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Background:Vascularphenomenaareconsideredimpor-
tant toopticnerveandvisual fieldprogressioninopen-angle
glaucoma(OAG).Arecentlydescribedformulation,thePres-
sureAttenuation Index(PAI), linksarteriolar calibervaria-
tions to pressure loss along the retinal arteriolar system.

Objective: To examine whether the PAI could predict
ocular hypertension (OHT) progression to OAG.

Methods: The PAI was calculated for 27 eyes of 14 pa-
tients with OHT using initial and final digitized optic disc
photographs taken during a follow-up interval of 5 to 18
years. Serial stereo color disc photographs and visual fields
were analyzed to determine progression.

Results: At baseline, the arteriolar tree of 8 subjects with
OHT that progressed to OAG (n=8 eyes) demonstrated a

45.8% greater mean PAI value than that of 7 subjects who
did not progress (n=7 eyes) (mean±SEM, 5.31±0.93 vs
3.64±0.34; r=0.83). Progression was independent of base-
line cup-disc ratio. The PAI values of subjects with stable
OHT remained stable after a median follow-up interval of
12.0 years. The PAI values of subjects with OHT that pro-
gressed demonstrated a further increase of 19.97%±11.24%
during a median follow-up period of 6.0 years.

Conclusions: The results support the hypothesis that
low end-arteriolar pressure predicts the progression from
OHT to OAG. The PAI provides a new, early, reproduc-
ible, and physiological method to study vascular phe-
nomena in glaucoma.
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V ASCULAR PHENOMENA are
considered important to
the evolution of optic nerve
and visual field progres-
sion in open-angle glau-

coma (OAG).1-11 Patients with ocular hy-
pertension (OHT), low-tension, and high-
tension glaucoma demonstrate retinal
arteriolar narrowing compared with healthy
controls.2,3 Numerous histopathological
studies reveal optic disc capillary changes
in glaucoma, including dropout propor-
tional to the extent of optic atrophy, but
capillary functional capabilities remain un-
known.4-7 Rheological influences or intrin-
sic endothelial changes may contribute to
such changes.7-11 The link between changes
in ocular perfusion pressure and OAG pro-
gression also points to the importance of
vascular phenomena in OAG.12

Recently, from a model based on the
physiological laws governing blood flow in
living vessels, a new index was derived and
tested to relate retinal vessel caliber changes
to pressure-attenuating effects.13 The Ohm
law, which relates pressure differential along
a tube to flow and resistance, the Poiseu-

ille formulation of resistance to flow along
a tube, and the Murray law, which de-
scribes flow in blood vessels, were com-
bined to create a new formulation. This
states that the pressure differential along a
vessel is proportional to its length (L) and
inversely proportional to its diameter (D).
The proposed term Pressure Attenuation In-
dex (PAI) is expressed algebraically as
PAI=L/D. The telecentric fundus camera
permits analysis of the PAI directly from op-
tic disc photographs.13-17 Because healthy in-
dividuals share a common PAI value, sig-
nificant alterations in PAI values have been
shown to reflect either axial ametropia or a
pathophysiological change in the retinal ar-
terioles themselves.13

The PAI links measured retinal diam-
eter changes to retinal arteriolar pressure
dissipation and reduced end-arteriolar pres-
sure. Arteriolar microvascular changes dem-
onstrated in OAG2-7 might therefore be a
measure of reduced end-arteriolar pres-
sure compared with that of healthy sub-
jects. This prompts the question of whether
patients with OHT that progresses to OAG
demonstrate an altered PAI compared with
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patients with stable OHT. The PAI prediction of OHT pro-
gression to OAG could provide a new and early means of
quantifying and following this risk and would provide a
unique understanding of the pathophysiological pro-
cesses of OAG.

METHODS

PATIENT SELECTION CRITERIA

We reviewed the medical records of all patients aged 35 years
or older who were seen at the Duke University Eye Center,
Durham, NC, from 1970 through 1995 with a diagnosis of OHT
or who were considered to be glaucoma suspects.

Selection criteria were as follows: (1) Subjects were re-
quired to have the diagnosis “ocular hypertension” (corneal
thickness–corrected intraocular hypertension of more than 21
mm Hg)18,19 or to be considered “glaucoma suspects” purely
on the basis of corrected elevated intraocular pressure (IOP)
above 21 mm Hg and not because of increased disc cupping or
asymmetry; (2) Subjects were required to have had color ste-
reo optic disc photographs taken in 1995 or earlier and at least
1 more set of follow-up photographs taken during a minimum
interval of 5 years (actual range, 5-18 years; median, 10.5 years);
and (3) Two or more reliable visual fields20 and a normal ini-
tial visual field were required during a period of at least 3 years
(actual range, 3-8 years; median, 6 years).

Exclusion criteria were as follows, to eliminate a poten-
tial underlying influence on baseline arteriolar diameters:
(1) cup-disc ratios of greater than 0.7; (2) a history of diabetes
mellitus or insipidus; (3) diagnosis of retinitis pigmentosa;
(4) history of smoking; (5) use of systemic vasoactive medica-
tions; or (6) refractive errors of 4 diopters or more of spherical
equivalent, because this correlates with a predominant axial
component.21

OUTCOME MEASURES

All serial stereo color optic disc photographs were compared
for progression and classified by secret ballot by 2 observers
masked to subject identification and diagnosis. Criteria for disc
progression included generalized or focal enlargement of the
cup, notching of the rim, nerve fiber layer loss, increased ex-

posure of the lamina cribrosa, superficial splinter (Drance) hem-
orrhage, focal pallor changes, and baring of blood vessels and/or
a shift in their angle of emergence off the disc or off a parent
vessel. If these observers disagreed, 3 different masked observ-
ers analyzed the photographs and classified them by secret bal-
lot. Visual field progression was determined by using criteria
employed by the Collaborative Normal-Tension Glaucoma Study
Group.20

To study potential confounding variables, all charts of
patients satisfying inclusion and exclusion criteria were
reviewed for the following information: age at diagnosis, age
at the time of the initial photograph, sex, family history of
glaucoma, race, systemic hypertension, right vs left eye, and
follow-up interval. Analysis of IOP data included IOP at the
time of the initial photograph, the presence of an IOP greater
than 21 mm Hg, the mean or corrected mean (for central cor-
neal thickness) IOP,18,19 corrected mean IOP greater than 21
mm Hg, and IOP of 30 mm Hg or more. Data on treatment at
the time of the initial photograph, the number of topical and
oral agents used, the occurrence of laser or surgical therapy,
and the use of specific topical and oral agents, including
�-agonists, �-blockers, carbonic anhydrase inhibitors,
�-agonists, miotics, or a prostaglandin agonist were also
obtained.

IMAGE ANALYSIS

As previously described,13 retinal images were captured with a
telecentric fundus camera (Zeiss camera; Carl Zeiss, Inc, Oberko-
chen, Germany; 15° in the current study). These slide images
were scanned directly into Adobe Photoshop, version 5.0 (Adobe
Systems Inc, San Jose, Calif) in grayscale. A minimum resolu-
tion of 1200 dpi was selected to lessen the pixelation and to
permit better vessel edge definition for diameter measure-
ments. No image modification was performed. Given that the
central retinal artery arborizes at the disc with a dominant ves-
sel per quadrant, the diameter of the largest arteriole in the su-
perotemporal and inferotemporal retinal quadrants was mea-
sured (in pixels) on each photograph as near to the disc as
possible in a segment of uniform caliber.13 The vessel diam-
eter was determined by matching its diameter to the diameter
of a measurable cylinder of 120-pixel length that is superim-
posed on the vessel. Three masked measurements were taken
for each vessel (Figure 1).
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Figure 1. Sample images of stable and progressed optic discs depict arteriolar Pressure Attenuation Index (PAI) test locations and examples of progression.
A, Sample initial photograph of a stable optic disc of a subject with ocular hypertension; 120-pixel–length cylinders of known diameter are superimposed on a
nonconstricted segment of the dominant arteriole of the superotemporal (ST) and inferotemporal (IT) quadrants as it arises out of the disc margin. B, Sample
initial photograph of the disc of a subject with ocular hypertension and a high PAI value (narrowed arterioles). The mean PAI value is 5.27. C, Final photograph of
the same subject depicted in B (14-year interval). The mean PAI value has increased to 6.06 (approximate rate of progression, 1% per year). The position of the
arterioles (asterisks) has shifted, and there is thinning of the rim on stereo disc photographs at both locations when comparing B and C. The cup-disc ratio in B is
equal to or smaller than that in A, yet the PAI values are different.
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The total length in pixels of the largest retinal arteriole in
the superotemporal and inferotemporal quadrants is mea-
sured from the origin of the arteriole at the disc to a point 7.5°
peripherally using computer software (Adobe Photoshop).13 This
7.5° is an arbitrary angle that represents 600 pixels on our im-
ages. The value of L, when used in the present context of an
analysis of pressure dissipation along the entire length of the
retinal arteriolar tree, did not differ between subjects with OHT
and OAG in this study (P=.49). Thus, the total length, in pix-
els, of the largest retinal arteriole in each quadrant was taken
as a constant (arbitrarily 100 pixels) for our study population.
The value of L becomes important in cases of increased vessel
tortuosity or when performing segmental vessel analyses, de-
scribed below.

The calculation of the PAI along each arteriolar segment
is performed according to our formula PAI=L/D=k(100/D).
The value of k is 6.02�1.1 or 6.62 and simply serves as a
constant of proportionality to compare PAI values across
studies. In the current study, a smaller value of L was used
instead of 602.2603 used previously,13 which results in a pro-
portionately smaller PAI value in the current report by a fac-
tor of 602.2603/100 or 6.02. The scanned image size of 1200
pixels, vs 1090 pixels in a previous report,13 magnifies the
measured diameter and thereby results in a proportionately
smaller PAI value by a factor of 1200/1090 or 1.1. The PAI
value for each retinal quadrant is then averaged to obtain the
PAI value for each subject. The PAI analysis was performed
on initial disc photographs and final follow-up photographs
obtained on each subject.

Finally, we calculated the absolute pressure attenuation
in millimeters of mercury that would occur in the retinal ar-
teriolar system to confirm the clinical significance of the down-
stream effect of a given PAI value. The relevant diameter and
length measurements of nonbranching arteriolar segments, from
the origin of the central retinal artery to the reproducible limit
of resolution of the vessels in their course towards the fovea
(30 to 40 µm), were calculated in the digital fundus images in
the same manner as described above. When used in segmental
vessel analysis, the value of L becomes a specific function of
the vessel studied, and the Poiseuille law is used to convert the
PAI value, as L/D, directly into a perfusion pressure calcula-
tion in millimeters of mercury.13

STATISTICAL ANALYSIS

For statistical analysis of OHT progression, only one eye of each
subject was chosen, at random, in case of any dependency be-
tween eyes of the same individual. In one patient, one eye pro-
gressed and the other did not, so both eyes were included in
the analysis because this dependency was not demonstrated.
Thus, of the 14 patients enrolled in this study, for 13 subjects,
one eye of each was included in the analysis, and, for one sub-
ject, both eyes were included, for a total of 15 eyes. A point-
biserial comparison was performed based on the mean PAI val-
ues of the subjects studied. Interobserver variance, intraobserver
variance, and percentage difference calculations in mean PAI
values from the initial to the final photograph involved the use
of all subject eyes in the study. Where appropriate, a 2-tailed t
test was applied.

RESULTS

Fourteen eyes of 7 subjects progressed by optic nerve cri-
teria, and 1 eye progressed by visual field criteria. All sub-
jects had normal visual fields at baseline. Only 1 eye later
developed a new visual field defect, and this subject dem-
onstrated corresponding optic nerve head progression as

well. The vertical cup-disc ratio ranged from 0.13 to 0.70
(median, 0.45). No correlation was found between OHT
progression to OAG and vertical cup-disc ratio, cup-
disc ratio of 0.4 or more, the presence of focal disc changes,
initial visual field results, and the presence of visual field
progression.

Demographic variables, including subject age at di-
agnosis, age at the time of the initial photograph, sex, fam-
ily history of glaucoma, race, systemic hypertension, and
right vs left eye, did not correlate with OHT progression.
The follow-up interval was longer for the stable OHT group
vs the progressed OHT group (median, 12.0 years vs 6.0
years, respectively) but did not correlate with OHT pro-
gression. The difference in PAI values between the groups
was also not explained by the IOP value at the time of the
initial or final photograph, the presence of an IOP greater
than 21 mm Hg, the mean or corrected mean (for central
corneal thickness) IOP,20 corrected mean IOP greater than
21 mm Hg, and IOP of 30 mm Hg or more.

The act of treatment at the time of the initial pho-
tograph, the number of topical and oral agents used, the
presence of laser or surgical therapy, and the use of spe-
cific topical and oral agents, including �-agonists, car-
bonic anhydrase inhibitors, �-agonists, miotics, or a pros-
taglandin agonist, did not correlate with OHT progression
to OAG. The use of a �-blocker at the time of the initial
photograph was also not correlated with OHT progres-
sion to OAG, but �-blocker use during the ensuing fol-
low-up period correlated with less progression. The PAI
prediction of OHT progression, based on the initial and
final photographs, demonstrated the ability to predict OHT
progression to OAG among subjects taking �-blockers
and subjects not taking �-blockers.

A bar graph (Figure 2) illustrates that subjects with
OHT that progressed demonstrated PAI values that were
45.8% higher than those of subjects with OHT that did
not progress, as determined from initial disc photo-
graphs (r=0.83; point-biserial). Raw data analysis, of sub-
jects with progressed vs stable OHT reveals 2 nonover-
lapping distributions with a PAI value range of 3.11 to
4.07 (mean±SEM, 3.64±0.34) for stable OHT vs 4.26 to
7.24 (mean±SEM, 5.31±0.93) for progressed OHT, pro-
viding an interval of 0.19 units (Figure 3). A correla-
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Figure 2. Mean arteriolar Pressure Attenuation Index (PAI) variation in
subjects with stable or progressed ocular hypertension (OHT). The mean PAI
value was 45.8% greater in subjects with progressed OHT.
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tional analysis revealed no significant interrelation be-
tween eyes in the analyses performed.

During a median follow-up of 6.0 years, the mean
PAI values of the group with progressed OHT (n=8 eyes
of 8 patients) increased further from the baseline value
by 20.0%±11.2%. This increase in PAI values was greater
(P�.001) than that seen in subjects with stable OHT. In
the latter group (n=7 eyes of 7 patients), the PAI values
remained essentially unchanged (mean increase,
1.0%±3.1%) during the median follow-up period of 12.0
years. The PAI value from initial photographs was pre-
dictive of later quadrant-specific progression for both the
superotemporal (P�.001) and inferotemporal (P�.001)
quadrants.

The PAI provided a reproducible value for vessel di-
ameter with a masked intraobserver variation of 0.5% and
an interobserver variation of 1.1% by intraclass correla-
tion analysis, which is slightly better but still compa-
rable to the results of others.13,22 Further analysis re-
vealed no difference in ocular pressure before and after
pupillary dilation for photography (data not shown). As
described in other applications of the PAI,13 all groups
shared comparable arteriolar tree arborization param-
eters, and no difference was noted in the mean vessel
length from any one quadrant to another in either of the
groups (data not shown).

COMMENT

The significant associations of low ocular perfusion pres-
sure12 and other vascular changes in low-tension and high-
tension glaucoma1-12,23 prompted the question of whether
retinal blood flow could predict the progression to OAG
prior to the development of increased optic disc cup-
ping. Therefore, we applied a measure of the pressure ef-
fects of retinal arterioles in different eyes.13 The PAI de-
scribes the relationship between arteriolar vessel geometric
measurements (length and diameter) and hydrostatic pres-
sure attenuation in a given retinal arteriolar system. In
addition, because of the Murray law, we are able to infer
downstream vessel caliber and, hence, pressure attenu-
ation through the arteriolar system from the largest ar-
teriole measured.24

Several studies support the retinal arteriolar changes
noted in disc photographs of patients with OAG, includ-
ing a spatial correlation between blood vessel diameter
reduction or fluorescein filling defects and the location
of the visual field defect.2,25-27 Although arteriolar diam-
eters have been shown to be reduced in advanced vs early-
onset glaucomatous optic nerves, our study is the first
to demonstrate an index that could predict such pro-
gression based on initial photographs. The PAI predic-
tions of future progression do not prove that vascular
changes are the primary cause of progression because such
changes may serve as a very early marker of a process of
degeneration already in progress. Nevertheless, such a
marker might represent a very early step in glaucoma-
tous progression. Furthermore, the arteriolar narrow-
ing, which is found more frequently in subjects with nor-
mal-tension glaucoma compared with subjects with ocular
hypertension and high-tension OAG,28 may represent an
increased susceptibility to vascular influences and their
influence on progression.

The 45.8% smaller arteriolar diameter of subjects
with progressed OHT, determined from our initial disc
photographs, is greater than the 18.5% or 16.5% to 17.7%
decreases reported previously.2,26 Our measurements com-
pare very different subjects, specifically those with simi-
lar cup-disc ratios, central corneal thickness–defined cases
of ocular hypertension, and photographs corrected for
magnification differences. For instance, when magnifi-
cation factors are controlled for and focal arteriolar
thinning is examined with respect to a fixed neuroreti-
nal rim area, differences of approximately 15% to 60%
are noted.25

The question arises as to whether changes in arte-
riolar vessel calibers remain stable over time or repre-
sent temporal fluctuations or artifacts. In glaucomatous
and healthy subjects with stable optic discs, arteriolar cali-
ber measurements have been demonstrated to be con-
sistent between visits after 8 to 93 months of follow-up
(median, 37 months), suggesting that such changes are
not related to ocular pulsations or vasospastic or other
short-acting mechanisms.25 Furthermore, measure-
ments of arteriolar diameters are not affected by acute
blood pressure variations.25,27-28 The mean PAI value of
3.64 is only 0.4% lower than the scaled equivalent of the
value obtained previously in a bank of historically healthy
controls (P=.92).13 The conservation of the PAI from
initial to final photographs in the stable OHT group
further reinforces the pathological nature of the PAI
increase over time in subjects with progressed OHT.

It would be interesting to address the clinical sig-
nificance of a change in PAI values in terms of actual ar-
teriolar pressure changes. The PAI is unique in that it al-
lows the conversion of segmental arteriolar branch length
and diameter data into an actual perfusion pressure dif-
ferential through the Poiseuille law.13 A previously de-
rived calculation of the absolute pressure attenuation in
the retinal arteriolar system demonstrated that the hy-
drostatic pressure drop occurring along the retinal arte-
riolar system from the disc to a vessel of 30 µm to 40 µm
in size will be of the order of 15 mm Hg in healthy sub-
jects.13 If we assume that all vessels shrink in the same
proportion in subjects with progressed glaucoma and we
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Figure 3. Scatterplot of the mean arteriolar Pressure Attenuation Index (PAI)
values based on initial and final analyses of subjects with stable or
progressed ocular hypertension (OHT).
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assume that the increase in plasma viscosity in subjects
with low- and high-tension OAG is on the order of 3.6%,9

then the Poiseuille law predicts that this 15 mm Hg pres-
sure attenuation will be increased to 15.5 mm Hg.29,30

These pressure changes are comparable to measured pres-
sure attenuations occurring in other vascular systems for
vessels of this caliber.30 The initial PAI value indicates
that in the eye with OHT that progresses to OAG, a 45.8%
greater pressure dissipation will occur because of the ex-
treme arteriolar narrowing. As such, a 7.1 mm Hg in-
crease in pressure attenuation over healthy subjects has
occurred in the retinal arteriolar tree of patients with pro-
gressed OHT down to the 30-µm to 40-µm vessel size.
During a further median follow-up interval of 6.0 years,
the 20.0% increase in the PAI values of subjects with pro-
gressed OHT would contribute an additional 3.1 mm Hg
pressure loss, for a total pressure loss of 10.2 mm Hg more
than subjects with stable OHT. Thus, the PAI is a mea-
sure of a real and potentially clinically significant pres-
sure drop across the retinal arteriolar tree of subjects with
progressed OHT.

The PAI predicts that conditions associated with in-
creased arteriolar length or reduced diameter would re-
sult in a significant downstream pressure loss. Interest-
ingly, axial myopia induces a reduction in end-arteriolar
pressure by virtue of the long course blood must travel along
the retinal arteriolar tree, compared with emmetropia.13 In
fact, axial myopia serves as a significant risk factor for pro-
gressive visual field loss.31 Although one would expect that
local control mechanisms should effect the necessary ad-
justments to regulate flow and pressure to the capillaries,
the glaucomatous vascular system may demonstrate an ab-
normal autoregulatory capacity.32 An inability of the reti-
nal vessels to upregulate capillary bed blood flow when re-
quired might predispose patients to relative peripheral
retinal ischemia. Low end-arteriolar pressure may there-
fore provide the common denominator for OAG progres-
sion that is shared by low ocular perfusion pressure and
the ocular conditions associated with thin and/or long reti-
nal arterioles.

The mechanism of the retinal arteriolar pressure re-
duction observed in OAG is not known. The vascular en-
dothelial abnormalities described in OAG are interest-
ing in light of the protective effects of an inhibitor of nitric
oxide synthase isoform 2 on ganglion cell loss, indepen-
dent of IOP control.33 The endothelium and its prod-
ucts may play an important role in many areas of the eye,
including retinal arterioles, optic nerve vessels, gan-
glion cell apoptosis, and trabecular meshwork perme-
ability.7,33-39 Interestingly, endothelin-1 microapplica-
tion into the retrobulbar optic nerve of rabbits and rhesus
monkeys induces a 35% to 38% decrease in optic nerve
blood flow with corresponding arteriolar narrowing, op-
tic disc excavation, and histologic tissue loss from the
induced ischemia.36 Because optic nerve blood flow is less
easily studied than is retinal blood flow,40 PAI analysis
of retinal circulatory changes may assist in the quantifi-
cation of such influences and the complex pathophysi-
ological process.

Other mechanisms may explain the predisposition
to retinal ganglion cell death in subjects with pro-
gressed OHT, including possible nonlinear effects of

plasma viscosity and shear stresses and other resistance
factors as the smallest vessels are encountered. Also,
changes in retinal vessels may serve as a surrogate for par-
allel changes in the perfusion system of the lamina
cribrosa. The PAI and its progression may even serve as
a marker of an otherwise undetectable retinal ganglion
cell loss that may have already been underway in
subjects with progressed OHT, even at the time of their
baseline visit.

Although conflicting data exist as to the actual pro-
gression rate in OAG, the disease clearly does not progress
in all patients.41,42 The ideal situation would be to detect
patients who will eventually progress so as to appropri-
ately distribute aggressive therapy. A better situation would
involve the detection of such high-risk subjects prior to
their losing significant visual function. Our study is the
first to quantify a difference between OHT that progresses
compared with OHT that does not, independent of a dif-
ference in cup-disc ratio. The PAI prediction of progres-
sion occurred prior to the development of any glaucoma-
tous visual defects and was a more sensitive indicator of
progression because only 1 of 27 eyes progressed by vi-
sual field criteria. The PAI provides a more sensitive and
reproducible marker of OHT progression than cup-disc
measurements, visual field changes, and clinical impres-
sion of progression. Because the changes in arteriolar di-
ameters and nerve fiber layer thicknesses may reverse af-
ter glaucoma therapy,43,44 it is possible that the PAI may
serve as a physiological treatment end point or target vari-
able. The PAI permits a physiological analysis that we be-
lieve results in a more comprehensive understanding of
the pathogenesis of OAG progression from OHT and hence
a rationale for future therapies and studies.

Submitted for publication March 2, 2001; final revision re-
ceived May 15, 2002; accepted July 16, 2002.

This study was supported in part by an award from
the McGill University Health Center Foundation, Mon-
treal, Quebec (Dr Cohen).

We thank David L. Epstein, MD, Chairman of the De-
partment of Ophthalmology, Duke University, for his sup-
port, advice, and helpful discussions. We also thank Miguel
Burnier, Jr, MD, Chairman of the Department of Ophthal-
mology, McGill University.

Corresponding author and reprints: Shawn L. Cohen,
MD, 1414 Drummond, Suite 322, Montreal, Quebec H3G
1W1, Canada (e-mail: v.cohen@sympatico.ca).

REFERENCES

1. Hayreh SS. Inter-individual variation in blood supply of the optic nerve head. Doc
Ophthalmol. 1985;59:217-246.

2. Jonas JJ, Nguyen XN, Naumann GOH. Parapapillary retinal vessel diameter in
normal and glaucoma eyes, I: morphometric data. Invest Ophthalmol Vis Sci.
1989;30:1599-1603.

3. Lee SB, Uhm KB, Hong C. Retinal vessel diameter in normal and primary open-
angle glaucoma. Korean J Ophthalmol. 1998;12:51-59.

4. Henkind P, Gould HB, Bellhorn RW. Optic nerve transection in cats: effect on
retinal vessels. Invest Ophthalmol. 1975;14:610-613.

5. Quigley HA. The possibility of measuring blood flow in the optic nerve head in
the live eye [letter]. Ophthalmology. 1987;94:87-89.

6. Quigley HA, Hohman RM, Addicks EM, Green WR. Blood vessels of the glauco-
matous optic disc in experimental primate and human eyes. Invest Ophthalmol
Vis Sci. 1984;25:918-931.

(REPRINTED) ARCH OPHTHALMOL / VOL 121, JAN 2003 WWW.ARCHOPHTHALMOL.COM
37

©2003 American Medical Association. All rights reserved.
 on October 6, 2010 www.archophthalmol.comDownloaded from 

http://www.archophthalmol.com


7. Verhoeff FH. The effect of chronic glaucoma on the central retinal vessels. Arch
Ophthalmol. 1913;42:155-152.

8. Duijm HFA, Van Den Berg TJTP, Greve EL. Central and peripheral arteriovenous
passage times of the retina in glaucoma. Exp Eye Res. 1999;69:145-153.

9. Duijm HFA, Van Den Berg TJTP, Greve EL. A comparison of retinal and choroi-
dal hemodynamics in patients with primary open-angle glaucoma and normal-
pressure glaucoma. Am J Ophthalmol. 1997;123:644-656.

10. Klaver JHJ, Greve EL, Goslinga H, Geijssen HC, Heuvelmans JHA. Blood and plasma
viscosity measurements in patients with glaucoma. Br J Ophthalmol. 1985;69:
765-770.

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

12. Tielsch JM, Katz J, Sommer A, Quigley HA, Jonathan J. Hypertension, perfusion
pressure, and primary open-angle glaucoma: a population-based assessment.
Arch Ophthalmol. 1995;113:216-221.

13. Quigley M, Cohen S. A new pressure attenuation index to evaluate retinal circu-
lation: a link to protective factors in diabetic retinopathy. Arch Ophthalmol. 1999;
117:84-89.

14. Bengtsson B, Krakau CET. Correction of optic disc measurements on fundus pho-
tographs. Graefes Arch Clin Exp Ophthalmol. 1992;230:24-28.

15. Littmann H. Die optischen principien der ophthalmoskopie. Bibl Ophthalmol. 1967;
5:11-23.

16. Littmann H. Determination of the true size of an object on the fundus of the liv-
ing eye. Optom Vis Sci. 1992;69:717-720.

17. Bengtsson B, Krakau CE. Some essential optical features of the Zeiss fundus cam-
era. Acta Ophthalmol (Copenh). 1977;55:123-131.

18. Herndon LW, Choudhri SA, Cox T, Damji KF, Shields MB, Allingham RR. Central
corneal thickness in normal, glaucomatous, and ocular hypertensive eyes. Arch
Ophthalmol. 1997;115:1137-1141.

19. Ehlers N, Bramsen T, Sperling S. Applanation tonometry and central corneal thick-
ness. Acta Ophthalmol (Copenh). 1975;53:34-43.

20. Collaborative Normal-Tension Glaucoma Study Group. Comparison of glauco-
matous progression between untreated patients with normal-tension glaucoma
and patients with therapeutically reduced intraocular pressures. Am J Ophthal-
mol. 1998;126:487-497.

21. Sorsby A. Biology of the eye as an optical system. In: Tasman W, Jaeger E, eds.
Duane’s Clinical Ophthalmology. Vol 1. Philadelphia, Pa: Lippincott Williams &
Wilkins: 1991:1-17.

22. Riva CE, Grunwald JE, Sinclair SH, Petrig BL. Blood velocity and volumetric flow
rate in human retinal vessels. Invest Ophthalmol Vis Sci. 1985;26:1124-1132.

23. Kerr J, Nelson P, O’Brien C. A comparison of ocular blood flow in untreated pri-
mary open angle glaucoma and ocular hypertension. Am J Ophthalmol. 1998;
126:42-51.

24. Murray CD. The physiological principle of minimum work, I: the vascular sys-
tem and the cost of blood volume. Physiology. 1926;12:207-214.

25. Papastathopoulos KI, Jonas JJ. Follow up of focal narrowing of retinal arterioles
in glaucoma. Br J Ophthalmol. 1999;83:285-289.

26. Jonas JJ, Naumann GOH. Parapapillary retinal vessel diameter in normal and

glaucoma eyes, II: correlations. Invest Ophthalmol Vis Sci. 1989;30:1604-1611.
27. Schwartz B. Circulatory defects of the optic disk and retina in ocular hyperten-

sion and high pressure open-angle glaucoma. Surv Ophthalmol. 1994;38(suppl):
S23-S34.

28. Tezel G, Kass MA, Kolker AE, Wax MB. Comparative optic disc analysis in nor-
mal pressure glaucoma, primary open-angle glaucoma, and ocular hyperten-
sion. Ophthalmology. 1996;103:2105-2113.

29. Guyton AC. Textbook of Medical Physiology. 7th ed. Philadelphia, Pa: WB Saun-
ders Co; 1986:393-409.

30. Zweifach BW, Lipowsky HH. Pressure-flow relations in blood and lymph micro-
circulation. In: Renkin E, Michel CC, eds. Microcirculation. Bethesda, Md: Ameri-
can Physiological Society; 1984:251-307. Handbook of Physiology, Section 2:
The Cardiovascular System.

31. Chihara E, Liu X, Dong J, et al. Severe myopia as a risk factor for progressive
visual field loss in primary open-angle glaucoma. Ophthalmologica. 1997;211:
66-71.

32. Evans DW, Harris A, Chung HS, Kagemann L. Glaucoma patients demonstrate
faulty autoregulation of ocular blood flow during posture change. Br J Ophthal-
mol. 1999;83:809-813.

33. Neufeld AH, Sawada A, Becker B. Inhibition of nitric-oxide synthetase 2 by amino-
guanidine provides neuroprotection of retinal ganglion cells in a rat model of chronic
glaucoma. Proc Natl Acad Sci U S A. 1999;96:9944-9948.

34. Haefliger IO, Dettmann E, Liu R, et al. Potential role of nitric oxide and endothe-
lin in the pathogenesis of glaucoma. Surv Ophthalmol. 1999;43(suppl 1):S51-
S58.

35. Neufeld AH. Nitric oxide: a potential mediator of retinal ganglion cell damage in
glaucoma. Surv Ophthalmol. 1999;43(suppl 1):S129-S135.

36. Cioffi GA, Sullivan P. The effect of chronic ischemia on the primate optic nerve.
Eur J Ophthalmol. 1999;9(suppl 1):S34-S36.

37. Henry E, Newby DE, Webb DJ, O’Brien C. Peripheral endothelial dysfunction in
normal pressure glaucoma. Invest Ophthalmol Vis Sci. 1999;40:1710-1714.

38. O’Donnell ME, Brandt JD, Curry FR. Na-K-Cl cotransport regulates intracellular
volume and monolayer permeability of trabecular meshwork cells. Am J Physiol.
1995;268:C1067-C1074.

39. Al-Aswad LA, Gong H, Lee D, et al. Effects of Na-K-Cl cotransport regulators on
outflow facility in calf and human eyes in vitro. Invest Ophthalmol Vis Sci. 1999;
40:1695-1701.

40. Petrig BL, Riva CE, Hayreh SS. Laser Doppler flowmetry and optic nerve head
blood flow. Am J Ophthalmol. 1999;127:413-425.

41. Quigley HA. Reappraising the risks and benefits of aggressive glaucoma therapy.
Ophthalmology. 1997;104:1985-1986.

42. Hattenhauer MG, Johnson DH, Ing HH, et al. The probability of blindness from
open-angle glaucoma. Ophthalmology. 1998;105:2099-2104.

43. Schwartz B, Takamoto T, Lavin P, Smits G. Increase of retinal nerve fiber layer
thickness in ocular hypertensives with timolol therapy. Acta Ophthalmol Scand
Suppl. 1995;215:22-32.

44. Schwartz B, Takamoto T, Lavin P. Increase of retinal vessel width in ocular hy-
pertensives with timolol therapy. Acta Ophthalmol Scand Suppl. 1995;215:41-
53.

Call for Papers

J AMA and the ARCHIVES journals will be participat-
ing in the 2003 global theme issue, “Pain Manage-
ment.” We invite all investigators to submit their best

research addressing issues concerning pain manage-
ment in ophthalmology for consideration for the No-
vember 2003 issue. Manuscripts received by May 1, 2003,
have the best chance for acceptance for the global theme
issue. Manuscripts not accepted for the theme issue may
be considered for other issues of the ARCHIVES. All manu-
scripts are subject to our usual peer review. Please note
in the cover letter that the submission is for the Novem-
ber 2003 “Pain Management” issue.
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