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Cognitive impairment and brain
atrophy in patients with newly
diagnosed aggressive lymphoma
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chemotherapy: a normative
analysis
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Biosecurity, Melbourne, VIC, Australia, ®Faculty of Medicine, Dentistry and Health Sciences, University
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Objective: Cancer-related cognitive impairment (CRCI) can impact daily-life
functioning of people with aggressive lymphoma. While many studies have
examined the neural substrates implicated in CRCI, most have used group-based
analyses, which may mask individual differences. In the present study, we used
normative analysis to examine longitudinal changes in cognitive functioning
and brain morphology at the level of the individual patient.

Methods: Nine participants with newly diagnosed aggressive lymphoma
underwent neuropsychological assessment and anatomical MR before and
6-8 weeks after chemotherapy. Cognitive test scores were converted to
T-scores and classified as impaired if < 30. Deviations in cortical thickness and
surface area in the superior frontal gyrus (SFG) and anterior cingulate cortex
(ACC) were computed at the level of the individual using the novel CentileBrain
tool, with z-scores below —-1.96 and above 1.96 classified as infranormal and
supranormal, respectively.

Results: Analyses revealed substantial between-subject variability over time
and across outcome measures. Cognitive impairments in executive function
and verbal memory were identified in three participants before and/or after
chemotherapy. CentileBrain results showed seven participants had infranormal
cortical thickness and/or surface area in the SFG at one or both time points,
and one patient had infranormal values in the ACC. No participants exhibited
supranormal values in either region at any time point.

Conclusion: Our findings provide a valuable foundation for developing more
personalised interventions tailored to the specific cognitive and neural profiles
of lymphoma survivors, paving the way for improved clinical care to alleviate
and mitigate the impact of CRCI on long-term quality of life.

Clinical trial registration: https://www.anzctr.org.au/, identifier
ACTRN12619001649101.
KEYWORDS

cancer-related cognitive impairment, brain atrophy, aggressive lymphoma, normative
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Introduction

Aggressive lymphoma is a type of cancer caused by the rapid
proliferation of malignant lymphocytes, categorised as Hodgkin
lymphoma (HL) and non-Hodgkin lymphoma (NHL). The most
common is diffuse large B-cell lymphoma (DLBCL), with an estimated
incidence of 2000 Australians annually (1). Advances in diagnosis and
treatments have improved survival rates (2), with 5-year survival rates
ranging between 74 and 95% (3, 4), and stable remissions in 68-88%
of individuals (5). However, this has led to a growing population of
survivors living with the physical and neuropsychological sequelae of
cancer and its treatment.

Many studies have demonstrated people with aggressive
non-central nervous system (non-CNS) lymphoma experience poorer
physical and emotional wellbeing, compared with the general
population (6, 7). Additionally, studies have shown these people
experience cancer-related cognitive impairment (CRCI) (6, 8), a term
used to describe impaired functioning in domains including memory,
attention, executive functioning, and processing speed that may arise
before, during, or after cancer treatment as a consequence of the
disease and its therapies (9). While prevalence varies across studies,
research indicates 13-70% of cancer survivors experience cognitive
dysfunction during or after treatment (10). These symptoms can last
for years with a profound impact on cancer survivors’ quality of life,
occupational and social functioning, and daily activities (9, 11, 12).

CRCI has been measured through subjective self-report and
objective neuropsychological assessments, evaluating various
cognitive functions including executive functioning, memory,
attention, and processing speed (13, 14). Although little research has
been conducted in people with aggressive lymphoma, a multitude of
studies have been conducted in breast cancer and other non-CNS
cancer groups, establishing evidence of CRCI across a wide array of
cognitive domains (9, 14, 15). Some literature has included people
with haematological malignancies (6, 8, 16-18). Cross-sectional
studies have demonstrated aggressive lymphoma survivors have
significantly lower subjective and/or objective cognitive functioning
compared to healthy controls or normative data, even years after the
completion of chemotherapy (17, 18). Recently, two longitudinal
studies have been conducted, helping to disentangle the effects of
cancer and chemotherapy over time (6, 8). For example, Janelsins et al.
(8), observed significant cognitive decline in tests of memory,
attention and executive function in people with aggressive lymphoma
from before to six months after chemotherapy, compared to healthy
controls. Similarly, Gates et al. (6) found that compared to healthy
controls, people with aggressive lymphoma performed significantly
worse, both before and 6 to 8 weeks after chemotherapy, on measures
of processing speed, executive function, learning and memory.
Participants also reported their perceived cognitive impairment had a
significantly greater impact on their quality of life compared to
controls, and this difference was evident both before and after
chemotherapy. This highlights the impact of CRCI and its effect on the
quality of life for people with aggressive lymphoma.

Several magnetic resonance imaging (MRI) studies have
attempted to elucidate the neural underpinnings of CRCIL. Data have
consistently shown reductions in grey matter density, alongside
alterations in white matter microstructure and brain activation and
connectivity in cancer survivors (14, 19-24). Most of these MRI
studies have included people with breast cancer, employing a
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cross-sectional or retrospective design (25-27). However, several
longitudinal studies including other or mixed non-CNS cancer
populations have demonstrated similar findings (14, 28-31). For
example, a systematic review of 14 longitudinal studies identified
moderate changes in grey matter density in frontal, parietal and
temporal brain regions in non-CNS cancer populations after
chemotherapy (14). While some structural differences at baseline have
been observed that could be attributed to the disease process, these
changes tend to become more pronounced following chemotherapy
(19). Although the biological mechanisms are unclear, the neurotoxic
side effects of chemotherapy - such as DNA damage, oxidative stress,
hormonal dysregulation and inflammation - are thought to contribute
to neuroanatomical alterations (32). Indeed, longitudinal studies with
a control group of people with cancer not treated with chemotherapy
have shown some neuroanatomical changes are directly linked to
chemotherapy rather than the cancer itself (19, 33-35). For instance,
anatomical MRI studies found breast cancer survivors had reduced
grey matter density, particularly in frontal regions, one month after
chemotherapy, while no significant changes were evident in people not
treated with chemotherapy (19, 34).

Although the presence of grey matter density reductions has been
consistently observed in frontal regions, the exact subregions in this
lobe have varied across studies (14). To provide a more precise
understanding of these variations in anatomical location, a recent
voxel-wise meta-analysis of eight studies revealed cancer survivors
treated with chemotherapy exhibited significantly reduced grey matter
density in the right superior frontal gyrus (SFG) and right anterior
cingulate (ACC) compared to non-cancer controls and cancer
survivors not treated with chemotherapy (24). Interestingly, reduced
grey matter volume in these regions has been shown to correlate with
objective and subjective cognitive functioning (14, 19, 26). For
example, Inagaki et al. found that, in cancer survivors one year after
chemotherapy, greater atrophy in the right SFG was associated with
poorer visual memory and attention/concentration, while atrophy in
the cingulate gyrus was associated with poorer working memory (26).
Despite these findings, only two studies, to our knowledge, have
examined alterations in brain volume specifically in people with
haematological malignancies (29, 30). These studies identified
neuroanatomical changes from baseline to one-year post-
haematological stem cell transplantation (HSCT), which involves
high-dose chemotherapy. People exhibited decreased grey matter
volume in the bilateral middle frontal gyrus and left caudate nucleus
(30), and reduced mean and axial diffusivity in diffuse brain regions
(29). However, these studies lacked a true baseline because they had
previously received chemotherapy unrelated to the HSCT regimen.

Although previous studies have advanced knowledge on grey
matter volume changes in cancer populations, much less is known
about the specific roles of cortical thickness and surface area as
distinct measures of brain atrophy (36-38). Cortical thickness and
surface area represent different aspects of cortical structure: thickness
is linked to the density of cells within cortical columns, while surface
area relates to the number of these columns in a given region (39).
These two measures are shaped by different cellular processes due to
their unique genetic and environmental determinants, suggesting that
the factors influencing the variation in cortical thickness may differ
from those affecting the variation in surface area (39, 40). Furthermore,
because grey matter volume is a product of both thickness and surface
area, disentangling these components can provide more biologically
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specific insights into patterns of brain atrophy (41). However, research
examining cortical thickness and surface area changes in cancer
populations is limited, with only three known studies using these
metrics (37, 38, 42). Wu et al. (38) found, compared to healthy
controls, people with lung cancer had significantly lower
pre-chemotherapy cortical thickness in several regions, and it was the
only measure that declined further after chemotherapy, whereas
volume changes were restricted to the temporal regions and no
changes were observed in surface area. Conversely, Mentzelopoulos
et al. (37) identified reductions in both cortical thickness and volume
across multiple brain regions after chemotherapy, while Shiroishi et al.
(42) observed decreases in either cortical thickness or surface area in
various regions. This highlights the importance of examining cortical
thickness and surface area separately, as each measure may capture
unique aspects of brain atrophy that could be overlooked when
focusing solely on volume changes.

While the above-mentioned findings have provided valuable
insights into cognitive and neuroanatomical changes in cancer
populations, they are based on group-wise comparisons (i.e., patient
vs. control groups) which may obscure important individual
differences (20). Traditional group analyses cannot adequately reflect
what happens in individual patients or adequately handle between-
patient heterogeneity. Moreover, clinicians need to perform diagnostic
and prognostic inferences at the level of individual patients. It is
important to investigate these changes using normative analysis in
order to take into account the inherent heterogeneity within these
cancer populations. It is not surprising that cognitive and
neuroimaging findings have been mixed, considering the variability in
demographic and clinical characteristics of cancer survivors, including
variables such as cancer type, disease stage, treatment regime, and
number of cycles of chemotherapy (23). This variability has been
reflected in the heterogeneity of affected cognitive domains and brain
regions observed across studies (14), along with findings showing that
only a subset of people exhibit cognitive decline following
chemotherapy (43-46). Therefore, normative analysis has the potential
to reveal subtle neuroanatomical changes not detected in group
studies. Specifically, normative modelling can be used to index how
much each subject deviates from the normative range from the
reference population (via a deviation or a z-score) (47, 48). This
normative modelling framework explicitly accommodates
interindividual variability by treating abnormality as a deviation from
an established healthy range rather than a group difference. Specifically,
normative modelling uses data from a large control cohort to learn a
normative distribution that characterises the full cohort. Normative
modelling essentially aims to predict centiles of variance in a response
variable (e.g., a region of interest or other neuroimaging-derived
measure) on the basis of a set of covariates (e.g., age, gender, etc).
While there is a paucity of normative analysis in cancer populations,
there is emerging literature using normative analyses in psychiatric
(49, 50), and neurological disorders (51, 52). For example, Allen et al.
(50) used a novel open-source tool called CentileBrain, which provides
a normative framework for regional brain morphometrics, developed
from a sample of 37,407 healthy individuals by the ENIGMA Lifespan
Group (49, 53). Using CentileBrain, they found mostly overlapping
deviations in brain structure between individuals at high risk for
psychosis and typically developing groups, but distinct differences in
those who later developed a psychotic disorder suggesting potential
early markers of conversion to psychosis (54). The present study will
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perform a normative analysis using CentileBrain to identify individual
deviations from typical brain structure in people with aggressive
lymphoma. Moreover, we will examine changes in cognitive
functioning at the level of the individual patient.

The aims of our study are twofold. Firstly, we will examine changes
in cognitive function using a comprehensive set of objective
neuropsychological tests recommended by the International
Cognition and Cancer Task force (ICCTF) (10), in people with
aggressive non-CNS lymphoma before and approximately 6-8 weeks
after chemotherapy compared to population norms. We hypothesise
that cognitive test scores from individual participants will deviate
from the population norms at both timepoints (6), with large between-
subject variability in the affected domains. Secondly, using the
CentileBrain framework, we will explore alterations in cortical
thickness and surface area in these participants from before and
6-8 weeks after chemotherapy. We expect the cortical thickness and
surface area values from frontal regions of individual participants,
including the SFG and ACC (24), will deviate from the normative
group at both timepoints.

Methods
Study design

This study presents analyses of the MRI scans from a subsample
of a larger-scale longitudinal study cognitive impacts of chemotherapy
in people with aggressive lymphoma (55, 56). All participants
provided written informed consent. Ethical approval was granted by
the Human Research Ethics Committees of Austin Health (HREC
55582/Austin-2019) and Deakin University (DUHREC 2024-024).

Participants

We included nine participants (7 male, 2 female) aged 29-78 years
(M = 60.00, SD = 14.75) recruited from a specialised haematology
department at Austin Health in Melbourne, Australia. Participants
had to meet the following inclusion criteria: (i) aged over 18 years; (ii)
newly diagnosed with HL, DLBCL, Burkitt lymphoma, transformed
follicular lymphoma, or grade 3B follicular lymphoma; (iii) treatment
naive at time of enrolment and scheduled to undergo standard cancer
treatment; (iv) fluent in English; and (v) a documented Eastern
Cooperative Oncology Group (ECOG) performance status < 2.
Exclusion criteria included the following: (i) lymphomatous central
nervous system involvement; (ii) prior or planned cranial
radiotherapy; (iii) a life expectancy < 12 months; (iv) any medical
condition that could compromise adherence or lead to prolonged
hospitalisation; (v) a documented history of past or current substance
abuse; or (vi) major psychiatric disorder (e.g., schizophrenia). Table 1
provides a summary of the clinical and demographic characteristics
of participants.

Procedure

Participants underwent MRI scans and neuropsychological
assessments at two time points: (i) pre-chemotherapy at the time of
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TABLE 1 Summary of demographic and clinical characteristics.

10.3389/fneur.2025.1601459

Participant Age in Sex Years of formal Diagnosis Chemotherapy regime and
ID years education number of cycles
Participant 1 47 Male 16 HL 2A ABVDx 6

Participant 2 66 Male 14 Grade 3B follicular 1A R-CHOPx 6

Participant 3 69 Male 12 DLBCL 1A R-CHOP x 7 and high dose IT MTX x 2
Participant 4 78 Female 11 DLBCL 4A Mini R-CHOP x 6
Participant 5 72 Male 18 DLBCL 1A R-CHOP x 2

Participant 6 29 Male 14 HL 4B Esc-BEACOPP x 4
Participant 7 60 Male 11 DLBCL 2A R-CHOP x 4

Participant 8 63 Female 13 DLBCL 1A R-CHOPx 3

Participant 9 56 Male 13 DLBCL 2B R-CHOP x 3

HL, Hodgkin lymphoma; DLBCL, diffuse large B cell lymphoma; ABVD, adriamycin, bleomycin, vinblastine, and dacarbazine; R-CHOP, rituximab, cyclophosphamide, doxorubicin,

vincristine, and prednisolone; IT MTX, intrathecal methotrexate; Esc-BEACOPP, bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and prednisolone.

diagnosis; and (ii) approximately 6-8 weeks post-chemotherapy
completion. The pre-chemotherapy MRI scans were performed on
average 12.9 days (SD = 9.8, range 3 to 29 days) from date of cancer
diagnosis. The pre-chemotherapy neuropsychological assessments
were performed on average 13 days (SD = 10.9, range 0 to 29 days)
from date of diagnosis. The post-chemotherapy MRI scans were
performed on average 7.8 weeks (SD = 4.7, range 3 to 15 weeks) from
date of chemotherapy completion. The post-chemotherapy
neuropsychological assessments were performed on average 9 weeks
(SD=7.3, range 3 to 26 weeks) from date of chemotherapy
completion, which is in line with standard clinical practice.

Neuropsychological assessment

A series of neuropsychological tests were used to assess cognitive
functioning in line with recommendations by the ICCTF (10). The
cognitive domains included: (i) attention/working memory tested via
the Digit Span of the Weschler Adult Intelligence Scale-Revised
(WAIS-R) (57), (ii) information processing speed via the Trail Making
Test (TMT) Part A (58), (iii) executive function via the TMT Part B
(58), and the Stroop Colour and Word Test (SCWT) (59), (iv) verbal
learning and memory via the Hopkins Verbal Learning Test-Revised
(HVLT-R) (60), and (v) verbal fluency via the Controlled Oral Word
Association Test (COWAT) (61). See Table 2 for a detailed overview
of the neuropsychological tests.

MRI data acquisition

MRI acquisition was performed using a 3 T Siemens Magnetom
Skyra scanner with a 64-channel phased-array head coil at Austin
Health. The study was part of a larger-scale multimodal MRI study
(55, 56), including anatomical MRI scans (T1-weighted and T2
FLAIR), diffusion-weighted imaging (DWI), and resting-state
fMRI. Our study focused on the anatomical T1-weighted MRI scans
acquired using a three-dimensional magnetisation prepared rapid
gradient echo (MPRAGE) with the following parameters: 1 mm
isotropic voxel; repetition time (TR)=2,300ms; echo time
(TE) = 2.98 ms; voxel size = 1.0 mm?; field of view (FOV) = 256 mm;
flip angle = 9°; 192 slices; 1.0 mm slice thickness; 256 x 256 matrix;
and acquisition time (TA) = 5"43”. The MRI scans were conducted at

Frontiers in Neurology

two timepoints (see procedure); however, one participant withdrew
from the post-chemotherapy MRI scan due to distress related to
disease progression.

MRI data processing

We performed a quality assessment of the raw scans using an
in-house protocol. Specifically, all T1-weighted images were visually
inspected using Mango Viewer (Version 4.0.1) for motion-related
artefacts, such as ghosting and striping, and other quality-related
issues, such as signal inhomogeneity and susceptibility artefact. All
scans passed the quality assessment.

Structural images were processed and analysed using the
FreeSurfer image analysis suite Version 7.4.1 (http://surfernmr.mgh.
harvard.edu). This software performs a series of automated steps,
including: (1) skull stripping; (2) Talairach transformation; (3)
segmentation of subcortical white matter and deep grey matter
structures; (4) cortical surface reconstruction; (5) parcellation of the
cerebral cortex based on the Desikan et al. (62); and (6) calculation of
cortical thickness and surface area within these regions (63). Quality
assurance of the registration and segmentation was undertaken by
visual inspection using the ENIGMA protocol available at https://
enigma.ini.usc.edu/protocols/imaging-protocols/. No participants
were excluded from the analyses.

Regions of interest

Regions of interest (ROIs) were chosen based on prior literature,
showing these cortical regions to be vulnerable in people with cancer
(14, 20, 23, 24). Specifically, we selected the following six cortical
regions from the Desikan et al. (62), the right and left caudal part of
the ACC, the right and left rostral part of the ACC, and the right and
left SFG (see Figure 1 for cortical ROIs). For each ROI, cortical
thickness and surface area were calculated.

Statistical analyses

For the normative analyses of the neuropsychological test scores
(Aim 1), raw test scores were converted to T-scores using published
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TABLE 2 Overview of neuropsychological test battery.

10.3389/fneur.2025.1601459

Cognitive domain

Instruction for participant

Dependent variable(s)

WAIS-R DS Attention/ working memory Recall visually presented numbers of increasing length in the same or reverse Total correct responses
(57) order.
TMT-A (58) Information processing speed Connect 25 numbered circles in ascending order quickly and accurately. Time to complete (seconds)
TMT-B (58) Executive function Connect 24 alternating numbers and letters in alternating ascending order Time to complete (seconds)
quickly and accurately.
SCWT (59) Executive function Read colour words in black ink, colours of patches and the ink colour of Time (seconds) for each condition and
incongruent words. interference score
HVLT-R Verbal learning and memory Recall 12 verbally presented words over three trials, followed by a delayed Total and delayed recall, percentage
(60) recall and a 24-word recognition task to identify target words from retained and recognition/
distractors. discrimination
COWAT Verbal fluency Generate words, orally or in writing, from a given category or starting witha | Number of verbal category, verbal letter
(61) specific letter in 60 s and total written words

WAIS-R DS, Weschler intelligence scale-revised DS; TMT-A, trail making test-part A; TMT-B, trail making test-part B; SCW'T, Stroop colour word test; HVLT-R, Hopkins verbal learning

test-revised; COWAT, controlled oral word association test.

normative data, adjusted for age, gender, and education. Participants
were classified as “impaired” on a particular cognitive test if their
T-score was <30, corresponding to 2 standard deviations below the
normative mean (10).

For the normative analyses of brain morphology (Aim 2),
we used the CentileBrain framework, developed by the ENIGMA
Lifespan Group (49). CentileBrain is an open access web portal
(https://centilebrain.org) that contains the normative models and
an online tool for generating normative deviation scores for user-
provided measures of subcortical volume and cortical thickness and
surface. CentileBrain enables individualised evaluation of these
neuroanatomical scores relative to age- and sex-specific reference
distributions. The normative models were generated by applying
Gaussian Process Regression to a normative reference population
of 37,407 healthy controls encompassing a significant portion of the
human lifespan (3-90 years) (49) to generate centile scores for key
brain morphological metrics, allowing for the quantification of
individual deviations of brain morphometry. The model parameters
in the normative framework (CentileBrain) were applied to each
Freesurfer derived regional cortical thickness and surface area
measure of our regions of interest (caudal and rostral ACC, and
SFG) from our patients with aggressive lymphoma. For each
measure in each participant, we used CentileBrain to estimate the
degree of normative deviation from the reference population mean
as a z-score (computed by subtracting the estimated value from the
raw value of that measure and then dividing the difference by the
root mean square error of the model.) A positive or negative z-score
indicates that the value of the corresponding morphometric
measure is higher or lower, respectively, than the normative mean.
Per previous literature (54), we defined regional z-scores as
infranormal when below —1.96 or supranormal when above 1.96,
corresponding to the 5th percentile and 95th percentile,
respectively.

Results

As shown in Figures 2-4, we observed substantial between-subject
variability in the results over time and across outcome measures in the
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nine participants. Impaired cognitive functioning was noted in the
domains of executive functioning and verbal learning and memory.
Infranormalities were more pronounced for cortical thickness than
surface area and were more evident in the SFG compared to the
ACC. Below, the results for each participant are presented as
individual cases.

Participant 1

A 47-year-old male diagnosed with stage 2A HL, treated with
6 cycles of the ABVD (adriamycin, bleomycin, vinblastine, and
dacarbazine) chemotherapy regimen. Pre-chemotherapy, impaired
cognitive function was observed in executive functioning (SCWT
word, T = 25; colour, T = 30). Post-chemotherapy, impaired cognitive
function persisted in executive functioning (SCWT colour, T = 29)
and became evident in verbal learning and memory (HVLT retention,
T = 27). Infranormal cortical thickness values in the left and right SFG
were observed both pre-chemotherapy (z=-2.43, p=0.015;
z=-2.93, p =0.003) and post-chemotherapy (z=—2.08, p = 0.038;
z=-2.56, p =0.010).

Participant 2

A 66-year-old male diagnosed with stage 1A Grade 3B follicular
lymphoma, treated with 6 cycles of the R-CHOP (rituximab,
cyclophosphamide, doxorubicin, vincristine, and prednisolone)
chemotherapy regimen. He scored within the normal range on all
cognitive tests both pre- and post-chemotherapy. Z-scores of the
six brain ROIs were also all within the normal range at
both timepoints.

Participant 3
A 69-year-old male diagnosed with stage 1A DLBCL, who

underwent 7 cycles of the R-CHOP & 2 cycles of the high dose IT
MTX (intrathecal methotrexate) chemotherapy regimen. He scored

frontiersin.org


https://doi.org/10.3389/fneur.2025.1601459
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://centilebrain.org

Ditchfield et al.

10.3389/fneur.2025.1601459

FIGURE 1

anterior cingulate cortex.

Cortical regions of interest. Medial view of the left and right hemispheres showing the cortical parcellation of the regions of interest based on the
Desikan et al. (62), processed using FreeSurfer image analysis suite (Version 74.1; http://surfer.nmr.mgh.harvard.edu). SFG, superior frontal gyrus; ACC,

within the normal range on all cognitive tests at both timepoints.
However, pre-chemotherapy, he exhibited infranormal cortical
thickness values in the left and right SFG (z = —2.00, p = 0.046;
z=-2.22, p = 0.026). Post chemotherapy, cortical thickness values of
the bilateral SFG normalised and were within normal range. However,
the surface area of the right SFG was identified as infranormal
(z=—2.12, p = 0.034).

Participant 4

A 78-year-old female diagnosed with stage 4A DLBCL, treated with
6 cycles of the Mini R-CHOP chemotherapy regimen. She scored within
the normal range on all cognitive tests at both timepoints. However,
pre-chemotherapy, cortical thickness of the right SFG was identified as
infranormal (z = —1.98, p = 0.048). An MRI scan was not administered
post-chemotherapy due to disease progression.

Participant 5

A 72-year-old male diagnosed with stage 1A DLBCL, received
2 cycles of the R-CHOP chemotherapy regimen. He demonstrated
impaired cognitive function in verbal learning and memory both
pre-chemotherapy (HVLT delayed recall, T =19; retention,
T =19) and post-chemotherapy (HVLT delayed recall, T = 19;
retention, T = 19). Pre-chemotherapy, all brain regional z-scores
were within the normal range. However, post-chemotherapy,
surface area of the right SFG was identified as infranormal
(z==2.17, p = 0.030).

Participant 6

A 29-year-old male diagnosed with stage 4B HL, who underwent
4 cycles of the Esc-BEACOPP (escalated BEACOPP: bleomycin,
etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine,
and prednisolone) chemotherapy regimen. He scored within the
normal range on all cognitive tests at both timepoints.
Pre-chemotherapy, z-scores of the six brain ROIs were also all within
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the normal range. However, infranormal cortical thickness values
were evident in both the left and right SFG (z = —2.10, p = 0.036;
z=-2.20, p = 0.028) post-chemotherapy.

Participant 7

A 60-year-old male diagnosed with stage 2A DLBCL, treated with
4 cycles of the R-CHOP chemotherapy regimen. Pre-chemotherapy,
he demonstrated impaired cognitive function in verbal learning and
memory (HVLT delayed recall, T = 30). Post-chemotherapy, his verbal
learning and memory function had normalised, and all cognitive test
scores were within the normal range. Pre-chemotherapy, the cortical
thickness of the right caudal ACC (z = —1.98, p = 0.048) and right SFG
(z=-2.19, p=0.029), as well as the surface area of the right rostral
ACC, were identified as infranormal (z=—1.99, p =0.047). Post-
chemotherapy, the cortical thickness of the right caudal ACC
normalised, however, the cortical thickness of the right SFG (z = —3.17,
p=0.002) and surface area of the right rostral ACC (z=—-1.98,
p =0.048) remained infranormal. Additionally, the cortical thickness of
the left SFG was identified as infranormal (z = —2.65, p = 0.008).

Participant 8

A 63-year-old female diagnosed with stage 1A DLBCL, who
received 3 cycles of the R-CHOP chemotherapy regimen. She scored
within the normal range on all cognitive tests both pre- and post-
chemotherapy. Z-scores of the six brain ROIs were also all within the
normal range at both timepoints.

Participant 9

A 56-year-old male diagnosed with stage 2B DLBCL, treated with
3 cycles of the R-CHOP chemotherapy regimen. He scored within the
normal range on all cognitive tests at both timepoints. However,
pre-chemotherapy, the surface area in the left SFG was identified as
infranormal (z = —2.11, p = 0.035). Post-chemotherapy, values of the
surface area of the left SFG normalised and were within normal range.

frontiersin.org


https://doi.org/10.3389/fneur.2025.1601459
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
http://surfer.nmr.mgh.harvard.edu

Ditchfield et al.

10.3389/fneur.2025.1601459

Q@—» Left caudal ACC

[}

Z-score

Krn ) X

™ T2

Time

Left rostral ACC

Z-score

e ] T2
Time

Z-score

B
o P1

P3
“P6
P1 0“""‘_’_\x P7

X

™ T2

Time

FIGURE 2

Z-score

Z-score

Z-score

Cortical thickness Z-scores pre- and post-chemotherapy. P1-P9 represent participants 1-9. T1, pre-chemotherapy; T2, post-chemotherapy. The
shaded area is the normal Z-score range (—1.96-1.96). (A—F) Represent scores for each ROI: (A) left caudal ACC; (B) right caudal ACC; (C) left rostral
ACC; (D) right rostral ACC; (E) left SFG; (F) right SFG. ACC, anterior cingulate cortex; SFG, superior frontal gyrus.

-o-P1
P2
o-P3
—P4
--P5
P6
-*-P7
=P8
P9

&_‘ Right caudal ACC

T T2

Time

Right rostral ACC

T ] T2
Time

@—» Right SFG

/

P4L~;— = s
B§t><z
P1

T2

P7

T1 i
Time

However, the surface area of the right SFG was identified as
infranormal (z = —1.99, p = 0.047).

Discussion

Our novel study employed normative analysis to examine
longitudinal changes in cognitive functioning and brain morphology
in people with aggressive lymphoma. As hypothesised, impaired
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cognitive functioning and infranormal cortical thickness and
surface area were observed, with considerable variability across
participants and time points. Despite this heterogeneity, some
commonalities were observed. Specifically, impaired cognitive
functioning was observed in the domains of executive functioning
and verbal learning and memory (in a small subset of patients).
Additionally, infranormalities were more pronounced for cortical
thickness than surface area, and more evident in the SFG compared
to the ACC.
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The finding that impaired cognitive functioning was mainly
observed in tests of executive functioning and verbal learning and
memory, contrasts with prior research on people with aggressive
lymphoma, which have implicated a broader range of domains,
including processing speed, attention/working memory, and verbal
fluency (6, 8, 17). This inconsistency may be attributed to the stringent
criteria we used to define cognitive impairment (ICCTF guidelines)
resulting in mild impairments in other domains going undetected.
Supporting this notion, a meta-analysis of 13 studies found that only
executive function and memory (from seven cognitive domains in
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total) showed evidence of impaired functioning in cancer populations
treated with chemotherapy (13). This suggests these areas may
be more consistently impacted across studies, while other domains
may exhibit more subtle changes.

In particular, verbal learning and memory may be vulnerable to
CRCI, as suggested by our finding that these were the most frequently
impaired cognitive domains in a subset of our patients (participants 1, 5,
and 7). However, despite this small subgroup, this is supported by other
studies of people with haematological malignancies (29, 64), which
reported verbal learning and memory are especially prone to impairment
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FIGURE 4

Neuropsychological test T-scores pre- and post-chemotherapy. P1-P9 represent participants 1-9. T1, pre-chemotherapy; T2, post-chemotherapy.
The shaded area is the normal range (> 30). (A—E) Represent scores for each cognitive test: (A) COWAT; (B) TMT; (C) SCWT; (D) WAIS-R digit span;

both before and after treatment. For instance, Correa et al. found that
people exhibited significantly poorer verbal memory performance
compared to healthy controls both prior to and one year after undergoing
hematopoietic stem cell transplantation (HSCT) - which involves a high-
dose chemotherapy regimen — whereas other cognitive domains were
only impacted at one year post-HSCT (29). Similarly, Syrjala et al. found
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that, while other cognitive functions like attention and processing speed
showed signs of recovery, verbal recall remained persistently impaired
from 80 days to five years post-HSCT (64). Collectively, this suggests that
verbal learning and memory may be uniquely susceptible to impairment
in this population due to the combined effects of the cancer and the
cumulative impact of neurotoxic effects of chemotherapy.
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Providing insight into the potential neural underpinnings of
CRCI, we observed infranormalities in the SFG and ACC. This aligns
with an extensive body of research demonstrating neuroanatomical
alterations in frontal regions of non-CNS cancer populations (23, 24,
65). Nonetheless, while the majority of our participants showed
infranormalities in the SFG, only one patient was found to exhibit
infranormalities in the ACC (who also showed impaired cognitive
function in verbal learning and memory). This is intriguing,
particularly in light of the meta-analysis by Niu et al. (24) which found
reductions in grey matter density in the right ACC and SFG among
cancer populations treated with chemotherapy across all non-CNS
cancer studies, whereas only the right SFG in their sub-analysis of
breast cancer studies. This suggests alterations in frontal regions may
vary, with the SFG being more consistently affected, while changes in
the ACC may be more variable depending on cancer-type, patient
characteristics or treatment factors.

Similarly, infranormalities were more pronounced for cortical
thickness than surface area, suggesting the former may be more
susceptible to chemotherapy or cancer-related factors. MRI research
measuring cortical thickness and surface area is limited, with most
studies focusing on grey matter volume or density. However, a recent
study by Wu et al. assessed cortical thickness, surface area and volume
in people with lung cancer both before and 2-4 months after
chemotherapy (38). They observed significantly lower cortical
thickness in the frontal, temporal, and parietal regions of participants
pre-chemotherapy, whereas significant volume reductions were
limited to the temporal regions, and no differences were found in
surface area. Furthermore, only cortical thickness showed a significant
decline post-chemotherapy, while surface area and volume remained
unchanged (38). This suggests that grey matter volume changes noted
in the broader literature may be largely attributable to cortical
thickness rather than surface area. This is plausible given cortical
thickness and surface area are influenced by different cellular processes
and genetic origins (39, 40), and grey matter volume is the product of
both measures (41). Thus, our findings extend prior research
indicating that changes in grey matter volume may be largely driven
by alterations in cortical thickness rather than surface area,
underscoring the importance of examining these variables separately
to understand the mechanisms involved in cancer and its treatment.

Despite some overlap in the type of impairments and
infranormalities observed, there was large variability in cognitive
functioning and neuroanatomical trajectories over time. Some
participants exhibited cognitive impairments or infranormalities before
chemotherapy which later normalised 6-8 weeks post chemotherapy,
others showed impairments only after chemotherapy, and some
displayed both. Prior research has similarly noted diversity in cognitive
outcomes over time (66). For instance, Jansen et al. found that 33% of
breast cancer participants exhibited significant cognitive decline
following chemotherapy, while 17% showed notable improvements in
cognitive functioning (66). Such patterns highlight the person-specific
evolution of CRCI and related brain changes, which may be influenced
by a complex interplay of factors, including pre-existing vulnerabilities,
treatment effects, and recovery mechanisms.

Clinically, the heterogeneity found across participants and time
underscores the importance of individualised approaches or
normative analyses in managing CRCI. Unlike group-level analyses,
which may overlook between-subject variability, normative analysis

allows for the precise characterisation of cognitive and
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neuroanatomical changes at the individual level, capturing the unique
trajectories of decline and recovery people may experience (20). This
is crucial in the context of CRCI, given the high variability in
impairments and neuroanatomical changes observed in our study;
some participants exhibited deficits in specific domains, such as
executive function or verbal memory, while others did not show any
impairment. Using these individualised profiles, clinicians can develop
interventions specifically designed to address each person’s unique
needs. Indeed, evidence has shown that group-based programs, such
as a cognitive rehabilitation program (67), and a mindfulness-based
stress reduction program (68), can significantly improve cognitive
functioning in cancer survivors who have undergone chemotherapy.
Our previous qualitative study in the same population, explored
participants’ experience with comprehensive cognitive assessments at
a time of heightened stress related to a new diagnosis of aggressive
lymphoma and rapid commencement of treatment. The study
identified the following were important to participants: demands of
data collection were minimised; a clinician from the service was
included; the tasks were seen as inherently interesting; and care was
taken to provide empathic support throughout (69). Our results
suggest tailoring such programs to individual needs may improve
outcomes further. Furthermore, our study demonstrates the value of
utilising CentileBrain when assessing people with cancer. The program
provides clinicians with information on any structural brain changes
at the level of the individual. This information could be helpful in early
identification of those at higher risk of CRCI, enabling more timely
and tailored interventions to mitigate or alleviate cognitive
decline (70).

Nonetheless, there are several limitations in this study that should
be addressed. This study included a small number of people with
aggressive lymphoma. It is important to point out that the aim of this
study was to perform an individualised normative analysis to assesses
how far each individual patient deviates from the norm. Moreover, the
large reference cohort sample of 37,407 healthy individuals, allowed us
to identify unique patterns of deviations reflecting potentially clinically
relevant changes. Our results provide support for a normative analysis
to be used in future studies using aggressive lymphoma samples that
are large enough to capture the pathological variability in brain
morphology. Second, the follow-up period was limited to approximately
6-8 weeks after chemotherapy (with some variability in the timing of
post-treatment assessments). This time period may have missed the
detection of longer-term cognitive or neuroanatomical alterations that
could develop or resolve. This is particularly relevant given that grey
matter volume in the SFG has been shown to be positively associated
with time since chemotherapy, suggesting this region may gradually
recover (24). Furthermore, McDonald et al. reported that while some
brain regions showed signs of recovery between one month and one
year post-chemotherapy, other regions did not, highlighting the
variability in recovery across different brain areas (71). Similarly,
cognitive functions like verbal recall and executive functioning have
been reported to remain impaired up to five years post-treatment in
cancer survivors (64, 72). Therefore, future research should extend
follow-up to at least one-year post-chemotherapy, to better capture the
long-term cognitive and neuroanatomical changes in survivors of
aggressive lymphoma, given their increasing long-term survivorship.
Nonetheless, this study is unique in obtaining pre-cancer treatment
data in this under-researched cancer population, offering critical
insights into the early effects of aggressive lymphoma and its treatment.
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A third limitation of this study was the reliance on objective
measures of cognitive function (10). Subjective reports, such as patient-
reported cognitive concerns (e.g., the Functional Assessment of Cancer
Therapy-Cognitive Function [FACT-Cog] scale) (73) may provide more
sensitive and early indicators of cognitive changes. This is especially
relevant for high-functioning individuals who often report cognitive
concerns before objective measures detect a decline in cognitive
functioning (74). Thus, future research should incorporate both objective
and subjective assessments to sufficiently capture the complexities of
patient experiences beyond what objective tests alone can reveal (10).

Finally, because of our strong, anatomical, a-priori hypothesis, our
neuroimaging analysis was restricted to specific regions of interest thereby
potentially neglecting other brain regions that may be affected by cancer
and its treatment. This is an important limitation because research has
shown cognitive changes in cancer populations are not confined to these
(frontal) regions alone. For example, Li and Caeyenberghs found reduced
grey matter density in other areas of the frontal lobe, such as the middle
frontal gyrus, as well as in temporal and parietal regions, suggesting these
areas may also play a role in CRCI (14). Future research should therefore
include a range of brain regions to provide a more comprehensive
understanding of the neural underpinnings of CRCI.

Conclusion

This study represents a significant advancement in understanding
CRCI in people with aggressive lymphoma by using normative analysis
to explore cognitive function and neuroanatomical changes from pre- to
post-chemotherapy. Unlike traditional group-based studies, this method
allowed for the detailed examination of individual variability, revealing
diverse trajectories of cognitive impairment and brain structural
alterations that may otherwise be missed. The use of normative data from
CentileBrain further enhanced the sensitivity of detecting subtle changes
in cortical thickness and surface area, offering a more biological-specific
understanding of the neural underpinnings of CRCI. The study’s focus
on both cortical thickness and surface area is particularly novel,
highlighting the differential impacts of chemotherapy on these measures
and underscoring the need to consider both in future research. Moreover,
the inclusion of pre-treatment data provides a deeper understanding of
the early neuroanatomical and cognitive changes that may occur for this
population. Collectively, these insights provide a valuable foundation for
developing more personalised interventions tailored to the specific
cognitive and neural profiles of lymphoma survivors, paving the way for
improved clinical care to alleviate and mitigate the impact of CRCI on
long-term quality of life.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Austin Health
Human Rights Ethics Committee (HREC) in Victoria Australia. The
studies were conducted in accordance with the local legislation and

Frontiers in Neurology

11

10.3389/fneur.2025.1601459

institutional requirements. The participants provided their written
informed consent to participate in this study. Written informed consent
was obtained from the individual(s) for the publication of any
potentially identifiable images or data included in this article.

Author contributions

CD: Conceptualization, Formal analysis, Writing - original draft,
Writing - review & editing. PG: Conceptualization, Data curation,
Formal analysis, Funding acquisition, Supervision, Writing — review
& editing. JD: Supervision, Writing - review & editing. HD: Writing —
review & editing. VD: Writing — review & editing. CW: Writing -
review & editing. KC: Conceptualization, Formal analysis,
Supervision, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study is supported by
a non-restricted educational grant from Celgene Pty Ltd to support
the costs associated with the neuroimaging.

Acknowledgments

We thank the thirty participants who volunteered their time to
this study. We also acknowledge and thank Professor Mei Krishnasamy
and Associate Professor Karla Gough who were supervisors of P Gates
PhD study who contributed their expertise.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fneur.2025.1601459
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Ditchfield et al.

References

1. Australian Institute of Health and Welfare. Australia: Cancer data in Australia 2019.
Available online at: https://www.aihw.gov.au/reports/cancer/cancer-data-in-australia/
contents/summary.

2. Wright E, Hapgood G, Loganathan A, Dunn N, Philpot S, Moore J, et al. Relative
survival of patients with lymphoma in Queensland according to histological subtype.
Med J Aust. (2018) 209:166-72. doi: 10.5694/mjal7.00937

3. Johnson PC, Yi A, Horick N, Amonoo HL, Newcomb RA, Lavoie MW, et al. Clinical
outcomes, treatment toxicity, and health care utilization in older adults with aggressive non-
Hodgkin lymphoma. Oncologist. (2021) 26:965-73. doi: 10.1002/0onco.13915

4. Skoetz N, Trelle S, Rancea M, Haverkamp H, Diehl V, Engert A, et al. Effect of initial
treatment strategy on survival of patients with advanced-stage Hodgkin's lymphoma: a
systematic review and network meta-analysis. Lancet Oncol. (2013) 14:943-52. doi:
10.1016/51470-2045(13)70341-3

5. Johnson P, Federico M, Kirkwood A, Fossa A, Berkahn L, Carella A, et al. Adapted
treatment guided by interim PET-CT scan in advanced Hodgkin's lymphoma. N Engl J
Med. (2016) 374:2419-29. doi: 10.1056/NEJMoal510093

6. Gates P, Dhillon HM, Krishnasamy M, Wilson C, Gough K. Cancer-related
cognitive impairment and wellbeing in patients with newly diagnosed aggressive
lymphoma compared to population norms and healthy controls: an exploratory study.
Support Care Cancer. (2024) 32:238. doi: 10.1007/s00520-024-08441-2

7. van Leeuwen FE, Ng AK. Long-term risk of second malignancy and cardiovascular
disease after Hodgkin lymphoma treatment. Hermatology Am Soc Hematol Educ Program.
(2016) 2016:323-30. doi: 10.1182/asheducation-2016.1.323

8. Janelsins MC, Mohamed M, Peppone L], Magnuson A, Belcher EK, Melnik M, et al.
Longitudinal changes in cognitive function in a nationwide cohort study of patients with
lymphoma treated with chemotherapy. J Natl Cancer Inst. (2021) 114:47-59. doi:
10.1093/jnci/djab133

9. Wefel JS, Kesler SR, Noll KR, Schagen SB. Clinical characteristics, pathophysiology,
and management of noncentral nervous system cancer-related cognitive impairment in
adults. CA Cancer J Clin. (2015) 65:123-38. doi: 10.3322/caac.21258 [published Online
First: 2014/12/09]

10. Wefel JS, Vardy J, Ahles T, Schagen SB. International cognition and cancer task
force recommendations to harmonise studies of cognitive function in patients with
cancer. Lancet Oncol. (2011) 12:703-8. doi: 10.1016/S1470-2045(10)70294-1

11. Boykoff N, Moieni M, Subramanian SK. Confronting chemobrain: an in-depth
look at survivors' reports of impact on work, social networks, and health care response.
J Cancer Surviv. (2009) 3:223-32. doi: 10.1007/s11764-009-0098-x

12. Lange M, Joly E, Vardy J, Ahles T, Dubois M, Tron L, et al. Cancer-related cognitive
impairment: an update on state of the art, detection, and management strategies in
cancer survivors. Ann Oncol. (2019) 30:1925-40. doi: 10.1093/annonc/mdz410

13. Hodgson KD, Hutchinson AD, Wilson CJ, Nettelbeck T. A meta-analysis of the
effects of chemotherapy on cognition in patients with cancer. Cancer Treat Rev. (2013)
39:297-304. doi: 10.1016/j.ctrv.2012.11.001

14.Li M, Caeyenberghs K. Longitudinal assessment of chemotherapy-induced
changes in brain and cognitive functioning: a systematic review. Neurosci Biobehav Rev.
(2018) 92:304-17. doi: 10.1016/j.neubiorev.2018.05.019

15. Vardy JL, Dhillon HM, Pond GR, Rourke SB, Bekele T, Renton C, et al. Cognitive
function in patients with colorectal cancer who do and do not receive chemotherapy: a
prospective, longitudinal, controlled study. J Clin Oncol. (2015) 33:4085-92. doi:
10.1200/JC0O.2015.63.0905

16. Franco-Rocha OY, Mahaffey ML, Matsui W, Kesler SR. Remote assessment of
cognitive dysfunction in hematologic malignancies using web-based neuropsychological
testing. Cancer Med. (2023) 12:6068-76. doi: 10.1002/cam4.5331

17. Magyari E, Virga I, Simon Z, Miltényi Z, Illés A, Késa K, et al. Assessment of
cognitive function in long-term Hodgkin lymphoma survivors, results based on data
from a major treatment center in Hungary. Support Care Cancer. (2022) 30:5249-58.
doi: 10.1007/500520-022-06918-6

18. Mariegaard J, Wenstrup J, Lim KZM, Bidstrup PE, von Heymann A, Johansen
C, et al. Prevalence of cognitive impairment and its relation to mental health in Danish
lymphoma survivors. Support Care Cancer. (2021) 29:3319-28. doi:
10.1007/500520-020-05857-4

19.McDonald BC, Saykin AJ. Alterations in brain structure related to breast
cancer and its treatment: chemotherapy and other considerations. Brain Imaging
Behav. (2013) 7:374-87. doi: 10.1007/s11682-013-9256-x [published Online First:
2013/09/03]

20. Amidi A, Agerbaek M, Wu LM, Pedersen AD, Mehlsen M, Clausen CR, et al.
Changes in cognitive functions and cerebral grey matter and their associations with
inflammatory markers, endocrine markers, and APOE genotypes in testicular cancer
patients undergoing treatment. Brain Imaging Behav. (2017) 11:769-83. doi:
10.1007/s11682-016-9552-3

21. Cerulla Torrente N, Navarro Pastor JB, de la Osa Chaparro N. Systematic review
of cognitive sequelae of non-central nervous system cancer and cancer therapy. ] Cancer
Surviv. (2020) 14:464-82. doi: 10.1007/s11764-020-00870-2

Frontiers in Neurology

12

10.3389/fneur.2025.1601459

22. Holohan KN, Von Ah D, McDonald BC, Saykin AJ. Neuroimaging, cancer, and
cognition: state of the knowledge. Semin Oncol Nurs. (2013) 29:280-7. doi:
10.1016/j.soncn.2013.08.008

23. McDonald BC. Structural neuroimaging findings related to adult non-CNS cancer
and treatment: review, integration, and implications for treatment of cognitive
dysfunction. Neurotherapeutics. (2021) 18:792-810. doi: 10.1007/s13311-021-01096-5

24.Niu R, Du M, Ren ], Qing H, Wang X, Xu G, et al. Chemotherapy-induced grey
matter abnormalities in cancer survivors: a voxel-wise neuroimaging meta-analysis.
Brain Imaging Behav. (2021) 15:2215-27. doi: 10.1007/s11682-020-00402-7

25. Conroy SK, McDonald BC, Smith DJ, Moser LR, West JD, Kamendulis LM, et al.
Alterations in brain structure and function in breast cancer survivors: effect of post-
chemotherapy interval and relation to oxidative DNA damage. Breast Cancer Res Treat.
(2013) 137:493-502. doi: 10.1007/s10549-012-2385-x

26. Inagaki M, Yoshikawa E, Matsuoka Y, Sugawara Y, Nakano T, Akechi T, et al.
Smaller regional volumes of brain gray and white matter demonstrated in breast cancer
survivors exposed to adjuvant chemotherapy. Cancer. (2007) 109:146-56. doi:
10.1002/cncr.22368

27. Koppelmans V, de Ruiter MB, van der Lijn F, Boogerd W, Seynaeve C, van der Lugt
A, et al. Global and focal brain volume in long-term breast cancer survivors exposed to
adjuvant chemotherapy. Breast Cancer Res Treat. (2012) 132:1099-106. doi:
10.1007/s10549-011-1888-1

28. Amidi A, Hosseini SMH, Leemans A, Kesler SR, Agerbak M, Wu LM, et al.
Changes in brain structural networks and cognitive functions in testicular Cancer
patients receiving cisplatin-based chemotherapy. ] Natl Cancer Inst. (2017) 109:djx085.
doi: 10.1093/jnci/djx085 [published Online First: 2018/04/05]

29. Correa DD, Wang Y, West JD, Peck KK, Root JC, Baser RE, et al. Prospective
assessment of white matter integrity in adult stem cell transplant recipients. Brain
Imaging Behav. (2016) 10:486-96. doi: 10.1007/s11682-015-9423-3

30. Correa DD, Root JC, Baser R, Moore D, Peck KK, Lis E, et al. A prospective
evaluation of changes in brain structure and cognitive functions in adult stem cell
transplant  recipients.  Brain  Imaging  Behav. (2013) 7:478-90. doi:
10.1007/s11682-013-9221-8

31. Kim HG, Shin NY, Bak Y, Kim KR, Jung Y-C, Han K, et al. Altered intrinsic brain
activity after chemotherapy in patients with gastric cancer: a preliminary study. Eur
Radiol. (2017) 27:2679-88. doi: 10.1007/s00330-016-4578-x [published Online First:
2016/11/24]

32. Sleurs C, Deprez S, Emsell L, Lemiere J, Uyttebroeck A. Chemotherapy-induced
neurotoxicity in pediatric solid non-CNS tumor patients: an update on current state of
research and recommended future directions. Crit Rev Oncol Hematol. (2016) 103:37-48.
doi: 10.1016/j.critrevonc.2016.05.001

33.Deprez S, Amant F, Smeets A, Peeters R, Leemans A, Van Hecke W, et al.
Longitudinal assessment of chemotherapy-induced structural changes in cerebral white
matter and its correlation with impaired cognitive functioning. J Clin Oncol. (2012)
30:274-81. doi: 10.1200/JC0O.2011.36.8571

34. McDonald BC, Conroy SK, Ahles TA, West JD, Saykin AJ. Alterations in brain
activation during working memory processing associated with breast cancer and
treatment: a prospective functional magnetic resonance imaging study. J Clin Oncol.
(2012) 30:2500-8. doi: 10.1200/JC0O.2011.38.5674

35. Menning S, de Ruiter MB, Veltman DJ, Boogerd W, Oldenburg HSA, Reneman L,
et al. Changes in brain white matter integrity after systemic treatment for breast cancer:
a prospective longitudinal study. Brain Imaging Behav. (2018) 12:324-34. doi:
10.1007/s11682-017-9695-x

36. Shiroishi MS, Gupta V, Bigjahan B, Cen SY, Rashid F, Hwang DH, et al. Brain
cortical structural differences between non-central nervous system cancer patients
treated with and without chemotherapy compared to non-cancer controls: A cross-
sectional pilot MRI study using clinically indicated scans. In Proceedings of SPIE--the
International Society for Optical Engineering. (2018) 10572:105720G.

37. Mentzelopoulos A, Gkiatis K, Karanasiou I, Karavasilis E, Papathanasiou M,
Efstathopoulos E, et al. Chemotherapy-induced brain effects in small-cell lung cancer
patients: a multimodal MRI study. Brain Topogr. (2021) 34:167-81. doi:
10.1007/s10548-020-00811-3

38. Wu CLC. Cerebral cortex structure changes and their correlation with cognitive
function in lung cancer patients. Research  Square. (2022). doi:
10.21203/rs.3.rs-1401186/v2

39. Rakic P. Evolution of the neocortex: a perspective from developmental biology. Nat
Rev Neurosci. (2009) 10:724-35. doi: 10.1038/nrn2719

40. Sanabria-Diaz G, Melie-Garcia L, Iturria-Medina Y, Alemdn-Goémez Y,
Hernéndez- Gonzalez G, Valdés-Urrutia L, et al. Surface area and cortical thickness
descriptors reveal different attributes of the structural human brain networks.
Neurolmage. (2010) 50:1497-510. doi: 10.1016/j.neuroimage.2010.01.028

41. Winkler AM, Greve DN, Bjuland K]J, Nichols TE, Sabuncu MR, Hiberg AK, et al.
Joint analysis of cortical area and thickness as a replacement for the analysis of the
volume of the cerebral cortex. Cereb Cortex. (2018) 28:738-49. doi:
10.1093/cercor/bhx308

frontiersin.org


https://doi.org/10.3389/fneur.2025.1601459
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.aihw.gov.au/reports/cancer/cancer-data-in-australia/contents/summary
https://www.aihw.gov.au/reports/cancer/cancer-data-in-australia/contents/summary
https://doi.org/10.5694/mja17.00937
https://doi.org/10.1002/onco.13915
https://doi.org/10.1016/S1470-2045(13)70341-3
https://doi.org/10.1056/NEJMoa1510093
https://doi.org/10.1007/s00520-024-08441-2
https://doi.org/10.1182/asheducation-2016.1.323
https://doi.org/10.1093/jnci/djab133
https://doi.org/10.3322/caac.21258
https://doi.org/10.1016/S1470-2045(10)70294-1
https://doi.org/10.1007/s11764-009-0098-x
https://doi.org/10.1093/annonc/mdz410
https://doi.org/10.1016/j.ctrv.2012.11.001
https://doi.org/10.1016/j.neubiorev.2018.05.019
https://doi.org/10.1200/JCO.2015.63.0905
https://doi.org/10.1002/cam4.5331
https://doi.org/10.1007/s00520-022-06918-6
https://doi.org/10.1007/s00520-020-05857-4
https://doi.org/10.1007/s11682-013-9256-x
https://doi.org/10.1007/s11682-016-9552-3
https://doi.org/10.1007/s11764-020-00870-2
https://doi.org/10.1016/j.soncn.2013.08.008
https://doi.org/10.1007/s13311-021-01096-5
https://doi.org/10.1007/s11682-020-00402-7
https://doi.org/10.1007/s10549-012-2385-x
https://doi.org/10.1002/cncr.22368
https://doi.org/10.1007/s10549-011-1888-1
https://doi.org/10.1093/jnci/djx085
https://doi.org/10.1007/s11682-015-9423-3
https://doi.org/10.1007/s11682-013-9221-8
https://doi.org/10.1007/s00330-016-4578-x
https://doi.org/10.1016/j.critrevonc.2016.05.001
https://doi.org/10.1200/JCO.2011.36.8571
https://doi.org/10.1200/JCO.2011.38.5674
https://doi.org/10.1007/s11682-017-9695-x
https://doi.org/10.1007/s10548-020-00811-3
https://doi.org/10.21203/rs.3.rs-1401186/v2
https://doi.org/10.1038/nrn2719
https://doi.org/10.1016/j.neuroimage.2010.01.028
https://doi.org/10.1093/cercor/bhx308

Ditchfield et al.

42. Shiroishi MS, Gupta V, Bigjahan B, Cen SY, Rashid F, Hwang DH, et al. Brain
cortical structural differences between non-central nervous system cancer patients
treated with and without chemotherapy compared to non-cancer controls: a cross-
sectional pilot MRI study using clinically-indicated scans. Proc SPIE Int Soc Opt Eng.
(2017) 10572:105720G. doi: 10.1117/12.2285971

43. Hurria A, Rosen C, Hudis C, Zuckerman E, Panageas KS, Lachs MS, et al.
Cognitive function of older patients receiving adjuvant chemotherapy for breast cancer:
a pilot prospective longitudinal study. J] Am Geriatr Soc. (2006) 54:925-31. doi:
10.1111/j.1532-5415.2006.00732.x

44. Jansen C, Miaskowski C, Dodd M, Dowling G, Kramer J. Potential mechanisms
for chemotherapy-induced impairments in cognitive function. Oncol Nurs Forum.
(2005) 32:1151-63. doi: 10.1188/05.0NF.1151-1163

45. Menning S, de Ruiter MB, Veltman DJ, Koppelmans V, Kirschbaum C, Boogerd
W, et al. Multimodal MRI and cognitive function in patients with breast cancer prior to
adjuvant treatment--the role of fatigue. Neuroimage Clin. (2015) 7:547-54. doi:
10.1016/j.nicl.2015.02.005

46. Wouters H, Baars JW, Schagen SB. Neurocognitive function of lymphoma patients
after treatment with chemotherapy. Acta Oncol. (2016) 55:1121-5. doi:
10.1080/0284186X.2016.1189092

47.Marquand AF, Kia SM, Zabihi M, Wolfers T, Buitelaar JK, Beckmann CE
Conceptualizing mental disorders as deviations from normative functioning. Mol
Psychiatry. (2019) 24:1565. doi: 10.1038/541380-019-0451-z

48. Marquand AF, Rezek I, Buitelaar J, Beckmann CE Understanding heterogeneity
in clinical cohorts using normative models: beyond case-control studies. Biol Psychiatry.
(2016) 80:552-61. doi: 10.1016/j.biopsych.2015.12.023

49. Enigma. Enhancing neuro imaging genetics through Meta Analysis. Available
online at: https://enigma.ini.usc.edu/.

50. Haas SS, Ge R, Agartz I, Andreassen OA, Bachman P, Baeza I, et al. Normative
modeling of brain morphometry in clinical high-risk for psychosis. bioRxiv. (2023).
81:77-88. doi: 10.1101/2023.01.17.523348

51. Caeyenberghs K, Imms P, Irimia A, Monti MM, Esopenko C, de Souza NL, et al.
ENIGMA's simple seven: recommendations to enhance the reproducibility of resting-
state fMRI in traumatic brain injury. Neuroimage Clin. (2024) 42:103585. doi:
10.1016/j.nicl.2024.103585

52. Dominguez DJ, Stewart A, Burmester A, et al. Improving quantitative susceptibility
mapping for the identification of traumatic brain injury neurodegeneration at the
individual level. Z Med Phys. (2024). doi: 10.1016/j.zemedi.2024.01.001

53.Ge R, Yu Y, Qi YX, Fan Y-n, Chen S, Gao C, et al. Lancet Digit Health. (2024)
6:€211-21. doi: 10.1016/S2589-7500(23)00250-9

54. ENIGMA Clinical High Risk for Psychosis Working Group, Haas SS, Ge R, Agartz
I, Amminger GP, Andreassen OA, et al. Normative modeling of brain morphometry in
clinical high risk for psychosis. JAMA Psychiatr. (2024) 81:77-88. doi:
10.1001/jamapsychiatry.2023.3850

55. Gates P, Gough K, Dhillon H, Wilson C, Hawkes E, Dore V, et al. Longitudinal
exploration of cancer-related cognitive impairment in patients with newly diagnosed
aggressive lymphoma: protocol for a feasibility study. BMJ Open. (2020) 10:e038312. doi:
10.1136/bmjopen-2020-038312

56. Gates P, Krishnasamy M, Wilson C, Hawkes EA, Doré V, Perchyonok Y, et al. Cancer-
related  cognitive  impairment in  patients with  newly  diagnosed
aggressive lymphoma undergoing standard chemotherapy: a longitudinal
feasibility study. Support Care Cancer. (2022) 30:7731-43. doi: 10.1007/s00520-022-07153-9

57. Kaufman A, Lichtenberger EO. Assessing adolescent and adult intelligence. New
Jersey: Hoboken Wiley (2010).

Frontiers in Neurology

13

10.3389/fneur.2025.1601459

58. Tombaugh TN. Trail making test a and B: normative data stratified by age and
education. Arch Clin Neuropsychol. (2004) 19:203-14. doi:
10.1016/S0887-6177(03)00039-8 [published Online First: 2004/03/11]

59. MacLeod CM. Half a century of research on the Stroop effect: an integrative
review. Psychol Bull. (1991) 109:163-203. doi: 10.1037/0033-2909.109.2.163

60. Shapiro AM, Benedict RH, Schretlen D, Brandt J. Construct and concurrent
validity of the Hopkins verbal learning test-revised. Clin Neuropsychol. (1999) 13:348-58.
doi: 10.1076/clin.13.3.348.1749

61. Loonstra AS, Tarlow AR, Sellers AH. COWAT metanorms across age, education,
and gender. Appl Neuropsychol. (2001) 8:161-6. doi: 10.1207/S15324826AN0803_5
[published Online First: 2001/11/01]

62. Desikan RS, Segonne F Fischl B, et al. An automated labeling system for
subdividing the human cerebral cortex on MRI scans into gyral based regions of interest.
Neurolmage. (2006) 31:968-80. doi: 10.1016/j.neuroimage.2006.01.021

63. Fischl B. FreeSurfer. (2012)
10.1016/j.neuroimage.2012.01.021

64. Syrjala KL, Artherholt SB, Kurland BE Langer SL, Roth-Roemer S, Elrod JB, et al.
Prospective neurocognitive function over 5 years after allogeneic hematopoietic cell
transplantation for cancer survivors compared with matched controls at 5 years. J Clin
Oncol. (2011) 29:2397-404. doi: 10.1200/JCO.2010.33.9119

65.Li G, Nie J, Wang L, Shi E Lin W, Gilmore JH, et al. Mapping region-specific
longitudinal cortical surface expansion from birth to 2 years of age. Cereb Cortex. (2013)
23:2724-33. doi: 10.1093/cercor/bhs265

66. Jansen CE, Dodd MJ, Miaskowski CA, Dowling GA, Kramer J. Preliminary results
of a longitudinal study of changes in cognitive function in breast cancer patients
undergoing chemotherapy with doxorubicin and cyclophosphamide. Psychooncology.
(2008) 17:1189-95. doi: 10.1002/pon.1342

67. Bray VJ, Dhillon HM, Bell ML, Kabourakis M, Fiero MH, Yip D, et al. Evaluation
of a web-based cognitive rehabilitation program in cancer survivors reporting cognitive
symptoms after chemotherapy. J Clin Oncol. (2017) 35:217-25. doi:
10.1200/JC0O.2016.67.8201

68. Johns SA, Brown LE Beck-Coon K, Talib TL, Monahan PO, Giesler RB, et al.
Randomized controlled pilot trial of mindfulness-based stress reduction compared to
psychoeducational support for persistently fatigued breast and colorectal cancer
survivors. Support Care Cancer. (2016) 24:4085-96. doi: 10.1007/s00520-016-3220-4

69. Gates P, Dhillon H, Gough K, Wilson C, Hawkes E, Scudder L, et al. Exploration
of motivation to participate in a study of cancer-related cognitive impairment among
patients with newly diagnosed aggressive lymphoma: a qualitative sub-study. Support
Care Cancer. (2021) 30:1331-9. doi: 10.1007/s00520-021-06527-9

70. Nakamura ZM, Ali NT, Crouch A, Dhillon H, Federico A, Gates B, et al. Impact of
cognitive rehabilitation on cognitive and functional outcomes in adult Cancer survivors: a
systematic review. Sernin Oncol Nurs. (2024) 40:151696. doi: 10.1016/j.soncn.2024.151696

71. McDonald BC, Conroy SK, Ahles TA, West JD, Saykin AJ. Gray matter reduction

associated with systemic chemotherapy for breast cancer: a prospective MRI study.
Breast Cancer Res Treat. (2010) 123:819-28. doi: 10.1007/s10549-010-1088-4

Neurolmage. 62:774-81. doi:

72. La Carpia D, Liperoti R, Guglielmo M, et al. Cognitive decline in older long-term
survivors from non-Hodgkin lymphoma: a multicenter cross-sectional study. J Geriatr
Oncol. (2020) 11:790-5. doi: 10.1016/j.jg0.2020.01.007

73. Wagner L, Lai J, Cella D, Sweet ], Forrestal S. Chemotherapy-related cognitive
deficits: development of the Fact-cog instrument. Ann Behav Med. (2004) 27

74. Saykin AJ, Ahles TA, McDonald BC. Mechanisms of chemotherapy-induced
cognitive disorders: neuropsychological, pathophysiological, and neuroimaging
perspectives. Semmin Clin Neuropsychiatry. (2003) 8:201-16.

frontiersin.org


https://doi.org/10.3389/fneur.2025.1601459
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1117/12.2285971
https://doi.org/10.1111/j.1532-5415.2006.00732.x
https://doi.org/10.1188/05.ONF.1151-1163
https://doi.org/10.1016/j.nicl.2015.02.005
https://doi.org/10.1080/0284186X.2016.1189092
https://doi.org/10.1038/s41380-019-0451-z
https://doi.org/10.1016/j.biopsych.2015.12.023
https://enigma.ini.usc.edu/
https://doi.org/10.1101/2023.01.17.523348
https://doi.org/10.1016/j.nicl.2024.103585
https://doi.org/10.1016/j.zemedi.2024.01.001
https://doi.org/10.1016/S2589-7500(23)00250-9
https://doi.org/10.1001/jamapsychiatry.2023.3850
https://doi.org/10.1136/bmjopen-2020-038312
https://doi.org/10.1007/s00520-022-07153-9
https://doi.org/10.1016/S0887-6177(03)00039-8
https://doi.org/10.1037/0033-2909.109.2.163
https://doi.org/10.1076/clin.13.3.348.1749
https://doi.org/10.1207/S15324826AN0803_5
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1200/JCO.2010.33.9119
https://doi.org/10.1093/cercor/bhs265
https://doi.org/10.1002/pon.1342
https://doi.org/10.1200/JCO.2016.67.8201
https://doi.org/10.1007/s00520-016-3220-4
https://doi.org/10.1007/s00520-021-06527-9
https://doi.org/10.1016/j.soncn.2024.151696
https://doi.org/10.1007/s10549-010-1088-4
https://doi.org/10.1016/j.jgo.2020.01.007

	Cognitive impairment and brain atrophy in patients with newly diagnosed aggressive lymphoma undergoing standard chemotherapy: a normative analysis
	Introduction
	Methods
	Study design
	Participants
	Procedure
	Neuropsychological assessment
	MRI data acquisition
	MRI data processing
	Regions of interest
	Statistical analyses

	Results
	Participant 1
	Participant 2
	Participant 3
	Participant 4
	Participant 5
	Participant 6
	Participant 7
	Participant 8
	Participant 9

	Discussion
	Conclusion

	References

