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Diurnal Variation of Optical Coherence Tomography
Measurements of Static and Dynamic Anterior Segment
Parameters

BY Xu#12 RC Penteadol, and RN Weinreb?
IHamilton Glaucoma Center, Shiley Eye Institute, Department of Ophthalmology, University of
California, San Diego, CA

2USC Gayle and Edward Roski Eye Institute, Department of Ophthalmology, Keck School of
Medicine of the University of Southern California, Los Angeles, CA

Abstract

Purpose—To examine the diurnal variation of static and dynamic anterior segment parameters in
young, healthy eyes by comparing anterior segment optical coherence tomography (AS-OCT)
measurements obtained in the morning and evening and also in the light and dark.

Methods—Twenty-two subjects ranging from ages 19 to 47 years with no past ocular history
were selected (12 male, 10 female; mean age 34.2 years). Imaging was performed with the Tomey
CASIA2 AS-OCT device in two fixed lighting environments, light and dark, between the hours of
0830 to 1000 and 1730 to 1900. Four AS-OCT images were analyzed per eye. Pupil diameter
(PD), iris area (1A), iris curvature (IC), anterior chamber depth (ACD), lens vault (LV), anterior
chamber width (ACW), anterior chamber area (ACA), angle opening distance (AOD), angle recess
area (ARA), trabecular iris space area (TISA), and trabecular iris angle (TI1A) were measured.

Results—PD was similar between the AM and PM groups in the light (p = 0.89) and dark (p =
0.51). There was no significant difference between AM and PM measurement values for any of the
static or dynamic parameters in the light (p > 0.39) and dark (p > 0.31). Intra-class correlation
coefficients (ICC) demonstrated excellent agreement between AM and PM measurement values in
the light (ICC > 0.81) and dark (ICC > 0.93). Additionally, there was no significant difference
between AM and PM AOD500 measurement values in the light (p > 0.34) and dark (p > 0.40)
when each of eight angle sectors was analyzed individually.
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Conclusion—No significant diurnal variation of static or dynamic anterior segment parameter
measurements was detected in the light and dark. Diurnal variation of these parameters does not
regularly occur in young, healthy eyes.

Introduction

Anatomical structures in a healthy adult eye undergo changes in configuration and function
throughout the day. Some changes are highly dynamic and occur on a moment-to-moment
basis, the most obvious being those related to the pupillary light response. Other anatomical
parameters, such as axial length, choroidal thickness, and aqueous outflow facility, undergo
slower fluctuations, on the scale of minutes to hours.1=

Anterior segment optical coherence tomography (AS-OCT) is a non-contact imaging
modality that offers quantitative measurements of anterior segment structures and their
biomechanical properties using a combination of static and dynamic parameters. AS-OCT
measurements are highly reproducible between acquisitions, but this issue has been studied
primarily using scans obtained in a narrow time window.>~ The diurnal variation of the
majority of AS-OCT parameters has not been studied. Therefore, it is not known if AS-OCT
measurements taken at different times of the day are interchangeable or even comparable.

Static AS-OCT parameters describe the configuration of the anterior segment at a single
time point. Measurements of some static parameters, such as iris curvature (1C) and lens
vault (LV), have been implicated in disease processes such as acute angle closure (AAC).8
AAC most commonly occurs during the early evening hours and its incidence is also
correlated with the number of hours without sunshine.®19 While it is tempting to
hypothesize that diurnal variation of static parameters plays a role in the pathogenesis of
angle closure disease, such variation has never been clearly demonstrated in healthy or
diseased eyes.

Dynamic AS-OCT parameters describe the magnitude of change that anterior segment
structures, such as the iris, undergo in response to environmental influences.1! The dynamic
response of the iris to light appears to be governed by intrinsic tissue properties that regulate
fluid exchange between the aqueous humor and iris stroma. This exchange occurs in normal,
healthy eyes, but varies among people of different ethnicities and is decreased in patients at
risk for angle closure disease.1117 It is not known if dynamic parameters that describe the
magnitude of this behavioral difference undergo diurnal variation.

AS-OCT imaging offers a convenient alternative to gonioscopy in assessments of the
anterior segment. With increasing clinical use of AS-OCT, it is important to ascertain
whether measurements obtained at different times of day are interchangeable. Furthermore,
it is important to assess if diurnal variation of static and dynamic parameters regularly
occurs in normal, healthy eyes prior to studying the topic in angle closure eyes.. This study
seeks to address these issues by comparing AS-OCT measurements obtained in the light and
dark, and also in the morning and afternoon.
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Image Acquisition

Twenty-two healthy volunteers from the Shiley Eye Institute and Hamilton Glaucoma Center
in San Diego, California were recruited for participation in this study. Subjects had no
history of ocular disease or prior eye procedures, including laser peripheral iridotomy and
cataract surgery. Each subject received a standard baseline exam consisting of intraocular
pressure (IOP) measurement by applanation tonometry, slit lamp examination of the anterior
segment, gonioscopy with a 4-mirror lens, and undilated examination of the optic disc.
Ethics committee approval was obtained from the University of California San Diego
Institutional Review Board. All study procedures adhered to the recommendations of the
Declaration of Helsinki.

All subjects underwent non-mydriatic AS-OCT imaging of both eyes using the CASIA2
swept-source spectral-domain OCT device (Tomey Corporation, Nagoya, Japan). Morning
(AM) imaging was performed between the hours of 0830 to 1000 and evening (PM) imaging
between the hours of 1730 to 1900. During both AM and PM imaging sessions, three
consecutive scans were performed in ‘AC Angle’ mode under ambient room lighting
conditions standardized to 27 cd/m? at the imaging plane. Three consecutive scans were then
performed after 5 minutes of adaptation under dark room conditions standardized to 1
cd/m2. Luminance was measured with a light meter (Light Meter 840021; Sper Scientific,
Scottsdale, AZ). Each scan session produced 128 cross-sectional images spaced 1.4 degrees
apart.

Measurement of Parameters

Data analysis was performed on images of both eyes obtained from each of the 22 subjects.
Pupil diameter was measured along the horizontal (temporal-nasal) meridian in all three
images of each eye obtained in the two lighting environments (light and dark) and time
intervals (AM and PM). The AM and PM images closest in pupil diameter were selected for
comparison for both light and dark. Comparisons in eyes for which pupil diameter differed
by more than ten percent between all AM and PM scans were excluded from analysis to
minimize the effects of pupil size on measurement values.

Two trained observers (B.Y.X and R.C.P.) masked to the identities and examination results
of the subjects marked the scleral spurs and identified the angle structures in four images
each spaced 45 degrees apart. If there was disagreement on the location of the scleral spur,
adjacent images were reviewed and the image discussed until a consensus was reached. The
scleral spur was defined as the inward protrusion of the sclera where a change in curvature
of the corneoscleral junction was observed.18 Anterior segment parameter measurements
were obtained from the AS-OCT images using built-in software (version 2A) provided by
the manufacturer that automatically segmented the intraocular structures and generated
measurement values after the scleral spurs were marked. Segmentation was confirmed and
errors were corrected by the two observers.

In total, 15 parameters were analyzed. Seven described the anterior chamber and its
structures: pupil diameter (PD), iris area (IA), iris curvature (IC), anterior chamber depth
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(ACD), lens vault (LV), anterior chamber width (ACW), and anterior chamber area (ACA).
Eight described the angle: angle opening distance (AOD), angle recess area (ARA),
trabecular iris space area (TISA), trabecular iris angle (T1A) at 500 um and 750 um from the
scleral spur.8:19:20 Dynamic parameters were calculated by subtracting the light environment
measurement from the dark environment measurement.

Statistical Analysis

Results

The mean and standard deviation were calculated for each set of AM and PM measurement
values by averaging across the four analyzed images. The distribution of each set of
measurement values was assessed for normality using the Kolmorgorv-Smirnov test with
significance defined as p < 0.05. A statistically significant difference between the
measurement values was defined as p < 0.05 by Wilcoxan rank-sum test for non-normally
distributed variables and paired t-test for normally distributed variables. Agreement between
measurement values were assessed in the form of intra-class correlation coefficients (ICC).
These analyses were repeated for AM and PM AOD500 measurement values obtained in the
light and dark for each of the eight angle sectors. All data analysis was performed using
MATLAB (Mathworks, Natick, MA).

The age of the subjects ranged from 19 to 57 years (mean age 34.2 + 8.4 years). There were
12 males and 10 females. Mean IOP was 15.6 + 5.5 mmHg. All angles were open (modified
Shaffer grade 2 or greater) in all four quadrants on gonioscopy.

Differences between mean AM and PM pupil diameter in the light and dark

Pupil diameter was measured in all three images of each eye obtained in the two lighting
environments (light and dark) and time intervals (AM and PM). In the light, the mean AM
pupil diameter was 4.85 + 0.88 and PM pupil diameter was 4.93 + 0.75 (PM). In the dark,
the mean AM pupil diameter was 5.85 £ 0.67 and PM pupil diameter was 5.73 = 0.75 (PM).
All four distributions were non-normal (p < 1.0 x 109, KS test). There was no significant
difference between AM and PM pupil diameter measurements in the light (p = 0.41,
Wilcoxan rank-sum test) or dark (p = 0.31, Wilcoxan rank-sum test).

AM and PM measurement values of static parameters in the light and dark

The scleral spur was successfully identified in all of the images. Five of 44 eyes (11.4%)
scanned in the light and three of 44 eyes (6.8%) scanned in the dark were excluded from
analysis due to having a pupil diameter difference greater than ten percent between all AM
and PM images.

All of the parameters measured in the light (Table 1) were non-normally distributed in the
AM (p < 9.74 x1075, KS test) and PM (p < 1.03 x 107>, KS test). There was no significant
difference (p = 0.39 to 0.96, Wilcoxcan rank-sum test) between AM and PM measurement
values in the light (Table 1). ICC demonstrated excellent correlation between AM and PM
measurements for all parameters (ICC > 0.80).
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All of the parameters measured in the dark Table 2) were non-normally distributed in the
AM (p < 1.47 x107°, KS test) and PM (p < 1.37 x 1072, KS test). There was also no
significant difference (p = 0.31 0.97, Wilcoxan rank-sum test) between AM and PM
measurement values in the dark (Table 2). ICC demonstrated excellent correlation between
AM and PM measurements for all parameters (ICC > 0.89).

AM and PM measurement values of dynamic parameters

Seven of 44 eyes (15.9%) scanned were excluded from analysis due to having a pupil
diameter difference greater than ten percent between all AM and PM images in either the
light or dark.

All of the parameters measured were non-normally distributed in the AM (p < 0.042, KS
test) and PM (p < 0.03, KS test) except ACW (p = 0.34 in the AM; p = 0.16 in the PM)
(Table 3, Figure 1). There was no significant difference (p = 0.35 to 0.99, Wilcoxcan rank-
sum or paired t-test) between AM and PM measurement values in the light (Table 3). ICC
demonstrated excellent correlation between AM and PM measurements for all parameters
(ICC >0.87).

Sectoral differences between AM and PM measurement values for the AOD500 parameter

AS-OCT images obtained in the light and dark from each of the eight angle sectors was
analyzed separately to assess for sectoral differences in diurnal variation (Table 4). All of the
parameters measured in the light and dark were non-normally distributed in the AM (p <
1.13 x107°, KS test) and PM (p < 1.57 x 107>, KS test). The superonasal sector
demonstrated the smallest mean measurement values in the light and dark and AM and PM.
The temporal sector was the widest in the light and inferotemporal sector the widest in the
dark. None of the sectors demonstrated a significant difference between AM and PM values
in the light (p > 0.34, Wilcoxcan rank-sum test) or dark (p > 0.40, Wilcoxcan rank-sum test).

Discussion

This study utilized AS-OCT to study the diurnal variation of static and dynamic anterior
segment parameters in young, healthy eyes. On average, there was no diurnal variation of
PD in two fixed lighting environments. Additionally, there were no significant differences
between AM and PM measurements in the light and dark for any of the static or dynamic
parameters. Finally, there were no significant differences between AM and PM AOD500
measurements obtained in the dark or light when each of eight angle sectors was analyzed
independently.

Static biometric parameters describing the position of the lens, such as ACD and LV, have
emerged as important risk factors for angle closure disease.21~23 The incidence of acute
angle closure differs greatly between morning and early evening hours.? The simplest
explanation for this observation is that there are diurnal effects on lens position that are most
pronounced at these two time points, which we chose for AS-OCT imaging. We elected to
study young, healthy eyes with open angles since diurnal variation of the majority of AS-
OCT parameters had not been characterized in these eyes, let alone eyes with angle closure.
Previous studies of eyes with open angles utilizing slit lamp photography and a Scheimflug
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camera system found small, conflicting changes in ACD between the morning and
evening.224 Our results, obtained using modern imaging methods, clearly demonstrate that
AM and PM measurements of lens position are closely correlated in young, healthy eyes.
This provides a useful comparator in future AS-OCT studies of diurnal variation in angle
closure eyes.

Our results did not find any diurnal variation among static parameters that describe the
dimensions of the angle. These results are supported by a recent study that used AS-OCT to
examine diurnal variations of AOD and TISA measurements from the inferior angle in
young subjects with open angles.> In contrast to that study, we standardized AS-OCT
measurements according to PD, since even small changes in PD can have a large impact on
AS-OCT measurements.26 We also elected to analyze diurnal variation of AOD500 in each
of eight sectors rather than assume that all portions of the angle behave in a similar manner.
Given the extensive anatomical variation throughout the angle, it was conceivable that
different sectors could exhibit different amounts of diurnal variation, even though our data
demonstrates that this is not the case.27:28

Measurements of dynamic parameters, such as iris volume changes secondary to the
pupillary light response, have gained attention due to associations between these parameters
and angle closure disease.8-11 We hypothesized that changes in hydration status or extended
time in the upright position throughout the day could affect the fluid capacity and
compliance of the iris. Based on our data, however, this does not appear to be the case, as
changes in 1A and IC between light and dark were the same in the morning and evening.
Whatever intrinsic tissue property determines the relationship between iris area and pupil
diameter does not appear affected by the time of day.

The results of this study suggest that AS-OCT measurements obtained at different times of
the day can be compared directly or used interchangeably so long as PD is held constant.
Prior to this study, it was unclear if time of day influenced the pupillary response to a fixed
light intensity. In order to address this issue, we compared the average PD of three
consecutive AM and PM scans obtained in the light or dark. There was no significant
difference between average AM and PM PD in the light or dark, which suggests the average
pupillary response to a fixed light intensity is static throughout the day. However, it was
common for one or more pairs of AM and PM PD measurements to differ by more than
10%, likely due to transient changes in illumination during blinks. This highlights an
important point, that controlling for lighting conditions is not necessarily equivalent to
controlling for PD during AS-OCT imaging.

On average, angle parameter (AOD, ARA, TISA, TIA) measurements from our study
population reflected angle widening with pupillary dilation, which is contrary to the
expected effect. However, PD and IA measurements increased and decreased, respectively,
as expected. While these findings appear to cast doubt on the validity of our results, we
speculate that the observed response is related to the young age, lack of cataracts, and
widely open angles of our subject population. A study on anterior chamber changes after
physiologic dilation in older subjects (mean 64 years) reported less shallowing of the angle
in open compared to narrow angle subjects.2® Another study in older subjects (mean 71.9

J Glaucoma. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

Page 7

years) described a relationship between LV and change in AOD500 upon pharmacologic
dilation whereby a significant number of subjects with LV values less than 0.76 mm
experienced deepening of the angle.39 Dynamic parameter measurements of AOD500 in
Figure 1 show that approximately half of our subjects experienced shallowing of the angle
upon dilation even though their average LV was less than 0.1 mm.

We recognize that our study has several limitations. While our objective was to characterize
diurnal changes in young, healthy eyes, this limits the generalizability of our findings. The
question remains as to the specific mechanism by which angle closure most commonly
occurs during the early evening hours. Our findings do not preclude the possibility that
diurnal variation is variable among subject populations and is only significant in individuals
at risk for angle closure disease. Therefore, a future study in subjects with occludable angles
or prior episodes of AAC is warranted. Another limitation is that we only scanned subjects
at two time points during the day. These time points were selected due to the difference in
reported incidence of AAC during those times, but it is possible that significant variation
occurs at other times of the day.?

In summary, diurnal variation associated with static or dynamic anterior segment parameter
was not observed. AS-OCT measurements obtained at different times of the day are highly
reproducible and appear to be interchangeable. Also, diurnal variation of AS-OCT
parameters does not appear to be a regular physiologic occurrence in young, healthy eyes,
although such changes may be present in individuals at risk for angle closure disease.
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Figure 1.

Diurnal variation of select dynamic AS-OCT parameter measurements. A Measurement
defined as: Dark environment measurement — Light environment measurement. Positive
values indicate a larger value in the dark than in the light. Scatter plots for AM and PM
measurement values (blue dots) are plotted for each parameter (heading). The equivalence
line (x =y, dotted line) is shown for each comparison. PD, pupil diameter. AOD500, angle
opening distance at 500 um from scleral spur. 1A, iris area. ACD, anterior chamber depth.
LV, lens vault. ACA, anterior chamber area.
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Diurnal variation of select AS-OCT parameter measurements in the light. Mean AM and PM measurement
values shown with standard deviations. P-values derived from Wilcoxan rank-sum test. ICC values shown with
95% confidence intervals. PD, pupillary diameter. IA, iris area. IC, iris curvature. ACD, anterior chamber
depth. LV, lens vault. ACW, anterior chamber width. ACA, anterior chamber area. AOD500/750, angle
opening distance at 500/750um. TISA500/750, trabecular iris space area at 500/750um. SSAngle750, scleral

spur angle at 500/750um.

Table 1

AM PM P-value ICC
PD (mm) 577+1.04 573+1.00 0.89 0.98 (0.95-0.99)
1A (mm?) 147 +0.22 145+0.24 0.76 0.91 (0.83-0.95)
IC (mm) 0.09+0.10 0.07%0.11 0.39 0.81 (0.65-0.90)
ACD (mm) 3.14+£0.27 3.13%0.25 0.96 0.98 (0.96-0.99)
LV (mm) 0.09+0.22 0.11+0.23 0.92 0.96 (0.92-0.98)
ACW (mm) 12.07+0.47 12.08 +0.47 0.90 0.99 (0.98-0.99)
ACA (mm?) 2529 +3.52 2535+3.40 0.88 0.99 (0.99-1.00)
AOD500 (mm) 0.45+0.14 0.46+0.15 0.66 0.94 (0.88-0.97)
AOD750 (mm) 0.62+0.18 0.64+0.20 0.78 0.94 (0.88-0.97)
ARA500 (mm?) 0.17+0.07  0.17 +£0.07 0.79 0.96 (0.92-0.98)
ARAT750 (mm?) 030+0.11  0.31%0.12 0.61 0.95 (0.91-0.98)
TISA500 (mm?) 0.16 £0.06  0.16 +0.06 0.73 0.95 (0.90-0.97)
TISA750 (mm?) 0.29+0.10 0.29+0.10 0.60 0.95 (0.90-0.97)
TIA500 (degrees) 38.16 +£8.02 38.58 +9.01 0.69 0.89 (0.80-0.94)
TIAT750 (degrees) 37.14+7.70 37.51+8.44 0.87 0.92 (0.85-0.96)
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Table 2

Diurnal variation of select AS-OCT parameter measurements in the dark. P-values derived from Wilcoxan
rank-sum test except for ACW. P-value for ACW derived from paired t-test.
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AM PM P-value ICC
PD (mm) 6.73+0.87 6.59 +0.87 0.31 0.96 (0.92-0.98)
1A (mm?) 1.31+0.25 1.33+0.26 0.40 0.95 (0.91-0.97)
IC (mm) 0.04+0.14 0.06 +0.13 0.58 0.94 (0.89-0.97)
ACD (mm) 3.13+0.29 3.13+0.29 0.96 1.00 (0.99-1.00)
LV (mm) 0.07 £ 0.26 0.08 +0.27 0.94 0.99 (0.98-0.99)
ACW (mm) 12.03 + 0.46 12.03 + 0.46 0.97 0.99 (0.98-1.00)
ACA (mm?) 26.11 + 3.65 25.93 +3.59 0.84 1.00 (0.99-1.00)
AOD500 (mm) 0.53+0.23 0.50 +0.22 0.64 0.96 (0.92-0.98)
AOD750 (mm) 0.74+£0.32 0.70+0.30 0.56 0.97 (0.94-0.98)
ARA500 (mm?) 0.20£0.10 0.19 +0.09 0.67 0.96 (0.93-0.98)
ARA750 (mm2) 0.36 +0.17 0.34+0.16 0.63  0.96 (0.93-0.98)
TISA500 (mm?) 0.18 +£0.08 0.17 +0.08 0.65 0.95 (0.91-0.98)
TISA750 (mm?) 0.34+0.15 0.32+0.14 0.63 0.96 (0.92-0.98)
TIA500 (degrees) 41.31+13.30 40.12 £ 11.77 0.68 0.93 (0.87-0.96)
TIA750 (degrees) 40.37 £12.27 39.13+11.10 0.56 0.95 (0.91-0.97)
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Table 3

Diurnal variation of dynamic AS-OCT parameter measurements. P-values derived from Wilcoxan rank-sum
test.
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AM PM P-value ICC
AIA (mm?2) -0.16 £ 0.24 -0.11+0.25 0.41 0.89 (0.78-0.94)
AIC (mm) -0.05+0.16 -0.01+0.17 0.35 0.89 (0.80-0.95)
AACD (mm) -0.02£0.44 -0.01+£0.42 0.99 0.99 (0.98-1.00)
ALV (mm) -0.01+£0.31 -0.02+£0.32 0.98 0.96 (0.93-0.98)
AACW (mm) -0.03 £0.65 -0.05 + 0.64 0.91 0.99 (0.98-0.99)
AACA (mm?) 0.73+5.43 0.47 £5.28 0.80 0.99 (0.99-1.00)
APD (mm) 0.96 +1.24 0.88 +1.26 0.61 0.97 (0.94-0.98)
AAODS500 (mm) 0.07 £0.25 0.04 +0.25 0.75 0.95 (0.89-0.97)
AAOD750 (mm) 0.10+0.35 0.06 +0.35 0.66 0.96 (0.92-0.98)
AARAS500 (Mm?) 0.02+0.10 0.01+0.10 0.75  0.94(0.88-0.97)
DARAT50 (mm?) 0.04 £0.17 0.03+0.17 0.70 0.95 (0.90-0.97)
ATISA500 (mm?2) 0.02+0.08 0.01+0.09 0.76 0.94 (0.88-0.97)
ATISAT750 (mm?2) 0.04+0.16 0.03+0.16 0.72 0.95 (0.90-0.97)
ATIAS500 (degrees) 2.37 £ 14.67 1.37+14.18 0.96 0.92 (0.85-0.96)
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Xu et al.

Diurnal variation of eight sectoral AOD500 measurements in the light and dark. P-values derived from

Wilcoxan rank-sum test.

Table 4

AM PM P-value ICC
Nasal 0.47+0.13 0.48+0.15 0.84 0.82 (0.68-0.91)
Inferonasal 0.35+0.12 0.36+0.14 0.65 0.88 (0.78-0.94)
Inferior 0.39+0.14 0.39+0.16 0.82 0.86 (0.73-0.93)
Inferotemporal  0.42+0.13 0.41%0.15 0.59 0.79 (0.62-0.89)
Temporal 049+0.16 0.49+0.19 0.70 0.78 (0.61-0.88)
Superotemporal 0.46+0.13 0.50+0.15 0.34 0.79 (0.63-0.89)
Superior 0.46+0.17 0.47+0.18 0.74 0.83 (0.68-0.91)
Superonasal 0.43+0.15 0.47+0.17 0.46 0.80 (0.64-0.89)
Dark AM PM P-value ICC
Nasal 052+0.18 0.49%0.21 0.56 0.79 (0.64-0.89)
Inferonasal 041+0.18 0.41+0.17 0.83 0.89 (0.79-0.94)
Inferior 0.46+0.20 0.43+0.18 0.40 0.88 (0.78-0.94)
Inferotemporal  0.51+0.22 0.49%0.18 0.75 0.87 (0.76-0.93)
Temporal 057+0.22 0.57+0.21 0.98 0.93 (0.86-0.96)
Superotemporal  0.63+0.29 0.59 +0.24 0.43 0.91 (0.83-0.95)
Superior 0.57+0.27 0.53%0.27 0.51 0.87 (0.76-0.93)
Superonasal 053+0.24 0.51+0.23 0.99 0.91 (0.84-0.95)
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