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Purpose: To develop a methodology based on a double-pass system to obtain information about
the transmittance of ocular media. Methods: The procedure consists of recording double-pass im-
ages at different powers of a laser diode of 780 nm and determining the scattering in an area between
25-35 arcmin of each image. The scattering showed linear behavior in respect to the irradiance of
the laser, and the slope of the linear fit was proportional to the transmittance squared of the media
evaluated. An artificial eye with different filters was tested first. Then, fifteen subjects with clear
ocular media were divided into two groups: ten subjects classified by the iris color were recruited
for the measurements of an ocular transmittance index and the estimation of the transmittance
(group A), and another five subjects were selected for measurements with neutral filters (group B).
Results: The measurements performed in group A presented a mean transmittance of 42.95%.
No differences in the transmittance were found between subjects with different iris color (p =0.154).
Measurements in group B showed a good correlation (» = 0.959, p < 0.001) between the expected
and the measured value for the transmittance. Conclusion: We proposed and evaluated a method
to determine the transmittance of the eye in vivo using the double-pass system.
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1. Introduction

Knowledge of transmittance of the eye can be useful for both clinical applications:
where it is relevant to estimate the amount of light actually reaching the photoreceptors,
and lighting research, where it is often necessary to characterize visual stimuli with
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both luminance and retinal illuminance, which includes in its rigorous definition the
transmittance of the eye [1].

BOETTNER and WOLTER, as well as GEERAETS and BERRY, have measured the direct
and total transmittance of isolated components of the ocular media, including the cornea,
aqueous, lens and vitreous, but without including retina; using enucleated eyes of hu-
man donors and rhesus monkeys [2—4]. They considered a wide range of wavelengths
including visible, near-ultraviolet (UV) and near-infrared. Those results were confirmed
by ALPERN et al. through in vivo measurements performed on subjects with structural
abnormalities in the fundus of the eye (chorioretinal coloboma). That condition allowed
the determination of the amount of light transmitted by the eye, through a direct com-
parison of the component reflected in the sclera of a light beam with a reference [5].
DILLON et al. proposed an invasive method for measuring the absorption spectrum of
the anterior segment of the intact eye. The true spectrum of light that is transmitted to
the retina was calculated for four different species that are commonly used in animal
model experiments [6]. VAN NORREN and Vos have estimated the spectral transmittance
of the eye as the measured difference in the scotopic visual sensitivity of two wave-
lengths with the same rhodopsin absorbance [7]. Many other studies of the human oc-
ular media were limited to a single component of the eye, usually the cornea or lens.
In 2007, vaN DE KrAATS and vaN NORREN proposed empirical equations to estimate
changes in ocular transmittance as a function of the eye age [8]. Based on existing data
and these equations, the International Commission on Illumination (CIE) established
the transmittance of the standard observer for UV, visible and infrared which can be
used as a reference [9]. Currently, there is no simple procedure for measuring the trans-
mittance of the whole eye of a healthy subject.

The purpose of this work was to take advantage of the double-pass (DP) technique to
estimate in a direct way the transmittance of the eye at a given wavelength. The DP meth-
od is a simple, fast, safe, and non-invasive technique to obtain information about the
energy that enters the eye, crosses the ocular media, reflects in the fundus and returns.
This technique is based on imaging a point source on the retina, and then recording
the reflected light through a CCD camera [10]. The acquired image is the autocorre-
lation of the point spread function (PSF) of the eye [11], which describes how the op-
tical system behaves against a point light source [12].

It is known that in the retina, light is reflected by different layers and a significant
portion of the light reflected by the background comes from the choroid and is depend-
ent on pigmentation and wavelength [13, 14]. In a DP system, the imaging formation
approximates that of a confocal system, so that most of the light coming from the deeper
layers not conjugated to the camera are spreading, adding a background signal to the
recorded image. Thus, the DP image shows a very narrow peak mounted on a fairly
wide tail [15]. Scattering affects both the peak and the wide-angle part of the PSF, un-
like aberrations, which are limited to the very narrow-angle part of the PSF [16—18].
Several authors showed that it is possible to obtain information about intraocular scat-
tering by analyzing the peripheral zone of the DP image up to 20 minutes of arc [19-21].
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Our goal was to develop a non-invasive methodology based on a DP system to
measure the transmittance of the ocular media. In this work, we propose a simple meth-
od to determine the direct transmittance of the eye including the retina, based on the
acquisition and analysis of DP images.

2. Methods

To analyze the performance of the method proposed in human eyes, we conducted a study
in a group of fifteen healthy volunteers aged between 25 and 45 of the Universidad
Nacional de Tucuman. The experimental design was carried out in two stages, for which
the subjects were randomly divided into two groups. Ten subjects were recruited for
a first experiment (group A), in which an ocular transmittance index (OTI) was measured
and an estimation of the transmittance of the ocular media was performed. Later, in
a second experiment, where the range of low transmittance was measured to test the
additivity, five different subjects were recruited (group B). The inclusion criteria were
as follows: corrected visual acuity of 20/20 or higher and the absence of a history of oc-
ular diseases, surgery or pharmacological treatment. In addition, only individuals with
spherical refraction in the range of —1.5 to +1.5 D, and astigmatism less than—1.0 D have
been included. In each case, the dominant eye was chosen to perform the measurement.

The subjects of the group A were classified as dark-eyed (four dark brown and three
light brown) and three as light-eyed (blue), according to a classification by simple iris
observation [22]. Measurements of the OTI index were performed in the five subjects
of the group B with and without neutral density filters (ND 0.01, ND 0.1, and ND 0.3).

Ethical approval for this study was obtained from the Comité de Etica en Investi-
gacion (CEI) of the Universidad Nacional de Tucuman and Consejo Nacional de
Investigaciones Cientificas y Técnicas (RESOLUCION N° 26/2018). All the subjects
were informed about the object of the study, and a written informed consent was ob-
tained, following the tenets of the Declaration of Helsinki.

2.1. Experimental setup and image acquisition

A scheme of the optical system used in this study is shown in Fig. 1. A point source (O)
from a 780 nm laser diode (MC7850CPWR-SMF) coupled by a single-mode optical
fiber to a collimator lens L1 ( f = 15 mm) is projected onto the retina (O'). After back
reflection on the retina and a double pass through the ocular media, a CCD camera
records the double-pass image (O""). The diaphragm PE (@ = 2 mm) is conjugated to
the pupil plane of the eye and acts as the effective input pupil of the system. After being
reflected by a beam splitter BS1 and mirror M1, the beam passes through the Badal
system formed by the lenses L2 and L3 ( /' =200 mm) and by the mirrors M2 and M3
that control the vergence of the beam, allowing correction of refractive errors such as
myopia or hyperopia of the eye before performing the measurement. After reflection
in the mirror M4, the eye forms the image of the point source on the retina. A second
diaphragm PS (@ =4 mm), located behind the beam splitter (BS2), is also conjugated
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Fig. 1. Schematic representation of the double-pass setup used for the purpose of this work. See the text
for further details.

to the pupil of the eye and acts as the effective exit pupil (provided that the natural
pupil of the eye is greater than PS). Then a lens L4 ( f = 100 mm) forms the double
-pass (DP) retinal image in a CCD camera (UI-2220ME-M, 8 bits, 768 x 576 pixels)
integrating light from the retina during the set exposure time. The subject’s head was
placed in a chin rest which allows the proper centration and control of natural pupil with
respect to the artificial one. A camera CMOS (UI-1221LE-M-GL, 8 bits, 752 x 480 pix-
els) and the lens L5 ( f = 50 mm) were mounted to ease this process. The fixation of
the eye was facilitated using a fixation target (FT) located at the optical infinity by the
lens L6 (f =35 mm).

To eliminate back reflections from lenses L2 and L3, these elements were tilted
slightly, so that the specular reflection at the interfaces of these lenses was deflected
off the field picked up by the CCD sensor. The corneal reflex and the lens reflex
(Purkinje images) were not observed in the DP image captured, due to a small decen-
tering of the measuring beam with respect to the pupil of the subject. Other diffuse
reflections were reduced by light traps (not shown in Fig. 1). Finally, there were still
spurious reflexes that were integrated by the sensor during the recording of the images.
However, these were considered during postprocessing by subtracting the captured
background when the eye was removed.

For all the measurements, the exposure levels were never greater than the maximum
permissible exposure (14.45 W/m?) which was established by the current standard reg-
ulating the use of laser radiation in living tissue [23].

The laser diode, cameras CCD and CMOS, and the movement of the Badal by means
of a stepper motor were controlled using a personal computer through a customized
software developed in Visual Studio, while C#, EMGU CV, and a MATLAB script were
used for image processing.

The measurements were taken in a dark room with the lights of the lab turned off
after the subject was adapted to the darkness with the purpose of obtaining the largest
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possible natural pupil, while the exit pupil of the system was controlled by the artificial
diaphragm (PS). In each record, six DP images and the corresponding background were
taken per subject (each obtained with an exposure time of 250 ms), after correcting
spherical refractive errors with the Badal of the instrument. No glasses or contact lenses
were used for the optical correction during measurements. From each set of six images,
an average image was calculated and then the background was subtracted from this
average. Finally, a cropped version of this DP image (256 x 256 pixels) was used for
the analysis.

2.2. Methodological proposal

As pointed out by several authors [19, 24], the double-pass (DP) image contains the
effects of both aberrations and scattering. When the lower-order aberrations are cor-
rected, the DP PSF in a normal eye without corneal ectasia or other cause for irregular
astigmatism is affected predominantly by higher-order aberrations and light scatter.
While the aberrations influence the light distribution at the central region of the DP im-
age, the intraocular scattering causes an increment of the intensity further away from
the central maximum of the image. Therefore, in this study we decided to analyze
a peripheral portion of the DP PSF. The region of interest (ROI) chosen for the analysis
was a ring between 25 to 35 minutes of arc, whose center was in the centroid of the spot
of the cropped DP image (Fig. 2). Using the algorithm described by HOFER et al. [25],
the centroid location of the DP spot was iteratively evaluated in windows of decreasing
size, each centered on the previous estimate.

To determine the transmittance of the ocular media, a series of DP images were
recorded, each one was taken at different intensity of the laser diode, which was con-

Fig. 2. Definition of the region of interest in the double-pass (DP) image. DP image with two circles in
dashed line, the inner corresponding to 25 minutes of arc, and the outer corresponding to 35 minutes of arc.
The ROI evaluated was the area between both circles.
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trolled by the power supply of the laser. The irradiance in the pupil plane was measured
with a detector (E2V, Spindler & Hoyer). The gray level in the ROI increased as the
intensity of the laser increased. The average of the scattering computed as a mean gray
level (which we will call hereafter double-pass scattering (DPS)) varies linearly with
the irradiance in the pupil plane. We have used the slope of the DPS/irradiance line to
derive an ocular transmittance index (OTI). As the light had to cross the ocular media
twice to reach the CCD sensor, it was expected that the OTI slope has a functional re-
lationship with the transmittance 7, as OTI ¢ T7.

2.3. Measurements in an artificial eye with filters

To test the proposed methodology, measurements were made with an artificial eye built
in the laboratory consisting of two lenses simulating the cornea ( f =25 mm) and the
lens ( f'= 50 mm), plus a black diffuser screen (black cardboard) located in the focal
plane of the lens system acting as a reflective retina. In order to simulate eyes with
several transmittances, neutral filters of different optical density (ND 0.1, ND 0.3, and
ND 0.5) were placed in front of the artificial eye. Additionally, measurements with pho-
tography effect filters — Black Pro-Mist (BPM) 1 and 2 from Tiffen, and Cinegel R3020
(from Rosco) — that have been shown to be very suitable to simulate the same type of
scattering produced by an eye with cataracts were performed [26, 27].

The available information provided by the filters manufacturer was limited to the
range of 350 to 700 nm, therefore the transmittance of all filters used in this work was
measured at 780 nm, and those with transmittance values comparable to real eyes
were selected. The transmittance measurements were performed using the collimated
laser diode as an illuminator and a detector (E2V, Spindler & Hoyer, photodiode type
S2386-5K) to record the irradiance received. The arrangement shown in Fig. 3 was
used to measure the transmittance in the filters.

The transmittance of each filter is given as quotient £,/E;, where E; and E; denote
the irradiances with no sample present and after passing through the sample, respec-
tively. The photodiode of the sensor measures only the direct radiation behind the filter.
This component is also called the focusable transmittance and is important for under-
standing the deposition of laser energy on the retina.

Diaphragm
Laser (J=2mm) Sample
diode

Collimator Detector
» »
lens

A

!

100 cm 5cm

Fig. 3. Schematic representation of the setup used for transmittance measurements in the filters. The laser
diode was the same used in the double-pass system described previously. The detector implemented was
E2V (Spindler & Hoyer). The E2V is an active detector based on the photodiode S2386-5K, with a sen-
sitive area of 2.4 x 2.4 mm?, a spectral range of 320 to 1100 nm and an internal amplification of 11.
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2.4. Impact of reflectance on ocular transmittance index

The energy in the DP image also depends on the fundus reflectance of the human eye
or the reflective surface of the artificial eye. To analyze the effect of this factor on
the measurement, DP images of the artificial eye with different reflective surfaces
(white cardboard and black cardboard) were taken and the OTI index was obtained.
The reflectance of the cardboards for 780 nm was measured using a spectroradiometer
(SpectraScan PR-715, Photo Research).

In order to analyze the OTI independence regarding the variation of the reflectance
between different retinas, three subjects of group A and two subjects of group B were
evaluated. These subjects were chosen because in a pilot experiment they presented
very similar OTI values. The set of DP images were obtained considering the same
intensity of the laser.

2.5. Impact of defocus on ocular transmittance index

The DP technique provides combined information of both aberrations and small-angle
intraocular scatter. These two factors influence the light distribution on the retina.
LoGEAN et al. [28] found that the width of the DP PSF after adaptive optics correction
of the ocular aberrations is always smaller than the width of the DP PSF obtained in
the same conditions but without the correction, indicating a decrease in the optical qual-
ity of the DP image due to the effect of high-order aberrations. Regarding low-order
aberrations, ARTAL ef al. [19] measured the effect of induced defocus on the DP PSF
to obtain an acceptable range of uncorrected refractive errors (defocus and astigmatism)
during the calculation of an objective scatter index. To asses this issue, we measured
OTI in the artificial eye for different amounts of defocus from —1.0 D to +1.0 D, in
steps of 0.25 D, induced by means of the Badal system available in the experimental
setup.

2.6. Statistical analysis

The Shapiro—Wilk test was used to evaluate the normal distribution of the DPS, OTI,
and transmittance values. Since the OTI data did not meet the criteria for normal dis-
tribution, the Mann—Whitney U-test was used to compare the data between different
conditions considered in group A (dark eyes, light eyes), between the OTI for the two
cardboards (black, white), between the DPS of the five subjects evaluated at same laser
power, between the OTI for different induced defocuses. The coefficient of determi-
nation (R?) was calculated to assess the relationships between the DPS, the OTI, and
the transmittance. A value of p < 0.05 was considered statistically significant.

An error propagation analysis was carried out taking into account the sensitivity
of the CCD sensor, the error made in averaging the gray levels in the region of interest,
the errors made during the transmittance measurements of the filters, and the errors
made during the data fitting trough least squares to obtain both OTI and the final value
of the transmittance.
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3. Results

The measured transmittances at 780 nm in each of the filters used with the artificial
eye are shown in Table 1.

Figure 4 shows a sequence of double-pass (DP) images, taken at four different pow-
ers of the laser source, with the irradiance value for each case.

Figure 5a shows the radial profiles in the logarithmic scale obtained from the DP im-
ages (averaged of pixels at different radii) taken in the artificial eye without any filter.

Table 1. Direct transmittance measurements.

Filter Measu?ed
transmittance [%]
ND 0.01 97.0+£3.5
ND 0.1 87.7+2.3
ND 0.3 56.2+1.7
ND 0.5 341+1.6
BPM1 68.0+0.8
BPM2 58.5+£0.6
R3020 84.6+1.2

0.029 W/m? 0.047 W/m?

L ®

0.107 W/m? 0.172 W/m?

Fig. 4. Example of double-pass (DP) images recorded at four different powers of the laser. The DP images
correspond to measurements made in the artificial eye. The corresponding value of the laser irradiance
measured in the pupil plane is shown in the lower right corner.
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Fig. 5. Example of double-pass (DP) image profiles obtained in the artificial eye. (a) The curves corre-
spond to four different intensities of the laser diode (0.029, 0.047, 0.107, and 0.172 W/m?). (b) Double
-pass scattering (DPS) as a function of the irradiance in the pupil plane. DPS was computed as a mean of
the gray levels in a ring of 25 to 35 minutes of arc of the DP image. The error bars correspond to the un-
certainty (5.4% of the measured value), obtained from the propagation of the error.

As the power of the laser increases, the central area of the curve saturates and a measur-
able variation in the peripheral zone (the skirt of the curve) can be observed. Double
-pass scattering (DPS) calculated as the average gray level in the ROI as a function of
the irradiance of the laser in the pupil plane is shown in Fig. Sb.

In Fig. 6a are plotted the DPS values as a function of the irradiance of the laser in
the pupil plane for each of the considered filters, as well as for the artificial eye without
a filter. For each condition, a straight line was fitted to the data through least squares
and the slopes OTI were obtained. The higher the transmittance of the filter, the higher
the OTI value (Fig. 6b).
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Fig. 6. Double-pass scattering (DPS) as a function of the irradiance in the pupil plane obtained in the
artificial eye with and without filters. (a) Three photography filters (BPM1, BPM2, and R3020) and
three neutral density filters (ND 0.1, ND 0.2, and ND 0.3) were used with the artificial eye. The straight
lines correspond to the linear fit performed. (b) Ocular transmittance index (OTI) as a function of the
transmittance measured in the filters. OTI values are the slopes of the straight lines fitted to the data
showed in a.

From the curve fitted to the data plotted in Fig. 6b the following expression can
be deduced:

OTI = 84.5T2 (1)

Using Eq. (1), it is possible to estimate the direct transmittance of ocular media T
from the OTI value.

Figure 7 shows the effect of reflectance of the fundus on the measurement of OTI.
The reflectance measured with the spectroradiometer at 780 nm in the black and white
cardboard was 7.9% and 78.6%, respectively. The results presented in Fig. 7a show
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Fig. 7. Analysis of the effect of reflectance on the measurement of the ocular transmittance index (OTI).
(a) Double-pass (DP) image profile in the logarithmic scale obtained for two different cardboards used
as artificial retinas (black and white) measured at the same power of the laser. (b) OTI values measured
in the artificial eye with two different fundi (black and white cardboards) without filter (no filter) and with
three neutral filters (ND 0.1, ND 0.3, and ND 0.5).

that although very different profiles of DP images were obtained in each condition,
there are no significant changes in the peripheral zone of the curves (note that the vertical
axis is in the logarithmic scale). Figure 7b shows OTI values obtained in the artificial
eye with and without filters, with both black and white cardboards acting as a retina.
No statistically significant differences were found for the two cardboards for the arti-
ficial eye without filter (p = 0.1041) and for the artificial eye with filters (p = 0.2730
(ND 0.1), p =0.0757 (ND 0.3), and p = 0.9097 (ND 0.5)).

Figure 8a shows the DP image profiles determined in five subjects with similar
OTI values. Figure 8b shows the box plots corresponding to the gray level of the ROI
for five subjects. No statistically significant differences were found for the gray level
of the DP image in the ROI evaluated for five subjects (p > 0.05).

The OTI values for the artificial eye as a function of defocus are shown in Fig. 9. To
determine the influence of the defocus on the OTI, Mann—Whitney tests were performed
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Fig. 9. Ocular transmittance index (OTI) as a function of induced defocus. OTI value was measured in
the artificial eye at the best focus position and with induced defocus from —1.0 to +1.0 D in 0.25 D steps.
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to compare the condition of best focus with each condition of induces defocus. No sta-
tistically significant differences were found for the OTI value measured in the artificial
eye with induced defocus between —0.75 and +0.50 D ( p > 0.05). Only for a defocus
of —1.0 and +0.75 D statistically significant difference was found (p < 0.05).

In Fig. 10 are presented DPS values as a function of the irradiance of the laser in
the pupil plane for subjects of group A, and the straight lines fitted to the data. All the
data show a good linear fit, with a coefficient of determination always greater than 0.82.
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Fig. 10. Double-pass scattering (DPS) expressed in terms of the gray level as a function of the irradiance
of the laser diode in the pupil plane. The straight line fitted and the coefficient of determination are shown
for each subject. The error bars represent the standard deviation from the mean.
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Fig. 10. Continued.
Table 2 presents the OTI values determined in each subject and the direct trans-
mittance value computed from Eq. (1).

The values obtained of direct transmittance for subjects of group A ranged from
37.5% to 52.1%, with a mean value of 42.95 £+ 3.97% (mean + SD). The mean value

Table 2. Ocular transmittance index (OTI) and direct transmittance of the eye for subjects of group A.

Direct transmittance

Subject (iris color) OTI of the eye [%]
S1 (dark) 17.7 457 +2.5
S2 (dark) 14.9 419+23
S3 (dark) 23.0 52.1+2.38
S4 (dark) 15.9 433+23
S5 (dark) 11.9 37.5+2.0
S6 (dark) 16.2 43.7+2.4
S7 (dark) 15.4 427+£23
S8 (light) 133 39.7+2.1
S9 (light) 15.3 425+23
S10 (light) 13.7 40.3+2.2

Pigmentation (iris color) is shown in parentheses.
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for subjects with light eyes was 40.84 + 1.52% (mean + SD), whereas for subjects with
dark eyes, the mean was 43.86 + 4.43% (mean £ SD). No significant differences were
found in the transmittance for the subjects with light eyes and for subjects with dark

eyes (p =0.154).
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Fig. 11. Double-pass scattering (DPS) expressed in terms of the gray level as a function of the irradiance
of the laser obtained in the eye of five subjects with and without filters. The straight lines correspond to
the linear fit performed to the data. The error bars represent the standard deviation from the mean.
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Table 3. Ocular transmittance index (OTI) and direct transmittance of the eye for each subject of
group B with and without filters.

Direct transmittance

Condition OTI of the eye [%]
S11 without filter 12.7 38.7+2.1
S11 with ND 0.01 9.1 32.8+1.8
S11 with ND 0.1 9.1 32.7+1.8
S11 with ND 0.3 5.4 252+1.4
S12 without filter 18.6 469 +2.5
S12 with ND 0.01 16.9 447 £2.4
S12 with ND 0.1 14.6 41.6+2.2
S12 with ND 0.3 5.5 254+1.4
S13 without filter 16.2 43.7+£2.4
S13 with ND 0.01 14.3 41.1+2.2
S13 with ND 0.1 11.8 37.4+2.0
S13 with ND 0.3 3.9 214+1.2
S14 without filter 13.1 39.4+2.1
S14 with ND 0.01 13.1 39.3+2.1
S14 with ND 0.1 11.1 36.2+2.0
S14 with ND 0.3 4.9 222+1.2
S15 without filter 14.3 41.1+£22
S15 with ND 0.01 15.9 434+£23
S15 with ND 0.1 9.4 33.3+1.8
S15 with ND 0.3 4.9 241+1.3

OTI — ocular transmittance index, ND — neutral density filter.
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Fig. 12. Direct transmittance measured in the subjects of group B with filters as a function of the expected
transmittance value. The straight line fitted to the data (dashed line) along with its equation and the coefticient
of determination are shown. The line of equality (y = x) is shown for comparison purposes (solid line).
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Figure 11 shows the DPS values for four conditions evaluated (eye without a filter,
eye + ND 0.01, eye + ND 0.1, and eye + ND 0.3) for five subjects of the group B and
the fit performed to the data. The OTI values and the direct transmittances calculated
from Eq. (1) are shown in Table 3.

From the transmittance values measured in the filters (Table 1) and the estimated
transmittance values in the subjects of group B (Table 3, condition “without filter”)
we have calculated the expected transmittance for the measurements made on the eyes
with filters. For example, the subject S12 has a transmittance of 46.9%, therefore when
measuring the eye of this subject with the filter ND 0.1 (7= 87.7%) the expected trans-
mittance was calculated as the product of the transmittance of S12 by the transmittance
of the filter ND 0.1, obtaining 41.1%. Figure 12 shows the transmittance values measured
in the subjects of group B with three neutral filters (ND 0.01, ND 0.1, and ND 0.3),
as a function of the expected transmittance. The high correlation (»=0.959, p <0.0001)
showed in Fig. 12 was expected and adds consistency to our results.

4. Discussion

In this article, we have proposed a methodology to measure the in vivo direct transmit-
tance of the whole eye, that is, including the retina. BOETTNER reported 54% for direct
transmittance at 780 nm in eyes corresponding to a range of age similar to that used
in our work [3]. This value corresponds to the mean transmittance of pre-retinal media
(cornea, aqueous humor, lens, and vitreous) measured in a sample of enucleated eyes
with clear ocular media. Moreover, BOETTNER showed a transmittance measurement
of the rhesus monkey retina, considered anatomically similar to that of the human eye,
which was 80% for a wavelength of 800 nm. Taking these results into account, the ex-
pected value for direct transmittance of the ocular media plus the retina can be calculated
by multiplying the transmittance of the pre-retinal media by the transmittance of the
retina, which results in a total transmittance of 43.2%. Our experimental results, based
on double-pass (DP) measurements that record the image reflected in the inner layers of
the retina, provide a mean value for the direct transmittance at 780 nm of the eye including
the retina of 42.95%, which agrees with the expected value for the transmittance at that
wavelength. A single-sample #-test was used to compare the mean direct transmittance
of group A (Table 2) with the expected value for the mean transmittance based on the
results obtained by BOETTNER and no significant difference was found (p = 0.848).

CHRISTARAS et al. [22] have reported differences in a small sample in the straylight
measured in subjects with light eyes and dark eyes. Christaras’s measurements show
that diffused light from the fundus contributes significantly to the total straylight for
wavelengths longer than 600 nm, especially in the measurements made for small-an-
gles of the PSF (30 minutes of arc). In our study, no significant differences were found
between the transmittances measured in subjects with different pigmentation.

The DP technique provides combined information of both aberrations and ocular
scatter. Recently, ZHAO et al. obtained a significant increase in the optical quality of the
DP PSF by correcting the ocular aberrations through an adaptive optics system up to the
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eighth Zernike order [29]. When comparing the retinal images with defocus and astig-
matism corrected with the images achieved with aberrations corrected up to the eighth
Zernike order, an obvious reduction in the spatial extent of the DP PSF and an increase
in the contrast were observed, suggesting that higher-order aberrations degraded the
DP PSF. As with other optical quality measurements derived from the DP method [30],
our measurement of transmittance was affected by uncorrected low -order aberrations
(defocus and astigmatism). Uncorrected refractive errors over +£0.75 diopters induce
artifacts on the determination of the ocular transmittance index (OTI) (Fig. 9). This
indicates that refractive errors need to be well corrected during the DP data collection
to provide accurate values of OTI. In our measurements, the refractive errors of the
subjects were corrected with the spherical equivalent by means of the Badal system,
therefore, in some subjects, there could be a little effect of uncorrected astigmatism
that adds error to the measure.

The measurement of OTI took a few minutes, therefore, eye movements were in-
evitable. This would cause the laser to strike a different area of the retina with a slightly
different reflectance, however, those variations did not produce changes in the mea-
sured OTL. In that sense, the behavior of the eye was similar to that presented by the
artificial eye (Fig. 7). Comparing Figs. 7a and 8a, the DP PSF in real eyes drops off
much slower than the DP PSF in the artificial eye and does not reach a horizontal
asymptote. The artificial eye used in our work is a very simplified eye model, especially
with regard to the fundus of the eye. Although the cardboard used as a fundus in the
artificial eye has a reflectance value comparable to that obtained in real eyes (7.9% for
black cardboard), it represents a single scattering surface. The ocular fundus consists
of different layers, some very vascularized as the choroid where light, especially far-red
and near-infrared penetrate and diffuse [31]. The light coming from those layers can
contribute to the light scattered in the DP image and may explain the differences ob-
served between the artificial and the real eye. In general, in the most eccentric areas
(30-35 minutes of arc) there was an overestimation of the DP PSF measured in the
artificial eye, while in the areas closest to the center (20-25 minutes of arc) an under-
estimation of the DP PSF of the artificial eye was observed. However, these differences
were reduced by averaging of the gray level in the region of interest for the analysis,
as has been proposed in our work.

According to Fig. 12, the technique described in this work can be used for a certain
range. Because low values of transmittance have a significant error, the method would
not be suitable for eyes with significant media opacity. The low levels of energy that reach
the sensor in the region of interest evaluated limits the scope of the proposed method
since in this zone there is a low signal-to-noise ratio, due to the low dynamic range of
the 8 bits CCD sensor commonly used in DP instruments. This might become a critical
issue when the method is applied to measure the transmittance of blue or UV light,
maintaining ocular energy exposure under guidelines. A 12 bits camera would be of
assistance to enhance the dynamic range. However, since we are only interested in the
energy reaching the peripheral zone and not in the whole PSF, more sensitive single-pixel
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sensors could be used instead of a CCD to increase the dynamic range and record the
lower energy levels.

Another limitation of the proposed method is that the transmittance was measured
at a single wavelength and does not cover a spectral range, while in the most cited works,
a spectral transmittance curve for the ocular media was measured [2—5]. However, it
would be possible to determine the transmittance for other wavelengths using the same
method described in our work, considering the modification in the sensor previously
mentioned. In addition, a double-pass system with a polychromatic source has been
developed in recent years [32] and the spectral transmittance of the human eye could
be also measured based on the same configuration and the procedure described here.
The spectral transmittance can be useful for specific applications such as in the study of
intrinsically photosensitive retinal ganglion cells using a five-primary photostimulator,
where it is necessary to characterize the individual differences in pre-receptoral filter-
ing in each subject [33, 34].

Finally, the method presented in this paper allows a quick and non-invasive measure-
ment of transmittance, which can also be automated and does not require the instillation
of mydriatic or cycloplegic agents. It is also independent of the active participation of
the subject and does not require performing difficult tasks, as occurs in psychophysical
measures.

5. Conclusion

We have developed a procedure to determine the transmittance of the human eye in vivo
for a wavelength of 780 nm using the double-pass method, commonly used for the de-
termination of the optical quality of an eye. The process requires taking double-pass
images with different laser beam intensities and determining the slope of the straight
line fitted to the obtained data. From this value and using a calibration equation we
have described here, the direct transmittance of the eye have been obtained.
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