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Abstract. An adequate water balance (hydration extent) is one of the basic factors of normal eye function,
including its external shells: the cornea and the sclera. Adequate control of corneal and scleral hydration is
very important for early diagnosis of a variety of eye diseases, stating indications for and contraindications
against keratorefractive surgeries and the choice of contact lens correction solutions. THz systems of creating
images in reflected beams are likely to become ideal instruments of noninvasive control of corneal and scleral
hydration degrees. This paper reports on the results of a study involving transmittance and reflectance spectra
for the cornea and the sclera of rabbit and human eyes, as well as those of the rabbit eye, in the frequency range
of 0.13 to 0.32 THz. The dependence of the reflectance coefficient of these tissues on water mass percentage
content was determined. The experiments were performed on three corneas, three rabbit scleras, two rabbit
eyes, and three human scleras. The preliminary results demonstrate that the proposed technique, based on
the use of a continuous THz radiation, may be utilized to create a device for noninvasive control of corneal
and scleral hydration, which has clear potential of broad practical application. © 2016 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.21.9.097002]
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1 Introduction of the shape of the eye, while the violation of its biomechanical

The fundamental role of water in the functioning of living sys-
tems is well known. Even a minor violation of the water balance
(by 10%) may lead to a development of pathological conditions
in these systems. The main part of water in an organism is bound
by connective tissues that are able to retain water due to the pres-
ence of glycosaminoglycans in the intercellular matrix."> The
corneoscleral shell of the eye, being a connective tissue forma-
tion, normally contains a significant quantity of water. For
example, the normal human cornea contains about 78% of
water mass while the normal sclera has 65%.° If excessive
water is accumulated in the cornea (the corneal edema), the tis-
sue’s refractive properties are changing; especially important is
the fact that the cornea loses its transparence, which leads to
significant loss of vision. On the other hand, a dehydrated cor-
nea also changes its shape and refractive ability; if the loss of
water persists, the cornea is subject to a dystrophic process that
causes irreversible violations of visual function.*

Violated water balance of the cornea may be due to a variety of
eye diseases (inflammatory processes, injury, and corneal ectasias)
as well as a number of medical activities, including surgical inter-
ventions such as keratorefractive operations for myopia and other
refraction abnormalities, cross-linking for keratoconus, therapeutic
procedures, such as prolonged instillation of certain medications
(e.g., hypotensive ones), and optical techniques (contact lens wear-
ing).’ The sclera of the eye, which accomplishes the supportive
function for the internal shells (the choroid and the retina) and
other eye structures, plays an important role in the maintenance
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properties caused by the development of a dystrophic process in
the scleral tissue is the leading cause of myopia progression and
the onset of disabling complications.®® In addition, the changed
structure and properties of the corneoscleral shell of the eye
have recently been found to be a significant factor in glaucoma
development.”!! Tt is therefore understandable that being able
to determine the extent of hydration of the cornea and the sclera
may have a significant impact for diagnosing eye diseases.

In view of the above, adequate control of corneal and scleral
hydration is very important for early diagnosis of a variety of eye
diseases (corneal dystrophies, keratoconus, progressing myopia,
and open-angle glaucoma), stating indications for and contrain-
dications against keratorefractive surgeries, the choice of effec-
tive and safe plans of local medicament treatment, including tear
replacement and hypotensive therapy, as well as the choice of
contact lens correction solutions. Yet, no such method is avail-
able for a clinical ophthalmologist so far. Using THz radiation
(in 0.3- to 3-THz frequency range) for these purposes appears to
be very promising, as it is known that, in this frequency range,
water shows high absorption values and dielectric permeability,
which determines a high value of the reflection coefficient. This
opens up vistas for using THz scanning in the light reflected
from material surfaces, including those of biological materials,
to detect even the slightest changes in the concentration of water
contained therein.

Only a few research groups the world over work at creating
systems of THz scanning of hydration in biological tissues.
These groups mainly use pulsed sources of THz. To give an
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example, a paper of Tewari et al.'? presents a THz scanning

method of porcine cornea hydration. The authors used a tradi-
tional method of obtaining pulse THz radiation, involving a pho-
toconductive antenna and a pumping femtosecond laser. They
used a detector based on Schottky barrier diode as a receiver.
This scheme may be replaced by a fast and more sensitive detec-
tor based on hot electron bolometer.'* A similar technique was
used previously by other authors; in particular, the paper of
Taylor et al.'* presents a THz system of creating images that
permit differentiating, with high precision, tissue areas with dif-
ferent water contents. Other authors report on a successful appli-
cation of THz diagnosing of skin carcinoma' and melanoma, as
well as the analysis of the state of skin burns based on water
concentration measurements.'®!'” The paper of Bennett et al.'®
presents the results of measuring the coefficient of reflection
of porcine cornea depending on its hydration, within the
0.21-THz frequency range. The authors of this paper revealed
an approximate linear dependence of the reflection coefficient
on water concentration of the tissue, with a monotonically
reducing slope coefficient and radiation frequency growth. In
the paper of Taylor et al.,'’ the results of in vivo measuring
of the rabbit cornea reflectance using a pulsed THz imaging
system (0.47 to 0.58 THz) and millimeter (MM)-wave reflec-
tometer (100 GHz) are presented. The positive correlations
were established between the measurements of central cornea
thickness and MM-wave reflectivity.

However, the technique used in the abovementioned papers is
still far from implementation in practical devices. This is explained
by the fact that to realize the suggested scheme of generation of
THz radiation, a powerful, large, and extremely expensive femto-
second laser is needed. In addition, spectra of reflectance and
transmittance of the tissue in MM-wave range (<0.3 THz) have
not been presented in the papers described above.

The present paper reports the results of a study of transmit-
tance and reflectance of the cornea and the sclera in a THz range
(0.13 to 0.32 THz). The radiation sources we used were in-
expensive and easy-to-use generators based on a backward-
wave oscillator (BWO) and impact ionization avalanche
transit-time diode, while the detectors were diodes with
Schottky barriers and a Golay cell. The equipment used will
allow us to create a simple and a relatively inexpensive device
for noninvasive control of water content in eye shells, suitable
for broad practical application.

2 Experiment

The experiments were performed on three corneas, three rabbit
scleras, two rabbit eyes, and three human scleras. This study was

approved by the local ethics committee of the Moscow
Helmbholtz Research Institute of Eye Diseases. All the experi-
ments performed in this study have been carried out according
to the World Medical Association statement on animal use in
biomedical research. The experiments were undertaken accord-
ing to the ethical policy of the Moscow Helmholtz Research
Institute of Eye Diseases. Photos of the samples are presented
in Fig. 1.

We used the following experimental setup for measurements
of the frequency dependence of the corneal and scleral transmit-
tance in the sub-THz range. We employed a tunable generator in
the range of 129.2 to 145.5 GHz with the step of about 10 MHz
determined by the effective bandwidth of generated frequency
as a radiation source. The output power was amplitude modu-
lated by an external generator with the frequency of 10 Hz. The
experimental tissues were placed into a Petri dish with a bottom
about 0.8-mm thick. The Petri dish was placed at the focus of the
optical system, which consisted of two off-axis parabolic mir-
rors with the focal distances of 50.8 and 152.4 mm, respectively.

The effective beam diameter at the focus was <1 cm. We
used a Golay cell as a detector of the transmitted radiation.
The electrical signal from the detector was measured by a
lock-in amplifier. The reference signal was fed to the lock-in
amplifier from an external low-frequency generator. The
block diagram of the experimental setup is shown in Fig. 2.
It should be noted that the output power of the generator
strongly depended on frequency. For this reason, we measured
the transmittance of the optical path with the Petri dish before
the experiment. The transmittance spectra of the investigated tis-
sues were obtained by dividing the registered signal at each fre-
quency by the corresponding value of the signal obtained during
calibration.

The experimental setup for measuring the reflectance coef-
ficient depending on the mass of water content in the tissue is
shown in Fig. 3. As a source of radiation, we used an avalanche
transit-time diode (ATTD) with the generated frequency of
95 GHz. The generated radiation was transmitted to the sample
under investigation, located in the Petri dish, using a special
horn. The output power was amplitude modulated at the fre-
quency of 16.6 kHz by an internal generator of the ATTD
power supply unit. We used a detector based on a Schottky
barrier diode to measure the reflected radiation. The electrical
signal from the detector was measured by a lock-in amplifier.
The reference signal was fed to the lock-in amplifier from
the electrical low-frequency generator of ATTD power supply
unit. We used a second horn to match the radiation reflected
from the tissue under investigation with the detector.

Fig. 1 Photos of the samples: (a) rabbit cornea and (b) rabbit eye.
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Fig. 2 Block diagram of the experimental setup for measurements of
corneal and scleral transmittance in sub-THz frequency range.
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Fig. 3 Block diagram of the experimental setup for measurements of
the dependence of the corneal and scleral reflectance in the sub-THz
range on the water content.
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The measurement of the tissue mass was performed using
electronic scales with an accuracy of 10~ g on which the Petri
dish was installed. We measured the dependence of the reflected
signal on the water content in the rabbit cornea or sclera sample
when it was drying. The measurements were performed until the
signal changed while the initial form of the cornea or the sclera
was retained. We used absorbing material Eccosorb glued on the
opposite side of the Petri dish to reduce the reflection of parasitic
radiation from the metal surface of the electronic scales used in
the experiment. However, we could not fully eliminate the para-
sitic reflected radiation, which amounted to about 30% of the
total detected power.

Waveguide Detector

-

Cornea

Sclera " Scattered

radiation

Fig. 4 System block diagram of illumination geometry.

Journal of Biomedical Optics

097002-3

The main disadvantage of the experimental setting was the
fact that we performed integral measurements of the reflection
from the tissue surface. For this reason, we could not investigate
the reflected radiation from the rabbit eye as most of the incident
radiation was scattered on the spherical surface of the eye, so
that the power reaching the detector was insufficient to obtain
confident registration. This disadvantage has been eliminated in
further experiments involving measurements of reflectance of
the rabbit eye in the frequency range of 0.13 to 0.32 THz. In
this experiment, we used a BWO as a radiation source. The gen-
erated radiation was directed to the eye surface using a WG6
waveguide. The output of the waveguide was located in the
immediate proximity of the surface of the eye. Therefore, in
this experiment, the diameter of the illuminated area was a
few MMs. Figure 4 shows the system block diagram of illumi-
nation geometry. As one can see, radiation was mainly reflected
by the cornea. We used a Golay cell as a detector of the scattered
radiation. The calibration was carried out on the radiation
reflected from the metal plate.

3 Results and Discussion

The transmittance spectra of the rabbit sclera clearly show the
alternating maxima located at a distance of about 1 GHz from
one another, which emerged due to the standing waves in the
optical path. This parasitic effect occurred due to the multiple
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Fig. 5 The transmittance spectrum of rabbit cornea. The black curve
shows the values immediately after the cornea was extracted from the
eye, while the red curve was obtained 20 min later.
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Fig. 6 The transmittance spectrum of rabbit sclera. The black curve
shows the values immediately after the sclera was extracted from the
eye, while the red curve was obtained 1 h later.
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reflections between the radiation source and the sample. We pre-
sented the average curves (thick line with dots) with the exper-
imental data (thin line) in Figs. 5-7. The error bars represent the
average differences between the measured values of reflectance/
transmittance at every particular frequency. As can be seen from
Figs. 5 and 6, the transmittance of the cornea and the sclera
expectedly increased due to the fact that the content of unbound
water, which is the main absorber of sub-THz radiation in exper-
imental tissues, reduced. The obtained results of the similar
experiments, performed with the human sclera, are shown in
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Fig. 7 The transmittance spectrum of human sclera in the sub-THz
range.
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Fig. 8 The reflectance spectrum of the rabbit eye in the THz range.
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Fig. 7. The measured reflectance spectrum of the rabbit eye
in the frequency range of 0.13 to 0.32 GHz is shown in Fig. 8.

Figure 9 shows the results of the experiments measuring the
reflectance dependence of the rabbit cornea and sclera on the
content of free water in the tissue. The free water content in
the rabbit cornea and sclera was obtained using the measured
mass of the tissue at every particular point on the plot m and
the measured mass of the completely dry tissue m, according
to the equation [l — (m/mgy)] X 100%. The measurements
were carried out for more than 1.5 h. We obtained 35 data points
for each experimental curve. A part of the radiation reflected
from the material could not be detected due to nonideal coupling
with the detector and scattering. For this reason, the reflected
signal is expressed in relative units in Fig. 9.

As can be seen from Fig. 9, the decrease of free water con-
centration by 1% leads to a clearly detectable drop of the
reflected signal by 13%. This result agrees well with that
obtained earlier in an experiment with pulsed THz system.!®
The linear dependence of the reflectivity on the mass of
water content in tissue is also confirmed at the initial stages
of drying. A stronger drying of cornea and sclera leads to a
change in the shape of the curve, which is probably connected
with the deformation of the cornea itself, caused by dehydration.
The obtained result is promising in terms of the possibility of
developing a practical device for noninvasive analysis and con-
trol of the hydration degree of the cornea and the sclera.

4 Conclusion

The presented work reports on the creation, for the first time, of
experimental installations for in vitro studies of the frequency
dependence of the transmittance coefficient of the cornea and
the sclera, as well as the dependence of reflectance coefficient
on the content of water mass in these tissues in the sub-THz
frequency range. The reflection spectrum of the eye was mea-
sured in the 0.13 to 0.32 THz. The transmittance spectra of the
cornea and the sclera and the dependence of the reflection coef-
ficient of these tissues on water content were obtained.
Differences have been found in the investigated parameters
between the cornea and the sclera of the rabbit, as well as
those between the rabbit sclera and the human sclera. The pre-
liminary results show that the proposed technique, based on the
use of continuous THz radiation, can be used to create a setup
for noninvasive control of the degree of hydration of the cornea
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Fig. 9 The curve showing how the reflectivity depends on the water content in the tissue. (a) The
reflected signal drops with the decrease of free water concentration in the tissue. (b) The linear part

of the dependence.
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and the sclera, which has a clear potential of broad practical
implementation in clinical ophthalmology.
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