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Objective: To test the validity and generalizability of the Ocular Hypertension Treatment Study (OHTS)
prediction model for the development of primary open-angle glaucoma (POAG) in a large independent sample of
untreated ocular hypertensive individuals and to develop a quantitative calculator to estimate the 5-year risk that
an individual with ocular hypertension will develop POAG.

Design: A prediction model was developed from the observation group of the OHTS and then tested on the
placebo group of the European Glaucoma Prevention Study (EGPS) using a z statistic to compare hazard ratios,
a c statistic for discrimination, and a calibration �2 for systematic overestimation/underestimation of predicted
risk. The 2 study samples were pooled to increase precision and generalizability of a 5-year predictive model for
developing POAG.

Participants: The OHTS observation group (n � 819; 6.6 years’ median follow-up) and EGPS placebo group
(n � 500; 4.8 years’ median follow-up).

Testing: Data were collected on demographic characteristics, medical history, ocular examination visual
fields (VFs), and optic disc photographs.

Main Outcome Measure: Development of reproducible VF abnormality or optic disc progression as deter-
mined by masked readers and attributed to POAG by a masked end point committee.

Results: The same predictors for the development of POAG were identified independently in both the OHTS
observation group and the EGPS placebo group—baseline age, intraocular pressure, central corneal thickness,
vertical cup-to-disc ratio, and Humphrey VF pattern standard deviation. The pooled multivariate model for the
development of POAG had good discrimination (c statistic, 0.74) and accurate estimation of POAG risk
(calibration �2, 7.05).

Conclusions: The OHTS prediction model was validated in the EGPS placebo group. A calculator to
estimate the 5-year risk of developing POAG, based on the pooled OHTS–EGPS predictive model, has high
precision and will be useful for clinicians and patients in deciding the frequency of tests and examinations during
follow-up and advisability of initiating preventive treatment. Ophthalmology 2007;114:10–19 © 2007 by the
American Academy of Ophthalmology.
Glaucoma is among the leading causes of blindness in the
United States and worldwide.1–5 It is estimated that more
than 2.5 million people in the U.S. have glaucoma and that
more than 130 000 people are legally blind from the dis-
ease.4 Primary open-angle glaucoma (POAG) is the leading
cause of blindness in African Americans. In the Baltimore
Eye Survey, the age-adjusted prevalence rates of POAG
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were 3 to 5 times higher in African Americans than in
Caucasians.2 The Los Angeles Latino Eye Study and the
Project Vision, Evaluation and Research Study reported a
high prevalence of open-angle glaucoma (OAG) in Latinos
predominantly of Mexican ancestry.6,7

Elevated intraocular pressure (IOP) is the leading risk
factor and only known modifiable factor for OAG. It is
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estimated that 3 to 6 million people in the U.S., including
4% to 7% of those 40 years and older, have elevated IOP
without detectable glaucomatous damage on standard clin-
ical tests.8–10 The prevalence and severity of POAG might
be reduced by treating ocular hypertensive individuals be-
fore they develop glaucoma. The Ocular Hypertension
Treatment Study (OHTS) demonstrated that a 20% reduc-
tion in IOP reduced the incidence of POAG by �50%.11

However, the treatment of all ocular hypertensive individ-
uals is neither medically indicated nor economically justi-
fied because of the high prevalence of the condition; the low
conversion rate to POAG; and the cost, inconvenience, and
possible adverse effects of treatment.11,12 Another alterna-
tive is the use of risk stratification to identify patients at high
risk of developing POAG who might benefit from close
observation and, perhaps, early treatment.

In 2002, the OHTS published a report on baseline factors
that predict the development of POAG. This analysis was
based on the entire OHTS sample, both treated and un-
treated individuals.13 A predictive model should be based
on untreated individuals alone and then, ideally, should be
validated in a large independent sample. Here we report
separate prediction models from the observation group of the
OHTS and placebo group of the European Glaucoma Preven-
tion Study (EGPS)14 and the pooled prediction model from
the combined group. In addition, we present a quantitative
5-year risk calculator for the development of POAG in
ocular hypertensive individuals.

Materials and Methods

The OHTS11 and EGPS14 are both randomized clinical trials that
tested the safety and efficacy of topical ocular hypotensive medi-
cation in delaying or preventing the development of POAG in
individuals with ocular hypertension. The OHTS and EGPS pro-
tocols are described in their respective baseline design articles.15,16

The OHTS protocol is also available at https://vrcc.wustl.edu. The
protocol of each study was approved by the institutional review
boards of all participating clinics and resource centers.

In both the OHTS and the EGPS, participants were randomized in
equal proportions to either a medication group or a control group. In
the OHTS, the control group was an observation group that received
no ocular hypotensive medication or placebos. In the EGPS, the
control group was a placebo group, which received the diluent for the
medication. This report includes data from only the observation group
of the OHTS and the placebo group of the EGPS.

The following key similarities in the OHTS and EGPS proto-
cols and definitions made this collaboration feasible (Tables 1, 2):

1. Similar criteria for the definition of ocular hypertension.
2. Masked centralized randomization to an active treatment

group or a control group.
3. Intraocular pressure measurements by Goldmann tonometry.
4. Central corneal thickness (CCT) measurements using the

same protocol and same model pachymeter (DGH Pachette
model 500, DGH Technology, Inc., Exton, PA).

5. Follow-up visits at 6-month intervals for 5 years or until a
censoring event.

6. Similar, though not identical, criteria for diagnosing inci-
dent POAG.

7. Detection of optic nerve and/or visual field (VF) change by

masked readers.
8. Attribution of reproducible VF abnormalities or optic disc
deterioration to POAG by a masked end point committee.

Differences between the 2 protocols were resolved by the
Collaborative Analysis Steering Committee as follows:

1. Pigment dispersion and exfoliation syndrome. These were
exclusion criteria in the OHTS but not in the EGPS.
Analyses in this article exclude the 19 participants in the
EGPS placebo group with either pigment dispersion or
exfoliation syndrome.

2. One versus two eyes eligible. In the OHTS, all partici-
pants had to have both eyes eligible and enrolled in the
study. In the EGPS, the participants could have one eye
eligible for the study if the fellow eye met all the entry
criteria, except that the IOP fell below the entry thresh-
old. Twenty-one percent (105/500) of the EGPS partic-
ipants randomized to the placebo group had only one
eye eligible. To determine whether the inclusion of this
subgroup altered results, the collaborative prediction
model was analyzed with and without these data.

3. Baseline IOP. A new and more stable estimate of base-
line IOP was calculated for all participants in both
studies. In the OHTS, the mean IOP for each eye was
calculated using 2 to 3 IOP measurements from each of
the 2 qualifying visits and the randomization visit (Table
2). Thus, the mean pressure for each eye was calculated
from 6 to 9 IOP measurements and the 2 means were
averaged to create a new baseline IOP (25.1�2.0 mmHg
[standard deviation (SD)]). In the EGPS, the mean IOP
for each eye was calculated using 2 to 3 measurements
per eye at the eligibility visit and 1 measurement per eye
at the 6-month follow-up visit (Table 2). Thus, the mean
pressure for each eye was calculated from 3 to 4 IOP
measurements and the means for the 2 eyes were aver-
aged, assuming the participant had both eyes eligible for
the study (new baseline IOP of 22.4�2.0 mmHg).

4. Visual fields. In the OHTS, all VFs were assessed using
full-threshold white-on-white Humphrey program 30-2 pe-
rimetry (Carl Zeiss Meditec, Inc., Dublin, CA). In the EGPS,
VFs were assessed using Humphrey 30-2 VFs for 79.6%
(398/500) of the participants and Octopus 32-2 VFs (Haag-
Streit AG, Koeniz, Switzerland) for 20.4% (102/500) of the
participants. We converted the baseline Octopus mean defect
to Humphrey mean deviation by changing the sign and loss
variance to pattern standard deviation (PSD) by taking the
square root of the loss variance.17

5. Missing data. In the OHTS, all data from randomization
to either study termination or a censoring event (i.e.,
death, development of POAG, or loss to follow-up) were
included in analyses. In the primary outcome article, the
EGPS censored data after participants missed visits or
deviated from the protocol.14 For our analyses,
follow-up data were retrieved for 65.8% (77/117) of
EGPS participants in the placebo group who were cen-
sored in the primary outcome article but continued to be
observed until study completion. In this report, partici-
pants in the EGPS study were censored only for loss to
follow-up, development of POAG, or death.

6. Family history of glaucoma. Data on family history of
glaucoma were not collected in the EGPS, so this variable
was not included in the collaborative analysis.

Data from the OHTS included in this report are baseline
variables and POAG outcomes for observation participants (n �
819) from the start of randomization in February 1994 to June

2002. Data from the EGPS included in this report are baseline
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variables and POAG outcomes for participants in the placebo
group (n � 500) from the start of randomization in January
1997 to May 2004. In both the OHTS and the EGPS, the date of
onset for POAG is the date of the first abnormal VF or optic
disc stereophotograph that masked readers classified as meeting
the definition for change and that subsequently was attributed to
POAG. Baseline demographic and clinical information in both
the OHTS and the EGPS was collected on each participant
before randomization, except for corneal thickness measure-
ments, which were performed 1 to 3 years after randomization.
For the purpose of all analyses in this article, values for the
eye-specific variables (IOP, cup-to-disc [C/D] ratio, CCT, and
PSD) for each participant were the average of the values for the
right and left eyes (with the exception of the EGPS participants
with only one eye eligible for the study).

Statistical Analysis

Comparison of the Ocular Hypertension Treatment Study and

Table 1. Comparison of the Ocular Hypertension
Prevention Study

OHTS

Design Unmasked randomized clinical trial
Hypothesis To evaluate the safety and efficacy of topic

hypotensive medication in preventing o
the onset of POAG in individuals with
hypertension

Treatment group n � 818 participants, treatment with any
commercially available drug to achieve 2
reduction from baseline and �24 mmHg

Control group Observation, n � 819
Median follow-up Every 6 mos for 6.6 yrs
Eligibility

Age (yrs) 40–80 inclusive
IOP �24 and �32 mmHg in one eye; �21 and

mmHg in fellow eye; mean of 4–6 IOPs
qualifying visits; both eyes had to satisfy
eligibility criteria

Normal optic disc Clinical examination and masked reading
stereophotographs, difference in cup-to-d
between eyes not greater than 0.2

Visual fields Normal and reliable Humphrey 30-2 visua

Exclusions Pigment dispersion or exfoliation syndrome
Best-corrected visual acuity worse than 20/

eye
Previous intraocular surgery, except uncom

extracapsular cataract extraction with po
chamber IOL

Life-threatening or debilitating disease
Secondary causes of elevated IOP

Angle-closure glaucoma or anatomically na
Systemic or ocular conditions capable of c

field loss or optic disc abnormalities
Background diabetic retinopathy
Pregnant or nursing women

End point ascertainment Independent masked readers
Visual fields 3 consecutive abnormal and reliable tests w

in the same location and index
Optic discs 2 consecutive sets of photographs judged t

clinically significant change
Attribution to POAG Masked end point committee

IOL � intraocular lens; IOP � intraocular pressure; POAG � primary o
European Glaucoma Prevention Study Prediction Models. The
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OHTS and EGPS coordinating centers developed separate univar-
iate and multivariate Cox proportional hazards models for the
development of POAG in each study and then compared the
results. Baseline factors in univariate Cox proportional hazards
models with P�0.10 in either study were included as candidate
variables.

The validity and generalizability of the prediction model from
the OHTS observation group were evaluated in the EGPS placebo
group using 3 methods:

1. Comparisons of multivariate hazard ratios from the OHTS
and the EGPS using the z test statistic.18

2. Assessment of the accuracy of the OHTS prediction model
in discriminating between EGPS participants who did and
did not develop POAG using the c statistic,19 which ranges
from 0.50 (chance) to 1.00 (perfect agreement).

3. Determining the overestimation/underestimation of the
actual number of POAG events in the EGPS using
the calibration �2,18 which was calculated by dividing
the EGPS placebo group into 10 levels of risk using the

atment Study (OHTS) and European Glaucoma
S) Protocols15,16

EGPS

Double-masked randomized placebo-controlled clinical trial
ular
ying
r

To evaluate the safety and efficacy of dorzolamide in
preventing or delaying POAG in individuals with ocular
hypertension

OP
n � 538 participants, treatment with dorzolamide

Placebo eyedrops, n � 543
Every 6 mos for 4.8 yrs

�30

pecific

�22 and �29 mmHg in at least one eye; mean of 2–3
IOPs in 1 eligibility visit; both eyes had to satisfy eye-
specific eligibility criteria, except for IOP; some
participants could have one eye entered into the study

tio
Similar

s Normal and reliable Humphrey 30-2 visual fields or
Octopus 32-2 visual fields

Not excluded
either Same

ed
r

Same

Same
Same, except for pigment dispersion or exfoliation

syndrome
angles Same
visual Same

Same
Same
Same

efect Same

e a 1 set of photographs judged to have changed by at least 2
of 3 masked readers

Same

ngle glaucoma.
Tre
(EGP

al oc
r dela
ocula
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�32
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risk of developing POAG was compared with the ob-
served proportion of participants developing POAG. A
calibration �2 of 20.00 and below indicates good agree-
ment between the predicted and observed event
rates.18

Developing the Pooled Prediction Model from the Ocular
Hypertension Treatment Study Observation Group and Euro-
pean Glaucoma Prevention Study Placebo Group. Data from the
OHTS observation group and EGPS placebo group were pooled,
and Cox proportional hazards models were calculated with and
without stratification by study. The performance of the stratified
and unstratified pooled models was evaluated using the c statistic
and the calibration �2 as described previously. For the pooled
OHTS and EGPS sample, we report hazard ratios and their 95%
confidence intervals (CIs) from univariate and multivariate Cox
proportional hazards models.

To identify possible subgroups at higher or lower risk of
developing POAG that might not be detected by multivariate
Cox proportional hazards models, we took the same pooled
sample and performed tree analyses that included race, study
(OHTS or EGPS), heart disease, and diabetes, in addition to the
baseline predictors from the Cox proportional hazards models.
Following the conventional practice in tree construction, an
extremely large tree (22 prognostic groups) initially was devel-
oped to avoid missing any small subgroups of interest. Then a
parsimonious tree (with 7 prognostic groups) that best described
the data was obtained via a 10-fold cross-validation method.
Tree analyses were implemented by the Splus RPART
library.20

Estimating the 5-Year Risk of an Ocular Hypertensive Indi-
vidual Developing Primary Open-Angle Glaucoma. The 5-year
risk of developing POAG for a given individual with ocular
hypertension can be estimated from the pooled multivariate Cox
proportional hazards model.21 The model requires information on
all predictive factors and functions best when multiple measures of
eye-specific predictors are entered and the values of the right and
left eyes are averaged. The 5-year risk of developing POAG is
estimated and expressed as a percentage.

To provide a simple method for estimating the 5-year risk of
developing POAG, we also developed a point system using the
means, SDs, and risk equation coefficients from the pooled mul-
tivariate Cox proportional hazards model. We assigned a numeric

Table 2. Definitions of Baseline Can

OHTS

Age Age at baseline
IOP Mean of right and left eyes using 4–6 IO

measurements per eye at the 2 qualifyi
and 2–3 IOP measurements per eye at
randomization visit

CCT Mean of right and left eyes of 5 measurem
taken at one visit using ultrasonic pach

Vertical cup-to-disc ratio by
contour

Mean of right and left eyes of estimates f
stereophotographs by masked readers

Visual field pattern standard
deviation

Mean of right and left eyes of 2 normal a
baseline Humphrey 30-2 visual fields p
at qualifying visits

History of diabetes Self-report at baseline
History of heart disease Self-report

CCT � central corneal thickness; EGPS � European Glaucoma Preventio
Study.
value to each baseline predictor so that the range of points (range,
0–4) reflected the distribution of risk for that variable. The sum of
points for the predictors estimates the 5-year risk of developing
POAG.

Results

Baseline demographic and clinical features of participants who did
or did not develop POAG in the OHTS observation group and
EGPS placebo group are reported in Tables 3 and 4. The percent-
ages of participants developing POAG in Table 4 were not ad-
justed for duration of follow-up.

In the OHTS observation group, the Kaplan–Meier estimate of
the 5-year cumulative probability of developing POAG was 9.3%
(104/819; median follow-up of 6.6 years). In the EGPS placebo
group, the Kaplan–Meier estimate of the 5-year cumulative prob-
ability of developing POAG was 16.8% (61/509; median follow-
up of 4.8 years). The incidence of POAG varied greatly between
clinics in the OHTS (range, 3.7%–42.9%) and in the EGPS (range,
0%–25%). This variation in conversion rates between clinics was
largely due to the risk characteristics of the participants enrolled at
the various clinics as well as the small number of participants in
some clinics (data not presented).

Comparison of the Ocular Hypertension
Treatment Study and European Glaucoma
Prevention Study Prediction Models
Baseline factors associated with the development of POAG
(P�0.10) in separate univariate Cox proportional hazards models
of the OHTS observation group and EGPS placebo group were
age, IOP, CCT, PSD, and vertical C/D ratio by contour. History of
heart disease and male gender were associated with an increased
risk of developing POAG in the OHTS (P�0.10) but not in the
EGPS. A history of diabetes was associated with a decreased risk
of developing POAG in the OHTS (P�0.10) but not in the EGPS.

In the OHTS dataset, 717 of 819 participants with complete
baseline data were included in multivariate analyses. In the EGPS
dataset, 406 of 500 participants with complete baseline data were
included in multivariate analyses. Candidate baseline variables in
the multivariate Cox proportional hazards models of each study
included age, gender, IOP, CCT, vertical C/D ratio, PSD, history

te Variables for the Pooled Analyses

EGPS

Same

its
Mean of right and left eyes using 2–3 IOP measurements at

the eligibility visit and 1 IOP measurement at the 6-mo
visit

per eye
er

Same

Same

liable
done

Mean of right and left eyes of 2 normal and reliable baseline
Humphrey 30-2 visual fields or Octopus 32-2 visual fields
per eye done at the qualifying visit; Octopus loss variance
converted to pattern standard deviation

Self-report at baseline of diabetes and its treatment
Self-report

dy; IOP � intraocular pressure; OHTS � Ocular Hypertension Treatment
dida

P
ng vis
the

ents
ymet

rom

nd re
er eye

n Stu
of heart disease, and history of diabetes. No interactions were
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detected between any 2 baseline variables in either study. Gender
and history of heart disease were not statistically significant in
either the OHTS or the EGPS multivariate models and were not
included in the final models.

The multivariate model for each study showed excellent fit for
all baseline predictors except for diabetes. The likelihood displace-
ment plots and Martingale residual plots of the multivariate models
indicated that the influence of diabetes could not be estimated
reliably in the OHTS. Furthermore, diabetes was not a statistically
significant predictor in the EGPS multivariate model. Thus, dia-
betic individuals were included in the multivariate data analyses,
but history of diabetes was excluded as a candidate predictive
factor. The final candidate variables in the Cox proportional haz-
ards models in each study included age, IOP, CCT, vertical C/D
ratio by contour, and PSD.

The multivariate Cox proportional hazards models of the sep-
arate studies discriminated very well between the participants who
did or did not develop POAG. In the OHTS dataset, the multivar-
iate Cox proportional hazards model had a c statistic of 0.76 (95%
CI, 0.71–0.81) and a calibration �2 of 8.90. In the EGPS dataset,
the multivariate Cox proportional hazards model had a c statistic of
0.73 (95% CI, 0.64–0.82) and a calibration �2 of 12.95.

The generalizability of the OHTS multivariate prediction
model was tested by comparing hazard ratios for baseline age,
IOP, CCT, vertical C/D ratio, and PSD with those of the EGPS
multivariate model (Fig 1 [available at http://aaojournal.org]). No
differences were detected between hazard ratios from the studies
for any of the baseline factors (Ps � 0.53, 0.49, 0.89, 0.96, and
0.55, respectively).

When the OHTS prediction model was applied to individual
participants in the EGPS, the c statistic was 0.72 (95% CI, 0.63–
0.80) and the calibration �2 was 24.87.

Pooled Ocular Hypertension Treatment Study
and European Glaucoma Prevention Study
Prediction Model

The OHTS and EGPS datasets were combined in the same Cox

Table 3. Continuous Baseline Measures by Primary Open-Angl
Study (OHTS) Observation Group and European

Study Group

OHTS Observation, Developed POAG? E

No Yes

n Mean�SD n Mean�SD n

Age (yrs) 708 55.4�9.7 104 58.2�9.2 439
Mean IOP (mmHg)* 708 25.0�2.0 104 26.0�2.3 439
Mean CCT (�m)* 615 578.1�36.8 102 551.2�36.0 357
Mean vertical C/D

ratio*
(by contour)

708 0.38�0.2 104 0.47�0.2 438

Mean PSD* (dB) 708 1.90�0.2 104 1.94�0.2 437
Mean mean

defect* (dB)
708 0.23�1.0 104 0.13�1.0 437

Mean CPSD* (dB) 708 1.11�0.4 104 1.17�0.4 370
Mean refraction*

(spherical
equivalent [diopters])

708 �0.60�2.3 104 �0.60�2.6 439

CCT � central corneal thickness; C/D � cup-to-disc; CPSD � corrected pat
standard deviation; SD � standard deviation.
*Eye-specific variables are the mean of the right and left eyes for each pa
proportional hazards model (n � 1123 participants with com-
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plete baseline data). Baseline variables (age, IOP, CCT, vertical
C/D ratio, PSD, and history of heart disease), which were
statistically significant in the pooled univariate analysis, were
entered as candidate variables in the pooled multivariate model.
In the multivariate model, all these factors except for heart
disease (P � 0.13) were found to be statistically significantly
associated with the development of POAG. The multivariate
Cox proportional hazards model was stratified by study and
then repeated without stratification with almost identical re-
sults. The c statistic was 0.75 (95% CI, 0.70 – 0.79) with strat-
ification and 0.74 (95% CI, 0.70 – 0.78) without stratification.
The calibration �2 was 3.72 with stratification and 7.05 without
stratification. Because of the excellent performance of the
pooled model without stratification, we report only the univar-
iate and multivariate hazard ratios of baseline factors from the
unstratified model (Table 5). Results were similar when the
pooled analysis was done including and excluding EGPS par-
ticipants with only one eye eligible for the study; therefore,
these data were not excluded from the analyses. The calibration
plot for the pooled model without stratification and including
participants with only one eye eligible showed good agreement
between the predicted and observed 5-year incidences of POAG
(Fig 2 [available at http://aaojournal.org]). In the pooled sam-
ple, 84 participants had an estimated 5-year risk of developing
POAG of 5%. The average 95% CI for this group was 3.07% to
6.9%. Similarly, the 37 participants with a 10% estimated risk
had an average 95% CI of 6.3% to 13.6%, and the 19 partici-
pants with a 20% estimated risk had an average 95% CI of
13.2% to 26.1%.

Corneal Thickness and the Risk of Developing
Primary Open-Angle Glaucoma

Among the participants who developed POAG, the mean � SD
CCT was 550.7�36.3 �m, compared with 577.0�36.0 among
those who did not develop POAG. Figure 3 (available at http://
aaojournal.org) displays the 5-year incidence of POAG for the
pooled dataset divided into 3 equal-size groups by IOP (�23,

ucoma (POAG) Outcome for Ocular Hypertension Treatment
ucoma Prevention Study (EGPS) Placebo Group

OHTS and EGPS Control Groups,
Developed POAG?Placebo, Developed POAG?

o Yes No Yes

ean�SD n Mean�SD n Mean�SD n Mean�SD

.2�10.0 61 61.1�9.9 1147 56.1�9.9 165 59.3�9.5

.3�2.0 61 22.9�2.1 1147 24.0�2.4 165 24.9�2.7

.9�34.6 54 549.9�37.3 972 577.0�36.0 156 550.7�36.3
31�0.1 61 0.36�0.1 1146 0.35�0.2 165 0.43�0.2

00�0.5 59 2.12�0.5 1145 1.94�0.4 163 2.01�0.4
10�1.5 59 0.09�1.5 1145 0.18�1.2 163 0.12�1.2

06�0.6 53 0.98�0.7 1078 1.10�0.5 157 1.11�0.5
25�1.7 61 0.51�1.3 1147 �0.27�2.1 165 �0.19�2.3

andard deviation; dB � decibels; IOP � intraocular pressure; PSD � pattern

ant.
e Gla
Gla

GPS

N

M

57
22

574
0.

2.
0.

1.
0.
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�23 to �25, and �25 mmHg) and 3 equal-size groups by CCT

http://aaojournal.org
http://aaojournal.org
http://aaojournal.org
http://aaojournal.org


OHTS Group and EGPS Group � Validated Prediction Model for POAG
(�556, �556 to �591, and �591 �m). Figure 4 (available at
http://aaojournal.org) displays the 5-year incidence of POAG
for participants in the pooled dataset divided into 3 equal-size
groups by vertical C/D ratio (�0.3, �0.3 to �0.45, and �0.45)
and the same 3 groups of CCT as above. There was little or no
evidence that that strong association of CCT with the risk of
developing POAG could be attributed to its correlation with the
other predictors. Pearson correlation coefficients for CCT and
other predictors of POAG were age, r � �0.12; IOP, r �
�0.004; vertical C/D ratio, r � �0.12; and PSD, r � �0.04.
The associations between CCT and these baseline predictors
also were computed using Spearman rank order correlations
with nearly identical results.

Tree Analyses of the Pooled Sample

Tree analyses confirmed that the important predictors for de-

Table 4. Categorical Baseline Measures by Primary Open-Angl
Study (OHTS) Observation Group and European

Study Gr

OHTS Observation, Developed
POAG?

No Yes

n % n %

Race
Native/American 1 50.0 1 50.0
Asian/Pacific Islander 0 0 0 0
Black, non-Hispanic 168 83.6 33 16.4
Hispanic 26 76.5 8 23.5
White, non-Hispanic 499 89.3 60 10.7
Other 5 83.3 1 16.7

Gender
Female 419 89.3 50 10.7
Male 289 84.3 54 15.7

Either eye, myopia worse
than �1 D

No 460 87.3 67 12.7
Yes 248 87.0 37 13.0

Self-reported medical
history at baseline

Calcium-channel
blockers

No 617 87.1 91 12.9
Yes 88 87.1 13 12.9

�-blockers
No 674 86.9 102 13.1
Yes 31 93.9 2 6.1

Diabetes
No 613 86.0 100 14.0
Yes 95 96.0 4 4.0

Heart disease
No 665 87.7 93 12.3
Yes 43 79.6 11 20.4

Systemic hypertension
No 442 87.7 62 12.3
Yes 266 86.4 42 13.6

Migraine
No 626 87.3 91 12.7
Yes 82 86.3 13 13.7

Stroke
No 697 87.2 102 12.8
Yes 11 84.6 2 15.4

D � diopters.
veloping POAG were age, IOP, CCT, vertical C/D ratio, and
PSD. History of heart disease did not appear as a predictor even
in the initial large tree. History of diabetes appeared only once
in a far-ending branch of the initial tree and was pruned from
the tree best fitting the data. We repeated the tree analysis
adding race (African American vs. others) and study (OHTS or
EGPS); neither of these factors was selected in the tree analysis.

Calculator for Estimating an Ocular Hypertensive
Individual’s 5-Year Risk of Developing Primary
Open-Angle Glaucoma

An ocular hypertensive patient’s 5-year risk of developing POAG
can be estimated using either the Cox proportional hazards model
or a point system. The point system performs almost as well as the
Cox proportional hazards model—c statistics for the point system,
0.70 (95% CI, 0.67–0.75). Both systems are described in detail at

ucoma (POAG) Outcome for Ocular Hypertension Treatment
ucoma Prevention Study (EGPS) Placebo Group

OHTS and EGPS Control Groups,
Developed POAG?S Placebo, Developed POAG?

No Yes No Yes

% n % n % n %

0 0 0 1 50.0 1 50.0
0 0 0 0 0 0 0
0 0 0 168 83.6 33 16.4
0 0 0 26 76.5 8 23.5

87.8 61 12.2 938 88.6 121 11.4
0 0 0 5 83.3 1 16.7

86.5 35 13.5 643 88.3 85 11.7
89.2 26 10.8 504 86.3 80 13.7

87.8 50 12.2 819 87.5 117 12.5
87.9 11 12.1 328 87.2 48 12.8

88.0 57 12.0 1035 87.5 148 12.5
84.0 4 16.0 109 86.5 17 13.5

88.2 55 11.8 1084 87.3 157 12.7
82.9 6 17.1 60 88.2 8 11.8

87.3 60 12.7 1027 86.5 160 13.5
96.2 1 3.8 120 96.0 5 4.0

88.1 53 11.9 1057 87.9 146 12.1
85.5 8 14.5 90 82.6 19 17.4

88.5 41 11.5 758 88.0 103 12.0
86.0 20 14.0 389 86.3 62 13.7

87.8 61 12.2 1065 87.5 152 12.5
0 0 0 82 86.3 13 13.7

87.8 61 12.2 1135 87.4 163 12.6
100.0 0 0 12 85.7 2 14.3
e Gla
Gla

oup

EGP

n

0
0
0
0

439
0

224
215

359
80

418
21

410
29

414
25

392
47

316
123

439
0

438
1

http://ohts.wustl.edu/risk.
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ipant.
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In the following example, we estimate the 5-year risk of de-
veloping POAG for a 55-year-old male whose baseline IOPs for
right and left eyes are 22 and 26 mmHg; vertical C/D ratios, 0.4
and 0.4; CCT measurements, 532 and 548 �m; and PSDs, 2.2 and
2.2 dB. Means of the values for the right and left eyes are averaged
for each eye-specific predictor and the points are summed (Table
6) to estimate the 5-year risk of developing POAG. The sum of
points for this theoretical patient is 11, which yields an estimated
5-year risk of developing POAG of 20% (Table 6). The estimated
risk for this same patient from the Cox proportional hazards model
is 16.9%.

Discussion

Using data from the OHTS observation group, we devel-
oped a multivariate model that identified baseline older

Table 5. Univariate and Multivariate Hazard Ratios (HRs) an
in the Pooled OHTS a

Baseline Variables

Univariate

n
No. of
Events HR

95% Lower
CI

95%

Age (decade) 1312 165 1.41 1.20 1
Male gender 1312 165 1.23 0.91 1
Mean IOP per mmHg* 1312 165 1.10 1.03 1
Mean CCT per 40 �m thinner 1128 156 2.16 1.81 2
Mean vertical C/D ratio per

0.1 larger
1311 165 1.21 1.12 1

Mean PSD per 0.2 dB greater 1308 163 1.12 1.04 1
History of heart disease 1312 165 1.62 1.00 2
Mean deviation defect per 0.1

dB greater
1308 163 0.93 0.81 1

History of high blood pressure 1312 165 1.14 0.83 1
History of migraine 1312 165 0.90 0.51 1
Current use systemic

�-blockers
1309 165 0.99 0.49 2

Current use systemic
calcium-channel blockers

1309 165 1.00 0.61 1

Myopia ��1 D spherical
equivalent

1312 165 0.89 0.64 1

CCT � central corneal thickness; CID � cup-to-disc; D � diopters; dB
*Eye-specific variables are the mean of right and left eyes for each partic

Table 6. A Point System for Estimating an Ocular H
Open-Angle G

Baseline Predictor 0

Age (yrs) �45
Mean IOP (mmHg)* �22
Mean CCT (�m)* �600
Mean vertical cup-to-disc ratio by contour* �0.3
Mean PSD (dB)* �1.8

Sum of points 0–6
Estimated 5-yr risk of POAG �4.0%

CCT � central corneal thickness; dB � decibels; IOP � intraocular pre

*Eye-specific variables are the mean of right and left eyes.
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age, higher IOP, larger vertical C/D ratio, thinner central
corneal measurement, and greater PSD as predictive fac-
tors for the development of POAG in ocular hypertensive
individuals. When the generalizability of the OHTS
model was tested by applying it to data from the placebo
group of the EGPS, the same predictive factors were
identified. The hazard ratios for the predictive factors
were very similar in the separate models, the pooled
model, as well as recently published models by Medeiros
et al22 and the EGPS Group.23 Thus, the OHTS predictive
model, including CCT, has been replicated in a European
sample and a separate U.S. sample. The pooled OHTS–
EGPS sample has a large number of participants and
large number of POAG end points, which yield greater
stability of the hazard ratios and narrower CIs for
predictions.

% Confidence Intervals (CIs) for the Development of POAG
GPS Control Groups

Model

Final Multivariate

er
P Value n

No. of
Events HR

95% Lower
CI

95% Upper
CI P Value

�0.0001 1123 154 1.26 1.06 1.50 0.0072
0.1772
0.0052 1123 154 1.09 1.03 1.17 0.0067

�0.0001 1123 154 2.04 1.70 2.45 �0.0001
�0.0001 1123 154 1.19 1.09 1.31 0.0001

0.0019 1123 154 1.13 1.04 1.24 0.0065
0.0488
0.2799

0.4300
0.7073
0.9736

0.9876

0.5108

cibels; IOP � intraocular pressure; PSD � pattern standard deviation.

tensive Patient’s 5-Year Risk of Developing Primary
oma (POAG)

Points for Baseline Predictor

1 2 3 4

to �55 55 to �65 65 to �75 �75
to �24 24 to �26 26 to �28 �28

76–600 551–575 526–550 �525
to �0.4 0.4 to �0.5 0.5 to �0.6 �0.6
to �2.0 2.0 to �2.4 2.4 to �2.8 �2.8

7–8 9–10 11–12 �12
10% 15% 20% �33%

PSD � pattern standard deviation.
d 95
nd E

Upp
CI

.65

.67

.17

.59

.32

.21

.61

.06

.56

.58

.01

.66

.25

� de
yper
lauc

45
22
5

0.3
1.8

ssure;



OHTS Group and EGPS Group � Validated Prediction Model for POAG
In a strict epidemiologic sense, 2 of the 5 predictive
factors, C/D ratio and PSD, could be signs of early glauco-
matous damage rather than true risk factors; however, when
a patient is first examined, the clinician has no idea if a
vertical C/D ratio of 0.5 was present from childhood or
represents an increase from a baseline ratio of 0.3. The
clinician must make an assessment based on the information
available at that examination, and thus, we decided to in-
clude these factors as they will be useful to the clinician and
patient in making clinical decisions.

The predictive factors identified in the combined
model are not surprising. Age, IOP, and C/D ratio (or
some other assessment of the optic disc) have been iden-
tified as risk factors for the development of POAG in a
number of previous prospective and retrospective studies
of ocular hypertensive patients13,22–30 as well as
population-based studies of OAG.9,31–35 Central corneal
thickness only recently has been described as a predictive
factor.13,22,23,36 Pattern standard deviation, or its equiv-
alent in Octopus perimetry, was not available for most of
the previous studies or was not included in their predic-
tive models.

A number of factors described as predictive in previ-
ous studies either did not add to the explanatory power of
the OHTS–EGPS pooled model or were not assessed in
this study. These include (1) myopia, (2) diabetes,
(3) race, (4) cardiovascular disease, (5) family history of
glaucoma, and (6) exfoliation syndrome and pigment
dispersion:

1. Myopia or high myopia has been identified as a risk
factor for developing POAG in some analyses29,37

but not in others.13,27 We found no influence of
refractive error on the explanatory power of the
model in the separate multivariate analyses or the
pooled OHTS–EGPS analysis.

2. In the 2002 OHTS predictive article, diabetes appeared
to be protective against the development of POAG.13

However, our ascertainment of diabetes in the OHTS
was based entirely on patient self-report, not confirmed
by chart review or blood tests. Thus, our data are likely
to be incomplete and incorrect. The presence of back-
ground retinopathy was an exclusion criterion in the
OHTS, so the participants with diabetes enrolled in the
OHTS are likely to be atypical. Extensive statistical
analyses revealed that the association of diabetes with
development of POAG could not be estimated reliably
in the OHTS. History of diabetes was not a significant
predictive factor in the EGPS, although there was lim-
ited power to detect any association because of the
small sample size (n � 26).16 In addition, diabetes was
not selected as a predictive factor in an extensive tree
analysis in the pooled OHTS–EGPS dataset. The effect
of diabetes on the development of POAG has been
controversial, with some studies showing an associa-
tion38,39 and others not.10,27 Further study of this ques-
tion is warranted.

3. African ancestry has been a predictive factor for
POAG in many previous studies.40–43 However, in

the OHTS 2002 prediction model13 and this pooled
analysis, African American race drops out of the
model when C/D ratio and CCT are included. On
average, African Americans have larger C/D ratios
and thinner central corneas than Caucasians.13 Both
of these parameters increase risk, and it appears that
the influence of African ancestry largely operates
through these factors. Although recent studies sug-
gest a high prevalence of POAG in Latino individ-
uals (largely of Mexican ancestry),6,7 the influence
of Latino ancestry on risk cannot be assessed in our
pooled analyses because of the small sample size.

4. Some previous studies have identified cardiac dis-
ease, stroke, poor perfusion pressure, hypertension,
or hypotension as predictive factors for the develop-
ment of POAG.26,29,32,44,45 As with diabetes, our
ascertainment of these factors was based on patient
history, without confirmation by chart review or
direct testing. A history of heart disease was a sta-
tistically significant predictive factor in the pooled
univariate analysis but not the multivariate analysis.
Heart disease was not selected as a risk factor in an
extensive tree analysis.

5. Some studies have identified a positive family his-
tory of glaucoma as a predictive factor for the de-
velopment of POAG.25,29,30,32,35 The OHTS data on
family history were collected by patient recall, with
no verification by chart review or contact with rela-
tives; thus, our information is likely to be incomplete
and incorrect. A family history of glaucoma was not
significant in the 2002 OHTS multivariate analysis
of risk factors,13 and this information was not col-
lected in the EGPS.

6. Exfoliation syndrome and pigment dispersion were
noted to be predictive for the development of OAG
in the EGPS23 and other studies.30,35,46,47 The OHTS
excluded individuals with exfoliation syndrome and
pigment dispersion, and the EGPS had only 19 in-
dividuals with these conditions. Because of the small
sample, we decided to exclude participants with
these conditions from the analyses. Exfoliation syn-
drome and pigment dispersion syndrome are likely
to increase the risk of developing OAG over and
above what is predicted in our 5-factor model.

Future studies will undoubtedly improve predictive
models for the development of POAG. Factors such as
cardiovascular disease, refractive error, ancestry, diabe-
tes, and family history of glaucoma should be studied
more rigorously to determine their associations with
POAG. New techniques for assessing the optic disc,
nerve fiber layer, and visual function may improve the
sensitivity and specificity of predictive models. New risk
factors may be identified from studies on diet, environ-
mental exposures, and genetic factors. Predictive models
are likely to improve incrementally over the years, as
they have with cardiovascular disease.

When the OHTS predictive model was applied to the
EGPS data, the c statistic was 0.72 and the calibration �2

was 24.87. The higher than desirable calibration �2 was

largely due to the higher incidence of POAG in the EGPS.

17



Ophthalmology Volume 114, Number 1, January 2007
The OHTS predictive model is based on a 5-year incidence
of 9.3%, as opposed to 16.8% in the EGPS. The OHTS
model systematically underestimated the incidence of
POAG in the EGPS. However, the c statistic indicates good
discrimination between the individuals who did and did not
develop POAG. In prediction models, the c statistic is
considered more important than the calibration �2 because
systematic underestimation/overestimation of event rates
can be adjusted statistically if the c statistic for discrimina-
tion is good.48

A quantitative predictive model will help clinicians and
patients to decide on the frequency of visits and tests and the
advisability of preventive treatment. A recent economic
evaluation of the utility of treating ocular hypertension
concluded that treating individuals with a �2% per year risk
of developing POAG is cost-effective.12 It is important to
stress that a predictive model and economic model may aid
but should never replace clinical judgment. Other factors,
such as a patient’s health, life expectancy, and preferences,
must be considered in any clinical decisions. One can imag-
ine a patient at low risk, such as a young patient with ocular
hypertension, who might be started on therapy because of
assumed long life expectancy and long exposure to elevated
IOP. Conversely, a patient in poor health who is at high risk
of developing POAG might not be a candidate for close
follow-up or treatment.

It is important to emphasize that the OHTS–EGPS pre-
dictive model will perform best in patients who have clin-
ical characteristics similar to those of the participants in this
report. Performing multiple measures of the eye-specific
variables will reduce measurement variability and improve
predictive accuracy.

In summary, we present a quantitative risk model for the
development of POAG in ocular hypertensive patients using
data from the OHTS and EGPS trials. We believe this model
will be helpful to clinicians and patients in deciding on the
frequency of tests and visits, as well as the possibility of
early preventive treatment. The model, including examples
of application, is available online at http://ohts.wustl.edu/
risk and can be downloaded free of charge.
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Figure 1. Multivariate Cox proportional hazard ratios (HRs) and 95% confidence intervals (CIs) for the European Glaucoma Prevention Study (EGPS)
placebo group (n � 406), Ocular Hypertension Treatment Study (OHTS) observation group (n � 717), and pooled OHTS and EGPS dataset (n � 1123).
CCT � central corneal thickness; IOP � intraocular pressure; PSD � pattern standard deviation; V CD � vertical cup-to-disc.

Figure 2. Comparison of observed and predicted 5-year incidence of primary open-angle glaucoma (POAG) for the Ocular Hypertension Treatment
Study–European Glaucoma Prevention Study pooled model. The x-axis is the predicted probability of risk divided into 10 groups of approximately 112
participants each.
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Figure 3. Percentage of participants in the pooled Ocular Hypertension Treatment Study and European Glaucoma Prevention Study dataset who
developed primary open-angle glaucoma in 5 years divided into 9 approximately equal-size groups by baseline intraocular pressure (IOP) and baseline
central corneal thickness. Percentages are not adjusted for length of follow-up.

Figure 4. Percentage of participants in the pooled Ocular Hypertension Treatment Study and European Glaucoma Prevention Study dataset who
developed primary open-angle glaucoma in 5 years divided into 9 approximately equal-size groups by baseline vertical cup-to-disc (CD) ratio and baseline
central corneal thickness. Percentages are not adjusted for length of follow-up.
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