
Research Article Vol. 12, No. 10 / 1 Oct 2021 / Biomedical Optics Express 6485

Measuring pupil size and light response through
closed eyelids
YOUSEF FARRAJ,1,9 AMNON BUXBOIM,2,3,4,9 JOSE E. COHEN,5

YOAV KAN-TOR,2,3,4 SHIRA GLASNER HAGEGE,6 DOR WEISS,6

VLADIMIR GOLDMAN,7 AND TSEVI BEATUS2,4,8,*

1Casali Center for Applied Chemistry, Institute of Chemistry, The Hebrew University of Jerusalem,
Jerusalem 9190401, Israel
2The Benin School of Computer Science and Engineering, The Hebrew University of Jerusalem, Jerusalem
9190401, Israel
3Department of Developmental and Cell Biology, The Silberman Institute of Life Science, The Hebrew
University of Jerusalem, Jerusalem 9190401, Israel
4The Alexander Grass Bioengineering Center, Faculty of Science, The Hebrew University of Jerusalem,
Jerusalem 9190401, Israel
5Department of Neurosurgery, Hadassah Hebrew University Medical Center, Jerusalem 9112001, Israel
6School of Business Administration, The Hebrew University of Jerusalem, Jerusalem 9190501, Israel
7Department of Orthopedic Surgery, Hadassah Hebrew University Medical Center, Jerusalem 9112001,
Israel
8Department of Neurobiology, The Silberman Institute of Life Science, The Hebrew University of Jerusalem,
Jerusalem 9190401, Israel
9Equally contributed
*tsevi.beatus@mail.huji.ac.il

Abstract: Monitoring pupillary size and light-reactivity is a key component of the neurologic
assessment in comatose patients after stroke or brain trauma. Currently, pupillary evaluation
is performed manually at a frequency often too low to ensure timely alert for irreversible brain
damage. We present a novel method for monitoring pupillary size and reactivity through
closed eyelids. Our method is based on side illuminating in near-IR through the temple and
imaging through the closed eyelid. Successfully tested in a clinical trial, this technology can be
implemented as an automated device for continuous pupillary monitoring, which may save staff
resources and provide earlier alert to potential brain damage in comatose patients.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Monitoring pupillary size and light-response is a key component of the neurologic examination
in comatose patients with brain injury from multiple etiologies. Changes in these pupillary
parameters can provide important clues to neurologic deterioration, elevated intracranial pressure
and herniation [1]. The prognostic and clinical value of pupillary examinations have been well
established for traumatic and non-traumatic injuries [2–17] and have been featured in benchmark
studies as far back as the early 1980s [3,8]. For example, during transtentorial herniation, pupil
size and reactivity are the most sensitive and easily identifiable findings [2]. In a study of
functional recovery in patients with traumatic transtentorial herniation, only 3.5% of patients
with bilaterally fixed (unresponsive to light) and dilated pupils at admission had a functional
recovery [18]. The combination of the pupillary examination and Glasgow Coma Scale (GCS)
score provides more accurate prognostic information, and patients with a GCS of 3 with reactive
pupils have a 33% survival rate, as opposed to patients with a GCS of 3 and fixed dilated pupils
who have no reasonable chance of recovery [9]. Therefore, early and accurate detection of
pupillary abnormality can both reduce the time to appropriate interventions, which are frequently
life-saving, and avoid frequent computed tomographic scans. Additionally, accurate pupillary
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examination can help detect transtentorial herniation in some head injury patients with low speed
trauma who undergo early herniation [18].

When performing a pupillary examination in patients with traumatic brain injury, the medical
staff is looking for abnormalities, such as an asymmetric pupil size (anisocoria), irregular pupil
shape, or a sluggish or absent pupillary light response. According to standard care protocols,
upon detection of such an abnormality, a physician should be notified immediately and often
head CT-scan and continuous intracranial pressure monitoring are subsequently used to aid in
definitively identifying the cause of the abnormal pupil. Pupillary evaluation in comatose patients
is often performed in a subjective manner by manually opening the patient eyelids, measuring
the size of each pupil with a pupil-gauge ruler, and using a flashlight to illuminate the open eye in
a darkened room to assess pupil reactivity. The manual method provides diameter evaluation
with spatial resolution of ∼1mm and its output regarding the pupil reactivity is binary. This
method suffers from large variability both across the nursing staff and within the same examiner
[19–22]. Alternatively, pupil size and reactivity can be evaluated using a pupilometer, which is a
handheld imaging device that provides measurement standardization and accuracy of ∼0.1mm
in the measured pupil diameter [23]. Importantly, evaluation using either of these two manual
methods is carried out variably, intermittently every 4–6 hours based on local protocols and on the
availability of medical and nursing personnel. However, this frequency of pupillary assessment
might be too low to obtain timely alert and prevent irreversible brain damage [5,17]. For example,
Cohen et. al have shown [17] that in patients with acute traumatic epidural hematoma a delay of
90 minutes or more between the detection of pupil size asymmetry (anisocoria) and a craniotomy
procedure was associated with greater mortality. Further, a delay of 70 minutes or less resulted
in no mortality and a good or reasonable outcome.

Here we present a novel method for monitoring pupillary size and reactivity in close eyelid
condition, specifically designed to meet the needs of unconscious patients. Our method is based
on applying near-IR light through the temple, which penetrates the eye, emitted through the pupil
and the closed eyelid, and then imaged by a camera placed in front of the eye. To assess pupil
reactivity, we apply short pulses of visible white light that induce pupil contraction through
the closed eyelid. Pupil diameter was evaluated using a generative image-analysis model that
accounts for the light scattering through the eyelid. The quantitative measurement of pupil
diameter before and after the white-light pulse, can lead to a continuous, rather than binary, scale
for pupil reactivity. This method, validated in a clinical trial, may lead to automated, accurate
and continuous pupillary monitoring that will alert on pupillary changes in real time and thus
save delays that postpone neurologic lifesaving procedures.

2. Methods

2.1. Imaging device

To measure pupil size and light-reactivity, we developed an imaging device consisting of a
near-IR sensitive camera, a near-IR LED (810nm wavelength), and a white LED, all mounted
on a chin-rest (Fig. 1(a) and Appendix). The camera and both LEDs were synchronized using a
dedicated controller as illustrated in Fig. 1(b). The pupil was imaged by illuminating the eye
through the temple with the near-IR LED and imaging the eye from the front with either an open
or a closed eyelid. This method relies on the observation that near-IR light penetrates through the
temple into the eyeball and is partially emitted from the eyeball through the pupil and across the
eyelid. To facilitate imaging, the selected IR wavelength should be both absorbed by the iris and
transmitted by the other components of the eye: the crystalline lens, the cornea, and the eyelid.
These conditions, which allow the light to emanate from the eye through the eyelid, are satisfied
by near-IR in the range of 750-900nm [24]. Additionally, using near-IR light does not influence
the size of the pupil because the retina is insensitive to light at this spectral range. To induce
the light pupillary reflex, we illuminated the eye from the front using a pulse of white LED
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light. This light can be seen even through a closed eyelid, which acts as a red-pass filter with
∼5% transmission [25]. To quantify the light pupillary reflex, we imaged the pupil in IR before
and after the visible light pulse and compared the pupil diameters in both IR measurements.
Measuring the light pupillary reflex is an important medical assay on its own right and provides a
controlled environment for testing our method. In particular, it tests the capacity of our device to
detect changes in pupil diameter as well as expands the range of measured diameters.

2.2. Measurement protocol

We performed a clinical trial on 39 healthy volunteers in accordance with the Institutional Review
Board of the Hadassah Medical Center (S/N HMO-0555-17) and radiation safety requirements
(IEC 62471 international standard), and under an ophthalmologist supervision (see Appendix).
Each volunteer provided an informed written consent for participating in the trial. For each
volunteer we measured both eyes, one eye at a time. The trials were conducted in a dark room, to
reduce background illumination and the camera was acquiring an image during the entire IR
pulse. The IR-LED was housed in an opaque sleeve contacting the temple, which placed the
IR-LED 2cm from the skin.

First, to find the optimal position of the IR-LED on the temple, we recorded a series of IR
images of the pupil with an open eyelid, scanning the position of the IR-LED on the temple until
the pupil was clearly seen (Fig. 1(d), open eyelid). Second, using the same IR-LED position,
we recorded several IR images of the pupil with a closed eyelid, verifying the pupil was indeed
visible through the eyelid. Finally, we applied the following three-step protocol (Fig. 1(c),(d)):
(1) Took an image in IR using a 0.1s illumination pulse to measure pupil size; (2) waited for
0.2s and then illuminated the eye from the front with a 1s pulse of the white LED to induce the
pupillary light reflex; (3) waited for 1ms and took a second image in IR using another 0.1s pulse
to measure the pupil size after it had contracted. During this sequence, the volunteers were asked
to fix their gaze to minimize pupillary motion. The short delay between the white light pulse and
the second IR imaging was set to minimize pupillary motion and to avoid imaging the expansion
of the pupil expected after the white light turns off.

Figure 1(d) demonstrates that both the pupil and its contraction following white light exposure
are clearly seen through the closed eyelid. Comparing the images with open and closed eyelids,
we see that the eyelid both absorbs and scatters the IR light emanating from the pupil. We noticed
that both these effects are reduced when the eyelid was stretched downwards by the volunteer
(Fig. 1(d), bottom). Hence, for some of the volunteers the experimental protocol was performed
both with a relaxed closed eyelid and with a stretched closed eyelid. Overall, we managed to
image pupils through closed eyelids in 38 of the 39 volunteers. For 34 volunteers we managed to
obtain at least one image pair taken before and after a white light pulse, in which the pupil was
clearly seen. Our analysis includes 242 such image pairs.

2.3. Data analysis

Due to IR scattering through the eyelid, the pupil image has no distinct boundaries, as shown by
the intensity profiles in Figs. 2(a)-(e). Hence, the main challenge in extracting the pupil diameter
from the acquired images is formulating a consistent and meaningful definition of this diameter.
To this end, we formulated a generative model that approximates the process of diffusive light
scattering from the unscattered pupillary disk (Fig. 1(d)) through the eyelid, as illustrated in
Figs. 2(f)-(g). This approach is consistent with the diffusive nature of light propagation in tissue
and particularly in skin [26–28], as well as with the fact that the typical eyelid thickness of
4–5mm [29,30] is larger than the diffusive length of light in skin. Additionally, light emanating
from the pupil towards the inner side of the eyelid is already diffused due to its passage through
tissues. Therefore, light diffusion through the eyelid can be modeled as a convolution of the
pupillary disk with a two-dimensional Gaussian scattering kernel.
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Fig. 1. The experimental system. (a) The imaging device consists of an near-IR camera,
a 810nm near-IR LED and a white LED. These components are mounted on a chin-rest,
imaging one eye at a time. Here, the IR-LED illuminated the left eye through the temple, and
the white LED illuminated the same eye from the front to induce the light pupillary reflex
through the closed eyelid. (b) System block diagram. Upon an initiation command from the
PC, a programmable controller set the timing of image acquisition and illumination pulses
of the two LEDs via hardware trigger signals. Images then transferred from the camera
to the PC. (c, d) Measurement protocol. The experiment was performed in a dark room.
Each IR image acquisition consisted of a 0.1s pulse of the IR-LED, synchronized with a
0.1s exposure of the camera (red line). To find the optimal IR-LED position and camera
parameters, we first took several images with an open eyelid, until the pupil was clearly
seen (left image in d). Subsequently, we imaged the eye in closed eyelid using a three-step
automatic acquisition sequence: A first image was taken in IR (d, middle column); the eye
was illuminated from the front by a 1s pulse of white light (blue line); A second image was
taken in IR (d, right column). In some cases, the volunteer was asked to stretch down the
eyelid, which reduced both eyelid scattering and absorption (d, bottom row). (d) The pupil
is clearly seen as a bright spot on the closed or stretched eyelid.
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Fig. 2. Pupil diameter measurement. (a-e) Extraction of pupil intensity profiles from
the acquired images. The center of the pupil was manually located on the IR images taken
before (a) and after (c) the white light pulse. Scale-bars are 5mm. (b, d) The pupil intensity
profiles were calculated by averaging each image intensity across 10 rays covering a 20◦
section (orange lines in (a)) to avoid the eyelashes. The linear background profiles due to the
stronger IR illumination coming from the temple side (dashed lines) were calculated and
subtracted from the measured intensity, resulting in the pupil profiles in (e). (f) Generative
model. The model consists of four parameters and generates two pupillary model images.
A disk of diameter D1 and intensity A (top left image) was convolved with a Gaussian
scattering kernel of standard deviation σ (middle image), resulting in the first model image
(top left). This image modeled the pupil before the white light exposure. A second disk
of diameters D2 and same intensity A was convolved with the same Gaussian to form the
second model image, which described the pupil after the white light exposure (bottom row).
The common A and σ parameters reduce the number of free parameters to four per each pair
of consecutive images. (g) The one dimensional profiles of the pupil model images. The
model profiles are not Gaussians due to the convolution process. These profiles were used to
calculate a cost function, which was minimized in a gradient descent process to obtain the
best fit of the free parameters (D1, D2, σ, A).
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Implementing this approach at the single-image level requires three fit parameters: The pupil
diameter D, the intensity of the unscattered pupillary disk, A, as would have been measured
without scattering, and the scattering parameter of the eyelid σ, which represents the standard
deviation of the Gaussian scattering kernel. These three parameters would be used to generate
a model-image by starting with an image of a disk with diameter D and uniform intensity A
and convolving this image with the Gaussian kernel. However, using these three parameters,
(D, A, σ), to fit the model image to a single data image is under-constrained due to parameter
coupling. For example, decreasing D might be compensated by increasing σ, resulting in an
equivalently good fit. To circumvent this issue, we used the fact that thanks to the short delay
between the acquisitions of consecutive IR images, pupillary motion between the two images is
small. Hence, we assume that for such pairs the disk intensity A and scattering σ are identical.
Therefore, rather than modeling a single image using three parameters, we modeled a pair of
consecutive images using four parameters: one diameter per image (D1, D2), and common A
and σ. The constraints added by the four-parameter formulation of the fitting problem reduced
the parameter coupling compared with the three-parameter case. For each pair of images, we
used this generative model to fit the four parameters via gradient descent optimization (Fig. 2 and
Appendix). Briefly, we fitted the intensity profiles of the generated images to the profiles of the
measured images after performing background subtraction. The confidence intervals of the fitted
values were evaluated using bootstrapping.

2.4. Validation of the pupillary reflex in closed eyelids using ultrasound

To verify that white light illumination in closed eyelids induces the light pupillary reflex, we
performed ultrasound measurements on five of the volunteers using a designated ocular ultrasound
device (Ellex ultrasound system), operating with a 20MHz probe in B-scan mode. The volunteers
were tested in closed eyelids and in a dark room. Their pupil was measured before and during
white light illumination, equivalent to the illumination used in the IR-based device. The volunteers
were asked to fix their gaze during the scan. The pupil was identified and the probe was positioned
such that the scan plane was aligned with the pupil diameter.

3. Results

The measured pupil diameters, D1 and D2, before and after the white light pulse, respectively
(Fig. 3(a)), are within the normal pupil diameter range of 2 − 7mm. In 98.7% of the cases, pupil
diameter decreased after the white light pulse (D2<D1), consistent with the diameter reduction
expected due to the light response reflex. The histogram of the diameter ratio D2/D1 is plotted
in Fig. 3(b), where the mean ratio over all measurements was 0.63 ± 0.13 (mean± standard
deviation). We see no statistically significant effect of the eyelid condition (normal vs. stretched)
on the measured diameters or diameter ratio. The distribution of the scattering parameter σ is
plotted in Fig. 3(c), with a mean over all measurements of 1.19 ± 0.28mm. Additionally, there
is a slight, though statistically significant, decrease in σ in the stretched (1.15 ± 0.32mm) vs.
normal (1.22 ± 0.6mm) eyelid condition (KS pval = 0.0024 and KS distance of 0.25). A decrease
in σ is consistent with the fact that the stretched eyelid is thinner and, hence, expected to scatter
the IR light less.

To compare the variability of the scattering parameter σ within individual volunteers and its
variability across all the volunteers, we considered the 19 volunteers for which we had more
than 5 measurements. The average standard deviation of σ across these volunteers was 0.19mm,
lower than the standard deviation of σ across the entire data set, which was 0.28mm. This
observation is consistent with the notion that σ is a person-specific feature. The accuracy of
the measurement was evaluated by calculating the confidence intervals (CI) of D1 and D2 using
bootstrapping (Appendix). The CI distribution (Fig. 3(d)) shows that 97% of the measurements
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Fig. 3. Pupil size measurements. (a) Measured pupil diameters in 242 image pairs,
showing D2, the diameter after the white light illumination vs. the D1 diameter before
white light illumination. Each point represents an image pair taken for one eye either with a
normally closed eyelid (N = 165, blue circles) or stretched closed eyelid (N = 77, yellow
squares). Whiskers represent 95% confidence intervals for each measurement. In 98.7%
of the measurements the pupil contracted upon white light exposure, D2<D1. (b) Pupil
diameter ratio D2/D1 for the data in (a). The mean ratio for the images with normally
closed eyelid was 0.62 ± 0.13 (mean ± standard deviation), the the mean ratio with stretched
closed eyelid was 0.65 ± 0.13, with no statistically significant difference between the ratios
in both conditions (using both t-test and KS-test). (c) The distributions of the scattering
parameter σ for both eyelid conditions, with a mean of 1.19 ± 0.28mm (mean ± standard
deviation), across all 242 measurements The value of σ in stretched closed eyelids was
1.15 ± 0.32mm, compared with 1.22 ± 0.6mm in normally closed eyelid. Despite its small
magnitude, this difference was statistically significant (KS pval = 0.0024 and KS distance of
0.25). (d) The distributions of the single-sided confidence intervals (CI) of all 484 images
(242 pairs), plotted for both closed eyelid conditions. There was no statistically significant
difference between the two distributions (KS pval = 0.26). The overall mean CI value was
0.15 ± 0.11mm (mean± standard deviation), and 97% of all measurements had CI<0.4 mm.
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have CI<0.4mm, with no statistically significant difference between the two eyelid conditions
(KS pval = 0.27 and KS distance of 0.096).

Figure 4 shows representative ultrasound scans before and during white light illumination,
indicating the pupillary reflex is induced when the eyelid is closed. The mean diameter ratio,
equivalent to D2/D1 in the IR measurement, was 0.7 ± 0.06 (mean± standard deviation, for
N = 5), consistent with the IR measurements.

Dark

Pupil
D=6.49mm

Light

Pupil
D=4.85mm

Cornea

Fig. 4. Ultrasound verification of pupillary light response. The pupil diameter in five
of the volunteers was measured in closed eyelids using ocular ultrasound, before (left image)
and during white light illumination (right image). The ultrasound images show a cross
section of the eye, with the cornea and pupil marked in yellow arrows. The pupil is the gap
between the two sides of the iris shown in the cross section. Here, the pupil contracted from
a diameter of 6.49 mm in the dark, to 4.85 mm during white light exposure (ratio of 0.75).

4. Discussion

We presented a device capable of measuring pupil diameter and light reactivity through closed
eyelids. This technology is based on frontal imaging of near-IR light that was transmitted through
the temple, and on inducing the pupillary response through the closed eyelid using visible light.
The resulting IR image pairs, taken before and after the visible light pulse, were analyzed using a
generative, Gaussian-scattering model, with typical confidence intervals of 0.4mm. Hence, the
spatial resolution of the pupil diameter measurement is estimated to be 0.4 mm and its temporal
resolution is limited by the overall duration of the IR and visible light pulses, which is <1.5s
overall.

This technology can be implemented as an automated bedside and wearable device for
continuous, accurate and standardized monitoring of pupillary parameters. It combines pupil
diameter and pupillary reactivity measurements, and improves upon both the temporal (4–6 hours)
and spatial (∼1 mm) resolution of the currently common manual procedure. We estimate that
using such a device for pupil evaluation every 5–15 minutes is expected to provide sufficient alert
for medical intervention and may provide new insight on the dynamics of brain injury. Moreover,
the pupil diameter ratio D2/D1 constitutes a graded, rather than a binary scale for pupil reactivity.
Such a scale may be used for further study of the dynamics of the pupillary parameters, for
example, by taking a series of diameter measurement and by establishing their relation with other
medical parameters. Moreover, a bedside device that can modulate the intensity of wavelength of
the visible light pulse and simultaneously measure both eyes, could provide further clinically
relevant information on the consensual pupillary response. In conclusion, this technology may
aid in saving medical staff resources and in providing earlier alert for neurologic deterioration
and potential brain damage in comatose patients.
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Appendix

5.1. Imaging device

The device used a near-IR cMOS camera (Grasshopper 3 NIR, PointGray) with an 8mm lens
(Navitar). The lens was equipped with a 760 nm long-pass filter to attenuate shorter wavelengths
and a 0.6 mm extension ring to allow close-up imaging. The camera was calibrated using a ruler
placed in the same plane as the subject’s eye. The IR LED used was Osram SFH-4780S with
a mean wavelength of 810 nm, and 50% intensity at wavelengths of 800 nm and 830 nm. The
white LED used was Osram LW-G6SP. The controller was custom made using Arduino and the
gating of the LED voltages was done via standard transistors. The delay induced by the Arduino
is estimated to be <1µs, which is much shorter than the duration of the IR and white light pulses
(0.1s and 1s, respectively) and shorter the 1 ms time gap between the end of the white light pulse
and the second IR exposure. The rise and fall time of the LEDs was <20 ns, much shorter than
any time scale in the system.

5.2. Radiation safety

The device and experimental protocol were approved by a certified radiation safety officer,
according to the international standard for photobiological safety of lamps and lamp systems
(IEC 62471). Because no safety standards exist for a closed eyelid configuration, the device
complied with the IR dose limit defined for open eyelids. Given the maximum light intensity of
the near-IR LED used in the device, the duration of each near-IR illumination pulse was limited
to 0.1s, and the overall number of IR pulses per eye was limited to 50.

5.3. Ophthalmologist supervision

The clinical trial was performed under ophthalmologist’s supervision. Each volunteer underwent
an ophthalmological examination of both eyes several days before the trial. The examination
included retinal examination under pupil dilation. Volunteers with any prior ophthalmological
condition or significant myopia were disqualified from the clinical trial. Immediately after the
trial, each volunteer underwent a second ophthalmological examination, also under pupil dilation,
to verify no eye damage was caused during the trial. A third ophthalmological examination was
performed several weeks after the trial. Post-trial examinations did not reveal any eye damage
due to the trial in any of the volunteers.

5.4. Image analysis and parameter optimization

For each pair of consecutive images, we used our generative model to fit the four parameters
(D1, D2, A, σ) using the following procedure (Fig. 2). First, the center of the pupil in each image
was located manually using a designated graphical user interface. Manual input was used due
to the inherent imperfections in the data: nonuniform illumination due to the IR illumination
from the temple side, eyelid blood vessels and pigmentation (Fig. 1(d)). Second, the average
intensity profile of the pupil was calculated by averaging image intensity across 10 rays that pass
through the pupil center. The data along each ray was interpolated from the image in 1 pixel
spacing (0.033 mm). The rays were uniformly distributed within a section of 20◦ around the
horizontal, to avoid the eyelashes. Due to the stronger IR illumination and scattering on the
temple side, the average profile was linearly tilted (Fig. 2(b),(d)). Third, to evaluate this linearly
tilted background, we manually selected two points along the average profile where the pupil
signal converged towards the background. After subtracting the linear profile defined by these
two points from the average profile, we obtained the profile used for model fitting by considering
half of the profile from the pupil center towards the nose side. The profiles corresponding to the
IR images before and after the white LED pulse are labeled p⃗1 and p⃗2, respectively. Fourth, we
fitted the four parameters of our generative model to the profiles p⃗1 and p⃗2 using gradient-descent
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minimization in the 4-dimensional parameter space. The cost function for this minimization
was defined given a set of model parameters (D1, D2, A, σ): we generated two model images
from the subsets (D1, A, σ) and (D2, A, σ), and calculated their corresponding radial pupil
profiles m⃗1 and m⃗2, sampled in the same spacing as the data profiles (Fig. 2(f)). The target
function for minimization was defined as the sum of squared pixel-wise differences between the
data and model profiles: | |p⃗1 − m⃗1 | |

2 + | |p⃗2 − m⃗2 | |. We validated that the target function has a
single minimum by plotting it and visually examining its various two-dimensional cross sections.
To verify there was no systematic coupling between the fitted parameters, we calculated their
pairwise Pearson correlation coefficient: C(D,σ) = 0.16 with pval = 0.0003, C(A,σ) = −0.19
with pval = 0.0038, and C(D, A) = 0.29 with pval<10−9. The confidence intervals of the fitted
parameters for each pair of images were evaluated using bootstrapping with 200 repeats.
Funding. Kamin Grant of the Israel Innovation Authority (59008/59009); Azrieli Foundation Faculty Fellowship;
Alexander Grass Bioengineering Center of the Hebrew University of Jerusalem.

Acknowledgments. We would like to thank Tomer Batash, Yoav Mintz, Elchanan Fried, Gal Kenan, Ori Katz,
Yaron Bromberg, Etam Benger, Sagi Levy and Anat B. Gafen for their support.

Disclosures. The authors have filed a patent on the reported technology (US20190282086A1).

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request

References
1. R. M. Chesnut, T. Gautille, B. A. Blunt, M. R. Klauber, and L. E. Marshall, “The localizing value of asymmetry in

pupillary size in severe head injury,” Neurosurgery 34(5), 840–846 (1994).
2. A. M. Ritter, J. P. Muizelaar, T. Barnes, S. Choi, P. Fatouros, J. Ward, and M. R. Bullock, “Brain stem blood flow,

pupillary response, and outcome in patients with severe head injuries,” Neurosurgery 44(5), 941–948 (1999).
3. R. Braakman, G. J. Gelpke, J. D. F. Habbema, A. I. R. Maas, and J. M. Minderhoud, “Systematic selection of

prognostic features in patients with severe head injury,” Neurosurgery 6(4), 362–370 (1980).
4. S. C. Choi, R. K. Narayan, R. L. Anderson, and J. D. Ward, “Enhanced specificity of prognosis in severe head injury,”

J. Neurosurg. 69(3), 381–385 (1988).
5. H. Clusmann, “Fixed and dilated pupils after trauma, stroke, and previous intracranial surgery: management and

outcome,” Journal of Neurology Neurosurgery & Psychiatry 71(2), 175–181 (2001).
6. M. Hoffmann, R. Lefering, J. M. Rueger, J. P. Kolb, J. R. Izbicki, A. H. Ruecker, M. Rupprecht, and W. Lehmann,

“Pupil evaluation in addition to Glasgow Coma Scale components in prediction of traumatic brain injury and
mortality,” Br. J. Surg. 99(Supplement_1), 122–130 (2011).

7. H. S. Levin, H. E. Gary, H. M. Eisenberg, R. M. Ruff, J. T. Barth, J. Kreutzer, W. M. High, S. Portman, M. A. Foulkes,
J. A. Jane, A. Marmarou, and L. F. Marshall, “Neurobehavioral outcome 1 year after severe head injury: experience
of the Traumatic Coma Data Bank,” J. Neurosurg. 73(5), 699–709 (1990).

8. D. E. Levy, “Prognosis in nontraumatic coma,” Ann Intern Med 94(3), 293 (1981).
9. J. D. Lieberman, M. D. Pasquale, R. Garcia, M. D. Cipolle, P. Mark Li, and T. E. Wasser, “Use of admission Glasgow

Coma score, pupil size, and pupil reactivity to determine outcome for trauma patients,” The Journal of Trauma:
Injury Infection, and Critical Care 55, 437–443 (2003).

10. A. Marmarou, J. Lu, I. Butcher, G. S. McHugh, G. D. Murray, E. W. Steyerberg, N. A. Mushkudiani, S. Choi, and A.
I. R. Maas, “Prognostic value of the Glasgow Coma Scale and pupil reactivity in traumatic brain injury assessed
pre-hospital and on enrollment: an IMPACT analysis,” Journal of Neurotrauma 24(2), 270–280 (2007).

11. L. F. Marshall, T. Gautille, M. R. Klauber, H. M. Eisenberg, J. A. Jane, T. G. Luerssen, A. Marmarou, and M. A.
Foulkes, “The outcome of severe closed head injury,” J. Neurosurg. 75(Supplement), S28–S36 (1991).

12. A. K. Petridis, L. Dörner, A. Doukas, S. Eifrig, H. Barth, and M. Mehdorn, “Acute subdural hematoma in the elderly;
clinical and CT factors influencing the surgical treatment decision,” Cen Eur Neurosurg 70(02), 73–78 (2009).

13. D. E. Sakas, M. R. Bullock, and G. M. Teasdale, “One-year outcome following craniotomy for traumatic hematoma
in patients with fixed dilated pupils,” J. Neurosurg. 82(6), 961–965 (1995).

14. E. W. Steyerberg, N. Mushkudiani, P. Perel, I. Butcher, J. Lu, G. S. McHugh, G. D. Murray, A. Marmarou, I. Roberts,
J. D. F. Habbema, and A. I. R. Maas, “Predicting outcome after traumatic brain injury: development and international
validation of prognostic scores based on admission characteristics,” PLoS Med 5(8), e165 (2008).

15. H. C. Tien, J. R. F. Cunha, S. N. Wu, T. Chughtai, L. N. Tremblay, F. D. Brenneman, and S. B. Rizoli, “Do trauma
patients with a Glasgow Coma Scale score of 3 and bilateral fixed and dilated pupils have any chance of survival?”
The Journal of Trauma: Injury, Infection, and Critical Care 60, 274–278 (2006).

16. E. F. M. Wijdicks, A. Hijdra, G. B. Young, C. L. Bassetti, and S. Wiebe, “Practice Parameter: Prediction of outcome in
comatose survivors after cardiopulmonary resuscitation (an evidence-based review): Report of the Quality Standards
Subcommittee of the American Academy of Neurology,” Neurology 67(2), 203–210 (2006).

https://doi.org/10.1227/00006123-199405000-00008
https://doi.org/10.1097/00006123-199905000-00005
https://doi.org/10.1227/00006123-198004000-00002
https://doi.org/10.3171/jns.1988.69.3.0381
https://doi.org/10.1136/jnnp.71.2.175
https://doi.org/10.1002/bjs.7707
https://doi.org/10.3171/jns.1990.73.5.0699
https://doi.org/10.7326/0003-4819-94-3-293
https://doi.org/10.1097/01.TA.0000081882.79587.17
https://doi.org/10.1097/01.TA.0000081882.79587.17
https://doi.org/10.1089/neu.2006.0029
https://doi.org/10.3171/sup.1991.75.1s.0s28
https://doi.org/10.1055/s-0029-1224096
https://doi.org/10.3171/jns.1995.82.6.0961
https://doi.org/10.1371/journal.pmed.0050165
https://doi.org/10.1097/01.ta.0000197177.13379.f4
https://doi.org/10.1212/01.wnl.0000227183.21314.cd


Research Article Vol. 12, No. 10 / 1 Oct 2021 / Biomedical Optics Express 6495

17. J. E. Cohen, A. Montero, and Z. H. Israel, “Prognosis and clinical relevance of anisocoria-craniotomy latency for
epidural hematoma in comatose patients,” The Journal of Trauma: Injury, Infection, and Critical Care 41(1), 120–122
(1996).

18. B. T. Andrews and L. H. Pitts, “Functional recovery after traumatic transtentorial herniation,” Neurosurgery 29(2),
227–231 (1991).

19. I. Litvan, G. Saposnik, J. Maurino, L. Gonzalez, R. Saizar, R. E. P. Sica, and J. J. Bartko, “Pupillary diameter
assessment: need for a graded scale,” Neurology 54(2), 530 (2000).

20. W. R. Taylor, J. W. Chen, H. Meltzer, T. A. Gennarelli, C. Kelbch, S. Knowlton, J. Richardson, M. J. Lutch, A. Farin,
K. N. Hults, and L. F. Marshall, “Quantitative pupillometry, a new technology: normative data and preliminary
observations in patients with acute head injury: technical note,” J. Neurosurg. 98(1), 205–213 (2003).

21. M. D. Larson and I. Muhiudeen, “Pupillometric analysis of the “absent light reflex”,” Archives of Neurology 52(4),
369–372 (1995).

22. R. G. Kerr, A. M. Bacon, L. L. Baker, J. S. Gehrke, K. D. Hahn, C. L. Lillegraven, C. H. Renner, and S. K. Spilman,
“Underestimation of pupil size by critical care and neurosurgical nurses,” American Journal of Critical Care 25(3),
213–219 (2016).

23. M. Meeker, R. Du, P. Bacchetti, C. M. Privitera, M. D. Larson, M. C. Holland, and G. Manley, “Pupil examination:
validity and clinical utility of an automated pupillometer,” Journal of Neuroscience Nursing 37(1), 34–40 (2005).

24. J. Voke and et al., “Radiation effects on the eye, part 1: infrared radiation effects on ocular tissue,” Optometry Today
8, 30–35 (1999).

25. K. Ando and D. F. Kripke, “Light attenuation by the human eyelid,” Biol. Psychiatry 39(1), 22–25 (1996).
26. M. J. C. Van Gemert, S. L. Jacques, H. J. C. M. Sterenborg, and W. M. Star, “Skin optics,” IEEE Trans. Biomed. Eng.

36(12), 1146–1154 (1989).
27. T. Durduran, R. Choe, W. B. Baker, and A. G. Yodh, “Diffuse optics for tissue monitoring and tomography,” Rep.

Prog. Phys. 73(7), 076701 (2010).
28. S. L. Jacques, “Optical properties of biological tissues: a review,” Phys. Med. Biol. 58(11), R37–R61 (2013).
29. H.-S. Lee, H. Lew, and Y.-S. Yun, “Ultrasonographic measurement of upper eyelid thickness in Korean children with

epicanthus,” Korean J Ophthalmol 20(2), 79 (2006).
30. E. P. Osuobeni and M. H. Al-Mijalli, “Association between eyelid thickness and corneal astigmatism,” Clinical and

Experimental Optometry 80(1), 35–39 (1997).

https://doi.org/10.1097/00005373-199607000-00019
https://doi.org/10.1227/00006123-199108000-00010
https://doi.org/10.1212/WNL.54.2.530
https://doi.org/10.3171/jns.2003.98.1.0205
https://doi.org/10.1001/archneur.1995.00540280051018
https://doi.org/10.4037/ajcc2016554
https://doi.org/10.1097/01376517-200502000-00006
https://doi.org/10.1016/0006-3223(95)00109-3
https://doi.org/10.1109/10.42108
https://doi.org/10.1088/0034-4885/73/7/076701
https://doi.org/10.1088/0034-4885/73/7/076701
https://doi.org/10.1088/0031-9155/58/11/R37
https://doi.org/10.3341/kjo.2006.20.2.79
https://doi.org/10.1111/j.1444-0938.1997.tb04845.x
https://doi.org/10.1111/j.1444-0938.1997.tb04845.x

