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1. Introduction

Abstract

Purpose: To identify patterns of age-, gender- and refractive- related changes in
Scheimpflug-based anterior chamber depth across the central 8 mm of chamber
width, to derive normative models, potentially useful for angle closure disease
diagnosis.

Methods: This was a retrospective, cross-sectional study. Scheimpflug photogra-
phy was used to obtain anterior chamber depth measurements at 57 points across
the central 8 mm of the chamber width from one eye of each healthy subject
(male Caucasians (n = 189), female Caucasians (n = 186), male Asians
(n = 165) and female Asians (n = 181)). Sliding window and nonlinear regres-
sion analysis was used to identify the age-related changes in chamber depth. Hier-
archical cluster analysis was used to identify test locations with statistically
identical age-related shifts, which were used to perform age-correction for all sub-
jects, resulting in normative distributions of chamber depth across the chamber
width. The model was examined with and without the contribution of spherical
equivalent refractive error.

Results: Distinct clusters, demonstrating statistically indistinguishable age-related
changes of chamber depth over time, were identified. These age-related changes
followed a nonlinear regression (fifth or sixth order polynomial). Females tended
to have a greater rate of chamber depth shallowing. Incorporating refractive error
into the model produced minimal changes to the fit relative to the ground truth.
Comparisons with cut-offs for angle closure from the literature showed that age-
ing alone was insufficient for identifying angle closure disease.

Conclusions: Age-, ethnicity- and gender-related differences need to be acknowl-
edged in order to utilise anterior chamber depth data for angle closure disease
diagnosis correctly. Ageing alone does not adequately account for the angle clo-
sure disease process.

staging of angle closure spectrum disease uses gonioscopy.’
This technique is skill intensive and can be fairly invasive,

Glaucoma is one of the leading causes of irreversible blind-
ness worldwide.' Although the open-angle form is gener-
ally more common in most health care settings, angle
closure glaucoma is typically associated with greater rates
of blindness, especially in Asian populations* and amongst
females.” The current gold standard for diagnosis and

requiring the instillation of anaesthetic drops, and is bur-
dened by the subjectivity regarding the interpretation of the
results.”

As a means to address some of the limitations of gonio-
scopy, non-invasive imaging modalities designed to
examine the anterior segment have been suggested as
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complementary techniques to provide additional qualitative
or quantitative information.® Specifically, methods obtain-
ing quantitative information may be more conducive to
telemedicine or virtual clinic approaches due to their
potentially less ambiguous findings relative to gonioscopy.’
Scheimpflug imaging is one example of a non-invasive
technique for assessing anterior chamber parameters.'®

Applications of Scheimpflug photography for angle clo-
sure spectrum disease reported in the literature have pri-
marily exploited singular anterior chamber depth, angle
and volume parameters.'''* These parameters offer a sim-
ple method for assessing the risk of angle closure. However,
there are several questions remaining regarding their use.
Unlike parameters such as visual field data and retinal
thickness, Scheimpflug-derived data and their instrument
outputs do not typically account for age- or gender-related
factors, despite known differences occurring with both fac-
tors.'”2° Importantly, advancing age, Asian ethnicity and
female gender are associated with increased rates of angle
closure.*"»** Therefore, the question remains: how do age-,
ethnicity- or gender-related changes impact upon the abil-
ity of these parameters to correctly identify patients with or
at risk of developing disease? Currently, the paracentral
region is largely ignored. Anterior chamber depth typically
becomes shallower in the periphery, but it is not yet known
whether patterns of equal chamber depth exist across the
chamber width. If areas of equal depth (iso-depth) exist, we
hypothesise that measurement variability would reduce,
leading to identification of anterior chamber depth mea-
surements that would be able to stratify patients at risk of
angle closure.

In the present study, we leveraged our recently developed
and applied cluster analysis techniques™
these issues. We used Scheimpflug photography to obtain
central and paracentral anterior chamber depth informa-

to examine

tion from a normal cohort spanning a wide range of ages in
males and females of both Caucasian and Asian ethnicities.
We applied cluster analysis to identify regions sharing simi-
lar age-related changes and characterised these using non-
linear regression. Then, we performed age-correction to
obtain normative distributions of anterior chamber depths
for application in the examination of angle closure disease.
Since some studies have suggested an effect of refractive
error on chamber depth,'”'®?® we also examined a model
incorporating spherical equivalent refractive error.

2. Methods

2.1. Subjects

All subjects provided written informed consent. The study
adhered to the Declaration of Helsinki and ethics approval
was provided by the Human Research Ethics Committee of
the University of New South Wales, Australia.

Patterns of anterior chamber depth during ageing

All subject data were retrospectively collected from the
files of patients seen at the Centre for Eye Health (CFEH),
University of New South Wales. All patients had undergone
comprehensive examination at the CFEH following a refer-
ral from their primary eye care practitioner, which could
have been for a diverse range of reasons; we were careful to
screen for normality as per the eligibility criteria described
below. All eligible subjects had undergone Scheimpflug
imaging using the Pentacam HR (www.oculus.de/en/pro
ducts/tomography/pentacam-pentacam-hr-pentacam-axl/).
Subjects comprised a retrospective cohort of healthy indi-
viduals who all had normal eye examination findings: i.e.,
best corrected visual acuity of 6/7.5 or better (6/10 or better
for subjects over age 60) and age-normal anterior and pos-
terior ocular health as assessed by slit lamp examination
supplemented by imaging modalities such as optical coher-
ence tomography of the macula and optic nerve. Subjects
with primary angle closure suspect status or worse (defined
as 2+ quadrants where the posterior trabecular meshwork
could not be seen) were excluded. This was ruled out using
a combination of Van Herick limbal anterior chamber
depth measurement, gonioscopy, and anterior segment
optical coherence tomography. Subjects with glaucoma or
intraocular pressure >21 mmHg were excluded. Patients
with cataracts were included if they were not visually signif-
icant (by the acuity criteria listed above). No subjects had a
history of systemic disease known to affect the cornea or
anterior segment. Subjects were divided by self-reported
gender and ethnicity. Specifically, we were interested in
patients of Caucasian and East Asian (henceforth simplified
to ‘Asian’) descent, with the total number of subjects being
189, 186, 165 and 181 male Caucasians, female Caucasians,
male Asians and female Asians, respectively (Table 1).

2.2. Data extraction

Anterior chamber data were extracted from one randomly
selected eye from the total cohort. A random eye was
selected to avoid potential systematic biases such as one eye
being more accurately measured than the other by the tech-
nicians in the clinic. Although this may mask some of the
systematic trends seen on a per-eye basis, it is more likely
that in the normal eye, biometric parameters may be largely
similar.*

Data were exported using the Pentacam software version
6.08r27 (www.pentacam.com/int/models/software-aoo.
html), which provided individual datum points in a 4 mm
radius from the optical centre at 0.1 mm intervals (>5000
points). Using these data points, we calculated the anterior
chamber depth at the locations corresponding to the 57 test
points typically reported in the Pentacam anterior chamber
depth printout across the central 8 mm of chamber width
using a custom written macro on Microsoft Excel 2010
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Table 1. Demographics of subjects within the present study

JPhuetal.

Male Caucasians Female Caucasians Male Asians Female Asians

Number of subjects (n) 189 186 165 181
Refractive error (dioptre) Median -0.13 0.00 -1.13 -1.13

Interquartile range —1.50, +0.50 -0.72,+0.75 —3.38,0.00 —-3.75,+0.13

Range —-6.38, +5.50 -7.75, +5.50 -8.50, +2.63 -8.25,+5.13
Age (n) <10 5 4 3 2

10 to <20 23 20 20 19

20to <30 30 26 27 39

30 to <40 31 23 20 26

40 to <50 27 28 25 26

50 to <60 27 28 30 33

60 to <70 23 25 27 27

70 to <80 21 27 12 9

80+ 2 5 1 0

(www.microsoft.com).”” These points are arranged in rings
of 1 mm interval radii up to 4 mm from the optical centre.
One eye from each subject was selected at random for
inclusion in the study.

2.3. Age-related changes in anterior chamber depth across
the chamber width — sliding window analysis

To determine age-related changes in anterior chamber
depth, we firstly organised the data from all subjects into
smaller groups. To mitigate potential biases arising from
arbitrary decade-based grouping (e.g. <10 years, 11—
20 years, 21-30 years, etc.) we used a sliding window pro-
cedure. The sliding window technique overcomes issues
regarding sampling density and arbitrarily defined brack-
ets.”>*" In this, we sequentially added one year to each age
bracket, maintaining the same 10-year span, but effectively
shifting the bracket centre to obtain a range of samples not
limited to the arbitrary decade-based groups (e.g. 11-20,
12-21, 13-22, etc.). Each window represented a single mean
‘age’ contributing a depth value for each location, and these
were used as the groups for cluster analysis to identify loca-
tions with the same age-related change. For the windows
with sparse sampling or gaps (e.g. ages 53—-58 years) in the
female Asian cohort, we generated additional smaller win-
dows (5-year increments) for analysis, and this did not
change the results of the analysis.

2.4. Age-related changes in anterior chamber depth across
the chamber width — cluster analysis

Clustering for identifying locations with the same age-re-
lated depth change was performed using hierarchical
agglomerative clustering (within groups linkage and
squared Euclidean distance) on SPSS Statistics Version 25.0

(https://www.ibm.com/analytics/spss-statistics-software).

In brief, hierarchical clustering utilises an agglomerative
technique to group statistically similar measurements from
individual points into successively large clusters, eventuat-
ing into the total cohort. Hierarchical agglomerative clus-
tering was chosen as it effectively facilitates a ‘bottom-up’
approach, in comparison to the ‘top-down’ approach of K-
means clustering.’’ In K-means, the number of clusters
expected to arise from the clustering should be known;
given that there is little historical precedent, hierarchical
clustering allowed for greater granularity when exploring
our data. In comparison to other models such as Gaussian
mixture modelling, we also wished to visualise the complete
hierarchy and have an algorithm that was relatively insensi-
tive to the distance metric.

Another potential clustering method is Gaussian mixture
models. Although this method accounts for the variance
within each cluster similar to hierarchical clustering, it also
requires the number of clusters to be initially known, like
K-means. A key advantage of Gaussian mixture models is
that it returns probabilities that a data point belongs within
a specific cluster. However, this was not the purpose of our
study, and hence was not deployed on our data set. Instead,
our purpose was to assess the normality of the resultant dis-
tribution of depths within each cluster that would then
allow the derivation of normative distributions (see further
below).

In this study, cases were labelled using their position
within the map of the cornea, but spatial information was
not used for the clustering method (i.e. no assumptions
regarding spatial arrangement of the resultant clusters are
made a priori). Applied here, clustering allowed us to iden-
tify test locations across the chamber width that exhibit the
statistically similar age-related change. In doing so, we
could then group those test locations to create robust mod-
els describing the age-related changes. Different stages of
merging can be visualised using the resultant dendrogram.
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For the identification of age-related clusters, we did not use
the amalgamation schedule, but rather took the first branch
of the dendrogram, which returns the maximum number
of output clustered groups, all of which were initially
retained. The separation and differences between groups
were assessed as per the methods described below.

Mean anterior chamber depths at each location were
plotted as a function of mean age for each window as
described above, and were fitted with linear and polyno-
mial curves to determine the best fit, as assessed using an
F-test for comparing function fit, the coefficient of deter-
mination, R* and Bland-Altman analysis. We chose to use
the extra sum-of-squares F-test for comparing function
fits, and to determine whether a single function was opti-
mal for fitting each group of data (for example when
comparing identified clusters within a cohort, or compar-
ing similar across cohorts), rather than other information
criteria (such as Akaike’s information criteria). This was
because the overall null hypothesis was that a single func-
tion would adequately fit all of the ‘population’ data.
Hence, a rejection of this null hypothesis using the F-test
would suggest that different conditions (such as different
clusters or cohorts) would be better described using dif-
ferent age-related functions.

2.5. Determining age-corrected normative distributions of
anterior chamber depth

Age-correction factors were derived from the functions
described above, and then reapplied to the cohort’s data, in
order to age-correct all subjects’ depth results to a 35-year-
old equivalent subject (due to the propensity for a greater
number of subjects with reliable data to occur within this
age-group). The age-corrected results (minus the 30 to 40-
year-old group) were then compared with the depth values
obtained from the 30 to 40-year-old decade group for each
respective cohort separately; this formed the ground truth,
using Bland-Altman plots. Note that we further tested the
other decade-brackets (e.g. mean 15-, 25-, 45- etc year-old
equivalent) and evaluated their levels of agreement against
their respective ground truth cohorts using the Bland-Alt-
man method; see Results for further details.

Due to the nature of the sliding window analysis provid-
ing mean ages as data points for the regression analysis, we
limited the comparison between ground truth and derived
age-corrected cohort to subjects within the age range of the
sliding windows. For example, if the mean ages of the win-
dows ranged between 11 and 65 years old, then the age-cor-
rection and comparisons with the ground truth would only
be performed on subjects within that range (minus the 30
to 40-year-old comparator group).

Following determination of the optimal age-correction
for each condition, we again performed cluster analysis as

Patterns of anterior chamber depth during ageing

described above to determine the age-corrected iso-depth
contours for anterior chamber depth. These iso-depth con-
tours facilitated grouping of test locations together to
obtain a final age-corrected, normative distribution for
each location across the chamber width.

In addition to referring to the dendrogram breaks, we
also used a systematic approach to merge the clusters, as
these all represented a unified 35-year-old equivalent sub-
ject based on the separability of the clusters. Separability
analysis was performed using the d’ statistic, as per our pre-
vious methods (Equation 1).*»** Clusters were systemati-
cally merged, starting with the cluster pair with the lowest
d’ value, until all comparisons had a d’ >1. Members within
each cluster therefore indicated test locations that shared
sufficiently similar distribution characteristics within 1
standard deviation unit.

d/: ‘X1_§2| > (1)
V0.5% (614 03)

The distributions of anterior chamber depths were
assessed using the D’Agostino and Pearson K test of nor-
mality (where p < 0.05 indicated a rejection of normality
of distribution; this test of normality is similar to Shapiro-
Wilk for long-tailed distributions, which was our predic-
tion with this data set’?), and Gaussian or non-Gaussian
statistics, as appropriate.

2.6. Effect of spherical equivalent refractive error

We also examined the relationship between spherical equiv-
alent refractive error and anterior chamber depth prior to,
and following, age-correction for each cohort. In this analy-
sis, we performed regression analysis using spherical equiv-
alent refractive error and pointwise anterior chamber
depths. Extra sums-of-squares F-tests were used to deter-
mine differences in slope and intercepts from the regression
analysis. After determining refractive error related changes,
we applied refraction correction to determine the effects of
age and age-corrected depth distributions, and compared
the cluster patterns to the models without refraction cor-
rection described above.

2.7. Clinical applications: using normative distributions of
chamber depth for assessing angle closure spectrum
disease

Several papers have provided cut-off values of anterior
chamber quantitative parameters for the purposes of
screening for angle closure spectrum disease using
Scheimpflug imaging. Some studies have reported good
ability of Scheimpflug imaging to distinguish between open
and narrow angles,lz‘”’36 while others have been more
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reserved.>”3® Notably, the cut-off values for central anterior
chamber depth supplied by each study vary significantly
from as low as 1.93 mm by Rossi et al.’* to 2.58 mm by
Kurita et al.'*

We aimed to assess each of these cut-off values using our
age-corrected cohorts. We extracted the mean age and cut-
off angle closure, disease and central anterior chamber
depth values from each study. Using the mean age for each
study, we calculated the equivalent anterior chamber distri-
butions for an age-corrected normal subject. Then, the per-
centile ranking of the cut-off value relative to the normal
distribution was calculated using Z-scores. These were
assessed using normative distributions for each gender and
ethnicity combination.

2.8. Statistical analyses

Statistical analyses were performed using GraphPad
Prism version 8 (https://www.graphpad.com/scientific-sof
tware/prism/) and SPSS Statistics version 25 for Mac.
Specific analyses are described in the above text, and
further to this, comparisons of the results by each gen-
der were performed using unpaired t-tests (for the dis-
tribution of anterior chamber depth measurements) and
extra sum-of-squares F test (for the functions used to fit
the age-related changes, including within-cohort,
between-cluster functions, and between-cohort, within-
cluster functions).

3. Results

3.1. Age-related changes in anterior chamber depth across
the chamber width

Cluster analysis applied to determining age-related changes
in anterior chamber depth identified seven different clus-
ters for each of the four cohorts, with similar asymmetric
concentricity of the patterns across the chamber width
(Figure 1). As detailed in the method section, the resultant
clusters were the maximum number of output cluster
groups identified using the bottom-up hierarchical
approach (i.e. no grouping was performed prior to this
analysis step).

Regression analysis applied to the sliding window
grouped data for each of the seven clusters identified a ten-
dency for chamber depth to peak slightly in the teenage
years, before undergoing a downward trend with age. For
male and female Caucasian groups, a centred sixth-order
polynomial offered the best fit to the data, whilst for male
and female Asian groups, the best fit was dependent on
location, which was either a fifth or sixth order polynomial
(Table 2). The second derivative differential (d’y/dx?)
showed that the greatest rate of change occurred in the
mid-20s. The other solution to the second derivative was

JPhuetal.

approximately 9 years of age, but this was confounded by
the small sampling at that age group.

Extra sum-of-squares F-test conducted within each
cohort found significant differences in the age-related
change across each identified cluster (p < 0.0001). The
large number of mutual points across groups 1-7 allowed
us to perform within-group analysis comparing the gender
and ethnicity cohorts. The sum-of-squares F-test found sig-
nificant differences between gender and slight differences
between ethnicity (p < 0.0001). In combination, these pro-
vided additional support for the separation of classes using
cluster analysis.

3.2. Age-corrected distributions of anterior chamber depth
across the chamber width

Age-correction factors obtained from the above analyses
were applied to each cohort to convert all individuals into a
35-year-old equivalent subject. Cluster analysis applied to
the age-corrected cohort identified four resultant clusters
of iso-depth across the chamber width for each cohort
(separated by d-prime >1) (Figure 2). The patterns of iso-
depth approximated an asymmetric, concentric pattern
(Table 3). Tests of normality were conducted for each clus-
ter and none was found to be statistically significant, and
therefore the mean and standard deviations could be used
to infer the normal distribution limits from the totality of
the normal cohort (Table 4).

Using age-corrected depths, one-way analysis of variance
(anova) showed significant differences in chamber depth
across each cohort, i.e. group 1 was different in terms of
their distribution characteristics (p < 0.0001). Multiple
comparisons showed that these differences were only signif-
icant for male versus female cohorts, but not for male Cau-
casian versus male Asian or for female Caucasian versus
female Asian groups.

3.3. Agreement with the ground truth

Bland-Altman analyses (in percentages, to facilitate com-
parisons across different depths and cohorts) comparing
age-corrected with ground truth anterior chamber depths
are shown in Figure 3. More central test locations exhibited
smaller differences between ground truth and age-corrected
depths. Peripheral locations, particularly superiorly,
showed greater differences across all cohorts.

We then assessed the agreement with the ground
truth across second- to sixth-order polynomials and lin-
ear fits to the sliding window data; this was performed
for five decade brackets (20-30 to 60-70 years). The
resultant Bland-Altman analyses showed small differences
in overall mean bias, whereby no regression produced a
biased result. The differences between polynomial fits
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Figure 1. Analysis of age-related changes in anterior chamber depth (mm) across the four cohorts in the present study (rows a—d). Left: nonlinear
regression analysis plotting depth (mm) as a function of age (years). Polynomial fits are shown in Table 2. Each datum point represents a subgroup of
subjects within a 10-year window of ages, with the range of points demonstrating the sliding window analysis. Error bars indicate one standard devia-
tion. Each colour on the left panel corresponds to the same coloured cluster on the right hand side maps. Right: theme maps representing groups of
test locations demonstrating statistically identical rates of chamber depth changes found using hierarchical cluster analysis. The axes indicate the phys-
ical position of the test location (N, nasal; T, temporal).
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Figure 2. The distribution of age-corrected anterior chamber depth (mm) across the four cohorts in the present study (rows a-d). Left: box-and-whis-
ker plots (median, interquartile range, full range) of the distribution of depth for each grouped cluster. Individual datum points represent the result of
one subject at one location within the chamber width. Each colour on the left panel corresponds to the same coloured cluster on the right hand side
maps. Right: theme maps representing groups of test locations with statistically identical distributions of anterior chamber depth found using hierar-
chical cluster analysis. The axes indicate the physical position of the test location (N, nasal; T, temporal). Separability analyses are shown in Table 3

and distribution characteristics are shown in Table 4.

were primarily in the width of the 95% limits of agree-
ment and standard deviation, but again, this was rela-
tively small. These are reported and compared in
Supplementary Figures S1-S4 and the different polyno-
mial fits are shown in Supplementary Tables S1-S4.

3.4. Effect of spherical equivalent refractive error

There was a statistically significant relationship between
spherical equivalent refractive error and anterior chamber
depth at nearly all test locations (p < 0.05 for all); only the

© 2020 The Authors. Ophthalmic and Physiological Optics published by John Wiley & Sons Ltd on behalf of College of Optometrists 639

Ophthalmic & Physiological Optics 40 (2020) 632-649



Patterns of anterior chamber depth during ageing JPhuetal.
Table 3. Separability (d-prime) calculations for each final cluster group for each cohort
Cluster 1 Cluster 2 Cluster 3 Cluster 4
Male Caucasians
1.51(0.35) 1.92 (0.40) 2.39(0.42) 2.93(0.40)
Cluster 1 1.51(0.35)
Cluster 2 1.92 (0.40) 1.10
Cluster 3 2.39(0.42) 2.27 1.14
Cluster 4 2.93(0.40) 3.78 2.53 1.32
Female Caucasians
1.45(0.32) 1.88(0.37) 2.37(0.34) 2.84(0.36)
Cluster 1 1.45(0.32)
Cluster 2 1.88(0.37) 1.24
Cluster 3 2.37(0.34) 2.8 1.39
Cluster 4 2.84(0.36) 4.09 2.65 1.35
Male Asians
1.43(0.26) 1.92(0.33) 2.36(0.43) 3.00(0.28)
Cluster 1 1.43(0.26)
Cluster 2 1.92(0.33) 1.65
Cluster 3 2.36(0.43) 2.58 1.12
Cluster 4 3.00(0.28) 5.78 3.5 1.76
Female Asians
1.41(0.36) 1.88(0.39) 2.40(0.41) 2.90(0.31)
Cluster 1 1.41(0.36)
Cluster 2 1.88(0.39) 1.26
Cluster 3 2.40(0.41) 2.57 1.28
Cluster 4 2.90(0.31) 4.44 2.87 1.38

Each cluster represents a statistically separable group of test locations (as per Figure 2) with a d-prime of >1 from other clusters. Mean and standard

deviation (in brackets) for each cluster is shown.

superior test locations for both Asian cohorts did not show
a significant relationship. The fits of the regression analyses
were generally poor for the male Caucasian
(R* = 0.12-0.27) and both Asian cohorts (R* 0.01-0.15),
but was better for the female Caucasian group
(R? = 0.17-0.30). There was no significant difference in
slope across all test locations (p > 0.99 for all cohorts),
indicating that the relationship with refractive error and
chamber depth was uniform across the chamber width. The
average slopes were: —0.097, —0.1027, —0.048 and —0.048
for male Caucasian, female Caucasian, male Asian and
female Asian groups, respectively.

Following the age-correction process described above,
all regression slopes describing the relationship between
refractive error and chamber depth were flatter, though
this change was significantly only for the female Cau-
casian group. Again, F-test showed no significant differ-
ence across location within each group (p > 0.99), with
the final pooled slopes as follows: —0.067, —0.060,
—0.030 and —0.025 for male Caucasian, female Cau-
casian, male Asian and female Asian groups, respec-
tively. The R® values were notably poorer across all
groups (p < 0.0001), ranging from 0.001 to 0.23.
Results at three representative test locations are shown
in Figure 4.

To examine the effect of refractive error further, we used
the regression analysis results derived above to correct sub-
jects to a 0 dioptre spherical equivalent and re-performed
cluster analysis; following this, age-correction was per-
formed to identify age-corrected clusters, and then finally
Bland-Altman comparison with the ground truth as
described above. Results for the female Caucasian group
are shown in Figure 5, as the relationship between refrac-
tive error and depth was strongest here. There were almost
no differences in cluster group assignment for age-related
clusters and age-corrected clusters in comparison to models
that did not factor in refractive error correction. Bland-Alt-
man analysis showed a slightly smaller mean bias (differ-
ence 1.3%) in comparison to the above model without
incorporating refractive correction. The same analysis per-
formed on male Caucasians, male Asians and female Asians
(Supplementary Figures S5-S7) showed a greater magni-
tude of overall bias in comparison to the non-refractive
models. The modified age-correction factors following ini-
tial refractive correction are shown in Supplementary
Table S5. The resultant age-corrected (35-year-old equiva-
lent) mean, standard deviation and calculated distribution
limits for each cohort are shown in Supplementary
Table S6, with only slight differences with the non-refrac-
tive-corrected results shown in Table 4.
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Table 4. Mean, standard deviation (SD) and calculated 95% distribution limits of anterior chamber depths across each age-corrected cluster (leftmost

column) for each gender and ethnicity cohort

Male Caucasians Female Caucasians

Male Asians Female Asians

95% distribution

95% distribution

95% distribution 95% distribution

Cluster Mean (SD) limits Mean (SD) limits Mean (SD) limits Mean (SD) limits

1 1.52(0.36) 0.81,2.23 1.45(0.32) 0.82,2.08 1.52(0.26) 1.01,2.04 1.44(0.30) 0.86,2.02
2 1.93(0.39) 1.16,2.70 1.88(0.37) 1.16, 2.60 2.01(0.32) 1.39,2.64 1.87(0.34) 1.21,2.53
3 2.39(0.42) 1.57,3.21 2.33(0.38) 1.57,3.08 2.50(0.35) 1.81,3.19 2.32(0.40) 1.53,3.11
4 2.93(0.40) 2.15,3.71 2.84(0.36) 2.14,3.54 3.06(0.29) 2.49, 3.62 2.90(0.30) 2.31,3.50

3.5. Assessing literature-reported anterior chamber depth
cut-off values for angle closure

Table 5 shows the percentile values within our four age-
corrected normal cohorts using the results from four stud-
ies in the literature reporting on Scheimpflug imaging in
angle closure disease. We compared their central anterior
chamber depth results with the equivalent location in our
results (i.e. cluster group 1). The percentile of the cut-off
values reported by each study differed across each of the
normative cohorts reported in the present study; specifi-
cally, the typical criterion of p < 0.05 level of significance
was only met four out of 16 times the cut-offs were com-
pared with our normative cohort.

Given that only central anterior chamber depth cut-offs
have been reported in the above studies, we also performed
a comparison between male Caucasian and female Asian
cohorts — the pair with the greatest differences on multiple
comparisons across the chamber width. Three representa-
tive locations were selected for examination (Figure 6). The
clinical implication of using different normative data for
comparisons is apparent: aside from differences at the cen-
tral chamber depth position shown in Table 5, there can be
large errors in interpretation where there are discordances
in underlying distribution characteristics (e.g. locations 2
and 3 in Figure 6).

4. Discussion

In the present study, we leveraged the application of clus-
tering techniques to identify age-, gender-, refractive- and
ethnicity-related changes in anterior chamber depth across
the central chamber width. In doing so, we were able to
identify asymmetric age-corrected clusters of iso-depth
across the chamber width to form the basis of normative
distributions for comparisons to highlight areas of anom-
aly. This clustering approach has previously been applied in
biological variables (both anatomical (retinal®® and cor-
neal®®) and functional (perimetric23’24) data) and for classi-
fication within specific diagnoses for potential subgroup
phenotyping.*”*' The advantage of this clustering approach
is that no assumptions regarding spatial arrangement are

made a priori, and hence the specific clusters are identified
on the basis of underlying distribution alone. In doing so,
we have provided robust estimations of age-related changes
and iso-depth patterns. Given differences in age-related
changes across the chamber width, failing to account for
age- and gender-related changes in depth has implications
for performing normative comparisons.

4.1. Age- and gender-related changes in the anterior
chamber

Anterior chamber parameters have been shown to shallow
with age, and previous studies have largely focussed on cen-
tral anterior chamber depth. Although studies have com-
monly described these changes in a linear fashion,'®*?
Foster et al'> demonstrated that a cubic function best
described the age-related change, with a maximal rate of
change occurring between 30 and 60 years. Wojciechowski
et al'® also suggested a nonlinear change in anterior cham-
ber depth over time. The results of the present study pro-
vide further support for nonlinear changes over time,
though we present models of different complexity that have
similar overall magnitudes of bias with respect to age-cor-
rection. One reason for the potential complexity of the
model is the change occurring in both the lens and the cor-
nea, which play a role in determining anterior chamber
depth. We have recently demonstrated that corneal curva-
ture and thickness also change in a nonlinear fashion, and
additionally with ring-like patterns, with age.”> The ring-
like patterns of corneal change may contribute to the clus-
ters identified in the present study. Lens capsule thickness
has also been shown to have different thicknesses and rates
of change over different areas, and again could account for
regional clusters of age-related change.*” The body of the
lens itself thickens with age, and has interestingly been
shown to also follow a nonlinear trend over time.** Garcia-
Domene et al** specifically noted that polynomial functions
may provide better fits of their lens data similar to the work
of Dalziel and Egan,*® but have offered that a logarithmic
fit is simpler overall. Our findings of age-related anterior
chamber depth change may also be an epiphenomenon due
to increased lenticular-related chamber crowding with age.
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Figure 3. Bland-Altman analysis comparing the age-corrected anterior chamber depth (excluding 30-40 year old subjects) with the ground truth
group of 30-40 year old subjects across the four cohorts in the present study. To compare locations, genders and ethnicities fairly, without prior
assumptions regarding specific depths, percentage differences are reported. Individual datum points represent one test location within the chamber
width. Each colour corresponds to the same coloured cluster as in Figure 2. The black dashed horizontal line indicates the mean bias, and the black

dotted lines indicate the 95% limits of agreement for the aggregate data for each cohort.

Our results were concordant with studies demonstrating
shallower anterior chamber depth measurements in females
compared to males, independent of instrument or tech-
nique.'>*>***” This is hypothesised to be due to smaller anthro-
pomorphic measurements.'””>**  Although there was a
tendency for Asian eyes to have shallower depths, we were
unable to find a statistically significant difference in the distri-
bution characteristics of age-corrected chamber depths between
Caucasian and Asian individuals of the same gender. Given
estimates of the standard deviation of central anterior chamber
depth measurements reported in the literature (~0.07 mm),*
our sample size of> 160 was more than sufficient for identify-
ing these differences given at least 80% power.

4.2. Effect of spherical equivalent refractive error

As expected, increased hyperopic spherical equivalent
refractive error was associated with a shallower anterior

chamber depth, as per previous studies.'”'®?®, Interest-
ingly, the effect appeared greatest in the female Caucasian
group within the present study, which suggests an interac-
tion with gender and ethnicity, the former of which was
also suggested by Foster et al.’® However, the overall coef-
ficients of determination were low, suggesting that refrac-
tive error only played a small role in accounting for
chamber depth in the present cohort. Addition of the
refractive-correction mostly affected the peripheral test
locations, and this may be due to inherent limitations of
imaging the peripheral chamber depth, as there were
fewer reliable test locations overall. There was the intro-
duction of a greater magnitude of bias in the comparisons
with the ground truth for groups aside from female Cau-
casians, suggesting that refractive-correction of these mod-
els may be unnecessary. Further study is required with a
greater diversity of refractive errors within each age group
to examine this.
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Figure 4. Linear regression analysis of anterior chamber depth (mm) as a function of spherical equivalent refractive error (dioptres) at four represen-
tative test locations (black: 4 mm temporal; red, 2 mm temporal; blue, 0 mm temporal along the horizontal meridian) for each cohort. Left: analysis
performed prior to applying age-correction factors to the cohort. Right: analysis performed following the application of age-correction factors
described in Figure 1 to the cohort. As the regression slopes were statistically identical, they are described in the text.
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Figure 5. Analysis of age-related changes (top), distributions of age-corrected chamber depth (middle) and Bland-Altman comparison of age-cor-
rected depths against the ground truth 30 to 40- year-old cohort (bottom) for the refraction-corrected female Caucasian group. Top: nonlinear
regression analysis of chamber depth (mm) as a function of age (year) using the sliding window method (a) and cluster map of test locations with sta-
tistically identical age-related changes in depth (b), as per Figure 1. Middle: box-and-whisker plots (median, interquartile range, full range) of age-cor-
rected chamber depth (mm) (c) for each cluster of test locations with statistically identical distribution characteristics (d), as per Figure 2. E: Bland-
Altman comparisons plotted for each of the age-corrected four clusters identified in D, as per Figure 4.

4.3. Applications in the diagnosis and screening of angle
closure spectrum disease

In angle closure spectrum disease, indices suggested for
screening obtained using anterior segment imaging have
included anterior chamber width, volume and depth.”® The
physiological basis behind the shallowing or narrowing of
these parameters in angle closure spectrum disease has been
discussed previously.”'

The reported efficacy of quantitative anterior chamber
metrics has been variable. Methodological and demo-
graphic differences, in part, have accounted for some

644

differences, but there has been little in terms of reconciling
discordances in cut-off values reported in previous work.
Overestimation of diagnostic accuracy has also been sug-
gested due to the case-control design of some studies. Our
results suggest the role of both age and gender, and a
dynamic course of chamber depth over time.

Two specific metrics that have been frequently reported
and compared in the literature are central anterior chamber
depth and limbal (peripheral) anterior chamber
depth.***7? However, it is further possible that some of
the pathological-related events occur between the central
anterior chamber region and peripheral limbal chamber
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Table 5. Comparison of predicted equivalent ages using the models in the present study for a given central anterior chamber depth cut-off value for
angle closure disease when using reference central anterior chamber depth cut-off values and mean age of subjects for four different studies

Central Mean age of Equivalent age-corrected chamber Percentile within age-corrected normal

anterior subjects with  depth (mm)’ distribution?

chamber angle closure

depth cut-off disease within Male Female Male Female Male Female Male Female
Study value (mm) study (years) Caucasian Caucasian Asian Asian Caucasian Caucasian Asian Asian
Kurita et al (2009) 2.58 58.40 2.78 2.62 2.60 2.55 27.1 44.5 47.7 54.4
George et al (2003) 2.53 57.45 2.79 2.63 2.61 2.56 22.0 38.9 40.7 45.7
Pakravan 2.1 59.00 2.78 2.62 2.61 2.54 2.1 5.0 6.1 6.7

etal (2012)

Rossi et al (2012) 1.93 66.10 2.70 2.56 2.62 2.41 1.1 2.4 1.5 52

"Equivalent normal central anterior chamber depth was taken by inputting the mean age of participants in the study into the age-related change mod-

els in the present study.

"These equivalent chamber depths were then used to calculate the percentile position within the normal distribution for each cut-off value proposed

by each of the four studies.

depth. We now provide normative data and distributions
for paracentral depths, which may provide an additional
dimension for characterising and diagnosing angle closure
spectrum disease. Understanding the changes to anterior
segment parameters within an eye occurring over time
would be informative in determining which changes are
age-related normal processes versus pathological events.”
Patterns of age-related changes can also be applied to strat-
ify the risk of subsequent development of angle closure
spectrum disease.

In terms of clinical interpretation, although the distribu-
tion characteristics of corresponding age-corrected clusters
showed almost no difference between groups, the class
assignment, and whether a particular test point lies within
one cluster or its adjacent cluster, may affect validity in
normative comparisons, as illustrated in Figure 6.

4.4, Limitations

A limitation of the study was regarding the sample of
patients within the upper age ranges (>65 years). Although
most data points were available for these groups, there were
often data gaps due to lid anomalies, most notably for the
Asian male and female cohorts. Our study used a sample of
convenience and so was not fully representative of a truly
random sample from the population; we tried to mitigate
this by using a diverse age range and large sample size for
each cohort. We also did not have axial length measure-
ments for the patients. For the purposes of angle closure
disease, recent commentary has highlighted the importance
of anterior segment biometry in lieu of whole eye biometry:
it is more important to consider anterior chamber parame-
ters, which may be discordant to axial length.”* Other bio-
metric factors such as iris thickness are not readily
measured using the Scheimpflug technique, which could be
further investigated in future work.

Since cataract surgery is a common procedure in individ-
uals 6070 years old,” the value of measuring anterior
chamber depth using techniques such as Scheimpflug imag-
ing is also expected to diminish over time with a deepening
of the chamber following the procedure. Understanding the
role of lenticular changes on the chamber would necessitate
a specifically larger cohort for this purpose, but could pro-
vide further insight into the pathophysiology of lens-related
angle closure.

Our study utilised self-reported ethnicity in an Aus-
tralian clinic; these results may be subtly different to other
health care settings, and a degree of self-selection may exist.
The homogeneity of the ethnic groups could have also dif-
fered, contributing to the differences in quality of polyno-
mial fits. Ethnicity differences in different settings may
potentially account for different mechanisms of angle clo-
sure across ethnicities.”*>® Future studies could adopt this
methodology to determine if there exist systematic differ-
ences in patterns of chamber depth in different contexts.

Finally, we used a combination clustering and separabil-
ity analyses that we have leveraged in previous work.*****/
Other clustering methods, such as K-means, may present
slightly different results. Our previous work suggests that
the K-means and hierarchical agglomerative clustering
methods generally produce similar results, so long as the
underlying data set is suitably robust in its distribution
characteristics.”* We attempted to mitigate the possibility
of differences arising due to sampling by using a sliding
window analysis, but as alluded to above, the ideal data set
would include many more individual subjects sampled
from the general population.

5. Conclusions

There are clusters of age-related changes in anterior cham-
ber depth across the chamber width that are gender- and
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Figure 6. Comparison of distribution limits between male Caucasian and female Asian cohorts at three representative locations. Left: age-corrected
anterior chamber depth theme maps from Figure 2 are shown with the three black inset boxes indicating the three tested locations. Note that loca-
tion 1 belongs to group 4 in both cohorts; however, locations 2 and 3 belong to different groups. Right: distribution of anterior chamber depth at
each location for both cohorts (black, male Caucasians; red, female Asians). Gaussian distributions have been fitted to the frequency histograms. The
vertical dashed lines indicate the 2.5th percentile (lower of the 95% distribution limit) for the respective cohorts.

ethnicity-specific. These clusters need to be accounted for
when analysing potential pathological changes to the ante-
rior chamber such as in angle closure disease. Our results
temper the ability for quantitative data from Scheimpflug
imaging to detect angle closure in isolation given the wide
distribution limits.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Bland-Altman analysis comparing the age-
corrected anterior chamber depth with the ground truth
group for male Caucasians for each of the regression analy-
ses (sixth-, fifth-, fourth-, third- and second-order polyno-
mial and linear).

Figure S2. Bland-Altman analysis comparing the age-
corrected anterior chamber depth with the ground truth
group for female Caucasians for each of the regression anal-
yses (sixth-, fifth-, fourth-, third- and second-order poly-
nomial and linear), depicted as per Supplementary
Figure 1.
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Figure S3. Bland-Altman analysis comparing the age-
corrected anterior chamber depth with the ground truth
group for male Asians for each of the regression analyses
(sixth-, fifth-, fourth-, third- and second-order polynomial
and linear), depicted as per Supplementary Figure 1.

Figure S4. Bland-Altman analysis comparing the age-
corrected anterior chamber depth with the ground truth
group for female Asians for each of the regression anal-
yses (sixth-, fifth-, fourth-, third- and second-order
polynomial and linear), depicted as per Supplementary
Figure 1.

Figure S5. Analysis of age-related changes (top), distri-
butions of age-corrected chamber depth (middle) and
Bland-Altman comparison of age-corrected depths against
the ground truth 30-40 year old cohort (bottom) for the
refraction-corrected male Caucasian group.

Figure S6. Analysis of age-related changes (top), distri-
butions of age-corrected chamber depth (middle) and
Bland-Altman comparison of age-corrected depths against
the ground truth 30-40 year old cohort (bottom) for the
refraction-corrected male Asian group, depicted as per
Supplementary Figure 5.

Figure S7. Analysis of age-related changes (top), distri-
butions of age-corrected chamber depth (middle) and

Patterns of anterior chamber depth during ageing

Bland-Altman comparison of age-corrected depths against
the ground truth 30-40 year old cohort (bottom) for the
refraction-corrected female Asian group, depicted as per
Supplementary Figure 6.

Table S1. All regression fits (linear, centred second- to
sixth-order polynomial) for the male Caucasian cohort.
Groups 1-7 refer to Figure 1.

Table S2. All regression fits (linear, centred second- to
sixth-order polynomial) for the female Caucasian cohort.
Groups 1-7 refer to Figure 1.

Table S3. All regression fits (linear, centred second- to
sixth-order polynomial) for the male Asian cohort. Groups
1-7 refer to Figure 1.

Table S4. All regression fits (linear, centred second- to
sixth-order polynomial) for the female Asian cohort.
Groups 1-7 refer to Figure 1.

Table S5. Best-fit polynomial functions for each cohort
divided by each of the six or seven clusters from hierarchi-
cal cluster analysis following initial refractive correction
(Supplementary Figures 1-4).

Table S6. Mean, standard deviation (SD) and calculated
95% distribution limits of anterior chamber depths across
each age-corrected and refractive-corrected group for each
gender and ethnicity cohort.
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