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Tear-film dynamics were analyzed by a synchronizing recording of double-pass (DP) and pupil retro-illumination
(RI) images with contrast sensitivity (CS) measurements. Simultaneous DP and RI images were acquired in three
subjects wearing contact lenses while keeping the eye open. Changes in contrast sensitivity for an 18 c/deg green
grating were also estimated. From the DP retinal images, the effect of the tear film is described through the
objective scattering index (OSI). This presented a negative correlation with the increase in CS during tear-film
deterioration (as observed by RI imaging). These results show a relationship between visual outcome degradation
due to tear-film breakup and the increase in intraocular scattering. This work shows a combined methodology for
the evaluation of tear-film dynamics. © 2019 Optical Society of America

https://doi.org/10.1364/JOSAA.36.00B138

1. INTRODUCTION

The tear film is a liquid layer mainly composed of water that is
indispensable to ocular surface health. It supplies nutrients and
flushes away waste products, helps to protect the eye against
environmental challenges, and provides a smooth optical inter-
face to the anterior corneal surface [1]. During the inter-blink
time, the tear film tends to naturally deteriorate over time,
although with a variable behavior due to differences in the ini-
tial composition induced by changes in gland secretion, rate of
evacuation/evaporation, etc. [2]. Dysfunction of the tear film
may result in dry eye [3]. Tear-film abnormalities have their
origin in a tear deficit (insufficient supply), an excessive loss,
or an anomalous composition [4].

The clinical diagnosis of dry eye disease is commonly per-
formed by means of tests able to demonstrate a reduced tear
volume or a decreased flow. The Schirmer and the tear-film
breakup time (BUT) tests are easy to perform and provide use-
ful information on tear-film volume and quality. However, they
are invasive techniques, and the results may depend on man-
aging skills [5,6]. Other objective tests include imaging the tear
meniscus over the inferior eye lid [7,8] or the anterior segment
through OCT [9–12]. Osmolarity assessment has also been
reported as an alternative and useful procedure [13,14].
Objective studies of the tear-film dynamics are based on fluo-
rescence patterns [15,16], retro-illumination [17], and inter-
ferometric [18–21] imaging techniques. Other procedures

include the analysis of the temporal changes of the first
Purkinje image (as a noninvasive version of the BUT named
NIBUT) [22], measurements of the temporal deterioration
of the Placido disks images [23,24], and comparisons of tem-
poral changes in corneal and ocular aberrations [25–27].
Subjective methods to assess tear-film quality (or alternatively
the ocular surface disease index) are based on studying the im-
pact of a degraded tear film on daily activities and ocular com-
fort by means of questionnaires [28] or through dynamic
measurements of the visual quality [29,30]. However, a stan-
dard, objective, and quantitative method to assess the tear-film
dynamical behavior remains a challenge due to its own nature
and to the lack of agreement among the different existing
techniques [31]. In this sense, a widely used approach to better
score tear-film degradation is the combination of results
obtained from different techniques [32–34].

A decrease in the homogeneity of the optical interface at the
anterior corneal surface reduces the retinal image quality that
can be measured by analyzing the intensity profile of the dou-
ble-pass (DP) retinal image [35]. A degraded tear film would
increase the intraocular light scattering, which can be objec-
tively estimated through the DP image. This method is based
on recording images of a point-source object after reflection on
the retina and passing twice through the ocular media [36]. The
objective scattering index (OSI) measures the contribution of
intraocular scattering and is defined as the ratio of energy con-
tained in an annular area around the peak of the DP image and
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that of the peak. The OSI value was originally proposed as a
metric to objectively determine cataract grading [37,38].

In a previous work [39], we modified a commercially avail-
able DP instrument to include an additional channel for acquis-
ition of retro-illumination (RI) images and another for visual
contrast sensitivity (CS) testing. Results confirmed the relation-
ship between image quality parameters obtained from DP
images and visual function outcomes under different scattering
scenarios. In that sense, the main objective of the present study
has been to use that modified instrument to check the possible
relationship between tear-film degradation, OSI increase, and
visual quality decrease.

2. METHODS

The setup used in this study was a modified version of the
Optical Quality Vision Analyzer-II (OQAS-II, Visiometrics
SL, Tarrasa, Spain) previously described. The instrument is
able to simultaneously record DP and RI images. In addition,
CS measurements can also be performed during image record-
ing. From the DP images, the corresponding OSI values were
computed. CS was estimated for a sinusoidal green grating of
18 c/deg (equivalent to visual acuity 0.22 LogMAR). Further
details on the operation can be found elsewhere [39]. The
experiment was carried out in one eye of three well-trained
healthy members of our laboratory that were familiar with
the procedure: #1 (male, 37 y/o), #2 (female, 33 y/o), and
#3 (male, 35 y/o). After being informed on the goal of the
study, they gave an informed consent following the tenets of
the Declaration of Helsinki. The spherical refractive error of
each subject was corrected by means of the OQAS-II internal
optometer. Astigmatism was compensated for with external
trial lenses.

Series of images, both DP and RI, were simultaneously re-
corded at 2 Hz. Both series can easily be matched, having the
last blink as a reference. At this point, the tear film is considered
to have the best quality. At the time image acquisition started, a
custom software allowed the projection of the grating with a
defined spatial frequency, whose contrast was changed by
the subject using a wireless keyboard. At the beginning of each
series, subjects were asked to blink and then keep the eye under
test open for as long as they could, while keeping the grating
visible at threshold by modifying its contrast. Data of the
contrast were automatically saved for posterior processing.

Data were obtained as the difference between the actual
value (at a certain time point) and the initial baseline value right
after the blink (time � 0 s). The initial idea was to measure the
changes in OSI (δOSI) and contrast (δCS) as well as to record
RI images under natural viewing conditions (i.e., naked eye).
Most of the series showed negligible changes of δOSI with
time. Accordingly, the contrast was also quite stable, even
for series longer than 20 s. For longer periods of time, the tear
film started to show signs of degradation as well as δOSI and
δCS increase, but subjects reported ocular discomfort and fi-
nally blinked. This involuntary blink led to a sudden finishing
of the measurement before being able to register the optical or
visual effect of tear-film degradation. In view of this, and in
order to increase subject’s comfort and enlarge the tear-breaking
image acquisition series, a plano daily disposable soft contact

lens (CL; Alcon Laboratories Inc., Ft. Worth, Texas) was
used [17]. To facilitate the analysis and comparison between
series, data were averaged every 2 s. Statistical analysis and
regression models were performed by using SPSS (v. 24.0,
IBM Inc., Armonk, New York).

3. RESULTS

Figure 1 presents the results of δOSI for the three subjects for
natural viewing conditions (Fig. 1, left) and when wearing the
CL (Fig. 1, right). Measurements with the CL lasted longer,
since all the subjects could keep the eye open for at least
35 s. A simple visualization reveals that when using the CL,
just after blinking, little variations in OSI over time took place
for several seconds, but then δOSI started to increase. In ad-
dition, intra-individual differences among series were found as
shown by the error bars. This variation is associated with the
degradation of the tear film as shown in the series of RI images.
The use of a CL leads to a faster change in the behavior of the
tear film that facilitates the experiment described herein.

When the subjects wore the CL, two different types of tear-
film break-up series were observed. Some examples of this are
depicted in Fig. 2, together with the RI images recorded in par-
allel that show the large distortion (or not) of the tear-film sur-
face with time. In the so-called smooth sequences (Fig. 2(B)) the
changes in OSI were small, remaining close to the baseline
value for relatively long periods of time as under natural view-
ing conditions. However, there were also fast break-up sequences.
In these, at some point δOSI started to grow rapidly (Fig. 2(A)).
Degradation of the first Purkinje image as well as tear-film
features can be observed.

Average results for percent of grating contrast obtained from
each series are presented in Fig. 3. As time went on, subjects
needed to increase the grating contrast to keep it visible,
although certain intra-subject variability is also present.

Since both OSI (Fig. 1, right) and contrast (Fig. 3) change
with time, it was interesting to explore their relationship. The
CS was calculated from the grating contrast, and its relative
change (δCS) from the baseline value was computed in a similar
manner as done with δOSI. Figure 4 depicts the relationship
between δOSI and δCS for the three subjects. Regression mod-
els showed that δOSI and δCS were significantly related
(p < 0.001; ANOVA). A reduction in CS was closely associ-
ated with an increase in OSI (r2 was 0.985, 0.972, and

Fig. 1. Average δOSI as a function of time for all the subjects
involved in the present experiment (#1, circles; #2, triangles; #3,
squares). Left: data corresponding to the mean of six series registered
under natural viewing conditions. Right: data corresponding to the
mean of twelve series recorded with the CL on. Error bars represent
one standard deviation.
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0.977 for subjects #1, #2, and #3, respectively). However, the
actual relationship of OSI/CS strongly depends on the subject.
In this study, whereas subjects #2 and #3 present similar behav-
ior (slope for the linear fit), in subject #1 the increase in δOSI
was related to a larger decrease of δCS (quadratic fitting). This
relationship between the OSI increase and the CS decrease was
previously reported for both 12 c/deg and 18 c/deg frequencies
for different scattering-induced levels [39].

4. DISCUSSION

Unlike wavefront sensors that only measure lower-order aber-
rations (such as defocus, astigmatism, coma, or spherical aber-
ration), the DP retinal image contains information on the
overall optical performance of the human eye, including the
contribution of aberrations and intraocular scattering.
Nowadays, there are other methods to estimate the amount
of intraocular straylight, but their acquisition time is relatively
large, which make them unsuitable to study tear-film dynamics
[40,41]. OSI can be recorded at 2 Hz, and an increase in OSI
during the inter-blink period cannot be explained in terms of a

large increase of low-order aberrations but by an increase in
scattering due to a deteriorating precorneal tear film [42–45].
This relatively fast image acquisition might benefit the develop-
ment of dry-eye diagnosis and therefore treatments [46].

Along this work, a modified version of a DP clinical instru-
ment was used to analyze the retinal image quality, the tear
break, and the CS during the inter-blink period. The procedure
combined retinal DP and RI images as well as CS measure-
ments. The degradation of the tear (as observed in the RI
images) induced changes in the visual outcomes computed
through δOSI and δCS.

Three normal healthy subjects were included in the present
work. Only subject #2 reported some ocular allergic symptoms
that could explain the different results obtained under natural
viewing conditions (Fig. 1, left; triangles). For the other two
subjects, the measured OSI values were quite stable over rela-
tively long periods of time (Fig. 1, left; circles and squares).
This is coherent with RI image stability and with little or
no changes in contrast. Since under natural viewing conditions
it was not possible to routinely record series with a significant
tear-film degradation, we decided to use a CL. This method is
widely used in this type of study as it accelerates tear-film
degradation while the comfort of the subjects increases. As a
drawback, the CL leads to a larger variability in the results
due to the artificial alteration of the tear-film stability, especially
in subjects with good tear-film stability. When subjects wore
the CL, the tear film deteriorated faster, and so did the visual
quality (Fig. 3). Optical and visual effects associated with
tear-film deterioration under natural conditions are like those
obtained with a soft CL. Then, the results found herein can be
assumed valid since the CL was only used to accelerate the
tear-break time.

Even using only three subjects, the results were highly var-
iable. However, this was not an effect of considering a small
sample but to the nature of the tear-film dynamics. In a pre-
vious work we measured the OSI parameter in 20 symptomatic
dry eyes and 18 young controls [42]. In the control group we
found that a good tear film caused little variation of OSI over
time, and then a stable tear-film surface and a fairly good visual
quality are expected. When measuring eyes with diagnosed
dry-eye syndrome, the behaviors of the OSI series were also

Fig. 2. Individual series of δOSI for different series recorded in subject #2 while wearing the CL. On the right, some representative RI images
show a fast breakup (A, upper panels) and a smooth series (B, lower panels).

Fig. 3. Change in grating contrast directly for subject #1 (circles),
subject #2 (triangles), and subject #3 (squares) while wearing a CL.
Each value is the averages across twelve series. Error bars represent
one standard deviation.
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highly variable. In the present study, a dual nature of tear-film
dynamics was described: in the so-called smooth sequences,
OSI values are stable over relatively long periods of time, as
occurred for subjects #1 and #3 under natural viewing condi-
tions. In that case, there is no change in the visual outcomes
and no disruption areas appear over the tear-film surface during
the inter-blink period. But within the break-up sequences there
are abrupt increases of OSI at different moments and with
different amplitude. Moreover, these are related to a decrease
in visual outcomes and the appearance of disrupted areas over
the tear-film surface. This may mean that those patients who
have eye conditions that induce a degraded tear film may be
continuously suffering unstable visual sensation.

In conclusion, a modified version of a DP image clinical
device that includes a path for RI imaging and another for psy-
chophysical measurements was used to characterize the behav-
ior of the tear-film dynamics in normal healthy eyes without
symptoms of a tear-film deficiency. A negative correlation be-
tween intraocular scattering and contrast sensitivity was found.
This means that beyond ocular discomfort, a degraded tear film
is associated with a reduction in visual performance. This study
showed the potential benefit of using a combination of meth-
ods to study the dynamics of the tear film. In addition, these
results validate the correlation between OSI and visual quality.
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