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• PURPOSE: To evaluate blood-flow parameters in 
three different groups of patients with primary 
open-angle glaucoma. 
• METHODS: Hemodynamic parameters in the 
ophthalmic artery, central retinal artery, central 
retinal vein, and lateral and medial short posterior 
ciliary arteries were evaluated by color Doppler 
imaging in 237 patients with primary open-angle 
glaucoma and 124 age-matched normal control sub­
jects. Group A consisted of 5 6 patients with primary 
open-angle glaucoma with treated intraocular 
pressure higher than 20 mm Hg; group B, of 103 
patients with primary open-angle glaucoma with 
progression of glaucomatous damage despite intra­
ocular pressure of 21 mm Hg or less; and group C, 
of 78 patients with normal-tension glaucoma. 
• RESULTS: All patients showed a significant de­
crease in end-diastolic velocities (P < .01) and a 
significant increase in resistivity index (P < .05) in 
all arteries measured. Peak-systolic velocities were 
normal in the ophthalmic artery in all three groups. 
In the central retinal artery and the short posterior 
ciliary arteries, however, patients in groups B and 
C had significantly reduced peak-systolic velocity 
(P < .05) compared with normal control subjects. 
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Peak-systolic velocity in group A did not differ 
significantly from that of normal control subjects. 
Maximal and minimal blood-flow velocities in the 
central retinal vein were significantly lower in 
groups B and C (P < .001) compared with normal 
control subjects. In group A, only minimal blood-
flow velocity was significantly reduced (P < .05). 
• CONCLUSIONS: Hemodynamic parameters in 
the extraocular vessels are altered in patients with 
glaucoma. Reduced blood-flow velocities may be 
secondary as well as contributory to glaucomatous 
damage. 

P HENOMENOLOGICALLY, PRIMARY OPEN-ANGLE 

glaucoma is a syndrome of a progressive optic 
neuropathy characterized by optic nerve head 

excavation, visual-field defects, and other psychophys-
ical alterations. Although elevated intraocular pres­
sure is the main cause of such damage, the existence 
of normal-tension glaucoma and the weak correlation 
between progression and the level of intraocular 
pressure1 indicate that other factors might also be 
involved in the pathogenesis of glaucomatous dam­
age. Most theories concerning the pathogenesis can 
be grouped in two broad categories: those identifying 
mechanical mechanisms and those identifying vaso-
genic mechanisms. Although increased intraocular 
pressure is a clear risk factor, glaucomatous optic 
nerve damage can develop at virtually any level of 
intraocular pressure. Besides age and demographic 
and genetic factors, vascular and rheologic factors are 
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the main ones that have been reported in the 
literature.2'13 

First reports on reduced blood-flow velocity in the 
ophthalmic artery in patients with glaucoma were 
based on transcranial Doppler ultrasound.14'16 Recent 
studies performed with color Doppler imaging17'23 also 
reported reduced peak-systolic velocity, reduced end-
diastolic velocity, and an increased resistivity index in 
the ophthalmic artery.24'27 Some researchers, however, 
reported no statistically significant difference between 
patients with glaucoma and normal control subjects 
with regard to the maximum and average velocities in 
the ophthalmic and carotid arteries.28 Others found 
that those eyes with uncontrolled intraocular pressure 
and eyes with visual-field deterioration had a signifi­
cant decrease in end-diastolic velocity, resulting in an 
increase in the resistivity index in the posterior ciliary 
arteries.29 Several authors found no statistically signifi­
cant difference in the blood-flow velocity measure­
ments between patients with high-tension glaucoma 
and those with normal-tension glaucoma.24,25,30 

In the present study, we investigated blood-flow 
parameters in three different groups of patients with 
glaucoma. Blood-flow velocities and the resistivity 
index in the ophthalmic artery, central retinal artery, 
central retinal vein, and one lateral and one medial 
short posterior ciliary artery were compared with 
those of normal control subjects.31,32 

PATIENTS AND METHODS 
A TOTAL OF 237 PATIENTS WITH GLAUCOMA AND 124 
age-matched normal control subjects were included 
in this prospective study. All patients were inpatients 
of the University Eye Clinic, Basel, Switzerland. The 
normal control subjects were healthy volunteers, mea­
sured at a public fair (Mustermesse, Basel), which we 
partially reported previously.31,32 In all groups, only 
one eye per subject was chosen randomly for analysis. 
Every patient and volunteer was informed by the 
examining ophthalmologist about the scientific char­
acter of the examination and could freely decide to 
participate or not. 

Group A included patients with primary open-
angle glaucoma (n = 56) with definitive glaucoma-
tous damage who were hospitalized because the re­
ferring ophthalmologist felt that they had intraocular 
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pressure that was too high while under medical 
treatment (above 20 mm Hg). Group B included 
patients with open-angle glaucoma (n = 103) re­
ferred because of progression of visual-field damage in 
spite of medically well-controlled or borderline intra­
ocular pressure. The diurnal tension curve over 2 days 
for these patients did not show intraocular pressure of 
more than 21 mm Hg in either eye. Group C included 
patients with normal-tension glaucoma (n = 78). Un­
treated intraocular pressure over a 2-day diurnal-ten­
sion curve for these patients did not exceed 21 mm Hg. 

The grouping of patients with high-tension glauco­
ma is arbitrary and is based on prior findings that the 
two groups might not have identical risk factors for 
developing glaucomatous damage.6 Excluded were 
patients with eye diseases other than glaucoma or 
mild cataract, patients with previous filtering surgery, 
and patients with diabetes mellitus or other severe 
systemic and cardiovascular diseases. Neither a histo­
ry of abnormal blood pressure nor a history of 
treatment of hypertension or hypotension was a 
criterion for inclusion or exclusion. The patients 
maintained the same local and systemic medication as 
before hospitalization. 

Blood-flow velocity was measured by means of a 
Siemens Quantum 2000 (Siemens Albis AG, Zurich, 
Switzerland) using a 7.5-mHz linear phased-array 
transducer. The transducer was applied gently to the 
closed eyelid using a coupling gel, and care was taken 
to avoid applying any pressure to the eye. During the 
examination, subjects were in the supine position, 
with the head tilted forward at about a 30-degree 
angle. The ophthalmic artery, the central retinal 
artery and vein, and one lateral and one medial short 
posterior ciliary artery were examined following a 
standard protocol, as described previously.31,32 If more 
than one short posterior ciliary artery could be 
visualized, the velocity was measured in the largest 
one. The proximal and distal portions of the vessel 
were imaged as well as possible to determine the 
Doppler flow angle. We traced the ophthalmic artery 
nasally from the optic nerve after their crossing. 
Strong signals are routinely detectable on this side, 
and measurements were performed approximately 10 
to 15 mm posterior to the globe in every subject. The 
central retinal artery and the accompanying vein can 
be depicted within the anterior part of the optic nerve 
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Table 1. Demographic Data of the Normal Control Subjects and Three Groups 
of Patients With Glaucoma 

Patients With Glaucoma 

Normal 
Control Subjects Group A Group B Group C 

NO. 
Gender (F/M) 
Smoker 
Systolic BP 

(mm Hg ± SEM) 
Diastolic BP 

(mm Hg ± SEM) 
Pulse 

(beats/min ± SEM) 
IOP 

(mm Hg ± SEM) 

124 
60/64 

17 
136 ± 1.7 

77 ± 0.9 

70 ± 0.6 

56 
32/24 

9 
134 ± 2.3 

73 ± 1.4 

72 ± 1.3 

22 ± 0.9 

103 
47/56 

8 
127 ± 1.5 

75 ± 0.9 

69 ± 1.2 

18 ± 0.3 

78 
44/34 

10 
128 ± 1.7 

73 ± 1.0 

69 ± 1.0 

16 ± 0.3 

BP = blood pressure; IOP = intraocular pressure; SEM = standard error of the mean. 

shadow, about 2 to 3 mm behind the surface of the 
disk. Lateral and medial from the optic nerve shadow, 
the short posterior ciliary arteries can be depicted. 
Their locations are more variable than those of the 
other vessels. Because of their small size, it was not 
always possible to determine whether a colored pixel 
on the image represents a single vessel. However, 
characteristic Doppler spectra can be obtained from 
the posterior ciliary arteries with higher diastolic flow 
velocities because of the low resistance in the choroid, 
which they supply. All the color Doppler imaging 
measurements were performed by the same experi­
enced ophthalmologist (H.J.K.) in patients with glau­
coma and healthy volunteers. During the approxi­
mately 30-minute examination, systolic and diastolic 
blood pressure as well as heart rate were measured 
every 5 minutes. 

Mean values and SEM were calculated for peak-
systolic velocity (PSV), end-diastolic velocity (EDV), 
and resistivity index (RI) (RI = [PSV - EDV] / PSV) 
in the arteries, and for maximal velocity and minimal 
velocity in the central retinal vein. Blood-flow veloci­
ty and resistivity index of each glaucomatous group 
were compared with those of normal control subjects 
by means of an analysis of variance and among the 
glaucomatous groups with an unpaired t test. Correc­
tion of P values for multiple comparison was per­
formed with a Tukey honest significant difference test 
for unequal sample sizes.33 Blood pressure, heart rate, 

Table 2. Number and Percentage of Patients 
Receiving Systemic Medication 

ACE-blocker 
Ca++-blocker 
Beta-blocker 
Dipyridamole 
Fludrocortisone 
Mg 
ASA 

ACE-blocker = 
Mg = magnesiurr 

Group A 

6 10.8 
3 5.4 
3 5.4 
0 0 
1 1.8 
2 3.6 
1 1.8 

No. (%) 

Group B 

5 4.9 
21 20.4 

7 6.8 
3 2.9 
1 1 
6 5.8 

1211.7 

Group C 

810.2 
9 11.5 
4 5.1 
1 1.3 
3 3.9 
8 10.2 
3 3.9 

angiotensin-converting enzyme blocker; 
sulfate; ASA = = acetylsalicylic acid. 

and intraocular pressure were compared by an un­
paired t test. 

RESULTS 

THE MEAN AGE ± SD OF NORMAL CONTROL SUBJECTS 

was 58.4 ± 15.7 years; of group A, 61 ± 17.7 years; of 
group B, 65.6 ± 13.6 years; and of group C, 61.1 ± 
15.4 years. There were no statistically significant 
differences. The demographic data of the study popu­
lation are listed in Table 1. Systolic blood pressure was 
statistically significantly lower in groups B and C (P < 
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Table 3. Blood-flow Parameters of Normal Control Subjects and Three Different Groups of Patients With Glaucoma 

Ophthalmic artery 
PSV (cm/sec) 
EDV (cm/sec) 
Rl 

Central retinal artery 
PSV (cm/sec) 
EDV (cm/sec) 
Rl 

Central retinal vein 
MAX (cm/sec) 
MIN (cm/sec) 

Lateral posterior ciliary artery 
PSV (cm/sec) 
EDV (cm/sec) 
Rl 

Medial posterior ciliary artery 
PSV (cm/sec) 
EDV (cm/sec) 
Rl 

EDV = end-diastolic velocity; MAX 
index. 

Normal 
Control Subjects 

38.9 
9.15 
0.75 

11.1 
3.23 
0.70 

-4 .58 
-3 .33 

11.12 
3.57 
0.68 

11.27 
3.57 
0.68 

± 
± 
± 

± 
± 
± 

± 
± 

± 
± 
± 

± 
± 
± 

0.5 
0.2 
0.006 

0.1 
0.07 
0.005 

0.08 
0.06 

0.1 
0.08 
0.005 

0.1 
0.08 
0.005 

= maximal velocity; MIN 

(Mean 

Group A 

38.28 
7.76 
0.79 

10.63 
2.42 
0.76 

-4 .37 
-2 .97 

11.71 
3.11 
0.74 

11.49 
3.05 
0.74 

± 
± 
± 

± 
± 
± 

± 
± 

± 
± 
± 

± 
± 
± 

1.7 
0.5 
0.009 

0.4 
0.1 
0.009 

0.1 
0.1 

0.3 
0.1 
0.01 

0.4 
0.1 
0.01 

= minimal velocity; 

± SEM) 

Group 

36.38 
7.83 
0.78 

9.05 
2.15 
0.75 

-3 .87 
-2 .83 

10.28 
2.93 
0.71 

9.65 
2.74 
0.71 

± 
± 
± 

± 
± 
± 

± 
± 

± 
± 
± 

± 
± 
± 

B 

1.1 
0.3 
0.006 

0.2 

0.08 
0.006 

0.1 
0.07 

0.3 
0.1 
0.007 

0.2 
0.1 
0.007 

PSV = peak-systolic velocity; 

Group C 

35.87 
7.68 
0.78 

9.24 
2.29 
0.75 

-4 .29 
-2 .84 

9.77 
2.91 
0.70 

10.46 
2.81 
0.71 

± 1.1 
± 0.3 
± 0.008 

± 0.2 
± 0.1 
± 0.008 

± 0.1 
± 0.1 

± 0.2 
± 0.1 
± 0.009 

± 0.3 
± 0.1 
± 0.009 

Rl = resistivity 

.01) than in the normal subjects. Diastolic blood 
pressure was statistically significantly reduced in 
groups A and C (P < .05) compared with the normal 
subjects. Pulse rate was not statistically different 
within the study population. As expected, intraocular 
pressure was statistically significantly different among 
groups A, B, and C (P < .0001). 

In group A, 75% of patients were using topical 
beta-blockers in both eyes; 32.1% were using pilocar-
pine in the right eye and 35.7%, in the left eye; 16.1% 
were using alpha-agonists in the right eye and 14.3%, 
in the left eye; and 26.8% took systemic acetazol-
amide. In group B, 71% of patients were using topical 
beta-blockers in both eyes; 35% were using pilocar-
pine in the right eye and 38.8%, in the left eye; 9% 
were using topical alpha-agonists; and 9% were on 
systemic acetazolamide. In group C, 21.8% were using 
topical beta-blockers and 9%, pilocarpine in both 
eyes. No patient was receiving topical alpha-agonists 
or systemic acetazolamide. The percentage of other 
systemic treatment in the patients of each group is 
given in Table 2. 

Mean values ± SEM of blood-flow parameters in 
normal control subjects and the three glaucomatous 
groups are listed in Table 3. The results of the 
statistical analysis are given in Table 4. 

In the ophthalmic artery, the peak-systolic velocity 
was not significantly different among normal subjects 
and patients with glaucoma. The peak-systolic veloci­
ties, however, were statistically significantly lower in 
the central retinal artery and posterior ciliary arteries 
of patients in groups B and C (P < .05, t test) but not 
in group A. The difference in peak-systolic velocity in 
the lateral short posterior ciliary artery between 
normal subjects and group B, however, did not reach 
statistical significance in the Tukey honest significant 
difference test. 

All three groups of patients with glaucoma had 
statistically significantly lower end-diastolic velocities 
in all arteries measured than did normal subjects (P < 
.01, t test). The difference in the ophthalmic artery, 
lateral short posterior ciliary artery, and medial short 
posterior ciliary artery, however, was not statistically 
significant in the Tukey honest significant difference 
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Table 4. Comparison of Blood-flow Parameters in Normal Control Subjects and Blood-flow Parameters 
in the Three Groups of Patients With Glaucoma 

Ophthalmic artery 
PSV 
EDV 
Rl 

Central retinal artery 
PSV 
EDV 
Rl 

Central retinal vein 
MAX 
MIN 

Lateral posterior ciliary artery 
PSV 
EDV 
Rl 

Medial posterior ciliary artery 
PSV 
EDV 
Rl 

Control Subjects 
Compared With 

Group A 

P Value* 

NS 
P < .01 
P < .01 

NS 
P < .001 
P < .001 

NS 
P< .05 

NS 
P < .01 
P < .001 

NS 
P < .01 
P < .001 

P Value' 

NS 
NS 
NS 

NS 
P < .001 
P < .001 

NS 
NS 

NS 
NS 

P < .001 

NS 
NS 

P < .001 

Control Subjects 
Compared With 

Group B 

P Value* 

NS 
P < .01 
P < .01 

P < .001 
P < .001 
P < .001 

P < .001 
P < .001 

P < .01 
P < .001 
P < .001 

P < .001 
P < .001 
P < .001 

P Value' 

NS 
P < .02 

NS 

P < .001 
P < .001 
P < .001 

P < .001 
P < .001 

NS 
P < .001 
P < .01 

P < .001 
P < .001 
P < .004 

Control Subjects 
Compared With 

Group C 

P Value* 

NS 
P < .01 
P < .05 

P < .001 
P < .001 
P < .001 

P < .001 
P < .001 

P < .001 
P < .001 
P < .001 

P < .001 
P < .001 
P < .001 

P Value' 

NS 
P < .03 

NS 

P < .001 
P < .001 
P < .001 

NS 
P < .002 

P < .007 
P < .002 
P < .01 

P < .01 
P < .001 
P < .05 

*P values based on an unpaired f test. 
tCorrected P values for multiple comparison based on the Tukey honest significant difference test. 
EDV = end-diastolic velocity; MAX = maximal velocity; MIN = minimal velocity; NS = not significant; PSV = peak-systolic velocity; 

Rl = resistivity index. 

test comparing normal subjects and patients from 
group A. 

Resistivity indices were statistically significantly 
higher in all groups of patients with glaucoma in all 
vessels measured (P < .05, t test). The difference in 
the ophthalmic artery, however, was not statistically 
significant by the Tukey honest significant difference 
test. 

In the central retinal vein, the maximal blood-flow 
velocities were statistically significantly lower in 
groups B and C (P < .001, t test), and the minimal 
blood-flow velocities were statistically significantly 
lower in all patients with glaucoma compared with nor­
mal control subjects (P < .05, t test). For the maximal 
blood-flow velocities, the differences were not statisti­
cally significant in the Tukey honest significant differ­
ence test comparing normal subjects and groups A 
and C. For the minimal blood-flow velocities, the 
difference was not statistically significant in the Tukey 
honest significant difference test in group A. 

In the ophthalmic artery, no significant difference 
in blood-flow parameters among the patients with 
glaucoma could be observed. However, patients in 
groups B and C had statistically significantly lower 
peak-systolic velocities in the central retinal artery 
(P < .01) and posterior ciliary arteries (P < .05) 
compared with group A. The end-diastolic velocities 
and resistivity index were not statistically different in 
these vessels. In the central retinal vein, patients in 
groups B and C had statistically significantly lower 
maximal blood-flow velocities than did patients in 
group A (P < .05, t test). Performing the Tukey 
honest significant difference test, the difference did 
not reach statistical significance. The minimal blood-
flow velocities in the central retinal vein were not 
statistically different among patients with glaucoma. 
Patients in group B (progressing primary open-angle 
glaucoma) had blood-flow parameters similar to those 
of the patients in group C (normal-tension glauco­
ma). The P values are given in Table 5. The 
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Table 5. Comparison of Blood-flow Parameters Among the Three Groups of Patients With Glaucoma 

Ophthalmic artery 
PSV 
EDV 
Rl 

Central retinal artery 
PSV 
EDV 
Rl 

Central retinal vein 
MAX 
MIN 

Lateral posterior ciliary artery 
PSV 
EDV 
Rl 

Medial posterior ciliary artery 
PSV 
EDV 
Rl 

Group A 
Compared With 

Group B 

P Value* 

NS 
NS 
NS 

P < .001 
NS 
NS 

P< .01 
NS 

P< .05 
NS 
NS 

P < .001 
NS 
NS 

P Value' 

NS 
NS 
NS 

P < .003 
NS 
NS 

NS 
NS 

P< .05 
NS 
NS 

P < .001 
NS 
NS 

Group A 
Compared With 

Group C 

P Value* 

NS 
NS 
NS 

P < .01 
NS 
NS 

P < .05 
NS 

P< .01 
NS 

P < .05 

P < .001 
NS 
NS 

P Value' 

NS 
NS 
NS 

P < .02 
NS 
NS 

NS 
NS 

P< .01 
NS 
NS 

P < .05 
NS 
NS 

Group B 
Compared With 

Group C 

P Value* 

NS 
NS 
NS 

NS 
NS 
NS 

P < .05 
NS 

NS 
NS 
NS 

NS 
NS 
NS 

P Value' 

NS 
NS 
NS 

NS 
NS 
NS 

NS 
NS 

NS 
NS 
NS 

NS 
NS 
NS 

*P values based on an unpaired f test. 
tCorrected P values for multiple comparison based on the Tukey honest significant difference test. 
EDV = end-diastolic velocity; MAX = maximal velocity; MIN = minimal velocity; NS = not significant; PSV ■■ 

Rl = resistivity index. 
peak-systolic velocity; 

differences in treatment among groups was not con­
sidered in this analysis. 

DISCUSSION 

THIS STUDY HAS SHOWN THAT AT LEAST SOME HEMODY-
namic parameters in the extraocular vessels are signif­
icantly different in patients with glaucoma compared 
with normal control subjects. Furthermore, patients 
with glaucoma seem to represent a heterogeneous 
population that might not be identical in terms of 
vascular parameters. 

On the arterial side, peak-systolic velocities are 
more influenced in smaller vessels than in larger 
vessels, and end-diastolic velocities are relatively more 
reduced than peak systolic velocities are. This ex­
plains the increased resistivity indices in the patients 
with glaucoma. Group B, the patients with progres­
sion despite normalized intraocular pressure, and 

group C, the patients with normal-tension glaucoma, 
had larger changes than did group A, the patients 
with increased intraocular pressure despite treatment. 
This latter group was only slightly different from the 
normal subjects. The same pattern could be found in 
the central retinal vein. There is no definitive expla­
nation for these findings in blood-flow parameters. It 
might be that confounding factors, such as medica­
tion or intraocular pressure, have a hidden influence. 

Interpretation of changes in blood-flow velocity 
and the resistivity index is difficult. It appears that the 
reduced end-diastolic velocity may mainly be caused 
by an increase in vascular resistance, either by 
elevated intraocular pressure or by increased vascular 
tone. A decrease in end-diastolic velocity is a sensi­
tive indicator of downstream impedance.34,35 Small 
arterioles are the site where blood flow encounters the 
greatest resistance. Therefore, the resistance in the 
arterioles is the regulatory mechanism that deter­
mines the amount of blood flowing into an organ. We 
would like to emphasize that color Doppler imaging 
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permits measurement of blood-flow velocity only and 
not of the volume of blood flow. Calculation of blood 
flow would require knowledge of the diameter of the 
vessel, as well. Currently, we cannot accurately mea-
sure the diameters of vessels as small as the extraocu-
lar vessels. However, blood velocity provides reason­
able information on blood flow within the vessel. 

One limitation of this study is that all patients with 
glaucoma were measured while they were inpatients, 
whereas the healthy control group was measured out­
side the hospital, but by the same examiner with the 
same instrument under otherwise similar conditions. 

Reduced blood flow in patients with glaucoma does 
not automatically indicate that this is causal for 
glaucomatous damage. However, the fact that patients 
with glaucoma do have reduced blood-flow velocity in 
other parts of the body, as for example from the heart 
to the carotid artery, from the carotid artery to the 
ophthalmic artery,36 or in the peripheral circulation as 
measured by capillary microscopy,37 makes it unlikely 
that these alterations in circulation are only second­
ary to the glaucomatous damage. That such vascular 
alterations are on the average more pronounced in 
untreated patients with normal-tension glaucoma 
than in treated patients with high-tension glaucoma 
indicates that glaucoma therapy is not the major 
cause for these findings. From this study, we conclude 
that circulation is reduced in the extraocular vessels 
in some patients with glaucoma. Further studies are 
necessary to elucidate the cause of this reduction. 

REFERENCES 

1. Crick RP, Vogel R, Newson RB, et al. The visual field in 
chronic simple glaucoma and ocular hypertension: its charac­
ter, progress, relationship to the level of intraocular pressure 
and response to treatment. Eye 1989;3:536-546. 

2. Sunde O. On the relationship between simple glaucoma 
and general vascular diseases. Acta Ophthalmol 1951;29: 
213-226. 

3. Drance SM. Some factors in the production of low-tension 
glaucoma. Br J Ophthalmol 1972;56:229-242. 

4- Drance SM, Sweeney VP, Morgan RW, Feldman F. Studies 
of factors involved in the production of low-tension glauco­
ma. Arch Ophthalmol 1973;89:457-465. 

5. Kaiser HJ, Flammer J. Systemic hypotension: a risk factor for 
glaucomatous damage. Ophthalmologica 1991;203:105-108. 

6. Kaiser HJ, Flammer J, Graf T, Stiimpfig D. Systemic blood 
pressure in glaucoma patients. Graefes Arch Clin Exp Oph­
thalmol 1993;231:677-680. 

7. Hayreh SS, Zimmerman BM, Podhajsky P, Alward WI. 
Nocturnal arterial hypotension and its role in optic nerve 
head and ocular ischemic disorders. Am ] Ophthalmol 
1994;117:603-624. 

8. Bechetoille A, Bresson-Dumont H. Diurnal and nocturnal 
blood pressure drops in patients with local ischemic glauco­
ma. Graefes Arch Clin Exp Ophthalmol 1994;232:675-679. 

9. Guthauser U, Flammer J, Mahler F. The relationship be­
tween digital and ocular vasospasms. Graefes Arch Clin Exp 
Ophthalmol 1988;226:224-226. 

10. Flammer J. To what extent are vascular factors involved in the 
pathogenesis of glaucoma? In: Kaiser HJ, Flammer J, 
Hendrickson P, editors. Ocular blood flow: new insights into 
the pathogenesis of ocular diseases. Basel: Karger, 1996: 
12-39. 

11. Flammer J. Vasospasm as a potential factor in the pathogene­
sis of normal-tension glaucoma. In: Bechetoille A, editor. 
Glaucoma a pression normale [Normal-pressure glaucomas]. 
Angers: Japperenard, 1990:187—194-

12. Gasser P, Flammer J. Blood-cell velocity in the nailfold 
capillaries of patients with normal-tension or high-tension 
glaucoma and of healthy controls. Am J Ophthalmol 
1991;111:585-588. 

13. Kaiser HJ, Flammer J, Wenk M, Liischer TF. Endothelin-1 
plasma levels in normal-tension glaucoma: abnormal re­
sponse to postural changes. Graefes Arch Clin Exp Ophthal­
mol 1995;233:484-488. 

14- Rojanapongpun P, Drance SM, Morris BJ. Ophthalmic 
artery flow velocity in glaucomatous and normal subjects. Br J 
Ophthalmol 1993;77:25-29. 

15. Rojanapongpun P, Drance SM. The response of blood-flow 
velocity in the ophthalmic artery and blood flow of the finger 
to warm and cold stimuli in glaucomatous patients. Graefes 
Arch Clin Exp Ophthalmol 1993;231:375-377. 

16. Michelson G, Groh MJ, Groh ME, Griindler A. Advanced 
primary open-angle glaucoma is associated with decreased 
ophthalmic artery blood-flow velocity. Ger J Ophthalmol 
1995;4:21-24. 

17. Canning CR, Restori M. Doppler ultrasound studies of the 
ophthalmic artery. Eye 1988;2:92-95. 

18. Belcaro G, Marinelli C. Evaluation of blood flow in the 
central retinal artery and vein by duplex scanning in patients 
with sudden loss of vision. Acta Chir Scand 1988; 
546(suppl):52-56. 

19. Erickson SJ, Hendrix LE, Massaro BM, et al. Color Doppler 
flow imaging of the normal and abnormal orbit. Radiology 
1989;173:511-516. 

20. Guthoff RF, Berger RW, Winkler P. Doppler ultrasonography 
of the ophthalmic and central retinal vessels. Arch Ophthal­
mol 1991;109:532-536. 

21. Lieb WE, Cohen SM, Merton DA. Color Doppler imaging of 
the eye and orbit. Arch Ophthalmol 1991;109:527-537. 

22. Lieb WE. Color Doppler ultrasonography of the eye and 
orbit. Curr Opin Ophthalmol 1993;4:68-75. 

23. Aburn NS, Sergott RC. Orbital colour Doppler imaging. Eye 
1993;7:639-647. 

24- Rankin SJ, Walman BE, Buckley AR, Drance SM. Color 
Doppler imaging and spectral analysis of the optic nerve 
vasculature in glaucoma. Am J Ophthalmol 1995;119: 
685-693. 

25. Butt Z, McKillop G, O'Brian C, Allan P, Aspinall P. 
Measurement of ocular blood-flow velocity using color Dopp­
ler imaging in low-tension glaucoma. Eye 1995;9:29-33. 

326 AMERICAN JOURNAL OF OPHTHALMOLOGY M A R C H 1997 



26. Harris A, Sergott RC, Spaeth GL, Katz JL, Shoemaker JA, 
Martin BJ. Color Doppler analysis of ocular vessel blood-flow 
velocity in normal-tension glaucoma. Am J Ophthalmol 
1994;118:642-649. 

27. Tane S, Hashimoto T. Estimation of blood flow in the carotid 
artery and intraorbital ophthalmic artery by color-pulse 
Doppler ultrasonography. Acta Ophthalmol 1992;201(suppl): 
62-65. 

28. Yamazaki Y, Miyamoto S, Hayamizu F. Color Doppler 
velocimetry of the ophthalmic artery in glaucomatous and 
normal subjects. Jpn J Ophthalmol 1994;38:317-324. 

29. Galassi F, Nuzzaci G, Sodi A, Casi P, Capelli S, Vielmo A. 
Possible correlation of ocular blood-flow parameters with 
intraocular pressure and visual-field alterations in glaucoma: a 
study by means of color Doppler imaging. Ophthalmologica 
1994;208:304-308. 

30. Yamazaki Y, Hayamizu F. Comparison of flow velocity of 
ophthalmic artery between primary open-angle glaucoma 
and normal-tension glaucoma. Br J Ophthalmol 1995;79: 
732-734. 

31. Kaiser HJ, Schoetzau A, Flammer J. The frequency distribu­
tion of blood-flow velocities in the extraocular vessels. 
Graefes Arch Clin Exp Ophthalmol 1996;234:537-541. 

32. Kaiser HJ, Schoetzau A, Flammer J. Blood-flow velocities in 

33 

the extraocular vessels in normal volunteers. Am J Ophthal­
mol 1996;122:364-370. 
Spjotvoll E, Stoline MR. An extension of the T-method of 
multiple comparison to include the cases of unequal sample 
size. Journal of the American Statistical Association 
1973;68:976-978. 

34. Rifkin MD, Needleman L, Pasto ME, Kurtz AB, Foy PM, 
McGlynn E. Evaluation of renal transplant rejection by 
duplex Doppler examination: value of the resistive index. Am 
J Roentgenol 1987;148:759-762. 
Platt JF, Ellis JH, Rubin JM, DiPietro MA, Sedmann A. 
Intrarenal arterial Doppler sonography in patients with 
nonobstructive renal disease: correlation of resistive index 
with biopsy findings. Am J Roentgenol 1990;154:1223-1227. 
Nasemann JE, Carl T, Spiegel D. Measurement of systemic 
and ocular blood-flow velocities in normal-tension glaucoma. 
In: Kaiser HJ, Flammer J, Hendrickson P, editors. Ocular 
blood flow: new insights into the pathogenesis of ocular 
diseases. Basel: Karger, 1996:207-216. 

37. Gasser P, Flammer J. Blood-cell velocity in the nailfold 
capillaries of patients with normal-tension or high-tension 
glaucoma and of healthy controls. Am J Ophthalmol 
1991;111:585-588. 

35 

36 

Authors Interactive™ 
Comments and questions of 100 words or less regarding this article may be 
addressed to authors via THE JOURNAL'S Web Site on the Internet. Selected 
questions and comments along with the authors' statements and responses will 
be posted on the Authors Interactive™ Bulletin Board, a feature of THE 
JOURNAL'S home page. Readers may access THE JOURNAL'S home page and the 
Authors Interactive™ Bulletin Board at http://www.ajo.com/ 

VOL.123, No. 3 EXTRAOCULAR BLOOD-FLOW VELOCITIES IN PATIENTS WITH GLAUCOMA 327 

http://www.ajo.com/



