l_’__l
TILBURG 0% ¢ UNIVERSITY
l“jf’l

Tilburg University

Neuroinflammation as potential precursor of leukoencephalopathy in early-stage
breast cancer patients

Schroyen, Gwen; Sleurs, Charlotte; Bartsoen, Emilie; Smeets, Dirk; van Weehaeghe,
Donatienne; Van Laere, Koen; Smeets, Ann; Deprez, Sabine; Sunaert, Stefan

Published in:
The Breast

DOI:
10.1016/j.breast.2022.02.001

Publication date:
2022

Document Version
Publisher's PDF, also known as Version of record

Link to publication in Tilburg University Research Portal

Citation for published version (APA):

Schroyen, G., Sleurs, C., Bartsoen, E., Smeets, D., van Weehaeghe, D., Van Laere, K., Smeets, A., Deprez, S.,
& Sunaert, S. (2022). Neuroinflammation as potential precursor of leukoencephalopathy in early-stage breast
cancer patients: A cross-sectional PET-MRI study. The Breast, 62, 61-68.
https://doi.org/10.1016/j.breast.2022.02.001

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

« Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 25. Dec. 2022


https://doi.org/10.1016/j.breast.2022.02.001
https://research.tilburguniversity.edu/en/publications/3c326a00-7086-471b-943b-a430a9042246
https://doi.org/10.1016/j.breast.2022.02.001

The Breast 62 (2022) 61-68

BREAST

Contents lists available at ScienceDirect

The Breast

o %

ELSEVIER journal homepage: www.journals.elsevier.com/the-breast

t.)

Check for

Neuroinflammation as potential precursor of leukoencephalopathy in ol

early-stage breast cancer patients: A cross-sectional PET-MRI study
Gwen Schroyen ™!, Charlotte Sleurs ™% "', Emilie Bartsoen‘, Dirk Smeets °,
Donatienne van Weehaeghe 2 Koen Van Laere »™%"% Ann Smeets %", Sabine Deprez
Stefan Sunaert®“'

a,b,c
)

2 Leuven Brain Institute, KU Leuven, 3000, Leuven, Belgium

b Jeuven Cancer Institute, KU Leuven, 3000, Leuven, Belgium

¢ Department of Imaging and Pathology, KU Leuven, 3000, Leuven, Belgium

4 Department of Oncology, KU Leuven, 3000, Leuven, Belgium

€ icometrix, 3012, Leuven, Belgium

f Nuclear Medicine, University Hospitals Leuven, 3000, Leuven, Belgium

& Department of Nuclear Medicine and Molecular Imaging, KU Leuven, 3000, Leuven, Belgium
" Surgical Oncology, University Hospitals Leuven, 3000, Leuven, Belgium

! Radiology, University Hospitals Leuven, 3000, Leuven, Belgium

ARTICLE INFO ABSTRACT

Keywords: Background: Although chemotherapy-induced leukoencephalopathy has been described in case and cohort
FLAIR studies, literature remains inconclusive about its prevalence and mechanisms. Therefore, we investigated the
TSPO

presence of leukoencephalopathy after multiagent chemotherapy in women treated for breast cancer and po-

PET-MR " . .
Breast tential underlying neuroinflammatory processes.

reast cancer . .. .
CRCI Methods: In this exploratory study, 15 chemotherapy-treated and 15 age-matched chemotherapy-naive patients

with early-stage breast cancer, as well as 15 healthy controls underwent simultaneous PET-MR neuroimaging,
including T1-weighted MPRAGE, T2-weighted FLAIR and dynamic PET with the 18-kDA translocator protein
(TSPO) radioligand ['®F]DPA-714. Total and regional (juxtacortical, periventricular, deep white matter and
infratentorial) lesion burden were compared between the groups with one-way ANOVA. With paired t-tests, [°F]
DPA-714 volume of distribution [V, including partial volume correction (PVC)] in lesioned and normal
appearing white matter (NAWM) were compared within subjects, to investigate inflammation. Finally, two
general linear models were used to examine the predictive values of neurofilament light-chain (NfL) serum levels
on (1) total lesion burden or (2) PVC [18F]DPA-714 Vr of lesions showing elevated inflammation.

Results: No significant differences were found in total or localized lesion burden. However, significantly higher
(20-45%) TSPO uptake was observed in juxtacortical lesions (p < 0.008, t > 3.90) compared to NAWM in both
cancer groups, but only persisted for chemotherapy-treated patients after PVC (p = 0.005, t = 4.30). NfL serum
levels were not associated with total lesion volume or tracer uptake in juxtacortical lesions.

Conclusion: This multimodal neuroimaging study suggests that neuroinflammatory processes could be involved in
the development of juxtacortical, but not periventricular or deep white matter, leukoencephalopathy shortly
after chemotherapy for early-stage breast cancer.

Abbreviations: FLAIR, Fluid-attenuated Inversion Recovery; LGA, Logan graphical analysis; MRI, Magnetic resonance imaging; NAWM, Normal appearing white
matter; NfL, Neurofilament light-chain; OPC, Oligodendrocyte precursor cells; PET, Positron Emission Tomography; PVC, Partial volume correction; TSPO, 18-kDA
translocator protein; WML, White matter lesion.
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1. Introduction

In western women, breast cancer is the most common type of cancer
[1]. As the implementation of chemotherapy has substantially increased
survival rates of early-stage breast cancer, potential long-term side--
effects have become increasingly important. One of such potential
sequelae involves neural damage with related cognitive symptoms, often
termed as “chemobrain” or cancer-related cognitive impairment [2]. Up
to 78% of women treated for early-stage breast cancer with adjuvant
chemotherapy can show cognitive deficits, mainly affecting domains of
executive functioning, (working) memory and processing speed, even
without the presence of (brain) metastasis [2,3]. These deficits are
observed months [4,5] up to years after the cessation of chemotherapy
[6-8]. Although these deficits are mostly subtle, they can have a detri-
mental effect on the patient’s daily life [9]. However, the underlying
mechanisms remain largely under investigation [10].

Chemotherapeutic agents could directly induce neuronal and axonal
damage. Axons represent the connections between neurons, ensuring
rapid communication because of myelin sheaths allowing efficient
transmission of electrical impulses [11]. Hence, demyelination can
easily lead to delayed communication between neurons and secondary
axonal degeneration, which can result in decreased processing speed for
instance Ref. [12]. In rodents, Gibson et al. (2019), found decreased
oligodendrocyte proliferation and maturation as well as thinned myelin
sheaths after chemotherapy [13]. To examine such damage to the white
matter in humans, several investigation methods can be employed.
Firstly, promising blood markers such as neurofilament light-chain (NfL)
exist. This marker demonstrates high prognostic and diagnostic accu-
racy for axonal damage in cortical neurodegenerative disorders [14].
Furthermore, NfL appears to correlate with lesion burden in multiple
sclerosis (MS) patients [15]. With regard to oncological populations, NfL
increases after chemotherapy in a dose-dependent manner in early-stage
breast cancer patients [16] and is elevated compared to chemo-
therapy-naive or healthy women [17], suggesting its potential as a
marker for chemotherapy-induced neuronal damage. Secondly, more
direct neural-microstructure and -function can be estimated in vivo by
neuroimaging techniques such as magnetic resonance imaging (MRI). In
early-stage breast cancer patients, altered white matter microstructural
organization (possibly suggesting demyelination) has repeatedly been
reported after chemotherapy using diffusion weighted MR imaging [4,
18]. However, specific MR sequences estimating myelination levels (e.g.
myelin water imaging) are only sparsely investigated, showing null re-
sults to date [19]. In order to visualize white matter disease [e.g. MS],
T2-weighted-Fluid-Attenuated Inversion Recovery (FLAIR) imaging is
most often used, which shows white matter lesions (WMLs) as hyper-
intense regions [12]. High-dose chemotherapy is known to potentially
cause MS-mimicking WMLs observable via FLAIR, or so-called leu-
koencephalopathy [20,21]. Additionally, post-mortem brain autopsies
of former (metastatic) cancer patients treated with high-dose chemo-
therapy revealed demyelination in areas that showed WMLs on
T2-weighted scans in vivo [22]. Only few studies have examined the
prevalence of leukoencephalopathy in early-stage breast cancer pa-
tients. These studies either did not encounter treatment-associated leu-
koencephalopathy at all or only observed higher lesion load in patients
showing neurologic symptoms [7,20]. This could partly be explained by
different cancer types or stages and consequently other treatment regi-
mens, as well as the heterogeneity in forms of observed lesions (for
instance multifocal punctuate lesions are less easily detected). However,
aforementioned studies often applied visual rating of the WMLs, ac-
cording to a neuroradiological scale (e.g. Fazekas). In contrast, volu-
metric lesion analyses could be more sensitive to detect subtle changes
in lesion load after chemotherapy but have only limitedly been assessed
in early-stage breast cancer patients [23].

Besides directly induced cell death and/or demyelination, the un-
derlying pathology of chemotherapy-induced WMLs can involve multi-
ple indirect processes as well, including microvascular changes,
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vasogenic and cytotoxic edema, oxidative stress and inflammatory
pathways [24,25]. Especially this last phenomenon has gained attention
recently, with histological rodent studies demonstrating changes in
brain microglial levels after chemotherapy [26]. In vivo, positron emis-
sion tomography (PET) imaging using radioligands sensitive for the 18
kDA translocator protein (TSPO) is one potential method to visualize
neuroinflammation, as TSPO expression is increased when microglia are
activated [27,28]. Increased uptake of this tracer has repeatedly been
found in neurodegenerative diseases characterized by immune system
activation (e.g. Parkinson or Amyotrophic Lateral Sclerosis) [29,30].
Recently, our group demonstrated that shortly after ending chemo-
therapy, increases in relative brain TSPO binding also occur in breast
cancer patients, which were associated with cognitive outcomes [17].

Gibson and Monje (2019) suggested chemotherapy to induce acti-
vation of microglia, resulting in fewer oligodendrocyte precursor cells
(OPC) and decreased NPC proliferation, leading to secondary demye-
lination [13]. In line with this hypothesis, rodent research has shown
that neuroinflammation after chemotherapy can modulate myelin
structure and myelination [31]. Moreover, early on in MS, a recent study
found a positive association between a microglia-related protein and NfL
in cerebrospinal fluid (CSF), underscoring the relationship between in-
flammatory and axonal degenerative processes [32]. In concordance, we
observed local increases in neuroinflammation after chemotherapy for
breast cancer to be associated with lower average fiber cross-section of
the corpus callosum [17]. Reactive microglia, or more generally neu-
roinflammatory processes, might be initiating toxic cascades involving
decreased cell proliferation and/or demyelination, of which WMLs
might be an observable sequela. Recent PET studies in MS patients partly
support this hypothesis, in which binding of radioligands specific for
inflammatory cells (e.g. TSPO) showed significantly higher in WMLs (i.
e. hyperintensities) and correlated positively with the size of the
lesioned area [33,34]. This was also validated in post-mortem brain
tissue samples of MS patients [35].

Based on these findings, we investigated whether an inflammatory
pathway could be involved in chemotherapy-induced leukoencephal-
opathy. We first assessed whether WML load was higher in patients
treated with chemotherapy. Second, we investigated whether focal
tracer uptake was higher in lesioned areas compared to the normal-
appearing white matter (NAWM). Finally, we addressed if inflamma-
tion levels in “active inflammatory WMLs” (i.e. WMLSs with higher TSPO
levels than NAWM) were associated with NfL serum concentrations.

2. Methods
2.1. Participants

This exploratory cohort study recruited women who were diagnosed
with early-stage breast cancer at the University Hospitals of Leuven and
healthy women between 2017 and 2020. Details on the participants
demographic and clinical characteristics are provided in Table 1 and
were described earlier [17]. In total, 45 women participated in this
study; 15 patients who had received chemotherapy (C+) (4 rounds of
epirubicin 90 mg/m? + cyclophosphamide 600 mg/m? and 4-12 rounds
of paclitaxel 80 mg/m?), 15 chemotherapy-naive control patients (C-)
and 15 age-matched healthy control women. Neuroimaging acquisition
and blood sampling took place on the same day before the administra-
tion of anti-hormone therapy or radiotherapy. For chemotherapy-naive
patients, data collection took place 26 + 17 days after surgery. For
chemotherapy-treated patients, depending on neo-adjuvant or adjuvant
chemotherapy regimen, data collection took place 36 + 12 days after
surgery or last administration of chemotherapy, respectively. Partici-
pants were excluded if they were older than 65 years,
pregnant/breast-feeding, showed signs of metastatic cancer (except for
lymph nodes), had received former cancer treatment, had a psychiatric
or neurological illness, chronic systemic steroid use, or intellectual
disability. In addition, participants were screened for TSPO binding
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Table 1
Demographics and characteristics of the study population.
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Characteristic C+ (n=15) C-(n=15) HC(n=13) Group difference
F/X? P’

Age in years, mean (SD) 51 8 49 ©6) 44 an 2.27 0.116
Education in years, mean (SD) 13 ) 14 (€)) 14 ) 0.21 0.813
Body-mass index in kg/mz, mean (SD) 25 4) 25 5) 23 3) 1.40 0.258
Postmenopausal at diagnosis, no. (%) 9 (60) 6 (40) - - 0.53 0.273+
Post- or perimenopausal at assessment, no. (%) 14 93) 6 (40) 4 (31) 13.39 0.001}
Days since end of chemotherapy/surgery, mean (SD) 28 (13) 36 12) - 2.79 0.106
Breast cancer stage, no. (%) - -

0-1 0 ) 8 (53) - - - -

2 6 (40) 6 (40) - - - -

3 9 (60) 1 €3] - - - -
Cancer treatment, no. (%)

Neo-adjuvant chemotherapy (EC + T) 8 (53) - - - - - -

Scheduled for radiotherapy 10 67) 9 (60) - - - -

Scheduled for anti-hormone therapy 8 (53) 12 (80) - - - -
High affinity binders, no. (%) 9 (60) 7 (53) 6 (46) 0.23 0.893t
Injected activity in MBq, mean (SD) 144 az) 144 (15) 142 (23) 0.09 0.917
FLAIR imaging features, mean mL (SD)

WML total volume 1.63 (1.19) 1.66 (1.16) 1.63 (0.92) 0.30 0.995

WML juxtacortical 0.04 (0.08) 0.04 (0.08) 0.05 (0.10) 0.06 0.940

WML periventricular 1.24 (0.93) 1.35 (0.94) 1.17 (0.78) 0.15 0.859

WML deep white matter 0.35 (0.54) 0.27 (0.29) 0.40 (0.63) 0.26 0.774

WML infratentorial 0.00 (0.01) 0.01 (0.01) 0.01 (0.02) 0.70 0.503
Neurofilament light chain, mean pg/mL (SD) 401.4 (407.2) 19.06 (11.12) 15.03 (8.22) 59.57 1.9E-12

@ Group differences tested with ANOVA for continuous variables and chi-square tests for categorical variables (last indicated by t). Abbreviations: C- = chemo-
therapy-naive breast cancer patients, C+ = breast cancer patients treated with chemotherapy, HC = healthy controls, EC + T = 4 rounds of epirubicin 90 mg/m? +
cyclophosphamide 600 mg/m? and 4-12 rounds of paclitaxel 80 mg/m?, SD = standard deviation, WML = white matter lesions.

affinity via blood collection, after which those with low binding affinity
were excluded. The study was conducted in accordance with the
Declaration of Helsinki and was approved by the Commission for Med-
ical Ethics UZ/KU Leuven.

2.2. PET-MR acquisition

Participants underwent PET-MR neuroimaging, which has been
detailed previously [17]. Briefly, PET and MR images were simulta-
neously acquired on a hybrid 3 T GE SIGNA scanner (release MP26; GE
Healthcare, Milwaukee, USA) using an 8-channel high resolution GE
Signa MRI Brain Array (8HRBRAIN) Coil. MRI sequences included (1) a
3-dimensional volumetric sagittal T1-weighted image (3D BRAVO), (2)
a zero-echo-time MR for PET attenuation correction, and (3) a 3-dimen-
sional T2-weighted FLAIR image (FOV: 256 x 256 x 268, voxel size: 1 x
1x0.7 mm®, TR/TE: 8400 ms/137.4 ms, flip angle: 90°). Simultaneously,
60 min dynamic PET scans were acquired in 3D list-mode after a bolus
injection of [ISF] DPA-714 (144 + 16 MBq), during which arterial
samples were manually collected to derive the arterial input curve and
parent free fraction.

2.3. Quantification of PET

To estimate neuroinflammatory levels in the brain, all participants
underwent ['®F]DPA-714 PET. For each individual, total distribution
volume (VT) parametric images were created with Logan graphical
analysis (LGA) [30]. To account for brain atrophy, region-based vox-
el-wise partial-volume correction (PVC) [36] was performed on these V1
images (PVC-V)(Freesurfer v6 [37]). Details of PET image processing
were described previously [17]. Given that lesions were often subtle or
located close to CSF- or cortex-borders, and we aimed to estimate tracer
uptake in lesions as specific as possible, PET images were not
post-smoothed.

2.4. Quantification of FLAIR

Lesion volumes were quantified based on anatomical MRI scans by
the ‘icobrain ms’ application of icometrix (https://icometrix.com/se
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rvices/icobrain-ms). Briefly, 3D T1 and FLAIR sequences were uploa-
ded to a secure web-based portal. MSmetrix, a probabilistic method for
lesion segmentation without requiring any training data, was then
applied in a fully automated fashion [38]. This resulted in segmentations
for juxtacortical, periventricular, deep white matter and infratentorial
lesions (McDonald criteria [39]), as well as a bias-field-corrected FLAIR.
Lesion segmentations were visually checked for accuracy by a radiolo-
gist. The output file included quantitative measurements for normalized
brain volume and FLAIR lesion volume.

2.5. PET x FLAIR

Next, lesions were subtracted from white matter segmentations to
create NAWM masks (as a reference area for tracer uptake) (Freesurfer
v6). For the total lesion, localized lesion and NAWM masks, mean [*8F]
DPA-714 PVC-Vt and Vr were extracted (Mrtrix3). Only lesions with > 2
voxels were further processed to avoid inclusion of random hyperintense
voxels. ['®FIDPA-714 V1 was not calculated in infratentorial lesions,
because of their minimal prevalence.

2.6. Statistical analyses

All statistical analyses were performed in R version 4.0.3. Normality
of the data was assessed with Shapiro-Wilk test and logarithmically
transformed when non-Gaussian. The threshold of significance was set
atp < 0.05, with Bonferroni correction for multiple testing. First, group
comparisons of WML volumes were performed by one-way ANOVA.
Second, ['®F]DPA-714 binding was compared within each group be-
tween the NAWM tissue and (total and focal) WMLs, using paired t-tests.
Finally, two general linear regression models were calculated to predict
1) total FLAIR white matter hyperintensity volume and 2) PVC [8F]
DPA-714 VT of “inflammatory lesions™ (i.e. lesions that showed higher
tracer uptake than the NAWM); based on NfL serum concentration and
age and additionally binder for the V1 model (high or medium affinity).
Outliers were defined as observations deviating >3 interquartile range
from Q1 or Q3 and removed for sensitivity analyses.


https://icometrix.com/services/icobrain-ms
https://icometrix.com/services/icobrain-ms

G. Schroyen et al.

3. Results
3.1. Lesion volumes

Two healthy control FLAIR scans were excluded due to motion ar-
tefacts. When comparing total FLAIR WML volume, as well as regional
juxtacortical, periventricular, deep white matter and infratentorial WML
volumes, none differed between groups (p > 0.05, F < 0.062) (Fig. 1 and
Table 1). After the exclusion of outliers, these results remained
unchanged.

3.2. Inflammation levels within lesions

When comparing [\®F]IDPA-714 V1 in NAWM and regional WML
within individuals per group, juxtacortical lesions showed a higher Vt
compared to NAWM, both for C+ patients (p = 0.002, t = 5.04, 54%
mean higher) and C- patients (p = 0.008, t = 3.90, 20% mean higher)
(Fig. 2 and Table 2). After PVC, these differences persisted only for C+
patients (p = 0.005, t = 4.30, 40% mean higher). After excluding the
outliers, results again remained unchanged. No differences between
lesion tracer uptake and NAWM were observed in HC participants.

3.3. Lesion volumes & inflammation levels predicted based on NfL

For all participants together, blood NfL concentration was not asso-
ciated with total FLAIR white matter hyperintensity volume (R? =
0.174, B = —0.261, t = 1.124, p = 0.268), nor with juxtacortical PVC
[‘8F]IDPA-714 V1 (R? = 0.342, p = 0.096, t = 2.090, p = 0.051), albeit a
trend is observable in the latter (Fig. 3).

4. Discussion

The present study explored the extent of leukoencephalopathy and
neuroinflammation as its potential underlying mechanism in a cohort of
breast cancer patients. Although no significant difference in WML
burden was encountered between the groups, we detected significantly
more TSPO expression, indicative of increased glial activity [40], in
juxtacortical WMLs compared to the NAWM, in the
chemotherapy-treated patients specifically.

4.1. White matter lesion burden was not higher in breast cancer patients
after chemotherapy

While earlier case series observed leukoencephalopathy during
combination chemotherapy (including 5-FU) for breast cancer [41-43],
we observed no differences in lesion load shortly after ending chemo-
therapy compared to chemotherapy-naive patients or healthy women.
This was the case for each lesion location (periventricular, deep white
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matter, juxtacortical, infratentorial), as well as for the total lesion load.
Our findings are in line with the few larger scale studies comparing
white matter hyperintensities in chemotherapy-treated patients,
compared to chemotherapy-naive patients and healthy controls [7,8,
44]. In contrast to findings in other oncological populations, e.g.
leukaemia patients [45], these results suggest no (acute) changes in
lesion burden in early-stage breast cancer patients (compared to con-
trols) after the currently applied chemotherapeutic regimens (i.e. often a
combination of 5-fluorouracil, epirubicin and/or cyclophosphamide).
However, comparable doses of cyclophosphamide, epirubicin and
paclitaxel (in our study 4 x 600 mg/m>2, 4 x 90 mg/m? and 4-12 x 80
mg/m?, respectively) did result in more WML in a twin case study, two
years after completion of chemotherapy [43]. This points to the possi-
bility of delayed induced leukoencephalopathy after treatment for
breast cancer, which may only be observed after a longer period. Breast
cancer patients might therefore still be at risk for accelerated WML
development in later ageing stages [46]. Lastly, although we did not
encounter more or larger lesions shortly after treatment, our results do
not exclude the possibility of more subtle white matter changes. When
investigating such subtle white matter microstructural changes, abun-
dant research has confirmed chemotherapy-associated changes in
diffusion-weighted parameters (e.g. fractional anisotropy, mean diffu-
sivity [7,8], or more recent fixel-based parameters [17]).

4.2. Increased glial activity in white matter hyperintensities

Neuroinflammation is increasingly recognized as an early event in
neurodegenerative processes [47]. In this study, elevated neuro-
inflammation (estimated based on TSPO tracer uptake representing
mainly astrocytic and microglial activation) was observed in juxtacort-
ical white matter lesions, but not in periventricular/deep WM lesions,
compared to the healthy WM. This finding was only the case for
chemotherapy-treated breast cancer patients, suggesting that neuro-
inflammation in WMLs might play a pathogenetic role in “chemobrain”
rather than simply reflecting an age-related effect. Chemotherapy is
known to increase pro-inflammatory cytokines [48], and activate as-
trocytes and microglia [49]. Given the important role of these resident
immune cells in oligodendrogenesis, it was suggested that neuro-
inflammation, more specifically activated microglia, could contribute to
the decreased WM integrity (and consequently observable WMLs) after
chemotherapy [49], which could be a potential underlying mechanism
of cancer related cognitive impairment. We indeed found elevated TSPO
tracer uptake in juxtacortical lesions in chemotherapy-treated patients
specifically. From a pathological perspective, Moore-Maxwell et al.
(2004) also demonstrated gliosis (astrocytes) and macrophage (micro-
glial) infiltration in several post-mortem brain autopsies of former
cancer patients (e.g. breast cancer) in lesioned areas (as measured on
T2-weighted scans in vivo) [22]. Similar to our chemotherapy-treated
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Fig. 1. Regional white matter lesion volumes. Abbreviations: C- = chemotherapy-naive breast cancer patients, C+ = breast cancer patients treated with chemo-

therapy, HC = healthy controls.
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Fig. 2. [*®F]IDPA-714 V1 in regional lesioned and normal appearing white matter. Only regions with a minimum of two voxels were evaluated.

%

paired t-test p-

value of <0.0125. Abbreviations: C- = chemotherapy-naive breast cancer patients, C+ = breast cancer patients treated with chemotherapy, dWM = deep white
matter lesions, HC = healthy controls, Juxt = juxtacortical lesions, NAWM = normal appearing white matter, PV = periventricular lesions, PVC = region-based voxel-

wise partial volume corrected, V = total volume of distribution.

Table 2
['®F]DPA-714 binding in FLAIR hyperintense regions.

PET characteristic C+ (n=15) paired t-test C- (n=15) paired t-test HC (n=13) paired t-test
t Puncorrected t Puncorrected t Puncorrected
Vr, mean (SD)
NAWM 1.20 (0.47) - - 1.14 (0.30) - - 1.10 (0.42) - -
total WML 1.17 (0.53) 1.87 1.11 (0.349) 1.54 0.145 1.09 (0.45) 0.87 0.402
periventricular WML 1.14 (0.49) 2.67 0.018 1.07 (0.349) 2.48 0.026 1.08 (0.46) 1.07 0.306
juxtacortical WML 1.91 (1.12) 5.04 0.002* 1.33 (0.36) 3.90 0.008* 1.42 (0.34) 2.58 0.049
deep white matter WML 1.23 (0.53) 0.75 0.467 1.16 (0.33) 1.54 0.146 1.13 (0.47) 0.32 0.756
PVC Vr, mean (SD)
NAWM 1.12 (0.42) - - 1.09 (0.28) - - 1.05 (0.39) - -
total WML 1.12 (0.42) 1.75 0.360 1.08 (0.32) 0.97 0.345 1.05 (0.39) 0.32 0.755
periventricular WML 1.09 (0.43) 2.62 0.020 1.07 (0.32) 1.61 0.129 1.04 (0.39) 0.39 0.706
juxtacortical WML 1.62 (0.99) 4.29 0.005* 1.20 (0.32) 2.86 0.029 1.28 (0.35) 1.86 0.122
deep white matter WML 1.12 (0.43) 0.23 0.821 1.07 (0.29) 0.52 0.613 1.06 (0.40) 0.08 0.932

Only regions with a minimum of two voxels were evaluated. * Surviving Bonferonni correction for comparing four outcomes (p < 0.0125).

Abbreviations: C- = chemotherapy-naive breast cancer patients, C+ = breast cancer patients treated with chemotherapy, FLAIR = fluid attenuated inversion recovery
sequence, HC = healthy controls, PET = positron emission tomography, PVC = region-based voxel-wise partial volume corrected, SD = standard deviation, V = total
volume of distribution, WML = white matter lesions, observed as hyperintense regions on FLAIR magnetic resonance imaging.

breast cancer population, increased glial expression in WMLs was also
found in MS [34] and in natalizumab-induced progressive multifocal
leukoencephalopathy [50], suggesting similar immune pathways to be
involved.

Of note, this effect was only encountered in juxtacortical lesions, not
in periventricular nor deep white matter. This could possibly be
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attributed to the different white matter microstructure of these different
regions. More specifically, juxtacortical white matter areas have U-fibers
(i.e. short association fibers), rather than long white matter tracts [51].
Furthermore, these areas myelinate later (i.e. 3rd-4th decade) than
periventricular or deep white matter. Hence, the observed higher
inflammation in juxtacortical lesions could possibly be explained by
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Fig. 3. Total white matter lesion volume and juxtacortical glial activation and their linear relationship with blood NfL concentration. Only juxtacortical regions with
a minimum of two voxels were evaluated. No associations were found (R? < 0.342, p > 0.05). Lines represent linear regression lines with shaded 95% confidence
intervals. Abbreviations: C- = chemotherapy-naive breast cancer patients, C+ = breast cancer patients treated with chemotherapy, HAB = high affinity binder, HC =
healthy controls, MAB = medium affinity binder, NfL. = neurofilament-light chain, PVC = region-based voxel-wise partial volume corrected, Vr = total volume of

distribution.

damage to oligodendroglia, rather than changes in myelin metabo-
lism/turnover, as these U-fibers only have a slow metabolism rate
(compared to periventricular and deep white matter areas) [52]. Such
damage to oligodendroglia preceded by microglial activation was
recently suggested by Gibson and Monje (2019) [13,49]. This study is
the first in vivo study in humans supporting this hypothesis, more spe-
cifically in juxtacortical areas in early-stage breast cancer patients after
chemotherapy.

4.3. Glial activity in juxtacortical lesions not associated with NfL

In our previous work, we observed higher NfL serum levels in
chemotherapy-treated patients as well as a positive relationship be-
tween NfL concentration and relative glial activation in grey matter
brain regions, indicating an association between neurotoxic and neu-
roinflammatory processes in (sub)cortical regions [17]. Additionally,
recent research in MS patients observed a microglia-specific protein,
measured from CSF, to be associated with NfL [32]. Moreover, this
inflammation-related protein was associated with total lesion volume
three years later, while this was not the case for NfL.

By contrast, in this study, we did not observe a significant association
between juxtacortical white matter glial activation and NfL serum levels
shortly after chemotherapy for breast cancer. Still, a trend of a linear
relationship was observable, and the effect was borderline non-
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significant. Future studies with a larger sample size could validate
whether this relationship would be confirmed. A possible explanation
why NfL levels were earlier associated with cortical inflammation [17],
but not inflammation in juxtacortical lesions, could be that tracer uptake
in the white matter is generally lower and less specific. Moreover, in the
aforementioned MS study (30), NfL. was extracted from CSF instead of
blood, which could also contribute to the lack of association with lesion
inflammation in our study [32]. Combined with our findings of lesion
loads being in the range of normal ageing, our results suggest that
increased neuroinflammation in white (and grey) matter potentially
precedes induced WM lesions, rather than simultaneously co-occurring.
Such order of mechanisms (i.e. inflammation, oligodendroglial cell
damage) as earlier suggested could also support the hypothesis of NfL to
change only after initial inflammation (rather than simultaneously). In
MS patients NfL indeed appeared to be an initial precursor of observable
lesions at a later timepoint [15]. Confirmation of such time-dependent
changes in oncological populations however requires longitudinal in-
vestigations to be conducted.

4.4. Limitations and future directions

The largest strength of this study is the use of the highly specific
second-generation TSPO tracer [18F]DPA-714, which allowed us to
study glial activation (e.g. neuroinflammation) in vivo. However,
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interpreting the cellular specificity of the TSPO signal still warrants
caution, since it can be driven by other factors such as expression on
astrocytes or endothelial cells, recruitment of monocytes and changes in
BBB permeability [53,54]. Currently, the best way to circumvent such
obstacles relies on kinetic modelling through wuse of the
metabolite-corrected arterial input function, as applied in this study.
However, the results of this pilot study should still be considered pre-
liminary and exploratory because of the small sample size and
cross-sectional design. For instance, lesions were not observed in all
participants and juxtacortical lesions were generally small, often
including a limited number of voxels, which could have influenced our
findings. Additionally, as TSPO uptake is known to be higher in grey
matter and consequently cortical regions [55], the higher juxtacortical
lesion uptake could partly be enhanced by cortical spill-over. However,
partial volume correction was applied to improve quantitative accuracy
of regional PET signal, which is assumed to provide a more reliable
representation of the underlying inflammation values [36]. Further-
more, lesions were stringently checked for accuracy by a radiologist and
imaging maps were corrected (only including the white matter). While
our results persisted after these corrections, additional research will be
necessary to confirm our findings. Lastly, since clinical characteristics
inherently differ between patient groups, differences observed between
patients cannot solely be attributed to treatment with chemotherapy,
but most likely reflect a combination of individual susceptibility, disease
status and subsequent treatment regime. Additionally, cardiovascular
risk factors for instance are known to influence presentation of white
matter hyperintensities on FLAIR images [56]. While groups were
matched for age and participants were excluded if a history of cere-
brovascular disease was known, other comorbidities such as obesity,
hypertension, diabetes mellitus and/or smoking could also have influ-
enced our results and therefore require further exploration.

Further studies are needed to confirm the interplay between leu-
koencephalopathy and neuroinflammation in cancer populations. Our
cross-sectional findings support the hypothesis that microglial activity
precedes WMLs, but this can only be validated by combining both im-
aging modalities over time. For instance, future research involving a
larger cohort of (breast) cancer patients who are longitudinally followed
with PET-MR imaging (e.g. evaluating subtle changes in longitudinal
lesion volumes, longitudinal PET acquisition with less invasive tracer
quantification [57] or more refined measurements of white matter
microstructure such as diffusion-weighted MRI), will yield important
results concerning observable leukoencephalopathy and its underlying
mechanisms in cancer survivors. While we did not observe associations
between NfL and leukoencephalopathy, earlier studies employing NfL
derived from CSF in other populations did [32], suggesting such values
could prove important biomarkers in future studies of populations who
receive CSF extraction in their clinical follow-up (e.g. leukaemia).

5. Conclusion

Based on this cross-sectional study, innate immune cell activation is
suggested to possibly be involved in the development of juxtacortical
WMLs after chemotherapy for early-stage breast cancer. This is the first
study estimating neuroinflammation in WMLs in this population in vivo,
using TSPO ['®FIDPA714-PET and automated lesion delineations.
Although lesion burden was not larger in patients compared to controls,
inflammation might precede lesion development after longer time in-
tervals, or be associated with more subtle changes in the white matter
microstructure. Longitudinal and preclinical studies are required to
validate these hypotheses and the time-dependency of specific toxic
events.
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