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Abstract. The Pupillary Light Reflex (PLR) is an involuntary reflex
that changes the size of the pupil in response to varying light conditions.
PLR analysis is widely employed in the evaluation of several neurolog-
ical and ocular conditions and quantitative pupillometry requires the
use of expensive ophthalmic instruments. In this paper, we describe an
empirical evaluation we performed on the use of a commercially avail-
able smartphone (Apple iPhone 6s) to make quantitative measurements
of PLR. Measurements were made with 30 healthy volunteers, equally
distributed on three age ranges, including also different eye colors. Addi-
tionally, we also performed an assessment of the risks inducted by the
use of the flash very close to the eye, showing that, if correctly used, it
is by far below the constraints of international safety standard.

1 Introduction

It is well known that the pupil size adapts to changes in lighting conditions,
as its radius constricts or dilates, according the intensity of light that falls on
the retina. This phenomenon is called is Pupillary Light Reflex (PLR) and is an
involuntary reflex. Interestingly, the amplitude and dynamic of PLR is not con-
stant, but can be affected by many factors, such as brain injuries [3], assumptions
of drugs and alcohol [2], cognitive activity [10], emotional reactions [7] and other
neurological and ocular conditions [14]. Thus, in many scenarios, a measure of
the PLR is a significant indicator of the state of the subject. For this reason,
over the years, techniques to measure the PLR improved [18] both in precision
and in non-invasivity, based on high quality, expensive cameras, characterized
by high resolution and frame rate. However, to date, the measure of the PLR is
confined to very specific contexts, like hospitals or specialized medical practices,
able to afford the expenses for those systems.

On the other hand, the improvements in the quality, resolution and frame
rate of mobile phones’ cameras has raised the opportunity to measure the PLR
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utilizing commercially available and inexpensive smartphone of the latest gen-
eration. This could give rise to a number of socially relevant use cases. Never-
theless, actually there is no sistematic work available in the literature assessing
the potential accuracy of PLR measurements done using a smartphone.

To fill this gap, in this paper we report on the empirical evaluation we con-
ducted on 30 healthy volunteers, in order to understand if recent smartphones
can provide a reliable estimation of PLR, involving subjects of different ages and
eye colors. To this aim, we reached out to the SOBER-EYE INC.1 company, who
developed a smartphone based pupilometer, allowing users to capture a video of
their pupil to measure the PLR, using the flash as light stimulus. The main use
case for this application is to self assess the level of impairment from drugs or
alcohol. The company supported us in performing the empirical investigation,
by providing us with access to their technology, the raw PLR videos and the
reported data. A ground truth was obtained by manually labelling the recorded
eyes videos, measuring the pupil size frame by frame.

By comparing the PLR data from Sober-Eye and the ground truth, we con-
ducted three different studies. The first study was aimed to assess the accuracy
in measuring the pupil radius: for each frame, the absolute difference between
the pupil radius measured by the Sober-Eye technology and the corresponding
one in the ground truth was calculated. The global accuracy was then obtained
by averaging the error over all videos in the dataset. The goal of second and third
experiments was to confirm, by means of the use of the smartphone, two specific
claims reported in the literature [6], where it was reported that dark and light
eyes have different PLRs, and that the amplitude of the PLR decreases with the
age of the subjects.

In addition, we also investigated if the use of the phone camera flash as
light source, in close proximity of the users eyes, presents risks in terms of light-
induced retinal damage. Since different models of mobile phones have different
types of flash and the implementation of smartphone PLR detection apps may
also be different, a general blanket assessment of safety cannot be made. There-
fore, the light hazard of all iPhone models compatible with the Sober-Eye set
up (5s, 6, 6s, SE, and 7) was evaluated according to the requirements for optical
radiation safety for ophthalmic instruments, specified by ISO15004-2.2 [9] and
ANSI Z80.36 [1].

2 Related Work

Measuring pupil reaction to a light stimulus [12] is a critical part of the neu-
rological examination process. The typical PLR to a single light pulse is shown
in Fig. 1. Starting from an aperture Amax, after a few fractions of second the
pupil starts to shrink, and after TAmin seconds it reaches the minimum aperture
Amin, as discussed in [20].

Routine pupil examination with a conventional light source to estimate para-
meters like light reactivity, size and symmetry of the pupil is affected by many
1 http://www.sober-eye.com/.

http://www.sober-eye.com/
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Fig. 1. Pupillary reflex to a single light pulse.

factors, such as ambient lighting, the examiner’s experience and the intensity of
the lighting stimulus. Thus, the use of imaging devices, namely pupillometers,
for pupillary examination offers better measurement precision. One of the first
study on automatic pupillometry based on infrared cameras was published in
1958 by Lowenstein and Loewenfeld [15], who argued their technique had high
potential to be applied in pharmacological and physiological research. Thus,
pupillometers significantly evolved from the first generation of devices that were
time consuming and with very low precision, up to modern portable easy-to-
use digital systems that enable less invasive examination with a more accessible
and cost-effective method. Modern devices open to a wide range of applica-
tions like predicting neuroworsening [5], on-site evaluation of traumatic brain
injury [16,22] or monitoring the effects of drugs [17]. In particular, as regarding
the use of pupillometry for evaluating the effects of drugs, Mart́ınez-Ricarte et
al. [13] deeply discuss a wide casuistry including muscle relaxants, barbiturates,
benzodiazepines and antidepressants.

Existing devices are mostly based on infrared cameras, so to be more robust
to variations in ambient lighting. At the best of our knowledge, the mobile appli-
cation for PLR proposed in [19] represents the only example of smartphone
application, running on a Samsung Galaxy S4, for pupillometry working with a
visible light camera. However, this smartphone application shows some impor-
tant limitations. First of all, it requires a very invasive procedure to acquire a
set of eye images, as the eyelid of the subject are hold opened by the examiner
during the image acquisition process. Moreover, it just exploits five eye images
to estimate the PLR, which can be too few to correctly capture the real dynamic
of pupil parameters. Regarding the performance, even if almost comparable with
those obtained with a PEN device, it was assessed on a limited sample, as the
age of volunteers is mostly concentrated around 33 years with a very small vari-
ation (±5.3 years), while no variability was considered for the eye colour, being
all subjects Koreans with dark eyes. At last, there was no investigation about
the harmfulness of the Galaxy S4 flash for the human eye.
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3 Assessing Mobile Phones for Pupillometry

In this section, we start by presenting the way the Sober-Eye app works. Then,
we describe the procedure we used to measure the light hazard of the flash used
in close proximity to the eye.

3.1 The Sober-Eye Approach to PLR Measurement

The Sober-Eye technology uses the smartphone flash as light source to produce
a PLR response that is then video captured by the device camera and processed
locally to extract the features useful for the measurement, processing the curve
shown in Fig. 1. We used a version of the technology that also uses a cardboard
enclosure (Fig. 2) that covers the users eyes to provide a near total darkness envi-
ronment and to hold the phone at the appropriate distance (8 cm). Users hold the
cardboard enclosure over their eyes for about 20 s before a PLR measurement is
performed. During this time, the darkness of the enclosure stimulates a pupillary
dilation (mydriasys). After the preset time, the camera flash turns on for about
4 s and the video stream is captured. The light impulse causes a pupil constriction
(myosis). Then, the video is locally post-processed, in order to extract the fea-
tures to measure the PLR. The app works by comparing a current measurement
to a reference measurement (baseline), previously captured by the same user in
sober conditions. Since the PLR dynamic is highly correlated with the reaction
capabilities of a person, a significant deviation from the baseline is an indicator of
possible impairment. The expected curve as response to a PLR is shown in Fig. 1.

Fig. 2. Sober-Eye’s cardboard enclosure.

3.2 Experimental Set-Up and Results

For the purposes of this investigation, we used Sober-Eye app in combination with
the enclosure and an iPhone 6s. The app capture the video in HD (1920×1080) at



Smartphone Based Pupillometry 437

60 frames per second for about 4 s, producing 230 usable frames. As output values,
the app returns the center coordinates for both iris and pupil and the related radius
lengths.

3.3 The Dataset

Since no datasets of video sequences suitable to assess the use of smartphones
as a pupillometer, we created our own collection of the videos. In particular, we
created a dataset of 30 videos that were captured from 30 subjects by means of
the Sober-Eye app. In order to consider also the variability of eye characteris-
tics in the real population, we categorized the subjects by gender, age and eye
color. We used 3 age ranges (18–30, 31–50, 51+) and two eye color categories
(light/dark). Table 1 reports the distribution of subjects in each category. Unlike
for age and gender, the distribution with respect to eye colors is less balanced.
This is due to the geographical context where videos were gathered, since brown
is the most frequent eye color in southern Italy.

Table 1. Number of persons in each group.

Total 30 Male Female

18–30 31–50 51– 18–30 31–50 51–

Light 3 1 0 1 2 0

Dark 4 4 8 2 3 2

All videos have a spatial resolution of 1920 × 1080 pixels with 24 bits and
were acquired at 60 fps by an iPhone 6s. Each video has been manually annotated
by a human operator to build a ground truth to use to compare pupil radius
measurements determined by Sober-Eye App. The annotation process was per-
formed frame by frame and consisted in manually selecting three points on the
pupil boundary with an angular distance of about 120 degrees each other. Cir-
cle fitting [21] was then applied to compute the pupil radius. In order to assess
the correctness of the manual annotation process, we averaged the pupil and iris
radius computed on the first frame over all videos, so obtaining a ratio of 0.5293.
This result agrees with what reported by Ferrari et al. in [4], who claims that
ratio between pupil and iris radius in healthy adults equals to 0.55 ± 0.056 in
the frame preceding the light flash.

3.4 Testing the Accuracy of the Pupil Radius Measurement

In order to assess the performance of the Sober-Eye app, we performed three
different studies. The first one aimed to assess the accuracy of the mobile app in
automatically extracting and measuring the pupil radius. To this aim, for each
frame of each video, we estimated the error by calculating the absolute difference
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in pixels between the pupil radius from the mobile app and the corresponding
one in the ground truth. The global accuracy was then obtained by averaging
the error over all videos in the dataset. The average error resulted to be very
small, being 1.80 pixels with a standard deviation of 2.35. Given this very small
error, we can affirm that a smartphone, equipped with the Sober-Eye technology
and used in the cardboard enclosure, can be effectively used as pupillometer, as
it is able to obtain the same performances of manual identification of the size of
the pupil.

The goals of second and third study were to verify two specific claims reported
by Spector in [6] by exploiting measurements performed by the Sober-Eye app.
Indeed, in [6] the author stated that:

1. a brown iris contracts less than a blue iris and
2. in old people and in patients with iris atrophy, the sphincter becomes rigid,

hence the light reaction diminishes in extent.

To verify the first claim, we partitioned the whole dataset in two groups of
videos according to the eye color (light vs. dark) and we computed the average
value of the Amin parameter (minimum radius of the pupil, see Fig. 1) for both
groups. Interestingly, we found a difference in the two groups, with the average
pupil radius for bright eyes of 14.39 pixels (std. dev. 1.95), and 13.58 pixels
(std. dev. 1.23) for dark eyes. Thus, our experimental results conducted with
the smartphone confirm that dark eyes contract less that light ones.

Regarding the second claim, we just considered the original partitioning of
the dataset, according to age ranges. For this purpose, we considered the average
value of the AC parameter (difference between minimum and maximum size of
the pupil, see Fig. 1) for the three groups separately, as this parameters relate
to the amount of light reaction. Also in this case, results appear in line with the
claim, as we obtained the following average value: AC : 0.515, 0.503 and 0.487 for
young, adult and middle-aged groups, with the respective standard deviations
of 0.040, 0.091 and 0.078.

4 Light Hazard Evaluation

The use of the camera flash to stimulate a PLR response raise some concerns
about the safety of using such light sources very close to the users’ eyes. Indeed,
the exposition of the pupil to a close light source is potentially harmful to the
human eye. For this reason, it is important to verify the safety of the approach.
Some studies already investigated the use of mobile phone flash in ophthalmic
applications. For instance, in [11], the authors measured and calculated the light
levels produced by the torch of an iPhone 4 in simulated conditions of indi-
rect ophthalmoscopy and proved that retinal exposure from the smartphone was
within the safety limits defined by the ISO standard ISO 15004-2.2 [9]. Hong
et al. [8] evaluated the safety of iPhone 6 and 6 Plus in a similar application
and concluded that the photobiological risk posed by iPhone 6 indirect oph-
thalmoscopy was at least 1 order of magnitude below the safety limits set by
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the ISO 15004-2.2. Both studies were related to the use of iPhones for fundus
photography, where images of the retina are captured and analysed.

In order to evaluate the safety of the sober-eye approach, we conducted mea-
surement in the specific sober-eye set-up with the flash at an 8 cm distance from
the eye and on for 4 s. We followed the guidelines of the International Organi-
zation for Standardization (ISO15004-2.2), the standard sets the fundamental
requirements and test methods to assess the light hazard of ophthalmic instru-
ments [1,9].

The standard classifies ophthalmic instruments in the two following groups:

– Group 1: ophthalmic instruments for which no potential light hazard exists.
– Group 2: ophthalmic instruments for which a potential light hazard exists.

Since the iPhone is not considered a standard ophthalmic instrument, it must
be classified as Group 2 and the light hazard must be evaluated with the exposure
limits of Group 2 ophthalmic instruments.

The following iPhone models were tested: 5s, 6, 6s, 7 and 7 Plus. Apple’s
specifications indicate that iPhone 6, 6s, 6Plus, 6sPlus and SE have the same
flash. Measurements confirm that the 6 and 6s have the same light spectra and
radiant power. Likewise, the iPhone 7 and 7Plus flashes have similar light spectra
and radiant power, while the iPhone 5s has a different flash. In conclusion, to
cover all iPhone models from the 5s to the 7 Plus, it is sufficient to evaluate the
safety of 3 types of flashes that we will refer in the following as 5s, 6 and 7.

4.1 Measurements

To assess the light hazard according to the ISO standard, it is necessary to
measure the amount of radiant power per unit of area per wavelength reaching
the retinal plane (retinal spectral irradiance Eλ), measured in W/(cm2 nm).
From this quantity, the ISO provides various formulas to calculate the hazard
for different wavelength ranges (ultraviolet, visible and infrared).

Since all measured spectra (Fig. 4) showed no significant ultraviolet or
infrared emission (below 400 and above 750 nm), as also verified in [11] and
[8], to assess the hazard we need calculate only two values and compare them to
the standard’s limits.

1. Weighted retinal visible and infrared radiation thermal irradiance in the 380–
1400 nm range (EV IR−R) as defined by the standard, where Eλ is the mea-
sured retinal spectral irradiance and Rλ is a weighting function provided by
the standard.

EV IR−R =
1400∑

380

Eλ × R(λ) × Δλ

2. Weighted retinal radiant exposure in the 305–700 nm range (HA−R), with
t = 4 s and Aλ a weighting function provided by the standard.

HA−R =
700∑

305

(Eλ × t) × A(λ) × Δλ
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The measurements have been carried out following the guidelines set by
the standard. We used a Photo Research Inc. SpectraScan PR-670 spectro-
radiometer with a MS-75 lens and a Ocean Optics Reflectance standard WS-1.
A screen covered with a light baffle and a 0.2 cm aperture was inserted between
the iPhone and the Reflectance Standard C (4 cm from each) as shown in Fig. 3.

Fig. 3. Measurement setup.

In this set up, we directly measure the spectral radiance Lcλ at the target C
positioned at the corneal plane and then derive the retinal spectral irradiance
Eλ:

Lcλ [W/(sr cm2 nm)]

since C is a reference Lambertian surface with reflectivity >99% in the spectrum
range of interest (Ocean optics WS-1). The irradiance Ecλ on C (corneal plane)
is than calculated as follow:

Ecλ = π Lcλ W/(cm2 nm)

The iPhone spectral radiance Lλ is than calculated by multiplying Ecλ by D2/A,
where A (3.14e−2 cm2) is the area of the aperture and D (4.0 cm) is the distance
from the aperture to the corneal plane.

Liλ = D2/A Ecλ = 509 Ecλ

Finally, from Liλ, the retinal irradiance Eλ is calculated with the formula:

Eλ = Ap/f2 Liλ
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where f = 1.7 cm (focal length of human eye) Ap = 3.85e−1 cm2 (area of pupil)

Eλ = 0.13Liλ

4.2 Results

Figure 4 shows the spectral radiance of the tested iPhones. All tests were per-
formed with the flashes at 100% intensity.

Fig. 4. Spectral radiance.

The limits set by the ISO stanstard [9] are 0.706 (W/cm2) for EV IR−R and
10 (J/cm2) for HA−R. In USA, the new standard ANSI Z80.36 [1] was adopted
in 2016 and the limit for HA-R was reduced from 10 (J/cm2) to 2.2 (J/cm2). The
measurements result and the limits are shown in Table 2 and all values for all
the phones tested are significantly below both the ISO and ANSI limits.

In conclusion, the iPhone flashes 5s, 6 and 7 are safe to be used as light
sources in the described set up per the ISO15004-2.2 and ANSI Z80.36 standards
for ophthalmic instruments.

Table 2. Summary results.

EV IR−r

(W/cm2)
Limit
(W/cm2)

HA−R t = 4 sec
(J/cm2)

ISO Limit
(J/cm2)

ANSI Limit
(J/cm2)

5S Type 0.040 0.706 0.033 10 2.2

6 Type 0.050 0.706 0.049 10 2.2

7 Type 0.096 0.706 0.084 10 2.2
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5 Conclusions

Pupillary Light Reflex is a significant indicator of the state of a subject. To
date, it is measured by means of very expensive ophthalmic instruments, in
controlled environments. In this paper we described the results of the empirical
evaluation we have conducted to assess if recent smartphones can be used to
reliably measure the pupil size variation, when hit by the light, involving subjects
of different ages and eye colors.

To this aim, we exploited the mobile app Sober Eye, which records a video
stream and reports the pupil size variations over the time, running on an iPhone
6s. We involved 30 subjects, equally distributed over three age ranges, and with
light and dark eyes. As for the ground truth, we manually labelled the pupil
size for each frame of the videos. From this setting, we conducted three different
experiments.

The first experiment aimed at assessing the accuracy of the mobile app in
measuring the pupil radius. We compared the pupil size detected by the app
with the one we manually annotated, and we found, over all the 30 videos, a
mean error smaller than 2 pixels. The second and third experiments aimed at
confirm the claims by Spector [6] that (I) brown iris contract less than blue iris,
and (II) that in older people the PLR diminishes in extent. By using only the
information extracted by the app we were able to confirm both the claims.

Finally, we performed an assessment of the light hazard of using the smart-
phone flash as light source, close to the eye, to perform PLR measurements,
showing that it is by far below the constraints of international safety standard.
As future research directions, we will be evaluating potential use of smartphone
based pupilometry for screening or diagnostic purposes, by evaluating accuracy
of measuring latency response, constriction speed and other relevant PLR fea-
tures.
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