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Abstract: Elevated intraocular pressure (IOP) results in endothelial layer damage that can
induce corneal hydration perturbations. We investigated the potential of terahertz spectroscopy in
measuring the IOP levels through mapping corneal water content. We controlled the IOP levels
in ex vivo rabbit and porcine eye samples while monitoring the change in corneal hydration using
a terahertz time-domain spectroscopy (THz-TDS) scanner. Our results showed a statistically
significant increase in the THz reflectivity between 0.4 and 0.6 THz corresponding to the increase
in the IOP. Endothelial layer damage was confirmed using scanning electron microscopy (SEM)
of the corneal biopsy samples. Our empirical results indicate that the THz-TDS can be used to
track IOP levels through the changes in corneal hydration.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Open Angle Glaucoma (OAG) is one of the leading causes of irreversible blindness [1]. Vision
loss is the result of elevated intraocular pressure (IOP) damaging the optic nerve over time. Early
diagnosis of glaucoma is critical to manage elevated IOP and prevent the disease progression.
Standard diagnostic markers include both elevated IOP and retinal nerve fiber layer damage [2].
However, the nerve damage is clinically detectable only after 40% of the retinal ganglion cells
are lost [3]. An alternative approach would be to probe disease progression by assessing corneal
endothelial layer health. Sustained IOP elevations are associated with decreased endothelial cell
density [4,5]. Endothelial cells maintain normal corneal tissue hydration by the active transport
of excess aqueous humor [6]. High corneal tissue water content (CTWC) leads to opacification
as the stroma swells from the influx of fluid. Without treatment and regulatory action, corneal
tissue would continuously imbibe fluid [7]. Therefore, changes in the CTWC can be used to
discern the endothelial layer’s health and function. However, direct and non-contact in vivo
evaluation of the CTWC remains a challenge. Clinically, corneal hydration is estimated based on
its correlation with the central corneal thickness (CCT) measurements. A linear regression using
simultaneous weight and pachymetry measurements by Ytteborg et al. in 1965 is used to derive
CTWC from CCT [8]. Recent in vivo studies have suggested that a linear relationship is valid for
the normal (healthy) eyes, but the relationship becomes nonlinear in diseased conditions [9]. This
problem has motivated the development of alternative corneal hydration sensing techniques. For
example, brillouin microscopy uses near infrared light to probe the corneal tissue biomechanics
to gauge CTWC in vivo [10,11]. Raman spectroscopy technique can directly assess CTWC
using spectroscopic information but requires high fluence power or long integration times, which
hinders its in vivo application [12].
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Terahertz (THz) spectroscopy has been gaining broader applications in the biomedical imaging
field as a noninvasive, nondestructive, and sensitive tool for assessing tissue hydration or water
content. As a measure of its high sensitivity, the noise equivalent delta water concentration
(NEAWC) of THz reflectivity to a polypropylene paper sample saturated to different hydration
levels was calculated to be 0.054% [13]. Different groups have used terahertz time-domain
spectroscopy (THz-TDS) to classify tissues in various disease models [14—18]. Grootentdorst et
al. developed a handheld THz pulsed imaging scanner to differentiate ex vivo breast carcinoma
tissue in freshly excised samples by its tissue water content [19,20]. Recently, in vivo THz-TDS
measurements were used to grade wound severity in rodents [21] and porcine [22] burn models
using hyperspectral parameters to assess tissue hydration and scattering in the skin [23].

In contrast, the homogenous nature of the corneal stroma layer, compared to other tissue types,
makes it an apt target for hydration sensing using THz waves [24]. While the stroma of a healthy
cornea presents as a homogeneous target in a plane perpendicular to the direction of propagation
of the THz beam, its water content varies in the axial direction [25]. Early work by Bennett et al.
demonstrated sensitivity of THz reflectivity to water content in ex vivo porcine corneal tissue [26].
Subsequent ex vivo studies have extracted the dielectric response of corneal tissue to variable
hydration levels [27,28]. Recently, we have demonstrated a finite-difference time-domain model
to solve the Fick’s second law of diffusion in conjunction with the stratified Bruggeman model to
predict, and experimentally verify, the change in the THz dielectric properties of a dehydrating
corneal tissue phantom [29].

Several groups have demonstrated the clinical utility of THz reflectometry of corneal tissue
using in vivo studies. Seminal work by Taylor ez al. showed an increase in reflectivity at 100 GHz
in rabbit eyes in contact with a mylar window corresponding to an increase in the CCT as the tissue
rehydrates [9,24]. Ensuing systems utilized off-axis parabolic mirrors (OAPM) for non-contact
imaging in humans [30,31]. A recent work explored the use of axicon lenses, designed for
operation between 0.220 to 0.330 THz, for improved illumination of the cornea [32,33]. Other in
vivo work has explored the potential of monitoring tear film thickness [28,34,35] and monitoring
scleral and corneal hydration using THz waves between 130 and 320 GHz [36].

In this paper, we present experimental THz-TDS results obtained in two ex vivo studies using
rabbit and porcine eyes, designed to observe CTWC changes due to elevated IOP levels. In both
sets of experiments, the IOP was increased by raising the height of a saline reservoir connected
to the anterior chamber of the samples [37-39]. Measurements of the rabbit samples in the
first study were obtained using a collocated THz-TDS setup featuring telecentric beam steering
and an f-0 lens to achieve a large field-of-view (FOV) with normal incidence angle [40], where
corneal samples were in contact with a fused silica window. In the second study, porcine samples
were measured in a non-contact THz-TDS corneal scanner utilizing an off-axis parabolic mirror
(OAPM) to scan the spherical geometry of the eyeballs [30,31,41]. In both cases, the THz
reflectivity increased as the IOP increased beyond the normal range of approximately 15-20
mmHg. Moreover, the statistically significant signal contrast between the experimental and
control measurements was achieved in the frequencies between 0.45 and 0.6 THz within the
broadband spectral range of our corneal scanner. Endothelial layer damage was confirmed in
porcine samples with scanning electron microscopy (SEM). Our results demonstrate the potential
of using THz-TDS measurements for the early detection of elevated IOP by monitoring the
pressure-induced endothelial damage.

2. Methods
2.1.  Ex vivo rabbit corneal studies

In the first study, rabbit eyes were chosen for their similarity in corneal thickness and anterior
chamber depth to that of humans [42]. Rabbit eye samples were harvested from euthanized
animals at the conclusion of ongoing studies at the Stony Brook University’s Division of
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Laboratory Animal Research (DLAR) and approved by the Institutional Animal Care and Use
Committee (IACUC). After excision, all samples were maintained in normal saline at 4 degrees
C and used within 72 hours upon receival in accordance with established protocols for ex vivo
tissue viability [43]. Samples were secured in styrofoam holders with agar gel to limit movement.
As shown in Fig. 1(a), a 30 gauge needle was inserted into the anterior chamber of the eye to
connect to the saline reservoir. During the study, the height of the reservoir was raised relative to
the sample’s to increase the IOP levels. Additionally, as the control experiment, this pressure
was measured directly by a pressure sensor, Validyne DP15 (Validyne Inc, Los Angeles, CA),
connected via a second 30-gauge needle placed in the anterior chamber. The IOP values started
at 10 mmHg and were increased in seven 10 mmHg steps every approximately 3.4 hours during
the total 24-hour study duration. For reference, in humans with chronic glaucoma IOP is usually
between 20 and 30 mmHg on average, while acute glaucoma is associated with pressures greater
than 40 mmHg [44].
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Fig. 1. (a) A schematic of the setup used in the first (rabbit) study. E, emitter; D, detector; W,
fused silica imaging window; BS, silicon beam splitter; L, lenses (TPX50); GM, gimballed
mirror; R, saline reservoir; P, Pressure sensor; F, f-0 lens; (b) A representative THz-TDS
signal obtained from the center of the cornea through the imaging window is shown. There
are two reflections; the first is from the air-fused silica interface and the second is from the
fused silica-cornea interface. (c) A representative image of the corneal sample is formed
using the peak-to-peak value of the second THz-TDS reflection pulse shown in (b).

As the IOP was increased, a series of THz-TDS scans were obtained using the first corneal
scanner, shown in Fig. 1(a). The photoconductive antenna (PCA) emitter and detector were part
of a commercial THz-TDS system, TeraSmart (Menlo System, Inc, Newton, NJ). TeraSmart uses
a 1560 nm femtosecond fiber laser to pump an InGaAs/InAlAs PCA emitter, while a mechanical
delay allows for the time-domain sampling of a LT InGaAs/InAlAs PCA detector with 0.0333 ps
resolution. After the THz generation, the beam is collimated by a TPX50 lens (aspheric, 50 mm
focal length, 38.1 mm diameter), passed through a silicon beam splitter and focused by an -6
lens onto the fused silica window. A gimballed mirror placed in a telecentric configuration is
used to steer the collimated beam across the f-0 lens and thus the imaging window to form a
large FOV image. The f-0 lens maintains a fixed spot size throughout the scan [45]. The fused
silica window is necessary due to the non-planar geometry of the eye samples. The returning
beam is reflected by the beam splitter and focused by a second TPX 50 lens onto the detector.

A 13 by 13-pixel image with 1 mm? pixel area was obtained every 20 minutes over the course
of a 24-hour experiment. As shown in Fig. 1(b), the THz signals were further processed using a
high-pass gaussian filter to eliminate the internal low frequency (below 0.1 THz) intercoupling
between the emitter and detector PCAs through the beam splitter. In Fig. 1(c), the peak-to-peak
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values (p-p) of the second reflection from the fused silica-cornea interface were calculated to
form a representative image of the sample. The area of contact can be approximated as a circle
with 5 mm radius. Based on the average rabbit corneal surface area approximately 50% of the
cornea was in contact with the window [46]. Although the experimental setup described in
this section provided for a rapid and easy investigation of any potential THz signal contrast
mechanisms, it does suffer from the need to make direct contact between the spherical sample
and the imaging window to ensure normal beam incidence. In the next section, we will use a new
THz-TDS scanner for spherical samples using two linear motorized stages to achieve noncontact
corneal imaging. Moreover, we will describe a time-domain approach for auto-alignment of the
entire system in case of sample motion through addition of 3D positioning control for an OAPM
used for mapping spherical surfaces.

2.2. Exvivo porcine corneal studies

In the second study, porcine eyes were chosen due to their availability in large quantities and for
their similarity in size to a human eyeball [47]. Ex vivo samples were obtained from a commercial
vendor (First VisionTech, Inc, Sunnyvale, TX). Similar to the first study, the globes were secured
in styrofoam holders using agar gel. The IOP levels were controlled using the height of the
saline reservoir. In this study, the samples were divided between two groups: control (sham)
and elevated-IOP (experimental) arms. In the experimental samples group (N =4), the IOP
values began at 15 mmHg and increased in steps of 10 mmHg every hour until reaching 55
mmHg. Control samples (N =3) were maintained at a physiologically normal 15 mmHg for
the same experimental duration [48]. The initial and ending central corneal thickness (CCT)
were measured using an ultrasound pachymetry unit (Pachette 2, DGH Technologies, Exton, PA,
USA). As shown in Fig. 2(a), the pressure sensor was connected via a 3-way stopcock to reduce
the number of needles inserted in the anterior chamber as compared to the first study.
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Fig. 2. (a) A schematic of the setup used in the second (porcine) study. E, emitter; D,
detector; BS, silicon beam splitter; R, saline reservoir; P, Pressure sensor; OAPM, off-axis
parabolic mirror; H, 3D-printed housing unit containing the imaging optics, mounted on
the LS1 and LS2, linear stage motors, used to move the housing; LS XYZ, a 3-axis linear
motorized stage used for 3D positioning and adjustments of the OAPM; (b) An image of
the entire system. (c) Photograph of the 3D-printed housing mounted on its accompanying
linear stages (LS1 and LS2). (d) A representative THz-TDS signal from the center of the
image. (e) An equiangular raster scan image of the corneal sample formed using the p-p of
the reflected THz pulse.
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A non-contact THz corneal scanner designed for ultimate clinical applications was tested
in the second ex vivo study in this paper. To draw a parallel, contactless tonometers are
predominantly preferred over contact tonometers due to ease of training, lack of local anesthesia
requirement, low possibility of corneal infection or abrasion and objective measurements [49-52].
Based on previous work by Sung ef al. [30,31,53,54], a 90-degree OAPM (EFL = 50.8 mm;
Diameter = 76.2 mm) replaced the -6 lens for focusing the THz beam onto the ocular globe. An
OAPM with a sufficiently large aperture can focus collimated beams without spherical aberrations.
A collimated beam raster scanning the aperture of an oversized OAPM at normal incidence angle
is focused perpendicularly on the spherical target surface, whose center of curvature coincides
with the focal point of the OAPM. Therefore, a grid of rectilinear coordinates on the OAPM’s
aperture surface can be mapped to a grid of angular coordinates on the spherical target surface.
The spatial resolution of the scanner for imaging the spherical surface of the eye is estimated to
be 1 mm. Further detail on the integration of the corneal scanner with a THz-TDS instrument,
scanning coordinate mapping, and spherical spatial and axial resolution limits are described in
our earlier publication [41]. The center of a spherical target is aligned to the focal point of the
OAPM using strategies detailed in Virk ef al. [41,55]. To maintain alignment during the scan, the
emitter, detector and corresponding focusing optics are housed in a 3D-printed case and moved
in unison. The collimated beam is raster scanned across the OAPM via two linear stage motors
attached to the housing unit. A 9 by 9-pixel equiangular scan with 5° spacing was measured every
4 minutes. As it will be explained in the section below, an auto-alignment script repositions
the OAPM between each scan, using three additional orthogonal linear stages controlling the
OAPM’s position, to ensure that the corneal hemisphere maintains proper scanning alignment
with the OAPM. This auto-alignment process is critical to ensure accurate measurements are
obtained because as the IOP increases, the corneal thickness increases and results in inflation of
the sample surface. At the conclusion of the experiment, corneas were excised, fixed in 2.5%
glutaraldehyde and 1.5% formaldehyde, dried using a series of ethanol and hexamethyldisilazane
(HDMS) solutions and imaged with scanning electron microscopy (SEM) to confirm endothelial
layer damage. The measured THz-TDS signals were high pass filtered with a gaussian filter to
eliminate low frequency noise below 0.1 THz. A sample filtered THz-TDS signal is shown in
Fig. 2(d), along with a representative image of the corneal sample in Fig. 2(e).

2.3. Auto-alignment of the porcine samples

In biomechanical studies of the cornea, tissue deformations due to increased IOP are used to
gauge the sample’s tensile properties [56,57]. To account for similar corneal deformations, an
auto alignment script compensated for shifts in the apical position of the corneal hemisphere
by slight adjustments to the OAPM’s position. Because the path length is preserved for all
beams incident to the OAPM, variations in the time of arrival (TOA) of the THz-TDS signals
provide information on the sample’s alignment. Prior to OAPM adjustments, as shown in Fig. 3,
the TOAs of the central two axes of the target were recorded. The measured TOA values are
converted to surface optical depth by Eq. (1),

(TOA — TOA)

Depth =
ep C* 5

)]
where TOA is the time of arrival of each pixel and TOA( is defined as the time of arrival of
the center pixel of the image, where the beam is focused on the apex of the spherical target,
and c is the speed of light. Each cross scan, shown in Fig. 3(a), takes on average 15 seconds
to complete. Based on calibration measurements using a metallic spherical reference, depth
measurement resolution of the system is expected to be around 20 micrometers or less [40]. A
sample misalignment, as shown in Fig. 3(a), creates a linear trend in the TOA of the pulses as a
function of angular axis 0 and ¢. This information is used to iteratively adjust the 5 linear stages,
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Fig. 3. (a) A schematic of the setup. E, emitter; D, detector; BS, silicon beam splitter; LS 1
and 2, Linear stage motors designated to move the emitter and detector in tandem for beam
steering; LS XYZ, 3D linear stage motors controlling the OAPM’s position. (b-c) Depth
differences across the 0 and ¢ axes at positions A and B, where position A is intentionally
misaligned and B represents the properly aligned sample. The scanning range differs between
the two axes due to the asymmetric nature of the OAPM’s FOV.

which control the position of the THz-TDS housing and the OPAM accordingly until the depth
range is below the aforementioned threshold. The emitter and detector housing unit are moved in
tandem with the OAPM’s position to retain the alignment of the system. Figure 3(b-c) show the
surface optical depth measurements in an internationally misaligned sample (position A) and a
well-aligned sample, designated by position B, along the 6 and ¢ axes.

3. Results
3.1. Rabbit study

To assess the change in CTWC, we monitored the change in the peak-to-peak (p-p) amplitude of
the THz-TDS reflection from the fused silica window-cornea interface. A total of three ex vivo
rabbit samples were used in the first study. The central nine pixels of each scan were averaged as
displayed in Fig. 4(a). Prior to averaging, experimental measurements were normalized using
Eq. (2),

%THz — TDS Amplitude = 27" 4 100 Q)

Xmin

where x; is the THz p-p time series of each pixel and xy;, refers to the minimum THz amplitude
value of each pixel. The results show an increase in the THz reflectivity. Figure 4(b) shows
the averaged percentage increase in the THz amplitude of the central nine pixels of each of the
samples with error bars representing the standard deviations of the experiments.

3.2. Porcine study

Figure 5 compares the mean change in the THz time-domain p-p amplitude of the averaged
central nine pixels of each corneal image, represented in Fig. 5(a) by the rectangular ROI, for
both the control and experimental groups.

The percentage change in the normalized THz-TDS amplitudes was calculated using Eq. (2).
A moving average filter of length 5 was applied to the mean THz amplitude change time series.
Our results in Fig. 5(b) shows that the increase in the mean THz amplitude was statistically
significant after 35 mmHg, as compared to the control group. A Student’s t-test was used at each
time point to calculate statistical significance between the control and experimental samples. An
asterisk represents a significant difference with a p-value less than 0.05.
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Fig. 4. (a) The THz-TDS amplitude of the central 9 pixels, shown by the rectangular ROI,
were used in the calculation. (b) The normalized percentage increase in the THz amplitude
of the reflection from the fused silica window-cornea interface is plotted with error bars
representing + the standard deviation of the experiments.
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Fig. 5. (a) A representative corneal THz-TDS amplitude image obtained using the non-
contact spherical scanner displaying the central nine pixels as the ROI in each sample. (b)
The mean normalized change in the averaged THz-TDS amplitude of the ROI is plotted
over time between the experimental and control samples. The red trace shows the measured
stepwise IOP in the experimental group, while this value was kept constant at 15 mmHg
for the control group (not shown). The error bars represent + standard deviation. Asterisks
represent a statistically significant difference at that time point (p < 0.05).
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Results shown in Fig. 5 were calculated using the time-domain p-p amplitudes of the THz
pulses. To determine the frequency dependence of the observed signal contrast, the Fourier
transform of the THz-TDS signals were calculated and deconvolved with a reference measurement
obtained using a stainless-steel spherical target (r = 8.02 mm). The resulting spectra are shown
in Fig. 6(a-b) for a representative experimental and control cornea, respectively. In Fig. 6, the
time-dependence of the deconvolved THz spectra is plotted between 0.25 and 0.55 THz, showing
a monotonic increase in THz reflectively in experimental samples as compared to the control
group.

Fourier domain analysis of the THz scans obtained in this study showed that the area under the
curve (AUC) of the spectral amplitude between 0.45 and 0.6 THz provided the largest statistical
significance, as shown in Fig. 7.

To confirm endothelial damage, SEM images of the porcine samples were obtained at the
conclusion of the experiments. In Fig. 8(a), the control samples have the regular characteristic
hexagonal arrangement of the healthy endothelial cells in the control group. In contrast, the
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Fig. 6. (a) A representative deconvolved THz spectrum of the experimental group throughout
the 5-hour duration as the IOP was increased. (b) A representative deconvolved THz spectrum
of the control group over the 5-hour window while the IOP was kept constant at 15 mmHg.
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Fig. 7. The mean percentage change in the AUC of the THz spectra, between 0.45 and 0.6
THz, in both the experimental and control groups is plotted. The red step profile shows the
IOP of the experimental group over the 5 hours. In contrast, the IOP of the control group
was held constant at 15 mmHg (not shown). The error bars represent + standard deviation.
The asterisks represent a significant difference between the experimental and control group
with p <0.05.
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experimental samples in Fig. 8(b) show extensive damage to the corneal endothelial layer. The
increase in tissue water content occurs due to the damage to the corneal endothelial layer caused
by the increasing IOP. Increased water content results in a higher index of refraction, which in
turn gives rise to higher reflectivity. We estimate that a change from 70% to 80% in CTWC
results in an approximate 3.37% increase in the real part of the index of refraction at 0.5 THz
(the center frequency of the THz-TDS system). Finally, Fig. 8(c) shows the result from the
pachymetry readings before and after each experiment. Here, the increase in the CCT in the
experimental group is due to the influx of fluid after the elevated IOP damaged the endothelial
layer barrier. In the control group, however, due to the lower sustained IOP the endothelium is
intact, and consequently the excess fluid imbibed in the sample during the storage is squeezed
out after acclimatization to normal IOP levels [56]. Therefore, while the CCT has increased in
the experimental arm over the course of the 5 hours, it has decreased in the control group.
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Fig. 8. (a) Representative SEM image of the endothelial layer of a porcine cornea where
the IOP was maintained at 15 mmHg. (b) Representative SEM image of a porcine cornea in
the experimental group. The biopsy was collected after the IOP was increased to 55 mmHg.
(c) The mean change in CCT measured using ultrasound pachymetry before and after each
experiment are plotted in both groups. The error bars represent the standard deviation of
thickness measurements.

4. Conclusions

By increasing IOP using a variable height saline reservoir in two ex vivo studies, we tested the
hypothesis that the THz spectral reflectivity of the cornea is higher in eyeballs suffering from
elevated IOP levels as compared to normal eyes due to an increased CTWC. We reported ex
vivo measurement results using two THz-TDS systems featuring a wide FOV, using an f-0 lens
(contact based) and an OAPM (non-contact) developed for scanning spherical surfaces. An auto
alignment script was necessary to ensure the apex of the corneal surface remained aligned to
the OAPM as the IOP was increased. Despite differences in species of ex vivo samples and
the THz-TDS setups used, we have demonstrated that the THz-TDS spectroscopy can monitor
pressure-driven CTWC changes. Spectral intensities between 0.45 and 0.6 THz were shown to be
a more discerning marker of CTWC changes in comparison to THz-TDS pulse amplitude in the
time-domain. Finally, we proposed a potential pathway for the increased CTWC due to observed
damage to the endothelial tight junctions in the experimental corneas. Future work includes
improving the clinical applicability of the THz-TDS corneal scanner by increasing measurement
speed. While satisfactory for ex vivo samples, the several-minute-long scan times would not be
robust to motion artifacts expected during in vivo measurements. One potential solution may
involve incorporating broadband compressed sensing to decrease scan times, while retaining
spectral information [58].
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