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Corneal biomechanical
parameters in keratoconus
eyes with abnormal elevation
on the back corneal surface
only versus both back and front
surfaces

Mohammad-Reza Sedaghat?, Hamed Momeni-Moghaddam®2?*“, Cynthia J. Roberts?,
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Corneal biomechanical parameters were compared in 100 keratoconus eyes with abnormal elevation
on the back corneal surface only (group 1), versus both the back and front surfaces (group 2).
Scheimpflug tomography with Pentacam HR, corneal biomechanical assessments using Corvis ST

and Ocular Response Analyzer (ORA) and corneal epithelium thickness maps using anterior segment
optical coherence tomography were assessed. There were no significant differences in the IOP
measured using Corvis ST and ORA, age or sex between the two groups. Statistically significant
differences were found in all corneal shape parameters and all new parameters of Corvis ST: corneal
stiffness parameter at first applanation (SP-Al), integrated inverse radius (IR) and deformation
amplitude ratio (DAR)) between groups (p <0.001). The classic parameters of ORA including

corneal hysteresis (CH) and corneal resistance factor (CRF) were about 1.00 mmHg higher in group

1 (p<0.001). In conclusion, keratoconus eyes with abnormal elevation limited to the back corneal
surface have lower grade, stiffer corneal biomechanical parameters and less asymmetric shape. This is
consistent with progressive biomechanical weakening from the first detectable back surface elevation
to manifestation on the front surface as the severity overwhelms the ability of the epithelium to
compensate.

Keratoconus is a non-inflammatory progressive corneal ectatic disease associated with corneal thinning and
abnormal bulging at one or both corneal surfaces, which leads to irregular astigmatism and visual impairment’.
Although readily diagnosed based on the slit-lamp’s findings in the advanced stages, detection of keratoconus in
the very early stages can be challenging?. Although corneal topography is a sensitive method to detect keratoco-
nus before presentation of slit-lamp findings, it assesses only the anterior corneal surface, while the tomographic
techniques perform a complete corneal architecture analysis to provide important data, such as posterior corneal
surface analysis and pachymetric profile.

Presence of abnormal elevation on the back corneal surface was reported as a primary sign of early ectatic
change in keratoconus and may be used in the differential diagnosis of keratoconic corneas from normal corneas;
however, its effectiveness in detecting subclinical forms of keratoconus has not been confirmed*. Therefore, the
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abnormal elevation values limited to the back corneal surface cannot be used alone for detecting or staging/
classification of keratoconus.

With the popularity of corneal excimer laser refractive surgery techniques, the diagnosis of keratoconus in
very early stages is vital in preventing iatrogenic ectasia. Recent evidence has shown the complementary role of
corneal biomechanical features in discriminating keratoconic corneas from the normal ones®”, and its role in
detecting keratoconus in the initial stages prior to the topographical manifestations of keratoconus®.

The availability of instruments to access in vivo corneal biomechanical parameters, as the most probable
primary sign of keratoconus, has greatly increased the diagnostic accuracy of keratoconus®'’. Although ex-vivo
evaluations relying on the stress—strain assessments of the cornea provide an estimation of classic mechanical
properties such as elastic modulus; this is not appropriate for clinical use which must rely on a nondestructive
load to assess biomechanical response. Two commercial instruments available for clinical evaluation of corneal
biomechanics are the Corvis ST (Oculus; Wetzlar, Germany) and Ocular Response Analyzer (ORA, Reichert
Ophthalmic Instruments, Buffalo, NY, USA). Among the newer parameters of the Corvis ST, the stiffness param-
eter at the first applanation (SP-A1) was reported as a novel stiffness parameter reflecting the overall resistance
of the cornea to deformation''.

In some keratoconus cases, the subtraction elevation values compared to the reference surface on the front
corneal surface are within normal limits while the back values are abnormal. Our literature review showed
no data available on the comparison of biomechanical parameters of the cornea in keratoconic patients with
abnormal elevation values on both corneal surfaces vs those with abnormal values only on the posterior surface.
Therefore, the purpose of the current study was to compare the corneal biomechanical response parameters in
these two groups of keratoconic eyes.

Methods

One hundred keratoconus eyes of 91 patients who had abnormal elevation values on only the posterior corneal
surface (group 1, n=47 eyes) or both anterior and posterior corneal surfaces (group 2, n=>53) were included
in this cross-sectional study. Keratoconus was diagnosed based on slit-lamp findings (e.g. Fleischer ring, stress
line) or scissoring reflex on retinoscopy and confirmed by an expert corneal specialist. It should be emphasized
that not all signs are present in all cases, for example, the Vogt striae sign is less common in cases where only
posterior elevation is abnormal, while in almost all cases retinoscopic reflex was irregular. Tenets of the Decla-
ration of Helsinki were respected in all steps of the current study and informed consent was obtained from all
patients after explaining the objectives of this study. The study protocol was approved by the Ethics Committee
of Mashhad University of Medical Sciences. (Code: 961181).

Participants with history of keratorefractive surgery, ocular surgery, corneal cross-linking or corneal rings
implantation; severe dry eye, pregnancy at the time of examination, history of corneal scar or hydrops and other
eye diseases except keratoconus; previous eye trauma; collagen-vascular disorders and diabetic mellitus were
excluded from the study.

Standard ophthalmic examination included distance corrected and uncorrected visual acuity recorded in
decimal notation (DUVA & DCVA) and refractive status (sphere, spherical equivalent (SE), magnitude and axis
of total astigmatism).

Simulated mean keratometry (Km: average of the flat and steep meridians), magnitude and axis of corneal
astigmatism (CA) were measured using TMS-4 (Tomey Corp, Nagoya, Japan).

Corneal tomography based on Scheimplfug technique was done using Pentacam HR (Oculus; Wetzlar, Ger-
many). Extracted parameters included the front and back surfaces’ mean keratometry; corneal astigmatisms
(CA), and central corneal thickness at the apex (CCT) and the thinnest point (CTP), thickness progression
index along the all corneal meridians starting from CTP (average (PPIave) and maximum (PPImax) pachymetric
progression index) , maximum Ambrosio relational thickness (ART = CTP/PPImax), ART along the horizontal
(temporal-nasal) meridian (ARTh), inferior-superior asymmetry value (IS) and Belin-Ambrosio enhanced ectasia
total deviation index (BAD-D) which is a combination of the five deviation indices using a linear regression
analysis.

In-vivo corneal biomechanical assessments were done using corneal visualization Scheimpflug technol-
ogy (Corvis ST, Oculus; Wetzlar, Germany) and Ocular Response Analyzer based on bidirectional applanation
tonometry technique (ORA, Reichert Ophthalmic Instruments, Buffalo, NY, USA).

Extracted dynamic corneal response parameters using Corvis ST were those provided in the ARV (Ambro-
sio, Roberts, Vinciguerra) printout including stiffness parameter at first applanation (SP-Al, resultant pressure
[adjusted pressure at Al (adj AP1)—biomechanically compensated IOP (bIOP)] divided by deflection ampli-
tude at A1)'!, integrated radius (IR, area under the inverse concave radius curve), deformation amplitude ratio
(DAR, the ratio between DA at the apex and the average of DA at 2 mm around the center in temporal and nasal
directions)'2.

Classic pressure-derived parameters from the ORA were corneal hysteresis (CH), corneal resistance factor
(CRE), two IOP parameters. (IOPcc: corneal compensated IOP, IOPg: Goldmann correlated IOP).

Pachymetry and epithelium thickness at the center and the thinnest point were measured using anterior
segment optical coherence tomography (AS-OCT, Optovue, Inc., CA, USA).

Patients wearing contact lenses were requested to stop wearing them at least 2 weeks for soft and 4 weeks for
rigid contact lenses before corneal assessments.

To divide the studied eyes into two groups based on abnormal elevation limited to the back corneal surface
(group 1) or abnormal values at both corneal surfaces (group 2), the reference surface used in Pentacam for eleva-
tion mapping was the 8 mm best fit sphere (BES) on the front and back corneal surfaces. Abnormal elevation was
defined based on values greater than 12 um on the front elevation map and 15 um on the back elevation map'*!.
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Back corneal surface (n=47) Both corneal surfaces (n=53)
Abnormal elevation | Mean+SD (95% CI) Range Mean +SD (95% CI) Range p value
Variables
UDVA (decimal) 0.51+0.29 (0.42, 0.60) 0.08 to 1.00 0.32+0.22 (0.26, 0.38) 0.01 to 0.90 0.002
CDVA (decimal) 0.93+0.11 (0.89, 0.96) 0.60 to 1.00 0.70+0.23 (0.64, 0.77) 0.08 to 1.00 <0.001
Sphere (D) —0.89+1.19 (- 1.24,-0.54) -3.75t01.00 |—-2.03+2.81(-2.81,-1.26) |—-11.50to02.75 0.071
Cylinder (D) -1.73+1.17 (- 2.08,-1.39) | —4.75t00.00 | —4.14+1.90 (- 4.66, — 3.61) | —8.50 to — 0.25 <0.001
Axis (°) 87.11+63.48 (68.47,105.75) | 0.0 to 180 90.42+59.47 (74.02, 106.81) | 3.0 to 179.0 0.920
SE (D) -1.76+1.34 (- 2.15,- 1.36) | —5.00t00.38 | —4.10+3.10 (- 4.96, - 3.25) | —14.38 to — 0.13 <0.001
Mean-KR (D) 4524 +1.87 (44.69, 45.79) 41.09 t0 49.42 | 48.89+3.41 (47.95, 49.83) 42.89t0 60.11 <0.001
CA (D) 2.40+1.43 (1.98, 2.82) 0.35to0 5.88 5.25+1.90 (4.72,5.77) 1.41 to 9.31 <0.001*
CA-Axis (°) 98.82+63.41 (80.21, 117.44) | 3.00to 177.00 | 86.30+58.13 (70.27, 102.32) | 1.00 to176.00 0.337

Table 1. Mean and SD of visual acuity, refractive errors and topography data separately in the two groups
(n=100 eyes). SD standard deviation, CI confidence interval, UDVA uncorrected distance visual acuity, CDVA
corrected distance visual acuity, SE spherical equivalent, KR keratometry reading, CA corneal astigmatism;
*parametric statistics.

Data were analyzed in SPSS.22 software. The normality of the data were assessed using the Kolmogo-
rov-Smirnov test. The mean of different variables between the two groups were compared using the independ-
ent samples-T test for parameters with normal distribution and the Mann-Whiney U test for parameters with
non-normal distribution. The Chi-square test was used to compare different grades of keratoconus between the
two groups. The significance level was considered as p <0.05 in all tests.

Ethical approval. The study protocol was approved by the local ethics committee. Subjects’ informed con-
sent was obtained following the Principles of Declaration of Helsinki.

Results
The mean age in all patients was 23.7+ 6.2 years and in the group with abnormal elevation limited to the back
corneal surface and both corneal surfaces were 23.9+5.2 and 23.6 £ 7.0 years, respectively (p=0.452).

The percentage of females and males in the group with abnormal elevation limited to the back surface was
40.4% and 59.6%, respectively and in the other group 35.8% and 64.2%, respectively (p =0.638).

Mean and SD of IOPnct, IOPg and IOPcc was 14.42+1.15, 11.87 £2.84 and 13.89 £2.74 mmHg in the group
with abnormal elevation limited to the back surface and 14.15+1.00, 10.97+2.17 and 14.03+2.12 mmHg in
the other group, respectively. The two groups were not significantly different based on the IOP measured using
Corvis ST [IOPnct (p=0.332)) and ORA (IOPg (p=0.079) and IOPcc (p=0.447)].

Mean values and standard deviations of visual acuity, refraction and topography data are presented in Table 1.

Statistical analysis using the Mann-Whitney U test showed significant differences in all parameters except the
spherical component of refractive errors and the axes of refractive and corneal astigmatisms. A deterioration of at
least two lines of visual acuity was observed in the group with abnormal elevation at both corneal surfaces which
was accompanied by up 2.0-2.5 D more negative results in comparing the spherical equivalent and refractive
cylinder between the two groups. The mean keratometry was 3.65 D flatter in the group with abnormal elevation
limited to the back corneal surface.

The mean and standard deviations of some Pentacam indices are shown in Table 2.

Table 2 shows steeper keratometry readings in both corneal meridians in the front and back corneal surfaces
in the group with abnormal elevations at both corneal surfaces with significant differences in all obtained param-
eters except the corneal astigmatism’s axes in both surfaces. The highest difference in the Keratometry reading
(KR) was related to the front maximum keratometry with a mean difference 7.63 D; also the I-S asymmetry
value had a mean difference 4.41 D between the two groups.

The corneal thickness at the apex, the thinnest point and the progression indices were significantly different
between the two groups. The mean differences in CCT and CTP in the two groups were 36.24 and 35.21 um,
respectively.

The BFS radius was significantly steeper in the group with abnormal elevations at both corneal surfaces than
in the group with abnormal elevations limited to the posterior corneal surface (p <0.05).

By examining the elevation data relative to the BFS, it is evident that there is significant difference in the
maximum elevation values in the front (p<0.001) and back (p=0.001) corneal surfaces with greater elevation
in relation to the BFS was observed in the group with abnormal elevations at both corneal surfaces.

Keratoconus staging was done based on the topographic keratoconus classification (TKC) provided by Pen-
tacam which includes five grades: 0 (normal), 1 (suspect), 2 (mild), 3 (moderate) or 4 (severe keratoconus). In
some cases, the system displays the intermediate grades, for example 2-3, in these cases; the lower number was
recorded for the analysis'® (Fig. 1).

It is evident that the group with abnormal elevation limited to the back corneal surface had the lower grades
compared to the other group. The Chi square test showed a significant difference in the distribution of different
grades of keratoconus in the two groups (X*=81.409, df=3, p<0.001).
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Back corneal surface (n=47)

Both corneal surfaces (n=53)

Mean +SD Mean +SD
Abnormal elevation (95% CI) Range (95% CI) Range P value
Variables
Front mean-KR (D) 44.97£1.77 (44.45,45.49) | 41.20 to 48.70 48.46+3.18 (47.58,49.34) | 42.55 to 59.50 <0.001
Front CA (D) 2.08+1.43 (1.66, 2.50) ~3.30 t0 5.00 3.79+1.56 (3.36, 4.22) ~0.10 to 6.60 <0.001*
Front CA-axis (°) 97.90+51.91 (82.66, 113.14) | 0.30 to 179.80 85.44+50.87 (71.42,99.47) | 2.20 to 168.10 0.191
Front BFS radius (mm) 7.70+0.29 (7.62, 7.79) 7.12 t0 8.53 7.36+£0.34 (7.27, 7.46) 6.15 to 8.33 <0.001*
(F:f;‘)t maximum elevation | 1} o445 68 (10.24,11.85) | 6t0 16 29.08+9.05 (26.51,31.65) | 18.0 to 60.0 <0.001
Front K-max (D) 48.28+2.29 (47.61,48.96) | 44.70 to 54.30 55.92+4.99 (54.54,57.30) | 46.20 to 70.40 <0.001
1-S asymmetry (D) 2.16+1.28 (1.78, 2.54) - 1.50 to 4.50 6.57+2.58 (5.86, 7.29) 2.30 to 14.30 <0.001
Back mean-KR (D) ~6.5240.34 (- 6.62, - 642) | —7.25t0 —5.75 | —7.17+0.65 (- 7.35,- 6.99) | —9.70to —6.25 | <0.001
Back CA (D) ~0.54+0.22 (- 0.60, — 0.47) | —1.10to - 0.10 | — 0.81+0.26 (- 0.88, — 0.74) | — 1.40to — 0.30 | <0.001
Back CA-axis (°) }?g'gif 48.08 (9041, 16.50t0 179.50 | 91.40+51.68 (77.15, 105.64) | 1.70 to 173.90 0216
Back BFS radius (mm) 6.31+0.37 (6.20, 6.42) 445107.14 6.16+£0.26 (6.09, 6.24) 5.68 t0 6.82 0.029%
?:;5 maximum elevation | 30,7, 5 4q (2802 3251) | 18 t0 44 57.92+12.85 (5427, 61.57) | 37.0 to 88.0 0.001*
494.76+28.09 (486.51, 458.52+29.47 (450.40, .
CCT (um) 503.01) 433 t0 558 166.65) 388 to 533 <0.001
482.85+27.60 (474.75, 447.64+29.07 (439.62, .
CTP (um) 490.95) 426 to 545 455.65) 377 to 515 <0.001
219.51 £44.77 (206.36, 152.83+43.92 (140.72, .
ART (um) 232.65) 147.00t0317.00 | 102y 35.00t0313.00 | <0.001
299.58 +63.28 (280.99, 181.71+66.20 (163.46, R
ARTh (um) 318.16) 197.90t0479.50 | 150’7 50.80 t0 430.80 | <0.001
PImax 2.27+0.38 (2.16, 2.38) 1.62 10 3.15 3.15+1.09 (2.85, 3.45) 151 t09.28 <0.001
Plave 1.54+0.21 (1.48, 1.61) 1.22 10 2.03 2.12+0.71 (1.93, 2.32) 1.01 t0 636 <0.001
BAD-D 4.70£1.60 (4.23, 5.18) 2.75 to 12.47 9.01+3.25 (8.12,9.91) 3.35 to 19.87 <0.001

Table 2. Mean and SD of corneal curvature, best fit sphere radius, maximum elevation, thickness and

thickness profile using Pentacam separately in the two groups (n=100 eyes). SD standard deviation, CI
confidence interval, KR keratometry reading, CA corneal astigmatism, BFS best fit sphere, CCT central

corneal thickness, CTP corneal thinnest point, ART ambrosio relational thickness, ARTh ambrdsio’s relational
thickness to the horizontal profile, PPImax maximum pachymetric progression index, PPlave average
pachymetric progression index, IS inferior-superior difference value, BAD-D Belin-Ambrosio Enhanced
Ectasia Total Deviation Index; *parametric statistics.
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Figure 1. Frequency distribution of different grades based on the Topographic Keratoconus Classification
(TKC) separately in the two groups (n=100 eyes).
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Back corneal surface (n=47) Both corneal surfaces (n=53)

Mean +SD Mean +SD
Abnormal elevation (95% CI) Range (95% CI) Range p value
Variables
SPA1 (mmHg/mm) 80.75+16.66 (75.86, 85.64) | 42.80 to 110.80 | 61.34+17.66 (56.47, 66.20) | 23.00 to 93.90 <0.001*
IR (mm™) 9.01+1.17 (8.66, 9.36) 6.30 to 11.50 10.70+1.49 (10.29, 11.11) 6.90 to 14.60 <0.001*
DAR 4.75+0.55 (4.59, 4.92) 3.80 to 6.40 5.46+0.72 (5.25, 5.66) 3.40t07.10 <0.001*

Table 3. Mean and SD of the new parameters using Corvis ST in the two groups (n=100 eyes). SD standard
deviation, CI confidence interval, SP-A1 stiffness parameter at first applanation, IR integrated radius, DAR
deformation amplitude ratio; *parametric statistics.

The pachymetry values in the center of the cornea (p <0.001) and the thinnest point (p <0.001) using the AS-
OCT were significantly different between the two groups. These values in the group with abnormal elevations at
both corneal surfaces were 472.38 £32.93 um (95% CI 463.02, 481.74) and 444.24 +33.80 pm (95% CI 434.63,
453.85), respectively and in the group with abnormal elevation limited to the back surface were 498.55+31.10 pm
(95% CI 489.09, 508.00) and 480.50 £ 30.83 pum (95% CI 471.13, 489.87), respectively.

The epithelial thickness at the center (p=0.002) and the thinness point (p <0.001) of the cornea using AS-
OCT were significantly thinner in the group with abnormal elevations at both corneal surfaces. The mean and
SD of central and thinnest epithelial thicknesses in the group with abnormal elevation limited to the back sur-
face were 53.18 £3.03 um (95% CI 52.26, 54.11) and 46.36 +3.96 um (95% CI 45.16, 47.57), respectively. These
values in the other group were 50.74+4.13 um (95% CI 49.56, 51.92) and 42.62 +3.33 pm (95% CI 41.67, 43.57),
respectively.

Corneal biomechanics assessment using ORA showed a significant difference in the mean CH and CRF
between the two groups using the independent samples T test (p <0.001). The mean and SD of CH in the group
with abnormal elevation limited to the back surface and in the group with abnormal elevations at both corneal
surfaces was 9.45+1.23 (95% CI 9.08,9.81) and 8.56+ 1.12 (95% CI 8.25, 8.87) and the mean CRF was 8.51+1.37
(95% CI 8.11, 8.92) and 7.52+1.19 (95% CI 7.19, 7.85), respectively.

The mean difference in CH and CRF was 0.88 and 0.99 mmHg, respectively, which were significantly differ-
ent between the two groups.

The new Corvis ST’s parameters are shown in Table 3.

All new parameters of Corvis ST were significantly different using the independent samples-T test or its non-
parametric equivalent (p <0.05). The mean difference in SP-A1, IR and DAR were 19.41 mmHg/mm, 1.69 mm™!
and 0.70, respectively.

Discussion

This study showed that the corneas in the group with abnormal elevation limited to the back corneal surface
were stiffer biomechanically based on the new Corvis ST parameters (SPA1, IR, DAR). Also, the classic param-
eters from ORA (CH, CRF) showed significant reduction in group 2 with abnormal elevation in both surfaces.
In addition, the corneal shape characteristics derived from Pentacam (curvature and thickness) indicated the
thinner and steeper corneas in the group with abnormal elevation in both corneal surfaces.

These findings show that the early signs of ectasia are mainly detectable on the back corneal surface before
the changes appear on the front surface where the epithelium can smooth irregularities. These results confirm
previous studies. Tomidokoro et al.*® reported the back surface changes in the early stage of the keratoconus when
investigating the quantitative changes in corneal curvature of both surfaces. In assessment of different geometric
characteristics of keratoconus using the Pentacam, Mihaltz et al.'” found the back elevation as the most essential
diagnostic criterion for the eyes with keratoconus. Rao et al.'® in assessing the elevation maps in the eyes with
suspicious Placido-disk based topography found increased back corneal surface elevation as risk factor and an
early sign of form fruste keratoconus.

The current study showed that 97.9% of cases with only abnormal back elevation had grades of 0 and 1 while
this value for the other group was 7.6%. On the other hand, 2.1% of cases had grades 2 and 3 in the group with
abnormal elevation in the back surface, while 95.5% of cases with these grades were in the group with abnormal
elevations in both surfaces. Considering the higher percentages of cases with lower grades of keratoconus in
the group with abnormal elevation in the back corneal surface, this may be another reason for the detection of
ectasia on the back surface first'®'%,

Abnormal elevation on the back surface of the cornea has been reported as an early sign or one of the primary
detectable ectatic changes, which can be used in differential diagnosis of keratoconus corneas from normal.
However, its effectiveness in detecting subclinical keratoconus is less and therefore, these findings cannot be
used alone for diagnostic purposes®!*?. The results of the current study are consistent with back corneal changes
being associated with earlier keratoconus with stiffer corneas and less change in front surface curvature. Once
the disease has advanced to the point where the anterior stromal changes have overwhelmed the ability of the
epithelium to compensate, abnormal front elevation is the result. The epithelium is thinner when both surfaces
show abnormal elevation than when only the back surface is involved. This is consistent with epithelial thinning
as a response to increasing curvature of the anterior stroma as keratoconus progresses®. A similar epithelial
response to the underlying stromal curvature has also been reported in myopic refractive surgery which results
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not only in a thicker central epithelium in the central flatter area, but also thinner mid-peripheral epithelium in
the area of greater post-operative curvature?>?,

Previous studies showed that there is a significant negative correlation between increased back corneal eleva-
tion and residual stromal bed thickness especially after laser in situ keratomileusis (LASIK) due to a lamellar
cut in the stronger part of the cornea biomechanically, combined with tissue subtraction. In some cases, these
changes may produce bulging of the back corneal surface following LASIK and finally iatrogenic ectasia®*-%¢.
Progressive increases in back surface elevation after refractive surgery may be associated with corneal biome-
chanical decompensation.

It has been proposed that progression in keratoconus is the result of a biomechanical cycle of
decompensation®. The cycle is initiated by a focal weakening, potentially due to eye rubbing, that redistributes
the biomechanical stress, resulting in thinning, that also redistributes the stress, resulting in increased curvature
which again redistributes the stress, and the cycle continues. Focal weakening in keratoconus has been reported,
both ex-vivo?, and in clinical measurements®, using confocal Brillouin microscopy. The current study provides
further evidence that earlier stages of keratoconus with abnormal elevation only on the back surface have stiffer
corneal responses than more advanced stages with abnormal elevation on both surfaces, consistent with a cycle
of progressive weakening. As the curvature increases, the epithelium thins in response as an attempt to maintain
the surface shape, with greater thinning in more advanced stages.

One limitation of this study was not including the additional parameters extracted from signal analysis of
ORA that describe the waveform of the ORA’ response curve.

In conclusion, the present study showed that changes in the corneal biomechanical status known as the major
potential etiologic factor for keratoconus are less in cases with abnormal elevation limited to the back surface of
the cornea than those with abnormal elevations on both surfaces. This indicates definitively that early keratoconus
is detectable first on the back surface, but is masked by the epithelium on the anterior surface, and is consistent
with progressive biomechanical weakening.

Data availability

The datasetanalyzed for the current study is not available.

Received: 20 June 2019; Accepted: 21 May 2021
Published online: 07 June 2021

References

1. Rabinowitz, Y. S. Keratoconus. Surv. Ophthalmol. 42, 297-319 (1998).

2. Fernandez Perez, ]., Valero Marcos, A. & Martinez Pena, E. J. Early diagnosis of keratoconus: What difference is it making?. Brit.
J. Ophthalmol. 98, 1465-1466 (2014).

3. Belin, M. W,, Villavicencio, O. F. & Ambrosio, R. R. Jr. Tomographic parameters for the detection of keratoconus: Suggestions for
screening and treatment parameters. Eye Contact Lens 40, 326-330 (2014).

4. de Sanctis, U. et al. Sensitivity and specificity of posterior corneal elevation measured by Pentacam in discriminating keratoconus/
subclinical keratoconus. Ophthalmology 115, 1534-1539 (2008).

5. Ali, N. Q, Patel, D. V. & McGhee, C. N. Biomechanical responses of healthy and keratoconic corneas measured using a noncontact
scheimpflug-based tonometer. Invest. Ophthalmol. Vis. Sci. 55, 3651-3659 (2014).

6. Chan, T. C., Wang, Y. M., Yu, M. & Jhanji, V. Comparison of corneal dynamic parameters and tomographic measurements using
Scheimpflug imaging in keratoconus. Brit. . Ophthalmol. 20, 20 (2017).

7. Sedaghat, M. R. et al. Diagnostic ability of corneal shape and biomechanical parameters for detecting frank keratoconus. Cornea
37,1025-1034 (2018).

8. Vellara, H. R. & Patel, D. V. Biomechanical properties of the keratoconic cornea: A review. Clin. Exp. Optom. 98, 31-38 (2015).

9. Ambrosio, R. Jr. et al. Ectasia detection by the assessment of corneal biomechanics. Cornea 35, e18-20 (2016).

10. Pinero, D. P. & Alcon, N. In vivo characterization of corneal biomechanics. . Cataract Refract. Surg. 40, 870-887 (2014).

11. Roberts, C.]. et al. Introduction of two novel stiffness parameters and interpretation of air puff-induced biomechanical deforma-
tion parameters with a dynamic scheimpflug analyzer. J. Refract. Surg. 33, 266-273 (2017).

12. Vinciguerra, R. et al. Detection of keratoconus with a new biomechanical index. J. Refract. Surg. 32, 803-810 (2016).

13. Belin, M. W. & Khachikian, S. S. An introduction to understanding elevation-based topography: How elevation data are displayed:
A review. Clin. Exp. Ophthalmol. 37, 14-29 (2009).

14. Sinjab, M. Step By Step Reading Pentacam Topography; 2nd Edition (2014).

15. Goebels, S. et al. Staging of keratoconus indices regarding tomography, topography, and biomechanical measurements. Am. J.
Ophthalmol. 159, 733-738 (2015).

16. Tomidokoro, A. et al. Changes in anterior and posterior corneal curvatures in keratoconus. Ophthalmology 107, 1328-1332 (2000).

17. Mihaltz, K., Kovacs, L., Takacs, A. & Nagy, Z. Z. Evaluation of keratometric, pachymetric, and elevation parameters of keratoconic
corneas with pentacam. Cornea 28, 976-980 (2009).

18. Rao, S. N, Raviv, T., Majmudar, P. A. & Epstein, R. J. Role of Orbscan II in screening keratoconus suspects before refractive corneal
surgery. Ophthalmology 109, 1642-1646 (2002).

19. de Sanctis, U., Aragno, V., Dalmasso, P, Brusasco, L. & Grignolo, F. Diagnosis of subclinical keratoconus using posterior elevation
measured with 2 different methods. Cornea 32,911-915 (2013).

20. Muftuoglu, O., Ayar, O., Ozulken, K., Ozyol, E. & Akinci, A. Posterior corneal elevation and back difference corneal elevation in
diagnosing forme fruste keratoconus in the fellow eyes of unilateral keratoconus patients. J. Cataract Refract. Surg.. 39, 1348-1357
(2013).

21. Reinstein, D. Z., Archer, T. ]. & Gobbe, M. Change in epithelial thickness profile 24 hours and longitudinally for 1 year after myopic
LASIK: Three-dimensional display with Artemis very high-frequency digital ultrasound. J. Refract. Surg. 28, 195-201 (2012).

22. Huang, D., Tang, M. & Shekhar, R. Mathematical model of corneal surface smoothing after laser refractive surgery. Am. J. Oph-
thalmol. 135, 267-278 (2003).

23. Reinstein, D. Z., Gobbe, M., Archer, T. J., Silverman, R. H. & Coleman, D. ]. Epithelial, stromal, and total corneal thickness in
keratoconus: Three-dimensional display with artemis very-high frequency digital ultrasound. J. Refract. Surg. 26, 259-271 (2010).

24. Seitz, B., Torres, F,, Langenbucher, A., Behrens, A. & Suarez, E. Posterior corneal curvature changes after myopic laser in situ
keratomileusis. Ophthalmology 108, 666-672 (2001) (discussion 673).

Scientific Reports |

(2021) 11:11971 | https://doi.org/10.1038/s41598-021-91263-7 nature portfolio



www.nature.com/scientificreports/

25. Wang, Z., Chen, J. & Yang, B. Posterior corneal surface topographic changes after laser in situ keratomileusis are related to residual
corneal bed thickness. Ophthalmology 106, 406-409 (1999).

26. Rani, A. et al. Posterior corneal topographic changes after retreatment LASIK. Ophthalmology 109, 1991-1995 (2002).

27. Roberts, C. J. & Dupps, W. ]. Jr. Biomechanics of corneal ectasia and biomechanical treatments. J. Cataract Refract. Surg. 40,991-998
(2014).

28. Scarcelli, G., Besner, S., Pineda, R. & Yun, S. H. Biomechanical characterization of keratoconus corneas ex vivo with Brillouin
microscopy. Invest. Ophthalmol. Vis. Sci. 55, 4490-4495 (2014).

29. Scarcelli, G., Besner, S., Pineda, R., Kalout, P. & Yun, S. H. In vivo biomechanical mapping of normal and keratoconus corneas.
JAMA Ophthalmol. 133, 480-482 (2015).

Acknowledgements

The authors would like to thank the personals of Sedaghat eye clinic and the participants who made this study
possible. This research was supported by the Deputy of Research of Mashhad University of Medical Sciences
(Grant code: 961181).

Author contributions
M.R.S., HM.M,, and C.J.R. are the main authors, and N.M., R.A. and S.R.H. corrected the manuscript. All authors
revised the manuscript for significant intellectual content and gave final approval of the version to be published.

Competing interests
Drs Roberts and Ambrosio are consultants for Oculus. No conflicting relationship exists for other authors.

Additional information
Correspondence and requests for materials should be addressed to H.M.-M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:11971 | https://doi.org/10.1038/s41598-021-91263-7 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Corneal biomechanical parameters in keratoconus eyes with abnormal elevation on the back corneal surface only versus both back and front surfaces
	Methods
	Ethical approval. 

	Results
	Discussion
	References
	Acknowledgements


