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Abstract

Vibrational Optical Coherence Tomography (VOCT) is a non-invasive technique that uses
infrared light and audible sound to characterize tissues noninvasively. We have used VOCT
in vivo to characterize the differences between control corneas and corneas with stages |,
11, Il and IV Keratoconus (KC). VOCT studies comparing control normal corneas to corneas
from KC patients suggest that changes are observed in the collagen deposited in the limbus
and lamellae that lead to changes in the average elastic modulus (stiffness). Normal aver-
age central corneal modulus values are significantly higher than the values for KC corneas.
However, the average modulus values of inferior KC corneas are statistically higher than
those for normal corneas. VOCT and machine learning results are consistent with the loss
in stiffness occurring in the KC central regions. The loss in the average elastic modulus in
the central region is observed to be compensated by an increase in the component moduli
and average modulus in the inferior KC cornea. This suggests that the loss in KC average
central/paracentral corneal modulus leads to cone formation at a point where the radius of
curvature is largest due to stress concentration. The results of pilot machine learning stud-
ies using a logistic regression model indicate that differences in the 140-150 and 240-250 Hz
resonant frequency peaks can be used to differentiate between controls and stages |, II, lll,
and IV KC corneas with a sensitivity and specificity of above 90%. Determination of the ex-
act sensitivity and specificity will require additional data on KC subjects but the agreement
between the machine learning results and the statistical analysis of the VOCT data suggest
that KC corneas of different stages can be clinically identified using VOCT.
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Introduction

Energy storage, transmission, and dissipation are important
functions of all mammalian tissues that promote locomotion
and movement and also protect against premature mechanical
failure of tissues [1-5]. Results of a recent study suggest that
the porcine corneal-limbus-scleral biomechanical unit stores
mechanical energy applied to the eye during loading and is pos-
tulated to transmit some of the energy through the sclera to the
posterior segment of the eye [6]. This transfer of applied energy
from the cornea to the posterior segment of the eye prevents
the cornea from delamination, buckling, and cone formation
under applied loads [6]. The loss of energy storage and trans-
mission by the cornea may lead to cone formation and eventual
mechanical failure in diseases such as keratoconus and corneal
ectasia.

Keratoconus (KC) is a progressive corneal disease character-
ized by thinning and steepening of the cornea, often leading
to visual impairment due to astigmatism and scarring [7]. Kera-
toconus appears positively associated with multiple immune-
mediated diseases and systemic inflammatory responses have
been proposed to influence its onset [8]. Progressive stromal
thinning, rupture of the anterior limiting membrane, and sub-
sequent ectasia of the central/paracentral cornea are common
histopathological findings [9]. Mild to moderate cases of pro-
gressive KC are treated surgically, most commonly with corneal
crosslinking [9] although insertion of intrastromal rings is also
reported for mild to moderate disease [10]. Historically, pen-
etrating keratoplasty (corneal transplantation) has been the
standard of care in the surgical management in keratoconus for
very thin corneas.

Histopathological, chemical, and mechanical observations
on KC corneas have been reported as well as changes that are
observed when compared to normal tissues [11-16]. KC results
in corneal protrusion, irregular astigmatism, and decreased vi-
sion [11,13]. With subsequent disease progression, the KC cor-
nea assumes an irregular conical shape because of the changes
to corneal stromal tissue and the subsequent normal tensile
forces that pull the cornea away from the point of initiation.
Morphological changes in collagen fibers, such as interlamellar
displacement and slippage, may explain stromal thinning in KC
eyes [12]. Significant alterations in various biochemical factors
such as extracellular matrix components, cellular homeostasis
regulators, inflammatory factors, hormones, metabolic prod-
ucts, and chemical elements have been reported in KC [17]. In
KC patients, corneal biomechanical indices are correlated with
corneal tomographic parameters [18]. It has been hypothesized
that biomechanical alterations in KC patients can be detected
before morphologic changes. Biomechanics of KC has been in-
vestigated only indirectly to a limited extent due to lack of in
vivo measurement techniques and/or devices [19].

Research on corneal diseases has focused on measuring cor-
neal biomechanical parameters in vivo using two commercially
available instruments: The Ocular Response Analyzer (ORA) and
the Corvis ST (CST) [13]. The data generated with these instru-
ments use differences in the testing parameters that do not di-
rectly measure the corneal stiffness [13]. Studies using these
instruments have reported significant differences between KC
and healthy corneas; however, neither instrument can currently
be used to reliably diagnose KC [13]. While these studies are
important in identifying changes in corneal properties that oc-
cur in KC, they fail to identify the pathobiological changes to
specific anatomic components and regions that are involved in

early diagnosis of the disease.

Vibrational Optical Coherence Tomography (VOCT) is a non-
invasive method that has been used to study the viscoelastic-
ity of the anterior segment of both human and porcine eyes
[6,20,21]. VOCT results indicate that corneal tissues are highly
viscoelastic and can dissipate large amounts of applied energy
that limit mechanical changes occurring in the anterior segment
of the eye [6]. It has been proposed that a relationship exists
between energy storage and transmission of the cornea-limbus-
scleral series biomechanical unit and the mechanical stability of
the cornea in vivo [6]. This relationship limits structural changes
in the cornea and protects against acute or chronic insult.

VOCT has been used to evaluate the resonant frequency and
elastic modulus of the components of human eyes [6,20-21],
whole porcine eyes, and excised porcine eye components [6].
Studies have been conducted to identify the ocular components
responsible for the cellular resonant frequency peaks at 60 to
80 Hz (epithelia and keratocytes), collagenous lamellar peaks
at 110-120 Hz and 150-160 Hz, and the corneal limbus collagen
peak at 240-250 Hz in pig eyes and in humans [6,20-21].

A variety of forces act on the corneal-limbus-scleral unit, in-
cluding atmospheric pressure, gravity, lid pressure, intraocular
pressure, muscular forces, and surface tension from the tear
film [6]. These internal and external forces give rise to tension
that stretches the cornea across the front of the eye. At me-
chanical equilibrium, all external and internal biomechanical
forces acting on the cornea must be balanced, or the connec-
tion between the cornea and limbus will elongate and may lead
to tearing and cone formation.

The purpose of this paper is to present the results of a pilot
study to compare the resonant frequency and elastic moduli of
cells and collagen in normal subjects and in subjects diagnosed
with stages |, Il, lll and IV KC. VOCT results presented below sug-
gest that the normal central cornea and inferior cornea have
different average elastic moduli in controls; in KC patients these
moduli are different than those found for the control eyes.

Materials and methods

Mechanovibrational VOCT spectra were collected on 41
normal control eyes and 22 eyes from subjects diagnosed with
stages I, II, lll, and IV KC after IRB approval from Wills Hospital
was obtained and patients gave their informed consent as pre-
viously described (Table 1) [20]. Eyes from patients exhibiting
the following stages of KC were studied: Stage | (N=2), stage Il
(N=9), stage Ill (3), and stage IV (8). None of the patients un-
derwent collagen crosslinking prior to making the VOCT mea-
surements. Measurements were made by focusing the IR beam
centrally and then on the inferior cornea above the limbus (at 6
o’clock) with the subject looking upward.

Table 1: Identification of the parameters used to stage KC pa-
tients in this study.

Number of Posterior radius of )
Thickness (mm)
samples curvature

Control 41 6.71+0.23 mm 5.38+0.39 mm
KC Stage | 2 5.80+0.007 mm 5.19+£0.02 mm
KC Stage Il 9 5.51+0.179 mm 5.05+0.21 mm
KC Stage Il 3 5.07 £0.092 mm 5.06 £ 0.108 mm
KC Stage IV 8 4.29+0.52 mm 4.69 £0.41 mm
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Resonant frequency and elastic modulus measurements

VOCT is a technique that uses infrared light reflected to a
detector from different depths in a tissue to create an image be-
fore and after an acoustic force is applied non-invasively [6,20-
26]. By applying an acoustic force from a speaker and mea-
suring the change in displacement of the tissue components
using OCT raw images of the tissue, it is possible to calculate
the component resonant frequencies and tissue component
elastic moduli as well as an average elastic modulus [22-26]. A
stiffer component will have a larger displacement than a softer
component under a fixed sound input. To isolate the elastic re-
sponse the weighted displacement of a tissue was obtained af-
ter correction for the displacement of the speaker, background
noise, and out-of-phase vibrations (loss modulus) as a function
of frequency.

OCT images

OCT image collection was conducted using a Lumedica Spec-
tral Domain 0Q 2.0 Labscope (Lumedica Inc., Durham, NC, USA)
operating in the scanning mode at a wavelength of 840 nm. The
device generates a 512x512-pixel image with a transverse reso-
lution of 15 mm and an A-scan rate of 13,000/sec. All gray scale
OCT images were color-coded to enhance the image details.
The images were used to locate where the VOCT measurements
were made on each patient. Special software is used to analyze
single OCT raw images at a fixed position with a diameter of
0.25 mm in the sample for subsequent VOCT measurements.
OCT images were color-coded to improve visualization of the
epithelium and collagen fibrillar components.

The resonant frequency of a tissue component is defined as
the frequency at which the maximum in-phase displacement
(maximum energy storage) is observed in each tissue compo-
nent in the amplitude data. The measured resonant frequen-
cies are converted into elastic modulus values using a calibra-
tion equation (Equation 1) developed based on in vitro uniaxial
mechanical tensile testing and VOCT measurements made on
collagenous tissues made at the same time as reported previ-
ously [21-27]. The resonant frequency of each sample is deter-
mined by measuring the displacement of the tissue resulting
from applied sinusoidal audible sound driving frequencies rang-
ing from 50 Hz to 250 Hz, in steps of 10 Hz. Since the measure-
ments were made at 10 Hz steps the resonant frequencies were
observed to occur at intervals of +/- 10 Hz. For this reason, the
location of the peaks on some of the samples differ by as much
as 10 Hz. The peak frequency (the resonant frequency), f, is
defined as the frequency at which the elastic displacement is
maximized after the vibrations due to the speaker are removed.

Exd = 0.0651x (fn?) + 233.16 (1)

Since soft tissues have a density very close to 1.0; equation
(1) is valid for most soft tissues found in the body as well as for
several synthetic polymers; where the thickness d is in m and is
determined from OCT images. ™ is the square of the resonant
frequency, and E is the tensile elastic modulus (stiffness) in MPa
as discussed previously [21-26]. Equation (1) was used to cal-
culate the modulus values and is an empirical equation based
on calibration studies [21-23]. The elastic modulus measured
using VOCT is a materials property at the resonant frequency
at low strains since the viscous component of the behavior is
only about 5% of the total modulus at frequencies above 100 Hz
[22,23]. The modulus of soft tissues is approximately constant
at strains less than about 7% (low strain region of the stress-

strain curve) for collagenous materials [24-27].

The average modulus was calculated by calculating the prod-
uct of the weighted displacement peak height (see Figure 1) and
the component modulus values (see Figure 2) and then dividing
by the sum of the peak heights. The whole average central or in-
ferior cornea modulus is therefore an average weighted by the
amount of light reflected from the individual tissue components
back to the detector.

The ratio of epithelial thickness at the thinnest part of the
inferior cornea to the maximum thickness at the limbus was de-
termined from OCT images. For the epithelium thickness, the
central part of the cornea OCT image was used to check the
location of the thinnest portion. The corneal thickness was then
measured at the limbus from the OCT images.

Statistics

All resonant frequencies and moduli were analyzed for sta-
tistical differences using a one-tailed unpaired student’s t test
and the differences were considered significant if the p values
were less than 0.05.

Machine learning analysis for human control vs KC corneas
Machine learning models

Different machine learning models such as logistic regres-
sion, Support Vector Machine (SVM) and Decision Tree were
trained to identify the differences between normal human and
KC corneas. The logistic regression model was chosen to analyze
the data since it provided the highest specificity and sensitivity
of the results.

The datasets consisted of weighted displacement peak
heights vs frequency data for the controls and KC corneas. The
peak heights at each frequency from 50 Hz to 250 Hz were used
in the analysis. These frequencies were used as features for the
machine learning models. The dataset contained 41 control
samples and 22 KC samples. Stage I, Il, lll and IV KC patient data
sets were selected to be analyzed based on changes in the pos-
terior radius of curvature as an indicator of KC. Because of the
limited data for KC corneas, 75% of the data was used to train
the model whereas the remaining 25% was used to test the pre-
diction accuracy of the model.

‘ True Positive (a) False Positive (b) ‘

‘ False Negative (c) True Negative (d) ‘

Each model was tested for selected frequencies to find out
which frequency contributed most to distinguishing between
controls and different stages of KC. Differences in the model
predictability was based on calculations including of accuracy,
sensitivity, and specificity. The formulas defining these param-
eters are given in equations (2) through (4).

% Sensitivity = [a / (a + )] x 100 (2)
% Specificity = [b / (b + d)] x 100 (3)
% Accuracy = (a+d)/(a+b+c+d)x100 (4)
VOCT results

We have previously reported the use of VOCT to characterize
the resonant frequencies and elastic moduli of individual com-
ponents of human and porcine corneas [1,20-23]. In this study
we used VOCT to compare the mechanovibrational spectra of
normal and KC corneas in vivo to determine if the component
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and average corneal elastic moduli are similar in different parts
of the eye and whether changes occur associated with the on-
set of KC. Figure 1 shows a comparison between the normalized
weighted displacement versus resonant frequency measure-
ments made on the central cornea (41 control eyes) and from
patients with stages I, II, Ill, and IV KC (22 eyes). The resonant
frequency peak heights of the central corneal of control eyes
at 60-80 Hz are statistically different than those of the KC eyes
as well as the peaks at 140, 150, and 240-250 Hz. In Figure 1,
the KC peak heights at 60-80, 140, 150, and 240-250 Hz are all
significantly different at a p value of 0.05 compared to the con-
trol central corneas. The inferior component heights of 60-80,

B Control BEKCN

p<0.001
p <0.001

[ —
‘
150

240-250

p<0.001
[
100-120 140
Frequency

Normalized Weighted Displacement

© 9o o o 9o o o o

o - N w = o o ~ ©
T T

Figure 1: Normalized average weighted displacements versus fre-
quency for control central corneas and central corneas from sub-
jects with stages |, Il, lll, and IV KC. The data shown in this plot
illustrates that the cellular peaks are lowered in KC (60-80 Hz peak)
consistent with epithelial cell changes, the 140 peak is increased in
KC (collagen), the 150 Hz peak (collagen lamellae) decreases, and
the 240-250 Hz peak is much lower than controls. The 240-250 Hz
has been previously shown to be associated with the limbus. There
may be some overlap in the 140 and 150 Hz peaks.
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Figure 2: The average modulus of different central corneal com-
ponents from controls and KC subjects calculated from resonant
frequency measurements (see Figure 1) determined from VOCT
testing. Note the small differences between the moduli of the
components of controls and KCN subjects (Figure 2) compared to
the large differences in the component peak heights seen in Figure
1. This data indicates that KC individual components are somewhat
stiffer than those of control central corneas; however, the biggest
difference is that normal control central corneal components con-
tain more of the stiffer components.

140, 150, and 240-250 Hz peaks in KC central corneas compared
to the control central corneas suggests that these peak heights
can be used to distinguish between KC corneas and controls.
The 140 and 150 Hz peak heights are shown separately; how-
ever, since the peak heights were measured at 10 Hz intervals
there may be some overlap in these peaks.

Figure 2 illustrates that the moduli of the components of
central KC corneas are slightly higher than those of control
corneas. The moduli were calculated using equation (1). The
results suggest that although the KC corneas are thinner than
control corneas the modulus of the individual components are
slightly higher. This suggests that the exact collagenous compo-
nent amounts of control and KC corneas differ, but the compo-
nent stiffnesses may not be different in KC. Results reported in
Figures 1 and 2 suggest that the differences in control and KC
central corneas arise from different distributions of tissue com-
ponents. Figure 3 illustrates that the central cornea of controls
has a significantly higher average modulus compared to sub-
jects with stages |, I, Il and IV KC primarily due to differences in
the amount of the stiffer components based on Figure 1.
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Figure 3: Average modulus for control central corneas and central
corneas from stages |, Il, Ill and IV KC subjects. The average modu-
lus for control central corneas was found to be 3.1£0.31 MPa while
that for KC central corneas was 2.4+0.25 MPa. The average moduli
for control central cornea and KC central cornea were statistically
different with a p value of <0.01. The average modulus value of in-
ferior central controls and KC corneas were 1.9+/-0.37 and 2.24+/-
0.44 MPa, respectively and were statistically different. The average
moduli of the central and lower KC corneas were not statistically
different. In comparison the moduli of control central and inferior
corneas were statistically different.

Figure 5 compares the average normalized weighted dis-
placement versus frequency plots of inferior control and KC cor-
neas. This Figure illustrates that the 140 and 240-250 Hz peaks
are significantly different in the inferior corneas of control and
KC eyes. The modulus of the inferior corneas from controls and
KC subjects calculated from resonant frequency VOCT measure-
ments were determined using VOCT results and equation 1 are
shown in Figure 4.
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Figure 4: Normalized average weighted displacement versus fre-
quency for control inferior cornea and inferior cornea from sub-
jects with stages I, 11, lll, and IV KC. Note significant differences in
control and KC inferior corneas were observed in the 140 and 240-
250 Hz peaks.
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Figure 5: The modulus of the different components of inferior
corneas from controls and inferior corneas from KC subjects cal-
culated from resonant frequency measurements on corneal com-
ponents (Figure 2) determined using VOCT and using equation 1.
Note the significant differences between the moduli of the com-
ponents of controls and KC subjects. There are large differences in
the peak heights seen in Figure 4. KC inferior corneal components
were stiffer than controls.

Figure 6: Color-coded OCT images of the corneal-limbus interface illustrating the apparent change
in connections between corneal and limbus collagen fibrils in KC in the inferior cornea. (A) Corne-
al-limbus interface in control cornea and (B) the corneal-limbus interface in a subject with stage
11l KC. The connection of the collagen fibrils in A is different than that in the KC cornea shown in
B indicating a possible change in collagen fibril diameters and amount. A space and perhaps the
location of slippage of the connections between the KC limbus and corneal collagen fibrils. This
site may serve as the location where slippage occurs that leads to cone formation at a point away
from the limbus in the central and paracentral region where the curvature and stress is greatest.

Figure 3 compares the average modulus of the inferior cor-
nea for controls and KC patients with stages |, Il, Ill and IV KC.
The average values of the central and inferior cornea moduli of
KC corneas are not statistically different. The distribution of the
components in the inferior cornea is different between control
and KC patients (Figure 4). Figure 3 also shows that the average
modulus for lower control corneas and those from stages |, 11, Il
and IV keratoconus subjects calculated using the data in Figures
4 and 5 are different. KC inferior cornea component modulus
values are stiffer than the modulus values of the inferior cornea
controls. The average modulus was calculated by weighting us-

ing the amount of reflected light (peak heights) for each compo-
nent in making this calculation. The average corneal moduli for
inferior control and KC corneas are 1.9+0.37 MPa and 2.24+0.44
MPa, respectively. These moduli are statistically different sug-
gesting that more stiffer collagen components are present in
the lower KC corneas compared to the controls (Figures 4 and
5). A modulus of about 2.45 MPa has been reported for dermal
collagen in skin and in blood vessels using VOCT [24-26] sug-
gesting that changes in the elastic modulus of KC corneas reflect
changes in the collagen component content of KC inferior cor-
neas. The p value for comparing the average modulus of lower
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Figure 7: Color-coded OCT image of inferior cornea showing limbus-corneal junction of a control (left) and the
junction of a KC stage Il patient (right). The apparent thickening of the epithelial layer ratio in a stage Il KC cor-
nea at the cornea-limbus interface is statistically significant as shown in Figure 8.

p=0.03
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Figure 8: A plot of the average thickness ratio calculated as the
ratio of epithelial thickness measured at the limbus divided by the
thinnest epithelium thickness measured in the inferior cornea. The
limbus thickness was calculated from the OCT images for control
and the KC corneas.

control and central corneas of KC patients is 0.0004 indicates
that KC patients have increased inferior corneal stiffness.

Color-coded OCT images of the inferior corneal-limbus inter-
face in a control and a stage Ill subject are shown in Figure 6.
These images suggest that in the control the collagen fibrils at
the interface with the inferior cornea near the limbus appear
different (Figure 7A) than in the KC cornea (Figure 6B). The ver-
tical arrow shown in Figure 4B marks the formation of a space
that is seen to form in the KC cornea between the epithelium
and the lamellae. This space along with the changes in the
KC limbus and cornea collagen fibrils (140 Hz and 240-250 Hz
peaks) may reflect increased synthesis and slippage of the cor-
nea collagen fibrils. The location of the thinness point in the
cornea where cone formation occurs is away from the limbus in
KC suggesting that tensile forces exerted on the cornea at the
central and paracentral regions promote further cone forma-
tion and thinning by lamellar slippage.

Figure 8 shows a plot of the thickness ratio in the inferior
cornea calculated as the ratio of epithelial thickness measured
at the limbus divided by the thinnest epithelium thickness. This
plot shows that the ratio of corneal thicknesses for KC subjects
is larger than for controls and the results are significant at a p
value of 0.03.

The thinnest epithelium thickness was calculated from inferi-
or cornea OCT images. Multiple epithelium thickness measure-
ments were made at different points along the inferior cornea
and the thinnest measurement was recorded for calculation of
the ratio.

Machine learning results

VOCT results and machine learning were used to differenti-
ate controls from stages | and Il KC. The sensitivity and specific-
ity were calculated using Equations 1 and 2. Table 2 shows a
comparison of the sensitivity and specificity used to differenti-
ate resonant frequency peak heights in controls and all KC cor-
neas seen in Figures 1 and 4 based on machine learning analysis.
The results shown in Tables 2 and 3 indicate that the sensitivity
and specificity calculations were able to differentiate between
control central and inferior corneas from KC subjects using the
VOCT peaks shown in Figures 1 and 5.

Table 2: Sensitivity and specificity of differentiating between
controls and different KC stages based on resonant frequency peak
heights using a logistic regression model.

Central cornea. Control vs Stages | & I1 Control vs Stages |, 11, 11l & IV
Sensitivity 100% 100%

Specificity 100% 100%

AUC 1.0 1.0

Inferior cornea | Control vs Stages | & Il Control vs Stages |, 11, 11l & IV
Sensitivity 92.8% 92.3%

Specificity 100% 92.3%

AUC 0.96 0.97
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Table 3: Use of machine learning and resonant frequency peak
heights to differentiate normal central corneas from corneas of
stages|, Il, llland IV KC subjects using the logistic regression model.
The results suggest that the differences in the 140-150 and 240-
250 Hz peak heights can be used to differentiate between normal
and KC corneas 100% of the time.

Frequency % Accuracy for center % Accuracy for inferior
cornea* cornea*
60-80 Hz 82.4% 100%
110-120 Hz 52.9% 52.9%
140-150Hz 100% 100%
240-250 Hz 100% 100%

Machine Learning algorithm run on specific frequencies — only accu-
racy (Equation 3) could be calculated at these specific frequencies

Discussion

We have used a new technique termed VOCT to identify the
changes in biomechanical properties that are associated with
the onset of keratoconus. The biomechanical properties of hu-
man and animal corneas have been the subject of numerous
research studies, many of which conclude that the KC corneas
are softer than control normal corneas. KC is a corneal disease
characterized by thinning and steepening of the cornea [7].
Progressive stromal thinning, rupture of the anterior limiting
membrane, and subsequent cone formation occurs in the cen-
tral/paracentral cornea [9]. Progressive corneal thinning results
in corneal protrusion and cone formation [11-13]. The KC cor-
nea assumes a conical shape because of the degeneration of
the corneal stromal tissue. Morphological changes in collagen
fibers, such as slippage of the layers of collagen fibrils, may ex-
plain stromal thinning in KC eyes [12]. Significant changes in var-
ious biochemical factors such as collagen, proteoglycans, matrix
metalloproteinases, and lysyl oxidase have been reported [17].
It has been hypothesized that biomechanical alterations in KC
patients can be detected before morphologic changes. Howev-
er, biomechanics of KC corneas has been limited by the lack of
in vivo measurement techniques and/or devices.

Weighted displacement versus frequency measurements

In this study, VOCT was used to quantitatively define differ-
ences in control and KC corneas both in the central and inferior
regions. The components associated with the 60-80, 110-120,
140-150, and 240-250 Hz resonant frequency peaks have been
assigned previously based on the results of human and porcine
corneal studies [1,20-23]. The 60-80 Hz peak is associated with
corneal epithelial cells and keratocytes [1,21-23], the 110-120
Hz and 140-150 Hz peaks are associated with the collagen la-
mellae [1,20-22], and the 240-250 peaks are associated with
the limbus [1,20-23]. In this study KC corneas show changes in
these peaks in the central cornea with decreases in the 60-80,
150 and 250 Hz peaks and an increase in the 140 Hz peak (see
Figure 1). These results are consistent with a loss of cells and a
decrease in the amount of collagen in the lamellae and at the
limbus-corneal junction centrally. Cone formation is typically
observed in the central-paracentral region where the curvature
and stress concentration are greatest. These changes are consis-
tent with the largest loss in average modulus occurring in the KC
central region as seen in Figure 4. The loss in average modulus
in the central KC region is in part compensated by an increase in
the average stiffness in the lower KC cornea and an increase in
the collagen content of the lamellae and limbus in the inferior

cornea based on the increased peak heights of these compo-
nents (Figure 4). These results suggest that the average stiffness
of the central and lower corneas appear to be identical in KC
and that the loss of average central corneal stiffness is offset by
an increased collagen synthesis in the inferior cornea with an
associated average increase in stiffness compared to controls.

OCT images of normal and KC corneas

A change in the structure of the inferior limbus-corneal junc-
tion is associated with the increased average stiffness of the
lower KC cornea with respect to controls. As shown in Figures
7 and 8, in a stage lll KC patient a change appears to develop
at the lower limbus-corneal junction where the epithelium ap-
pears to separate from the underlying stroma. The ratio of the
inferior epithelial thickness at the limbus divided by the thick-
ness at the thinnest point on the inferior cornea is statistically
greater for KC subjects for different stages compared to con-
trols that compensates for this change as is shown in Figure 9.
This suggests that collagen production (140-150 and 240-250
Hz peaks, Figure 4) is increased in the inferior cornea resulting
in an increase in inferior cornea average modulus (Figure 3) due
to changes that occur at the limbus-corneal junction.

Preliminary machine learning

In this pilot study we conducted machine learning using a
logistic regression analysis to determine whether it is possible
to differentiate control from KC corneas using VOCT data. One
limitation was that the number of subjects used in the study in
the KC group was small. Using 75% of the data for training the
preliminary results in Tables 2 and 3 indicate that differences
in the 140-150 and 240-250 Hz peaks can be used to differenti-
ate between controls and stages |, II, lll, and IV KC corneas with
a high sensitivity and specificity. The agreement between the
machine learning results and the statistical analysis of the VOCT
data suggest that KC corneas can be differentiated from controls
based on the changes in collagen deposition at the limbus-cor-
neal interface and in the collagen lamellae. These results also
suggest that characterization of the cornea using a single modu-
lus is misleading since the corneal stiffness varies between the
central and inferior regions. In both the central and inferior KC
corneas, stiffness changes with respect to controls reflect com-
ponent composition changes. These changes may result from
stress concentration, inflammation, and biosynthetic activity
that results in differences in collagen turnover in the central
and lower parts of the KC cornea. Further studies are needed to
better understand the pathogenesis of KC to provide for early
detection clinically before changes in collagen deposition cause
changes in the average modulus of the central and inferior cor-
nea leading to cone formation.

Changes in collagen and PGs in KC

A potential explanation of increased collagen stiffness in
the inferior cornea KC corneas is reduced interfibrillar distance
between Collagen Fibrils (CFs). Studies have reported a signifi-
cantly shorter interfibrillar distance in the anterior, middle, and
posterior stroma in KC corneas compared to normal corneas
[11,16]. An increase in CF density and area fraction in severe
keratoconus was also shown [11]. The increased packing den-
sity in CFs in keratoconus eyes could create a higher modulus
value in these pathological corneas. Changes in Proteoglycan
(PG) density and type have been observed in KC corneas. KC
corneas have significantly higher PG density in all layers studied
(anterior, middle, and posterior stroma) compared to normal
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eyes [11,16,27], and the PG area fraction was also shown to in-
crease as corneas with ectasia [27]. This could directly influence
corneal biomechanics and consequently increase the modulus
value. The increased deposition of PGs with sulfated chains in
keratoconus may also lead to altered corneal biomechanics
[28].

The experimentally observed stiffening of inferior regions
of keratoconus corneas may be a compensation mechanism to
reduce corneal topographical changes and slippage of collagen
fibrils. Rapid corneal curvature changes might otherwise lead to
catastrophic corneal failure because of increased stress concen-
trations that are associated with increased corneal curvature

Limitations to this pilot study include the limited number of
KC subject eyes used as well as the use of 10 Hz intervals in
studying the resonant frequency of individual corneal compo-
nents. The calculation of the average modulus is weighted to-
wards the higher molecular weight components and therefore
is a weigh average as opposed to a number average.

Conclusions

In vivo pilot VOCT studies comparing control corneas to cor-
neas from KC patients suggest that changes are observed in
the collagen deposited in the limbus and lamellae that lead to
changes in average stiffness in the central and inferior corneas.
VOCT and machine learning results are consistent with the larg-
est loss in modulus occurring in the KC central/paracentral re-
gion. The loss in modulus in the central/paracentral KC region is
in part compensated by an increase in the stiffness in the lower
KC cornea and an increase in the collagen content of the infe-
rior corneal lamellae and limbus. The results suggest that the
average stiffness of the central and lower KC corneas appear to
be similar and that any loss in central corneal stiffness in KC is
offset by an increase in the stiffness of the inferior cornea. How-
ever, due to the increased curvature of the central cornea com-
pared to the inferior cornea, increased stress concentration in
the central corneal region leads to cone formation at the point
of maximum curvature which is typically located centrally/para-
centrally.

The results of the machine learning studies indicate that
differences in the 140-150 and 240-250 Hz peaks can be used
to differentiate between controls and stages |, II, lll, and IV KC
corneas with a high sensitivity and specificity. Determination of
the exact sensitivity and specificity for each stage will require
additional data on KC subjects. Stage analysis of the VOCT reso-
nant frequency data suggest that KC corneas can be clinically
identified using VOCT.
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