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Abstract: Purpose : To generate a prognostic model to predict keratoconus progression to
corneal cross-linking (CXL).
Design: Retrospective cohort study.
Methods : We recruited 5025 patients (9341 eyes) with early keratoconus between
January 2011 and November 2020. Genetic data from 926 patients was available. We
investigated both keratometry or CXL as end-points for progression and used the
Royston-Parmar method on the proportional hazards scale to generate a prognostic
model. We calculated hazard ratios (HR) for each significant covariate, with explained
variation and discrimination, and performed internal-external cross validation by
geographic regions.
Results: After exclusions, model-fitting comprised 8701 eyes, of which 3232
underwent CXL. For early keratoconus, CXL provided a more robust prognostic model
than keratometric progression. The final model explained 33% of the variation in time-
to-event: age HR [95% confidence limits] 0.9 [0.90-0.91], maximum anterior
keratometry (Kmax) 1.08 [1.07-1.09], and minimum corneal thickness 0.95 [0.93-0.96]
as significant covariates. Single nucleotide polymorphisms (SNPs) associated with
keratoconus (n=28) did not significantly contribute to the model. The predicted time-to-
event curves closely followed the observed curves during internal-external validation.
Differences in discrimination between geographic regions was low, suggesting the
model maintained its predictive ability.
Conclusions: A prognostic model to predict keratoconus progression could aid patient
empowerment, triage and service provision. Age at presentation is the most significant
predictor of progression risk. Candidate SNPs associated with keratoconus do not
contribute to progression risk.
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Dear Dr Parrish,

Re: AJO-22-105, "Personalized model to predict keratoconus progression from
demographic, topographic and genetic data

We thank the reviewers for their comments and have responded to each point below.
Thank you for considering our revisions.

| confirm all the authors have reviewed the updated manuscript and responses to
reviewers and agree with the changes and responses.

| had full access to all the data in the study and takes responsibility for the integrity of
the data and the accuracy of the data analysis as well as the decision to submit for
publication. Thank you for your time and for considering our study and we look forward
to hearing from you.

Yours sincerely,

Dr Daniel Gore
Consultant Ophthalmologist in Cornea and External Disease

Responses to reviewers are found in blue.

Reviewer #1: The study was well thought out and designed, with appropriate statistical
modelling and methodology.

1. Was multicollinearity considered or assessed in the survival models, as some of the
independent variables seem highly collinear?

Response:

Multicollinearity was considered. Correlations between keratometry variables are
plotted in Supplemental Figure 2. In particular, K1 and K2 were highly correlated (R2 =
0.91), thus K2 was removed from the model. This is discussed on line 241 with the
following text:

‘We chose a model without K2 on the basis of parsimony, which was supported by the
fact that K1 and K2 were highly correlated (R2=0.91)’

2. Are there any differences among prognostic factors across regions?

Response:

We did not identify any significant differences in prognostic factors across regions and
we have added this to the text (line 280)

‘We did not identify any significant differences in prognostic factors across regions.’

3. Table 2: Are there any difference between the univariate and multivariable cohorts?
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Response:

The cohort used for univariable and multivariable analysis were identical. However, for
multivariable analysis, due to the presence of missing data, the number of eyes where
all covariates were available was lower than for univariable analysis. We have added
this to the manuscript from line 365.

‘though the cohort used for univariable and multivariable analysis were identical the
number of eyes where all covariates were available was lower than for univariable
analysis due to missing data.’

4. How was the prognostic index defined to categorize subjects into 4 risk groups?
Also, the text mentioned three risk groups instead of the four in the figures.

Response:

The prognostic index is simply the linear predictor obtained from the Royston Parmar
model. For each eye in the cohort, it is a weighted sum of the covariates where the
weights are the model regression coefficients. These values were then ordered and
divided into quartiles which define 4 risk groups. By splitting into 4 risk groups, we are
able to demonstrate group-specific prognosis which helps elucidate the range of
discrimination for the model.

We used 4 risk groups for showing model fit and predictive ability (Figures 1 and 3).
Figure 2 uses 3 hypothetical patients (not risk groups) to demonstrate the application of
the model in a clinical setting.

Reviewer #2: The authors present a very interesting and topical work, which aims to
answer the question whether it is possible to predict the progression of keratoconus in
the examined eyes on the basis of the measured parameters, which subsequently
leads to the necessity of CXL procedure.

The paper analyses the results of the measured parameters on a very high number of
eyes (8701), which enhances the relevance of the statistical evaluation of these
results, and also analyses the risk factors from the genomic point of view of some of
the examined patients.

5. The study points to variable factors such as age, keratometry, gender (evident from
the results in tables) as decisive factors at the time of the first examination of the
patient as determinants for the "probable" necessity of the procedure. | would
recommend address the concrete values of these parameters in the text also - it would
be more clearer and more didactic for the reader of the paper if the authors also
commented and analysed these results in the text (which are obvious from their
detailed tables) and determined at least indicatively, e.g. specific limits of the patient's
age and specific keratometry values, according to which practical ophthalmologists
could inform the patient at the initial visit about the possible further course of the
disease and the likelihood of needing CXL procedure.

Response:

We have added from line 311

“Of the significant covariates in our model, younger age made the greatest contribution
to our model. Thus, one should have a lower threshold for treatment in younger
patients.”

We have not provided specific limits on the patient’s age and keratometry as it is
beyond the scope of this study. We have referenced the treatment criteria that we have
applied. (Gore et al 2021) and from line 355 we have added:

‘The effect of recommendations based on this model on clinical practice is yet to be
evaluated.’

Reviewer #3: Dear authors,

Establishing more robust criteria for patient selection and prompt CXL treatment is one
of the most challenging issues in keratoconus management. This manuscript aims at
identifying and classifying the variables influencing keratoconus progression. The
authors identified age, Kmax and minimum corneal thickness as the most significant
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covariates in establishing keratoconus progression, genetic or geographic covariates
did not improve the accuracy of their model. Based upon the results, the conclusions of
the work are not new. However, the manuscript may deserve further revision in view of
the extensive work done by the authors.

6. The weakest point of the manuscript is common to all other publications in the topic,
which is the definition of keratoconus progression. The authors should discuss this
issue further by revising the most recent literature in the topic.

Response:

In this study, we have chosen to use crosslinking as a surrogate for progression. This
is a meaningful endpoint for patients and does not rely simply on meeting defined
keratometric thresholds. We recognise that there is variability in the definition of
keratoconus progression in the literature and have included some updated references
on this point, which also explores the increased variability in more advanced disease,
including Hashemi et al 2022, Ozalp et al 2022, Flockerzi et al 2022 and Kreps et al
2020.

We have clarified these points in the text from line 63.

‘We considered the date of numeric progression, as well as the date when CXL was
performed, as alternative end-points to define keratoconus progression. Although the
use of keratometry as an end-point may appear the more objective method, there is
variability on the definition of progression reported in the literature and conclusions
may vary with the definition that is adopted.(Vinciguerra et al. 2021; Shajari et al. 2019;
Ozalp and Atalay 2022; Hashemi et al. 2022) Repeatability thresholds are not usually
tailored to individual eyes (i.e. an increase in Kmax by 1 D is not significant in
advanced keratoconus) although there is growing evidence on the variability of
measurements in more advanced disease and the need for tailoring numerical
progression definitions to the disease state, and distinguishing real progression from
inherent measurement variability.(Flynn et al. 2016; Flockerzi et al. 2022; Kreps et al.
2020) ¢

7. I recommend to delete from analysis both the genetic and geographic data. Genetic
data were collected from a small subgroup of patients and did not show to hold
significant information. The authors may prefer to analyze genetic data further in a
separate work. Geographic data remains unclear; they were not related to ethnicity or
relative marriage or migration issues. The authors may prefer to delete these
information and Figure 2 (erroneously described as figure legend 3) from the
manuscript.

Response:

Thank you for this suggestion. However, we believe that there is value in the genetic
report. Assessing the impact of SNPs associated with keratoconus on risk of
progression is novel and builds on the recent findings of genetic loci significantly
associated with keratoconus. (Hardcastle et al 2021 Commun Biol.) Whilst genetic data
was only available for a subgroup, it is still a sizeable subgroup out of a very large
number of eyes. Also, our analysis puts an upper bound on the contribution of SNPs
associated with keratoconus on its progression.

The geographic data was split to perform internal external validation and is a
recognised method of validating the model with the original dataset. Therefore, they
are not intended to relate to ethnicity or other variables.

We have now correctly labelled Figure 2.

8. The authors could not recommend any clinical practice based upon a mathematical
model. The model shall be validated before designing any preferred best practice in
keratoconus management. For example, validation shall be performed by independent
clinical centers investigating a cohort of keratoconus patients for at least 2 years to
assess the performance of the model.

Response:
Thank you for this suggestion. We performed internal validation but have not tested the
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generalisability of the model with an external dataset. Therefore, we have not proposed
any practice guidance. We plan to test the model before making recommendations on
clinical practice based on the model predictions. We have clarified this
recommendation in the Discussion (line 355).

‘Recommendations based on this model on clinical practice is yet to be evaluated.’

9. The authors shall discuss their results in comparison with the state-of-the-art
knowledge, showing common points and, if any, main differences.

Response:

We have included comparison with other studies, including Quartilho et al from line
326, and notably Kato et al 2020 and Kato et al 2021 comparing the baseline factors
as predictors of crosslinking from line 332, where a deep learning algorithm was
utilised.

‘Using logistic regression, Kato et al. found that the two strongest factors associated
with the requirement for CXL were age and Kmax, which is consistent with our findings.
Moreover, their team also found that with deep learning age combined with corneal
tomography maps could predict progression and the need for crosslinking. (Kato et al.
2021)

10. Figure 3 (erroneously described as figure legend 2) is unclear. Please add the
equation and the 95% ClI to each curve.

Response:
We have added 95% CI to each curve as suggested and added details of the equation
to the figure text as follows from line 520:

‘The equation used to generate the curves is: S(t)="(-H(t)), where H(t) is the cumulative
hazard function and is commonly expressed as In(H(t))=s(In(t))+xB, where s(In(t)) is a
restricted cubic spline function of log time, 8 is the vector of coefficients and x is the
vector of covariates.’

We have also corrected the labelling of the figures.
Other comments:

11. Please use the standardized term "corneal cross-linking" and not "collagen corneal
cross-linking".

Response:
This has been corrected throughout the text.

12. The 98% success rate is too optimistic for current state-of-the-art CXL. As the
authors may find in meta-analysis studies, the range of CXL treatment efficacy spans
between 10% and 90%; there is high variability caused by the plethora of riboflavin
dosing and UV-A irradiation protocols.

Response:

We agree there is variability in reported outcomes related to treatment protocols and
also to the definition of failure. The 98% success rate is our own data from our 2-year
outcomes report (Ref 7, Gore et al 2021). We have added a range for other
publications (88% - 100%) from line 45.

‘Corneal cross-linking (CXL) by topical application of riboflavin, followed by irradiation

with UV-A light, can arrest progression of keratoconus in up to 88% to 100% of eyes
even when there is relatively advanced disease.2-6
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Abstract

Purpose: To generate a prognostic model to predict keratoconus progression to corneal
cross-linking (CXL).

Design: Retrospective cohort study.

Methods: We recruited 5025 patients (9341 eyes) with early keratoconus between January
2011 and November 2020. Genetic data from 926 patients was available. We investigated
both keratometry or CXL as end-points for progression and used the Royston-Parmar
method on the proportional hazards scale to generate a prognostic model. We calculated
hazard ratios (HR) for each significant covariate, with explained variation and discrimination,
and performed internal-external cross validation by geographic regions.

Results: After exclusions, model-fitting comprised 8701 eyes, of which 3232 underwent
CXL. For early keratoconus, CXL provided a more robust prognostic model than
keratometric progression. The final model explained 33% of the variation in time-to-event:
age HR [95% confidence limits] 0.9 [0.90-0.91], maximum anterior keratometry (Kmax) 1.08
[1.07-1.09], and minimum corneal thickness 0.95 [0.93-0.96] as significant covariates. Single
nucleotide polymorphisms (SNPs) associated with keratoconus (n=28) did not significantly
contribute to the model. The predicted time-to-event curves closely followed the observed
curves during internal-external validation. Differences in discrimination between geographic
regions was low, suggesting the model maintained its predictive ability.

Conclusions: A prognostic model to predict keratoconus progression could aid patient
empowerment, triage and service provision. Age at presentation is the most significant
predictor of progression risk. Candidate SNPs associated with keratoconus do not contribute

to progression risk.
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Dear Dr Parrish,

Re: AJO-22-105, "Personalized model to predict keratoconus progression from demographic,
topographic and genetic data

We thank the reviewers for their comments and have responded to each point below. Thank you for
considering our revisions.

| confirm all the authors have reviewed the updated manuscript and responses to reviewers and
agree with the changes and responses.

I had full access to all the data in the study and takes responsibility for the integrity of the data and the
accuracy of the data analysis as well as the decision to submit for publication. Thank you for your time
and for considering our study and we look forward to hearing from you.

Yours sincerely,

Dr Daniel Gore

Consultant Ophthalmologist in Cornea and External Disease

Patron: Her Majesty The Queen
Chairman: Tessa Green, CBE
Chief executive: David Probert
www.moorfields.nhs.uk



Responses to reviewers are found in blue.

Reviewer #1: The study was well thought out and designed, with appropriate statistical modelling
and methodology.

1. Was multicollinearity considered or assessed in the survival models, as some of the independent
variables seem highly collinear?

Response:

Multicollinearity was considered. Correlations between keratometry variables are plotted in
Supplemental Figure 2. In particular, K1 and K2 were highly correlated (R2=0.91), thus K2 was
removed from the model. This is discussed on line 241 with the following text:

‘We chose a model without K2 on the basis of parsimony, which was supported by the fact that K1
and K2 were highly correlated (R>=0.91)’

2. Arethere any differences among prognostic factors across regions?

Response:
We did not identify any significant differences in prognostic factors across regions and we have
added this to the text (line 280)

‘We did not identify any significant differences in prognostic factors across regions.’
3. Table 2: Are there any difference between the univariate and multivariable cohorts?

Response:

The cohort used for univariable and multivariable analysis were identical. However, for multivariable
analysis, due to the presence of missing data, the number of eyes where all covariates were available
was lower than for univariable analysis. We have added this to the manuscript from line 365.

‘though the cohort used for univariable and multivariable analysis were identical the number of eyes
where all covariates were available was lower than for univariable analysis due to missing data.’

4. How was the prognostic index defined to categorize subjects into 4 risk groups? Also, the text
mentioned three risk groups instead of the four in the figures.

Response:

The prognostic index is simply the linear predictor obtained from the Royston Parmar model. For
each eye in the cohort, it is a weighted sum of the covariates where the weights are the model
regression coefficients. These values were then ordered and divided into quartiles which define 4 risk
groups. By splitting into 4 risk groups, we are able to demonstrate group-specific prognosis which
helps elucidate the range of discrimination for the model.

We used 4 risk groups for showing model fit and predictive ability (Figures 1 and 3). Figure 2 uses 3
hypothetical patients (not risk groups) to demonstrate the application of the model in a clinical

setting.

Reviewer #2: The authors present a very interesting and topical work, which aims to answer the



guestion whether it is possible to predict the progression of keratoconus in the examined eyes on the
basis of the measured parameters, which subsequently leads to the necessity of CXL procedure.

The paper analyses the results of the measured parameters on a very high number of eyes (8701),
which enhances the relevance of the statistical evaluation of these results, and also analyses the risk
factors from the genomic point of view of some of the examined patients.

5. The study points to variable factors such as age, keratometry, gender (evident from the results in
tables) as decisive factors at the time of the first examination of the patient as determinants for the
"probable" necessity of the procedure. | would recommend address the concrete values of these
parameters in the text also - it would be more clearer and more didactic for the reader of the paper if
the authors also commented and analysed these results in the text (which are obvious from their
detailed tables) and determined at least indicatively, e.g. specific limits of the patient's age and
specific keratometry values, according to which practical ophthalmologists could inform the patient
at the initial visit about the possible further course of the disease and the likelihood of needing CXL
procedure.

Response:

We have added from line 311
“Of the significant covariates in our model, younger age made the greatest contribution to our
model. Thus, one should have a lower threshold for treatment in younger patients.”

We have not provided specific limits on the patient’s age and keratometry as it is beyond the scope
of this study. We have referenced the treatment criteria that we have applied. (Gore et al 2021) and
from line 355 we have added:

‘The effect of recommendations based on this model on clinical practice is yet to be evaluated.’

Reviewer #3: Dear authors,

Establishing more robust criteria for patient selection and prompt CXL treatment is one of the most
challenging issues in keratoconus management. This manuscript aims at identifying and classifying
the variables influencing keratoconus progression. The authors identified age, Kmax and minimum
corneal thickness as the most significant covariates in establishing keratoconus progression, genetic
or geographic covariates did not improve the accuracy of their model. Based upon the results, the
conclusions of the work are not new. However, the manuscript may deserve further revision in view
of the extensive work done by the authors.

6. The weakest point of the manuscript is common to all other publications in the topic, which is
the definition of keratoconus progression. The authors should discuss this issue further by revising
the most recent literature in the topic.

Response:

In this study, we have chosen to use crosslinking as a surrogate for progression. This is a meaningful
endpoint for patients and does not rely simply on meeting defined keratometric thresholds. We
recognise that there is variability in the definition of keratoconus progression in the literature and
have included some updated references on this point, which also explores the increased variability in
more advanced disease, including Hashemi et al 2022, Ozalp et al 2022, Flockerzi et al 2022 and
Kreps et al 2020.

We have clarified these points in the text from line 63.



‘We considered the date of numeric progression, as well as the date when CXL was performed, as
alternative end-points to define keratoconus progression. Although the use of keratometry as an
end-point may appear the more objective method, there is variability on the definition of progression
reported in the literature and conclusions may vary with the definition that is adopted.(Vinciguerra
et al. 2021; Shajari et al. 2019; Ozalp and Atalay 2022; Hashemi et al. 2022) Repeatability thresholds
are not usually tailored to individual eyes (i.e. an increase in Kmax by 1 D is not significant in
advanced keratoconus) although there is growing evidence on the variability of measurements in
more advanced disease and the need for tailoring numerical progression definitions to the disease
state, and distinguishing real progression from inherent measurement variability.(Flynn et al. 2016;
Flockerzi et al. 2022; Kreps et al. 2020) *

7. lrecommend to delete from analysis both the genetic and geographic data. Genetic data were
collected from a small subgroup of patients and did not show to hold significant information. The
authors may prefer to analyze genetic data further in a separate work. Geographic data remains
unclear; they were not related to ethnicity or relative marriage or migration issues. The authors may
prefer to delete these information and Figure 2 (erroneously described as figure legend 3) from the
manuscript.

Response:

Thank you for this suggestion. However, we believe that there is value in the genetic report.
Assessing the impact of SNPs associated with keratoconus on risk of progression is novel and builds
on the recent findings of genetic loci significantly associated with keratoconus. (Hardcastle et al 2021
Commun Biol.) Whilst genetic data was only available for a subgroup, it is still a sizeable subgroup
out of a very large number of eyes. Also, our analysis puts an upper bound on the contribution of
SNPs associated with keratoconus on its progression.

The geographic data was split to perform internal external validation and is a recognised method of
validating the model with the original dataset. Therefore, they are not intended to relate to ethnicity
or other variables.

We have now correctly labelled Figure 2.

8. The authors could not recommend any clinical practice based upon a mathematical model. The
model shall be validated before designing any preferred best practice in keratoconus management.
For example, validation shall be performed by independent clinical centers investigating a cohort of
keratoconus patients for at least 2 years to assess the performance of the model.

Response:

Thank you for this suggestion. We performed internal validation but have not tested the
generalisability of the model with an external dataset. Therefore, we have not proposed any practice
guidance. We plan to test the model before making recommendations on clinical practice based on
the model predictions. We have clarified this recommendation in the Discussion (line 355).

‘Recommendations based on this model on clinical practice is yet to be evaluated.’

9. The authors shall discuss their results in comparison with the state-of-the-art knowledge,
showing common points and, if any, main differences.

Response:
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We have included comparison with other studies, including Quartilho et al from line 326, and notably
Kato et al 2020 and Kato et al 2021 comparing the baseline factors as predictors of crosslinking from
line 332, where a deep learning algorithm was utilised.

‘Using logistic regression, Kato et al. found that the two strongest factors associated with the
requirement for CXL were age and Kmax, which is consistent with our findings. Moreover, their team
also found that with deep learning age combined with corneal tomography maps could predict
progression and the need for crosslinking. (Kato et al. 2021)’

10. Figure 3 (erroneously described as figure legend 2) is unclear. Please add the equation and the
95% Cl to each curve.

Response:
We have added 95% Cl to each curve as suggested and added details of the equation to the figure
text as follows from line 520:

‘The equation used to generate the curves is: S(t) = e #®, where H(t) is the cumulative hazard
function and is commonly expressed as In(H(t)) = s(In(t)) + xB, where s(In(t)) is a restricted
cubic spline function of log time, (8 is the vector of coefficients and x is the vector of covariates.’

We have also corrected the labelling of the figures.
Other comments:

11. Please use the standardized term "corneal cross-linking" and not "collagen corneal cross-
linking".

Response:
This has been corrected throughout the text.

12. The 98% success rate is too optimistic for current state-of-the-art CXL. As the authors may find
in meta-analysis studies, the range of CXL treatment efficacy spans between 10% and 90%; there is
high variability caused by the plethora of riboflavin dosing and UV-A irradiation protocols.

Response:

We agree there is variability in reported outcomes related to treatment protocols and also to the
definition of failure. The 98% success rate is our own data from our 2-year outcomes report (Ref 7,
Gore et al 2021). We have added a range for other publications (88% - 100%) from line 45.

‘Corneal cross-linking (CXL) by topical application of riboflavin, followed by irradiation with UV-A
light, can arrest progression of keratoconus in up to 88% to 100% of eyes even when there is
relatively advanced disease.2=®
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Introduction

Keratoconus is a common corneal ectasia that causes irregular astigmatism,
scarring and loss of vision. Thinning and steepening can progress through
childhood and early adulthood, but the shape of most eyes stabilizes by the
third or fourth decade. Without intervention, keratoconus can lead to severe
visual loss, with approximately 10% of eyes eventually requiring corneal
transplantation.: Corneal cross-linking (CXL) by topical application of riboflavin,
followed by irradiation with UV-A light, can arrest progression of keratoconus in
up to 88% to 100% of eyes even when there is relatively advanced disease.>s
The potential benefit of CXL is to prevent visual deterioration with a relatively
low risk procedure that is cost effective for healthcare providers.» However,
CXL is usually not offered to all patients at presentation because the disease
may have already stabilized. In the recent KERALINK study 43% of children
<17 years of age at presentation had not progressed after 18 months.» The
definition of progression also varies with the severity of keratoconus, but for
early disease a common threshold is either an increase in the maximum
keratometry (Kmax) of >1 dioptre, a change in the manifest refractive spherical
equivalent of >0.50 dioptre, or an increase in manifest refractive cylinder of >1
dioptre..» Depending on the rate of progression this threshold may be passed in
a few months, years, or not at all. At the first assessment it can be a challenge
to distinguish eyes that are at risk of rapid progression from those where it is
safe to monitor. Unnecessary review visits are a burden to the patient and the

care system.

We considered the date of numeric progression,s as well as the date when CXL
was performed, as alternative end-points to define keratoconus progression.
Although the use of keratometry as an end-point may appear the more
objective method, there is variability on the definition of progression reported in
the literature and conclusions may vary with the definition that is adopted. =

Repeatability thresholds are not usually tailored to individual eyes (i.e. an
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increase in Kmax by 1 D is not significant in all eyes) although there is growing
evidence on the variability of measurements in more advanced disease and the
need for tailoring numerical progression definitions to the disease state, and
distinguishing real progression from inherent variability of measurement
modalities.==+ Finally, patients who receive CXL prior to progression must be
censored from the dataset even though these eyes are likely to have been at
risk of progression. This type of informative censoring creates a bias.= In
contrast, the time to CXL depends on several variables that include numeric
disease progression, but also incorporates patient-specific risk factors for future
progression. Its strength is that it is an easily comprehensible and meaningful
end-point for patients. It encompasses individual risk factors that are not
considered when imaging is used in isolation and it has been used by others as

defining the event of interest.:

For these reasons we have used demographic and serial tomography data from
a large cohort of patients to generate a time-to-event model to predict the
probability of an individual progressing to CXL. Because the Cox proportional
hazards method does not generate smooth time-to-event curves, we used the
Royston-Parmar model to achieve direction estimates of the hazard function.=
We also performed a further analysis of a subset of patients who had genetic
data in the form of single-nucleotide polymorphisms (SNP) generated as part of

a study to determine keratoconus risk.x

Methods

Cohort

The study protocol was reviewed and approved by the Clinical Audit
Assessment Committee of Moorfields Eye Hospital NHS Foundation Trust
(reference CA17/CED/03). Institutional Review Board (IRB) approval was
obtained and individual patient consent was not required. The study conformed
to the tenets of the Declaration of Helsinki. We identified from the Moorfields
Eye Hospital electronic health record database (OpenEyes) patients aged 13
years and above diagnosed with clinical or suspected keratoconus who
attended our Early Keratoconus Clinic (EKC) between January 2011 and

November 2020. Clinical data included keratometry (Kmax, Front K1, Front K2,
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Back K1, Back K2), and pachymetry (minimum corneal thickness) captured by
Scheimpflug tomography (Pentacam HR, Oculus GmbH, Wetzlar). We only
included scans with a quality score of ‘good’ or ‘ok’, and where multiple scans
were taken on the same day we used the mean value. The date of all CXL
procedures was recorded. The protocol for offering CXL throughout the study
period was, i) a documented history prior to referral to the EKC of our hospital
of significant recent disease progression,s ii) a change in contemporary
measurements of 95% above the repeatability limits of the baseline
measurements as shown in Supplemental Table 1 (available at
http://www.ajo.com),s or iii) a patient considered by a clinician to be at high risk
of progression despite their not fulfilling the above two criteria. Exclusion criteria
included pregnancy or breastfeeding, uncontrolled ocular surface disease or a

minimum corneal thickness less than 375 um.

All the data used for model fitting started from the first appointment in the EKC.
Patient demographics included age, gender, smoking status (current or ex/non-
smoker) ethnicity and postcode. Ethnicity was coded as 1 for ‘Black’ or ‘South
Asian or South Asian British’ and 0 for any other category (excluding missing
values). Before model fitting, the pachymetry in microns was divided by 10 to
generate a meaningful scale. For the primary analysis, eyes with any missing
data were excluded. We also explored multiple imputation, which avoids data
exclusion by generating multiple versions of the dataset with missing values
replaced with values sampled from an appropriate distribution. To see whether
genetic data can help predict keratoconus progression, we used 28 candidate
SNPs from a recent keratoconus genome-wide association study that contained
926 patients from Moorfields Eye Hospital. The SNP data was encoded as
either O (homozygous reference genotype), 1 (heterozygous genotype), or 2
(homozygous variant genotype). We chose to use an additive encoding, thus
the risk of disease increases additively with the degree of genetic variation.»
Anonymized data were then exported to Excel software for analysis (version
15.24 2016, Microsoft Corp.).

Model Fitting and Covariate Selection
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A Royston-Parmar flexible parametric survival model was fitted to the data to
predict the probability of an eye progressing to CXL.= Initial analysis of the
covariates was performed by univariate analysis using the same model
characteristics as the multivariable model. When selecting covariates for the
final multivariable model, we used backwards stepwise selection with a
significance level of 0.05. We used linear covariates for ease of interpretation of
our final model. To create a more parsimonious model we examined the effect
on explained variation and discrimination of removing single variables from the

model.

Keratometric Progression Sensitivity Analysis

We included a sensitivity analysis in which we investigated keratometric
progression as an alternative end-point. Keratometric progression was defined
using thresholds from Gore et al 2021.: When using numerical thresholds to
define progression, the appointments for eyes beyond the date of CXL cannot
be used. However, censoring these eyes at the date of CXL represents
informative censoring. Based on the recommendations of Clarke et al= for
investigating the impact of informative censoring, we generated a ‘best case’
dataset where eyes were censored at the CXL date and a ‘worst case’ dataset
where patients were assumed to progress at the CXL date. The corresponding
Kaplan Meier curves were plotted to provide a visual comparison of the two
datasets. A Royston-Parmar model was then fitted on both datasets. We used
the same techniques (backwards stepwise selection, significance level of 0.05)
as described in the previous section to fit the model and compare the explained

variation and hazard ratios.

Multivariable Model Validation

We validated the model using internal-external cross validation in which we split
the dataset by geographical region.== For the kth region, the model is fitted on
the full dataset excluding region k and then Kaplan-Meier curves and predicted
survival curves were generated for region k. Seven geographical regions were
created based on the patient’s postcode as shown in Supplemental Figure 1
(available at http://www.ajo.com). To quantitatively assess the validation,

Royston and Sauerbrei’s D statistic was calculated for both the model fitted
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from data excluding region k (D) and also the model applied to region k (D).
The difference between these two discrimination metrics (D«-D) was calculated
with its corresponding standard error to assess the predictive ability of the
model. To demonstrate how the model could be used in practice, we include
three hypothetical patients’ eyes with different progression risk profiles (high,
medium, low risk) and plot the predicted time-to-event curve for each shown in

Figure 2.

Statistical Analysis

The event of interest was defined as the date that the eye underwent CXL. We
calculated the time-to-event as the difference between the first appointment in
our service and the date of CXL (or the last patient appointment in the case of
censoring). Since we had paired observations (eyes), we used variance-
corrected models to account for correlation between eyes and to ensure that
robust standard errors were produced. The choice of scale and selection of
degrees of freedom for the Royston-Parmar model was informed by inspecting
the Akaike information criterion (AIC) and Bayes information criterion (BIC)=
and the results of this were balanced with ease of interpretation. See
Supplemental Table 2 and Supplemental Text 1 (available at
http://www.ajo.com) for further explanation. Royston and Sauerbrei’'s D statistic
was used as a measure of discrimination and R% as a measure of explained
variation (both calculated on the natural scale of the model). Although all of the
primary results were generated from a complete case analysis, we performed
an additional analysis using multiple chained imputation (predictive mean
matching approach with 5 nearest neighbors). Model fitting was performed in
Stata 13 (StataCorp LP, Texas, USA) and the Royston-Parmar model was fitted
using the stpm2 package from Stata 13.

Results

Cohort

From a potential of 9,341 eyes (4316 pairs of eyes and 709 individual eyes), the
final model used 8,701 eyes of 4,823 patients, with 3,232 eyes that had CXL.
The mean age was 28.3 years with standard deviation of 7.1 years. We

excluded 640 eyes with missing data. Table 1 summarizes the available
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covariates along with missing data percentages. See Supplemental Text 2 and
Supplemental Table 3 (available at http://www.ajo.com) for a description of the

multiple imputation results.

Model Fitting and Covariate Selection (Genetic Data)

We analyzed patients with genetic data separately because this data was only
available for ~14% of patients. Of 926 patients (1852 eyes) with genetic data,
531 eyes were excluded with incomplete keratometry or CXL data, which left
1321 eyes, of which 665 had CXL. With univariate analysis of the 28 SNPs only
rs72631889 was found to be significant (P=0.01) (Supplemental Table 4
(available at http://www.ajo.com)). We then produced a multivariable model via
backwards selection on this subset of eyes using corneal data, patient data and
rs72631889 as an additional covariate as shown in Supplemental Table 5
(available at http://www.ajo.com). However rs72631889, although significant
(P=0.005), had a negligible contribution (0.3%) to the explained variation in the

final model.

Model Fitting and Covariate Selection (Excluding Genetic Data)

The results of the univariate time-to-event analysis on the hazards scale using
a Royston-Parmar flexible parametric model is shown in Table 2. Genetic data
was excluded from this analysis. All variables except smoking status were
significant. The explained variation (R?%) and discrimination (D) were highest for
age (17%) and Kmax (15%) with Front K1, Front K2, Back K1, Back K2 and
pachymetry each explaining 6-10% of the variation. Notably, gender and
ethnicity, although significant in the univariate analysis, did not contribute to
explained variation. The hazard ratios for significant covariates indicate that
increasing age at presentation, greater pachymetry and flatter (less negative)
posterior keratometry values decrease risk of having CXL, whilst steeper

anterior keratometry values and male gender increase the risk of having CXL.

When we fitted a multivariable model the significant covariates were age,
Kmax, Front K1, Front K2 and pachymetry (Table 2). When we removed single

variables from the model the effect this had on explained variation and
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discrimination is shown in Supplemental Table 6 (available at
http://www.ajo.com). Age was the most important covariate (16.7%), with Kmax
contributing ~5% of explained variation. K1, K2 and pachymetry had a small
effect (<1%) when removed individually. We chose a model without K2 on the
basis of parsimony, which was supported by the fact that K1 and K2 were
highly correlated (R>=0.91) as shown in Supplemental Figure 2 (available at
http://www.ajo.com). The final fitted model hazard ratios can be seen on the
multivariable column of Table 2. It is notable that an increase in K1 now has a
protective effect in the final model. The explained variation and discrimination
for the final model were 32.7% and 1.43 respectively. The opposing effect of
Kmax and Front K1 can be explained by examining their regression coefficients
before converting to hazard ratios; Kmax has a positive coefficient (0.0795) and
Front K1 has a negative coefficient (-0.0749). This is logically similar to
including the combined covariate (Kmax - Front K1) in the model which can be
viewed clinically as a proxy for irregular astigmatism. We also investigated
combining K1 and K2 into a single covariate as K2-K1 (standard definition of

astigmatism), but the corresponding p value was not significant.

Figure 1 visually depicts the result of applying the final model to the original
dataset. As expected, the predicted mean survival curves closely follow the
Kaplan-Meier curves. To demonstrate the use of the model in clinical practice,
survival curves for three hypothetical patients followed for five years are shown
in Figure 2. We have also produced a web application from the model which
can be accessed at http://beta.moorfieldscxl.com.

Keratometric Progression Sensitivity Analysis

The results of the keratometric progression sensitivity analysis can be found in
the Supplementary Material. By examining the Kaplan Meier curves in
Supplemental Figure 3, we can see that the best case time-to-event curve
indicates a 40% survival probability at 5 years whilst the worst case curve
indicates a 27% survival probability at 5 years. This 13% difference in survival
probability at 5 years represents the upper bound of the discrepancy in survival
probability within the data. After fitting the Royston-Parmar model, amongst the

hazard ratios which overlap (age, Kmax, k2), there was reasonable similarity
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(Supplemental Tables 8 and 9). Most importantly, the model fitted to the best
case had an explained variation of 11% compared to 23% for the worst case
indicating a significant difference in model performance depending on the
assumptions used for handling eyes which received CXL.

Multivariable Model Validation

When performing validation using internal-external cross validation, Figure 3
shows the ability of our final model to predict keratoconus progression across
different geographic regions. We did not identify any significant differences in
prognostic factors across regions. The model prediction curves generally follow
the Kaplan Maier curves. Notably, region 5 (South West Greater London) and
region 7 (other regions) have a worse predictive performance than the other
regions, indicating that these regions have different characteristics compared
with the remainder of the dataset used for model fitting. This could be due to
differing patient characteristics, such as complex cases that required referral to
our tertiary referral centre rather than being managed locally. Overall, the
prediction becomes less accurate over time, which is expected due to low
numbers with follow-up beyond three years. Supplemental Table 7 displays
quantitative validation results of the model using internal external validation.
The difference column D« - Dy is @ measure of predictive ability. Region 7 (other
regions outside of Greater London) has the greatest discrepancy in
discrimination (-0.26) which indicates that the model fitted when excluding

region 7 had greater discriminative ability than when applied to region 7 alone.

Discussion

In this study we have incorporated demographic, keratometric, and genetic data
to generate a prognostic model of keratoconus progression to CXL. We have
shown that parameters recorded at the first examination (age, Kmax, Front K1,
minimum pachymetry) can produce a time-to-event curve to calculate a
personalized risk for keratoconus progression. Although we chose time to CXL
rather than keratometric progression as the end point for the time-to-event
analysis, we performed a sensitivity analysis using keratometric progression,

and found that a CXL model accounts for a much higher proportion of the
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explained variation (33%) compared to the keratometric model (11% or 23% for
best and worst case respectively). The opposing effects of Kmax and Front K1
were unexpected, but similar to including the combined covariate (Kmax - Front
K1) in the model; a possible explanation is that the opposing effect is the result
of an increase in irregular astigmatism. Of the significant covariates in our
model, younger age made the greatest contribution to our model. Thus, one
should have a lower threshold for treatment in younger patients.

When applying internal-external cross validation, the survival curves closely
followed the Kaplan Meier survival curves for each of the geographic regions,
which indicates generalisability, and model discrimination between training and
cross validation groups was similar, indicating that the predictive ability is well
maintained. Finally, our SNP genetic data had limited additional predictive utility
for keratoconus progression. However, the genetic dataset was relatively small
(926 patients), and recruitment was based on the presence of keratoconus, as
opposed to the severity of keratoconus, or any other index of risk of rapid

progression.

The Royston-Parmar model has previously been used to predict the likelihood
of the worst eye of patients with keratoconus progressing to corneal
transplantation.= In their final model, Quartilho et al chose 3 significant
covariates: Kmax, age and ethnicity. The reported covariate hazard ratios that
overlap with our study (Kmax and age) were different in magnitude but in the
same direction. When performing internal validation their model exhibited good
predictive ability. They produced time-dependent receiver operating curves
using the validation set and found one-year sensitivity and specificity to be
92.8% and 94.6% respectively. Using logistic regression, Kato et al. found that
the two strongest factors associated with the requirement for CXL were age and
Kmax, which is consistent with our findings.» Moreover the team went on to find
that age combined with corneal tomography maps was able to predict

progression and need for crosslinking using deep learning.=

An ability to generate personalized time-to-event curves that predict
progression to CXL (Figure 2) could directly inform clinical decisions that benefit

patient care. Firstly, patients may better understand their own risk for
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progression and feel more confident in choosing their management options.
Secondly, for both clinicians and patients, the prediction of progression may
contribute to scheduling treatments, including prioritizing patients at high risk of
early progression. For example, patients at high risk with a 98% probability of
progressing to CXL at 5 years could be offered CXL at the point of first
diagnosis without waiting to demonstrate keratometric progression. Medium risk
patients may benefit from a period of clinician-led topographic monitoring. For
the lowest risk patients, optometry-led monitoring in the community may be
sufficient. This risk stratification could be tailored to regions and reflect local
needs and resources such as provision of monitoring services in regions with
lower risk and greater capacity for CXL in areas with more high risk patients.
Finally, when a decision is made to postpone CXL for further monitoring, the
time-to-event curve can contribute to decisions on the scheduling of future
follow up reviews, with perhaps shorter time periods where the curve is
steepest. Recommendations based on this model on clinical practice is yet to

be evaluated.

Our study is subject to several limitations inherent to our dataset. First, if
patients had CXL at another hospital, this may not be reliably recorded in the
source database. This could lead to a very small number of patients being
included in the analysis who have already had CXL. Second, ethnicity is a well
established risk factor for keratoconus and keratoconus progression,z== but
ethnicity is now an optional field at patient registration at our institution and this
information was unavailable for approximately 50% of our dataset. However,
even when we restricted the dataset to those with ethnicity records, it was not
found to be a significant covariate. Third, though the cohort used for univariable
and multivariable analysis were identical the number of eyes where all
covariates were available was lower than for univariable analysis due to
missing data. Finally, when we used multiple imputation to generate a
multivariable model, ethnicity was still not found to be significant. In the model
fitting process we chose to use a simple backwards selection as opposed to the
multivariate fractional polynomial (MFP) method.= In our initial investigations,
the results of MFP yielded nonlinear functional forms of the covariates and,

whilst this method may have slightly increased the predictive power of the
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prognostic model, the resulting hazard ratios would be very hard to interpret. In
addition, we did not examine time dependent effects for the covariates, which
may provide a more accurate model fit, and future studies should examine this
option. Finally, although no external validation dataset was available, internal
external cross validation allowed us to confirm that our model is generalizable

across geographical regions.

In conclusion, we have fitted a prognostic model for progression of keratoconus
to CXL which generates a time-to-event curve using age, Kmax, Front K1,
minimum pachymetry from time of presentation. Incorporation of a relatively
small genetic dataset does not improve the explained variation of our model.
Personalized modeling of risk may improve patients’ understanding of their
condition and the need for CXL. Such a model may help better improve patients
and aid clinician decision making to CXL to achieve better outcomes and

judicious use of healthcare resources.
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Legend

Figure 1: Chart showing how the Royston-Parmar model fits the entire dataset.
We split the eyes into 4 risk groups by their prognostic index: <25th centile (low
risk), 25-50th centile (medium-low risk), 50-75th centile (medium-high

risk), >75th centile (high risk). The number of eyes at risk corresponds to the
Kaplan-Meier curves.

Figure 2: Time-to-event curves that predict the risk of progression to CXL for
three hypothetical patient profiles. The blue line represents a high risk patient
who has a 95% probability of progressing to CXL at 5 years. The red line is a
medium risk patient who has a 48% probability of progressing to CXL at 5
years. The green line is a low risk patient who has a 14% probability of
progressing to CXL at 5 years. The equation used to generate the curves is:
S(t) = e H® where H(t) is the cumulative hazard function and is commonly
expressed as In(H(t)) = s(In(t)) + xB, where s(In(t)) is a restricted cubic
spline function of log time, S is the vector of coefficients and x is the vector of
covariates. For further details of the derivation, we refer the reader to =.

Abbreviations: pachy, pachymetry

Figure 3: Predicted and observed survival curves for seven postal code regions
of Greater London as shown in Supplemental Figure 1 (available at
http://www.ajo.com) using IECV. We split the eyes into 4 risk groups by their
prognostic index: <25th centile (low risk), 25-50th centile (medium-low risk), 50-
75th centile (medium-high risk), >75th centile (high risk).

Abbreviations:
AIC: Akaike Information Criterion

Back K1: Flat posterior keratometry in the central 3 mm zone
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Back K2: Steep posterior keratometry in the central 3 mm zone
BIC: Bayes Information Criterion

CXL: Corneal Cross-Linking

EKC: Early Keratoconus Clinic

EPR: Electronic Patient Record

Front K1: Flat anterior keratometry in the central 3 mm zone
Front K2: Steep anterior keratometry in the central 3 mm zone
HR: Hazard Ratio

IECV: Internal-external Cross Validation

Kmax: Maximum anterior keratometry

MFP: Multivariate Fractional Polynomial

SNP: Single-nucleotide Polymorphism
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Introduction

Keratoconus is a common corneal ectasia that causes irregular astigmatism,
scarring and loss of vision. Thinning and steepening can progress through
childhood and early adulthood, but the shape of most eyes stabilizes by the
third or fourth decade. Without intervention, keratoconus can lead to severe
visual loss, with approximately 10% of eyes eventually requiring corneal
transplantation.*-Cerneal-collagen: Corneal cross-linking (CXL) by topical
application of riboflavin, followed by irradiation with UV-A light, can arrest
progression of keratoconus in up to 9888% to 100% of eyes even when there is
relatively advanced disease.2®:= The potential benefit of CXL is to prevent
visual deterioration with a relatively low risk procedure that is cost effective for
healthcare providers.®* However, CXL is usually not offered to all patients at
presentation because the disease may have already stabilized. In the recent
KERALINK study 43% of children <17 years of age at presentation had not
progressed after 18 months.8» The definition of progression also varies with the
severity of keratoconus, but for early disease a common threshold is either an
increase in the maximum keratometry (Kmax) of >1 dioptre, a change in the
manifest refractive spherical equivalent of >0.50 dioptre, or an increase in
manifest refractive cylinder of >1 dioptre.2*2:: Depending on the rate of
progression this threshold may be passed in a few months, years, or not at all.
At the first assessment it can be a challenge to distinguish eyes that are at risk
of rapid progression from those where it is safe to monitor. Unnecessary review

visits are a burden to the patient and the care system.

-

We considered the date of numeric progression, as well as the date when
CXL was performed, as alternative end-points to define keratoconus
progression. Although the use of keratometry as an end-point may appear the
more objective method, there, is re-consensusvariability on the definition of

progression reported in the literature and conclusions may vary with the

definition that is adopted.*2*3.: Repeatability thresholds are not usually tailored
to individual eyes (i.e. an increase in Kmax by 1 D is not significant in all eyes)

and-otherrelevantpatient-specific factors-are-excludedalthough there is

2
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growing evidence on the variability of measurements in more advanced disease

and the need for tailoring numerical progression definitions to the disease state,

and distinquishing real progression from inherent variability of measurement

modalities.**== Finally, patients who receive CXL prior to progression must be
censored from the dataset even though these eyes are likely to have been at
risk of progression. This type of informative censoring creates a bias.*®= In
contrast, the time to CXL depends on several variables that include numeric
disease progression, but also incorporates patient-specific risk factors for future
progression. Its strength is that it is an easily comprehensible and meaningful
end-point for patients. It encompasses individual risk factors that are not
considered when imaging is used in isolation and it has been used by others as

defining the event of interest.6:,
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-
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For these reasons we have used demographic and serial tomography data from
a large cohort of patients to generate a time-to-event model to predict the
probability of an individual progressing to CXL. Because the Cox proportional
hazards method does not generate smooth time-to-event curves, we used the
Royston-Parmar model to achieve direction estimates of the hazard function.**=
We also performed a further analysis of a subset of patients who had genetic
data in the form of single-nucleotide polymorphisms (SNP) generated as part of

a study to determine keratoconus risk.*8z

Y

Methods,

Cohort,

The study protocol was reviewed and approved by the Clinical Audit
Assessment Committee of Moorfields Eye Hospital NHS Foundation Trust
(reference CA17/CED/03). Institutional Review Board (IRB) approval was
obtained and individual patient consent was not required. The study conformed
to the tenets of the Declaration of Helsinki. We identified from the Moorfields
Eye Hospital electronic health record database (OpenEyes) patients aged 13
years and above diagnosed with clinical or suspected keratoconus who
attended our Early Keratoconus Clinic (EKC) between January 2011 and
November 2020. Clinical data included keratometry (Kmax, Front K1, Front K2,

Back K1, Back K2), and pachymetry (minimum corneal thickness) captured by

2
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Scheimpflug tomography (Pentacam HR, Oculus GmbH, Wetzlar). We only
included scans with a quality score of ‘good’ or ‘ok’, and where multiple scans
were taken on the same day we used the mean value. The date of all CXL
procedures was recorded. The protocol for offering CXL throughout the study
period was, i) a documented history prior to referral to the EKC of our hospital
of significant recent disease progression, ii) a change in contemporary
measurements of 95% above the repeatability limits of the baseline
measurements as shown in Supplemental Table 1 (available at
http://www.ajo.com),”: or iii) a patient considered by a clinician to be at high risk
of progression despite their not fulfilling the above two criteria. Exclusion criteria
included pregnancy or breastfeeding, uncontrolled ocular surface disease or a

minimum corneal thickness less than 375 pm._

All the data used for model fitting started from the first appointment in the EKC. « -

Patient demographics included age, gender, smoking status (current or ex/non-
smoker) ethnicity and postcode. Ethnicity was coded as 1 for ‘Black’ or ‘South
Asian or South Asian British’ and 0 for any other category (excluding missing
values). Before model fitting, the pachymetry in microns was divided by 10 to
generate a meaningful scale. For the primary analysis, eyes with any missing
data were excluded. We also explored multiple imputation, which avoids data
exclusion by generating multiple versions of the dataset with missing values
replaced with values sampled from an appropriate distribution. To see whether
genetic data can help predict keratoconus progression, we used 28 candidate
SNPs from a recent keratoconus genome-wide association study that contained
926 patients from Moorfields Eye Hospital.*8z The SNP data was encoded as
either 0 (homozygous reference genotype), 1 (heterozygous genotype), or 2
(homozygous variant genotype). We chose to use an additive encoding, thus
the risk of disease increases additively with the degree of genetic variation.9z
Anonymized data were then exported to Excel software for analysis (version
15.24 2016, Microsoft Corp.).,

-4

Model Fitting and Covariate Selection “
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A Royston-Parmar flexible parametric survival model was fitted to the datato <«

predict the probability of an eye progressing to CXL.2*= Initial analysis of the
covariates was performed by univariate analysis using the same model
characteristics as the multivariable model. When selecting covariates for the
final multivariable model, we used backwards stepwise selection with a
significance level of 0.05. We used linear covariates for ease of interpretation of
our final model. To create a more parsimonious model we examined the effect

on explained variation and discrimination of removing single variables from the
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We included a sensitivity analysis in which we investigated keratometric . [ Formatted: Font: Times New Roman, Not Bold
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progression as an alternative end-point. Keratometric progression was defined
using thresholds from Gore et al 2021--7.s When using numerical thresholds to
define progression, the appointments for eyes beyond the date of CXL cannot
be used. However, censoring these eyes at the date of CXL represents
informative censoring. Based on the recommendations of Clarke et al-*®= for
investigating the impact of informative censoring, we generated a ‘best case’
dataset where eyes were censored at the CXL date and a ‘worst case’ dataset
where patients were assumed to progress at the CXL date. The corresponding
Kaplan Meier curves were plotted to provide a visual comparison of the two
datasets. A Royston-Parmar model was then fitted on both datasets. We used
the same techniques (backwards stepwise selection, significance level of 0.05)

as described in the previous section to fit the model and compare the explained
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We validated the model using internal-external cross validation in which we split« [ Formated: Font: Times New Roman, Not Bold
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the dataset by geographical region.?:??zx For the kth region, the model is fitted
on the full dataset excluding region k and then Kaplan-Meier curves and
predicted survival curves were generated for region k. Seven geographical
regions were created based on the patient’s postcode as shown in
Supplemental Figure 1 (available at-_http://www.ajo.com). To quantitatively

assess the validation, Royston and Sauerbrei’'s D statistic was calculated for
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both the model fitted from data excluding region k (Dy) and also the model ( Formatted: Font: 9.5 pt
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the predictive ability of the model. To demonstrate how the model could be ( Formatted: Font: 95 pt

used in practice, we include three hypothetical patients’ eyes with different

progression risk profiles (high, medium, low risk) and plot the predicted time-to-

event curve for each shown in Figure 2., [Formatted: Font: Times New Roman
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calculated the time-to-event as the difference between the first appointment in
our service and the date of CXL (or the last patient appointment in the case of
censoring). Since we had paired observations (eyes), we used variance-
corrected models to account for correlation between eyes and to ensure that
robust standard errors were produced. The choice of scale and selection of
degrees of freedom for the Royston-Parmar model was informed by inspecting
the Akaike information criterion (AIC) and Bayes information criterion (BIC)*z
and the results of this were balanced with ease of interpretation. See
Supplemental Table 2 and Supplemental Text 1 (available at-at
http://www.ajo.com) for further explanation. Royston and Sauerbrei’s D statistic

was used as a measure of discrimination and R%-as.as a measure of explained
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variation (both calculated on the natural scale of the model). Although all of the
primary results were generated from a complete case analysis, we performed
an additional analysis using multiple chained imputation (predictive mean
matching approach with 5 nearest neighbors). Model fitting was performed in
Stata 13 (StataCorp LP, Texas, USA) and the Royston-Parmar model was fitted
using the stpm2 package from Stata 13.,
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From a potential of 9,341 eyes (4316 pairs of eyes and 709 individual eyes), the«
final model used 8,701 eyes of 4,823 patients, with 3,232 eyes that had CXL.
The mean age was 28.3 years with standard deviation of 7.1 years. We

excluded 640 eyes with missing data. Table 1 summarizes the available
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covariates along with missing data percentages. See Supplemental Text 2 and
Supplemental Table 3 (available at-_http://www.ajo.com) for a description of the

multiple imputation results. ,

-

Model Fitting and Covariate Selection (Genetic Data),

We analyzed patients with genetic data separately because this data was only
available for ~14% of patients. Of 926 patients (1852 eyes) with genetic data,
531 eyes were excluded with incomplete keratometry or CXL data, which left
1321 eyes, of which 665 had CXL. With univariate analysis of the 28 SNPs only
rs72631889 was found to be significant (P=0.01) (Supplemental Table 4
(available at-at_http://www.ajo.com)). We then produced a multivariable model
via backwards selection on this subset of eyes using corneal data, patient data
and rs72631889 as an additional covariate as shown in Supplemental Table 5
(available at-_http://www.ajo.com). However rs72631889, although significant
(P=0.005), had a negligible contribution (0.3%) to the explained variation in the

final model.
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The results of the univariate time-to-event analysis on the hazards scale using
a Royston-Parmar flexible parametric model is shown in Table 2. Genetic data
was excluded from this analysis. All variables except smoking status were

significant. The explained variation (R%) and discrimination (D) were highest for
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age (17%) and Kmax (15%) with Front K1, Front K2, Back K1, Back K2 and
pachymetry each explaining 6-10% of the variation. Notably, gender and
ethnicity, although significant in the univariate analysis, did not contribute to
explained variation. The hazard ratios for significant covariates indicate that
increasing age at presentation, greater pachymetry and flatter (less negative)

posterior keratometry values decrease risk of having CXL, whilst steeper

anterior keratometry values and male gender increase the risk of having CXL.,,

Y

When we fitted a multivariable model the significant covariates were age,
Kmax, Front K1, Front K2 and pachymetry (Table 2). When we removed single

variables from the model the effect this had on explained variation and
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discrimination is shown in Supplemental Table 6 (available at-at
http://www.ajo.com). Age was the most important covariate (16.7%), with Kmax
contributing ~5% of explained variation. K1, K2 and pachymetry had a small
effect (<1%) when removed individually. We chose a model without K2 on the
basis of parsimony, which was supported by the fact that K1 and K2 were
highly correlated (R?=0.91) as shown in Supplemental Figure 2 (available at-at

[ Formatted:

Font: 9.5 pt

http://www.ajo.com). The final fitted model hazard ratios can be seen on the
multivariable column of Table 2. It is notable that an increase in K1 now has a
protective effect in the final model. The explained variation and discrimination
for the final model were 32.7% and 1.43 respectively.?*= The opposing effect of
Kmax and Front K1 can be explained by examining their regression coefficients
before converting to hazard ratios; Kmax has a positive coefficient (0.0795) and
Front K1 has a negative coefficient (-0.0749). This is logically similar to
including the combined covariate (Kmax - Front K1) in the model which can be
viewed clinically as a proxy for irregular astigmatism. We also investigated
combining K1 and K2 into a single covariate as K2-K1 (standard definition of

astigmatism), but the corresponding p value was not significant.

A0

AA

Figure 1 visually depicts the result of applying the final model to the original
dataset. As expected, the predicted mean survival curves closely follow the
Kaplan-Meier curves. To demonstrate the use of the model in clinical practice,
survival curves for three hypothetical patients followed for five years are shown
in Figure 2. We have also produced a free-web application from the model

which can be accessed at
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The results of the keratometric progression sensitivity analysis can be found in <« [ Formatted: Font: Times New Roman, Not Bold
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the Supplementary Material. By examining the Kaplan Meier curves in
Supplemental Figure 3, we can see that the best case time-to-event curve
indicates a 40% survival probability at 5 years whilst the worst case curve
indicates a 27% survival probability at 5 years. This 13% differecedifference in
survival probability at 5 years represents the upper bound of the discrepancy in

survival probability within the data. After fitting the Royston-Parmar model,
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amongst the hazard ratios which overlap (age, kmaxKmax, k2), there was
reasonable similarity (Supplemental Tables 8 and 9). Most importantly, the
model fitted to the best case data-had an explained variation of 11% compared
to 23% for the worst case indicating a significant difference in model
performance depending on the assumptions used for handling eyes which
received CXL.,

-

Multivariable Model Validation , .

When performing validation using internal-external cross validation, Figure 3~ «
shows the ability of our final model to predict keratoconus progression across
different geographic regions. We did not identify any significant differences in

prognostic factors across regions. The model prediction curves generally follow

the Kaplan Maier curves. Notably, region 5 (South West Greater London) and
region 7 (other regions) have a worse predictive performance than the other
regions, indicating that these regions have different characteristics compared
with the remainder of the dataset used for model fitting. This could be due to
differing patient characteristics, such as complex cases that required referral to

our tertiary referral eentercentre rather than being managed locally. Overall, the

prediction becomes less accurate over time, which is expected due to low
numbers with follow-up beyond three years. Supplemental Table 7 {available

at—http/Awarn-ajo-com)-displays quantitative validation results of the model
using internal external validation. The difference column Dy - Dy is a measure of

predictive ability. Region 7 (other regions outside of Greater London) has the
greatest discrepancy in discrimination (-0.26) which indicates that the model
fitted when excluding region 7 had greater discriminative ability than when

applied to region 7 alone.
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In this study we have incorporated demographic, keratometric, and genetic data
to generate a prognostic model of keratoconus progression to CXL. We have
shown that parameters recorded at the first examination (age, Kmax, Front K1,
minimum pachymetry) can produce a time-to-event curve to calculate a

personalized risk for keratoconus progression. Although we chose time to CXL
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rather than keratometric progression as the end point for the time-to-event
analysis, we performed a sensitivity analysis using keratometric progression,
and found that a CXL model accounts for a much higher proportion of the
explained variation (33%) compared to the keratometric model (11% or 23% for
best and worst case respectively). The opposing effects of Kmax and Front K1
were surprisirgunexpected, but similar to including the combined covariate
(Kmax - Front K1) in the model; a possible explanation is that the opposing

effect is the result of an increase in irregular astigmatism. Of the significant ( Formatted: Font color: Text 1 )

covariates in our model, younger age made the greatest contribution to our

model. Thus, one should have a lower threshold for treatment in younger

patients.
When applying internal-external cross validation, the survival curves closely - [Formatted: Line spacing: 1.5 lines ]

followed the Kaplan Meier survival curves for each of the geographic regions,
which indicates generalisability, and model discrimination between training and
cross validation groups was similar, indicating that the predictive ability is well
maintained. Finally, our SNP genetic data had limited additional predictive utility
for keratoconus progression. However, the genetic dataset was relatively small
(926 patients), and recruitment was based on the presence of keratoconus, as

opposed to the severity of keratoconus, or any other index of risk of rapid

progression., Formatted: Font: Times New Roman, Font color: Auto,
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The Royston-Parmar model has previously been used to predict the likelihood
of the worst eye of patients with keratoconus progressing to corneal
transplantation.2®= In their final model, Quartilho et al chose 3 significant
covariates: Kmax, age and ethnicity. The reported covariate hazard ratios that
overlap with our study (Kmax and age) were different in magnitude but in the
same direction. When performing internal validation their model exhibited good
predictive ability. They produced time-dependent receiver operating curves
using the validation set and found one-year sensitivity and specificity to be
92.8% and 94.6% respectively. Using logistic regression, Kato et al. found that
the two strongest factors associated with the requirement for CXL were age and

Kmax, which is consistent with our findings.*¢-= Moreover the team went on to

find that age combined with corneal tomography maps was able to predict
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An ability to generate personalized time-to-event curves that predict
progression to CXL (Figure 2) could directly inform clinical decisions that benefit
patient care. Firstly, patients may better understand their own risk for
progression and feel more confident in choosing their management options.
Secondly, for both clinicians and patients, the prediction of progression may
contribute to scheduling treatments, including prioritizing patients at high risk of
early progression. For example, patients at high risk with a 98% probability of
progressing to CXL at 5 years could be offered CXL at the point of first
diagnosis without waiting to demonstrate keratometric progression. Medium risk
patients may benefit from a period of clinician-led topographic monitoring. For
the lowest risk patients, optometry-led monitoring in the community may be
sufficient. This risk stratification could be tailored to regions and reflect local
needs and resources such as provision of monitoring services in regions with
lower risk and greater capacity for CXL in areas with more high risk patients.
Finally, when a decision is made to postpone CXL for further monitoring, the
time-to-event curve can contribute to decisions on the scheduling of future
follow up reviews, with perhaps shorter time periods where the curve is

steepest.- Recommendations based on this model on clinical practice is yet to

be evaluated,,
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Our study is subject to several limitations inherent to our dataset. First, if
patients had CXL at another hospital, this may not be reliably recorded in the
source database. This could lead to a very small number of patients being
included in the analysis who have already had CXL. Second, ethnicity is a well
knewnestablished risk factor for keratoconus and keratoconus
progression,?42627xxa hut ethnicity is now an optional field at patient registration
at our institution and this information was unavailable for approximately 50% of
our dataset. However, even when we restricted the dataset to those with
ethnicity records, it was not found to be a significant covariate. Third, though

the cohort used for univariable and multivariable analysis were identical the

number of eyes where all covariates were available was lower than for

univariable analysis due to missing data. Finally, when we used multiple

imputation to generate a multivariable model, ethnicity was still not found to be
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significant. In the model fitting process we chose to use a simple backwards
selection as opposed to the multivariate fractional polynomial (MFP) method.?®=
In our initial investigations, the results of MFP yielded nonlinear functional forms
of the covariates and, whilst this method may have slightly increased the
predictive power of the prognostic model, the resulting hazard ratios would be
very hard to interpret. In addition, we did not examine time dependent effects
for the covariates, which may provide a more accurate model fit, and future
studies should examine this option. Finally, although no external validation
dataset was available, internal external cross validation allowed us to confirm

that our model is generalizable across geographical regions.
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In conclusion, we have fitted a prognostic model for progression of keratoconus
to CXL which generates a time-to-event curve using age, Kmax, Front K1,
minimum pachymetry from time of presentation. Incorporation of a relatively
small genetic dataset does not improve the explained variation of our model.
Personalized modeling of risk may improve patients’ understanding of their
condition and the need for CXL. Such a model may help better improve patients
and aid clinician decision making to CXL to achieve better outcomes and

judicious use of healthcare resources.
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Figure 1: Chart showing how the Royston-Parmar model fits the entire dataset. <

We split the eyes into 4 risk groups by their prognostic index: <25th centile (low
risk), 25-50th centile (medium-low risk), 50-75th centile (medium-high

risk), >75th centile (high risk). The number of eyes at risk corresponds to the
Kaplan-Meier curves.
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Figure 2: Time-to-event curves that predict the risk of progression to CXL for
three hypothetical patient profiles. The blue line represents a high risk patient
who has a 95% probability of progressing to CXL at 5 years. The red line is a
medium risk patient who has a 48% probability of progressing to CXL at 5
years. The green line is a low risk patient who has a 14% probability of

progressing to CXL at 5 years. The equation used to generate the curves is:

S(t) = e H® where H(t)_is the cumulative hazard function and is commonly

expressed as In(H(t)) = s(In(t)) + xB, where s(In(t))_is a restricted cubic

spline function of log time, f_is the vector of coefficients and x is the vector of

covariates. For further details of the derivation, we refer the reader to
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Figure 3: Predicted and observed survival curves for seven postal code regions [ Formatted: Font: Times New Roman

of Greater London as shown in Supplemental Figure 1 (available at

http://www.ajo.com) using IECV. We split the eyes into 4 risk groups by their

prognostic index: <25th centile (low risk), 25-50th centile (medium-low risk), 50-

75th centile (medium-high risk), >75th centile (high risk).,  Formatted: Font: Times New Roman
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Table 1

Click here to access/download;Table - drawn in Word, .DOC &
.DOCX;Table1.docx

Table 1: Summary statistics for the available covariates at the first examination for 9341 eyes

recorded at first visit.

Covariate Type Mean | SD N Missing No.
(%)

Front K1 (D) Numeric 4531 |3.86 |8,813|528(5.7)
Front K2 (D) Numeric 48.39 | 4.85 | 8,839 | 502 (5.4)
Back K1 (D) Numeric -6.53 | 0.75 | 7,949 | 1392 (14.9)
Back K2 (D) Numeric -7.23 | 0.93 |8,702 | 639 (6.8)
Kmax (D) Numeric 54.14 |8.01 |8,834|507 (5.4)
Pachymetry (um) Numeric 462.92 | 46.15 | 8,946 | 395 (4.2)
Age (years) Numeric 28.28 | 7.10 |9341 | 0(0)
Genetic data? Ordinal N/A N/A 1141 | 8020 (85.9)
Self-reported black or asian | Categorical (59.9% black N/A N/A 4889 | 4452 (47.7)
ethnicity? or asian)
Male gender Categorical (67% male) N/A N/A 9341 | 0(0)
Smokere¢ Categorical N/A N/A 9341 | 0(0)

(4.5% smoker)

Abbreviations: Front K1, flattest anterior keratometry; Front K2, steepest anterior keratometry; Back
K1, flattest posterior keratometry; Back K2, steepest posterior keratometry; Kmax: maximum
Keratometry; pachymetry: minimum corneal thickness; SD, Standard deviation; N, number of eyes;
N/A, not applicable.

aGenetic data comprised of 28 SNPs and was encoded in an additive fashion (0,1,2).

bl=black or asian, O=otherwise. ‘0=non-smoker/ex-smoker, 1=current smoker.

*
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Table 2

Click here to access/download;Table - drawn in Word, .DOC &
.DOCX;Table2.docx

Table 2: Univariable and final multivariable model for all considered covariables excluding genetic

data in the training dataset fitted on the hazards scale with 5 degrees of freedom.

Univariable (N=9341) Multivariable (N=8701)
Covariate Hazard P Value | R% D Hazard P Value

Ratio [95% Cl] Ratio [95% CI]
Ethnicity 1.14[1.02; 1.27] | 0.02 0.4% | 0.13 | N/A N/A
Smoker?2 1.07 [0.9; 1.28] | 0.46 0.1% | 0.05 | N/A N/A
Male Gender 1.11[1.01; 1.21] | 0.02 0.2% | 0.10 | N/A N/A
Age at presentation | 0.91[0.9; 0.92] | <0.001 | 16.7% | 0.92 | 0.9 [0.90; 0.91] | <0.001
Kmax 1.06 [1.05; 1.06] | <0.001 | 14.9% | 0.86 | 1.08 [1.07; 1.09] | <0.001
Front K1 1.09 [1.08; 1.1] | <0.001 |7.0% |0.56 | 0.93[0.91;0.94] | <0.001
Front K2 1.08[1.07; 1.08] | <0.001 | 9.8% | 0.67 | N/A N/A
Back K1¢ 0.67 [0.64; 0.71] | <0.001 | 5.9% | 0.51 | N/A N/A
Back K2¢ 0.7[0.67;0.72] | <0.001 | 8.4% | 0.62 | N/A N/A
Pachymetry 10° 0.93[0.92;0.94] | <0.001 | 7.5% | 0.58 | 0.95[0.93; 0.96] | <0.001

Abbreviations: N, number of eyes; R%p, explained variation; D, Royston and Sauerbrei’'s D statistic (used as a
measure of discrimination); Cl, confidence interval; Kmax, maximum keratometry; Front K1, flattest anterior
keratometry; Front K2, steepest anterior keratometry; Back K1, flattest posterior keratometry; Back K2, steepest
posterior keratometry; pachymetry, minimum corneal thickness; N/A, not applicable due to this variable not being
included in the final model.

a0=non-smoker/ex-smoker, 1=current smoker.
bMinimum pachymetry in steps of 10um.

¢Back K1 and Back K2 are negative values such that patients with advanced keratoconus are typically associated
with large negative values. A hazard ratio below 1 indicates that as measurements become more positive, the
risk of progression decreases.
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Precis

Corneal crosslinking is successful in halting keratoconus progression but providing patients
with a personalized visual representation of risk to progression is desirable. This research
presents a model to generate projected likelihood of having crosslinking from data collected
at presentation. It was trained and validated from a large dataset of 8701 eyes from
keratoconus patients. Univariable and multivariable analysis was performed to identify risk
factors including single nucleotide polymorphisms associated with keratoconus.
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Supplementary Figure Legend 1. Geographic region grouping use in IECV. We split
greater London into 6 postcode regions around its centre. Any postcodes outside of greater
London were classified as the 7th region (‘other’). The number of participants per region is
given in Table G.
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Supplementary Figure 2: Correlations amongst anterior keratometry covariates and
pachymetry. As explained in the results section, Front K1 and Front K2 are very highly
correlated. This correlation is exemplified by the fact that removing one or other of these
covariates has negligible effect on the explained variation of the model.

Abbreviations: kmax, maximum Keratometry; front_k1, flattest anterior keratometry; front_k2, steepest anterior keratometry;
pachy, thinnest point pachymetry
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Supplementary Figure 3: Kaplan Meier time-to-event curves for keratometric progression in
the best (censored at CXL date) and worst (progressed at CXL date) case scenarios.
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Supplementary Table 1. Defining disease progression in early and
moderate/advanced keratoconus prior to corneal cross-linking.

Early (Kmax < 55D)

(1 or more)

Moderate/advanced (Kmax = 55D)

(1 or more)

=1 D increase Kmax
21 D increase front K1 or K2
2> 0.5 D increase back K2

= 16 ym decrease minimum corneal thickness

= 2.5 D increase Kmax
2 2.5 D increase front K1 or K2

= 22 ym decrease minimum corneal thickness

Abbreviation: Kmax, maximum keratometry; K1, flat keratometry in the central 3 mm zone; K2, steep keratometry in central 3

mm zone;
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Supplementary Table 2: Choice of scale and degrees of freedom (DF) using
categorized (n=5) continuous covariates. Here it can be seen that 5 DF and the
proportional odds model has the optimal (lowest) values for both AIC and BIC.
However, we chose to model on the proportional hazards scale because our aim
was to build a model that clinicians are familiar with.

Hazard Odds Normal

DF | AIC BIC AlIC BIC AIC BIC

1 953.51 | 1113.8 | 724.22 | 884.51 | 683.78 | 844.06
2 483.05 | 649.06 | 416.68 | 582.69 | 511.2 | 677.21
3 [330.09 | 501.82 | 307.59 | 479.32 | 512.5 | 684.24
4 305.77 | 483.23 | 234.19 | 411.65 | 283.45 | 460.91
5 67.06 | 250.25 | 25.8 208.98 | 88.06 | 271.24
6 108.82 | 297.72 | 62.16 | 251.07 | 119.89 | 308.8

Abbreviations: DF,

Degrees of freedom; AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion.

I+
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Supplementary Table 3: Multiple chained imputation results.

Covariate Hazard Ratio [Cl 95%] | P Value
Age at presentation | 0.91 [0.90; 0.92] <0.001
Kmax 1.10 [1.09; 1.11] <0.001
Pachymetry 10 0.97 [0.96; 0.98] <0.001
Front K1 0.95 [0.93; 0.98] <0.001
Front K2 0.94 [0.91; 0.96] <0.001

Abbreviations: Cl, confidence interval; Kmax, maximum Keratometry; Front K1, flattest anterior keratometry; Front K2, steepest

anterior keratometry

‘Minimum pachymetry in steps of 10um.

I+
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Supplementary Table 4: Univariable results for genetic data. This includes the 28
most significantly associated Single-nucleotide Polymorphisms (SNPs):.

I+

SNP name Hazard Ratio [95% CI] | P Value | R | D

rs59771807 1.13[0.72; 1.76] 0.60 0.00 | 0.08
rs3115850 1.11 [0.96; 1.27] 0.16 0.00 | 0.12
rs114525117 | 1.1[0.85; 1.43] 0.46 0.00 | 0.08
rs950122 0.97 [0.85; 1.12] 0.71 0.00 | 0.03
rs115991721 | 0.72[0.45; 1.14] 0.16 0.01 | 0.24
rs55678698 0.93 [0.65; 1.35] 0.72 0.00 | 0.06
rs6657440 1.03[0.91; 1.17] 0.63 0.00 | 0.04
rs72631889 | 0.4 [0.22;0.72] 0.002 0.09 | 0.66
rs12184325 1.09 [0.83; 1.42] 0.53 0.00 | 0.07
rs74460547 1.2[0.6; 2.4] 0.60 0.00 | 0.12
rs72631887 1.29[0.8; 2.07] 0.29 0.01 | 0.18
rs4040617 1.11 [0.96; 1.28] 0.17 0.00 | 0.11
rs116390263 | 0.96 [0.62; 1.49] 0.85 0.00 | 0.03
rs116452738 | 0.66 [0.24; 1.86] 0.43 0.01 | 0.17
rs3131972 1.06 [0.93; 1.21] 0.35 0.00 | 0.08
rs3131962 1.08 [0.94; 1.24] 0.29 0.00 | 0.09
rs13303222 1.02 [0.86; 1.2] 0.85 0.00 | 0.01
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rs4970382 1.04[0.93; 1.18] 0.48 0.00 | 0.06
rs116587930 | 1.26 [0.91; 1.75] 0.17 0.01|0.18
rs11240779 1.11[0.98; 1.26] 0.10 0.00 | 0.14
rs4970459 0.98 [0.84; 1.14] 0.79 0.00 | 0.03
rs12562034 1[0.84; 1.2] 0.98 0.00 | 0.00
rs116720794 | 1.09 [0.84; 1.42] 0.52 0.00 | 0.07
rs13303101 1.1[0.94; 1.29] 0.24 0.00 | 0.11
rs4970383 1.06 [0.93; 1.2] 0.37 0.00 | 0.08
rs79373928 1.45[0.82; 2.58] 0.21 0.01|0.24
rs192998324 | 1.15[0.72; 1.83] 0.57 0.00 | 0.10
rs57181708 1.05[0.88; 1.26] 0.55 0.00 | 0.04

Abbreviations: N, number of eyes; Rz, explained variation; D, Royston and Sauerbrei’s D statistic (used as a measure of
discrimination); ClI, confidence interval.



Supplemental Table 5 Click here to access/download;Supplementary Material:
Images, Tables, Text;Supplementary Table 5.docx

Supplementary Table 5. Hazard ratios for genetic sub-analysis model using 1144
eyes containing clinical data and rs72631889 SNP.

Covariate Hazard Ratio [95% CI] | P Value
Age at presentation | 0.92 [0.90; 0.93] <0.001
Kmax 1.10[1.07; 1.12] <0.001
Back K2 1.60 [1.36; 1.87] <0.001
Pachymetry10- 0.96 [0.94; 0.99] 0.010
rs72631889 0.42 [0.23; 0.77] 0.005

Abbreviations: Cl, confidence interval; Back K2, steepest posterior keratometry; Kmax, maximum Keratometry; Back K2,
steepest posterior keratometry

“Minimum pachymetry in steps of 10um.
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Supplementary Table 6. The effect on explained variation and discrimination of
removing individual covariates from the full model. Removing age has the most
dramatic effect, reducing Rz from 33.3% to 19.7%. Removing Kmax reduced Rz from
33.3% to 28.3%. The other covariates are less important with pachymetry, Front K1
and Front K2 reducing R= by <1% when removed.

Covariate Removed | Rx D

None 0.333 | 1.45
Age at presentation | 0.197 | 1.01
Kmax 0.284 | 1.29
Front K1 0.324 | 1.42
Front K2 0.327 | 1.43
Pachymetry10- 0.324 | 1.42

Abbreviations: Rz, explained variation; D, Royston and Sauerbrei’s D statistic (used as a measure of discrimination); Kmax,
maximum Keratometry; Front K1, flattest anterior keratometry; Front K2, steepest anterior keratometry

“Minimum pachymetry in steps of 10um.


https://www.editorialmanager.com/ajo/download.aspx?id=1635624&guid=03f52e0d-f9e9-4ca7-a2e8-244b65c10e99&scheme=1
https://www.editorialmanager.com/ajo/download.aspx?id=1635624&guid=03f52e0d-f9e9-4ca7-a2e8-244b65c10e99&scheme=1

Supplemental Table 7 Click here to access/download;Supplementary Material:
Images, Tables, Text;Supplementary Table 7.docx

Supplementary Table 7. Internal-external cross-validation across different
geographic regions.

Region | N CXL events | D« Dw |Dk-D(k)|DS.E.
1 2,088 | 727 1.58 | 1.38 | 0.19 0.09
2 946 330 1.31|1.44|-0.12 0.15
3 1,014 | 366 1.35| 1.44 | -0.09 0.11
4 711 222 159 |1.410.17 0.16
5 1,050 | 203 1.60 | 1.40 | 0.21 0.14
6 574 216 1.28 | 1.44 | -0.16 0.14
7 2,318 | 1,168 1.22 | 1.48 | -0.26 0.08

Abbreviations: N, number in region k; D,discrimination omitting region k; D,, discrimination predicted in region k; D, - D,
difference in discrimination between; S.E, Standard error for D, - D,
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Supplementary Table 8. Best Case Hazard Ratios
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Covariate | Hazard Ratio P Value 95% confidence interval

age 0.95 | <0.001 0.95 0.96
kmax 1.08 | <0.001 1.06 1.10
k2 0.91 | <0.001 0.88 0.93

I+


https://www.editorialmanager.com/ajo/download.aspx?id=1635626&guid=77e3b4cb-d63a-43ad-96ef-819064f31413&scheme=1
https://www.editorialmanager.com/ajo/download.aspx?id=1635626&guid=77e3b4cb-d63a-43ad-96ef-819064f31413&scheme=1

Supplemental Table 9

Supplementary Table 9. Worst Case Hazard Ratios
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Covariate Hazard Ratio | P Value | 95% confidence interval
age 0.93 | <0.001 0.92 0.94
kmax 1.09 | <0.001 1.08 1.10
k1 0.98 | 0.02 0.96 1.00
k2 0.95 | <0.002 0.93 0.97
pachymetry 0.97 | <0.003 0.96 0.98
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Supplementary Text 1. Choice of Scale and Degrees of Freedom

Royston-Parmar models can be fit on a number of different scales (Hazard, Odds, Normal) and the degrees of
freedom for the baseline spline can also take a range of integer values. Scale selection and degrees of freedom
for the Royston-Parmar model was informed by inspecting the AIC, BIC as suggested by Royston et al. ©. When
selecting these two aspects of the model, it is important not to assume linear covariate effects for continuous
variables so we categorized each continuous variable into 5 categories first. We subsequently iterated over the 3
different scales (Hazard, Odds, Probit) and 6 degrees of freedom to find the optimal (minimum) AIC and BIC.
The results of iterating over both scale and degrees of freedom in order to guide further analysis can be seen in
Supplementary Table 2.

1. Patrick Royston PL. Flexible Parametric Survival Analysis Using Stata: Beyond the Cox Model. Stata
Press; 2011.
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Supplementary Text 2. Multiple Imputation results

When applying multiple chained imputation, all 9,341 eyes were included in the analysis and we imputed the
missing values for Front K1, Front K2, Back K1, Back K2, Kmax, pachymetry and ethnicity. We did not
attempt to impute missing genetic data because the percentage missing (86%) was deemed to be too high. When
we imputed missing data by repeating the model fitting process using multiple chained imputation the hazard
ratios were very similar to the complete case analysis (Supplementary Table 3).
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