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Abstract. Interferometry is a sensitive technique for recording tear
film surface irregularities in a noninvasive manner. At the same time,
the technique is hindered by natural eye movements resulting in mea-
surement noise. Estimating tear film surface quality from interfero-
grams can be reduced to a spatial-average-localized weighted esti-
mate of the first harmonic of the interference fringes. However,
previously reported estimation techniques proved to perform poorly in
cases where the pattern fringes were significantly disturbed. This can
occur in cases of measuring tear film surface quality on a contact lens
on the eye or in a dry eye. We present a new estimation technique for
extracting the first harmonic from the interference fringes that com-
bines the traditional spectral estimation techniques with morphologi-
cal image processing techniques. The proposed technique proves to
be more robust to changes in interference fringes caused by natural
eye movements and the degree of dryness of the contact lens and
corneal surfaces than its predecessors, resulting in tear film surface
quality estimates that are less noisy. © 2009 Society of Photo-Optical Instrumen-
tation Engineers. �DOI: 10.1117/1.3275474�
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Introduction

ne of the most common eye health problems in the older
opulation is dry eye syndrome. The condition is significantly
ore common in older females than males.1,2 Dry eye is also

ighly prevalent in contact lens wearers.3–6 There are many
linical tests that can be used to diagnose dry eye. However, a
reat disparity often exists between the symptoms and signs
f dry eye. The diagnostic methods that are often favored by
linicians include patient history, slit-lamp examination and
he use of vital dyes, and fluorescein breakup time test. A
eport of the National Eye Institute/Industry workshop on
linical trials in dry eyes identified several main criteria for
iagnosing dry eye,7 some of which are difficult to objectively
ssess in current clinical practice and may be time
onsuming.8

In the lateral shearing interferometer, the cornea is illumi-
ated by a wavefront of approximately 4 mm in diameter, and
he information about the tear film surface is enclosed in the
hape of the reflected wavefront. The interference is received
y the optical wedge.9,10 Interferograms present the effect of
nterference of two subject wavefronts, which are laterally
nd angularly shifted. Lateral shearing interferometry is one
f the most sensitive techniques for recording tear film sur-
ace irregularities in a noninvasive manner. At the same time,
he technique is hindered by the natural microfluctuations of
he eye and small eye movements, which can result in signifi-

ddress all correspondence to: Dorota H. Szczesna, Wroclaw University of
echnology, Institute of Physics, Wyb. Wyspianskiego 27, 50-370 Wroclaw, Po-
and. Tel: 48-71-320-2592; E-mail: dorota.szczesna@pwr.wroc.pl.
ournal of Biomedical Optics 064039-
cant measurement noise.11 Also, for dry eye patients or con-
tact lens wearers, the pattern of the interference fringes may
be significantly disturbed, causing previous techniques for es-
timating tear film surface quality to fail.12,13

In our previous papers, we introduced the M2 index9,10,12

which numerically describes the tear film surface quality
�TFSQ� from interferograms. The M2 is calculated based on
the second momentum of a general shape of the first harmonic
of the Fourier spectrum received from the interferogram. In
this paper, we introduce a new method of extracting the first
harmonic from the interferogram before the M2 index is com-
puted.

An example of an image acquired under semioptimal con-
ditions for a patient with a normal tear film surface quality is
shown in Fig. 1�a�. The pattern of the interference fringes in
such a case is well defined, and it is easy to estimate its
frequency content and, subsequently, relate it to the quality of
tear film. Figures 1�b�–1�d� show a blurred frame caused by
an eye movement, a frame acquired from a dry eye patient,
and a frame acquired from a contact lens wearer where the
surface of the lens is almost dry and the interferogram shows
a speckled structure, respectively. It is harder to relate the
frequency content in those images to the quality of tear film.

Our aim was to develop a technique for estimating tear
film surface quality from the interference fringes that would
be more robust to the naturally occurring eye movements and
the variability in tear film quality encountered in dry eye pa-
tients and contact lens wearers. The robustness of the method
is not considered here in the statistical Huber sense14 but in

1083-3668/2009/14�6�/064039/4/$25.00 © 2009 SPIE
November/December 2009 � Vol. 14�6�1



t
d

2
T
w
s
l
m
t
j
s
m

b
m
o
t
o
s
s
a

t
c
i
f
e
a
f
e
a
t
r
r

t
=
s
t
l
d
s
l
h

F
s

Szczesna and Iskander: Robust estimation of tear film surface quality in lateral shearing interferometry

J

he ability of the method to cope with noisy and strongly
isturbed fringe patterns.

Methodology
he interferometric method requires a very stable object,
hich must be positioned at the proper distance from the in-

trument’s lens. The apex curvature of the cornea must over-
ap the focal point of the lens.12 The lateral and longitudinal
ovements of the eye cause disturbance of the reflection of

he wavefront. Despite providing a fixation target for the sub-
ect, it is hard to avoid small eye movements during the mea-
urement; therefore, their influence on the recorded interfero-
etric images has to be considered in the method of analysis.
The eye movements may lead to interferometric images

eing only partially covered by fringes, which contain infor-
ation about the tear film. Hence, in order to analyze the part

f the image that is mostly covered by high-contrast fringes,
he image that is of size 704�576 is divided into 20 non-
verlapping subframes, 128�128 pixels each.9,12 Selecting a
maller portion of the interferogram for the analysis also en-
ures that the observed pattern can be assumed to be station-
ry.

In the preliminary stage of the procedure, the average in-
ensity in every subframe is calculated across the whole re-
orded sequence. Those fragments of the image with lower
ntensity than the empirically chosen threshold are excluded
rom the analysis. If the number of low-intensity subframes
xceeds 65%, the whole image frame is rejected from the
nalysis. The area of 1 /3 of the image as the minimum taken
or analysis was chosen empirically in order to capture the
arly phase of tear film stabilization process �buildup� as well
s to eliminate frames captured while the eye moved. Hence,
he area of 1 /3 of the image is a trade-off between the time
esolution of the method immediately after a blink and the
obustness of the method to eye movements.

Every subframe is considered as a separate stationary in-
erferogram, i�m ,n�, m=1,2 , . . . ,M, n=1,2 , . . . ,N, M =N
128, for which the analysis is applied. The numerical analy-

is is based on combining the traditional spectral estimation
echniques, such as the smoothed periodogram, with morpho-
ogical image processing techniques, in which the two-
imensional �2-D� spectral content of the interference pattern
ignal is treated as an image. The periodogram is a maximum
ikelihood estimator of a sinusoid in noise,15 so it is chosen
ere as the first step of analysis:

ig. 1 Examples of interferometric images: �a� a normal patient, �b�
urface of a contact lens.
ournal of Biomedical Optics 064039-
I�k,l� =
1

MN
��

m=1

M

�
n=1

N

i�m,n�exp�− j2��km/M + ln/N���2

,

�1�

k=−M /2,−M /2+1, . . . ,M /2−1, l=−N /2,−N /2+1, . . . ,N /2−1.
In the next step, all values below 10% of the maximum of the
periodogram I�k , l� are considered as the floor noise and are
zeroed, i.e.,

I�k,l� = 0∀
k,l

I�k,l� � 0.1 max�I�k,l�� . �2�

This step was conducted to remove any spurious local
maxima in the periodogram. The 10% threshold has been es-
timated empirically as a trade-off between the identification of
blurred images and high detectability of the first harmonic.
The final step in the spectral analysis consists of smoothing
the resulted periodogram by convolving it with a kernel func-
tion. This is performed to achieve a consistent estimate of the
spectral content:

Ĉ�k,l� =
1

MN �
p=−M/2

M/2−1

�
q=−N/2

N/2−1

K�k − p,l − q�I�p,q� , �3�

where K� · � is a 2-D, symmetric, nonnegative function on the
real line. In our application, we chose the 2-D version of the
Bartlett-Priestly window for the kernel K� · � because of its
optimality property in terms of minimizing the relative mean
square error of the estimated spectral density with respect to
the functional form of the window.15

The smoothed periodogram Ĉ�k , l� is then treated as an
image of size M �N pixels �normalized frequency domain�
for which morphological analysis is conducted. In the follow-
ing, the local maxima of the smoothed periodogram are iden-
tified using an 8-connected neighborhood:

B�k,l� = local max�Ĉ�k,l�� , �4�

where B�k , l� is a binary �0,1� image, with ones marking the
locations of local maxima. The regional maxima are defined
as a set of connected pixels that have the same intensity,
where external boundary pixels have lower values. This leads

to series of estimates of local maxima Ĉmax�kp , lp�, p
=0,1 , . . . , P, which are further sorted in a descending order,
i.e.,

frame caused by eye movement, �c� a dry eye patient, and �d� dry
blurred
November/December 2009 � Vol. 14�6�2
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Ĉmax�k�0�,l�0�� � Ĉmax�k�1�,l�1�� � ¯ � Ĉmax�k�P�,l�P�� .

�5�

he highest local peak value Ĉmax�k�0� , l�0�� corresponds to
he zero frequency order �the DC value�. In the next step, a set
f image intensity profiles is sampled from the highest peak

ˆ
max�k�0� , l�0�� to each of the other estimated peaks

ˆ
max�k�p� , l�p��, p=1,2 , . . . , P.

The nearest-neighbor interpolation is used for computing
he slice from the zero order to the local maxima. The mini-

um absolute value of the pixel in the valley of the profile is
ompared with the next local maximum. Figure 2 presents an
xample of the slice between the zero and the first order of the
ourier spectrum. The intensity of pixels is presented in dB
cale. The dashed line marks the intensity 1 dB lower than the
ntensity of the second local maximum. We use the inclusion
riterion in which the local maximum is considered as a sepa-
ate peak provided that the valley between the considered and
he zero order peak is below 1 dB.

Results
he plots in Fig. 3 present variations of the calculated mea-
ure M2 for a subject with normal tear film without blinking
uring recording �upper row� and a subject with unstable tear
lm, who blinked two times during recording �bottom row�.
he original method �left column� and the proposed method

right column� are compared. The values of the M2 index
llustrate fast changes in the smoothness of the tear film sur-
ace. For the frames of good quality, it is expected that the
lot should present a decreasing trend immediately after an
ye blink,16 relatively stable values for the next stage of the
ear film kinetics in the case of normal eyes, and increasing
haracteristic if a breakup appeared in the tear film surface, as
s common for dry eye subjects.

In both presented cases, isolated blurred frames caused by
fast eye movement during the recording were present in the

equences. The gaps in the plots indicate that the first harmon-
cs were either not present in the blurred image or they could
ot have been found in the spectrum in the designated area of
nalysis.12

ig. 2 Example of an oversampled slice of the Fourier spectrum be-
ween the zero and the first order of the Fourier spectrum.
ournal of Biomedical Optics 064039-
For those blurred frames, for which the first order was
found, the M2 value is very high due to spread form of the
first harmonics in the spectrum.9 As a consequence, the pres-
ence of the isolated blurred frames in the sequence manifests
in high peaks in the tear film quality indicator as it is pre-
sented in Figs. 3�a� and 3�c�. Hence, the previous method of
computation �of searching for the first order of the Fourier
spectrum� required removing the blurred frames from the se-
quence before the calculation was applied. On the other hand,
the proposed method is fully automatic, because there is no
need to browse the sequence and remove single frames manu-
ally. The plots in Figs. 3�b� and 3�d� were achieved using the
new method of searching the first harmonic in the Fourier
spectrum. It can be easily seen that the plots are smoother and
that they more realistically illustrate the true kinetics of the
tear film on the cornea.

4 Discussion
The new estimation technique for extracting the first harmonic
from the Fourier spectrum of an interferogram combines the
traditional spectral estimation techniques with morphological
image processing techniques.

The method of extracting the fragment of the Fourier spec-
trum for numerical analysis gives a more unambiguous posi-
tion of the first harmonic. Thus, it gives more robust results in
cases of significantly disturbed interference fringes as well
allowing the automatic rejection of interferograms of poor
quality and contrast.

The zero order of the spectrum is often spread in one spe-
cific direction, determined by the tear breakup’s shape show-
ing as inhomogeneity of the background of the image.16 The
previous method would require a relatively large mask to
cover the zero order. Using the new method, it is much clearer
where the first order of the spectrum is located.

If a speckled structure is observed in the interferogram, as
in the case of a dry surface of a contact lens, the Fourier
spectrum of the image does not present any periodicity, or the

Fig. 3 Examples of plots achieved by using the previous �a, c� and the
new �b, d� method of searching the first order in the Fourier spectrum.
Upper row: single interblink interval of a normal patient: bottom row:
three interblink intervals recorded on a dry eye.
November/December 2009 � Vol. 14�6�3
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umber of the estimated local maxima in the spectrum in-
reases significantly. In the second case, most of such local
axima do not meet the proposed 1-dB condition. No peri-

dical pattern can be noticed then, so no first order of the
ourier spectrum is distinguished.

The new method of extracting the first harmonic also
orks well in the elimination of blurred images caused by the

accadic movement of the eye. Due to the poor contrast in
uch images, the first harmonic in the Fourier spectrum is
elow the floor noise, and after it is cut off, the zero order is
he only local maximum in the spectrum. This indicates that
he image does not contain information about the tear film
urface quality and must be rejected.

The proposed technique gives less noisy results of the tear
lm surface quality and eliminates the interferograms with
oor periodic structure. It is more robust to changes in inter-
erence fringes caused by natural eye movements and the de-
ree of dryness of the contact lens and corneal surfaces than
ts predecessors.
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