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Abstract

IMPORTANCE—Chemotherapy exposure is a known risk factor for cancer-related cognitive
impairments. Anthracycline-based regimens are commonly used chemotherapies that have been
shown to be associated with cognitive impairment and brain changes in clinical studies.

OBJECTIVE—To directly compare the effects of anthracycline and nonanthracycline regimens
on cognitive status and functional brain connectivity.

DESIGN, SETTING, AND PARTICIPANTS—In this observational study, we retrospectively
examined cognitive and resting state functional magnetic resonance imaging data acquired from
62 primary breast cancer survivors (mean [SD] age, 54.7 [8.5] years) who were more than 2 years
off-therapy, on average. Twenty of these women received anthracycline-based chemotherapy as
part of their primary treatment, 19 received nonanthracycline regimens, and 23 did not receive any
chemotherapy. Participants were enrolled at a single academic institution (Stanford University)
from 2008 to 2014, and the study analyses were performed at this time.

MAIN OUTCOMES AND MEASURES—Cognitive status was measured using standardized
neuropsychological tests, and functional brain connectivity was evaluated using resting state
functional magnetic resonance imaging with a focus on the brain’s default mode network.

RESULTS—The anthracycline group demonstrated significantly lower verbal memory
performance including immediate recall (F=3.73; P=.03) and delayed recall (F=11.11; P<.
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001) as well as lower left precuneus connectivity (F=7.48; P=.001) compared with the other 2
groups. Patient-reported outcomes related to cognitive dysfunction (F=7.27; P=.002) and
psychological distress (F=5.64; P=.006) were similarly elevated in both chemotherapy groups
compared with the non—chemotherapy-treated controls.

CONCLUSIONS AND RELEVANCE—These results suggest that anthracyclines may have
greater negative effects than nonanthracycline regimens on particular cognitive domains and brain
network connections. Both anthracycline and nonanthracycline regimens may have nonspecific
effects on other cognitive domains as well as certain patient reported outcomes. Further research is
needed to identify potential methods for protecting the brain against the effects of various
chemotherapeutic agents.

Multiple studies have consistently demonstrated cognitive decline in chemotherapy treated
vs non- chemotherapy-treated patients with breast cancer.1=® These cognitive impairments
can be long-lasting and tend to be one of the most common limitations to quality of life and
well-being.8" There is growing concern that chemotherapy may increase the risk for later
neurodegenerative conditions by altering or accelerating brain-aging processes.18-10
Accordingly, neuroimaging evidence suggests that breast cancer chemotherapy is associated
with diffuse brain injury,11-13 including increased vulnerability of the brain network to
neurodegeneration.14

These findings highlight the importance of determining factors that may help predict which
patients are at highest risk for adverse cognitive outcome and/or identifying methods for
protecting against cognitive effects. Despite chemotherapy treatment being a known risk
factor for cognitive decline, very limited information exists regarding the differential
cognitive effects of specific chemotherapy agents. Preclinical studies demonstrate direct and
indirect neurotoxic effects of conventional breast cancer therapies, including doxorubicin,
cisplatin, cyclophosphamide, and fluorouracil, 1> but cannot specify whether one of these
regimens is more cognitively toxic than others. Studies in humans have been very limited
and suggest that regimens containing methotrexate are potentially more neurotoxic.%16
However, methotrexate is no longer widely used to treat breast cancer.

Combination chemotherapy regimens that include anthracycline (ANTHR)-based agents (eg,
doxorubicin) are very commonly and efficaciously used to treat breast cancer.l” ANTHR
mechanisms of action include double-strand DNA breaks and free radical damage that affect
healthy as well as cancerous cells.18 Clinical studies have demonstrated significant cognitive
impairments and brain changes in patients with breast cancer treated exclusively with
ANTHR-containing regimens’? as well as in cohorts in which most were treated with
ANTHRs.312.14 To date, no studies have directly compared ANTHRs with other agents.
Therefore, we retrospectively examined the differential effects of ANTHR and non-ANTHR
chemotherapies on cognitive status and brain network connectivity in long-term breast
cancer survivors.

Brain regions that show highly correlated functional magnetic resonance imaging (fMRI)
signals across time are assumed to be connected in a functional brain network.29 We focused
on the brain’s default mode network given previous studies!21-23 suggesting that this
network may be preferentially vulnerable to breast cancer chemotherapy. Default mode
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network includes precuneus, cingulate, medial frontal, middle temporal, and lateral parietal
regions as well as the hippocampus and is believed to support implicit learning, monitoring,
and allocation of neural resources to various cognitive processes.?22425 The default mode
network is an intrinsic functional brain network, meaning that its constituent regions are
spontaneously coactive, independent of external stimuli. Such spontaneous, intrinsic
connectivity is measured during an extended, task-free “resting” state using fMRI. This
resting-state fMRI method is highly sensitive to mechanisms of cognitive dysfunction and
decline.26

In this observational study, we retrospectively examined cognitive and resting state
functional magnetic resonance imaging data acquired from 62 primary breast cancer
survivors (mean [SD] age, 54.7 [8.5] years). Of these, 39 women with a history of primary
breast cancer (stage I-111A, diagnosed from 2003 to 2014) and chemotherapy treatment had
completed their primary therapy (surgery, chemotherapy, and radiation) more than 6 months
prior to study entry to allow for medical and neurologic stabilization. This chemotherapy
group consisted of 20 women who received 4 to 8 cycles of standard-dose ANTHR-based
regimens and 19 who received 4 to 8 cycles of standard-dose non-ANTHR regimens. They
were compared with 23 non—chemotherapy-treated primary breast cancer survivors. Of the
total sample, 41 data sets were included in our previous studies2” of intrinsic functional
connectivity (all participants for this study were enrolled from 2008 to 2014, and the study
and analyses were performed at this time). Participants were recruited using email listserv,
Internet, and community flyer postings; local cancer support group advertisements; and
physician referrals. All participants were enrolled and evaluated for this study at Stanford
University, but, given that they were survivors recruited from the surrounding community,
not all of them received their cancer diagnosis and/or treatment at Stanford.

Participants were excluded for evidence of active cancer (n = 0 patients); history of relapse
(n = 2); diagnosed psychiatric, neurologic, or comorbid medical conditions that are known to
affect cognitive function (n = 5); pregnancy (n = 0); MRI contraindications (n = 7); or major
sensory deficits (n = 0). All women underwent surgery with general anesthesia, and some
received locoregional breast radiation and/or endocrine therapy (ie, tamoxifen) as part of
their treatment regimen (Table 1). ANTHR-based chemotherapy protocols were as follows:
doxorubicin, cyclophosphamide, paclitaxel (n = 17 patients); doxorubicin and
cyclophosphamide (n = 2); and doxorubicin, cyclophosphamide, and fluorouracil (n = 1).
Non-ANTHR regimens were cyclophosphamide, paclitaxel (n = 15) and cyclophosphamide,
methotrexate, fluorouracil (n = 4). All participants completed their entire recommended
treatment regimen. This study was approved by the Stanford University institutional review
board. All participants provided written informed consent and received compensation.

Cognitive Status

The Hopkins Verbal Learning Test-Revised (HVLT-R)28 was used to measure verbal
memory in all participants. For executive function, participants were administered the
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Wisconsin Card Sorting Test (WCST)2° or Comprehensive Trail Making Test.3? For verbal
fluency, participants were administered Delis-Kaplan Executive Function System Letter
Fluency3! or Controlled Oral Word Association.32 We also administered the Behavioral
Rating Inventory of Executive Function (BRIEF), a patient-reported measure of executive
function,33 and the Clinical Assessment of Depression, a patient-reported measure of
depression, anxiety, and fatigue,3* to all participants. Participants received different
executive function and verbal fluency tests because the original testing battery was modified
to conform to the International Cognition and Cancer Task Force recommendations.3°
Testing required approximately 1.5 hours for all participants. There was no difference
between the groups in the proportion of participants who received one test battery or the
other (P=.30).

Neuroimaging Acquisitions and Preprocessing

Resting-state fMRI and high-resolution anatomic MRI data were obtained using a GE
Discovery MR750 3.0 T whole-body scanner (GE Medical Systems) on the same day as the
cognitive testing session.

All neuroimaging acquisitions were examined visually, and any suspicious scans were
forwarded to a neuroradiologist for clinical review (no scans were found to have neurologic
abnormalities). Image preprocessing was performed using Statistical Parametric Mapping 12
(Wellcome Trust Centre) as described in our previous publications27:36:37 (see the
eMethods in the Supplement for further details).

Default Mode Network Connectivity

To define default mode network, we used the same 19 independent regions of interest (ROIS)
that we used in our previous default mode network study involving breast cancer
chemotherapy.! These ROIs were originally defined by Shirer and colleagues.38 Functional
connectivity analysis was performed using the CONN Toolbox3? as described in our
previous publications.1:27:36 Pearson correlation coefficients were calculated between fMRI
time courses for each pair of ROIs and then normalized using Fisher /-2 transformation (see
the eMethods in the Supplement for further details).

Statistical Analyses

Group differences in cognitive testing scores were examined using analysis of variance in
the R statistical package (R Foundation). Significant (P < .05) omnibus results were further
evaluated using pairwise ftests (pooled standard deviation) with Bonferroni correction. Age
was included as a covariate in all analyses. “Test” was also included to control for potential
confounds related to the different testing batteries. Effect sizes were calculated for pairwise
comparisons using Cohen d.

Pairwise between group differences in default mode network connectivity were examined
using the general linear model within CONN Toolbox.%? Age was included as a covariate in
all analyses, and the a level was set at £ < .05 with false discovery rate correction for
multiple comparisons. Effect sizes were calculated using Cohen d.
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Disease stage was significantly lower in the no-chemotherapy group compared with the
chemotherapy groups. We examined the statistical models both with and without including
stage as a covariate given that lower disease severity is an expected characteristic of patients
who do not receive chemotherapy and may therefore remove the main effect of interest. We
also explored the effect of number of chemotherapy cycles and endocrine therapy on
cognitive status and default mode network connectivity via 2-tailed, Spearman correlations.

Cognitive Status

As shown in Table 2, and the eFigure in the Supplement, the ANTHR group demonstrated
lower verbal memory performance compared with the other 2 groups, especially during a
delayed recall trial (P < .001). The 2 chemotherapy groups were relatively similar in terms
of patient-reported executive function difficulties and psychological symptoms, but both
demonstrated significantly greater complaints in these areas compared with the no-
chemotherapy group. Executive function and verbal fluency were not different with respect
to chemotherapy type although the no-chemotherapy group showed moderately higher
executive function (F=3.19, £P=.08) performance compared with the combined
chemotherapy group (ANTHR and non-ANTHR). Cognitive results remained significant
with the inclusion of disease stage as a covariate although stage did not contribute to the
models (P> .65). Therefore, results are reported from models excluding disease stage.
Cognitive status was not associated with number of chemotherapy cycles (£> .50) or
endocrine therapy (P> .63).

Default Mode Network Connectivity

As shown in the Figure, the ANTHR group demonstrated significantly lower left precuneus
connectivity compared with the non-ANTHR and no-chemotherapy groups. Specifically, the
left precuneus had lower connectivity with the left lateral parietal, left medial frontal, right
hippocampal, bilateral middle cingulate, and right superior frontal gyrus. Compared with the
no-chemotherapy group, the non-ANTHR group demonstrated lower connectivity between
the left precuneus and right middle central gyrus. Because Conn Toolbox can conduct only
pairwise comparisons, we confirmed these results post hoc by computing the mean
connectivity (based on ROI-to-ROIzscore) for the left precuneus with these regions for each
participant. We then compared mean left precuneus connectivity between groups using
analysis of variance, covaried for age, in R. The omnibus F statistic was significant (/= 7.48,
P=.001), and pairwise ttests with Bonferroni correction were consistent with the Conn
Toolbox results. Connectivity results remained unchanged (P = .001) with the inclusion of
disease stage as a covariate, although stage was not a significant contributor to the model (P
= .83). Therefore, results are reported for the model excluding disease stage. Mean left
precuneus connectivity was not associated with number of chemotherapy cycles (P=.71) or
endocrine therapy (P=.93).
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Discussion

Cancer-related cognitive impairment is often referred to as “chemobrain.” While
chemotherapy treatment is a known risk factor for cognitive deficits among patients with
breast and other cancers, the differential effects of specific chemotherapeutic agents are
unclear. We aimed to evaluate the effects of ANTHR-based regimens on cognitive status and
default mode network connectivity in breast cancer survivors. Using standardized
neuropsychological tests and resting state fMRI, we demonstrated significantly lower verbal
memory performance and left precuneus connectivity in participants who received ANTHR
regimens compared with those who received non-ANTHR regimens and to participants who
did not receive chemotherapy. To our knowledge, this represents the first clinical evidence
that ANTHR regimens may be more neurotoxic than non-ANTHR regimens.

The ANTHR group showed relatively lower verbal memory performance on both the Total
Recall and Delayed Recall conditions of the HVLT-R. Total Recall is a measure of rote
encoding of new information, whereas Delayed Recall assesses retention of learned material.
Impairment on these same measures has been consistently observed following breast cancer
chemotherapy.1441.42 Both chemotherapy groups demonstrated lower executive function and
increased psychological distress and fatigue compared with the no-chemotherapy group.
These results suggest that ANTHRs may be more toxic for brain systems involved in verbal
memory, whereas ANTHR and non-ANTHR regimens are associated with similar negative
effects on other cognitive-behavioral domains. Replication and refinement of these results
may assist clinicians in providing more specific information to patients regarding potential
adverse effects of various treatment approaches.

We found that left precuneus connections with the frontal, hippocampal, and lateral parietal
regions were the most affected by ANTHR chemotherapy. Disrupted intrinsic connectivity
decreases the efficiency of information processing and reduces the brain network’s capacity
for dynamic functional response. The precuneus is involved in several cognitive functions,
including memory,*3 and disrupted connections between the precuneus and frontal-
hippocampal regions would particularly affect memory function. Our findings are consistent
with those of previous studies that also demonstrated abnormalities in the precuneus,
hippocampus, frontal, and parietal regions following exclusively or primarily AN-THR-
based treatment regimens.12:1941:44 These are “hub” regions—areas that participate in a
large number of functional interactions.*® This centrality to brain network organization is
associated with significantly high metabolic demands.*6 Therefore, ANTHR mechanisms
may disrupt metabolic resources to a greater extent than other chemotherapies, perhaps via
comparatively increased mitochondrial dysfunction.

Decreased default mode network connectivity is not specific to chemotherapy exposure.
Alteration of the default mode network is an important biomarker of several conditions,
particularly age-related neurodegeneration.*849 Therefore, ANTHR mechanisms may
exacerbate neurotoxic physiologic cascades that are generally involved in disease and aging.
Sanoff and colleagues®® demonstrated significantly elevated molecular markers of aging in
patients with breast cancer following ANTHR chemotherapy. However, it is currently
unknown if these markers are elevated to a different extent by non-ANTHR regimens.
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Doxorubicin has been shown in animal models to increase the release of proinflammatory
cytokines causing increased neuroinflammation,®1:52 and ANTHRs are more cytokine-
inducing in patients with breast cancer than non-ANTHRs.?3 Several studies®®:°4:55 have
implicated cytokine-mediated neuroinflammation in cognitive impairment and brain injury
among breast cancer survivors treated with ANTHR-containing regimens. However,
inflammation and associated cognitive deficits are also present prior to initiation of adjuvant
therapies.>® Therefore, further investigation is required regarding the relationship among
ANTHR agents, inflammation, and brain injury.

ANTHR agents produce reactive oxygen species that result in oxidative stress,52 a state of
reduced capacity for detoxification that has been associated with tissue damage, including
neurodegeneration.5” Conroy et al®® demonstrated an association between oxidative stress,
direct DNA damage, and brain injury in a cohort of breast cancer survivors, 83% of whom
had been treated with doxorubicin. Amyloid § accumulation is toxic effect related to
oxidative stress (and inflammation) that represents a critical molecular pathology in
neurode-generation.>9:80 Default mode network is preferentially vulnerable to amyloid
toxicity.52 A potential line of inquiry for future research concerns the differential effects of
various chemotherapy agents on amyloid accumulation in the brain. It is also unknown if
ANTHRS result in more oxidative stress and/or DNA damage compared with non-ANTHR
agents.

ANTHRSs are known to cause cardiovascular abnormalities that could have a negative impact
on brain function. Increased incidence of cerebral microbleeds has been observed in breast
cancer survivors who were treated with non-ANTHR chemotherapies®? but this abnormality
has not been examined in association with ANTHR regimens. Participants in the present
study were excluded for any known cardiovascular conditions as well as for visible MRI
abnormalities. However, microinfarctions are vascular abnormalities believed to play a role
in cognitive impairment and decline but are undetectable by conventional neuroimaging.63
Further research is required regarding the potential role of cerebrovascular disease in
ANTHR-related cognitive impairment.

ANTHR regimens in this study included non-ANTHR agents (cyclophosphamide,
paclitaxel, and fluorouracil) that have also been shown to damage neural progenitor cells,
increase neuroinflammation, and induce oxidative stress.>3:64 However, the non-ANTHR
regimens included these same agents (as well as methotrexate). Although the non-ANTHR
group showed higher verbal memory performance and default mode network connectivity
than the ANTHR group, comparison with no-chemotherapy controls suggested that non-
ANTHR agents are also associated with some neurophysiologic injury, albeit to a lesser
degree. Doxorubicin, paclitaxel, cyclophosphamide, and fluorouracil all result in similar
suppression of neural proliferation, irrespective of “direct” brain access.®® Agents that are
classified as being unable to actively cross the blood-brain barrier, such as doxorubicin, are
not completely excluded from the brain but have been shown to be present in low
concentrations following intravenous administration.6.67 Dietrich and colleagues®8
suggested that even small amounts of chemotherapeutic agents can have clinically
significant negative effects on neuroplasticity. However, their study did not include
doxorubicin, and therefore additional research is needed to determine if ANTHRS result in
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greater suppression of neural stem cell division and/or death compared with other agents of
similar concentrations.

Although disease stage was significantly lower in the no-chemotherapy group compared
with the chemotherapy groups, its inclusion in statistical models did not change our results.
It also did not contribute to the models, suggesting that it was not significantly associated
with the outcomes of interest. In addition, disease stage would not account for the group
differences in performance between the ANTHR and non-ANTHR groups because these did
not differ in disease stage. Previous studies®21.69 have suggested that disease stage is
correlated with certain cognitive and neurobiologic measures, whereas other studies944
have shown no such association. As noted herein, we believe, based on previous studies, that
the default mode network may be less sensitive to disease severity while being preferentially
vulnerable to chemotherapy. The present results provide further support for this hypothesis.
Continued research regarding these differential brain network vulnerabilities to specific
aspects of cancer and its treatments will be crucial for developing syndrome-specific
interventions.

We did not observe an association between number of chemotherapy cycles and cognitive
performance or default mode network connectivity. Previous studies have suggested greater
cognitive and neurobiologic deficits in patients with breast cancer who received high-dose
therapy compared with standard-dose chemotherapy.”%71 However, our sample included
only women treated with standard-dose regimens, and therefore further research is required
to determine dose-response associations of ANTHR regimens. We also did not find an effect
on endocrine therapy on cognitive performance or default mode network connectivity,
although there may have been too few women who did not receive this therapy to adequately
power this analysis.

Conclusions

These results should be considered preliminary given the study limitations of small sample
size and retrospective, cross-sectional design. Larger, prospective studies are needed that
include pretreatment and posttreatment assessments so that patients’ individual cognitive
and neurobiologic trajectories can be evaluated with respect to potential ANTHR-related
neurotoxic effects. Continued research regarding the mechanisms by which ANTHRs disrupt
neurocircuitry could help identify interventions that will protect against ANTHR-associated
neurotoxic effects without reducing the anticancer efficacy of these regimens. For example,
certain antioxidants may protect against ANTHR-induced mitochondrial reactive oxygen
species,’2 whereas others show promise for preventing ANTHR-induced
neuroinflammation.”3 Preclinical studies are needed to confirm that small amounts of
ANTHR agents are able to penetrate the blood-brain barrier and to examine the effects of
such concentrations on neural cells compared with other chemotherapies. Animal studies
could also examine the effects of potential protective agents on chemotherapy-related
cognitive dysfunction as well as disrupted default mode network connectivity given that this
network seems to be preserved across species.”
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At a Glance

Breast cancer chemotherapy is often associated with persistent cognitive
problems that reduce quality of life. It is unclear whether certain regimens are
associated with greater cognitive difficulties than others.

Using standardized cognitive tests and functional magnetic resonance imaging,
we retrospectively examined cognitive status and functional brain connectivity
in 62 long-term breast cancer survivors.

Compared with control groups, patients treated with anthracycline-based
chemotherapy demonstrated significantly lower verbal memory function,
particularly in retention of information over time (P < .001; effect sizes, 1.2—
1.5).

Anthracycline regimens were also associated with significantly lower default
mode brain network connectivity (P=.001; effect sizes, 0.6-1.3), suggesting
decreased efficiency of information processing.

Patients who receive anthracycline-based therapies may be at increased risk for
memory problems and underlying brain injury. These effects seem to persist
several years beyond treatment conclusion.
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A Anthracycline group compared with _B_I Anthracycline group compared with C | Nonanthracycline group compared with
nonanthracycline group no-CT group no-CT group
’” ”
LMEF

Figure. Default Mode Network Connectivity
A, The group treated with anthracycline demonstrated significantly lower intrinsic functional

connectivity between the left precuneus (LPCN) and several other default mode network
regions compared with the nonanthracycline group. B, The anthracycline group also showed
lower connectivity in these regions compared with the no-chemotherapy (no-CT) group. C,
The nonanthracycline group showed lower connectivity between LPCN and right middle
cingulate (RMCG) compared with the no-chemotherapy group. Color bars indicate effect
size; LMEF, left medial frontal; LLP, left lateral parietal; RHIP, right hippocampus; RPCG,
right posterior cingulate; RSFG, right superior frontal gyrus. Connectivity data are shown
overlaid on a smoothed Montreal Neurological Institute space anatomic template using
BrainNet Viewer.”
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