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A B S T R A C T

Many patients with cancer experience cancer-related cognitive decline (CRCD). Previous studies have shown that
elevated S100β, a calcium-binding protein commonly found in glial cells, can exhibit neurotoxic effects,
including disruption of the blood-brain barrier (BBB). We studied changes in S100β levels in patients with breast
cancer receiving chemotherapy, and the relationship to changes in cognitive function. A total of 505 women with
breast cancer (mean (sd) age; 53.4 (53.6)) and 336 age-matched controls without cancer (52.8 (10.3)) were
included from a nationwide study as part of the National Cancer Institute Community Oncology Research Pro-
gram (NCORP). Both groups provided blood samples and completed neurocognitive assessments within 7 days
before the patients with breast cancer received their first chemotherapy dose (pre-chemotherapy; T1) and within
1 month of their last chemotherapy administration (post-chemotherapy; T2). Utilizing a linear mixed model,
multivariate linear regressions, and Spearman rank correlations (rs), we investigated longitudinal changes in
serum S100β concentrations and their relationships to changes in neurocognitive outcomes over time. We
observed an increase in S100β for patients with breast cancer (p = 0.002), but not for controls without cancer
over time (p = 0.683). Additionally, we identified subtle relationships between increases in serum S100β and
worsening in cognitive performance on the Backward Counting test (rs = 0.11, p = 0.041) and self-reported
FACT-Cog Perceived Cognitive Abilities (rs = − 0.10, p = 0.025). Regression analyses adjusted for age, race,
body-mass index (BMI), education, menopausal status, anxiety, and depression revealed a trend remained for the
relationship of S100β with Backward Counting. In conclusion, we found that patients with breast cancer expe-
rience a significant increase in concentration of serum S100β over the course of chemotherapy. This increase is
correlated with worsening in some neurocognitive outcomes from pre-to post-chemotherapy, with trending re-
sults remaining following adjustment for covariates.

1. Introduction

In 2023, the American Cancer Society anticipated 1.9 million new
instances of cancer in the United States (Siegel et al., 2023), adding to

the already 18.1 million cancer survivors nationwide in 2022 (’Statis-
tics, Graphs and Definitions | Division of Cancer Control and Population
Sciences (Statistics, Graphs and Definitions, 2022)). Cancer-related
cognitive decline (CRCD), more commonly known as “chemo-brain” in
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the setting of chemotherapy, is an important clinical problem in which
patients experience deficits in cognitive domains including memory,
attention, and executive function (Yang and Hendrix 2018). A majority
of studies on CRCD prevalence have reported rates ranging from 15% to
75% of patients during treatment, with anywhere from 15% to 35% of
patients experiencing longer-lasting cognitive deficits post-treatment
(Areklett et al., 2022). This is notable as the 15%–35% of cancer pa-
tients (across all ages) estimated to have long-term CRCD is higher than
the 12% of older adults (65 and older) in the US diagnosed with
memory-related disorders (MRD) such as dementia and Alzheimer’s
Disease, for example (Qian et al., 2021).

The biological mechanisms underlying CRCD are not clearly under-
stood, yet identifying these mechanisms would help inform the devel-
opment of novel interventions to alleviate symptoms and provide
possible biomarkers to help identify patients at risk of cognitive decline.
We previously found that serum biomarkers of inflammation were
significantly associated with worse cognitive performance in women
with breast cancer in our cohort (Janelsins et al., 2022; Belcher et al.,
2022). It is not clear if this inflammatory response contributes to a
central nervous system (CNS)-mediated response, either directly or
indirectly. Recently, our group investigated molecular signatures asso-
ciated with CRCD to assess the impact of cancer and chemotherapy on
the CNS in a pre-clinical model. We found neuroinflammation following
systemic chemotherapy, suggesting a possible role for chemotherapy in
CNS neurotoxicity (Netherby-Winslow et al., 2023). We hypothesize
that one mechanism that may contribute to this finding is weakening of
the blood-brain barrier (BBB).

S100β found in serum in patients is a promising biomarker of po-
tential neural injury. Specifically, S100β is a calcium-binding protein
found primarily in glial cells (astroglia and Schwann cells) that aids in
the development of the CNS and recovery after neuronal injury (Yardan
et al., 2011). Although the family of S100 proteins maintains several
purposes, the function of S100β varies depending on its concentration.
At nanomolar concentrations, S100β has regulatory purposes and pro-
motes growth and survival of neurons in the cortex during CNS devel-
opment (Yardan et al., 2011; Astrand et al., 2013). At micromolar
concentrations, S100β can promote expression of inflammatory cyto-
kines – such as Interleukin 6 (IL-6) – which can induce apoptosis of
neurons in the CNS (Yardan et al., 2011; Astrand et al., 2013).

S100β has previously been studied in cancer, but few studies have
focused on chemotherapy for breast cancer. In patients with cancers
such as melanoma and lung cancer, serum S100β has been shown to be
associated with poorer prognoses and increased likelihood of relapse
and metastasis, including brain metastasis (Tarhini et al., 2009; Janka
et al., 2021; Chen et al., 2019; Choi et al., 2016). Yen et al. found a role
of tissue cultured S100β as a marker for degree of metastasis in breast
cancer (Yen et al., 2018). A small study conducted on lymphoma found
that patients treated with hyperosmotic BBB disruption and chemo-
therapy also had elevated levels of serum S100β, further suggesting its
role as a marker for BBB function (Kanner et al., 2003). Although S100β
normally has low expression in serum, it may serve as a biomarker in
CRCD due to its associations with BBB integrity following glial response

to injury (Kleindienst and Bullock 2006; Kadry et al., 2020; Oris et al.,
2021). Herein we investigate S100β as a potential biomarker of CRCD
symptoms due to its associations with BBB disruption.

Elevated levels of S100β have been shown to be related to worse
cognitive performance in patients with dementia and Alzheimer’s dis-
ease (Chaves et al., 2010), ischemic stroke (Li et al., 2023), chronic
stress-induced exhaustion disorder (Wallensten et al., 2022), and type-2
diabetes (Yu et al., 2020), amongst other disorders (Chen et al., 2017;
Jin et al., 2023; Polyakova et al., 2022; Prohl et al., 2007; Park et al.,
2020). Currently, however, little information is available correlating
biomarker concentrations with patient outcomes, specifically in the
context of CRCD. We hypothesized that S100β levels would increase in
patients with breast cancer from pre-to post-chemotherapy, and that a
greater increase in serum S100β levels would be correlated to worse
cognitive functioning (Fig. 1). We assessed longitudinal changes in
serum S100β levels in a nationwide cohort of breast cancer survivors
receiving chemotherapy compared to individuals without cancer serving
as controls assessed at equivalent times. We also report the relationship
between serum S100β concentrations with changes in cognitive out-
comes from pre-chemotherapy to post-chemotherapy in breast cancer
patients and at equivalent times for controls without cancer.

2. Methods

2.1. Participants and study design

Patients with breast cancer and age-matched individuals without
cancer serving as controls were recruited from 22 National Cancer
Institute Community Oncology Research Program (NCORP) locations
nationwide for a prospective longitudinal cohort study with the primary
objective of assessing CRCD (URCC10055) (Janelsins et al., 2018). The
methods of this study have been previously described by prior work
from our group (Janelsins et al., 2018). Briefly, eligibility for patients
with breast cancer included women with a confirmed non-metastatic
breast cancer diagnosis Stage I-IIIC who were scheduled to begin
chemotherapy, chemotherapy naïve, age ≥21 years, no CNS disease, no
neurodegenerative disease, no recent major psychiatric illness leading to
hospitalization, and no plan to receive concurrent radiation therapy
from pre-to post-chemotherapy. Similarly, age-matched (within 5-years)
female control participants without cancer met all eligibility criteria
except the first two (Janelsins et al., 2018).

This study was approved by the University of Rochester institutional
review board (IRB) and the IRB of each NCORP; all participants pro-
vided informed consent. Both groups provided blood samples and
completed neurocognitive assessments within 7 days before the patients
with breast cancer received their first chemotherapy administration
(pre-chemotherapy; T1) and within 1 month of their last chemotherapy
administration (post-chemotherapy; T2) (Janelsins et al., 2018). Par-
ticipants self-reported demographic information via on-study forms, and
relevant clinical information was abstracted from the participants’
medical records.

964 patients were originally consented from previous research by

Fig. 1. Proposed mechanism of cancer-related cognitive decline (CRCD).
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our group (Janelsins et al., 2018), 21 of whom were removed before
baseline analysis due to being overwhelmed or having a medical issue.
Of the 943 patients used for analysis, we included 580 patients with
breast cancer and 363 controls. 505 and 336, respectively, provided a
serum sample at both timepoints and are included in the analysis of this
current investigation (Fig. 2).

2.2. Serum sample collection & analysis

Serum was stored at -80◦C until analysis. Serum S100β concentra-
tions (pg/mL) were analyzed using Millipore Sigma enzyme-linked
immunosorbent assays (ELISA) kits (EZHS100В− 33K) at the Cancer
Control and Psychoneuroimmunology Lab. Serum available at T1 and T2
from the same patient were included on the same 96-well plate and run
in duplicate for each sample. We reported the average concentration of
duplicate samples. Samples with coefficients of variability (CV) of over
20% were assayed a second time to get appropriate serum S100β con-
centrations if possible, or excluded from analyses if the CV was >20%.
Final serum S100β concentrations used for analysis had a CV below the
20% threshold and no values were below the lower limit of detection
(LLOD).

2.3. Neurocognitive assessments

Participants completed a standard neurocognitive battery including
computerized, paper, and phone measures of memory, attention, and
executive function, as previously reported (Janelsins et al., 2018). For
the current exploratory analyses, to minimize multiple comparisons, we
included neurocognitive outcomes where patients performed signifi-
cantly worse than controls pre-to post-chemotherapy (T1 to T2) in our
previous research (Janelsins et al., 2018, Janelsins et al., 2022).
Computerized cognitive assessments included items from the Cambridge
Neuropsychological Test Battery (CANTAB) (Vardy et al., 2015; Russo
et al., 2003; Fray and Robbins, 1996; Robbins et al., 1994; Sahakian and
Owen, 1992): the Verbal Recognition Memory (VRM) task (Verbal
Recognition Memory (VRM), n.d.) and the One Touch Stockings of
Cambridge (OTS) (One Touch Stockings of Cambridge (OTS), n.d.).

Paper-based cognitive assessments included the Hopkins Verbal
Learning Test-Revised (HVLT-R) for both immediate and delayed recall
(Benedict et al., 1991; Brandt and Benedict, 2001), the Trail Making Test
– Part A (TMT-A) (Ciolek and Lee 2020; Bowie and Harvey, 2006; Rei-
tan, 1958), and the Controlled Oral Word Association test (COWA)
(Kemenoff et al., 2002; Benton and Sivan, 1978; Ruff et al., 1996; Lezak
et al., 2004). Telephone-based cognitive assessments included the Brief
Test of Adult Cognition by Telephone (BTACT); namely Backward
Counting, Digits Backward, and Category Fluency tests (Lachman et al.,
2014; Tun and Lachman, 2006).

2.4. Patient-reported outcomes

On a Likert scale (0–10), participants self-reported severity of indi-
vidual symptoms via single-items on a symptom inventory, including
remembering things, concentration, paying attention, ability to multi-
task, and ability to plan things, among other items. Additionally, we
used four sub-scales of the self-reported Functional Assessment of Can-
cer Therapy – Cognitive Function (FACT-Cog) questionnaire: Perceived
Cognitive Impairments (PCI), Comments from Others, Perceived
Cognitive Abilities (PCA), and Impact on Quality of Life (QOL). Subse-
quently, we calculated a cumulative FACT-Cog Total score by summing
all four sub-scales for each patient (FACT-Cog. Functional Assessment of
Cancer Therapy – Cognitive Function, n.d.).

Participants also self-reported levels of anxiety via the State-Trait
Anxiety Inventory for Adults (STAI) (Spielberger and Gorsuch 1983).
Additionally, we collected participants’ self-reported ratings of depres-
sion via Question 21 (“I feel depressed”) of the Multidimensional Fatigue
Symptom Inventory – Short Form (MFSI-SF) (Stein et al. 1998, 2004).

2.5. Statistical analysis

Baseline differences in demographic characteristics between patients
with breast cancer and controls without cancer were compared using
chi-squared tests (Table 1). Because the distribution of serum S100β
concentrations was skewed, the serum S100β concentration transformed
by the natural logarithm values were used for any statistical modeling or

Fig. 2. Consort diagram of study participants used for analysis. 964 patients were originally consented for an investigation previously done by our group (Janelsins
et al., 2018), but were omitted from analysis for being overwhelmed (n = 16) or due to a medical issue (n = 5).
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hypothesis testing. Tabulated and reported means and standard de-
viations of serum S100β concentrations are based on original values
before transformation.

Differences in baseline serum S100β concentrations across de-
mographic characteristics (at T1) for patients with breast cancer were
compared using linear regression models, where characteristic data
served as the predictor of the outcome for serum S100β concentration at
baseline. Linear mixed models were used to evaluate group differences
between patients and controls in log-transformed serum S100β con-
centrations at T1 and T2. For our change analysis, we calculatedΔS100β
by subtracted participant serum S100β concentration at T2 by their
serum S100β concentration at T1. A linear mixedmodel was then used to
evaluate whether there were group differences between patients and
controls in how much serum S100β concentrations changed from T1 to
T2. As this is an analysis of a prospective observational study of parallel
cohorts of patients with breast cancer undergoing chemotherapy
compared to individuals without cancer, a linear mixed model of log

transformed S100β was used to analyze differences of biomarker con-
centration over time from T1 to T2 within each group separately.

Spearman Rank Correlations were used to assess the strength and
direction of associations between changes in serum S100β concentra-
tions and neurocognitive outcomes. Multivariate linear regression
models were conducted to estimate the magnitude of effect for changes
in cognitive outcomes associated with changes in serum S100β con-
centration while adjusting for covariates including age, race, body mass
index (BMI), education, menopausal status, anxiety, and depression, as
these are related to S100β concentrations (Oris et al., 2021; Gannon
et al., 2020; Steiner et al., 2010; Arora et al., 2019; Schroeter et al.,
2013; Navinés et al., 2022; Arolt et al., 2003) and/or were character-
istics that exhibited statistically significant differences between groups
at baseline (Table 1).

This is an exploratory analysis focused on identifying whether in-
dicators of blood-brain barrier damage may be associated with CRCD.
Analyses were considered hypothesis generating. Therefore, we did not
adjust for multiple comparisons, and any associations noted should be
interpreted cautiously. Additionally, a complete-case analysis was used
to handle missing neurocognitive data. All statistical data analyses were
performed in R Statistical Software (v.4.2.2; R Core Team, 2022) and
RStudio (v.2023.6.1.524; RStudio Team, 2023).

3. Results

Characteristics of The Study Population. Retention of participants was
87.1% for patients with breast cancer and 92.6% for controls without
cancer. All analyses contained all available data. Missing data were not
common, except with the Brief Test of Adult Cognition by Telephone
(BTACT), as a result of inability to contact participants by telephone; we
had 132 participants without available phone-based cognitive assess-
ment data for at least one timepoint.

Baseline Characteristics. Baseline characteristics at T1 showed that
there were more non-white patients with breast cancer compared with
controls (p = 0.009, Table 1). Controls without cancer had more par-
ticipants who were perimenopausal (p = 0.043, Table 1). Also, we
recruited more high school-educated patients with cancer (p <0.001,
Table 1). Finally, based on BMI, more patients with breast cancer were
considered obese compared to their control counterparts (p = 0.005,
Table 1). Participant characteristics were not different – where groups
showed no statistically significant differences – in respect to age (mean
age at T1 (sd); Patients with breast cancer: 53.4 (10.6); Controls without
cancer: 52.8 (10.3)) and marital status (Table 1). This was expected as
the controls without cancer were age-matched to the first 363 patients
with breast cancer recruited and consented to the study. However,
another 217 patients with breast cancer were recruited after this age-
matching process. For further analysis of the baseline participant de-
mographic characteristics, refer to Table 1. Of the 580 patients with
breast cancer, we retained 505 subjects who provided serum at both
timepoints; leaving 75 patients that were not included in our analyses.
Supplemental Table 1 provides a comparison of demographic and clinic
characteristics of patients with breast cancer that were retained in our
analyses compared to those that were not retained. Of note, more pa-
tients with breast cancer that were not retained in our analyses were
missing information regarding their treatment regimen (p <0.001,
Supplemental Table 1). There were differences between those retained
compared to those not retained in our analyses in regard to the stage of
their cancer at baseline, however this did not reach the threshold of
significance (p = 0.051, Supplemental Table 1). Otherwise, all charac-
teristics between the two groups were similar.

Baseline Serum S100β Concentrations by Patient Characteristics. Base-
line S100β concentration was elevated in non-white patients with breast
cancer (p <0.001, Table 2) and also in patients categorized as obese
(BMI ≥30 kg/m2)(p = 0.043, Table 2). There were no differences in
serum S100β concentrations across categories of age, menopausal status,
marital status, education, stage, treatment regimen, or smoking status in

Table 1
Demographic and clinical characteristics of URCC 10055 nationwide longitu-
dinal cohort participants.

Characteristic Count (%) a p-value

Patients Controls

n = 505 n = 336

RACE 0.009
White 454 (89.9) 319 (94.9)
Non-White 51 (10.1) 17 (5.1)

AGE
≥65 81 (16.0) 44 (13.1) 0.240
<65 424 (84.0) 292 (86.9)
Mean ± SD 53.4 ± 10.6 52.8 ± 10.3

MENOPAUSAL STATUS 0.043
Premenopausal 157 (31.1) 93 (27.7)
Perimenopausal 35 (6.9) 42 (12.5)
Postmenopausal 268 (53.1) 168 (50.0)
Medically Induced 45 (8.9) 33 (9.8)

MARITAL STATUS 0.300
Single 37 (7.3) 28 (8.3)
Widowed 26 (5.1) 15 (4.5)
Divorced/Separated 74 (14.7) 35 (10.4)
Married/Living as Married 368 (72.9) 258 (76.8)

EDUCATION <0.001
High School GED or Lower 123 (24.4) 39 (11.6)
Partial College/University 171 (33.9) 144 (42.9)
College/University 119 (23.6) 104 (31.0)
Graduate School 92 (18.2) 49 (14.6)

BODY-MASS INDEX (BMI) 0.005
Underweight/Healthy 142 (28.1) 105 (31.3)
Overweight 124 (24.6) 109 (32.4)
Obese 239 (47.3) 121 (36.0)
Unknown 0 (0.0) 1 (0.3)

ANXIETY (STAI) <0.001
Mean ± SD 35.6 ± 12.1 28.1 ± 9.2

DEPRESSION (Q21, MFSI-SF) <0.001
Mean ± SD 0.6 ± 0.9 0.4 ± 0.8

STAGE
1 134 (26.5)
2 255 (50.5)
3 95 (18.8)
Unknown 21 (4.2)

REGIMEN
Anthracycline 242 (47.9)
Non-Anthracycline 261 (51.7)
Unknown 2 (0.4)

SMOKING STATUS
Non-Smoker 43 (8.5)
Former Smoker 108 (21.4)
Current Smoker 63 (12.5)
Unknown 291 (57.6)

NOTE: Stage, treatment regimen, and smoking status data were unavailable for
controls without cancer.
a P-values were calculated using Chi-Squared test.
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patients with breast cancer.
Changes in Serum S100β concentrations in Patients and Controls. There

were no statistically significant differences in serum S100β concentra-
tions between patients and controls at either T1 (p = 0.078, Table 3) or
T2 (p = 0.917, Table 3). However, patients with breast cancer had a
statistically significant increase in serum S100β concentration over time
(mean T1 to T2 change in S100β (SE) pg/mL: 3.5 (2.12), p = 0.002,
Table 3), while no increase was observed for controls without cancer
(-2.4 (2.60), p = 0.683, Table 3) resulting in a significant difference
between patients and controls (p = 0.022, Table 3) in change from T1 to
T2.

Changes in Cognitive Function Associated with Changes in Serum S100β
concentration in Patients. Using Spearman rank correlations, we found
small but significant relationships between changes in serum S100β and
changes in some neurocognitive outcomes (Table 4). Increases in S100β
concentration over time were associated with worse performance over
time on the Backward Counting task (r = 0.110, p = 0.041, Table 4) and
FACT-Cog PCA (r = -0.100, p = 0.025, Table 4). After adjusting for age,
race, BMI, education, menopausal status, anxiety, and depression in
linear regression models, the relationship in changes in serum S100β
concentration from T1 to T2 with changes in neurocognitive outcomes
were no longer statistically significant; however, association of
increased serum S100β concentrations with a worsened backward
counting (β = 0.0116, t(373)= 1.839, p= 0.067, Table 4) retained trend
in the linear regression model.

4. Discussion

The goal of this study was to assess longitudinal changes in S100β
concentration, a marker of neural injury and neuroinflammation, and its
correlation with neurocognitive outcomes among patients with breast
cancer over time. This is an exploratory hypothesis-generating study,
and our findings lend insight into a potential mechanism underlying
CRCD experienced by patients with breast cancer. We report that pa-
tients with breast cancer experienced a statistically significant increase
in concentration of serum S100β during chemotherapy, while controls
without cancer did not experience significant change in S100β over the
same period of time. This increase in serum S100β for patients with
breast cancer had negative associations with some of the neurocognitive
outcomes as shown in the spearman rank correlations. However, once
adjusted for relevant covariates such as age, race, BMI, education,
menopausal status, anxiety, and depression, serum S100β concentration
was no longer a statistically significant predictor of cognitive assessment
performance. Further investigation of S100β may guide our under-
standing of its role in CRCD and has the potential to contribute to the
development of interventions for various CRCD phenotypes sustained by
patients.

We observed significant correlations between S100β and each a
backward counting test and patient-reported perceived cognitive abili-
ties, but not for other neurocognitive assessments used in this investi-
gation. However, these associations were no longer statistically
significant once we adjusted for covariates in a linear regression model,
revealing a trend in the anticipated direction of increased S100β asso-
ciated with poor neurocognitive outcomes. The goal of the BTACT
backward counting task we used is to see how quickly participants can
count backwards from 100 by 1s without omitting any numbers in the
sequence. Backward counting measures aspects of processing speed,
attention, and working memory. Further validation studies are needed
to confirm these associations and multiple timepoints are needed to
assess the changes of S100β in the context of CRCD.

One possible explanation for the lack of statistical significance in our
models is that S100β may be an acute biomarker for CRCD in patients
with breast cancer. This is a challenge when interpreting findings in
existing literature since there is no optimally identified time window for

Table 2
S100β concentration by patient with breast cancer characteristics at T1.

Characteristic Mean S100β (pg/mL) (SD) ap-value

RACE <0.001
White 41.0 (39.3)
Non-White 64.4 (39.3)

AGE 0.936
≥65 40.8 (24.7)
<65 43.9 (42.2)

MENOPAUSAL STATUS 0.203
Premenopausal 38.1 (23.3)
Perimenopausal 44.3 (29.8)
Postmenopausal 44.1 (31.8)
Medically Induced 56.9 (96.2)

MARITAL STATUS 0.099
Single 46.4 (27.9)
Widowed 68.1 (115.1)
Divorced/Separated 44.5 (30.2)
Married/Living as Married 41.1 (31.3)

EDUCATION 0.828
High School GED or Lower 41.6 (26.7)
Partial College/University 46.6 (53.8)
College/University 43.0 (37.0)
Graduate School 40.2 (25.6)

BODY-MASS INDEX (BMI) 0.043
Underweight/Healthy 36.6 (17.9)
Overweight 42.6 (40.5)
Obese 47.8 (47.9)

STAGE 0.907
1 45.8 (59.1)
2 43.0 (32.0)
3 42.4 (27.2)
Unknown 36.9 (19.8)

REGIMEN 0.907
Anthracycline 42.0 (31.2)
Non-Anthracycline 44.7 (46.7)
Unknown 32.3 (19.5)

SMOKING STATUS 0.977
Non-Smoker 46.8 (43.6)
Former Smoker 39.5 (26.9)
Current Smoker 46.1 (44.2)
Unknown 43.7 (42.5)

a p-values are assessing if serum concentration of S100β at timepoint 1 (T1)
differ by patient characteristics (e.g., age). Derived from univariate linear
regression models with log-transformed concentration of S100β at T1 as the
dependent variable (outcome) and each characteristic the independent variable
(predictor).

Table 3
Comparison of S100β concentrations in patients with breast cancer and non-cancer controls.

Timepoint Mean S100β (pg/mL) (SE)

S100β ln(S100β)

Patients (n = 505) Controls (n = 336) Patients – Controls Patients (n = 505) Controls (n = 336) Patients – Controls p-valuea

Pre-Chemotherapy (T1) 43.4 (2.01) 46.2 (2.46) -2.85 (3.18) 3.56 (0.027) 3.63 (0.033) -0.076 (0.043) 0.078
Post-Chemotherapy (T2) 46.9 (2.01) 43.8 (2.46) 3.07 (3.18) 3.63 (0.027) 3.62 (0.033) 0.004 (0.043) 0.917

ΔS100β (T2 – T1) 3.5 (2.12) -2.4 (2.60) 5.92 (3.36) 0.07 (0.022) -0.01 (0.027) 0.080 (0.035) 0.022
p-valueb 0.002 0.683

a Between Group linear mixed model of log-transformed S100β.
b Within Group linear mixed model of log-transformed S100β.
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Table 4
Spearman correlation and linear regression model for S100β & neurocognitive outcomes for patients with breast cancer.

Domain & Test Better Score n Pre- to Post-Chemotherapy (T2 – T1)

Spearman Rank Correlation Linear Regression

r p-value β [95% CI] p-value

Memory
Computer
CANTAB VRM Higher (+) 496 -0.078 0.084 2.20E-04 [-1.79E-03, 2.23E-03] 0.830

Paper
HVLT-R (immediate recall) Higher (+) 498 0.036 0.417 1.69E-03 [-4.02E-04, 3.77E-03] 0.113
HVLT-R (delayed recall) Higher (+) 489 0.026 0.560 -7.72E-06 [-2.97E-03, 2.96E-03] 0.996

Self-Reported Level of Difficulty
Sing Item Memory Lower (-) 497 0.062 0.170 9.50E-04 [-2.82E-03, 4.72E-03] 0.621

Attention
Paper
TMT A (CTMT 1) Lower (-) 496 0.018 0.697 1.27E-02 [-8.57E-03, 3.40E-02] 0.241

Telephone
Backward Counting Lower (-) 373 0.110 0.041 1.16E-02 [-8.06E-04, 2.40E-02] 0.067

Self-Reported Level of Difficulty
Single Item Attention Lower (-) 496 0.066 0.144 8.03E-04 [-3.11E-03, 4.72E-03] 0.687

Executive Function
Computer
CANTAB OTS of Cambridge Lower (-) 494 0.019 0.680 9.32E-05 [-3.15E-04, 5.01E-04] 0.654

Paper
COWA Higher (+) 497 -0.072 0.108 -2.64E-03 [-6.69E-03, 1.41E-03] 0.201

Telephone
Digits Backward Higher (+) 373 -0.015 0.775 3.59E-05 [-2.48E-03, 2.55E-03] 0.978
Category Fluency Higher (+) 373 0.006 0.916 6.74E-04 [-5.53E-03, 6.87E-03] 0.831

Self-Reported Level of Difficulty
Single Item Executive Function Lower (-) 496 0.077 0.088 9.70E-04 [-3.37E-03, 5.31E-03] 0.661

Self-Reported (FACT-Cog)
Perceived Cognitive Impairments Higher (+) 499 -0.038 0.397 -2.04E-02 [-5.16E-02, 1.08E-02] 0.200
Comments from Others Higher (+) 498 -0.042 0.350 -3.06E-03 [-7.13E-03, 1.01E-03] 0.140
Perceived Cognitive Abilities Higher (+) 499 -0.100 0.025 -1.01E-02 [-2.51E-02, 4.92E-03] 0.187
Impact on Quality of Life Higher (+) 498 -0.001 0.979 -1.25E-03 [-1.20E-02, 9.51E-03] 0.820
Total Higher (+) 497 -0.059 0.190 -3.46E-02 [-8.59E-02, 1.67E-02] 0.186

NOTE: Spearman Rank Correlation estimated relationships between changes in serum S100β and changes neurocognitive assessments. Linear regression estimated association of changes in cognitive outcomes with
ΔS100β after adjusting for age, race, BMI, education, menopausal status, anxiety, and depression. β (95% CI) & p-values reported from S100β effect.
Abbreviations: ’CANTAB VRM’ = Cambridge Neuropsychological Test Automated Battery, Verbal Recognition Memory; ’HVLT-R’ = Hopkins Verbal Learning Test-Revised; ’TMT-A’ = Trail Making Test (Part A);
’CANTAB OTS’ = Cambridge Neuropsychological Test Automated Battery, One Touch Stockings of Cambridge; ’COWA’ = Controlled Oral Word Association Test; ’FACT-Cog’ = Functional Assessment of Cancer Therapy -
Cognitive Function.
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assessing peripheral levels of S100β which may vary based on the insult
studied. For example, Bouvier et al., investigated S100β′s utility for
diagnosing concussions in rugby players measuring serum samples at 2
and 36 h after a match. Increases of S100β correctly identified concus-
sion with 100% sensitivity and 81% specificity (Bouvier et al., 2017),
respectively. The use of these acute timepoints support the notion that
serum S100β may be highest after acute injury. To address this hy-
pothesis, we could study S100β during chemotherapy, just prior and
following each chemotherapy infusion.

We focused our investigation on the calcium-binding protein S100β
due to its role in various systemic processes once it has entered pe-
ripheral blood following CNS injury. Although we did not look at further
downstream targets of these metabolic pathways, we acknowledge these
may be important factors to study in relation to the role of S100β in
CRCD. In the setting of brain injury, disease, or inflammation, extra-
cellular S100β, secreted from astrocytes or released from damaged as-
trocytes and neurons, can interact with receptor for advanced glycation
end products (RAGE): a pathway that regulates the assembly of tight
junction proteins of the BBB (Yardan et al., 2011; Krishnan et al., 2020).
The resultant hyperpermeability of the BBB can facilitate neurotoxic
effects via interaction of multiple biological pathways that can result in
deficits characteristic of a number of neurodegenerative diseases, and,
for the purposes of this study, CRCD in cancer patients.

The subsequent S100β/RAGE binding can elicit downstream effects
of mitogen-activated protein kinase (MAPK) pathways. The MAPK-
dependent kinase cascade then promotes further downstream effects
such as promoted expression of inflammatory cytokines, chemokines,
and reactive oxygen species (ROS) (Garcia et al., 2022). The upregula-
tion of these biomolecules may promote endogenous neuro-
inflammation and ultimately microglial damage or death. These
pathways are similar to preclinical model reports of increased neuro-
inflammation and oxidative stress (Zou et al., 2022; Bialowas-McGoey
et al., 2008). Overall, it is a biomarker of interest due to its low
expression in serum, unless in the setting of possible BBB disruption.

The strengths of this study include a large, nationwide longitudinal
cohort from 22 participating NCORP facilities. Our sample was recruited
from nationwide community oncology sites that were not in academic
medical centers, increasing generalizability; this patient population is
representative of where the majority of breast cancer patients are
treated. Additionally, the use of multiple cognitive outcomes for mem-
ory, attention, and executive function at pre- and post-chemotherapy
timepoints expands the scope of focus for the questions proposed.
Cognitive outcomes of age-matched, controls without cancer of the same
sex were measured at the same times in parallel to patients with breast
cancer, strengthening the reliability and validity of our group compar-
isons. This study had excellent retention for analysis of participants who
were consented. Additionally, being a nationwide study, the data is
geographically expansive.

There are also limitations to this work, as well as opportunities for
future research. As with many clinical investigations, we found that
while the cohort had high retention and was diverse with respect to
educational attainment and geography, the enrollment of racial and
ethnic minority populations was low, despite being a nationwide study.
Although non-white patients comprised less than 15% of our enroll-
ment, racial and ethnic diversity can be enhanced to better represent the
population. We also acknowledge that social and environmental factors
may have been more limited. We recognize factors such as depression,
anxiety, and fatigue may affect cognitive performance in the context of
cancer and CRCD. Relationships between these factors, S100β, and
cognitive function should continue to be addressed in future studies.
Already, S100β has known associations with depression and anxiety
(Arora et al., 2019; Schroeter et al., 2013; Navinés et al., 2022; Arolt
et al., 2003), although few have assessed this association in the specific
context of cancer as we have in our current investigation. The explor-
atory analysis is hypothesis generating, and we did not control for the
family-wise error to minimize Type II error. This study focused on

patients with breast cancer, although, we are currently accruing a
lymphoma cohort with a similar study design that will be used to
compare findings between men and women and between tumor types.
Additionally, we may have been underpowered to detect some associ-
ations due to the small effect sizes and missing data for some cognitive
test. As mentioned above, we are currently investigating the impact of
individual chemotherapy cycles to increase S100β, to enable relative
comparisons with the pre-to post-chemotherapy changes presented
herein.

In summary, we have conducted a nationwide study that identified
correlations of increased S100β concentration in serum with poorer
outcomes on some cognitive assessments from pre-to post-chemo-
therapy. S100β is likely only part of the mechanism leading to CRCD.
There is the possibility that potential drivers of CRCD include a com-
bination of astrocyte activation, neuronal injury, leaky BBB, neuro-
inflammation, and other factors that contribute to cognitive decline
experienced by patients with breast cancer who have undergone
chemotherapy; these should be considered in future research. Our
findings altogether aid the investigation of the possible mechanisms
underlying CRCD symptoms experienced by patients with breast cancer.
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