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What was known before: 1 

Keratoconus may continue to progress even after cross linkage (CXL) Identifying eyes that have 2 

progressed can be difficult Criteria to define progression vary, with no agreed definition 3 

 4 

 5 

What this study adds: 6 

The rate of keratoconus progression following CXL varies with the criteria adopted We have developed 7 

95% Limits of Agreement for keratometry to account for all stages of keratoconus severity We have 8 

compared this method with results using standard definitions 9 

  10 
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Abstract 37 

Objective: To define how estimates of keratoconus progression following collagen cross-linking 38 

(CXL) vary according to the parameter selected to measure corneal shape. 39 

Materials and Methods: We estimated progression following CXL in 1677 eyes. We compared 40 

standard definitions of keratoconus progression based on published thresholds for Kmax, front 41 

K2, or back K2, or progression of any two of these three parameters, with the option of an 42 

increased threshold for Kmax values ≥55D. As corneal thickness reduces unpredictably after 43 

CXL, it was excluded from the principal analysis. We then repeated the analysis using novel 44 

adaptive estimates of progression for Kmax, front K2, or back K2, developed separately using 45 

6463 paired readings from keratoconus eyes, with a variation of the Bland-Altman method to 46 

determine the 95% regression-based limits of agreement (LoA). We created Kaplan-Meier 47 

survival plots for both standard and adaptive thresholds. The primary outcome was progression 48 

five years after a baseline visit 9-15 months following CXL. 49 

Results: Progression rates were 8% with a standard (≥1.5D) threshold for K2 or 6% with the 50 

static multi-parameter definition. With a ≥1D threshold for Kmax, the progression was 51 

significantly higher at 29%. With adaptive Kmax or K2, the progression rates were similar (20%) 52 

but less than with the adaptive multi-parameter method (22%).  53 

Conclusions: Estimates of keratoconus progression following CXL vary widely according to the 54 

reference criteria. Using adaptive thresholds (LoA) to define the repeatability of keratometry 55 

gives estimates for progression that are markedly higher than with the standard multi-parameter 56 

method. 57 

  58 

Key words: Cornea, keratoconus, corneal cross-linking, Kaplan-Meier estimate  59 
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Introduction 60 

Keratoconus is a common cause of visual disability in young people, with a prevalence in some 61 

populations estimated to be as high as 1:50.1–3 It is characterised by progressive corneal 62 

thinning and distortion with visual loss.4,5 Corneal cross-linking (CXL) is a photochemical 63 

treatment that can arrest progression.6–9 However, estimates of treatment success vary 64 

(reported range 90.1% to 98.3%) in part due to the different definitions of progression adopted, 65 

with no consensus on the best parameters to use.7,10–12 The heterogeneity of definitions of 66 

progression and inconsistent or absent reporting of key outcome measures, is highlighted in a 67 

recent systematic review.13  68 

 69 

The primary options to identify keratoconus progression are to document an increase in corneal 70 

power, a reduction in corneal thickness, or a loss of visual acuity, considered singly or 71 

combined. Keratometry changes can incorporate either a single parameter, such as an increase 72 

in the front K2 of ≥1.5D or an increase in Kmax of ≥1D, with a single threshold applied across 73 

the full spectrum of disease severity. However, as anterior keratometry values increase, the 74 

measurement repeatability reduces.14–17 A modification that recognises this phenomenon is to 75 

incorporate a second threshold, typically for a keratometry value of >55D, above which the 76 

threshold increases,14 although with a low corneal power progression would still be missed if 77 

small (<1D), but repeatable, changes are ignored. A solution to this would be a personalised 78 

threshold that considers all grades of corneal power. 79 

 80 

In this study, we compared estimates of keratoconus progression following CXL derived when 81 

we apply different criteria to a single dataset. We first used standard definitions of keratometry 82 

progression for Kmax, front K2, or back K2, or combinations of these keratometry values, with 83 

the option of an increased threshold for front K2 for values >55D. We then compared these 84 
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results with a novel estimate of progression based on the 95% regression-based limits of 85 

agreement (LoA) for all values of Kmax, front K2, or back K2. However, we excluded 86 

pachymetry from our estimates due to the unpredictable corneal thinning after CXL and 87 

measurement uncertainty from stromal compaction and light scatter.6,18–20 We used Kaplan-88 

Meier survival plots to compare the progression rates. 89 

  90 

Methods 91 

Moorfields Eye Hospital NHS Foundation Trust approved the study (references CA17/CED/03 92 

and 22/PR/0249), which complied with the Interventional Procedure Guidance (IPG466) of the 93 

National Institute for Health and Care Excellence (NICE) and adhered to the tenets of the 94 

Declaration of Helsinki. We based the first diagnosis of keratoconus on computerised corneal 95 

tomography parameters, such as the Belin-Ambrosio analysis of posterior corneal ectasia 96 

(Oculus HD, Optikgeräte GmbH, Wetzlar, Germany), evaluated by experienced clinicians based 97 

in a dedicated keratoconus clinic. For the cohort who had CXL we only included participants 98 

who were ≥13 years of age who had epithelium-off accelerated pulsed high-fluence CXL (30 99 

mW/cm2, 1.5 sec on\off cycle, energy 7.2 J/cm2 (Avedro KXL, San Clemente, USA) between 100 

January 2014 and September 2021. We no longer use the Dresden protocol at our centre. We 101 

included both eyes if they met the inclusion criteria. Demographic data included age, sex, and 102 

self-identified ethnicity. Exclusion criteria included pregnancy or breastfeeding, uncontrolled 103 

ocular surface disease, or a minimum corneal thickness measurement before treatment of <375 104 

µm. We also excluded patients with previous corneal surgery, pellucid marginal corneal 105 

degeneration or other ectatic corneal disorders. We routinely scheduled slit-lamp examination 106 

and Scheimpflug corneal tomography at 6 and 12 months after treatment and then as required 107 

for up to six years, with data recorded on an electronic spreadsheet. For the progression 108 

analysis, we defined the baseline visit as an examination 9 to 15 months after CXL.21 We then 109 

recorded any change from the baseline keratometry to the subsequent measurements and 110 



Keratoconus progression          6 

excluded eyes that did not have at least one valid scan after the baseline visit. We then 111 

generated Kaplan-Meier survival curves for all the parameters of interest, with progression 112 

defined as an increase in the parameter beyond the predefined thresholds (Table 1). 113 

 114 

We used an overlapping dataset of repeat scans performed at the same visit for 9341 eyes with 115 

keratoconus to define the adaptive thresholds for keratometry. We selected the first two scans 116 

from each visit with an ‘OK’ Pentacam quality score (QS), so there was no variation in quality 117 

between eyes or pairs of scans. After exclusions, there were 6463 paired readings available for 118 

calculation of the LoA. We used a variation of Bland Altman analysis to generate regression-119 

based limits of agreement (LoA) for the whole range of keratoconus severity for Kmax, front K2 120 

and back K2 (Supplementary text); this is an accepted method when the standard deviation of 121 

repeated measurements varies according to the magnitude of the measurement.22 Then, for 122 

each corneal parameter, we used steepening of keratometry above the 95% LoA as our 123 

definition of progression. We included pachymetry in our evaluation of the LoA because it is 124 

relevant when assessing suitability for repeat CXL, but it was excluded from our primary 125 

analysis of progression as CXL can induce corneal thinning. We excluded visual acuity as it was 126 

not measured objectively on multiple occasions at each visit and thus was not amenable to this 127 

method.  128 

  129 

For statistical analysis, we performed regression-based Bland Altman analysis in RStudio 130 

version 1.3 (https://www.rstudio.com) and a non-parametric estimation of the risk of 131 

keratometric progression using the Kaplan-Meier method (Stata 17, StataCorp LP, Texas, 132 

USA). We used McNemar’s test to compare corresponding eyes five years following the 133 

baseline visit to establish whether the results from any two definitions of progression were 134 

statistically significantly different. 135 

  136 
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Results 137 

We evaluated 5035 eyes that had CXL. Following exclusions, 1677 eyes (1217 patients) were 138 

available for survival analysis. Of these patients, 72% were male, with a self-declared non-white 139 

ethnicity in 373 (40%) of the 934 patients with available data. Figure 1 shows the reasons for 140 

exclusion from the survival analysis. At the baseline appointment 9 to 15 months after CXL the 141 

mean keratometry values were 57.7D for Kmax (standard deviation (SD) 8.0D, range 42.8D to 142 

92.4D), 50.2D for front K2 (SD 5.2D, 36.7D to 74.4D), -7.6D for back K2 (SD 1.0D, -12.0D to 143 

5.3D), and 447.8μm for minimum pachymetry (SD 40.7μm, 315μm to 579μm). Of the 1677 eyes 144 

in the dataset used for the survival analysis, 11.9% had a K2 at baseline of <45D (mild 145 

keratoconus). 146 

 147 

Using 6463 paired readings of eyes, we generated v-shaped Limits of Agreement (LoAs) for 148 

each of the four corneal parameters. The associated regressions demonstrated statistical 149 

significance (P<0.001). The Bland Altman plots for Kmax, front K2 and back K2 and minimum 150 

corneal pachymetry are shown in Figure 2. For each plot, the red dashed lines represent the 151 

95% LoA, which are v-shaped, with the LoA increasing as the value of mean Kmax and front K2 152 

increases and the value of the back K2 and pachymetry decreases, suggesting that the 153 

repeatability of the readings reduces in more advanced disease. The LoA for each dioptre of 154 

keratometry for Kmax, front K2 and back K2 are shown in Supplementary Table 2. 155 

 156 

The Kaplan-Meier survival curves for progression defined using six different keratometry indices 157 

(Table 1) are shown in Figure 3, with confidence intervals added (Supplementary Figure 4 A 158 

and B). The stepwise drop in survival at some points in the curves may result from predefined 159 

follow-up intervals. For the fixed keratometry definition of an increase in Kmax of ≥1D, the 160 

proportion of eyes that had progressed at five years after the baseline visit was the highest 161 

value in the series at 29%, or 18% if we increased the fixed threshold for Kmax to ≥1.5D (data 162 
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not shown). However, with a fixed definition of progression of an increase in K2 of ≥1.5D or the 163 

static multi-parameter definition of progression, the progressed proportion was lower at 8% and 164 

6%, respectively. The results for all three thresholds were similar for the adaptive methods, with 165 

22% of eyes progressing when we used the adaptive Kmax definition, 22% when we used the 166 

adaptive K2 definition, and 20% with the adaptive multi-parameter method. When we use the 167 

McNemar test to compare progression in these groups, we cannot conclude that the difference 168 

between adaptive K2 and adaptive Kmax are different (P=0.9468). However, the progression 169 

identified with the adaptive multi-parameter and adaptive K2 methods differ significantly 170 

(P<0.001). 171 

 172 

When we performed a survival analysis for pachymetry with progression-defined thinning 173 

exceeding the adaptive threshold, there was an approximately 32% probability of progression 174 

five years after the baseline visit (Supplementary Figure 4C). 175 

 176 

Discussion 177 

The primary method to identify keratoconus progression is to monitor for changes in corneal 178 

shape, particularly an increase in keratometry. However, we have shown that with the same 179 

dataset, different parameters, used singly or in combination, give widely different estimates. The 180 

accuracy of keratometry reduces as the cornea becomes more ectatic and using one threshold 181 

will not identify changes in keratometry with the same accuracy over the whole range of 182 

keratoconus severity.15–17,23 As a result, with one threshold, there is a tendency to over-diagnose 183 

progression in steep corneas and miss a repeatable increase in keratometry in flat corneas. A 184 

partial solution to this problem is to use a higher threshold for more advanced disease.14,15 We 185 

have refined this approach by identifying the regression-based 95% limits of agreement (LoA) 186 

for keratometry to derive thresholds that can be applied individually to all corneal curvature 187 

values. We have then used these adaptive thresholds to quantify keratometry changes in a 188 
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population following CXL and then compared the rate of progression with values obtained with 189 

standard methods and thresholds.7,10,11,24,25 We have also incorporated a delayed time point for 190 

baseline observations to allow any acute changes of corneal shape following CXL to 191 

stabilise.6,18–20  192 

 193 

Our results show that keratoconus can continue to progress after epithelium-off accelerated 194 

pulsed high-fluence CXL for at least five years following the baseline, but with a wide range (6% 195 

to 29%) in the estimates of progression depending on the parameter used. For example, with a 196 

static front K2 threshold of ≥1.5D, or the multi-parameter method, the number of eyes that had 197 

progressed five years after the baseline visit was similar at 6% and 8%, respectively. However, 198 

with a static Kmax threshold of ≥1.0D, the progression rate was much higher at 29%, although 199 

this reduced to 18% if we increased this threshold to ≥1.5D. In contrast, the results using the 200 

three adaptive thresholds were more uniform at 20% to 22%. Importantly, because there is no 201 

reference standard (ground truth) to define progression, we can only compare the results 202 

obtained with the different methods; we do not know which is the most accurate or best 203 

represents progression. It is also difficult to compare our estimates with other case series due to 204 

the variety of thresholds used in the literature, the lack of an agreed time-point for the baseline 205 

readings, and variation in the reported follow-up. Overall reported values have ranged between 206 

2% and 20%,7,26–32 and we previously reported that when measured from the time of treatment 207 

and with a static multi-parameter method, progression was between 1.9% and 2.4% two years 208 

after treatment.7 209 

  210 

Monitoring for keratoconus progression after CXL is to determine whether the disease has 211 

stabilised or whether a repeat CXL is indicated. Multiple surgeon and patient factors can 212 

influence the decision to undergo retreatment, including patient reluctance following the 213 

experience of the first procedure with little patient-perceived benefit, insufficient residual stromal 214 
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thickness, and the relative lack of clinical outcome data to support the effect of repeat CXL. We 215 

found only a small number of reports of retreatment rates after CXL, which varied between 4 in 216 

131 eyes (3%) to 45 in 230 eyes (20%).25,33 Interestingly, in our series, despite a minimum value 217 

for progression at five years of 6%, only a minority of eyes (0.5%) had a repeat CXL, suggesting 218 

CXL retreatment is not a good proxy for keratometric progression after CXL and that different 219 

clinical criteria apply when considering treatment with primary CXL as opposed to repeat CXL. 220 

As yet, there is also no agreement on when to perform retreatment. However, the threshold 221 

differs from primary CXL, with criteria ranging from a >2D increase in Kmax within one year or 222 

an increase in Kmax of >1D at two subsequent follow-up visits more than one year following the 223 

primary treatment.25,33  224 

  225 

The strengths of our study include the large sample size available to develop the keratometry 226 

LoAs and the large cohort with extended follow-up after CXL for validation. For the first time, we 227 

have quantified the effect of using different keratometry parameters on the estimates of 228 

progression. The limitations of this study are the high proportion of eyes with incomplete data 229 

and follow-up, a risk inherent when analysing data retrospectively. We do not know if the 230 

characteristics of the population censored from the survival curves are the same as the included 231 

data. Because of the high attrition rate, our results best serve as a comparative analysis of the 232 

included parameters as opposed to a statement of their relative utility to identify the actual rate 233 

of progression, which is unknown. We included older children and young adults, although there 234 

may be differences in their risk of progression. Although we confirmed that a proportion of eyes 235 

had thinned after CXL, it is unclear if this is an effect of CXL or the progression of keratoconus, 236 

and the role of pachymetry when monitoring for continued keratoconus progression after CXL is 237 

uncertain. Monitoring for a change is visual acuity, not included in this study, may also have a 238 

role in the detection of progression. We defined our new definitions of progression as 239 

keratometry crossing an adaptive threshold after one appointment; requiring sustained 240 
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progression across at least two examinations may be more accurate. Finally, an unknown 241 

proportion of the eyes in the original cohort with primary CXL may not have progressed even if 242 

they did not have this treatment.10 These stable eyes would also be unlikely to progress further 243 

after their primary CXL. 244 

  245 

In conclusion, a missed diagnosis of keratoconus progression can lead to visual loss. We have 246 

confirmed that the choice of parameter and the associated threshold used to define progression 247 

will affect estimates of treatment failure following CXL. With a single or multi-parameter 248 

threshold definition of keratoconus progression, the clinician could misclassify measurement 249 

error in advanced disease as progression and miss repeatable changes in keratometry in early 250 

disease. Therefore, we recommend adaptive thresholds as a consistent and personalised 251 

method to identify keratoconus progression. Until this data is incorporated into tomography 252 

summary displays, we encourage clinicians to refer to the estimates of the LoA for each dioptre 253 

of keratometry provided in Supplementary Table 2. 254 

 255 

Supplemental material is available at Eye’s website. 256 

 257 

Data availability statement: Additional data are available from the corresponding author on 258 

reasonable request 259 

 260 

Acknowledgements: Mary Fortune provided statistical advice. Moorfields Eye Charity is 261 

supported in part by the National Institute for Health Research (NIHR) Biomedical Research 262 

Centre based at Moorfields Eye Hospital NHS Foundation Trust and UCL Institute of 263 

Ophthalmology. 264 

 265 

Conflict of Interest: The authors declare that they have no conflict of interest. 266 



Keratoconus progression          12 

 267 

Funding: HM was funded by a Moorfields Eye Charity PhD Studentship (GR001147). NP is 268 

funded by a Moorfields Eye Charity Career Development Award (R190031A). ST, BA and DG 269 

acknowledge that a proportion of their financial support is from the Department of Health 270 

through the award made by the National Institute for Health Research to Moorfields Eye 271 

Hospital NHS Foundation Trust and University College London Institute of Ophthalmology for a 272 

Specialist Biomedical Research Centre for Ophthalmology. The sponsor or funding organisation 273 

had no role in the design or conduct of this research. 274 

 275 

Financial disclosures: No financial disclosures.  276 

 277 

Author contribution statement: OL, HM, ST, DG conceptualization; OL, HM, ML, ST, NP, DG 278 

methodology; HM, LK, ML, NP software; OL, HM, validation; HM, CB formal analysis; ML, NK, ST, BA, 279 

DG resources; HM, ML data curation; OL, HM, ST, DG writing; all authors approved the final draft. 280 

  281 

References 282 

1. Papaliʼi-Curtin AT, Cox R, Ma T, Woods L, Covello A & Hall RC. Keratoconus prevalence 283 

among high school students in New Zealand. Cornea 38, 1382–1389 (2019) 284 

2. Chan E, Chong EW, Lingham G, Stevenson LJ, Sanfilippo PG, Hewitt AW, et al. Prevalence 285 

of keratoconus based on Scheimpflug imaging: The Raine Study. Ophthalmology 128, 515–521 286 

(2021) 287 

3. Godefrooij DA, de Wit GA, Uiterwaal CS, Imhof SM & Wisse RPL. Age-specific incidence and 288 

prevalence of keratoconus: a nationwide registration study. Am J Ophthalmol 175, 169–172 289 

(2017) 290 



Keratoconus progression          13 

4. Tur VM, MacGregor C, Jayaswal R, O’Brart D & Maycock N. A review of keratoconus: 291 

diagnosis, pathophysiology, and genetics. Surv Ophthalmol 62, 770–783 (2017). 292 

5. Ferdi AC, Nguyen V, Gore DM, Allan BD, Rozema JJ & Watson SL. Keratoconus natural 293 

progression: a systematic review and meta-analysis of 11529 Eyes. Ophthalmology 126, 935–294 

945 (2019) 295 

6. Caporossi A, Mazzotta C, Baiocchi S & Caporossi T. Long-term results of riboflavin Ultraviolet 296 

A corneal collagen cross-linking for keratoconus in Italy: The Siena Eye Cross Study. Am J 297 

Ophthalmol 149, 585–593 (2010) 298 

7. Gore DM, Leucci MT, Koay S-Y, Kopsachilis N, Nicolae MN, Malandrakis MI, et al. 299 

Accelerated pulsed high-fluence corneal cross-linking for progressive keratoconus. Am J 300 

Ophthalmol 221, 9–16 (2021) 301 

8. O’Brart DPS, Chan E, Samaras K, Patel P & Shah SP. A randomised, prospective study to 302 

investigate the efficacy of riboflavin/ultraviolet A (370 nm) corneal collagen cross-linkage to halt 303 

the progression of keratoconus. Br J Ophthalmol 95, 1519–1524 (2011) 304 

9. Nicula C, Nicula D, & Pop RN. Results at 7 years after cross-linking procedure in keratoconic 305 

patients. J Fr Ophtalmol 40, 535–541 (2017) 306 

10. Larkin DFP, Chowdhury K, Burr JM, Raynor M, Edwards M, Tuft SJ, et al. Effect of corneal 307 

cross-linking versus standard care on keratoconus progression in young patients: The 308 

KERALINK Randomized Controlled Trial. Ophthalmology 128, 1516-1526 (2021) 309 

11. Ferdi A, Nguyen V, Kandel H, Tan JCK, Arnalich-Montiel F, Abbondanza M, et al. Predictors 310 

of progression in untreated keratoconus: a Save Sight Keratoconus Registry study. Br J 311 

Ophthalmol 106, 1206-1211 (2021) 312 



Keratoconus progression          14 

12. Achiron A, El-Hadad O, Leadbetter D, Hecht I, Hamiel U, Avadhanam V, et al. Progression 313 

of pediatric keratoconus after corneal cross-linking: a systematic review and pooled analysis. 314 

Cornea 41, 874–878 (2022) 315 

13. Ng SM, Ren M, Lindsley KB, Hawkins BS & Kuo IC. Transepithelial versus epithelium-off 316 

corneal crosslinking for progressive keratoconus. Cochrane Database Syst Rev 3, CD013512 317 

(2021) 318 

14. Flynn TH, Sharma DP, Bunce C & Wilkins MR. Differential precision of corneal Pentacam 319 

HR measurements in early and advanced keratoconus. Br J Ophthalmol 100, 1183–1187 (2016) 320 

15. Flockerzi E, Häfner L, Xanthopoulou K, Daas L, Munteanu C, Langenbucher A, et al. 321 

Reliability analysis of successive corneal visualization Scheimpflug technology measurements 322 

in different keratoconus stages. Acta Ophthalmol 100, e83–e90 (2022) 323 

16. Kreps EO, Jimenez-Garcia M, Issarti I, Claerhout I, Koppen C & Rozema JJ. Repeatability 324 

of the Pentacam HR in various grades of keratoconus. Am J Ophthalmol  219, 154–162 (2020) 325 

17. Seiler TG, Mueller M & Mendes Baiao T. Repeatability and comparison of corneal 326 

tomography in mild to severe keratoconus between the anterior segment OCT MS-39 and 327 

Pentacam HR. J Refract Surg 38, 250–255 (2022) 328 

18. Greenstein SA, Shah VP, Fry KL & Hersh PS. Corneal thickness changes after corneal 329 

collagen crosslinking for keratoconus and corneal ectasia: one-year results. J Cataract Refract 330 

Surg 37, 691–700 (2011) 331 

19. Mencucci R, Paladini I, Virgili G, Giacomelli G & Menchini U. Corneal thickness 332 

measurements using time-domain anterior segment OCT, ultrasound, and Scheimpflug 333 

tomographer pachymetry before and after corneal cross-linking for keratoconus. J Refract Surg 334 

28, 562–566 (2012) 335 



Keratoconus progression          15 

20. Shafik Shaheen M, Lolah MM & Piñero DP. The 7-year outcomes of epithelium-off corneal 336 

cross-linking in progressive keratoconus. J Refract Surg 34, 181–186 (2018) 337 

21. Tzamalis A, Diafas A, Vinciguerra R, Ziakas N & Kymionis G. Repeated corneal cross-338 

linking (CXL) in keratoconus progression after primary treatment: updated perspectives. Semin 339 

Ophthalmol 36, 526-530 (2021) 340 

22. Bland JM. How do I estimate limits of agreement when the mean or SD of differences is not 341 

constant? 2009. https://www-users.york.ac.uk/~mb55/meas/glucose.htm 342 

23. Flockerzi E, Elzer B, Daas L, Xanthopoulou K, Eppig T, Langenbucher A, et al. The 343 

reliability of successive Scheimpflug imaging and anterior segment optical coherence 344 

tomography measurements decreases with increasing keratoconus severity. Cornea 40, 1433–345 

1439 (2021) 346 

24. Vinciguerra R, Belin MW, Borgia A, Piscopo R, Montericcio A, Confalonieri F, et al. 347 

Evaluating keratoconus progression prior to crosslinking: maximum keratometry vs the ABCD 348 

grading system. J Cataract Refract Surg 47, 33–39 (2021) 349 

25. Lenk J, Herber R, Oswald C, Spoerl E, Pillunat LE & Raiskup F. Risk factors for progression 350 

of keratoconus and failure rate after corneal cross-linking. J Refract Surg 37, 816–823 (2021) 351 

26. Mazzotta C, Raiskup F, Hafezi F, Torres-Netto EA, Armia Balamoun A, Giannaccare G, et 352 

al. Long term results of accelerated 9 mW corneal crosslinking for early progressive 353 

keratoconus: the Siena Eye-Cross Study 2. Eye Vis (Lond) 8, 16 (2021) 354 

27. Lombardo M, Serrao S, Lombardo G & Schiano-Lomoriello D. Two-year outcomes of a 355 

randomized controlled trial of transepithelial corneal crosslinking with iontophoresis for 356 

keratoconus. J Cataract Refract Surg 45, 992–1000 (2019) 357 



Keratoconus progression          16 

28. Iqbal M, Elmassry A, Saad H, Am Gad A, Ibrahim O, Hamed N, et al. Standard cross-linking 358 

protocol versus accelerated and transepithelial cross-linking protocols for treatment of paediatric 359 

keratoconus: a 2-year comparative study. Acta Ophthalmol 98, e352–e362 (2020) 360 

29. Jouve L, Borderie V, Sandali O, Temstet C, Basli E, Laroche L, et al. Conventional and 361 

iontophoresis corneal cross-linking for keratoconus: efficacy and assessment by optical 362 

coherence tomography and confocal microscopy. Cornea 36, 153–162 (2017) 363 

30. Shajari M, Kolb CM, Agha B, Steinwender G, Müller M, Herrmann E, et al. Comparison of 364 

standard and accelerated corneal cross‐linking for the treatment of keratoconus: a meta‐365 

analysis. Acta Ophthalmol 97, e22–e35 (2019) 366 

31. Kobashi H & Tsubota K. Accelerated versus standard corneal cross-linking for progressive 367 

keratoconus: a meta-analysis of randomized controlled trials. Cornea 39,172–180 (2020) 368 

32. Kandel H, Abbondanza M, Gupta A, Mills R, Watson AS, Petsoglou C, et al. Comparison of 369 

standard versus accelerated corneal collagen cross-linking for keratoconus: 5-year outcomes 370 

from the Save Sight Keratoconus Registry. Eye 2023 doi: 10.1038/s41433-023-02641-6. Online 371 

ahead of print. (2023) 372 

33. Seifert FK, Theuersbacher J, Schwabe D, Lamm O, Hillenkamp J & Kampik D. Long-term 373 

outcome of corneal collagen crosslinking with riboflavin and UV-A irradiation for keratoconus. 374 

Curr Eye Res 47, 1472–1478 (2022) 375 

  376 



Keratoconus progression          17 

 377 

Figure 1. Reasons for exclusions from the survival analysis following collagen cross linking for 378 

progressive keratoconus. K keratometry 379 

 380 

Figure 2. Bland-Altman plots for Kmax, front K2, back K2, and minimum pachymetry with 95% 381 

limit of agreement for 6463 paired readings. The red dashed lines show the 95% regression-382 

based limits of agreement (LoA) for each parameter. The blue dashed lines on the Kmax and 383 

front K2 plots represent the standard thresholds defined in Table 1. The rug plots on the vertical 384 

and horizontal axes of each chart show the frequency of the data. For Kmax and front K2, the 385 

LoA increases as the mean keratometry value in dioptres increases. For back K2, the LoA 386 

increases as back corneal negative power (D) increases. The LoA for thinnest pachymetry is 387 

also greater for the thinner corneas. K keratometry. 388 

 389 

Figure 3. Kaplan Meier survival curves based on 1677 eyes following corneal cross-linking and 390 

using six different definitions of progression. The results using the three adaptive methods give 391 

similar rates of progression (middle three lines). However, with the fixed threshold method, the 392 

use of Kmax gives a markedly higher rate (bottom line) compared to the K2 and multiparameter 393 

methods (top two lines), that both indicate a lower rate of progression than the adaptive 394 

methods. Two years after the baseline visit there were 1451 eyes at risk, 983 at 3 years, 674 at 395 

4 years, and 307 at 5 years. 396 

 397 

Figure 4 (supplemental). Survival plots with confidence intervals for the two general methods 398 

used to calculate progression 399 

 400 

Table 1. Definitions of keratoconus progression based on fixed or adaptive thresholds 401 



Keratoconus progression          18 

 402 

Table 2 (supplemental). 95% limits of agreement for Front K2, Back K2 and Kmax.  403 

A) For the static methods there is overlap of the confidence intervals for the static single 404 

threshold K2 and the dual threshold multi-parameter method, but not for the static single 405 

threshold Kmax method. The survival rates calculated using the fixed threshold for K2 and the 406 

dual threshold multi-parameter methods are also similar, but both are significantly different from 407 

the fixed threshold Kmax method.  408 

B) There is an overlap of the confidence intervals for the three adaptive thresholds. This 409 

suggests that there is not a statistically significant difference between the survival rates for the 410 

three adaptive threshold methods. However, when we use the McNemar test to compare 411 

progression in these groups, we cannot conclude that the difference between adaptive K2 and 412 

adaptive Kmax are different (P=0.9468). The progression identified with the adaptive multi-413 

parameter method and the adaptive K2 methods are significantly different (P<0.001). K 414 

keratometry. 415 

C. Survival analysis for pachymetry, with progression defined as thinning exceeding the 416 

adaptive threshold. There was an approximately 32% probability of progression five years after 417 

the reference visit. 418 

 419 

Supplementary Text. Adaptive Thresholds: A variation of Bland Altman analysis was used to 420 

generate regression-based limits of agreement (LoA) 421 

 422 

 423 

S 424 


