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ABSTRACT.

Purpose: To model prediction of undetected glaucoma in a predominantly white

population, based on intraocular pressure (IOP) and subject age.

Methods: In 1992–1997, a population screening for glaucoma was performed at

Malm€o University Hospital where individuals between 55–79 years of age

(n = 46 614) living in Malm€o, were invited to a free eye health examination.

Recentlyexaminedpatientswerenot invited (n = 4117). IOPandagewererecorded

for all screened subjects. Subjects who screened positive were further examined to

establishor reject aglaucomadiagnosis.Weperformedmultiple regressionanalysis

of the combined effect of age and IOP on the likelihood of undetected glaucoma.

Results: In all, 32 918 subjects attended the screening (77.5% of invited), 22 218

women and 11 700 men, while 9579 refrained from participation. Glaucoma was

diagnosed in 406 subjects. The proportion of subjects with glaucoma increased

exponentiallywith increasing IOPandolder age. Still, themajority of subjectswith

glaucoma (57%) had ≤IOP 21 mmHg. The predicted rate of undetected glaucoma

was low,<5%, for subjectswith IOP<25 mmHg, but rose rapidlywith higher IOP,

reaching81%inthegroupwith IOP>35 mmHgandage75–79 years.Themodelfit

well to the data (R2 = 0.97).

Conclusion: We created a model estimating the combined effect of IOP and age

on the likelihood of undetected glaucoma. The model may facilitate case-finding

in European-derived populations. Despite the important impact of IOP on the

risk of glaucoma, a large proportion of subjects with undetected glaucoma had

IOP ≤ 21 mmHg.
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Introduction

S everal risk factors for glaucoma
have been identified (Leske 2007),

and higher intraocular pressure (IOP)
and older age are frequently reported
in this context (Hollows & Graham
1966; Bankes et al. 1968; Kahn et al.
1977; Bengtsson 1981; Sommer et al.
1991; Klein et al. 1992; Dielemans
et al. 1994; Mitchell et al. 1996; Wen-
sor et al. 1998; Gordon et al. 2002;

Iwase et al. 2004; Quigley & Broman
2006; Nemesure et al. 2007; Heijl et al.
2013). Half of all glaucoma cases in
developed countries are undetected
(Rudnicka et al. 2006), and population
screening would seem to be ideal for
detecting glaucoma, due to its relatively
high prevalence, severity of disease and
asymptomatic initial stage. However,
population screening for glaucoma is
not generally recommended, because
available methods are time-consuming

and expensive, and not sufficiently
specific. Nevertheless, it may be cost
effective to screen high-risk groups
(Mowatt et al. 2008), and there is a
need for improved case detection
(Quigley 2011).

Community optometrists/opticians
represent a valuable resource for the
detection of glaucoma. Indeed, con-
ducting opportunistic glaucoma case-
finding during regular optician visits
can help reach a large proportion of the
population at risk of developing glau-
coma (Stoutenbeek & Jansonius 2006).

Many opticians already screen their
customers for elevated IOP, as recom-
mended by, for example, AAOs Pre-
ferred Practice Pattern for POAG
Suspects (Prum et al. 2016). Individu-
als with elevated intraocular pressure
(IOP) are recommended to have a
comprehensive medical eye evaluation.

A very sizeable data set is needed to
calculate the combined effect of more
than one factor on the likelihood of
glaucoma. We have access to data from
a large population screening of 32 918
subjects that can be used to estimate
the combined effect of age and IOP on
the likelihood of undetected glaucoma
and to develop a diagnostic prediction
model for risk assessment that may
improve case detection and provide a
valuable tool for recommendations of
referrals to ophthalmologists. Accord-
ingly, we conducted the present study
to develop such a model.

Materials and Methods

Source of data

A population screening was performed
at Malm€o University Hospital in
Sweden between October 1992 and
January 1997 to identify individuals
with undiagnosed manifest glaucoma
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for possible inclusion in a randomized
controlled treatment study, the Early
Manifest Glaucoma Trial (EMGT)
(Leske et al. 1999). The screening was
approved by the Ethics Committee of
the University of Lund.

Participants

A free eye health examination was
offered to all female residents in Malm€o
aged 55–79 years and all male residents
aged 60–79 years. Those who had
recently been examined at the depart-
ment of Ophthalmology in Malm€o, and
individuals already having a glaucoma
diagnosis, were not invited to the
screening (n = 4117). Individuals with
a glaucoma diagnosis who had received
the diagnosis elsewhere and came to the
screening were excluded from the anal-
ysis. Subjects with IOP missing in both
eyes, for example, if they declined
tonometry, were excluded.

Outcome

Subjects who fulfilled any of the fol-
lowing criteria were invited to one or
two post-screening visits: intraocular
pressure >25 mmHg with Goldmann
applanation tonometry and/or sus-
pected glaucomatous optic disc
changes (vertically elongated cupping
of the disc, localized narrowing of the
optic disc rim, nerve fibre layer defect,
optic disc haemorrhages) in the pho-
tographs, and/or those who had a self-
reported family history of glaucoma in
siblings. The post-screening examina-
tions were intended to establish or
reject the diagnosis of glaucoma and
eligibility for the EMGT. At these
visits, a full eye examination was per-
formed including standard automated
perimetry (SAP) with the 24-2 Full
Threshold program of the Humphrey
Field Analyzer (Carl Zeiss Meditec,
Dublin, CA, USA).

The glaucoma diagnosis was based
on the presence of repeatable visual field
defects compatible with glaucoma and
not explained by other causes. In sub-
jects with only one visual field test,
corresponding defects in the optic nerve
head (as evaluated by at least one
glaucoma specialist) and/or in the reti-
nal nerve fibre layer (RNFL) were
required. If no visual field was available
(e.g., due to physical disability or blind-
ness), or if the visual field was erratic
(e.g., a clover-leaf field), obvious

glaucomatous damage in the optic nerve
head and/or RNFL was required.

Predictors

At the screening examination, IOP was
measured and fundus colour pho-
tographs were obtained. In the present
study, the predictors used were as
follows: Screening IOP divided into 5-
mmHg intervals ranging from 10 to
34 mmHg. We used the IOP of the eye
with the higher IOP of the two for
analysis, and subjects were categorized
into two groups, glaucoma in at least
one eye versus no glaucoma. Eyes with
IOP values <10 and ≥35 mmHg were
assigned to two separate groups. The
other predictor was subject age catego-
rized in age groups at 5-year intervals,
from 55 to 79 years. The proportions
of newly detected subjects with glau-
coma were calculated for each combi-
nation of the seven IOP groups and the
five age groups.

Populations size and missing data

A total of 42 497 individuals within the
target age intervals, with the exception
of individuals who had visited the
department within one year prior to
the screening, were invited to the
screening. Those not attending the
screening, 9579 individuals or 22.5%
of all invited, were not considered in
the current analysis, no imputation
method was applied. The mean age of
those not attending was 66.7 years (SD
5.6 years) and for those attending
67.1 years (SD 5.6 years).

Statistical analysis

A multivariate regression analysis was
performed in order to model the associ-
ation between age and IOP and the
interaction between age and IOP on one
hand, and the proportion of previously
undetected glaucoma on the other. Both
age and IOP showed exponential rela-
tionships to the proportion of newly
detected glaucomatous subjects. To
obtain a linear relationship, a logarith-
mic (ln) transformation was performed
on the dependent variable: proportion
of glaucomatous subjects at different
levels of IOP and age. To facilitate
conversion of data back to the original
scale, cells with no glaucoma were
regarded as missing values rather than
adding an arbitrary constant to the data.

A multiple linear regression including
residual analysis was performed:

Inðproportion glaucomaÞ
¼ aþ b1ageþ b2IOPþ b3ðIOP

� ageÞ þ e

The coefficients from the regression
analysis were used to model the com-
bined effect of age and IOP level on the
predicted proportion of glaucomatous
subjects for each combination of age
and IOP groups.

Results

Participants

The flow of participants is shown in
Fig. 1. In all, 77.5% of the 42 497
individuals who were invited attended
the screening, resulting in 32 918
screened subjects. Recently examined
individuals, a total of 4117 individuals,
were not invited. Eighty-three subjects
with a prior diagnosis of glaucoma
unknown to us were screened, but
excluded from the current analysis.
We identified 545 undiagnosed glauco-
matous eyes in 406 subjects, and 231
(57%) had an IOP value ≤21 mmHg in
the eye with the higher IOP. In 86% of
the newly detected glaucomatous eyes,
the diagnosis was based on repeatable
visual field defects compatible with
glaucoma and not explained by other
causes; considering the remaining 14%,
the diagnosis was based on a single
field with corresponding optic disc
changes in 9% and on optic disc
appearance alone in 5%.

A total of 32 509 subjects were eval-
uated. Intraocular pressure (IOP) mea-
surements were missing for 726 eyes
(1.1% of all eyes) in 400 subjects, but
noneofthoseeyeswereglaucomatous.In
326 subjects, the IOP for both eyes was
missing and thus not used in the model
development. In 74 subjects, the IOP for
one eye was missing. The most common
explanation for a missing IOP measure-
ment was that the subject declined
tonometry. The largest group of
screened subjects, 34%, were between
65 to 69 years of age followed by the
groupbetween60 to 64 years of age.The
distribution of age of screened subjects
can be seen in Table 1. A large majority
(30 261 subjects)of the screenedsubjects
had IOP within statistically normal lim-
its in the eye with higher IOP.
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Model development

The observed proportions of subjects
with newly detected glaucoma in at
least one eye and the number of glauco-
matous subjects versus screened subjects
in each age and IOP group are shown in
Table 1. No subjects with glaucoma

were detected at IOP levels <10 mmHg
in the eye with the higher pressure and
only 19 subjects with glaucoma had IOP
in the interval between 10 to 14 mmHg.
Although the majority of subjects with
glaucoma detected by the screening had
pressures of 21 mmHg or less (231

subjects, 57%), this resulted in a propor-
tion of glaucoma of 0.8%of all screened
subjects at ages 55–79 years with IOP
21 mmHgorless.Forty-sixsubjectswith
glaucomahadIOP22–24 mmHg,result-
ing in a proportion of glaucoma of 2.4%
of all screened subjects with IOP 22–
24 mmHg, considering all age groups.
Proportionsofglaucomawerethussmall
up to the 25 mmHg level. The propor-
tion increased slightly with age up to the
25 mmHg level. Higher proportion
(18.3%)was seen if IOPwas≥25 mmHg.
The proportion increased with age and
was high (i.e., ≥20%) at IOP levels
≥30 mmHg in subjects aged ≥65 years.

Model specifications

The likelihood of undiagnosed glau-
coma increased exponentially with
both age and IOP level, and the com-
bined effect of age and IOP was highly
significant (p = 0.000). The effect of
IOP alone was greater than that of age
alone, although the effects of both
factors were highly significant
(p = 0.000). Table 2 presents the pro-
portions predicted when using the fol-
lowing formula:

Inðprop. glaucomaÞ
¼ �9:96þ 0:54age group

þ 1:34IOP group� 0:07ðage
� IOPÞ

Model performance

The regressionmodel fit well to the data,
with a coefficient of determination (R2)
of 0.97. The residuals were normally
distributed and were randomly dis-
persed around the horizontal zero line.
The 95% confidence interval was� 0.30
for the age coefficient, �0.21 for the
IOP coefficient, and �0.06 for the
interaction between the two.

Discussion

We were able to study the combined
effect of IOP and age on the likelihood
of undetected glaucoma, because we
had access to data from a large-scale
population screening of almost 33 000
subjects. Although 57% of all subjects
with previously undetected glaucoma
had an IOP of ≤21 mmHg in the eye
with the higher IOP, the influence of
IOP was considerably greater than that
of age. Relatively few screened subjects
had pressures above 24 mmHg (2.2%),

Population
46 614 individuals

Not invited
4 117 patients

Declined
9 579 individuals

Prior glaucoma diagnosis
83 subjects (excluded)

Invited
42 497 individuals

32 509 subjects evaluated 
for the prediction model

406 patients with
newly detected glaucoma

32 103 subjects
without glaucoma

Attended
32 918 subjects 

(77.5%)

No IOP 
326 subjects (excluded)

Fig. 1. Flow chart of screened subjects.
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but the proportion of glaucomatous
eyes with pressure above 24 mmHg
was markedly higher than in those with
lower IOP values.

A weakness of the current investiga-
tion is that some of the proportions
presented here may be lower than the
true numbers. All subjects with IOP
>25 mmHg underwent visual field test-
ing, but eyes with IOP ≤25 mmHg
screened negative unless disc or RNFL
findings were suspicious or if subjects
had a positive family history of glau-
coma. The reason for using 25 mmHg
was that the original purpose of the
screening was to identify previously
undetected subjects with glaucoma to
be included in EMGT. Thus, glaucoma-
tous eyeswith small optic discsmayhave
been missed, since glaucoma eyes with
small discs often appear healthy (Heijl &
Molder 1993). Another reason that
suggests that the number of subjects
with glaucoma and IOP ≤ 21 mmHg is
underestimated in the current study due
to the screening criteria is that Spring-
elkamp et al. (2017) showed that one
out of four newly detected glaucoma

cases had discs within normal limits
according to the (strict) ISGEO criteria
and the mean IOP of those cases was
16.3 mmHg. Another study showed
higher proportions of normal-tension
glaucoma detected when screened with
visual fields andoptic disc evaluation for
all subjects (Stoutenbeek et al. 2008).

Interpretation

Predicted proportions of undetected
glaucoma were relatively small in sub-
jects with IOP levels up to 25 mmHg
but increased slightly with age. Mark-
edly higher proportions of ≥17% were
noted at IOP levels ≥30 mmHg. At IOP
levels of ≥35 mmHg, the predicted
proportions of glaucoma ranged from
61% in the youngest age group to 81%
in the oldest age group, although the
number of subjects with those IOPs
was small, representing only 0.2% of
all screened subjects.

The strengths of this study are the
large size of the screened population
and the fact that the diagnosis was
confirmed with visual field tests in most

eyes (95%). Due to the considerable
size of the material, the denominator
was relatively large in most cells: 51%
of the cells (18/35) included ≥100 sub-
jects, and 31% (11/35) comprised
≥1000 screened subjects, Table 1.

Many studies have shown increasing
rates of glaucoma at higher IOP values
(Sommer et al. 1991; Mitchell et al.
1996; Iwase et al. 2004) or older age
(Bengtsson 1981; Dielemans et al. 1994;
Leske et al. 1994; Wensor et al. 1998;
Quigley & Broman 2006). We have
presented a model that shows the com-
bined effect of age and IOPand the inter-
action of age and IOP on the presence of
undetected glaucoma in the community.

Implications

Considering possible general applica-
bility of our results, it can be noted that
the proportion of undetected glaucoma
in the Malm€o screening was very sim-
ilar to rates previously reported in
other developed countries (Kahn et al.
1977; Sommer et al. 1991; Coffey et al.
1993; Dielemans et al. 1994; Mitchell
et al. 1996; Wensor et al. 1998).

Ocular hypertension is a well-known
risk factor for glaucoma (Gordon et al.
2002) and as recommended by the Pre-
ferred Practice Pattern for POAG Sus-
pects of the AAO, eye care providers
should measure IOP in all individuals
over 40 years of age (Prum et al. 2016).
False-positive test results lead to a
reduction in the predictive power of
positive testing and increase the number
of patients that require hospital care and
thus add to both the workload at out-
patient departments and the costs of

Table 1. Observed proportions (%) of subjects with glaucoma detected at population screening in each age and IOP group. The number of subjects

with glaucoma/number of screened subjects is shown to the right. Relatively few subjects were screened in the youngest and the oldest group

compared to the other three groups.

Table 2. Predicted proportions of undetected glaucoma at different levels of age and IOP in the

population.
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health care. Since the prevalence of
glaucoma increases with age and people
are living longer, the burden of disease
to society are increasing. The model
could reduce the number of individuals
referred to an ophthalmologist when
referral is based solely on age and IOP,
although there is still a considerable rate
of false positives using the model, even
at higher IOP values. Table 3 shows the
number needed to screen to detect one
new case of glaucoma in each age-IOP
group. We can see an inverted exponen-
tial relationship, with more subjects
needed to be screened to detect one
subject with glaucoma with lower IOP
and younger age.

As previously mentioned, although
very small proportions of subjects with
IOP ≤21 mmHg had glaucoma, they
represented 57% of all subjects found
to have glaucoma in the screening. The
explanation could be, or at least in part
be, that individuals with undetected
glaucoma and high IOP are more likely
to be discovered in routine clinical prac-
tice or being referred to an ophthalmol-
ogist from an optician than individuals
with IOP within the statistically normal
limits (Grødum et al. 2002). It has been
shown that individuals with undetected
glaucoma and ≤IOP 21 mmHg are often
overlooked in routine clinical practice
(Grødum et al. 2002). Another reason
could be that the natural course of the
disease is slower on a group level when
the IOP is ≤21 mmHg, than with high
untreated IOP (Heijl et al. 2009), and
more time could pass before symptoms
develop that make the patient seek
ophthalmologic care.

The specificity of the model would
be 99% when using a cutoff at
25 mmHg for referral. However, the
sensitivity would be low, only 32%.

Here, we have presented a model for
the prediction of undiagnosed glaucoma
based on the combined effect of IOP and

age and the interaction between the two
factors. Byknowing the subjects age and
measuring the IOPthemodel canbeused
to calculate theprobability of the subject
to have undetected glaucoma. Our
results may prove useful when updating
guidelines for referrals to ophthalmolo-
gists fromprimaryeye careprofessionals
i.e., opticians, optometrists or general
practitioners.
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Table 3. Number needed to screen to detect one new case of glaucoma in each age/IOP group

using the prediction model.

Age (years)

IOP (mmHg) 55–59 60–64 65–69 70–74 75–79

<10 3334 2000 1429 834 527

10–14 1000 625 435 286 189

15–19 271 193 137 98 70

20–24 76 58 44 34 26

25–29 21 18 14 12 10

30–34 6 6 5 4 4

35 or more 2 2 2 2 2
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