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Abstract 

Purpose: To assess intrapupillary space (IPS) changes in healthy subjects with 

regard to decreased iris motility in patients with pseudoexfoliation glaucoma (PEXG) 

or nonarteritic anterior ischaemic optic neuropathy (NAION) in a clinical environment.

Methods: Scotopic and photopic IPS measurements using three-dimensionally 

rendered swept-source optical coherence tomography (SS-OCT) data were obtained 

and compared for all subjects. IPS parameters were evaluated such as absolute 

volumetric differences, relative light response for volumetric ratios and pupillary 

ejection fraction (PEF) for functional contraction measurements.

Results: From a total of 122 IPS from 66 subjects, 106 IPS were eligible for 

comparison providing values for 72 normal, 30 PEXG and 4 NAION eyes. In healthy, 

PEXG and NAION subjects, scotopic overall mean IPS was 8.90, 3.45 and 4.16 

mm3, and photopic overall mean IPS was 0.87, 0.74 and 1.13 mm3, respectively. 

Three-dimensional contractility showed a mean absolute difference of 8.03 mm3 for 

mormals (defined as 100% contractility), 2.72 mm3 for PEXG (33.88% of normal) and 

3.03 mm3 for NAION (38.50% of normal) with a relative light response ratio between 

scotopic and photopic volumes of 10.26 (100%), 4.69 (45.70%) and 3.67 (35.78%), 

respectively. PEF showed a contractile pupillary emptying of 88.11% for normals, 

76.92% for PEXG and 70.91% for NAION patients.

Conclusion: This 3D pupillometry OCT (pOCT) assessment allows for quantitative 

measurements of pupil function, contractility and response to light. More specifically, 

PEF is presented as a potential (neuro)-pupillary outcome measure that could be 

useful in the monitoring of ophthalmic disorders that affect pupillary function. 

Keywords: pupillary ejection fraction, contractility, optical coherence tomography, 

pseudoexfoliation glaucoma, nonarteritic anterior ischaemic optic neuropathy
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Introduction

The aqueous humor, produced at a rate of 2-3 µl/min in an epithelial bilayer covering 

the ciliary body (Brubaker 1991), traverses the posterior iris surface and the anterior 

lens surface to reach the anterior chamber via the pupil. It is then cleared by the 

outflow apparatus of the trabecular meshwork (Mark 2010). The size and shape of 

the pupil is influenced by the intensity and color of the incident light and regulated by 

the dilator and the sphincter muscle, which are mainly innervated by the sympathetic 

and parasympathetic branches of the autonomic nervous system (McDougal &  

Gamlin 2015). 

The pupillary reaction has been studied as the pupillary light reflex (PLR) which 

denotes the immediate narrowing of the pupil with brief illumination, followed by a 

rapid widening when the light stimulus ends (Kelbsch et al. 2019). The PLR is 

usually estimated subjectively, without proper quantification while others set the PLR 

standards so high that it will be very demanding to bring them into clinical practice. 

Its velocity and amplitude have been difficult to quantify. A variety of factors can 

impair the normal function of the pupil and alter the PLR. The intrinsic neuromuscular 

pathway of the iris muscle can be compromised with pathology of the sympatic and 

parasympatic system which includes dysautonomia in diseases such as diabetes 

mellitus (Park et al. 2017; Ba-Ali et al. 2020), optic neuropathies (Munch et al. 2015), 

and neurodegenerative conditions such as Alzheimer’s disease (Kremen et al. 2019) 

or Parkinson’s disease (Joyce et al. 2018). Typically, in anterior ischemic optic 

neuropathy (AION) an incomplete pupil response due to ischemic damage of the 

optic nerve head perfusion is found (Tsika et al. 2015). A pathologic PLR has also 

been found in glaucoma (Kankipati et al. 2011; Tekin et al. 2019), retinitis 
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pigmentosa (Kardon et al. 2011; Kawasaki et al. 2012), and age-related macular 

degeneration (AMD) (Maynard et al. 2015).  In pseudoexfoliation (PEX) syndrome, 

pupil malfunction occurs due to the accumulation of fibrillogranular material causing 

infiltration and fibrosis of the iris and other parts in the body in (Scharfenberg et al. 

2019). If an imbalance between AH production and AH outflow is observed, elevated 

intraocular eye pressure can lead to pseudoexfoliative glaucoma (PEXG) which if left 

untreated can result in blindness (Denis et al. 1994). 

Although PLR can easily be generated by a flashlight, quantitative results allow a 

more objective assessment of the pupil circuitry. Currently, most PLR devices use a 

two-dimensional infrared imaging approach to record pupil diameter changes under 

changing light conditions (Atchison et al. 2011; Smith et al. 2019). Ideally, such 

measurements would be performed in a clinical environment and not require 

laboratory-controlled conditions (Kelbsch et al. 2019) or specially trained operators. 

In recent years, optical coherence tomography (OCT) has become a routine clinical 

imaging tool for anterior eye segment measurements, e.g. of the iris and the pupil, 

among other structures (Huang et al. 1991; Aptel &  Denis 2010; Koktekir et al. 2014; 

Fujimoto &  Huang 2016; Schuster et al. 2017). The structural-functional relationship 

between the pupil light reflex and macular ganglion cells is relevant for the clinical 

differential diagnosis (Meneguette et al. 2019). 

In this study, we regard the pupil as a “watergate”, given its function as an important 

barrier between the posterior and anterior chambers of the eye (Dvoriashyna et al. 

2018). At the same time, we expand the scope of current two-dimensional anterior 

segment OCT imaging by assessing a dynamic volumetric pupillometry OCT (pOCT) 
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method that provides a novel three-dimensional analysis of pupillary function in 

healthy and diseased eyes. 

Materials and Methods

Ethics statement and subjects 

All procedures involving human participants were in accordance with the ethical 

standards of the institutional and/or national research committee and with the 1964 

Helsinki declaration and its later amendments or comparable ethical standards. 

Written informed consent was obtained from all subjects, and the study was cleared 

by the Ethics Committee Zentral und Ostschweiz, Switzerland (EKNZ TIBE-15/90). 

In this first 3D OCT pupillometry study, we collected randomly data from healthy 

subjects and patients visiting the clinic and known to be associated with a disorder of 

pupillary motility. Thus, each subject contributed one eye or pupil volume per side. 

Patients were requested for study participation in the order of their arrival at the 

clinic, so that the number of patients probably corresponds to a usual frequency of 

the corresponding disease within an outpatient eye clinic.

The inclusion criteria for the healthy control group were age above 18 years and the 

absence of any ocular disease. The inclusion criteria for the PEXG patients were 

visualization of white PEX deposit on the pupil margin and on the anterior lens 

surface using conventional slit-lamp examination and the need for topical treatment 

for elevated intraocular pressure. In the NAION group, patients who had a history of 

clinically proven and laboratory verified NAION were included. The healthy eye in the 

NAION group was not included for analysis. Exclusion criteria for all groups were 

history of ocular surgery, ocular trauma, abnormalities of the pupil, a positive history 

of neurodegenerative diseases, such as Alzheimer or Parkinson disease or the use 

of drugs with possible impairment of pupil function.
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Swept-source optical coherence tomography of the pupil 

In summary, one eye was measured per subject and categorized into the three classes 

(normal, PEXG and AION). For reproducibility of the method, one volume was labeled 

by several graders and the obtained values were verified for repeatability.

In detail, the recording of the OCT volumes was carried out as follows: A 

commercially available swept-source OCT (SS-OCT) device was used (OCT DRI 

OCT-1 Atlantis, software version 9.12.003.04, Topcon, Tokyo, Japan). An advantage 

of the OCT system was, that the scanning beam is centered at a wavelength of 1050 

nm and is therefore invisible to the human eye and therefore not affecting the pupils. 

A convex lens, preinstalled by the manufacturer, was placed and the scan focus was 

set on the corneal epithelium to provide the auto-adjustment for an image with 

maximum signal intensity. The manufacturer’s built-in and smallest internal fixation 

target (one single square) was used in all subjects to reduce the perceived 

luminance so that the pupil size was not altered by the target during the experiment 

wherever possible. Patients were instructed to adopt a position as relaxed as 

possible to prevent possible accommodation. 

Data recording

The SS-OCT measurement was triggered as soon as the pupil was centered in the 

middle of the recording display and the iris-lens diaphragm was positioned as 

orthogonal as possible to the direction of the laser beam. Image acquisition per eye 

consisted of 256 cross-sectional images per volume of the pupil-lens diaphragma with 

a standard scan pattern over a 6.0 mm x 6.0 mm x 2.6 mm area centered on the 

anterior lens apex with a scan density of 512 x 128 pixels (Fig. 1). 
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The first measurement in relative darkness (scotopic SS-pOCT) was performed in a 

darkened room and with the use of an opaque drape (Oculus, Wetzlar, Germany) to 

allow the pupil to dilate as much as possible and to prevent for unwanted light leakage. 

The second measurement (photopic SS-pOCT) was performed by simulating sunlight 

using an adjustable daylight therapy lamp that provides a flicker-free and UV-free light 

(Beurer TL 90, Ulm, Germany) depicted in Fig. 1. According to the manufacturer, this 

medical device emits with a light intensity of approximately 10,000 lux in a distance of 

15 cm with a color temperature of 6500 Kelvin. Keeping the recommended safety 

distance, the lamp was positioned to the side of the subject’s head in a 90 degrees 

angle and switched on in the examination room with common room brightness. The 

fellow eye was not covered separately. However, care was taken to ensure that the 

fellow eye was not directly illuminated. The scan data was saved and exported as a 

sequence of 256 bmp images (512 x 992 pixels each) directly from the scanner for 

further image processing.

Fundus photographs were not acquired, in order to avoid unnecessary exposure of 

the eye to light. No eye drops with effects on pupil function were used.

Data processing and image analysis 

The OCT images were freed from speckle-noise to enhance the visibility of the 

anterior lens and iris surface and binary data were produced (Fig. 2) (C. Gyger 

2014). These images were imported into the software ImageJ (Version 1.48b) to 

delineate a three-dimensional intrapupillary space (IPS). Horizontal and vertical 

borders were marked at the corresponding pupillary edge in the vertical and 

horizontal axis using the en face image display of the built-in crop (3D) viewer 

(Schindelin 2012). The exterior border was defined using the center B-scan of the 

image stack and a linear plan was manually set using the software’s ruler tool at an 
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off-set of 200 pixels above the anterior lens surface. Finally, the inner border of the 

IPS was defined by the reflective structure of the anterior lens surface provided by 

the OCT image. 

The resulting IPS images were imported to Amira Software® 5.6.0 (Thermo Fisher 

Scientific, Waltham, USA) to render a three-dimensional IPS model allowing for 

calculations of its volume and surface area based on a triangular surface grid 

created for an object embedded in a voxel dataset. The same procedure was applied 

for all eyes.

Pupillary ejection fraction 

The pupil as a volume contains the aqueous humor which proceeds from the 

posterior to the anterior chamber. To evaluate the percentage of aqueous humor 

“pumped” out during a pupillary contraction, the following formula was used:

𝑃𝑢𝑝𝑖𝑙𝑙𝑎𝑟𝑦 𝐸𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 [%]

=
𝑆𝑐𝑜𝑡𝑜𝑝𝑖𝑐 𝑉𝑜𝑙𝑢𝑚𝑒 [𝑚𝑚3] ―  𝑃ℎ𝑜𝑡𝑜𝑝𝑖𝑐 𝑉𝑜𝑙𝑢𝑚𝑒 [𝑚𝑚3] 

𝑆𝑐𝑜𝑡𝑜𝑝𝑖𝑐 𝑉𝑜𝑙𝑢𝑚𝑒 [𝑚𝑚3]
𝑥 100

This PEF calculation is analogous to the calculation of the left ventricular ejection 

fraction of the heart representing the central measure of left ventricular systolic 

function (Kosaraju &  Makaryus 2020). The cutoff level was defined as the mean 

value of the normal group.

3D Contractility

The measurement of the IPS in three dimensions allows to quantify the aqueous 

humor leaving the pupil. To measure the absolute volumetric difference between the 

scotopic and photopic volumes, and hereby evaluate how much aqueous humor the 

pupil pumps out with a contraction, we calculate the 3D contractility as following:
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3𝐷 𝐶𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑙𝑖𝑡𝑦 [𝑚𝑚3] = 𝑆𝑐𝑜𝑡𝑜𝑝𝑖𝑐 𝑉𝑜𝑙𝑢𝑚𝑒 [𝑚𝑚3] ―  𝑃ℎ𝑜𝑡𝑜𝑝𝑖𝑐 𝑉𝑜𝑙𝑢𝑚𝑒 [𝑚𝑚3] 

Relative light response

The ratio between the different volumes was calculated and denoted relative light 

response. This relative light response represents the ratio between the scotopic and 

the photopic volume. By this formula, we show how much more aqueous humor is 

inside the pupil in mydriasis compared to miosis:

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑙𝑖𝑔ℎ𝑡 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 [𝑅𝑎𝑡𝑖𝑜] =
𝑆𝑐𝑜𝑡𝑜𝑝𝑖𝑐 𝑉𝑜𝑙𝑢𝑚𝑒 [𝑚𝑚3] 

𝑃ℎ𝑜𝑡𝑜𝑝𝑖𝑐 𝑉𝑜𝑙𝑢𝑚𝑒 [𝑚𝑚3]

In order to compare the different subgroups (normal, PEXG or NAION) with each 

formula, the mean values were calculated for each sub-group first. The mean values 

of the normal versus the patient group were then set as a relative benchmark of 

100% and compared to the mean values of the comparison groups PEXG and 

NAION. Therefore, we present the PEF as a functional value of the pupil, the 3D 

contractility as the absolute change and the relative light response as the ratio 

between the photopic and scotopic measurements. 

Furthermore, these formulas were used to calculate the differences of surface areas 

measured in mm2 of the scotopic and photopic pupils.

Statistical analysis 

The statistical analysis was carried out with RStudio (Team 2014) v3.6.0 (R 

Foundation for Statistical Computing, Vienna, Austria). Q-Q plots were used to 

assess normal distribution of the data. ANOVA tests were used to identify 

differences between all groups. Wilcoxon rank sum tests were used to compare 
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groups with non-normal distributed data, student’s t-test were used in case of normal 

distribution. Paired t-tests were used for comparisons between scotopic and photopic 

data points within the groups.

The data is presented as mean ± standard deviation. The calculations for statistical 

significance were performed for a p-value of <0.05. Grades of significance were 

labelled as following in the figures and tables: not significant (n.s.) ≙ p≥0.05, * ≙ 

0.05>p≥0.01, ** ≙ 0.01>p≥0.001, *** ≙ 0.001>p≥0.0001, **** ≙ 0.0001>p. The 

graphs were also produced with R 3.6.0 using RStudio.

Reproducibility of the IPS measurements

To test the reproducibility of the IPS measurement method, one pupil was manually 

segmented three times by three independent graders. Reproducibility was assessed 

by determining the mean, the standard deviation, and the Coefficient of Variation 

(CoV) for the volume and surface area measurements, for each of the three graders 

and for the measurements of the three graders combined. CoV measures the ratio of 

the standard deviation to the mean (Everitt 1998) and indicates the amount of 

variability relative to the mean of the population. Intra-grader and inter-grader 

variability were analyzed for volume and surface area measurement separately by 

one-way Analysis of Variance (ANOVA). This is the decomposition of the total sum 

of squares (SStot) into grader sum of squares (SSgrader) and residual sum of squares 

(SSresidual). SSgrader and SSresidual indicate how much of the total variability is 

attributable to inter-grader and intra-grader variability, respectively. F-tests were 

performed to investigate the effect of different graders on the measurements.

Results
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Patient characteristics

A total of 66 subjects of Caucasian origin were included in this study and completed 

volume scans in 122 eyes. Each included eye was measured with a wide and narrow 

pupil contributing 244 volumes in total. The cohort consisted of 40 female and 26 

male participants. Their mean age was 65.1 years and their refractive error ranged 

from +4 to -7.25 spherical diopters. 40 normal subjects contributed 160 volumes and 

were assigned to the normal group. 18 subjects suffered from PEXG and contributed 

68 volumes. 8 patients suffered from NAION and contributed 16 volumes.

From a total of 122 eyes, 106 were eligible after excluding 16 measurements 

because of image artifacts (8 normals, 4 PEXG and 4 NAION due to pseudophakia, 

respectively). Thus, 72 normals, 30 PEXG and 4 NAION eyes were included for the 

final analysis. The IPS measurements are summarized in Table 1 and Table 2. 

Representative images from IPS renderings are depicted in Fig. 3.

Normal distribution

In order to evaluate the normal distribution, QQ-Plots were generated for the 

scotopic and photopic volumes and surface areas and for the absolute differences 

between them. The normal and PEXG data were assessed as normally distributed. 

The NAION data was spread out and hence not normally distributed which is 

probably due to the low sample number. As the QQ-plots are similar for scotopic and 

photopic volumes within the different groups, QQ-plots of the absolute volumetric 

differences are shown in Fig. 4.

Non-parametric ANOVA tests (Kruskal-Wallis tests) were performed to compare the 

three groups as the NAION data was not normally distributed. The tests were 

statistically significant for all calculated endpoints (p < 0.0001). For a pairwise 
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comparison between the groups Wilcoxon rank sum tests were used to compare 

NAION to normal and PEXG data, student’s t-test were used to compare normal and 

PEXG data.

Volume evaluations

Within the different groups all differences between mydriasis and miosis were 

statistically significant. In the normal group the mean PEF was 88.12 ± 6.96 %, the 

mean 3D contractility was 8.03 ± 4.72 mm3 (p < 0.0001) and the mean relative light 

response was 10.26 ± 4.15. In the PEXG group, the mean PEF was 76.92 ± 11.49 

%, mean 3D contractility was 2.72 ± 1.15 mm3 (p < 0.0001), the mean relative light 

response was 4.69 ± 1.80. In the NAION group the mean PEF was 70.91 ± 29.47 %, 

mean 3D contractility was 3.03 ± 1.39 mm3 (p = 0.0225), the mean relative light 

response was 3.67 ± 2.95. 

Statistically significant differences were found between the normal and remaining 

disease groups. Statistical significance was not reached for comparison of the two 

disease groups. When comparing the PEXG group to the normal group, the PEXG 

eyes indicated a smaller PEF (87.29%, p < 0.0001), lower 3D contractility (33.88%, p 

< 0.0001) and a lower relative light response (45.69%, p < 0.0001). The NAION eyes 

showed a smaller PEF for NAION (80.47%, p = 0.0161), a lower 3D contractility 

(38.50%, p = 0.0206) and a lower relative light response (41.75%, p = 0.0161). The 

comparison between PEXG and NAION pupils showed neither statistically significant 

differences in the mean PEF (p = 0.3365), mean 3D contractility (p = 0.5529), and 

mean relative light response (p = 0.3365). The results of the volumetric comparisons 

with PEF, 3D contractility and relative light response are displayed in Fig. 5.
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Surface area measurements

Besides the evaluations of the volumes, the contractility and the relative light 

response were evaluated for the surface area measurements. A PEF evaluation for 

the surface area was omitted, as the PEF is specifically intended to represent the 

fraction of a volume.

Similar to the volumetric analyses, all differences between scotopic and photopic 

measurements were statistically significant within the different groups. In the normal 

group the mean contractility for the surface area was 32.62 ± 16.22 mm2 (p < 

0.0001), the mean surface area ratio was 6.05 ± 2.04. In the PEXG group the mean 

absolute difference was 12.85 ± 5.00 mm2 (p < 0.0001), the mean surface area ratio 

was 3.49 ± 1.07. In the NAION group the mean contractility was 12.56 ± 6.37 mm2 (p 

= 0.0291), the mean surface area ratio was 2.524 ± 1.60. 

The surface area comparisons between the groups showed statistically significant 

differences between the disease groups with the normal group and no statistically 

significant difference for the comparison between PEXG and NAION. The 

comparison of the PEXG and the normal group showed a smaller mean contractility 

(39.40%, p < 0.0001) and relative light response (57.66% p < 0.0001) for the PEXG 

group. A normal with NAION comparison indicated a smaller absolute (38.50%, p = 

0.0095) and relative (41.75%, p = 0.0083) surface area change. The comparison 

between PEXG and NAION pupils showed neither in the mean contractility (p = 

0.9384) nor in the mean relative light response (p = 0.8569) statistically significant 

results. 
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Reproducibility of the method

The F-test statistic indicated that no grader measured significantly differently from 

the other graders with p-values of 0.496 and 0.350 for the volume and surface area 

measurements, respectively. The described method showed a very high 

reproducibility indicated by the small Coefficient of Variation (CoV) values ranging 

from 0.0058 to 0.0217. This holds within individual graders as well as when the 

measurements of the three graders are combined. Inter-grader variability accounts 

for 20.8% (29.5%) and intra-grader variability for 79.2% (70.5%) of the total 

variability for volume (surface area) as measured by the decomposition of the total 

sum of squares (SStot) into the grader sum of squares (SSgrader) and the residual sum 

of squares (SSresidual). The results are summarized in Table 3.

Discussion

Dynamics of the aqueous humor have reasonably been modelled based on living 

and cadaver eyes (Abouali et al. 2012; Villamarin et al. 2012; Modarreszadeh et al. 

2014; Wang et al. 2016). In our method, the pupil is regarded as a “watergate”, a 

deformable physical cavity that redirects different volumes of aqueous humor. We 

propose a novel quantitative and dynamic volumetric pupillometry OCT (pOCT) 

method to assess pupil function, applied in a clinical environment and under real-life 

conditions. Thus, a widely used and commercially available OCT device with an 

added external light source was successfully developed and employed in healthy 

subjects and PEXG and NAION patients. The proposed pOCT proved to be a 

feasible and reproducible technique, capable of enhancing previous pupillometry 

methods with novel spatial information.
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Using an approach similar to the one used in the calculation of the cardiac ejection 

fraction, quantitative measurements of the PEF were ascertained, providing a tissue 

and structure-based assessment of the pupillary geometry and functionality as a 

valve (Miller 2018). Under scotopic conditions, both the volume and surface area of 

the IPS was higher in all groups when compared to photopic conditions, as 

ascertained with a newly described 3D contractility parameter. The relative light 

response, which can be regarded as a volumetric marker, demonstrated a 

decreased pupillary response to at least half or more in eyes affected by PEXG or 

NAION compared to the healthy control group. 

Decline in pupillary dilation in PEXG has been previously reported (Watson et al. 

1995; Jonas et al. 2013; You et al. 2013; Fernandez-Vigo et al. 2018) and our results 

fall within the range reported in these studies, albeit on the lower end (Suzuki &  

Kurimoto 1992; Yulek et al. 2008; Ulviye Y 2015). The methodology and parameters 

applied in these studies, namely the use of basic diameter pupil diameters, differs 

from our method. On the other hand, our method relied on more sustained light 

exposure and of higher intensity which might have led to a more pronounced 

pupillary reaction. 

Eyes with PEXG showed significant reduced amplitude of pupil contraction values 

compared to healthy eyes (Tekin et al. 2018; Tekin et al. 2019). This could be helpful 

in the evaluation of spatial conditions prior to cataract surgery and aid in the 

estimation of the success rate of drug or surgical pupil extension interventions at an 

early stage (Akman et al. 2004; Fontana et al. 2017; Grzybowski &  Kanclerz 2020). 
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The pupillary light response, constriction ratio, velocity and latency are decreased 

both in the acute and chronic phases of NAION, and our results corroborate the 

findings of other studies (Herbst et al. 2013; Tsika et al. 2015; Yoo et al. 2017). 

The differences in pupillary motility between PEXG and NAION are driven by distinct 

pathophysiological mechanisms. The pupillary constriction latency may reflect delay 

in afferent visual processing in NAION, while mechanical in PEXG (Vazquez &  Lee 

2014; Miller &  Arnold 2015). In this study, a similar range of quantitative pupil 

motility values were found in both disorders, with no specific differences. In addition, 

atrophy of the ganglion cell layer in NAION and other optic neuropathies affecting 

only one eye is strongly correlated with quantitative assessment of the pupil light 

reflex (Meneguette et al. 2019).

Amongst the limitations of our study, we identified the following: The OCT device 

was not developed for pupil measurements of the anterior segment but for posterior 

segment analysis. The current OCT acquisition time of 2.9 seconds per volume 

measurement was relatively long and only monocular recordings without tracking 

technology could be acquired. A comparison with spectral-domain OCT devices was 

not yet performed with regard to the proposed method. Compared to SD-OCT, SS-

OCT has particular advantages as uses a wave length centred around 1050 nm and 

provides a scan beam outside the optically detectable range for the eye, so that the 

iatrogenic light effect on pupil function is negligible. This also prevents a subject from 

following the scan beam instead of focusing on the fixation target, which would 

inevitably lead to measurement errors. Thus, the properties of SS-OCT, i.e. no pupil 

interference and high data acquisition to avoid motion artifacts, render it more 

suitable for pupil function measurements. With more advanced OCT devices, which 

measure at a sampling frequency around 1.6 GHz, a pupil measurement at intervals 
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of up to 0.18 seconds would theoretically be possible, so that the spatial and 

temporal resolution could be massively improved (Xu et al. 2015; Maertz et al. 2018; 

Siddiqui et al. 2018; Porporato et al. 2020). 

In contrast to a flashlight test, the current method is too laborious. However, such a 

flashlight test is usually performed with different light sources, completely different 

angles and distances to the eye. Therefore, the incident light intensity is very 

variable leading to a poor reproducibility. In contrast, our proposed method is a 

measurement based on structural data with defined spacing, showed good 

reproducibility and is relatively objective. Therefore, the values would also be quite 

homogeneous between different investigators and centers, which represents a 

clinical benefit. We understand that this will be assessed in further studies. We 

envision that in the future such a method can be automatically delivered with new 

OCT generations and this will contribute to more objective data and enhance clinical 

practice. Especially in the case of small defects of pupillary motility, for example in 

the early stage of optic neuritis, the defect may be very small and not detectable by 

an ordinary flashlight test, which may lead to diagnostic uncertainty and time delay. 

On the other hand, such small abnormalities could well be detected by a structural 

pOCT method. Another limitation was that in the current configuration, swinging-

flashlight exposure was not used. The light source was not adaptable in light 

intensity, color and size. This led to a full-field light stress in the examined eye and 

precluded stimulation of specific pupil sectors. The spatial range was limited as 

solely measurements with maximum and minimum light intensity were used. 

Consequently to this, it was not possible to provide enhanced dynamic videos or 

extensive comparisons regarding minute differences of the pupil response, including 

latency or speed (Winston et al. 2020). 

Page 18 of 35Acta Ophthalmologica

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

18

Nevertheless, the used light source was suitable for generating data, easy to use 

and affordable. Acquisition was conducted in adults only, precluding assessment of 

age-specific normative values. No automatic image processing was applied, but this 

could be addressed in upcoming studies. As a current limit of the study it must be 

mentioned that a correlation between visual field defects and the extent of pupillary 

function impairment was not the subject of this study, but this may be possible in the 

future with further studies. Interference from room illumination was not considered 

but kept stable during the entire study. Likewise, it was not possible to measure in 

absolute darkness because a fixation object had to be presented to guide the 

patient. The smallest object in terms of area was used to minimize unwanted 

exposure to light. Patients with NAION reported that the fixation target was relatively 

difficult to focus on causing a slightly unsteady fixation. The method required phakic 

eyes, as the anterior surface of the lens was used as a delineating border. The 

alignment of the pupil within the field of view and its positioning perpendicular to the 

laser beam was one of the main challenges. OCT provides limited visibility posterior 

to the iris pigment epithelium. Therefore, if there is an excess of iris tissue, fluid-filled 

space just below the pupillary border cannot be measured reliably (Schuster et al. 

2017). In addition, the IPS was cropped in a square, meaning individual pupil shapes 

cannot be taken into account. The choice of offset for the outer segmentation line 

was arbitrary. The AMIRA version used did not allow direct measurements of the 

surface areas and hence approximative calculations (CoV 2.7%) had to be used. 

The axial lengths of the bulbi were not measured or compared in this study and thus 

not considered. Age and gender were not considered in this feasibility study and 

differences could be investigated in follow-up studies. Although the AION group was 

very interesting, due to the short time period in this first feasibility study, it was not 
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possible to collect enough AION patients to offer sufficient data for a rigorous 

statistical analysis. Thus, the number of subjects was relatively small, especially in 

the NAION group (n=4) and statistical analyses including this group are to be 

interpreted with this restraint. Nevertheless, the few cases of euphakic NAION 

patients showed distinctive deviations, so that these values were nevertheless 

included in this manuscript as an example but will have to be further investigated 

later in studies with a representative number of subjects. 

Despite all these limitations, the method proved to be applicable under daily clinical 

conditions, using a commercial and widely available OCT device, and without the 

need to set up expensive and complex laboratory settings to assess the pupil 

function.

Conclusions

This feasibility study showed that pOCT allows quantitative measurement of pupil 

dynamics in healthy and diseased eyes based on structural information. Its scope 

could potentially be expanded in the assessment of multiple ophthalmic disorders 

that affect pupil function, and the PEF could potentially be used as a novel (neuro)-

pupillary outcome measure obtained under clinical conditions. 

Data Availability Statement

All data relevant to the study are included in the article. 
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Figure legends

Fig. 1. Representation of swept-source monocular OCT pupillometry. (A) The subject 

looks at a fixation target inside the OCT scanner (triangle; view from above). The OCT 

scan beam (black arrow) is focused perpendicular to the iris-lens diaphragm (ILD). 

The picture illustrates the second photopic measurement with a light source (arrow 

head), which was positioned at right angles to the ILD (B, view from the side).  

Fig. 2. Image processing in 3D-OCT pupillometry. (A) Data from the OCT device were 

exported as a sequence of original images. The cornea (double arrow heads) is 

displayed inverted because the current device was not designed for the proposed 

application. Nevertheless, the lens apex (single arrowhead) and the anterior eye 

chamber (highlighted in blue), particularly the intrapupillary space (IPS, arrow) are 

identifiable. (B) Horizontal and vertical borders of the proposed IPS were demarcated 

and cropped corresponding to the vertical and horizontal pupil edges using the en face 

image display. (C) 3D rendering of the anterior segment to display the effect of 

speckle-denoising. In the original data, the pupil border (arrow) is occluded by speckle-

noise. (D) Same data as in (C) but freed from speckle-noise with a much better 

visualized pupil edge (arrow). Note for both renderings identical pixel intensities were 

applied. (E) Residual speckle noise (arrow) inside the IPS (marked in red) was 

removed manually. (F) This resulted in a better visualization of the lens apex 

(arrowhead). A proposed IPS (marked in red) was assessed and defined 

perpendicular to the lens apex at an axial off-set of 200 pixels (double arrow) so that 

the IPS was outlined in 2D. (G) All corresponding two-dimensional IPS segmentations 

were finally rendered into a 3D model of the proposed IPS (marked in red) to 

measuring its volume and surface area (inferior view of the 3D IPS model). 
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Fig. 3. Three-dimensional OCT (3D-OCT) anterior eye segment rendering. (A) 

Photopic 3D-OCT of a healthy eye in 36-year old male. En face 3D view depicts the 

pupillary and ciliary layer of the iris with its pigment ruff (arrowhead) at the pupillary 

edge, circular contraction furrows (double arrowhead), protruding iris collarettes 

(arrow) and Fuchs’ crypts (double arrow). (B) Posterior view of the same eye 

depicting the iris-lens diaphragm shows the radial contraction furrows (arrowhead), 

part of the lens (arrow) and the structural folds of Schwalbe (double arrow). (C) 3D 

model rendering of the same eye as in (A, B) shows photopic (arrowhead) and 

scotopic intrapupillary space (arrow) to illustrate effect of pupillary contraction. (D) 

Rendering of PEX material located on the anterior lens which was shovelled by the 

iris movement to the center of the pupil (arrowhead). (E) Close-up from (D) showing 

multiple elevated PEX filaments (arrow) at the pupillary edge that eventually can be 

flushed away by the aqueous humor to clog the anterior chamber angle and cause 

high intraocular eye pressure. (F) 3D rendering in a NAION patient who had more 

difficulties with fixation, which led to movement artifacts (arrows) resulting in a 

slightly deformed pupil border (arrowhead).

Fig. 4.  Quantile-quantile plots for volumetric differences of the different patient 

groups. The plots compare the sample quantiles to the theoretical quantiles and 

indicate normal distribution for the normal group (n=72) (A) and the PEXG (n=30) (B) 

group, and a non-normal distribution for the NAION (n=4) (C) group.

Fig. 5. Comparison of pupillary ejection fraction (PEF) (A), 3D contractility (B) and 

the relative light responsive ratio (C) between the different patient groups and 

normals (n=72), PEXG (n=30) and NAION (n=4). The figures indicate a difference in 

the light response between the healthy and normals and both the PEXG and the 

Page 26 of 35Acta Ophthalmologica

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

26

NAION group regarding PEF, 3D contractility and the light response ratio. No 

statistically significant difference has been found between the PEXG and the NAION 

group.
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Fig. 1. Representation of swept-source monocular OCT pupillometry. (A) The subject looks at a fixation 
target inside the OCT scanner (triangle; view from above). The OCT scan beam (black arrow) is focused 
perpendicular to the iris-lens diaphragm (ILD). The picture illustrates the second photopic measurement 

with a light source (arrow head), which was positioned at right angles to the ILD (B, view from the side).   
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Fig. 2. Image processing in 3D-OCT pupillometry. (A) Data from the OCT device were exported as a 
sequence of original images. The cornea (double arrow heads) is displayed inverted because the current 

device was not designed for the proposed application. Nevertheless, the lens apex (single arrowhead) and 
the anterior eye chamber (highlighted in blue), particularly the intrapupillary space (IPS, arrow) are 
identifiable. (B) Horizontal and vertical borders of the proposed IPS were demarcated and cropped 

corresponding to the vertical and horizontal pupil edges using the en face image display. (C) 3D rendering of 
the anterior segment to display the effect of speckle-denoising. In the original data, the pupil border (arrow) 

is occluded by speckle-noise. (D) Same data as in (C) but freed from speckle-noise with a much better 
visualized pupil edge (arrow). Note for both renderings identical pixel intensities were applied. (E) Residual 
speckle noise (arrow) inside the IPS (marked in red) was removed manually. (F) This resulted in a better 

visualization of the lens apex (arrowhead). A proposed IPS (marked in red) was assessed and defined 
perpendicular to the lens apex at an axial off-set of 200 pixels (double arrow) so that the IPS was outlined in 
2D. (G) All corresponding two-dimensional IPS segmentations were finally rendered into a 3D model of the 

proposed IPS (marked in red) to measuring its volume and surface area (inferior view of the 3D IPS model). 
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Fig. 3. Three-dimensional OCT (3D-OCT) anterior eye segment rendering. (A) Photopic 3D-OCT of a healthy 
eye in 36-year old male. En face 3D view depicts the pupillary and ciliary layer of the iris with its pigment 
ruff (arrow head) at the pupillary edge, circular contraction furrows (double arrow head), protruding iris 

collarettes (arrow) and Fuchs’ crypts (double arrow). (B) Posterior view of the same eye depicting the iris-
lens diaphragm shows the radial contraction furrows (arrow head), part of the lens (arrow) and the 

structural folds of Schwalbe (double arrow). (C) 3D model rendering of the same eye as in (A, B) shows 
photopic (arrow head) and scotopic intrapupillary space (arrow) to illustrate effect of pupillary contraction. 
(D) Rendering of PEX material located on the anterior lens which was shovelled by the iris movement to the 
center of the pupil (arrow head). (E) Close-up from (D) showing multiple elevated PEX filaments (arrow) at 
the pupillary edge that eventually can be flushed away by the aqueous humor to clog the anterior chamber 

angle and cause high intraocular eye pressure. (F) 3D rendering in a NAION patient who had more 
difficulties with fixation, which led to movement artifacts (arrows) resulting in a slightly deformed pupil 

border (arrow head). 
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Fig. 4. Quantile-quantile plots for volumetric differences of the different patient groups. The plots compare 
the sample quantiles to the theoretical quantiles and indicate normal distribution for the normal group 

(n=72) (A) and the PEXG (n=30) (B) group, and a non-normal distribution for the NAION (n=4) (C) group. 
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Caption : Fig. 5. Comparison of pupillary ejection fraction (PEF) (A), 3D contractility (B) and the relative 
light responsive ratio (C) between the different groups: normal group (n=72), PEXG (n=30) and NAION 

(n=4). The figures indicate a difference in the light response between the normal group and both the PEXG 
and the NAION group regarding PEF, 3D contractility and the light response ratio. No statistically significant 

difference has been found between the PEXG and the NAION group. 
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Table 1.  Intrapupillary space volumes in the current cohort consisting of three 
different groups.

 normals PEXG NAION
n.s.

n.s.
n.s.

Photopic volumes (mm3)
Mean 0,867 0,738 1,135

Min 0,29 0,275 0,543

Max 1,96 1,55 2,667

Standard Deviaton 0,348 0,335 1,025
****

n.s.
*

Scotopic volumes (mm3)
Mean 8,899 3,459 4,167

Min 1,158 0,873 3,641

Max 22,96 6,352 4,628

Standard Deviation 4,956 1,325 0,448

 Photopic – Scotopic **** **** *

normals = healthy control group, PEXG = subjects suffering from pseudoexfoliation 
glaucoma (PEXG), NAION = nonarteritic anterior ischaemic optic neuropathy patient 
group, volume measured in in mm3, CTRL (n=72), PEX (n=30) and NAION (n=4).
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Table 2. Intrapupillary space surface area in the current cohort consisting of three 
different groups.

 normals PEXG NAION
**

n.s.
n.s.

Photopic surface area (mm2) 
Mean 6,465 5,169 8,241
Min 2,74 2,827 4,334
Max 12,326 8,696 18,284
Standard Deviation 2,27 1,737 6,729

****

n.s.
*

Scotopic surface area (mm2)  
Mean 39,083 18,02 20,8
Min 6,746 5,561 17,886
Max 84,346 26,883 21,902
Standard Deviation 17,663 5,909 1,947

 Photopic – Scotopic **** **** *

normals = healthy control group, PEXG = subjects suffering from pseudoexfoliation 
glaucoma (PEXG), NAION = nonarteritic anterior ischaemic optic neuropathy patient 
group, surface area measured in in mm2, CTRL (n=72), PEX (n=30) and NAION 
(n=4).
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Table 3. Results of reproducibility measurements of three independent graders. 

Obtained intrapupillary space data derived from volume and surface area 

measurements were compared. Coefficient of Variation is given for intragrader 

analysis. ANOVA SSgrader represents the inter-grader variability and SSres the 

intra-grader variability.

Measurement Grader Mean (mm3) Std Dev (mm3) CoV (%)

volume 1 0,4897 0,0028 0,5806

volume 2 0,4870 0,0039 0,7998

volume 3 0,4865 0,0032 0,6585

volume total 0,4877 0,0033 0,6671

Mean (mm2) Std Dev (mm2) CoV (%)

surface area 1 3,8661 0,0834 2,1722

surface area 2 3,8077 0,0228 0,5966

surface area 3 3,8043 0,0333 0,8736

surface area total 3,8260 0,0554 1,4499

ANOVA Category SS SS relative F value P (>F)

volume (mm3) grader 0.000018 20.8% 0.79 0.496

volume (mm3) residual 0.000067 79.2% - -

surface area (mm2) grader 0.072711 29.5% 1.26 0.350

surface area (mm2) residual 0.173475 70.5% - -

Std Dev = standard deviation, CoV = coefficient of Variation, SS = sum of squares, 
volume measured in in mm3, surface area measured in in mm2.
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