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Abstract

Diagnosis of cerebrovascular disease

(CVD) at early stages is essential for

preventing sequential complications.

CVD is often associated with abnormal

cerebral microvasculature, which may

impact cerebral-autoregulation (CA). A

novel hybrid near-infrared diffuse opti-

cal instrument and a finger plethysmo-

graph were used to simultaneously

detect low-frequency oscillations (LFOs)

of cerebral blood flow (CBF), oxy-hemo-

globin concentration ([HbO2]), deoxy-hemoglobin concentration ([Hb]) and

mean arterial pressure (MAP) in older adults before, during and after 70� head-
up-tilting (HUT). The participants with valid data were divided based on Fra-

mingham risk score (FRS, 1-30 points) into low-risk (FRS ≤15, n = 13) and

high-risk (FRS >15, n = 11) groups for developing CVD. The LFO gains were

determined by transfer function analyses with MAP as the input, and CBF,

[HbO2] and [Hb] as the outputs (CA / 1/Gain). At resting-baseline, LFO gains

Abbreviations: [Hb], deoxy-hemoglobin concentration; [HbO2], oxy-hemoglobin concentration; CA, cerebral-autoregulation; CBF, cerebral blood
flow; CSD, cross-spectral density; CVD, cerebrovascular disease; DCS, diffuse correlation spectroscopy; FFT, fast Fourier transform; FRS,
Framingham risk score; HUT, head-up-tilting; LFO, low-frequency oscillation; MAP, mean arterial pressure; NIRS, near-infrared spectroscopy; PSD,
power spectral density; S-D, source-detector; SNR, signal-to-noise ratio.
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in the high-risk group were relatively lower compared to the low-risk group. The

lower baseline gains in the high-risk group may attribute to compensatory mech-

anisms to maintain stronger steady-state CAs. However, HUT resulted in smaller

gain reductions in the high-risk group compared to the low-risk group,

suggesting weaker dynamic CAs. LFO gains are potentially valuable biomarkers

for early detection of CVD based on associations with CAs.
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1 | INTRODUCTION

Cerebrovascular disease (CVD) is the fifth most common
cause of mortality in the United States (0.14 million in
2017) [1, 2], and the second worldwide (17.6 million in
2016) [3]. Risk factors for CVD include aging, atheroscle-
rosis, smoking, hypertension, high cholesterol and diabe-
tes [4–7]. Among others, aging represents the major risk
factor for the development of CVD. Diagnosis of CVD at
early stages is essential for preventing sequential compli-
cations. Ideal diagnostic tests should be noninvasive, low-
cost, and have high diagnostic accuracy for CVD in early
stages of the disease.

CVD is often associated with abnormal microvascula-
ture and tissue dysfunction in the brain, which may
impact cerebral-autoregulation (CA) [8, 9]. CA is a physi-
ological mechanism maintaining stable cerebral blood
flow (CBF) within a certain range of blood pressure varia-
tions [9, 10] . The main regulatory mechanisms of CA are
the metabolic, endothelial, myogenic and neurogenic
functions that regulate blood flow and tissue oxygenation
[11, 12], as well as carbon dioxide partial pressure,
hypocapnia and hypercapnia [12]. Disturbances in any
one of these components would impact CA, as has been
shown in diabetic patients [13, 14]. If the extent of dis-
ruption of CA is severe enough, it can also lead to overt
tissue injury including microinfarction and micro-
hemorrhages [13]. While there are many other causes of
CVD, such as thromboembolic events, vasculitic changes,
vascular malformations, or deficiencies in venous drain-
age, disturbances in CA appear to be the primary driver
of cerebral small vessel ischemic changes that contribute
significantly to total CVD burden.

While many different methods have been developed
to study CA, there is no agreed upon “gold-standard”
method for noninvasive evaluation of CA [15–18]. CA
has been assessed by quantifying the relationships (gains)
of spontaneous low-frequency oscillations (LFOs)

between the mean arterial pressure (MAP) and cerebral
hemodynamic parameters such as CBF and cerebral
blood oxygenation [19]. In general, smaller LFO gains
correspond to better CAs [20, 21]. Although the origin of
LFOs remains controversial in the literature, studies have
found that the endothelial, neurogenic, and myogenic
controls are the main mechanisms responsible for
maintaining CBF constant during blood pressure fluctua-
tions [22]. Previous studies have classified LFOs into four
frequency intervals: I (0.005-0.0095 Hz), II (0.0095-
0.02 Hz), III (0.02-0.07 Hz) and IV (0.07-0.2 Hz) [23–29].
Interval-I and interval-II reflect respectively nitric oxide
(NO) dependent and independent endothelial metabolic
activities [24, 26, 27]. Interval-III and interval-IV corre-
spond, respectively, to neurogenic and myogenic related
metabolic activities [23, 28, 29].

In the study of LFOs, MAP is often monitored by a
noninvasive and continouse finger plethysmography tech-
nique, which was used in this study. Functional MRI has
been used to image cerebral hemodynamics with high spa-
tial resolution, although the high cost, low sampling rate,
and nonportability limits its frequent use. Transcranial
Doppler ultrasound (TCD) has been used to measure cere-
bral blood flow velocity (CBFV) in major arteries, which
may not be consistent with CBF in the microvasculature
[30]. Also, TCD cannot be performed in ~10% of subjects
who do not have adequate acoustic windows [31]. Near-
infrared spectroscopy (NIRS) provides a noninvasive, rapid,
portable, and low-cost alternative for continuous monitor-
ing of cerebral blood oxygenation in the microvasculature,
although it does not directly measure CBF [32]. Since CBF
and cerebral blood oxygenation are usually coupled and
interactive, it is desirable to measure both quantities and
investigate their complex relationship.

TCD/NIRS has been used to measure LFOs in CBFV/
cerebral blood oxygenation for CA assessment [33–36].
Different orthostatic protocols were applied to induce
MAP fluctuations for evaluating dynamic CA including a
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sit-stand maneuver [37] and tilting bed. [33] The selected
LFO frequency intervals varied in different studies [26,
34, 36, 37], and study cohorts included age-matched older
healthy subjects and patients with symptomatic carotid
occlusion, ischemic stroke, or Alzheimer disease (AD)
[21, 35, 38, 39]. Previous studies have found that CAs
(associated with LFO gains) were impaired in patients
with symptomatic carotid occlusion or ischemic stroke
[21, 38, 39], but preserved in patients with AD [35].

Previously, we conducted a preliminary study in young
healthy subjects using an innovative hybrid NIRS /diffuse
correlation spectroscopy (DCS) instrument to simulta-
neously quantify LFOs of CBF and cerebral blood oxygena-
tion at rest, during and after 70� head-up-tilting (HUT)
[22]. The hybrid instrument consists of a laboratory-made
DCS device for CBF measurements and a commercial fre-
quency-domain NIRS device (Imagent, ISS) for cerebral
blood oxygenation measurements including oxy-hemoglo-
bin and deoxy-hemoglobin concentrations ([HbO2] and
[Hb]). HUT was performed to enhance LFOs at ~0.1 Hz.
The protocol of 70� HUT has been widely used to induce
MAP variation and challenge CA in previous studies [40–
43], including ours [22, 44]. This is a standard clinical pro-
tocol used to evaluate orthostatic hypotension and vagal
reflex integrity. The 70� HUT is sufficient to elicit a maxi-
mal response (comparable to 90� HUT). Lesser angles can
significantly dampen the cardiovascular response. Results
from our pilot study demonstrated the feasibility and reli-
ability of using NIR diffuse optical technologies to simulta-
neously quantify LFOs of multiple cerebral hemodynamic
parameters including CBF, [HbO2] and [Hb] [22].

This study used the hybrid NIRS/DCS instrument to
simultaneously detect LFOs of cerebral hemodynamics in
cognitively healthy older subjects with high- or low-risk
for developing CVD. Cerebral hemodynamic data were
continuously collected at rest, during, and after 70� HUT.
LFO intensities were extracted from the measured vari-
ables (MAP, CBF, [HbO2] and [Hb]) using power spectral
analyses in four frequency intervals (interval-I - interval-
IV) [23–29]. The LFO transfer function gains were quan-
tified by transfer function analyses with MAP as the
input and cerebral hemodynamic variables (CBF, [HbO2]
and [Hb]) as the outputs [22]. Thus, the extent of oscilla-
tory changes in MAP as a continuous variable were asso-
ciated with CA responses that varied on a continuous
scale to effectively control and regulate MAP oscillatory
changes (eg, lowering transfer function gain) [20, 21, 23,
35, 37, 45]. Since LFO gains correlate inversely with the
CAs [20, 21], we hypothesized that they can be used as
biomarkers for diagnosis of CVD at early stages, that is,
distinguishing two groups of subjects, who were classified
into high- or low-risk for developing CVD based on Fra-
mingham risk score (FRS).

2 | MATERIALS AND METHODS

2.1 | Participants

This study was approved by the University of Kentucky
(UK) Institutional Review Board (IRB). The written IRB
consent was obtained from each subject before participa-
tion. Twenty-six cognitively healthy older adults (23
females and 3 males) with a mean age of 77.7 ± 6.8 years
(mean ± SD) were recruited from a well-characterized
aging cohort, followed by the Alzheimer's Disease Center
(ADC) at the UK Sanders-Brown Center on Aging. Sub-
jects with at least one of the following criteria were
excluded from the study: unstable cardiac diseases, ortho-
static symptoms during upright standing, non-CVD cau-
ses of cognitive decline and AD risk factors, such as
APOE4 allele, atrial fibrillation and other coexisting
brain disorders.

The level of individual's risk for developing CVD was
evaluated based on clinical diagnosis by neurologists and
ADC databases. The FRS was adapted to predict CVD
over 10 years including gender, age, history of diabetes,
blood pressure, smoking and cholesterol level. [46, 47]
The scoring scale of Framingham ranged from 1 to 30
points. The 26 subjects with risks for CVD were classified
into two groups based on the FRS cutoff of 15-points:
low-risk group (FRS ≤15, n = 14) and high-risk group
(FRS >15, n = 12).

2.2 | Experimental protocols

Following our established experimental protocol [22], the
participant was asked to lie in a supine-position on a tilting
bed (Hausmann). Two Velcro strips were used (one over
the chest and another over the knee) to protect the subject
from falling during HUT (Figure 1A). A hybrid NIRS/DCS
probe (Figure 1B) was fixed with a medical tap on the mid-
dle of the forehead about 1 cm above the eyebrows to avoid
frontal air sinuses. Another layer of elastic bandage was
wrapped around the subject's head to secure the probe and
eliminate the influence of ambient light. The hybrid optical
probe was connected to the hybrid NIRS/DCS instrument
for cerebral hemodynamic monitoring (Figure 1C). A fin-
ger photoplethysmography sensor (Portapres, Nether-
lands), calibrated by a regular pressure-cuff on the subject's
upper arm, was used to record MAP noninvasively and
continuously. MAP was calculated using the software pack-
age provided by the manufacturer. Optical data were con-
tinuously recorded by the hybrid NIRS/DCS instrument
throughout the entire experimental protocol, which
included a 10 minutes baseline at rest, 10 minutes
HUT (70�) and 10 minutes recovery after HUT back to 0�.
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A physician stayed at the bedside of the testing room for
safety monitoring during experiments.

2.3 | Hybrid NIRS/DCS instrument for
[HbO2], [Hb] and CBF measurements

Details about our innovative hybrid NIRS/DCS instru-
ment for simultaneous measurements of [HbO2], [Hb]
and CBF have been reported previously [22]. Briefly, a
commercial frequency-domain NIRS device (Imagent,
ISS) was used for cerebral blood oxygenation measure-
ments. The Imagent device measured changes in ampli-
tudes and phases of frequency-modulated light
(110 MHz) at two wavelengths (690 and 830 nm,
<10 mW) resulting from tissue absorption and scattering
using four source-detector (S-D) with separations of 2.0,
2.5, 3.0 and 3.5 cm. A simplified solution based on a
semi-infinite geometry for the photon diffusion equation
revealed linear relationships between the measured
phases and logarithmic amplitudes vs multiple S-D sepa-
rations. The wavelength-dependent tissue absorption

coefficient μa and reduced scattering coefficient μs0 were
then extracted by fitting the slopes of these linear rela-
tionships. The absolute baseline values of [HbO2] and
[Hb] were calculated from the measured μa at the two
wavelengths. However, phase slopes over multiple S-D
separations were not used in the present analysis due to
the low signal-to-noise ratio (SNR) and instable phase
slopes, although future studies with improved NIRS sys-
tems would allow an evaluation of scattering changes
that may result from HUT. As such, cerebral oxygenation
concentration was computed depending on the amplitude
data of the two wavelengths from a single S-D separation
(2.5 cm). Relative changes in cerebral blood oxygenation
(ie, Δ[HbO2] and Δ[Hb]) were then calculated based on
the modified Beer-Lambert law [48, 49], where the differ-
ential pathlength factor was derived from the literature
[50, 51].

A laboratory-made DCS device was used for CBF
measurement [22, 52–54]. The DCS device used a long-
coherence laser diode at 830 nm (100 mW, CrystaLaser)
as the source and 16 single-photon-counting avalanche
photodiode detectors (APDs, PerkinElmer) as the

FIGURE 1 A hybrid

NIRS/DCS instrument for

continuous and simultaneous

measurements of Δ[HbO2],

Δ[Hb] and relative change in

CBF (rCBF) before, during and

after head-up-tilting (HUT). A,

Illustration of a titling bed, and

baseline, HUT, and recovery

positions. B, A hybrid NIRS/

DCS probe with multiple

source-detector (S-D)

separations. C, A hybrid

instrument integrating a

commercial NIRS device

(Imagent, ISS) and a laboratory-

made DCS device. CBF, cerebral

blood flow; DCS, diffuse

correlation spectroscopy; Hb,

deoxy-hemoglobin

concentration; HbO2, oxy-

hemoglobin concentration;

NIRS, near-infrared

spectroscopy

4 of 13 BAHRANI ET AL.



detectors with S-D separations of 1.5, 2.5 and 3.0 cm. The
laser diode transmitted long-coherent light through a
source fiber (diameter = 200 μm) into the tissue. The
APDs detected temporal light intensity fluctuations in a
single speckle area on the tissue surface through single-
mode fibers (core diameter = 5.6 μm), resulting primarily
from the motions of red blood cells in the microvascula-
ture (ie, CBF). Signals collected by eight APDs at the S-D
separation of 2.5 cm were averaged to improve the SNR.
The relative change in CBF (rCBF) was calculated by
normalizing data to its baseline value (assigned to be
100%) before HUT. The tissue optical properties (μa and
μs

0) used for the present computation of CBF index were
derived from prior studies reported in the literature to be
optimal for such assessments [55].

The laser diodes for DCS and Imagent measurements
were turned on alternately to avoid the light interference
between the flow and oxygenation measurements. The
acquisition time for collecting one frame of cerebral
hemodynamic data was ~1.4 seconds (equivalent to a
sampling rate fs = 0.7 Hz), which included ~0.8 seconds
for Imagent measurement, ~0.5 seconds for DCS mea-
surement, and ~0.1 seconds for switching between the
two measurements.

2.4 | Extraction of LFO intensities/
power spectral densities

LFO intensities of MAP, rCBF, Δ[HbO2] and Δ[Hb]
under three physiological conditions (ie, at rest, during
HUT and during recovery after HUT) are extracted from
their power spectral densities (PSDs), calculated by
Welch's method [22]. Briefly, 10 minutes time course
dataset under each physiological condition (~420 data
points at the sampling rate fs = ~0.7 Hz) is first detrended
to remove the baseline shift. The detrended data are
divided into eight segments with 50% overlap in two adja-
cent segments, producing a data length of ~93 (420 × 2/
9) points for each segment. The PSDx (f) and PSDy (f) are
generated by MATLAB function of “pwelch.” Here, x
denotes to the MAP signal, y denotes to other physiologi-
cal signals (CBF, [HbO2] and [Hb]), and f is the fre-
quency with a resolution of ~0.0075 Hz (fs/93) in the
range of 0.005 to 0.2 Hz. The cross-spectral density CSDxy

(f) is calculated by MATLAB function of “cpsd.”

2.5 | Assessment of LFO gain and CA

CA has been assumed to be a linear system with MAP as
the input and cerebral hemodynamic parameters as the
outputs. This assumption indicates that the CA is

controlling the relationship between MAP and CBF to
maintain an adequate CBF value within a range of MAP
variations (~50-~150 mm Hg) [56–58]. Prior studies have
demonstrated that CA can be indirectly assessed by
examining the relationship between MAP and hemody-
namic parameters, that is, how the MAP oscillation
amplitude changes are transmitted to the cerebral hemo-
dynamics parameters [20, 21, 23, 35, 37, 45]. Such tech-
niques examine the gain of LFO using only a single
hemodynamic measurement. In the present study, the
hybrid NIRS/DCS technique allows assessment of LFO
gains with multiple functional parameters across four
physiological processes related to: (a) nitric oxide inde-
pendent and (b) dependent endothelial activities, (c) neu-
rogenic activities and (d) myogenic activities [23–29]. As
such, the present techniques provide a more direct and
comprehensive assessment of CA than is afforded using
traditional methodologies.

The gain G(f) of a linear system is quantified by trans-
fer function analysis between the CSDxy (f) that was
derived from the PSD of the MAP (PSDxx) and cerebral
hemodynamic (PSDyy) signalsG fð Þ= CSDxy fð Þ

PSDxx fð Þ [18, 22, 38,
59–61]. Based on the mentioned physiological processes
[23–29], G(f) is classified into four frequency intervals:
interval-I = 0.005 to 0.095 Hz, interval-II = 0.095 to
0.02Hz, interval-III = 0.02 to 0.07Hz and interval-
IV = 0.07 to 0.2 Hz. The mean value of G(f) in each fre-
quency interval is calculated as a biomarker to assess CA:
CA/ 1/G(f) [20, 21].

The CA evaluation based on the LFO depends on the
relation between the frequency oscillation of the MAP
and the cerebral hemodynamic response. In our study,
we cover very LFOs (eg, interval I: 0.005-0.095 Hz) that
are related to the NO activities [62]. This means only sev-
eral oscillation circles within 10 minutes [62]. Accord-
ingly, a long-time period should be considered to
transmit the oscillatory components of the NO in the
hemodynamic signal. [62, 63] In addition, accurate mea-
surement of dynamic CA response is dependent on
achieving a stable MAP that allows for stable change in
cerebral hemodynamic response. Prior studies have dem-
onstrated that 10 minutes duration acquisitions at each
bed position are optimal for stable data collection [64].

2.6 | Statistical analysis

The statiscitlcal analysis was performed for both time-
course and LFO data utilizing Independent t tests and
Wilcoxon signed ranks tests by IBM SPSS (SPSS 2019).
Independent t tests are conducted to test intergroup dif-
ferences between the two groups at each frequency inter-
val under each physiological condition. Wilcoxon signed
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ranks tests are performed to test the intragroup differ-
ences between the baseline and other physiological con-
ditions (ie, during and after HUT). A P-value of <.05 is
considered significant.

3 | RESULTS

3.1 | Subject characteristics and valid
measurements

Although 26 cognitively healthy older subjects (23
females and 3 males) were measured, one female subject
from the high-risk group was excluded from data analysis
due to failure of optical measurements. One male subject
from the low-risk group was also excluded due to the
occurrence of syncope during HUT. The remaining sub-
jects (n = 24) were divided into low-risk (n = 13) and
high-risk (n = 11) groups based on FRS (Figure 2). In
addition, one female subject from the low-risk group had
an abnormal MAP measurement during the recovery.
Accordingly, 13 female subjects (73.0 ± 4.3 years) were
included in the low-risk group for data analysis (13 at
baseline, 13 during HUT, and 12 after HUT for recovery).
Nine females and two males (84.2 ± 4.0 years) were
included in the high-risk group (n = 11). The significant
difference in age between the two groups (P < .001) had
been considered in FRSs.

3.2 | Time-course cerebral
hemodynamic responses to HUT

Figure 3 shows the time-course data taken from two sub-
jects with high- or low-risk for CVD before, during, and
after HUT. All measured parameters at the resting base-
line were relatively stable. As expected, rCBF decreased
during HUT due to the decrease of cardiac output and
the increase of cerebral vasculature resistance induced by
the orthostatic stress. The reduced rCBF affected oxygen
delivery, thus led to variations in Δ[HbO2] and Δ[Hb].
Most of subjects (22 out of 24) had a trend similarly to
these two subjects. However, two subjects in the low-risk
group exhibited an increase in rCBF (data not shown).
After recovery, all measured physiological parameters
tended to return to their baseline levels.

3.3 | Intergroup and intragroup
differences in cerebral hemodynamic
responses

Figure 4 shows the mean values of time-course results for
all parameters (MAP, rCBF, Δ[HbO2] and Δ[Hb]) at the
three-bed positions (baseline, HUT, and recovery). The
results were divided into overall changes for all subjects,
low-risk group, and high-risk group. In general, MAP
and rCBF results were more stable compared to the oxy-
genation data. The MAP intragroup results showed sig-
nificant changes during HUT and back to the baseline
level for all subgroups and overall group (marked with §
and P values in Figure 4, Wilcoxon signed ranks test).
However, the intergroup difference was only significant
at baseline and recovery (marked with * and P values in
Figure 4, independent t test). The rCBF intragroup results
were significant during HUT and recovery for all subjects
and the high-risk subgroup only. The intergroup result of
the rCBF was only significant during HUT. The intra-
group results of Δ[Hb] were statistically relevant for all
groups during recovery only, and there is no intergroup
significance for Δ[Hb], while Δ[HbO2] did not show any
significant changes at all.

3.4 | Low-frequency oscillations of MAP,
rCBF, Δ[HbO2] and Δ[Hb]

Figure 5 shows the PSD data calculated from the same
two subjects with high- or low-risk for CVD (Figure 3).
For both subjects, PSDs of MAP, rCBF, Δ[HbO2] and
Δ[Hb] varied during HUT and recovered toward their
baseline levels after HUT.

FIGURE 2 The Framingham risk score (FRS) distribution.

The study participants with valid data were divided into two

groups: low- and high-risk for developing cerebrovascular disease

(CVD). The FRS less or equal to 15 was considered as a low-risk

group, otherwise was considered as a high-risk group for

developing CVD
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FIGURE 3 Illustrative

time-course responses of mean

arterial pressure (MAP)

(mmHg), relative change in

CBF rCBF (%), Δ[HbO2] (μM)

and Δ[Hb] (μM) in two subjects,

measured continuously at

resting baseline (10 minutes),

during HUT (10 minutes), and

after HUT for recovery

(10 minutes). A, A 68-years-old

female subject with low-risk for

developing CVD. B, A 84-years-

old female subject with high-

risk for developing CVD. CBF,

cerebral blood flow; CVD,

cerebrovascular disease; Hb,

deoxy-hemoglobin

concentration; HbO2, oxy-

hemoglobin concentration;

HUT, head-up-tilting

FIGURE 4 The time-course mean values of cerebral hemodynamic parameters. The figure shows the mean values of each

hemodynamic parameter (MAP, rCBF, Δ[HbO2], and Δ[Hb]) at the three-bed positions (baseline, HUT, and recovery). § denotes for a

significant result of the intragroup using the Wilcoxon signed ranks test; the P-values are marked in the figure. * denotes a significant result

between the two groups using the independent t test. MAP showed significant changes between the two groups at baseline and recovery.

rCBF showed a significant result between the two groups during the HUT. The cerebral oxygenation results did not show any significance

between groups. CBF, cerebral blood flow; MAP, mean arterial pressure; Hb, deoxy-hemoglobin concentration; HbO2, oxy-hemoglobin

concentration; HUT, head-up-tilting; rCBF; relative change in CBF
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3.5 | Intergroup and intragroup
differences in LFO gains

Figure 6 shows the mean LFO gain values of all parame-
ters (MAP, rCBF, Δ[HbO2] and Δ[Hb]) in four frequency
intervals (interval-I - interval-IV) for two groups (high- or
low-risk for CVD) under three physiological conditions
(at rest, during, and after HUT).

Overall, all LFO gains in the high-risk group were
lower than those in the low-risk group, although only
some intergroup gain difference reached significance
(marked with * and P values in Figure 6, independent
t test).

During HUT, intragroup gains at interval-I and inter-
val-II varied (increased or decreased) from their resting
baselines. However, most of intragroup gains at interval-
III and interval-IV reduced, except that the gain of Δ[Hb]
at interval-III in the high-risk group elevated slightly.

Moreover, HUT-induced gain reductions in the high-risk
group are generally smaller than those in the low-risk
group, although most of these intragroup gain reductions
did not reach significance, except the rCBF gain reduc-
tion at interval-IV in the high-risk group (marked with §
and P value in Figure 6, Wilcoxon signed ranks test).
During recovery, most of LFO gains did not completely
recover to their baseline levels, except those at inter-
val-IV.

Interestingly, intragroup and intergroup gain varia-
tions across all measured cerebral variables (ie, rCBF,
Δ[HbO2] and Δ[Hb]) at interval-IV were highly consis-
tent. LFO gains decreased during HUT and recovered to
their baselines after HUT. Significant intergroup gain
differences were observed at rest and during recovery.
Moreover, the HUT caused smaller intragroup gain
reductions in the high-risk group compared to the low-
risk group, which changed the intergroup gain

FIGURE 5 Low-frequency

oscillation (LFO) intensities of

mean arterial pressure (MAP),

relative change in CBF (rCBF),

Δ[HbO2] and Δ[Hb] in two

subjects before, during and after

head-up-tilting (HUT). A, A 68-

years-old female subject with

low-risk for developing CVD. B,

A 84-years-old female subject

with high-risk for developing

CVD. CBF, cerebral blood flow;

CVD, cerebrovascular disease;

Hb, deoxy-hemoglobin

concentration; HbO2, oxy-

hemoglobin concentration
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differences from significant at rest to insignificant dur-
ing HUT.

4 | DISCUSSION AND
CONCLUSIONS

4.1 | Study innovations

The goal of the present study is to test whether LFO
gains of cerebral hemodynamic variables, quantified by
our innovative hybrid optical instrument, are useful bio-
markers to distinguish two groups of cognitively healthy
older subjects with high- or low-risk for developing
CVD. Upon comparison with literature [21, 26, 33–39],
we believe this study is innovative in that: (a) it used an
innovative hybrid optical instrument to simultaneously
measure multiple cerebral hemodynamic parameters
including rCBF, Δ[HbO2] and Δ[Hb] in cerebral micro-
vasculature. Multiple cerebral functional parameters
provided more comprehensive assessment of brain activ-
ities than a single parameter alone, (b) it studied a
unique population: cognitively healthy older subjects
stratified by cerebrovascular risk and (c) it innovatively
explored CAs (extracted from LFO gains of cerebral

hemodynamics) as new biomarkers for diagnosis of
CVD at preclinical stage.

4.2 | Interpretation of cerebral
hemodynamic responses to HUT

The time-course results of all parameters (Figure 4) showed
less variations during the orthostatic stress for MAP and
rCBF compared to the oxygenation data (Δ[HbO2] and
Δ[Hb]). The high variations of oxygenation data during
orthostatic stress may attribute to the various oxygenation
compensatory mechanisms that could be strongly maintain
the adequate cerebral oxygenation level, for example, the
ability of the brain to produce oxygen as a compensatory
mechanism [45]. Studies have shown that during cerebral
activities, CBF is not necessarily coupled to the cerebral
metabolic rate of oxygen consumption (CMRO2), or CBF
may be connected nonlinearly to CMRO2. That means,
even with increasing of CBF, which is the primary source
of oxygen delivery to the brain, still the CMRO2 is required.
[65, 66] Another compensatory mechanism for hypoxia
due to hypoperfusion is to increase the oxygen extraction
coefficient from blood [67]. We noticed the rCBF of two
subjects were increased during HUT as unfavorable

FIGURE 6 Low-frequency

oscillation gains of mean arterial

pressure (MAP), relative change

in CBF (rCBF), Δ[HbO2] and

Δ[Hb] in four frequency

intervals (interval-I - interval-

IV) for two groups (high- or low-

risk for cerebrovascular disease

[CVD]) under three

physiological conditions (at rest,

duringresting baseline, head-up-

tilting [HUT], and recovery). §
denotes for a significant result of

the intragroup using the

Wilcoxon signed ranks test; the

P-values are marked in the

figure. * indicates significant
differences in intergroup gains

(independent t test). CBF,

cerebral blood flow; Hb, deoxy-

hemoglobin concentration;

HbO2, oxy-hemoglobin

concentration
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outcomes which may due to the subjects were not respond
to the HUT [68].

4.3 | Interpretation of intergroup and
intragroup differences in LFO gains/CAs

At the resting baseline before HUT, all LFO gains in the
high-risk group were relatively lower than those in the low-
risk group (Figure 6). Particularly, significant intergroup
gain differences were observed in all measured cerebral vari-
ables (rCBF, Δ[HbO2] and Δ[Hb]) at interval-IV and in
rCBF at interval-I. The relatively lower gains observed in the
high-risk group may attribute to enhanced steady-state cere-
brovascular reactivity, metabolic reserve, or oxygen diffusion
[23, 37, 69, 70], which act as compensatory mechanisms to
maintain the CA. HUT generated MAP fluctuations to chal-
lenge the CA. As a result, intragroup gains at interval-I and
interval-II fluctuated (increased or decreased) from their
resting baselines. However, most of intragroup gains at
interval-III and interval-IV were reduced, suggesting poten-
tially stronger dynamic CAs during HUT compared to rest.
Moreover, HUT-induced gain reductions at interval-III and
interval-IV in the high-risk group are generally smaller than
those in the low-risk group, suggesting potentially weaker
dynamic CAs during HUT in this high-risk group [30].

Interestingly at interval-IV, HUT-induced intragroup
and intergroup gain variations were highly consistent
across all measured cerebral variables (i.e., rCBF, Δ[HbO2]
and Δ[Hb]): LFO gains decreased from their baselines dur-
ing HUT and recovered to their baselines after HUT.
Moreover, intergroup gain differences were significant at
rest and during recovery. However, all intergroup gain dif-
ferences became insignificant during HUT due to different
degrees of intragroup gain reductions. These results con-
firmed weaker dynamic CAs (corresponding to smaller
gain reductions) during HUT in the high-risk group com-
pared to the low-risk group.

We speculate from these results that cerebrovascular
risk affects primarily neurogenic and myogenic activities
to regulate CA, as interval-III and interval-IV correspond
respectively to neurogenic and myogenic related meta-
bolic activities [23, 28, 29]. This speculation is supported
by other studies in aging populations where neurogenic
and myogenic activities at interval-III and interval-IV
were the substantial regulatory factors for the CA in con-
trast to endothelial activities at interval-I and interval-II
[26, 34]. In addition, cerebrovascular risk seems affecting
rCBF more than Δ[HbO2] and Δ[Hb], as more intergroup
and intragroup differences were observed in rCBF than
other two variables (Figure 6).

One important finding from this study is that cerebro-
vascular risk alters steady-state and dynamic CAs

differently in cognitively healthy older subjects. As a
result, the high-risk group has stronger CA at rest but
weaker dynamic CA during HUT. In other words, com-
pared to the low-risk group, the high-risk group demon-
strated maximum efforts to control CA at resting state via
underling brain compensatory mechanisms. During
HUT, this compensatory mechanism appears to be insuf-
ficient to maximize CA. These results are compatible
with our overall hypothesis that CA in high risk individ-
uals is capable of maintaining cerebral hemodynamics in
an unchallenged state, but the demonstrated failure to
compensate at times of stress may be ultimately responsi-
ble for the development of CVD that accumulates
over time.

Interestingly, previous studies have observed that
CAs were impaired in patients with symptomatic carotid
occlusion or ischemic stroke [21, 38, 39], but preserved in
patients with AD [35]. Accordingly, one potential future
application is to use the innovative technologies/proto-
cols established in this study to investigate the differences
in CAs as biomarkers to differentiate subjects under dif-
ferent conditions such as high-risk for CVD, CVD (eg,
symptomatic carotid occlusion or ischemic stroke), AD,
and CVD plus AD. It is crucial to know whether the cog-
nitive deficit is caused by AD or by related vascular prob-
lem, so that clinicians can make effective treatment plan
accordingly. Unlike AD, there are treatments available
for controlling vascular conditions.

4.4 | Study challenges and limitations

One major limitation of this study is the small number of
subjects, which affects our statistical analyses and study
power. In addition, we recruited subjects based on FRS and
did not prespecify sex as a recruitment characteristic. This
could introduce a sex-specific selection bias, which will
need to be addressed in future studies. The FRS, used to
stratify participants in the present study, is a well-
established tool for assessing CVD risks in the population.
It has been shown to correlate well with imaging measures
of CVD, however there are limitations to its use in the pre-
sent study. First, our participants do not have evidence for
current symptomatic CVD. Second, the FRS model was
developed to allow the prediction of stroke or heart attack
over a 10 years period, and therefore may not reflect the
actual CVD status of the participants at the time of the
study [71]. Such limitations need to be considered in the
interpretation of the present data and for the future devel-
opment of biomarkers examining preclinical CVD.

Moreover, the methodology—simultaneously mea-
sure multiple cerebral hemodynamic parameters with the
hybrid optical instrument during HUT to identify new
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biomarkers (LFO gains) for diagnosis of CVD at preclini-
cal stage, is very unique to compare with other results.
The NIRS/DCS sources and detectors were arranged in
the way to avoid light interference between the NIRS and
DCS measurements (Figure 1B). This may result in a
small discrepancy between the two measurements due to
tissue hemodynamic heterogeneity. This limitation may
be overcome in the future by using optical filters in front
of the NIRS/DCS detectors to reduce such interference,
so that NIRS/DCS sources and detectors cover the same
region. The S-D separation of 2.5 cm that has been
broadly utilized in NIRS/DCS studies to quantify CBF
and cerebral oxygenation variations in adult brain corti-
ces with adequate SNRs [22, 44, 72, 73]. However, the
collected cerebral signals were inherently influenced by
the partial volume effect of overlayer tissues (scalp and
skull) [22, 74]. In the future, multi-layer models with
measurements at multiple S-D separations may be
adapted to reduce the partial volume effect [75–79].

The sampling frequency of the hybrid NIRS/DCS
instrument is relatively low (0.7 Hz), which limits the
extraction of LFOs in other intervals with higher frequen-
cies such as respiration (0.15-0.5 Hz) and cardiac (0.5-
2 Hz) activities [28, 80, 81]. To improve the sampling rate
of optical measurements, we recently worked on a fast
DCS technique using a software correlator (instead of a
conventional hardware correlator) [82] to create a frame
of CBF measurement within only 0.05 seconds. We also
explored adding a 785 nm notch filter in front of the
Imagent detector so that both DCS and Imagent data
were collected concurrently without light interference
across the two measurements. With these improvements,
the sampling frequency of NIRS/DCS measurements
reached 10 Hz.

While HUT creates orthostatic stress to challenge the
CA, it may also cause syncope, as observed from one par-
ticipant in this study. We are currently exploring other
noninvasive stimuli (eg, memory tests, CO2 inhalations)
for challenging the CA to avoid syncope during HUT.
Ultimately, we expect to study more subjects with the
improved instrument and experimental protocols in the
future to draw solid conclusions.

5 | CONCLUSIONS

A novel hybrid NIRS/DCS instrument was successfully
used to simultaneously detect LFOs of MAP, CBF, [HbO2]
and [Hb] in cognitively healthy older subjects with high- or
low-risk for developing CVD. The intragroup and inter-
group differences in LFO gains were characterized to eval-
uate CA differences between the low-risk and high-risk
groups as CAs correlate inversely with LFO gains.

The present data suggest that rCBF may be sufficient
for early detection of CVD based on the significant associ-
ations of this measurement with CVD classification over
the four frequency intervals. However, the multi-
parameter measurements correlated with the orthostatic
stress for challenging CA and LFO analysis may also pro-
vide critical insights in future experiments using alternate
CA stress challenges. We also note that the multiple
parameters measured in the present study provide addi-
tional information beyond that obtained through mea-
surement of rCBF alone. While the rCBF contributions to
the four frequency intervals (I-IV) showed the greatest
statistical significance overall, measurements of cerebral
oxygenation demonstrated greater statistical significance
at interval-IV compared to rCBF. These data demonstrate
that measurement of cerebral oxygenation might serve as
a biomarker of myogenic activity, albeit only at interval-
IV. Furthermore, the significant outcomes of multiple
functional parameters (rCBF, [HbO2] and [Hb]) con-
firmed that the neurogenic and myogenic activities
(intervals III and IV) had more contribution to the CA
compared to the endogenic activities (intervals I and II).

Taken together, LFO gains of cerebral functional
parameters are potentially valuable biomarkers for early
diagnosis of CVD based on associations with CAs.
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