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PURPOSE. To determine (1) the magnitude of retinal arteriolar
vascular reactivity to normoxic hypercapnia in patients with
untreated primary open-angle glaucoma (uPOAG) or progres-
sive (p)POAG and in control subjects and (2) the effect of
treatment with 2% dorzolamide on retinal vascular reactivity in
uPOAG.

METHODS. The sample comprised 11 patients with uPOAG
(after undergoing treatment, they became treated (t)POAG), 17
patients with pPOAG (i.e., manifesting optic disc hemorrhage),
and 17 age-similar control subjects. The partial pressure of
end-tidal CO2 (PETCO2) was stabilized at 38 mm Hg at baseline.
After baseline (10 minutes), normoxic hypercapnia was then
induced (15 minutes) with an automated gas flow controller.
Retinal arteriolar and optic nerve head (ONH) blood hemody-
namics were assessed. The procedures were repeated after
treatment with 2% dorzolamide for 2 weeks in tPOAG.

RESULTS. Baseline arteriolar hemodynamics were not differ-
ent across the groups. In control subjects, diameter, veloc-
ity, and flow increased (P � 0.001) in response to normoxic
hypercapnia. There was no change in all three hemody-
namic parameters to normoxic hypercapnia in uPOAG,
whereas only blood flow increased (P � 0.030) in
pPOAG. Vascular reactivity was decreased in uPOAG and
pPOAG patients compared with that in control subjects.
After treatment with topical 2% dorzolamide for 2 weeks,
the tPOAG group showed an increase in diameter, velocity,
and flow (P � 0.04) in response to normoxic hypercapnia.
Similar trends were noted for ONH vascular reactivity.

CONCLUSIONS. A reduced magnitude of arteriolar vascular reac-
tivity in response to normoxic hypercapnia was shown in
uPOAG and in pPOAG. Vascular reactivity improved after dor-
zolamide treatment in POAG. (Invest Ophthalmol Vis Sci.
2010;51:2043–2050) DOI:10.1167/iovs.09-3630

Glaucomatous optic neuropathy (GON) is characterized by
the apoptotic loss of retinal ganglion cells and their ax-

ons.1 Elevated intraocular pressure (IOP) has been identified as
the primary risk factor in the development and progression of
POAG. Abnormal vascular regulation has also been suggested
to be involved in the development of POAG.1–6 Studies have
shown decreased optic nerve head (ONH) and retinal blood
flow in patients with POAG.7–11 A decrease in the number of
capillaries in the ONH12 and atrophy of the peripapillary cap-
illaries supplying the retinal nerve fiber layer (RNFL) has also
been reported in POAG.13,14 Color Doppler imaging (CDI)
showed reduced peak systolic and end diastolic velocities and
increased resistive index in the central retinal artery (CRA) and
nasal posterior ciliary artery (PCA) in patients with advanced
glaucoma compared with healthy control subjects and those
with early glaucoma.15 In addition, there is also evidence of
decreased cerebrovascular blood velocities in POAG.16

However, the effect of IOP-lowering medications on ocular
blood flow remains poorly understood. Most studies have
shown no change in retinal blood flow after treatment with
timolol17,18 or brimonidine19,20 and a decrease in blood veloc-
ity of the ophthalmic artery after treatment with xalatan in
POAG.21 In particular, treatment with carbonic anhydrase in-
hibitors (CAIs) has been reported to increase ocular hemody-
namics in POAG,18,22–26 to increase cerebral hemodynamics in
young subjects,27 and also to result in an enhanced autoregu-
lation of retinal vessels after treatment with dorzolamide.28,29

A few studies have found no change20,30,31 in retinal hemody-
namics after CAI treatment. Most of the studies have assessed
only the effect of CAIs in either patients receiving prior treat-
ment or after an inadequate washout period. However, previ-
ous studies have not assessed the effect of treatment with CAIs
on vascular reactivity in response to normoxic hypercapnia in
POAG.

Increase in the arterial partial pressure of CO2 (PaCO2)
above normal resting values (hypercapnia) results in vasodila-
tion of retinal vessels in healthy volunteers.32–37 In POAG,
studies have shown reduced vascular reactivity with CDI,9,38

whereas another study has shown normal reactivity of the
short posterior ciliary arteries (SPCA).39 Minimal vascular reac-
tivity of the middle cerebral artery (MCA) to hyperoxia in
POAG16 and, more recently, in healthy control subjects has
been reported.40

Hypercapnia also results in hyperventilation leading to an
unpredictable change in the arterial partial pressure of O2

(PaO2).41 Slessarev et al.42 have developed hypercapnic prov-
ocations that simultaneously stabilize PaO2. This normoxic
hypercapnic stimulus has been applied in our laboratory to
assess retinal and ONH vascular reactivity in healthy volun-
teers.35,37 In this study, we induced normoxic hypercapnia,
such that the partial pressure of end-tidal O2 (PETO2) was
maintained at physiological resting levels throughout the prov-
ocation. The primary purpose of this study was to assess the
magnitude of retinal arteriolar and ONH vascular reactivity to

From the 1Glaucoma and Retina Research Group, Department of
Ophthalmology and Vision Sciences, University of Toronto, Toronto,
Ontario, Canada; the 2School of Optometry, University of Waterloo,
Waterloo, Ontario, Canada, and the 3Department of Anesthesiology,
Toronto General Hospital, Toronto, Ontario, Canada.

Supported by an Operating Grant from the Canadian Institutes of
Health Research (JGF, CH, YMB, GET), Glaucoma Research Society of
Canada (CH, JGF, STV), the American Optometric Foundation, and the
William C. Ezell fellowship (STV).

Submitted for publication February 26, 2009; revised August 18
and October 8, 2009; accepted October 22, 2009.

Disclosure: S.T. Venkataraman, None; C. Hudson, Thornhill
Scientific, Inc. (I), P; R. Rachmiel, None; Y.M. Buys, None; S.N.
Markowitz, None; J.A. Fisher, Thornhill Scientific, Inc. (I), P; G.E.
Trope, None; J.G. Flanagan, None

Corresponding author: Chris Hudson, Department of Ophthalmol-
ogy and Vision Sciences, University of Toronto, Toronto, Ontario M5T
2S8, Canada; chudson@scimail.uwaterloo.ca.

Glaucoma

Investigative Ophthalmology & Visual Science, April 2010, Vol. 51, No. 4
Copyright © Association for Research in Vision and Ophthalmology 2043

Downloaded from iovs.arvojournals.org on 06/29/2019

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by CiteSeerX

https://core.ac.uk/display/357608283?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


normoxic hypercapnia in patients with untreated (u)POAG,
progressive (p)POAG and in healthy control subjects. The
secondary purpose was to quantify vascular reactivity in pa-
tients with newly treated (t)POAG after topical treatment with
2% dorzolamide for 2 weeks.

METHODS

Sample

The study was approved by the Research Ethics Boards of the Univer-
sity Health Network, University of Toronto, and the Office of Research
Ethics of the University of Waterloo. All subjects provided signed
informed consent before participation after explanation of the nature
and possible consequences of the study according to the tenets of the
Declaration of Helsinki. Eleven patients with newly diagnosed uPOAG,
17 patients with pPOAG, and 17 healthy age-similar control subjects
were recruited. A subgroup of these patients was included to assess
ONH vascular reactivity (5 patients with uPOAG, 12 patients with
pPOAG, and 12 control subjects). Patients with pPOAG had a clinically
identified optic disc hemorrhage within the previous 24 months. The
uPOAG group were treated with 1 drop of 2% dorzolamide twice daily
for 2 weeks to form the tPOAG group (n � 5; ONH assessment).
Retinal vascular reactivity was defined as a change in any hemody-
namic parameter in the retinal arterioles and capillaries in response to
the standardized normoxic hypercapnic provocation.

All participants had a visual acuity of 20/40, or better, and a
refractive error less than �6.00 DS and �1.50 DC. They were free of
other ocular disease and were nonsmokers. Participants with cardio-
vascular disorders, uncontrolled systemic hypertension, or diabetes
were excluded. Healthy control subjects had no family history of
glaucoma or diabetes. All participants were asked to abstain from
caffeine-containing food or drinks and were asked to adhere to a
low-nitrate diet for at least 12 hours before the study visit(s), since
these factors can influence blood flow.

Gas Delivery System

A sequential gas delivery (SGD) breathing circuit (Hi-Ox80; Viasys
Health care, Yorba Linda, CA) was modified by placing a rebreathing
bag on the exhalation port of a commercial three-valve oxygen delivery
system. This breathing circuit is described in detail elsewhere.35–37,43,44

Retinal Blood Flow Assessment

Bidirectional Laser Doppler Velocimetry. The principle
and technical details of the laser blood flowmeter (LBF; model 100;
Canon, Tokyo, Japan) have been published elsewhere.35,43,45–50 The
LBF is based on the principle of bidirectional laser Doppler velocim-
etry. It simultaneously measures blood velocity (millimeters per sec-
ond) and vessel diameter (micrometers) to calculate the rate of blood
flow (microliters per minute).

Scanning Laser Doppler Flowmetry. The principle and
description of scanning laser Doppler flowmetry (SLDF) have been
detailed elsewhere.36,51,52 Briefly, it is based on the principle of the
Doppler effect. SLDF measurements were undertaken with a retinal
flowmeter (Heidelberg Retina Flowmeter [HRF], software ver. 1.03 W;
Heidelberg Engineering GmbH, Dossenheim, Germany).

Procedures

All participants attended for two visits. Patients with uPOAG returned
for a third visit and were then assigned to the tPOAG group. Both eyes
were dilated (Mydriacyl 1%; Alcon Canada, Inc., Mississauga, Ontario,
Canada) at visit 1, and only the study eye was dilated during subse-
quent visits. Visit 1 consisted of an assessment of visual acuity, central
visual field assessment (24-2 SITA-standard; Humphrey Visual Field
Analyzer 740; Carl Zeiss Meditec, Dublin, CA), scanning laser tomog-
raphy (Heidelberg Retina Tomograph 2, ver. 3, Heidelberg Engineer-
ing, Heidelberg, Germany), stereo fundus photography (model TRC-

50VT; Topcon, Tokyo, Japan) of the ONH, and Goldmann tonometry.
Based partly on the results of these assessments, the diagnosis was
established by a glaucoma specialist (YMB, GET). One eye was ran-
domly chosen as the study eye.

During the second visit, IOP and blood pressure (BP) were as-
sessed. After an initial 15-minute rest, participants were fitted with a
face mask connected to the automated gas flow controller. Three
breathing conditions were established such as baseline, normoxic
hypercapnia, and posthypercapnia. The timeline of the protocol and
the PETCO2 levels are detailed in Figure 1. At least, three LBF measure-
ments of either the superior or inferior temporal arteriole were ob-
tained in each of the breathing phases. The arteriole of interest was
chosen based on the criteria of having a relatively straight vessel
segment and also its proximity to the ONH (i.e., the point of measure-
ment was within 1 to 2 disc diameters of the ONH). A similar breathing
paradigm was repeated in a subgroup of patients with POAG and
control subjects, to assess ONH vascular reactivity with the retinal
flowmeter. Optimal focus at the temporal rim of the ONH was estab-
lished by using the retinal tomograph before retinal flowmetry.37

PETCO2, PETO2, and respiration rate were monitored by an automated
gas flow controller (RespirAct; Thornhill Research Inc., Toronto, On-
tario, Canada). PETCO2 and PETO2 are accurate measurements of PaCO2

and PaO2, respectively, in a subject breathing via a sequential gas
delivery circuit.53 Pulse rate, oxygen saturation, and BP (every 2.5
minutes), were monitored by using a rapid response critical care gas
analyzer (Cardiocap 5; Datex-Ohmeda, Helsinki, Finland).

Patients with uPOAG were then prescribed 2% dorzolamide (Tru-
sopt; Merck Frosst, Canada, Ltd., Kirkland, Quebec, Canada), 1 drop
every 12 hours in the study eye for 2 weeks. After 2 weeks, the same
procedures were used to retest the tPOAG patients.

Analysis

Retinal and ONH Blood Flow Analysis. LBF analysis soft-
ware was used to analyze the velocity waveforms after a standardized
protocol.45 SLDF images of the temporal rim of the ONH were analyzed
using automated full-field perfusion image analysis (AFFPIA; ver. 3.3;
Heidelberg Engineering, Heidelberg, Germany).

Mean ocular perfusion pressure (MOPP) was calculated by the
formula

MOPP � 2⁄3�Diastolic�1⁄3�Systolic�Diastolic�	 � IOP

Gas Parameters Analysis. The gas parameters were analyzed
with customized software (Labview, ver. 7.1; National Instruments,

FIGURE 1. Time-protocol showing the three breathing conditions
(baseline for 10 minutes; normoxic hypercapnia during the next 15
minutes and posthypercapnia during the last 10 minutes) with stan-
dardized baseline PETCO2 and a target level of 15% increase in PETCO2

during normoxic hypercapnia.
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Austin, TX). PETCO2 and PETO2 were calculated breath-by-breath as the
maximum PETCO2 value and minimum PETO2 value, respectively, dur-
ing exhalation.

Statistical Analysis. A repeated-measures analysis of variance
(reANOVA; Statistica ver. 7.0; StatSoft, Tulsa, OK) with Greenhouse-
Geisser correction was used to determine any significant change in
retinal arteriolar diameter, blood velocity, or blood flow across the
breathing paradigm within each group. A one-way ANOVA (SAS, ver.
9.1.3; SAS, Cary, NC) was used to determine the significance of any
difference in the baseline arteriolar hemodynamics, IOP, MOPP, age,
and the magnitude of change in vascular reactivity of arteriolar diam-
eter, blood velocity, and blood flow during normoxic hypercapnia
across groups. Fisher’s least-significant difference (LSD) post hoc test
(SAS) was used for comparison between the groups. It identifies
groups that are significantly different from other groups at a level of
P � 0.05 but does not provide specific P-values. The Friedman ANOVA
(nonparametric test) was performed on the ONH capillary blood flow
results across the breathing paradigm in each group (Statistica, ver. 7.0;
StatSoft). A separate reANOVA was performed to determine any signif-

icant change in pulse rate, systolic and diastolic BP, oxygen saturation,
PETCO2, PETO2, or respiration rate across the breathing paradigm
within each group.

RESULTS

The mean age, IOP, and MOPP in each group is provided in
Table 1. The group average visual field mean deviation (MD)
was �1.4 (SD 1.6) in uPOAG/tPOAG, �2.1 (SD 2.0) in pPOAG,
and �0.3 (SD 1.0) in control subjects. The group mean pattern
standard deviation (PSD) in uPOAG/tPOAG, pPOAG, and con-
trol subjects was 2.6 (SD 2.7), 5.0 (SD 3.0), and 2.0 (SD 0.4),
respectively.

The mean percentage increase in PETCO2 during hypercap-
nia in all groups (i.e., uPOAG, pPOAG, and control subjects)
was 15.4% (SD 2.5, P � 0.001; Table 2. In tPOAG, PETCO2

increased by 15.9% (SD 4.6, P � 0.001). During normoxic
hypercapnia, there was a concomitant increase in the mean

TABLE 1. Age, IOP, and MOPP in All the Groups

Parameter uPOAG tPOAG pPOAG Controls P

Age, y 54.0 � 11.4 54.0 � 11.4 65.0 � 7.7* 55.0 � 6.7 0.002
IOP, mm Hg 22.5 � 2.2† 18.0 � 2.0†‡ 12.1 � 2.0 13.0 � 2.1 �0.001
MOPP, mm Hg 39.0 � 8.2† 37.6 � 4.5† 46.7 � 7.8 44.9 � 4.5 0.001

Data are the group mean � SD. P-value denotes significance across all groups using one-way ANOVA.
* Denotes the group that is significantly different when compared to other groups.
† Denotes the group that is significantly different when compared to pPOAG and controls.
‡ Denotes the group that is significantly different when compared to uPOAG.

TABLE 2. Gas and Systemic Parameters of the Study Groups in the Three Breathing Conditions

Gas and Systemic Parameters Baseline Hypercapnia Post-hypercapnia P

uPOAG
PETCO2, mm Hg 38.9 � 0.7 44.9 � 1.1 39.2 � 0.9 �0.001
PETO2, mm Hg 105.4 � 2.6 108.6 � 2.7 107.4 � 2.2 �0.001
Respiration rate, breaths/min 17.2 � 5.4 19.0 � 3.6 19.0 � 4.7 NS
Pulse rate, beats/min 71.9 � 10.4 73.6 � 11.3 72.7 � 10.5 NS
Systolic BP, mm Hg 133 � 17.4 136.9 � 17.7 134.0 � 18.6 �0.001
Diastolic BP, mm Hg 81.8 � 8.7 83.8 � 8.4 82.8 � 9.3 NS
O2 saturation, % 97.8 � 1.1 98.1 � 1.0 98.0 � 1.0 NS

ntPOAG
PETCO2, mm Hg 39.1 � 1.4 45.2 � 1.0 38.7 � 1.4 �0.001
PETO2, mm Hg 103.9 � 5.0 106.5 � 4.6 106.5 � 5.2 �0.020
Respiration rate, breaths/min 18.6 � 5.9 19.4 � 4.7 20.2 � 7.1 NS
Pulse rate, beats/min 70.8 � 8.7 72.5 � 8.7 72.0 � 9.1 NS
Systolic BP, mm Hg 124.0 � 12.3 131.1 � 11.7 129.0 � 13.2 �0.009
Diastolic BP, mm Hg 78.6 � 10.8 78.9 � 10.7 78.5 � 10.9 NS
O2 saturation, % 98.1 � 0.8 98.3 � 0.5 98.6 � 0.7 �0.003

pPOAG
PETCO2, mm Hg 38.9 � 1.2 45.0 � 1.5 38.6 � 1.0 �0.001
PETO2, mm Hg 104.8 � 2.9 108.0 � 2.9 106.8 � 2.7 �0.001
Respiration rate, breaths/min 19.9 � 4.25 20.2 � 4.8 20.3 � 4.7 NS
Pulse rate, beats/min 66.0 � 8.7 67.2 � 8.1 67.8 � 7.2 NS
Systolic BP, mm Hg 128.9 � 13.9 139.4 � 12.5 134.6 � 14.9 �0.001
Diastolic BP, mmHg 80.9 � 6.0 85.2 � 6.8 83.1 � 9.1 �0.004
O2 saturation, % 98.5 � 0.9 98.6 � 0.8 98.8 � 0.8 �0.020

Control
PETCO2, mm Hg 39.0 � 1.6 45.0 � 1.4 38.9 � 1.6 �0.001
PETO2, mm Hg 106.1 � 4.8 109.1 � 4.3 107.9 � 4.7 �0.001
Respiration rate, breaths/min 21.0 � 4.8 21.2 � 3.8 21.8 � 3.9 NS
Pulse rate, beats/min 65.5 � 7.9 67.5 � 8.7 67.0 � 8.9 �0.020
Systolic BP, mm Hg 118.5 � 13.5 125.2 � 15.7 124.2 � 12.2 �0.001
Diastolic BP, mm Hg 77.6 � 7.7 80.7 � 9.1 79.0 � 6.6 �0.007
O2 saturation, % 98.1 � 1.0 98.5 � 0.8 98.5 � 0.9 �0.005

Data are the group mean � SD. The P-value denotes significance of each parameter across the three breathing conditions using reANOVA. NS
denotes not significant.
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PETO2 of 3.1% (SD 2.0; P � 0.020). The PETCO2 before start of
the study is detailed in Table 3.

There was no difference in the baseline retinal arteriolar
diameter, blood velocity, and blood flow across groups. How-
ever, this finding should be interpreted with caution, as a larger
sample size may be necessary to test baseline hemodynamic
differences between groups.

In healthy control subjects, diameter, blood velocity, and
blood flow increased by �2.3%, �17.9%, and �22.4%, respec-
tively, (reANOVA P � 0.001; Figs. 2A–C) in response to nor-
moxic hypercapnia. There was no change in any of the hemo-
dynamic parameters to normoxic hypercapnia in the uPOAG
group (Fig. 2). Diameter and blood velocity did not change in
the pPOAG group (Fig. 2) but blood flow manifested an in-
crease of �9.1% (P � 0.030, Fig. 2).

The change in vascular reactivity in response to normoxic
hypercapnia was different in terms of velocity (one-way
ANOVA P � 0.004) and blood flow (P � 0.013) between

groups. The magnitude of vascular reactivity in terms of veloc-
ity and flow were reduced in uPOAG and pPOAG compared
with control subjects and tPOAG (Fisher’s LSD post hoc test),
suggesting that dorzolamide improved retinal vascular reactiv-
ity in the previously untreated patients (i.e., there was a recov-
ery of vascular reactivity between uPOAG and tPOAG states).

The vascular reactivity of the capillaries at the temporal
ONH rim showed a nonsignificant increase of �6.1% and
�10.9% in the uPOAG and pPOAG groups, respectively, and a
�19.8% (P � 0.001) increase in blood flow to normoxic
hypercapnia in the control subjects (Fig. 3).

In the tPOAG group (previously the uPOAG group), the
response to normoxic hypercapnia increased diameter by
�3.0% (P � 0.040, Fig. 2A), velocity by �18.9% (P � 0.001,
Fig. 2B), and flow by �25.8% (P � 0.001, Fig. 2C). The
magnitude of ONH vascular reactivity exhibited a nonsignifi-
cant increase of �17.2% (P � 0.091) in tPOAG (Fig. 3).

DISCUSSION

The primary finding of this study was that retinal vascular
reactivity was reduced in patients with uPOAG or pPOAG
compared with control subjects. The use of a sustained and
stable normoxic hypercapnic stimulus was essential for the
assessment of retinal arteriolar vascular reactivity so that re-
peated hemodynamic measurements could be obtained.

Various studies have shown a decrease in homeostatic
blood flow in POAG/normal tension glaucoma (NTG) with the

TABLE 3. Resting PETCO2 in the Study Groups

Groups uPOAG tPOAG pPOAG Controls

Resting PETCO2,
mm Hg 36.6 � 3.0 35.6 � 3.0 36.5 � 2.1 35.8 � 3.6

Data are expressed as the group mean � SD of measurements
taken before the start of the study, with the automated gas flow
controller.

FIGURE 2. The percentage change
from baseline in group mean (A) ret-
inal arteriolar diameter, (B) blood ve-
locity, and (C) blood flow in re-
sponse to normoxic hypercapnia in
patients with uPOAG, tPOAG, or
pPOAG and control subjects. Error
bar, SD (%). *Significance when com-
pared across the three breathing con-
ditions (baseline, normoxic hyper-
capnia, and posthypercapnia) within
the group at the level of P � 0.05;
†significant difference when the
change in arteriolar hemodynamic
parameter in response to normoxic
hypercapnia is compared to the
change in tPOAG; ‡significant differ-
ence when the change in arteriolar
hemodynamic parameter in response
to normoxic hypercapnia is com-
pared to the change in control sub-
jects.
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LBF,10 CDI,9,54–56 and pulsatile ocular blood flowmeter
(POBF).57 In this study, however, there was no difference
between baseline hemodynamic parameters in the uPOAG
group compared with the others. The techniques used in
previous studies have limitations. CDI requires an experienced
operator to obtain reliable measurements and is unable to
quantify volumetric blood flow, and it can be difficult to dif-
ferentiate responses between the CRA and SPCA.58 Similarly,
the results of the POBF can be influenced by ocular rigidity,
and the measurement is dominated by the choroidal circula-
tion.59 The use of the LBF in our study offers an alternative
approach, since it objectively quantifies volumetric retinal
blood flow in real units. The results of the study are not directly
comparable to those of earlier work, in that the vascular reac-
tivity was assessed in the retinal arterioles of uPOAG patients,
whereas in most other studies, patients were already receiving
IOP-lowering medications.

Most studies have assessed only the homeostatic blood flow
in POAG/NTG patients, often with CDI,7–9,15 and have found
contradictory results. Gugleta et al.60 showed that ONH blood
flow increased in patients with vasospasm and decreased in
patients without vasospasm when assessed with LDF in re-
sponse to hypercapnia. In the present study, a decrease in the
magnitude of vascular reactivity to normoxic hypercapnia was
noted in both the uPOAG and pPOAG groups, but all, apart
from the uPOAG group, showed evidence of increased retinal
blood flow in response to normoxic hypercapnia. Similarly, a
reduction in the vascular reactivity of the CRA with CDI has
also been shown in POAG.38 Of interest, NTG patients showed
an increase in the peak systolic velocity of the CRA and pos-
terior ciliary artery (PCA) and also end-diastolic velocity of the
OA during hypercapnia with no change in control subjects.9

Similarly, with CDI, vasodilation of the retrobulbar vessels was
noted during hypercapnia in POAG.39 With the LBF, Feke and
Pasquale61 also showed evidence of abnormal retinal arteriolar
response in POAG to posture change compared with that in
control subjects. This altered response was seen only in a

subgroup of patients who were treated with IOP-lowering
medications.

As glaucoma is primarily characterized by either compro-
mise of the ONH perfusion or mechanical compression of the
lamina cribrosa, we also assessed the response of the capillaries
at the temporal rim of the ONH to normoxic hypercapnia.
Several studies have demonstrated a decrease in blood flow in
the ONH in POAG with different assessment techniques.62–65

In this study, we showed a reduced percentage magnitude of
ONH vascular reactivity in a subgroup of patients with uPOAG
or pPOAG compared with control subjects and patients with
tPOAG. We have previously shown that the percentage change
in capillary vascular reactivity is comparable to that of arterio-
lar vascular reactivity in young healthy volunteers.37 An inter-
esting finding of the ONH substudy was that the vascular
reactivity of the ONH capillary bed was reduced in percentage
in the uPOAG and pPOAG groups to an extent similar to that
of the superior/inferior temporal arteriole. The vascular reac-
tivity of the control subjects and the recovery of vascular
reactivity after dorzolamide treatment in the tPOAG group
were similar between the arteriolar and ONH sites.

A secondary finding of this study was that vascular reactivity
improved to the level of the control subjects in the tPOAG
group, after 2 weeks of treatment with 2% dorzolamide. It has
been suggested that CAIs, in particular dorzolamide, may im-
prove blood flow. However, many of the earlier studies have
used an additional IOP-lowering medication24–26 or atypical
methods of drug delivery.22 In this study, vascular reactivity
was assessed in patients who had never undergone treatment.
The inclusion of previously untreated patients was essential, to
avoid any residual vascular effects of medication on the re-
sponse of the vasculature. In addition, we also assessed vascu-
lar reactivity in patients with progressive disease (i.e., currently
receiving treatment, have achieved target IOP reduction, and
have a history of optic disc hemorrhage), as there is evidence
that these patients exhibit vascular dysregulation.66,67 This
study supports the previous findings since patients with
pPOAG exhibited a reduced vascular reactivity.

Previous studies have assessed the effect of treatment on
homeostatic retinal blood flow, rather than on vascular reac-
tivity, per se, in POAG. Retinal vascular reactivity in response
to hypercapnia has been assessed with various techniques in
healthy subjects after treatment with dorzolamide, and no
change has been found.68 Our study is the first to investigate
the effect of dorzolamide on retinal vascular reactivity in re-
sponse to normoxic hypercapnia in patients with POAG. Vas-
cular reactivity improved after short-term treatment of POAG
with dorzolamide. However, there was no difference across
the groups in the baseline arteriolar hemodynamics after treat-
ment. The controversy in terms of baseline hemodynamic
findings of our study and previous reports is probably due to
differences in experimental design and blood flow quantifica-
tion techniques, including the concomitant use of other med-
ications and also due to variation in the duration of dorzol-
amide administration. In the absence of a nonpharmacologic
control treatment that resulted in a similar reduction in IOP,
such as laser trabeculoplasty, it is not evident whether the
improvement in vascular reactivity after treatment is due to the
reduction in IOP or is a direct effect of dorzolamide on the
vasculature. Nevertheless, in this study, there was no differ-
ence in the MOPP between uPOAG and tPOAG, indicating that
the improvement in retinal vascular reactivity in tPOAG is due
to a direct effect of dorzolamide on the retinal vasculature. This
finding should be interpreted with caution until comparison to
a group with a nonpharmacologically induced reduction in IOP
is established.

In a related study (Hudson C, et al. IOVS 2008;49:ARVO
E-Abstract 4609), plasma levels of biochemical markers of en-

FIGURE 3. The percentage change from baseline in group mean tem-
poral rim ONH blood flow in response to normoxic hypercapnia in
patients with uPOAG, tPOAG, pPOAG, and control subjects. Error bar
represents SD (%). The sample comprised five patients with uPOAG of
mean age 54 years (SD 8.6), 12 patients with pPOAG of mean age 65
years (SD 7.5), and 12 healthy control subjects of mean age of 55 years
(SD 7.4). Normoxic hypercapnia was induced identical with the pro-
tocol described for retinal arteriolar vascular reactivity assessment.
*Significance when compared across the three breathing conditions
(baseline, normoxic hypercapnia and posthypercapnia) within the
group at the level of P � 0.05.
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dothelial function—namely endothelin-(ET)1 and cyclic
guanosine monophosphate (cGMP i.e., a surrogate marker of
nitric oxide), were assessed in uPOAG, tPOAG, pPOAG, and
control subjects at baseline and during normoxic hypercapnia.
A relationship was found between the change in the magnitude
of vascular reactivity and the change in biochemical markers
during normoxic hypercapnia in the control subjects. ET-1
levels were found to be repeatedly lower in uPOAG and
tPOAG, suggesting that there is a systemic endothelial dysfunc-
tion in uPOAG that remains unaltered, even after short-term
treatment. In addition, there was a strong association between
baseline arteriolar blood flow and baseline levels of cGMP in
uPOAG and tPOAG. These results further validate the func-
tional vascular reactivity abnormalities observed in this study.

In previous studies, isoxic hypercapnia was induced to
provoke an increase in retinal blood flow in healthy subjects
and in those with POAG.9,32,39,69,70 However, in these studies,
there was no report or monitoring of concomitant changes in
PETO2. In addition, elevated PETCO2 levels were achieved by
dynamic end-tidal forcing (DEF), an integral proportional feed-
back system that makes breath-by-breath corrections to in-
spired gases, but this technique does not actually target the
arterial concentration of CO2 (PaCO2). DEF requires a complex
setup including multiple large gas tanks and tubing. In contrast,
the RespirAct system is about the size of a desktop computer
and supplies gas at about the subject’s minute ventilation to a
small fitted face mask. An additional advantage is that RespirAct
uses a sequential gas delivery breathing circuit whereby
PETCO2 has been shown to be equal to PaCO2. With DEF, there
is a large variation between PETCO2 and PaCO2, and so the
latter is not precisely known from noninvasive measures.53,71

The study has several limitations. Retinal vascular reactivity
of either the superior or inferior temporal arteriole was as-
sessed. Previous work has shown a similar magnitude of vas-
cular reactivity in response to hyperoxia in all quadrants,72

whereas another study showed similar baseline arteriolar blood
flow in the superior and inferior quadrants of the retina.73

Unpublished work from our group has also shown a similar
magnitude of vascular reactivity in the superior and inferior
temporal arterioles. Based on this evidence, it is reasonable to
interchangeably use either the superior or the inferior tempo-
ral retinal arteriole to assess vascular reactivity. There was a
significant increase in systolic BP in uPOAG and tPOAG and in
both systolic and diastolic BP in pPOAG and control subjects.
The magnitude of increase in BP during normoxic hypercap-
nia, however, was small (�8%) and well within the range of
autoregulation of the retinal vessels and would not be ex-
pected to have a major influence on vascular reactivity.74,75 In
addition, there was a small increase in peripheral O2 saturation
(SpO2) in the tPOAG, pPOAG, and control subjects during
normoxic hypercapnia. To put this in perspective, one can
typically measure physiologic responses to changes in SpO2

that reach approximately 70%.76,77 There are no known phys-
iological responses to changes of 1% in the range of nearly
saturated hemoglobin (97%–99%). Also, the control subjects
were not age-matched to the pPOAG group, since patients
with pPOAG were those who had relatively long-standing glau-
coma compared with those with uPOAG and were also those
who had shown progression. Previous work in our laboratory
has shown a negligible difference in the magnitude of the
vascular reactivity in healthy subjects over the range of ages of
the subjects in this study (Rose PA, et al. IOVS 2007;48:ARVO
E-Abstract 2266).

CONCLUSIONS

Arteriolar vascular reactivity was reduced in uPOAG and
pPOAG patients compared to healthy subjects. Vascular reac-

tivity improved after short-term treatment of uPOAG with
dorzolamide. Based on a substudy, the ONH capillary bed
provided findings similar to those of the retinal arterioles. It is
not clear whether this improvement was a direct effect of the
medication or a secondary effect of the decrease in IOP.
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