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Abstract
Background: To develop a prediction formula for best corrected visual acuity with hard contact lenses
(HCL-BCVA) and to identify clinical factors linearly related to HCL-BCVA in keratoconus patients.

Methods: This retrospective study examined clinical data derived from 198 eyes of 131 keratoconus
patients. The subjects were divided into a development group (102 eyes of 68 subjects) and a validation
group (96 eyes of 63 subjects) on the basis of the date of their examination. HCL-BCVA measurement
and anterior segment–optical coherence tomography (AS-OCT) were performed. A prediction formula for
HCL-BCVA based on AS-OCT measurements was then developed. Single regression analysis was
performed to identify clinical factors linearly related to HCL-BCVA.

Results: Stepwise multiple regression analysis yielded a prediction formula for HCL-BCVA in keratoconus
patients, with the correlation coe�cient of the multiple regression equation being 0.728 (R2 = 0.530) for
the development group. Application of the prediction formula to the validation group yielded a correlation
coe�cient for the multiple regression equation of 0.641 (R2 = 0.411). Single regression analysis identi�ed
anterior corneal refractive power, posterior corneal refractive power, and high-order aberrations as factors
that are linearly correlated with HCL-BCVA, with R values of 0.606, -0.617, and 0.506, respectively.

Conclusion: HCL-BCVA in keratoconus patients was predictable on the basis of AS-OCT measurements.
Cutoff values for clinical factors found to correlate with HCL-BCVA may prove informative with regard to
treatment options to maintain a favorable visual acuity in keratoconus patients. 

Introduction
Keratoconus is one of the most common corneal diseases and is characterized by central corneal
protrusion and thinning that result in pronounced corneal irregular astigmatism.1–7 Visual correction with
glasses or soft contact lenses is usually applied to individuals with mild keratoconus. However, for those
with severe keratoconus, visual correction with hard contact lenses (HCLs) is necessary to obtain
acceptable visual acuity. Rigid gas permeable contact lenses, which can cancel the anterior corneal
irregular astigmatism and anterior corneal higher aberration, are thus prescribed for most patients with
keratoconus.8–15 In the case of such patients who are not able to obtain a comfortable �t with
conventional HCLs, modi�ed HCLs such as multicurved or scleral lenses have recently been applied.16–18

However, corneal posterior irregular astigmatism also impairs vision in keratoconus patients and cannot
be corrected by any type of HCL, which can result in a poor best corrected visual acuity (BCVA) even if
HCL correction is applied.8, 9, 13, 15, 19, 20 Some individuals with keratoconus are thus not able to achieve a
visual acuity that does not have a negative impact on their quality of life.

Corneal cross-linking (CXL) treatment is administered to prevent the progression of keratoconus.21 The
indications for CXL vary among countries. In Japan, the key conditions for CXL include progression with
more than 1.0D of subjective spherical refraction, more than 1.0D of subjective astigmatism, more than
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1.0D of corneal refractive power detected by corneal topography, or a decrease of less than 0.1 mm of
HCL base curve value.22 The purpose of CXL is to halt the progression of keratoconus, and it should be
performed while the patient is still able to achieve an adequate visual acuity with HCLs. However,
progression of keratoconus to a point at which good visual acuity cannot be achieved even with HCLs
may represent a missed opportunity for application of CXL. Prevention of such a missed opportunity may
necessitate a different approach to determining the indications for CXL.

We have now developed a formula to predict BCVA with HCLs (HCL-BCVA) for keratoconus patients on
the basis of data for corneal parameters measured by anterior segment–optical coherence tomography
(AS-OCT). We also analyzed the relation between actual HCL-BCVA and corneal parameters to identify
threshold values for loss of an adequate level of HCL-BCVA. Our results suggest that evaluation of
keratoconus by AS-OCT can inform treatment strategy including the application of CXL to prevent
progression of keratoconus.

Subjects And Methods

Subjects
Individuals with keratoconus who visited Ohshima Eye Hospital from April 2014 through July 2019 were
candidates for this clinical study. Out of these 476 keratoconus patients, those who met the following
criteria were actually eligible for enrollment in the study: (1) wearer of a conventional HCL such as MILD II
or MILDUV (Suncon, Kyoto, Japan), (2) underwent AS-OCT examination, and (3) underwent preferred HCL
�tting for a keratoconic cornea. We determined the conditions of preferred HCL �tting on the basis of the
following factors: (1) ability to wear an HCL on a keratoconic cornea for > 8 h per day, (2) absence of a
foreign body sensation that made lens wear di�cult, and (3) the HCL covers the pupil area during wear.
Individuals with ocular diseases other than keratoconus, with eyelid diseases, or with a history of ocular
surgery were excluded. A total of 198 eyes of 131 keratoconus patients (135 eyes of 88 males and 63
eyes of 43 females; mean age ± SD of 40.0 ± 12.5 years and age range of 16 to 70 years) was eventually
enrolled in the study. To develop the prediction formula, we selected the 102 eyes of 68 subjects (45
males and 23 females, with a mean age ± SD of 41.2 ± 13.2 years and age range of 16 to 70 years)
examined from April 2014 through March 2017 as the development group. We selected the 96 eyes of 63
subjects (43 males and 20 females, with a mean age ± SD of 38.7 ± 11.7 years and age range of 18 to 70
years) examined from April 2017 through July 2019 as a validation group to validate the prediction
model. This retrospective observational study was approved by the Institutional Review Board of
Ohshima Eye Hospital (approval no. OEH-2019-03) and adhered to the tenets of the Declaration of
Helsinki. Informed consent was obtained from all subjects.

Collection of Clinical Information
All subjects underwent three examinations by AS-OCT (CASIA; TOMEY, Nagoya, Japan) under the
noncycloplegic condition. Twenty minutes after removal of HCLs, eyes were examined three times by
examiners who were unaware of the study. A decimal visual acuity chart with Landolt rings was used to
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perform the measurements. Actual HCL-BCVA was evaluated by the following protocol: (1) measurement
of ocular refraction during HCL wear, and (2) measurement of HCL-BCVA by the cross-cylinder method
based on the measurement of (1). Clinical parameters measured by AS-OCT for development of the
prediction model were corneal thickness (µm), anterior corneal refractive power (D), anterior corneal
surface astigmatism (D), anterior corneal surface asymmetry (D), anterior corneal surface higher
astigmatism (D), posterior corneal refractive power (D), posterior corneal surface astigmatism (D),
posterior corneal surface asymmetry (D), posterior corneal surface higher astigmatism (D), spherical
aberration (D), and high-order aberrations (µm).

Development of a Prediction Model
On the basis of the collected clinical data, we developed a prediction model for HCL-BCVA by applying
multiple regression analysis. We �rst designated the following 13 factors as independent variables: sex,
age, corneal thickness, anterior corneal refractive power, anterior corneal surface astigmatism, anterior
corneal surface asymmetry, anterior corneal surface higher astigmatism, posterior corneal refractive
power, posterior corneal surface astigmatism, posterior corneal surface asymmetry, posterior corneal
surface higher astigmatism, spherical aberration (SA), and high-order aberrations (HOAs). HCL-BCVA was
considered a dependent (objective) variable. We then applied stepwise multiple regression analysis to
identify independent variables that signi�cantly affect prediction of the dependent variable.

Statistical Analysis
Decimal visual acuity was changed to logMAR visual acuity for statistical analysis. As described above,
we applied stepwise multiple regression analysis to identify statistically signi�cant independent variables
for prediction of HCL-BCVA. Multicollinearity between the selected independent variables had a variance
in�ation factor of < 10. The accuracy of each potential prediction formula was evaluated by Pearson’s
correlation coe�cient. A P value of < 0.05 was considered statistically signi�cant. All statistical analysis
was performed with IBM SPSS Statistics software version 24 (IBM, Armonk, NY).

Results

Development of a Prediction Model
With the clinical corneal parameter values obtained from the development group, we developed a formula
to predict HCL-BCVA. The statistical method of stepwise multiple regression analysis provides the best
combination of suggested independent variables for indication of dependent variables. Such analysis
identi�ed anterior corneal refractive power, age, HOAs, anterior corneal surface asymmetry, and posterior
corneal surface asymmetry as the best combination of such independent variables (Table 1). On the
basis of the stepwise multiple regression analysis, we developed the following multiple regression
equation for HCL-BCVA:
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Table 1
Stepwise multiple regression analysis for prediction of HCL-BCVA in the development group (n = 102 eyes

of 68 keratoconus patients)
Parameter Regression

coe�cient
Standard
error

t
ratio

P
value

Variance

in�ation
factor

Intercept –0.674 0.140 –
4.820

< 
0.001

 

Anterior corneal refractive
power

0.011 0.003 3.663 < 
0.001

2.167

Age 0.002 0.001 2.409 0.018 1.139

High-order aberrations 0.079 0.020 3.886 < 
0.001

2.892

Anterior corneal surface
asymmetry

–0.030 0.008 –
3.606

< 
0.001

2.723

Posterior corneal surface
asymmetry

0.054 0.026 2.101 0.038 1.986

Predicted HCL-BCVA value = − 0.674 + (0.011 × anterior corneal refractive power [D]) + (0.002 × age) +
(0.079 × HOAs [µm]) + (–0.030× anterior corneal surface asymmetry [D]) + (0.054 × posterior corneal
surface asymmetry[D])

The distribution of actual and predicted HCL-BCVA values for the eyes in the development group is shown
in Fig. 1. The correlation coe�cient for the multiple regression equation was 0.728 (R2 = 0.530). The error
average of the equation was − 0.003, and the root mean squared residual (RMSR) was 0.120 (Table 2).
Statistical analysis revealed that the P value for the equation was < 0.001.

Table 2
Model performance for prediction of HCL-BCVA compared with actual HCL-BCVA in the

development group (n = 102 eyes of 68 keratoconus patients)

  Mean SD Minimum Median Maximum

Actual HCL-BCVA 0.093 0.017 –0.180 0.000 0.700

Predicted HCL-BCVA 0.096 0.128 –0.012 0.077 0.516

Residual error for HCL-BCVA –0.003 0.120 –0.368 –0.010 0.476

Root mean squared residual = 0.120.

Validation of the Prediction Model
To validate the prediction equation for HCL-BCVA, we applied the clinical information for the validation
group to the model and then compared the predicted HCL-BCVA values with the actual HCL-BCVA values.
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The distribution of the predicted and actual HCL-BCVA values for the eyes in the validation group is
shown in Fig. 2. The correlation coe�cient for actual versus predicted values was 0.641 (R2 = 0.411). The
error average of the correlation curve was 0.002, and the RMSR was 0.099 (Table 3). Statistical analysis
revealed that the P value for the multiple regression equation for predicted and actual HCL-BCVA was < 
0.001. The percentage of eyes with a difference between actual and predicted HCL-BCVA of within
logMAR ± 0.1 or logMAR ± 0.2 was 71.9% (69 out of 96 eyes) and 96.9% (93 out of 96 eyes), respectively
(Fig. 2). 

Table 3
Validation of model performance for prediction of HCL-BCVA compared with actual

HCL-BCVA in the validation group (n = 96 eyes of 63 keratoconus patients)

  Mean SD Minimum Median Maximum

Actual HCL-BCVA 0.065 0.011 –0.180 0.025 0.400

Predicted HCL-BCVA 0.063 0.123 –0.090 0.024 0.521

Residual error for HCL-BCVA 0.002 0.099 –0.301 0.004 0.218

Root mean squared residual = 0.099.

Single Regression Analysis and Cutoff Values
We performed simple regression analysis to generate regression curves for evaluation of the relation
between actual HCL-BCVA and clinical corneal parameters for all 198 eyes enrolled in the study. HCL-
BCVA was set as an objective variable, and 13 clinical parameters—corneal thickness, anterior corneal
refractive power, anterior corneal surface astigmatism, anterior corneal surface asymmetry, anterior
corneal surface higher astigmatism, posterior corneal refractive power, posterior corneal surface
astigmatism, posterior corneal surface asymmetry, posterior corneal surface higher astigmatism, SA,
HOAs, sex, and age—were selected as explanatory variables. Simple regression analysis revealed that all
clinical parameters with the exception of sex showed a signi�cant relation (P < 0.05) to HCL-BCVA (Table
4). From among these signi�cant clinical parameters, we selected the three with an absolute R value of > 
0.5, those were su�cient to identify the linear relationship—anterior corneal refractive power (R = 0.606),
posterior corneal refractive power (R = − 0.617), and HOAs (R = 0.506)—for further evaluation of their
relation to HCL-BCVA. The regression curves for HCL-BCVA and anterior corneal refractive power (Fig. 3),
posterior corneal refractive power (Fig. 4), or HOAs (Fig. 5) were linear, with cutoff values for the three
selected parameters corresponding to a logMAR of 0.15 for HCL-BCVA being 57.18D, − 8.16D, and 1.71
µm, respectively. 
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Table 4
Single regression analysis for the relation between actual HCL-BCVA and clinical

factors for all study subjects (n = 198 eyes of 131 keratoconus patients)
Clinical factor Correlation coe�cient P value

Age 0.254 < 0.001

Sex 0.092 0.198

Corneal thickness –0.403 < 0.001

Anterior corneal refractive power 0.606 < 0.001

Anterior corneal surface astigmatism 0.240 < 0.001

Posterior corneal refractive power –0.617 < 0.001

Posterior corneal surface astigmatism 0.226 0.001

Anterior corneal surface asymmetry 0.153 0.032

Anterior corneal surface higher astigmatism 0.369 < 0.001

Posterior corneal surface asymmetry 0.327 < 0.001

Posterior corneal surface higher astigmatism 0.388 < 0.001

Spherical aberration –0.385 < 0.001

High-order aberrations 0.506 < 0.001

Discussion
In this study, we established a prediction formula for HCL-BCVA based on clinical parameters measured
by AS-OCT, with the formula showing a reliability su�cient for prediction of HCL-BCVA for keratoconus
patients. We also identi�ed clinical parameters that are linearly related to HCL-BCVA and determined
threshold values for these parameters associated with maintenance of a favorable HCL-BCVA. Our results
thus suggest a new approach to determination of treatment strategy for progressive keratoconus.

The correlation coe�cient between predicted HCL-BCVA and actual HCL-BCVA was 0.641 for the
validation group. Furthermore, the prediction error ratio for HCL-BCVA within logMAR values of ± 0.1 or ±
0.2 was 71.9% and 96.9%, respectively, which is su�cient for application to the clinical setting. With the
use of our prediction formula, it is thus possible to predict HCL-BCVA without HCL wear. Similar studies
have previously been performed to predict BCVA for keratoconus patients wearing glasses.23−26 For
keratoconus patients, however, because of their corneal irregular astigmatism, HCL-BCVA is usually better
than BCVA with glasses.3 Prediction of HCL-BCVA is thus more relevant to the clinical setting for
individuals with keratoconus.
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We also performed simple regression analysis to identify parameters that are linearly related to HCL-
BCVA of keratoconus patients. Our analysis revealed that the relation between actual HCL-BCVA and
anterior corneal refractive power, posterior corneal refractive power, or HOAs was linear. On the basis of
the regression lines for these relations, we calculated cutoff (threshold) values for the three parameters
corresponding to a logMAR value of 0.15 for HCL-BCVA, which is the value required for renewal of a
driving license in Japan and is a good indicator for quality of life. The cutoff values for anterior corneal
refractive power, posterior corneal refractive power, and HOAs were 57.18D, − 8.16D, and 1.71 µm,
respectively.

CXL is currently applied to prevent the progression of keratoconus,21 with many studies having supported
its clinical e�cacy.21, 27–35 Several criteria for performance of CXL have been proposed,22 but they are all
based on the degree of progression of keratoconus. The development of keratoconus tends to occur at a
relatively young age, with affected individuals being able to maintain an active lifestyle if their vision
remains good. Young patients are more tolerant of HCLs, and it is important that they be treated to
prevent the progression of keratoconus while they are still able to achieve good vision while wearing such
lenses. While we agree that con�rmation of disease progression is a requirement for administration of
CXL treatment, we have now shown that several clinical parameters manifest threshold values with
regard to loss of HCL-BCVA. In particular, if keratoconus patients cross thresholds of 57.18D for anterior
corneal refractive power, − 8.16D for posterior corneal refractive power, or 1.71 µm for HOAs, then they
may no longer be able to maintain an adequate HCD-BCVA and may therefore become candidates for
corneal surgery such as keratoplasty. Although clinical results for keratoplasty in individuals with
keratoconus are good,36–39 such surgery is associated with several complications and should be avoided
if possible.40, 41 We thus propose that the threshold values for clinical parameters identi�ed in the present
study on the basis of clinical data of many keratoconus patients should be considered in selecting
treatment strategy for this condition. These thresholds should thus be taken into account in determining
the surgical indication for CXL, so that the procedure can be performed before patients cross the line with
regard to the potential for achieving a good HCL-BCVA.

Our study has at least a couple of limitations. First, AS-OCT was performed with the CASIA system, which
is not able to provide separate values for anterior and posterior HOAs and for anterior and posterior SA,
but instead provides only corresponding total values. In addition, the parameters considered for
development of our prediction formula did not include coma aberration, a speci�c parameter of
keratoconic corneas, as a result of limitations of the AS-OCT settings. Second, given the study setting, we
evaluated HCL-BCVA only with conventional spherical HCLs, not with keratoconus-speci�c HCLs. The
correction e�cacy of keratoconus-speci�c HCLs usually differs from that of conventional spherical HCLs,
with further studies with keratoconus-speci�c HCLs thus being warranted.

In conclusion, we have developed a formula to predict HCL-BCVA in keratoconus patients. We also
identi�ed three clinical parameters—anterior corneal refractive power, posterior corneal refractive power,
and HOAs—that are linearly related to HCL-BCVA in such patients, and we determined cutoff values for
these three parameters that are associated with the ability to achieve a favorable HCL-BCVA. Our
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approach to prediction of HCL-BCVA in keratoconus patients on the basis of AS-OCT measurements
should prove helpful for management of this condition, and the cutoff values of the three identi�ed
clinical parameters should be taken into account when considering the indications for CXL and other
treatments.
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Figure 1

Distribution of actual HCL-BCVA and predicted HCL-BCVA in the development group (n = 102 eyes of 68
keratoconus patients). Predicted HCL-BCVA was correlated with actual HCL-BCVA (R2 = 0.530).
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Figure 2

Distribution of actual HCL-BCVA and predicted HCL-BCVA in the validation group (n = 96 eyes of 63
keratoconus patients). Predicted HCL-BCVA was correlated with actual HCL-BCVA (R2 = 0.411). Dotted
and dashed lines indicate the regression lines for logMAR  0.1 and  0.2, respectively.
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Figure 3

Relation between actual HCL-BCVA and anterior corneal refractive power for all study subjects (n = 198
eyes of 131 keratoconus patients). The equation for the regression line is y = 25.606x + 53.334 (R2 =
0.367).
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Figure 4

Relation between actual HCL-BCVA and posterior corneal refractive power for all study subjects (n = 198
eyes of 131 keratoconus patients). The equation for the regression line is y = –5.0418x – 7.404 (R2 =
0.381).
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Figure 5

Relation between actual HCL-BCVA and high-order aberrations for all study subjects (n = 198 eyes of 131
keratoconus patients). The equation for the regression line is y = 3.303x + 1.21133 (R2 = 0.256).


