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SUMMARY 

The effect of the carbonic anhydrase inhibitor, acetazola

mide, on the retinal circulation was studied in 10 healthy 
volunteers. Acetazolamide was administered intra

venously at a dose of 500 mg. Retinal blood flow was 

determined from red cell velocity using laser Doppler 

velocimetry and vessel diameter measurement using 
computerised digital image analysis of monochromatic 

fundus photographs. There was a significant increase in 

retinal blood flow at 30 minutes and 60 minutes after ace
tazolamide injection (p = 0.002). Retinal vessels showed 

vasodilatation reaching significant levels 60 minutes after 

the injection (p<0.03). An increase in red cell velocity was 

observed at 30 and 60 minutes (p<0.002). A significant 

reduction in intraocular pressure occurred at 30 and 60 

minutes after the injection (p<0.001). The mechanisms 
responsible for the increase in retinal blood flow acted via 
significant increases in perfusion pressure (p<0.05), red 

cell velocity (p<0.002) and retinal vessel dilatation 
(p<0.03). An increase in tissue Peo2 and a reduction in 
pH are thought to be responsible for the vascular dilata

tion. The increase in retinal blood flow with acetazola

mide may serve to limit optic disc and retinal ischaemia in 

acute glaucoma and central retinal artery occlusion 

respectively. 

Acetazolamide is a carbonic anhydrase inhibitor. It 
reduces intraocular pressure and is therefore used exten
sively in ophthalmological clinical practice for the 
management of glaucoma. It has also been advocated in 
the management of retinal artery occlusion through its 
postulated effect of increasing retinal blood flow. I The 
efficacy and the exact effect of acetazolamide on the 
human ocular circulation have not been determined pre
viously as direct non-invasive measurements of retinal 
blood flow have not been possible. Most of the effects of 
acetazolamide on the ocular circulation have been extrap
olated from work on the cerebral circulation, since many 
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techniques are available for studying the cerebral .cir
culation including 133Xe clearance,l pulsed ultrasound 
Doppler system3 and single-photon emission computed 
tomography.4 

Studies of the effect of 1000 mg acetazolamide on the 
cerebral circulation in humans have shown a rise of 38% in 
cerebral blood flow after an oral doses and 70% after the 
same dose given intravenously.2 This increase in cerebral 
blood flow was due mainly to cerebral vascular dilatation. 
Acetazolamide was found to increase the partial pressure 
of carbon dioxide (Peol) and to reduce pH in the cerebral 
extracellular fluid.6 It was then suggested that the direct 
effect of acetazolamide on tissue Peo2 and pH is a potent 
stimulus for vasodilatation. 

In the eye, increasing Peo2 in the retinal circulation has 
also been shown to produce retinal vascular vasodilatation 
in monkeys.7 The effect of acetazolamide on the retinal 
circulation, however, is not confined to the metabolic 
changes. Along with the metabolic effects as described in 
the cerebral circulation, acetazolamide reduces intra
ocular pressure which thus has a further effect on retinal 
perfusion pressure. 

The retinal circulation is unique in that it has no auto
nomic innervation8,9 and therefore regulation of blood 
flow is entirely dependent on autoregulation, In the strict
est sense, autoregulation is defined as the ability of the 
vessels to maintain a constant flow to the tissues under 
conditions of varying perfusion pressure. 10 This definition 
was later expanded to include the changes in the vascular 
haemodynamics to support the metabolic needs of the 
tissues.ll 

With the advent of the laser Doppler velocimeter as a 
direct and non-invasive means of measuring retinal blood 
flow, we set out to study the effect of acetazolamide on 
retinal haemodynamics. 

MATERIALS AND METHOD 

Subjects 
Ten healthy volunteers, age range 24-37 years (mean ± 

SO, 31.4 ± 4.53 years) were recruited. All subjects had 
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normal physical examination, visual acuity of 6/12 or bet
ter unaided, normal ocular examination and normal intra
ocular pressures. Informed consent was obtained from the 
study subjects after a detailed explanation of the protocol. 
Approval from the local ethics committee was granted in 
accordance with the principles laid down by the Helsinki 
Declaration. 

Study Design 
The study took place in a comfortable laboratory environ
ment. Pupillary dilatation was achieved with tropicamide 
0.5% eye drops. After a resting period of approximately 
30 minutes, baseline measurements of blood pressure, 
laser Doppler velocimetry (see below), retinal photo
graphs and intraocular pressure measurements were 
obtained. Acetazolamide 500 mg diluted in 10 ml normal 
saline was injected through an arm vein. Blood pressure, 
laser Doppler velocimetry, retinal photographs and intra
ocular pressure measurements were repeated 30 and 60 
minutes after the injection. 

In 4 of the subjects studied, the study was repeated on a 
different day using only 10 ml normal saline. This was to 
exclude any effects of the procedure on retinal 
haemodynamics. 

Blood Velocity Measurement 
Retinal blood flow was determined from red cell velocity 
using bidirectional laser Doppler velocimetry (Oculix, 
Philadelphia, USA).12 This technique utilises the shift in 
frequency produced when a monochromatic laser beam 
from a helium-neon laser (632.8 nm, irradiance 80 mW/ 
cm2) is reflected from moving red blood cells in the retinal 
vessels. This shift in frequency is directly proportional to 
the red cell velocity. The frequency-shifted light is col
lected by a pair of photoreceptors and stored on the hard 
disc of a minicomputer (Masscomp, Massachusetts, 
USA); the collected data were analysed later in a random
ised masked fashion. Since flow of blood in a vessel is 
parabolic,13 only the maximally shifted frequency was 
used, representing the maximal centreline red cell velocity 
(VmaJ· 

Vessel Diameter Measurement 
Vessel dimaeter (D) was determined from monochromatic 
fundus photographs. The photographs were taken with a 
30° Zeiss fundus camera (Zeiss, Oberkochen, Germany) 
linked to an electrocardiographic monitor through a time 
delay device. This device triggered the shutter of the cam
era at a predetermined point from the electrocardiographic 
R-wave, thus allowing all the fundus photographs to be 
taken in mid-diastole. This technique eliminates the effect 
of pulsatility on the variation in vessel diameter measure
ments.14 The film used was Kodak Technical Pan film 
(Kodak, Rochester, NY, USA) and the photographs were 
taken through a red-free 570 nm interference filter to 
increase the resolution of the vasculature. IS The fundus 
photographs were projected through a video camera, digi
tised by an image analysis computer (Context Vision, 
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Linkoping, Sweden) and projected on a 512 x 512 pixel 
screen. From the images, retinal vessel diameters were 
determined using the half-height of the transmittance pro
files.16 The magnifying power of the fundus camera on 
retinal images is dependent on the ocular refraction. 
Therefore, vessel diameter measurements were corrected 
for the magnification of the camera and the ocular refrac
tion using tables adopted from the work of Bengtsson and 
Krakau.17 Three photographs were taken at each time 
point during the study and three vessel diameter measure
ments from each of the three photographs were averaged. 

Blood flow in the superior and inferiortemporal veins is 
similar, as shown by Feke et al.1S and Riva et al.19 using the 
laser Doppler technique. Therefore, either the superior or 
the inferior temporal veins were chosen to measure retinal 
blood flow, within one disc diameter from the disc edge 
before any bifurcation. Flow in the temporal retina is 
greater than in the nasal retina due to the higher metabolic 
activity at the macula and the temporal retina being 
20-25% larger than the nasal retina.19,20 Venous flow was 
chosen rather than arterial flow because of the limitations 
of the instrumentation. IS Flow in retinal veins has been 
shown to be similar to that in the corresponding retinal 
arteries,18,19 adhering to the theory of conservation since 
the retinal circulation lacks lymphatic flow. 

A polaroid fundus photograph was obtained to mark the 
exact position of the velocity measurement on the vein. 
This later provided a reference point for the site of vessel 
diameter determination. 

Volumetric Flow Rate 
The volumetric flow rate (Q) was calculated by multiply
ing the mean red cell velocity (V mean) by the cross-sectional 
area (A) of the vessel: 

(1) 

To determine the mean red cell velocity, the maximal 
centreline red cell velocity (V max) was divided by a factor 
of 1.6 according to the work of Baker and Wayland13 and 
Damon and Duling,21 since blood does not flow like a per
fect Newtonian fluid. The cross-sectional area of the 
vessel was determined from the vessel diameter (D). The 
formula for calculating the flow therefore becomes: 

(2) 

Retinal Perfusion Pressure 
Blood pressure was determined using a Takeda automatic 
digital blood pressure meter (A&D Engineering, Cal
ifornia, USA) calibrated with a random-zero mercury 
sphygmomanometer. Intraocular pressure was measured 
with Goldmann, applanation tonometry. Mean arterial 
blood pressure (MAP) was calculated by adding the dias
tolic blood pressure (BPDlA) to one-third the difference 
between the systolic (BPSys) and diastolic blood pressures 
[MAP = 1/3 (BPSYS - BPDlA) + BPDlA). Perfusion pres
sure (PP) was determined by subtracting the intraocular 
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Table I. Results for acetazolamide injection 

BPsys (mmHg) 
BPDIA (mmHg) 
Pulse (beats/min) 
MAP (mmHg) 
lOP (mmHg) 
PP (mmHg) 
Diameter (Ilm) 
Velocity (cm/s) 
Flow (Ill/min) 

o min 

Mean SD 

110.00 (8.92) 
68.10 (9.43) 
64.20 (12.94) 
82.07 (7.77) 
16.40 (4.12) 
38.31 (4.80) 

146.50 (22.18) 
1.60 (0.26) 

10.29 (3.53) 

Mean 

109.70 
66.75 
62.30 
81.03 
12.60 
41.42 

148.99 
2.09 

14.10 

30 min 60 min 

SD p Mean SD p 

(11.62) 105.80 (8.82) 
(9.22)  64.30 (8.07) 0.02 

(10.34) 62.60 (11.73) 
(8.50) 78.13 (7.28) 0.01 
(3.81) <0.001 11.00 (3.56) <0.001 
(5.91) <0.001 41.09 (3.92) 0.019 

(23.07) 149.22 (22.60) 0.029 
(0.33) <0.001 2.05 (0.41) 0.002 
(5.34) <0.002 13.80 (5.25) 0.001 

Data at 30 and 60 minutes are compared with baseline (0 min). Results are expressed as mean ± SD. 
BPSYS' systolic blood pressure; BPDIA, diastolic blood pressure; MAP, mean arterial blood pressure; lOP, intraocular pressure; PP, perfusion pressure. 

pressure (lOP) from the two-thirds mean arterial blood 
pressure (PP = 2/3 MAP - IOP).22 

Statistical Analysis 
Results are expressed as mean ± SD. Retinal haemody
namic changes at 30 and 60 minutes after injection of ace
tazolamide were compared with baseline haemodynamic 
parameters before the injection. One-way analysis of vari-
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Fig. 1. Red cell velocity, vessel diameter and retinal blood 
flow after acetazolamide injection. Results are expressed as 
mean ± SEM. Significant vasodilatation occurred 60 minutes 
after acetazolamide injection (p<0.03); red cell velocity is sig
nificantly increased at 30 minutes and 60 minutes (p<0.002); 
and retinal blood flow is significantly increased at 30 minutes 
and 60 minutes (p<0.002). 

ance was used to detect the presence of significant differ
ences. The level of significance was then determined using 
a paired Student's t-test (Oxstat II, Microsoft, 1985). 
Results were considered to be statistically significant 
when p<0.05. 

RESULTS 

Results for the effect of acetazolamide injection are shown 
in Table I. There was significant reduction in intraocular 
pressure by approximately 4 mmHg (23.2%,p<0.00l) at 
30 minutes and approximately 5 mmHg (32.9%, 
p<O.OOl) at 60 minutes after intravenous injection of ace
tazolamide. The mean arterial blood pressure was not sig
nificantly affected at 30 minutes but was decreased 60 
minutes after the injection (p = 0.01) , secondary to a sig
nificant reduction in diastolic blood pressure (p = 0.02). A 
significant increase in retinal perfusion pressure (p<0.02) 
at both 30 and 60 minutes after the injection occurred 
despite a small fall in mean arterial blood pressure as a 
consequence of the decrease in intraocular pressure. A 
trend towards venous dilatation after acetazolamide injec
tion was observed at 30 minutes and reached statistical 
significance at 60 minutes (p = 0.029) . A significant 
increase in red cell velocity was seen after the injection of 
acetazolamide (p<0.002) . As a result of the changes in 
vessel diameter and red cell velocity, the volumetric flow 
rate in the retina showed a significant rise by 37.03% at 30 
minutes (p = 0.002) and by 34.11 % at 60 minutes 
(p = 0.001) after the injection (Fig. 1) . 

Data for the normal saline group are summarised in 
Table II. There was no change in any of the parameters 
measured after the injection of 10 ml normal saline. 

DISCUSSION 

This study defines the haemodynamic changes in the ret
inal circulation in response to ocular carbonic anhydrase 
inhibition by acetazolamide, and describes the consequent 
changes in the regulatory mechanisms of the retinal 
vessels in view of these haemodynamic changes. 

Acetazolamide is a potent carbonic anhydrase inhibitor. 
Full physiological inhibition of carbonic anhydrase occurs 
in most tissues .at doses greater than 10 mg/kg in man. In 
the red blood cell, carbonic anhydrase inhibition occurs 
within 1 minute of acetazolamide injection?3 In this study 
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Table II. Results for nonnal saline injection 

o min 

Mean SD 

BPsys (mmHg) 113.00 (7.62) 
BPmA (mmHg) 63.75 (8.34) 
Pulse (beats/min) 59.25 (7.63) 
MAP (mmHg) 80.17 (7.90) 
IOP (mmHg) 16.75 (2.50) 
PP (mmHg) 36.67 (4.09) 
Diameter (�m) 159.10 (18.85) 
Velocity (cm/s) 1.69 (0.56) 
Flow (�l/min) 12.80 (5.22)  

Results are expressed as  mean ± SD. Abbreviations as  in  Table I. 

acetazolamide was used at an average dose of 7 mg/kg; 
therefore, complete inhibition of carbonic anhydrase may 
not have occurred. 

Carbonic anhydrase in the red blood cell is responsible 
for 70% of the carbon dioxide (C02) carrying capacity 

Blood 

Red Blood Cell 

CA 

H2C03 ... --

1 
HCO; + H+ 

+ 

Hgb-

1 
HHgb 

30 min 60 min 

Mean SD Mean SD 

109.50 (9.68) 113.75 (6.85) 
62.50 (11.73) 67.75 (8.06) 
60.50 (9.57) 58.50 (8.06) 
78.17 (10.53) 83.33 (7.36) 
15.75 (2.87) 16.75 (1.50) 
36.36 (5.16) 38.81 (3.80) 

161.18 (24.82) 160.76 (21.87) 
1.68 (0.42) 1.73 (0.54) 

12.8\ (3.65) \3.20 (4.50) 

from the tissues to the lung. CO2 originating from the tis
sue metabolism diffuses out of the tissues into the blood 
(Fig. 2) . In the red blood cells, CO2 combines with water 
in the presence of carbonic anhydrase to form bicarbonate 
(HC03-) ions and hydrogen (W) ions. While the HC03-

Endothelial Cells 

HCO; Plasma 
Fig. 2. Action of acetazolamide in the red blood cells at tissue level. Tissue CO2 diffuses into the red blood cells; its combination with 
water catalysed by carbonic anhydrase (CA) produces bicarbonate (HC01-) and hydrogen (H+) ions. While the bicarbonate ions dif
fuse out of the red blood cell into the plasma, the hydrogen ions are buffered by the anionic haemoglobin (Hgb-). This favours the diffu
sion of more CO2 out of the tissues and into the red blood cells. 
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diffuses out of the red blood cells and contributes to the 
plasma buffering system, the H+ are buffered by the 
anionic haemoglobin. This process favours the combi
nation of more CO2 with water and therefore more CO2 is 
removed from the tissues. In the lungs the reverse is true 
since the Peo2 is lower in the alveoli. Inhibition of car
bonic anhydrase will reduce the capacity of the red blood 
cells to carry CO2, increasing tissue Peo/ In the retina, 
the autoregulatory response to local hypercapnia is vaso
dilatation, in order to increase tissue blood flow, washing 
out the excess CO/ Inhibition of carbonic anhydrase in 
the kidney causes the loss of HC03 - with resultant meta
bolic acidosis. The acidosis further stimulates vasodila
tation. Retinal haemodynamic consequences of 
acetazolamide may therefore be due to regulation of the 
retinal circulation to these metabolic stimuli. Retinal auto
regulation to the effect of acetazolamide on retinal per
fusion pressure also needs to be considered. 

In this study there was vasodilatation in the retinal vas
culature by 1.7% at 30 minutes and 1.9% at 60 minutes 
after the injection of acetazolamide. The vasodilatation on 
its own would contribute to an increase in retinal blood 
flow by a factor of 3.5% at 30 minutes and a factor of 3.8% 
at 60 minutes since the diameter values are squared in cal
culating the flow (equation 2). However, the increase in 
retinal blood flow was 37.0% at 30 minutes and 34.1 % at 
60 minutes; therefore the contribution of vascular dilata
tion to the increased retinal blood flow was minimal com
pared with the increase in red cell velocity. 

The increase in perfusion pressure achieved was due to 
a reduction in intraocular pressure. There was a significant 
decrease in the diastolic blood pressure at 60 minutes after 

injection but not at 30 minutes. This reduction in the dias
tolic blood pressure is the result of peripheral vasodilata
tion as a consequence of the metabolic changes as 
described above. The slight recovery of ocular perfusion 
pressure seen at 60 minutes is due to the decaying effect of 
acetazolamide, since the maximal average response of 
acetazolamide is achieved 25 minutes after injection.3 

In order to understand the effect of acetazolamide on 
retinal vascular autoregulation, the metabolic and retinal 
perfusion effects of acetazolamide have to be examined 
separately. When retinal perfusion pressure is increased, 
autoregulation would be expected to maintain relative 
constancy of flow. The changes in retinal blood flow are 
plotted against the changes in perfusion pressure in Fig. 3. 
In a situation where there is ideal autoregulation there will 
be no change in flow for a given change in perfusion pres
sure. to Where there is no autoregulation, such as in a rigid 
tube system, the increase in flow would increase linearly 
with the increase in perfusion pressure as defined in Poi
seuille's law. Previous work indicates that with up to a 
27% increase in retinal perfusion pressure, retinal blood 
flow increases only by 7.8%.24 In this study the increase in 
flow was approximately 4.6 times the increase in per
fusion pressure. The increase in retinal blood flow with 
acetazolamide must be due mainly to its metabolic effects 
described above. 

Grunwald et al.25 found no change in macular blood 
flow after an oral dose of acetazolamide, as measured with 
a blue light entoptoscope. In their study the systemic ace
tazolamide dose was raised slowly by giving it orally. That 
may have produced a suboptimal inhibition of carbonic 
anhydrase and allowed more time for the macular cir-
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culation to autoregulate, as postulated in the discussion in 
Grunwald et al. In our study the systemic dose was raised 
quickly by giving it intravenously. This produces a greater 
degree of inhibition of carbonic anhydrase, forcing retinal 
vascular autoregulation to its limits. Also, in Grunwald's 
study, only macular blood flow was determined, which 
may have a better autoregulatory capacity than the rest of 
the retina, since it is the area with the highest metabolic 
rate. 19.20 

In acute glaucoma there is a precipitous decrease in 
ocular perfusion pressure. With respect to the formula for 
the calculation of retinal perfusion pressure, a subject with 
a normal mean arterial blood pressure of 100 mmHg and a 
normal intraocular pressure of 20 mmHg would have a 
retinal perfusion pressure of 47 mmHg. When the intra
ocular pressure rises to 50 mmHg in acute glaucoma, ret
inal perfusion pressure drops to 17 mmHg. This would 
result in reduced retinal blood flow and retinal ischaemia. 
This is a consequence of retinal vascular autoregulation at 
low perfusion pressures failing to maintain retinal blood 
flow.26 Intravenous acetazolamide is therefore useful in the 
management of acute glaucoma via two mechanisms: 
firstly by reducing the intraocular pressure and therefore 
increasing retinal perfusion pressure, and secondly by its 
metabolic autoregulatory response in increasing retinal 
blood flow. 

In conclusion, acetazolamide causes an increase in ret
inal blood flow in the human retinal circulation. This pro
vides a rationale for its use in glaucoma. 

Key words: Acetazolamide. Autoregulation, Laser Doppler velocim
etry, Retinal blood flow. 
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