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There is an increasing body of evidence suggesting that vascular disease could contribute to cognitive decline
and overt dementia. Of particular interest is atherosclerosis, as it is not only associated with dementia, but could
be a potential mechanism through which cardiovascular disease directly impacts brain health. In this work, we
evaluated the differences in functional near infrared spectroscopy (fNIRS)-based measures of brain activation,
task performance, and the change in central hemodynamics (mean arterial pressure (MAP) and heart rate (HR))
during a Stroop color-word task in individuals with atherosclerosis, defined as bilateral carotid plaques (n = 33)
and healthy age-matched controls (n = 33). In the healthy control group, the left prefrontal cortex (LPFC) was
the only region showing evidence of activation when comparing the incongruous with the nominal Stroop test.
A smaller extent of brain activation was observed in the Plaque group compared with the healthy controls (1)
globally, as measured by oxygenated hemoglobin (p = 0.036) and (2) in the LPFC (p = 0.02) and left sensorimotor
cortices (LMC)(p = 0.008) as measured by deoxygenated hemoglobin. There were no significant differences in
HR, MAP, or task performance (both in terms of the time required to complete the task and number of errors
made) between Plaque and control groups. These results suggest that carotid atherosclerosis is associated with
altered functional brain activation patterns despite no evidence of impaired performance of the Stroop task or
central hemodynamic changes.

1. Introduction

A variety of cardiovascular risk factors or cardiovascular disease
biomarkers are associated with impaired cognitive function. For exam-
ple, carotid stenosis (Mathiesen et al., 2003), increased arterial stiffness
(Kearney-Schwartz et al., 2009), poorer cardiac function (Sabayan et al.,
2015), and carotid atherosclerosis (defined as a thickening and harden-
ing of arteries due to a buildup of plaque in the lumen) (Romero et al.,
2009) have been associated with poor performance in tests of attention,
memory, processing speed, and executive function. Furthermore, there
is evidence suggesting that cardiovascular risk factors are not only as-
sociated with cognitive impairment and Alzheimer’s disease (AD), but
may in fact precede and/or accelerate the onset of neurodegeneration
(Bell and Zlokovic, 2009; Breteler, 2000; De La Torre, 2012; Honjo et al.,
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2012; Kovacic et al., 2012). It has been posited that vascular dysfunction
or damage arising from cardiovascular risk factors can lead to chronic
hypoperfusion and ischemia, impaired cerebral blood flow regulation,
and disruption to the blood-brain barrier (Bell and Zlokovic, 2009). Ac-
cording to the Vascular Hypothesis (de la Torre, 2018; de la Torre and
Mussivand, 1993), these hemodynamic disturbances not only cause di-
rect brain injury, but can initiate cerebral angiopathy by triggering over-
production and reduced clearance of amyloid f-protein, thereby leading
to deficits in cognitive domains such as executive function and memory,
and potentially resulting in overt dementia (Bell and Zlokovic, 2009; De
La Torre, 2012; Honjo et al., 2012; Rensink et al., 2003).
Atherosclerosis underlies the majority of cardiovascular diseases and
is relevant to cognition given that it is not only associated with de-
mentia (Hofman et al., 1997) and an increase in cerebral amyloid
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deposits (Honig et al., 2005; Li et al., 2003), but could be a potential
mechanism through which cardiovascular disease directly impacts brain
health (Honjo et al., 2012). To better understand the potential role of
atherosclerosis in cognitive impairment, we sought to compare (1) cog-
nitive performance, (2) central hemodynamic changes, and (3) patterns
of functional brain activity using functional near infrared spectroscopy
(fNIRS) in older adults with and without carotid atherosclerosis during
an incongruous Stroop color-word task.

The participants in this work were part of the Insight 46 neuroscience
sub-study of the National Survey of Health and Development (NSHD).
NSHD is an ongoing British birth cohort study where social, lifestyle,
cognitive and physical data from over 5000 individuals born within the
same week in 1946 has been assessed over the course of the participants’
lives (James et al., 2018; Kuh et al., 2011; 2016). A sub-sample of 502
NSHD participants volunteered for the Insight 46 study, which is de-
signed to explore preclinical dementia and the causes/consequences of
cerebrovascular amyloid pathology on brain health through a battery of
clinical, neurosychological, imaging, biomarker, genetic, and vascular
assessments (Lane et al., 2017; Mason et al., 2020). Insight 46 provides
a powerful opportunity to investigate the mechanisms of early cogni-
tive decline as many participants in this study (aged 72 - 73) likely ex-
hibit subclinical pathophysiological changes such as amyloid pathology
and atherosclerosis yet have a low risk of overt dementia (Prince et al.,
2014).

The extensive phenotyping protocol performed as part of the Insight
46 study involves psychometric testing using fNIRS (Mason et al., 2020).
fNIRS is an optical technique whereby changes in concentration of oxy-
genated hemoglobin (O2Hb) and deoxygenated hemoglobin (HHB) in
the cerebral microvasculature of the cortical surface can be detected
(Bunce et al., 2006; Scholkmann et al., 2014). As fNIRS is non-invasive
and relatively insensitive to motion, it can be used to evaluate hemody-
namic changes arising from neurovascular coupling (NVC) during a va-
riety of cognitive tasks in a naturalistic environment (Pinti et al., 2017;
Udina et al., 2020). NVC refers to the localised increase in blood flow
that occurs in response to a cognitive stimulus, and is commonly used
as a surrogate for neuronal activity.

In this work, we assessed fNIRS-based measures of brain activity
in older adults during the Stroop color-word task, which is a well-
established method for evaluating executive function, specifically in
the ability to inhibit automatic responses (Scarpina and Tagini, 2017;
Stroop, 1935; Vendrell et al., 1995). The degree of Stroop interference
(both in terms of response time and the number of errors made) not only
increases as a function of normal ageing (Davidson et al., 2003), but is
exacerbated by conditions such as cognitive impairment and dementia
(Amieva et al., 2004; Lagué-Beauvais et al., 2013; Spieler et al., 1996).

Here, we use the presence of ultrasound-diagnosed bilateral carotid
plaques as an indicator of moderately severe atherosclerotic burden, and
assess whether there are any differences in performance, hemodynam-
ics, and/or brain activation patterns in atherosclerotic individuals com-
pared with age-matched controls. We hypothesize that atherosclerotic
individuals will perform significantly worse than the healthy controls
on the Stroop task in terms of both time to complete the task and the
number of errors made. NVC is identified in regions where there is a
concurrent increase in O2Hb concentration and decrease in HHB con-
centration. We aim to compare fNIRS-measures of changes in O2Hb and
HHB between groups between corresponding anatomical brain regions
to determine the strength and location of NVC. We hypothesize that the
presence of bilateral carotid plaques will be associated with a significant
reduction in NVC primarily in the prefrontal cortices when comparing
the incongruous with the nominal Stroop test.

2. Methods

2.1. Participant recruitment

Participants were selected from 184 participants (aged 72 - 73) who
attended an Insight 46 clinic between October 2018 - March 2020. Re-

Neurolmage 257 (2022) 119302

search Ethics Committees in England and Scotland provided approval
for NSHD (Hardy et al., 2016; Kuh et al., 2011; 2016; Lane et al., 2017).
The National Research Ethics Service Committee London (REC refer-
ence 14/L0/1173) approved the Insight 46 sub-study. All participants
provided written informed consent to participate and for their data to
be stored. Exclusion criteria for the study included: a Mini-Mental State
Exam (MMSE) below 24, established cardiovascular disease at age 53,
heart attack by the age of 69.

2.2. Investigations

The Insight 46 protocols have been previously described
(Mason et al., 2020). All participants completed a health and lifestyle
questionnaire and underwent measurements of height and weight,
blood pressure, and blood tests. Cholesterol/high density lipoprotein
(HDL) ratio was calculated for each participant from the most recently
available data from the NSHD database. The MMSE score from each par-
ticipant was also obtained from the most recently available data from
the NHSD database to confirm that participants had normal cognitive
function. An EPIQ 7G ultrasound scanner (Philips Healthcare, Andover
MA, USA) with a linear array transducer (L12-3) was used to check for
the presence of plaques in the left and right carotid arteries. A plaque
was defined as a focal structure that encroaches into the arterial lumen
by at least 0.5 mm or 50% of the surrounding intima-media thickness
or a region of intima-media thickness >1.5 mm (Touboul et al., 2012).
Echocardiography was performed using an EPIQ 7G ultrasound scan-
ner with an X5-1 transducer. A 3-lead electrocardiogram (ECG) was
recorded concurrently with all ultrasound examinations. In addition,
a standard 12-lead resting ECG was performed in the supine position.
All abnormal findings (presence of carotid plaques, dilated atria, atrial
fibrillation, left bundle branch block, aortic valve calcification, left
ventricular hypertrophy, low voltage QRS etc.) were recorded in the
electronic case report form.

Findings on vascular ultrasound, echocardiography, and 12-lead
electrocardiography (ECG) were used to categorize the study partici-
pants based on their cardiovascular health at the time of their second
Insight 46 clinic visit. Participants were tagged with at least one label as
shown in Table 1 depending on the number and type of incidental find-
ings from the cardiovascular assessment. Participants with label 0 (no
incidental findings) were classified as ‘Healthy’ and participants with
label 3 (more severe atherosclerosis, with plaque detected on both the
left and right carotid artery) were categorized into the ‘Plaque’ group.
Note that participants with unilateral plaques were excluded from fur-
ther analysis.

2.3. Stroop color-word testing protocol

A verbal Stroop color-word task was performed. Though there are
different versions of the Stroop test, the basic concept is to measure the
accuracy and speed with which one can identify the color of a word
printed in ink mismatched to the meaning of the color (i.e. the word
‘blue’ printed in green ink). As language is a powerful distractor, there
is a natural delay in response time in this task compared with iden-
tifying the color of non-words (such as ‘XXXXX’ printed in green ink,

Table 1
Labels used for participant categorization based on incidental find-
ings from the cardiovascular assessment.

Label Definition

No incidental findings

Carotid plaque (left side only)
Carotid plaque (right side only)
Carotid plaques (both sides)
Abnormal ECG

Other
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for example). Our implementation of the Stroop task consisted of three
blocks, with each block preceded and followed by a 60-second base-
line/recovery period where the participant stared straight ahead at a
black poster. All blocks were presented on white A4 laminated sheets
of paper held upright by a free-standing clipboard to avoid a downward
head-tilt whilst reading. The description of each block of the Stroop task
is described below:

e Block 1 - Nominal: Participants read aloud 100 words (spelling ei-
ther ‘blue’, ‘red’, or ‘green’) printed in black ink in five evenly spaced
columns on the page

e Block 2 - Congruous: Participants read aloud colors of 100 ‘XXXXX’
(printed in either blue, red, or green ink) displayed in five evenly
spaced columns on the page

¢ Block 3 - Incongruous: Participants read aloud the color (red, blue
or green ink) of 100 words (spelling ‘red’, ‘green’, or ‘blue’), where
the color of the word was mismatched to the meaning of the word
itself. The words were displayed in five evenly spaced columns on
the page.

The number of errors made and time required to complete each
Stroop block were recorded to quantify task performance.

2.4. Hemodynamic and fNIRS monitoring during the stroop task

Throughout the duration of the Stroop task, cerebral hemodynam-
ics were monitored with an 18-channel, dual-wavelength (760 and
850 nm) continuous wave Brite 24 fNIRS device (Artinis Medical Sys-
tems, BV, Zetten, The Netherlands). This device had 16 long separation
channels (where the source and detector were separated by 3 cm) ar-
ranged in quadrants approximately over the left and right prefrontal cor-
tex (LPFC/RPFC) and the left and right motor/somatosensory cortices
(LMC/RMC). This device also had 2 short separation channels (where
the source and detector were separated by 1 cm) placed on the left and
right PFC. See Fig. 1 for an illustration of channel positioning. The sam-
pling frequency of this device was 10 Hz. The investigator positioned
the cap symmetrically on the participant’s head with the brim approx-
imately 1 cm above the eyebrows, and secured the position of the cap
using the chin strap. A Polhemus Patriot Device (Polhemus, Colchester,
VT, USA) was used to determine the position of each source and de-
tector with respect to anatomical landmarks of the head based on the
international 10/20 system (Jurcak et al., 2007). The operator tagged
the position of the nasion, inion, left preauricular point, right preau-
ricular point, top of the head along the mid-sagittal plane (Cz), each
source, and each detector using the electromagnetic Polhemus sensor.
These positions were converted from real space to the Montreal Neu-
rological Institute (MNI) stereotaxic coordinate system automatically in
the software used to interface with the Brite 24 (Oxysoft, Artinis Medical
Systems, BV, Zetten, the Netherlands).

Changes in beat-to-beat peripheral mean arterial pressure (MAP) and
heart rate (HR) were also monitored during the Stroop task using a
Finometer (Finapres Medical Systems BV, the Netherlands) placed on
the finger cuff on either the index finger or middle finger of the non-
dominant hand according to the manufacturer’s instructions. Finometer
readings were synchronized with fNIRS readings using electronic mark-
ers to indicate the start and end of each Stroop and baseline/recovery
block.

2.5. fNIRS signal processing pipeline

All analyses were performed in Matlab® (2021a) using the SPM-
fNIRS toolbox developed by the Neurolmaging Tools & Resources Col-
laboratory (NITRC) (Tak et al., 2016). This software enabled statistical
parametric mapping of fNIRS data using SPM12 software.

2.5.1. Temporal preprocessing and channel rejection
fNIRS Intensity data from each channel was converted into AO2Hb
and AHHB using the Modified Beer Lambert Law and differential path-
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Fig. 1. An example of the channel position of the Brite 24 cap obtained with
the Pohemus digitization. Sources are shown in orange (long separation chan-
nels) and red (short separation channels). Detectors are shown in blue. Note
that the sources and detectors are arranged in quadrants over the left and right
somatosensory cortices and prefrontal cortices.

length factors (DPF) of 7.4 and 6.4 for the 760 nm and 850 nm wave-
lengths respectively. These DPFs were calculated automatically in the
SPM-fNIRS software using the age-dependent general equation for the
DPF derived by Scholkmann and Wolf (Scholkmann and Wolf, 2013).
Motion artefacts were corrected using the Motion Artifact Reduction
Algorithm (MARA) with the default values of 1, 3, and 5 accepted
for the moving window length (L), threshold factor-motion detection
(th) and smoothing factor motion artifact («) parameters respectively
(Scholkmann et al., 2010). A band-stop filter with cut-off frequencies of
0.1 and 2 Hz was applied to remove physiological noise. The data were
then downsampled to 1 Hz and linear de-trended using a discrete cosine
transform (DCT) with a cutoff of 160 seconds. An example channel from
a study participant before and after temporal preprocessing is shown in
Fig. 2.

The frequency spectrum of the AO2Hb for each channel (before fil-
tering) was visually assessed in the SPM-fNIRS temporal preprocessing
GUI to check for a peak at around 1 Hz corresponding to the cerebrovas-
cular pulsatility arising from the heartbeat. This is a well-established in-
dicator of fNIRS signal quality as it demonstrates good optical coupling
has been achieved (Yiicel et al., 2021). Any trace with a very small or
non-existent peak was visually inspected further in the time domain to
confirm poor data quality. Any trace with poor optical coupling (arising
from either an over-saturation of ambient light or poor contact with the
participant’s scalp) or completely corrupted by motion artefacts was re-
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Fig. 2. An example of unprocessed (blue) and fully processed (red) fNIRS data obtained from a participant performing the verbal Stroop task. The trace shown is
AO2HD in units of mol/L. The stimulus periods (Stroop blocks 1, 2, and 3) are indicated by the yellow rectangles superimposed over the fNIRS traces.

jected and not analysed further. Each participant was given an overall
fNIRS signal quality rating based on the following criteria:

1. Unacceptable: Over half of the channels were rejected, and/or 02Hb
and HHB were suspiciously correlated due to motion artefacts not
adequately corrected for by the MARA algorithm

2. Acceptable: At least half of the channels retained, with zero to minor
detectable artefacts

Only participants with a rating of ‘Acceptable’ were considered for
further analysis.

2.5.2. Model specification and estimation

A general linear model (GLM) was used to analyse the temporally
preprocessed O2Hb and HHB fNIRS signals. The GLM is shown in
Eq. 1 (Huppert, 2016; Pinti et al., 2017; Scholkmann et al., 2014), where
Y is the measured fNIRS signal after processing, X is the design matrix,
B is the vector of weights of each regressor in the design matrix, and e
is the error. The Model Specification routine in SPM-fNIRS was used to
(1) correct for serial autocorrelations in the fNIRS data using a first or-
der autoregressive (AR(1)) plus white noise model (Friston et al., 2002;
Purdon and Weisskoff, 1998) and (2) construct the design matrix, which
consisted of:

1. A task regressor for each of the three Stroop blocks modelled us-
ing the canonical hemodynamic response function (HRF) convolved
with the box car function corresponding to individual task dura-
tion with time and dispersion derivatives to allow for the peak and
width of the response to vary by plus or minus a second, respectively
(Martin A. Lindquist et al., 2009).

2. The left and right short separation channels (after preprocessing
as described in Section 2.5) to remove extracerebral contamination
(Scholkmann et al., 2014; Yiicel et al., 2015).

3. A constant to model the signal mean.

Y=X -f+e M

The p coefficients were solved for on a channel by channel basis
using the Model Estimation routine in SPM-fNIRS.

2.6. Evaulation of hemodynamic effects

Equation 2 indicates how channel-wise T statistics were calculated
given a contrast vector ¢ and the covariance of the f coefficients (see

Eq. 3) calculated using the GLMHuppert (2016). The nominal Stroop
task was chosen as our control as the experimental conditions were iden-
tical to the incongruous Stroop task (i.e. reading and speaking aloud),
but the PFC was not activated as this task is considered an ‘automatic’
process. We therefore assessed whether there was significantly greater
evidence of NVC in the incongrous Stroop task (Block 3) compared to
the nominal Stroop task (Block 1) by setting the contrast vector values
to 1 and -1 for the Block 3 task regressor and Block 1 task regressor,
respectively.

T=c-p/y/c-Couvy-cT 2

Covy=(X" - Xy .02 ©)

2.7. Statistical analyses

2.7.1. Stroop performance

The two performance metrics considered were: (1) time required
to complete the incongruous Stroop task and (2) the number of errors
made. Data were reported as medians and nonparametric 95% CIs. Dif-
ferences in both of these performance metrics between the Healthy and
Plaque group were determined using a Mann-Whitney U test.

2.7.2. Central hemodynamics during Stroop task

Data were reported as means + SD. Student’s t-tests were used to test
for differences between the Healthy and Plaque groups in the change in
MAP and HR during the incongruous Stroop task relative to the preced-
ing baseline period.

2.7.3. Cerebral fNIRS during Stroop task

The t statistic maps generated for each participant for O2Hb and HHB
were subdivided into four anatomical regions as shown in Fig. 3: (1) the
left prefrontal cortex (LPFC), (2) the right prefrontal cortex (RPFC), (3)
the left sensorimotor cortices (LMC), and (4) the right sensorimotor cor-
tices (RMC). In addition to comparing the overall activation between the
Healthy and Plaque groups in the incongruous relative to the nominal
condition, we postulated a priori that there would be effect modification
by anatomical region as we expect minimal activation in the sensorimo-
tor regions, high activation in the prefrontal regions, and a potential
hemispheric effect depending on the dominant hand of the participant.
Therefore, the mean T statistic for each region in the incongruous rel-
ative to the nominal condition was computed for each participant and
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Fig. 3. An example of how the t statistic map superimposed over a rendered
brain was subdivided into the four anatomical regions used in the statistical
analysis. Region 1 = left prefontal cortex (LPFC), Region 2 = right prefrontal
cortex (RPFC), Region 3 = left sensorimotor cortices (LMC), and Region 4 =
right sensorimotor cortices(RMC).

was used as the outcome variable in a robust linear mixed effects (LME)
model with anatomical region and group (Healthy vs. Plaque) as fixed
effects and participant ID as a random effect for O2Hb and HHB sepa-
rately. The LME analysis was performed using Stata 17 (StataCorp. 2021.
Stata Statistical Software: Release 17. College Station, TX: StataCorp
LLC.), other statistical analyses were performed using Matlab 2021a.
The RMC was used as the contrast region in the LME model, as we ex-
pect this region to have the lowest level of NVC during the Stroop task
because (a) the Stroop task is not designed to activate motor functions
and (b) the right hemisphere may be less dominant given the hand-
edness of the majority of the participants. The Huber White Sandwich
estimator was used to improve estimates of standard error given the
heteroskedasticity of the data. Statistical significance was assigned us-
ing the conventional threshold of p < 0.05.

3. Results
3.1. Participant characteristics

102 out of 184 fNIRS datasets received a rating of 2 (acceptable
quality), and were therefore considered for further analysis. Of these
102 participants, 33 participants had no incidental findings and were
included in the Healthy group and 33 participants had plaque on both
the left and right carotid arteries and were included in the Plaque group.
Note, the groups were not planned to be matched 1:1, and it is coinci-
dental that there were 33 participants exactly in each group. Table 2
summarizes the sex, handedness, and other cardiovascular health phe-
notypes assessed for the participants within each group. There were sig-
nificantly more men in the Plaque group (p = .007), but otherwise the
two groups were similar.

3.2. Performance in Stroop task

The median [95% CI] time to complete the incongruous Stoop task
was 104s [98, 122] and 109s [97, 133] for the Healthy and Plaque
groups respectively. The median [95% CI] number of errors made dur-
ing the incongruous Stroop task was 1 [1, 3] and 2 [1, 2] for the Healthy
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and Plaque groups respectively. There was no evidence of a difference
between the Healthy and Plaque groups in either the time required to
complete the task or the number of errors made (p = 0.43 and 0.99,
respectively). Both the Healthy and Plaque groups made zero errors in
the nominal condition of the Stroop Task.

3.3. Central hemodynamics during Stroop task

There was no evidence of differences in the change in HR or MAP
associated with the incongruous Stroop test between groups with respect
to (1) the baseline period or (2) the nominal Stroop task.

(1) The mean + SD change in MAP with respect to the baseline pe-
riod was 5.8 + 5.1 mmHg and 7.3 + 4.1 mmHg for the Healthy and
Plaque groups respectively (p = 0.24). The mean + SD change in HR
with respect to the baseline period was 5.0 + 3.5 beats/min and 3.7
+ 2.4 beats/min for the Healthy and Plaque groups respectively (p =
0.13).

(2) The mean + SD change in MAP with respect to the nominal Stroop
test was 5.04 + 6.4 mmHg and 6.8 + 7.0 mmHg for the Healthy and
Plaque groups respectively (p = 0.38). The mean + SD change in HR
with respect to the nominal Stroop test was 0.7 + 3.9 beats/min and
0.67 + 1.7 beats/min for the Healthy and Plaque groups respectively (p
= 0.93).

3.4. Cerebral fNIRS during Stroop task

Out of the 1188 channels available for analysis (18 channels times 66
participants), 41 were rejected in total. The average number of channels
excluded per participant was 0.61.

Figure 4 shows the mean t statistic maps for the Healthy and Plaque
groups for O2Hb and HHB. The direction of expected change in response
to the stimulus (positive for O2Hb and negative for HHB) was incorpo-
rated into the GLM such that a positive t value corresponds to a greater
increase in O2Hb and a greater decrease in HHb with respect to the
nominal condition. Note that there is evidence of increased O2Hb in re-
sponse to the incongruous condition in all brain regions in the Healthy
group, and in the RPFC, LPFC, and LMC in the Plaque group (prevalence
of t values > 2).

The LME coefficient indicating the effect of being categorized into
the Plaque group for O2Hb was -1.13 (p = 0.036) which suggests that
plaque is associated with a global reduction in O2Hb for all regions.
However, there were no significant differences between individual re-
gions observed in the LME for O2Hb for (i) all participants regardless of
group and (ii) when an interaction between group and region was in-
cluded. The output from the LME analysis is given in the Supplementary
Information (S1).

In the LME for HHB, the LPFC of all participants (regardless of group)
showed a significantly greater drop in HHB compared to the control re-
gion, (coefficient = 0.65, p = 0.042). There were no significant differ-
ences between Healthy and Plaque groups (p = 0.77), which indicates
that no global reduction in HHB was detected. However, significant re-
ductions in HHB in specific regions were observed when including an
interaction between Group and Region. The LPFC (coefficient = -1.36, p
= 0.021) and LMC (coefficient = -1.25, p = 0.008) showed significantly
a significantly smaller decrease in HHB in the Plaque group compared
to the Healthy group as indicated by the magenta arrows in Fig. 4. The
output from the LME analysis for HHB is given in Supplementary Infor-
mation S1.

Together, the results from O2Hb and HHB suggest that NVC (iden-
tified by an increase in O2Hb and corresponding decrease in HHB)
is significantly reduced in the left hemsiphere of the brain of partici-
pants in the Plaque group compared to the Healthy group. Additionally,
the HHB LME suggests that general activation in the LPFC is observed
for participants in both groups in response to the incongruous Stroop
task.
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Table 2
Participant characteristics for each group.

O2Hb

HHB

Healthy (n = 33)

Plaque (n = 33)

Age (mean + SD) 73.7 + 0.7 73.6 £0.5
Men 12 (36%) 23 (70%)
Right-handed 31 (94%) 30 (91%)
Cardiovascular disease at age 53 0 (0%) 0 (0%)
Type 2 diabetes at age 63 2 (6%) 3 (9%)
Smoking status : Current smokers 0 (0%) 2 (6%)
Ex-smokers 15 (45%) 21 (64%)
Non-smokers 18 (55%) 9 (27%)
Question not answered 0 (0%) 1 (3%)
BMI (age 69 - 71, mean +SD) 27.8 + 3.5 27.9 + 4.2
Systolic blood pressure (age 69 - 71, mean +SD) 133.4 +15.2 137.1 + 14.6
Diastolic blood pressure (age 69 - 71, mean +SD) 74.0 £ 8.1 75.0 £ 8.9
Cholesterol/HDL ratio (age 69 - 71, mean+SD) 3.4+ 1.1 3.3+1.2
MMSE score (age 69 - 71, mean+SD) 29.4+1.0 295+ 1.0

Healthy

Fig. 4. Shows the mean t statistic maps for each group (Healthy and Plaque) when comparing the incongruous Stroop to the nominal Stroop for oxygenated
haemoglobin (O2Hb) and deoxygenated haemoglobin (HHB). The higher the t statistic, the greater evidence of increased change in Hb (rise in O2Hb, fall in HHB),
and thus functional brain activity. Note that the average t statistic is significantly lower overall in the Plaque group compared with the Healthy group in O2HbD as
indicated by the pink asterisk. Also note the significant reduction in t statistic in the LPFC and LMC in the Plaque group compared with the Healthy group in HHB
as indicated by the pink arrows.
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4. Discussion

There are various factors contributing to the expected pattern of
brain activity during the incongruous Stroop task, such as handedness,
age, sex, and brain health (Beratis et al., 2010; Cuevas et al., 2016;
Lagué-Beauvais et al., 2013; Li et al., 2009; Milham et al., 2002; Ven-
drell et al., 1995). In general, it is widely accepted that the ability to per-
form a color-word matching Stroop task requires adequate function of
a fronto-parietal network including the anterior cingulate cortex (ACC),
the PFC, and the parietal lobe (Laird et al., 2005; Li et al., 2009; Roberts
and Hall, 2008; Vanderhasselt et al., 2009). Although the PFC has been
shown to be active bilaterally during an incongruous Stroop task (Lagué-
Beauvais et al., 2013; Milham et al., 2002; Zysset et al., 2001), there is
some evidence suggesting that the left hemisphere may be more active
than the right in young healthy individuals (Jonides et al., 2000). Due
to cap geometry and limitations of fNIRS penetration depth, we were
unable to assess activity in the ACC and parietal lobe. We observed that
on average, all regions for all participants (except for the RMC in the
Plaque group) demonstrated an increase in H20b in response to the in-
congruous Stroop task compared with the nominal task as evidenced by
the prevalence of relatively high t values (>2) as shown in Fig. 4. Given
the global increase in O2Hb, we used HHB (which was more localized)
as an arbitrator to determine which regions likely exhibit evidence of
NVC, as an increase in H20Db alone is not sufficient (Pinti et al., 2021).
Reassuringly, LME for HHB revealed that all participants had signifi-
cantly greater decreases in HHB concentration in the LPFC compared
to the RMC (p = 0.042). We interpret this to mean that the LPFC has
a significantly greater level of NVC than the RMC (i.e. the control re-
gion), which is broadly consistent with the expected activation pattern
of the PFC based on the literature. However, the HHB LME model did not
show significant differences in activation between the RPFC and RMC.
This may be due to an age-related loss of localisation of functional ac-
tivation, resulting in a diffuse, heterogenous, and/or weaker activation
in older adults compared with younger adults (Lagué-Beauvais et al.,
2013; Milham et al., 2002; Schroeter et al., 2003). Indeed, the variabil-
ity in brain activation patterns between individuals is exemplified in
Fig. 5. Although some participants retain the ‘model’ activation pattern
characterised by highly focal regions of activation in the bilateral PFC
(e.g. participants 1, 11, 33), the majority of participants show a spread
in activation (e.g. participants 6, 18, 19, 27) or weak/null global activa-
tion (e.g. participants 3, 4, 13, 14, 25, 26) which is expected given the
age (72 - 73 years) of the participants in this study. We did not see any
convincing evidence of PFC dominance in the O2Hb LME. However, the
long stimulus times used made the O2Hb signal particularly susceptible
to physiological contamination thereby making it less reliable than the
HHB signal Tachtsidis and Scholkmann (2016).

Furthermore, the LME results indicate microvascular cerebral hemo-
dynamics may be altered in individuals with bilateral carotid plaques
compared with healthy controls in association with an incongruous
Stroop test. Specifically, there appears to by vascular impairment in the
Plaque group compared with the Healthy group; this is demonstrated
by a significant reduction in the magnitude of HHB decrease in the left
hemisphere of the brain, which is accompanied by a significantly re-
duced increase in O2Hb (though the latter is a global effect).

Examples of the fNIRS data for individual participants from each
group (after temporal pre-processing but before applying the GLM) are
shown in Fig. 6. Note the increased magnitude of the OHB response
globally for the participant in the Healthy group compared with the
participant in the Plaque group. Although smaller in magnitude and not
sustained throughout the stimulus, also note that the drop in HHB in the
LPFC for the first 40 seconds during the incongruous condition is larger
in the Healthy participant compared with the Plaque participant (pink
arrows).

The observation that carotid plaques are associated with a reduc-
tion in NVC is similar to previous studies investigating the effect of
atherosclerosis on cerebral hemodynamics and oxygenation. For exam-
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ple, Khan et. al (2021) used perfusion-weighted MRI to assess the rela-
tionship between carotid stenosis and cerebral perfusion and found that
over 80% of patients had a detectable reduction in brain perfusion in
the hemisphere ipsilateral to the carotid stenosis (Khan et al., 2021).
Lal et. al (2017) used the transcranial Doppler (TCD) breath-holding in-
dex (BHI) to compare cerebral hemodynamics in patients with asymp-
tomatic carotid stenosis (> 50% occulsion) and age-matched healthy
controls, and found a reduced ispsilateral BHI in half of the patients
(Lal et al., 2017). Similarly, Vernieri et. al (2006) demonstrated a sig-
nificant reduction in vasoreactivity using both fNIRS and TCD in pa-
tients with symptomatic carotid artery occlusion compared to patients
with asymptomatic carotid artery occlusion (Vernieri et al., 2006). Fur-
thermore, Forero et. al (2017) used fNIRS to show that patients with
carotid stenosis had (1) a decreased vasoreactivity by 23% and (2) 33%
fewer network links in the hemisphere ipsilateral to the stenotic vessel
(Forero et al., 2017). The observation that atherosclerosis is associated
with impaired NVC is further corroborated by Shroeter et. al (2006),
who demonstrated that patients with cerebral microangiopathy (small
vessel disease) had a weaker and delayed hemodynamic response com-
pared with age-matched controls in both the left and right frontal lobes
during a color-word Stroop task (Schroeter et al., 2007).

Given that our study includes only those with bilateral carotid
plaques, it is unclear why the left hemisphere of the brain seems to be
more affected than the right. This could be because the left side plays a
more dominant role during the incongruous Stroop task (Jonides et al.,
2000), thus making any deficits linked to vascular disease in that region
more readily apparent. Measurements of plaque size and carotid intima
medial thickness (cIMT) are currently ongoing, and will be used in future
work to further assess the relationship between carotid atherosclerotic
burden, plaque characteristics and cerebral hemodynamics.

Interestingly, the observed change in the pattern of brain activation
was not accompanied by a change in central hemodynamic measures
or task performance between people with and without atherosclerosis.
Both groups found the incongruous Stroop task similarly ‘stressful’, and
therefore may have had a similar level of sympathetic nervous system
activation. There are several reasons that could explain the latter ob-
servation whereby the Plaque group maintained performance of the
Stroop task despite experiencing reduced NVC in the regions assessed
with fNIRS. One explanation could be the nature of the disease progres-
sion: hypoperfusion has been shown to precede cognitive decline, and
must be chronic and persistent to cause the neuronal energy crisis that
triggers neurodegeneration (Honjo et al., 2012; de la Torre, 2018). As
the participants in the Plaque group had no prior evidence of CVD and
the plaques were found incidentally (i.e. otherwise asymptomatic), we
likely identified them at an early stage of the pathway between altered
cerebral hemodynamics and measurable cognitive decline. It is also pos-
sible that regions outside of the areas interrogated by fNIRS in this study
were recruited to maintain task performance in a phenomenon referred
to as ‘neural compensation’ (Bondi et al., 2005; Braskie et al., 2010;
Wishart, 2006). Working under this supposition, cognitive impairment
would then only be apparent when the additional cognitive reserve were
no longer sufficient. Although plausible, this study does not provide the
data support needed to determine whether neural compensation was
occuring; this would require further work using a method capable of
measuring global cerebral hemodynamics and neural activation. Finally,
all participants of this study had an MMSE score of 24 or over; if this
study were repeated on participants demonstrating signs of cognitive
impairment, a relationship between hemodynamic measures and task
performance might be observed.

This study has several limitations. Firstly, the Stroop protocol was
designed to be consistent with a previous INSIGHT wave before the
addition of fNIRS. Consequently, the protocol was not modified to be
optimal for fNIRS, which is why each condition in the Stroop test is ad-
ministered in a single long block as opposed to multiple short blocks.
Although every effort was made to minimize the effect of physiological
contamination (such as including the short separation channels in the
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Fig. 5. Individual t statistic maps showing the brain activation pattern for all 33 participants in the Healthy group performing the Stroop task (incongruous vs. null
condition). The t statistic is indicated by the colorbar, with brighter colors indicating a high t value and thus greater evidence for NVC.

design matrix and specifying the contrast to compare the incongruous
vs. the nominal condition), we cannot exclude that the cerebral com-
ponent of the O2Hb fNIRS signal is confounded by extracerebral hemo-
dynamics. Specifically, one concern is the spatial heterogeneity of scalp
blood flow; we used a single short separation channel measurement to
reflect the systemic effect for the entire hemisphere of the head, which
is an imperfect method given the variability in systemic blood flow as
a function of location. Although the HHB response is smaller in magni-
tude, it is less sensitive to this type of contamination (see Fig. 7) and
thus is likely to be a better indicator of NVC in this studyTachtsidis and
Scholkmann (2016). This is confirmed by our findings in our ‘known’
condition: we know that there should be increased activity in the PFC
compared to the sensorimotor regions in response to the Stroop task.
This was indeed picked up in the HHb signal, which showed a signif-
icantly greater decrease in HHb concentration on the LPFC than the
RMC.However, we would like to emphasize that although O2Hb and
HHB are not in perfect agreement, they are not necessarily contradic-
tory. Rather, the increased concentration of O2Hb in response to the
stimulus was more widespread whereas the decrease in HHB concentra-
tion was more localized. This pattern has been previously described in
other fNIRS studies (Pinti et al., 2021).

Secondly, we chose to focus on the extremes of atherosclerosis within
our sample (no plaques vs. bilateral plaques) to increase the chances of
detecting differences with a limited sample size. In future it would be
valuable to examine the relationship between NVC and atherosclerosis
using atherosclerosis as a graded rather than a binary measure, although
this is likely to require a larger sample size.

Although the Plaque and Healthy groups were age-matched and had
relatively similar cardiovascular health profiles with the exception of
the presence of carotid plaques, there was a difference in numbers of
men between the two groups (70% men in the Plaque group versus 36%
men in the Healthy group). We performed an additional LME analysis
with statistical adjustment for sex (see supplementary information S2)
and saw little effect on the overall results, but the sample size used was
too small to draw any firm conclusions regarding the influence of sex on
observed associations. Lastly, the sample was drawn from a UK-based
national birth cohort and only included people of White European eth-
nicity and consequently our findings may not be generalizable to other
samples.

This study also has many strengths which are worth highlighting.
Firstly, we were able to take advantage of the advanced fNIRS prepro-
cessing methods offered by SPM-fNIRS, such as customizing our design
matrix to include physiological contaminants, and using pre-whitening
to correct for serial autocorrelations in our data. Both of these have the
effect of reducing the false positive rate, thereby giving us confidence
that our results are robust even in the presence of noise. The Polhemus
digitization and statistical parametric mapping also enabled us to pre-
serve the geometry of our fNIRS measurements such that we could per-
form our analyses on anatomical regions rather than being restricted to
channel-wise analyses. Secondly the extensive phenotyping performed
as part of this study and previous data acquired as part of the NSHD
enabled us to compare health and cognition status between our groups:
this gives us some confidence that the differences observed in the cere-
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Fig. 6. Example channels from each of the four brain regions assessed for an example participant in the (left) Healthy group and the (right) Plaque group. The
Hb signals shown here have been temporally pre-processed as described in Section 2.5.1, but otherwise reflect the raw data (i.e. before short separation channel
regression with the GLM). Note that overall, the OHB signal (red lines) increases to a greater extent in response to the incongruous condition for the participant in
the Healthy group compared to the participant in the Plaque group. Also note the increased drop in HHB (blue lines) in the LPFC in the Healthy participant compared
with the Plaque participant (magenta arrows).
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Fig. 7. Top row: Example preprocessed channels from the left prefrontal cortex (LPFC) of a participant in the Healthy group with O2Hb and HHB shown in red and
blue respectively. Note that in response to the stimulus periods (yellow blocks), the O2Hb signal increases to a greater extent corresponding decrease in HHB. Bottom
row: The same channels as above are duplicated below, this time with the corresponding O2Hb (magenta) and HHB (cyan) measures from the short separation
channel superimposed. Note that the O2Hb short separation channel responds in a similar way to the O2Hb long separation channel throughout the Stroop task,
whereas the HHB short separation channel maintains a relatively flat shape. This implies that O2Hb is more sensitive to extracerebral contamination than HHB.
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bral hemodynamics between the two groups are likely to be a reflection
of the differences related to carotid atherosclerosis.

5. Conclusions

As expected, evidence of brain activation based on fNIRS measure-
ment of HHB was found in the LPFC of all participants. Despite individ-
ual heterogeneity of brain activation patterns, a consistent decrease in
brain activity was observed in participants with bilateral carotid plaques
compared with healthy controls during the incongruous Stroop task. In-
terestingly, this change in activation pattern was not accompanied by a
marked differences in MAP, HR, or task performance. We demonstrate
that carotid atherosclerosis, a well-established cardiovascular risk fac-
tor, may be associated with alterations in NVC while performing the
Stroop task even in the absence of detectably impaired cognitive perfor-
mance.
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