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Chemotherapy-related cognitive impairment and associated brain changes may reflect accelerated
brain aging; however, empirical evidence for this theory is limited. The purpose of this study was
to measure brain aging in newly diagnosed patients with breast cancer treated with chemotherapy
(n=43) and compare its longitudinal change to that of controls (n=50). Brain age indices, derived
from cortical measures, were compared between women with breast cancer and matched healthy
controls across 3 timepoints (Time 1: pre-surgery, Time 2: 1 month following chemotherapy
completion, and Time 3: 1-year post chemotherapy). The breast cancer group showed a significant
decrease in cortical thickness across the 3 timepoints (p<.001) and a trend toward significant
increase in predicted brain age especially from pre-treatment (Time 1) to post-chemotherapy
(Time 2) compared to controls (p = 0.08). Greater increase in predicted brain age was related to
several clinical factors (HER-2 status, surgery type, and history of neoadjuvant chemotherapy) and
greater decrease in cortical thickness was associated with greater decrease in performance on a
verbal learning task from Time 1 to Time 3 (r=-0.48, p<.01). This study demonstrated evidence
of increased cortical brain aging in middle-aged patients with breast cancer following
chemotherapy treatment that was associated with decreased verbal memory performance.

Keywords

chemotherapy-related cognitive impairment; neurocimaging; MRI; cortical brain age; breast cancer;
prospective study

Introduction

Cancer and its treatments are associated with an increased risk for cognitive impairment.
Our group and others have shown that patients who undergo chemotherapy treatment
demonstrate measurable brain injury and associated cognitive deficit compared to
chemotherapy naive patients and controls (Deprez et al. 2014; Kesler and Blayney 2016;
Kesler et al. 2013b; McDonald et al. 2013). Cognitive impairment occurs in approximately
60% or more of patients with breast cancer (BC) following chemotherapy treatment and
shows little if any recovery over time (Kesler et al. 2017a; Wefel et al. 2015). Several

mechanistic pathways have been proposed to explain this phenomenon such as the direct and

indirect neurotoxic effects of chemotherapy, cytokine dysregulation, and accumulation of
reactive oxygen species (Ahles et al. 2012; Ahles and Saykin 2007). It is likely that the

etiology of cancer related cognitive impairment (CRCI) is multifactorial and could represent

cumulative cellular toxic or aging processes.

Age is an established risk factor for the development of cancer (Dale et al. 2012; Podolskiy
etal. 2016) and it is likely that the relationship between cancer and aging is bidirectional.
The mechanisms of action of chemotherapy mimic those underlying cellular aging,

neurodegeneration and inflammatory diseases (Ahles et al. 2012; Conroy et al. 2013; Kesler

et al. 2013a; Mandelblatt et al. 2013; Sosa et al. 2013). Thus, it has been suggested that
chemotherapy may accelerate the trajectory of biological aging, including brain age
(Mandelblatt et al. 2014). Accordingly, our group has shown that chemotherapy-treated BC
survivors who have a particular profile of brain structure may have a higher predicted
probability of Alzheimer’s Disease (AD) diagnosis, a neurodegenerative condition
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associated with advanced aging (Kesler et al. 2017c). We also demonstrated that
chemotherapy treated patients show reduced resilience to computationally simulated aging/
neurodegeneration compared to healthy controls (Kesler et al. 2015). Others have
demonstrated gray matter atrophy associated with brain aging cross sectionally (Koppelmans
et al. 2012b) and elevated biological markers of cellular senescence in patients treated with
chemotherapy (Pare et al. 2016; Sanoff et al. 2014; Wood et al. 2016). Recently, Scuric and
colleagues ( 2017) reported higher levels of DNA damage and lower telomerase activity,
both markers of cellular aging, in BC survivors with a history of chemotherapy and/or
radiation treatment compared to survivors who had surgery alone. However, no studies to
date have more directly evaluated brain age from pre-chemotherapy to post-chemotherapy.

Several changes to brain structure and function are associated with advancing age and these
changes can be associated with cognitive decline and neurodegenerative diseases (Cole and
Franke 2017). However, there are significant individual variations in terms of how aging can
affect cognition and behavior. Brain age can be estimated from neuroimaging data and
discrepancies between estimated brain age and chronological age are suggestive of atypical
development (Cole and Franke 2017) or could be the result of exposure to environmental
stressors such as cancer treatment. Individual brain age estimation may represent a unique
biomarker with clinical utility including evaluating risk for neurodegenerative disease or
cognitive impairment (Liem et al. 2017) and providing a practical, accessible metric of
neurologic injury severity.

Structural brain data combined with brain age algorithms have been used to successfully
measure accelerated brain age in persons with AD (Franke and Gaser 2012) and traumatic
brain injury (Cole et al. 2015). This method has also been used to predict conversion from
mild cognitive impairment (MCI) to AD (Gaser et al. 2013), but it has not been applied to
CRCI research. The objective of this study was to compare longitudinal change in brain age
in women with BC before and after chemotherapy compared to age-matched healthy peers
and to examine relationships between brain age, cognitive impairment, and medical and
demographic variables.

Material and Methods

Participants

We enrolled newly diagnosed patients with primary BC (stages I-111A) and frequency
matched healthy controls as part of our ongoing prospective study of BC and cognition
(Kesler et al. 2017a; Kesler et al. 2017b). Patients were assessed at 3 time points— prior to
any treatment including surgery with general anesthesia (Time 1), 1 month after completing
chemotherapy (Time 2), and 1 year after Time 2 (Time 3). Controls were assessed at yoked
intervals. All participants were between the ages of 40 and 65 years which are the peak ages
of BC diagnoses and exclude women who are more likely to have incipient
neurodegenerative disease and are less likely to receive chemotherapy. Participants with BC
had a minimum Karnofsky score of 70, which indicates adequate physical ability for
participation (Mor et al. 1984; Yates et al. 1980). Women were excluded for any prior
history of cancer, psychiatric, neurologic or comorbid medical conditions that are known to
affect cognitive function and healthy women were excluded for any history of these
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conditions. All participants were excluded for MRI contraindications and/or major sensory
impairments (e.g. blindness) that would preclude completion of cognitive tests. Medical
information for patients was extracted from the Electronic Medical Record including disease
stage, treatment regimen and course, and tumor pathology (hormone receptor, human
epidermal growth factor receptor 2 [HERZ2]). This study was carried out in accordance with
the recommendations of the Stanford University Institutional Review Board with written
informed consent from all participants. All participants gave written informed consent in
accordance with the Declaration of Helsinki.

Cognitive Assessment

Cognitive function was measured using a battery of standardized neuropsychological tests
including the Rey Auditory Verbal Learning Test (RAVLT) for verbal learning and memory
(Schmidt 2012), which includes Immediate Recall, Delayed Recall, and Interference. Trails
1 and 5 of the Comprehensive Trail Making Test (CTMT) were used to measure attention,
processing speed and executive functioning (Moses 2004) and the Controlled Oral Word
Association test (COWA) was used to measure verbal fluency (Ruff et al. 1996). We have
shown this battery to be sensitive to CRCI in several previous studies (Henneghan 2018;
Henneghan et al. 2018; Kesler et al. 2017a; Kesler et al. 2017b). Participants also completed
an experimental battery of computerized cognitive tests that are not reported here.

We also measured psychological distress (depression, anxiety, fatigue) using the Total Score
from the Clinical Assessment of Depression (CAD) (Aghakhani and Chan 2007). Further,
we assessed subjective, real-world executive function and self-regulation with the Global
Executive Composite of the Behavioral Rating Inventory of Executive Function- Adult
(BRIEF-A), which we have shown to be sensitive to both the behavioral and neurofunctional
consequences of chemotherapy (Kesler et al. 2011). Subjective memory function was
measured using the Prospective and Retrospective Memory Questionnaire (PRMQ)
(Crawford et al. 2006).

MRI Acquisition

MRI data were acquired on the same day as cognitive testing using a GE Discovery MR750
3.0 Tesla whole body scanner (GE Medical Systems, Milwaukee, WI). High-resolution T1-
weighted images were acquired with 3D spoiled gradient echo pulse sequence: TR = 8.524
ms, TE = 3.396 ms, Inversion time = 400 ms, flip angle = 15 degrees, Field of view = 220
mm, phase field of view= 75%, slice thickness = 1.6 mm number of excitation =1,
acquisition matrix = 256 x 256. In total, 124 contiguous coronal slices were with in-plane
resolution of 0.859 mm x 0.859 mm. Participants also underwent resting state fMRI and
diffusion tensor imaging during this session but these data are not reported here.

Neuroimaging Processing

The FreeSurfer software package version 5.3 (Fischl 2012) was used to measure cortical
thickness and cortical surface area. Surface-based analysis in FreeSurfer involves the
removal of non-brain tissue from the T1-weighted MRI, followed by an automated Talairach
transformation, segmentation of subcortical white matter and cortical gray matter, intensity
normalization, tessellation of gray/white-matter boundary, automated correction of
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topological defects and surface deformation to form the gray- and white matter boundary.
Cortical thickness was determined as the difference between the pial and white-matter
surface (Fischl and Dale 2000). Subcortical volumes were obtained from the automated
procedure for volumetric measures of brain structures implemented in FreeSurfer. The
details of these procedures are described in prior publications (Dale et al. 1999; Fischl et al.
2002). Procedures for the measurement of cortical thickness have been validated against
histological analysis (Rosas et al. 2002) and manual measurements (Kuperberg et al. 2003;
Salat et al. 2004). Freesurfer morphometric procedures have been demonstrated to show
good test-retest reliability across scanner manufacturers and across field strengths (Han et al.
2006; Reuter et al. 2012). We performed visual quality checks to ensure no major errors
within the FreeSurfer automated processing. Gray matter metrics including cortical surface
area (mm?), cortical thickness (mm) and subcortical volumes (mm?3) were extracted for each
participant.

Predicted Brain Age (PBA) Calculation

Gray matter measures were then entered into Brain-Age Regression Analysis and
Computation Utility Software (BARACUS version VV1.1.2), which calculates PBA in years
from 1) cortical thickness, 2) cortical surface area, 3) subcortical volumes, and 4) stacked
anatomy) resulting in four different estimated brain ages for each participant (Liem 2017).

Statistical Analyses

Group demographics—Group differences in demographic and treatment variables were
assessed with t-tests for continuous variables. P values less than 0.05 were considered
statistically significant.

Predicted Brain Age and Cortical Thickness Group Comparison—Cortical
thickness (CT) has been identified as an estimate of brain age in CRCI research
(Koppelmans et al. 2012b), therefore we began our statistical analyses by comparing mean
cortical thickness between BC patients and controls then moved on to compare PBA
between the groups. We used separate linear mixed models to compare these metrics
between the groups across all 3 timepoints, fully utilizing outcome data repeatedly measured
for most participants. For estimation of mixed effect models, maximum likelihood
estimation was used. Data points that were missing due to subject attrition or unusable
imaging data were handled assuming that data were missing at random (Little and Rubin
2002). All available cases including the ones with missing information were included in the
analyses. In mixed effects analyses each variable, CT and PBA, was modeled as a separate
dependent variable predicted by the group membership (BC patients, Healthy Controls).
Post-hoc linear mixed models were used to evaluate differences in CT and/or PBA between
time 1 and time 2, then between time 2 and time 3 to better understand group differences in
CT and PBA, along with student t tests at each time point to compare mean difference at
time 1, time 2, and time 3.

Associations between Predicted Brain Age, Cortical Thickness, Cognitive
Variables, Individual and Clinical Variables—Correlations were explored between
change in CT from Time 1 to Time 3, change in PBA from Time 1 to Time 3, and individual
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and clinical variables: age (years), education (years), menopausal status (1 = post-
menopause, 0 = pre-menopause), cancer stage at diagnosis (I,11,111), anthracycline
chemotherapy (1 = yes, 0 = no), radiation treatment (1 = yes, 0 = no), hormonal blockade
treatment (1 = yes, 0 = no), hormone receptor status (1 = positive, 0 = negative), HER 2
receptor status (1 = positive, 0 = negative), surgery type (1 = mastectomy, 0 = lumpectomy),
and neoadjuvant chemotherapy (1 = yes, 0 = no), using two separate multiple linear
regression models.

Two-tailed Pearson’s correlations were also examined among CT from Time 1 to Time 3,
change in PBA, chronological age and cognitive performance on RAVLT-Immediate Recall,
RAVLT-Interference, RAVLT-Delayed Recall, CTMTL1 (similar to Trail Making Test A),
CTMTS5 (similar to Trail Making Test B), COWA Adjusted Score, and self-report data
(BRIEF-A Global Score, PRMQ Total Score) using change scores (Time 3 minus Time 1) to
account for time. These exploratory analyses were conducted for the purpose of hypothesis
generation, therefore no correction for multiple comparisons was made and the p value was
set at 0.05, thus risk for false positive findings is higher.

Group Demographic Comparisons

43 women with newly diagnosed BC were enrolled in the study and 50 matched controls.
Both groups were on average 50 years old and college educated. In the BC group, the
majority had a history of stage Il BC, and received radiation and hormonal treatment in
addition to chemotherapy. See Table 1 for demographics and clinical variables. At Time 1,
43 BC patients and 50 controls completed data collection. At Time 2, 27 BC patients and 44
controls completed data collection and at Time 3, 34 BC patients and 44 controls completed
data collection.

Cortical Thickness (CT) and Predicted Brain Age (PBA)—BC patients showed a
significant difference in CT across the 3 time points compared to controls (p <.001). The
slopes from time 1 to time 2 and from time 2 to time 3 were both significantly different
between groups. (p’s<.01, Table 2, Figure 1a). Student’s t tests revealed a significant group
difference in mean cortical thickness at time 2 only (£= —2.0859, p<.05). BC patients
showed a trend towards significant differences in PBA (calculated from cortical thickness
measures only) across the 3 time points (p= 0.085, Table 2, Figure 1b). The slope from time
1 to time 2 was significantly different between the groups (p<.05, Table 2, Figure 1b).
Student’s t tests revealed no significant group difference in PBA at any time points

(p<*s>05).

The assessment interval between times 1 and 2 differed significantly between groups (p =
0.004, Table 1). This represented a difference of only 0.68 months, or approximately 20
days, so was not likely a clinically meaningful difference. However, we conducted a post
hoc general linear model analysis of PBA slope between times 1 and 2 covarying for
assessment interval. The group effect remained significant (t = 2.75, p = 0.01) and
assessment interval was not a significant covariate (p = 0.99).
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Correlations Among CT, PBA, Demographic, Clinical, and Cognitive Variables
—No significant correlations were found among demographic and clinical variables and
difference in CT from Time 1 (pre-surgical baseline) to Time 3 (1-year post chemotherapy
treatment). Difference in PBA from Time 1 (pre-surgical baseline) to Time 3 (1-year post
chemotherapy treatment) was significantly related to HER 2 status (5=-.45, p<.05), surgery
type (5=.53, p<.05), and neoadjuvant chemotherapy (5=.41. p<.05). The relationship
between PBA and hormone receptor status approached significance (5=.38, p=.05). These
regression models are displayed in Table 2.

A significant Pearson’s correlation was found between mean CT and RAVLT-Interference
scores across time (r=.48, p<.01). The correlation between PBA and RAVLT-Interference
scores approached significance (/=-.36, p=.052). These correlations are displayed in Table
3. A post hoc analysis was conducted examining RAVLT-Interference score differences
between groups (BC, control) across all timepoints using linear mixed modeling. We found
significant group differences across time (Chi Sq=5.952, p=.014). Independent T tests
revealed that group differences in RAVLT-Interference were only significant at Time 3
(£=2.347, p=.022). Cognitive test scores for BC patients and healthy controls at each time
point are displayed in Supplementary Table 1 and plotted for BC patients in Supplementary
Figure 1.

Discussion

In this study we extended prior research that cross sectionally (Koppelmans et al. 2012b) and
prospectively (McDonald et al. 2010) found evidence of decreased gray matter in BC
survivors compared to controls. We also implemented a previously established and validated
neuroimaging-based machine learning algorithm to longitudinally examine predicted brain
age, in BC patients for the first time. Finally, we found correlations among brain aging
metrics and cognitive impairment, specifically verbal memory interference, in chemotherapy
treated patients with BC. We demonstrated evidence of an acute decrease in cortical
thickness along with accelerated predicted brain age from time 1 to time 2 in patients with
BC compared to controls. Our findings provide preliminary empirical support for the theory
that accelerated aging is one of the underlying mechanisms of CRCI (Mandelblatt et al.
2014). These findings are especially important considering increased brain age has been
associated with greater risk of developing Alzheimer’s disease in people with mild cognitive
impairment (Gaser et al. 2013; Lowe et al. 2016), and reports that for every year an
individual’s brain is predicted to be older than their chronological age, there is a 6%
increased risk of death (Cole et al. 2018). Notably, BC patients’ mean cortical thickness and
predicted brain age “normalized” from Time 2 to Time 3. This may be explained by the fact
that our cohort was highly educated (with approximately 17 or more years of education) and
years of education is often used as a proxy for cognitive reserve. Thus the sample in this
study may have had high cognitive reserve making them more resilient to cognitive aging
effects and facilitating brain recovery post treatment (Ferreira et al. 2016), representing a
potential sampling bias in this study. Nonetheless, the BC group demonstrated a significant
decreased cortical thickness and a trend towards significantly higher brain age, especially
from time 1 to time 2, suggesting “brain aging” over time compared to the control group.
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The decrease in cortical thickness and increase in predicted brain age across time in the BC
group was specifically observed in the time between diagnosis and immediately following
the completion of chemotherapy. These findings suggest that chemotherapy and surgical
treatments received during this time may have an accelerating cortical brain aging effect or
may prevent repair from tumor/treatment-related brain injury and consistent with previous
reports of decreased gray matter volume in BC survivors compared to controls immediately
following the completion of chemotherapy with partial recovery 1 year later (McDonald et
al. 2010). However, the stability of this effect between 1 year post chemotherapy completion
and 20 years post chemotherapy (Koppelmans et al. 2012b) remains unclear. Cognitive
changes have been observed to persist for variable periods of time following the completion
of adjuvant treatment (Janelsins et al. 2014; Koppelmans et al. 2012a). It is unclear whether
the cortical brain changes we found represent true brain aging. Future studies could
determine if assays of cellular senescence correspond to predicted brain age. Further, our
results suggest that increased cortical brain aging may be a temporary phenomenon that
resolves over time.

For many years it was assumed that aging is an inevitable process; however, recent research
on aging, specifically epigenomic animal research suggests that cellular effects of aging may
be reversible (Jaskelioff et al. 2011; Maherali et al. 2007; Ocampo 2016; Okita et al. 2007).
For example, shortening of telomere length, a proxy for cellular aging in humans (Mather et
al. 2011), has been reversed in populations at risk for prostate cancer (Ornish et al. 2008).
Alternatively, it is possible that these cortical changes do not reflect true aging, but rather
some other type of injury that is collinear with age. Prospective research evaluating cortical
thickness and predicted brain age in a larger prospective cohort that extends beyond 1-year
post chemotherapy treatment is needed to better understand the patterns of cortical brain
aging in this population.

We did not find significant increases in predicted brain age as measured by subcortical
volumes or cortical surface area, despite the fact that cortical thickness, cortical surface area,
subcortical volume and stacked anatomy metrics were highly correlated at each time point
(See Supplementary Table 2). We know that subcortical structures of the human brain are
essential for various cognitive and social functions (Koshiyama et al. 2018), yet little is
known about how cancer and/or cancer treatment effects these structures. CRCI
neuroimaging studies have consistently identified cancer and/or chemotherapy related brain
changes (de Ruiter and Schagen 2013; Simo et al. 2013) in both cortical and subcortical
structures (Saykin 2003; Simo et al. 2013). It is possible that cancer and/or chemotherapy
may specifically affect aging in cortical gray matter but not subcortical structures. In other
studies that have utilized the BARACUS algorithm, authors typically report and use one of
the four neuroimaging metrics as a proxy for “predicted brain age” such as stacked anatomy
(Beheshti et al. 2018; Cole et al. 2018; Hatton et al. 2018). Hatton et al. (2018) comment
that the simplicity of using stacked anatomy as a general measure of brain age inhibits the
ability to identify specific locations of pathology in the brain. Furthermore, the stacked
anatomy metric includes more features, and it is possible that the model used in the present
study did not have the power to detect changes in this metric. Since we only found evidence
of increased PBA using cortical thickness, it is possible that gray matter in the cortex ages
faster than subcortical regions. In the general population, it appears that gray matter volume
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loss is greater in the cortex than in the subcortical structures as people age (Jernigan et al.
2001; Walhovd et al. 2005; Zheng et al. 2018).

Our findings suggest that decreased cortical thickness and subsequent increased brain age
may contribute to neurocognitive dysfunction following BC chemotherapy. This is consistent
with the literature demonstrating increased discrepancies between predicted and
chronological ages in other neurologic and neuropsychiatric diseases. These conditions
include HIV (Cole et al. 2017; Kuhn et al. 2018), mild cognitive impairment, obesity,
Alzheimer’s disease and traumatic brain injury (Cole and Franke 2017). The
pathophysiology of these diseases are distinct, however they appear to have secondary
effects on the brain that likely share common neurobiological pathways such as
neuroinflammation, oxidative stress, and mitochondrial dysfunction (Cole and Franke 2017).
As noted above in the Introduction section, these are also candidate mechanisms of CRCI
(Mandelblatt et al. 2014). Other age-related brain changes that overlap with those associated
with CRCI include decreased brain volume (Chen et al. 2018; Inagaki et al. 2007;
Koppelmans et al. 2014), and alterations in neuroprotective proteins like catechol-o-
methyltransferase (COMT) and brain derived neurotrophic factor (BDNF). For example,
decreased neurogenesis, tropomyosin-related kinase B, and Ca? retention in the
hippocampus have been shown in mice treated with chemotherapy compared to controls
(Park et al. 2018).

Cortical thickness was associated with worsening verbal memory, specifically proactive
interference, which refers to difficulties with learning new information due to competition
from previously presented material. We have previously shown that our prospective cohort
of BC patients show deficits in proactive interference compared to healthy controls (Kesler
et al. 2017b). Aging adults are particularly susceptible to proactive interference (Lustig and
Jantz 2015). Previous studies have demonstrated that proactive interference is a highly
sensitive measure of MCI, is associated with regional amyloid burden in cognitive normal
adults and also associated with MRI volumetric biomarkers of AD (Crocco et al. 2014;
Loewenstein et al. 2016; Loewenstein et al. 2017).

Our multiple linear modeling analyses revealed no correlations between change in cortical
thickness from pre-treatment to immediately following chemotherapy completion and any of
the clinical or demographic variables in the patients with BC. However, when we modeled
change in predicted brain age from pre-treatment to 1 year following the completion of
treatment chemotherapy, we found a negative relationship between HER2 receptor status,
suggesting that those patients with HER2+ status demonstrated improved, or “younger”
brain age over time. Although HER2 + breast tumors are highly proliferating and clinically
aggressive (Bianchini and Gianni 2014; Dieci et al. 2016). HER2 + breast cancers are treated
with targeted therapies (e.g. trastuzumab); these have poor penetrance of the blood brain
barrier, contrary to many cytotoxic and hormonal therapies, potentially limiting their impact
on brain age. Notably, additional adjuvant treatments including radiation treatment and
hormonal treatment occurred in all patients with BC, but there were no specific relationships
observed between predicted brain age and these variables. These relationships may be
confounded with disease severity and tumor receptor status, both of which influence
therapeutic approach. Hormone receptor status has also been found to have variable
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influence on certain cognitive domains (Li et al. 2017), which may account for the
relationship between hormone receptor status and predicted brain age approaching
significance.

We found a relationship between history of neoadjuvant chemotherapy and change in
predicted brain age, suggesting that those who received neoadjuvant chemotherapy
demonstrated worsening, or “older”, brain age over time. Neoadjuvant chemotherapy is
commonly used for the treatment of patients with high-risk operable primary breast cancer
(Untch et al. 2014). Our findings are consistent with (Lyon et al. 2016) who reported that the
receipt of neoadjuvant chemotherapy had negative effects on multiple cognitive domains that
persisted over time in breast cancer survivors. Finally, we found a relationship between
surgery type and change in predicted brain age over time, suggesting that that those who had
a mastectomy demonstrated worsening, or “older”, brain age overtime than those who had a
lumpectomy. Considering that the choice of mastectomy or lumpectomy depends on the
staging of disease— mastectomies are chosen for breast tumors that are larger and involve
more lymph nodes, and lumpectomies are chosen for local and smaller tumors (Newman
2017)—this finding may reflect the different disease severity in the surgical subgroups that
was not captured by categorizing patients into three groups based on cancer stage (I,11,111).
Furthermore, mastectomies are more invasive surgeries and often result in a secondary
reconstruction surgery. Thus, these findings may reflect the association between disease
severity and greater brain age, in addition to the effects of a longer and more aggressive
surgery on brain aging.

Interestingly, we did not find significant relationships between chemotherapy type and
changes in predicted brain age. Since breast cancer chemotherapy consists of combined
chemotherapy regimens, we evaluated chemotherapy type by grouping patients as having
had anthracycline based chemotherapy or non-anthracycline chemotherapy. This is one of
the most common compounds used to treat breast cancer and the most consistently linked to
chemo-related neurotoxicity (Kesler and Blayney 2016). Taken together, these findings
suggest that breast cancer severity and subsequent treatments are associated with worsening
predicted brain age over time. In this exploratory analysis, we did not correct for multiple
comparisons for the separate multiple regression models that were run, and therefore our
findings could represent type | error. It is also possible that these results reflect unknown
multivariate, mediating/moderating effects involving treatment variables that we lack
statistical power to adequately test, and thus these associations need to be replicated in a
larger sample.

In addition to our small and highly educated sample, there were other limitations to this
study. We utilized gray matter metrices to calculate and estimate brain age, however white
matter and functional connectivity are more consistently reported to be affected by
chemotherapy as discussed above in this section (Kesler 2014; Saykin et al. 2013).
Therefore, we may have underestimated the brain aging effect of chemotherapy. Validated
resting state fMRI/DTI brain age prediction algorithms are not currently publicly available
for use. Additionally, the BARACUS algorithm we used was derived from cross-sectional
data rather than longitudinal data (Liem 2017). However, neuropsychological normative data
are also cross-sectional and yet are used to standardized longitudinal data. For study
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feasibility, given that we were recruiting newly diagnosed patients prior to treatment, we
only included a limited number of behavioral and psychosocial variables in this study, so it
is possible that there are relationships between predicted brain age and other factors not
measured in this study. Lastly, we did not collect or store blood as part of this study, and are
unable to provide insides on underlying biological mechanisms of the cortical changes
found. Future neuroimaging studies should consider adding biomarker analyses which may
contribute additional neurobiological insights of cancer related brain changes.

Despite these limitations, the study had several notable strengths. This is the first study to
our knowledge to evaluate predicted brain age in patients with cancer. We conducted
longitudinal assessment of patients compared to controls from a unique presurgical baseline
whereas most previous prospective studies employ a post-surgical baseline. Our findings
provide increased insight regarding the neural mechanisms underlying CRCI and lends
empirical support to the hypothesis of accelerated aging associated with cancer and
chemotherapy. Future research should extend the longitudinal follow up to beyond 1 year in
order to determine the trajectory of brain aging or if different patterns of aging emerge (such
as late onset of brain aging or brain aging in subcortical structures). Back-translating these
findings into animal models in order to examine histological differences such as amyloid
plaques, tangles, neuroinflammation, genomic alterations, demyelination, changes to cellular
metabolism and mitochondrial dysfunction (Blalock et al. 2003) could potentially reveal
biological mechanisms underlying accelerated brain age resulting from chemotherapy
treatment.
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Predicted brain age and mean cortical thickness across time in patients with breast cancer
(Chemo) and healthy female controls (Control). T1 = pre-treatment, T2 = 1 month post-
chemotherapy, T3 = 1 year post-chemotherapy (or yoked intervals for controls). Predicted
brain age changed significantly from T1 to T2 and cortical thickness changed across all three

time points in the breast cancer group compared to controls. * p < 0.05, ** p < 0.001.
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Table 1.

Baseline demographic and clinical characteristics. Data are shown as mean (standard deviation) unless
otherwise indicated.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Demographic Variable BC (n=43) Controls (n=50) | p value
Age 49.44 (8.92) 49.67 (9.99) 0.91
Age Range 31.3-65.73 25.78-64.24
Education 17.04 (3.19) 17.52 (2.28) 0.42
Post-Menopause 46.5% 40% .567
Months Between T1 and T2 assessment 5.98 (1.05) 5.31(0.89) .004
Months Between T2 and T3 assessment 12.38 (1.74) 12.61 (1.01) 0.50
Months Between T1 and T3 assessment 18.32 (1.98) 17.91 (1.38) 0.33
Number of chemotherapy cycles 7.03 (4.39)
Radiation therapy 65%
Hormone Blockade 68.42%

Stage at diagnosis (1, 11, 111) 11.6%, 67.5%, 20.9%
Estrogen receptor positive 81%
Progesterone receptor positive 65%

Human epidermal growth factor receptor 2 positive 25.6%
Neoadjuvant chemotherapy 48.8%
Lumpectomy 46.5%
Mastectomy 48.8%
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Brain metric data across time points for breast cancer and healthy control groups. Data are shown as mean

(standard deviation)

Group | Timepoint | Cortical Thickness (mm) | Predicted Brain Age (years)
Chemo T1 2.53 (0.07) 45 (6.5)

Chemo T2 250 (0.07) 47 (6.8)

Chemo T3 2.55 (0.07) 46 (6.7)

Control T1 2.55 (0.09) 45 (8)

Control T2 2.54 (0.09) 45 (7.3)

Control T3 2.55 (0.09) 45 (8.2)
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Relationships between clinical/demographic variables and changes in brain metrics from Time 1 to 3 for the

breast cancer group

Regression Coefficient

Mean Cortical Thickness

Predicted Brain Age

Years Education .07 -11
Postmenopausal -.22 .35
Cancer Stage at Diagnosis -.37 31
Anthracycline Chemotherapy .08 -.09
Hormone Receptor Positive -.33 .24
HER2 Receptor Positive .02 -.06
Mastectomy -.03 .38
Neoadjuvant Chemotherapy -.15 —45%
Hormonal Blockade -.10 53%
Radiation Treatment between T2-T3 -.20 anx

*
p<0.05
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Relationships between cognitive and brain changes (slopes) from Time 1 to 3 for the breast cancer group

Table 4.

Pearson Correlation Coefficient

Mean Cortical Thickness

Predicted Brain Age

RAVLT Immediate Recall -.07 =11
RAVLT- Interference 487" -36"
RAVLT-Delayed Recall -.08 a7
CTMT 1 -.22 13
CTMT5 -.25 -.05
COWA .28 -.18
BRIEF-A .01 -.02
PRMQ -.24 .15
*
p<0.05
*Kk
p<0.01

Page 21

RAVLT = Rey Auditory Verbal Learning Test; CTMT = Comprehensive Trail Making Test; COWA = Controlled Oral Word Association, BRIEF-A

= Behavioral Rating Inventory of Executive Function (Adult Version); PRMQ = Prospective and Retrospective Memory Questionnaire
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