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• PURPOSE: To generate a prognostic model to predict 
keratoconus progression to corneal crosslinking (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 were 
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 (HRs) for 
each significant covariate, with explained variation and 

discrimination, and performed internal-external cross val- 
idation by geographic regions. 
• RESULTS: After exclusions, model fitting comprised 

8701 eyes, of which 3232 underwent CXL. For early ker- 
atoconus, 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% CI) 
0.9 (0.90-0.91), maximum anterior keratometry 1.08 

(1.07-1.09), and minimum corneal thickness 0.95 (0.93- 
0.96) as significant covariates. Single-nucleotide poly- 
morphisms (SNPs) associated with keratoconus (n = 28) 
did not significantly contribute to the model. The pre- 
dicted time-to-event curves closely followed the observed 

curves during internal-external validation. Differences in 

discrimination between geographic regions was low, sug- 
gesting the model maintained its predictive ability. 
• CONCLUSIONS: A prognostic model to predict kerato- 
conus progression could aid patient empowerment, triage, 
and service provision. Age at presentation is the most sig- 
nificant predictor of progression risk. Candidate SNPs as- 
sociated with keratoconus do not contribute to progres- 
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eratoconus is a common corneal ectasia that
causes irregular astigmatism, scarring, and loss of vi-
sion. Thinning and steepening can progress through

hildhood and early adulthood, but the shape of most eyes
tabilizes by the third or fourth decade. Without interven-
ion, keratoconus can lead to severe visual loss, with ap-
roximately 10% of eyes eventually requiring corneal trans-
lantation. 1 Corneal crosslinking (CXL) by topical applica-
ion of riboflavin, followed by irradiation with UV-A light,
an arrest progression of keratoconus in up to 88% to 100%
f eyes even when there is relatively advanced disease. 2–6

he potential benefit of CXL is to prevent visual deteriora-
ion with a relatively low risk procedure that is cost effective
or health care providers. 7–9 

However, CXL is usually not offered to all patients at pre-
entation because the disease may have already stabilized.
n the recent KERALINK study, 43% of children aged < 17
ears at presentation had not progressed after 18 months. 10

he definition of progression also varies with the severity
f keratoconus, but for early disease a common threshold is
ither an increase in the maximum keratometry (Kmax) of
 1 diopter (D), a change in the manifest refractive spheri-

al equivalent of > 0.50 D, or an increase in manifest refrac-
ive cylinder of > 1 D. 2 , 11 Depending on the rate of progres-
ion this threshold may be passed in a few months, years, or
ot at all. At the first assessment it can be a challenge to
istinguish eyes that are at risk of rapid progression from
hose where it is safe to monitor. Unnecessary review visits
re a burden to the patient and the care system. 

We considered the date of numeric progression, 6 as well
s the date when CXL was performed, as alternative end
oints to define keratoconus progression. Although the use
f keratometry as an end point may appear the more ob-
ective method, there is variability on the definition of
rogression reported in the literature and conclusions may
ary with the definition that is adopted. 11–14 Repeatability
hresholds are not usually tailored to individual eyes (ie, an
ncrease in Kmax by 1 D is not significant in all eyes) al-
hough there is growing evidence on the variability of mea-
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surements in more advanced disease and the need for tai-
loring numerical progression definitions to the disease state,
and distinguishing real progression from inherent variabil-
ity of measurement modalities. 15–17 

Finally, patients who receive CXL prior to progression
must be censored from the data set even though these eyes
are likely to have been at risk of progression. This type of in-
formative censoring creates a bias. 18 In contrast, the time to
CXL depends on several variables that include numeric dis-
ease progression, but also incorporates patient-specific risk
factors for future progression. Its strength is that it is an eas-
ily comprehensible and meaningful end point for patients.
It encompasses individual risk factors that are not consid-
ered when imaging is used in isolation and it has been used
by others as defining the event of interest. 19 

For these reasons, we have used demographic and serial
tomography data from a large cohort of patients to gener-
ate a time-to-event model to predict the probability of an
individual progressing to CXL. Because the Cox propor-
tional hazards method does not generate smooth time-to-
event curves, we used the Royston-Parmar model to achieve
direction estimates of the hazard function. 20 We also per-
formed a further analysis of a subset of patients who had ge-
netic data in the form of single-nucleotide polymorphisms
(SNPs) generated as part of a study to determine kerato-
conus risk. 21 

METHODS 

• COHORT: The study protocol was reviewed and ap-
proved by the Clinical Audit Assessment Committee of
Moorfields Eye Hospital NHS Foundation Trust (refer-
ence 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 Dec-
laration of Helsinki. We identified from the Moorfields Eye
Hospital electronic health record database (OpenEyes) pa-
tients aged ≥13 years diagnosed with clinical or suspected
keratoconus who attended our Early Keratoconus Clinic be-
tween 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 Scheimpflug tomography
(Pentacam HR; Oculus GmbH). 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 pe-
riod was as follows: (1) a documented history prior to refer-
ral to the Early Keratoconus Clinic of our hospital of signifi-
cant recent disease progression, 6 (2) a change in contempo-
rary measurements of 95% above the repeatability limits of
the baseline measurements as shown in Supplementary Ta-
ble S1 (available at http://www.ajo.com ), 6 or (3) a patient
322 AMERICAN JOURNAL OF OPHT
onsidered by a clinician to be at high risk of progression
espite their not fulfilling the above 2 criteria. Exclusion
riteria included pregnancy or breastfeeding, uncontrolled
cular surface disease, or a minimum corneal thickness less
han 375 µm. 

All the data used for model fitting started from the first
ppointment in the Early Keratoconus Clinic. Patient de-
ographics included age, gender, smoking status (current

r ex-/nonsmoker), ethnicity, and postcode. Ethnicity was
oded as 1 for “Black” or “South Asian or South Asian
ritish” and 0 for any other category (excluding missing val-
es). Before model fitting, the pachymetry in micrometers
as divided by 10 to generate a meaningful scale. For the
rimary analysis, eyes with any missing data were excluded.
e also explored multiple imputation, which avoids data

xclusion by generating multiple versions of the data set,
ith missing values replaced with values sampled from an
ppropriate distribution. 

To see whether genetic data can help predict kerato-
onus progression, we used 28 candidate SNPs from a re-
ent keratoconus genome-wide association study that con-
ained 926 patients from Moorfields Eye Hospital. 21 The
NP data were encoded as 0 (homozygous reference geno-
ype), 1 (heterozygous genotype), or 2 (homozygous variant
enotype). We chose to use an additive encoding; thus, the
isk of disease increases additively with the degree of genetic
ariation. 22 Anonymized data were then exported to Excel
oftware for analysis (version 15.24 2016, Microsoft Corp).

MODEL FITTING AND COVARIATE SELECTION: A
oyston-Parmar flexible parametric survival model was
tted to the data to predict the probability of an eye
rogressing to CXL. 23 Initial analysis of the covariates was
erformed by univariate analysis using the same model
haracteristics as the multivariable model. When selecting
ovariates for the final multivariable model, we used back-
ards stepwise selection with a significance level of 0.05.
e used linear covariates for ease of interpretation of our

nal model. To create a more parsimonious model we exam-
ned the effect on explained variation and discrimination
f removing single variables from the model. 

KERATOMETRIC PROGRESSION SENSITIVITY ANALYSIS:

e included a sensitivity analysis in which we investigated
eratometric progression as an alternative end point. Ker-
tometric progression was defined using thresholds from
ore and associates. 6 When using numerical thresholds to

efine progression, the appointments for eyes beyond the
ate of CXL cannot be used. However, censoring these eyes
t the date of CXL represents informative censoring. Based
n the recommendations of Clarke and associates 18 for in-
estigating the impact of informative censoring, we gener-
ted a “best case” data set where eyes were censored at the
XL date and a “worst case” data set where patients were

ssumed to progress at the CXL date. 
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The corresponding Kaplan-Meier curves were plotted to
provide a visual comparison of the 2 data sets. A Royston-
Parmar model was then fitted on both data sets. We used
the same techniques (backward stepwise selection, signifi-
cance level of .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 data set by geographical region. 24 , 25 For the
k th region, the model is fitted on the full data set exclud-
ing region k , and then Kaplan-Meier curves and predicted
survival curves were generated for region k . Seven geo-
graphical regions were created based on the patient’s post-
code as shown in Supplementary Figure S1 (available at
http://www.ajo.com ). 

To quantitatively assess the validation, Royston and
Sauerbrei’s D statistic was calculated for both the model fit-
ted from data excluding region k ( D ( k ) ) and also the model
applied to region k ( D k ). 26 The difference between these 2
discrimination metrics ( D k – D ( k ) ) 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 3 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 de-
fined as the date that the eye underwent CXL. We cal-
culated 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 censor-
ing). Because we had paired observations (eyes), we used
variance-corrected models to account for correlation be-
tween eyes and to ensure that robust SEs 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 and Bayes information crite-
rion, 20 and the results of this were balanced with ease of
interpretation. See Supplementary Table S2 and Supple-
mentary Material S1 (available at http://www.ajo.com ) for
further explanation. 

Royston and Sauerbrei’s D statistic was used as a measure
of discrimination and R 

2 
D 

as a measure of explained vari-
ation (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 anal-
ysis using multiple chained imputation (predictive mean
matching approach with 5 nearest neighbors). Model fit-
ting was performed in Stata 13 (StataCorp LP), and the
Royston-Parmar model was fitted using the stpm2 package

from Stata 13. i  

VOL. 240 KERATOCONUS
RESULTS 

COHORT: From a potential of 9341 eyes (4316 pairs of
yes and 709 individual eyes), the final model used 8701
yes of 4823 patients, with 3232 eyes that had CXL. The
ean age was 28.3 years with SD of 7.1 years. We excluded

40 eyes with missing data. Table 1 summarizes the avail-
ble covariates along with missing data percentages. See
upplementary Material S2 and Supplementary Table S3
available at http://www.ajo.com ) for a description of the
ultiple imputation results. 

MODEL FITTING AND COVARIATE SELECTION (GENETIC

ATA): We analyzed patients with genetic data separately
ecause these data were only available for ∼14% of pa-
ients. Of 926 patients (1852 eyes) with genetic data,
31 eyes were excluded with incomplete keratometry or
XL data, which left 1321 eyes, of which 665 had CXL.
ith univariate analysis of the 28 SNPs, only rs72631889

as found to be significant ( P = .01) (Supplementary Ta-
le S4 [available at http://www.ajo.com ]). We then pro-
uced a multivariable model via backward selection on
his subset of eyes using corneal data, patient data, and
s72631889 as an additional covariate as shown in Supple-
entary Table S5 (available at http://www.ajo.com ). How-

ver, rs72631889, although significant ( P = .005), had a
egligible contribution (0.3%) to the explained variation

n the final model. 

MODEL FITTING AND COVARIATE SELECTION (EXCLUD-

NG GENETIC DATA): The results of the univariate time-
o-event analysis on the hazards scale using a Royston-
armar flexible parametric model is shown in Table 2 . Ge-
etic data was excluded from this analysis. All variables ex-
ept smoking status were significant. The explained vari-
tion ( R 

2 
D 

) and discrimination ( D ) were highest for age
17%) and Kmax (15%) with Front K1, Front K2, Back
1, Back K2, and pachymetry each explaining 6% to 10%
f the variation. Notably, gender and ethnicity, although
ignificant in the univariate analysis, did not contribute to
xplained variation. The hazard ratios for significant co-
ariates indicate that increasing age at presentation, greater
achymetry, and flatter (less negative) posterior keratome-
ry values decrease the risk of having CXL, whereas steeper
nterior keratometry values and male gender increase the
isk of having CXL. 

When we fitted a multivariable model, the significant
ovariates were age, Kmax, Front K1, Front K2, and
achymetry ( Table 2 ). When we removed single variables
rom the model, the effect this had on explained varia-
ion and discrimination is shown in Supplementary Ta-
le S6 (available at http://www.ajo.com ). Age was the
ost important covariate (16.7%), with Kmax contribut-

ng ∼5% of explained variation. K1, K2 and pachymetry
 PROGRESSION 323 
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TABLE 1. Summary Statistics for the Available Covariates at the First Examination for 9341 Eyes Recorded at First Visit. 

Covariate Type Mean SD No. of Eyes Missing No. (%) 

Front K1 (D) Numeric 45.31 3.86 8813 528 (5.7) 

Front K2 (D) Numeric 48.39 4.85 8839 502 (5.4) 

Back K1 (D) Numeric –6.53 0.75 7949 1392 (14.9) 

Back K2 (D) Numeric –7.23 0.93 8702 639 (6.8) 

Kmax (D) Numeric 54.14 8.01 8834 507 (5.4) 

Pachymetry ( μm) Numeric 462.92 46.15 8946 395 (4.2) 

Age (y) Numeric 28.28 7.10 9341 0 (0) 

Genetic data a Ordinal N/A N/A 1141 8020 (85.9) 

Self-reported Black or Asian ethnicity b Categorical (59.9% Black or Asian) N/A N/A 4889 4452 (47.7) 

Male gender Categorical (67% male) N/A N/A 9341 0 (0) 

Smoker c Categorical (4.5% smoker) N/A N/A 9341 0 (0) 

Back K1 = flattest posterior keratometry, Back K2 = steepest posterior keratometry, Front K1 = flattest anterior keratometry, Front 

K2 = steepest anterior keratometry, Kmax = maximum keratometry, pachymetry = minimum corneal thickness, N/A = not applicable. 
a Genetic data composed of 28 SNPs and was encoded in an additive fashion (0, 1, 2). 
b 1 = Black or Asian, 0 = otherwise. 
c 0 = nonsmoker/ex-smoker, 1 = current smoker. 

TABLE 2. Univariable and Final Multivariable Model for All Considered Covariables Excluding Genetic Data in the Training Data Set 
Fitted on the Hazards Scale With 5 Degrees of Freedom 

Univariable XXXX (no. of eyes = 9341) Multivariable XXXX (no. of eyes = 8701) 

Covariate Hazard Ratio (95% CI) P Value R 2 D (%) D Hazard Ratio (95% CI) P Value 

Ethnicity 1.14 (1.02, 1.27) .02 0.4 0.13 N/A N/A 

Smoker a 1.07 (0.9, 1.28) .46 0.1 0.05 N/A N/A 

Male gender 1.11 (1.01, 1.21) .02 0.2 0.10 N/A N/A 

Age at presentation 0.91 (0.9, 0.92) < .001 16.7 0.92 0.9 (0.90, 0.91) < .001 

Kmax 1.06 (1.05, 1.06) < .001 14.9 0.86 1.08 (1.07, 1.09) < .001 

Front K1 1.09 (1.08, 1.1) < .001 7.0 0.56 0.93 (0.91, 0.94) < .001 

Front K2 1.08 (1.07, 1.08) < .001 9.8 0.67 N/A N/A 

Back K1 b 0.67 (0.64, 0.71) < .001 5.9 0.51 N/A N/A 

Back K2 b 0.7 (0.67, 0.72) < .001 8.4 0.62 N/A N/A 

Pachymetry 10 b 0.93 (0.92, 0.94) < .001 7.5 0.58 0.95 (0.93, 0.96) < .001 

Back K1 = flattest posterior keratometry, Back K2 = steepest posterior keratometry, D = Royston and Sauerbrei’s D statistic (used as a 

measure of discrimination), Front K1 = flattest anterior keratometry, Front K2 = steepest anterior keratometry, Kmax = maximum keratometry, 

N/A = not applicable due to this variable not being included in the final model, pachymetry = minimum corneal thickness, R 

2 
D = explained 

variation. 
a 0 = nonsmoker/ex-smoker; 1 = current smoker. 
b 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. c Minimum pachymetry in 

steps of 10 μm. 
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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 cor-
related ( R 

2 = 0.91) as shown in Supplementary Figure S2
(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 in-
crease 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. 27 The opposing
324 AMERICAN JOURNAL OF OPHT
ffect of Kmax and Front K1 can be explained by examining
heir regression coefficients before converting to hazard ra-
ios; Kmax has a positive coefficient (0.0795) and Front K1
as a negative coefficient (–0.0749). This is logically simi-

ar to including the combined covariate (Kmax-Front K1)
n the model, which can be viewed clinically as a proxy for
rregular astigmatism. We also investigated combining K1
nd K2 into a single covariate as K2-K1 (standard defini-
ion of astigmatism), but the corresponding P value was not
ignificant. 
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FIGURE 1. Chart showing how the Royston-Parmar model fits the entire data set. 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 1 visually depicts the result of applying the fi-
nal model to the original data set. As expected, the pre-
dicted mean survival curves closely follow the Kaplan-
Meier curves. To demonstrate the use of the model in clini-
cal practice, survival curves for 3 hypothetical patients fol-
lowed for 5 years are shown in Figure 2 . We have also pro-
duced a web application from the model, which can be ac-
cessed at http://beta.moorfieldscxl.com . 

• KERATOMETRIC PROGRESSION SENSITIVITY ANALYSIS: 

The results of the keratometric progression sensitivity anal-
ysis can be found in the Supplementary Material. By ex-
amining the Kaplan-Meier curves in Supplementary Figure
S3, we can see that the best case time-to-event curve indi-
cates a 40% survival probability at 5 years while the worst
case curve indicates a 27% survival probability at 5 years.
This 13% difference in survival probability at 5 years repre-
sents the upper bound of the discrepancy in survival prob-
ability within the data. After fitting the Royston-Parmar
model, among the hazard ratios that overlap (age, Kmax,
K2), there was reasonable similarity (Supplementary Ta-
bles S8 and S9). Most important, 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 that received CXL. 

• MULTIVARIABLE MODEL VALIDATION: When perform-
ing validation using internal-external cross validation,
VOL. 240 KERATOCONUS
igure 3 shows the ability of our final model to predict kera-
oconus progression across different geographic regions. We
id not identify any significant differences in prognostic fac-
ors across regions. The model prediction curves generally
ollow the Kaplan-Meier curves. Notably, region 5 (South-
est Greater London) and region 7 (other regions) have a
orse predictive performance than the other regions, indi-
ating that these regions have different characteristics com-
ared with the remainder of the data set used for model fit-
ing. This could be due to differing patient characteristics,
uch as complex cases that required referral to our tertiary
eferral center rather than being managed locally. 

Overall, the prediction becomes less accurate over time,
hich is expected because of low numbers with follow-up
eyond 3 years. Supplementary Table S7 displays quanti-
ative validation results of the model using internal exter-
al validation. The difference column D k – D ( k ) is a mea-
ure of predictive ability. Region 7 (other regions outside of
reater London) has the greatest discrepancy in discrimi-
ation (–0.26), which indicates that the model fitted when
xcluding region 7 had greater discriminative ability than
hen applied to region 7 alone. 

DISCUSSION 

n this study, we have incorporated demographic, kerato-
etric, and genetic data to generate a prognostic model
 PROGRESSION 325 
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FIGURE 2. Time-to-event curves that predict the risk of progression to CXL for 3 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 (t ) , where H(t) is the cumulative hazard 
function and is commonly expressed as ln ( H( t) ) = s ( ln ( t) ) + xβ, where s ( ln ( t) ) is a restricted cubic spline function of log time, 
β is the vector of coefficients, and x is the vector of covariates. For further details of the derivation, we refer the reader to Patrick 

Royston. 20 pachy = pachymetry. 
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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 ac-
counts for a much higher proportion of the explained vari-
ation (33%) compared with the keratometric model (11%
or 23% for best and worst case, respectively). 

The opposing effects of Kmax and Front K1 were un-
expected, 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 irreg-
ular 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
generalizability, and model discrimination between train-
ing and cross-validation groups was similar, indicating that
the predictive ability is well maintained. Finally, our SNP
326 AMERICAN JOURNAL OF OPHT
enetic data had limited additional predictive utility for
eratoconus progression. However, the genetic data set was
elatively small (926 patients), and recruitment was based
n the presence of keratoconus, as opposed to the sever-
ty of keratoconus, or any other index of risk of rapid
rogression. 

The Royston-Parmar model has previously been used to
redict the likelihood of the worst eye of patients with ker-
toconus progressing to corneal transplantation. 28 In their
nal model, Quartilho and associates chose 3 significant
ovariates: Kmax, age, and ethnicity. The reported covari-
te hazard ratios that overlap with our study (Kmax and
ge) were different in magnitude but in the same direction.

hen performing internal validation, their model exhib-
ted good predictive ability. 

They produced time-dependent receiver operating char-
cteristic curves using the validation set and found 1-year
ensitivity and specificity to be 92.8% and 94.6%, respec-
ively. Using logistic regression, Kato and associates found
hat the 2 strongest factors associated with the requirement
or CXL were age and Kmax, which is consistent with our
ndings. 19 Moreover, the team went on to find that age
ombined with corneal tomography maps was able to pre-
ict progression and need for crosslinking using deep learn-
ng. 29 
HALMOLOGY AUGUST 2022 



FIGURE 3. Predicted and observed survival curves for 7 postal code regions of Greater London as shown in Supplementary Figure 
S1 (available at http://www.ajo.com ) using internal-external cross-validation. 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). 
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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. First, pa-
tients may better understand their own risk for progres-
sion and feel more confident in choosing their treatment
options. Second, for both clinicians and patients, the pre-
diction of progression may contribute to scheduling treat-
ments, including prioritizing patients at high risk of early
progression. 

For example, patients at high risk with a 98% probabil-
ity of progressing to CXL at 5 years could be offered CXL
at the point of first diagnosis without waiting to demon-
strate keratometric progression. Medium-risk patients may
benefit from a period of clinician-led topographic monitor-
ing. 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 re-
sources 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 steep-
VOL. 240 KERATOCONUS
st. Recommendations based on this model on clinical prac-
ice is yet to be evaluated. 

Our study is subject to several limitations inherent to our
ata set. First, if patients had CXL at another hospital, this
ay not be reliably recorded in the source database. This

ould lead to a very small number of patients being included
n the analysis who have already had CXL. 

Second, ethnicity is a well-established risk factor for ker-
toconus and keratoconus progression, 27 , 30 , 31 but ethnicity
s now an optional field at patient registration at our in-
titution and this information was unavailable for approx-
mately 50% of our data set. However, even when we re-
tricted the data set to those with ethnicity records, it was
ot found to be a significant covariate. 
Third, though the cohort used for univariable and multi-

ariable analysis were identical, the number of eyes where
ll covariates were available was lower than for univariable
nalysis due to missing data. Finally, when we used multi-
le imputation to generate a multivariable model, ethnicity
as still not found to be significant. 
In the model fitting process, we chose to use a sim-

le backward selection as opposed to the multivariate
ractional polynomial method. 32 In our initial investiga-
ions, the results of multivariate fractional polynomial
 PROGRESSION 327 
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yielded nonlinear functional forms of the covariates, and
although this method may have slightly increased the
predictive power of the prognostic model, the resulting
hazard ratios would be very hard to interpret. In addi-
tion, 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. Fi-
nally, although no external validation data set was avail-
able, internal external cross validation allowed us to con-
firm that our model is generalizable across geographical
regions. 
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