remaining two were longitudinal [42,44]. The lung cancer
[47] and ovarian cancer studies [49] were cross-sectional. The
two hematopoietic stem cell transplant studies [45,46] and
the prostate cancer study [48] were longitudinal.

Cancer treatment

Four studies focused specifically on chemotherapy-naive BC
patients during or post-surgery [16,25,37,41]; 28 studies focused
on cancer patients who were undergoing/had undergone
chemotherapy  [14,15,17-24,26-32,34-36,38-40,42-44,47 49];
two studies focused on hematopoietic stem cell transplant
patients [45,46]; and two studies focused on patients under-
going antihormonal treatment [33,48].
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Time since Brain Imaging Main
Study Cancer Design treatment (mean) Groups Group nos. structure modality analysis
Abraham et al. Breast Cross-sectional 1.8 years post-CT HC 9 WM DTI ROI
(2008) [31] T+ 10
Amidi, Agerbaek Testicular  Longitudinal Post-surgery a- 43 GM T1 VBM
et al. 3 months post-CT T+ 22 ROI
(2017) [44]
Amidi, Hosseini Testicular  Longitudinal Post-surgery T— 42 WM DTI WBNA
et al. 3 months post-CT a+ 22
(2017) [42]
Apple et al. Breast Cross-sectional ~ 14.4 months post-CT/on HC 18 HPC T DMA
(2017) [36] hormone therapy T+ 16
Bergouignan et al.  Breast Cross-sectional ~ 1.5-3 years post-RT HC 21 HPC T ROI
(2011) [27] T+ 16
Billiet et al. Breast Longitudinal Post-surgery/pre-CT HC 15 WM DTI VBA
(2018) [15] 4.2 months post-CT T— 14 DKI ROI
3.5 years post-CT T+ 25 MWI
Chao et al. Prostate Longitudinal Pre-ADT ADT- 12 GM T VBM
(2013) [48] 6 months after ADT+ 12
Chen et al. Breast Longitudinal Post-surgery/pre-CT HC 14 GM T ROI
(2018) [26] 22 d post-CT CT+ 16 WM
Conroy et al. Breast Cross-sectional 6.4 years post-CT HC 23 GM T VBM
(2013) [19] T+ 24
Correa et al. Hematol.  Longitudinal Pre-HSCT HC 10 GM T VBM
(2013) [46] 1 year post-HSCT HSCT (CT+) 19 Ventricles BVQ
HSCT (CT + fTBI) 9
Correa et al. Hematol.  Longitudinal Pre-HSCT HC 10 WM DTI TBSS
(2016) [45] 1 year post-HCST Allogeneic 10 ROI
Autologous 12
Correa et al. Ovarian Cross-sectional 2.7 months post-CT HC 18 GM T VBM
(2017) [49] T+ 18
de Ruiter et al. Breast Cross-sectional 9.6 years post-CT - 17 GM T1 VBM
(2012) [22] CT+ 15 WM DTI TBSS
TH-MRS PRESS
Deprez et al. Breast Cross-sectional 4.2 months post-CT HC 15 WM DTI VBA
(2011) [28] cT— 10
a+ 14
Deprez et al. Breast Longitudinal Post-surgery/pre-CT HC 19 WM DTI VBA
(2012) [21] 4.7 months post-CT T— 16
T+ 34
Eberling et al. Breast Cross-sectional ~ On tamoxifen TAM+ 10 HPC T1 ROI
(2004) [33] ERT+ 15 T2
ERT-/TAM- 15
Hosseini et al. Breast Cross-sectional 4.5 years post-CT HC 38 GM T WBNA
(2012) [23] T+ 37
Inagaki et al. Breast Cross-sectional 3.9 months post-CT HC (1y : 3y) GM T1 VBM
(2007) [30] 3.3 years post-CT - 55:37 WM
T+ 55:59 CSF
51:73
Kesler et al. Breast Cross-sectional 4.8 years post-CT HC 35 HPC T1 ROI
(2013) [34] Tt 2
Kesler et al. Breast Cross-sectional 5.8 years post-treatment HC 36 WM T1 TBSS
(2015) [39] CT+ 34 DTI WBNA
Kesler et al. Breast Cross-sectional  Pre-surgery HC 50 GM T WBNA
(2017) [37] Pre-surgery 74
Koppelmans et al. Breast Cross-sectional ~ 21.1 years post-CT HC 368 GM T VBM
(2012) [24] T+ 184 WM
HPC
Koppelmans et al. Breast Cross-sectional ~ 21.2 years post-CT HC 374 WM DTI TBSS
(2014) [17] CT+ 187
Koppelmans et al.  Breast Cross-sectional ~ 21.1 years post-CT HC 374 GM T1 CMB
(2015) [40] T+ 187 WM 3D-PDW LCIR
T2
FLAIR
Lepage et al. Breast Longitudinal Post-surgery/pre-CT HC 19 GM T1 VBM
(2014) [18] 1 months post-CT CT+ 19 ROI
1.2 years post-CT
McDonald et al. Breast Longitudinal Post-surgery/pre-CT HC 18 GM T VBM
(2010) [29] 1 month post-CT CT— 12
1 year later a+ 17
McDonald et al. Breast Longitudinal Post-surgery/pre-CT HC 24 GM T1 VBM
(2013) [20] 1 month post-CT CT— 28
a+ 27

(continued)
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Table 1. Continued.

Time since Brain Imaging Main

Study Cancer Design treatment (mean) Groups Group nos. structure modality analysis

Menning et al. Breast Cross-sectional ~ Pre-CT HC 38 GM T VBM
(2015) [41] pre-CT— 32 WM DTI TBSS

pre-CT+ 33 TH-MRS Fazekas rat-
ings
PRESS

Menning et al. Breast Longitudinal Post-surgery/pre-CT HC 30 WM DTI TBSS

(2018) [35] 6.6 months post-CT - 23 ROI
a+ 26

Mo et al. Breast Longitudinal Pre-CT HC 19 WM DTI ROI
(2017) [38] 2-3 weeks post-CT or T+ 1

surgery for
neoadjuvants

Sato et al. Breast Longitudinal 1.5 d pre-surgery HC 20 GM T VBM
(2015) [16] 5.6 d post-surgery Post-surgery 32

Scherling et al. Breast Cross-sectional ~ Post-surgery/pre-CT HC 23 GM T VBM
(2012) [25] Pre-CT 23 WM

Simo et al. Lung Cross-sectional ~ NSCLC - pre-CT HC 20 GM T VBM
(2015) [47] SCLC — 1 months CT— (NSCLQ) 20 WM DTI VBA

post-CT CT+ (SCLO) 28

Stouten- Testicular ~ Cross-sectional ~ 14.7 years post-CT CT— 18 GM T VBM
Kemperman, de CT+ 27 WM DTI TBSS
Ruiter, Caan DKI
et al.

(2015) [43]

Stouten- Breast Cross-sectional ~ 11.5 years post-CT HC 20 GM T VBM
Kemperman, de RT 15 WM DTI TBSS
Ruiter, T+ 20 TH-MRS Fazekas rat-
Koppelmans High dose CT++ 17 ings
et al. PRESS
(2015) [14]

Yoshikawa et al. Breast Cross-sectional 3.5 years post-CT - 31 HPC T ROI
(2005) [32] T+ 44

Groups — ADT: androgen deprivation therapy; CT: chemotherapy; ERT: estrogen replacement therapy; fTBI: full-dose total body irradiation; Hematol: hemato-
logical; HC: healthy controls; HSCT: hematopoietic stem cell transplant; NSCLC: non-small-cell lung cancer; RT: radiotherapy; SCLC: small-cell lung cancer; TAM:
tamoxifen. Brain structure — CSF: cerebrospinal fluid; Gray matter; HPC: hippocampus; WM: white matter. Imaging modality - 1H-MRS: single voxel proton spec-
troscopy; DTI: diffusion tensor imaging; DKI: diffusion kurtosis imaging; FLAIR: fluid attenuated inversion recovery; MWI: myelin water imaging; PDW: proton
density-weighted imaging; T1: T1-weighted imaging; T2: T2-weighted imaging. Analysis — BVQ: brain ventricular quantification; CMB: cerebral microbleeds; DMA:
deformation mapping analysis; LCIR: lacunar and cortical infarct rating; PRESS: point-resolved spectroscopy; ROI: region of interest; TBSS: tract-based spatial sta-
tistics; VBA: voxel-based analysis; VBM: voxel-based morphometry; WBNA: whole-brain network analysis.

Imaging modalities and brain structures

All of the identified studies used MRI as the structural imag-
ing technique. Analysis of T1-weighted data was reported in
27 publications, while 15 studies reported on DTl data with
several studies reporting both. Structural assessment of

GM was reported in a total of 21 publications (58%)
[14,16,18-20,22-26,29,30,37,40,41,43,44,46-49] with VBM
being the most widely used method of analysis

(h=17; 81%). Two studies used whole-brain network analy-
ses to assess GM covariance networks [23,37]. One study
assessed overall lobe volumes [26], and one study quantified
cerebral pathology [40]. Structural assessment of the brain
WM was reported in a total of 20 publications (56%)
[14,15,17,21,22,24-26,28,30,31,35,38-43,45,47]. The  most
widely used imaging technique to assess the WM structure
was diffusion-weighted imaging. Voxel-wise, tract-based, and
ROI analyses using one or several diffusion metrics (i.e., FA,
MD, AD, and RD) was reported in 14 publications
[14,15,17,21,22,28,31,35,38,39,41,43,45,47]. Results from volu-
metric analyses were reported in five publications
[24-26,30,43], while two publications reported results from
whole-brain network analysis [39,42].

Quality rating of studies and risk of bias

Quality assessment of each study was undertaken as
described in the Supplementary material. Ten studies were
deemed good quality (>9 criteria met) [14,16,22,27,35,37,40,
42-44] and 26 were deemed fair quality (5-9 criteria met) [15,
17-21,23-26,28-34,36,38,39,41,45-49].  All  studies were
included in our results. The quality rating process highlighted
areas of weakness that may increase risk of bias. With respect
to recruitment and accruals reporting, most studies did not
include the dates during which data collection occurred,
about 20% of studies did not include the location of partici-
pant recruitment, and 10% provided no information about
how HC participants were recruited. About half of the studies
either did not report follow-up rates or had drop-out rates
greater than 20%. Although most studies included informa-
tion about how they undertook the matching of controls to
the primary patient sample(s), approximately 30% of the stud-
ies did not specify any matching procedure beyond the gen-
eral inclusion and exclusion criteria. With respect to data
analysis, no study provided a priori sample size justification or
discussion of power, but 50% did provide sufficient informa-
tion to calculate effect sizes for potential meta-analyses.
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Table 2. Results by the comparison group.

Cancer group Treatment (e.g., CT+) Treatment (e.g., CT+)

Study Design Cancer versus HC versus HC versus cancer control Other results
Abraham et al. Cross-sectional ~ Breast 1. CT+ < HC: FA genu
(2008) [31] 2. CT=HC: FA splenum
Amidi, Agerbaek Longitudinal Testicular 1. CT+| > CT—: GM pre- 1. CT+[: GM prefrontal &
et al. frontal regions includ- parieto-frontal areas
(2017) [44] ing R 2. CT— |: GM parieto-
paracingulate gyrus frontal, parieto-occipi-
tal, occipital, and sub-
cortical areas
3.CT+ 1: GM only in R
Crus | and Il
in cerebellum
Amidi, Hosseini Longitudinal Testicular 1. CT+| > CT—: Global
et al. and local brain net-
(2017) [42] work properties: small-
worldness, network
clustering, and
local efficiency
Apple et al. Cross-sectional ~ Breast 1. CT+ > HC: HPC
(2017) [36] deformation, HPC vol-
ume
2.7+ < HG
HPC volume
Bergouignan et al.  Cross-sectional ~ Breast 1. CT+ < HC: HPC vol-
(2011) [27] ume, posterior HPC
volume
2. CT+ = HC: anterior
HPC volume
Billiet et al. Longitudinal Breast 1.T1-T2 CT+|, HC— : FA
(2018) [15] in 4 ROIs
2. T2-T3: CT+7, HC—: FA
in 4 ROIs
3.T3: C(T+ = CT— = HC:
advanced diffusion
magnetic resonance
imaging, myelin-water
imaging metrics in all
ROIs & whole-brain
voxel-wise analyses
Chao et al. Longitudinal Prostate 1. ADT+]| > ADT— : GM
(2013) [48] primary motor cortex,
frontopolar cortex, and
dorsolateral pre-
frontal cortex
Chen et al. Longitudinal Breast 1. CT+ = HC: T1, T2 and 1. TC regimen| > non-
(2018) [26] over time, total GM, TC/HC: temporal
total WM, segmented lobe volume
lobar brain structures
Conroy et al. Cross-sectional ~ Breast 1. CT+| > HG: GM in L
(2013) [19] temporal lobe, R mid-
brain, L thalamus, R
cerebellum, R insula.
Correa et al. Longitudinal Hematol. 1. HSCTT > HC 1. HSCT =HC: T1 regional 1. HSCT|: GM middle
(2013) [46] and brain volume or lateral frontal gyrus bilaterally
2. HSCT(CT)T > ventricle volume and L caudate nucleaus
HC: L lateral 2. HSCT(CT)| > HC: L 2. HSCT(CT)|: GM L mid-
ventricular middle frontal gyrus dle frontal gyrus
volume volume over time. 3. HSCT7: total lateral
ventricle volume, total
ventricle volume
Correa et al. Longitudinal Hematol. 1. HSCT| > HC: MD/AD 1. Allo] > Auto/HC: MD 1. HSCT|: MD several
(2016) [45] in diffuse WM regions genu, middle cerebellar WM tracts
peduncle
2. AlloT > Auto/HC: MD
fornix
3. Auto] > Allo/HC: MD R
external capsule, uncin-
ate fasciculus, fornix
Correa et al. Cross-sectional ~ Ovarian 1. CT+ < HC: GM frontal

(2017) [49]

(R middle & superior
frontal gyrus; L inferior
frontal operculum) &

(continued)
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Table 2. Continued.

Cancer group

Treatment (e.g., CT+)

Treatment (e.g., CT+)

Study Design Cancer versus HC versus HC versus cancer control Other results
parietal (L supramargi-
nal gyrus into L angu-
lar gyrus).
de Ruiter et al. Cross-sectional  Breast 1. CT4+ > CT—: MD, AD
(2012) [22] across WM skeleton
2.CT+ < CT—FAL
anterior corona radiata,
L external capsule, L
sagittal stratum
3.CT+ > (T—:
Widespread MD and
RD
4. CT+ = CT—: NAA, Cho,
Cr
5. CT+ < CT—: NAA/Cr
4. CT+ < CT—: GM L lat-
eral posterior parietal
cortex, bilateral precu-
neus, L occipital cortex
and bilat-
eral cerebellum.
Deprez et al. Cross-sectional  Breast 1. CT+ < HC: FA frontal 1. CT4+ < CT—: FA (same
(2011) [28] (superior fronto-occipi- regions as compared
tal fasciculus, anterior with HC)
limb of internal cap- 2. CT+ > CT—: MD, RD
sula, superior corona (same regions as com-
radiata) & temporal pared with HC)
(inferior longitudinal,
fronto-occipital fascic-
ulus) WM tracts
2. CT+ > HC: MD and RD
in frontal WM tracts
(superior longitudinal
fasciculus, superior cor-
ona radiata, corpus cal-
losum, cingulum)
Deprez et al. Longitudinal Breast 1. CT+: FA corona radi-
(2012) [21] ata and corpus cal-
losum; frontal and
parietal (superior longi-
tudinal fasciculus),
occipital (forceps
major) WM tracts
2. HC —: FA
3.CT— —: FA
Eberling et al. Cross-sectional ~ Breast 1. TAM+ = ERT-/TAM-:
(2004) [33] HPC volume
Hosseini et al. Cross-sectional ~ Breast 1. CT+ < HC: Clustering
(2012) [23] coefficient, small-world
index
2. CT+ < HC: highly
interactive nodes,
degree/centrality in
frontotemporal regions
3. (T4 = HC: network
path lengths
Inagaki et al. Cross-sectional ~ Breast 1. C(T+/CT— = 1. (T+ < CT—GM and
(2007) [30] HC: GM & WM WM in prefrontal, para-
(1-year and 3- hippocampal, and cin-
year studies) gulate gyrus, and
precuneus in (1-year
study)
2.7+ =CT—: GM &
WM (3-year study)
Kesler et al. Cross-sectional ~ Breast 1.0+ < HC L
(2013) [34] HPC volume
Kesler et al. Cross-sectional ~ Breast 1. CT+ < HC FA in mul-
(2015) [39] tiple regions

2. CT+ > HC: number of
streamlines

3. CT+ < HC: streamline
lengths and FA

NETWORK ANALYSIS

(continued)
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Cancer group

Treatment (e.g., CT+)

Treatment (e.g., CT+)

Study Design Cancer versus HC versus HC versus cancer control Other results
3. CT+ > HC: clustering
coefficient, path length,
small-worldness index
4. CT+ < HC: tolerance
to targeted attacks on
both nodes and edges
5. CT4+ = HC: Tolerance
to random attacks
Kesler et al. Cross-sectional ~ Breast 1. BC=HC: global
(2017) [37] network
clustering
Koppelmans et al. Cross-sectional ~ Breast 1. CT+ < HC: total brain
(2012) [24] and GM volumes
2. CT+ = HC: total intra-
cranial, WM, CSF vol-
ume, R and L HPC
volumes, regional GM
Koppelmans et al. Cross-sectional ~ Breast 1. CT+ = HC 1. CT+: time since
(2014) [17] WM integrity. treatment] = global
and focal
WM integrity|
Koppelmans et al. Cross-sectional ~ Breast 1. CT+ > HC: Total CMBs
(2015) [40] and CMBs in deep/
infratentorial region
2. CT+ = HC: infarctions,
WM lesion volume.
Lepage et al. Longitudinal Breast 1. T1-T2: CT+]: GM vol-
(2014) [18] ume (frontal, temporal,
parietal, and occipital
regions)

2. T1-T3: CT+: partial GM
recovery, persistent
reduction frontal, tem-
poral

3. T1-T2: HCT: GM R
amygdala

4. T1-T3: HC: GM increase
no longer significant.

McDonald et al. Longitudinal Breast 1.T-T2: CT—| > 1. T1-T2: CT+| > HC 1. T2-T3: C(T+ = CT—: 1. T+ = (T— = HCG GM
(2010) [29] HC: GM R cere- GM: bilateral middle GM at baseline.
bellum frontal gyri and L cere- 2. T1-T3: CT+| > CT—: 2. T1-T2: CT+|: GM in
2. T2-T3: C(T— = bellum GM in bilateral cerebel- bilateral frontal, tem-
HC: GM 2. T2-T3: C(T+ = HC: GM lar regions poral, cerebellar
regions, R thalamus

3. T3: CT+: GM recovery
in bil. superior frontal,
L middle frontal, R
superior temporal and
cerebellar regions

4. T3: CT+: GM persistent
decreases in bil. cere-
bellum, R thalamus
and medial temporal
lobe, L middle frontal
gyrus, R precentral,
medial frontal, and
superior frontal gyri

5. CT— —, HC —: GM

McDonald et al. Longitudinal Breast 1.CT—| = 1. CT+| > HC: GM dens- 1. CT+| = HC GM 1. CT+|: GM L middle
(2013) [20] HC: GM ity in L middle frontal and superior frontal
gyrus at T2. gyri

2. CT——, HC—: GM

Menning et al. Cross-sectional ~ Breast 1. BC<HC FA 1. Pre-CT+ = Pre-CT— =
(2015) [41] 2. BC>HC: MD HC: regional GM and
WM, brain metabolites,
Fazekas rating for
WM lesions
Menning et al. Longitudinal Breast 1.T2: CT— < HC: 1. T2: CT+ > HC: MD 1.CT+| >C—:FAinR 1. CT+ = (07— = HC
(2018) [35] FA superior longitu- voxel-wise WM integ-
2.T2: CT— > dinal fasciculus rity over time
HC: MD 2. CT—|, HC]: MD
in genu.

(continued)
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Table 2. Continued.

Study Design Cancer

Cancer group
versus HC

Treatment (e.g., CT+)
versus HC

Treatment (e.g., CT+)
versus cancer control

Other results

Mo et al.
(2017) [38]

Longitudinal Breast

Sato et al. Breast

(2015) [16]

Longitudinal

Scherling et al. Cross-sectional ~ Breast

(2012) [25]

Simo et. al. Cross-sectional

(2015) [47]

Lung

Stouten- Cross-sectional  Testicular
Kemperman, de

Ruiter, Caan

et al.

(2015) [43]

1. BC=HC: GM
whole brain
and ROls,
whole brain
WM values

2. BC<HCG WM
volumes in bil.
inferior frontal,
L pre & post-
centralgyri, L
insula, L stri-
atum, R supra-
marginal-gyrus,
L inferior par-
jetal, R middle
temporal gyrus,
L precuneus
and L cor-
pus callosum

1. CT+/CT- <
HC: GM density
in L insula,
bilateral para-
hippocampal
gyrus, L anter-
jor cingulate
cortex.

2. CT+/CT— <
HC: FA &

CT+/CT— > HC:
AD in L inferior

longitudinal fas-

ciculus.

3. CT— < HCG: FA
&

CT— > HC: AD in
widespread
regions in L
cingulum &
superior corona
radiata, R
superior longi-
tudinal
fasciculus

1. BC] HCT: regional GM
volume in R thalamus.

1. CT+ < HC: GM density
in R insula, bilateral
parahippocampal
gyrus, L anterior cingu-
late cortex

2. CT+ > HCG: AD in
L cingulum.

N

w

. C(T+ = CT—: Global

and focal GM and WM
volumes.

. CT+ = CT—: MD, FA,

MK, and AK values
across WM skeleton

. CT+ > CT—: RK across

skeleton

. T+ > (T—: RK in

widespread areas: cor-
pus callosum, bilateral
internal capsula, bilat-
eral superior longitu-
dinal fasciculus, and

bilateral corona radiata.

1. CT+]: FA in 3/50 ROIs
in fornix, L and R
superior fronto-occipi-
tal fasciculus. No differ-
ences after FDR
corrections.

1. BC: Anesthesia /4~
regional GM volume in
thalamus over time.

(continued)
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Cancer group Treatment (e.g., CT+)

Treatment (e.g., CT+)

Study Design Cancer versus HC versus HC versus cancer control Other results

Stouten- Cross-sectional  Breast 1. RT > HC: GM volume in 1. CT++ < RT: GM vol- 1. CT++ > CT+/RT: MD,
Kemperman, de cerebellum, occipital ume in posterior brain (NAA 4+ NAAG)/CR ratio
Ruiter, cortex, cingulum, cal- areas incl. cerebellum, showing WM injury
Koppelmans carine sulcus and pre- occipital cortex, poster- 2. CT++ = CT+ = RT:
et al. cuneus; MD in superior ior parietal cortex, pre- Fazekas ratings of WM

(2015) [14]

Yoshikawa et al. Cross-sectional ~ Breast

(2005) [32]

longitudinal fasciculus.

N

N

cuneus

. CT+ < RT: GM volume

in occipital cortex and
cerebellum

. CT++ > RT: MD in

body and genu of cor-
pus callosum, cingu-
lum, posterior &
superior fronto-occipi-
tal/longitu-

hyperintensities, FA
values

3. CT++ > CT+: MD val-

ues in body and genu
of corpus callosum,
anterior & superior cor-
ona radiata, external &
internal capsule, sagit-
tal striatum & superior
longitudinal fasciculus.

dinal fasciculus.
1.+ =0
HPC volumes

Groups — ADT: androgen deprivation therapy; Allo: allogeneic hematopoietic stem cell transplant; Auto: autologous hematopoietic stem cell transplant; BC: breast
cancer patients; CT: chemotherapy; HC: healthy controls; HSCT: hematopoietic stem cell transplant; RT: radiotherapy; TAM: tamoxifen; TC: docetaxel and cyclo-
phosphamide. Brain structure — CSF: cerebrospinal fluid; Gray matter; HPC: hippocampus; WM: white matter. Neurochemical indices — Cho: choline-containing
metabolites; Cr: creatine; NAA: N-acetylaspartate. Analysis: ROI: region of interest; CMB: cerebral microbleeds. Results — AD: axial diffusivity; AK: axial kurtosis; bil.:
bilateral; FA: fractional anisotropy; FDR: false discovery rate; L: left; MD: mean diffusivity; MK: mean kurtosis; R: right; RD: radial diffusivity; RK: radial kurtosis.
Symbols: 1: increase over time; |: decrease over time; —: stable over time; =: not significantly different; >: significantly greater than; <: significantly less than;

= associated with; +4: not associated with.

®» o o =

o)}

Number of publications

Patient sample size (N)

Figure 3. Number of publications by patient sample size.

With respect to the imaging data, scan acquisitions within
each study were most commonly undertaken using the same
scanner, and acquisition parameters were held constant
across participants. Between-study variability in acquisition
parameters, however, were noted. Post-processing was
largely conducted using automated and standardized pipe-
lines, although study variability did exist. Regarding the
imaging analyses, most studies used standardized and well-
known approaches (e.g.,, VBM, tract-based spatial statistics).
Furthermore, while the majority of studies undertook some
form of multiple comparison adjustments such as family-wise
error and false discovery rate corrections or corrections for
cluster level thresholds in voxel-level analyses, large
between-study heterogeneity existed in the choice of param-
eters. In the 10 studies that included some form of manual
assessment or quality check of the imaging data (i.e., delin-
eation of hippocampal volumes, WM lesions, and small-vessel

disease) [14,22,27,31-34,40,41,43], three did not explicitly
report blinding raters to group condition [32,40,43]. Two
studies used multiple raters in order to measure inter-rater
reliability, which was determined to be high [32,33]. Most
studies stated research questions or hypotheses and defined
their inclusion and exclusion criteria adequately. Importantly,
studies generally defined their outcome variables clearly and
used valid and reliable approaches to assess structural prop-
erties. Most studies included important covariates and, if
they had not, had matched their samples on characteristics
important to the outcome variables (e.g., age).

Structural alterations related to cancer and
its treatment

Results regarding the association between brain structural
alterations and cancer and its treatment will be presented
according to the main treatment modality investigated (e.g.,
post-surgery, chemotherapy, antihormonal therapy). When
applicable, results are then organized by cancer type within
each treatment modality (e.g., breast, testicular, etc.).

Surgery/pre-chemotherapy

Four studies were identified that specifically investigated the
impact of surgery and anesthesia [16] and cancer itself on
structural brain properties [25,37,41]. Sato et al. [16] pro-
spectively compared GM density in 32 postmenopausal BC
patients undergoing surgery with 20 age-matched healthy
controls (HCs). In accordance with a priori hypotheses, they
found significant reductions across time in GM density in the
right thalamus of BC patients compared with HCs. Using DTI,
Menning et al. [41] cross-sectionally compared BC patients
who were scheduled or not scheduled for chemotherapy
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with HCs and found distributed areas with altered WM
among patients, though differences were no longer statistic-
ally significant when controlling for fatigue levels. In add-
ition, regional GM and WM volumes were not significantly
different between groups. Scherling et al. [25] also examined
GM volumes by comparing 23 BC patients prior to chemo-
therapy with 23 matched controls and found no between-
group differences. Lower WM volumes, however, were
observed in frontal, parietal, and limbic regions in the
patients. Using network analysis, Kesler et al. [37] compared
GM covariance networks of BC patients post-surgery with
HCs and found evidence of altered local clustering in frontal,
parietal, and temporal regions, but not globally. Baseline
results from longitudinal studies of both GM volumes and
WM microstructure also elucidated potential post-surgery
brain structural alterations. In one study, no difference in GM
volume was detected between BC patients awaiting chemo-
therapy and those who were not or HCs [29]. Another study
by the same group, however, reported lower GM volumes in
the left cingulate gyrus in patients who did not subsequently
receive chemotherapy compared with HCs, but no differen-
ces were noted with those who went on to receive chemo-
therapy [20]. Regarding WM, Deprez et al. [21] found no
difference in WM microstructure between premenopausal BC
patients and HCs at baseline prior to chemotherapy.

Chemotherapy

Publications in breast cancer (BC): A total of 23 publications
(64%) investigated the association between chemotherapy and
structural brain alterations in BC populations. Of these, 15 (65%)
were cross-sectional [14,17,19,22-24,27,28,30-32,34,36,39,40]
and eight (35%) were longitudinal [15,18,20,21,26,29,35,38].
Three publications were effectively null findings [26,32,38] while
the remainder reported associations between chemotherapy
and structural brain alterations.

Cross-sectional findings: Of the cross-sectional studies, 10
compared patients who received chemotherapy (CT+) with a
HC group as the only comparison condition
[17,19,23,24,27,31,34,36,39,40]. Three studies included a non-
CT cancer control group (CT—) in addition to a HC group
[14,28,30], while two studies compared CT + with CT — only
[22,32]. In studies comparing CT+ patients with HCs,
CT + evidenced structural brain alterations including reduced
hippocampal volumes and deformation [27,34,36]; long-term
reductions in regional and global GM and VM volumes
[17,19,24]; altered brain structural networks [23,39]; as well as
lower WM integrity [28,31]. A higher prevalence of cerebral
microbleeds was also found, but the result would not have
survived adjustment for multiple comparisons [40]. Although
one study in BC patients who were an average of 6 years
post-CT found that time since chemotherapy was positively
correlated with GM density [19], studies that included BC sur-
vivors 21 years post-treatment still found structural impair-
ments in multiple areas [17,24,40]. In contrast, other studies
that compared CT + patients with HCs, did not detect differ-
ences in GM or WM 1 and 3 years post-treatment [30]. In
studies that compared CT + with CT—, most found that CT+

patients evidenced structural alterations as indicated by:
reductions in GM volumes in posterior regions [14,22], reduc-
tions in both GM and WM in frontal and temporal regions
[30]; and impaired widespread microstructural integrity of
the WM [14,22,28]. Again, some of these impairments were
apparent 10 years post-treatment [14,22]. One study did not
observe differences in hippocampal volumes between CT -+
and CT — patients [32].

Longitudinal findings: Eight prospective studies with BC
patients were identified of which four investigated GM
changes [18,20,26,29] and four focused on WM microstruc-
tural changes [15,21,35,38]. Regarding changes in GM vol-
umes, two studies followed patients from post-surgery but
prior to further treatment with subsequent follow-up at 1
month and 1 year post-treatment [18,29]. In these studies,
within-group analysis revealed widespread bilateral GM
reductions from baseline to 1T month after treatment pertain-
ing to frontal and temporal regions. Time-by-group interac-
tions, however, revealed fewer significant clusters, and it is
worth noting that in the study by Lepage et al. [18], statis-
tical comparisons were restricted to within-group differences
only, with no formal test of an interaction. Within-group
analyses from baseline to 1-year post-treatment in these
studies revealed partial recovery in multiple regions includ-
ing the temporal lobe. Persistent bilateral reductions were
observed in frontal and cerebellar regions. In a prospective
replication study by McDonald et al. [20], within-group GM
reductions from baseline to 1 month after chemotherapy
was observed in frontal regions in CT+ patients. A group-
by-time interaction revealed specific reduction in the left
middle frontal gyrus, which replicated earlier findings. With
respect to microstructural WM alterations, Deprez et al. [21]
reported within-group reductions in FA in frontal, parietal,
and occipital WM regions in CT + patients. No changes were
observed in CT — or HC groups. In a follow-up study of the
same cohort, patients were reassessed after 3-4 years [15].
Restricting their analysis to previously impaired WM regions,
the results indicated a recovery back to baseline levels. A
recent prospective study comparing 26 CT+ with 23 CT-
patients and 30 HCs at baseline, and at a six months follow-
up, found no changes in WM microstructure (FA/MD) in
either group [35]. ROI analyses, however, revealed changes in
the superior longitudinal fasciculus fiber tract with more pro-
nounced decline in FA in the CT+ group compared with
CT—. Interestingly, no difference was observed when com-
pared with HCs. Two prospective studies did not find signifi-
cant changes in regional or global GM and WM volumes
between HC and CT+ [26], nor in regional microstructural
properties [38].

Publications in testicular cancer (TC): To date, results on
the association between CT and brain structural properties in
TC come from three publications [42-44]. One cross-sectional
study investigated the long-term effects of cisplatin-based CT
on GM/WM volumes and WM microstructure [43]. Compared
with CT—, CT + evidenced widespread increase in radial kur-
tosis, but not in other diffusion parameters (i.e.,, FA, MD). No
between-group differences were observed in global or focal
GM or WM volumes. Two prospective studies from the same



project investigated changes in GM volumes and WM net-
works in CT+4+ compared with CT— [42,44]. Assessing CT +
and CT — patients at baseline following orchiectomy and six
months after, corresponding to 3 months post-CT, Amidi
et al. [44] found significant reductions in frontal GM volumes
across time in CT+. Within-group analyses revealed wide-
spread bilateral loss of GM in both groups in frontal, parietal,
and occipital regions. A subsequent study of the same
patient cohort further revealed changes in the structural
brain network in the CT + group relative to CT — as indicated
by decreased small-worldness, networking clustering, and
local efficiency [42].

Publications in hematopoietic stem cell transplant (HSCT)
patients: Two publications from one longitudinal project
examined structural brain alterations in HSCT patients
[45,46]. HSCT is an established treatment for many hemato-
logical malignancies involving an intensive conditioning regi-
men consisting of high-dose CT with or without total body
irradiation followed by infusion of either a donor’s (allogen-
eic) or the patient’s own (autologous) stem cells [50]. Pre-
transplant, there were no differences found between HCs
and patients in regional brain volume, lateral ventricle vol-
ume or WM integrity [45,46]. However, allogeneic HSCT can-
didates had higher MD and AD in the left hemisphere
compared with autologous candidates’ pre-transplant [45]. In
longitudinal analyses, patients showed GM reductions in the
middle frontal gyrus bilaterally and in the left caudate
nucleus, increases in left lateral and total ventricle volume,
and a significant decrease in MD and AD in diffuse WM
regions relative to HCs from baseline to one year post-HSCT
[45,46]. Differences were also found by transplant type; 1
year post-HSCT, allogeneic HSCT recipients had lower FA and
higher RD in the right hemisphere and left frontal WM com-
pared to autologous recipients.

Other cancer populations: There has been one publication
on structural brain alterations in lung cancer patients. Simé
et al. [47] cross-sectionally compared 28 small-cell lung can-
cer patients after CT with 20 matched chemo-naive non-
small-cell lung cancer patients, and 20 HCs. Their results
revealed lower GM within the temporal, parietal, and frontal
regions in the CT+group relative to HCs. Compared with
HCs, both patient groups evidenced impaired WM micro-
structure bilaterally in inferior longitudinal fasciculus and the
left cingulum. No differences were observed in either WM or
GM properties between patient groups (CT + versus CT—).
One study has been published on structural impairments in
18 ovarian, peritoneal and fallopian cancer patients. Patients
who had completed CT within 1-4 months were compared
with 18 matched HCs [49]. Lower GM volumes in patients
were observed in frontal and parietal regions including in
the right frontal gyrus, left frontal operculum and left supra-
marginal gyrus.

Antihormonal therapies

Two identified publications specifically investigated the asso-
ciation between antihormonal treatment and brain structural
alterations [33,48]. In a prospective study by Chao et al. [48],
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GM density in 12 prostate cancer patients initiating androgen
deprivation therapy (ADT) was compared with 12 matched
non-ADT prostate cancer patients. Decreased GM was
observed from baseline to 6 months after ADT in the primary
motor cortex and the dorsolateral prefrontal cortex relative
to the non-ADT group. Eberling et al. [33] examined three
groups of postmenopausal women - women taking estro-
gen, women with BC taking tamoxifen, and women not tak-
ing estrogen or tamoxifen. Hippocampal volumes in BC
patients were not different from volumes in women not tak-
ing estrogen or tamoxifen.

Association between structural neuroimaging outcomes
and cognitive functions

Twenty-eight  publications examined correlates  with
cognitive  outcomes using  neuropsychological tests
[14-16,18,19,21,22,25,26,28,30-42,44-46,48,49]. In most cases,
studies reported associations between regions of interest or
those that differed between groups/changed over time with
neuropsychological outcomes, or vice versa. Several studies
found significant correlations between brain structures and
various cognitive outcomes, particularly in those who
received cancer treatment. Significant findings were
expressed as associations between reduced GM density,
poorer WM integrity, more WM lesions, smaller hippocampal
volume, or less efficient brain networks with impaired cogni-
tive performance typically in one or two domains in the can-
cer-treated patient group, or across the whole sample
[14,18,19,21,28,30,31,34,39,40,42,44,45,48]. See Supplementary
Table 1 for a summary of these results.

Discussion

The aim of this systematic review was to summarize findings
on the association between cancer and cancer treatment,
and structural brain alterations. We believe that the present
paper represents the most comprehensive review to date on
this topic. Thirty-six publications were identified, of which
the majority included BC populations. Other cancer types
were testicular, hematologic, ovarian, and lung cancers.

All of the studies were of fair to good quality but areas
were also identified that could increase the risk of bias
within studies and overall. For the most part, however,
efforts were made to undertake appropriate statistical con-
trols, such as multiple comparison adjustments, inclusion of
relevant covariates, and the use of reliable approaches in
imaging post-processing and data analysis.

Summarizing the results, it is clear that structural brain
alterations were reported in a majority of the studies and
included evidence of reduced global and local GM volumes,
impaired microstructural WM integrity, and brain network
alterations. A majority found evidence for lower GM density
in cancer patients when compared with HCs, and in patients
following systemic treatment compared with cancer controls
in at least one or more brain regions. One of the largest
cross-sectional studies to date found significantly lower total
brain and GM volumes in chemotherapy-exposed patients
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[24]. Affected GM regions, however, varied by study with no
clear pattern. Studies that attempted to elucidate treatment-
specific changes controlled for both cancer-treatment and
cancer through the inclusion of at least one cancer control
group and a HC group. However, such studies were generally
less able to detect GM alterations, particularly between can-
cer groups, potentially due to small sample sizes. One aber-
ration was the relatively larger study by Inagaki et al. [30]
where GM differences between CT—and CT+ groups were
detected. Studies that tried to distinguish impact on GM due
to surgery or the cancer itself, also culminated in equivocal
findings. Furthermore, time since treatment did not appear
to mitigate the effect, at least in BC patients. Although par-
tial short-term recovery in GM was found following chemo-
therapy treatment [18,29], long-term BC survivors evidenced
reduced GM [14,19,22,24]. This could, however, be due to
historical differences in treatment regimens and doses.
Regarding structural impairments in WM, results from
volumetric studies were generally inconsistent. However, all
studies that used DTl to assess WM microstructure, except
one [17], revealed alteration in one or more diffusion meas-
ures such as reduced FA indicative of lower structural integ-
rity of WM fiber tracts, and increased MD values. The
advantage of diffusion-weighted imaging is that it is a non-
invasive, yet highly sensitive technique to detect WM abnor-
malities [51]. Again, the most consistent findings were
observed when comparing CT+ with HC. However, several
studies also reported differences between treatment groups
(e.g., CT+versus CT—) in both cross-sectional and longitu-
dinal studies with indications of lower WM integrity in CT+.
Overall, DTl appeared to be a sensitive technique for the
detection of acute cancer and treatment-related effects on
WM, not only in relation to chemotherapy in BC patients but
also in relation to other types of treatments and cancers.
Regarding the pattern of WM alterations, results were less
consistent with evidence of widespread and diffuse impair-
ments, suggesting that the effect of cancer and its treatment
on WM microstructure does not carry a signature pattern but
is widespread and diffuse. When assessed several years after
treatment, alterations in the brain WM were generally not
evident, potentially indicating long-term recovery in the WM
structure. Direct longitudinal evidence of recovery following
chemotherapy for BC was reported in one of the few studies
that included a long-term follow-up assessment [15]. In con-
trast, evidence also indicated long-term WM abnormalities in
BC patients who had received a high dose of chemotherapy
[22]. These DTI findings, however, should be interpreted with
caution due to several issues. First, heterogeneity was
observed regarding how many and which diffusion metrics
were included. Most commonly, FA was used as a measure
of WM integrity, but several studies included multiple diffu-
sion measures that may have increased the risk of Type |
error due to multiple testing. Second, studies found changes
in some diffusion metrics but not in others. Third, while dif-
ferent DTl measures may indicate different types of WM
abnormalities not captured by FA, the clinical interpretation
is complex and should be performed with care [52]. In the
absence of clearly stated a priori hypotheses, such findings

may have represented selective reporting. Finally, the mode
of analysis employed differed between studies with some
opting for whole-brain voxel-wise comparisons, while others
restricted their analysis to tract-based techniques, and yet
others employed ROI-based methods. Other general consid-
erations relate to the image acquisition parameters such as
the strength of the magnetic field, the number of available
diffusion gradient directions, the choice of b-value(s), and
the spatial resolution - all of which may have impacted the
sensitivity of the analyses. These issues clearly need to be
addressed systematically in future studies. Indeed, guidelines
have recently been published with the goal of harmonizing
imaging studies in cancer populations [53].

The hippocampal regions were one of few brain struc-
tures to be investigated specifically. Of six studies, four indi-
cated alterations in this region [27,33,34,36]. All of these
studies, however, were cross-sectional and mainly compared
patients with HC. It is worth noting that the largest study to
date with long-term BC survivors did not find signs of hippo-
campal volume reductions [24]. Also, the only study to con-
trast CT + with CT — failed to detect any differences [32].

Only four publications applied network analysis
[23,37,39,42]. However, network impairments were reported
in all of these, including one that compared BC patients prior
to treatment with HC [37]. The only longitudinal study to
date, reported significant changes in central network param-
eters in CT+ compared with CT— [42]. Network analysis of
structural imaging data is a relatively novel approach to
assess the overall topological organization of brain networks.
Because this approach is inherently multivariate, it may be
more sensitive to detecting subtle brain alterations.

In terms of study design, heterogeneity in time since
treatment, cancer type, imaging methods used, and anatom-
ical regions examined, prevented meaningful comparisons of
longitudinal versus cross-sectional findings. For example, in
BC, most of the longitudinal studies assessed brain changes
from pretreatment to shortly after treatment completion
(usually within a year), whereas cross-sectional studies were
often conducted several years after treatment completion. In
the case where a cross-sectional study was comparable to
two longitudinal studies in terms of time since treatment,
imaging modality, and structures examined, cross-sectional
findings corroborated longitudinal findings [21,28,35].

When associations between structural brain properties
and objective cognitive outcomes were examined, half of
those studies reported significant associations. Although the
expected cognitive domains of processing speed, attention/
working memory, and memory were detected across a num-
ber of those studies, they were associated with heteroge-
neous regions and properties, and were not the only
cognitive domains associated with structural regions. The
remaining studies detected no significant correlations or did
not test for associations. In short, there was no clear associ-
ation between specific structural properties or regions with
specific cognitive domains, and where associations existed,
they were highly distributed - consistent with findings in
healthy populations [54]. A new conceptualization of the
connection between brain structure and cognitive



functioning is likely to be necessary - potentially one that
engages network science in both structural and functional
imaging to better illuminate dynamic human cognitive archi-
tectures [37].

In addition to the aforementioned limitations, additional
limitations may limit the interpretation of findings. One limi-
tation is that the extent of structural impairments may have
been related to the choice of comparison group. The most
consistent differences were observed between CT + and HCs,
which do not directly elucidate treatment-specific effects.
Generally, when comparisons were made between a specific
treatment group and a treatment-naive group, structural
alterations were more subtle. In addition, most of the studies
were restricted by small sample sizes and high between-
study heterogeneity in important imaging and analytical vari-
ables. Finally, the effect of hormones or menopausal status
may affect the brain [33], but most studies mixed pre- and
postmenopausal patients and individuals on anti-estro-
gen therapies.

In sum, there is both cross-sectional and longitudinal evi-
dence to indicate that structural brain alterations may follow
cancer and its treatment. Neuroimaging has clearly become
an important research methodology within CRCI as it allows
for non-invasive investigations of neurobiological underpin-
nings. However, given recent replicability issues in neuroi-
maging research, it is imperative that future large-scale
studies replicate and build upon initial findings. Moreover,
given recent developments in hormonal and immune thera-
pies that may last from several years to end of life, longitu-
dinal studies with long-term follow-ups are warranted. A
greater focus on the role of moderators such as specific risk
polymorphisms, cognitive reserve, age, and the effect of time
since treatment also need to be examined. Finally, preregis-
tration of studies is recommended to mitigate the potential
risk of selective reporting [55].

The present review has several limitations. First, neuroi-
maging was restricted to structural imaging, although a
number of studies examined both structure and function. It
would likely be fruitful to combine findings from both imag-
ing approaches to better understand the dynamic interplay
between structure and function in the context of CRCI
Second, due to differences in structural imaging outcomes,
as well as the particular format of neuroimaging results,
meta-analysis was not possible. Third, the quality assessment
tool used in this review, although useful for appraising gen-
eral risk of bias, was not specifically geared towards imaging
studies. Finally, a specific focus on moderating risk factors of
brain structural alterations was outside the scope of
this review.
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