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Objective: To validate and update the Ocular Hypertension Treatment Study-European Glaucoma Preven-
tion Study (OHTS-EGPS) model predicting risk of conversion from ocular hypertension (OHT) to glaucoma using
electronic medical records (EMR).

Design: Evaluation and update of a risk prediction algorithm using EMRs and linked visual field (VF) tests.
Participants: Newly diagnosed OHT patients attending hospital glaucoma services in England. Inclusion

criteria are as follows: intraocular pressure (IOP) 22 to 32 mmHg (either eye); normal baseline VF test, defined as
Glaucoma Hemifield Test (GHT) “within normal range” in a reliable VF test; at least 2 VF tests in total; no sig-
nificant ocular comorbidities.

Methods: Risk factors are as follows: age, ethnicity, sex, IOP, vertical cup-to-disc ratio, central corneal
thickness, VF pattern standard deviation, family history of glaucoma, systemic hypertension, diabetes mellitus,
and glaucoma treatment. Glaucoma conversion was defined as 2 consecutive and reliable VF tests with GHT
“outside normal limits” and/or need for glaucoma surgery. For validation, the OHTS-EGPS model was applied to
predict a patient’s risk of developing glaucoma in 5 years. In the updating stage, the OHTS model was refitted by
re-estimating the baseline hazard and regression coefficients. The updated model was cross-validated and
several variants were explored.

Main Outcome Measures: Measures of discriminative ability (c-index) and calibration (calibration slope)
were calculated and pooled across hospitals using random effects meta-analysis.

Results: From a total of 138 461 patients from 10 hospital glaucoma services in England, 9030 patients with
OHT fitted the inclusion criteria. A total of 1530 (16.9%) patients converted to glaucoma during this follow-up
period. The OHTS-EGPS model provided a pooled c-index of 0.61 (95% confidence interval: 0.60e0.63),
ranging from 0.55 to 0.67 between hospitals. The pooled calibration slope was 0.45 (0.38e0.51), ranging from
0.25 to 0.64 among hospitals. The overall refitted model performed better than the OHTS-EGPS model, with a
pooled c-index of 0.67 (0.65e0.69), ranging from 0.65 to 0.75 between hospitals.

Conclusions: We performed an external validation of the OHTS-EGPS model in a large English population.
Refitting the model achieved modest improvements in performance. Given the poor performance of the OHTS-
EGPS model in our population, one should use caution in its application to populations that differ from those
in the OHTS and EGPS.
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Glaucoma remains a major cause of vision loss worldwide,1

with an estimated 4.1 million cases with moderate or severe
vision impairment in 2020,2 and glaucoma prevalence
expected to reach 112 million by 2040.3 Ocular
hypertension (OHT), defined as intraocular pressure > 21
.org/
mmHg and with a normal optic disc and visual field (VF),
is a major risk factor for glaucoma.4e7

Monitoring the growing number of OHT patients
threatens to overwhelm glaucoma services. In the UK,
around 1.3 million people aged over 40 have OHT, with a
1https://doi.org/10.1016/j.ogla.2024.10.009
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16% increase in this population expected by 2035.8

Standard practice is to monitor OHT in hospitals;
guidelines recommend regular monitoring visits and
treatment according to risk. However, only a small
proportion of OHT patients progress to glaucoma each
year. The development of a tool that can usefully predict
the risk of developing glaucoma in patients with OHT has
been identified as a key research priority.9 This would
enable clinicians to prioritize resources and recommend
more frequent monitoring and treatment to those at
highest risk. A risk calculator based on the OHTS-EGPS
studies is available,10 but it is not recommended in clinical
guidelines.

In this study, we aimed to validate and update the OHTS-
EGPS model on the risk of conversion to glaucoma using
electronic medical records (EMRs) of a large cohort from 10
hospitals in England. Specifically, we sought to optimize
tools for the prediction of the 5-year risk of glaucoma onset
in a diverse population with OHT.

Methods

Population

We included adults with newly diagnosed OHT in one or both
eyes, as recorded in the EMR. Ocular hypertension was defined as
intraocular pressure (IOP) � 22 mmHg and � 32 mmHg measured
using Goldmann applanation tonometry, no clinical signs of pri-
mary open angle glaucoma (POAG, i.e., normal optic nerve ex-
amination and normal VF test), and no associated abnormalities on
clinical examination (e.g., pigment dispersion or pseudoexfolia-
tion). “Normal” VF was defined as a reliable standard automated
perimetry with Humphrey visual fields with a Glaucoma Hemifield
Test (GHT) “within normal limits.”

We excluded eyes with clinically significant ocular comorbid-
ity, such as maculopathies, and patients with glaucoma (any type)
in one eye at baseline. To match the original OHTS study,4 those
with IOP > 32 mmHg in either eye at baseline were excluded as
“glaucoma suspects.” We excluded those who did not have any
VF testing and those without reliable VF testing. An unreliable
VF was defined as a high frequency of false positives, > 15%.11

The unit of analysis was the person. Some patients contributed
only one eye to the analysis if the other eye was excluded due to
an ocular comorbidity.

Data Extraction

EMR data were extracted for 10 hospitals in England (listed in
acknowledgments) that used the Medisoft platform (Medisoft). All
hospitals were state-funded, part of the UK National Health Ser-
vice. Hospitals were selected to provide sufficient statistical power,
given the population sizes and number of glaucoma conversions
expected based on previous EMR analyses.12 This study adheres to
the tenets of the Declaration of Helsinki. Ethical approval for use of
these data was obtained (REC reference 21/EE/0109) and
permissions received from each center. Because all records were
anonymized prior to extraction, patient consent was not required.
The study protocol has been published.13 The Medisoft platform
is based around a relational database containing tables for each
type of record (e.g., patient demographics, clinical encounters,
IOP measurements). The database is populated through a
graphical interface with text boxes and drop-down menus, which
have defined data fields that must be correctly completed before the
record can be saved. (Fig. S1). This structured data collection
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approach reduces the probability of data entry errors. Visual
fields were captured at each site using the Humphrey Field
Analyzer and automatically imported into the Medisoft platform.
Visual field measurements were included in the main data
extraction and comprised both global measures (e.g., Glaucoma
Hemifield Test, false positive rate) and pointwise sensitivity
measurements. For this study, records for all patients with a
diagnosis of ocular hypertension or glaucoma at any timepoint in
the hospital databases were batch extracted with the assistance of
Medisoft. Before extraction, all personal identifiers were
removed, and visit dates and dates of birth were perturbed
(þ-180 days) to preserve patient confidentiality.

Cohort Preparation

Data were extracted for patients (n ¼ 138 461) who attended any of
the 10 hospitals between November 1995 and January 2022 (Fig
2). After exclusions, the analysis dataset comprised 9030 patients
(13 891 eyes).

Statistical Analysis

Outcome. The primary outcome was conversion to glaucoma
within 5 years. We used VF tests to detect conversion, defined as 2
consecutive reliable abnormal VF examination results (i.e., GHT
outside normal limits12). The date of conversion was the date of the
first abnormal result. If an eye underwent surgery for glaucoma,
even in the absence of VF conversion according to our
definition, conversion was deemed to have occurred (at the
earlier date). Patients were followed from the first normal VF
test (after OHT diagnosis) until the date of glaucoma conversion
or censored at 5 years after the first normal VF test, visual acuity
dropping below 6/18, or diagnosis of an ocular co-pathology
affecting VF (whichever was earliest). Eyes were not excluded or
censored based on a diagnosis of diabetic retinopathy because
severity stages were not consistently recorded and the dataset
would have included many background cases that exerted little
influence on VFs. Changes to vertical cup-to-disc ratio (VCDR)
measurements were not used to determine conversion to glaucoma.

Predictors. Data extracted are listed in Table 1. Values outside
the range of predictors in the OHTS-EGPS cohort were ignored
(considered missing).14 Patients included in the cohort were newly
diagnosed (i.e., they were not under treatment). Some patients
started treatment at time of diagnosis. The predictors included
the treatment status at OHT diagnosis (received IOP-lowering
medical treatment, yes or no). Details of data preparation are
given in the Electronic Supplementary Materials.

Validation of the OHTS-EGPS Model. The original OHTS-
EGPS risk prediction model (model A) was applied to all 10 hos-
pital datasets to calculate the predicted risk of developing glaucoma
in 5 years for each participant as previously described14:

OHTS-EGPS predicted risk¼ 1e 0.92exp(PI)

PI ¼ 0.23�(age1 e 5.64) þ 0.09�(IOP e 24.13) þ 0.71�
(CCT2 þ 14.33) þ 0.12�(PSD3 e 9.76) þ 0.18�(VCDR4 e 3.60))

1age in decades; 2per reduction of 40mm central corneal thick-
ness (CCT); 3per increase of 0.2 pattern standard deviation (PSD);
4per increase of 0.1 VCDR.

Model discrimination was assessed using Harrell c-index and
calibration using the calibration slope. The c-index measures how
well predicted risk scores describe the observed sequence of
events: the probability that a randomly selected pair of patients are
ordered correctly. A c-index of 1.0 indicates that the risk score
ordered all patients correctly; a score of 0.5 indicates ordering no
better than random (further details in the Electronic Supplementary
Materials).



Figure 1. Flowchart describing construction of analysis cohort. IOP ¼ intraocular pressure; OHT¼ ocular hypertension; GHT¼ Glaucoma Hemifield Test.
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The calibration slope measures how closely the predicted risk
matches the observed risk. Calibration plots of average observed
risk against predicted 5-year risk were used to assess calibration at
each hospital. Participants were grouped by predicted risk, and the
average predicted risk for each group was compared with the
corresponding Kaplan-Meier estimate of the observed risk within
each hospital. Quintiles were used to ensure sufficient data support
for stable estimates of risk in each group.

C-index and calibration were calculated for each hospital
and pooled across hospitals using random effects meta-analysis.
The calibration slope was pooled on the original scale, and the
c-index was transformed to the logit scale before meta-
analysis.15

There were moderate proportions of missing CCT, vertical cup-
to-disc ratio (VCD), and PSD measurements (Table 1). To
minimize the risk of bias due to missing data, values were
imputed using multiple imputation by chained equations, a
widely used technique that generates imputed datasets to account
for the uncertainty associated with missing values.16 Ten
imputations were applied.17 The imputation model was stratified
3



Table 1. Characteristics of Participants with Glaucoma within 5
Years and Those with No Glaucoma within 5 Years (Not

Restricted Based Upon 5 Years of Follow-up)

Variable Category

Entire Cohort

No Glaucoma Glaucoma

N 7500 1530
Age, mean (SD) 61.5 (10.5) 65.6 (10.4)
Age, yrs 40e49 1249 (17%) 132 (9%)

50e59 2070 (28%) 321 (21%)
60e69 2488 (33%) 505 (33%)
70e79 1421 (19%) 468 (31%)
� 80 272 (4%) 104 (7%)

Male 4084 (54%) 840 (55%)
Hospital ID 1 447 (6%) 117 (8%)

2 366 (5%) 64 (4%)
3 537 (7%) 91 (6%)
4 337 (4%) 111 (7%)
5 996 (13%) 159 (10%)
6 2165 (29%) 512 (33%)
7 1084 (14%) 251 (16%)
8 758 (10%) 118 (8%)
9 621 (8%) 82 (5%)
10 189 (3%) 25 (2%)

IOP, mean (SD) 25.0 (2.6) 25.1 (2.7)
IOP, mmHg < 22.5 1302 (17%) 289 (19%)

22.5e25 2588 (35%) 474 (31%)
25e27.5 2099 (28%) 453 (30%)
27.5e30 988 (13%) 193 (13%)
� 30 523 (7%) 121 (8%)

CCT, mean (SD) 560.3 (35.6) 553.0 (35.1)
CCT, mm < 500 278 (4%) 74 (5%)

500e549 2214 (30%) 511 (33%)
550e599 2953 (39%) 538 (35%)
� 600 869 (12%) 112 (7%)
Missing 1186 (16%) 295 (19%)

PSD, mean (SD) 1.6 (0.3) 1.8 (0.4)
PSD, dB < 1.5 2186 (29%) 215 (14%)

1.5-2 2268 (30%) 497 (32%)
2-2.5 485 (6%) 178 (12%)
� 2.5 97 (1%) 44 (3%)
Missing 2464 (33%) 596 (39%)

VCDR, mean (SD) 0.5 (0.2) 0.5 (0.2)
VCDR < 0.2 169 (2%) 23 (2%)

0.2e0.4 1286 (17%) 179 (12%)
0.4e0.6 1873 (25%) 313 (20%)
0.6e0.8 1248 (17%) 301 (20%)
� 0.8 103 (1%) 40 (3%)
Missing 2821 (38%) 674 (44%)

Ethnicity White 4796 (64%) 1076 (70%)
Non-White 487 (6%) 118 (8%)
Not stated 2217 (30%) 336 (22%)

FH glaucoma 2002 (27%) 368 (24%)
Diabetes 973 (13%) 265 (17%)
Hypertension 1059 (14%) 173 (11%)
Treatment 2220 (30%) 502 (33%)

CCT ¼ central corneal thickness; FH ¼ family history; IOP ¼ intraocular
pressure; PSD ¼ pattern standard deviation; SD ¼ standard deviation;
VCDR ¼ vertical cup-to-disc ratio.
Entire cohort.
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by hospital and included all OHTS-EGPS predictors, the event
indicator, and cumulative hazard. Estimates were pooled across
imputations using Rubin rules. The analysis was repeated using
complete cases as a sensitivity analysis.
4

Updating the OHTS-EGPS Model. An updated model (model
B) was fitted using the OHTS-EGPS predictors but re-estimating
the baseline hazard and the regression coefficients to improve
both calibration and discrimination. An internal-external cross-
validation was used, developing the model using data from 9
hospitals and validating in the remaining hospital. This was
repeated 10 times with c-index and calibration slopes pooled by
meta-analysis.

Further Model Variants Were Explored. Model C includes all
additional predictors except ethnicity (due to missing data), model
D uses the IOP of the worse eye (i.e., eye with the highest IOP at
baseline) to investigate the impact of averaging IOP across eyes on
model B, model E includes only patients with IOP � 23 mmHg,
model F includes only patients who had not received IOP treat-
ments at baseline, and model G includes only patients who never
received IOP treatments.

Influence of Baseline Variables on Treatment

Treatment with IOP-lowering medication may influence the prob-
ability of conversion from OHT to glaucoma and hence the per-
formance of risk prediction models. The decision to start treatment
with IOP-lowering medication for those with OHT is largely
dependent on a small number of clinical characteristics: age, family
history of glaucoma, CCT, and IOP. To set the risk prediction
models in context, we modeled the associations between these
variables and probability of having received IOP-lowering medi-
cation at baseline using logistic regression.

Results

Validation of the OHTS-EGPS Model

A total of 1530 of 9030 (16.9%) patients converted to glaucoma
during follow-up. Those that converted were 4 years older on
average and had slightly higher PSD (Table 1). Proportions
converted ranged from 11.7% (hospital 9) to 20.7% (hospital 1).
Distributions of other predictors were similar across groups.
Proportions treated at baseline ranged from 22.0% (hospital 8) to
48.1% (hospital 10).

The discriminant power of the OHTS-EGPS model (model A)
was suboptimal with a pooled c-index of 0.61 (0.60, 0.63), ranging
from 0.55 to 0.67 between hospitals (Table 2). Calibration was also
poor with a pooled calibration slope of 0.45 (0.38, 0.51), ranging
from 0.25 to 0.64 between hospitals, where a slope of 1.00
indicates perfect calibration (Fig S3). Model performance showed
no substantial differences when restricted to complete cases
(Tables S3 and S4, Fig S4).

Updating the OHTS-EGPS Model

The overall re-estimated model (model B) performed better than
the OHTS-EGPS model (model A), with a pooled c-index of 0.67
(0.65e0.69) indicating better discrimination (Table 5). Calibration
of the re-estimated model was good, with a pooled calibration
slope of 0.96 (0.84e1.09) and good calibration across all hospitals
except number 9 (Fig S5).

In both the overall and hospital-specific models (model B), re-
estimated coefficients for age, VCDR, and PSD were similar to
those in the original OHTS-EGPS model (Tables 2 and 4). In
contrast, the first measurement of IOP in OHT patients was not
associated with conversion risk in our dataset (hazard ratio 0.99 per
unit increase [0.98e1.01] vs. 1.09 in OHTS-EGPS). The



Table 2. Performance of OHTS-EGPS Model with Original Coefficients (Model A) by Hospital

OHTS-EGPS
(Model A) Hospital 1 Hospital 2 Hospital 3 Hospital 4 Hospital 5

n/N 117/564 64/430 91/628 111/448 159/1155
Baseline predictor, hazard ratio (95%
confidence interval)
Age (decade) 1.26 1.44 (1.19e1.75) 1.46 (1.13e 1.87) 1.18 (0.89e1.55) 1.20 (0.99e1.46) 1.31 (1.09e1.56)
IOP (mmHg) 1.09 1.00 (0.93e1.07) 1.03 (0.94e1.13) 0.94 (0.86e1.04) 1.04 (0.96e1.12) 1.04 (0.98e1.10)
CCT (per 40 mm thinner) 2.04 0.83 (0.67e1.02) 1.12 (0.84e1.50) 1.20 (0.90e1.60) 1.11 (0.89e1.39) 1.11 (0.84e1.48)
VCDR (per 0.1 larger) 1.19 1.03 (0.92e1.15) 1.07 (0.92e1.25) 1.05 (0.89e1.23) 1.17 (1.04e1.33) 1.17 (1.02e1.35)
PSD (per 0.2 dB greater) 1.13 1.26 (1.13e1.39) 1.11 (0.93e1.32) 1.38 (1.08,e.76) 1.25 (1.08e1.44) 1.19 (1.05e1.34)

Performance measure
C-index 0.55 (0.50, 0.61) 0.63 (0.56e0.71) 0.64 (0.58e0.71) 0.62 (0.56e0.68) 0.64 (0.58e0.69)
Calibration slope 0.25 (0.05, 0.46) 0.45 (0.16e0.73) 0.55 (0.28e0.81) 0.52 (0.30e0.74) 0.49 (0.28e0.70)

OHTS-EGPS
(Model A) Hospital 6 Hospital 7 Hospital 8 Hospital 9 Hospital 10

n/N 512/2677 251/1335 118/876 82/703 25/214
Baseline predictor, Hazard Ratio
(95% Confidence Interval)
Age (decade) 1.26 1.40 (1.28e1.54) 1.23 (1.07e1.42) 1.32 (1.09e1.61) 1.35 (1.04e1.75) 1.16 (0.72e1.88)
IOP (mmHg) 1.09 0.99 (0.96e1.03) 0.99 (0.94e1.04) 1.03 (0.97e1.10) 0.95 (0.86e1.05) 0.94 (0.81e1.10)
CCT (per 40 mm thinner) 2.04 1.10 (0.97e1.25) 0.91 (0.75e1.10) 0.99 (0.81e1.22) 1.17 (0.89e1.55) 1.37 (0.82e2.27)
VCDR (per 0.1 larger) 1.19 1.04 (0.97e1.12) 1.22 (1.07e1.38) 1.00 (0.88e1.13) 1.07 (0.63e1.84) 1.24 (0.90e1.71)
PSD (per 0.2 dB greater) 1.13 1.19 (1.13e1.26) 1.30 (1.19e1.42) 1.30 (1.16e1.46) 1.63 (1.42e1.87) 1.16 (0.73e1.84)

Performance measure
C-index 0.61 (0.58e0.63) 0.62 (0.58e0.66) 0.59 (0.54e0.64) 0.64 (0.57e0.70) 0.67 (0.54e0.79)
Calibration slope 0.45 (0.34e0.57) 0.47 (0.29e0.65) 0.36 (0.16e0.57) 0.64 (0.29e0.98) 0.59 (0.05e1.13)

Pooled c-index* ¼ 0.61 (0.60e0.63)
Pooled calibration slope*
¼ 0.45 (0.38e0.51)

CCT ¼ central corneal thickness; IOP ¼ intraocular pressure; PSD ¼ pattern standard deviation; SD ¼ standard deviation; VCDR ¼ vertical cup-to-disc
ratio.
Multiple imputation. Re-estimated coefficients for each hospital given.
*Pooled using meta-analysis.

Table 5. Internal/External Validation of OHTS-EGPS Model
with Re-estimated Coefficients (Model B) and Risk at 5 Years, by
HospitaldModel Fitted in Nine Hospitals and Evaluated Sepa-

rately in the Tenth Hospital

Imputed Dataset*

C-index Calibration Slopen/N

Hospital
1 117/564 0.68 (0.62e0.74) 0.91 (0.63e1.19)
2 64/430 0.66 (0.59e0.74) 0.75 (0.31e1.19)
3 91/628 0.69 (0.61e0.76) 1.12 (0.64e1.60)
4 111/448 0.65 (0.59e0.71) 0.91 (0.55e1.26)
5 159/1155 0.66 (0.61e0.71) 0.94 (0.66e1.22)
6 512/2677 0.66 (0.63e0.68) 0.83 (0.69e0.97)
7 251/1335 0.69 (0.65e0.73) 1.08 (0.84e1.31)
8 118/876 0.68 (0.62e0.74) 0.94 (0.62e1.26)
9 82/703 0.75 (0.68e0.81) 1.76 (1.22e2.31)
10 25/214 0.67 (0.51e0.84) 0.91 (�0.03, 1.85)

Pooledy 0.67 (0.65e0.69) 0.96 (0.84e1.09)

Imputed dataset.
*Model ¼ 1-0.786^exp((0.272*(t_newage-6.262)) þ (�0.006*(meaniop-
24.731)) þ (0.059*(t_meancctþ14.098)) þ (0.233*(t_meanpsd-
8.379)) þ (0.100*(t_meanvcdr-4.782)).
yPooled using meta-analysis.
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coefficient for CCT was substantially lower in our cohort (hazard
ratios in re-estimated model 1.06 [0.99e1.14] vs. 2.04 in OHTS-
EGPS per reduction in 40 units), indicating that a low CCT was
not associated with increased glaucoma risk in our cohort.

Varying the choice of predictors in the risk prediction model
had little influence on model performance (Table 6). Model
coefficients for each predictor varied little among the model
variants, indicating that they were largely unaffected by the
addition or removal of other predictors. However, the
coefficients in each model variant provide additional insight
into the factors associated with conversion from OHT to
glaucoma (Table 6). Sex and family history of glaucoma were
not associated with conversion risk, whereas hypertension was
associated with reduced risk of conversion (hazard ratio 0.81
[0.69e0.96]), and diabetes was associated with increased risk
(1.27 [1.11e1.45]). Averaging IOP measurements across eyes
at baseline in the main model had no influence on model
performance; estimates were the same when worse eye IOP was
used instead. Restricting analysis to only those with IOP � 23
mmHg had similarly little influence. Restricting analysis to
those not treated at VF baseline (model F, Table S7) and those
never treated (model G) also made little difference, although
the overall risk among those never treated was much smaller
(7.3% converted in complete case analysis). These results
5



Table 6. Performance of Variants of the Re-estimated OHTS-EGPS Model

Main Model (Model B)

Main Model and Hypertension,
Family History, Diabetes,
and Gender (Model C)

Worst IOP Model
(Model D)

Main Model (Including £ 23)
(Model E)

n/N 1530/9030 1530/9030 1530/9030 362/2127
Baseline predictor, Hazard Ratio
(95% Confidence Interval)
Age, decade 1.31 (1.24e1.38) 1.33 (1.26e1.40) 1.31 (1.24e1.38) 1.28 (1.15e1.42)
IOP, mmHg 0.99 (0.98e1.01) 0.99 (0.97e1.01) 0.88 (0.74, 1.04)
CCT, per 40 mm thinner 1.06 (0.99e1.14) 1.06 (0.99e1.13) 1.06 (0.99e1.14) 1.12 (0.97e1.28)
PSD, per 0.2 dB greater 1.26 (1.22e1.30) 1.26 (1.22e1.30) 1.26 (1.22e1.30) 1.27 (1.20e1.35)
VCDR, per 0.1 larger 1.10 (1.07e1.14) 1.10 (1.07e1.14) 1.10 (1.07e1.14) 1.13 (1.05e1.21)
Hypertension 0.81 (0.69e0.96)
Family history 0.97 (0.86e1.10)
Diabetes 1.27 (1.11e1.45)
Gender 0.96 (0.87e1.07)
Worse IOP, mmHg 0.99 (0.97e1.01)

Performance measure
C-index* 0.67 (0.66e0.69) 0.68 (0.66e0.69) 0.67 (0.66e0.69) 0.68 (0.65e0.71)
Calibration slope* 0.97 (0.87e1.08) 0.97 (0.87e1.07) 0.97 (0.86e1.08) 0.97 (0.75e1.19)

CCT ¼ central corneal thickness; IOP ¼ intraocular pressure; PSD ¼ pattern standard deviation; VCDR ¼ vertical cup-to-disc ratio.
Multiple imputation.
*Calculated within each hospital and pooled across hospitals using meta-analysis.
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indicate that model performance was largely unaffected by IOP-
lowering treatment.

There were no substantial differences between the multiple
imputation and the complete case analyses for the different model
variants (Tables S8 and S7).

Influence of Baseline Variables on Treatment

Age and family history of glaucoma were not associated with
treatment at VF baseline (P > 0.05). There was a positive asso-
ciation between IOP and treatment probability (odds ratio ¼ 1.13
[1.11e1.15], P < 0.001), and those with thinner CCT had an
increased probability of receiving treatment (odds ratio ¼ 1.39
[1.31e1.49], P < 0.001).
Discussion

We validated the OHTS-EGPS risk prediction model (model
A) using a clinically-based dataset 7 times larger than the
US-European dataset used for model development and 30 to
50 times larger than 4 cohorts previously used to validate
the model.14 The principal finding is that, when applied in
its original form, the prediction model performed poorly.
Discrimination was lower in this clinical dataset (c-
index ¼ 0.61) than reported when the OHTS-EGPS model
was developed (c-index ¼ 0.74) and in earlier validations
(c-index ¼ 0.70e0.83). In calibration terms, the model
underestimated risk in all but the highest risk quintile.
Reduced performance during validation is common among
risk prediction models and may reflect overfitting during
model development or measurement error.18,19 However,
the model itself is relatively simpleda linear combination
of relevant variables and their coefficientsdso overfitting
is unlikely. In this study, measurement error is most likely
6

to stem from missing data, but our results varied little
when complete case analysis was performed.

A more likely explanation for the suboptimal model
performance is differences in patient characteristics, disease
incidence, and patient management between the populations
of the original OHTS-EGPS trials and our study. As ran-
domized clinical trials, OHTS and EGPS scheduled study
visits every 6 months for 5 years,10 whereas, in our clinical
data, intervals between assessment were longer and more
variable. This reflects clinical review of patients and is
more representative of health care systems than data
collected from RCTs. Other differences in study design
were in the definition of glaucoma conversion; OHTS-
EGPS used assessment of both optic disc deterioration (2
sets of photographs) and VF changes (3 consecutive
abnormal tests interpreted by a reading center) to indicate
conversion, whereas we used the GHT only (2 tests) without
investigators’ confirmation.

Across our entire dataset, the cumulative risk of conver-
sion from OHT to glaucoma at 5 years (16.9%) was higher
than the OHTS cohort but similar to the risks reported in the
original EGPS study (16.8% in placebo group)10 and in a
more recent but smaller clinically-based study drawing data
from 5 hospitals in England (17.5%).12 However, there was
considerable variation in conversion risk among hospitals,
which may reflect differences in populations or treatment
approaches among different ophthalmologists, and both
discrimination and calibration were worse in hospitals with
particularly high-risk patients, highlighting the sensitivity of
these models to disease incidence.

Our second aimwas to improve prediction by updating the
model (model B), achieving modest improvements in
discrimination (c-index increased to 0.67) and approaching
the performance of the OHTS-EGPS model across the
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populations in which it was developed. These improvements
are not unexpected given the internal-external validation
process and the model being fitted and validated on different
sections of the same base dataset. This level of discrimination
is similar to that reported for validation of risk prediction tools
used in other clinical areas; C-indexes of stroke risk prediction
tools among women ranged from 0.61 to 0.65 for the widely
used CHADS2 and QStroke scores, respectively (0.63 to 0.71
among men).20 Hepatocellular carcinoma risk models
produced C-indexes ranging from 0.56 to 0.77, also
displaying substantial variation in performance depending
on the validation set used (e.g., the age-male-sex-ALBI-
platelet count score [aMAP] model achieved 0.77 in one
dataset but only 0.70 in another).21

The updated model was similar to OHTS-EGPS except
that IOP and CCT at OHT diagnosis were not associated with
glaucoma conversion risk in our dataset. Furthermore, risk
factor estimates for IOP and CCT were unchanged when the
model was restricted to those that were not treated at baseline
or those that were never treated. It is likely that, in our study,
these associations were absent because these 2 measurements
strongly influence the clinician’s decision whether and when
to start treatment, which may in turn influence conversion
risk. This hypothesis is supported by our finding that higher
IOP and lower CCT were associated with higher probability
of receiving treatment at baseline. Family history of glaucoma
was not associated with probability of treatment, perhaps
indicating that this information is not used as frequently in
clinics as the more immediate IOP and CCT measurements.
Our finding that IOP was not associated with risk has been
observed in similar studies using UK electronic medical re-
cords12 and clinical trial cohorts.14

Diabetes at baseline was associated with increased risk of
glaucoma conversion, perhaps due to VF defects induced by
diabetic retinopathy. Proliferative retinopathy or diabetic
macular edema would likely result in abnormal glaucoma
hemifield tests, triggering a conversion event. This expla-
nation appears likely given a recent review and meta-
analysis that suggested diabetes is associated with elevated
IOP but not necessarily with glaucoma.22 Systemic
hypertension is associated with increased risk of
glaucoma,22 but we found a contrary result that those with
hypertension were less likely to convert from OHT to
glaucoma. The reduction in risk may be attributable in
part to treatment of hypertension with oral beta blockers.23

Strengths and Limitations

The main strength of this study was the large dataset
representative of the OHT/glaucoma population in England,
capturing substantial variability across the 10 sites in patient
demographics, case mix, and management pathways. A key
indicator was the 2-fold variability among sites in the pro-
portion of patients treated at baseline. Although this was
clinically-based data and contained missing measurements,
model performance was largely unaffected. Also, measure-
ment intervals for IOP and VF were irregular. Intraocular
pressure is prone to both high short-term variability and
measurement error, and, for some patients in our dataset,
there was a delay between the baseline IOP measurement
and the first VF assessment, so the “baseline” IOP may not
represent the actual value at the start of follow-up.

A major difference between our study and OHTS was
that in OHTS the majority of conversion events were
determined anatomically based on analysis of sequential
optic disc images by trained readers.24 The poor
performance of the OHTS-EGPS model in this study may
be partially explained by our reliance on a VF-based con-
version event definition. This was a pragmatic decision as
VCDR measurements available in the EMR data were
recorded across multiple clinics and so were more liable to
interobserver variability than those in OHTS-EGPS.

Also, there was only a single cup-to-disc ratio measure-
ment for each eye for each visit in the EMR (Fig S1).We have
referred to this as VCDR as the vertical measurement is most
commonly taken in these clinics, but it is possible that some
entries may contain different cup-to-disc ratio (CDR)
measurements. Despite this uncertainty, the CDR
measurements in our study show conceptual validity in that
we found consistent positive associations between them and
increased glaucoma risk in all but one of the risk models.
Furthermore, the Heidelberg retinal tomography or OCT
images used to make these measurements were not
available in our data; otherwise, we would have considered
imaging-derived measurements and outcomes.

In OHTS, an endpoint committee determined whether
conversion to glaucoma had occurred, accounting for the
presence of ocular comorbidities that may have induced VF
defects (e.g., age-related macular degeneration, retinal vein
occlusion). We attempted to disentangle glaucoma conver-
sion by excluding eyes with these conditions at baseline and
by censoring eyes that developed them during follow-up at
the date of comorbidity diagnosis. Thus, our estimates of
conversion risk are likely to have been independent of these
conditions, but we were also unable to explore the possible
influence of comorbidities on glaucoma conversion risk
(e.g., does retinal vein occlusion [RVO] increase risk of
conversion?).

Further Work

Our current model uses only baseline data. A possible
extension would be to use measurements from the first 2 or
3 clinic visits to capture initial responses to treatment and
improve model performance. Survival analysis specifying
IOP, medication status, and visual field parameters as time-
varying covariates would be one approach. Given the vari-
ability among individuals in monitoring intervals and likely
responses, more flexible models fitted using machine
learning could also be considered. Finally, this dataset is a
valuable resource to investigate prediction models for
glaucoma progression, including both those that converted
from OHT used in this analysis and those with pre-existing
glaucoma.

Conclusions

We validated the OHTS-EGPS risk prediction model for
conversion from OHT to glaucoma using electronic data
from a large cohort. By refitting the model, we achieved
7
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modest improvements in model performance, warranting
further research on how these predictions might be incor-
porated into clinical practice.
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