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Abstract

Purpose 1In this novel study, we demonstrate a stan-
dardized imaging and measurement protocol of anterior
segment (AS) structures with reliability analysis using
ultrasound biomicroscopy (UBM) and Image]J software.
Methods Ten pediatric and young adult patients
undergoing examination under anesthesia for AS
pathology were imaged using UBM. Four trained
observers analyzed 20 images using ImageJ. Forty-five
structural parameters were measured. Those that relied
on the trabecular-iris angle (TIA) as a reference
landmark were labeled TIA-dependent (TD) and all
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others were labeled non-TIA dependent (NTD). Intra-
observer repeatability (IOR) and inter-observer agree-
ment (IOA) of measurements were determined using
coefficient of variation (CV) and intra-class correlation
(ICC) followed by assessment of Bland—Altman plots
(BAP) for each pair of observers, respectively.
Results For NTD parameters, non-ciliary body (CB)
related measurements showed CV range 0.60-16.22%
and ICC range 0.84-0.89, whereas CB-related param-
eters showed CV range 2.86-23.40% and ICC range
0.29-0.92. For TD parameters, parameters < 2
degrees removed from reference showed CV range
0.02-5.40% and ICC range 0.89-1.00, whereas
parameters > 1 degree removed showed CV range
0.63-27.44% and ICC range 0.22—-1.00. No systematic
proportional bias was detected by BAPs.
Conclusions Preplaced landmarks yielded good IOR
and IOA in quantitative assessment of AS structures
that were NTD and non-CB-related or less removed
from the reference. CB-related NTD measurements
varied greatly in IOR and IOA, indicating protocol
modifications or CB qualitative assessments needed to
improve accuracy. Variability in TD measurements
increased the further removed from the reference,
which supports implementation of a reliable reference
landmark to minimize variation.

Keywords UBM - Ultrasound biomicroscopy -

Anterior segment - Pediatric - Congenital cataracts -
Congenital glaucoma
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Introduction

Ultrasound Biomicroscopy (UBM) is commonly used
by ophthalmologists to evaluate the anterior segment
(AS) when investigating pathological mechanisms,
disease course, and treatment responsiveness in many
ocular diseases including cataracts and glaucoma
[1-6]. The first practical UBM system was developed
by Pavlin and Foster in 1990s [7]. UBM complements
the traditionally used ten Megahertz B-scanner probes.
An advantage of this technology is better resolution at
the compromise of decreased depth [7], which is ideal
for AS imaging.

Previous studies have validated the use of UBM to
measure AS structures in adults [8—11]. However,
there is a scarcity of work assessing UBM measure-
ment reliability based on a standardized measurement
protocol. The previously developed and traditionally
utilized measurements by Pavlin et al. necessitate a
sequential manner for measuring parameters related to
the trabecular-iris angle (TIA), first requiring identi-
fication of the scleral spur (SS). The SS is used as the
initial reference landmark for these sequential mea-
sures [8], however, as cited in previous literature, the
SS can be difficult to identify [12], further adding to
measurement variability. Testing of the utility and
validity of a standardized protocol to sequentially
measure and identify reference landmarks is needed to
understand the clinical utility of these measurements.
The present study seeks to achieve this objective,
while eliminating variability of landmark identifica-
tion by using preplaced lines set by a single observer at
the TIA which is the highest contrast, and thus the
most identifiable, image landmark.

Tello et al. studied thirteen AS measurements with
basic statistical analysis [13]. This study investigates
45 AS measurements and utilizes multiple statistical
methods for determining intra-observer reliability
(IOR) and inter-observer agreement (IOA). Further-
more, methodological differences in this study allow
for isolation of variability associated with sequential
measurements by eliminating variation due to refer-
ence landmark identification. This is the first work to
describe a standardized imaging and measurement
protocol with corresponding reliability analysis for the
pediatric and young adult AS using UBM and ImagelJ
software.
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Methods

Ten pediatric and young adult patients (median
age = 2.5 years) were scheduled for examination
under anesthesia due to AS pathology (including
cataract, glaucoma and dysgenesis). UBM imaging
was performed on twenty eyes using the Aviso
Ultrasound Platform A/B UBM with 50 MHz linear
transducer (Quantel Medical, Bozeman, MT). The
orientation of six distinct images that were obtained in
each eye is shown in Fig. 1. All images were de-
identified. Demographics listed in Table 1 convey the
diversity of patients and eye pathologies included in
the study and Online Resource 1 is a composite of all
study patient images included.

Inclusion criteria for the study include diagnosis of
current unilateral or bilateral congenital, infantile, or
childhood glaucoma, and history of congenital or
infantile cataract before age 18, including patients age
1 week to 25 years old. Patients with previous history
of intraocular surgery other than cataract extraction,
secondary insertion of intraocular lens or glaucoma
surgery, or history of traumatic glaucoma/cataract
were excluded. Exclusion criteria from the control
group of eyes for the average parameter sub-analysis
include eyes with history of trauma, injury, intraocular
surgery, past or present ocular anomaly, or refractive
error greater than 4 diopters.

Four trained observers of varying levels of oph-
thalmology experience (first year medical student,
third year medical student, post-graduate research
associate, and attending ophthalmologist) measured
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Fig. 1 UBM probe orientation for six distinct images per
patient eye. The black diamond denotes the location and
centration of focus for each type of scan. The black circle
illustrates the corneal limbus (Figure was created using
Microsoft PowerPoint and Paint)
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Table 1 Patient demographics and pathology
Gender  Ethnicity Eye Pathology Age Syndrome
1 M AA Right  Preoperative cataract, pre-glaucoma 5 weeks Lowe
Left Pseudophakic, post-glaucoma surgery and sulcus tube 7 months
2 F AA Right  Preoperative Peters anomaly type I (iridocorneal 1 week Peters Plus
adhesions, no lens involvement)
Left Preoperative Peters anomaly type I (iridocorneal 1 week
adhesions, no lens involvement)
3 M Nigerian Right  Post-glaucoma surgery and AC tube 22 months None
Left Post-glaucoma angle surgery 22 months
4 M AA Right  Preoperative cataract 4 years None
Left Preoperative cataract 4 years
5 M AA Right  Preoperative cataract 4 years 3 months  None
Left Aphakic, post-cataract surgery 4 years 3 months
6 M AA Right  Preoperative cataract 2 months Premature
Left None 2 months
7 F AA Right  None 20 months Premature
Left Preoperative cataract 20 months
8 M Caucasian ~ Right  Preoperative cataract 2 years Trisomy 21
Left Pseudophakic, post-cataract surgery 2 years
9 M Caucasian ~ Right  Preoperative cataract 23 years Trisomy 21
Left Preoperative cataract 23 years
10 F Hispanic Right  Pseudophakic, post-cataract surgery 5 years 2 months ~ Trisomy 21

Left Pseudophakic, post-cataract surgery

5 years 2 months

AA African American

45 structural parameters in each image twice using
ImagelJ 1.48v (National Institutes of Health, Bethesda,
MD, USA) (Table 2, Online Resource 2). ImagelJ, an
open-source software written in Java, allowed for
observer-dependent measurements.

Measurements of TIA-dependent (TD) parameters
required other reference lines/measurements to be
taken first and were classified as a certain degree
removed from the reference, which was a preplaced
line at the TIA. The TIA was used as a landmark
reference due to previous reports of scleral spur
identification being unreliable [12]. Use of a preplaced
line by a single observer on all images eliminated
variability of locating the reference landmark, thereby
isolating measurement variability following the pro-
tocol. Figure 2 illustrates the preplaced reference line
segment for consistency.

All parameters were measured twice sequentially
by resetting the image between the two sets of
measurements. Ambiguous parameters were omitted

in certain images due to image quality or pathological
anatomy.

A comparison was carried out between group
averages of each parameter from our study patient
measurements (obtained by a single observer’s single
full set of observations) with measurements from 10
eyes of 10 control patients matched by age and
ethnicity (Online Resource 3).

In the manner previously described, each control
patient’s eye was imaged 2-3 times (consisting of 2 of
the previously described orientations, along with a
dedicated cornea image in some cases). Each of the 27
total control patient images was measured once by a
single observer.

Statistical analysis was performed to evaluate IOR
and IOA using MedCalc (Windows version 15.6,
MedCalc Software, Ostend, Belgium). IOR was
determined by calculating the CV, while also deter-
mining the repeatability coefficient (r) for each
parameter. IOA was analyzed by computing the ICC
for all observers and Bland-Altman Plot (BAP)
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Table 2 List of 45 measured parameters with clinical significance with ophthalmic pathology

Measurement Description adapted to present protocol

CCT Inner endothelium to outer epithelium of central cornea [1]

ParaCT?* Inner endothelium to outer epithelium of cornea 45° off-center. Distinct from central and peripheral corneal
thickness [15]

AC Depth Measured from inner corneal endothelium to outer surface of the anterior central lens capsule (or approximated
central lens position for aphakic eyes) [1, 2, 8, 14, 16]

Pupil Size Distance between central-most points of irises [17]

SR Area® Area within boundaries of SR [5]

SR Integrated Calculated by ImageJ (Area x Mean Gray Value), surrogate for tissue density [5]

Density®

SS Distance
AA Distance
TCPD?

IDI1*
ID2*
ID3*
AOD500"

CB Length®
CB Thickness®
CB Area®

CB Integrated
Density®

CICD?
ILCD?
ICPD?
Theta 1*

Theta 2%
Theta 3%
Theta 4°

Theta 5%

Length between sulcus angle apices [11]
Length between TIA apices [18, 19]

Length from inner corneal endothelium point 500 pm from TIA apex to the anterior ciliary process, measured
perpendicular to iris [2, 8, 14]

Iris thickness along TCPD line [2, 8]
Iris thickness at 2 mm from iris root [1, 2, 8]
Iris thickness between ID2 and central tip of iris [1, 2, 8]

Perpendicular length from inner corneal endothelium point 500 pm from TIA apex to outer surface of iris at a
point [2, 4, 8, 16]

Length of CB measured along CB midline [3]

Thickness of CB measured at point halfway along its length [10]

Area within boundaries of CB [3, 6, 20]

Calculated by Image] (Area x Mean Gray Value) and considered as marker for tissue density [6, 20]

Length along which CB is in contact with iris

Length along which lens is in contact with iris [2, 8, 21]

Length from inner iris surface to outer CB boundary (measured along TCPD line) [21]

Angle measured between point 500 pm from TIA apex along inner corneal endothelium and point where
AODS500 meets the iris, with an apex at the TIA [8, 16]. Relevant to iris base position

Angle measured between points along lens and along iris 500 pm from the peripheral-most point of contact
between lens and iris. Relevant to lens position [8]

Angle measured between iris midline and 500 pm line from TIA apex along inner corneal endothelium.
Relevant to overall iris position [8]

Angle measured between CB midline and 500 pum line from TIA apex along inner corneal endothelium.
Relevant to overall CB position [8]

Angle measured between inner surface of iris and outer boundary of CB. Relevant to CB base position
[3, 10, 14]

CCT central corneal thickness, ParaCT paracentral corneal thickness, AC anterior chamber, SR Soemmering Ring, SS sulcus-to-
sulcus, AA angle-to-angle, TCPD trabecular-ciliary process distance, ID iris thickness, AOD angle opening distance, CB ciliary body,
CICD ciliary body contact distance, ILPD iris-lens contact distance, ICPD iris-ciliary process distance

“Parameter exists on both the left and right side of the image on the same eye

analysis for each pair of observers. Comparison

Results

between average parameters from study patients and

control patients was carried out by implementing the
exact Wilcoxon test using SAS 9.3 (SAS Institute Inc.,
Cary, NC, USA). p values less than 0.05 were
considered statistically significant.

@ Springer

Parameters were divided into NTD or TD parameters
based on whether the measurement required the TIA
reference. TD parameters were characterized into
degrees removed from reference based on number of



Int Ophthalmol (2019) 39:829-837

833

Fig. 2 Arrow points to preplaced reference line that starts
500 pum from the apex of the trabecular-iris angle (TIA) and
running along the inner corneal endothelium and across the iris
plane. This line was placed on every distinguishable TIA by the
same observer to ensure consistency (Figure was created using
an UBM image captured using Aviso Ultrasound Platform A/B
UBM, Image J, and edited using Microsoft PowerPoint and
Paint)

reference lines/measurements required by the protocol
from the initial TIA landmark to obtain the designated
parameter. Anterior chamber depth (ACD) is shown in
Fig. 3 as an example.

Table 4 presents IOR results for TD measures.
There is greater variability of measurements further
removed from the preplaced lines. For TD parameters,
parameters < 2 degrees removed from reference
showed CV range 0.02-5.40%, whereas parame-
ters > 1 degree removed showed CV range
0.63-27.44% (Table 4).

Non-CB-related measurements showed CV range
0.02-16.22% (Tables 3, 4), whereas CB-related

Fig. 3 ACD is an example of a TD parameter. ACD was
measured from the inner corneal endothelium to the outer
surface of the lens along a perpendicular bisector of a line
connecting the TIA apices. Before the measurement could be
made (1) a line connecting the TIA angle apices was needed,
followed by (2) a perpendicular bisector (along which the ACD
measurement was made). Therefore, ACD was considered 2
degrees removed from the TIA apex (Figure was created using
an UBM image captured using Aviso Ultrasound Platform A/B
UBM, Image J, and edited using Microsoft PowerPoint and
Paint)

parameters showed CV range 1.77-27.44% (Tables 3,
4).

Table 5 presents IOA results for NTD measures.
Poor agreement (overall ICC < 0.7) in all parameters
describing ciliary body position is consistent with the
suggested reduced repeatability for CB-related param-
eters (Tables 3, 4).

For NTD parameters, non-CB-related measure-
ments showed ICC range 0.84-0.89, whereas CB-
related parameters showed ICC range 0.29-0.92. For
TD parameters, parameters < 2 degrees removed
from reference showed ICC range 0.89—1.00, whereas
parameters > 1 degree removed showed ICC range
0.22-1.00. BAP’s demonstrated no variation in reli-
ability related specifically to measurements’ underly-
ing values (data not shown). Overall, 52% (12/23) of
the measured parameters demonstrated an ICC > 0.7.
For 17% (4/23) of parameters, agreement was found to
be very poor with ICC < 0.4. The trend in IOA for
less agreement of measures further removed from the
preplaced lines resembles that observed in IOR
analysis (Table 6).

Average overall parameters from study patients
were compared to those in age- and ethnicity-matched
control patients. Only AA distance yielded a signif-
icant difference between control eyes and study eyes
(p = 0.023, Table 7). No significant differences were
found for any parameter (Table 7).

Discussion

The configuration of the AS is important for under-
standing pathological mechanisms, disease course,
and treatment responsiveness in many ocular diseases.
This study clarifies the reliability and repeatability of
systematic measurements using our protocol, while
conveying which parameters can be reliably measured
using Image]J software. This information allows for a
better understanding of past and future UBM image
analysis studies.

IOR and IOA results conveyed low reliability of
measurements related to the CB. This finding can be
explained by the fact that the CB is deeper in the AS
compared to other parameters, and image resolution
decreases with further distance from the UBM probe.
Qualitative assessment of the CB and dedicated CB
images would improve accuracy and consistency of
CB-related measurements. Two-dimensional imaging

@ Springer
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Table 3 IOR results for

Measurement CV range r range

NTD measures
Pupil size 2.23-3.35 95.22-142.80 pm
SS distance 0.60-2.23 154.36-609.74 um
CB length 1.77-10.12 105.60-687.17 um
CB thickness 3.99-8.11 72.05-166.61 pm
CB area 2.86-7.36 126,456.35-320,312.22 um?
CB integrated density 3.05-9.60 13.51-31.84 U
CICD 5.44-13.55 155.38-468.70 um
ILCD 3.14-7.31 111.35-261.14 um
Theta 2 10.05-16.22 4.34°-9.18°
Theta 5 11.28-23.40 8.84°-12.24°

Table 4 IOR results for TD measures

Measurement Degrees removed CV range R range
from reference
AA distance 0 0.02-0.14 7.02—42.36 pm
AODS500 1 1.41-5.06 21.61-74.19 pm
Theta 1 1.55-5.40 1.9°-6.14°
TCPD 1.44-3.26 29.89-67.19 um
CCT 2 3.42-4.73 56.17—-87.77 pm
ACD 0.63-1.47 42.05-101.55 pm
ICPD 9.42-27.44 37.64-74.72 pm
ID1 4.75-8.73 32.89-51.18 um
1D2 3.68-5.51 39.01-53.84 um
Theta 3 1.91-2.77 2.37°-3.37°
Theta 4 3.30-6.16 4.31°-9.97°
1D3 3 4.31-5.45 55.93-78.15 um
ParaCT 4 3.06-12.01 51.39-232.65 pm

Darker colored rows indicate parameters further removed from

the reference landmark

is of limited use when examining cross sections of
individual ciliary processes. Because cross-sectional
imaging may land on a single process or between
processes, measurements are highly dependent upon
image location (even if proven reliable). Transverse
imaging along the row of ciliary processes using UBM

may yield more useful information with respect to this
particular ocular structure.

Decreasing IOR and IOA values of TD parameters
with increasing degrees removed from the TIA
reference line was predicted due to compounded
subjectivity in the sequential measurement method.
Preplaced reference lines yielded good IOR and IOA
in quantitative assessment of AS structures that were
NTD and non-CB related, or less removed from
reference. The preplaced line helped to evaluate
consistency of the protocol among observers by
removing subjectivity of each individual identifying
the reference landmark. Furthermore, the substitution
of SS with TIA as the reference landmark contrasts
Pavlin’s initial methods of AS measurements [8]. The
SS is a difficult structure to accurately locate in the
images. Using the SS as a reference potentially results
in identification errors and variability among several
observers which would compromise all dependent
measurements. Indeed, previous work using AS opti-
cal coherence tomography has shown 72% confidence

Table 5 IOA results for

Agreement Measurement Overall ICC, 95% CI Number of images
NTD measures
Good CB integrated density 0.92, 0.79-0.97 14
SS distance 0.89, 0.59-0.97 10
Pupil size 0.88, 0.61-0.96 17
ILCD 0.85, 0.54-0.96 12
Theta 2 0.84, 0.66-0.95 11
Poor CB Area 0.65, 0.30-0.86 14
CB Thickness 0.62, 0.35-0.84 14
All 5 of the parameters with CB Length 0.49, 0.17-0.77 14
poor agreement (overall CICD 0.48, 0.23-0.74 15
ICC < 07) describe Ciliary Theta 5 0.29. 0.07—0.58 17

body position

@ Springer



Int Ophthalmol (2019) 39:829-837

835

Table 6 I0A results for TD measures

Measurement Degrees removed 1CC, 95% CI Number of
from reference images

AA distance 0 1.00, 0.99-1.00 12
AOD500 1 0.98,0.92-0.99 20
TIA 0.96,0.92-0.98 20
TCPD 0.89,0.77-0.96 15
CCT 2 0.72,0.50—-0.88 14
ACD 1.00, 1.00—1.00 8
ICPD 0.54,0.22-0.80 15
ID1 0.22, 0.02-0.49 18
ID2 0.24, 0.04-0.53 16
Theta 3 0.99,0.97-0.99 19
Theta 4 0.63, 0.33-0.85 14
ID3 3 0.59,0.23-0.83 16
ParaCT 4 0.25,0.03-0.57 14

Darker colored rows indicate parameters further removed from

the reference landmark

Table 7 Results from comparison of average overall param-
eters in study patients to those in age- and ethnicity-matched

control patients

Comparison between study patients and age- and ethnicity-
matched control patients

Parameter Statistical significance
CCT NS (p = 0.53)
ParaCT NS (p =0.32)
ACD NS (p =0.37)
Pupil size NS (p = 0.58)
AA distance p =0.02

SS distance NS (p = 0.88)
TCPD NS (p = 0.68)
ID1 NS (p = 0.53)
D2 NS (p = 0.91)
D3 NS (p =0.91)
AODS500 NS (p = 0.58)
CB length NS (»p = 0.36)
CB thickness NS (p = 0.78)
CB area NS (p = 0.28)
CB integrated density NS (p = 0.50)
CICD NS (p = 0.55)
ILCD NS (p = 0.39)
ICPD NS (p = 0.85)
Theta 1 NS (p = 0.63)
Theta 2 NS (p = 0.45)
Theta 3 NS (»p = 0.09)
Theta 4 NS (p = 0.84)
Theta 5 NS (p = 0.07)

Only AA distance discrepancies between control and study

groups reached statistical significance

NS not significant

in SS location [12]. The TIA is a significantly less
ambiguous location, primarily due to the fact that this
angle occurs at a fluid-tissue interface that is well-
resolved with ultrasound. The SS is at a tissue—tissue
interface, yielding less contrast. This study shows
increased measurement variation in TD measurements
increasingly removed from the reference landmark,
despite the reference being placed by a single
observer. With different observers using his or her
own judgement in identification of the SS, this
variation would be expected to increase even more.
Results of our study confirm the necessity of using a
more reliable landmark than the SS for AS TD
measurements in order to minimize measurement
variation.

Many studies have published quantitative assess-
ments of AS UBM imaging to help understand
changes that occur as a result of treatment or disease
[1,2,4, 14]. For example, CCT is larger in infants with
primary congenital glaucoma in comparison with
controls [1] and ACD deepens after cataract surgery
[14]. Our results put previous findings in context by
showing that multiple anterior chamber parameters
can be reliably measured from UBM images using
Image]J software. Excluding structures with unreliable
measurements should be strongly considered when
planning future prospective analysis of AS measure-
ments using UBM and Imagel.

Limitations of this study include the (1) the lack of
insight on the accuracy of UBM measurements, (2)
lack of analysis on normal eyes, (3) possible bias from
limited ethnic diversity, and (4) no corresponding
analysis using a preplaced line at the SS for compar-
ison. First, our results on reliability and repeatability
do not speak to the accuracy of any measurements or
the accuracy of the preplaced landmark. Gold-stan-
dard methods of measurement for comparison do not
exist for all measured parameters in this study. In order
to maximize accuracy, observers were instructed to
only make measurements where image quality pro-
vided discernable structures. Second, our analysis did
not include a sufficient number of normal eyes (N = 2)
to allow for any comparison in measurement variabil-
ity between images of normal eyes and images of eyes
with pathology. Furthermore, 7 of the 10 study
patients were of African descent, suggesting a possible
bias in the sample. Indeed, evidence suggests that
small variability in AS structure occurs between
different ethnic groups [22-24]. However, patients in
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our sample represent a wide diversity of ages and eye
pathologies, with representation of both males and
females in pre- and postoperative states (Table 1),
thereby contributing to provide a robust testing of IOR
and IOA overshadowing any slight bias in measure-
ments conferred by a study sample limited in ethnic
variation. Our results likely still overestimate the
variability associated with AS UBM image measure-
ments of the general population of pediatric and young
adult eyes without pathology. This hypothesized
discrepancy could arise from better defined structures
and/or differing magnitudes of parameter measure-
ments in patients without eye pathology. To address
these possible concerns, we convey that our BAP
analysis (data not shown) did not suggest any relia-
bility variation based on the magnitude of measures,
and further, a comparison of our study data to a sample
of age- and ethnicity-matched control eyes conveys
significant difference in the magnitude of average AA
distance, but no other parameter examined. This
combination of findings supports the external validity
of our data to patients lacking eye pathology. Lastly,
we did not analyze images with a preplaced line at the
SS in order to investigate whether or not our starting
point definitively leads to any less discrepancy in
measurement reliability in comparison with the reli-
ability of measurements made using the more ambigu-
ously determined SS. However, because the lines are
preplaced, landmark identification would not factor
into any discrepancy, which would likely be
negligible.

Despite a small sample size, our selection of cases
covers all of the most common AS diseases in
children, including cataract, glaucoma, and AS
dysgenesis, while providing pre- and postoperative
status for these diseases. Our demographics include
various ages, male and female genders, and a repre-
sentation of multiple ethnicities, including African,
Caucasian, and Hispanic. In our presentation of such a
heterogeneous group of cases, with subsequent com-
parison with control eyes, we have established that our
protocol can be broadly applied to the majority of
pediatric and adult patients. Although evidence sug-
gests that variability in AS structure occurs between
different ages of patients, different demographic
groups, different ocular pathologies, and results in
alterations from surgical manipulations, investigation
into these differences are beyond the scope of this
work, which aims to demonstrate a reliable and
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reproducible protocol for the systematic and quanti-
tative evaluation of a variety of UBM images [22-28].

The reliability assessment provided by this study is
widely relevant in understanding the clinical utility of
these and other AS UBM measurement studies. The
long-term goal of our study is to produce a database of
AS measurements in diverse pediatric and young adult
patients with longitudinal postoperative follow-up to
evaluate the relationships between AS parameters in
congenital ophthalmic diseases, clinical outcomes
related to visual function, and risk profile of associated
complications.
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