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Ocular Perfusion Pressure and the Incidence of
Glaucoma: Real Effect or Artifact?: The Rotterdam Study

Wishal D. Ramdas,1,2 Roger C. W. Wolfs,1,2 Albert Hofman,1 Paulus T. V. M. de Jong,1,3,4

Johannes R. Vingerling,1,2 and Nomdo M. Jansonius1,5

PURPOSE. To determine the association between the ocular
perfusion pressure (OPP; essentially the difference between
the blood pressure and the intraocular pressure [IOP]) and
incident open-angle glaucoma (OAG).

METHODS. A subset of 3882 participants of the population-based
Rotterdam Study for whom data from ophthalmic examinations
at baseline and follow-up and blood pressure measurements at
baseline were available, and who did not have OAG at baseline,
were included. Associations between the mean, systolic and
diastolic OPP, and incident OAG were assessed using Cox
regression models adjusted for age and sex, with and without
adjustment for IOP.

RESULTS. During a mean follow-up of 9.8 years, 103 participants
(2.7%) developed OAG. The association between the mean
OPP and incident OAG was not significant (hazard ratio 0.995
per mm Hg increase in mean OPP; 95% confidence interval
0.971–1.019) when adjusted for IOP, but became significant if
not adjusted for IOP (0.968; 0.945–0.992). The systolic and
diastolic OPP showed a pattern similar to that of the mean
OPP, though less significant.

CONCLUSIONS. The OPP appears to be associated with incident
OAG but this association seems to be due to the fact that the
IOP, a strong risk factor for OAG, is part of the OPP, rather than
that OPP is an independent OAG risk factor itself. (Invest
Ophthalmol Vis Sci. 2011;52:6875–6881) DOI:10.1167/iovs.11-
7376

Open-angle glaucoma (OAG) is a neurodegenerative disease
that causes progressive damage to the optic nerve head

and leads to visual field loss. Some of the risk factors for OAG
have been identified; the most obvious risk factor is an in-
creased intraocular pressure (IOP).1–3 It has been proposed
that vascular components are also involved in the pathophys-
iology of OAG.4–10 One of the first studies showing a possible
link between (systemic) blood pressure and OAG was done in
1911 in Germany.11 Thereafter, many researchers studied the
relationships between blood pressure and IOP and blood pres-
sure and OAG. Blood pressure appears to be associated with
the IOP; no unambiguous effect of blood pressure on OAG has
been found thus far.12–21

Blood pressure may affect the perfusion of the optic nerve
head by influencing the perfusion pressure and also, especially
in longstanding hypertension, by influencing the vessel diam-
eter.22 The actual perfusion of the optic nerve head can be
measured but these measurements are difficult to perform
reliably, especially on a large scale.23 For that reason, in epi-
demiologic studies, a proxy of the perfusion pressure is used
rather than a measurement of the actual perfusion of the optic
nerve head. In most tissues, the perfusion pressure equals
essentially the difference between the arterial and venous
blood pressure. In the eye, the actual mean ocular perfusion
pressure (mean OPP; MOPP) is commonly estimated by the
difference between the arterial blood pressure and the IOP
(defined more precisely in the Methods section).5,24

The relationship between the arterial blood pressure and
OAG is complicated. As explained above, blood pressure is
part of the MOPP, and a higher MOPP is presumed to decrease
the risk of OAG. On the contrary, an increased blood pressure
may reduce the vessel diameter and this might increase the risk
of OAG. It becomes even more complicated when the IOP is
taken into account as well. Because blood pressure is positively
associated with IOP, systemic hypertension indirectly in-
creases the risk of OAG. IOP is presumed to have a direct
mechanical effect on the axons of the ganglion cells, but is also
part of the MOPP—a higher IOP implies a lower MOPP. This
implies that MOPP could pop up as a risk factor for OAG solely
because IOP is part of it, and this might explain the contradict-
ing results regarding the relationship between MOPP and
OAG25–28: some studies adjusted their analyses for IOP,16,19,29

whereas others did not.13,17,18,30

The aim of this study was to clarify the intertwined relation-
ships between blood pressure, MOPP and IOP, and OAG.
Simply incorporating blood pressure, MOPP and IOP as three
independent variables in a single model with OAG as the
dependent variable is not informative. This is because, apart
from being mutual confounding factors, the variables may be
correlated too strongly (blood pressure and MOPP; IOP and
MOPP) and may form a causal pathway (for example, IOP
constitutes a causal pathway between blood pressure and
OAG). For that reason, we first analyzed the association be-
tween MOPP and OAG with adjustment for IOP. Next, we
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repeated the analysis without adjustment for IOP. We further
explored the role of the IOP in the MOPP by replacing the
blood pressure value in the MOPP of each participant by a
randomly allocated blood pressure value of another participant
and comparing the associations between MOPP and OAG be-
fore and after this replacement. Other factors that might be
related to perfusion were also explored. Earlier studies re-
ported a decreasing prevalence of OAG with an increasing
diastolic OPP (DOPP).13,18 Therefore, we also assessed the
relationships between systolic OPP (SOPP) and OAG and
DOPP and OAG. Finally, we analyzed the association between
blood pressure and IOP.

METHODS

Participants

The present study was performed within the Rotterdam Study, a prospec-
tive population-based cohort study of residents aged 55 years and older
living in Ommoord, a district of Rotterdam, The Netherlands. The ratio-
nale and study design have been described elsewhere.31,32 All measure-
ments were conducted after the Medical Ethics Committee of the Erasmus
University had approved the study protocol and all participants had given
a written informed consent in accordance with the Declaration of Hel-
sinki. Baseline examination took place between 1991 and 1993; follow-up
examinations for OAG were performed from 1997 to 1999 and from 2002
to 2006. The present study included only participants who completed at
least one follow-up examination, had no OAG at baseline, and who had
valid data on OAG, IOP, and blood pressure.

Ophthalmic Examination and Incident
Open-Angle Glaucoma

The ophthalmic examinations at baseline and follow-up included a
medical history, autorefraction (Topcon RM-A2000; Tokyo Optical Co.,
Tokyo, Japan), keratometry (Topcon OM-4 Ophthalmometer; Tokyo
Optical Co.), measurement of the best corrected visual acuity with
Early Treatment Diabetic Retinopathy Study (ETDRS) optotypes, Gold-
mann applanation tonometry (Haag-Streit AG, Bern, Switzerland; see
below), fundus photography of the posterior pole (Topcon TRC-50VT,
Tokyo Optical Co., Tokyo, Japan), simultaneous stereoscopic fundus
photography of the optic nerve head (Topcon ImageNet System, Top-
con TRC-SS2, Tokyo Optical Co.), imaging of the optic nerve head
(Heidelberg Retina Tomograph; Heidelberg Engineering, Dossenheim,
Germany), and visual field testing (Humphrey Field Analyzer II 740
[HFA]; Carl Zeiss, Oberkochen, Germany).

The IOP was measured at baseline and at every follow-up round
with Goldmann applanation tonometry after applying oxybuprocaine
0.4% eye drops and fluorescein from a paper strip. Three measure-
ments were taken on each eye and the median value of these three
measurements was recorded.33 In the analysis we used the highest
median IOP of both eyes.

The visual field of each eye was screened using a 52-point thresh-
old-related supra-threshold test that covered the central field with a
radius of 24°.34,35 Visual field loss was defined as nonresponse to a light
stimulus of 6 dB above a threshold-related estimate of the hill of vision
in at least three contiguous test points, or four including the blind spot.
In participants with reproducible abnormalities on supra-threshold
testing, Goldmann perimetry (Haag-Streit AG; baseline and first follow-
up)34 or full-threshold visual field 24 to 2 testing (second follow-up)36

was performed on both eyes. The classification process of the perim-
etry test results have been described before.34,36 In short, visual field
loss was considered to be glaucomatous visual field loss only if repro-
ducible and after excluding all other possible causes.

Participants were considered to have incident OAG if neither eye
had glaucomatous visual field loss at baseline and at least one eye
showed glaucomatous visual field loss at follow-up.36 Cases with a
history or signs of angle closure (gonioscopy was performed in all
identified cases) or secondary glaucoma were excluded.

Blood Pressure and Ocular Perfusion Pressure

Blood pressure was measured at baseline after the participant had been
seated for at least 5 minutes. Systolic blood pressure (SBP; first Korot-
koff phase) and diastolic blood pressure (DBP; fifth Korotkoff phase)
were measured twice on the right arm using a random-zero sphygmo-
manometer with a 14 � 38 cm cuff. Afterward, we calculated the mean
of the two SBP values and of the two DBP values.37 The mean arterial
blood pressure (MABP) was calculated according to MABP � DBP �
(SBP � DBP)/3, where SBP � DBP is the pulse pressure.38 The MOPP
was calculated according to MOPP � 2

3
MABP � IOP.38 The SOPP and

DOPP were calculated by subtracting the IOP from the SBP and DBP,
respectively.

Potential Confounders

Other factors that might be related to perfusion are, following the
Hagen-Poiseuille law, factors that influence the blood rheology (viscos-
ity) or the vessel diameter (the diameter has a much a larger influence
than vessel length and is more subject to change). The hematocrit is
the major determinant of viscosity in the general population.7 Apart
from blood pressure and hypertension, the vessel diameter may be
influenced by smoking, diabetes mellitus, and serum cholesterol. For
smoking and diabetes, trained research assistants asked participants
about their smoking habits and if they had diabetes. Smoking was
analyzed using nominal categories: never, former, and current smok-
ers. Hematocrit and cholesterol levels were derived from blood sam-
ples taken at the research center. Serum cholesterol was quantified as
the ratio of the high-density lipoprotein-bound cholesterol (HDL-C) and
total cholesterol levels (HDL-C/cholesterol ratio). Another potential
confounder is the body mass index.39,40 Body mass index was calcu-
lated as body mass in kilograms divided by the square of the height in
meters. All potential confounders were determined at baseline.

Statistical Analysis

Differences in baseline characteristics were analyzed with independent
t-tests and �2 statistics. We used Cox proportional hazard regression to
calculate hazard ratios (HR) with corresponding 95% confidence inter-
vals (CI) to analyze whether subjects with a high MOPP had a lower
risk of developing OAG. The model fits were evaluated with C-statis-
tics. Follow-up duration was used as the time variable. For participants
without incident OAG, the follow-up duration was counted from the
baseline visit to the last visit with reliable perimetry. For incident OAG
cases, the follow-up was counted until the first visit in which glauco-
matous visual field loss was detected. The multivariate model was
created by first entering all covariates in the model. In the final
multivariate model we included MOPP, age, sex, and those covariates
reaching a significance of P � 0.05 or less in the initial multivariate
model—except for IOP-lowering treatment (see Discussion). This final
model was built with and without adjustment for IOP.

MOPP and IOP together in a multivariate model might lead to
multicollinearity issues, because the IOP is part of the MOPP. To assess
whether multicollinearity played a role in our analysis of MOPP ad-
justed for IOP we calculated the Pearson correlation coefficient and
the variance inflation factor (VIF).

As mentioned in the introduction section, MOPP could pop up as
a risk factor for OAG solely because IOP is part of it. To assess whether
the blood pressure has an additional contribution to the significance of
MOPP as a risk factor for OAG, we further explored the role of the
MOPP by recalculating the MOPP after replacing the blood pressure
value of each participant by a randomly allocated blood pressure value
of another participant (sampling without replacement). Next, we re-
calculated the HR of the association between MOPP—without adjust-
ment for IOP—and OAG. This was repeated 30 times. The resulting 30
HRs were compared with that of the original model. The same ap-
proach was applied for SOPP and OAG and DOPP and OAG.

The relationships between SOPP and OAG and DOPP and OAG
were further explored by stratifying both SBP and DBP into five
categories each containing approximately 19 OAG cases. For each of
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the SBP pentiles, a Cox proportional hazard regression was performed
with SOPP as independent variable, and for each of the DBP pentiles,
this analysis was performed with DOPP as independent variable. This
was done with and without adjustment for IOP.

The relationship between blood pressure and IOP at baseline was
analyzed by performing multiple linear regression analyses with IOP as
the dependent variable and blood pressure, age, sex, treatment for
IOP, and treatment for hypertension as the independent variables. This
model was run for three different blood pressure variables: MABP, SBP,
and DBP.

A P-value of 0.05 or less was considered statistically significant. All
statistical analyses were performed using statistical analysis software
(SPSS version 15.0.0 for Windows; SPSS Inc., Chicago, IL; and R
statistical package version 2.9.1 for Mac; http://www.r-project.org).

RESULTS

The ophthalmic part of the Rotterdam Study comprised 6806
participants, of which 3939 had no OAG at baseline and par-
ticipated at least in one follow-up round. Of these, 57 partici-
pants were excluded because of missing data on blood pres-
sure or IOP. From the remaining participants, 103 out of 3882
(2.7%) developed OAG during follow-up.

Table 1 summarizes the baseline characteristics of the study
population according to incident OAG status. Compared with
participants without OAG, participants who developed OAG
during the study were significantly older (P � 0.001), had
higher baseline IOP (P � 0.001), and were more often treated
for IOP at baseline (P � 0.001). None of the potential con-
founders (hematocrit, blood pressure, usage of antihyperten-
sive drugs, smoking, diabetes mellitus, HDL-C/cholesterol ra-
tio, and body mass index) showed significant differences
between participants without OAG and those who developed
OAG during follow-up. Body mass index was the only potential
confounder that was significant in the initial multivariate anal-
ysis. We did not incorporate this variable in the final models
because its presence did not change either the effect estimates
or the significances of the relevant variables (IOP, MOPP,
SOPP, and DOPP).

Table 2 presents the final multivariate models for MOPP
with and without adjustment for IOP. We could not find an
association between MOPP and incident OAG if adjusted for
IOP (HR: 0.995 per mm Hg increase in MOPP; 95% CI: 0.971–
1.019), but the association became significant after we re-

moved IOP from the model (HR: 0.968; 95% CI: 0.945–0.992).
The C-statistics of the models with and without adjustment for
IOP were 0.70 and 0.67, respectively. The Pearson correlation
coefficient of MOPP and IOP was �0.227 (P � 0.001). The
resulting variance inflation factor of 1.054 suggests that multi-
collinearity had no significant effect.

The role of adjusting for IOP or not, and thus the contribu-
tion of IOP to MOPP, was further assessed with the resampling
technique as described in the Methods section. Figure 1A
shows the results. The HRs of the resampled MOPP data scat-
tered around the HR of the original dataset (solid line in Fig.
1A), indicating that the significance of the MOPP in a model
without adjustment for IOP is essentially due to the fact that
the IOP is part of the MOPP. Next, we investigated whether
this finding could be explained by the fact that both the SBP
and the DBP were taken together in the formula for computing
the MOPP variable. If only one of these variables would con-
tribute significantly, the statistical noise added by the other
variable could have masked the effect. Models with SOPP and
DOPP instead of MOPP revealed, with adjustment for IOP, a HR
of 0.998 (95% CI, 0.987–1.008) for SOPP and a HR of 0.997
(95% CI, 0.978–1.016) for DOPP. The same models without
adjustment for IOP yielded a HR of 0.994 (95% CI, 0.984–
1.005) for SOPP and a HR of 0.980 (95% CI, 0.961–0.999) for
DOPP. Figures 1B and 1C show the corresponding results of
the resampling technique applied to the SOPP (Fig. 1B) and
DOPP (Fig. 1C) data, respectively. Again, there was no clear
difference between the original HRs (solid lines in Fig. 1B and

TABLE 1. Baseline Characteristics of the Study Population with and without Incident
Open-Angle Glaucoma

Incident Open-Angle
Glaucoma (n � 103)

No Open-Angle
Glaucoma (n � 3779) P

Age, y 67.8 � 7.0 65.2 � 6.8 �0.001
Sex, n (%) female 51 (49.5) 2221 (58.8) 0.060
IOP, mm Hg 18.2 � 4.7 16.0 � 3.1 �0.001
Treatment for IOP, n (%) 16 (15.5) 85 (2.2) �0.001
Hematocrit Level (�100) 42.1 � 3.0 41.5 � 3.2 0.089
Systolic blood pressure, mm Hg 136.9 � 21.0 135.7 � 20.7 0.587
Diastolic blood pressure, mm Hg 73.2 � 12.7 73.6 � 10.8 0.721
Antihypertensives, n (%) 28 (27.5) 976 (25.8) 0.715
Smoking, n (%) 0.526

Never 33 (32.0) 1256 (33.5)
Former 52 (50.5) 1698 (45.3)
Current 18 (17.5) 791 (21.1)

Diabetes mellitus, n (%) 7 (6.8) 142 (3.8) 0.120
HDL-C/cholesterol ratio 0.21 � 0.06 0.21 � 0.06 0.695
Body mass index 25.7 � 2.9 26.3 � 3.5 0.075

Data are presented as mean � standard deviation unless stated otherwise with univariate compari-
sons; 324 participants had missing data on one or more covariates.

TABLE 2. Multivariate Cox Proportional Hazard Model for Mean
Ocular Perfusion Pressure and the Risk of Developing
Open-Angle Glaucoma

Hazard
Ratio

95% Confidence
Interval P

With adjustment for IOP
Age, y 1.074 1.043–1.105 �0.001
Sex, female 0.594 0.393–0.898 0.014
IOP, mm Hg 1.168 1.114–1.224 �0.001
MOPP, mm Hg 0.995 0.971–1.019 0.675

Without adjustment for IOP
Age, y 1.080 1.050–1.112 �0.001
Sex, female 0.554 0.368–0.834 0.005
MOPP, mm Hg 0.968 0.945–0.992 0.010
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1C) and that of the resampled datasets, neither for SOPP nor
for DOPP.

Figure 2 presents the relationships between SOPP and inci-
dent OAG and DOPP and incident OAG stratified for SBP and
DBP, for models with and without adjustment for IOP. There
were no clear associations with incident OAG, except for
DOPP without adjustment for IOP, especially in subjects with
lower DBP values (Fig. 2D).

Finally, we assessed the relationships between IOP and the
blood pressure variables MABP, SBP, and DBP. IOP was
strongly associated with all three variables (P � 0.001). The
corresponding regression coefficients were 0.035, 0.025, and
0.029 mm Hg increase in IOP per mm Hg increase in MABP,
SBP, and DBP, respectively. The percentages of variance in IOP

explained by the MABP, SBP, and DBP (R2) were 2.0%, 2.5%,
and 1.0%, respectively.

DISCUSSION

The MOPP appeared not to be an independent risk factor for
OAG. Models without adjustment for IOP suggested a protec-
tive effect of a higher MOPP. This finding, however, could be
explained by the fact that the IOP is part of the MOPP. A
similar—albeit less obvious—protective effect was found for
DOPP, but not for SOPP. This difference is most likely caused
by the smaller SD of the DBP compared with that of the SBP
(Table 1). A smaller SD in a blood pressure variable results in a

FIGURE 1. Hazard ratios and corre-
sponding 95% CI for the resampled
datasets of the associations between
MOPP and open-angle glaucoma (A),
SOPP and open-angle glaucoma (B),
and DOPP and open-angle glaucoma
(C). In the resampled datasets, the
blood pressure value of each partici-
pant was replaced by a randomly allo-
cated blood pressure value of another
participant. Solid line represents the
HR of the original dataset; dotted lines
the corresponding 95% CI.
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larger contribution to the variability of the corresponding OPP
variable explained by the IOP. This hypothesis is further sup-
ported by the finding that the highest DBP pentile had the
highest SD and the least significant DOPP (Fig. 2D). The blood
pressure variables were significantly associated with the IOP,
but the variance of IOP explained by these variables was low,
suggesting a minor importance in the pathophysiology of OAG
(a 40 mm Hg change in SBP, for example, corresponded to a 1
mm Hg change in IOP).

Studies describing the possible association between MOPP
and OAG used models with different covariates, making it
difficult to compare results between these (epidemiologic)
studies. Obviously, the most important covariate in this asso-
ciation is the IOP. Studies in which OPP was adjusted for IOP,
The Barbados Eye Study,15 The Early Manifest Glaucoma
Trial,27 and The Blue Mountain Eye Study,19 could not find a
significant association between MOPP and OAG. The Blue
Mountains Eye Study found a modest increase in risk of OAG in
participants with hypertension, especially in those who were
poorly controlled. They also evaluated the potential relation-
ship of OPP with OAG and OPP with ocular hypertension (the
latter not adjusted for IOP). The relationship of OPP with OAG
was significant for neither MOPP nor DOPP, but a marginal
significance was found for SOPP with OAG (P � 0.05). For the
relationship between OPP and ocular hypertension they found
that only DOPP had a protective effect (P � 0.0008).19 Studies
in which OPP was not adjusted for IOP, The Baltimore Eye
Survey,18 The Egna-Neumarkt Study,17 Proyecto VER,30 and
previously our Rotterdam Study (but limited to persons receiv-
ing antihypertensive medications),13 found a reduced DOPP to
be a risk factor for OAG. Hence, most studies reporting a low
OPP as a risk factor for OAG were not adjusted for IOP—as was
our approach in Table 2B, and most studies that failed to find
an association between OPP and OAG were adjusted for
IOP—as was our approach in Table 2A.41

Apart from possible limitations in the way MOPP is calcu-
lated from brachial artery measurements,42 the most obvious
limitation of epidemiologic studies is the fact that measure-
ments are performed only once and only during daytime. In
this way, any circadian influence on blood pressure or IOP will
be overlooked, as will be the influence of any other fluctuation.
It has been suggested that fluctuations in IOP are more dam-
aging to the optic disc than an increase in IOP.43–45 In addi-
tion, another study suggested that patients with progression of

OAG despite a normalized IOP suffer from insufficient autoreg-
ulation due to vascular dysregulation.46 One study, evaluating
the diurnal fluctuations (between 7 AM and 10 PM) of IOP and
MOPP in participants with and without OAG, reported that
patients with OAG do not have significant diurnal changes in
IOP, but they observed significant fluctuations in the MOPP.38

The range of diurnal fluctuations in IOP may be narrowed by
IOP-lowering treatment and might be captured by analyzing
large numbers of participants examined during the day. How-
ever, less is known about what happens during the night.47

Patients suffering from unstable blood flow, due to vascular
dysregulation, may be unable to compensate for physiologic
fluctuations in IOP and blood pressure to maintain MOPP.48

Besides, nocturnal dipping of blood pressure and circadian
fluctuations in OPP are associated with the development and
progression of OAG,49 which is probably due to vascular dys-
regulation resulting in ischemia.28,50 Related to this, serum
concentrations of endothelin-1 (vasoconstrictor) have been
found to be slightly increased in patients with progressing
glaucomatous visual field loss despite normal IOP.28

Almost all participants in the Rotterdam Study are from
European descent. Differences in properties of vascular factors
(such as hypertension) across populations of different ethnici-
ties have been described,51 and as a consequence findings on
OPP might differ between populations.

The effect of IOP-lowering treatment was not taken into
account in the main analyses of the present study—albeit
significant in the univariate comparison (Table 1). Unlike the
other covariates in Table 1, the IOP-lowering treatment is not
in a potential physiological pathway affecting the risk of devel-
oping OAG. Moreover, this covariate is highly correlated with
the IOP and the risk of developing OAG. It reflects the clini-
cian’s concern about the risk of glaucoma that may take into
consideration for example the appearance of the optic disc and
the family history. Nonetheless, if we would add the variable
for IOP-lowering treatment to the analyses, the results did not
alter significantly. Some antihypertensive drugs (e.g., calcium
channel blockers) have been implicated in OAG.52,53 The cur-
rent analyses evaluating the relationship between OPP and
OAG were not adjusted for the usage of antihypertensive drugs
(because the corresponding P-value was above 0.05 in the
initial multivariate analysis). Re-entering either the usage of any
antihypertensive drugs in the model or adding the usage of
calcium channel blockers to the model did not change either

FIGURE 2. Hazard ratios and corresponding 95% CI of the associations between systolic ocular perfusion pressure and open-angle glaucoma, as
a function of the systolic blood pressure (A, B), and between diastolic ocular perfusion pressure and open-angle glaucoma, as a function of the
diastolic blood pressure. Analyses adjusted for age and sex with (A, C) and without (B, D) adjustment for the IOP.
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the effects estimates or the significances of the relevant vari-
ables (IOP, MOPP, SOPP, and DOPP; data not shown). The
results on the relationship between MABP, SBP, and DBP and
IOP were adjusted for the usage of antihypertensive drugs. The
removal of this covariate did not change the findings. The body
mass index was the only possible confounder that was signif-
icant in the initial multivariate model, but its presence in the
model did not have any influence on either the IOP or the OPP
variables (see Results section). Other factors such as smoking,
diabetes mellitus, and cholesterol levels, are known to affect
the vascular wall thickness through atherosclerosis. However,
none of these factors was significant in the initial multivariate
model. In an earlier study, we did not find an association
between atherosclerosis and OAG.54 In agreement with this, it
has been suggested that it is not atherosclerosis but vascular
dysregulation and insufficient autoregulation that leads to a
low OPP (see also above).6,55

In conclusion, we found no independent significant effect
of OPP on the development of OAG. The current findings
suggest that, in epidemiologic studies, the observed association
between OPP and OAG is essentially due to the fact that the
IOP is part of the OPP.
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11. Kümmell R. Untersuchungen über Glaukom und Blutdruck.
Graefes Arch Clin Exp Ophthalmol. 1911;79:183–209.

12. Dielemans I, Vingerling JR, Algra D, Hofman A, Grobbee DE, de
Jong PT. Primary open-angle glaucoma, intraocular pressure, and
systemic blood pressure in the general elderly population. The
Rotterdam Study. Ophthalmology. 1995;102:54–60.

13. Hulsman CA, Vingerling JR, Hofman A, Witteman JC, de Jong PT.
Blood pressure, arterial stiffness, and open-angle glaucoma: the
Rotterdam study. Arch Ophthalmol. 2007;125:805–812.

14. Le A, Mukesh BN, McCarty CA, Taylor HR. Risk factors associated
with the incidence of open-angle glaucoma: the visual impairment
project. Invest Ophthalmol Vis Sci. 2003;44:3783–3789.

15. Leske MC, Connell AM, Wu SY, Hyman LG, Schachat AP. Risk
factors for open-angle glaucoma. The Barbados Eye Study. Arch
Ophthalmol. 1995;113:918–924.

16. Leske MC, Heijl A, Hyman L, et al. Predictors of long-term progres-
sion in the early manifest glaucoma trial. Ophthalmology. 2007;
114:1965–1972.

17. Bonomi L, Marchini G, Marraffa M, Bernardi P, Morbio R, Varotto
A. Vascular risk factors for primary open angle glaucoma: the
Egna-Neumarkt Study. Ophthalmology. 2000;107:1287–1293.

18. Tielsch JM, Katz J, Sommer A, Quigley HA, Javitt JC. Hypertension,
perfusion pressure, and primary open-angle glaucoma. A popula-
tion-based assessment. Arch Ophthalmol. 1995;113:216–221.

19. Mitchell P, Lee AJ, Rochtchina E, Wang JJ. Open-angle glaucoma
and systemic hypertension: the Blue Mountains eye study. J Glau-
coma. 2004;13:319–326.

20. Xu L, Wang YX, Jonas JB. Ocular perfusion pressure and glaucoma:
the Beijing Eye Study. Eye (Lond). 2009;23:734–736.

21. Drance SM, Sweeney VP, Morgan RW, Feldman F. Studies of
factors involved in the production of low tension glaucoma. Arch
Ophthalmol. 1973;89:457–465.

22. Costa VP, Arcieri ES, Harris A. Blood pressure and glaucoma. Br J
Ophthalmol. 2009;93:1276–1282.

23. Caprioli J, Coleman AL. Blood pressure, perfusion pressure, and
glaucoma. Am J Ophthalmol. 2010;149:704–712.

24. Anderson DR. Introductory comments on blood flow autoregula-
tion in the optic nerve head and vascular risk factors in glaucoma.
Surv Ophthalmol. 1999;43(suppl 1):S5–S9.

25. Pache M, Flammer J. A sick eye in a sick body? Systemic findings
in patients with primary open-angle glaucoma. Surv Ophthalmol.
2006;51:179–212.

26. Deokule S, Weinreb RN. Relationships among systemic blood pres-
sure, intraocular pressure, and open-angle glaucoma. Can J Oph-
thalmol. 2008;43:302–307.

27. Leske MC. Ocular perfusion pressure and glaucoma: clinical
trial and epidemiologic findings. Curr Opin Ophthalmol. 2009;
20:73–78.

28. Grieshaber MC, Flammer J. Blood flow in glaucoma. Curr Opin
Ophthalmol. 2005;16:79–83.

29. Leske MC, Wu SY, Nemesure B, Hennis A. Incident open-angle
glaucoma and blood pressure. Arch Ophthalmol. 2002;120:954–
959.

30. Quigley HA, West SK, Rodriguez J, Munoz B, Klein R, Snyder R.
The prevalence of glaucoma in a population-based study of His-
panic subjects: Proyecto VER. Arch Ophthalmol. 2001;119:1819–
1826.

31. Hofman A, Breteler MM, van Duijn CM, et al. The Rotterdam Study:
objectives and design update. Eur J Epidemiol. 2007;22:819–829.

32. Hofman A, Breteler MM, van Duijn CM, et al. The Rotterdam Study:
2010 objectives and design update. Eur J Epidemiol. 2009;24:553–
572.

33. Dielemans I, Vingerling JR, Hofman A, Grobbee DE, de Jong PT.
Reliability of intraocular pressure measurement with the Gold-
mann applanation tonometer in epidemiological studies. Graefes
Arch Clin Exp Ophthalmol. 1994;232:141–144.

34. Skenduli-Bala E, de Voogd S, Wolfs RC, et al. Causes of incident
visual field loss in a general elderly population: the Rotterdam
study. Arch Ophthalmol. 2005;123:233–238.

35. Wolfs RC, Borger PH, Ramrattan RS, et al. Changing views on
open-angle glaucoma: definitions and prevalences—The Rotter-
dam Study. Invest Ophthalmol Vis Sci. 2000;41:3309–3321.

36. Czudowska MA, Ramdas WD, Wolfs RC, et al. Incidence of glau-
comatous visual field loss: a ten-year follow-up from the Rotterdam
Study. Ophthalmology. 2010;117:1705–1712.

37. van den Hoogen PC, van Popele NM, Feskens EJ, et al. Blood
pressure and risk of myocardial infarction in elderly men and
women: the Rotterdam study. J Hypertens. 1999;17:1373–1378.

38. Sehi M, Flanagan JG, Zeng L, Cook RJ, Trope GE. Relative change
in diurnal mean ocular perfusion pressure: a risk factor for the
diagnosis of primary open-angle glaucoma. Invest Ophthalmol Vis
Sci. 2005;46:561–567.

39. Francischetti EA, Genelhu VA. Obesity-hypertension: an ongoing
pandemic. Int J Clin Pract. 2007;61:269–280.

40. Ramdas WD, Wolfs RC, Hofman A, de Jong PT, Vingerling JR,
Jansonius NM. Lifestyle and risk of developing open-angle
glaucoma: the Rotterdam study. Arch Ophthalmol. 2011;129:767–
772.

41. Topouzis F, Founti P. Weighing in ocular perfusion pressure in
managing glaucoma. Open Ophthalmol J. 2009;3:43–45.

6880 Ramdas et al. IOVS, August 2011, Vol. 52, No. 9

Downloaded From: http://iovs.arvojournals.org/pdfaccess.ashx?url=/data/journals/iovs/933460/ on 05/03/2018



42. Morgan AJ, Hosking SL. Non-invasive vascular impedance mea-
sures demonstrate ocular vasoconstriction during isometric exer-
cise. Br J Ophthalmol. 2007;91:385–390.

43. Weber J, Koll W, Krieglstein GK. Intraocular pressure and visual
field decay in chronic glaucoma. Ger J Ophthalmol. 1993;2:165–
169.

44. Flammer J, Eppler E, Niesel P. Quantitative perimetry in the glau-
coma patient without local visual field defects. Graefes Arch Clin
Exp Ophthalmol. 1982;219:92–94.

45. Asrani S, Zeimer R, Wilensky J, Gieser D, Vitale S, Lindenmuth K.
Large diurnal fluctuations in intraocular pressure are an indepen-
dent risk factor in patients with glaucoma. J Glaucoma. 2000;9:
134–142.

46. Gherghel D, Orgul S, Gugleta K, Gekkieva M, Flammer J. Relation-
ship between ocular perfusion pressure and retrobulbar blood
flow in patients with glaucoma with progressive damage. Am J
Ophthalmol. 2000;130:597–605.

47. Wilensky JT. The role of diurnal pressure measurements in the
management of open angle glaucoma. Curr Opin Ophthalmol.
2004;15:90–92.

48. Moore D, Harris A, Wudunn D, Kheradiya N, Siesky B. Dysfunc-
tional regulation of ocular blood flow: A risk factor for glaucoma?
Clin Ophthalmol. 2008;2:849–861.

49. Sung KR, Lee S, Park SB, et al. Twenty-four hour ocular perfusion
pressure fluctuation and risk of normal-tension glaucoma progres-
sion. Invest Ophthalmol Vis Sci. 2009;50:5266–5274.

50. Werne A, Harris A, Moore D, Benzion I, Siesky B. The circadian
variations in systemic blood pressure, ocular perfusion pressure,
and ocular blood flow: risk factors for glaucoma? Surv Ophthal-
mol. 2008;53:559–567.

51. Kurian AK, Cardarelli KM. Racial and ethnic differences in cardio-
vascular disease risk factors: a systematic review. Ethn Dis. 2007;
17:143–152.

52. Langman MJ, Lancashire RJ, Cheng KK, Stewart PM. Systemic
hypertension and glaucoma: mechanisms in common and co-oc-
currence. Br J Ophthalmol. 2005;89:960–963.

53. Muskens RP, de Voogd S, Wolfs RC, et al. Systemic antihyperten-
sive medication and incident open-angle glaucoma. Ophthalmol-
ogy. 2007;114:2221–2226.

54. de Voogd S, Wolfs RC, Jansonius NM, Witteman JC, Hofman A, de
Jong PT. Atherosclerosis, C-reactive protein, and risk for open-
angle glaucoma: the Rotterdam study. Invest Ophthalmol Vis Sci.
2006;47:3772–3776.

55. Mozaffarieh M, Grieshaber MC, Flammer J. Oxygen and blood
flow: players in the pathogenesis of glaucoma. Mol Vis. 2008;14:
224–233.

IOVS, August 2011, Vol. 52, No. 9 OPP and the Risk of Glaucoma: Real Effect or Artifact? 6881

Downloaded From: http://iovs.arvojournals.org/pdfaccess.ashx?url=/data/journals/iovs/933460/ on 05/03/2018


