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Pupillometry in clinical settings

Abstract

Assessment of pupil size and the pupillary light reflex (PLR) are critical for neurological
examination. Pupillometry is a powerful diagnostic tool in diverse clinical settings (ER,
OR, ICU), ranging from anesthesiology and critical care, through endocrinology and drug
addiction, to psychiatry and sleep medicine. However, at present, pupillometry at the
patient’s bedside is intermittent, qualitative, and performed manually using a penlight and
a ruler. Such practice is akin to 19"-century cardiology using manual pulse palpation
without medical devices. It is inevitably time-consuming, inaccurate, subjective, non-
continuous, and limited to open eye situations. Conversely, laboratory pupillometry
systems are cumbersome and inappropriate for clinical applications due to their sensitivity
to ambient light changes. To address this unmet need and ‘bring pupillometry to the 215t
century’, we will develop and validate a compact automatic pupillometry system for clinical
settings. First, (aim1) we will achieve pupillometry with a compact real-time apparatus by
improving data acquisition and processing. We will further (aim2) incorporate mid-infrared
imaging to overcome ambient light sensitivity. Finally, (aim3) we will improve SNR and
resolution by active diode illumination and light polarization. The new developments will
be compared with simultaneous gold-standard video-based pupillometry used in basic
research. Our proposal ideally fits this year's Zimin focus on medical equipment and
sensing. It builds upon our combined interdisciplinary expertise in Pupillometry (Nir) and
Biophotonics (Gannot). Our research will harness technology to advance humanity and
contribute towards a better world by transforming neurocritical care and could help

prevent intra-operative awareness and pain during surgery.
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Research project description

Introduction

The human eye can be described as an optical system; The eye focuses and processes
incoming light through the lens and the retina (Fig. 1a). The pupil, an opening in the ring-
shaped iris, optimizes retinal illumination. Pupil size is modulated by two factors: by the
level of ambient light, and by arousal. Mydriasis (dilation) occurs in conditions of low light
intensity and high arousal and is caused by the dilator pupillae muscle. Miosis
(contraction) occurs in illuminated conditions and low arousal and is caused by the
sphincter pupillae muscle. Pupil diameter varies from 1 to 8 mm and is largely symmetric
between two eyes in healthy individuals [1, 2].

The measurement of pupil size (or diameter) as a function of time is referred to as
pupillometry or pupillography. Pupillometry is often used to evaluate neurological function
by measuring the pupil light reflex (PLR), a time-course of pupil size dynamics around
brief light stimulation (Fig. 1b) [3]. Pupillometry and PLR are useful for clinical diagnosis
in many medical disorders. For example, pupil functional abnormalities occur in
psychiatry, neurodegenerative disorders, drug overdose, and autonomic neuropathies in
diabetes [4]. Furthermore, pupillometry can be used to monitor anesthesia depth and
analgesia, head injuries, and clinical status following cardiac arrest [5, 6].

The PLR has stereotypical dynamics that allow to readily detect any abnormalities as
clinical indications. When light is presented to the eye, the pupil automatically constricts,
whereas stimulus termination leads to pupil re-dilation (Fig. 1c). The PLR response is
mediated by concerted action of the sympathetic and parasympathetic systems. An
important PLR feature for clinical diagnosis is that light stimulation in front of one eye
causes a symmetric reaction in both eyes whenever the brain pathway is intact. PLR
dynamics follow a pattern consisting of four phases: response latency, maximum
constriction, pupil escape, and re-dilation. When light stimulation is brief, pupil changes
are characterized by a sharp, "impulse response"-like profile (Fig. 1c).

Physicians have long recognized the enormous clinical potential of pupillometry in
medicine, and have been checking the pupils of patients with suspected brain injury (e.g.
suspected stroke) or impaired consciousness for over 100 years [2]. To detect pain (e.g.
during surgery), the pupil is a more sensitive measure than commonly used variables of
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arterial blood pressure and heart rate, and even EEG [7, 8]. Therefore, pupillometry can
provide a novel, sensitive, and effective measure to address the growing public concern
of intraoperative conscious awareness, a topic of increased attention that significantly
contributes to PTSD [9]. In the context of traumatic brain injury, pupil size and PLR
alterations are correlated with clinical outcomes; therefore, the American Association of
Neurological Surgeons recommend evaluating and documenting PLR in clinical records
[10-12]. In critically injured patients, anisocoria (pupil asymmetry) indicates neurological

dysfunction. A dilated, sluggishly-reactive pupil suggests transtentorial herniation. [12].
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Figure 1. The human eye, pupil and the pupillary light reflex (PLR). (A) Human eye structure, as seen
from mid-sagittal section. Light enters through the cornea, through the aqueous humor, through the pupil
(an opening in the ring-shaped iris), through the lens (which modulates illumination and focus and is
controlled by ciliary muscles), and through the vitreous humour. The retina on the interior back of the eye
transduces light to electrical activity that is then relayed through axons of ganglion cells via the optic nerve
to further processing in the brain. (B) Pupillary light reflex (PLR). The PLR is an autonomic reflex that
constricts the pupil in response to light via iris sphincter muscles. After light impinges on the retina, ganglion
cells send impulses through the optic nerve and the optic chiasm, and through the optic tracts (where nasal
fibers cross to the contralateral side, and temporal fibers continue on the ipsilateral side). Signals travel
further to the pretectal nucleus in the midbrain, where they send signals to the parasympathetic Edinger-
Westphal nucleus. Efferent (output) parasympathetic preganglionic fibers travel on the oculomotor nerve
and synapse with the ciliary ganglion, which sends postganglionic axons to directly innervate the iris
sphincter muscles. The contraction of the iris sphincter muscles leads to pupil constriction (miosis). This
structural and functional integrity of this pathway is typically tested by a light shined on the eyes. (C)
Pupillogram and PLR parameters. PLR in response to brief (e.g. 100ms) light stimulation: the pupillogram
shows the time-course of pupil diameter (y-axis) as a function of time (x-axis) around light stimulation (time
zero, when a brief light stimulus is presented). After an initial response latency (~0.4s delay), the pupil
gradually constricts from its baseline to a minimal diameter (maximum constriction). The difference between
baseline diameter and the maximum constriction is termed the constriction amplitude (vertical arrow), and
the time interval between constriction onset to maximum constriction is termed construction time. In the
absence of further illumination changes, the pupil slowly returns to its baseline diameter.

However, at present, quantitative automatic pupillometry is limited to laboratory settings

and is not used regularly at the patient’s bedside in the clinic. While the basic science
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community has recognized the huge potential of quantitative pupillometry (~5000
publications (!) in the past 5 years when searching for ‘pupil’ in PubMed), amazingly, this
has remained outside clinical practice, largely due to the absence of a reliable device for
pupillometry in clinical settings. Instead, pupillometry is performed intermittently rather
than continuously, and involves a manual check with a pen flashlight to evaluate reactivity,
and a ‘pupil gauge’ to estimate pupil size. Such practice inevitably relies on subjective
terminology (e.g. “brisk”, “sluggish”, “nonreactive pupils”) and leads to high inter-examiner
disagreement as high as 39% [13-15]. We aim to address this major unmet clinical need
by developing a compact accurate pupillometry system for clinical settings. Our working
hypothesis is that midIR and polarization imaging could aid such development.

Mid Infrared (midIR) and polarized light imaging. midIR imaging has a number of
features that could potentially improve existing methods for pupillometry. MidIR imaging
(at the 8-12 um spectral range) captures the natural radiation generated by an object and
represents a safe, tolerable, non-invasive non-contact modality to collect information
using an IR camera in real time [16]. In contrast to visible light imaging (video), it not
affected by ambient light and is therefore well suited for measurements at the patient’s
bedside. Another imaging modality that could improve sensitivity and applicability of
pupillometry is polarization imaging. It builds upon differences between the polarization of
light that is reflected back from tissue versus the polarization of the light penetrating
through the tissue (its polarization is largely random due to interference) [17]. The
polarized image reveals any inclusion that breaks the structure of the surrounding tissue
(e.g. melanoma in comparison to benign nevus). A thorough updated review of clinical

and pre-clinical applications can be found here [18].

Expected significance, innovation, and impact

The proposed research has the potential to transform neurocritical care, prevent intra-
operative awareness and pain during surgery, and change sleep medicine. Despite its
massive clinical utility, a technological barrier prevents pupillometry and PLR tests from
being as useful and widely used as they should be. A device that would enable continuous
automatic assessment of pupil size and reactivity at the patient’s bedside can transform
neurocritical care by significantly improving the monitoring of patients in ICU and during
anesthesia, quickly identifying cases in need of immediate attention, therefore saving

lives. By combining engineering and medicine, we aim to address this unmet clinical need
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towards better clinical care and a better world. We are confident that our collaboration
constitutes an ideal fit for this year’s Zimin award focus (medical equipment and medical
sensing), and one that brings together the necessary interdisciplinary expertise to
succeed: Prof. Nir being an expert in arousal and pupillometry research [19-21], and Prof.
Gannot being an expert in Biophotonics and Theranostics who developed midIR and NIR,
nanoparticles based methods for cancer early detection and treatments [22-26].

Research objectives and specific aims

Until now, we have performed preliminary work to put together the experimental setup
and provide proof-of-concepts for the potential of using midIR imaging and polarized light
imagining to obtain static pupil information (Fig. 2). We now seek to perform the actual

research and test for PLR/pupil dynamics.
a b

Figure 2. Experimental setup and proof-of-concepts. (a) schematic (left panel) and actual (right panel) illustration of
experimental setup to be used to compare gold-standard commercial pupillometry simultaneously with novel imaging
modalities. Setup includes (a) chinrest and forehead post used for placing subject face in fixed position, distance, and
angle from illumination sources and cameras, (b) screen used to present bright stimuli for PLR measurements (c) Mid-
infrared imaging of the eye, (d) Commercial “Eyelink” visible light (video) camera, and suggested position for midIR
camera. (b) with this setup, we can reveal typical PLR dynamics and obtain a time course of pupil size (area in mm, y-
axis) as a function of time (seconds, x-axis) around brief light stimulation. The PLR consists of (a) a fast (lasting ~60ms)
constriction shortly after the eye has been exposed to light stimuli, (b) an early fast re-dilation of the pupil (lasting ~1s),
and (c) An additional slow pupil dilation to original baseline size. (¢) Top, static (still) midIR imaging of eye area reveals
robust differences in temperature across center of eye. Bottom, Quantification of temperature across a horizontal eye
section reveals distinct temperature values for sclera, iris, and pupil. (d) Top, schematic of suggested setup for polarized
light imaging with a broadband light source, polarizers, an ocular phantom and a mechanical aperture. Middle, actual
implementation of experimental setup for polarized light imaging. Bottom, gray levels of polarization images reveal
central aperture serving as a mock pupil.

Overall goal: To develop an accurate and portable method for real time and continuous
pupillometry at the patient’s bedside.

Approach and experimental design: We will evaluate and validate new methods by
comparing our development to a ‘gold-standard’ EyeLink® system for pupillometry in lab

settings. We will build around a previous PLR study [27] that used a computer monitor as
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the light stimulus and controlled its brightness via software. With this experiment and our
setup, we have successfully obtained a robust PLR in response to brief (200ms) light
stimulation (Fig. 2b).

To work towards clinically-suited assessment of pupil size and the pupillary light reflex
(PLR), we will address the following specific aims:

Aim 1. Achieve pupillometry with a compact real-time apparatus that has comparable
performance to lab settings. To this end, we will (1a) improve data acquisition with
superior optics compared to current commercial systems, and (1b) improve image
processing by employing advanced spatio-temporal filtering [28] and segmentation tools
[29]. We anticipate that these improvements will allow us to reduce the image and
temporal resolutions and move towards a compact solution.

Aim 2. Make compact pupillometry robust to changes in ambient light. Visible-light-based
pupillometry, which is the norm in lab settings, relies on carefully controlled ambient light
conditions (typically involving curtains or light meters, which are not feasible in clinical
hospital settings). To go beyond this limitation, we will incorporate midIR imaging which
is insensitive to ambient light. We obtained exciting proof-of-concept results for
pupillometry with midIR imaging for stillimages (Fig. 2C), and will systematically establish
such imaging and extend it to dynamic PLR measurements.

Aim 3. Improve SNR and resolution by active diode illumination and polarization.
Pupillometry fundamentally detects a contrast between the pupil and surrounding tissue,
which have different optical and thermal properties. We will take active measures to
increase this contrast by (3a) combining visible & midIR optics, (3b) adding diode
illumination, and (3c) adding structured illumination and polarization imaging.

Existing facilities. The proposed project leverages a new collaboration between the Nir
and Gannot labs. We have recently put together a setup for pupillometry R&D in a
dedicated room at TAU medicine. The facility includes an optical setup with breadboard
frame and control of ambient light, synchronization of midIR and pupillometry devices,
and low energy-density LED illumination systems (Fig. 2). Thus, the proposed project can

build upon this infrastructure to achieve rapid progress of device development.
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Pupillometry in clinical settings

Budget and justification
Category Subcategory Sum ($)

Personnel (stipend) Postdoctoral fellow 37,710
(stipend) Ph.D. student (Engineering; 50% Zimin, 50% TAU) 16,090
(stipend) Master student (Medical sciences; 50% Zimin, 50% TAU) 8,500
(salary) Programmer 12,000

Equipment Hardware: light sources, optical, mechanical, and electronic 11,000
components for midIR / polarized light imaging / hi-res. CCD video.
High-performance PC workstation for data analysis (64G RAM, 2TB | 4,200
SSD hard-drive, multi-core GPU for machine learning)

Travel Participation in workshops/conferences 5,000

Other Combined server and cloud data backup solutions 2,500
Software licenses (Matlab, Zemax, Comsol, Adobe CS) 2,000
Office and administrative expenses 500
Publishing costs 1,000

Total budget 100,000

We acknowledge that 25% matching is required by the University, IN KIND.

Personnel

A postdoctoral fellow will lead the project together with an engineering PhD student
focusing on biomedical imaging (50% support from Zimin, 50% support from TAU). They
will be assisted by a M.Sc. medical science student (50% support from Zimin, 50% support
from TAU). A professional programmer will assist with image processing and with video
stream synchronization between video (gold-standard pupillometry) and other imaging
modalities.

Equipment

Required equipment Includes low-intensity LED light sources, optical components (filters
for polarization, MidIR lenses), mechanical components (XYZ stages, tripods and
holders), electronic components (e.g. photodiode, video stream converts), compact midIR
imaging devices (research grade “thermal” cameras), and high-resolution CCD video.

In addition, a dedicated PC workstation will support precise experimental control and data
analysis (64G RAM, 2 TB SSD hard-drive, multi-core GPU for machine learning).

Travel

Expenses will support presentation of research in international conferences and
workshops to collect expert input before publication and disseminate knowledge.
Other

Other costs include data backup, software for experimental control and data analysis,
office and administrative expenses and publishing costs.
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doi:10.1117/1.JBO.19.12.127007.

J. Yifat. and 1. Gannot, "3D Discrete Angiogenesis Dynamic Model and Stochastic Simulation for the
Assessment of Blood Perfusion Coefficient and Impact on Heat Transfer between Nanoparticles and Malignant
Tumors" Microvascular Research, Volume 98, March 2015, Pages 197-217.

M. Tepper and I. Gannot, Monitoring Tumor State from Thermal Images in Animal and Human Models", Med.
Phys. 42, 1297 (2015);

M. Tepper, U. Barkai and 1. Gannot; “Proposed method for internal electron therapy based on high-intensity
laser acceleration”. J. Biomed. Opt. 0001;20 (5):051041. doi:10.1117/1.JB0O.20.5.051041.

Steinberg, 1., Turko, N., Levi, O., Gannot, . and Eyal, A. (2015), “Quantitative study of optical and mechanical
bone status using multispectral photoacoustics. J. Biophotonics. doi: 10.1002/jbi0.201500206 (online as of
October 21, 2015).

Shoval, A., Tepper, M., Keisari, Y., Markovich, G., Tikotsky, J., Ben Gur, L., and Gannot, 1., “Magnetic
Nanoparticles Based Acoustical Detection and Hyperthermic Treatment of Cancer, in vitro and in vivo Studies”,
Journal of Nanophotonics, 10(3), 036007 (Aug 01, 2016). doi:10.1117/1.JNP.10.036007

Steinberg, 1., Tamir, G., & Gannot, I. “A Reconstruction Method for the Estimation of Temperatures of Multiple
Sources Applied for Nanoparticle-Mediated Hyperthermia”, Molecules, 23(3), 670. (2018)

Hoffer, O.A., Ben-David, M.A., Katz, E., Kirshenabum, D.Z., Alezra, D., Zimmer, Y., Kelson, I. and Gannot,
I., 2018. Thermal imaging as a tool for evaluating tumor treatment efficacy. Journal of biomedical optics, 23(5),
p-058001.

Harbater O, Efrati M, Gannot 1. Quantification of Two Fluorophores’ Concentration Ratio in a Mice Model in
Preparation for a Proposed Method for Early Detection of Alzheimer’s Diseasef. Applied Sciences (2076-
3417). 2018 May 1;8(5).

Steinberg, I., Shiloh, L., Gannot, 1., and Eyal, A. (2019). First-in-human study of bone pathologies using low-
cost and compact dual-wavelength photoacoustic system. IEEE Journal of Selected Topics in Quantum
Electronics, 25(1), 1-8.

Dubey, N., Rosen, J. and Gannot, I. (2020). High-resolution imaging system with an annular aperture of coded
phase masks for endoscopic applications. Optics Express, 28(10), 15122-15137.

Eravuchira, P. J., Banchelli, M., D'Andrea, C., De Angelis, M., Matteini, P., & Gannot, 1. (2020). Hollow core
photonic crystal fiber-assisted Raman spectroscopy as a tool for the detection of Alzheimer’s disease
biomarkers. Journal of biomedical optics, 25(7), 077001.

Ben-David MA, Hoffer O, Kirshenabum D, Katz E, Alezra D, Symon Z, Rabin T, Zimmer Y, Kelson I, Gannot
I. (2020) Thermal Monitoring of Tumor and Tissue State during Radiation Therapy-A Complex Case of
Radiation Recall. Critical Reviews™ in Biomedical Engineering. 2020;48(2).

Lehmann, J, Christen, N, Barilan, Y, and Gannot, I (2021), Age-related hearing loss, speech understanding and
cognitive technologies, DO - 10.1007/s10772-021-09817-z, International Journal of Speech Technology.
Gannot I, (2021), A Multi Modal Nanoparticles Based Theranostic Method and System, Wires Nanomedicine
and nanobiotechnology (under revision).
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Friday, February 4, 2022

Endorsement of Zimin application by Profs. Nir (Medicine) and Gannot (Biomedical

engineering)

To whom it may concern,

| heartily support and endorse the application entitled “Pupillometry in clinical settings”
submitted to The ‘Zimin Institute for Engineering Solutions Advancing Better Lives’ by Prof.
Nir (Department of Physiology and Pharmacology, Faculty of Medicine) and Prof. Gannot

(Department of Biomedical Engineering, Faculty of Engineering).

Beyond my position as Dean at the Faculty of Medicine, | am also the director of the
internal medicine division and the hypertension institute at Sheba Tel-Hashomer hospital. |
am well familiar with the potential of pupillometry as a powerful diagnostic tool in diverse
clinical settings, and enthusiastically support research that will develop a compact
automatic pupillometry system for clinical settings, to go beyond the limitations of current

practice.

| wish the investigators best of luck with their application.

Sincerely,

F Genmna~—

Prof. Ehud Grossman
Dean
Sackler Faculty of Medicine

Tel Aviv University

03-6409103 -OP9 , 03-6410456 , 6409657 "5V 98429 .7.71 61390 1IN DN ,2XIN NN

RAMAT AVIV, TEL AVIV 61390,ISRAEL, P.O.B. 98429 .TEL 03-6410456,6409657,FAX 972-3-6409103
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February 7, 2022

Endorsement of Zimin application by Israel Gannot (Biomedical engineering) Yuval Nir (Medicine)

To the Zimin Institute review committee
Dear Committee members;

| heartily support and endorse the application entitled “Pupillometry in clinical settings” submitted
to The ‘Zimin Institute for Engineering Solutions Advancing Better Lives’ by Prof. Gannot (Department
of Biomedical Engineering, Faculty of Engineering) and Prof. Nir (Department of Physiology and

Pharmacology, Faculty of Medicine).

The proposal ideally fits this year’s Zimin focus on medical equipment and sensing. It builds upon the
combined interdisciplinary expertise in Pupillometry (Nir) and Biophotonics (Gannot). Such research

can harness technology to advance humanity and contribute towards a better world.
| wish the investigators best of luck with their application.

Sincerely,

Prof. Mickey Scheinowitz
Chair; Department of Biomedical Engineering
The Iby and Aladar Fleischman Faculty of Engineering

Tel Aviv University

03- 6408123 "70 @ 6139001 22N 7N ,39040 7"N,N0'01'AIND N'NF
Tel Aviv University, P.0.B. 39040, Ramat Aviv, Tel Aviv 6139001, Israel ® Tel: 972-3-6408123
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