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Abstract

Purpose: To investigate near infrared iris transillumination (NIRit) imaging as a new
method to quantify pupil shape, size, and position because the imaging modality can
uniquely provide simultaneous information regarding iris structural details that influence
pupil characteristics and because exploration of related techniques could promote
discovery helpful to clinical research and care. Methods: Digital NIRit images of normal
and diseased eyes were used along with computer-assisted techniques to quantify four
primary pupil parameters, including pupil roundness (PR), pupil ovalness (PO), pupil
size (PS), and pupil eccentricity (PE). A combined measure of PR and PO was also
developed, i.e., the pupil circularity index (PC/). Repeatability of the measures was
studied and example analyses were performed. Results: Pupil measures could be
calculated for right eyes of 307 subjects (164 normal, 143 other), with <0.5% exclusions
due to image quality. Repeatability study did not show significant bias (P<0.05) for any
of the four primary measures. Example analyses could show age associated
differences in pupil shape (>50 year-olds had less regular pupils than <50-year-olds:
median PC/=0.009 vs 0.006; P<0.01), and that a group of pigment dispersion syndrome
subjects (N=27) had less regular pupils than a group of matched controls (P 0=0.9966
vs. 0.9990; P<0.05). Conclusions: Digital NIRit imaging can provide novel, reliable,
and informative methods to quantify pupil characteristics while providing simultaneous

information about iris structure that may influence these parameters.



Introduction

Infrared techniques have been widely used to assess the pupil, with most
attention being given to pupil motion and reactivity in relation to a variety of
applications.""® A common feature of these methods has been direct illumination of
the front of the eye with a light source along with photographic capture of reflected light
with a near infrared-sensitive camera system. Although these techniques are useful
and have their roles, they do not provide simultaneous transillumination information
about iris structural detail, which could be useful in providing etiologic information about
tissue factors directly affecting pupil shape, position, and function (Figure 1).

Near infrared iris transillumination (NIRit) imaging provides a sensitive means to
detect and record structural details of the iris, and example conditions for which NIRit
imaging may provide useful information include pigment dispersion syndrome (PDS),
iridociliary cysts, Fuchs’ heterochromic iridocyclitis, diabetic iridopathy, traumatic
iridopathy, and pseudophakic and phakic IOL complications.('*?! Recently, we learned
that NIRit imaging could be adapted for clinical quantification of pupil parameters and
that it may be useful for certain clinical investigation. For example, although the
literature suggests the presence of pupil abnormalities in people with PDS, %224 which

2526) hupil alteration in PDS has not

may be caused by muscle tissue degeneration,'
been formally tested using objective methods. In the following report, we show how
NIRit imaging may be adapted for clinical quantification of pupil size, shape, and
position parameters and used for clinical study of diseased and normal eyes.

Knowledge of these methods may help promote clinical discovery and help identify new

applications.



Methods

For the analyses, we used a NIRit database consisting of images collected over
a several year period within an inner-city, eye care teaching facility in Chicago, lllinois,
USA. All subjects were imaged in conjunction with prior studies aimed to explore NIRit
imaging. The clinic population from which the database was derived was about 75%
African-American, which is reflected in the database composition. The total NIRit
database did not precisely mirror the institution’s population from which it was obtained
nor the full spectrum of diseases that might affect iris translucency and/or pupil features.

Included in analyses were 307 people (203 females, 66.1%) with a mean age +
SD =50.9 + 17.4 years (range=11-94 years). There were 213 (69.4%) African-
Americans, 75 (24.4%) Whites, 10 (3.3%) Hispanics, and 9 (2.9%) with other descent.
Only right eyes were used for analyses, and 164 (53.4%) had normal eye health, 54
(17.6%) had the long anterior zonule trait with pigment dispersion signs,?'?") 35
(11.4%) had classic or suspected classic pigment dispersion syndrome, 11 (3.6%) were
pseudophakic, 7 (2.3%) had angle recession or a history of eye trauma, and 7 (2.3%)
had unexplained pigment dusting of the cornea or lens. Some of the 307 eyes also had
diabetic iridopathy, Axenfeld-Rieger anomaly, Posner-Schlossman syndrome, and
pseudoexfoliation syndrome. Several subjects had albinism, ocular hypertension or
primary open-angle glaucoma, and a few had retinal diagnoses only, including
idiopathic choroidal folds, myopic degeneration, and retinal pigment epithelial
detachment. There were occasional subjects with more than one condition in the same

eye. Subjects had comprehensive eye exams, with work-up including ocular/medical



history, extraocular muscle testing, confrontation visual fields, pupil testing, subjective
refraction, slit lamp exam, Goldmann tonometry, gonioscopy, and dilated fundus exam.

Excluded from a total dataset of 336 subjects were 29 who had missing
information, image blurring, poor eye centration, and/or excessive eyelid coverage.
Among exclusions were 11 normals, 4 with long anterior zonules®"?"), 4
pseuodophakes, and 2 with albinism. Subjects were not excluded due to a particular
diagnosis. Among the 29 exclusions were 18 African-Americans and 11 with unknown
or other race.

Subjects were imaged by a single examiner (DKR) using a technique previously
described.®® The basic method used a modified digital camera with its infrared filter
removed (COOLPIX 950, Nikon Corp, Tokyo, Japan) to photograph the iris while it was
illuminated with visible and infrared light via a standard ophthalmic transilluminator
(HEINE USA Ltd., Dover, NH) while it was directed perpendicular to the globe against
the inferior eyelid. The camera was mounted to a 13-in, expandable tabletop tripod
positioned several inches from a chin/headrest apparatus used for patient stability. The
camera’s “macro close-up” mode was used to produce magnification and its flash was
turned off. To maximize iris surface area, consensual pupil constriction in the eye being
photographed was promoted by having the subject fixate on a second, focal light source
at near, which prevented light scatter toward the opposite eye. Overhead room
illumination was also turned off to prevent extraneous light from reducing the quality of
the NIRit images.

Pupil contour lines were created using an automated computer algorithm that

relied on brightness change cues at the pupil border (Figure 2). Two measures of pupil



shape were calculated, including a pupil roundness measure (PR={2|PNC|/ [|IP|+|C|]} =
Dice similarity coefficient between the outlined pupil and a reference perfect disk co-
centric and equal area with the pupil; range=0-1; perfect circle=1) and a pupil ovalness
measure (PO={2|PNE|/[|IP|+|E|]} = Dice similarity coefficient between the outlined pupil
and a reference perfect ellipse co-centric and equal area with the pupil; range=0-1;
perfect ellipse=1) (Figure 2). Forthe PR and PO measures, the Dice coefficient could
be interpreted as twice the area in common with the perfect circle (or ellipse) and pupil
area divided by the sum of their individual areas. A value=0 would indicate no overlap,
and a value=1 would indicate perfect overlap. Incomparing normal and irregular pupils,
there would be an expectation of skewed values near 1, especially with subtle dyscoria.

In addition, we also calculated pupil eccentricity (PE) and relative pupil size (PS)
(Figure 3). These measures relied on the automated pupil contour line, and to generate
an automated outline of the outer iris border, they also required manual selection of four
reference points denoting the outer extent of visible iris at the 12, 3, 6, and 9 o’clock
positions. For PE, the full iris center of gravity (average coordinate location) was
automatically calculated and compared to the pupil center of gravity. PE represented
the distance between the two centers as a percentage of the total iris diameter, and PS
represented the pupil area as a percentage of the summed iris area and pupil areas.

In addition to the PR, PO, PE, and PS measures, PR and PO were used together
to calculate the pupil circularity index measure (PC/). This was computed as the
geometric distance, i.e., PCI=v{(1 -PR)2+(1 -POY%, between any point formed by “PR,

PO’ and the position “1,1” (Figure 4).



Analyses were performed using the SAS® System, Release 9.2 for Microsoft
Windows® (SAS Institute Inc., Cary, NC). Student’s ¢ test and/or the Wilcoxon rank-sum
test were used for simple group comparisons, and multiple logistic regression was used
to examine multiple variables simultaneously. Assumptions were met for analyses.

Institutional Review Board approval was obtained for the investigation.

Results

A summary of all normal and diseased right eye measures is shownin Table 1,
and Figure 5 illustrates example eyes along the spectrum of PR and PO measures.
Histograms showing distributions of the normal right eyes are shownin Figures 6 and 7.
Whereas the PR, PO, PCI, and PE measures are skewed, PS shows a more Gaussian
distribution. As anticipated, a plot of PR against PO in Figure 6 shows clustering of
points in the graph’s upper right corner where values approach 1.0. However, the graph
illustrates that varying degree of circularity existed and that differentiation is possible
between pupils that are “not perfectly round but still highly elliptical” and pupils that are
“not perfectly round and not perfectly elliptical.” By definition, if a pupil is perfectly
round, it must be perfectly elliptical. Thus, plotted points occur above a diagonal plane.

As shown in Table 1, normal eyes tend to have higher mean/ median PR and PO
values and lower PC/ values than “other” eye values, which is consistent with pupils that
tend to be more round. Normal eyes also tend to have lower mean/median PE values
than “other” eyes, indicating less displacement between the iris and pupil centers.

Ranges are also broader for “other” eyes than normal eyes.



Scatter plots of normal eyes in Figure 7 show how PS and PE may be compared
against the PCI measure, with least square regression lines suggesting there could be
aninverse correlation of pupil circularity with pupil size and a positive correlation of pupil
circularity with pupil eccentricity. This demonstrates potential value of the pupil size
measure, which would allow for “adjustment” of pupil size in statistical analyses.

To test repeatability of the pupil measures, in case pupil brightness or other
variation might affect the nature of the automated pupil outline, a 10% random sample
was selected of normal and disease eyes. Separate right eye images, obtained on the
same occasion, from these subjects were then reassessed in the same manner as
before. There was no significant bias (P>0.05) between the first and second
measurements for any of the four pupil measures (mean bias+SD: PR=0.006+0.0023;
P0=0.0001+0.0011; PS=-0.0078+0.0324; PE=0.0029+0.0115). In addition, difference
vs. means plots showed normal distributions, and there was no suggestion of
measurement level dependent bias.®®)

Although there were many possible analyses, to illustrate how this quantification
system could be used, we selected out African-Americans (N=111; median age=49
years; 72 females, 39 males) with normal eyes to explore pupil measures in two age
groups, i.e., <50 years (N=49) vs. >50 years (N=62) (Table 2). Here, mean pupil size of
the younger group was significantly larger than the older group (PS=0.33 vs. 0.28,
P<0.001), and multiple logistic regression showed that while controlling for pupil size, all
three of the pupil shape measures (PR, PO, PCI) were likely associated (P<0.01) with
older age when each was assessed individually. Thus, the analysis showed that the

people >50 years may on average have less regular pupils than people <50 years.



Neither gender nor the PE measure was associated with age group, and controlling for
gender along with pupil size did not change the conclusions.

To further illustrate how the quantification methods could be useful, we
performed a comparative analysis of available right eye images of classic PDS subjects
(N=27; 13 White, 12 African-American, 2 Hispanic; 16 females) and an equal number of
normal controls who were frequency-matched on age (5-year intervals), race, gender,
and eye color (brown, hazel, blue). The mean age (range) was 45.1+13.0 years (25-67
years) for PDS subjects and 44.9+14.5 years (23-68 years) for controls. Plot of the PR
and PO measures showed separation of certain PDS eyes from most other eyes (Figure
8), and a ranking of PO measures showed that eight of ten (80%) subjects with the
lowest PO scores had PDS (Table 3). Median PO values reflected this, even with a low
number of subjects, being marginally lower for PDS eyes than for normal eyes
(PO=0.9966 vs. 0.9990, P=0.025). PR values (PR=0.9925 vs.0.9924, P=0.45)and

other measures (PCI, PE, and PS) were similar.

Discussion

To quantify pupil shape, we used two measures, i.e., pupil roundness (PR) and
pupil ovalness (PO), which could be assessed separately or combined into a single
index of pupil regularity, i.e., the pupil circularity index (PC/) measure. The utility of two
separate measures was supported by showing that both normal and diseased eyes
could be elliptical but not circular. Having the separate and combined measures
provides versatility and has the potential to obtain more specific information about pupil

status in case certain conditions cause pupils that are highly elliptical but not round,
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while other condition may cause pupils that are neither round nor elliptical. An ellipse
also contains a “major axis” and a “minor axis,” whereby orientation could be dependent
on iris structural changes made visible by the nature of the NIRit method.

To appreciate the general location of the PR and PO measures on a scatter plot,
it is helpful to consider the relationship between a circle and anellipse. Anellipse is a
curved line that forms a closed loop with the characteristic of having two foci where the
sum of the distances from the foci to any point on the curved line has a constant value.
A circle is a special case of an ellipse whereby both foci are at the center of the closed
loop. Since a perfect circle is also a perfect ellipse, if PR=1.0 then PO=1.0. It will also
always be true that PR<PO, which causes all points to plot above a graph diagonal
(Figure 4).

Although the pupil shape measures were derived using automated computer
methods, the PS and PE measures require subjective input to mark reference points
denoting the outer edges of the visible iris. Despite this step, the PS and PE measures
were repeatable. The need for the observer input stemmed from image blurring at the
limbal junction, which could prevent automated outlining of the outer iris border.
Improved photographic methods might eliminate need for subjective input altogether.

Due to the nature of the photographic methods, it would not be logical to use the
pupil size measure for certain purposes such as assessing degree of anisocoria. The
PS measure is valuable though because it allows for statistical control of PS when other
measures vary as a function of pupil size. This was exemplified with the plotin Figure

7, which showed a potential relationship between PC/ and the PS measure.
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It was not our intent here to conduct exhaustive study of potential relationships
among the measures described, nor to suggest that the precise methods will be ideal
for all circumstances. Rather, the goal is to introduce the fundamental concept of NIRit
imaging in the assessment of pupil parameters because it might be useful in attempts to
characterize the pupil characteristic trends of certain diseased and normal subgroups,
such as the pupil distortion that may occur in people with PDS. The example analyses
that we used to illustrate the overall pupil assessment method will require further study
with larger sample sizes and greater subject diversity to validate and generalize these
initial findings. Although our current analyses are limited to static photographs of the iris
and pupil, dynamic relationships between the pupil and iris structure may also deserve
future study, possibly with the aid of multiple still images with varying pupil size or with

infrared videography techniques.

Conclusions
Digital NIRitimaging can provide novel, reliable, and informative methods to
quantify pupil characteristics while providing simultaneous information about iris

structure that may influence these parameters.
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Table 1

Pupil measures for normal right eyes (N=164) and “other” right eyes (N=143)

5Ih 951h
Pupil Standard percentiles
Measurement Mean Median Range Deviation Normal Eyes
Pupil Roundness 0.992 0.994 0.996-1.0 0.006 0.978,0.999
(PR) 10.984) (0.991) (0.768-1.0) (0.027)
Pupil Ovalness 0.998 0.998 0.988-1.0 0.003 0.992,1.0
(PO) (0.994) (0.997) (0.897-1.0) (0.110)
Pupil Size 0.300 0.298 0.129-0.483 0.076 0.191,0.443
(PS) (0.288) (0.278) (0.177-0.569) (0.064)
Pupil Eccentricity 0.022 0.021 0.001-0.065 0.011 0.007, 0.040
(PE) (0.027) (0.024) (0.003-0.211) (0.064)
Pupil Circularity Index 0.009 0.007 0.000-0.035 0.006 0.001, 0.022
(PCI) (0.017) (0.011) (0.000-0.254) (0.029)

"™ QOther” eye measures listed in parentheses.



Table 2
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Right eye pupil measures for African-American normals, age <50 vs. >=50 years

Pupil Standard Unadjusted
Measurement Mean Median Range Deviation P-value
Pupil Roundness 0.993 0.995 0.984-1.0 0.004 0.02
(PR) 1(0.990) (0.992) (0.966-1.0) (0.007)
Pupil Ovalness 0.998 0.999 0.990-1.0 0.002 0.05
(PO) (0.997) (0.998) (0.993-1.0) (0.003)
Pupil Size 0.326 0.319 0.168-0.477 0.074 <0.001
(PS) (0.279) (0.273) (0.135-0.458) (0.070)
Pupil Eccentricity 0.022 0.021 0.005-.045 0.011 0.76
(PE) (0.021) (0.020) (0.001-0.065) (0.012)
Pupil Circularity Index 0.007 0.006 0.000-0.018 0.005 0.008
() (0.010) (0.009) (0.000-0.035) (0.007)

">=50-year-old subjects’ measures listed in parentheses.
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Table 3

Subject ranking by lowest PS values in matched study of
classic PDS right eyes and normal subject right eyes (N=27 per group)

Subject ID Diagnosis Age Race Gender Iris PR PO PO

Color Rank

161 “PDS 56 W M BLUE 0.9686 0.9777 1
70 PDS 57 W M BROWN 0.9655 0.9876 2
116 PDS 65 AA F BROWN 0.9770 0.9881 3
17 PDS 35 H F BROWN 0.9895 0.9920 4
99 PDS 49 w M BLUE 0.9719 0.9928 5
188 NORMAL 51 w F HAZEL  0.9909 0.9929 6
147 PDS 51 w M BLUE 0.9910 0.9933 7
306 PDS 34 AA F BROWN 0.9925 0.9935 8
268 NORMAL 54 AA F BROWN 0.9921 0.9939 9
343 PDS 39 w F BROWN 0.9928 0.9941 10
35 NORMAL 40 W M BLUE 0.9848 1.0000 54

“Abbreviations: AA, African-American; F, female; H, Hispanic; M, male; PDS,
pigment dispersion syndrome; PR, pupil roundne ss; PO, pupil ovalness; W, white.
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Figure Legends

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Subject with proliferative diabetic retinopathy and unexplained dyscoria has
region of reduced light transmittance in meridian of pupil elongation.
Computer-generated pupil outline and marked center of gravity (left).
Schematics that illustrate methods to quantify pupil roundness (PR) and pupil
ovalness (PO) (right). Fitted regions represent a perfect circle or ellipse with
same area as pupil area, with centers of gravity aligned.

Pupil eccentricity (PE) represents the distance between the pupil area’s
center of gravity and full iris center of gravity (left), calculated as a percentage
of the full iris diameter. PS is the pupil area as a percentage of the summed
iris and pupil area (right) (P=pupil area, I=Iris area).

Pupil circularity index (PC/) was computed as the distance (dotted lines on
scatter plot), i.e., PCI=V{(1-PRY*+(1-PO)?} between any point formed by (PR,
PO) from (1,1). The relationship between a circle and an ellipse is also
shown to help explain why a plot of PR and PO measures will not have any

points below a diagonal line on the graph.

Example eyes and corresponding PR, PO, and PC/ measures.

Histograms of pupil shape measures for normal right eyes and a scatter plot
of pupil roundness (PR) against pupil ovalness (PO) for normal right eyes.
Histograms showing pupil size (PS) and pupil eccentricity (PE) distributions
for normal right eyes and scatter plots of PS and PE against the pupil
circularity index (PC/) measure for normal right eyes.

Scatter plot of PR and PO pupil shape measures for 27 classic PDS right

eyes and 27 normal subject right eyes matched on age, race, and gender.
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PDS vs. Normal Eyes — PR and PO Measures
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