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Précis: Patients with ocular hypertension (OHT) do not show
impaired cerebral vasodilation responses to hypercapnia but patients
with primary open-angle glaucoma (POAG) do. Impaired vaso-
reactivity in patients with POAG may have neuronal or vascular
origins and increase stroke risk.

Purpose: To investigate changes in cerebral blood flow and cerebral
vasomotor reactivity using the breath-holding index in patients with
POAG and OHT, to examine whether these parameters contribute
to the risk of ischemic stroke.

Methods: Thirty patients with POAG, 30 patients with OHT, and 30
age- and sex-matched healthy control subjects were included in this
university hospital-based, cross-sectional, and observational study.
Eyes with a greater degree of visual field loss and/or more severe optic
disc damage were selected for the study in patients with POAG,
whereas in patients with OHT and controls, the study eye was chosen
randomly. The mean blood flow velocity and breath-holding index
were measured in the middle cerebral artery ipsilaterally in patient and
control groups, by using transcranial Doppler ultrasonography.

Results: The mean blood flow velocity and breath-holding indexes
were significantly lower in patients with POAG than in the control
group (all P< 0.05). In the OHT group, the mean blood flow
velocity and breath-holding indexes were not different from those in
the control group.

Conclusions: Patients with POAG have impaired vasodilation
response to hypercapnia. Presumably, the neuronal changes and
deterioration of the endothelium-mediated vasodilatation in patients
with glaucoma may disrupt the regulation of arteries and potentially
present functional insufficiency on vasoreactivity. Moreover, impaired
cerebral vascular regulation may contribute to the increased risk of
stroke in patients with POAG.
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G laucoma is one of the leading causes of irreversible
blindness globally.1 It is a progressive eye disease

characterized by optic neuropathy and visual field loss. The

most common form is primary open-angle glaucoma
(POAG).2 It is not known exactly how optic nerve damage
occurs in POAG. As increased intraocular pressure (IOP) is
one of the most important risk factors,3 suggesting a
mechanical etiology, systemic risk factors, such as diabetes,4

hypertension,5,6 and stroke,7 have been shown to play a role,
and suggest an etiology involving impaired vascular perfu-
sion. In addition, although systemic comorbidities, partic-
ularly hypertension and diabetes, are seen as important risk
factors for stroke in patients with POAG, the pathophy-
siological connection between POAG and stroke has not
been clarified to date.8

Although the IOP is increased in ocular hypertension
(OHT), optic nerve damage and visual field loss are not
observed. However, OHT is a well-known risk factor for the
development of POAG.9 Moreover, topical ocular hypo-
tensive medication was found to be effective for delaying or
preventing the onset of POAG in patients with OHT.10 In the
OHT treatment study, the high proportion of participants
(42%) who reported a family history of glaucoma suggested
that glaucoma is not always distinguishable from OHT.11

There is increasing evidence that low ocular blood flow
plays an important role in the pathogenesis of glaucomatous
optic neuropathy.12 It has been reported that patients with
mild to moderate POAG have decreased cerebral blood flow
(CBF) in early visual cortical areas and that CBF reduction
in these cortical areas is associated with optic disc damage.13

In addition, in a study examining retrobulbar blood flow in
patients with glaucoma, altered autoregulation was
observed and it was suggested that this may contribute to
disease progression.14

CBF rises if there is an increase in arterial carbon
dioxide (CO2) concentration and a decrease in arterial pH.15

These effects are mediated by changes in diameters of cer-
ebral arterioles; thus, this phenomenon is termed as cerebral
vasomotor reactivity (CVMR).16 Impaired CVMR is pre-
sumed to be associated with an increased risk of ischemic
events or stroke.17,18 To evaluate CVMR, transcranial
Doppler (TCD) ultrasonography has been used in con-
junction with transient hypercapnial vasodilator stimulants,
such as acetazolamide, CO2 inhalation, or the breath-hold
test.19–22 The breath-holding index (BHI) is used to evaluate
the alteration in CBF velocity in response to a breath-hold
challenge, which induces hypercapnia.23 It has been shown
that cerebrovascular autoregulation is compromised in
patients with POAG.24 However, no study has evaluated
whether there are any potential associations between POAG
and CVMR with hypercapnia.

We assumed that impaired CVMR may be responsible
for the changes in CBF and may contribute to an increased
risk of ischemic stroke in patients with POAG. In addition,DOI: 10.1097/IJG.0000000000001711

Received for publication July 2, 2020; accepted October 3, 2020.
From the *Department of Ophthalmology, Tatvan State Hospital,

Bitlis; †Dunya Goz Altunizade; ‡Department of Ophthalmology,
University of Health Sciences Şişli Hamidiye Etfal Training and
Research Hospital; and §Department of Neurology, Bezmialem
Vakif University School of Medicine, Istanbul, Turkey.

Disclosure: The authors declare no conflict of interest.
Reprints: Gurcan D. Arslan, MD, Department of Ophthalmology,

Tatvan State Hospital, 45 Hal Street, Tatvan, Bitlis 13200, Turkey
(e-mail: mr.dogukan2@gmail.com).

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

ORIGINAL STUDY

J Glaucoma � Volume 30, Number 2, February 2021 www.glaucomajournal.com | 157

Copyright r 2020 Wolters Kluwer Health, Inc. All rights reserved.

D
ow

nloaded from
 http://journals.lw

w
.com

/glaucom
ajournal by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsIH
o4X

M
i0hC

yw
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
4/O

A
V

pD
D

a8K
2+

Y
a6H

515kE
=

 on 10/17/2024

mailto:mr.dogukan2@gmail.com


patients with OHT form a heterogenous group that includes
some healthy subjects, and some possible patients with
preglaucoma. Therefore, this study evaluated CVMR in
patients with OHT and POAG by assessing the mean blood
flow velocities (BFVs) and BHI using TCD ultrasonography
to investigate the relationship between these 2 groups of
patients and CVMR with hypercapnia.

METHODS

Participants and Data Collection
This study was approved by Şişli Hamidiye Etfal

Training and Research Hospital’s ethics committee and was
performed in accordance with the principles of the Decla-
ration of Helsinki. Written informed consent was obtained
from each study participant after an explanation of the
nature and possible consequences of the study.

Thirty patients with POAG, 30 patients with OHT, and
30 age- and sex-matched healthy controls were included in
this observational, cross-sectional study. Medical history
was taken and complete ophthalmic examinations were
performed for all participants at the ophthalmology clinic of
the University of Health Sciences Şişli Hamidiye Etfal
Training and Research Hospital.

Inclusion criteria for patients with POAG were bilat-
eral glaucomatous-type optic disc cupping, with localized
visual field defects, and the presence of nerve fiber layer
defects in each eye. In addition, an open anterior chamber
angle was visualized on gonioscopy, and repeated pretreat-
ment IOP readings were over 21mmHg. Patients were
excluded if they had cup-to-disc ratios of ≥ 0.9 or a mean
deviation ≥ 8 dB of visual fields. Patients with pseudoexfo-
liation syndrome, pigmentary glaucoma, and patients with a
history of intraocular surgery were not included.

Patients with OHT were included if they had normal
visual fields on the 24-2 Full Threshold Test (Humphrey
Instruments, San Leandro, CA), a clinically normal optic
disc, and an IOP of > 21mmHg (noncontact tonometry,
NT-530P, Nidek Co. Ltd, Gamagori, Japan), on 3 separate
measurements. The IOP measurements were also repeated
with Goldmann applanation tonometry. A normal optic
nerve head was defined as a cup-to-disc ratio <0.4, vertical
asymmetry <0.2, and an intact neuroretinal rim without
peripapillary hemorrhages. Individuals in the control group
had no history of ocular or systemic pathology and had
normal outcomes on eye examination.

All individuals in the study had a best-corrected visual
acuity of 0.30 logarithm of the minimum angle of resolution
(logMAR; equivalent to 20/40 on a Snellen chart) or better,
and a refractive error ranging between +3.00 to −6.00
diopters. All patients who were on treatment with topical
hypotensive medication discontinued the medication use
3 days before the examination. We discontinued topical
medication because of the possibility of systemic absorbance
of topical medication agents and their prolonged systemic
effects, although plasma concentrations of topical medi-
cation agents are low and usually decrease within several
hours after the application.25,26 Patients who were not eli-
gible to discontinue the treatment were not included in the
study. The topical medication in patients included prosta-
glandin analogues, carbonic anhydrase inhibitors, and
beta-blockers, as sole therapy or in combination. Further
exclusion criteria included patients with diabetes, central
nervous system diseases, cardiovascular diseases, or
coexisting vitreoretinal diseases; patients on systemic

antihypertensive medication therapy; and patients with
nonglaucomatous optic nerve damage.

Study Design
In patients with POAG, the eye with the greater degree of

visual field loss and/or more severe optic disc damage was
selected for the study. The study eye of the patients with OHT
was randomly selected for analysis if both eyes were eligible.
Moreover, in the control group, the study eye was also selected
randomly. The mean BFV and BHI of participants were
measured at the ipsilateral middle cerebral artery (MCA) with
TCD ultrasonography (SONORA, CareFusion, San Diego,
CA). Measurements included brachial arterial pressure, heart
rate, peripapillary retinal nerve fiber layer (RNFL), and mac-
ular ganglion cell complex (GCC) thickness, measured using
spectral-domain optical coherence tomography (SD-OCT;
Topcon 3D OCT-2000, Topcon Inc., Japan).

SD-OCT Measurements
Macular GCC and peripapillary RNFL thickness were

measured using SD-OCT. We devised 3-dimensional scans
of the macular region, termed the GCC scan, which samples
the macula over a 7×7mm² vertical scan area in a 0.6-
seconds limited scan time. The scan pattern consists of
128×512 pixels taken in a 7×7mm² area with an interval of
0.05 mm. GCC parameters were analyzed in terms of the
average thickness, and superior and inferior region thick-
nesses. In the measurement of the peripapillary RNFL
thickness, the reference plane height of disc topography
was 120 μm. SD-OCT automatically delineated the optic
disc margin and calculated the center of the optic disc. The
peripapillary RNFL thickness was calculated as the distance
between the anterior and posterior RNFL borders in a ring
with a 3.45-mm radius, centered on the optic disc. The
peripapillary RNFL thickness measurement targeted the
area that is between the ring with a 3.45-mm radius and the
optic disc margin. The average peripapillary RNFL thick-
ness corresponding to the superior and inferior hemifields
was measured. Images were excluded if the image quality
was <60. The SD-OCT scans were repeated for images with
artifacts, including decentration and defocus.

TCD Procedures
Participants were directed to Bezmialem University

Faculty of Medicine Neurology Clinic for neurological

TABLE 1. Characteristics of the Patient and Control Groups

Controls
(N= 30)

POAG
(N= 30)

OHT
(N= 30) P

Age (y) 57.5± 7.1 59.3± 6.7 58.6± 6.4 0.461*
Age range (y) 42-65 44-65 40-65
Female sex, n (%) 18 (60.0) 19 (63.3) 22 (73.3) 0.529†
Systolic pressure

(mmHG)
122.2± 10.9 117.0± 13.9 121.7± 15.6 0.146*

Diastolic pressure
(mmHG)

70.5± 8.6 70.3± 8.8 67.3± 10.1 0.433*

IOP (mmHG) 15.3± 2.7 16.20± 4.8 20.2± 4.8 < 0.001*
CCT (μm) 541.5± 25.4 535.2± 36.1 557.8± 37.2 0.028*

Data are expressed as mean± SD, except for sex.
*Kruskal-Wallis test.
†χ² test for differences among the 3 groups.
CCT indicates central corneal thickness; IOP, intraocular pressure; OHT,

ocular hypertension; POAG, primary open-angle glaucoma.
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examinations and TCD ultrasonography. The investigators
were blinded to group allocation until analyses had been
completed.

The subjects were asked to rest for at least 30 minutes
before the procedure to ensure cardiovascular stability. TCD
ultrasonography examination was performed by an experi-
enced investigator (E.G.) between 08:30 and 10:00 in a quiet
room. Blood pressure and heart rate were simultaneously
monitored (GE B30 Medical System, Freiberg, Germany).
The ipsilateral MCA was evaluated through the temporal
bone window with a 2-MHz probe while the participant was
in a supine position. The MCA was visualized at depths
between 45 and 55mm from the temporal scalp. After the
vascular structure was determined, the recording was started
by fixing the probe. To evaluate the mean arterial BFV, the
patients rested for ~10 minutes, following which they under-
went a 5-minute record, which was performed after fixation of
the probe. Patients were informed as necessary to provide
cooperation; they were asked to hold their breath for 30 sec-
onds after each 5-minute rest interval to calculate their BHI.19

This process was repeated 3 times with a 5-minute interval.
The maximal point of the mean blood flow was determined
after the first inspiration following a standard 30-second
breath holding. In the BHI study, the following equation was
used: [(Vapnea–Vresting)/Vrestin)]×100/s, where Vapnea was

the mean BFV of the vessel at the end of each period of breath
holding, Vresting was the mean BFV of the vessel at rest, and
per second (/s) was used to imply breaths held per second.
Mean BFV and BHI measurements were made offline.

Statistical Analysis
All statistical analyses were performed using SPSS version

22.0 (IBM Corp., Armonk, NY). The descriptive data are
presented as the mean and SD, range, or ratio, as appropriate.
The Kolmogorov-Smirnov test was used to assess the normality
of data distribution. Differences in the distribution of demo-
graphic characteristics were compared between the 3 groups
using the Kruskal-Wallis test or the χ2 test. Cerebral hemody-
namic parameters, OCT data, and visual field parameters of
normal eyes were compared with those of the OHT and POAG
eyes by the Mann-Whitney U test. A P-value of <0.05 was
considered reflective of statistical significance.

RESULTS
The demographic and clinical characteristics of the

participants are shown in Table 1. All participants in the
study were between the ages of 40 and 65 years. There was
no difference in the age or sex distribution among patients
with POAG, OHT, and controls (all P> 0.05).

Table 2 shows the ocular parameters in the 3 studied
groups. The mean visual field loss was significantly higher in
the POAG group (−4.70 ± 1.81 dB) than in the controls
(−0.59± 0.85 dB). The visual field test results were not
statistically significantly different between patients with
OHT (−0.87± 0.90 dB) and controls. Patients with POAG
showed a significantly thinner mean peripapillary RNFL
and macular GCC than control subjects (all P< 0.001).
Patients with OHT and control subjects had similar mean
peripapillary RNFL and macular GCC thicknesses.

Comparisons of mean BFV and BHI values between
patients and controls are shown in Table 3. The BHI was
0.86 ± 0.44 in patients with POAG, 1.18 ± 0.56 in patients
with OHT, and 1.19 ± 0.60 in the control group. The mean
BFV and BHI of the MCAs were significantly lower in the
POAG group (all P< 0.05) than they were in the control
group. There were no significant differences in the mean
BFV and BHI values between the OHT and control groups
(Fig. 1).

TABLE 2. Comparison of Structural and Functional Parameters Between the Patient and Control Groups

Controls POAG P* OHT P†

RNFL parameters (µm)
Average 102.73± 13.25 77.70± 17.14 < 0.001 100.20±9.17 0.375
Superior 104.40± 16.45 79.26± 16.44 < 0.001 102.07±14.25 0.482
Inferior 103.17± 14.01 79.46± 19.51 < 0.001 100.40±12.86 0.695

GCC parameters (µm)
Average 94.03± 8.12 75.30± 12.76 < 0.001 93.70±8.76 0.953
Superior 95.60± 8.34 75.90± 12.96 < 0.001 94.20±10.7 0.292
Inferior 95.57± 8.49 71.40± 12.24 < 0.001 95.23±10.3 0.679

Visual field parameters (dB)
MD −0.59± 0.85 −4.70± 1.81 < 0.001 −0.87±0.90 0.258
PSD 1.62± 0.48 5.27± 1.61 < 0.001 1.57±0.49 0.701

Data are presented as the mean±SD.
*Controls versus the POAG group.
†Controls versus the OHT group (Mann-Whitney U test).
GCC indicates ganglion cell complex; MD, mean deviation; OHT, ocular hypertension; POAG, primary open-angle glaucoma; PSD, pattern standard

deviation; RNFL, retinal nerve fiber layer.

TABLE 3. Comparison of Cerebral Hemodynamics Between
Patient and Control Groups

Controls POAG P* OHT P†

MCA
mean
BFV
(cm/s)

58.50± 12.85 50.94± 10.95 0.007 59.02±10.15 0.594

MCA
BHI

1.19± 0.60 0.86± 0.44 0.019 1.18±0.56 0.824

Data are presented as the mean±SD.
*Controls versus the POAG group.
†Controls versus the OHT group (Mann-Whitney U test).
BFV indicates blood flow velocity; BHI, breath-holding index; MCA,

middle cerebral artery; OHT, ocular hypertension; POAG, primary open-angle
glaucoma.
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DISCUSSION
In our study of patients without systemic car-

diovascular or central nervous system disorders, BHI values
and mean BFV in the MCAs were lower in patients
with POAG than in control subjects. This impaired cerebral

vascular regulation may contribute to an increased risk
of stroke in patients with POAG. However, there were
no significant differences in the mean BFV and BHI
values between in patients with OHT and control
individuals.

FIGURE 1. Box plot diagrams showingMCA BFV (top) andMCA BHI (bottom) of patients and age- and sex-matched controls. BFV indicates blood
flow velocity; BHI, Breath-Holding Index; MCA, middle cerebral artery; OHT, ocular hypertension; POAG, primary open-angle glaucoma.
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Differences in the distribution of CBF occurs in
response to changes in partial arterial CO2 pressure with a
stimulus such as hypercapnia.27,28 Assessment of this
CVMR provides information about the adaptability of
cerebral vessels in response to metabolic activity in the brain
that requires an increase or a decrease in blood flow veloc-
ity. The decrease in CVMR could be associated with
increased susceptibility to ischemic stroke.29,30 In observa-
tional cohort studies, it was found that the risk of stroke
development in patients with open-angle glaucoma was
significantly higher than in control subjects. In these studies,
the potential pathophysiological link between open-angle
glaucoma and stroke could not be precisely explained;
however, patients over 65 years of age, male individuals,
and those with comorbid diseases, such as hypertension and
diabetes, were more susceptible to stroke.7,8

Because of the high prevalence of vasospastic disorders
in patients with glaucoma, impaired regulation of vascular
resistance has already been associated with glaucoma.31

Insufficient blood supply to the choroid, retina, and optic
nerve head has been previously reported in POAG.32 The
optic nerve is a continuation of the central nervous system
and shares many physiological similarities with the brain,
including autoregulation of blood flow.33 Duncan and col-
leagues assessed resting CBF in the primary visual cortex of
patients with POAG using arterial spin-labeling functional
magnetic resonance imaging. They found that the resting
CBF was low in the primary visual cortex of these patients
with POAG.34 Zhang and colleagues showed that there was
significantly lower blood flow in the posterior cerebral artery
of 13 patients with POAG as compared with the control
group. In addition, they suggested that POAG patients may
have a cerebral vascular insufficiency in the posterior cere-
bral artery.35 In another study of 16 patients with POAG,
the BFVs in the MCA of these patients were lower than that
in the MCA of control individuals.36 These findings are
consistent with our results, which show lower CBF velocities
in patients with POAG compared with the control group.

Previous studies reported that CBF decreases in response
to hyperoxia.37,38 In addition, normal cerebral circulation
autoregulates oxygen delivery by vasoconstriction in parallel
with an increase in the arterial oxygen content.39 In a study
by Harris and colleagues, patients with glaucoma showed
abnormal cerebrovascular responses to hyperoxia. In healthy
controls, 100% oxygen breathing decreased MCA mean and
peak BFVs; however, in patients with glaucoma, these veloc-
ities did not decrease. This finding showed that supplying
oxygen to the brain is not well-regulated in patients with
glaucoma.36 In studies investigating cerebrovascular responses
to hyperventilation, CBF velocity changes were significantly
smaller in patients with glaucoma than in controls.24,35 In
this study, we evaluated CVMR to hypercapnia in response
to breath holding in patients with POAG and found that
patients with POAG had decreased vasodilation responses
to hypercapnia.

The mechanism of the insufficient CVMR of the MCAs
in patients with POAG remains unclear. The glial cells and
surrounding neurons in the brain mediate the vasodilation and
vasoconstriction of cerebral blood vessels through a neuro-
vascular coupling. It has been suggested that neuronal acti-
vation plays an important role in CBF control based on an
in vivo study in adult rats.40 It is possible that these neuronal
and glial changes in patients with glaucoma41–44 may impair
the regulation of arteries and may cause functional insuffi-
ciency of arterial vasoreactivity. In addition, impairment of

peripheral endothelium-mediated vasodilatation was shown in
patients with glaucoma.45 Furthermore, altered endothelium-
mediated vasoconstriction was present in these patients.46

These findings suggest the presence of generalized vascular
endothelial dysfunction in patients with glaucoma. Con-
sequently, neuronal and glial changes and dysfunction of the
vascular endothelium might be factors responsible for
decreased vasodilation responses to hypercapnia in patients
with POAG.

To the best of our knowledge, no previous study has
investigated cerebral vasoreactivity with the BHI in patients
with POAG or OHT. Vernieri and colleagues studied the
outcomes of BHI in the MCA using TCD ultrasonography in
65 patients with internal carotid artery occlusion. They sug-
gested that impaired CVMRwith low BHI values is predictive
for cerebral ischemic events in patients with internal carotid
occlusion.17 In a case-control study of 46 patients with lacunar
infarction, the hemodynamics of MCAs were investigated
using TCD ultrasonography. The results suggested that
impaired cerebrovascular reactivity is a risk marker for first-
ever lacunar infarction.47 These studies confirm an association
between a low BHI value and a high risk of stroke. Therefore,
in this study, when compared with the control group, lower
BHI values in patients with POAG may be associated with
increased stroke risk.

It was previously reported that the development of
POAG in a group of patients with OHT could not be pre-
vented at the end of 60 months despite the IOP-lowering
treatment.10 In this study, we examined patients with OHT
as this is closely related to glaucoma, and CVMR was not
previously evaluated in this population. In our study, mean
BFV values in patients with OHT were not significantly
different from those in the control group. This finding was
consistent with the study of Akarsu et al48 on 24 patients
with OHT. Moreover, we did not find any significant dif-
ference in the CVMR in terms of the BHI of patients with
OHT compared with the control group. The lack of stat-
istically significant differences in the mean BFV and BHI
values between the OHT and control groups may be because
of the small sample size. In addition, we speculate that
patients with OHT may not have cerebral vascular auto-
nomic dysfunction.

There are some potential limitations to this study.
First, patients with late-stage glaucoma and those not in the
age range of 40 to 65 years were not included. It is unclear
how these results would change in patients with severe
glaucoma or those aged older than 65 years. Second, as in
previous studies investigating autonomic dysfunction in
glaucoma, we restricted the withdrawal of the use of topical
medications for 3 days for ethical reasons because
discontinuation of topical medications can cause a sig-
nificant increase in IOP, even after 24 hours.24,49 However,
the effect of topical glaucoma medication on our results can
be neglected as the plasma concentration is low and
decreases within several hours after application.24 The cur-
rent findings should also be confirmed by further studies
involving more participants.

In conclusion, we found an impaired vasodilator
response to hypercapnia in patients with POAG. Vaso-
reactivity changes in the MCA in patients with POAG may
be secondary to neuronal and glial changes, or they may
be the result of dysfunction of the vascular endothelium.
Thus, impairment of the cerebral vascular regulation may
contribute to the increased risk of stroke in patients
with POAG.
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