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Reduced cognition is often reported by breast cancer patients and survivors, but the mechanisms for this decline
are yet to be determined. We compared the differences in cerebrovascular function and cognition in breast cancer
survivors (n = 15) and cancer-free women (n = 15) matched by age and body mass index. Participants undertook
anthropometric, mood, cardiovascular, exercise performance, strength, cerebrovascular, and cognitive mea-
surements. Transcranial Doppler ultrasound was used to measure the cerebrovascular responsiveness (CVR) to
physiological (hypercapnia; 5% carbon dioxide) and psychological stimuli. Breast cancer survivors had a lower
CVR to hypercapnia (21.5 &+ 12.8 vs 66.0 + 20.9%, P < 0.001), CVR to cognitive stimuli (15.1 &+ 1.5 vs 23.7 +
9.0%, P < 0.001) and total composite cognitive score (100 + 12 vs. 113 + 7, P = 0.003) than cancer-free women.
These parameters remained statistically different between the groups following adjustments for covariates using
an analysis of co-variance. We observed significant correlations between multiple measures and exercise capacity
the only variable positively correlated to all primary measures (CVR to hypercapnia, r = 0.492, P = 0.007; CVR to
cognitive stimuli 7 = 0.555, P = 0.003; and total composite cognitive score, r = 0.625, P < 0.001). In this study,
breast cancer survivors had lower cerebrovascular and cognitive function than age-matched cancer-free women,
which may be attributable to the effects of cancer and cancer treatment on brain health.

1. Introduction

Breast cancer is the most diagnosed cancer globally, and the second
leading cause of cancer death in women [1]. However, the rates of short-
and long-term survivorship are increasing, particularly in developed
countries such as Australia, where the current five year survival rate is
91.5% [2,3]. This is partly due to improved screening campaigns and
advanced breast cancer therapies, which have significantly reduced
mortality and recurrence [1]. Although the treatments for breast cancer
are effective in prolonging life, they can be associated with both short
and long-term side effects including reduced cognition, which is re-
ported by some breast cancer patients and survivors [4]. This can reduce
the ability of the brain to acquire, process, store and retrieve informa-
tion, in order to guide thoughts, actions and behaviours [5], thus

reducing their quality of life [6].

Up to 75% of breast cancer patients report cognitive decline during
treatment and into survivorship [7]. This is typically self-reported [8],
but several studies have objectively identified a decline in one or more
cognitive domains including processing speed [9], language [10],
attention [11], executive function [11], learning [12] and memory [13],
all of which can reduce quality of life [14]. However, there are no
studies that have objectively measured the total cognitive capacity of
breast cancer survivors. Existing studies have focused upon measuring
cognitive performance in only specific domains. This is a significant
limitation as measurements of total cognitive capacity better reflect
overall cognition [5] and demonstrate higher sensitivity and lower
intra-individual variability than individual measures in other ageing,
at-risk populations [15].

* Corresponding author. School of Health and Medical Sciences, University of Southern Queensland, Ipswich, Queensland, Australia.

E-mail address: Edward.Bliss@usq.edu.au (E.S. Bliss).

https://doi.org/10.1016/j.breast.2023.03.018

Received 30 January 2023; Received in revised form 24 March 2023; Accepted 30 March 2023

Available online 31 March 2023

0960-9776/Crown Copyright © 2023 Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:Edward.Bliss@usq.edu.au
www.sciencedirect.com/science/journal/09609776
https://www.journals.elsevier.com/the-breast
https://doi.org/10.1016/j.breast.2023.03.018
https://doi.org/10.1016/j.breast.2023.03.018
https://doi.org/10.1016/j.breast.2023.03.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.breast.2023.03.018&domain=pdf
http://creativecommons.org/licenses/by/4.0/

T.L. Downs et al.

Despite studies investigating the effect anti-cancer therapies have on
cognition, the mechanisms underlying how reduced cognition occurs in
breast cancer survivors have not been elucidated [16]. However, the
development of reduced cognition may be associated with a reduction in
cerebrovascular function, as it is well established that this precedes a
decline in cognition in older adults with cognitive impairment [17]. The
reduction in cerebrovascular function is associated with increased
oxidative stress and inflammation, thus impairing the regulatory
mechanisms associated with maintaining cerebral blood flow (CBF)
[18]. These mechanisms include the cerebrovascular responsiveness
(CVR) to increased neuronal metabolism (neurovascular coupling) and
environmental changes [18]. These changes are readily measured by
challenging an individual with either a physiological or psychological
stimulus [19]. Further, the chronic increase in oxidative stress and
inflammation, which is also observed in breast cancer, may exacerbate
the decline in cerebrovascular function [20] and explain the resultant
decline in cognitive function in breast cancer survivors.

Studies investigating the relationship between cerebrovascular
function and cognition in breast cancer survivors are limited. A recent
study demonstrated that breast cancer survivors treated with chemo-
therapy and radiotherapy (up to 20 years post-treatment) had lower
total CBF than cancer-free, age-matched women [21]. However, this
study was unable to demonstrate the impact of this decreased perfusion
on cognition, as they did not measure the CVR to any stimuli. Measuring
CBF alone does not reflect a physiological function, rather, it is the
responsiveness to stimuli which reflects the impact of this decreased
perfusion on overall brain health and cognitive function [17]. This
limitation is important as both cerebrovascular function and cognition
are interrelated and no studies to date have measured CVR to either
physiological or psychological stimuli in breast cancer survivors.

The aim of this preliminary cross-sectional study was to compare
cerebrovascular function and total cognition between breast cancer
survivors and cancer-free, age-matched women. We hypothesised, that
compared to non-cancer controls, breast cancer survivors would have
lower cerebrovascular function and total cognition.

2. Methods
2.1. Participants

Fifteen female survivors of stage I to III breast cancer and fifteen
females without a cancer diagnosis participated in the study. Partici-
pants were matched by age and body mass index (Table 2). Participants
were recruited from South-East Queensland, Australia between
February 2022 and September 2022 via an approved media campaign
that incorporated physical advertisement via media releases and social
media. For this study, a breast cancer survivor was defined as someone
who had completed their primary treatment (surgery, chemotherapy
and/or radiation therapy) and had no evidence of cancer. They were
within five years of the end of their primary treatment. Inclusion criteria
were: female breast cancer survivors and cancer-free women aged be-
tween 40 and 80 years. Exclusion criteria were: aged under 40 years or
over 80 years; current smoker; blood pressure >160/100 mmHg
(assessed during laboratory visitation); a significant history of cardio-
vascular, neurological or cerebrovascular disease. The Yale Physical
Activity Survey [22] and a customised health and wellbeing screen were
used to determine whether participants met the inclusion and/or
exclusion criteria, as well as their self-reported physical activity be-
haviours. Participants also completed a nutritional questionnaire
(Automated Self-Administered 24 h Dietary Assessment Tool; National
Institute of Health, Bethesda, MA, USA) shortly after their visit to esti-
mate energy intake over a typical 24 h period [23]. All study procedures
were approved by the University of Southern Queensland Research
Ethics Committee (H22REA103), which adheres to the Declaration of
Helsinki. Participants provided written, informed consent prior to
participation in the study.
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2.2. Experimental design

The study utilised a cross-sectional design. Participants visited the
laboratory on a single occasion and undertook anthropometric, cardio-
vascular, exercise performance, strength, cerebrovascular and cognitive
measurements and completed the Profile of Moods State questionnaire
(POMS). Scores for the POMS were calculated as previously described,
where lower values in the negative mood states and total mood distur-
bance indicated better mood, while higher values in the positive mood
states were associated with positive mood [24]. Participants were also
instructed to abstain from food, coffee, tea and other stimulants for 2 h
prior to testing. They were also requested to refrain from
moderate-vigorous intensity exercise for 24 h before each visit and to
take their daily supplements and medication, according to their normal
schedule.

2.3. Basal cerebral haemodynamics

Transcranial Doppler ultrasonography (TCD; DopplerBox X; Com-
pumedics DWL, Singen, Germany) was used to measure basal cerebro-
vascular haemodynamics, including minimum, maximum and mean
values for both middle cerebral artery velocity (MCAy) and cerebral
pulsatility, as well as CVR in response to hypercapnia and cognitive
stimuli following at least 10 min of quiet rest in a seated position
[25-27]. Participants were seated and fitted with a headpiece which
housed two 2-MHz TCD ultrasound probes that were fixed and aligned
bilaterally to the left and right cranial temporal bone windows to inso-
nate the MCA bilaterally at a depth of approximately 40-65 mm through
the transtemporal window using standardised techniques as previously
described [27,28]. Once a suitable blood flow signal was obtained,
participants were asked to sit quietly while basal measurements were
recorded for 30 s.

2.4. Cerebrovascular responsiveness to hypercapnia

Participants were subsequently challenged with a hypercapnic
stimulus for 3 min and monitored for another 1 min following removal.
This process was performed in duplicate following a 5 min rest period
(whilst participants breathed in room air) to ensure mean MCAy
returned to baseline values [25,26]. Participants breathed through a
two-way non-rebreathing valve (model 2730, Hans Rudolph, Kansas
City, MO, USA) whilst wearing a nose-clip. The inspiratory port of the
two-way valve was connected to 1 m of wide bore tubing distal to a 100
L Douglas bag which contained carbogen gas (5% carbon dioxide and
95% oxygen; Carbogen 5; BOC, Toowoomba, Australia). Flow was
measured from the expiratory port of the two-way valve using a pneu-
motachograph (MLT 1000 L; AD Instruments, Bella Vista, Australia)
which was calibrated with a 3 L syringe prior to the commencement of
each test. Volume was obtained by numerical integration of the flow
signal. End-tidal partial pressures of carbon dioxide (PprCO2) were
sampled from the expiratory port of the two-way valve connected to a
gas analyser (ADI ML206; AD Instruments, Bella Vista, Australia) that
was calibrated across the physiological range with known gas concen-
trations (BOC, Toowoomba, Australia). Flow and PgyCO- measurements
were sampled at 200 Hz using an 8-channel Powerlab analog-to-digital
converter (AD Instruments, Bella Vista, Australia) interfaced with a
computer and displayed in real time during testing. Data were stored for
subsequent offline analysis using LabChart software (version 7.2, AD
Instruments, Bella Vista, Australia).

2.5. Cognitive function and cerebrovascular responsiveness to cognitive
stimuli

Cognitive tests included the Trail Making Task Parts A and B and a
National Institute of Health (NIH) Toolbox, which is a battery of
cognitive examinations [26,29]. Table 1 describes the domains assessed
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Table 1
Summary of cognitive tests and the cognitive domains assessed in each task.

Test Domain Reference

Trail Making Task (TMT)

Parts A and B Central executive function [33,34]

National Institute of Health Toolbox

Dimensional Change Card Sort Test Cognitive flexibility and [15,35,
(DCCST) attention 36]

Picture Vocabulary Test (PVT) Language and crystallised [15,35,

cognition 36]

List Sorting Working Memory Test Working memory [15,35,
(LSWMT) 36]

Oral Reading Recognition Test Language and crystallised [15,35,
(ORRT) cognition 36]

Flanker Inhibitory Control and Attention and inhibitory [15,35,
Attention Test (FICAT) control 36]

Picture Sequence Memory Test Episodic memory [15,35,
(PSMT) 36]

Pattern Comparison Processing Speed  Processing speed [15,35,
Test (PCT) 36]

by the individual cognitive tests used in this study. An age adjusted total
composite cognitive function score was also derived from the NIH
Toolbox [30]. All NIH Toolbox test scores were automatically computed
within the program to control for examiner bias. The outputs for all tests
were normalised based on the participant demographics entered into the
program (age, education level, familial education history, sex, ethnicity
and occupation). The number of years participants spent in education
was also recorded using the NIH Toolbox. A full description of how these
tests are administered, how these scores are calculated and the valida-
tion of these tests and scores have been previously described in detail
[30-32]. All tests excluding the Trail Making Task were delivered using
an iPad (6th generation, Apple Inc, Cupertino, CA, USA). The CVR to
cognitive stimuli was assessed during each cognitive task and 30 s of
baseline data was recorded before the start of each cognitive task. Par-
ticipants were also asked to indicate their perceived level of stress and
mental fatigue using a digitised visual analog scale (Visual Scale; Bit
Genoma Digital Solutions SL, Badalona, Spain) pre and post cognitive
testing.

2.6. Data capture and processing for cerebrovascular responsiveness

Beat-to-beat measurements of MCAy were recorded onto software
(QL Reader; Compumedics DWL, Singen, Germany) sampling at 100 Hz
and were stored for subsequent offline analysis. If a bilateral signal was
not obtained, analysis took place with only the obtainable side. These
data were then normalised and analysed using Curve Expert Professional
software (Hyams Development, Chattanooga, TE, USA) to determine
peak MCAy, resting MCAy and resting cerebral pulsatility index (CPI).
CVR and CPI were calculated based on the equations [1,2] from previous
work [37-39].

peak systolic MCAv — end diastolic MCAv
mean MCAv during a cardiac cycle

CPI= [1]

peak MCAv — resting MCAv)
resting MCAv

CVR (%)= ( x 100 + resting CPI [2]

2.7. Anthropometrics

Participants were instructed to wear light clothing prior to testing
and subsequently asked to remove their shoes for measurements. Body
mass was measured to the nearest 100 g using an electronic scale (Tanita
Ultimate Scale 2000; Tokyo, Japan) and waist and hip circumferences
were recorded to the nearest 1 cm using a standard tape measure as
previously described [40]. Height was recorded to the nearest 1 cm
using a wall-mounted telescopic stadiometer (Seca220; Vogel & Halke,
Hamburg, Germany). Height, body mass and waist and hip
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circumference measurements were measured in duplicate and the mean
of the two measurements were analysed.

2.8. Cardiovascular function

Systolic and diastolic blood pressure, mean arterial pressure, heart
rate and arterial elasticity were measured non-invasively using a HDI/
Pulsewave™ CR-2000 Research Cardiovascular Profiling System (Hy-
pertension Diagnostics, Eagan, MN, USA) [41]. Prior to measurement,
participants rested in a seated position for 10 min. Four consecutive
readings were recorded approximately 5 min apart by an automated
oscillometer, using an appropriately sized blood pressure cuff over the
left brachial artery, to assess blood pressure. A tonometer was also
placed over the right radial artery, to assess heart rate and estimate
arterial elasticity, cardiac output and cardiac index by pulse wave
analysis [25,41]. The first reading was used to familiarise participants
with the procedure, and then discarded, and the mean of the three
subsequent readings was used for analysis.

2.9. Exercise performance and handgrip strength

Exercise performance was assessed using a 6 min walk test (6 MW T)
in accordance with published guidelines [42]. Handgrip strength was
determined using hand dynamometry as previously described [43].
Participants were permitted three attempts with their dominant and
non-dominant hands. The first reading for each hand was used to
familiarise participants with the procedure, and then discarded. The
second and third readings for each hand were each averaged and used
for analysis. Both the 6 MW T and handgrip strength measurements were
used to estimate endurance exercise capacity and whole-body strength
[42,43].

2.10. Statistical analysis

Statistical analyses were performed using SPSS for Windows (IBM,
Chicago, IL, USA). An initial power calculation was performed on the
basis of previous research that investigated the differences in CVR be-
tween aerobic exercise trained and untrained participants [44]. The
power analysis demonstrated that a sample size of 12 per group would
be required to detect a 5% difference in CVR between breast cancer
survivors and cancer-free participants (alpha = 0.05 and power = 0.8).
Normality of data was assessed using a Shapiro-Wilk test. Comparisons
between groups for anthropometric, cardiovascular, cognitive, exercise
performance, baseline cerebrovascular, baseline respiratory, both CVR
to hypercapnia and CVR to cognitive stimuli and strength measures were
determined using independent t-tests or Mann-Whitney U-tests for
parametric and non-parametric data, respectively. Between-group dif-
ferences for raw cerebrovascular (excluding CVR) and respiratory
measures were analysed using a two-way analysis of variance to deter-
mine the effects of ‘group’ (cancer vs. cancer-free) and ‘time’ (baseline
vs. peak during a challenge). Significant group x time interaction effects
were followed by planned pairwise comparisons between groups using
the Bonferroni method. Effect sizes were determined using Cohen’s
d using the following thresholds: <0.19 = trivial, >0.2 < 0.49 = small,
>0.5 < 0.79 = medium, and >0.8 = large [45]. Pearson’s product
moment correlation coefficient (parametric data) or Spearman’s
(non-parametric data) correlation analysis was used to examine the
relationship between variables and reported cut-off points to examine
these relationships were applied as previously described [46]. An
analysis of co-variance (ANCOVA) was performed using objective
(non-self-reported) measures that demonstrated a significant relation-
ship with the primary outcomes (covariates) as independent variables
and the primary outcomes (CVR to hypercapnia; CVR to cognitive
stimuli; total composite cognitive score) as dependent variables. These
objectives included average handgrip strength, 6 MW T distance, sys-
tolic and diastolic blood pressures, mean arterial pressure, large arterial
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compliance, heart rate, resting PrrCO», resting minute ventilation and
years of education. Statistical significance was set at P < 0.05. Data are
presented as means + SD.

3. Results
3.1. Participant characteristics

Participant characteristics are shown in Table 2. There were no dif-
ferences between the groups for age, height, weight and hip and waist
circumferences, and years spent in education. Cancer-free women had
higher handgrip strength (d = 0.86) and walked a longer distance during
the 6 MW T (d = 1.58) than breast cancer survivors. There were no
differences in self-reported physical activity levels between the groups,
except for participation in vigorous activity (d = 0.63) and standing time
(d = 1.21), which was higher in the cancer-free women. Breast cancer
survivors had a lower nutritional intake compared with cancer-free
women (d = 0.80). Fatigue was higher in breast cancer survivors than
cancer-free women (d = 0.85). There were five women currently taking
adjuvant treatment for their breast cancer.

3.2. Cardiovascular function

Cardiovascular function is shown in Table 3. Heart rate (d = 1.16),
systolic (d = 0.85) and diastolic (d = 1.12) blood pressures, mean

Table 2

Participant demographics, anthropometrics, grip strength, exercise perfor-
mance, nutritional intake and mood for breast cancer survivors and cancer-free
women. Values are means + SD.

Variable Breast cancer Cancer-free P value
survivors (n = 15) women (n = 15)

Demographics

Age (years) 63 + 10 63+ 7 1.000

Education (years) 17 £5 19+5 0.436

Currently prescribed 33% - -
adjuvant treatment (%)

Anthropometrics

Body mass (kg) 72.8 £16.3 73.1 £15.6 0.963

Height (m) 1.63 + 0.05 1.63 £ 0.05 0.967

Body mass index (kg/m?) 27.5+ 5.8 26.5 + 5.7 0.920

Hip circumference (cm) 108 +13 109 +£13 0.833

Waist circumference (cm) 91 +£12 94 + 14 0.367

Hip-to-waist ratio 0.9 +0.1 0.8 +£0.1 0.412

Grip strength

Dominant hand (kg) 22.2 + 6.3 27.6 £7.6 0.041

Non-dominant hand (kg) 20.6 + 4.6 25.8 +5.9 0.011

Mean (kg) 21.6 £5.0 26.7 £ 6.7 0.026

Exercise performance

6-min walk test distance 449 + 54 560 + 83 <0.001
(m)

Nutritional intake

Total energy intake (kcal) 1966 + 797 2675 + 952 0.049

Physical activity levels

Energy expenditure (kcal/ 6235 + 3207 8174 + 7320 0.650
min)

Vigorous activity index 6+ 12 17 + 22 0.043

Leisurely walking index 12+9 18 +13 0.185

Moving index 10+ 4 8+4 0.325

Standing index 3+2 6+2 0.004

Sitting index 2+1 3+1 0.105

Flights of stairs climber per 8 + 13 2+3 0.685
day

Seasonal adjustment score 1+0.1 1+0.1 0.185

Mood

Tension 9+5 6+5 0.151

Depression 11 +£10 8+ 10 0.174

Anger 9+7 77 0.653

Fatigue 12+ 6 7+6 0.027

Confusion 9+5 6+5 0.198

Vigour 16 £6 17+ 6 0.552

Total mood disturbance 34 + 30 18 + 34 0.196
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Table 3
Cardiovascular function for the breast cancer and cancer-free groups. Values are
means + SD.

Variable Breast cancer Cancer-free P
survivors (n = 12) women (n = 15) value

Heart rate (beats/min) 78 £10 68+ 8 0.008

Cardiac output (L/min) 4.1 +1.0 4.6 £ 0.8 0.183

Cardiac index (L/min/m?) 2.3 + 0.4 2.6 +0.4 0.277

Systolic blood pressure 137 +£13 126 + 12 0.043
(mmHg)

Diastolic blood pressure 78 +7 69+ 8 0.007
(mmHg)

Mean arterial pressure 103 +£11 93+8 0.018
(mmHg)

Large arterial compliance 7.8+3.2 11.8 £3.2 0.004
(ml/mmHg x 10)

Small arterial compliance 2.8+1.0 43+17 0.009
(ml/mmHg x 10)

Systemic vascular 2170 + 805 1673 + 288 0.037
resistance (dyne/sec/cm”
8
)

Total vascular impedance 236 + 93 170 + 35 0.083
(dyne/sec/cm™)

arterial pressure (d = 1.04) and systemic vascular resistance (d = 0.86)
were higher in breast cancer survivors compared to cancer-free women.
Both large (d = 1.24) and small (d = 1.08) arterial compliance were
lower in breast cancer survivors than cancer-free women. There were no
other differences in cardiovascular function between the groups.

3.3. Cerebrovascular responsiveness to hypercapnia

The CVR to hypercapnia is shown in Fig. 1 and Table 4. All variables
measured increased during hypercapnia, except for CPI, which
decreased in both groups (main effect of time P < 0.001). The CVR to
hypercapnia was higher in cancer-free women than the breast cancer
survivors (time x group interaction, P < 0.001, d = 2.59). MCAy/
PrrCO; increased from baseline to peak in the cancer-free women,
however decreased in breast cancer survivors (main effect of time P <
0.001, d = 0.59). PgrCO5 increased in both groups, however, was
different between groups (main effects of time P < 0.001 and group P <
0.001). Maximum tidal volume (main effect of time, P = 0.004),
breathing frequency and minute ventilation (time x group interaction P
= 0.048) all increased during hypercapnia, for both groups.

3.4. Cognitive function and cerebrovascular responsiveness to cognitive
stimuli

Cognitive function and cerebrovascular responses to cognitive
stimuli are shown in Fig. 1 and Table 5. Cancer-free women had higher
overall cognitive function than breast cancer survivors, which was
demonstrated by a 13% higher total compositive cognitive score (d =
1.25). Cancer-free women had higher language and crystallised cogni-
tion, demonstrated by the ORRT (d = 1.36) and PVT (d = 0.96), as well
as working memory, demonstrated by the LSWMT (d = 1.005). Cancer-
free women also performed Parts A and B of the TMT with less errors
than breast cancer survivors TMT-A, d = 0.84; TMT-B, d = 1.09). Breast
cancer survivors were more stressed following cognitive testing than
cancer-free women (d = 0.84) and had an increase in stress compared
with cancer-free women following cognitive testing. Cancer-free women
had higher CVR to all individual cognitive stimuli than breast cancer
survivors except to the ORRT and a higher total composite CVR to
cognitive stimuli (d = 1.35).

3.5. Correlations between measured variables and cerebrovascular
responsiveness to hypercapnia and cognitive stimuli, and cognitive function

Correlations between measured variables and CVR to hypercapnia
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Fig. 1. Cerebrovascular responsiveness (CVR) to hypercapnia (A), CVR to total composite of cognitive stimuli (B) and total composite cognitive score (C) for breast
cancer survivors and cancer-free women. Significantly different between groups ** (P < 0.005), *** (P < 0.001).

Table 4

Cerebrovascular responsiveness to hypercapnia for the breast cancer and cancer-free groups. Values are means =+ SD.
Variable Breast cancer survivors (n = 15) Cancer-free women (n = 14) P value

Baseline Peak Baseline Peak Time Group Time x Group

MCAy (cm/s) 42.2 £11.6 50.7 £13.3 39.8 £ 6.4 61.4 +£11.9*% <0.001 0.312 <0.001
MCAy/PgrCO; (cm/s/mmHg) 1.6 £ 0.5 1.4+ 0.4 1.3+ 0.2* 1.6 £0.2 <0.001 0.624 <0.001
Cerebral pulsatility index 1.0+ 0.2 0.8 +£0.2 0.9+0.1 0.8 +0.1 <0.001 0.315 0.121
PgrCO, (mmHg) 28.2 £ 4.6 36.1 £5.0 31.8 £ 2.4* 37.6 £28 <0.001 <0.001 0.092
Tidal volume (L) 1.0+ 0.5 1.1+0.5 0.8+ 0.4 1.1+0.3 0.004 0.543 0.027
Breathing frequency (breaths/min) 124+ 4 14+ 4 11+4 12+ 4 0.178 <0.001 0.468
Minute ventilation (L/min) 128 £7.6 13.4+£7.7 8.4 £ 35 109 £ 3.4 0.002 0.131 0.048

Abbreviations = MCAy, middle cerebral artery blood velocity; PrrCO,, partial pressure of end tidal carbon dioxide; *Significantly different between groups (P < 0.05).

and cognitive stimuli, and cognitive function are shown in Table 6.
There were significant moderate positive correlations between the dis-
tance walked during the 6 MW T and cognitive function, CVR to
cognitive stimuli and CVR to hypercapnia. Significant moderate corre-
lations between education, average grip strength, tension, peak MCAy,
fatigue, baseline PrrCO2 and total mood disturbance and cognitive
function were observed. Significant moderate correlations between
standing index, stress, heart rate, total energy intake, large arterial
compliance and peak MCAy and CVR to hypercapnia were also
observed. Significant moderate correlations were also observed between
CVR to cognitive stimuli and diastolic blood pressure, vigorous activity,
standing index, fatigue, heart rate, mean arterial pressure and baseline
minute ventilation.

3.6. Analysis of covariance between the primary outcomes and covariates

Objective (non-self-reported) measures that demonstrated a signifi-
cant relationship with the primary outcomes (CVR to hypercapnia; CVR
to cognitive stimuli; total composite cognitive score) and were consid-
ered clinically significant were used in the ANCOVA (described above;
shown in Table 6). Those that demonstrated significant relationships
with the primary outcomes and were clinically significant included
average handgrip strength, 6 MW T distance, systolic and diastolic blood
pressures, mean arterial pressure, large arterial compliance, heart rate,
resting PgrCO,, resting minute ventilation and years of education.
Following adjustment for covariates (6 MW T distance, large arterial
compliance, heart rate, resting minute ventilation and resting PgrCO2)
the ANCOVA revealed that the CVR to hypercapnia remained statisti-
cally different between the groups (P = 0.001). The ANCOVA performed
for the composite CVR to cognitive stimuli (covariates: 6 MW T distance,
systolic and diastolic blood pressures, mean arterial pressure, heart rate,
and resting minute ventilation; P = 0.048) was also not statistically
different between the groups. This was the same for the ANCOVA per-
formed for the total composite cognitive score (covariates: total years
educated, 6 MW T distance, average handgrip strength, maximum MCAy
during hypercapnia, resting PgrCO2; P = 0.001).

362

4. Discussion
4.1. Main findings

The main findings of this study were that breast cancer survivors
showed lower CVR to both physiological and psychological stimuli and
demonstrated lower total cognitive function than age and BMI matched,
cancer-free women. These findings supported our hypothesis that cere-
brovascular function and total cognition would be lower in breast cancer
survivors than cancer-free women.

4.2. Primary measures: cognitive function

Breast cancer survivors had a 13% lower total composite cognitive
score than cancer-free women, thus indicating reduced cognitive func-
tion in breast cancer survivors. Cognition is one of the most highly or-
dered and complex functions of the brain, and reflects the ability of the
brain to acquire, process, store and retrieve information, in order to
guide thoughts, actions and behaviours [5]. We used a total composite
cognitive score, as this is a collective measurement of overall cognitive
function across multiple cognitive domains and better reflects the
cognitive requirements of daily life. Typically, each cognitive domain
does not operate independently of one another, and single cognitive
domains are rarely used in isolation [47]. Notwithstanding, we did find
that breast cancer survivors had lower crystallised cognition, working
memory and executive function, than cancer-free women. These results
are supported by the literature, which shows that breast cancer and its
treatments are associated with reduced cognition. Reduced cognition
has been observed in patients prior to treatment commencement [18],
during and after chemotherapy [48], radiotherapy [49] and hormonal
therapy [50] and also into survivorship [9].

4.3. Primary measures: cerebrovascular function

The decline in total cognitive function may be associated with
reduced cerebrovascular function, which was observed in this study by
measuring the CVR to both physiological (44% lower) and psychological
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Table 5
Cognition and cerebrovascular responsiveness to cognitive stimuli for the breast
cancer and cancer-free groups. Values are means + SD.

Variable Breast cancer Cancer-free P value
survivors (n = 15) women (n = 15)

Cognition

Dimensional change card 8.0+ 0.9 8.2+ 0.6 0.967
sort”

Pattern comparison 46 £ 11 47 £ 8 0.924
processing speed’

Picture vocabulary test” 54+19 7.2+2.0 0.014

Flanker inhibitory control 7.7 £0.8 8.0 +£ 0.5 0.285
and attention®

Picture sequence memory" —-0.8 £ 0.9 —0.6 £0.7 0.442

List sorting working 16 +£2 18+2 0.010
memory"

Oral reading recognition” 4.6 +£2.2 7.2+1.6 0.001

Trail making task (Part A)

Time (s) 35.8 +18.7 321 +93 0.595

Errors made 20+28 0.3 £0.6 0.023

Trail making task (Part B)

Time (s) 74.2 + 36.8 58.9 £19.7 0.061

Errors made 3.4+34 0.6 + 1.2 0.003

Part B - Part A time 38.4 +20.1 26.7 +£13.2 0.081
difference

Stress

Prior to cognitive testing 22421 19+18 1.000

Post cognitive testing 3.8+24 21+1.6 0.033

Difference 1.5+1.7 0.1+1.4 0.016

Mental Fatigue

Prior to cognitive testing 3.8+24 3.0+1.9 0.332

Post cognitive testing 54 +3.1 3.9+22 0.125

Difference 1.7+23 0.9 + 2.5 0.395

Cerebrovascular responses to cognitive stimuli (%)

Dimensional change card 13.0 +£ 3.9 21.8 +10.6 0.016
sort test

Pattern comparison 141 +£5.1 23.6 £ 10.0 0.001
processing speed test

Picture vocabulary test 17.0 £ 2.9 27.9 +9.6 <0.001

Flanker inhibitory control 12.6 £5.2 21.0 +9.8 0.008
and attention test

Picture sequence memory 17.5 £ 3.6 27.6 £10.3 0.001
test

List sorting working 16.7 + 3.5 23.8 +11.7 0.011
memory test

Oral reading recognition 15.6 + 3.1 19.7 +10.7 0.219
test

Trail making task (Part A) 13.6 + 4.0 27.8 £10.1 <0.001

Trail making task (Part B) 15.2 + 3.2 26.7 +10.8 0.001

# Normalised, computed and standardised automatically by NIH Toolbox,
based on validated measures [31].

stimuli (9% lower). CVR reflects the sensitivity of the vasculature to
respond to physiological and psychological challenges, in order to
maintain CBF. CBF is regulated by autoregulation and neurovascular
coupling (NVC) [51]. Cerebrovascular autoregulation ensures CBF is
maintained during changes in systemic blood pressure by modulating
the vascular resistance applied to the vasculature [52]. NVC is the
complex interaction, or ‘coupling’ between neuronal activity and local
haemodynamic changes, which ensures the metabolic demands of active
neural tissues are met by the microvasculature [53]. Derangements to
these mechanisms lead to reduced CBF, which can reduce and eventually
impair cerebral functions, such as cognition. Our results suggest that
there may be a quantifiable impairment in CVR to hypercapnia and to
cognitive stimuli, which is present in some breast cancer survivors, thus
leading to reduced cognitive function, which was also present in the
breast cancer survivors in this study.

Studies investigating cerebrovascular function in breast cancer sur-
vivors, are limited. Koppelmans et al. (2021) [21] demonstrated that
decreased CBF persisted in breast cancer survivors for up to 20 years
post-treatment. Silverman et al. (2007) [54] reported a decrease in
fluorodeoxyglucose PET scans during a short-term memory, thus sug-
gesting reduced cerebral activation and altered neuronal metabolism
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Table 6

Correlations between measured variables and cerebrovascular responsiveness
(CVR) to hypercapnia and cognitive stimuli, and cognitive function (total
composite cognitive score).

Variable CVR to CVR to cognitive Cognitive function
hypercapnia stimuli
r value P r value P r value P value
value value

Education 0.075 0.699 0.132 0.520 0.579 0.001
(years)

6-min walk test  0.492 0.007  0.555 0.003  0.625 <0.001
distance (m)

Average grip 0.218 0.255 0.236 0.246 0.520 0.003
strength (kg)

Total energy 0.531 0.006  0.071 0.755 —0.088 0.669
intake (kcal)

Vigorous 0.443 0.024  0.520 0.011  0.321 0.103
activity
index

Standing index  0.563 0.003  0.473 0.023  0.200 0.318

Tension —0.021 0.914 —0.180 0.378 —0.412  0.024

Fatigue —0.311 0.101 —0.420 0.033 —0.390 0.033

Total mood —0.092 0.634 —0.195 0.339 —0.371  0.043
disturbance

Heart rate —0.544 0.004 0.417 0.047 —0.246 0.216
(beats/min)

Diastolic blood  —0.300 0.136 —0.539 0.008 -0.313 0.112
pressure
(mmHg)

Mean arterial —0.349 0.081 —0.415 0.049 —0.380 0.050
pressure
(mmHg)

Large arterial 0.502 0.009 0.053 0.811 0.220 0.271
compliance
(ml/mmHg x
10)

Peak MCAy 0.474 0.009 0.093 0.652 0.413 0.026
(cm/s)

Baseline 0.389 0.041 0.363 0.074 0.395 0.038
PgrCO;
(mmHg)

Baseline —0.408 0.031 —0.390 0.049 0.011 0.957
Minute
ventilation
(L/min)

Stress Post — —0.533 0.003 —0.206 0.313 —0.047 0.808

Pre cognitive
testing score

stemming from a reduced CBF in chemotherapy-treated patients, which
was not apparent in apparently healthy controls. However, to our
knowledge, we are the first to evaluate the differences in CVR to both
physical and psychological stimuli in breast cancer survivors, compared
to cancer-free women.

Reduced cerebrovascular function leading to cognitive impairment
has been associated with increased oxidative stress and chronic
inflammation caused by both cancer and anti-cancer treatments [18,44].
These have significant repercussions on endothelial function, by
reducing its ability to synthesise and release nitric oxide (NO) [18,44].
NO is vital in maintaining cerebrovascular structure and function, as
endothelial-derived NO prevents reductions in CBF, CBF velocity and
cerebral hypoperfusion [18]. It ensures that the ability of the micro-
vasculature to respond to local changes and to modify regional CBF in
response to these changes is maintained [55]. When a physical or psy-
chological stimuli is introduced, any observable change in CBF velocity
reflects a change in flow rate in the microvasculature downstream [56].
This is due to the rapid release of NO, which induces a sudden and
sustained change in dilatation in response to such stimuli and is there-
fore a surrogate measure of endothelial function. These changes were
evident in our study, as breast cancer survivors showed significantly
lower CVR to both physical and psychological stimuli, thus providing a
potential mechanism involving impaired endothelial function and
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resulting hypoperfusion that could lead to reduced cognition.
4.4. Secondary findings

Our secondary findings indicated that this cohort of breast cancer
survivors had lower levels of physical activity, exercise capacity,
musculoskeletal strength and nutritional intake, as well as higher levels
of fatigue, compared to cancer-free women. Cancer patients generally
have lower levels of physical activity following diagnosis, and typically
fail to regain their pre-diagnosis physical activity levels post-treatment
and into survivorship [21]. Additionally, breast cancer survivors
report more intense and more frequent fatigue than women without a
history of cancer [57]. Taken together, these findings suggest that there
may be an inverse relationship between these variables. Our results
suggest that survivors are more fatigued, and as a result, may be disin-
clined to participate in regular or vigorous physical activity, which could
further increase this fatigue. Here, cancer-free women do not experience
this cancer-related fatigue and may therefore be more inclined to
participate in physical activity and exhibit higher nutritional intake in
order to account for this.

Lower levels of physical activity are associated with reduced car-
diovascular health and increased risk of cardiovascular disease (CVD)
[58]. Results of this study suggest that breast cancer survivors, also
demonstrated reduced cardiovascular function compared to the
cancer-free women. This was associated with reduced vascular compli-
ance (i.e., increased arterial stiffness), which is reflective of reduced
endothelial function. These findings are significant because breast can-
cer survivors are at increased risk of CVD [59]. CVD is one of the leading
causes of death in women and among breast cancer survivors in
particular [58]. In breast cancer survivors aged over 50 years, deaths
due to CVD account for 35% of non-cancer related deaths and cardio-
vascular mortality is the greatest single non-cancer-related cause of
death in this population [59]. A recent, large population-based study
reported that breast cancer survivors between 10 and 15 years
post-diagnosis had a 29-42% higher risk of developing CVD compared
with cancer-free women (matched by age and geographical location)
[60]. Collectively, our results may suggest that cancer-related fatigue
may initiate a series of events that result in reduced nutritional intake
and physical activity levels, which in turn reduces cardiovascular health,
resulting in reduced cerebrovascular and cognitive function.

4.5. Limitations and future directions

The primary limitation of this study is the low participant number. As
a result, participants were not able to be stratified according to cancer
stage and treatment modality. However, the significance, effect sizes
and results of the ANCOVA indicate that after accounting for all other
significant variables, brain health is still significantly reduced in breast
cancer survivors compared to cancer-free women. Further, there are a
lack of similar studies which are able to provide support to the findings
herein, indicating the need for further exploration surrounding the ce-
rebrovascular and cognitive changes which occur during the different
stages of breast cancer. Hence, future larger longitudinal studies that
investigate cerebrovascular and cognition changes associated with
breast cancer that are corrected for age, stage, treatment and time for
treatment are warranted.

How brain health in breast cancer patients can be improved is poorly
investigated. However, increasing attention is being paid to the effect of
exercise training. The mechanisms underlying reduced cognition related
to cancer and its treatments are unclear but may involve similar pro-
cesses to age-related effects on the brain. Exercise has been shown to be
an effective treatment for age-related cerebrovascular and cognitive
decline, by helping to maintain cerebral perfusion and cognitive ca-
pacity [44]. However, limited studies have investigated this effect in
breast cancer survivors. Given our results, which highlight an associa-
tion between exercise capacity demonstrated by the 6 MW T and the
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three primary objectives of this study, it may be plausible to investigate
whether exercise training can improve both cerebrovascular function
and cognition in breast cancer survivors.

5. Conclusion

The main findings of this study were that breast cancer survivors
showed lower CVR to both physiological and psychological stimuli and
demonstrated lower total cognitive function than age and BMI matched,
cancer-free women. These findings supported our hypothesis. To our
knowledge, this is the first study to investigate differences in cerebro-
vascular function and cognition in breast cancer survivors compared to
cancer-free women. Although the mechanisms underlying these differ-
ences are yet to be elucidated, we provide preliminary evidence that the
reduced cerebrovascular function and cognition, which may be observed
in breast cancer survivors, could be due to reduced endothelial function
and therefore reduced cardiovascular function.
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