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Abstract

Purpose—The term “chemobrain” is sometimes used to denote deficits in neuropsychological
functioning that may occur as a result of cancer treatment. As breast cancer survivors now
commonly reach late life, it is not known whether previous exposure to chemotherapy may affect
long-term risk for cognitive impairment. To help address this concern, this study tested whether
successfully surviving chemotherapy earlier in life was associated with later differences in brain
metabolic function as an older adult compared to controls. This question was examined using PET
measures of brain glucose metabolism in elderly women cancer survivors.

Methods—ABreast cancer survivors (N=10), currently free of recurrent cancer and without a
diagnosis of a cognitive disorder, were compared to matched healthy controls (N=10). All subjects
were imaged at rest with [18F]fluorodeoxyglucose (FDG). Images were analyzed semi-
quantitatively using the Alzheimer's Discrimination Tool (PMOD) and a VVOI-based approach
derived from co-registered MRIs.

Results—Relative FDG uptake (normalized to global) was significantly lower in the survivors
compared to control subjects in bilateral orbital frontal regions, consistent with differences
between the groups in cognition and executive function (i.e., TMT-B, MMSE) and despite no
significant differences with respect to age, education, intelligence, or working memory. None of
the survivors and only one control manifested a global PET score consistent with an Alzheimer's
Disease (AD) metabolic pattern.
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Conclusion—Breast cancer survivors treated with chemotherapy may manifest long-term
changes in brain glucose metabolism indicative of subtle frontal hypometabolism, a finding
consistent with results from neuropsychological testing and other imaging modalities.
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INTRODUCTION

Changes in cognitive function associated with cancer therapy, colloquially referred to as
“chemobrain”, have been reported since the 1970s, but are typically observed to resolve
after treatment is concluded (Ahles and Saykin 2007; Anderson-Hanley, et al. 2003). Due to
the excellent treatment response for breast cancer chemotherapy, many patients are
surviving for decades post-therapy, mandating a more thorough understanding of the
possible long-term sequelae of treatment (Ahles and Saykin 2007; Weiss 2008). Three
recent reviews by Simo, et al. (Simo, et al. 2013), Scherling and Smith (Scherling and Smith
2013) and Koppelmans, et al. (Koppelmans, et al. 2013) have detailed the neuroimaging
evidence for long-term effects of chemotherapy on brain structure and function. Simo, et al.,
(Simo et al. 2013) concluded that, in a subgroup of patients, there are persistent decreases in
grey and white matter volumes with a predominant frontal cortical hypometabolism,
impairments that are consistent with the reported executive function deficits (Scherling and
Smith 2013) reported in some breast cancer survivors. These conclusions were based
primarily on structural and functional MRI data, with only one report by Silverman, et al.
(Silverman, et al. 2007) utilizing positron emission tomography (PET)-based assessments of
brain metabolism in chemotherapy treated breast cancer long-term survivors. Silverman et
al. (2007) imaged breast cancer survivors with and without a history of chemotherapy with
[*50O]water and [18F]fluorodeoxyglucose (FDG) 5 to 10 years after diagnosis (mean = 7.4
years). The [1°0]Water measures of change in cerebral blood flow during a memory
activation task showed an abnormal activation pattern in the inferior frontal gyrus
(chemotherapy > non-chemotherapy) and the posterior cerebellum. Although there were no
differences between the breast cancer groups or between breast cancer patients and a control
population in resting glucose metabolism, the uptake of FDG in the left inferior frontal gyrus
in the chemotherapy treated survivors was significantly correlated with the Rey-Osterreith
Complex Figure (ROCF) Delayed Recall performance. This relationship with the ROCF led
the authors to hypothesize that the “increased frontal activation during performance of the
memory task may represent a compensatory response to lower resting metabolism found in
this region of the brain in treated impaired patients.” (Silverman et al. 2007)

An investigation into the long-term effects of breast cancer has been conducted at our
institution with the neuropsychological sequelae being reported by Yamada et al. (Yamada,
et al. 2010) and Nguyen, et al.(Nguyen, et al. 2013). Yamada, et al. (Yamada et al. 2010)
analyzed the neuropsychological function in 30 long-term elderly cancer survivors (at least
65 years at evaluation and at least 50 years at diagnosis) compared to matched controls. In
this analysis, survivors scored significantly worse in executive function tasks as measured
by the Trail Making Test, Part B (TMT-B) and Wisconsin Card Sorting Tasks (WCST).
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Survivors also scored lower on tasks of working memory as measured by the WAIS Digit
Span Reverse and Letter-Number Sequencing, suggesting potential dysfunction in frontal-
subcortical brain regions. Nguyen, et al. (Nguyen et al. 2013) reported on the final sample of
N = 87 subjects subdivided into individuals receiving chemotherapy, local therapy only and
non-cancer controls. Significant differences were seen between the groups for the MMSE,
Letter-Number Sequencing, WCST and Trail Making Test, Part A with the breast cancer
survivors scoring lower even after controlling for age, education and medical comorbidity.

The subjects investigated in the current imaging study were drawn from the breast cancer
survivors detailed in the Yamada and Nguyen studies. Based on the reported findings, it was
hypothesized that the observed deficits in neuropsychological function would manifest in
reductions in relative glucose metabolism, as measured by FDG PET, in brain areas
associated with executive processing and working memory.

METHODS

Subjects

The breast cancer participants in the current imaging study were drawn from the survivor
cohort from the studies reported by Yamada, et al. (Yamada et al. 2010) and Nguyen, et al.
(Nguyen et al. 2013) and healthy controls were drawn from a study examining changes in
decision-making across the adult lifespan (Denburg, et al. 2007). A more complete
description of the recruitment procedures are discussed in these references. Breast cancer
survivor participants (N = 10) included women at least 50 years old at diagnosis, and
currently older than 65 years (mean age = 73.7 + 3.8 years, range 67 — 78) who had received
chemotherapy (N = 9) or chemoradiation therapy (N = 1) and survived breast cancer without
recurrence for a minimum of ten years (mean = 16.3 + 2.6 years). The post-surgical
chemotherapy employed were the standard multi-agent regimens using cyclophosphamide,
methotrexate and 5-fluorouracil or an anthracycline (doxorubicin). Participants were
excluded if they possessed a CNS disorder (e.g., multiple sclerosis, Parkinson's disease), had
a history of closed head trauma with an extended loss of consciousness, had currently active
or unstable metabolic, psychiatric, or cardiovascular disease or a history of cerebrovascular
events or substance abuse. These breast cancer (BC) survivors were matched, as a group, to
healthy female controls (HC) (N = 10, mean = 75.1 £ 9.9 years, range: 61 - 90 years) based
on demographic and neuropsychological (verbal 1Q) variables. Participants did not exhibit
significant cognitive deficits warranting a clinical dementia diagnosis (mean Mini Mental
State Exam (MMSE): BC: 28.5 + 1.4, HC: 29.6 + 0.7, range 26 — 30) and all were
community-dwelling. Because all subjects were participants in the larger studies described
above (Nguyen et al. 2013; Yamada et al. 2010), multiple measures of neuropsychological
function were available. However, due to the small number of subjects in this study, the
analyses were limited to three representative tests, the “working memory index — total”
(WMI-Total), the Rey-Osterrieth Complex Figure (ROCF) (Rey 1941) and the Trail Making
Test, Part B (TMT-B) (Spreen and Strauss 1998). WMI-Total was calculated as the sum of
the scaled scores for the Digit Symbol, Letter Number Sequencing and Arithmetic tests of
the Wechsler Adult Intelligence Scale — Third Edition (WAIS-111) (Wechsler 1997). The
ROCF - total delay score was selected because it was the test that demonstrated the most
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significant cognitive deficit in breast cancer survivors studied by Silverman, et al.
(Silverman et al. 2007). The TMT-B was selected because it represents a general test of
cognitive performance sensitive to changes in executive function that has been reported to
be significantly related to brain image-based parameters (for example, in subjects with mild
cognitive impairment (MCI) as reported by Ponto, et al. (Ponto, et al. 2006)).

The sub-sample of participants selected for the imaging study was representative of the
entire sample of breast cancer survivors investigated by Yamada, et al. (Yamada et al. 2010)
and Nguyen, et al. (Nguyen et al. 2013) with respect to the neuropsychological measures
that had been found to differ significantly between survivors and the healthy controls.
Minor, non-statistically significant differences did exist between the subjects included in the
imaging study and the balance of the chemotherapy-treated subjects. The imaging subjects
were non-significantly older (73.3 versus 70.0 years, p = 0.14), less educated (14.0 versus
15.0 years, p = 0.42) with a lower 1Q (110.9 versus 117.4, p = 0.21) but better MMSE scores
(28.5 versus 27.7, p = 0.23) than the non-imaged chemotherapy-treated survivors. See Table
1. Although none of the subjects was currently undergoing tamoxifen treatment, five had
previous tamoxifen exposure and five did not. All participants, survivors and controls,
signed a written informed consent document approved by the University of lowa
Institutional Review Board for both the parent study and the imaging substudy.

MRI Acquisition

MRI imaging was conducted on a Siemens 3T TIM Trio scanner. The acquisition collected
volumetric T1 weighted scans using a coronal MP-RAGE sequence (T1=900ms, TE=3ms,
TR=2530ms, flip angle=10°, matrix=256x256x220, FOV=256x256x220, averages=1,
bandwidth=220Hz/pixel).

PET Imaging

Subjects were administered approximately 185 MBq (5 + 10% mCi) of
[18F]fluorodeoxyglucose (FDG) after a minimum of a 6 hour fast and after verifying that the
blood glucose level was < 200 mg/dL. Tracer uptake was in a quiet, darkened room with
eyes open and ears unplugged. Imaging (10 minute static image), began at approximately 50
minutes post-administration on a Siemens ECAT EXACT HR+ scanner (Siemens Medical
Solutions USA, Inc., Knoxville, TN) (50 — 60 minutes post-administration). Images were
iteratively reconstructed (iterative reconstruction, 6 iterations/16 subsets, Gaussian 3.0 mm
kernel).

Global Image Analysis

In order to assess the individual's imaging-based risk of Alzheimer's disease (AD), FDG
images were analyzed using the Alzheimer's Discrimination Tool (PMOD Biomedical
Image Quantification, version 3.5, PMOD Technologies, Ltd., Zurich, Switzerland). With
this tool, the voxel values are normalized based on a mask representing AD- preserved
activity and then compared to a predicted activity calculated from the subject's age and the
voxel-dependent age regression parameters. The differences between the normalized
measured activity and the predicted voxel values were transformed into t-values and a t-map
was produced. The abnormal t-values in a predefined AD mask were summed (AD t-sum)
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and tested for the significance of the abnormality. The t-sum is converted to a PET score
based on the threshold representing a statistically significant risk of AD (i.e., PET score >
1).

Regional Image Analyses

FDG images were regionally analyzed by comparing the relative uptake of FDG, a measure
of glucose metabolism, in volumes-of-interest (VOIs) derived from the individual's T1-
weighted structural MRI and the maximum probability atlas as implemented by the PMOD
Neuro Tool (PMOD Biomedical Image Quantification, version 3.5, PMOD Technologies,
Ltd., Zurich, Switzerland). See Figure 1 for an example of the image analyses. All survivor
participants had a structural MRI available, however, for half (N = 5) of the control
participants, an individual structural MRI was not available. For those subjects, the
individual's FDG PET image was normalized to the available PET atlas and the same VOIs
were applied. Whether derived from the individual's T1 MRI or from the PET atlas, 78 VOlIs
were available for each image. VOIs were scaled in standardized uptake values (SUVs)
normalized to the global mean value for comparison purposes.

RESULTS

Global Analyses

Consistent with the MMSE (mean: 28.5 + 1.4 and 29.6 + 0.7 for survivors and controls,
respectively), none of the survivors and only one control had a PET score (as described
above) even approaching the AD threshold (mean = 0.36 £ 0.23, range = 0.06 — 0.74 and
0.40 + 0.3, range = 0.07 — 1.08 for survivors and controls, respectively). The control with
the PET score exceeding this threshold was the oldest participant at 90 years with an MMSE
= 28. No significant differences existed between survivor and control groups with respect to
the neuropsychological measures except for the MMSE (lower) and TMT-B, which was
significantly longer (i.e., greater functional impairment) for the survivors compared to the
control participants when controlling for age (p = 0.02 and p = 0.03, respectively). See Table
1. No differences were seen in these measures based on tamoxifen exposure except for
MMSE (BC with tamoxifen = 27.8 £ 0.5, BC without tamoxifen =29.2 £ 0.5, HC =29.6 £
0.3, p=0.02).

Regional Analyses

The results of comparisons of globally-normalized standardized uptake values determined
from anatomically-based volumes-of-interest between survivors and controls with and
without control for participant age are presented in Table 2. Significant differences were
observed in the bilateral orbital frontal gyri (i.e., left medial and right lateral orbital gyri)
indicative of frontal hypometabolism as well as hypometabolism in the substantia nigra
(right) and brainstem. The hypometabolism in the substantia nigra was more profoundly
seen in the survivors who were also treated with tamoxifen (p = 0.02). Hypermetabolism
was observed in the corpus callosum and the left postcentral gyrus of the parietal lobe.
Because of the a priori hypotheses associated with possible frontal lobe dysfunction and the
significant differences in individual orbital frontal cortical volumes, the anterior, lateral and
medial orbital frontal gyri were investigated as a group. See Figure 2. For the orbital frontal
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regions, the comparison between BC and HC participants was significant whether controlled
for age (MANOVA df = 1,17, p = 0.01) or not (MANOVA df = 1,18, p = 0.02). Likewise,
further subdividing the BC group by tamoxifen therapy, also found significant differences
when controlled by age (BC with tamoxifen < BC without tamoxifen < HC; MANOVA df =
1,16, p = 0.04).

For the combined sample of breast cancer survivors and healthy controls, the relationships
between the normalized FDG uptake in the frontal regions and the neuropsychological
measures were explored. The ROCF score was significantly correlated with the right
posterior orbital gyrus uptake with and without controlling for age (Spearman p =0.54, p =
0.015, controlled for age p = 0.04). See Figure 3. The WMI-total score was significantly
positively correlated with the right middle and superior frontal gyri uptake and negatively
correlated with the left subcallosal area uptake, but these relationships were not significant
when controlling for age (Spearman p = 0.45, p = 0.05, controlled for age p = 0.34;
Spearman p = 0.46, p = 0.04, controlled for age p = 0.07; Spearman p = -0.51, p = 0.02,
controlled for age p = 0.55, respectively).

DISCUSSION

The long-term sequelae of cancer chemotherapy, for at least a subset of treated patients,
involves both anatomical and functional brain changes. (Koppelmans et al. 2013; Scherling
and Smith 2013; Silverman et al. 2007; Simo et al. 2013) The functional changes,
determined by neuropsychological testing and functional MRI, predominantly indict
alterations in frontal lobe processing. The current investigation using FDG PET imaging
found primarily a pattern of relative hypometabolism in orbital frontal regions in the breast
cancer survivors when compared to matched healthy control participants.
Neuropsychological testing in the parent sample of older breast cancer survivors from which
this imaging sub-sample was selected found significantly lower scores in the cognitive
domains of executive functioning, working memory, and divided attention, reflecting
potential dysfunction in frontal-subcortical brain regions (Yamada et al. 2010). The imaging
results supported the neuropsychological findings and further substantiated the existence of
the long-term manifestations of “chemobrain.” Although the participant groups were
demographically and cognitively matched, minor deficits in frontal and subcortical regions
were identified more than a decade after treatment. Reassuringly, there were no major
imaging-based pathological findings detected in the survivor group.

The age of this imaging survivor sample represents a particularly relevant demographic with
respect to the breast cancer incidence profile. According to the most recent SEER
(Surveillance, Epidemiology and End Results) Stat Fact Sheet (http://seer.cancer.gov/
statfacts/html/breast.html, accessed 1/09/2014) based on data from the 2006 — 2010 survey
interval, 47.4% of breast cancer diagnoses were made between the ages of 45 and 64 years
of age with a median age at diagnosis of 61 years. The current survivors were 52 to 63 years
at the time of treatment and 67 to 78 years at the time of imaging, therefore, providing
insight into the potential cognitive outcomes at a critical cognitive juncture (i.e., elderly
transition) for participants exposed to breast cancer treatment at a critical physiological
juncture (i.e., menopause).
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To investigate the effects after breast cancer chemotherapy approximately a decade post-
treatment, de Ruiter, et al. (de Ruiter, et al. 2011) employed BOLD activation during both an
executive functioning task and an episodic memory task. “Hyporesponsiveness” was
observed in the left dorsolateral prefrontal cortex during the executive task, the
parahippocampal gyrus during the memory task and in the bilateral posterior parietal cortex
during both tasks. The only region investigated that exhibited greater activation in the
chemotherapy compared to the control group was the “anterior portion of the left parietal
operculum (the inferior part of the postcentral gyrus).” Whereas the current study with
uptake under resting rather than activation conditions found relative hypometabolism in the
orbital frontal areas rather than the dorsolateral prefrontal cortex, both studies found relative
hypermetabolism in the left postcentral gyrus. Abraham, et al. (Abraham, et al. 2008)
reported a pilot investigation using diffusion tensor imaging (DTI) measures of fractional
anisotropy (FA) in the corpus callosum of breast cancer survivors 3 — 34 months post-
therapy. Lower FA values in the genu, the area of the corpus callosum that connects the
frontal lobes, but not the splenum the area that connects the posterior hemispheres. The FA
values were positively correlated to the processing speed. Whether disruption in the white
matter integrity of the corpus callosum, indicated by lower FA values, would be associated
with hypo- or hypermetabolism is unknown but the current investigation provides evidence
that increased relative glucose metabolism may be needed when white matter is
compromised.

The findings in the current study were in general agreement with the findings of Silverman,
et al. (Silverman et al. 2007), the only other FDG PET-based investigation of the long-term
effects of chemotherapy in breast cancer currently available in the literature. Relevant
similarities and differences between the studies will be explored. First, the time frame of the
current investigation examines long-term sequelae of breast cancer treatment at a later time
frame from diagnosis (i.e.. 5 to 10 versus greater than 10 years) and in an older age group
(i.e., mid 50s versus mid 70s) than the Silverman, et al., study. Secondly, although both
studies found frontal lobe hypometabolism, Silverman, et al. isolated this metabolic
impairment to the inferior frontal lobe, whereas, in the current investigation the orbital
frontal areas were found to be hypometabolic. Third, whereas, Silverman, et al. found the
lentiform nucleus to be adversely affected by the combination of tamoxifen and
chemotherapy, the current investigation found that this pattern was exhibited by the right
substantia nigra instead. Fourth, Silverman, et al. found a 3% decrease in FDG activity in the
left inferior frontal gyrus with each standard deviation (SD) change in ROCF performance in
the chemotherapy-treated patients only. Whereas, in the current investigation, a change of 1
SD in ROCF (SD = 3.7) was associated with a 5% change in the right posterior orbital gyrus
FDG normalized uptake in the survivor group. Therefore, the primary findings of the
previous and current FDG PET studies of “chemobrain,” although differing in the age and
time post-therapy, have yielded remarkably consistent results implicating persistent effects
in the frontal lobes. The minor anatomical differences likely stem from technical differences
between the studies, specifically in the brain atlases used for region definition (e.g., 42
versus 78 regions) and the use of standardized volumes of interest versus individual MRI-
based anatomical regions.
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FDG PET brain imaging may provide insights into potential long-term neurological sequelae
of cancer chemotherapy. The potential abnormalities in the frontal and subcortical regions
identified in the imaging sub-sample appear to be consistent with the subtle
neuropsychological abnormalities in working memory observed in this group of elderly
cancer survivors. Whether based on the imaging or the neuropsychological findings, the
cognitive impairments observed a decade post-treatment were relatively minor yet
potentially exacerbated by tamoxifen therapy, a finding similar to that of Castellon, et al.
(Castellon, et al. 2004). The limitations of the current study were related to the small sample
sizes relative to the number of comparisons available and the selection of community-
dwelling, non-demented subjects only. In addition, the timeframe of treatment in relation to
the current investigation made ascertainment of the exact chemotherapy regimen essentially
impossible. However, all subjects did receive a standard multi-agent chemotherapy regimen
involving cyclophosphamide, methotrexate and 5-fluorouracil (CMF) or an anthracycline
(doxorubicin) consistent with the standard-of-care for Stage | through Stage I11A breast
cancer at the time of their treatment. Furthermore, brain metabolism was measured under the
resting state rather than during an activation condition. In spite of these limitations, the
findings are consistent with recent publications that have found that cognitive functions
were generally well-preserved in the majority of chemotherapy-treated breast cancer
survivors (Biglia, et al. 2010; Jenkins, et al. 2006; Quesnel, et al. 2009), yet, there is
evidence of a persistent “chemabrain” syndrome manifested as frontal hypoactivation.

CONCLUSIONS

FDG PET brain imaging may provide insights into potential long-term neurological sequelae
of cancer chemotherapy. The potential abnormalities in the frontal and subcortical regions
identified in the comparison between breast cancer survivors and matched healthy controls
appear to be consistent with the subtle neuropsychological abnormalities in working
memory observed in this group of elderly cancer survivors. Whether based on the imaging
or the neuropsychological findings, the cognitive impairments observed a decade post-
treatment were relatively minor, potentially exacerbated by tamoxifen therapy and add
further support to the concept of “chemobrain” in breast cancer survivors.
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Figure 1.
Example of the structural magnetic resonance imaging with 2D and 3D volumes of interest

determined by the maximum probability atlas (Neuro Tool, PMOD) (left panel) and
[18F]fluorodeoxyglucose image (scaled to 6.5 standardized uptake value units (11 kBg/cc)
maximum) co-registered to the magnetic resonance imaging (right panel) with 3D volumes
of interest.
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s=gmmHealthy controls (N=10)
«={=Breast cancer survivors with tamoxifen (N=5)

Breat cancer survivor without tamoxifen (N=5)

Left anterior ~ Right Left medial Right medial Left lateral Right lateral
anterior

Volume -of-interest (VOI)

Figure 2.
Plot of globally normalized metabolism (=SUVVOI/SUVglobal) for anterior, medial and

lateral orbital frontal gyri volumes of interest (VOIs) for healthy controls (blue line), breast
cancer survivors who received chemotherapy but not tamoxifen (green line) and breast
cancer survivors who received chemotherapy and then tamoxifen therapy (red line). The
VOlIs are illustrated in the 3D volume-rendered [18F]fluorodeoxyglucose images (frontal —
upper panel, bottom — lower panel) scaled to 6.5 standardized uptake value units (11 kBg/cc)
with the lateral (light blue), medial (purple), and anterior (dark blue) orbital frontal gyri
VOlIs highlighted for a representative breast cancer subject. Differences between the groups
are significant when controlled for age (MANOVA, df = 2,16, p = 0.04).
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Figure 3.
Relationship between globally normalized [18F]fluorodeoxyglucose uptake in the right

posterior orbital frontal gyrus and the Rey- Osterrieth Complex Figure (ROCF), total delay
score for breast cancer survivors (BC: triangles) and healthy controls (HC: diamonds).
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