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Abstract

Purpose To clarify the interocular asymmetry of corneal morphological descriptors and evaluate its discriminant ability of
keratoconus (KC).

Methods This retrospective study recruited 344 normal participants and 290 KC patients, randomized to training and
validation datasets. Interocular correlation and agreement were evaluated on 44 corneal morphological descriptors derived
from Schiempflug tomography. Logistic regression models were constructed using binocular data and of which diagnostic
performance was evaluated using the area under receiver operating characteristics curve (AUC), net reclassification improve-
ment (NRI), and integrated discrimination improvement (IDI).

Results Interocular agreement of corneal descriptors is better in the normal than in KC except for dimensions of cornea and
anterior chamber. The interocular asymmetry increases along with the severity of KC. Interocular asymmetry in maximum
anterior keratometry, mean anterior keratometry and higher-order aberrations of anterior surface show high AUC above 0.950.
Binocular logistic regression index reaches an AUC of 0.963 with high specificity (95.2%) and brings gain to monocular
parameters in distinguishing the normal eyes from KC (NRI = 0.080 (0.042 ~ 0.118), P < 0.001) and IDI = 0.071 (0.049 ~
0.092), P < 0.001). Interocular asymmetry benefits even more in subclinical keratoconus (SKC) detection reflected by NRI
(0.4784 (0.2703-0.6865), P < 0.001) and IDI (0.2680 (0.1495-0.3866), P < 0.001) measures.

Conclusion Interocular asymmetry is a well-characterized feature of KC and related to the severity. It is feasible to apply the
interocular asymmetry in diagnosis of KC and SKC as a replenishment of monocular parameters and in progression tracking.
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Key messages

What is known:

e The interocular asymmetry in keratometry, pachymetry and elevation of patients with keratoconus (KC) is
significantly higher than that of normal individuals, and the degree of interocular asymmetry increases with the
severity of KC.

o A small number of studies have shown diagnostic value of interocular asymmetry in keratometry and elevation for
KC detection but few diagnostic models based on interocular asymmetry have been established.

What is new:

o The different expression of interocular asymmetry between the normal and KC, as well as its variation with the
severity of KC, also exist in aberrations.

e This research constructs a well-performed combining model of interocular asymmetry for diagnosis of KC and

confirms its additive value after being added into the monocular based model. The gain value of interocular
asymmetry is even more prominent in the diagnosis of subclinical keratoconus (SKC).

Extended author information available on the last page of the article
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Introduction

Early and precise diagnosis of keratoconus (KC) is crucial
to assure safety of corneal refractive surgery and improve
prognosis of KC by early treatment. The development of
corneal topography and tomography system, corneal bio-
mechanical examinations, and optical coherence tomogra-
phy has provided us detailed data of the subtle progression
of KC. However, a huge amount of corneal descriptors
could be a burden for quick accurate diagnosis in the con-
sulting room. Machine learning, as a branch of artificial
intelligence, is exactly suitable to synthesize abundant
data beyond the ability of humans [1]. Thus, there is a
growing volume of machine learning research being con-
ducted in KC detection over the past years [2]. Though
gratifying diagnostic ability superior to junior doctors
has been achieved [3], the machine learning model is still
not precise enough especially for subclinical keratoconus
(SKC) detection. There is still a need for exploring other
auxiliary diagnostic indicators for improvement of current
diagnostic models.

The corneal morphology has been proved to have good
interocular correlation and symmetry in a normal indi-
vidual, which provided theoretical basis for the construc-
tion of corneal transplantation substitutes [4—6]. In fact,
the study of interocular asymmetry can also facilitate
the diagnosis of KC, which is a bilateral but asymmetric
non-inflammatory disease. However, although interocular
asymmetry is a typical character in KC, only a few studies
have quantitatively analyzed the range in patients with KC
[7-10]. The existing classic diagnostic indicators are all
independently based on monocular data, in lack of an over-
all evaluation of interocular linkage [11-13]. Whether the
interocular asymmetry in morphological parameters has
diagnostic significance and how to determine the cutoff
value for distinguishing the normal from KC are questions
worthy of discussion.

This study attempts to clarify the range of interocular
asymmetry of corneal descriptors in the normal and kera-
toconic eyes, and to explore the feasibility of applying it
to the diagnosis of KC.

Materials and methods

Study design

This is a retrospective chart review study. Participants
who had undergone refractive surgery or been diagnosed

as KC in Peking University Institute of Laser Medicine
from January 2016 to January 2021 were consecutively
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recruited. The protocol was adhered to the Declaration of
Helsinki and approved by the Institutional Review Board
of the Peking University Third Hospital (2023-250-01).
The informed consent was obtained from all subjects prior
to data collection.

Study population and data collection

Each participant underwent complete ophthalmic exami-
nations, including subjective and cycloplegic refraction,
intraocular pressure measurement, slit-lamp biomicroscopy
examination, corneal tomography (Pentacam HR, Oculus
GmbH, Wetzlar, Germany), and biomechanical examination
(Corvis, Oculus GmbH, Wetzlar, Germany). The Pentacam
HR and Corvis were calibrated periodically by the manu-
facturer and operated by a same trained technician. Poor
quality exams were discarded and recaptured, only qualified
pre-operative reports graded as “OK” (defined by manufac-
turer) were adopted.

For the normal group, the inclusion criteria were eyes
showing normal values in the standardized indicies (less
than 1.6 for all kinds of deviation of normality), with stable
refractive status for at least 2 years after refractive surgery.
The KC group was diagnosed and included in accordance
with the global consensus on KC diagnosis [14] by two
experienced ophthalmologists (YGC and YZ) using the com-
prehensive results of ophthalmic examinations. Diagnosis
is considered on a human unit basis. As long as one eye of
whom is diagnosed as keratoconus (with abnormal standard-
ized indicies), the patient will be included in the keratoconus
group. Therefore, unilateral keratoconus and early bilateral
keratoconus patients with temporarily unilateral involvement
were all included. The exclusion criteria were previous ocu-
lar trauma or surgery, coexisting ocular disease except for
ametropia, chronic use of topical medication, and wearing
corneal contact lenses in 3 weeks before the examination.
The two groups were randomly divided into two datasets
(training and validation) in a 7:3 ratio. Besides, we referred
to previous studies and considered patients with Keratoco-
nus Severity Score (KSS) 0-2 in KC group as SKC [15-17].
Data of the SKC group did not independently participate in
model training and was only used separately during valida-
tion to explore the possibility of applying the models for
SKC diagnosis.

Statistical analysis

Interocular asymmetry was defined as the absolute value of
the right eye minus the left eye. The KC severity grading
was based on the KSS output by Pentacam HR [18]. The
normality was assessed using Kolmogorov—Smirnov test and
the data were expressed accordingly. Spearman’s coefficients
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and intraclass correlation coefficients (ICC) were computed
to analyze the interocular correlation and agreement. A ¢ test
or Mann-Whitney U test was used to compare the interocular
difference values between the normal and keratoconic eyes.
A one-way ANOVA or Kruskal-Wallis H test was used to
compare the interocular asymmetry among KC subgroups
divided by disease severity. The logistic regression was
performed on the variables screened by lasso to construct
monocular logistic regression index (MLRI) and binocular
logistic regression index (BLRI) using right eye data and
interocular difference values, respectively. Furthermore, a
binocular-assisted logistic regression index (BaLRI) was
constructed by introducing BLRI into MLRI. The receiver
operating characteristic (ROC) curve was drawn to evaluate
the diagnostic ability of the interocular asymmetry of cor-
neal tomographic parameters and the combination of them.
Differences in the area under the receiver operating charac-
teristic curve (AUC) of the logistic models constructed in
current study and Belin/Ambrésio deviation (BAD-D) were
compared using Delong’s test. Net reclassification improve-
ment (NRI) and integrated discrimination improvement
(IDI) were also estimated to evaluate the additive value of
BLRI in predicting KC. Statistical analysis was performed
using SPSS 24.0 (IBM Corporation, Armonk, NY, USA)
and R software 4.2.2 (R Foundation for Statistical Comput-
ing, Vienna, Austria). A P value of <0.05 was regarded as
statistically significant.

Results
Demographic characteristics

A total of 344 normal subjects and 290 KC patients were
enrolled in the statistics. The mean age is 27.92 + 7.09 and
24.86 + 6.20 in the normal and KC group, respectively. One
hundred thirty-seven (39.83%) participants in the normal
group and 198 (68.28%) patients in the KC group are male.
Both the mean age and the sex ratio are significantly differ-
ent between the two groups (P<0.001, Table 1). The spheri-
cal equivalent (SE) and the best corrected visual acuity
(BCVA) are significantly higher in the KC group than those
in the normal group (P<0.001, Table 1). The training dataset
included 231 normal participants and 213 KC, whereas the
validation dataset consisted of 113 normal participants and
77 KC. The demographic characteristics of the two datasets
are summarized in Table 1.

Interocular consistency
The corneal descriptors of both groups are listed in Table 2.

Almost all descriptors in the normal group have moderate
to high (ICC>0.6, P<0.001, Table 2) interocular agreement

except for Chord Mu, differential pachymetry between the
corneal apex and the thinnest point, horizontal deviation of
maximum keratometry and the thinnest point, and coma of
both anterior and posterior surfaces with relatively weak
interocular agreement. However, in the KC group, the ICC
for most descriptors was less than 0.6 suggesting weak or
poor interocular agreement (Table 2).

Interocular asymmetry and keratoconus
grade

The ranges of interocular asymmetry are shown in Table 3.
The interocular asymmetry of all descriptors in the KC
group were higher than those in the normal group (P<0.001,
Table 3). Besides, the subgroup analysis of the KC group
showed that the interocular asymmetry gradually increased
as the severity of KC increased (Table 3, Fig. 1).

Diagnostic performance of interocular asymmetry
and logistic models

The logistic regression produced the following formula:
BLRI = EXP (Beta)/(1+ EXP (Beta)), where Beta=B1 x
steep anterior keratometry (K2 (F)) +B2 X maximum ante-
rior keratometry (K Max (F)) +B3 X vertical deviation of
the point of maximum anterior keratometry (K Max Y) +
B4 X steep posterior keratometry (K2 (B)) + B5 X pachym-
etry at the pupil center (Pachy Pupil) + B6 X eccentricity
in 9-mm zone (EccSph) + B7 X back elevation at thinnest
point (B.Ele.Th) + B8 and B1 = 3.175, B2 = 0.453; B3 =
—1.042,B4 =1.041,B5=0.978, B6 = —0.277, B7 = 0.835,
B8 =1.679.

The diagnostic performance of the interocular asymme-
try and the logistic regression indices are shown in Table 4
and Fig. 2. The AUC of interocular asymmetry in mean
anterior keratometry, maximum anterior keratometry, root
mean square of whole cornea aberrations, and of higher-
order aberrations of posterior surface exceeds 0.950 in
discriminating KC from the normal eyes. A cutoff value of
0.303 for the BLRI reaches the AUC of 0.9633, with 93.0%
sensitivity and 95.2% specificity. The AUC was 0.9626
for the MLRI with lower sensitivity (92.5%) and specific-
ity (93.5%). The BaLRI reaches the highest AUC of 0.971
with higher sensitivity (95.3%) and specificity (97.0%) than
BLRI and MLRI. Though the Delong’s test reported no sig-
nificant difference among the three models, the interocular
asymmetry improved the NRI (0.0798 (0.0415 — 0.1180),
P < 0.001) and IDI (0.0707 (0.0491 — 0.0922), P < 0.001),
indicating significant improvement in discriminatory power
for KC after adding interocular asymmetry to the established
monocular model. In the validation, the BaLRI also achieved
the highest AUC of 0.9844 and correctly classified 98.4%
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of the cases from the normal. The BaL.RI showed a trend of
even higher AUC than that of BAD-D in distinguishing SKC
from normal eyes, though not significantly different (0.975
vs 0.970, P=0.6363). The interocular asymmetry improved
the NRI (0.4784 (0.2703 — 0.6865), P < 0.001) and IDI
(0.2680 (0.1495 - 0.3866), P < 0.001) measures for SKC
detection to a greater extent than those in KC detection. The
BaLRI has also shown good performance in diagnosing dif-
ferent grades of keratoconus, with AUC above 0.97 for KSS
grades 1-4 (Table 5 and Fig. 3).

Discussion

In the present study, we compared the interocular correla-
tions in the normal and KC populations, and our findings are
generally consistent with the previous researches. Henriquez
et al. [19] focused on pachymetric data and reported the ICC
was significantly higher in the normal eyes (0.96, 0.96, and
0.85 for central corneal thickness (CCT), pachymetry at the
thinnest point (TP), and posterior elevation at the thinnest
point of the cornea (PETP), respectively) than in the KC eyes
(0.73, 0.64, and 0.39 for CCT, TP, and PETP, respectively).
Naderan et al. [20] additionally evaluated the keratometry
in both anterior and posterior corneal surfaces and refrac-
tion among the normal, keratoconus suspect (KCS), and KC
groups. The intraclass agreement was poor in patients with
KC, but moderate to good in patients with KCS, and strong
in the normal group. Our study further expanded the scope
of evaluation, and observed good interocular consistency in
the corneal diameter, volume, density, and anterior chamber
depth in both normal and KC eyes. While considering cor-
neal curvature, thickness, elevation, asphericity, and aber-
ration, good to strong intraclass correlations only existed
in normal participants, but weak to poor in KC patients.
In contrast to our study, Dienes et al. [21] reported good
interocular correlations in posterior elevation and pachym-
etry in both groups with correlation coefficients greater than
0.6. Mehlan et al. [22] reported that the mean ICC of CCT,
TP, and PETP is high in both normal (0.74-0.86) and KC
group (0.73-0.83) as well. We supposed that maybe more
patients with mild KC were included in the aforementioned
two studies, of whom the interocular asymmetry could be
relatively small even in the KC eyes. Detailed data were
needed to further compare and analyze the disagreement.
The ranges of interocular asymmetry obtained in this
study are basically the same as those in the previous studies
[19-21, 23, 24], and some parameters that have not been
evaluated ever before are complemented. A greater interoc-
ular asymmetry was observed in most corneal descriptors
except for corneal diameter in the KC patients than in normal
participants. Galletti et al. [25] carried out subgroup analysis
on the anisometropia population in the normal group, and

the results showed that the anisometropia patients still have
good corneal morphological symmetry. This indicates that
interocular asymmetry tends to have certain specificity in
KC, and comparative evaluation of both eyes may be valu-
able for the diagnosis of early KC.

We also noted that the interocular asymmetry is posi-
tively related to the severity, though different grading
standards of severity were adopted in relevant researches.
Some used single parameters to evaluate the severity of
KC [9, 21, 24, 25]. Galletti et al. [25] reported a posi-
tive relationship between the steepest (of both eyes) mean
anterior keratometry and the interocular asymmetry in ker-
atometry and front elevation at thinnest point. Dienes [21]
and Bussieres [24] found obvious relationship between
interocular asymmetry of single biomechanics and biome-
chanics itself in mean K, steep K, CCT, thinnest corneal
thickness (TCT), and posterior elevation (PE).

However, although single indices representing the
severity of the disease had obtained positive results, the
indices graded by comprehensive consideration of differ-
ent morphological dimensions should be more objective
on reflecting the impact of severity on interocular asymme-
try. Thus, some studies included the present one adopted
widely accepted grading parameters or systems, includ-
ing Keratoconus Severity Index (KSI), Amsler—Krumeich
classification, KSS and Topographical Keratoconus Clas-
sification (TKC) [10, 20, 25, 26]. As anticipated, the
range of interocular asymmetry increased with the grade
of the worse eye. In the present study, the KC group was
divided into four subgroups according to the comprehen-
sive grading parameter KSS. The interocular asymmetry
in the normal group was significantly smaller than each of
the severer three subgroups in most corneal parameters,
while was smaller than the mildest KC group only in par-
tial indices relating to keratometry, pachymetry, and eleva-
tion, which provides a clue of more sensitive parameters
in diagnosing SKC.

Besides, Bussieres et al. [24] further divided the KC par-
ticipants into asymmetric and symmetric subgroups, based
on the standards that the interocular asymmetry in the mean
K, flat K, and steep K should be equal to or less than 2.5
D and in the TCT <25.0 pm. Significant differences were
found in the parameters mentioned above among the two
subgroups and the normal one. We hold that the so-called
symmetrical KC subgroup might be relatively mild KC,
considering that this group has smaller mean K and thicker
pachymetry at the apex of cornea than the asymmetrical KC
subgroup. Therefore, the intergroup difference might be a
manifestation of the increase of asymmetry with the severity.

Eppig et al. [26] even included the biomechanical param-
eters into analysis and found the interocular asymmetry in
biomechanical parameters are negatively related to the sever-
ity as well at KC stages 0 to 3. However, an inverse alteration

@ Springer
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in corneal hysteresis (CH) and corneal resistance factor (CRF)
asymmetries was observed in KC stage 4. The abnormality in
CH and CRF asymmetries might be attributed to a small num-
ber of patients with KC stage 4 or disturbance coming from
corneal scar and extreme steep cone in eyes grading at stage
4. But still, this research inspired that interocular asymmetry
could be meaningful both morphologically and biomechani-
cally for diagnosis of KC.

The diagnostic performance of interocular asymmetry has
been evaluated in several studies, and an agreement of its
appreciable value was achieved. Saad et al. [27] reported that
with a cutoff value of 0.797 D, the interocular asymmetry in
steep K achieved the highest AUC of 0.965, and the sensitivity
and specificity was 93.8% and 96.1%, respectively. Henriquez
et al. [19] reported that the AUC of interocular asymmetry in
PETP was 0.91, with sensitivity of 85%, and specificity of
88%. Dienes et al. [21] reported that with 12 pm as the cutoff
value, the AUC of TCT asymmetry was up to 0.99, with 98%
sensitivity and 95% specificity. In this study, mean anterior
keratometry and maximum anterior keratometry achieve high
AUC (>0.95), which is consistent with previous studies. We
also found that aberrations perform well in distinguishing nor-
mal from KC eyes, especially the higher-order aberrations of
the posterior corneal surfaces and the aberrations of the whole
cornea (AUC 0.951 and 0.950, respectively), which has not
been noticed in previous literatures yet.

Interocular asymmetry also performs well in the diag-
nosis of early KC. Another study by Henriquez et al. [28]
reported that the interocular asymmetry in BAD-D has good
ability for distinguishing normal from KC or VEKC (AUC
0.99 and 0.98, respectively). Naderan et al. [20] found the
interocular asymmetry in steep K has high AUC of 0.868
with 88.2% sensitivity and 89.5% specificity in distinguish-
ing normal from KCS.

Few researches attempted to establish diagnostic mod-
els for KC with interocular asymmetries. Galletti et al. [25]
combined five parameters, including mean anterior keratom-
etry, mean posterior keratometry, thinnest pachymetry, front
elevation at the thinnest location, and back elevation at the
thinnest location, to model a logistic function and a scoring
system named intereye asymmetry score. Both diagnostic
models showed moderate sensitivity but high specificity,
which could help reduce false positive rate. Mehlan et al.
[22] also built a logistic diagnostic model mainly utilizing
elevation that realized the balance between sensitivity and
specificity (0.961 and 0.960, respectively) and performed
well in validation set as well. In addition to the calculated
parameters reported by the corneal topography, the raw
topographic data were also used to quantify the interocu-
lar asymmetry in a study by Shen Y et al. [29] and four
new-generated parameters (AFKmean, AFKsd, AFEsd, and
AFEmax) showed the highest AUC of 0.884-0.985.
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Fig.1 Box plots showing changes of interocular asymmetry of par-
tial representative parameters with the severity of KC (A for steep
anterior keratometry, B for thinnest corneal thickness, C for back
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elevation in thinnest location, D for anterior chamber depth (meas-
ured from endothelium), E for eccentricity, F for root mean square of
higher-order aberrations of posterior surface)
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Table 4 Diagnostic performance of interocular asymmetry of single parameters and logistic models

AUC (95% CT) Cutoff Sensitivity (%) Specificity (%) Accuracy (%)
Anterior surface
K1 (D) 0.906 (0.880-0.932) 0.650 824 94.5 89.0
K2 (D) 0.940 (0.919-0.961) 0.800 88.6 95.3 92.3
Km (D) 0.955 (0.939-0.972) 0.550 90.3 94.5 92.6
K Max (D) 0.953 (0.934-0.972) 1.370 90.0 96.5 93.5
K Max X 0.539 (0.495-0.584) 0.242 62.8 48.8 55.2
K Max Y 0.408 (0.364-0.452) 0.020 96.9 4.1 46.5
Asph. QF 0.914 (0.889-0.938) 0.115 81.4 94.8 88.6
F.Ele.Th (pm) 0.943 (0.923-0.963) 2.250 88.3 95.6 92.3
RMS (CF) 0.943 (0.921-0.965) 0.841 92.1 94.2 93.2
RMS HOA (CF) 0.947 (0.926-0.967) 0.158 92.1 96.2 94.3
RMS LOA (CF) 0.944 (0.923-0.966) 0.839 914 942 92.9
731 (CF) 0.834 (0.801-0.867) 1.055 66.9 91.0 80.0
Z3 -1 (CF) 0.925 (0.903-0.947) 0.667 87.6 87.8 87.7
740 (CF) 0.908 (0.881-0.936) 0.346 84.8 93.0 89.3
Posterior surface
K1 (D) 0.909 (0.883-0.934) 0.125 83.4 94.8 89.6
K2 (D) 0.937 (0.916-0.958) 0.150 88.3 922 90.4
Km (D) 0.927 (0.904-0.950) 0.150 86.2 96.8 92.0
Asph.QB 0.887 (0.858-0.916) 0.125 78.3 95.3 87.5
B.Ele.Th (pm) 0.942 (0.922-0.963) 5.500 86.6 95.6 91.5
RMS (CB) 0.947 (0.927-0.967) 0.248 89.7 95.1 92.6
RMS HOA (CB) 0.951 (0.933-0.969) 0.045 90.3 942 924
RMS LOA (CB) 0.944 (0.924-0.965) 0.248 89.0 94.8 92.1
Z31(CB) 0.860 (0.827-0.892) 1.801 73.8 95.1 85.3
Z3-1(CB) 0.873 (0.841-0.904) 2.046 76.6 96.2 87.2
Z40(CB) 0.889 (0.861-0.917) 0.908 77.9 91.3 85.2
Whole cornea
TCT (pm) 0.895 (0.868-0.922) 12.500 79.0 91.0 85.5
Pachy Apex (pm) 0.907 (0.882-0.932) 11.500 80.7 90.1 85.8
CCT (pm) 0.868 (0.838-0.898) 12.500 72.4 93.3 83.8
differential pachymetry (pm) 0.737 (0.699-0.776) 2.250 59.7 79.4 70.3
Chord_Mu (mm) 0.684 (0.642-0.726) 0.116 61.0 70.1 65.9
PachyMinX 0.444 (0.400-0.489) 0.145 94.8 6.7 47.0
PachyMinY 0.633 (0.590-0.677) 0.155 61.7 60.8 61.2
PupilX 0.524 (0.478-0.570) 0.325 24.8 83.4 56.6
PupilY 0.669 (0.626-0.712) 0.172 46.2 81.1 65.1
EccSph 0.901 (0.874-0.928) 0.080 81.0 922 87.1
RMS (Cornea) 0.950 (0.931-0.969) 1.014 88.3 96.2 92.6
RMS HOA (Cornea) 0.939 (0.918-0.961) 0.188 89.7 95.9 93.1
RMS LOA (Cornea) 0.948 (0.929-0.968) 1.064 87.6 96.8 92.6
C.Height (mm) 0.684 (0.642-0.727) 0.070 55.9 75.3 66.4
C.Volume (mm?) 0.552 (0.507-0.597) 5.600 60.0 48.8 53.9
Cor.Vol. (mm?) 0.581 (0.537-0.626) 1.200 30.7 84.9 60.1
Cornea Dia. (mm) 0.522 (0.478-0.565) 0.200 14.5 89.8 55.4
Density (%) 0.605 (0.561-0.649) 0.600 48.3 69.8 59.9
BAD D 0.976 (0.963-0.988) 1.580 95.2 97.4 96.4
BLRI 0.963 (0.945-0.982) 0.303 93.0 95.2 94.1
MLRI 0.963 (0.945-0.981) 0.367 92.5 93.5 93.0
BalLRI 0.971 (0.954, 0.988) 0.295 95.3 97.0 96.2

K1, flat keratometry; K2, steep keratometry; Km, mean keratometry; K Max, maximum keratometry; F.Ele.Th/B.Ele.Th, front/back elevation in thin-
nest location; RMS, root mean square; HOA, higher-order aberration; LOA, lower-order aberration; C.Height, anterior chamber depth measured from
the posterior corneal surface to the ocular lens in apex position; C.Volume, anterior chamber volume in mm? at a diameter of 10 mm around the
apex; Cor.Vol., anterior chamber volume in mm?° at a diameter of 10 mm around the apex; Cornea Dia., corneal diameter; BAD-D, Belin/Ambrésio
deviation; BLRI, binocular logistic regression index, MLRI, monocular logistic regression index, BaLRI, binocular assisted logistic regression index
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Fig.2 Comparisons of the
receiver operating characteristic
(ROC) curves of the logistic
regression models (BLRI,
binocular logistic regression
index; MLRI, monocular logis-
tic regression index; BaLRI,
binocular-assisted logistic
regression index)

Table 5 The cutoff values of
model BaLRI according to the
severity of keratoconus

Fig.3 The ROC curves of
model BaLRI according to the
severity of keratoconus

1.00 1

0.75 4

sensitivity
o
(o))
o

BLRI-AUC = 0.963

MLRI-AUC = 0.963

Models

= BLRI
= MLRI
= BalLRI

0.25 BaLRI-AUC = 0.971
0.004
0.00 025 0.50 0.75 1.00
1 - specificity
Grading AUC (95% CI) Cutoff Sensitivity (%) Specificity (%) Accuracy (%)
KSS 1 0.974 (0.960-0.987) 0.281 96.6 96.2 96.4
KSS 2 0.976 (0.963-0.989) 0.303 97.1 96.5 96.8
KSS 3 0.980 (0.964-0.995) 0.642 97.1 97.7 97.5
KSS 4 0.997 (0.993-1.000) 0.985 100 99.1 99.2
1.004
0.751
Grades
z — KSS1
= 050 KSS1-AUC = 0.974 — KsS2
5 — KSS3
KSS2-AUC = 0.976 s
0.25 KSS3-AUC = 0.98
KSS4-AUC = 0.997
0.00-
0.00 0.25 0.50 0.75 1.00
1 - specificity

We have established a binocular model and a monocular
model respectively. Although the binocular model is not sig-
nificantly superior to the monocular model, the analysis of NRI

@ Springer

and IDI shows that interocular asymmetry can indeed bring
gain to the monocular model, especially for SKC detection. The
sensitivity of BaLRI is higher than that of MLRI, indicating
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that the interocular asymmetry might have provided warning
information when the monocular parameters are still within the
normal range. When applying BaLRI to distinguish between
SKC and normal, it showed a trend outperform the classic
monocular diagnostic parameter BAD-D. We do not intend
to replace monocular diagnostic indicators with the binocu-
lar model bluntly, but we realize that incorporating interocular
asymmetry can assist existing monocular indicators and achieve
more accurate diagnosis of early KC.

There are limitations to present study. First of all, this is a
single-center research, although its sample size is not small
among similar studies, the analysis of SKC subgroups is still
limited. Incorporating more diverse source samples in the
future will undoubtedly help improve the model and enhance
its robustness. Secondly, this is a retrospective study, and it
is better to conduct a longitudinal evaluation of KC in order
to find out more quantitative relationship between interocu-
lar asymmetry evolution and the severity of disease. Besides,
we only used Pentacam Scheimpflug imaging equipment to
evaluate the participants. Our results may have systematic
errors compared to those based on other corneal topographic
equipment, which may affect the promotion and application
of interocular asymmetry range obtained in this study.

In conclusion, this study revealed that the interocular
asymmetry is significantly different between normal and
KC individuals and increases along with the severity. The
interocular asymmetry index BLRI proposed in this study
can help improve the diagnostic performance of existing
monocular indicators. It could serve as an early screen-
ing and progression marker for KC to avoid misdiagnosis
in false negative patients, thereby improving the safety of
corneal refractive surgery. It is worth further exploring the
application of interocular asymmetry as a replenishment for
monocular descriptors in early diagnosis of KC.
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