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Abstract. The Valsalva maneuver (VM) with beat-to-beat blood pressure and heart rate monitoring are used
to evaluate orthostatic intolerance (Ol). However, they lack the ability to detect cerebral hemodynamic changes,
which may be a cause of Ol symptoms. Therefore, we utilized near-infrared spectroscopy during VM. Patients
with Ol symptoms and normal healthy subjects were recruited. Patients were subgrouped according to VM
results: patients with normal VM (NVM) and abnormal VM (AbVM). Oxyhemoglobin (HbO), deoxyhemoglobin,
and total hemoglobin changes were measured at four different source-detector distances (SD) (15, 30, 36, and
45 mm), and latency, amplitude, duration, and integrated total signal were calculated. Those parameters were
compared between a normal healthy control (HC) group and the two Ol patient subgroups. We found that HbO
increment latency at 30-mm SD in the HC, NVM, and AbVM groups was as follows: 0.39 + 0.23 s,2.79 + 0.36 s,
and 8.14 + 0.55 s, respectively (p < 0.05). Among the four parameters we evaluated, latency of HbO increment
was the best marker for differentiating Ol. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.NPh.5.1

.015002]
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1 Introduction

Various autonomic function tests (AFTs) have been used to
evaluate autonomic dysfunction; however, only a few tests
have been validated as clinically quantitative methods to evalu-
ate major autonomic domains, including sudomotor, cardiova-
gal, and adrenergic.! The Valsalva maneuver (VM) is one of the
validated quantifying AFTs. The VM is easy to perform and is a
useful method for simultaneously evaluating both sympathetic
adrenergic functions using blood pressure (BP) responses and
parasympathetic cardiovagal functions using heart rate (HR)
responses.” Moreover, Valsalva activity evokes various symp-
toms related to dysregulation of the autonomic nervous system
(ANS), such as dizziness, light headedness, blurred vision, and
palpitation. The maneuver can be performed with prolonged
forced exhalation through a closed airway and can occur natu-
rally during routine activities, such as heavy lifting, straining on
the toilet, or vomiting. Overall hemodynamic autoregulation
during VM is a key factor in preventing the development of sig-
nificant clinical symptoms such as orthostatic intolerance (OI),
which is one of the representative manifestations of autonomic
dysfunction or syncope.**

However, BP and HR monitoring alone is not enough to
detect pathologic dysfunction of the ANS. In addition, the
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mechanisms behind VM that determine the symptoms caused
by autonomic dysfunction are still unclear. Many previous stud-
ies have suggested a decrease in cerebral perfusion evoked
by autonomic reflexes during Valsalva activity as a possible
mechanism.>™

To fully explore the hemodynamic changes during VM, we
chose to use near-infrared spectroscopy (NIRS) to monitor the
relative concentration changes in oxyhemoglobin (HbO), deox-
yhemoglobin (Hb), and total hemoglobin (HbT). NIRS has been
shown to be a useful tool for evaluating cerebral hemodynamics
during various dynamic activities. In particular, NIRS has suc-
cessfully been used to observe cerebral hemodynamics regu-
lated by AFTs.'>'* Various studies have been conducted to
explore cerebral hemodynamics during VM for healthy subjects
as monitored by NIRS. Perry et al.’ reported that greater VM
intensity affects cerebral hemodynamics with reduced oxygena-
tion during each VM phase. The main finding of Tsubaki et al.'*
was that HbO measured by NIRS was strongly correlated
with mean arterial pressure (MAP) during VM. Various other
relationships between VM and cerebral autoregulation were
reported in healthy subjects using NIRS.'>"'7 However, the
effects of autonomic dysfunction on cerebral hemodynamics
during VM have yet to be thoroughly investigated. In normal
healthy people, there is a close relationship between cerebral
hemodynamic autoregulation and VM, but we hypothesized
that, since autonomic dysfunction can have a profound effect on
the delivery and regulation of cerebral hemodynamics,'8 the VM
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hemodynamics of patients with autonomic dysfunction might
differ from those of healthy subjects.

In this study, we explore the effectiveness of NIRS for proper
assessment of patients with OI through various metrics that
quantify cerebral hemodynamic activity during VM. In this
way, we hoped to present NIRS as a possible method for under-
standing the mechanisms that govern significant clinical symp-
toms involving dysregulation of the ANS.

2 Materials and Methods

2.1 Ethics Statement

All participants gave written informed consent before study
inclusion. All procedures were performed in accordance with
the Declaration of Helsinki and were approved by the Korea
University Medical Center Institutional Review Board (IRB
No. ED15363).

2.2 Subjects

Patients with symptoms of OI were recruited from January 2016
to June 2016. For study accuracy, we rigorously adjusted the
inclusion criteria. Inclusion criteria were (1) symptoms sug-
gesting OI (memory loss, visual difficulties, light headedness,
headache, fatigue, increases or decreases in BP, weakness, nau-
sea and abdominal pain, sweating, tremulousness, and exercise
intolerance),'” (2) no history of central nervous system diseases,
including stroke, Parkinson’s disease, and Alzheimer’s demen-
tia, and (3) no history of significant head injury, alcohol,
or psychotropic drug abuse. Demographic and clinical data,
including age, gender, and comorbid chronic diseases, were
obtained. Normal healthy control (HC) volunteers who did not
have any medical history that might affect ANS were recruited.
Healthy subjects who had any abnormal findings in the AFTs of
this study protocol and had any OI symptoms according to the
OI questionnaires were excluded from final analysis. In addi-
tion, subjects with arrhythmia were excluded because of the pos-
sibility of VM measurement error. A total of 31 patients with OI
and 9 healthy subjects who completed all study protocols were
recruited. However, four patients and three healthy subjects who
showed arrhythmia, which made parameters unreliable, were
excluded from final analysis. Two patients who had NIRS sig-
nals that were not sufficient to be analyzed due to excessive
motion artifacts were excluded. Another three healthy subjects
were excluded due to abnormal VM (AbVM) parameter find-
ings: two subjects showed abnormal Valsalva ratios (VRs) and
one subject showed abnormal cardiovagal barosensitivity (BRSv).
Finally, data from 25 patients and 3 normal HCs were analyzed.

2.3 Study Design

All participants taking medications affecting autonomic func-
tion were asked to discontinue their medicine for at least
24 h prior to VM. To minimize the effects of confounds, VM
was controlled and regulated by the standard electrodiagnostic
laboratory environment.” Tests were performed in the following
sequence: (1) autonomic dysfunction self-questionnaires were
completed by the patient and (2) VMs were conducted while
attaching the NIRS probe on the forehead to investigate cerebral
hemodynamics.
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2.4 Autonomic Dysfunction Questionnaires

Self-report questionnaires were administered. Autonomic
dysfunction was measured using the Korean version of the
Composite Autonomic Symptom Score 31 (K-COMPASS 31)
consisting of 31 items that assess the following categories: 4
items for OI, 3 items for vasomotor, 4 items for secretomotor,
12 items for gastrointestinal, 3 items for bladder, and 5 items for
pupillomotor. The sum of items from each category and the sum
of all 31 items were used for analysis. Of note, higher scores
indicate more severe autonomic dysfunction.?! We also only
scored the four items related to OI separately among the many
items of the K-COMPASS 31 questionnaire.

2.5 Valsalva Maneuver

The VM was performed with Finometer equipment (Finapres
Medical Systems BV, Amsterdam, The Netherlands) with a
cuff placed on the middle finger. Subjects blew through a
mouthpiece attached to a manometer and maintained a pressure
of 40 mm Hg for 15 s at rest and in the recumbent position. VM
is a difficult procedure to perform consecutively, so each trial
was followed by a rest period of 2 min, with testing repeated
until two responses with similar beat-to-beat BP and HR record-
ings were obtained. The VM trial that showed the correct four
phases of VM in the BP recordings was chosen for further NIRS
analysis. Therefore, there was only one VM trial per subject in
which BP and NIRS data were used for analysis. The following
BP metrics were determined for each patient. (1) VR was
calculated as the maximum HR during the maneuver in
phase II divided by the lowest HR in phase IV. The VR of each
subject was compared with age-specific reference values.>*
(2) Pressure recovery time (PRT) was defined as the time
from the lowest systolic BP (SBP) during the valley of phase
IIT (start of phase IV) to the return of SBP to baseline before
overshooting of SBP during phase IV."* (3) Alternative
adrenergic barosensitivity (BRSa;) was defined as the sum of
the SBP decrement during early phase II and two-thirds of the
SBP decrement in phase III divided by PRT.**? (4) BRSv was
determined as the regression slope of the R — R interval (milli-
seconds) over SBP during early phase I1.2*?7 Using the cutoff
value for each parameter, patients with an abnormal result in any
of the four parameters were placed into the AbVM group.

2.6 Near-Infrared Spectroscopy

A custom-built 108-channel NIRS system was administered to
the subject pool to monitor cerebral hemodynamics during VM
(Fig. 1). The NIRS probe was built to span the subject’s entire
forehead and was secured in place by a medical band. The center
bottom of the NIRS probe was aligned with the FpZ point, and
the left and right corners were aligned with the F7 and F8 points,
according to the International 10-10 system. This alignment has
been shown to be appropriate for monitoring cerebral oxygena-
tion changes in the prefrontal area.”®*’ The experiment admin-
istrator visually ensured good contact for all sources and
detectors before the experiment started. In addition, the NIRS
software included a module that identified saturated or low-sig-
nal channels based on an empirically tested range of light inten-
sities. This was confirmed by the administrator before the tests
began. The subjects were instructed to avoid large head motions
that might induce motion artifacts in the NIRS signal. The NIRS
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Fig. 1 A 108-channel matrix of NIRS. (a) Shows the four different
source—detector separations (15, 30, 36, and 45 mm) with the bottom
of the probe aligned with the F7-Fpz-F8 line on the subject’s head.
(b) The actual NIRS probe consisted of 15 photodetectors and 12
LED sources.

probe remained on the subject as they performed multiple VM
trials.

The NIRS probe was attached to the forehead area because of
the lack of hair that could significantly degrade signal quality.
The probe consisted of 15 photodetectors and 12 light-emitting
diodes (LED) sources. Each of the LED sources alternated
between wavelengths of 760 and 830 nm at a temporal fre-
quency of 5 Hz for scanning the entire forehead. The power
emitted from the LED sources was ~4 mW. The 108 channels
came from the 108-unique source—detector pairings with differ-
ent source—detector distances (SD) of 15 mm (40 channels),
30 mm (20 channels), 36 mm (32 channels), and 45 mm (16
channels). The channel matrix is shown in Fig. 1; the green
line connecting a source and detector signifies one channel.
The separation between source and detector determines the pen-
etration depth, with the greatest sensitivity to gray matter
changes being shown at a separation of 30 mm or greater.*’
Before the calculation of the NIRS metrics, the data were low-
passed filtered (cutoff frequency of 0.2 Hz) and smoothed with a
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5-point moving average filter, and the first point of the calcu-
lated HbO, Hb, and HbT signals was realigned to zero. In
this study, we analyzed changes in HbO, Hb, and HbT to deter-
mine whether the observed hemodynamic response varied
according to SD.

Resolving for changes in optical density or the log ratio of
baseline intensity, /, and transient intensity / changes at the two
wavelengths (760 and 830 nm) allowed accurate measurement
of relative changes in HbO, Hb, and HbT,>' with HbT being
proportional to blood volume.*? In short, the relative concentra-
tion change in HbO and Hb can be resolved using the modified
Beer—Lambert’s law>>

e;lfb log (17"> i eHb log (1)/12

AHbO = (D
T A )
L(&5in o ngbeHbO)
y) A A
AHb — Ehpo 108 <IT> ’ €HbO log ( ) 2
T M A ’
L(&5€Hb0 — ErbEribo)

where AHbO and AHb are the change in HbO and Hb, respec-
tively, from the baseline state. The baseline intensity was set to
the average intensity of the first 100 acqulred points before the
VM started. L is the optical pathlength, and €Hb0 np and gHbO Hb
are the extinction coefficients for HbO and Hb for the two wave-
lengths A; =760 nm and 4, = 830 nm, respectively, taken
from Ref. 34. A full review of NIRS methodology and the
terms above can be found elsewhere.*

2.7 NIRS Parameters

Upon preliminary review of the hemodynamic changes during
VM, NIRS parameters were determined to compare the hemo-
dynamic changes between subjects. These parameters were
latency, duration, and amplitude calculated for HbO and Hb, and
the integrated signal calculated for HbT. Latency was defined as
the time between reaching the appropriate pressure to perform
the VM (~40-mm Hg exhalation pressure) and the beginning of
the NIRS hemodynamic response. The amplitude was defined as
the maximum concentration change in the calculated NIRS
response. Duration was defined as the width of the NIRS
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Fig. 2 NIRS response during VM. Comparison of BP (blue) and HbO (red) changes for (a) an HC and
(b) an AbVM patient with Ol. In addition, a visual depiction of calculated metrics is shown. (a) The NIRS
parameters (latency, amplitude, and duration) and (b) four phases of the VM (according to BP measure-

ments) are shown.
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Table 1 Subject demographic and clinical characteristics.

NVM (n=9) AbVM (n = 16) Normal healthy (n = 3) p-value
Clinical features
Male (%) 222 50 66.7 0.27
Age (year) 66.00 (31, 80) 49.00 (22, 79) 66.00 (66, 74) 0.11
Height (m) 1.61 (1.54, 1.79) 1.62 (1.49, 1.75) 1.61 (1.56, 1.65) 0.86
Weight (kg) 61.00 (53, 94) 60.00 (45, 84) 62.00 (55.5, 68.0) 0.64
BMI (kg/mz) 23.05 (20.20, 28.06) 23.64 (17.93, 30.48) 24.98 (21.33, 25.48) 0.97
VM
PRT 1.41 (0.58, 2.90) 2.03 (0.62, 25.2) 1.28 (0.60, 1.68) 0.18
BRSa, 48.58 (30.34, 78.82) 34.05 (6.18, 128.1) 40.82 (40.33, 117.61) 0.47
BRSv 4.20 (3.50, 6.70) 2.60 (1.2, 14.3) 3.60 (3.30, 6.20) 0.14
VR abnormality (%) 0 29.4 0 0.12
Questionnaire
K-COMPASS 31 9.00 (0, 20) 19.00 (2, 48) 0.00 (0, 0) 0.00
Ol score 1.00 (0, 6) 4.50 (0, 10) 0.00 (0, 0) 0.02

Note: Statistically significant values (p < 0.05) are highlighted in bold.

Note: Data are presented as median (range; minimum, maximum).

VM, Valsalva maneuver; BMI, body mass index; PRT, pressure recovery time; BRSa, adrenergic barosensitivity; BRSv, cardiovagal barosensi-

tivity; VR, Valsalva ratio; and Ol, orthostatic intolerance.

response or the time between the start of the NIRS response and
when the hemodynamics returned to the baseline state. For HbT,
the area under the curve was calculated during the VM exhala-
tion period using the trapz function in MATLAB®. Because
HbT is proportional to blood volume, the integration of this sig-
nal can be thought of as sustained blood volume during the VM
period. The NIRS parameters were only calculated through the
NIRS response obtained from the VM trials suited best for
analysis (Fig. 2). The VM trial was selected based on appropri-
ate phase data in the BP measurements. We also used a VM trial
that showed an NIRS response with well-defined latency, dura-
tion, and amplitude parameters for NIRS analysis.

2.8 Statistical Analysis

Patients were divided into two groups: an NVM group and an
AbVM group according to their calculated clinical parameters
based on VM results. In addition, data for VM and NIRS in
healthy subjects were evaluated. Differences in demographic
characteristics, questionnaire scores, and proportion of subjects
with abnormal results from VM among the patient groups and
the normal healthy group were analyzed using either the
Kruskal-Wallis test or Fisher’s exact test. The NIRS parameters
were calculated and compared between the two patient groups
with OI and normal healthy subjects using a custom-built script
written in MATLAB® (2010A, The MathWorks Inc., Natick,
Massachusetts). A significant difference for metrics between the
groups was tested using the two-tailed t-test. A p-value <0.05
was considered statistically significant. Pearson’s correlation
analyses were performed to identify relationships between VM
parameters and the NIRS signal.

Neurophotonics 015002-4

3 Results

3.1 Subject Characteristics

Data from 25 patients and 3 normal HCs were analyzed. The
patients with OI were subgrouped according to VM findings as
follows: (1) NVM (n =9; median age 66.0; 2 males) and
(2) AbVM group (n = 16; median age 49.0; 9 males). Table 1
presents demographic and clinical characteristics, including VM
results, for all subjects.

3.2 Comparison of NIRS Parameters Between
Patients and Healthy Subjects

NIRS parameters (latency, amplitude, duration, and integration)
were calculated for the three subject groups: HC, NVM, and

Fz
3 2 1
6 5 4
N ) N
F8 Fpz F7

Fig. 3 Probe sectioning used for channel averaging. The NIRS chan-
nels were averaged according to six different groups across the fore-
head. The International 10-10 coordinates are noted on the diagram
for orientation.
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AbVM. Figure 2 shows a sample BP and HbO response by
(a) HC and (b) AbVM. In this example of an HC and AbVM
patient, it can be seen that the AbVM had a longer latency and
lower amplitude than the HC; while the HbO peak of the HC
occurred during the phase II period of VM, the peak for the
AbVM HbO signal came later, and the slope to peak was also
lower compared with the HC HbO.

We first investigated whether there was evidence of localized
hemodynamic changes across the prefrontal area during VM.

Healthy control

Patient normal

The sectioning of the NIRS probe according to its location
on the forehead is shown in Fig. 3. The location on the prefrontal
area is denoted by the International 10-10 coordinates. Figure 4
shows the box plot for the HbO metrics [(a) latency, (b) ampli-
tude, (c) duration, and (d) HbT integration] for the three groups
at a 30-mm SD. It can be seen from the figure that between the
six areas, all metrics were measured similarly for the three sub-
ject groups. The biggest differences between groups can be seen
in the HC group; however, this can be attributed to the low

Patient abnormal
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Fig. 4 NIRS metrics for the six regions: (a) HbO latency for 30-mm SD divided by the six regions (as
shown in Fig. 3), (b) HbO amplitude for 30-mm SD divided by the six regions, (c) HbO duration for 30-mm
SD divided by the six regions, and (d) HbT integration for 30-mm SD divided by the six regions.
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number of subjects. Thus, for simplicity, the proceeding analysis
between groups will be shown for all channels averaged across
the prefrontal area.

The average HbO and Hb latency for the three groups is
shown in Fig. 5. The latencies of the HC and NVM groups were
significantly shorter than that of the AbVM group (p < 0.05).
For the HC group, the HbO latency at 30 mm was 0.39 4 0.23 s.
The NVM group had an HbO latency of 2.79 = 0.36 s, and the
AbVM group had an HbO latency of 8.14 + 0.55 s. For Hb, the
latency at 30 mm for HC, NVM, and AbVM was 1.64 + 0.51 s,
3.33 +0.41 s, and 5.23 4 0.34 s, respectively. Figure 5 shows
the statistically significant difference between Hb latency at the
45-mm distance and shorter channels (i.e., 15 and 30 mm).
However, the 45-mm distance difference in latency may be
attributed to increased scattering of the light reaching that detec-
tor. In addition, there were no significant differences between
SDs by latency. Overall, our results showed that OI patients
had a longer latency for onset of the hemodynamic response
than the HC group, with the AbVM group having the longest
latency.

While latency clearly distinguished between the groups,
amplitude and duration were not significantly different between
groups for the NIRS response. The full list of p-values between
groups for NIRS metrics obtained with a two-tailed #-test is pre-
sented in Table 2. Although there was no statistical significance,
certain patterns can be observed in Figs. 6 and 7. The amplitude
of the HbO and Hb response tended to peak at the shorter sep-
arations for all groups and decreased as channel distance became
longer, as shown in Fig. 6. The drop-off in amplitude is espe-
cially noticeable in the Hb response. For amplitude, there was a
statistical difference at the 15-mm distance and all other distan-
ces for all groups in their HbO and Hb responses. For farther
channels, the number of distances that were statistically different
was reduced, showing that amplitude was drastically reduced
with longer channels.

In terms of duration, Fig. 7 shows that HbO and Hb duration
did not show any significant pattern between the groups. The

(a) % p-value <0.05 compared to Healthy
14 = p-value <0.05 compared to Patient normal
12 4
I
T +
10 4 15 mm
§ : * I +
@ 30 mm *
< 8 : +
3 *
c 36 mm
S 6 4 :
S
9 4. 45mm
I ' {{w
15 mm 30mm 36 mm 45 mm 15mm 30mm 36mm 45 mm 15mm 30 mm 26mm 45 mm
Healthy Patient Patient
control normal VM abnormal VM

difference between channel distances within a group did not
demonstrate any recurring trend; however, the 45-mm channels
did show the longest duration in the Hb signal for the healthy
group.

As a measure of sustained blood volume in the prefrontal
area during VM, HbT integration was compared among the
three groups (Fig. 8). The HbT integration was significantly dif-
ferent between the HC and AbVM groups. The HC group
showed a higher sustained blood volume change in the prefron-
tal superficial layer during VM compared with the OI groups.
Similar to the amplitude metric, the shortest channels were sig-
nificantly different from other distances for all groups, and the
number of statistically significant distances was reduced as the
channels became farther apart.

To observe the effect of superficial channels, the shorter
channels (15 mm) were regressed from 30, 36, and 45 mm data,
using previously described procedures.'> Figure 9 shows the
HbO metrics recalculated after short channel removal. At
30 mm, latency was significantly different (p < 0.05) between
healthy and NVM/AbVM [Fig. 9(a)]. In addition, once the short
channels were regressed, HbO duration was significantly differ-
ent between the healthy and OI patients at 30 mm [Fig. 9(c)].
However, there was no significant difference between NVM and
AbVM in the HbO and HbT integration signal when the short
channel was regressed.

3.3 Correlation of NIRS Parameters to VM
Parameters

We also investigated whether there was any relationship
between our derived NIRS parameter and the typical VM
parameters used to diagnosis clinical symptoms. We performed
a linear regression for the NIRS parameters (HbO, Hb: latency,
duration, amplitude, and HbT integration) averaged across the
entire prefrontal area, per SD, and the VM parameters (VR, PRT,
BRSa;, and BRSv). According to our regression analysis,
the only combination of NIRS and VM parameters with a

(b)

% p-value <0.05 compared to Healthy

14 == p-value <0.05 compared to Patient normal
12
0
c 104
o
o
o
L 81
>
c
S
S
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I

Patient
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15mm 30mm 36mm 45 mm

Healthy

15mm 30 mm 36mm 45 mm

Patient
normal VM

Fig. 5 Latency for all averaged channels: (a) HbO latency and (b) Hb latency for all channels are aver-
aged according to source-detector separation. The bars are ordered from left to right from shortest sep-
aration (15 mm) to farthest separation (45 mm). Healthy subjects showed the smallest latency at the
shorter distance source—detector separations, especially for the HbO signal. Statistically significant
values (p < 0.5) compared with the healthy group or patient NVM group are depicted by * or +, respec-
tively. Statistically significant values (p < 0.5) between distances within a group are connected via

arrows.
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Table2 p-values from a two-tailed t-test for groups of patients (healthy, patient normal, and patient abnormal) for each metric (latency, amplitude,
duration, and HbT integration) at different hemodynamic measurements (HbO, Hb, and HbT).

15 mm 30 mm 36 mm 45 mm
HbO
Latency
Healthy/patient normal 0.182 0.118 0.108 0.176
Healthy/patient abnormal 0.011 0.013 0.012 0.018
Patient normal/patient abnormal 0.003 0.004 0.008 0.023
Amplitude
Healthy/patient normal 0.413 0.481 0.149 0.372
Healthy/patient abnormal 0.272 0.234 0.180 0.572
Patient normal/patient abnormal 0.791 0.458 0.686 0.703
Duration
Healthy/patient normal 0.669 0.250 0.071 0.810
Healthy/patient abnormal 0.515 0.891 0.684 0.787
Patient normal/patient abnormal 0.102 0.091 0.105 0.462
Hb
Latency
Healthy/patient normal 0.0416 0.1431 0.9976 0.4696
Healthy/patient abnormal 0.0216 0.0160 0.5790 0.5914
Patient normal/patient abnormal 0.0202 0.0379 0.4025 0.7288
Amplitude
Healthy/patient normal 0.494 0.746 0.615 0.827
Healthy/patient abnormal 0.320 0.702 0.698 0.593
Patient normal/patient abnormal 0.543 0.840 0.771 0.274
Duration
Healthy/patient normal 0.177 0.083 0.889 0.236
Healthy/patient abnormal 0.145 0.082 0.235 0.469
Patient normal/patient abnormal 0.429 0.392 0.063 0.499
HbT
Integration
Healthy/patient normal 0.243 0.239 0.181 0.305
Healthy/patient abnormal 0.030 0.026 0.026 0.102
Patient normal/patient abnormal 0.230 0.129 0.151 0.422

Note: Statistically significant values (p < 0.05) are highlighted in bold.
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Fig. 6 Amplitude for all channels averaged according to source-detector separation. The amplitude of
(a) HbO and (b) Hb changes peaked at shorter channels for all patient groups and dropped for the longer
channels. Statistically significant values (p < 0.5) compared with the healthy group or patient NVM group
are depicted by * or +, respectively. Statistically significant values (p < 0.5) between distances within a
group are connected via arrows.
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Fig. 7 Duration for all channels averaged according to source-detector separation. The bars are ordered
from left to right from shortest separation (15 mm) to farthest separation (45 mm) for the recorded NIRS
duration of (a) HbO and (b) Hb. The duration parameter shows less difference among the groups.
Statistically significant values (p < 0.5) compared with the healthy group or patient NVM group are
depicted by * or +, respectively. Statistically significant values (p < 0.5) between distances within a
group are connected via arrows.

statistically significant relationship was HbO duration at 15-mm 4 Discussion
source—detector separation and VR (R = 0.164, p = 0.032). . ..

. . A VM performance can be measured by various clinical parame-
The results of the linear regression are shown in Fig. 10. ters using BP and HR data. Baroreceptor sensitivity has been
When HbO duration at 15 mm and VR were tested for each

L . . represented through parameters such as BRSv and BRSa;.”
group, there was no significant relationship between the param- In addition, we measured VR and PRT for all subjects. VR is
gecrs(. RRzesul(;sO(z)fSthe lin%arggig)re;s\i](i\r/l[ 1221"2gr01(1)p1\;v§re a fgllzoggz the most c’ommonly used parameter to estimate cardiovagal
— S P = ’ = V% P = : function. However, VR is often not sensitive enough to accu-
2 _ il

:Eﬁﬂ/:r bzgfuéf ir? Volioge tfv c;eno.l(\):\?l)\;[ T;l;ieiglgael.l 11{(538525% E;;S rately detect patient abnormal cardiovagal function;*® therefore,
and AbVM (average: 1.62 + 0.35) resulted in .a 1;00r 5 t. for other clinical parameters should also be considered to discrimi-
nate abnormal cardiovagal function. The symptom question-

each group individually. However, when all the subjects were ire showed sienificantly hich in th tient
grouped together, the fit was statistically significant. naire showed significantly higher scores in the patient group
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Fig. 8 HbT integration for all channels averaged according to source—
detector separation. The bars are ordered from left to right from short-
est separation (15 mm) to farthest separation (45 mm) for the integra-
tion of the HbT signal. Statistically significant values (p < 0.5)
compared with the healthy group or patient NVM group are depicted
by * or +, respectively. Statistically significant values (p < 0.5)
between distances within a group are connected via arrows.

compared with the HC group and even higher in patients with
AbVM compared with patients with NVM. This suggests that
discrimination of VM abnormality is best achieved through
multiple parameters to be reliable. In addition to clinical param-
eters, we analyzed VM performance between groups with NIRS
to monitor relative HbO, Hb, and HbT concentration changes.
We analyzed the latency, amplitude, duration, and HbT integra-
tion (i.e., sustained blood volume) of the NIRS response to dis-
tinguish between HC, NVM, and AbVM during VM.

Of these parameters, latency showed the highest contrast
among the groups. The AbVM group had longer latency for
HbO changes for all source—detector separations compared with
NVM (p < 0.05). Cerebral perfusion pressure is defined as
MAP minus intracranial pressure (ICP) or MAP minus central
venous pressure (CVP), if CVP > ICP. VM leads to a propor-
tional elevation in CVP, a marked reduction in cardiac output,
and characteristic changes in MAP.*’~*° In particular, the abrupt
reduction in MAP challenges the regulation of cerebral perfu-
sion and can result in syncope.*° Our hypothesis is that increased
CVP leads to sustained blood volume retention in the superfi-
cially distributed venous system of the forehead, which leads to
rapid detection of cerebral hemodynamics in a shallow channel
and a short latency for the NIRS signal. We believe that, in the
ADbVM, the latency can be increased due to the interruption of
hemodynamic autoregulation compared with NVM. AbVM also
showed a pattern of more diminished HbO response amplitude
compared with NVM, with a reduced response as the SD
increased, except in the 45-mm channel; however, the results
between groups were not statistically significant, but the differ-
ence between distances was significant. Compared with AbVM,
the NVM did not differ statistically in sustained volume, but the
HC showed a difference during VM except for the farthest chan-
nel (Fig. 8). The lack of significant differences in the 45-mm
channel for the NIRS metrics may be attributed to strong light
scattering.

The calculated NIRS metrics can provide clinical insight into
cerebral perfusion during VM. Delayed HbO latency may
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represent delayed cerebral perfusion in patients with AbVM
compared with patients with NVM. Although statistical signifi-
cance was not shown, even OI patients with NVM results
showed slightly delayed HbO compared with HC. According to
the 2017 ACC/AHA/HRS guideline for the evaluation and man-
agement of patients with syncope, the mechanism of syncope,
one of the symptoms of OI, is explained by cerebral hypoperfu-
sion.*! Lankford et al. showed that hypotension associated with
OI leads to decreased cerebral perfusion. This decreased perfu-
sion is working as a cause for neurologic clinical manifestations. '*
Gulli et al. stated that patients suffering from poor OI fail to main-
tain an adequate brain perfusion pressure. This study showed that
prolonged delay in the baroreflex response was associated with
the poor OL.*> These findings underlie suspicion that OI symp-
toms might develop due to delayed cerebral perfusion, which
might cause an oxygen deficit for a few seconds.

To assess the overall recruitment of cerebral hemodynamics
during the VM, we evaluated the amplitude of the NIRS signal;
there was no difference in HbO amplitude by group, but there
was a difference according to NIRS channel distance. While
HbO amplitude showed a pattern among the groups, Hb ampli-
tude did not show any pattern except for the 15-mm SD distance.
In general, neuronal activities in normal subjects cause a
decrease in Hb associated with increases in HbO and HbT in the
activated cortical area caused by O, delivery in excess of O,
consumption.**** However, the brain dysfunction may present
various forms of Hb metabolism during neuronal activation and
the NIRS signal in a short source—detector channel (e.g., 15 mm)
may be affected by sinus and/or forehead skin vasculature, so
there may not be any difference in Hb response.’>*

The HbT integration, which is related to cerebral blood vol-
ume,*® was not significantly different between OI groups. The
HC group showed higher sustained blood volume changes in the
prefrontal superficial layer during VM compared with the OI
groups. VM leads to a proportional elevation in intrathoracic
and CVP. The increase in CVP causes retention of sustained
blood volume in the venous system of the forehead and causes
superficial blood volume changes. We observed an increased
HbT in the mainly HC group and the patients with NVM
group compared with patients with AbVM group. The reason
for the increased HbT in mainly shallow channels over other
channels is believed to reflect the venous and/or sinus system
and skin vascular pooling occurring at the measurement sites.
VM produces a marked increase in blood volume in extracranial
compartments. The increased extracranial blood volume heavily
affects HbT parameters. This may reflect skin vascular pooling,
since extracranial signals may be present in these NIRS sig-
nals.”*” A study showed that the average scalp thickness was
6.9 + 3.6 mm, while the average skull thickness was 6.0 &
1.9 mm.*® Considering the important effects of overlying scalp
and skull layers on the measurement of brain hemodynamics,
the reason that the short SD (15 mm) is consistently showing
a significant difference in NIRS analysis during VM may be
due to general superficial hemodynamics influenced during
VM, rather than cerebral hemodynamics. Moreover, once the
short channels were regressed, HbO latency was significantly
different between the groups.

Consequently, HbT integration, along with duration and
amplitude, did not show as large a contrast between the NVM
and AbVM groups as latency did; thus, we concluded that
latency had the most potential as a quality metric for identifying
an AbVM response in patients with Ol
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This study had some limitations. First, there were no data
related to cerebrovascular status in our subjects. We tried to
exclude any possibility of CNS abnormality, including cerebro-
vascular abnormality, via a thorough medical interview and neu-
rologic examination. Further studies with cerebral vascular
evaluation, such as MR angiography, would provide more reli-
able scientific results. The other limitation is the small HC sam-
ple size. There was no statistically significant different response
for latency, but this may be attributed to the limited HC group
sample size. Although the number of HCs may be seen as a limi-
tation of this study, we believe that the dataset is reliable. We
rigorously enforced inclusion criteria for the 15 HC subjects.
The criteria excluded subjects with any problem that showed
up in the OI questionnaires and subjects who showed AbVM
data or potential signs of disorders of the ANS or CNS. After
the screening, we were left with three HCs who were able to pass
multiple OI tests [i.e., questionnaires, VM, etc. (Table 1)].
Because of this strict screening, we believe that our HC subject
data represent subjects with no signs of OL

An additional limitation may result from the distances of
the NIRS probe sources and detectors. With multiple source—

Neurophotonics

015002-10

detector analysis, shorter channel regressions are typically per-
formed to isolate the hemodynamic response from the superfi-
cial area and the cerebral response. Further investigation in this
area would be worthwhile, but it has been shown that VM is
largely a systemic maneuver whose signal comes predominantly
from superficial hemodynamic changes rather than cerebral
changes.!® Previous studies have shown that the ideal distance
to separate the superficial changes is ~8 mm.*> However, con-
sidering the thickness of the overlying scalp and skull layers, the
suitable distance to measure cerebral activity is between 20- and
45-mm SD separations.*® For this reason, although the shortest
SD distance was 15 mm due to the design of our NIRS probe, it
may be a reasonable distance to observe superficial changes.
Although Fig. 10 shows a correlation between NIRS param-
eters (HbO duration) and the clinical VM parameter (VR), it
is worth investigating the intertwined relationships between our
derived NIRS parameters and the clinically used VM parameters.
Our current study focused on the prefrontal hemodynamic changes
rather than the physiological significance and relationship between
the two parameter groups (NIRS and VM). By closely under-
standing how cerebral perfusion and autoregulatory systems
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Fig. 10 Linear regression analysis of NIRS and VM parameters. Each
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HbO duration (15-mm source-detector separation) and VR was the
only combination that showed a statistically significant difference
(p < 0.05).

affect these metrics during VM, we can better quantify and ana-
lyze the cerebral autoregulatory system.

NIRS offers an alternate solution for understanding the
effects of a dysregulated ANS on the delivery of blood to the
brain. In addition, NIRS has the potential to monitor patients
with inconclusive BP or HR readings. Our results confirm the
presence of a delay in hemodynamic response according to
the VM procedure. Although the delay in the recruitment of
hemodynamics to the frontal area during VM is still largely
unknown,*® differentiating between healthy subjects and OI
patients according to VM performance is important for under-
standing the autoregulatory nature of the nervous system. For
further study of cerebral hemodynamics during VM, larger sam-
ple sizes are required, including normal healthy participants, and
detailed studies should be conducted at deeper layers dur-
ing NIRS.
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