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ABSTRACT

PURPOSE: To analyze the implications of different reference
points on the read-out of epithelial thickness mapping.

METHODS: A simulation for changing the reference point
from normal-to-the-surface tangent to parallel vertical sec-
tions quantifying its effect on the read-out of epithelial thick-
ness mapping has been developed. The simulation includes
a simple modeling of corneal epithelial profiles and allows
the analytical quantification of the differences in the read-out
from normal-to-the-surface tangent to parallel vertical sec-
tions epithelial thickness mapping.

RESULTS: The difference in the read-out between parallel
vertical sections and normal-to-the-surface tangent epithe-
lial thickness mapping increases for steeper corneas, but it

keratectomy (TransPRK) procedure has rapidly

gained popularity during the past decade due to
successful logistical implementation by iVIS (CTEN),!
SCHWIND (SmartSurfACE),> and, more recently,
WaveLight One-Touch PRK (Streamlight)® and Bausch
& Lomb No-Touch PRK.* The aim of single-step laser
epithelial removal and stromal ablation is to remove
the epithelial layer in a precise and uniform manner,
all while allowing little room for unequal stromal hy-
dration. This approach treats refractive errors by su-
perimposing a defined epithelial thickness profile on a
refractive ablation profile. Additionally, the diameter of
epithelial removal matches the ablation zone (combi-
nation of optical and transition zones), thus decreasing
the wound surface and speeding up the healing process.

The transepithelial single-step photorefractive

is not largely affected by asphericity. The difference increases
for thicker epithelia.

CONCLUSIONS: The reference point for determining the read-
out of epithelial thickness mapping should be taken into ac-
count when interpreting output. Using conventional epithelial
thickness map readings (normal-to-the surface tangent] in
transepithelial ablations (representing close to parallel verti-
cal sections) may result in induced refractive errors that can
be quantified using simple theoretical simulations, because
the center-to-periphery progression of the corneal epithelial
profile deviates from the progression of the ablated one. Ad-
justments for the epithelial thickness read-out or, alterna-
tively, for the target sphere can be easily derived.

[J Refract Surg. 2020;36(2):200-207.]

TransPRK also maximizes correspondence between the
measured corneal topography and the ablation profile.
This technology has witnessed several modifica-
tions, but the core principle consists of applying an
epithelial thickness ablation profile that resembles the
general population epithelial mapping. By using very
high-frequency digital ultrasonography, Reinstein et
al.® found that the central epithelial thickness (CET) in
normal corneas averaged 53 pm centrally and 59 pm
at the 6-mm periphery. Several studies revealed simi-
lar, albeit not identical, data using optical coherence
tomography (OCT) and confocal microscopy.5”
Epithelial thickness mapping, initially performed
by very high-frequency ultrasonic imaging, has recent-
ly become a standard part of corneal imaging thanks
to the development of high-resolution OCT systems.?
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Although most devices display the measurement
from the surface normal to the Bowman’s membrane
surface (Figure A, available in the online version of
this article), thickness can be measured in multiple
ways, each of which may have a clinical applica-
tion.? In refractive surgery, thickness measured by the
normal-to-the-surface tangent (NTST) has its origins
in radial keratotomy, where the diamond blade should
be perpendicular to the corneal surface. Here the clini-
cal application and method of measurement coincide.

Other methods of measuring thickness may be
better suited to different clinical situations. Parallel
vertical sections (PVS) (Figure A) emphasize vertical
distance throughout the epithelium as opposed to in-
cidental angle. In industry, thickness determined by
parallel vertical measurements may be better suited
for ablative or tissue removal devices, which move
along the object’s surface and whose laser beam is al-
ways almost vertical regardless of the object’s surface
architecture.

A variant of the PVS method would be thickness
measured from a fixed point (Figure B, available in the
online version of this article). Epithelial thickness will
vary depending on the distance of the fixed point to
the cornea. When the single point method is set to in-
finity, the rays behave as if they were parallel and the
two maps (single fixed point and PVS) are equivalent.
This scenario applies to most current lasers; the lat-
ter are not translational as they rotate or angle their
beam, but at a virtually infinite working distance (ie,
the distance is much larger than the epithelium thick-
ness and the corneal anterior radius of curvature).

Considering that the epithelial profile is subjected
to variations in normal and especially corneas that had
previous surgery, the aim of this theoretical analysis
was to quantify the effect of different reference points,
in particular NTST and PVS, on the read-out of epithe-
lial thickness mapping, and to predict the refractive
implications when used interchangeably in planning
single-step TransPRK.

PATIENTS AND METHODS

MODELING OF CORNEAL EPITHELIAL PROFILES

We have generated corneal epithelial profiles based
on three single parameters (central thickness, periph-
eral thickness, and peripheral thickness diameter),
assuming a radial parabolic distribution of the cross-
section of the profile. This simple model resulted in
the following equations:

(1)

212
EpithelialThicknesscor(r) = CET¢or + (PET¢or — CET¢or) (W)
Cor

Journal of Refractive Surgery ¢ Vol. 36, No. 3, 2020

where CET is the central epithelial thickness, PET
the peripheral epithelial thickness, PD the periph-
eral epithelial thickness diameter, and r the radial
distance.

MODELING READ-OUTS OF CORNEAL EPITHELIAL PROFILES

Numeric values coming for devices capable of mea-
suring the epithelial thickness are usually reported
in the form of averages of local finite areas (discs, an-
nulus, and sections). We have assumed the reported
epithelial profiles are based on two averages: one over
a central disc of a given dimension and another over
an annulus confined by known inner and outer di-
ameters. This simple model resulted in the following
equation:

(2)
2.1\
PDW) rdr do

b/2 (2
S22 I3 CETgor + (PETzor — CETggr) -

a/2
f://: S rdr do

EpithelialThickness,_p =

where epithelial thickness is the average of the epithe-
lial thickness within the region from inner diameter
“a” to outer diameter “b” defined by the integrals. So
that:

(3)

(PETcor—CETcor)-(a?+b?)

EpithelialThickness,_, = CET¢o, + 5
ZPDCDT

Having two averages, one over a more central annu-
lus of a given dimension and another more peripheral
annulus, each confined by known inner and outer di-
ameters, one can solve the equation to get the local CET
and PET for a particular PD, under the assumption of a
radial parabolic distribution of the cross-section of the
profile. This leads to:

(4)
CET¢or = CentralEpithelialThickness,_g
(AnnularEpithelialThicknessc_;, — CentralEpithelialThickness,_g) - (A> + B?)
(C? +D?%) — (A% + B?)

(5)

PET¢or = CETeor

+ (AnnularEpithelialThicknessc_p—CentralEpithelialThicknessa_p)-2PDcor>
(C2+D?)-(A%+B?)

where “A” and “B” are the diameters defining the first
(more central) annulus and “C” and “D” defining the
second (more peripheral) annulus, which for a central
disc of a given dimension reduces to:
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(6)

CET¢or = CentralEpithelialThickness,_p
(AnnularEpithelialThickness;_p — CentralEpithelialThickness,_g) - (B?)
@05 -

(7)

PET¢or = CETgor
. (AnnularEpithelialThicknessc_p — CentralEpithelialThicknessy_g) - 2P D¢y
(€2+D?) - (B)

MODELING PVS OF CORNEAL EPITHELIAL PROFILES

We have generated the simplest corneal surfaces based
on the Baker’s equation for aspheric shapes. This simple
refractive model resulted in the following equation:

(8)

z(r) =Ry —

VRo— (@ + 1)r?

Q+1

where z is the corneal sagitta at radial location 1, R is
the apical radius of curvature of the cornea, and Q is
the asphericity quotient.

For the anterior corneal surface (which is equiva-
lent to the anterior epithelial surface), the parameters
R, and Q are input values. For the anterior stromal sur-
face (equivalent to the posterior epithelial surface), the
parameters R and Q are calculated as follows.

First, the semi-axes of the ellipsoid have been cal-
culated for the anterior corneal surface:

(9)

R
PropagationSemiAxis,cs = 0 -l(-)l
(10)

Ro

TransversalSemiAxis, =
ACS \/m

Using Equation 1, the local epithelial thickness at the
radial position TransversalSemiAxis, ., has been calcu-
lated (transversal epithelial thickness [TET]). With this,
the semi-axes of the ellipsoid have been calculated for
the anterior stromal surface:

(11)

PropagationSemiAxis,gs = PropagationSemiAxisscs — CET

(12)

TransversalSemiAxis,ss = TransversalSemiAxisycs — TET
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With those, R, and Q have been calculated for the an-
terior stromal surface:

(13)
R _ TransversalSemiAxisASS2
0455 ™ propagationSemiAxis g
(14)
B (TransversalSemiAxisASS)2 1
Quss = PropagationSemiAxis s
(15)

\/RO,ASS — (Qass + D12
Qass +1

2p5s(T) = Ro,ass — + CET

and the PVS of corneal epithelial profiles are simply:

(16)

EpithelialThicknesspys(r) = z455(r) — z(r)

QUANTIFICATION OF THE REFRACTIVE POWER OF THE
EPITHELIAL LENS

For our simulations we have considered D ihelium =
1.401 and n,, = 1.
SIMULATIONS

For our simulations, we considered the average
read-outs as the average of the 3-mm central disc (cen-
tral epithelium) and the average of the 3- to 6-mm di-
ameter annulus (peripheral epithelium). Additionally,
we performed the simulations for a 7-mm peripheral
diameter in the reconstructions. We have covered the
keratometry values from 30.00 to 50.00 diopters (D),
along with asphericities from -1.00 to +1.00 D, and the
CET from 45 to 65 pm, along with differences from
center to periphery in the average read-out from -10
to +10 pm.

RESULTS

TYPICAL CASES

Figure 1 shows four common cases corresponding
to a normal cornea, after myopic laser keratorefractive
surgery, after hyperopic laser keratorefractive surgery,
and a keratoconus case. Epithelium measured along
PVS becomes thicker toward the periphery. For all
four examples, the average values (read-outs) show
lower values than the local reconstructed epithelial
profiles (NTST), and these are lower than the PVS val-
ues. Even for cases that apparently have a thinner pe-
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Figure 1. Four common cases corresponding to (A] a normal cornea, (B) after myopic laser keratorefractive surgery, (C) after hyperopic laser
keratorefractive surgery, and (D) a keratoconus case. Epithelium measured along parallel vertical sections (PVS) becomes thicker toward the
periphery. For all four examples, the average values (read-outs) show lower values than the local reconstructed epithelial profiles (normal-to-the-
surface-tangent [NTSTI), and these are lower than the PVS values. Even for cases that apparently have a thinner peripheral epithelium compared
to central epithelial thickness (CET], the PVS show a thicker peripheral epithelium (PET) compared to CET.

ripheral epithelium compared to CET, the PVS show a
thicker peripheral epithelium compared to CET.

EFFECTS OF GEOMETRY ON THE EPITHELIAL THICKNESS PROFILE
Figure 2 summarizes the effects of keratometry,
asphericity, CET, and difference central to periphery on
the epithelial thickness profile measured along PVS. The
steeper the cornea and the thicker the CET, the faster the
rate of increase in epithelial thickness as we go toward
the periphery, whereas corneal asphericity seems to have
a much less important role. The central-to-periphery dif-
ference of the epithelial read-out has a relevant impact
on the epithelial thickness profile measured along PVS.

QUANTIFICATION OF THE INDUCED REFRACTIVE ERROR
Additional refractive errors are induced whenever the
actual center-to-periphery difference in the corneal epi-
thelial profile deviates from the difference in the applied
epithelial ablation profile. The amount of additional
refractive errors when considering the NTST read-outs
instead of the PVS is a factor of the rate of peripheral
growth, as shown in Figure 3. The error is restricted to
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0.40 to 0.80 D, except for the cases in which a large dif-
ference from center to periphery is already observed in
the read-outs. Because the PVS method provides steeper
gradients than the NTST method, a hyperopic shift is in-
duced that would lead to an overcorrection in myopia
and an undercorrection in hyperopia.

DISCUSSION

A simulation for changing the reference point from
NTST to PVS quantifying its effect on the read-out
of epithelial thickness mapping has been presented.
The simulation includes a simple modeling of corneal
epithelial profiles and allows the analytical quantifica-
tion of the refractive implications in terms of induced
refractive error. The simple model uses a radial para-
bolic distribution for the cross-section of the profile,
because a parabolic profile is the simplest derivable
radial profile providing a well-defined center, and it
approximates the profiles for corneal epithelium re-
ported in the literature.’®'* Measurement differences
based on different reference points have been dis-
cussed qualitatively in an editorial.? In this study, we
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Figure 2. Effects of (A) keratometry, (B) asphericity, (C) central epithelial thickness (CET), and (D) difference central to periphery on the epithelial
thickness profile measured along parallel vertical sections (PVS] (at a fixed distance of 3.5 mm). The steeper the cornea and the thicker the CET,
the faster the rate of increase in epithelial thickness toward the periphery, whereas corneal asphericity seems to have a much less important role.
The central-to-periphery difference of the epithelial read-out has a relevant impact on the epithelial thickness profile measured along PVS. PET =
peripheral epithelial thickness; D = diopters; NTST = normal-to-the-surface-tangent

focused on epithelial thickness and quantified, rather
than merely qualifying, the effects through a simple
model.

The induced refractive error is directly related to
the center-to-periphery epithelial thickness gradient:
a hyperopic shift develops if the PVS epithelial pro-
file is steeper than the NTST profile. A constant NTST
epithelial profile would suggest applying a flat-depth
phototherapeutic keratectomy (PTK) for laser epithe-
lium removal, with equal depths at all ablation posi-
tions. This induces a hyperopic shift due to three rea-
sons. First, because the central epithelium is thinner
than the peripheral epithelium by approximately 10
pm in the PSV model, a flat-depth PTK would lead
to a stromal ablation that is approximately 10 pm too
thin/shallow peripherally.'?*? Second, removing cor-
neal tissue leads to a marginally shorter axial length,
inducing minimal hyperopia. This effect is minor and
can be regarded as less than 0.25 D per 100 pm of tis-
sue ablated.'* For a 55-pm central ablation, a +0.10 D
hyperopic shift is expected. Third, in line with the
radial compensation principle, peripheral loss of ef-
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ficiency will result in less tissue ablated, enlarging the
gap between central and peripheral stromal ablation.
The loss of efficiency depends heavily on the laser sys-
tem used, but it averages 25%, resulting in approxi-
mately +0.80 D of hyperopic shift.’>'® The summation
of all of the three aforementioned effects leads to ap-
proximately +1.50 D of hyperopic shift. Thus, even for
a constant NTST measured epithelium, the clinical
experience would prevent using a constant PTK depth
for the removal of the epithelial layer.

The refractive error induced by applying an
NTST-derived epithelial profile instead of a PVS mod-
el in transepithelial laser ablation would be amplified
in hyperopic eyes after laser ablation and minimized
in myopic eyes after laser ablation because the normal
center-to-periphery epithelial thickness gradient is mini-
mized and often reversed after myopic correction and
magnified after hyperopic correction.'”'® The epithelial
gradient change, center-to-periphery, is even more pro-
nounced the larger the amount of treated errors, whether
myopic or hyperopic.’ An alternative risk for shallow
corrections is that the peripheral epithelium may have

Copyright © SLACK Incorporated
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Figure 3. Additional refractive errors are induced whenever the actual center-to-periphery difference in the corneal epithelial profile deviates from the
difference in the applied epithelial ablation profile. The amount of additional refractive errors when considering the normal-to-the-surface-tangent
(NTST) read-outs instead of the parallel vertical sections (PVS) is a factor of the rate of peripheral growth. The error is restricted to 0.40 to 0.80 diopters
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steeper gradients than the NTST method, a hyperopic shift is induced. This would lead to an overcorrection in myopia and an undercorrection in hypero-

pia. CET = central epithelial thickness; PET = peripheral epithelial thickness

not been completely removed (because PVS readings are
much thicker than NTST readings toward the periphery).

The amplification of the expected refractive error
derived from applying an NTST-derived epithelial
profile instead of a PVS model is also true in kerato-
conic eyes, leading to a diameter ablated on the stroma
smaller than planned. Haque et al.?® found that CET
measured by OCT over four meridians was thinnest
in keratoconic eyes (44 + 7 pm), followed by normal
eyes wearing rigid gas permeable contact lenses (50 +
4 pm), and then normal eyes without contact lenses
(54 + 2 pm). Similar values for keratoconic eyes were
reported by Reinstein et al.?!-??

Another possible source of refractive error in
TransPRK is the mismatch between the epithelial
thickness profile and the epithelial ablation profile.
First, the cornea being flatter nasally, the thickness
of the epithelial layer may not be equally distributed
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from the nasal to temporal hemi-cornea, in contradis-
tinction to the epithelial ablation.

Second, in corneas with appreciable toricity (leading to
corneal astigmatism), the epithelial layer may also exhibit
a different toricity than the underlying Bowman’s mem-
brane. A clinically significant increase in the amount of
anterior astigmatism has been reported when moving from
the anterior epithelial (air/tear film) interface to the Bow-
man’s layer surface in an in vivo study using slit-scanning
topography.*® This partial compensation demonstrates
that there are azimuthal differences in the epithelial thick-
ness distribution, because the epithelial thickness profile
along the steepest meridian may differ from the thickness
profile along the flattest meridian. The application of a
rotationally symmetrical transepithelial profile on a toric
corneal surface with underlying epithelial toricity may
induce lenticules of wasted tissue (or variations in the
achieved optical zone) with an elliptical perimeter. All of
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these uncertainties may lower the precision of astigmatic
correction and limit any benefit provided by TransPRK
ablations. Although this does not represent a major issue
for the spherical component, marginal amounts of coma
(decentered epithelium thinning compared to the visual
axis) and astigmatism (different epithelial profile in all
four cardinal directions) may be induced. The mean value
of the error would be approximately 0.25 D worse in astig-
matism correction with TransPRK for the normal popula-
tion, but can peak to up to 0.63 D.

Third, the center of the laser ablation typically does
not coincide with that of the thinnest epithelial spot,
which could be located anywhere in the vicinity of the
geometric center of the cornea. Depending on the sur-
geon’s habits and the laser platform used, the excimer ab-
lation is usually performed on the entrance pupil center,
the corneal vertex, or in between these two. In eyes with
large angle alpha and/or kappa, the discrepancy between
the ablation center and the point of minimal epithelial
thickness may even be larger. This would lead to either
excessive, unpredictable, and asymmetrical stromal abla-
tion or optical zone perimeter reduction, when delivering
any TransPRK preset ablation. Similarly, the chances of
such misalignment may be high in re-treatments or eyes
with keratoconus. This limitation could be bypassed by
creating an epithelial ablation profile with an offset on
the thinnest epithelial point, while keeping the stromal
ablation centered on target, being the corneal vertex, the
pupil centroid, or in between; this would be especially
useful in keratoconic eyes. The advent of high-resolution
OCT technology has allowed proper representation of the
epithelial layer, which may ultimately lead to custom-
ized epithelial ablations, circumventing such problems.

We have used an extrapolated TET at the edge of
the transversal axis of the generating ellipsoid for the
corneal surface. This may represent estimating the ep-
ithelium thickness using Equation 1 for radial distanc-
es exceeding 8 mm. Considering the geometry of the
cornea (whose typical radius of curvature is 7.81 mm),
this may be interpreted as a “stretched” extrapolation
of the epithelium thickness, because the epithelium
is measured up to an approximately 3.5-mm radius.
Further, the intersection point of the transversal semi-
axis (of the ellipsoidal cornea model) is not present
on the real cornea. One could directly determine the
stromal surface asphericity just within the region cov-
ered by the average epithelium thickness data (ie, the
region where epithelium thickness is actually mea-
sured). Newer systems (eg, Optovue Inc., Irvine, CA,
and MS-39; Costruzione Strumenti Oftalmici, Flor-
ence, Italy) report epithelium up to a 9-mm diameter
(and can measure even wider areas). Some studies re-
ported epithelial thicknesses at the limbal junction.®
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The diameter of the limbus is classically considered to
be 11.7 mm horizontally. Consejo et al.?* found 12 to
13 mm to be a better estimate of the limbus diameter,
and in a recent review it was closer to 13 to 14 mm
(extending the radial distance beyond 6.5 mm).?® The
applied extrapolation for TET may go beyond these.
Extrapolating to the edge of the transversal axis pro-
vides mathematical simplicity (determining radius
and asphericity based on perpendicular axes) but does
not change the determined values (R, and Q).

A mathematical advantage of NTST compared to
PVS is that NTST thickness measurements are inde-
pendent of tilt or gaze rotations, whereas PVS readings
require coaxial alignment defining the vertical.

Read-outs from OCT or equivalent devices for mea-
suring epithelial thickness using the NTST method can
be directly used for the central point (or a small area
around the center) in PVS or near PVS platforms such
as excimer lasers. In that region, the difference between
average read-outs and NTST local readings is minor
and at the center NTST and PVS actually coincide. The
wider the area or the annular region considered, the
larger the differences between average read-outs and
NTST, and between NTST and PVS. Thus, the risk for
hyperopic shifts is maximal for wide peripheral areas.

The recent clinical availability of accurate and detailed
corneal epithelial mapping has the potential to further
refine TransPRK results and safety. However, unless a
direct link between high-resolution OCT devices and ex-
cimer laser platforms is established, surgeons need to be
cautious in manually transferring the epithelial measure-
ment results into their ablation profiles. We have outlined
the possible refractive implications using a simplified
theoretical model, while providing a simplistic formula
to convert NTST epithelial data read-out to PVS values
that can be used for excimer laser ablation planning. Ad-
ditionally, establishing a separate offset for the thinnest
point in the epithelial ablation profile that matches the
location of the measured corneal epithelial thinnest point
is essential, especially in eyes with high aberration such
as those with previous surgery or keratoconus.
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Figure A. Comparison of the normal-to-the-surface-tangent (NTST) vs
parallel vertical sections (PVS) methods for determining/defining epi-
thelial thickness. The thickness measured along the PVS reads thicker
than measured along the NTST. AES = anterior epithelial surface; PES
= posterior epithelial surface (anterior stromal surface)
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Figure B. Illustrative demonstration of thickness measured along a
line relative to a fixed point. The figure depicts eight different reference
points (RefP) from above or below the corneal surface. RefP - and
o, correspond to parallel vertical sections (PVS); whereas RefP 8 mm
resembles normal-to-the-surface-tangent (NTST) for normal corneas.
AES = anterior epithelial surface; PES = posterior epithelial surface
(anterior stromal surface)
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