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Abstract: The keratometer keratoconus index (KKI) is a diagnostic index for the risk of keratoconus
calculated from autokeratometer test values. We partially modified the KKI equation and assessed it
without limiting the target age and severity of keratoconus. This retrospective study included 179
eyes of 99 patients with keratoconus and 468 eyes from 235 normal controls. In the modified KKI,
oblique astigmatism or against-the-rule astigmatism was defined as≥1D astigmatism. KKI diagnostic
power was analyzed in subgroups of <50 and ≥50-year-old patients, and at different keratoconus
stages. Although the sensitivity of modified KKI was comparable with that of original KKI (92.7% vs.
95.5%), modified KKI specificity was significantly higher (79.7% vs. 68.6%) (p = 0.0001). Using the
modified KKI, sensitivity reached 100% (4/4) and specificity, 63.5% (33/52), in ≥50-year-old patients,
while overall sensitivity in keratoconus ≥stage 2 was 100% (30/30). In conclusion, the modified
KKI proved to be effective in keratoconus screening at all stages. However, it should be noted that
false-positive frequency is higher in ≥50-year-old patients.

Keywords: keratoconus; diagnosis; autokeratometer; astigmatism; keratometer keratoconus index (KKI)

1. Introduction

Keratoconus is a corneal ectatic disease that often occurs between 10–20 years of age.
Although etiology of keratoconus is unknown, eye rubbing has been reported to be a risk
factor for keratoconus development [1–3]. As the disease progresses, it causes a decrease
in spectacle-corrected visual acuity due to an increase in irregular corneal astigmatism. It
often requires rigid gas permeable (RGP) contact lenses for refractive correction, and in
more severe cases, corneal transplantation.

In 2003, Wollensak et al. first reported that corneal crosslinking was effective in
preventing the progression of keratoconus [4]. Since then, many studies have reported the
efficacy and safety of corneal crosslinking [5–22]. Corneal crosslinking has been reported
to be less effective in advanced keratoconus [23]. For this reason, early diagnosis of
keratoconus is essential to maintain the visual function in keratoconus patients.

Keratoconus is generally diagnosed using slit lamp microscopy and a corneal shape
analyzer. Localized corneal thinning, Fleisher’s ring, Vogt’s striae, and Munson’s sign
are characteristic of keratoconus, but it is difficult to detect any of these findings using
slit lamp microscopy in early keratoconus. On the other hand, corneal shape analyzers
are effective in detecting early and suspected keratoconus. Evaluation of the corneal
topography can allow the detection of subtle changes in the anterior surface of the cornea.
In keratoconus eyes, the most prominent changes occur on the posterior surface of the
cornea, while the anterior surface is smoothed by the corneal epithelium [24–26]. Thus,
as corneal tomography can detect abnormalities on the posterior surface of the cornea
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and in corneal thickness distribution, it has been adopted for use in clinical practice in
recent years.

Although corneal shape analyzers are installed in core regional eye hospitals and
cornea specialists clinics, they are not available everywhere. Therefore, we reported a
method to assess the risk of keratoconus with an autokeratometer, which is available in
most institutions [27]. In this report, we created a keratometer keratoconus index (KKI)
by combining three parameters: steep K, flat K, and whether or not the eye had with-
the-rule astigmatism. We were able to detect keratoconus with 85% sensitivity and 86.7%
specificity. Our previous study was limited to <50-year-old patients, and only early stage 1
keratoconus (Amsler–Krumeich classification) was considered.

In the KKI parameters, a dummy variable of 1 for with-the-rule astigmatism and 0
for non-with-the-rule astigmatism was used in the regression equation. However, in our
preliminary study, when against-the-rule astigmatism and oblique astigmatism magnitude
was small, some false positive results were observed. For this reason, we partially modified
the KKI equation. Moreover, in actual clinical practice, KKI is likely to be used regardless
of the age or severity of keratoconus.

The purpose of this study was to apply the modified KKI to diagnose keratoconus
regardless of age or keratoconus severity, and to evaluate KKI diagnostic power.

2. Materials and Methods
2.1. Patients and Study Design

One hundred seventy-nine eyes of 99 consecutive keratoconus and suspected kera-
toconus patients (68 males and 31 females, mean age 33.48 ± 15.41 years), who visited
the Nagoya Eye Clinic from January 2019 to December 2020 and were tested with an
autokeratometer (ARK-1s, Gamagori, Japan, NIDEK), were included in the study. We did
not consider the time since the patient was diagnosed with keratoconus, but included con-
secutive cases that visited the clinic. During the same period, 468 eyes of 235 consecutive
subjects (125 men and 110 women; mean age 37.55 ± 22.70 years) examined for refractive
correction were included as normal controls. The control subjects included those who had
no abnormalities on slit lamp biomicroscopy examination and corneal topography.

2.2. Diagnosis and Severity Classification of Keratoconus

Two cornea specialists diagnosed keratoconus through slit lamp microscopy and
corneal topography (TMS-4, TOMEY, Nagoya, Japan). Keratoconus signs found in both
slit lamp microscopy and corneal topography were classified as keratoconus, while signs
found only in corneal topography were classified as suspected keratoconus. Forme fruste
keratoconus was defined as an eye with normal corneal topography in the contralat-
eral eye of the keratoconus. In this study, only keratoconus and suspected keratoconus
were included in the keratoconus group. The severity of keratoconus was based on the
Amsler–Krumeich classification. This study was approved by the Ethics Committee of
Nagoya Eye Clinic (UMIN ID: 000036372). The study was conducted in accordance with
the tenets of the Declaration of Helsinki. Because this was a retrospective study, an opt-out
method for obtaining consent was approved by the ethics committee.

2.3. Modification of the Keratoconus Keratometer Index (KKI)

In this study, the same autokeratometer (ARK-1s) was used for all keratoconus pa-
tients and control subjects. The autokeratometer was calibrated according to international
standards prior to measurement at the manufacturer. The KKI was derived using the
parameters measured by the autokeratometer and the regression equation shown in our
previous studies.
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WTR, with-the-rule.
In the previous KKI, the dummy variable was set to 0 for non-with-the-rule astig-

matism and 1 for with-the-rule astigmatism. To reduce the number of false positives, the
dummy variable was changed to 0:≥1 dpt of oblique or against-the-rule astigmatism, and
1: other; the KKI obtained by this change was defined as modified KKI.

2.4. Classification of Astigmatism Axis

Against-the-rule astigmatism was defined as 0◦ ≤ steep K axis < 30◦ or 150◦ ≤ steep
K axis < 180◦. Oblique astigmatism was defined as a 30◦ ≤ steep K axis < 60◦ or 120◦ ≤
steep K axis < 150◦. With-the-rule astigmatism was defined as 60◦ ≤ steep K axis < 120◦.

2.5. KKI vs. Modified KKI Diagnostic Power Comparison

The diagnostic sensitivity and specificity power were compared between KKI and
modified KKI, and the same cutoff value (0.461) as previously reported was used for both
KKI and modified KKI.

2.6. Comparison of Diagnostic Performance between Mild and Moderate/More Severe Keratoconus

Amsler–Krumeich classification stage 1 keratoconus was defined as the mild group,
stage 2 and above as the moderate-to-severe group, and modified KKI sensitivity was
compared between the groups.

2.7. Comparison of Diagnostic Performance between <50 and ≥50-Year-Old Patients

Control subjects and keratoconus patients were divided into two groups: <50 and
≥50-year-old, and sensitivity and specificity were compared between the groups.

2.8. Statistical Analyses

The Mann–Whitney U test was used to compare parameters between the control and
keratoconus groups. Fisher’s exact test was performed to compare the sex and astigmatism
distributions in the control and keratoconus groups. Similarly, Fisher’s exact test was used
to compare the modified KKI sensitivity between the mild and moderate-to-severe kerato-
conus groups. SPSS (ver. 19, IBM, Endicott, NY, USA) was used for all statistical analyses,
including multivariate analysis. p-value < 5% was considered statistically significant.

3. Results
3.1. Comparison of Background between Keratoconus and Control Groups

There was no significant difference in age between the two groups (p = 0.38), but
there was a significant difference in sex distribution (p = 0.0088). Steep K and flat K were
significantly higher in the keratoconus group than in the control group (steep K, p < 0.0001;
flat K, p < 0.0001). The astigmatism distribution showed significantly more oblique and
against-the-rule astigmatism in keratoconus eyes than in control eyes (p < 0.0001) (Table 1).
As for severity, 89 eyes (49.7%) were classified as stage 1, 68 eyes (38.0%) as stage 2, 5 eyes
(2.8%) as stage 3, and 17 eyes (9.5%) as stage 4.

When divided in <50 and ≥50-year-old groups, keratoconus patients showed no
significant difference in corneal astigmatism distribution (p = 0.807), while normal controls
did. In particular, the ≥50-year-old control group showed higher against-the-rule and
oblique astigmatism rates than the <50-year-old group (Table 2).
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Table 1. Control subjects and keratoconus patients demographic information.

Keratoconus Group Control Group p Value

Number (eyes) 179 468

Age (years old) 33.48 ± 15.41 37.55 ± 22.70
0.3794(10–79) (7–86)

Sex (male: female) 68:31 125:110 0.0088

Autokeratometer parameters

Steep K (D) 48.51 ± 4.63 43.99 ± 3.6
<0.0001(42.03–72.42) (40.04–51.29)

Flat K (D)
46.56 ± 4.08 42.77 ± 1.50

<0.0001(38.09–61.93) (38.70–48.84)

Astigmatism (D) 3.92 ± 2.76 1.35 ± 1.05
<0.0001(0.12–12.36) (0.06–7.2)

Autokeratometer astigmatism axis

WTR (eyes, %) 86 367

<0.0001

(48.0%) (78.4%)

ATR (eyes, %) 41 58
(22.9%) (12.4%)

Oblique (eyes, %) 52 43
(29.1%) (9.2%)

K, keratometric power; D, diopter; WTR, with the rule; ATR, against the rule.

Table 2. Comparison of corneal astigmatism axis distribution.

Keratoconus Group Control Group

<50 y.o. ≥50 y.o. <50 y.o. ≥50 y.o.

WTR (eyes, %) 76 10 293 74
(48.7%) (43.5%) (90.7%) (51.0%)

ATR (eyes, %) 36 5 12 46
(23.1%) (21.7%) (3.7%) (31.7%)

Oblique (eyes, %) 44 8 18 25
(28.2%) (34.8%) (5.6%) (17.2%)

Difference of Distribution p Value

Keratoconus group (<50) vs. Keratoconus group (≥50) 0.807

Control group (<50) vs. Control group (≥50) <0.0001

Keratoconus group (<50) vs. Control group (<50) <0.0001

Keratoconus group (<50) vs. Control group (≥50) 0.0477

Keratoconus group (≥50) vs. Control group (<50) <0.0001

Keratoconus group (≥50) vs. Control group (≥50) 0.136
y.o., years old; WTR, with the rule; ATR, against the rule.

3.2. Modified KKI and KKI Diagnostic Power Comparison

KKI sensitivity and specificity were 95.5% (171/179) and 68.6% (321/468), respectively,
while modified KKI sensitivity and specificity were 92.7% (166/179) and 79.7% (373/468),
respectively (Figure 1). There was no significant difference in sensitivity between KKI and
modified KKI (p = 0.37), but modified KKI had significantly higher specificity than KKI
(p = 0.0001).
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Figure 1. ROC curve analysis delineating the sensitivity and specificity of keratoconus screenings
using an autokeratometer. ROC curves for each diagnostic parameter are shown for the KKI and
modified KKI equation (A,B). AUROC, area under the ROC curve; KKI, keratometer keratoconus
index; WTR, with-the-rule; CI, confidence interval.

3.3. Evaluation of Modified KKI Diagnostic Performance in Mild and Moderate-to-Severe Keratoconus

In mild keratoconus eyes, sensitivity was 85.4% (76/89), while in moderate-to-severe
keratoconus eyes, sensitivity reached 100% (90/90). The difference in diagnostic perfor-
mance was statistically significant (p < 0.0001).

3.4. Comparison of Diagnostic Performance between <50 and ≥50 Years Old Groups

In the <50-year-old group, sensitivity was 92.9% (145/156), and specificity 83.3%
(269/323). In the ≥50-year-old group, sensitivity was 100% (23/23) and specificity 68.9%
(51/74). Sensitivity was significantly higher, and specificity significantly lower in the
≥50-year-old group (p < 0.0001; p = 0.0084, respectively).

4. Discussion

We have previously shown that KKI using autokeratometer parameters is useful in
keratoconus screening [27]. In this report, the study was limited to early stage keratoconus
and <50-year-old patients; however, in actual clinical situations, many cases exist outside
this range. Therefore, we investigated the effects of age and severity of keratoconus on KKI
diagnostic power in this study. In addition, we modified the astigmatism axis classification
method used in the KKI because of false-positive results identified in the preliminary inves-
tigation. Diagnostic parameters of sensitivity and specificity were analyzed by comparing
KKI and modified KKI results.

In the present study, sensitivity and specificity of the modified KKI were 92.7% and
79.7%, respectively. In our previous study, sensitivity and specificity were 85.0% and 86.7%,
respectively. The higher sensitivity and lower specificity of the current study may be due
to the age and severity restrictions of the previous sample.

In this study, we modified a parameter in the KKI calculated in our previous paper.
In the autokeratometer, the astigmatic axis is calculated by elliptically approximating the
corneal refractive power distribution. For this reason, the smaller the astigmatism, the
greater the variation in the measured axis due to the influence of the tear film layer and
other factors. Thus, in the modified KKI, the dummy variable for the astigmatic axis was
defined as 0 for≥1D of oblique or against-the-rule astigmatism, and 1 for other astigmatism.
Consequently, sensitivity was similar, but specificity improved from 68.6 to 79.7%.

In our analysis, specificity was significantly lower in the ≥50-year-old group than
in the <50-year-old group. When comparing astigmatism distribution between the <50
and ≥50-year-old groups, the percentage of with-the-rule astigmatism was found to be
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significantly smaller in the ≥50-year-old group, while the percentages of oblique and
against-the-rule astigmatism were significantly larger. A previous study in Japan reported
an increase in the rate of against-the-rule astigmatism ≥50-year-old people, [24] and
our study seems to be consistent with these results. The decrease in specificity in the
≥50-year-old group may be due to a change in the astigmatic axis distribution [28].

Modified KKI sensitivity was 85.4% for stage 1 (mild keratoconus) vs. 100% for stage
2 and above (moderate keratoconus). The parameters used for KKI were steep K, flat K,
and astigmatism axes. The more severe the keratoconus, the greater the difference in both
steep K and flat K from normal eyes; therefore, the present results seem reasonable.

Sensitivity rates of 85.4% for stage 1 and 92.7% for all stages are acceptable for
the clinical use of modified KKI. However, specificity was 83.3% even when limited to
<50-year-old patients, which means that approximately 17% of normal cases are false posi-
tives. This may pose a problem in clinical practice. Keratoconus has been associated with
atopic dermatitis, Down syndrome, sleep apnea syndrome, and eye rubbing [29–33]. Future
research should aim to further increase KKI specificity by considering other parameters
and contributing factors.

This study had several limitations. Firstly, this study was carried out retrospectively
and included only patients who were diagnosed with keratoconus or suspected keratoconus
at one time point. In order to confirm the utility of the modified KKI in the future, it is
necessary to evaluate the KKI over time as a prospective study and to examine when
keratoconus can be detected. Secondly, the sample size of the disease group was smaller
than that of the control group. Since keratoconus has a large variability from case to case, it
may be necessary to confirm this by examining a larger number of cases. Thirdly, corneal
refractive power and corneal astigmatism have been reported to vary with ethnicity [34–41].
Since all of the participants in this study were Japanese, further studies including other
ethnicities are needed. Fourthly, only one model of autokeratometer was used. Although
autokeratometer was calibrated according to international standards in the current study,
it may be necessary to verify whether modified KKI is effective for other models as well.

5. Conclusions

Modified KKI is effective in mild to severe keratoconus screening. It may be a useful
tool in clinical practice, although caution is required when examining patients older than
50 years, as its diagnostic power decreases.

Author Contributions: Conceptualization, T.K., N.I. and K.I.; methodology, T.K., N.I. and T.N.
(Tomoya Nishida); vali-dation, T.K., T.N. (Tomoya Nishida) and T.N. (Tomoaki Nakamura).; for-
mal analysis, T.K., N.I., T.N. (Tomoya Nishida) and T.N. (Tomoaki Nakamura); investigation, T.K.,
T.N. (Tomoya Nishida) and K.I.; resources, K.I.; data curation, N.I. and T.N. (Tomoaki Nakamura);
writing—original draft prepara-tion, T.K.; writing—review and editing, N.I., T.N. (Tomoya Nishida),
T.N. (Tomoaki Nakamura) and K.I.; visualization, T.K.; supervision, T.K. and T.N. (Tomoaki Naka-
mura); project admin-istration, K.I. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of Nagoya Eye Clinic (UMIN ID:
000036372, approval date, 11 July 2018).

Informed Consent Statement: Individual written informed consent was waived due to the retro-
spective design of the study by the institutional ethical review board. The opt-out method was
alternatively used.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author. The data are not publicly available according to the ethics committee indications.

Conflicts of Interest: Kojima reports personal fees from Staar Surgical, Santen Pharmaceutical,
Otsuka Pharmaceutical, Johnson and Johnson, and Alcon Japan outside the submitted work. In



Diagnostics 2021, 11, 2120 7 of 8

addition, Kojima has a patent (2019-045345) licensed to Takashi Kojima. Nishida has no commercial
interest to disclose. Isogai has no commercial interest to disclose. Nakamura reports personal
fees from Staar Surgical, personal fees from Santen Pharmaceutical, personal fees from Otsuka
Pharmaceutical, personal fees from Carl Zeiss Meditec, and personal fees from Johnson and Johnson,
outside the submitted work. Hasegawa has no commercial interest to disclose. Ichikawa reports
personal fees from Santen Pharmaceutical, Alcon Japan, Kowa, and Carl Zeiss Meditec outside the
submitted work. In addition, Ichikawa has a patent (2012-005573) licensed to Kazuo Ichikawa and a
patent (2011-218076) licensed to Kazuo Ichikawa.

References
1. Almusawi, L.A.; Hamied, F.M. Risk Factors for Development of Keratoconus: A Matched Pair Case-Control Study. Clin.

Ophthalmol. 2021, 15, 3473–3479. [CrossRef]
2. Gordon-Shaag, A.; Millodot, M.; Kaiserman, I.; Sela, T.; Barnett Itzhaki, G.; Zerbib, Y.; Matityahu, E.; Shkedi, S.; Miroshnichenko,

S.; Shneor, E. Risk factors for keratoconus in Israel: A case-control study. Ophthalm. Physiol. Opt. 2015, 35, 673–681. [CrossRef]
3. Ozalp, O.; Atalay, E.; Yildirim, N. Prevalence and risk factors for keratoconus in a university-based population in Turkey.

J. Cataract Refract. Surg. 2021. [CrossRef]
4. Wollensak, G.; Spoerl, E.; Seiler, T. Riboflavin/ultraviolet-a-induced collagen crosslinking for the treatment of keratoconus.

Am. J. Ophthalmol. 2003, 135, 620–627. [CrossRef]
5. Vinciguerra, R.; Romano, M.R.; Camesasca, F.I.; Azzolini, C.; Trazza, S.; Morenghi, E.; Vinciguerra, P. Corneal cross-linking as a

treatment for keratoconus: Four-year morphologic and clinical outcomes with respect to patient age. Ophthalmology 2013, 120,
908–916. [CrossRef]

6. Raiskup-Wolf, F.; Hoyer, A.; Spoerl, E.; Pillunat, L.E. Collagen crosslinking with riboflavin and ultraviolet-A light in keratoconus:
Long-term results. J. Cataract Refract. Surg. 2008, 34, 796–801. [CrossRef] [PubMed]

7. Hersh, P.S.; Stulting, R.D.; Muller, D.; Durrie, D.S.; Rajpal, R.K.; U.S. Crosslinking Study Group. Multicenter Clinical Trial of
Corneal Collagen Crosslinking for Treatment of Corneal Ectasia after Refractive Surgery. Ophthalmology 2017, 124, 1475–1484.
[CrossRef] [PubMed]

8. Hashemi, H.; Seyedian, M.A.; Miraftab, M.; Fotouhi, A.; Asgari, S. Corneal collagen cross-linking with riboflavin and ultraviolet a
irradiation for keratoconus: Long-term results. Ophthalmology 2013, 120, 1515–1520. [CrossRef] [PubMed]

9. Caporossi, A.; Mazzotta, C.; Baiocchi, S.; Caporossi, T. Long-term results of riboflavin ultraviolet a corneal collagen cross-linking
for keratoconus in Italy: The Siena eye cross study. Am. J. Ophthalmol. 2010, 149, 585–593. [CrossRef]

10. Kato, N.; Konomi, K.; Shinzawa, M.; Kasai, K.; Ide, T.; Toda, I.; Sakai, C.; Negishi, K.; Tsubota, K.; Shimazaki, J. Corneal crosslinking
for keratoconus in Japanese populations: One year outcomes and a comparison between conventional and accelerated procedures.
Jpn. J. Ophthalmol. 2018, 62, 560–567. [CrossRef] [PubMed]

11. Ziaei, M.; Vellara, H.; Gokul, A.; Patel, D.; McGhee, C.N.J. Prospective 2-year study of accelerated pulsed transepithelial corneal
crosslinking outcomes for Keratoconus. Eye 2019, 33, 1897–1903. [CrossRef] [PubMed]

12. Kymionis, G.D.; Portaliou, D.M. Corneal collagen crosslinking and herpetic keratitis. J. Cataract. Refract. Surg. 2013, 39, 1281.
[CrossRef] [PubMed]

13. Kohnen, T. Riboflavin-UVA corneal collagen crosslinking as an evolving surgical procedure for progressive ophthalmic tissue
diseases. J. Cataract. Refract. Surg. 2008, 34, 527. [CrossRef] [PubMed]

14. Grewal, D.S.; Brar, G.S.; Jain, R.; Sood, V.; Singla, M.; Grewal, S.P. Corneal collagen crosslinking using riboflavin and ultraviolet-A
light for keratoconus: One-year analysis using Scheimpflug imaging. J. Cataract. Refract. Surg. 2009, 35, 425–432. [CrossRef]

15. Hersh, P.S.; Greenstein, S.A.; Fry, K.L. Corneal collagen crosslinking for keratoconus and corneal ectasia: One-year results.
J. Cataract. Refract. Surg. 2011, 37, 149–160. [CrossRef]

16. Soeters, N.; Van der Lelij, A.; van der Valk, R.; Tahzib, N.G. Corneal crosslinking for progressive keratoconus in four children.
J. Pediatr. Ophthalmol. Strabism. 2011, 48, e26–e29. [CrossRef]

17. Filippello, M.; Stagni, E.; O′Brart, D. Transepithelial corneal collagen crosslinking: Bilateral study. J. Cataract. Refract. Surg. 2012,
38, 283–291. [CrossRef]

18. Caporossi, A.; Mazzotta, C.; Paradiso, A.L.; Baiocchi, S.; Marigliani, D.; Caporossi, T. Transepithelial corneal collagen crosslinking
for progressive keratoconus: 24-month clinical results. J. Cataract. Refract. Surg. 2013, 39, 1157–1163. [CrossRef]

19. Sorkin, N.; Varssano, D. Corneal collagen crosslinking: A systematic review. Ophthalmologica 2014, 232, 10–27. [CrossRef]
20. Madeira, C.; Vasques, A.; Beato, J.; Godinho, G.; Torrao, L.; Falcao, M.; Falcao-Reis, F.; Pinheiro-Costa, J. Transepithelial accelerated

versus conventional corneal collagen crosslinking in patients with keratoconus: A comparative study. Clin. Ophthalmol. 2019, 13,
445–452. [CrossRef]

21. Huang, J.R.; Liao, H.F.; Wan, C.H.; Gong, L.M.; He, L.F.; Jiang, H.J.; Li, B.; Shao, Y. Three-year clinical observation of the
outcomes of transepithelial and epithelial-off accelerated corneal collagen crosslinking treatment for different types of progressive
keratoconus. Exp. Ther. Med. 2020, 20, 786–795. [CrossRef]

22. Ucakhan, O.O.; Celik Buyuktepe, T.; Yavuz, Z.; Asbell, P.A. Pediatric versus Adult Corneal Collagen Crosslinking: Long-term
Visual, Refractive, Tomographic and Aberrometric Outcomes. Curr. Eye Res. 2021, 46, 14–22. [CrossRef] [PubMed]

http://doi.org/10.2147/OPTH.S248724
http://doi.org/10.1111/opo.12237
http://doi.org/10.1097/j.jcrs.0000000000000669
http://doi.org/10.1016/S0002-9394(02)02220-1
http://doi.org/10.1016/j.ophtha.2012.10.023
http://doi.org/10.1016/j.jcrs.2007.12.039
http://www.ncbi.nlm.nih.gov/pubmed/18471635
http://doi.org/10.1016/j.ophtha.2017.05.036
http://www.ncbi.nlm.nih.gov/pubmed/28655538
http://doi.org/10.1016/j.ophtha.2013.01.012
http://www.ncbi.nlm.nih.gov/pubmed/23583165
http://doi.org/10.1016/j.ajo.2009.10.021
http://doi.org/10.1007/s10384-018-0610-9
http://www.ncbi.nlm.nih.gov/pubmed/29987530
http://doi.org/10.1038/s41433-019-0502-3
http://www.ncbi.nlm.nih.gov/pubmed/31273313
http://doi.org/10.1016/j.jcrs.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23889879
http://doi.org/10.1016/j.jcrs.2008.02.012
http://www.ncbi.nlm.nih.gov/pubmed/18361955
http://doi.org/10.1016/j.jcrs.2008.11.046
http://doi.org/10.1016/j.jcrs.2010.07.030
http://doi.org/10.3928/01913913-20110614-02
http://doi.org/10.1016/j.jcrs.2011.08.030
http://doi.org/10.1016/j.jcrs.2013.03.026
http://doi.org/10.1159/000357979
http://doi.org/10.2147/OPTH.S189183
http://doi.org/10.3892/etm.2020.8741
http://doi.org/10.1080/02713683.2020.1782940
http://www.ncbi.nlm.nih.gov/pubmed/32538202


Diagnostics 2021, 11, 2120 8 of 8

23. Koller, T.; Mrochen, M.; Seiler, T. Complication and failure rates after corneal crosslinking. J. Cataract. Refract. Surg. 2009, 35,
1358–1362. [CrossRef]

24. Rao, S.N.; Raviv, T.; Majmudar, P.A.; Epstein, R.J. Role of Orbscan II in screening keratoconus suspects before refractive corneal
surgery. Ophthalmology 2002, 109, 1642–1646. [CrossRef]

25. Quisling, S.; Sjoberg, S.; Zimmerman, B.; Goins, K.; Sutphin, J. Comparison of Pentacam and Orbscan IIz on posterior curvature
topography measurements in keratoconus eyes. Ophthalmology 2006, 113, 1629–1632. [CrossRef]

26. Tomidokoro, A.; Oshika, T.; Amano, S.; Higaki, S.; Maeda, N.; Miyata, K. Changes in anterior and posterior corneal curvatures in
keratoconus. Ophthalmology 2000, 107, 1328–1332. [CrossRef]

27. Kojima, T.; Nishida, T.; Nakamura, T.; Tamaoki, A.; Hasegawa, A.; Takagi, Y.; Sato, H.; Ichikawa, K. Keratoconus Screening Using
Values Derived From Auto-Keratometer Measurements: A Multicenter Study. Am. J. Ophthalmol. 2020, 215, 127–134. [CrossRef]

28. Ueno, Y.; Hiraoka, T.; Beheregaray, S.; Miyazaki, M.; Ito, M.; Oshika, T. Age-related changes in anterior, posterior, and total
corneal astigmatism. J. Refract. Surg. 2014, 30, 192–197. [CrossRef] [PubMed]

29. Lin, K.K.; Lee, J.S.; Hou, C.H.; Chen, W.M.; Hsiao, C.H.; Chen, Y.W.; Yeh, C.T.; See, L.C. The Sociodemographic and Risk
Factors for Keratoconus: Nationwide Matched Case-Control Study in Taiwan, 1998–2015. Am. J. Ophthalmol. 2021, 223, 140–148.
[CrossRef]

30. Merdler, I.; Hassidim, A.; Sorkin, N.; Shapira, S.; Gronovich, Y.; Korach, Z. Keratoconus and allergic diseases among Israeli
adolescents between 2005 and 2013. Cornea 2015, 34, 525–529. [CrossRef] [PubMed]

31. Naderan, M.; Rajabi, M.T.; Zarrinbakhsh, P.; Bakhshi, A. Effect of Allergic Diseases on Keratoconus Severity. Ocul. Immunol.
Inflamm. 2017, 25, 418–423. [CrossRef] [PubMed]

32. Moran, S.; Gomez, L.; Zuber, K.; Gatinel, D. A Case-Control Study of Keratoconus Risk Factors. Cornea 2020, 39, 697–701.
[CrossRef] [PubMed]

33. Woodward, M.A.; Blachley, T.S.; Stein, J.D. The Association Between Sociodemographic Factors, Common Systemic Diseases,
and Keratoconus: An Analysis of a Nationwide Heath Care Claims Database. Ophthalmology 2016, 123, 457–465.e2. [CrossRef]
[PubMed]

34. Kame, R.T.; Jue, T.S.; Shigekuni, D.M. A longitudinal study of corneal astigmatism changes in Asian eyes. J. Am. Optom. Assoc.
1993, 64, 215–219.

35. Dobson, V.; Miller, J.M.; Harvey, E.M. Corneal and refractive astigmatism in a sample of 3- to 5-year-old children with a high
prevalence of astigmatism. Optom. Vis. Sci. 1999, 76, 855–860. [CrossRef]

36. Asano, K.; Nomura, H.; Iwano, M.; Ando, F.; Niino, N.; Shimokata, H.; Miyake, Y. Relationship between astigmatism and aging
in middle-aged and elderly Japanese. Jpn. J. Ophthalmol. 2005, 49, 127–133. [CrossRef]

37. Huynh, S.C.; Kifley, A.; Rose, K.A.; Morgan, I.G.; Mitchell, P. Astigmatism in 12-year-old Australian children: Comparisons with
a 6-year-old population. Invest. Ophthalmol. Vis. Sci. 2007, 48, 73–82. [CrossRef]

38. Leung, T.W.; Lam, A.K.; Kee, C.S. Corneal shapes of Chinese emmetropes and myopic astigmats aged 10 to 45 years. Optom. Vis.
Sci. 2013, 90, 1259–1266. [CrossRef]

39. Shah, R.L.; Li, Q.; Zhao, W.; Tedja, M.S.; Tideman, J.W.L.; Khawaja, A.P.; Fan, Q.; Yazar, S.; Williams, K.M.; Verhoeven, V.J.M.; et al.
A genome-wide association study of corneal astigmatism: The CREAM Consortium. Mol. Vis. 2018, 24, 127–142.

40. Nagra, M.; Dashrathi, R.; Senthan, E.; Jahan, T.; Campbell, P. Characterisation of internal, refractive, and corneal astigmatism in a
UK university student population. Cont. Lens Anter. Eye 2020, 43, 333–337. [CrossRef]

41. Jonas, J.B.; Nangia, V.; Sinha, A.; Gupta, R. Corneal refractive power and its associations with ocular and general parameters: The
Central India Eye and Medical Study. Ophthalmology 2011, 118, 1805–1811. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jcrs.2009.03.035
http://doi.org/10.1016/S0161-6420(02)01121-1
http://doi.org/10.1016/j.ophtha.2006.03.046
http://doi.org/10.1016/S0161-6420(00)00159-7
http://doi.org/10.1016/j.ajo.2020.02.017
http://doi.org/10.3928/1081597X-20140218-01
http://www.ncbi.nlm.nih.gov/pubmed/24763724
http://doi.org/10.1016/j.ajo.2020.09.040
http://doi.org/10.1097/ICO.0000000000000416
http://www.ncbi.nlm.nih.gov/pubmed/25782404
http://doi.org/10.3109/09273948.2016.1145697
http://www.ncbi.nlm.nih.gov/pubmed/27014800
http://doi.org/10.1097/ICO.0000000000002283
http://www.ncbi.nlm.nih.gov/pubmed/32040008
http://doi.org/10.1016/j.ophtha.2015.10.035
http://www.ncbi.nlm.nih.gov/pubmed/26707415
http://doi.org/10.1097/00006324-199912000-00022
http://doi.org/10.1007/s10384-004-0152-1
http://doi.org/10.1167/iovs.06-0263
http://doi.org/10.1097/OPX.0000000000000073
http://doi.org/10.1016/j.clae.2020.02.007
http://doi.org/10.1016/j.ophtha.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21665279

	Introduction 
	Materials and Methods 
	Patients and Study Design 
	Diagnosis and Severity Classification of Keratoconus 
	Modification of the Keratoconus Keratometer Index (KKI) 
	Classification of Astigmatism Axis 
	KKI vs. Modified KKI Diagnostic Power Comparison 
	Comparison of Diagnostic Performance between Mild and Moderate/More Severe Keratoconus 
	Comparison of Diagnostic Performance between <50 and 50-Year-Old Patients 
	Statistical Analyses 

	Results 
	Comparison of Background between Keratoconus and Control Groups 
	Modified KKI and KKI Diagnostic Power Comparison 
	Evaluation of Modified KKI Diagnostic Performance in Mild and Moderate-to-Severe Keratoconus 
	Comparison of Diagnostic Performance between <50 and 50 Years Old Groups 

	Discussion 
	Conclusions 
	References

