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Purpose: To analyze the cerebrovascular autoregulation (CA) dynamics in patients with
normal-tension glaucoma (NTG) and high-tension glaucoma (HTG) as well as healthy
subjects using noninvasive ultrasound technologies for the first time.

Methods: The CA status of 10 patients with NTG, 8 patients with HTG, and 10 healthy
subjects was assessed, using an innovative noninvasive ultrasonic technique, based on
intracranial blood volume slow-wavemeasurements. Identified in each participantwere
intraocular pressure, ocular perfusion pressure, and CA-related parameter volumetric
reactivity index (VRx), aswell as theduration anddoses of the longest cerebral autoregu-
lation impairment (LCAI). In addition,we calculated the associations of these parameters
with patients’diagnoses.

Results: The VRx value, the LCAI dose, and duration in healthy subjects were signifi-
cantly lower than in patients with NTG (P < 0.05). However, no significant differences
were noted in these parameters between healthy subjects and HTG and between NTG
and HTG groups.

Conclusions: NTG is associated with the disturbed cerebral blood flow and could be
diagnosed by performing noninvasive CA assessments.

Translational Relevance: The VRx monitoring method can be applied to a wider range
of patient groups, especially patients with normal-tension glaucoma.

Introduction

Glaucoma is a multifactorial, progressive
neurodegenerative disorder that results in optic
nerve head damage and visual field loss. Patients
with high range intraocular pressure (IOP) can

develop glaucoma. However, patients with normal-
range IOP can also develop glaucomatous optic
neuropathy. Primary open-angle glaucoma is the
most common type of glaucoma worldwide and
can be clinically classified into two subgroups:
high-tension glaucoma (HTG), in which IOP
is greater than 21 mm Hg, and normal-tension
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glaucoma (NTG), in which IOP is within the normal
range.1

The pathogenesis of glaucoma is not fully under-
stood. However, several theories have been put forward
such as mechanical and vascular theories to explain the
pathogenesis of glaucoma.2–4 The mechanical theory
considers glaucomatous optic neuropathy to be a
direct consequence of IOP, which damages the laminar
cribrosa and neural axons.5,6 However, the vascular
theory considers glaucomatous optic neuropathy as a
consequence of low perfusion pressure of the optic
nerve.3,7 The decreased optic nerve perfusion may
result from vascular failure that includes vasospasms,
small vessel disease, and autoregulatory dysfunction.8,9

However, explanations of NTG are still controver-
sial. Studies believe that glaucoma causes dysfunction
of the autoregulation of the ocular blood flow.10,11
Typically, the ocular blood flow autoregulation is
characterized by local vascular constriction or dilation,
which makes vascular resistance reciprocally increase
or decrease, thereby keeping a relatively constant
temperature for ocular and constant pressure for retinal
perfusion.10,11

Other studies suggest that disturbed ocular blood
flow is a major factor associated with the pathogen-
esis of NTG.6,12 Disturbance in the autoregulatory
pathway may decrease perfusion and lead to ischemic
damage of the optic nerve or retinal ganglion cells.10
Although several methods have been put forward,
no single vascular indicator can completely evaluate
ocular blood flow.13

Vascular dysregulation in glaucoma is one of
the results of impaired cerebrovascular autoregula-
tion14 and probably explains the association between
glaucoma and disorders such as vasospasm, endothe-
lial dysfunction, and migraine.10,14 Retinal circulation
mirrors cerebral circulation,15 and they share similar
anatomic, physiologic, and embryologic characteris-
tics.16 Abnormalities of the retinal arterioles are a
useful indicator of systemic and neurodegenerative
diseases such as diabetes, hypertension, multiple sclero-
sis, Alzheimer disease.17 Thus, blood flow in the
retina is autoregulated in the same way as cerebral
blood flow—that is, constant blood flow in the eye
is maintained in the retina despite changes in the
perfusion pressure,13 but only within certain limits.
Moreover, the diameter of the blood vessels in the
retina depends on the activity of the neurons in the
retina. This process is known as neurovascular inter-
action.

When the ocular perfusion pressure decreases below
a patient-specific lower threshold, the autoregulation
of the retina blood flow is impaired. Hypothetically,
it may lead to the development of glaucoma. As for
the brain, the cerebral vascular system must respond

to changes in arterial blood pressure (ABP) or cerebral
perfusion pressure (CPP) to maintain stable cerebral
blood flow. The mechanism of stabilizing cerebral CPP
despite fluctuations in cerebral blood flow is known
as cerebrovascular autoregulation. Thus, the blood
autoregulation of the central nervous system and that
of the eyes is similar, which has inspired a hypothesis
that the impairment of eye blood flow in the case of
glaucoma is associated with cerebrovascular autoregu-
lation impairment.

Conventional methods for cerebrovascular autoreg-
ulation measurement have several limitations (e.g.,
invasive methods such as surgical access, catheteriza-
tion, arterial puncture). Several noninvasive methods
for cerebrovascular autoregulation monitoring were
suggested to overcome these limitations. Transcra-
nial Doppler (TCD) technologies are used to monitor
blood flow measurement from the local artery. The
mean flow index can provide different information
about cerebrovascular autoregulation in patients with
strokes, cerebrovascular disease, or traumatic brain
injury, depending on the hemisphere.18 Approximately
10% to 20% of the population are missing the tempo-
ral window. Therefore, TCD measurements are impos-
sible for cerebrovascular autoregulation monitoring.
In the case of near-infrared spectroscopy (NIRS)–
based technologies, regional cerebral oxygen satura-
tion from the external cortex region is used for
cerebrovascular autoregulation monitoring.18 Thus,
the main advantage of the volumetric reactivity
index (VRx) is the ability to assess cerebrovascu-
lar autoregulation more globally, because intracranial
blood volume (IBV) changes are measured in both
hemispheres, averaging them over the entire acoustic
path.18

The present prospective study applied noninvasive
ultrasound techniques to explore the cerebrovascu-
lar autoregulation (CA) dynamics in patients with
glaucoma (NTGandHTG) and healthy subjects for the
first time.

Methods

This prospective clinical study was conducted at
the eye clinic of the Lithuanian University of Health
Sciences. The study was approved by Kaunas Regional
Biomedical Research Ethics Committee (No. BE-2-
41, date: September 3, 2013), and according to the
Declaration of Helsinki, written informed consent was
obtained from all participants.

Patients with glaucoma (HTG and NTG) and
healthy subjects were enrolled in the study. The inclu-
sion criteria were as follows: an ophthalmologist-



Noninvasive CA Monitoring in Glaucoma Patients and Healthy Subjects TVST | February 2022 | Vol. 11 | No. 2 | Article 17 | 3

confirmed clinical diagnosis of glaucoma, the presence
of changes in the optic nerve head, and visual field
loss consistent with glaucoma. The exclusion criteria
were pregnant patients or nursing mothers, patients
with uncontrolled systemic diseases, and those with a
history of allergy to local anesthetics, orbital/ocular
trauma, or other diseases that could bias the study
results. Healthy subjects included age-matched volun-
teers with no history of glaucoma or other diseases that
could bias the results.

Thickness of the retinal nerve fiber layer (RNFL)
was analyzed using confocal scanning laser ophthal-
moscopy (Heidelberg retinal tomography, HRT3,
software version 3.1; Heidelberg Engineering, Heidel-
berg, Germany). Standard automated perimetry was
conducted using the Humphrey 24-2 Swedish inter-
active thresholding algorithm perimeter (Humphrey
Standard Perimetry; Carl Zeiss Meditec, 07745 Jena,
Germany). Visual field testing was considered unreli-
able if the fixation losses exceeded 20% and if the
false-negative or false-positive errors exceeded 33%.
Mean deviation (MD), pattern standard deviation
(PSD), and visual field index (VFI) were assessed.
Color Doppler imaging (Accuvix, Seoul, Korea) was
used for retrobulbar blood flow measurements in
the ophthalmic, central retinal, and short posterior
ciliary arteries. In each vessel, peak systolic velocity
(PSV) and end-diastolic velocity (EDV) were assessed,
and resistance index (RI) was calculated (Porcelot’s
formula: RI = (PSV − EDV)/PSV).

The status of cerebrovascular autoregulation was
monitored in participants using the innovative nonin-
vasive ultrasonic technique (Vittamed 505 monitor;
Boston Neurosciences, Lexington, MA, USA) based
on the ultrasonic time-of-flight (TOF) measurement
principle, capable of sensing intracranial density
changes within the acoustic path, due to IBV fluctu-
ation used as a surrogate of intracranial pressure (or
cerebral blood flow) slow changes for cerebrovascu-
lar autoregulation assessment.19–22 A head frame with
a pair of ultrasonic transducers (2 MHz), positioned
on opposite sides of the head on temporal bones, was
used to transmit and receive an ultrasound pulse that
crossed the brain parenchyma and cerebral ventricles
(Fig. A1). Fluctuation of TOF is inversely propor-
tional to changes in IBV because the ultrasound
speed in the blood is greater than in other intracra-
nial components (parenchyma and cerebrospinal fluid).
Thus, an increase in blood volume within the acous-
tic path leads to an increase in the average relative
ultrasound speed and decrease in TOF changes,
�IBV(t)∼ 1/TOF(t) ∼ – �TOF(t). Assuming that
slow IBV changes are correlated to slow intracranial
pressure changes (or slow cerebral blood flow changes),
we use reverse �TOF(t) data for the VRx calculation:

VRx = r (ABPsw(t); IBVsw) = r (ABPsw(t);
– �TOF(t)),18,23,24

where ABPsw(t) are arterial blood pressure slow waves,
and IBVsw(t) are intracranial blood volume slow
waves.

�TOF(t) – slow changes of time-of-flight that
inversely reflects slow IBV changes; slow waves with
period of 0.5 to 2.0 minutes reflect the vasogenic activ-
ity of cerebrovascular autoregulation. ICM+ software
(Cambridge, UK) was used for monitoring data
collection and real-time VRx calculation. The ABP
monitor (Finapres Nova, Enschede, Netherlands) was
employed for this study (Fig. A1). The sampling
frequency of TOF data collection was 50 Hz. Two-
minute moving time windows of slow IBV(t) and
ABP(t) slow waves were used for temporary VRx(t)
calculation.18,23 A band-pass filter as used to extract
waves from IBV and ABP data.

The CA monitoring session lasted up to 15 minutes
for each subject. All subjects were asked to perform
the Valsalva maneuver (up to 15–20 seconds) once per
minute to generate repetitive slow waves and physio-
logic reactions needed for CA assessment.25 Negative
values (VRx(t) < 0) correspond to intact CA status,
whereas positive values (VRx(t) > 0) indicate CA
impairment.18,23

For each episode of CA impairment, we estimated
the duration of the single longest CA impairment event
(LCAI) and the LCAI dose. The LCAI duration was
calculated using thresholds of VRx > 0, which repre-
sents the mathematical threshold for CA impairment,
in which VRx > 0.4, associated with patient outcome
(similar thresholds of 0.4–0.5 are also used for other
noninvasive CA indexes, such as the mean flow index
[transcranial Doppler-based CA measurements]26 and
cerebral oximetry index [NIRS-based CA indexes]).27
The LCAI dose was calculated as the area under the
curve of VRx > 0. The average VRx, duration of a
single LCAI event, and LCAI dose were chosen to
evaluate and compare the CA impairment in patients
with glaucoma and healthy subjects.

Statistical data analysis was conducted using IBM
SPSS (version 23.0; IBM Corporation, Armonk, NY,
USA). All variables were defined and summarized
using descriptive statistics, presented as the mean
values and standard deviations (SDs). The Shapiro–
Wilk normality test was used to assess normal distribu-
tion. The Mann–Whitney U test was used to calculate
differences between continuous variables and differ-
ences between groups for two independent samples.
The Kruskal–Wallis test was used to calculate differ-
ences between continuous variables and differences
between groups for more than two independent
samples.
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Results

In this prospective clinical study, the 28 participants
were divided into three groups: 10 patients with NTG,
8 patients with HTG, and 10 healthy subjects. Table
1 presents the composition of the study groups. In
healthy subjects, the means of RNFL thickness in

superior, nasal, inferior, and temporal quadrants were
measured as 124.1 ± 13.6, 79.8 ± 12.2, 142.4 ±
13.4, and 76.6 ± 9.0 μm, respectively. In the case
of NTG, the means of RNFL thickness in superior,
nasal, inferior, and temporal quadrants were 106.9 ±
19.3, 76.9 ± 13.4, 111.0 ± 35.4, and 67.9 ± 12.5 μm,
respectively. However, the means of RNFL thickness
in superior, nasal, inferior, and temporal quadrants of

Table 1. Basic Parameters of the Study Group

Characteristic HS NTG HTG χ2 df P Value

Number of subjects 10 10 8 — — —
Age, mean ± SD, y 71.1 ± 5.1b 67.5 ± 2.3c 73.2 ± 2.7b,c 12.899 2 0.020
Gender (male), % 20 10 12.5 — — —
Body mass index, mean ± SD 27.97 ± 5.01 28.49 ± 5.37 26.93 ± 3.18 0.140 2 0.932
Family members with glaucoma, % 0 40 0 — — —
Glaucoma surgery No No No — — —
Illness period, mean ± SD, y — 4.3 ± 4.98 4.97 ± 5.03 1.361 1 0.243
Glaucomamedications, n (%)

β-Blockers 0 (0) 2 (20) 2 (25) — — —
Pg analogues 0 (0) 7 (70) 5 (62.5) — — —
CAIs, N (%) 0 (0) 4 (40) 3 (37.5) — — —
α2-Agonists 0 (0) 0 (0) 4 (50) — — —

Systemic medications, n (%)
Diuretics 0 (0) 0 (0) 2 (25) — — —
β-Blockers 2 (20) 6 (60) 5 (62.5) — — —
ACE inhibitors 1 (10) 1 (10) 0 (0) — — —
ARBs 1 (10) 1 (10) 0 (0) — — —
Others 8 (80) 9 (90) 4 (50) — — —

Mean ABP, mean ± SD, mm Hg 98.3 ± 5.5 104.7 ± 9.3 97.4 ± 13.7 3.110 2 0.211
IOP, mean ± SD, mm Hg 14.5 ± 2.0b 14.2 ± 1.7c 18.9 ± 4.8b,c 8.034 2 0.018
OPP, mean ± SD, mm Hg 55.9 ± 4.3a 60 ± 4.9a 52.4 ± 9.9 5.561 2 0.059
RNFL, mean ± SD, μm 106.7 ± 8.0a,b 90.8 ± 16.7a 77.0 ± 25.1b 9.837 2 0.007
Superior RNFL, mean ± SD, μm 124.1 ± 13.6b 106.9 ± 19.3 85.1 ± 37.5b 6.527 2 0.038
Nasal RNFL, mean ± SD, μm 79.8 ± 12.2 76.9 ± 13.4 63.8 ± 27.4 2.286 2 0.319
Inferior RNFL, mean ± SD, μm 142.4 ± 13.4a,b 111.0 ± 35.4a 96.1 ± 28.4b 12.406 2 0.002
Temporal RNFL, mean ± SD, μm 76.6 ± 9.0 67.9 ± 12.5 59.5 ± 21.3 3.415 2 0.181
Visual field parameters
MD, mean ± SD, dB −0.89 ± 0.62a,b −4.37 ± 2.96a −6.76 ± 6.67b 4.921 2 0.007
PSD, mean ± SD, dB 1.65 ± 0.35a 4.79 ± 2.67a 5.60 ± 4.88 6.793 2 0.014
VFI, mean ± SD, % 98.80 ± 0.63a,b 90.20 ± 7.89a 84.88 ± 17.21b 5.934 2 0.005
P value is basedonnonparametric Kruskal–Wallis test formore than two independent samples. ACE, angiotensin-converting

enzyme; ARB, angiotensin II receptor blocker; CAI, carbonic anhydrase inhibitors; HS, healthy subjects; OPP, ocular perfusion
pressure; Pg, prostaglandin; —, XXX.

aCases of statistically significant (P < 0.05) differences between two independent samples based on Mann–Whitney test
between HS and NTG.

bCases of statistically significant (P < 0.05) differences between two independent samples based on Mann–Whitney test
between HS and HTG.

cCases of statistically significant (P < 0.05) differences between two independent samples based on Mann–Whitney test
between NTG and HTG.

Bold values indicate that p < 0.05.
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Table 2. Flow Velocities and Resistance Index in the Ophthalmic, Central Retinal, and Short Posterior Ciliary Arter-
ies at Baseline

HS (n = 10), NTG (n = 10), HTG (n = 8),
Characteristic Mean ± SD Mean ± SD Mean ± SD χ2 df P Value

Ophthalmic artery
Peak systolic velocity, cm/s 34.38 ± 8.51 31.80 ± 8.34 35.53 ± 7.49 0.498 2 0.780
End-diastolic velocity, cm/s 6.83 ± 1.81 8.01 ± 2.43 9.88 ± 4.73 2.860 2 0.239
Resistance index 0.79 ± 0.05 0.75 ± 0.04 0.73 ± 0.06 4.305 2 0.116

Central retinal artery
Peak systolic velocity, cm/s 9.31 ± 2.28 10.15 ± 2.05 9.89 ± 2.01 0.836 2 0.658
End-diastolic velocity, cm/s 3.33 ± 0.52 3.55 ± 0.84 3.48 ± 0.44 0.594 2 0.743
Resistance index 0.62 ± 0.06 0.64 ± 0.06 0.63 ± 0.07 0.188 2 0.910

Short posterior ciliary arteries
Peak systolic velocity, cm/s 8.06 ± 1.24 8.84 ± 1.63 8.24 ± 1.92 1.125 2 0.570
End-diastolic velocity, cm/s 4.19 ± 0.92 4.05 ± 0.49 3.87 ± 0.58 0.547 2 0.761
Resistance index 0.47 ± 0.04 0.53 ± 0.07 0.51 ± 0.09 2.430 2 0.297

P value is based on nonparametric Kruskal–Wallis test for more than two independent samples.
Cases of statistically significant (P < 0.05) differences between two independent samples based on Mann–Whitney test

between HS and NTG.
Cases of statistically significant (P < 0.05) differences between two independent samples based on Mann–Whitney test

between HS and HTG.
Cases of statistically significant (P < 0.05) differences between two independent samples based on Mann–Whitney test

between NTG and HTG.

Table 3. Cerebrovascular Autoregulation-Related Parameters

HS (n = 10), NTG (n = 10), HTG (n = 8),
Characteristic Mean ± SD Mean ± SD Mean ± SD χ2 df P Value

VRx, mean ± SD −0.18 ± 0.22a 0.06 ± 0.17a −0.07 ± 0.25 5.362 2 0.068
LCAI duration, mean ± SD, VRx > 0, s 127 ± 66a 281 ± 151a 231 ± 218 7.858 2 0.020
LCAI duration, mean ± SD, VRx > 0.4, s 13 ± 38a 73 ± 59a 42 ± 65 7.156 2 0.028
LCAI dose, mean ± SD, s 31 ± 29a 107 ± 77a 75 ± 85 8.794 2 0.012

P value is based on nonparametric Kruskal–Wallis test for more than two independent samples.
aCases of statistically significant (P < 0.05) differences between two independent samples based on Mann–Whitney test

between HS and NTG.
Cases of statistically significant (P < 0.05) differences between two independent samples based on Mann–Whitney test

between HS and HTG.
Cases of statistically significant (P < 0.05) differences between two independent samples based on Mann–Whitney test

between NTG and HTG.
Bold values indicate that p < 0.05.

HTG were 85.1 ± 37.5, 63.8 ± 27.4, 96.1 ± 28.4, and
59.5 ± 21.3 μm, respectively. Statistically significant
differences were detected between the three groups, as
shown in Table 1. Patients with glaucoma had signif-
icantly worse visual field measures (VFI, MD, PSD)
compared to healthy subjects.

Table 2 shows the flow velocities and RI in the
ophthalmic, central retinal, and short posterior ciliary
arteries at baseline. No significant difference was
detected in blood flow velocities. The RI in all three
vessels did not differ in the three study populations.

Table 3 shows the CA monitoring results. From
the Shapiro–Wilk normality test, the CA monitoring
data failed to show a normal distribution; therefore, a
comparison was made by the Mann–Whitney U test.
The averageVRxwas−0.18± 0.22 for healthy subjects,
0.06 ± 0.17 for patients with NTG, and −0.07 ± 0.25
for patients with HTG. The VRx value for healthy
subjects was significantly lower than that of patients
with NTG (P < 0.05). No significant differences were
noted between the healthy subjects and HTG groups
and between the NTG and HTG groups (P = 0.36 and



Noninvasive CA Monitoring in Glaucoma Patients and Healthy Subjects TVST | February 2022 | Vol. 11 | No. 2 | Article 17 | 6

Figure 1. (A) Distribution of VRx among the study groups. (B) Longest cerebral autoregulation impairment event duration (VRx > 0) for
different study groups. (C) Longest cerebral autoregulation impairment event duration (VRx > 0.4) for different study groups. (D) Longest
cerebral autoregulation impairment event dose for different study groups. The longest cerebral autoregulation impairment event dose was
calculated as the area under VRx > 0 curve. HS, healthy subjects.

P = 0.24, respectively). The VRx distribution among
study groups is presented in Figure 1A.

TheLCAI duration (VRx> 0)was 127± 66 seconds
for healthy subjects, 281± 151 seconds for patients with
NTG, and 231 ± 218 seconds for patients with HTG.
The LCAI duration for healthy subjects was signif-
icantly lower than that of patients with NTG (P <

0.05). However, no significant differences were noted
between healthy subjects and patients with HTG and
between patients with NTG and HTG (P = 0.35 and
P = 0.10, respectively). The results of the LCAI
duration for the study groups are shown in Figure 1B.

The LCAI duration (VRx > 0.4) was 13 ±
38 seconds in healthy subjects, 73 ± 59 seconds in
patients with NTG, and 42 ± 65 seconds in patients
with HTG. The LCAI duration of healthy subjects was

significantly lower than in patients with NTG (P <

0.05). However, no significant differences were noted
between healthy subjects and patients with HTG and
between patients with NTG and HTG (P = 0.20 and
P = 0.15, respectively). The results of the study group’s
LCAI duration are shown in Figure 1C.

The LCAI dose (VRx > 0) was 31 ± 29 seconds
in healthy subjects, 107 ± 77 seconds in patients with
NTG and 75 ± 85 seconds in patients with HTG.
The LCAI dose of healthy subjects was significantly
lower than that of the patients with NTG (P < 0.05).
However, no significant differences were noted between
healthy subjects and patients with HTG and between
patients with NTG and HTG (P = 0.12 and p =0 .17,
respectively). The results of the LCAI dose for different
study groups are presented in Figure 1D.
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Discussion

In this prospective clinical study, compromised
cerebral autoregulation was observed in patients with
NTG through CA impairment parameters based on
VRx and the duration and doses of LCAI. No statisti-
cally significant difference was noted between patients
with HTG and healthy subjects. The findings support
our hypothesis regarding the association between CA
impairments and NTG development, showing that
NTG can disturb cerebral blood flow rather than eye
pathology.

Other studies also present the hypothesis regarding
the role of CA in NTG or glaucoma formation. Tutaj
et al.14 suggested that the compromised CA in patients
with glaucoma can be associated with vascular dysreg-
ulation. Impaired vascular autoregulation that causes
nonconstant blood flow to the retina and optic nerve
may contribute to changes in the optic nerve head,
thereby provoking glaucoma.

Cerebrovascular disease plays a critical role in the
pathogenesis of glaucoma28 and is more frequent
in patients with NTG than in patients with HTG
or healthy subjects.29 Thus, our prospective clinical
research provides evidence of cerebrovascular dysfunc-
tion in patients with NTG. Recent studies have shown
reduced cerebrovascular blood flow velocities30,31 and
increased risk of Alzheimer disease or other dementia
in patients with NTG.32 However, few studies revealed
changes in a hemodynamic parameter of the middle
cerebral artery in patients with glaucoma.30,33,34

Thus, glaucoma progression is associated with
decreased cerebral blood flow.35 Moreover, vascu-
lar insufficiency through unstable ocular blood flow
leads to retinal ganglion cell loss36,37 and visual field
deficits. Therefore, glaucoma plays an important role in
the pathogenesis of glaucomatous optic neuropathy.38
Treatment based on the increasing systematic blood
flow can improve the visual field in some patients with
NTG.39,40 The endothelium is the primary regulator
of vascular homeostasis,41 and it plays a vital role in
controlling blood flow.40,42 Although several studies
have shown endothelial dysfunction in patients with
NTG,42–44 direct evidence of local ocular endothelial
dysfunction is difficult to establish. Therefore, the link
between endothelial dysfunction and progression in
patients with NTG is unclear.

Our findings and evidence from other studies
discussed above independently confirm the NTG
association between cerebral blood flow pathology
and disturbed CA. Therefore, a CA assessment test
(Valsalva maneuver,18 cold pressor,45 squat-stand,46
etc.) using noninvasive technologies (VRx, TCD, or

NIRS) is recommended for personalized identification
of glaucoma-related factors and for choosing appro-
priate treatments for patients with NTG and HTG.

For CA assessment, we have chosen a noninvasive
ultrasonic TOF technique capable of deriving CA-
related VRx indexes from IBV fluctuation averaged
over the ultrasound wave propagation path from the
left to right sides of the temporal bones crossing both
hemispheres. The ability to provide a more global CA
estimation over the entire cranium is the main advan-
tage of the VRx-based CA assessment technique over
other noninvasive CA assessment techniques (TCD
or NIRS based). The TCD-based technique is based
on blood flow measurement in regional cerebral arter-
ies, and the NIRS-based technique measures intracra-
nial blood fluctuations in the cortex only, which is
limited to a 2- to 3-cm depth. Moreover, the appli-
cation of the TCD-based technique is limited due
to temporal window failure in 8% to 20% of the
subjects.47 Meanwhile, the TOF technique used in
this study can measure IBV fluctuation for all tested
subjects. A study that tested this novel noninvasive
TOF technique for patients with TBI showed a signifi-
cant coincidence between noninvasive (VRx) CA and
invasive (pressure reactivity index) CA, estimating
the significant associations between VRx indexes and
outcome of patients with TBI.18 An additional clini-
cal study of this noninvasive CA technique on cardiac
surgery patients with cardiopulmonary bypass showed
that duration of CA impairment events more than
5 minutes during surgery is associated with postoper-
ative cognitive deterioration.15

Our previous studies also showed that CA impair-
ment events and their duration can be detected using
the VRx index at different thresholds: VRx > 0 and
VRx > 0.4, a theoretical threshold value separating
intact CA (VRx < 0) and impaired CA (VRx >

0). In this study, we obtained the highest statistical
significance between healthy subjects and NTG groups
when measuring the LCAI duration with a thresh-
old of VRx > 0.4 (Table 3, Fig. 1C). Similar thresh-
olds (0.4–0.5) have also been used for other nonin-
vasive CA indexes (pressure reactivity index, mean
flow index, and cerebral oximetry index) to detect CA
impairment26,27,48 in the noisy data and cases with low
slow-wave amplitude. The limited number of patients
in the groups was the main limitation of this pilot
study. Larger numbers of subjects are needed to obtain
statistically significant results and test the hypothe-
sis regarding the relationship between glaucoma and
CA impairments. Another limitation is the absence of
a gold-standard index of CA. The invasive pressure
reactivity index requires invasive sensors as it only
provides a rough estimate of CA status, and it is used



Noninvasive CA Monitoring in Glaucoma Patients and Healthy Subjects TVST | February 2022 | Vol. 11 | No. 2 | Article 17 | 8

only for patients with TBI. Our previous prospective
clinical studies showed that the VRx index could be
used for CA assessment in patients with TBI18 and
patients undergoing cardiac surgery with cardiopul-
monary bypass.23

Conclusion

In this pilot study, we demonstrated that NTG is
associated with disturbed cerebral blood flow, which
can be diagnosed by performing noninvasive CA
assessments based onVRxmonitoring. Further clinical
studies are needed to prove this hypothesis.
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Appendix

Figure A1.

Figure A1. The CA monitoring setup includes the noninvasive ultrasonic TOF monitoring device with the head frame, noninvasive blood
pressuremonitoring device, and a personal computerwith “ICM+”software for real-time calculation of CA index (VRx). A head framebearing
a pair of ultrasonic transducers (2 MHz) on either side of the patient’s head was positioned to transmit and receive the ultrasound wave.


