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corneal stromal and endothelial disorders: an artificial
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ABSTRACT

Aims To analyse the value of the Corvis*" indices in
diagnosing corneal stromal and endothelial disorders
(CSEDs).

Methods This institutional retrospective case—control
study included 903 eyes with a CSED and 597 normal
eyes (controls), assessed with Corvis*" and MS39. Main
outcome measures: Corvis*" indices. The collected data
were divided into a training set (70%) and a test set
(30%). Artificial intelligence frameworks were used

to distinguish each disorder from controls and to
classify corneas into seven groups: keratoconus, high-
risk corneas for keratoconus, laser corneal refractive
surgery (LCRS), endothelial disorders, stromal opacities,
glaucoma corneas and normal corneas.

Results Stress-strain index (SSI) significantly increased
with age in the control group. Compared with controls
matched for age/sex, keratoconus was associated with
Corvis Biomechanical Index (CBI) >0.51 (area under the
curve, 0.99), Ambrdsio’s relational thickness horizontal
(ARTh) <425.5 (0.97), deflection amplitude at the

time of the first applanation (SPA-A1) <96.3 (0.97)
and Pachy<522.4pm (0.91); high-risk corneas with a
difference in CBI between fellow eyes (CBI SYM) >0.14
(0.98), (L2) <1.95 (0.83) and Pachy<549.7 um (0.71);
LCRS with ARTh<455.1 (0.93) and CBI>0.35 (0.83);
corneal endothelial disorders with Pachy SYM>19.7 ym
(0.83), Pachy>569.1um (0.82) and CBI SYM>0.14
(0.77); stromal opacities with SPA-A1 SYM>11.8
(0.92), ARTh<569.9 (0.89), SSI SYM>0.14 (0.89) and
CBI>0.22 (0.86). A logistic regression function using all
indices reached an area under the receiver operating
characteristic curve of 0.81 for glaucoma diagnosis. The
TabPFN model provided the best accuracy (88.7%) for
diagnosing the seven corneal conditions. SSI, SPA-AT,
CBI and Pachy correlated with keratoconus grade.
Keratoplasty for keratoconus improved but failed to
restore normal corneal biomechanics.

Conclusions Corvis*" indices are relevant for
diagnosing CESDs and distinguishing various disorders
from each other.

INTRODUCTION

The cornea exhibits viscoelastic behaviour,
which is crucial for maintaining its curvature and
subsequent refractive power despite changes in
intraocular pressure and various external forces,
such as eye rubbing or external shocks. Corneal

WHAT IS ALREADY KNOWN ON THIS TOPIC

= The Corvis® device is a useful tool for
differentiating keratoconus and other corneal
ectasias from normal corneas.

WHAT THIS STUDY ADDS

= Corvis®" indices are relevant for diagnosing and
grading various corneal endothelial and stromal
disorders and distinguishing them from each
other using artificial intelligence.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY
= Corvis*" augmented with artificial intelligence

should be included in the assessment of corneal
disorders.

biomechanical properties are closely related to
the ultrastructure of the stroma, which consists
of several hundred 1-3 um-thick stacked
lamellae composed of collagen fibrils that are
aligned and regularly packed.! The corneal
viscoelastic behaviour is explained by the rear-
rangement and sliding of stromal lamellae, as
well as the stretching of stromal striae under
stress.” ® Corneal stiffness depends on intraoc-
ular pressure and corneal thickness, as stiffness
increases with both pressure and thickness.”

Corneal biomechanical behaviour can be
assessed with various technologies, including
strip extensometry, eye inflation, Brillouin
microscopy, air-puff systems, ultrasound elas-
tography, optical coherence elastography,
enzymatic digestion, acoustic radiation force,
atomic force microscopy and lateral electronic
speckle pattern shearing interferometry.’™
In routine practice, only air-puff systems are
currently widely available for clinical assess-
ment of corneal biomechanical behaviour.'
They provide a global evaluation of corneal
biomechanics.

In the present study, we assessed the diag-
nostic value of the Corvis®" indices in normal
and diseased corneas, considering their ability
to distinguish stromal and endothelial disor-
ders from normal corneas and to differentiate
various corneal conditions from each other.
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METHODS

Study design

This study was a retrospective comparative analysis of a consec-
utive series of patients conducted at a national tertiary centre,
Hopital National des 15-20, Paris, France. Patients were assessed
between 2016 and 2024.

Patients with the following seven corneal stromal conditions
were included: keratoconus, high-risk corneas for keratoconus
development (keratoconus high-risk), laser refractive surgery,
corneal endothelial disorders, stromal opacities, glaucoma and
normal corneas.

All eyes were assessed with Corvis’" (Oculus Optikgerite
GmbH, Wetzlar, Germany) and specular corneal topography
combined with spectral domain-optical coherence tomography
(SD-OCT) (MS39, CSO, Firenze, Italy). Each Corvis’! examina-
tion consisted of three measurements for each eye. The inclusion
criteria were a diagnosis confirmed by a senior cornea subspe-
cialist (VMB), a Corvis®' examination and an MS39 examination
performed by an experienced orthoptist (CG).

Diagnosis criteria for the keratoconus group were the
following: positive keratoconus diagnosis based on slit-lamp
examination, specular topography and SD-OCT, either with a
history of ocular surgery (including collagen cross-linking, intra-
corneal ring segment implantation and keratoplasty) or no history.
Keratoconus staging was performed using the Amsler-Krumeich
classification." The three postoperative keratoconus subgroups
(ie, cross-linking, ring segment, keratoplasty) featured the same
preoperative diagnosis criteria as the keratoconus group. The
keratoconus high-risk group included three corneal conditions:
keratoconus fruste (corneas with normal clinical features, topog-
raphy and SD-OCT, and keratoconus diagnosed in the fellow
eye), keratoconus-suspect corneas (corneas with normal clinical
features and abnormal or borderline MS39 classification), and
corneas with a family history (mother, father or child) of kera-
toconus and normal clinical features, topography and SD-OCT.
The MS39 device computes several keratoconus indices used
for classification (online supplemental figure). Abnormal and
borderline cases featured at least one abnormal index. The laser
refractive surgery group included normal eyes treated with
photorefractive keratectomy (PRK) for myopia or hyperopia,
laser-assisted in situ keratomileusis (LASIK) for myopia, or small
incision lenticule extraction (SMILE) for myopia, with a normal
postoperative outcome and at least 3 months of follow-up after
surgery. The four laser refractive surgery subgroups were not
matched or comparable in terms of the amount of preopera-
tive refractive error. The endothelial corneal disorder group
included eyes with Fuchs dystrophy, polymorphous posterior
corneal dystrophy or pseudophakic bullous keratopathy, as
confirmed by slit-lamp examination and SD-OCT, either non-
operated or after Descemet’s Membrane Endothelial Kerato-
plasty. Cornea guttata severity was not routinely assessed because
the presence of corneal oedema was the primary criterion used
to indicate the need for transplantation in corneal endothelial
disorders. To assess the severity of endothelial disorders, we used
several metrics computed from the MS39 csv files (ie, vertex
pachymetry and four paracentral (1-2mm, 2-3 mm, 3—-4mm
and 4-5mm zones)/vertex pachymetry ratios; decreased ratios
being associated with central oedema in Fuchs dystrophy). The
glaucoma group consisted of eyes with confirmed primary open-
angle glaucoma, as determined by visual field testing, SD-OCT
assessment of the optic disc and retinal nerve fibre layer, elevated
intraocular pressure and a normal cornea at slit-lamp and MS39
examination, either non-operated under medical treatment

or following filtering surgery. The control group consisted of
normal eyes that underwent a Corvis®" assessment. The inclusion
criteria were as follows: the absence of ocular symptoms and eye
disease, no contact lens wear, no history of ocular surgery or
trauma, normal slit-lamp examination, normal SD-OCT scans
and maps and normal corneal topography.

The main outcome measures were the 16 Corvis’' indices
(ie, L1, first applanation length; L2, second applanation length;
V1, corneal velocity at first applanation; V2, corneal velocity at
second applanation; PD, peak distance; Radius, radius of curva-
ture at the highest concavity; DA, deformation amplitude; Pachy,
central corneal thickness; SSI, stress-strain index; IOPnc, uncor-
rected intraocular pressure; bIOPR biomechanically corrected
intraocular pressure; DA ratio, ratio between the Deformation
Amplitude (vertical displacement) at the corneal apex and the
Deformation Amplitude at 2mm nasal and temporal from the
apex; IR, inverse of the radius of curvature during the concave
phase of the deformation; ARTH, Ambrésio’s relational thick-
ness horizontal; SPA-A1, deflection amplitude at the time of the
first applanation; and CBI, Corvis Biomechanical Index) and the
absolute values of the differences between fellow eyes (labelled
as index name+SYM).

Artificial intelligence and statistical analysis

For each patient, one examination was randomly selected and
designated as the primary examination. Statistical analyses were
performed using a software programme (Statistica V.6.1; Stat-
Soft France, Maisons-Alfort, France). Machine learning and
deep learning algorithms were written in Python.

We first analysed the primary examinations of the control
group. The Spearman rank correlation coefficient was used to
assess the correlation between Corvis indices and age, and the
Mann-Whitney test was used to assess differences between male
and female patients.

We then conducted a case—control study using primary exam-
ination data. For each primary exam in the diseased groups,
one primary examination from the control group was selected
based on age and sex matching. When no age- and sex-matched
controls were available, the case was excluded from the anal-
ysis. The observations from the control and disease groups were
randomly divided into a training set (70%) and a validation set
(30%) using stratified sampling. The receiver operating char-
acteristic (ROC) analysis was performed using data from both
the control group and the analysed disease group, assessing the
quantitative variable’s ability to distinguish corneas with the
given disorder from normal ones. The training set was used to
determine the threshold value of the quantitative variable, and
the validation set was used to calculate the area under the ROC
curve (AUC) associated with the threshold value, sensitivity,
specificity and accuracy (percentage of well-classified observa-
tions). Corvis®" indices were considered relevant for diagnosing
a given disorder when the AUC in the test set was greater than
0.50.

The subgroup analysis was performed using primary examina-
tions. The Corvis®" indices were analysed with analysis of vari-
ance and the appropriate post hoc tests. For the disorder diagnosis
study, we trained 12 machine learning and deep learning classi-
fiers using all examinations. Using stratified sampling, the data
were randomly divided into a training set (70% of the examina-
tions) and a test set (30% of the examinations). We performed
hyperparameter tuning using grid search. The accuracy, that is,
the percentage of well-classified observations, was assessed in
the test set.
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Table 1 Correlation between age and Corvis indices in normal
corneas
Age V1 PD DA 10Pnc DAratio IR SPA-A1
Age 1.00
Vi 0.06 1.00
PD 0.20 0.61 1.00
DA 0.23 076 0.77 1.00
10Pnc -0.12 -0.77 -0.66 -0.77 1.00
DAratio 0.14 0.74 045 057 -0.68 1.00
IR 0.04 070 039 056 -0.59 0.78 1.00
SPA-A1  0.08 -0.76 -0.43 -0.57 0.67 -0.67 -0.61 1.00

307 Corvis examinations from 307 randomly selected eyes of 307 patients are
included in this correlation study. Shown is the Spearman correlation coefficient.
Bold shows correlation coefficients with p<0.05. The absolute value of the
difference between the fellow eyes is labelled as INDEX SYM. Only the most
relevant indices are shown. Full data are shown in online supplemental table 1.
DA, deformation amplitude; DA ratio, ratio between the deformation amplitude
(vertical displacement) at the corneal apex and the deformation amplitude at 2
mm nasal and temporal from the apex; I0Pnc, uncorrected intraocular pressure; IR,
inverse of the radius of curvature during the concave phase of the deformation; PD,
peak distance; SPA-A1, deflection amplitude at the time of the first applanation; V1,
corneal velocity at first applanation.

RESULTS

A total of 1500 Corvis examinations from 772 patients (422
females and 350 males) were analysed. There were 427 exam-
inations in the keratoconus group, 62 in the keratoconus high-
risk group, 112 in the laser refractive surgery group, 168 in the
endothelial disorder group, 45 in the stromal opacity group, 89
in the glaucoma group and 597 in the normal (control) group.

Control group

A total of 307 randomly selected normal corneas from 307
patients were analysed. Most Corvis®® indices showed signif-
icant correlation with age (table 1, online supplemental table
1). SSI showed the strongest correlation (r,=0.48) with age,
increasing by an average of 0.07 units per decade (online supple-
mental figure). Most indices correlated with the central corneal
thickness (Pachy). The CBI showed the strongest correlation
(rs=—0.69) with Pachy, increasing with decreasing corneal
thickness (on average, 0.03 units per 10um; online supple-
mental figure). All indices correlated with IOPnc; bIOP showed
the strongest correlation (r =0.82). Finally, most indices signifi-
cantly correlated with each other (table 1).

No significant differences were observed between males
and females for all Corvis’! indices, except for PD, SSI and
ARTh, which were significantly higher (median, 4.91 vs 4.79,
p=0.0006), lower (0.92 vs 0.98, p=0.03) and higher (600.9 vs
543.8, p=0.0004) in males, respectively, compared with females.

Case—control study

Study and matched control groups featured the same sex ratio
and non-significantly different patient ages (online supple-
mental figure). Among 32 Corvis indices and absolute values
of the differences between fellow eyes, the number of relevant
indices was 30 for keratoconus diagnosis, 23 for keratoconus
high-risk diagnosis, 12 for laser refractive surgery diagnosis, 16
for endothelial disorder diagnosis, 24 for stromal opacity diag-
nosis and 13 for glaucoma diagnosis. Table 2 presents the results
of the case-control study for indices with an AUC of 0.70 or
higher. Keratoconus was associated with CBI>0.51 (AUC, 0.99),
ARTh<425.5 (0.97), SPA-A1<96.3 (0.97) and Pachy<522.4 um

(0.91). Keratoconus high-risk corneas were associated with a
difference in CBI between fellow eyes (CBI SYM) >0.14 (0.98),
L2<1.95 (0.83) and Pachy<549.7 um (0.71). Laser refractive
surgery was associated with ARTh<455.1 (0.93) and CBI>0.35
(0.83). Corneal endothelial disorders were associated with
Pachy SYM>19.7 um (0.83), Pachy>569.1um (0.82) and CBI
SYM>0.14 (0.77). Corneas with stromal opacities were associ-
ated with SPA-A1 SYM>11.8 (0.92), ARTh<569.9 (0.89), SSI
SYM>0.14 (0.89) and CBI>0.22 (0.86). A logistic regression
function using all indices reached an AUC of 0.81 for glaucoma
diagnosis.

Subgroup analysis

Keratoconus, whether untreated or after crosslinking, intracor-
neal ring segment implantation and keratoplasty, exhibited lower
corneal stiffness, as assessed by SSI and SPA-A1, compared with
normal corneas (post hoc tests, p<0.00003; figure 1). A higher
Amsler-Krumeich grade was associated with lower stiffness and
pachymetry, as well as higher CBI (p<0.01; figure 1). All kera-
toconus subgroups featured lower ARTh and higher CBI than
normal corneas (p<0.01; figure 1). All keratoconus subgroups,
except the keratoplasty subgroup (p=0.07), exhibited lower
pachymetry compared with normal corneas (p<0.00001;
figure 1). Post cross-linking and post-keratoplasty keratoconus
corneas were significantly stiffer than keratoconus grade 3 and 4
but not than grade 1 and 2 (p<0.05). Keratoconus corneas with
ring segments did not feature significantly greater SPA-A1 than
non-operated keratoconus corneas (p>0.05). The three kerato-
conus high-risk subgroups exhibited significantly higher CBI and
CBI SYM values compared with normal corneas (p<0.03; online
supplemental figure). Keratoconus fruste corneas showed signifi-
cantly higher CBI SYM values than keratoconus-suspect corneas
and corneas with a family history of keratoconus (p<0.00005;
online supplemental figure). The three myopic laser refractive
surgery subgroups featured significantly higher CBI and lower
ARTh than both the hyperopic PRK subgroup and the normal
group (p<0.01; online supplemental figure). No significant
differences were found between the three myopic laser refractive
surgery subgroups (p>0.20). In the endothelial corneal disorder
group, vertex pachymetry correlated with 11 indices, including
Pachy (r=0.97, p=0.0001), DA ratio (r=-0.57, p=0.0001;
online supplemental figure) and SPA-A1 (r =0.54, p=0.0001).
In non-operated Fuchs dystrophy corneas, the paracentral/vertex
pachymetry ratios correlated with Pachy (—0.78<r <-0.41,
p=0.0001), SSI SYM (-0.69<r<-0.54, p=0.0001), CBI
SYM (—0.53<r<—0.45, p<0.003), SSI (~0.53<r <-0.38,
p<0.02), CBI (-0.50<r<-0.19, p<0.02) and ARTh
(0.35<r,<0.51, p<0.03). Keratoplasty in eyes with endothe-
lial disorders was associated with lower Pachy (p<0.000001),
higher Pachy SYM (p=0.005), lower ARTh (p=0.00004) and
higher CBI (p<0.000001) compared with non-operated eyes.
In the glaucoma group, filtering surgery was associated with a
lower SPA-A1 (p=0.02) and higher asymmetry of most indices
compared with non-operated eyes.

Disorder diagnosis with Corvis®" indices

We first analysed the data, excluding eyes that underwent surgery
in addition to the primary diagnosis. A total of 1268 Corvis®"
examinations were included in the analysis. The LightGBM
model achieved the highest accuracy (86.9%) in the test set
using Corvis’" indices, symmetry indices and age (table 3). The
confusion matrix in the test set is shown in table 4. Online
supplemental figure shows the parameter importances in the
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Table 2 Case—control study

Study group:

mean+SD Control group: Threshold value AUC (test Se (%) (test  Sp (%) (test  Ac (%) (test W

Groups Corvis index (train set) mean+SD (train set) (train set) set) set) set) set) =
Keratoconus vs control (n=370) CBI 0.86+0.22 0.19+0.19 0.51 0.99 94.5 91.1 92.8 S
ARTh 240.5+145.6 574.2+124.1 425.5 0.97 83.6 98.2 91.0 g

SPA-A1 74.1+422.7 116.1+18.9 96.3 0.97 83.6 100.0 91.9 =

All parameters 0.96 89.6 96.8 93.7 93—)

IR 12.8+3.7 8.6+1.3 9.9 0.95 85.5 92.9 89.2 o

Radius 5.14+1.06 6.78+0.84 6.08 0.94 90.9 85.7 88.3 :..

DA ratio 5.87+1.71 4.21+0.46 4.69 0.91 873 87.5 87.4 E Q

Pachy 475.7+64.6 556.2+35.8 522.4 0.91 78.2 96.4 87.4 %‘g

Pachy SYM 40.8+50.4 9.4+7.6 16.1 0.88 92.7 732 82.9 24 =2

DA 1.23+0.17 1.06+0.1 113 0.88 80.0 89.3 84.7 27

10Pnc 14.1+2.6 17.4+2.6 15.8 0.86 81.8 76.8 793 \2— g

IR SYM 2.48+2.83 0.57+0.92 0.99 0.85 90.9 62.5 76.6 8 g

DA ratio SYM 1.10+1.26 0.18+0.17 0.35 0.84 83.6 75.0 793 E -

SSI 0.74+0.19 0.92+0.18 0.83 0.83 80.0 78.6 793 é S

Vi 0.18+0.03 0.15+0.02 0.16 0.82 61.8 96.4 793 _’:_I B

V2 —0.41+1.02 -0.27+0.03 -0.29 0.81 81.8 64.3 73.0 =3 g

L2 1.51+0.4 1.95+0.38 1.73 0.80 81.8 732 715 g‘a

L1 1.91+0.35 2.17+0.37 2.04 0.75 90.9 429 66.7 an

DA SYM 0.11+0.09 0.06+0.04 0.07 0.74 81.8 58.9 703 é §

V1 SYM 0.02+0.02 0.01+0.01 0.02 0.73 90.9 393 64.9 8‘ W

V2 SYM 0.04+0.04 0.02+0.02 0.03 0.73 98.2 21.4 59.5 ; 5

SPA-A1 SYM 17.8+12.6 13.1+32.9 14.0 0.71 72.7 69.6 7.2 g g

Keratoconus high-risk vs control (n=64) CBI SYM 0.28+0.23 0.08+0.07 0.14 0.98 100.0 90.0 95.0 g: o
L2 1.87+0.25 2.05+0.50 1.95 0.83 90.0 60.0 75.0 % '::)

V1 SYM 0.02+0.01 0.01+0.01 0.01 0.77 70.0 80.0 75.0 =3 N

SSI SYM 0.08+0.09 0.06+0.04 0.07 0.75 100.0 30.0 65.0 % 9

SPA-A1 SYM 14.0+14.8 12.7+10.4 133 0.74 80.0 60.0 70.0 2 g

CBI 0.36+0.27 0.11+0.12 0.20 0.71 90.0 60.0 75.0 ‘;E Q

Radius SYM 0.65+0.56 0.50+0.30 0.57 0.71 90.0 60.0 75.0 ; 8

L2 SYM 0.36+0.23 0.41+0.28 0.38 0.71 90.0 40.0 65.0 3_ '(\ﬂ)

Pachy 534.1+31.6 566.4+38.8 549.7 0.71 90.0 60.0 75.0 g— U

L1 SYM 0.31+0.25 0.42+0.25 0.36 0.71 80.0 60.0 70.0 @ g

Laser refractive surgery vs control (n=104) ARTh 334.0+187.5 570.2+122.8 455.1 0.93 923 100.0 96.3 3 =3
CBI 0.53+0.38 0.23+0.23 0.35 0.83 92.3 57.1 741 =2 8

All parameters 0.79 83.3 66.7 74.1 L_g %

Radius 6.33+0.99 6.84+0.62 6.61 0.73 923 50.0 70.4 > 8:

Endothelial disorder vs control (n=166) All parameters 0.87 70.0 96.7 86.0 E 8
Pachy SYM 64.7+56.3 11.0+6.7 19.7 0.83 72.0 96.0 84.0 % E_

Pachy 589.1+54.6 550.8+36.4 569.1 0.82 76.0 92.0 84.0 S

CBI SYM 0.22+0.23 0.09+0.11 0.14 0.77 100.0 24.0 62.0 ﬁ Z

Vi 0.14+0.02 0.14+0.02 0.14 0.74 96.0 32.0 64.0 S_%

Stromal opacity vs control (n=52) SPA-A1 SYM 18.0+16.0 8.5+6.5 11.8 0.92 100.0 62.5 81.2 wo
ARTh 524.3+337.8 618.3+202.2 569.9 0.89 87.5 100.0 93.8 §§

SSI SYM 0.19+0.21 0.11+0.09 0.14 0.89 100.0 62.5 81.2 g_?T) 8

CBI 0.34+0.31 0.14+0.14 0.22 0.86 75.0 100.0 87.5 T g

CBI SYM 0.07+0.11 0.05+0.05 0.06 0.83 100.0 75.0 87.5 g_ o

10Pnct SYM 3.6+4.2 1.2+40.9 1.9 0.81 87.5 50.0 68.8 g z

Pachy 540.7+72.7 557.1+34.4 549.3 0.77 87.5 62.5 75.0 o %

Pachy SYM 42.9+59.4 9.4+8.1 16.8 0.73 87.5 62.5 75.0 % g

PD SYM 0.21+0.2 0.13+0.12 0.17 0.73 87.5 62.5 75.0 o \2

blOP 16.9+2.9 15.5+1.9 16.2 0.73 75.0 62.5 68.8 %

SPA-A1 109.2+28.4 122.2+13.4 116.1 0.72 100.0 375 68.8 ~|\>

DA ratio SYM 0.37+0.49 0.09+0.10 0.16 0.71 75.0 62.5 68.8 8

Radius 7.01+1.37 7.15+0.63 7.08 0.70 87.5 75.0 81.2 g

Glaucoma vs control (n=102) All parameters 0.81 93.8 53.3 74.2 Z
Only indices with an area under the receiver operating characteristic curve of at least 0.70 in the test set are shown. %
Ac, accuracy; ARTH, Ambrésio’s relational thickness horizontal; AUC, the area under the receiver operating characteristic curve; bIOP, biomechanically corrected intraocular pressure; CBI, Corvis Biomechanical Index; DA @

ratio, ratio between the deformation amplitude (vertical displacement) at the corneal apex and the deformation amplitude at 2 mm nasal and temporal from the apex; I0Pnc, uncorrected intraocular pressure; L1, first
applanation length; L2, second applanation length; PD, peak distance; Radius, radius of curvature at the highest concavity; Se, sensitivity; Sp, specificity; SPA-A1, deflection amplitude at the time of the first applanation;
SSI, stress-strain index; SYM, the absolute value of the difference between fellow eyes (eg, CBI SYM is the absolute value of the difference in CBI between fellow eyes); V1, corneal velocity at first applanation; V2,
corneal velocity at second applanation.
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SSI

Pachymetry (um)

SPA-A1

Figure 1

Corvis indices in the keratoconus subgroups. Analysis of variance: p<0.000001 for the four indices. CBI, Corvis Biomechanical Index; CXL,

cross-linking; ICRS, intracorneal ring segment; KC, keratoconus; PMD, pellucid marginal degeneration; SPA- A1, deflection amplitude at the time of the

first applanation; SSI, stress-strain index.

LightGBM model. We then analysed data, including eyes with
surgery in addition to the primary diagnosis. A total of 1500
Corvis examinations were included in the analysis. The TabPFN
deep learning model featured the highest accuracy (88.7%)
(tables 3 and 4).

Table 3  Accuracy of the various trained artificial intelligence
models

Model Accuracy (test set)
Primary diagnosis with no  Primary diagnosis, with or without
additional surgery (n=1268) additional surgery (n=1500) (%)
(%)

TabPFN 86.1 88.7

LightGBM 86.9 86.4

XGBoost 86.1 84.0

Gradient Boosting 84.3 84.2

CatBoost 83.5 83.8

Random Forest 82.2 82.2

SVM 75.3 69.3

Decision Tree 75.1 71.6

MLP Classifier 74.8 59.1

Logistic Regression 71.1 71.8

KNN 70.9 68.4

Naive Bayes 64.6 63.1

DISCUSSION
From the case—control study, we identified some findings that
are helpful for physicians in diagnosing stromal and endothelial
corneal disorders. Keratoconus corneas were softer and thinner,
and they featured increased CBI compared with normal ones.
In a previous study, we reported significant differences between
keratoconus and normal corneas for all Corvis®! indices, even
after adjustment for pachymetry and intraocular pressure.'?
Corvis®" measurements in keratoconic and normal eyes are
highly repeatable and reproducible.”® Keratoconus high-risk
corneas were softer and thinner with asymmetric CBI compared
with normal corneas. They could be differentiated from normal
corneas with a 0.98-AUC. Interestingly, all keratoconus high-risk
subgroups, including patients with a family history of kerato-
conus and normal topography and tomography, featured the
same biomechanical characteristics. For the detection of forme
fruste keratoconus, CBI sensitivity was reported to be 63.2%
with a specificity of 80.3%." Its diagnostic ability is comparable
to that of the Pentacam indices for differentiating normal eyes
and eyes with forme fruste keratoconus.® In a recent study, a
logistic regression model using both Pentacam and Corvis data
reached an AUC of 0.90 for differentiating suspected from
subclinical keratoconus.® TBI (Tomographic and Biomechanical
Index) optimised for ethnicity can distinguish normal from early
ectasia corneas with an AUC of 0.93.'

Laser refractive surgery corneas were thinner with increased
CBI compared with normal ones. Following PRK, LASIK and

Borderie VM, et al. Br J Ophthalmol 2025;0:1-7. doi:10.1136/bjo-2025-327855
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Table 4 Confusion matrices in the test set: LightGBM model trained on eyes with no surgery in addition to the primary diagnosis, and TabPFN
model trained on eyes with or without surgery in addition to the primary diagnosis

Confusion matrices in the test set

Predicted
LightGBM model, only primary diagnosis

Refractive surgery Glaucoma  Keratoconus high risk Keratoconus Normal ~ Oedema Stromal opacity
True Refractive surgery 27 0 0 3 3 0 1 34
Glaucoma 0 7 0 0 9 1 0 17
Keratoconus high risk 0 1 11 2 3 1 0 18
Keratoconus 3 0 2 86 1 0 1 93
Normal 0 3 0 0 172 4 0 179
Oedema 0 3 0 2 1 22 0 28
Stromal opacity 0 0 0 1 5 0 6 12
30 14 13 94 194 28 8 381
TabPFN model, primary diagnosis, with or without subsequent surgery
True Refractive surgery 27 2 0 1 3 0 1 34
Glaucoma 0 12 0 1 13 1 0 27
Keratoconus high risk 0 1 1 2 3 2 0 19
Keratoconus 0 2 0 124 1 0 1 128
Normal 1 1 0 0 173 4 0 179
Oedema 0 1 0 1 1 47 0 50
Stromal opacity 0 1 0 2 3 2 5 13
28 20 11 131 197 56 7 450

Bold corresponds to correctly classified cases

SMILE, significant changes in Corvis®" indices have been demon-
strated, including a decrease in bIOP, ARTH and SP-A1, together
with an increase in DA ratio, IR and CBI. As expected, we
found that myopic treatment induced more changes in corneal
biomechanical behaviour compared with hyperopic treatment.
We found no significant differences among the three myopic
subgroups; however, the amount of preoperative myopia was
not comparable. Previous studies found the decrease in corneal
stiffness to be lower after PRK than SMILE, and lower after
SMILE than after LASIK.""" In eyes with a history of laser
refractive surgery, CBI-LVC enables the accurate diagnosis of
postoperative ectasia.”’

Corneal endothelial disorders were characterised by increased
and asymmetric central corneal thickness, as well as asymmetric
CBI. As expected, they were thicker with an increased differ-
ence between fellow eyes and featured increased bIOPR. They
were neither stiffer nor softer than normal ones. However,
increased corneal oedema was associated with increased stiff-
ness. In non-operated Fuchs dystrophy corneas, increased
central oedema (decreased paracentral/vertex ratios) was associ-
ated with increased stiffness, CBI and index asymmetry. A longer
L1 has been reported to be associated with the advanced stage
of Fuchs’ dystrophy.*' In healthy young adults, SPA-A1 increases
with corneal thickness during diurnal variations of stromal
hydration.*

Corneas with stromal opacity were characterised by asym-
metric corneal stiffness, decreased central corneal thickness and
increased CBI.

Glaucoma was associated with increased differences between
fellow eyes in several indices. However, only a logistic regres-
sion function using all indices could achieve an AUC greater than
0.70, indicating that no single, simple biomechanical feature can
characterise glaucoma corneas.

Although these features are insufficient for diagnosing the
disorders, they may help make a decision when clinical find-
ings, topography and tomography reveal other characteristics

of a disorder. Interestingly, the indices and differences between
fellow eyes were relevant for diagnosing the disorders. Loss
of symmetry and enantiomorphism is a well-known charac-
teristic of keratoconus. We demonstrate here that keratoconus
high-risk corneas, corneas undergoing laser refractive surgery,
corneal endothelial disorders, corneas with stromal opacity and
glaucoma eyes exhibit non-symmetrical corneal biomechanical
behaviour.

Corvis®! data provides a wealth of information that clinicians
may find challenging to handle fully. Many indices depend on
the patient’s age, corneal thickness and intraocular pressure.
Whereas a trained clinician would easily suspect keratoconus
on Corvis’! examinations with no additional information, they
would have difficulty suspecting the other disorders included in
the present study. Conversely, artificial intelligence algorithms
applied to Corvis®" examinations could diagnose various disor-
ders with a high accuracy of nearly 90%, meaning that only 1
out of 10 diagnoses was incorrect. A technician can perform
Corvis as a quick exam, making it suitable for use as a screening
tool or as part of a comprehensive workup that includes topog-
raphy and SD-OCT.

The subgroup analysis provided valuable insights into several
disorders. SSI, SPA-A1, CBI and Pachy correlated with kerato-
conus grade, showing they all were indicative of disease severity.
A Corvis-derived parameter ‘E’ provides a biomechanical staging
for ectasia and keratoconus. The linear term of the CBI is highly
associated with keratoconus severity as defined by corneal
tomography.?

As expected, keratoconus corneas were softer than normal
ones. However, none of the keratoconus surgical proce-
dures, including keratoplasty, ring segment implantation
and cross-linking (although tending to improve), can restore
normal corneal biomechanical behaviour, indicating that the
ideal treatment for keratoconus remains to be discovered.
Although studies have demonstrated an increase in corneal
stiffness, many CorvisST indices remain unchanged after
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cross-linking.?* #* Keratoconus fruste corneas, keratoconus
suspect corneas and corneas with a family history of kerato-
conus exhibit significantly higher CBI and a greater differ-
ence in CBI between fellow eyes compared with normal
ones. These indicators are relevant for screening candidates
for refractive surgery who exhibit a significantly increased
prevalence of keratoconus.?®

The study’s limitations include its retrospective and
monocentric design. The Al algorithms that were trained
only apply to our study population. If they were to be used
in another centre, a local dataset would be needed to fit the
models. However, the method for reaching efficient models
can be easily reproduced in other centres, given the method-
ology described here.

In conclusion, Corvis®’' indices are relevant for diag-
nosing corneal stromal and endothelial disorders and for
distinguishing various disorders from one another. Analysis
of key indices provides the physician with pertinent infor-
mation to consider together with clinical, tomographic and
topographic data. Artificial intelligence enables the consid-
eration of all indices, including complex non-linear rela-
tionships, thereby improving diagnosis accuracy.
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