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Purpose: To investigate the short-term cerebral metabolic effects of intravenous
chemotherapy and their association with long-term fatigue/cognitive complaints.

Experimental design: Using ['®F]-FDG-PET/CT whole-body scans, we
retrospectively quantified relative cerebral glucose metabolism before and
after neoadjuvant chemotherapy in a cohort of patients treated for non-
metastatic breast cancer (2009-2019). Self-report of cognitive complaints
and fatigue were prospectively assessed 7 + 3 years after therapy. Metabolic
changes were estimated with i) robust mixed-effects modelling in regions-of-
interest (frontal, parietal, temporal, occipital, and insular cortex) and ii) general-
linear modelling of whole-brain voxel-wise outcomes. iii) The association
between metabolic changes and self-reported outcomes was evaluated
using linear regression-analysis.

Results: Of the 667 screened patients, 263 underwent PET/CT before and after
chemotherapy and 183 (48 + 9 years) met the inclusion criteria. After
chemotherapy, decreased frontal and increased parietal and insular metabolism
were observed (|R|>0.273, prpr<0.008). Separately, additional increased occipital
metabolism after epiribucin+ cyclophosphamide (EC) and temporal metabolism
after EC+ fluorouracil chemotherapy were observed (3>0.244, prpr<0.048).
Voxel-based analysis (peuster-rive<0.001) showed decreased metabolism in the
paracingulate gyrus (-3.2 + 3.9%) and putamen (3.1 + 4.1%) and increased
metabolism in the lateral cortex (L=2.9 + 3.1%) and pericentral gyri (3.0 + 4.4%).
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Except for the central sulcus, the same regions showed changes in EC, but not in
FEC patients. Of the 97 self-reported responders, 23% and 27% experienced
extreme fatigue and long-term cognitive complaints, respectively, which were
not associated with metabolic changes.

Conclusion: Both hyper- and hypometabolism were observed after
chemotherapy for breast cancer. Combined with earlier findings, this study
could support inflammatory mechanisms resulting in relative
hypermetabolism, mainly in the parietal/occipital cortices. As early metabolic
changes did not precede long-term complaints, further research is necessary
to identify vulnerable patients.

KEYWORDS

neuroimaging, breast cancer, chemotherapy, metabolism, FDG-PET, cognitive
complaints, fatigue

Introduction

Owing to the growing survival rates after cancer treatment,
there has been increased interest in the risk factors and
mechanisms for post-treatment side effects. For instance,
cancer-related cognitive impairment is observed in up to 75%
of patients with breast cancer during treatment (1) and
persisting years after chemotherapy in a subset (2, 3).
Additionally, while most women report fatigue throughout
treatment, one subgroup is at risk of severe or persistent
fatigue (4). These subtle side effects can have a negative impact
on quality of life and work ability, resulting in indirect societal
costs (5).

Several mechanisms have been proposed to moderate
neurocognitive symptoms. The toxic effects of chemotherapy
on organs, DNA damage, and the crossing of cytostatic agents
through the blood-brain barrier (potentially initiating brain
damage) are all proposed direct mechanisms (6, 7). Given the
limited availability of chemotherapeutics in the brain and the
chronic nature of these side effects, indirect mechanisms have
been suggested (6). These include psychological/functional
moderators (e.g., anxiety and fatigue) and cytokine-induced
neuroinflammation (6). Our group recently demonstrated that
patterns of microglial activity, indicative of neuroinflammation,
differ between patients who have undergone chemotherapy and
controls (8). Moreover, higher frontal glial hyperactivity was
associated with worse cognitive performance, suggesting
neuroinflammation as an underlying mechanism for the
complaints observed in this population (8).

Currently, there are no standardized diagnostic tests
available to identify patients at risk for cognitive and
psychological complaints. As recruitment for additional study-
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specific assessments can be challenging, with patients coping
with cancer diagnosis and upcoming treatment, available clinical
data could provide initially useful information. In an oncologic
setting, whole-body [(18)F]-fluorodeoxyglucose (FDG) positron-
emission tomography (PET) combined with computed
tomography (CT) imaging is used for staging and therapeutic
tumoral response-evaluation (9). Cerebral-FDG, a glucose
analog, has been viewed as a proxy for neuronal activity (10-
12) but also inflammation (13-15). Therefore, clinical FDG-PET
before and after chemotherapy can be valuable in determining
alterations in chemotherapy-induced brain metabolism.

Dedicated FDG-PET neuroimaging studies have served as a
powerful tool for identifying resting brain activity associated
with a variety of conditions affecting cognition (16). In patients
with breast cancer, cross-sectional studies found that one (17)
and five to ten years (18) post-chemotherapy brain metabolism
correlated with memory outcome, while this was not the case 16
years post-treatment for other cognitive domains (19). To date,
no longitudinal brain FDG-PET studies have been performed in
patients with breast cancer undergoing chemotherapy. However,
when using available sequential whole-body FDG-PET/CT in a
routine setting, decreased glucose consumption was observed in
non-small-cell lung cancer, widespread throughout the brain
post-chemotherapy (20). This indicates the feasibility of such an
approach, despite short scan times (typically 2-3 minutes), for
the cerebral single-bed acquisition (21).

It remains unclear whether long-term cognitive/
psychological complaints after chemotherapy are preceded by
cerebral metabolic changes. Therefore, this study aimed to
investigate changes in cerebral glucose metabolism after
neoadjuvant chemotherapy for breast cancer and their
association with complaints years later. We retrospectively
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analyzed the gray matter (GM) regions of interest using clinical
whole-body FDG-PET/CT imaging and prospectively collected
self-reports of complaints.

Methods
Participants

A database was compiled from the electronic medical
records of patients aged <65 years diagnosed with non-
metastatic breast carcinoma between January 2009 and
October 2019 at the University Hospitals Leuven. Women who
underwent FDG-PET/CT imaging as part of cancer staging
before therapy (T,) and follow-up after receiving neoadjuvant
chemotherapy (T;) were included. The standard clinical whole-
body PET/CT protocol includes imaging from the thighs to the
skull, including the brain. This creates a useful database for
longitudinal evaluation of brain metabolism changes. Women
with a history of other cancers (treatment) or a clinical diagnosis
of a psychiatric/neurological condition/injury/intellectual
disability were excluded. Eligible survivors were sent an
informative letter for this retrospective study according to the
GDPR guidelines, and additional questionnaires were mailed
(Figure 1). The responders provided written informed consent
for the use of the questionnaires. This study was approved by the

10.3389/fonc.2022.1021615

local ethics committee and was conducted in accordance with
the Declaration of Helsinki.

Clinical imaging and processing

The participants underwent whole-body FDG-PET/CT
scanning using Siemens Biograph 16 (10%), Siemens Biograph
40 (81%; Siemens Healthcare), or GE Discovery MI (8%; GE
Healthcare), starting 47-153 minutes (mean = 80, 95%
confidence interval (CI) = 78 - 82) after intravenous ['*F]JFDG
injection (mean 298, CI = 294 - 306 MBq). All subjects were
instructed to fast for at least six hours before imaging, and blood
glucose concentration was measured before tracer injection
(mean = 96, CI = 94 - 96) mg/dL). All subjects rested quietly
during the FDG uptake period with the instruction to keep their
eyes open in a dark room, according to the standard clinical
protocol. PET scans of either 130, 160, or 180s per bed position
were acquired in the three-dimensional mode, and examinations
included low-dose CT acquisition (120 kV, 11mAs) for
attenuation correction. ['*F]JFDG whole-body images were
reconstructed using iterative ordered subset expectation
maximization (OSEM) for the Biograph 40 (3 iterations, 24
subsets, 5 mm FWHM Gaussian post filter) and Biograph 16 (5
iterations, 8 subsets, 6 mm FWHM Gaussian post filter) systems
or regularized Q. Clear (penalized likelihood) reconstruction for

n =669 patients
treated with neo-
adjuvant
chemotherapy for non-
metastatic breast

FIGURE 1
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Flow chart of included patients and data. Robust mixed-effects modelling ensured incomplete cases could also be included in the statistical models.
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the Discovery MI (regularization parameter beta=600). All [**F]
FDG-PET scans were first visually evaluated for a mismatch
between PET and CT using MIMVista (MIM-Software Inc.) by a
nuclear medicine fellow (DVW). For cases showing a motion-
induced mismatch between the PET brain position and CT, a
new reconstruction was performed with the head part of the CT
first rigidly aligned to a PET reconstruction of the brain position
without attenuation correction (by optimizing the mutual
information between the CT and PET reconstruction without
attenuation correction), prior to the final OSEM reconstruction
with attenuation correction (3 iterations, 24 subsets, 5 mm
FWHM Gaussian post filter).

For the quantification of glucose metabolism, region-of-interest
(ROI) and voxel-based analyses were performed with relative
glucose metabolism as the main parameter of interest by scaling
each image to the average cortical GM uptake. A GM mask was
created with a tissue probability map [SPM12 (22)] thresholded at
0.5. FDG uptake images were spatially registered to an in-house
available mean FDG image (2 mm isotropic) in the MNI space
(rigid + affine + deformable syn transform with mutual information
using ANTs [23)]. Composite volumes of interest containing five
bilateral regions, based on the Hammers N30R83 atlas, were
subsequently used as masks to calculate the mean values in the
ROIs: frontal, temporal, occipital, parietal, and insular cortices
(calculations with MRtrix3 [24)], corresponding to earlier cortical
ROIs investigated for neuroinflammation (8). Voxel-based analyses
were performed for complete cases, if any differences were observed.
FDG images were smoothed with an isotropic Gaussian kernel of 10
mm FWHM (with MRtrix3).

Clinical parameters and self-report

Clinical parameters (Table 1) were extracted from the
electronic patient files. Survivors were sent the Fatigue
Assessment Scale (FAS; score 222 indicates substantial fatigue
and 235 extreme fatigue) (25) and the Cognitive Failure
Questionnaire [CFQ; total score 245 indicates complaints
and >55 indicates severe complaints (26, 27)].

Statistical analysis

Clinical and ROI statistical analyses were performed using R
v4.1.2. The normality of the data was assessed and logarithmically
transformed when it was non-Gaussian. The Wilcoxon signed-rank
test was used to assess the differences in the injected tracer dose and
time to the start of scans after injection between time points.

To investigate the effects of time on relative glucose metabolism,
two analyses were carried out to i) evaluate macroscopic changes in
the full dataset and ii) add more regional specificity to these changes
for complete cases. First, robust linear mixed-effects models were
estimated (DAStau method) per ROI (robustlmm-package, version
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2.4-5). With robust linear mixed effects modelling, we were able to
account for repeated measures and missingness in the data, still
including single-timepoint data (mixed effects) (28) as well as
provide estimates where outliers or other contamination have
little influence, especially relevant in large datasets (robust) (29).
These models included relative ROI glucose metabolism as a
dependent variable, time point of scan, chemotherapy regime as
fixed effects, and an interaction between time point and
chemotherapy regime corrected for age, BMI, scanner, years since
chemotherapy, and days between scans. A random intercept per
subject was fitted to account for repeated measures. Fixed effects
were removed when they were not significantly aiding to any of the
models, and the models were re-run. Continuous variables were
standardized for easier model interpretation, estimates can therefore
be interpreted as effect sizes. Statistical significance was determined
with false discovery rate correction (Benjamini-Hochberg) to
compare the five regions of interest at pppr<.05. Second, in
SPM12, a generalized linear model was used to explore time
effects (flexible factorial), including subject, time of scan,
chemotherapy regimen, and scanner as factors, and age as
covariate. To add regional specificity to the ROI results, statistical
significance was inferred with a stringent height threshold of
familywise-error correction for multiple comparisons of prywg<.05
and cluster-level pryg<.001. Thirdly, for the regions showing voxel-
wise time differences (both treatment groups combined), linear
regression models were computed to evaluate the association of
cognitive complaints or fatigue based on percent mean relative
glucose metabolism changes [(PET T,-PET T,)/PET Ty] in the
cluster or baseline (PET T,) metabolism. The models included
chemotherapy regimen, endocrine therapy (yes/no), radiotherapy
(yes/no) and HER2 therapy (yes/no) as fixed factors and were
corrected for age and years since chemotherapy. Fixed effects were
removed when they were not significantly aiding to any of the linear
models, and the models were re-run. Continuous variables were
also standardized for easier model interpretation and statistical
significance was inferred with pppr<.05 for comparing several
voxel-clusters (here: four).

Results
Participants

Of the 669 patients who received neoadjuvant chemotherapy
between 2010 and 2019, 265 underwent two clinical whole-body
PET/CT scans (Figure 1). Of these, 21 were excluded for not
meeting the inclusion criteria, 36 (14%) were deceased and two
lived abroad. The remaining 206 women were sent questionnaires,
and 97 (47%) responded. Data inspection revealed severe
movement between the CT and PET scans in 134 patients. Of
these, 51 scans were successfully motion corrected using
automated processing. Warping to the MNI space failed in four
scans. The final sample included 183 chemotherapy-treated
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TABLE 1 Demographics and characteristics of the study population.

10.3389/fonc.2022.1021615

Characteristic Entire sample (n = 183) Self-report subsample (n = 97)
Mean or n 95% CI Mean or n 95% CI
(range) or (%) (range) or (%)
Age (years) 48 47 - 49 49 47 - 51
(range 27 - 65) (range 27 - 65)
Time TO to start chemotherapy (days) 13 12 - 14 12 11-13
(range 0 - 37) (range 2 - 27)
Time end chemotherapy to T1 scan (days) 10 9-11 10 9-12
(range 0 - 26) (range 0 - 26)
Chemotherapy duration (days) 126 124 - 129 127 121 - 130
(range 65 - 245) (range 84 - 182)
Time since end of chemotherapy (years) 7 6.1-6.7 7 59-7.1
(range 2 - 12) (range 2 - 12)
Body-mass index (kg/mz) 25 24 - 26 26 23 - 26
(range 16 - 43) (range 18 - 43)
*Menopausal status at diagnosis:
Pre 100 (59) 48 (57)
Peri 11 (7) 7 (®)
Post 58 (34) 29 (34)
Breast cancer stage:
0-1 8 @) 3 (0)
2 75 (41) 42 (40)
3 100 (54) 51 (53)
Cancer treatment:
EC + T chemotherapy 100 (54) 53 (55)
FEC + T chemotherapy 83 (46) 44 (45)
Neoadjuvant HER2 blocker 59 (32) 36 (37)
Adjuvant HER2 blocker 45 (25) 26 (27)
Adjuvant radiotherapy 171 (93) 90 (94)
Adjuvant endocrine therapy 100 (55) 54 (57)
of which tamoxifent 47 (47) 23 (43)
of which aromatase inhibitort 89 (89) 48 (89)
Self-report:
Fatigue assessment scale (total) - 29 28 - 31
(range 13 - 48)
Fatigue, score > 22 - 78 (81)
Extreme fatigue, score > 35 - 22 (23)
Cognitive failure questionnaire (total) - 41 37 - 44
(range 4 - 79)
Cognitive complaints, score > 45 - 37 (39)
Extreme cognitive complaints, score > 55 - 26 (24)

*Menopausal status was known in 92% of the entire sample and 87% of the self-report subsample. Adjuvant therapy was administered after a T1 PET scan. ¥ Aromatase inhibitors include
anastrazole, exemestane, and letrozole. The combination of an aromatase inhibitor and tamoxifen is also possible. CI, confidence interval; EC, 4 rounds of epirubicin 90 mg/mz +
cyclophosphamide 600 mg/m* FEC = 3-6 rounds of 500 mg/m” 5-fluorouracil and 4 rounds of epirubicin 100 mg/m” + cyclophosphamide 500 mg/m? T = 1-12 rounds of paclitaxel 80 mg/m”.

patients for whom PET/CT scans with no visual movement were
available, with 141 (77%) patients for whom two scans were
available. All 183 patients underwent neoadjuvant chemotherapy
with epirubicin+cyclophosphamide+taxanes (54%) or additional
5-fluorouracil (46%). As can be seen from the demographic and
clinical characteristics (Table 1), the self-report subsample showed
good correspondence with the entire sample.

Frontiers in Oncology

Systemic chemotherapy induces
differential metabolic patterns

There were no significant differences in injected-activity
(p=0.201) or time between injection and start scan (p=0.360)
between the time points. A comparison of relative brain glucose
metabolism before and after chemotherapy in the five regions of
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interest (Figure 2, Table 2 and Table S1) revealed time effects for
the frontal (£=-0.350, prpr<0.001), parietal (£=0.273,
Prpr<0.001), and insular cortex (£=0.180, p=0.008). Separately,
patients treated with EC (n=100) showed decreased frontal (8=-
0.435, prpr<0.001), parietal (8=0.201, prpr=0.007), and occipital
cortical metabolism (£3=0.348, pppr=0.022). In FEC-treated
patients (n=83), increased relative metabolism was observed in
the parietal (£=0.201, pppr=0.001), temporal (£8=0.244,
Prpr=0.048), and insular cortices (£=0.423, prpr<0.001) as
well as a decrease in the frontal cortex (8=-0.220, prpr=0.013).

Two scans were available for 141 subjects and a subsequent
whole-brain voxel-based analysis was performed (Figure 3 and
Table 3). A relatively decreased metabolism was observed in a
cluster covering the majority of the paracingulate gyrus,
spreading to the frontal medial cortex (Tpeak=8.03, Peiuster-
rwe<0.001, kg=1102). Additionally, increased metabolism was
observed in the bilateral putamen (T}cq=660, pepuster-rwe<0.001,
and kg>613), bilateral central sulcus (Tpear=6.18, peruster-
rwe<0.001, and kp>225), and the left lateral occipital cortex
(Tpeak=8.97, Peiuster-rwr<0.001, and kg=525). Separately, only
patients treated with EC showed a decrease in the
paracingulate gyrus (4.5 + 4.7%) and an increase in left (3.3 +
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4.3%) and right putamen (4.0 + 4.7%) and left lateral occipital
cortical metabolism (3.1 + 3.6%).

Subset shows extreme complaints on
self-report

When assessing various everyday cognitive complaints, 38%
of survivors indicated experiencing complaints and 27%
indicated severe complaints (Table 1). Regarding fatigue, 80%
of the patients experienced fatigue and 23% experienced severe
fatigue. When evaluating the association of frontal
(paracingulate gyrus, pericentral gyri), occipital (lateral cortex)
or basal ganglia (putamen) brain metabolic changes throughout
chemotherapy with complaints years later, only occipital cortex
changes showed a significant association with fatigue, but not
cognitive complaints (Figure 4). However, this trend
disappeared after FDR correction. Neither baseline
metabolism, as well as having received endocrine, radiotherapy
and/or HER?2 therapy influenced fatigue or cognitive complaints

(data not shown).

Occipital Insula
FEC FEC EC FEC
== 1.30 o e
1.1
1.25
[ ]

1.20

1.15

1.10
@ [ ]

1.05 08 e

TOT1 TOTH TOT1 TOTH TOT1 TOTH

Regions of interest analysis of relative glucose metabolism before (TO) and after (T1) neo-adjuvant chemotherapy. (A) regions of interest: frontal
(yellow), parietal (red), occipital (orange), temporal (purple) and insular (blue) cortex. (B) Robust mixed effects modelling showed relative
decreases in frontal glucose metabolism, while increases where observed for parietal for both EC (n=100) and FEC (n=83) treated patients.
Additionally, relative increased temporal and insular metabolism was observed for FEC treated patients and increased occipital metabolism for
EC patients. Models were corrected for age, type of scanner and years since chemotherapy. P-values were Benjamini-Hochberg corrected for
comparing five outcomes. EC = 4 rounds of epirubicin 90 mg/m? + cyclophosphamide 600 mg/m?; FEC = 3-6 rounds of 500 mg/m? 5-
fluorouracil and 4 rounds of epirubicin 100 mg/m? + cyclophosphamide 500 mg/m?. *pFDR<0.05, **pFDR<0.01, ***pFDR<0.001
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TABLE 2 Robust mixed-effects modelling of time and treatment effects on relative brain glucose metabolism.

Parameter 3 (95% CI) pFDR

Frontal Time -0.350 (-0.451, -0.249) 1.1E-09
cortex Chemo regime 0.271 (-0.185, 0.727) 0.306
Time by Chemo regime 0.215 (0.008, 0.423) 0.110

EC only: Time -0.435 (-0.568, -0.302) 8.2E-09
FEC only: Time -0.220 (-0.38, -0.059) 0.013

Parietal Time 0.273 (0.166, 0.38) 3.6E-06
cortex Chemo regime -0.122 (-0.544, 0.299) 0.569
Time by Chemo regime 0.045 (-0.172, 0.261) 0.686
EC only: Time 0.256 (0.117, 0.395) 0.001
FEC only: Time 0.301 (0.134, 0.468) 0.001
Temporal Time 0.076 (-0.074, 0.226) 0.320
cortex Chemo regime 0.309 (-0.172, 0.79) 0.306
Time by Chemo regime 0.276 (-0.023, 0.575) 0.121
EC only: Time -0.031 (-0.224, 0.161) 0.751
FEC only: Time 0.244 (0.015, 0.474) 0.048
Occipital Time 0.213 (0.007, 0.419) 0.056
cortex Chemo regime -0.333 (-0.736, 0.071) 0.284
Time by Chemo regime -0.321 (-0.736, 0.093) 0.164
EC only: Time 0.348 (0.076, 0.62) 0.022
FEC only: Time 0.027 (-0.287, 0.341) 0.865
Insular Time 0.180 (0.059, 0.3) 0.007
cortex Chemo regime 0.381 (-0.089, 0.851) 0.284
Time by Chemo regime 0.387 (0.151, 0.622) 0.008
EC only: Time 0.036 (-0.115, 0.187) 0.751

FEC only: Time 0.423 (0.241, 0.604) 4.9E-05

n = 324 scans of 183 subjects. T0O and EC treatments were set as reference levels; therefore, chemotherapy regime effects represent FEC treatment versus EC, and time effects represent
changes from TO0 to T1. Models were corrected for age, type of scanner and years since chemotherapy (see Supplementary Materials). Standardized 3 values are presented so that estimates
can be interpreted as effect sizes and CI - confidence interval for 8. Benjamini-Hochberg-corrected p-values are presented for comparing the five regions of interest.

Bold values means significant effect at the 5% level.

Discussion therapy, and/or radiotherapy were not associated with
these complaints.

To our knowledge, this is the first in-vivo study to
investigate longitudinal changes in cerebral metabolism
shortly after chemotherapy in breast cancer patients. This Underlying mechanisms of
study aimed to evaluate changes in brain glucose metabolism FDG-PET uptake
during chemotherapy, as well as their predictive value for

cognitive and psychological/functional complaints in breast It is well established that cerebral FDG uptake is
cancer patients, based on FDG-PET/CT imaging. First, we proportional to the brain energy consumption (10). The
found relatively decreased metabolism in the frontal cortex utilization rate of glucose, the major source of energy in the
(paracingulate gyrus), while increased metabolism was brain, is associated with neuronal activity and hence provides the
observed in other parts of the frontal cortex (central gyrus), basis for interpreting FDG-PET data. However, recent studies
parietal, occipital, temporal, and insular cortices, and in the have shown that non-neuronal activity can also contribute to
basal ganglia (putamen). Changes in the frontal (paracingulate FDG signaling, potentially masking the underlying deficits in the
gyrus), temporal, occipital, insular, and basal ganglia were brain. In vivo evidence exists for widespread astroglial glutamate
dependent on chemotherapy regimen. Second, although % of transport that substantially affects FDG-PET uptake in the
the women experienced extreme cognitive complaints or rodent brain (30). Additionally, microglial cells rely on an
fatigue seven years after the end of chemotherapy, cerebral efficient glucose transport system capable of extracting high
metabolic patterns throughout chemotherapy, endocrine glucose levels even in regions with an insufficient supply of
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All (EC+FEC): relative glucose metabolism changes

FIGURE 3

Whole-brain voxel-based analysis of relative glucose metabolism before (T0) and after (T1) neo-adjuvant chemotherapy. General linear

T1>TO:

TO>T1:

modelling showed relative decreased (blue colored T-scale, paracingulate gyrus) and increased (red colored T-scale) frontal (central gyrus)
glucose metabolism, as well as increased subcortical (putamen and occipital (lateral cortex) metabolism for EC and FEC treated patients
combined. Except for the pericentral gyri decrease, the same regions showed changes in relative metabolism for EC patients separately, but not
FEC patients. Models were corrected for age and type of scanner (n=282) scans. Statistical significance was inferred with a height threshold of
pPrwe<.05 and a cluster-level prwe<.001. EC = 4 rounds of epirubicin 90 mg/m2 + cyclophosphamide 600 mg/mz; FEC = 3-6 rounds of 500 mg/
m? 5-fluorouracil and 4 rounds of epirubicin 100 mg/m? + cyclophosphamide 500 mg/m?.

TABLE 3 Significant clusters by whole-brain voxel-based analysis.

kg PdusterFWE-corrected  Ppeak FWE-corrected 1 Peak Harvard-Oxford (sub) Hemi Contrast Peak voxel
coordinates (mm) cortical atlas region difference
X y z
1102 <.001 <.001 8.03 4 52 4 *paracingulate gyrus Both TO > T1 -3.2+3.9%
(frontal lobe)
684 <.001 <.001 7.20 24 4 -12 *putamen R T1>TO0 32+41%
(subcortical)
613 <.001 <.001 6.60 -26 2 -12 *putamen L T1 > TO 29 +44%
(subcortical)
525 <.001 <.001 8.97 -50 -80 2 *lateral occipital cortex L T1 > TO 2.9+ 3.1%
(occipital lobe)
290 <.001 <.001 6.18 62 -2 30 *precentral gyrus R T1>TO 3.3 £5.0%
(frontal lobe)
225 <.001 <.001 7.04 -62 -4 26 *postcentral gyrus L T1>TO 2.7 £ 3.6%
(frontal lobe)
1648 <.001 <.001 8.99 4 50 10 paracingulate gyrus Both EC: -4.5 + 3.8%
(frontal lobe) TO > T1
330 <.001 <.001 6.14 26 2 -10 putamen R EC: 4.0 +4.7%
(subcortical) T1 > TO
358 <.001 <.001 6.78 -22 4 -4 putamen L EC: 33 +43%
(subcortical) T1 > TO
320 <.001 <.001 742 -50 -78 0 lateral occipital cortex L EC: 3.1+ 3.6%
(occipital lobe) T1 > TO

n = 282 scans of 141 subjects. Age and scanner are included in the statistical models as covariates. *Regions for which mean relative glucose metabolism was calculated for regression

analysis.
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Self-report cognitive complaints and fatigue of patients treated for breast cancer with chemotherapy and their metabolic associations. Relative
metabolic changes in the lateral occipital cortex preceded fatigue years later, but not cognitive complaints. After FDR-correction, this
association disappeared. No associations were found for changes in the frontal cortex (paracingulate cortex, pericentral gyri) or basal ganglia
(putamen), nor for absolute baseline metabolism in any of these regions or having received additional radiotherapy, endocrine therapy and/or
HER2 therapy (n=64). Final linear models included chemo regime and were corrected for age, and years since treatment. Striped line = extreme
cognitive complaints/fatigue, dotted line = cognitive complaints/fatigue. EC = 4 rounds of epirubicin 90 mg/m? + cyclophosphamide 600 mg/
m?; FEC = 3-6 rounds of 500 mg/m? 5-fluorouracil and 4 rounds of epirubicin 100 mg/m? + cyclophosphamide 500 mg/m?.

neurons/astrocytes to survive (13, 14). Therefore, our observed
differences in glucose utilization could reflect changes in the
activity/presence of either of these cell populations or resulting
network changes.

First, inflammatory processes may have been involved. In a
recent study by our group, more activated microglial cells were
observed via TSPO-PET, mainly in the parietal and occipital
regions and to a lesser extent in the frontal cortex, when
comparing patterns in breast cancer patients shortly after
chemotherapy to chemotherapy-naive patients or healthy
women (8). This could indicate that the increased relative
parietal, pericentral, and occipital hypermetabolism observed
in this study was caused by inflammatory processes (13). Indeed,
the patterns of increased metabolism observed here are
reminiscent of the hypermetabolism observed in the basal
ganglia in invasive fungal-infections (31), suggesting an
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inflammatory reaction spreading to the putamen. As
chemotherapeutic agents are known to induce peripheral
inflammation with increasing cytokine levels (32, 33), cytokine
upregulation may, in part, be responsible for changes in brain
glucose metabolism. Indeed, after interferon-o. therapy,
increased basal ganglia glucose metabolism was observed,
while frontal metabolism was reduced (34). Interferons are
innate immune system cytokines that induce behavioral
alterations such as fatigue (34). Research suggests that
interferon-o. can alter functional basal ganglia circuitry (34)
via dopaminergic activity (35), consequently contributing to
reduced frontal metabolism (36), both observed in our cohort.
Second, the regional loss of neurons/synaptic density may have
influenced the decrease in the relative glucose metabolism.
Ample magnetic resonance imaging (MRI) studies have
demonstrated (subtle) GM volume losses, mainly in the frontal
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and temporal regions, after chemotherapy (37-39). Therefore,
partial volume effects due to GM atrophy or decreased neuronal
density, resulting in the loss of energy demands (40), could
explain the decreased glucose utilization observed in the frontal
cortex. We were unable to investigate this hypothesis in this
cohort, because no MR data were available. Thirdly, regional loss
of neurons can induce compensatory distant hyperactivity. In
patients with Parkinson’s, neurodegeneration of dopaminergic
neurocircuits is believed to underlie the hyperactivity observed
in the basal ganglia (34). This disinhibition leads to bursts of
neuronal activity and metabolic hyperactivity. A change in
efficient network communication. e.g., diaschisis due to (non-)
focal pathophysiological events, may therefore also underlie the
observed metabolic changes (41, 42). This inefficient network
organization is further underscored by MRI findings, showing
widespread structural differences in white matter after
chemotherapy, potentially impairing the ability of the white
matter to rely information (38). Why regional changes occurred,
could be potentially explained by neural and oligodendrocyte
precursor cells being particularly sensitive to toxicity of
chemotherapy (43, 44). With adult neurogenesis occurring
primarily in niche regions (e.g., basal ganglia) (45), migration
of precursor cells to injured regions could underscore the time-
dependency of compensatory mechanisms in locations farther
from or less connected to these niche regions. Previous studies
have indeed underscored widespread brain changes after
treatment for cancer (6, 37-39). Lastly, in longitudinal follow-
up, the effect of aging should also be considered. Metabolic
activity is especially affected by aging in the frontal lobes (46),
which was also observed in our cohort and was restricted to the
frontal cortex.

In conclusion, changes in glucose metabolism observed in
this population could reflect changes in the number of active/
available neuronal or inflammatory cells, a shift in circuitry, or a
combination of both. However, we were unable to distinguish
between these processes. In combination with our earlier
findings of glial hyperactivation in the parietal/occipital cortex
using TSPO-PET (8), the results presented here underscore the
inflammatory pathways in these regions, potentially spreading to
the frontal/temporal/insular cortex and the basal ganglia.

Systemic chemotherapy induces
differential metabolic patterns

Previous cross-sectional studies in chemotherapy-treated
breast cancer patients have found no (17, 18) or subtle relative
(19) differences in glucose metabolism, with widespread (though
mainly frontal) glucose hypometabolism when compared with
screened healthy individuals. The results presented here partly
confirm and add to these findings: decreased frontal glucose
metabolism and increased parietal, temporal, insular cortical,
and basal ganglia metabolisms. Furthermore, we observed that
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treatment with EC or FEC did not induce contradictory effects
but presented complementary results, suggesting that similar
(compensatory) mechanisms may be at play. Both treatment
regimens consisted of a combination of anthracycline
(epirubicin = E), an alkylating agent (cyclophosphamide = C)
and three-12 rounds of a plant alkaloid (paclitaxel). The only
difference between the two regimens was the addition of an anti-
metabolite (5-fluorouracil [F]) to FEC. Preclinical in vivo studies
have provided valuable evidence for disentangling neurotoxicity
induced by single agents. Fluorouracil can cross the blood-brain
barrier and induce direct CNS damage (apoptosis) as well as
delayed damage to white matter tracts, while only showing
acute/sporadic inflammation, additionally involved in
neurogenesis/gliogenesis (47, 48). Cyclophosphamide can
induce oxidative stress and is involved in neurogenesis/
gliogenesis (48). Although both E and C are unable to cross
the BBB at high concentrations (7), they can increase BBB
permeability, enabling direct interactions (49). Moreover, at
sublethal doses to cancer cells, E induces microglial activation
(50), suggesting that treatment with EC is sufficient to induce an
inflammatory reaction [observed here and earlier in the parietal/
occipital cortex (8)]. The addition of fluorouracil to the chemo-
cocktail induced additional brain responses, as reflected by
temporal and insular, but not occipital, relative
hypermetabolism, suggesting that inflammatory (E) and
oxidative stress (E + C) responses alone are insufficient to
change metabolism in these regions, but rather require
changes in cell proliferation (F + C) (48). The first study
investigating long-term effects in breast cancer patients found
that chemotherapy alone (unspecified, however) was not
associated with decreased metabolism, whereas this was the
case for tamoxifen+chemotherapy, relative to chemotherapy-
alone or untreated subjects five—ten years after chemotherapy
(basal ganglia) (18). As endocrine or external radiation therapy
was administered after FDG-PET/CT imaging, these
complementary therapies did not influence the changes
observed. Additionally, a recent prospective study in patients
with lung cancer treated with platinum-based chemotherapy
observed decreases in absolute glucose metabolism (~20%) (20)
across all investigated GM structures, including the parietal/
cerebellar cortices and basal ganglia, with peak reduction in
the frontal cortex. This widespread GM reduction aids in the
observation of relatively increased metabolism. In concordance,
we observed the largest differences in the relative frontal reduced
resting metabolism (approximately 5%). Moreover, reduced
metabolism in the frontal cortex could be interpreted as the
driving mechanism of the observed changes; widespread relative
increases could reflect normal physiology, while other regions
(e.g., the frontal cortex) show significant hypometabolism,
resulting in relative increases in other brain regions. Taken
together, these findings demonstrate the chemotherapy-specific
effects on brain metabolism. Moreover, because clinical FDG
PET/CT is scheduled for staging in high-risk patients (51)
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(higher probability of more aggressive tumors, metastases, or
recurrence with poor overall survival), the disease stage could
also have influenced the observed metabolic changes. Further
dedicated neuroimaging research is necessary to disentangle the
potential neurotoxicity of specific agents or to disentangle
disease from treatment effects.

Subset shows extreme complaints
on self-report

In concordance with earlier studies (3, 4), % of the women
reported extreme cognitive complaints or fatigue, on average,
seven years post-chemotherapy. The above-mentioned
mechanisms could underlie such complaints; however, this
was not observed in our analysis. In contrast, an earlier study
showed that short-term memory complaints are associated with
cortical metabolism in cancer patients (17), not excluding
metabolic changes as an acute compensatory mechanism.
Moreover, several psychological measures have been shown to
be related to cognitive complaints such as depression and
anxiety (52, 53), which could be interesting for further
evaluation in the context of cerebral metabolism. Additionally,
while fatigue is one of the most reported side effects of treatment
for non-CNS cancer, associations between brain metabolism and
fatigue have not yet been examined. However, the increased
basal ganglia metabolism observed after interferon-or therapy
was previously shown to be associated with fatigue (energy
subscale) assessed immediately after therapy (34). Combined,
this could indicate that acute changes measured in glucose
metabolism could be predictive of short-term complaints, but
not of long-term complaints, which are potentially driven by
other delayed processes, such as the decreased ability of myelin
to relay information (47, 54). Alternatively, more dynamic
measurements of behavioral outcomes could unravel more
subtle changes associating with short-term metabolic
differences, since we did observe a trend for short-term
occipital metabolism changes preceding fatigue complaints
years later.

Limitations and future research

Although the use of baseline/follow-up clinical PET/CT
provides a valuable dataset for assessing metabolic changes,
this study had some limitations. First, the patients were
scanned using three different scanners (resulting in different
spatial resolutions), which could influence quantification,
although the scanner was used as a covariate. Moreover,
because spatial resolution differences are small [6-7 mm (older
systems) to 4-5 mm (newest systems]) relative to the size of the
ROIs or smoothing kernel for voxel-based analyses, these eftects
are expected to be second-order. Second, normalizing uptake to
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mean cortical GM uptake ensured that global uptake differences
could be partly considered in the statistical models. However,
when normalizing values to a (pseudo-reference) region, we
were unable to identify whether regional hypo/hypermetabolism
truly reflects decreased/increased metabolism or is driven by
absolute metabolic changes in the surrounding GM regions.
Although methods exist to approach absolute quantification (55)
(e.g., determining plasma kinetics with an arterial-plasma input
function), they are invasive and unnecessary in clinical
examinations. Third, since no MR data were available, we
were unable to perform partial volume correction, which may
have influenced our results, especially by chemotherapy-
induced volumetric effects or aging in longitudinal follow-up
(40, 56). Fourth, no comparative healthy control data were
available for the large cohort. Such data would allow group
characterization of baseline differences and a more accurate
evaluation of the observed intensity differences compared to
test-retest variability in a healthy population. Lastly, a single time
point questionnaire measurement was conducted, to which only
Y, patients responded, which could have introduced reporting
bias. Nonetheless, our results still demonstrated that a minimum
of 1/8 women reported extreme cognitive and/or fatigue
complaints. Future studies including more dynamic
measurements of psychological complaints would be valuable
in determining associations, potentially capturing more subtle
complications in patients.

In conclusion, this hypothesis-generating study provides
evidence of frontal hypometabolism and potential
inflammatory mechanisms in the parietal and occipital cortices
of patients treated for breast cancer with chemotherapy. While
early metabolic changes were not associated with long-term
complaints, we showed that clinical FDG-PET can provide
valuable and low-threshold initial biomarker investigation,
potentially linked with other or more short-term complaints.
Additionally, this study requires further follow-up studies using
dedicated PET(-MR) neuroimaging to better characterize
metabolic and neuroinflammatory changes, preferably
combined with elaborate baseline patient characterization.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by the Ethical Committee Research UZ/KU Leuven.
The patients provided their written informed consent to
participate in the prospective part of this study.

frontiersin.org


https://doi.org/10.3389/fonc.2022.1021615
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Schroyen et al.

Author contributions

GwS: Conceptualization, Methodology, Software, Validation,
Formal Analysis, Investigation, Data Curation, Writing -original
Draft, Writing - Review & Editing, Visualization, Project
administration, Funding acquisition; GeS: Methodology, Software,
Validation, Formal analysis, Data Curation, Writing — Review &
Editing; DVW: Conceptualization, Validation, Investigation,
Writing - Review & Editing; NL: Methodology, Software,
Validation, Writing - Review & Editing, Visualization; TVC:
Software, Writing — Review & Editing; JB: Conceptualization,
Software, Writing — Review & Editing; MK: Validation, Writing —
Review & Editing; AS: Conceptualization, Resources, Writing —
Review & Editing, Supervision, Project administration; KL:
Conceptualization, Resources, Writing - Review & Editing,
Supervision; SS: Conceptualization, Software, Validation,
Resources, Writing — Review & Editing, Supervision, Funding
acquisition; SD: Conceptualization, Methodology, Validation,
Resources, Writing -original Draft, Writing — Review & Editing,
Supervision, Project administration, Funding acquisition. All
authors contributed to the article and approved the
submitted version.

Funding

GwS is supported by Research Fund KU Leuven (C24/18/
067) and Stichting Tegen Kanker, JB is supported by Research

References

1. Janelsins MC, Kesler SR, Ahles TA, Morrow GR. Prevalence, mechanisms,
and management of cancer-related cognitive impairment. Int Rev Psychiatry (2014)
26(1):102-13. doi: 10.3109/09540261.2013.864260

2. Dijkshoorn ABC, van Stralen HE, Sloots M, Schagen SB, Visser-Meily JMA,
Schepers VPM. Prevalence of cognitive impairment and change in patients with
breast cancer: A systematic review of longitudinal studies. Psychooncology (2021)
2021:1-14. doi: 10.1002/pon.5623

3. Koppelmans V, Breteler MMB, Boogerd W, Seynaeve C, Gundy C, Schagen
SB. Neuropsychological performance in survivors of breast cancer more than 20
years after adjuvant chemotherapy. J Clin Oncol (2012) 30(10):1080-6.
doi: 10.1200/JC0O.2011.37.0189

4. Bower JE, Ganz PA, Irwin MR, Cole SW, Garet D, Petersen L, et al. Do all
patients with cancer experience fatigue? a longitudinal study of fatigue trajectories
in women with breast cancer. Cancer (2021) 127(8):1334-44. doi: 10.1002/
CNCR.33327

5. Broekx S, Den Hond E, Torfs R, Remacle A, Mertens R, D’Hooghe T, et al.
The costs of breast cancer prior to and following diagnosis. Eur ] Heal Econ (2011)
12(4):311-7. doi: 10.1007/s10198-010-0237-3

6. Ahles TA, Root JC. Cognitive effects of cancer and cancer treatments. Annu
Rev Clin Psychol (2018) 14(1):425-51. doi: 10.1146/annurev-clinpsy-050817

7. Pellacani C, Eleftheriou G. Neurotoxicity of antineoplastic drugs:
Mechanisms, susceptibility, and neuroprotective strategies. Adv Med Sci (2020)
65(2):265-85. doi: 10.1016/].ADVMS.2020.04.001

8. Schroyen G, Blommaert ], van Weehaeghe D, Sleurs C, Vandenbulcke M,
Dedoncker N, et al. Neuroinflammation and its association with cognition,
neuronal markers and peripheral inflammation after chemotherapy for breast
cancer. Cancers (Basel) (2021) 13(16):4198. doi: 10.3390/cancers13164198

Frontiers in Oncology

12

10.3389/fonc.2022.1021615

Foundation Flanders (FWO 11B9919N). NL is supported by
Research Fund KU Leuven (C14/18/096). TVC is supported by
Research Fund KU Leuven (C24/18/095). Funding sources
provided a financial contribution.

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.

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.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fonc.2022.1021615/full#supplementary-material

9. Von Schulthess GK, Steinert HC, Hany TF. Integrated PET/CT: Current
applications and future Directionsl. Radiology (2006) 238(2):405-22. doi: 10.1148/
RADIOL.2382041977

10. Sokoloff L. Sites and mechanisms of function-related changes in energy
metabolism in the nervous system. Dev Neurosci (1993) 15(3-5):194-206.
doi: 10.1159/000111335

11. Mosconi L, Tsui WH, Herholz K, Pupi A, Drzezga A, Lucignani G, et al.
Multicenter standardized 18F-FDG PET diagnosis of mild cognitive impairment,
alzheimer’s disease, and other dementias. | Nucl Med (2008) 49(3):390-8.
doi: 10.2967/JNUMED.107.045385

12. van Aalst J, Ceccarini J, Sunaert S, Dupont P, Koole M, Van Laere K. In vivo
synaptic density relates to glucose metabolism at rest in healthy subjects, but is
strongly modulated by regional differences. ] Cereb Blood Flow Metab (2021) 41
(8):1978-87. doi: 10.1177/0271678X20981502

13. Backes H, Walberer M, Ladwig A, Rueger MA, Neumaier B, Endepols H,
et al. Glucose consumption of inflammatory cells masks metabolic deficits in the
brain. Neuroimage (2016) 128:54-62. doi: 10.1016/j.neuroimage.2015.12.044

14. Schroeter M, Dennin MA, Walberer M, Backes H, Neumaier B, Fink GR,
et al. Neuroinflammation extends brain tissue at risk to vital peri-infarct tissue: A
double tracer [11C]PK11195- and [18F]FDG-PET study. J Cereb Blood Flow Metab
(2009) 29(6):1216-25. doi: 10.1038/jcbfm.2009.36

15. Vaidyanathan S, Patel CN, Scarsbrook AF, Chowdhury FU. FDG PET/CT in
infection and inflammation-current and emerging clinical applications. Clin
Radiol (2015) 70(7):787-800. doi: 10.1016/].CRAD.2015.03.010

16. Dumba M, Khan S, Patel N, Perry L, Malhotra P, Perry R, et al. Clinical 18F-
FDG and amyloid brain positron emission tomography/CT in the investigation of
cognitive impairment: where are we now? Br J Radiol (1101) 2019:92. doi: 10.1259/
BJR.20181027

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2022.1021615/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.1021615/full#supplementary-material
https://doi.org/10.3109/09540261.2013.864260
https://doi.org/10.1002/pon.5623
https://doi.org/10.1200/JCO.2011.37.0189
https://doi.org/10.1002/CNCR.33327
https://doi.org/10.1002/CNCR.33327
https://doi.org/10.1007/s10198-010-0237-3
https://doi.org/10.1146/annurev-clinpsy-050817
https://doi.org/10.1016/J.ADVMS.2020.04.001
https://doi.org/10.3390/cancers13164198
https://doi.org/10.1148/RADIOL.2382041977
https://doi.org/10.1148/RADIOL.2382041977
https://doi.org/10.1159/000111335
https://doi.org/10.2967/JNUMED.107.045385
https://doi.org/10.1177/0271678X20981502
https://doi.org/10.1016/j.neuroimage.2015.12.044
https://doi.org/10.1038/jcbfm.2009.36
https://doi.org/10.1016/J.CRAD.2015.03.010
https://doi.org/10.1259/BJR.20181027
https://doi.org/10.1259/BJR.20181027
https://doi.org/10.3389/fonc.2022.1021615
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Schroyen et al.

17. Pomykala KL, Ganz PA, Bower JE, Kwan L, Castellon SA, Mallam S, et al.
The association between pro-inflammatory cytokines, regional cerebral
metabolism, and cognitive complaints following adjuvant chemotherapy for
breast cancer. Brain Imaging Behav (2013) 7(4):511-23. doi: 10.1007/s11682-
013-9243-2

18. Silverman DHS, Dy CJ, Castellon SA, Lai J, Pio BS, Abraham L, et al. Altered
frontocortical, cerebellar, and basal ganglia activity in adjuvant-treated breast
cancer survivors 5-10 years after chemotherapy. Breast Cancer Res Treat (2007)
103(3):303-11. doi: 10.1007/s10549-006-9380-z

19. Ponto LLB, Menda Y, Magnotta VA, Yamada TH, Denburg NL, Schultz SK.
Frontal hypometabolism in elderly breast cancer survivors determined by [(18)F]
fluorodeoxyglucose (FDG) positron emission tomography (PET): a pilot study. Int
J Geriatr Psychiatry (2015) 30(6):587-94. doi: 10.1002/gps.4189

20. Horky LL, Gerbaudo VH, Zaitsev A, Plesniak W, Hainer J, Govindarajulu U,
et al. Systemic chemotherapy decreases brain glucose metabolism. Ann Clin Transl
Neurol (2014) 1(10):788-98. doi: 10.1002/acn3.121

21. Boellaard R, Delgado-Bolton R, Oyen WJG, Giammarile F, Tatsch K,
Eschner W, et al. FDG PET/CT: EANM procedure guidelines for tumour
imaging: version 2.0. Eur ] Nucl Med Mol Imaging (2015) 42:328-54.
doi: 10.1007/s00259-014-2961-x

22. Friston K, Holmes A, Worsley K. Statistical parametric maps in functional
imaging: a general linear approach. Hum Brain Mapp (1994) 2(4):189-210. doi:
10.1002/hbm.460020402

23. Avants BB, Tustison NJ, Song G, Cook PA, Klein A, Gee JC. A reproducible
evaluation of ANTSs similarity metric performance in brain image registration.
Neuroimage (2011) 54(3):2033-44. doi: 10.1016/j.neuroimage.2010.09.025

24. Tournier J-D, Smith RE, Raffelt DA, Tabbara R, Dhollander T, Pietsch M,
et al. MRtrix3: A fast, flexible and open software framework for medical image
processing and visualisation. bioRxiv (2019) 127:1334-44. doi: 10.1101/551739

25. Michielsen HJ, De Vries J, Van Heck GL, Van De Vijver FJR, Sijtsma K.
Examination of the dimensionality of fatigue the construction of the fatigue
assessment scale (FAS). Eur J Psychol Assess (2004) 20(1):39-48. doi: 10.1027/
1015-5759.20.1.39

26. Merckelbach H, Muris P, Nijman H, De Jong PJ. Self-reported cognitive
failures and neurotic symptomatology. Pers Individ Dif (1996) 20(6):715-24.
doi: 10.1016/0191-8869(96)00024-4

27. Ponds R, van Boxtel M JJ. De “Cognitive failure questionnaire” als maat
voor subjectief cognitief functioneren. Tijdschr voor Neuropsychol (2006) 2:37-45.

28. Bernal-Rusiel JL, Greve DN, Reuter M, Fischl B, Sabuncu MR. Statistical
analysis of longitudinal neuroimage data with linear mixed effects models.
Neuroimage (2013) 66:249-60. doi: 10.1016/j.neuroimage.2012.10.065

29. Koller M. Robustlmm: An r package for robust estimation of linear mixed-
effects models. J Stat Softw (2016) 75(6). doi: 10.18637/jss.v075.i06

30. Zimmer ER, Parent MJ, Souza DG, Leuzy A, Lecrux C, Kim HI, et al. [18F]
FDG PET signal is driven by astroglial glutamate transport. Nat Neurosci (2017) 20
(3):393. doi: 10.1038/NN.4492

31. Signore A, Casali M, Lauri C. An easy and practical guide for imaging
infection/inflammation by [18F]FDG PET/CT. Clin Transl Imaging (2021) 9
(4):283-97. doi: 10.1007/S40336-021-00435-Y

32. Schroyen G, Vissers J, Smeets A, Gillebert CR, Lemiere J, Sunaert S, et al.
Blood and neuroimaging biomarkers of cognitive sequelae in breast cancer patients
throughout chemotherapy: A systematic review. Transl Oncol (2022) 16:101297.
doi: 10.1016/].TRANON.2021.101297

33. Castel H, Denouel A, Lange M, Tonon M-C, Dubois M, Joly F. Biomarkers
associated with cognitive impairment in treated cancer patients: Potential
predisposition and risk factors. Front Pharmacol (2017) 8:138. doi: 10.3389/
fphar.2017.00138

34. Capuron L, Pagnoni G, Demetrashvili MF, Lawson DH, Fornwalt FB,
Woolwine B, et al. Basal ganglia hypermetabolism and symptoms of fatigue
during interferon-ou therapy. Neuropsychopharmacol (2007) 32(11):2384-92.
doi: 10.1038/sj.npp.1301362

35. Kumai T, Tateishi T, Tanaka M, Watanabe M, Shimizu H, Kobayashi S.
Effect of interferon-alpha on tyrosine hydroxylase and catecholamine levels in the
brain of rats. Life Sci (2000) 67(6):663-9. doi: 10.1016/50024-3205(00)00660-3

36. Alexander GE, DeLong MR, Strick PL. Parallel organization of functionally
segregated circuits linking basal ganglia and cortex. Annu Rev Neurosci (2003)
9:357-81. doi: 10.1146/ ANNUREV.NE.09.030186.002041

Frontiers in Oncology

13

10.3389/fonc.2022.1021615

37. 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

38. Amidi A, Wu LM. Structural brain alterations following adult non-CNS
cancers: a systematic review of the neuroimaging literature. Acta Oncol (2019) 58
(5):522. doi: 10.1080/0284186X.2018.1563716

39. Petr ], Hogeboom L, Nikulin P, Wiegers E, Schroyen G, Kallehauge J, et al. A
systematic review on the use of quantitative imaging to detect cancer therapy
adverse effects in normal-appearing brain tissue. Magn Reson Mater Phys Biol Med
(2021) 2021:1-24. doi: 10.1007/510334-021-00985-2

40. Greve DN, Salat DH, Bowen SL, Izquierdo-Garcia D, Schultz AP, Catana C,
et al. Different partial volume correction methods lead to different conclusions: An
18F-FDG-PET study of aging. Neuroimage (2016) 132:334-43. doi: 10.1016/
jneuroimage.2016.02.042

41. Vaishnavi SN, Vlassenko AG, Rundle MM, Snyder AZ, Mintun MA, Raichle
ME. Regional aerobic glycolysis in the human brain. Proc Natl Acad Sci USA (2010)
107):17757-62. doi: 10.1073/pnas.1010459107

42. Sun X, Zhao S, Liang S, Feng T, Li P, Zhang T, et al. The negative correlation
between energy consumption and communication efficiency in motor network.
Nucl Med Commun (2019) 40(5):499-507. doi: 10.1097/MNM.0000000000001001

43. Gibson EM, Monje M. Emerging mechanistic underpinnings and
therapeutic targets for chemotherapy-related cognitive impairment. Curr Opin
Oncol (2019) 31(6):531-9. doi: 10.1097/CCO.0000000000000578

44. Gibson EM, Monje M. Microglia in cancer therapy-related cognitive
impairment. Trends Neurosci (2021) 44(6):441-51. doi: 10.1016/
J.TINS.2021.02.003

45. Nguyen LD, Ehrlich BE. Cellular mechanisms and treatments for
chemobrain: insight from aging and neurodegenerative diseases. EMBO Mol
Med (2020) 12:e12075. doi: 10.15252/EMMM.202012075

46. Berti V, Mosconi L, Pupi A. Brain: Normal variations and benign findings in
FDG PET/CT imaging. PET Clin (2014) 9(2):129. doi: 10.1016/].CPET.2013.10.006

47. Han R, Yang YM, Dietrich J, Luebke A, Mayer-Préschel M, Noble M.
Systemic 5-fluorouracil treatment causes a syndrome of delayed myelin destruction
in the central nervous system. J Biol (2008) 7(4):12. doi: 10.1186/jbiol69

48. Seigers R, Schagen SB, Van Tellingen O, Dietrich J. Chemotherapy-related
cognitive dysfunction: current animal studies and future directions. Brain Imaging
Behav (2013) 7(4):453-9. doi: 10.1007/s11682-013-9250-3

49. Ren X, St DK, Butterfield DA. Dysregulation of cytokine mediated
chemotherapy induced cognitive impairment. Pharmacol Res (2017) 117:267-73.
doi: 10.1016/j.phrs.2017.01.001

50. de la Hoz-Camacho R, Rivera-Lazarin AL, Vazquez-Guillen JM, Caballero-
Hernandez D, Mendoza-Gamboa E, Martinez-Torres AC, et al. Cyclophosphamide
and epirubicin induce high apoptosis in microglia cells while epirubicin provokes
DNA damage and microglial activation at sub-lethal concentrations. EXCLI ]
(2022) 21:197-212. doi: 10.17179/EXCLI2021-4160

51. Cardoso F, Kyriakides S, Ohno S, Penault-Llorca F, Poortmans P, Rubio IT,
et al. Early breast cancer: ESMO clinical practice guidelines for diagnosis, treatment
and follow-up. Ann Oncol (2019) 30(8):1194-220. doi: 10.1093/ANNONC/
MDZ173

52. Lange M, Joly F. How to identify and manage cognitive dysfunction after
breast cancer treatment. J Oncol Pract (2017) 13(12):784-90. doi: 10.1200/
JOP.2017.026286

53. Whittaker AL, George RP, O’Malley L. Prevalence of cognitive impairment
following chemotherapy treatment for breast cancer: A systematic review and
meta-analysis. Sci Rep (2022) 12(1):1-22. doi: 10.1038/541598-022-05682-1

54. Billiet T, Emsell L, Vandenbulcke M, Peeters R, Christiaens D, Leemans A,
et al. Recovery from chemotherapy-induced white matter changes in young breast
cancer survivors? Brain Imaging Behav (2018) 12(1):64-77. doi: 10.1007/s11682-
016-9665-8

55. Goutal S, Tournier N, Guillermier M, van Camp N, Barret O, Gaudin M,
et al. Comparative test-retest variability of outcome parameters derived from brain
[18F]FDG PET studies in non-human primates. PloS One (2020) 15(10):¢0240228.
doi: 10.1371/JOURNAL.PONE.0240228

56. Blommaert J, Schroyen G, Vandenbulcke M, Radwan A, Smeets A, Peeters
R, et al. Age-dependent brain volume and neuropsychological changes after
chemotherapy in breast cancer patients. Hum Brain Mapp (2019) 40:4994-5010.
doi: 10.1002/hbm.24753

frontiersin.org


https://doi.org/10.1007/s11682-013-9243-2
https://doi.org/10.1007/s11682-013-9243-2
https://doi.org/10.1007/s10549-006-9380-z
https://doi.org/10.1002/gps.4189
https://doi.org/10.1002/acn3.121
https://doi.org/10.1007/s00259-014-2961-x
https://doi.org/10.1002/hbm.460020402
https://doi.org/10.1016/j.neuroimage.2010.09.025
https://doi.org/10.1101/551739
https://doi.org/10.1027/1015-5759.20.1.39
https://doi.org/10.1027/1015-5759.20.1.39
https://doi.org/10.1016/0191-8869(96)00024-4
https://doi.org/10.1016/j.neuroimage.2012.10.065
https://doi.org/10.18637/jss.v075.i06
https://doi.org/10.1038/NN.4492
https://doi.org/10.1007/S40336-021-00435-Y
https://doi.org/10.1016/J.TRANON.2021.101297
https://doi.org/10.3389/fphar.2017.00138
https://doi.org/10.3389/fphar.2017.00138
https://doi.org/10.1038/sj.npp.1301362
https://doi.org/10.1016/S0024-3205(00)00660-3
https://doi.org/10.1146/ANNUREV.NE.09.030186.002041
https://doi.org/10.1016/j.neubiorev.2018.05.019
https://doi.org/10.1080/0284186X.2018.1563716
https://doi.org/10.1007/S10334-021-00985-2
https://doi.org/10.1016/j.neuroimage.2016.02.042
https://doi.org/10.1016/j.neuroimage.2016.02.042
https://doi.org/10.1073/pnas.1010459107
https://doi.org/10.1097/MNM.0000000000001001
https://doi.org/10.1097/CCO.0000000000000578
https://doi.org/10.1016/J.TINS.2021.02.003
https://doi.org/10.1016/J.TINS.2021.02.003
https://doi.org/10.15252/EMMM.202012075
https://doi.org/10.1016/J.CPET.2013.10.006
https://doi.org/10.1186/jbiol69
https://doi.org/10.1007/s11682-013-9250-3
https://doi.org/10.1016/j.phrs.2017.01.001
https://doi.org/10.17179/EXCLI2021-4160
https://doi.org/10.1093/ANNONC/MDZ173
https://doi.org/10.1093/ANNONC/MDZ173
https://doi.org/10.1200/JOP.2017.026286
https://doi.org/10.1200/JOP.2017.026286
https://doi.org/10.1038/s41598-022-05682-1
https://doi.org/10.1007/s11682-016-9665-8
https://doi.org/10.1007/s11682-016-9665-8
https://doi.org/10.1371/JOURNAL.PONE.0240228
https://doi.org/10.1002/hbm.24753
https://doi.org/10.3389/fonc.2022.1021615
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Cerebral glucose changes after chemotherapy and their relation to long-term cognitive complaints and fatigue
	Introduction
	Methods
	Participants
	Clinical imaging and processing
	Clinical parameters and self-report
	Statistical analysis

	Results
	Participants
	Systemic chemotherapy induces differential metabolic patterns
	Subset shows extreme complaints on self-report

	Discussion
	Underlying mechanisms of FDG-PET uptake
	Systemic chemotherapy induces differential metabolic patterns
	Subset shows extreme complaints on self-report
	Limitations and future research

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


