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1 | INTRODUCTION

Cardiovascular functions influence cerebral hemodynamics (Saha
et al., 1993; Ritz, van Buchem, & Daemen, 2013; Oh et al., 2012). In a
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Abstract

Recent studies have reported that optical indices of cerebral pulsatility are associated
with cerebrovascular health in older adults. Such indices, including cerebral pulse ampli-
tude and the pulse relaxation function (PRF), have been previously applied to quantify
global and regional cerebral pulsatility. The aim of the present study was to determine
whether these indices are modulated by cardiovascular status and whether they differ
between individuals with low or high cardiovascular risk factors (LCVRF and HCVRF)
and coronary artery disease (CAD). A total of 60 older adults aged 57-79 were enrolled
in the study. Participants were grouped as LCVRF, HCVRF, and CAD. Participants were
asked to walk freely on a gym track while a near-infrared spectroscopy (NIRS) device
recorded hemodynamics data. Low-intensity, short-duration walking was used to test
whether a brief cardiovascular challenge could increase the difference of pulsatility indi-
ces with respect to cardiovascular status. Results indicated that CAD individuals have
higher global cerebral pulse amplitude compared with the other groups. Walking reduced
global cerebral pulse amplitude and PRF in all groups but did not increase the difference
across the groups. Instead, walking extended the spatial distribution of cerebral pulse
amplitude to the anterior prefrontal cortex when CAD was compared to the CVRF
groups. Further research is needed to determine whether cerebral pulse amplitude
extracted from data acquired with NIRS, which is a noninvasive, inexpensive method,

can provide an index to characterize the cerebrovascular status associated with CAD.

KEYWORDS
cardiovascular risk factors, cerebral pulsatility, coronary artery disease, near-infrared
spectroscopy, older adults, walking

healthy individual, the heart generates blood flow and pressure in the
central arteries that are sufficiently pulsatile to provide adequate per-
fusion for distal cerebral regions (Mitchell, 2008; Zarrinkoob
et al, 2016). The arterial tree regulates this pulsatile flow into
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relatively constant blood flow as the blood travels toward the brain
microcirculation (Bari¢, 2014; Mitchell, 2008; Satish & Tadi, 2020).
Healthy brain metabolism and microvascular integrity are supported
by the efficiency of this regulation (McDonald, 2011). With aging,
impairment of the arterial tree functions causes the cushioning of
arterial pulsations to diminish; hence, higher pulsatility is transferred
to distal brain arteries (Mitchell, 2008; Zarrinkoob et al., 2016).

Presence of cardiovascular risk factors (CVRF) can exacerbate
transferring higher pulsatility to the cerebral circulation (Pase, Grima,
Stough, Scholey, & Pipingas, 2012). Also, impairment in the heart
function, as the primary generator of pulsatile flow and pressure, can
impair cerebral hemodynamics (Lutski, Haratz, Weinstein, Goldbourt, &
Tanne, 2018). Indeed, heart diseases such as coronary artery disease
(CAD) are linked to modified cerebral hemodynamics and cerebrovas-
cular damage (Anazodo et al., 2016; Zheng et al., 2012). Although a
large proportion of older adults are exposed to both CVRF and CAD,
little attention has been paid to whether cerebral pulsatility differs
between patients with CVRF and those with CAD.

At rest, even in some individuals with CAD, compensatory mech-
anisms may efficiently and sufficiently regulate cardiac output and
cerebral blood flow (Koike et al., 2008). However, during physical
activity, higher oxygen demand increases the blood flow of exercising
muscles. This could influence the hemodynamics of other organs, such
as the brain (Koike et al., 2008). Furthermore, physical activity tempo-
rarily escalates systolic blood pressure and imposes higher stress on
the arterial walls (Wielemborek-Musial, Szmigielska, Leszczynska, &
Jegier, 2016) where we suspect the impairment in the damping of
pulsatility is more pronounced. Hence, it is possible that physical
activity allows us to identify hemodynamic differences that are not
seen in the resting state. Therefore, we sought to explore whether
low-intensity, short-duration walking as a common daily task
increases the difference of cerebral pulsatility indices and improves
differentiation between CVRF and CAD individuals.

There are several noninvasive tools for quantitative assessment
of cerebral pulsatility. Carotid ultrasound (Chuang et al., 2016; Ozari
et al, 2012), transcranial Doppler ultrasound (Al-Jehani, 2014;
Ghorbani, Ahmadi, & Shemshaki, 2015), and phase-contrast magnetic
resonance imaging (PC-MRI) data can be used to index pulsatility in
the carotids and vertebral arteries (Wahlin et al., 2012; Wahlin,
Ambarki, Birgander, Malm, & Eklund, 2014) or other cerebral arteries
such as the middle cerebral arteries (MCAs, Zarrinkoob et al., 2016).
Other indices of pulsatility can be extracted from pulse wave velocity
(PWV; O'Rourke & Jiang, 2001), which determines velocity by mea-
suring pulse transit time in a known vascular path length (often the
carotid-femoral arteries). Another simple and inexpensive peripheral
index of arterial pulsatility is determined based upon the difference
between systole and diastole in the pulse cycle using pulse plethys-
mography (Elgendi, 2012). Notably, all these techniques are limited to
probing larger vessels (Gupta, Lyons, & Hedgire, 2019; Nayak
et al., 2015) and introduce a single, global index of pulsatility. More-
over, these techniques do not often reveal the spatial distribution of
pulsatility indices across the cortical regions, especially in the natural

setting of walking.

Near-infrared spectroscopy (NIRS) can assess local cerebral
pulsatility across the cortex noninvasively (Fabiani et al., 2014; Tan
et al., 2017; Themelis et al., 2007). NIRS data often include heartbeat-
like components that originate from heart pulsations (Fabiani
et al., 2014; Themelis et al., 2007). In each cardiac cycle, a volume of
oxygenated blood pulsates into the cerebral arterial network
(Themelis et al., 2007). The local increase in oxyhemoglobin concen-
tration alters the intensity of near-infrared light in the region probed
by the NIRS source and detector pair (Fabiani et al., 2014; Themelis
et al., 2007). In the earlier NIRS studies, these heartbeat-like compo-
nents were generally considered to be noise and were removed from
the data (Themelis et al., 2007). In recent years, Fabiani et al. (2014)
reported that indices extracted from these heartbeat-like components
can qualify cerebrovascular health. These indices such as cerebral
pulse amplitude or pulse relaxation function (PRF) were correlated to
cognition (Tan et al., 2016; Tan et al., 2017), and cardiorespiratory fit-
ness (Tan et al., 2017). Despite these studies, to best of our knowl-
edge, the relation between NIRS indices of cerebral pulsatility and
cardiovascular status in humans remain to be further documented.
Notably, the work of Fabiani et al. (2014) followed previous animal
experiments by Themelis et al. (2007) who measured changes of local
cerebral blood flow from the pulsatile component of NIRS data
acquired from newborn pigs. Themelis et al. (2007) demonstrated that
the pulsatile component of cerebral blood flow measured with NIRS is
highly correlated with laser Doppler measurements of cerebral
blood flow.

The objectives of the present study were twofold. (a) Assess the
impact of LCVRF, HCVRF, and CAD on cerebral pulsatility indices
extracted from NIRS data. We hypothesized that cerebral pulsatility is
higher (cerebral pulse amplitude is higher and PRF is lower) in the
CAD, HCVRF, and LCVRF respectively. (b) Evaluate whether short-
duration walking could increase cerebral pulsatility indices differently
in these clinical groups. It was expected that after walking
(AW) cerebral pulsatility reduces (cerebral pulse amplitude reduces
and PRF increases) compared to before walking (BW) and that this

change would be lower in CAD.

2 | MATERIALS AND METHODS

2.1 | Participants

A total of 60 older adults including 45% women (aged 57-78, right-
handed) were recruited for the study and divided into three groups
according to their CVRF level and CAD diagnosis.

2.2 | Screening procedure

Classical cardiovascular risk factors of (1) high total cholesterol (2) dia-
betes (3) hypertension (4) low high-density lipoprotein (HDL) (5) high
low-density lipoprotein (LDL), and (6) smoking were considered, in

addition to cardiovascular condition. The blood test results of the
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participants were reviewed by a cardiologist. The presence or absence
of coronary heart disease (CHD) was determined from the clinical data
assessment and the list of participants' medications, which enabled
the cardiologist to classify the participants into two groups, non-CAD
and CAD. Patients with CAD had any of the risk factors (1), (2), (3), (4),
and (5) in addition to any history of coronary artery disease, coronary
artery bypass grafting or myocardial infarction events (that occurred
more than a year prior to the experiment). The exclusion criteria for
the CAD group were moderate to severe valvular heart disease, con-
gestive heart failure, a recent history of myocardial infarction, overt
neuropathy, and uncontrolled hypertension.

Non-CAD participants were divided into two groups, which were
the LCVRF and the HCVRF groups, based on the Framingham table
(Wilson et al., 1998, see Section 2.3). All participants were screened
for any previous head injury, neurological disorder, major psychiatric
iliness, renal disease, use of central nervous system affecter medica-
tion (benzodiazepine or any antidepressants), alcoholism, and a history
of migraines. Approval of all aspects of this study was obtained from
the ethics committee of the Montreal Heart Institute. Prior to partici-
pation, all enrolled participants were provided oral and written expla-
nations of the study and the freedom to drop out. Written consent

was obtained from each participant prior to the experiment.

2.3 | Quantification of CVRF using
Framingham table

Framingham scoring served as an index that combines scores of gen-
der, age, cholesterol or LDL, HDL, blood pressure, diabetes mellitus
and smoking status to estimate 10-year risk of developing CHD
events. In the Framingham table published by Wilson et al. (1998), risk
factor tables categorize the measure of risk factor to low or very low
or moderate, high or very high. We elected to assign the non-CAD
participants possessing very low, low, or moderate risk factors to
LCVRF group. Also, participants with at least one high or very high-
risk factor were assigned to the HCVRF group. Due to the
unavailability of Framingham age-scores for individuals older than
74 years, the age-scores for those five participants older than this age

were linearly extrapolated.

24 |
treadmill

Assessment of cardiorespiratory fitness on

Cardiorespiratory fitness (CRF) was assessed for each participant
using a treadmill (T2000, GE Medical Systems, USA) with an individu-
alized ramp protocol following a previously published protocol (Boidin
et al., 2015; Gayda, Brun, Juneau, Levesque, & Nigam, 2008). During
the test with the personalized ramp protocol, the speed and slope
were gradually increased every 15 s to reach a linear load for a total
duration of about 10 min (Myers et al., 1992). All participants were
instructed to take their medications as they normally would. During

the tests, the participants' electrocardiograms (ECG: Marquette case

12, GE Medical Systems, USA) were measured continuously. The rate
of perceived exhaustion (RPE) according to Borg's scale (6-20) and
blood pressure (manual measure: sphygmomanometer, Welsh Allyn,
USA) were measured every 2 min. Criteria for the symptom-limited
maximal exercise test were the rate of perceived exertion 218 and/or
>85% of age-predicted maximal heart rate or patient exhaustion. The
exercise was discontinued in cases of participant fatigue, dyspnea,
abnormal blood pressure responses or electrocardiogram (ECG) abnor-
malities. The highest levels of metabolic equivalents (METs) were
determined from maximal treadmill speed and grade as previously
published (Boidin et al., 2015). At the end of the session, each partici-
pant had a 5 min passive recovery period. In order to normalize the
METs data for sex, we calculated theoretical METs values using
Wasserman/Hansen equations for the treadmill for each participant
(Wasserman, Hansen, Sue, Stringer, Whipp, 2004). The ratio of raw
METs values to the theoretical METs was then calculated and used

for data analysis (Table 1).

2.5 | Blood draw and blood pressure measurement
Blood samples were collected from each of the participants following
overnight fasting. Glucose, cholesterol, LDL, and HDL levels were
measured based on the protocol in Boidin et al., 2015 and in Gayda
et al.,, 2008. Prior to walking, the average blood pressure was deter-
mined over 3 min of continuous measurement after the participant
had rested for 10 min in a seated position. The blood pressure was

taken on the right upper arm using a digital sphygmomanometer.

2.6 | NIRS acquisitions

The NIRS system used for the acquisitions was an in-house-devel-
oped, fully portable system using 16 near-infrared light emitting diode
(LED) sources and 16 detectors mounted on a long-lasting, flexible
mesh to account for various head contours across the participants.
This portable NIRS system was previously validated and used for
other studies such as Lareau et al. (2011). The LEDs generated near-
infrared light at 735 and 850 nm. The design of the optodes featured
a compression spring that provided stable contact with the scalp. Each
source and detector were fixed on a socket using a stretchable band
(Figure 1a,b). An orthogonal orientation was maintained with the skin
surface to ensure a good skin-optode contact, which boosts light-
coupling efficiency and an optimal co-registration with the MRI tem-
plate. The reflected near-infrared light was captured using avalanche
photodiodes located on the head. A source-detector separation of
2.5-5.6 cm was used to detect hemodynamic changes from part of
the frontal lobe and motor areas (Figure 1a). The frontal cortex is an
area sensitive to age-related decline and has demonstrated positive
changes induced by physical activity (Agbangla, Audiffren, &
Albinet, 2017; Greenwood, 2007). It is also an area in which changes
in cerebral oxygenation are acquired with NIRS (Agbangla et al., 2017)
in young and older adults in mobility-based tasks (Vitorio, Stuart,
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TABLE 1 Baseline characteristics of
the participants

(A)

FIGURE 1

Characteristics
Female/male (n)

Age (years)

Resting SBP (mmHg)
Resting DBP (mmHg)

Pulse pressure (mmHg)
NIRS-estimated heart rate BW (beat/min)
NIRS-estimated heart rate AW (beat/min)
METs

Smoking, n (%)

Blood sample parameters
Total-cholesterol (mmol L™%)
LDL-cholesterol (mmol L)
HDL-cholesterol (mmol L™
Medication therapy

Aspirin, n (%)

Beta-blockers, n (%)
Calcium-antagonist, n (%)
ACE-inhibitor, n (%)

ARA, n (%)

Treatment for CAD

Coronary angioplasty

CABG

Infarcts

LCVRF (n = 16)
11/5

66.31 (4.52)
122.68 (7.25)
75.68 (6.38)
43.24 (2.78)
67.19 (7.16)
88.76 (10.28)
1.41(0.23)

0

4.80 (0.74)
2.68 (0.65)
1.64 (0.29)

1(5.55)
1(5.55)
2(11.11)
0
2(11.11)

Note: Variables are expressed as mean (standard deviation).
Abbreviations: ACE, angiotensin converting enzyme; ARA, angiotensin receptor antagonist; AW, standing
rest after short-duration walking; BW, standing rest before short-duration walking; CABG, coronary
artery bypass graft; CAD, coronary artery disease; DBP, diastolic blood pressure; HCVRF, high
cardiovascular risk factors; HDL, high-density lipoprotein; LCVRF, low cardiovascular risk factors; LDL,
low-density lipoprotein; METs, metabolic equivalents (ratio of METs value to theoretical METs); n,
number of participants; SBP, systolic blood pressure; %, percent of participants.

(©)

HCVRF (n = 26)
15/11

66.96 (5.77)
124.57 (13.55)
76.38 (7.05)
45.14 (5.98)
70.13 (9.34)
88.14 (11.09)
1.17 (0.26)
3(11.54)

4.91(1.29)
2.92 (1.09)
1.35(0.54)

5(19.23)
4(15.38)
4(15.38)
3(11.54)
8(30.77)

WILEY_L¥%

CAD (n = 18)
1/17

71.05 (4.06)
125.16 (15.22)
75.27 (7.07)
54.97 (11.23)
73.13 (11.09)
102.81 (16.33)
1.19 (0.32)
1(0.055)

3.65(0.54)
1.80(0.47)
1.27 (0.28)

16 (88.89)
12 (66.67)
5(27.78)
3(16.67)
6(33.33)

11 (61.11)
6(33.33)
10 (55.56)

(a) Posterior-anterior view of the source and detector placements projected on the cortex. The red dots represent the sources,

and the blue dots represent the detectors. Sixteen sources and 16 detectors were placed on the helmet. (b) Helmet and optode sockets. Source
and detector housings are identical and are fixed on the helmet's sockets. (c) Participant equipped with the system. The prototype is attached on
the back of the participant and sends data by Bluetooth to a computer
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Rochester, Alcock, & Pantall, 2017). Further, this area has been found
to be a good target when exploring vascular changes in the aging brain
(Desjardins, 2015). Pictures of the helmet and the whole system on a
participant are shown in Figure 1c. One triaxial accelerometer was
placed on the helmet. The data from the accelerometer and the
16 detectors were sent in real time by Bluetooth to a computer. A
LabView (National Instrument, TX) user interface was used to cali-
brate the system, start and stop acquisitions, manage task triggers and
visualize the recorded data. A lightweight black cloth was placed over
the helmet to prevent ambient light from being detected by the detec-
tors. The source and detectors were positioned according to the inter-
national 10-20 EEG system (Klem, Ltiders, Jasper, & Elger, 1999).

2.7 | Walking paradigm

Participants were asked to walk freely at a self-selected pace (similar
to: Fraser, Dupuy, Pouliot, Lesage, & Bherer, 2016) for two distinct tri-
als identified as blocks 1 and 2. The walking paradigm is similar to
those presented in Beurskens, Helmich, Rein, and Bock (2014);
Maidan et al. (2016); Mirelman et al. (2014). These trials were per-
formed in a quiet room where markings on the ground indicated a
10-m-long trail to follow. The participants were instructed to walk the
distance back and forth at a self-selected pace for 30 s. The NIRS hel-
met was mounted on the participants' foreheads. Care was taken to
place the NIRS optodes on the heads of the participants to establish a
good coupling between the near-infrared optodes and the head sur-
face. In each trial, the participants returned to the origin after the end
of trial. Participants were accompanied by a trainer to ensure safety in
each walking trial. NIRS data were collected continuously during each
block.

2.8 | Windkessel model and cerebral pulsatility
parameters

The pulsatile motion of blood expands the elastic arteries and arteri-
oles (Themelis et al., 2007). It also induces periodic alterations in the
concentration of oxy-hemoglobin, which changes absorption of near-
infrared light. This attenuation can be measured by the near-infrared
source and detector pairs (Fabiani et al., 2014). A fluid dynamics
model has been proposed to explain the association between local
alterations of blood volume and detected near-infrared light intensity
described by the following equation (Cook, 2001; Wisely &
Cook, 2001).

-8l oV
FO(E:F:Fin*Fout (1)

Here | is the relative change in near-infrared light intensity, V is the
instantaneous change in blood volume, t is time, F is the pulsatile flow
(the difference between inflow and outflow), F;, or inflow is the

ejected flow from the left ventricle as estimated from a sine wave

(Segers et al, 2008) with amplitude A and frequency 1 Hz or
A.sin(t(s)). Fout is the outflow or the flow through arterioles with resis-
tance R and pressure P. Assuming a linear pressure-volume relation-
ship, the compliance of the artery is defined as C:% Thus, the
Windkessel equation can be rewritten:

P(t) dP(t)
TJFCT—Fout(t) (2)

2.8.1 | Cerebral pulse amplitude
Assuming that inflow is predominant during systole, outflow can be
neglected (anstt"'e :$ ~0) (Themelis et al., 2007). Therefore, we can

rewrite Equation (1):

C%:A.sin(t) (3)

Integrating both sides of the equation, P can be written:

P(t)= 7g.cos(t) +Const 4

Solving Equation (4) for the beginning of the cardiac cycle (to = 0), and for
tmax Yields: P~ -é. At a given pressure, as the compliance of the arterial
wall decreases, the amplitude of the optically detected heartbeat
increases. Here, systolic amplitude was calculated as the change in
cerebral pulse amplitude from systolic peak to baseline value of pulse
or preceding diastolic peak (Tan et al., 2017, Figure 2), normalized by
the diastolic peak. Therefore, the cerebral pulse amplitude is propor-
tional to the changes of signal intensity with respect to its baseline.

2.8.2 | Pulse relaxation function

PRF relates to the shape of the pulse during diastolic relaxation
(Fabiani et al., 2014). At the end of systole, when cardiac ejection
ceases, arterial inflow can be neglected (F;, =0) and the relaxation of
the arterial elastic elements passively flushes the blood into the vascu-
lar bed. Solving the Windkessel first degree differential equation for

P(t) in the diastolic phase yields:

P(t) =Po exp (;—é) (5)

The Windkessel model proposes that during diastole, the relaxation
of the artery follows an exponential function with parameters
dependent on the compliance of the artery (decay time RC). This
equation assumes that an elastic artery has a delayed recoil which in
turn allows for an optimal temporal distribution of the pulse. Con-
versely, the loss of arterial wall elasticity is reflected in a shorter dia-
stolic decay or a quick recoil. Fabiani et al. (2014) simplified the
exponential function in Equation (5) to a straight line (Chiarelli
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et al., 2017) and subtracted the area under the relaxation curve from
the area under the diastolic waveform to estimate the reflected wave.
Here, PRF was determined as the integral of the area under the dia-
stolic phase of the pulse waveform minus the area of the triangle esti-
mating the relaxation curve. Next, this value was normalized by
systolic amplitude (Fabiani et al., 2014, see Figure 2). Accordingly, the
extent of arterial wall elasticity in cerebral arteries and arterioles can
be related to the pulse amplitude and the shape of the cerebral heart-
beat during diastolic relaxation by the degree that that arterial wall

maintains its expanded volume during diastolic phase (Fabiani

A Diastolic peak

PRF

Cerebral pulse amplitude

Systolic peak

FIGURE 2 Example of single cerebral pulse waveform for a
participant. The change in intensity between the systolic and the
diastolic peaks represents cerebral pulse amplitude. The shaded area
represents the PRF as estimated by dividing the shaded area from
systolic peak to the next diastolic peak to the cerebral pulse
amplitude (adapted from Tan et al., 2017). x-axis is time (s) and y-axis
is NIRS signal intensity. PRF, pulse relaxation function

et al.,, 2014; Tan et al., 2017). Since the wavelength of 850 nm is more
sensitive to the absorption of oxyhemoglobin (Themelis et al., 2007),
data related to this wavelength were used for analysis of pulsatility

parameters of the two blocks of the task.

2.9 | Pulse pressure

Pulse pressure was calculated as the difference between systolic max-
imum and diastolic minimum of blood pressure measured on the arm
(Wahlin et al., 2014).

210 | NIRS data processing

2.10.1 | Preprocessing

Data analysis was performed using MATLAB 2017a (MathWorks,
Natick, MA). In this study, we focused on the pre- and postwalking
standing rest periods where data were not contaminated by motion.
This distinction between motion and rest periods was made using
accelerometer data (Figure 3a,b). Saturated channels were removed
from the analysis and the raw NIRS data of the remaining channels
were normalized to their means (Fabiani et al., 2014). Intensity data
were filtered with a bandpass filter with cutoff frequencies at 0.5-
5 Hz (Tan et al., 2017) to preserve brain physiology data while elimi-
nating unwanted high- and low-frequency noises. Motion artifacts
were identified using accelerometer data and movement artifact func-
tions in the HOMER2 toolbox (Huppert, Diamond, Franceschini, &
Boas, 2009). In this study, data were inspected visually, channel by
channel, to ensure movement artifacts were removed from the analy-
sis. Next, we followed the approach in Pollonini et al. (2014) as a qual-
ity check for heartbeat epochs in one channel. In short, a good source

detector coupling presents a prominent synchronized cardiac

(A)
% \ T \ T
o411 1 . —
S 10 20 30 40 50 60
Time (s)
(B) Standing Before Walking Walkin

=\
1

Intensity (NIRS)

A .. i “\N‘;'
ARARIRS

Time (s)

FIGURE 3

(a) Example of accelerometer data averaged over three axes including standing rest before short-duration walking, walkig,and standing

rest after short-duration walking. (b) Example of the NIRS intensity data for wavelength 850 nm. A higher pulse amplitude in the standing rest before
short-duration walking in comparison with after short-duration walking is clearly identifiable. NIRS, near-infrared spectroscopy
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( > Separating the rest and
mobility periods using
accelerometer data

NIRS data

Removing ¢

saturated and Detecting peaks
and nadirs

noisy channels

p
Manual checking for
each channel

Normalizing to
mean

Y
Band-pass p ¢ N
filtering 0.5-5 Hz

Separating each HB

\ J

v

Performing piecewise

cubic spline
interpolation

Discarding
the channel

Discarding of
the HB

tAV eraging HB epochs > Pulsatllltyé r:r;ﬂlrles in each
X y v
(‘Averaging of
. Averaging of the ir?diges
<0.8 Comsiation the indices over time and
~<between each HB and over time channels
average HB (channel-wise (global
Y i
ulsatili o~
Discrading pindicest)y pulgahhty
of the HB indices)
v
Determining Performing
) Channel-wise t-test and
M(2*SD) Calculating contrast ) {_ ANOVA
cerebral pulse amp-

litude and PRF for
each HB

FIGURE 4 Schematic diagram of NIRS data processing to extract pulsatility indices and analysis. ANOVA, analysis of variance; HB,
heartbeat epoch; M (SD), mean tstandard deviation; NIRS, near-infrared spectroscopy; PRF, pulse relaxation function; SCI, scalp coupling

index

oscillation in both wavelengths. Hence, after preserving the cardiac
component in both wavelengths, a cross-correlation at time lag zero
showed how well two wavelengths were coupled. The resulting num-
ber is called scalp coupling index (SCI) and served as a quality check
for each channel. In this study, only channels with an SCI 20.8 were

considered for further analysis.

2.10.2 |
and PRF

Extraction of cerebral pulse amplitude

Heartbeat pulse epochs were analyzed for each resting period, BW
and AW, separately. Local maxima (peaks) and local minima (nadirs)
were determined with a semi-automatic approach using the
“FindPeak” function in MATLAB 2018a (MathWorks, Natick, MA).
Each heartbeat epoch was tagged based on defining a local extre-
mum. However, if a peak or nadir was flat, the individual heartbeat
epoch was discarded from further analysis. Nevertheless, in some
channels, we observed heartbeat waveform variability. Therefore,
manual and visual inspection were performed on all the channels
for each participant to ensure that any misidentifications or detec-
tion errors of the peaks and nadirs were fixed manually. Manual
fixes were effected by adjusting the “FindPeak” algorithm parame-
ters or discarding the heartbeat epoch as an artifact from further
analysis. Following identification of peaks and nadirs, each individ-
ual heartbeat was separated. The baseline shift of each heartbeat
epoch was removed by piecewise cubic spline interpolation.

The waveforms with cerebral pulse amplitude with standard
deviation twice greater than the mean were considered motion

artifacts and were removed from the analysis. The average

waveform of the remaining heartbeats was determined and a cor-
relation between each individual and the average heartbeat epoch
was calculated. The heartbeat epochs with a correlation 20.8 were
kept. Channel data were divided into four quantiles and the sec-
ond and third quantiles were averaged (median). In each heartbeat
epoch obtained from the NIRS signal, cerebral pulse amplitude
and PRF were calculated separately. Next, the average of the
pulsatility indices was used to represent the pulsatility index for
that channel. In addition, the average across all the channels was
used as the global pulsatility index in each participant. Figure 4
provides a diagram of NIRS data processing to extract pulsatility
indices. For each participant, we averaged the cerebral pulse
amplitude across all channels as an indicator of the global cerebral
pulse amplitude for the participants. The same procedure was
followed for global PRF.

2103 |
parameters

Statistical analysis for global pulsatility

A one-way analysis of variance (ANOVA) using group as between sub-
ject factor (LCVRF, HCVRF, and CAD) was performed on the data.
The aim of the analysis was to evaluate whether at standing rest, car-
diovascular degradation from LCVRF to HCVRF and CAD could alter
cerebral pulse amplitude and PRF. In this model, the dependent vari-
ables were cerebral pulse amplitude and PRF. Finally, to explore the
impact of walking on alterations of global cerebral pulse amplitude in
each group individually, we employed a paired student t-test within
each group. All statistical analysis was performed with SPSS (IBM sta-
tistics for Macintosh, Version 25.0).
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FIGURE 5 Spatial distribution of NIRS channels included in the
channel-wise analysis of pulsatility parameters and the corresponding
cortical sensitivity matrix, frontal view. Red numbers indicate near-
infrared light sources and blue numbers indicate near-infrared light
detectors. Yellow lines connecting sources to detectors represent
NIRS channels. This figure shows that the 38 channels included in the
channels-wise analysis had reasonable sampling sensitivity in most of
the prefrontal areas and in bilateral supplementary motor cortices.
NIRS, near-infrared spectroscopy

2.10.4 | Statistical analysis for channel-wise
pulsatility parameters and cortical projections

In addition to the above analysis assessing the global pulsatility index
combining all NIRS channels for a single participant, we conducted
channel-wise analysis on pulsatility parameters to explore their spatial
properties BW and AW. A two-sample t-test was then conducted on the
pulsatility scores across the groups, testing the null hypothesis that there
was no statistically significant difference in the measured cerebral pulse
amplitude or PRF across the three groups for this channel. This yielded a
total of 38 NIRS channels to be included in the channel-wise analysis
(Figure 5). The t-values of each comparison were then corrected for mul-
tiple comparison with a false discovery rate (FDR) approach (Benjamini &
Hochberg, 1995). Along with the raw pulsatility scores, the t-values that
survived the FDR correction were then projected on the cortical layer of
the Colin27 template based on the anatomical locations of the
corresponding channels. This projection was performed using the open-
source toolbox Atlas Viewer (Aasted et al., 2015). These individual values
were then spatially interpolated to generate cortical contrast maps.
Channel-wise analysis was performed with Atlas Viewer, HOMER2
(Huppert et al., 2009) and some in-house scripts.

3 | RESULTS

On average, a walking block consisted of a standing rest period
(15.20 + 6.39 s) followed by free walking (29 £ 9.2 s) and another

standing rest AW (15.77 + 7.3 s). We analyzed the data for the stand-
ing rest BW and AW. To assess the reliability of pulsatility indices, the
correlation between Block 1 and Block 2 was calculated: BW: r = .88,
p <.001 AW: r = .83, p <.001 for cerebral pulse amplitude and BW:
r=.44,p<.01, AW:r = .39, p = .007 for PRF. For the rest of the anal-
ysis, each pulsatility index was averaged across Blocks 1 and 2.

Figures 6a and 8a show the boxplots of global pulsatility index
(averaged across all the channels in each individual) for cerebral pulse
amplitude and PRF, for the three groups, for BW and AW. Regression
analysis determined a statistically significant association between sex
and cerebral pulse amplitude for both BW and AW: BW:
F158) = 12.583, p = .001 and AW: F(; 55y = 6.64, p = .013. Hence, for
the rest of the analysis the effect of sex was regressed from the cere-
bral pulse amplitude for BW and AW. The association between PRF
and sex was not statistically significant (p >.1). In addition, regression
analysis did not determine a statistically significant association
between age and cerebral pulse amplitude nor with PRF (p >.1) in all
three groups.

3.1 Impact of cardiovascular status on cerebral
pulsatility BW while standing
3.1.1 | Cerebral pulse amplitude

For global cerebral pulse amplitude BW, a one-way ANOVA deter-

mined a statistically significant difference between groups
(Fz,56) = 5.413, p = .006). A multiple comparison with Bonferroni cor-
rection revealed that the global cerebral pulse amplitude was signifi-
cantly higher in the CAD group (BW: 0.75 + 0.079) in comparison to
HCVRF (BW: 0.68 + 0.086, p = .036) or LCVRF (BW: 0.67 + 0.079,
p =.001) groups. While the global cerebral pulse amplitude was
slightly higher in the HCVRF group in comparison with the LCVRF
group, the difference did not reach statistical significance (p >.1).
Figure éc illustrates input data for channel-wise analysis of cere-
bral pulse amplitude. Figure 7 shows channel-wise comparison of
cerebral pulse amplitude across the three groups. In Figure 7-(BW),
the difference of cerebral pulse amplitude across the groups was
shown to be statistically significant in the supplementary motor cor-
tices, especially on the left side (contralateral to the preferred hand)
for the three groups (albeit with lower t-values for HCVRF versus
LCVRF). These results indicate that despite the result that global
cerebral pulse amplitude (BW) did not show a statistically significant
difference between LCVRF and HCVRF, the channel-wise analysis of
cerebral pulse amplitude (BW) revealed statistically significant
regions in supplementary motor cortices for LCVRF versus HCVRF

groups.

3.1.2 | Pulse relaxation function

For global PRF (BW), one-way ANOVA did not indicate a statistically sig-
nificant difference across the three groups (F257) = 1.595, p = .212).
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Figure 8c illustrates input data for channel-wise analysis of PRF.
Figure 9-(BW) indicates channel-wise comparison of the PRF across
the groups for BW where there was statistically significant difference
mostly in the bilateral supplementary motor area in CAD compared
with LCVRF group. For HCVRF versus HCVRF groups, this difference
was limited to the left sensorimotor area, contralateral to preferred
hand. These results indicate that despite the result that global PRF
(BW) did not show a statistically significant difference between the
three groups, the channel-wise analysis of PRF (BW) showed statisti-
cally significant regions in the sensorimotor area for CAD versus
LCVRF and for HCVRF versus LCVRF.

3.2 | Impact of short-duration walking on cerebral
pulsatility parameters

3.21 | Cerebral pulse amplitude

We have explored the effect of short-duration walking on cerebral
pulse amplitude within each group. A paired student t-test indi-
cated a statistically significant difference between global cerebral
pulse amplitude AW versus BW within each group. Descriptive sta-

tistics showed a statistically significant reduction for cerebral pulse
amplitude within each group: LCVRF group (BW: 0.663 + 0.078 to



MOHAMMADI ET AL.

WILEY_L¥¢

CAD vs. LCVRF

Before Walking

After Walking

FIGURE 7

CAD vs. HCVRF

LCVRF vs. HCVRF

Lo b hbONS O

=

t-statistics topographic contrast maps (p <.05) for channel-wise comparison of cerebral pulse amplitude for before walking and

after walking, respectively. The channel-wise comparisons were determined the channel-wise contrast for CAD versus LCVRF, CAD versus
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AW: 0.577 + 0.098, p gwaw = .0104), HCVRF (BW: 0.699 + 0.087,
AW: 0.645 £ 0.093, p gwaw = 035 and CAD (BW: 0.793 + 0.082
to AW: 0.7409 + 0.059, p gwaw = .043). Despite this significant
reduction of global cerebral pulse amplitude within each group,
repeated measure ANOVA (RM-ANOVA) indicated that this reduc-
tion is not statistically significant across the groups Fz 57 = 0.51,
p >.1. These results indicate that short-duration walking did not
exaggerate the changes of global cerebral pulse amplitude across
the groups. Notably, channel-wise comparison of cerebral pulse
amplitude after short-duration walking across the groups (Figure 7-
AW) showed statistically significant changes of cerebral pulse
amplitude in sensorimotor cortices and prefrontal areas when CAD
was compared with LCVRF. Also, similar pattern but with a smaller
spatial extent was observed in the comparisons of CAD versus
HCVRF. As we can see in the Figure 7-(AW), for the HCVRF versus
LCVRF groups, the channel-wise difference was located in bilateral
supplementary motor areas.

3.2.2 | Pulse relaxation function

For global PRF, paired t-tests within each of groups indicated a statisti-
cally significant difference between AW and BW for all groups.
Descriptive statistics show that this reduction is statistically significant
within each group as follows: LCVRF group (BW: 0.133 + 0.032 to
AW = 0.102 + 0.033, p gwaw = -031), HCVRF (BW: 0.129 + 0.057,
AW: 0.093 + 0.046, p gwaw = -0058) and CAD (BW: 0.111 + 0.032
to AW: 0.0720 + 0.020, p gwaw <.001). However, despite this signifi-
cant reduction of global PRF within each group, repeated measure
ANOVA (RM-ANOVA) indicated that this reduction is not statistically

significant across the groups Fz 57 = 0.73, p >.1. These results indi-
cate that walking did not amplify the changes of global PRF (for BW
vs. AW) across the groups. However, channel-wise comparison of
PRF AW (Figure 9-AW) across the groups shows that with short-
duration walking the difference in channel-wise comparison of PRF
appears with broader spatial extents for LCVRF versus CAD and
LCVRF versus HCVRF groups.

In short, our data indicated that short-duration walking
expanded the spatial area of channel-wise difference of
pulsatility indices (for cerebral pulse amplitude and PRF) across
the groups. The effect was not seen in global changes in
pulsatility indices.

3.3 | Cerebral pulsatility parameters and heart rate
We explored the association between indices of cerebral pulsatility
and heart rate. First, we estimated heart rate from the number of
detected heartbeats in the given time. Next, for each individual, we
computed the cumulated cerebral pulse amplitude per minute by mul-
tiplying the global cerebral pulse amplitude by the corresponding
heart rate (an index of blood volume changes in the region probed by
NIRS source and detector). The cumulated cerebral pulse amplitude
was calculated and was compared between BW and AW. Descriptive
statistics showed the increased cumulated cerebral pulse amplitude
AW compared to BW within each group and the paired t-test indi-
cated that this effect is statically significant: LCVRF (BW: 45.421
+12.76 to AW = 51.617 +7.45, p gwaw = .001), HCVRF (BW:
47.56 £ 12.031, AW: 56.12 + 13.265, p pwaw =.003) and CAD
(BW: 7.184 + 130 to AW: 7.76 £ 1.20, p gwaw = .03) groups. We
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deviation

performed the same calculation for PRF, but the p-value did not reach
statistical significance (p >.1).

3.4 | Correlation between cerebral pulsatility
parameters and pulse pressure or METs

BW, global cerebral pulse amplitude was significantly associated
with pulse pressure in the CAD (r =.418, p =.004), HCVRF
(r =.391, p =.03), and LCVRF (r =.381, p =.008) groups. Global
cerebral pulse amplitude was not statistically significantly associated

with METs (p = .09) for both BW and AW. PRF was not statistically
significantly associated with these parameters neither BW nor
AW (p >.1).

3.5 | Correlation between pulsatility parameters
and Framingham score

BW global cerebral pulse amplitude (after regressing sex) indicated
that the Framingham 10-year CHD risk predictions are positively cor-
related for the HCVRF group (r = .419, p =.041) but not for the
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LCVRF group (Figure 6b). For AW, this association was significant in
HCVRF (r = .504, p = .005) but not for the LCVRF group (p >.1).

PRF did not correlate with Framingham score (Figure 8b) for both
the LCVRF and HCVRF groups, and such neither BW nor AW (p >.05).

4 | DISCUSSION

This study noninvasively assessed cerebral pulsatility indices extracted
from the pulsatile component of NIRS data in three groups of older
adults with LCVRF, HCVRF, and CAD. The main result showed that
CAD patients have higher global cerebral pulse amplitude (BW ~0.75)
than those with LCVRF or HCVRF (BW ~0.67). This result was in
agreement with Tan et al. (2017) who reported that aging from young
to middle and old age corresponds with a higher global cerebral pulse
amplitude as indexed with NIRS data. This result also agrees with
other studies reporting that excessive pulsatility in the central arteries
(measured with PWV) can be used to diagnose the presence and also
the extent of CAD (Alarhabi et al., 2009; Danchin et al., 2004;
Nishijima et al., 2001).

We suggest that a higher global cerebral pulse amplitude seen in
the CAD participants in our study is likely due to (a) higher central sys-
tolic pressure (Khoueiry et al, 2012; Song-Tao, Yan-Yan, & Li-
Xia, 2010) and (b) greater vascular stiffness and higher accumulated
damage on the vascular walls (Prskalo et al, 2016; Song-Tao
et al., 2010). In such conditions, the damping of the pulsatile fluctua-
tions in the central arteries is impaired and flow with a higher

pulsatility travels toward the brain (Mitchell, 2015). Hypothetically,

the principle of wave reflection is the reason why higher cerebral
pulse amplitude is seen in the pulsatile component of NIRS data. With
aging, the velocity of transmission of both forward traveling waves
(originated from the left ventricle) and reflected waves to central
arteries (returning from peripheral circulation) increases. The reflected
waves arrive earlier in the late systole, rather than in early diastole
(Mitchell, 2008, 2015). This early arrival could augment the pressure
at the end of systole (Mitchell, 2008) that is seen as a higher pulse
amplitude. It could also diminish the ability to sustain blood flow dur-
ing diastole which is seen as lower PRF. This interpretation is in agree-
ment with part of our result indicating that cerebral pulse amplitude
and pulse pressure are statistically significantly correlated in all
groups. This result is important as literature suggests that pulse pres-
sure (as a surrogate marker of arterial stiffness) is moderately corre-
lated to PWV (a measure of arterial stiffness; Laurent et al., 2006;
Waldstein et al., 2008). Also, pulse pressure is a risk component for
CHD (Franklin, Khan, Wong, Larson, & Levy, 1999).

Higher cerebral pulsatility in large and small cerebral arteries as a
consequence of aging and age-related diseases was reported in previ-
ously studies. Hashimoto, Westerhof, and Ito (2018) reported that
while aging, the carotid flow augmentation is enhanced by aortic stiff-
ening and higher-pressure wave reflection. They suggested that this
may damage cerebral microcirculation potentially through higher cere-
bral flow pulsations. For small cerebral arteries, Geurts, Zwanenburg,
Klijn, Luijten, and Biessels (2019) reported that cerebral small vessel
disease could be identified by an increased flow pulsation in the per-
forating arteries of the basal ganglia and the semioval center. Impor-

tantly, the downstream impact of higher pulsatility on the
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cerebrovascular system at least in part is discussed in studies linking
age-related cognitive decline to higher PWV (Scuteri & Wang, 2014),
hypotension and cerebral microvascular damage (Scuteri et al., 2013).
Scuteri et al. (2020) discussed the relationship between higher PWV
and organ deterioration. They proposed that these could be related
by evolution in the interaction between the heart and the vessels in
the organs (Scuteri et al., 2001). They proposed that vascular remo-
deling as an adaptation to a chronically higher arterial pulsatility could
eventually cause greater endothelial damage, which in turn leads to
even higher arterial stiffness (Rizzoni & Agabiti-Rosei, 2017; Scuteri
et al, 2016) and greater detriment to the arterial walls (Scuteri
et al,, 2003).

Statistical analysis of the pulsatile component of the data did not
yield a significant difference between cerebral pulse amplitude for the
LCVRF (BW ~0.67) versus the HCVRF (AW ~0.68) groups. Literature
suggests that treatment with antihypertension medication can reduce
arterial stiffness (for review: Dudenbostel & Glasser, 2012). The
results of conduit artery function evaluation (CAFE study, Williams
et al., 2006) showed that administration of a calcium channel blocker
and ACE-inhibitors to older adults with hypertension can reduce cen-
tral aortic pulse pressure and may influence future cardiovascular
events. Another study reported that long-term treatment with antihy-
pertensive medications such as calcium channel blockers reduced
dementia severity by approximately 50% (Forette et al., 2002). Linking
these pieces of evidence, we suggest that it is likely that the use of
vasoactive medications by the majority of individuals in the HCVRF
group (see Table 1) may have attenuated their cerebral pulse ampli-
tudes as measured with NIRS, thereby approaching the LCVRF group.

We used the Framingham 10-year CHD risk score for the quanti-
fication of total cardiovascular risk for individuals with LCVRF and
HCVREF. Data indicated that higher Framingham scores in the HCVRF
group predict higher cerebral pulse amplitude (BW and AW), but not
so for LCVRF. This result is in accordance with Pase et al. (2012), who
reported that in the older adults with a higher Framingham score
(a result of higher cumulative effect of CVRF), a higher blood flow
pulsatility is seen in the MCA. In this regard, diabetes mellitus
(Kozakova & Palombo, 2016) and hypertension (Martinez-Quinones
et al., 2018) are linked to the functional and structural modifications
of the vasculature (Ecobici & Stoicescu, 2017; Hwang et al., 2010;
Prenner & Chirinos, 2015) which can lead to accelerated and patho-
logical aging of the arterial walls (Lee & Park, 2013; Wang, Mon-
ticone, & McGraw, 2018). Notably, despite use of vasoactive drugs by
all CAD participants, they still had the highest global cerebral pulse
amplitude when compared to both HCVRF and LCVRF. This result
emphasizes the importance of heart function on cerebral hemody-
namics (Anazodo et al., 2016; Xing et al., 2017). Also, this result agrees
with the results of a meta-analysis that reports that even treated
CHD is associated with higher risk for cognitive impairment (Deckers
etal, 2017).

Data in the present study indicate a reduction in the global cere-
bral pulse amplitude and PRF following short-duration walking within
all three groups. The experimental setting used in the present study

does not conclusively demonstrate the mechanism by which pulsatility

indices are reduced with low-intensity walking. Cerebral
pulsatility indices could be affected by many hemodynamic parame-
ters such as those that influence vascular wall behavior (lulita, Noriega
de la Colina, & Girouard, 2018). For instance, it is possible that low-
intensity walking induces vasodilation (Wethal, Roysland, Torbjorn, &
Kjekshus, 2015) which in turn leads to reduction of cerebral pulse
amplitude. This explanation is in agreement with part of our results
that indicate a higher cumulative cerebral pulse amplitude (index of
blood volume changes) AW compared with BW within each group.

Our data indicate that low-intensity, short-duration walking did
not increase the changes of global pulsatility indices across the three
groups. This result was not in agreement with our second hypothesis.
We expected that at least in the CAD group, the higher impairment in
the vascular walls impairs responses to pulsatility and leads to smaller
apparent changes in pulsatility indices, and that the LCVRF group
would show the greatest change. Considering that the duration of
low-intensity walking for our participants was about 30 s, further
research is needed to determine walking durations and intensities
appropriate for exaggerating global pulsatility differences across
groups. Nevertheless, channel-wise spatial comparison of cerebral
pulse amplitude for BW reveals that cerebral pulse amplitude was
slightly higher in the collateral supplementary motor cortices in all
three groups. AW, this effect was extended to more anterior prefron-
tal areas for the CAD versus LCVRF and CAD versus HCVRF groups.
These results indicate that short-duration walking extended the
channel-wise contrast of cerebral pulse amplitude to the anterior pre-
frontal areas and lead to a spatial distribution that may be used as a
marker to differentiate CAD from LCVRF and HCVRF (Figure 7-AW).

The results of the present study did not show a statistically signif-
icant difference for PRF across our clinical groups. We suggest that
this result is due to the relatively low reliability of this index as
assessed by correlation between Block 1 and Block 2, shorter record-
ing periods, and the smaller number of recording channels compared
with other pulsatility literature such as Chiarelli et al. (2017) and Tan
et al. (2017). Also, literature suggests that the reliability of the PRF is
higher when the data is reconstructed in 3D (three dimensional:
Chiarelli et al., 2017; Tan et al., 2019), which is not the case in the pre-
sent study. In addition, as part of preprocessing, we tagged and
removed movement artifacts from the analysis; it is possible that with
the development of motion correction algorithms targeted for
pulsatility, we could correct for motion artifacts in the pulsatile com-
ponent of NIRS data and reduce the data loss, thereby potentially
increasing reliability.

Our data did not show a statistically significant association
between global cerebral pulse amplitude and METs. This part of the
results was in line with Tan et al. (2017). However, our data did not
indicate a meaningful association between PRF and METs as well. This
part of the results was not in agreement with Tan et al. (2017). One
reason for this could be the difference in type of participant and a dif-
ference in method of obtaining cardiorespiratory fitness. More pre-
cisely, Tan et al. (2017) used a linear equation with weighted variables
such as sex, age, and body mass to estimate cardiorespiratory fitness

in the three groups of healthy young, middle aged, and older
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individuals. In our study, we obtained METs by an individualized ramp
protocol on the treadmill and calculated the ratio of the METs to the
theoretical METs. Further research is needed to explore to what
extent using a linear equation for estimating cardiorespiratory fitness
can predict it accurately, especially in the CAD participants.

Finally, there are several limitations to the present study. (a) We
discussed that higher pulsatility in the CAD patients is likely due to
their higher arterial stiffness and to travel of the higher pulsatile flow
to downstream microcirculation in the brain. With this context, a
measure of cerebral arterial stiffness such as transcranial Doppler or
PC-MRI could help to emphasize our findings. (b) By reviewing the
sensitivity map presented in Figure 5, one could argue that pulsatility
indices can differ due to different sensitivities to the NIRS signals.
Also, other factors such as skull thickness, volume of the cerebrospi-
nal fluid (CSF), or hair density can influence this index and are not
directly related to differences in brain pulsatility index between the
regions. The anatomical MRI of the participant, which was not avail-
able in this study, could help to refine our results and their interpre-
tation. (c) Regarding our data sample, the number of participants
(n = 60) for three groups including LCVRF, HCVRF, and CAD is rela-
tively small. Also, the groups were heterogenous in terms of number
of participants, distribution between women and men, and the type
of medication that the participants were using. In the CAD group
there was a large sex heterogeneity (1 woman vs. 17 men) which
could dissimulate the potential impact of sex on pulsatility index in
the CAD group. Further studies are needed to explore whether sex
can have a significant impact on changes of cerebral pulsatility

parameters in CAD patients.

5 | CONCLUSION

Functional NIRS provides indices of cerebral pulsatility even in
mobility-based experiments. Our data indicated that global cerebral
pulse amplitude is sensitive to cardiovascular status by discriminating
the CAD group (BW ~0.75) from the LCVRF and HCVRF groups
(BW ~0.67).

After short-duration walking, cerebral pulse amplitude and PRF
decreased within all three groups. Short-duration and low-intensity
walking for about 30s did not increase the difference of global
pulsatility index across the groups. However, walking extended
channel-wise contrast of cerebral pulse amplitude for LCVRF and
HCVRF versus CAD to the anterior prefrontal areas.

Considering the low cost, noninvasiveness and simplicity of NIRS
to index pulsatility, further predictive analysis is required to explore
whether the magnitude of this index can be linked to actual cerebro-
vascular damage. Such research may determine the usefulness of this
index as a detection tool for individuals who may benefit from selec-
tive health management and intervention strategies.
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