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Abstract

Purpose: To characterize the effects of timolol and latanoprost on calculated ocular perfusion pressure (OPP) in
a multicenter, prospective, crossover-design study.
Methods: Nonglaucomatous volunteers were evaluated at baseline, after 1 week of timolol 0.5% dosed twice
daily, and after 1 week of latanoprost 0.005% dosed nightly (randomized treatment order; 6-week washout
period). Pneumatonometric intraocular pressure (IOP) and brachial blood pressure (BP) were evaluated at each
visit. Using 3 commonly used equations, OPP was calculated based on IOP and BP. The OPPs at each visit were
compared by using linear mixed-effects models.
Results: This analysis includes 121 participants (242 eyes; 75% female, 87% White, mean age 55 years). Mean
OPP (standard deviation) calculated with mean arterial pressure was 46.8 (8.1) mmHg at baseline, 48.5 (7.9) mmHg
with timolol (P = 0.005), and 49.6 mmHg (8.2) with latanoprost (P < 0.001). When compared with baseline, OPP
calculated with diastolic BP was significantly increased with both timolol (1.3 mmHg) and latanoprost (3.1 mmHg).
The OPP calculated with systolic BP was increased with latanoprost (2.8 mmHg) but decreased with timolol
(-1.3 mmHg). Timolol reduced systolic BP by 3.2 mmHg. Compared with timolol, latanoprost conferred greater
increases in OPP calculated with both systolic and diastolic BP compared with baseline; however, the difference in
treatment effects on OPP calculated with mean arterial pressure was not significantly different (P = 0.068).
Conclusion: In this crossover study of nonglaucomatous volunteers, latanoprost increased OPP. However,
timolol’s benefit to OPP may be limited in part because it reduced systolic BP.
Clinical Trial Registration number: NCT01677507.
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Introduction

Glaucoma is an optic neuropathy characterized by at-
rophy of the optic nerve head (ONH) and damage to

retinal ganglion cells, resulting in visual field loss.1 Clinical
trials have identified risk factors for glaucoma, including
older age, increased intraocular pressure (IOP), thinner
cornea, lower corneal hysteresis, optic disk hemorrhage,

beta-zone peripapillary atrophy, systemic hypotension, and
low ocular perfusion pressure (OPP).2

The OPP is an estimate of the perfusion of the ONH, and
it is calculated by using equations incorporating systemic
blood pressure (BP) and IOP.3–5 Increased BP allows for
increased perfusion of the ONH, whereas increased IOP
decreases OPP.3 Low OPP increases the risk of ONH and
retinal ganglion cell damage and is a well-characterized risk
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factor for the development and progression of glaucoma.3–9

Unlike IOP, which is measured routinely in clinical practice,
ophthalmologists rarely utilize OPP in glaucoma screening
and evaluation.10

Although studies have investigated the effects of topical
treatments on IOP, relatively little is known about their ef-
fects on OPP.11 Latanoprost, a prostaglandin analogue that
increases the rate of uveoscleral outflow,12,13 and timolol, a
topical beta-blocker that reduces the rate of aqueous humor
production,14,15 are commonly used topical treatments that
decrease IOP. The reduction of IOP should, in turn, increase
OPP. However, as a beta-blocker, timolol (which can be
systemically absorbed when applied topically to the eye) can
reduce systemic BP,16 which could decrease OPP. Further
research regarding the effects of timolol and latanoprost on
OPP will inform the potential use of OPP as a clinical tool.

With this multicenter, prospective, crossover study, we
compare the effects of timolol and latanoprost on OPP in the
eyes of nonglaucomatous volunteers. We hypothesized that
both latanoprost and timolol increase OPP. However, lata-
noprost is associated with greater reductions in IOP than
timolol,17,18 and timolol may also reduce systemic BP.16

Thus, we further hypothesized that, compared with timolol,
latanoprost will confer greater increases in OPP.

Methods

Study design and sample

This study presents data from the Eye Dynamics and En-
gineering Network (EDEN) Consortium. This is a multicen-
ter, prospective study designed to evaluate aqueous humor
dynamics in healthy volunteers, which is registered in Clin-
icalTrials.gov. The 3 centers were the University of Michi-
gan, Mayo Clinic, and the University of Nebraska Medical
Center. Power analysis was performed. Informed consent was
obtained from the subjects after explanation of the nature and
possible consequences of the study. This study was approved
by the Institutional Review Boards at each participating in-
stitution and conformed to the Declaration of Helsinki.

At the screening visit, subjects were interviewed and re-
ceived a clinical examination, including an ophthalmologic
evaluation to assess whether they met study criteria. The
inclusion criteria were: age ‡40 years; healthy eyes with
crystalline lenses; open angles; and ability to participate on
site during the trial period. Exclusion criteria included any
type of glaucoma; current use of glaucoma medication;
ocular trauma, surgery, or infection; chronic eye disease;
and contraindications to timolol (eg, severe asthma or
chronic obstructive pulmonary disease). Participants with
hypertension and those who use systemic medications that
may affect IOP, such as beta-blockers, alpha-adrenergic
agonists, calcium channel blockers, etc., were allowed to
participate if they were on a stable regimen for at least
30 days before the baseline visit.

Participants were examined 3 times: at baseline, after 1
week of timolol 0.5% twice daily both eyes, and after 1
week of latanoprost 0.005% nightly both eyes. The treat-
ment order was randomized with a crossover design and a
6-week intervening washout period. Participants were in-
structed on how to self-administer eye drops for the 1-week
treatments, including instruction to close eyelids for a short
time after instilling.

Measurements

Intraocular pressure. The IOP measurements were
made by pneumatonometry (Model 30 Classic, Reichert,
Depew, NY) under topical anesthesia. The IOP was mea-
sured in duplicate in each eye with a third measurement
taken if the difference was greater than 2 mmHg, and the
mean value was recorded. The right eye was measured be-
fore the left, with both measurements taken in the morning,
typically between 9 AM and 12:30 PM.

Systemic BP. Systolic (SBP) and diastolic BP (DBP)
were measured in a seated position according to the PhenX
toolkit protocol.19,20 The mean of 3 measurements was re-
corded, with each measurement taken in the morning.

Calculated OPP. OPP was calculated according to the
following formulas, which have been commonly used in the
prior studies.3–5 First, mean OPP (MOPP) was calculated
based on participants’ mean arterial pressure: MOPP = O
[DBP + N (SBP - DBP)] - IOP. Second, systolic OPP
(SOPP) was calculated as: SBP - IOP. Third, diastolic OPP
(DOPP) was calculated by the formula: DBP - IOP. Al-
though prior studies of OPP have typically selected 1 or 2 of
these equations, we present all 3 OPPs for ease of com-
parison with prior studies.

Ocular characteristics. Ophthalmologic measures as-
sessed at baseline included axial length measured by either
IOLMaster (Zeiss, Dublin, CA) or Pacscan Series 300 (So-
nomed, Lake Success, NY), corneal hysteresis measured by the
Ocular Response Analyzer� (Reichert Technologies, Depew,
NY), central corneal thickness (CCT) measured by ultrasound
pachymetry (DGH Pachette, DGH Technology, Inc., Exton,
PA; or Pacscan Series 300; Sonomed, New Hyde Park, NY),
episcleral venous pressure measured by episcleral venomano-
metry (Eyetech Ltd., Boca Raton, FL), and refractive error.

Other participant characteristics. At baseline, body
mass index (BMI), neck circumference, systemic disease,
lifetime tobacco use, medical history, and systemic medi-
cations were assessed by using the PhenX Toolkit (www
.phenxtoolkit.org).21

Statistical analysis

Analyses were performed by using Stata Statistical Soft-
ware: Release 15 (StataCorp, College Station, TX) and R
(R Core Team, Vienna, Austria). Two-sided p-values are
presented for all statistical tests, and P < 0.05 was designated
as statistically significant. Both eyes of each participant
were included in the analysis. Means and standard devia-
tions (SDs) are reported for IOP, SBP, DBP, MOPP, SOPP,
and DOPP at baseline, with timolol, and with latanoprost.
Linear mixed-effects models with unstructured covariance
matrices and generalized least squares estimators, which
adjust for inter-eye correlation, were used to compare mean
IOP, SBP, DBP, MOPP, SOPP, and DOPP between base-
line, and treatment with timolol and latanoprost.22

An exploratory multivariable analysis was conducted to
detect associations between participant baseline character-
istics and the magnitude of the effects of timolol and lata-
noprost on MOPP. MOPP was selected as our outcome
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variable, because it has been most commonly utilized in
studies of OPP.3 Separate linear mixed-effects models were
constructed with the effect of timolol or latanoprost on
MOPP (compared with baseline) as the dependent variable.
All models were adjusted for order of treatment, baseline
MOPP, age, sex, and ethnicity.

Separate models were fitted to assess different categories
of predictors: (1) health history (BMI, history of smoking,
diabetes, hypertension, hypercholesterolemia, thrombotic
disorders, depression, and cancer); (2) medication use
(antihypertensive, diabetes medication, statins, steroids,
thyroid medications, and psychotropic drugs); and (3)
baseline ophthalmologic factors (axial length, CCT, corneal
hysteresis, episcleral venous pressure, and spherical
equivalent). Bonferroni adjustment was utilized to account
for multiple testing.

Literature search

A search of the published literature was conducted to
identify English language, peer-reviewed studies character-
izing OPP under treatment with timolol or latanoprost, or
both. The PubMed database was searched by using the fol-
lowing search strategy: ((timolol) OR (latanoprost)) AND
(‘‘ocular perfusion’’). Inclusion criteria were: treatment using
timolol and or latanoprost, reporting of OPP (mean, systolic,
and diastolic) as an outcome, study of human subjects, and
randomized controlled trial or crossover trial design. When
our search identified systematic review articles, we also
searched the studies included in the systematic reviews.

Results

Participant characteristics at baseline

Of the 135 participants who consented to the study, 14 were
excluded from the analysis due to either: (1) missing data on
IOP and BP at baseline and visits 2 and 3; (2) participant
received neither latanoprost nor timolol due to withdrawal
from the study, or (3) participant was found to be using topical
steroid medication during the trial period. Of the 242 eyes
included in this analysis, data were available for 218 eyes
treated with timolol and 226 eyes treated with latanoprost.

The 121 study participants were 75% female and 87%
White, with ages ranging from 40 to 81 years (mean – SD,
55 – 8.8 years). There were no significant differences in
baseline characteristics between those included and ex-
cluded, or between those randomized to timolol first and
latanoprost first. For the ocular characteristics, mean axial
length (SD) was 23.9 (1.2) mm for the right eye (OD), and
23.8 (1.2) mm for the left eye (OS); CCT was 554 (38) mm
for OD, and 554 (38) mm for OS; and corneal hysteresis was
10.7 (1.5) for OD, and 10.8 (1.6) for OS. Details of partic-
ipant demographic information and baseline characteristics
are summarized in Table 1.

Intraocular pressure

Using pneumatonometry to measure IOP, mean (SD) IOP
was 15.8 (3.0) mmHg at baseline, 13.8 (2.5) mmHg with
timolol, and 13.0 (2.1) mmHg with latanoprost (Table 2).
Timolol reduced IOP by 2.0 mmHg [95% confidence inter-
val (CI): 1.6, 2.4; P < 0.001] and latanoprost reduced IOP by
2.8 mmHg (95% CI: 2.4, 3.2; P < 0.001) compared with

baseline. The IOP with timolol treatment was 0.8 mmHg
higher than IOP with latanoprost treatment (95% CI: 0.4,
1.2; P < 0.001).

Systemic BP

Mean (SD) brachial SBP and DBP at each study visit
are shown in Table 2. Timolol reduced SBP by 3.2 mmHg
(95% CI: 0.2, 6.2; P = 0.037) compared with baseline. The
differences between SBP with timolol versus latanoprost
(P = 0.20) or latanoprost versus baseline (P = 0.44) were not
statistically significant. In linear mixed-effects models, there
was no significant difference in DBP between the study
visits for either timolol or latanoprost.

Calculated OPP

The OPP was calculated by using IOP and systemic BP.
There was large overlap in the distributions of MOPP,
SOPP, and DOPP by treatment, as depicted in Fig. 1. The
means and SD of MOPP, SOPP, and DOPP are shown in

Table 1. Baseline Characteristics of 121
Non-Glaucomatous Participants (242 Eyes)

Aged 40–81 Years

Variable % Proportion

Female 75 (91/121)
White 87 (105/121)
Black 9 (11/121)
Other Race 4 (5/121)
Known Family History of Glaucoma 26 (31/121)
Smoking (>100 lifetime cigarettes) 34 (33/97)
Diabetes 4 (5/121)
Hypercholesterolemia 20 (24/121)
Hypertension 22 (27/121)

Variable Mean SD

Age (years) 55.1 8.8

SD, standard deviation.

Table 2. Blood Pressure, Intraocular Pressure,

and Ocular Perfusion Pressure at Baseline,

with 1-Week Timolol Treatment, and with 1-Week

Latanoprost Treatment in n = 121
Nonglaucomatous Volunteers

Baseline Timolol Latanoprost

Measure Mean (SD); units: mmHg

SBP 124.4 (14.7) 120.8 (13.7)a 123.1(13.0)
DBP 77.1 (10.3) 75.9 (10.5) 77.6 (9.7)
IOP 15.8 (3.0) 13.8 (2.5)a 13.0 (2.1)a

MOPP 46.8 (8.1) 48.5 (7.9)a 49.6 (8.2)a

SOPP 108.5 (14.4) 106.9 (13.7)a 110.2 (13.1)a

DOPP 61.3 (10.8) 62.0 (10.8)a 64.7 (10.0)a

MOPP = O [DBP + N (SBP - DBP)] - IOP. SOPP: (SBP - IOP).
DOPP: (DBP - IOP).

aStatistically significant difference (P < 0.05) from baseline in
linear mixed-effect models.

DBP, diastolic blood pressure; DOPP, diastolic ocular perfusion
pressure; IOP, intraocular pressure; MOPP, mean ocular perfusion
pressure; SBP, systolic blood pressure; SOPP, systolic ocular
perfusion pressure.
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Table 2, and the mean effect sizes of timolol and latanoprost
on MOPP, SOPP, and DOPP are shown in Fig. 2. In linear
mixed-effects models, latanoprost increased MOPP (mean
2.9 mmHg), SOPP (2.8 mmHg), and DOPP (3.1 mmHg).
Timolol increased MOPP (1.8 mmHg) and DOPP (1.3), but
it decreased SOPP (-1.3 mmHg). The changes in SOPP
(P < 0.001) and DOPP (P < 0.001) were significantly dif-
ferent with latanoprost compared with timolol, but the dif-
ference in treatment effects on MOPP was not significantly
different (P = 0.068).

There was no significant difference in the effect of ti-
molol or latanoprost on OPP by treatment order. Participants
at the Mayo Clinic had slightly greater increases in MOPP
by both timolol (0.95 mmHg, P = 0.001) and latanoprost
(1.2 mmHg, P < 0.001) compared with the other 2 study
sites. Otherwise, the effects of timolol and latanoprost on
SOPP and DOPP did not vary by treatment site.

Multivariable models

Separate multivariable linear mixed-effects models with
generalized least squares estimators were fitted to assess
whether participant characteristics were associated with the
magnitudes of the effects of timolol and latanoprost on
MOPP. All models were adjusted for age, sex, ethnicity,
treatment order, and baseline MOPP. The results are pre-
sented in Table 3. In all 3 separate models (health condi-
tions, medication use, and ocular factors), higher baseline
MOPP was associated with a 0.05–0.10 mmHg greater in-
crease in MOPP with timolol (P £ 0.005 for each). This
association was not found for latanoprost.

History of thrombotic disorders (estimate: 2.3 mmHg;
95% CI: 0.2, 4.5; P = 0.030) and lifetime use of >100 cig-
arettes (estimate: 0.8 mmHg; 95% CI: 0.2, 1.4; P = 0.014)
were associated with a greater increase in MOPP on timolol

FIG. 1. Distribution of OPP among nonglaucomatous participants at baseline, with 1-week timolol treatment, and with
1-week latanoprost treatment, combined right and left eyes. Mean OPP = O [DBP + N (SBP - DBP)] - IOP. Systolic
OPP = (SBP - IOP). Diastolic OPP = (DBP - IOP). The filled areas represent the kernel density distributions. White lines
and boxes within each distribution represent the mean and 95-percent confidence interval for the mean. DBP, diastolic blood
pressure; IOP, intraocular pressure; MOPP, mean ocular perfusion pressure; OPP, ocular perfusion pressure; SBP, systolic
blood pressure.

FIG. 2. The effects of timolol
and latanoprost on OPP in linear
mixed-effects models of both eyes
of 121 nonglaucomatous volun-
teers. MOPP = O [DBP + N (SBP
- DBP)] - IOP. SOPP: (SBP -
IOP). DOPP: (DBP - IOP). DOPP,
diastolic ocular perfusion pressure;
SOPP, systolic ocular perfusion
pressure.
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treatment. Mean increase in MOPP by timolol was smaller
in those who used diabetes medications (estimate:
-3.9 mmHg; 95% CI: -2.2, -5.6; P < 0.001), steroid medi-
cations (estimate: -1.8 mmHg; 95% CI: -0.3, -3.4;
P = 0.022), and had a history of depression (estimate:
-1.6 mmHg; 95% CI: -0.7, -2.5; P < 0.001). The associa-
tions with the use of diabetes medication use and history of
depression were significant after Bonferroni adjustment.

The mean increase in MOPP by latanoprost was smaller
in those who used psychotropic medications (estimate:
-1.2 mmHg; 95% CI: -0.5, -2.0; P = 0.001) and steroid
medications (estimate: -2.4 mmHg; 95% CI: -0.5, -4.4;
P = 0.015). The association with the use of psychotropic
medications was significant after Bonferroni adjustment. Of
note, in this cohort, 33 participants reported using psycho-
tropic medications, 20 reported history of depression, and
only 3 reported using diabetes medications. Altogether, after
adjusting for multiple comparisons, the use of diabetes
medications and history of depression were each associated
with lesser benefits of timolol on MOPP; and the use of
psychotropic medications was associated with lesser benefits
of latanoprost on MOPP.

Comparison with prior studies

The PubMed search strategy for studies characterizing
OPP under treatment with timolol or latanoprost returned 64
studies, 39 of which were excluded after title and abstract

review. Of the remaining 25 studies, 10 were excluded after
full-text review because they only used timolol or latano-
prost as part of a combination treatment (n = 3), did not
report sufficient data on OPP results (n = 2), did not report
calculated OPP (n = 1 estimating OPP by oculo-
oscillodynamography; n = 1 estimating OPP by scanning
laser flowmetry), were conducted in animals (n = 1), or were
systematic reviews (n = 2). Review of the references of the
identified systematic reviews11,22 yielded one additional
study meeting our inclusion criteria.23 Altogether, we
identified 16 studies meeting our inclusion criteria.23–38 Due
to high clinical heterogeneity (ie, different patient popula-
tions) and high methodological heterogeneity (ie, differing
treatment lengths), meta-analysis was not performed. Study
characteristics, treatment conditions, and OPPs (MOPP,
SOPP, and/or DOPP) are presented in Table 4.

Discussion

The growing interest regarding OPP may fill a gap in
knowledge of vascular perfusion of the posterior segment.
Many prior clinical research tools to assess vascular per-
fusion of the ONH have been limited by low usability,
burdensome examiner training requirements, or low re-
producibility.3,39 As there is no widely used clinical in-
strument that provides such a measure of ONH perfusion,
OPP is calculated by using 2 commonly measured clinical

Table 3. Multivariable Linear Mixed-Effects Models of Change in Ocular Perfusion

Pressure (Dependent Variable) and Patient Characteristics (Predictor Variables)

After Treatment with Timolol or Latanoprost

Timolol Latanoprost

Independent variablea b (95% CI) b (95% CI)b

Health history model
Body mass index -0.01 (-0.06, 0.05) -0.03 (-0.1, 0.04)
Cigarette smoking 0.79 (0.16, 1.43)c 0.04 (-0.79, 0.88)
Diabetes -1.48 (-3.09, 0.14) -0.62 (-2.72, 1.47)
Hypertension -0.35 (-1.17, 0.46) -0.23 (-1.3, 0.84)
Hypercholesterolemia -0.54 (-1.23, 0.15) 0.12 (-0.81, 1.05)
Depression -1.63 (-2.51, -0.74)d -0.42 (-1.74, 0.91)
Cancer -0.06 (-1.06, 0.94) -0.46 (-1.54, 0.62)
Thrombotic disorder 2.34 (0.23, 4.46)c -0.59 (-3.28, 2.11)

Medication use model
Psychotropic medication -0.56 (-1.17, 0.06) -1.24 (-1.98, -0.51)d

Antihypertensive -0.33 (-1.04, 0.38) -0.69 (-1.55, 0.18)
Diabetes medication -3.88 (-5.59, -2.16)d -1.99 (-4.04, 0.06)
Statin 0.16 (-0.6, 0.92) 0.16 (-0.76, 1.09)
Steroid -1.84 (-3.42, -0.27)c -2.43 (-4.38, -0.47)c

Thyroid medication -0.30 (-1.19, 0.6) -0.44 (-1.51, 0.63)

Ocular factors model
Episcleral venous pressure -0.07 (-0.30, 0.15) -0.19 (-0.40, 0.03)
Central corneal thickness 0.01 (-0.01, 0.02) 0.002 (-0.01, 0.01)
Corneal hysteresis -0.05 (-0.31, 0.21) -0.09 (-0.34, 0.16)
Axial length 0.24 (-0.28, 78) 0.29 (-0.07, 0.43)
Spherical equivalents 0.10 (-0.14, 0.35) 0.18 (-0.24, 0.35)

aEstimates for binary variables (ie, medical conditions and medication use) are compared with a reference group who did not have a given
medical condition or did not use a given type of medication.

bPositive b coefficients indicate larger increases in OPP. Models were adjusted for age, sex, ethnicity, order of treatment, and baseline
OPP.

cIndicates b coefficient is statistically significantly different from 0 (P < 0.05) before Bonferroni adjustment.
db coefficient is statistically significantly different from 0 (P < 0.05) with Bonferroni adjustment.
95% CI, 95-percent confidence interval; OPP, ocular perfusion pressure.
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factors: IOP and BP. Although calculated OPP cannot ac-
count for autoregulation and dysregulation in the eye, it is a
readily calculable estimate of ONH blood flow.

Based on the calculation, decreased IOP results in in-
creased calculated OPP. Conversely, decreased BP results in
decreased calculated OPP. Both timolol and latanoprost
reduce IOP12–15; thus, we expected that both of these

medications would increase OPP. However, topical beta-
blockers can have systemic effects, including reduced BP.16

Consequently, we hypothesized that timolol’s ability to in-
crease OPP may be limited by its effect on systemic BP,
consistent with prior evidence that prostaglandin analogues
may be more effective than other classes of medication at
increasing OPP.11

Table 4. Prior Studies in Patients (with Ocular Hypertension, Normal Tension Glaucoma, or Primary

Open-Angle Glaucoma) Characterizing Ocular Perfusion Pressure with Timolol

or Latanoprost Treatment

Studya Year Study populationb n Treatment condition
Treatment

length
OPP
typec

OPP
(mean) SD

Kolli et al.
(present study
in controls)

2021 CTRL 121 Baseline 1 week Mean 46.8 8.1
Timolol 48.5 7.9
Latanoprost 49.6 8.2
Baseline Systolic 108.5 14.4
Timolol 106.9 13.7
Latanoprost 110.2 13.1
Baseline Diastolic 61.3 10.8
Timolol 62.0 10.8
Latanoprost 64.7 10.0

Seibold et al.24 2017 POAG/OHT 30 Baseline 4 weeks Mean 39.5 4.9
Timolol 40.7 4.4

Lee et al.25 2016 NTG 44 Baseline 4 weeks Mean 47.9 7.3
Latanoprost 47.5 7.2
Baseline Diastolic 63.2 9.1
Latanoprost 62.8 10.1

Liu et al.26 2016 POAG/OHT 25 Baseline 4 weeks Mean 52.8 8.0
Timolol 54.8 7.5

Rossetti et al.27 2015 POAG/OHT 99 Baseline 4 weeks Diastolic 62.4 11.1
Timolol and Latanoprost 62.8 6.9
Baseline Systolic 111.8 15.3
Timolol and Latanoprost 120.2 15.7

Oddone et al.28 2015 POAG/OHT 32 Baseline 8 weeks Diastolic 59.8 9.1
Timolol 59.5 7.7
Baseline Systolic 109.2 15.7
Timolol 105.2 11.4

Quaranta et al.29 2012 POAG/OHT 28 Baseline 8 weeks Mean 54.9 6.1
Timolol 48.0 9.0

Konstas et al.30 2009 POAG/OHT 29 Baseline 8 weeks Mean 36.1 6.9
Timolol 43.2 5.5

Quaranta et al.31 2008 POAG/OHT 27 Baseline 6 weeks Diastolic 47.4 3.32
Latanoprost 55.9 2.48

Koz et al.32 2007 POAG/OHT 51 Baseline 6 months Mean 33.5 3.2
Latanoprost 39.9 3.1

Quaranta et al.33 2006 POAG/OHT 27 Baseline 6 weeks Diastolic 50.7 5.9
Timolol 53.0 5.5
Latanoprost 56.4 4.9

Gherghel et al.34 2006 POAG/OHT 51 Baseline 6 months Mean 39.0 7.9
Latanoprost 50.4 7.5

Fuchsjäger-Mayrl et al.35 2005 POAG/OHT 70 Baseline 6 months Mean 39.3 7.4
Timolol 41 8.3

Inan et al.23 2003 POAG/OHT 20 Baseline 3 months Mean 40.7 5
Latanoprost 46.6 2.9

Harris et al.36 2003 NTG 20 Baseline 4 weeks Mean 48 9
Timolol 48 7

Liu et al.37 2002 NTG 28 Baseline 4 weeks Mean 45.7 4.3
Latanoprost 49.3 5.9

Drance et al.38 1998 NTG 27 Baseline 3 weeks Mean 49.5 6.7
Timolol 50.9 5.7
Latanoprost 53.2 7.3

aFor studies that reported OPP values at multiple times during the day, we present values from the morning measurement in this table.
bStudy population: CTRL: Healthy volunteers, POAG/OHT, NTG.
cMean OPP = O [DBP + N (SBP - DBP)] - IOP. Systolic OPP = (SBP - IOP). Diastolic OPP = (DBP - IOP).
NTG, normal tension glaucoma; POAG/OHT, primary open-angle glaucoma and ocular hypertension.
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As hypothesized, both timolol and latanoprost signifi-
cantly increased calculated MOPP and DOPP in this
crossover design study of non-glaucomatous volunteers.
However, latanoprost increased SOPP, whereas timolol
significantly decreased SOPP as well as SBP. The decrease
in SBP conferred by timolol indicates that there was likely
some systemic absorption of timolol. Compared with ti-
molol, the increases in both SOPP and DOPP conferred by
latanoprost were significantly greater, but it is unknown
whether the differences of 2–3 mmHg are clinically signif-
icant. As previously reported,17,18 latanoprost was slightly
more effective in reducing IOP compared with timolol. This,
in combination with timolol’s ability to reduce BP, may
contribute to latanoprost’s theoretical effect to increase OPP
compared with timolol.

Several limitations of calculated OPP as a clinical mea-
sure should be noted. First, BP in the brachial artery may not
correlate precisely with ocular arterial BP. Moreover, the
relationship between brachial BP and ocular arterial BP may
vary based on the position in which the subject is measured
(ie, supine vs. upright).40 Because BP was assessed in the
seated position at each study visit and within-person dif-
ferences in OPP were the primary outcome of interest, we
do not expect that our results are influenced by body posi-
tion. Second, calculated OPP does not account for auto-
regulatory changes in BP and IOP that function to optimize
ocular blood flow.16,41 Third, circadian fluctuations of BP
and IOP may be important in the pathogenesis of glauco-
ma,3,42 and these are not captured when OPP is assessed at a
single time. Future interventional research should measure
both IOP and systemic BP at multiple times throughout the
day to determine the effects of topical medication on cir-
cadian fluctuations in calculated OPP. Fourth, because OPP
is calculated based on IOP, it is difficult to distinguish
whether clinical outcomes associated with increased OPP
could be explained by decreases in IOP. Nevertheless, cal-
culated OPP is a potentially useful tool to easily estimate
ONH perfusion based on commonly assessed clinical mea-
sures (BP and IOP).

The results of prior studies characterizing OPP under
treatment with timolol or latanoprost are summarized in
Table 4. Our findings of a mean benefit of timolol and la-
tanoprost to OPP are consistent with these previous, smaller
studies of OPP.11,16,31,33,38 Prior studies have not presented
all 3 calculated values for MOPP, SOPP, or DOPP as out-
come measures. We calculated all 3 versions of OPP in
healthy volunteers to provide results comparable to prior
studies that selected only certain calculations of OPP in
patients who had glaucoma. Prior studies in various glau-
coma cases had small sample sizes and strict exclusion
criteria that limited their generalizability. Our study includes
participants with hypertension and diabetes and those who
use antihypertensive medication, which is more reflective of
the general population who are at risk for glaucoma.

The magnitudes of the effects of timolol and latanoprost
on IOP in healthy controls tended to be slightly lower than
in prior studies conducted in patients with glaucoma
(Table 4). This was expected since the participants in this
study were nonglaucomatous volunteers whose baseline
IOPs were in the normal range. The effect of timolol on
systemic BP in the present study is consistent with findings
of prior studies.31,33,38 Timolol’s ability to reduce BP, even
when administered topically, may contribute to the smaller

effect size of timolol compared with latanoprost. Altogether,
patients undergoing treatment for glaucoma may not expe-
rience a clinically significant increase in OPP even when
their IOP is substantially lowered.

As illustrated in Fig. 1, participants had a wide range of
OPPs and there was large overlap among OPPs at the 3
study visits. This overlap reflects the small incidental effect
of pharmacologically changing OPP using topical IOP-
reducing drugs alone. In severe cases of glaucoma with low
OPP, topical reduction of IOP may be insufficient, and laser,
surgical management, or even reduction of antihypertensive
medication may be indicated in some cases in consultation
with the prescribing physician.41

Prior studies of OPP have used cutoffs (eg, 40 or
50 mmHg for MOPP) to dichotomize participants into high
versus low OPP, rather than assessing OPP as a continuous
measure.5,6 Thus, further research will be needed to assess
the minimal clinically important difference for OPP reduc-
tion to confer clinical benefits (eg, visual field stabiliza-
tion).43 Consequently, whether the effect sizes reported in
the present study are clinically significant remains unknown.
Currently, OPP is rarely used in clinical practice. This may
be due to lack of BP measurement in the routine workflow,
lack of familiarity with OPP as a clinical parameter, and/or
the need for further research on the clinical utility of OPP.
Further interventional research in patients with glaucoma is
needed to determine whether monitoring of OPP provides
clinically significant benefits (eg, slowing of visual field
progression) over the current standard of care.

Although the pathogenesis of glaucoma remains unclear,
vascular factors and ischemia may play a significant role in
the disease.44,45 History of thrombotic disorders and lifetime
use of >100 cigarettes were associated with greater increases
in OPP with timolol. However, these associations were not
robust to Bonferroni adjustment. In prior studies, several pro-
thrombotic factors46,47 and smoking48 have been associated
with glaucoma. Further research will be needed to assess
whether the benefits of timolol may be greater in those with
risk factors for micro-vascular damage near the ONH (eg,
those who smoke or have thrombotic disorders). After Bon-
ferroni adjustment, history of depression and use of diabetes
medications were associated with lesser increases in OPP
with timolol, and use of psychotropic medications was as-
sociated with lesser increases in OPP by latanoprost.

High IOP remains the major treatable clinical risk factor
for glaucoma.49 In addition, large clinical and epidemio-
logical studies such as the Early Manifest Glaucoma Trial
and the Los Angeles Latino Eye Study (LALES) found that
lower OPP is associated with increased glaucoma risk irre-
spective of baseline IOP.5,6 In the cross-sectional
population-based LALES, a calculated MOPP of 50 mmHg
or less was associated with a 3.6 times greater odds of in-
cident open-angle glaucoma compared with a reference
group with MOPP of 61–80 mmHg.6 Moreover, the Barba-
dos Eye Study, a 9-year longitudinal study, demonstrated
that calculated MOPP of 40 mmHg or less was associated
with a risk ratio of 2.6 for developing open-angle glauco-
ma.50 Moreover, results of both LALES and the Barbados
Eye Study demonstrated a significant association of higher
SOPP and DOPP with greater incidence of glaucoma.6,50

Altogether, there is strong and growing evidence that IOP
alone does not fully account for a person’s risk of devel-
oping glaucoma.
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Our study results need to be viewed with regard to several
limitations. First, this study was conducted with non-
glaucomatous volunteers. As such, the generalizability of the
results to patients with glaucoma is uncertain. Nevertheless,
the present study does not exclude those with hypertension,
diabetes, and subjects who take a wide array of systemic
medications. These conditions and medications (which have
been considered exclusion criteria in previous studies of OPP)
are prevalent in those with glaucoma and those at risk for
incident glaucoma. Second, this study implemented 1-week
treatment periods, which may have different effects than
more prolonged use. However, this difference is likely min-
imal given that both timolol and latanoprost can achieve
significant IOP-lowering effects within the first day of use.51

Third, the study sample was 87% White, which does limit the
generalizability of our findings to other racial or ethnic
groups. Fourth, this study calculated OPP by using 3 different
methods, which is a surrogate for true physiologic OPP. It is
possible that calculated OPP is different from true physio-
logic OPP, and future studies using direct measures of ocular
perfusion—such as Doppler optical coherence tomogra-
phy52,53—could potentially yield different results. This is an
important area for future research, as calculated OPP does not
capture autoregulation of IOP or BP in the eye. Though
crude, calculated OPP is a convenient estimate of true OPP
and has been associated with glaucoma risk. Further, the
balance of IOP and BP to maintain a stable OPP relies on a
complex local autoregulatory mechanism in the eye,7,54

which may not be captured when using brachial BP to cal-
culate OPP. Nevertheless, large epidemiological studies that
have associated OPP with glaucoma progression have been
based on calculated OPP.3–5,50

Lastly, this study uses pneumotonometry to measure IOP,
rather than Goldmann applanation tonometry. Despite dif-
ferences in IOP measurements when assessed with penu-
motonometry versus Goldmann applanation tonometry,
prior research has reported high correlation between IOP
values elicited from these 2 methods.55,56 Because our main
outcome is related to changes in OPP, rather than levels of
OPP, different tonometry methods for measurement of IOP
would likely yield a similar result and would not be ex-
pected to affect the conclusion.

This study also has several notable strengths. This is the
largest study of the effects of topical timolol and latanoprost
on OPP in subjects without glaucoma and implements a
prospective study design. In contrast, several prior studies
were underpowered to detect significant differences.11 The
current study includes participants with diabetes, hyperten-
sion, and those who take anti-hypertensive medications,
which is more reflective of the population at risk of devel-
oping glaucoma. For example, most prior studies (Table 4)
have excluded those who have taken anti-hypertensive
medications (eg, systemic beta blockers) because these may
modify the effect of topical beta-blockers, such as timolol.
However, this study is designed to be reflective of the general
population that may be at risk of incident glaucoma, many of
whom take systemic antihypertensive medications, including
beta-blockers. Our crossover design with randomized treat-
ment order allowed the calculation of within-participant ef-
fects of timolol and latanoprost on OPP. Further, the
crossover design allows each participant to serve as their own
control, limiting confounding by characteristics such as age,
medical history, medication use, or ocular parameters.

Conclusion

Timolol and latanoprost conferred statistically significant
increases in OPP in this crossover study of volunteers without
glaucoma, but timolol’s benefit to OPP may be limited be-
cause it also significantly reduced systemic SBP. Topical
drugs that confer clinically significant benefits to IOP may
not necessarily benefit OPP to the same extent. Thus, the
utilization of OPP in assessing response to glaucoma treat-
ment could provide benefits over-relying on IOP alone.
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