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Abstract
The study aimed to evaluate the keratectasia volume (KEV) before and after corneal cross-linking (CXL) in pediatric patients. 
This study included 40 eyes of 25 pediatric patients (10–19 years) undergoing standard CXL. The support vector machine 
(SVM) algorithm was applied to transform mass pixels in corneal topography into a three-dimensioned model to calculate 
the KEV. The KEV, Kmax, K1, K2, Kave, keratectasia area (KEA), and thinnest corneal thickness (TCT) were determined 
before CXL and at 3, 6, and 12 months after surgery. The correlation between KEV and other parameters (Kmax, TCT, max 
decentration, eccentricity, and so on) was calculated. The KEV was 4.75 ± 0.74 preoperatively and 4.43 ± 1.22 postoperatively 
at last follow-up (p < 0.002). There was strong positive correlation between the KEV and Kmax (r = 0.806, p < 0.0005). The 
preoperat ive KEV was 4.32 ± 0.69 in mild to moderate keratoconus (Kmax < 58D) and 5.27 ± 0.37 in advanced keratoco-
nus (Kmax > 58D) (p < 0.0005, t-test). Postoperative KEV and K readings remained stable at the early stage, and the KEV 
showed a more drastic decreasing trend than Kmax at sixth month. Statistical significance was found in the KEV between 
preoperative and 6 months after surgery (p < 0.0005), but not in Kmax and other parameters. In 83.3% (15 eyes out of 18 
eyes) of the eyes, the preoperative KEV was greater than 4.6 in patients with significant flattening after CXL. Compared 
with K readings, the KEV can be regarded as a more sensitive index to evaluate the postoperative morphological changes 
after CXL in pediatric patients.
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Introduction

Keratoconus (KC) is described as progressive corneal ecta-
sia caused by non-inflammatory structural changes in stro-
mal collagen, which is characterized by bilateral thinning, 
asymmetrical degeneration, and conical protrusion of the 
anterior part of the cornea [1]. Different from adult KC, the  
disease in younger patients tends to be more aggressive and 
severe [2, 3] due to age-related glycation-induced cross- 
linking [4], more eye rubbing [5], etc. The age between  
10 and 20 years was confirmed to be a significant factor for 
corneal scarring and KC progression [6], leading to a higher 
likelihood of corneal transplantation [7].

Over the past 10 years, compared with glasses, contact 
lenses, and keratoplasty, corneal cross-linking (CXL) 
has gained popularity in the treatment of KC, including 
epithelium-off and trans-epithelial CXL. With the function 
of forming covalent bonds in the cornea, collagen cross-
linking has been exhaustively studied and performed 
extensively in adults as an effective surgical procedure to 
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halt the progression of KC [8]. However, it is still being 
studied in adolescents to determine the timing of treatment, 
the use of higher total power, and the scope of different 
protocols of CXL [9].

Corneal topography is regarded as an essential compo-
nent in pediatric KC research, which has been shown to be 
helpful in preoperative diagnosis [10] and post-operative 
evaluation [8]. K1, K2, and Kmax are generally used as 
evaluation parameters to assess the severity of the corneal 
protrusion and the effect of collagen cross-linking. However, 
it is challenging to evaluate the extent of ectasia after CXL 
with one-dimensional data, the curvature values (K1, K2, 
and Kmax) of a certain point. Accordingly, to address this 
issue, we considered the possibility of collecting all cur-
vature values of the cornea cone in topography and giving 
a larger weight to the points with larger curvature value a 
larger weight, and then summing up to get the theoretical 
cornea ectasia volume. Additionally, we also wondered 
whether this new index can be more sensitive than single 
curvature values (K readings) to evaluate the postoperative 
morphological changes in pediatric patients.

Recently, the support vector machine (SVM) algorithm, 
an essential and powerful supervised learning technique, has 
been used extensively in bioinformatic applications. This 
algorithm is adept at handling variable graphs and provid-
ing recognition subtle patterns [11]. In this study, the SVM  
algorithm was applied to calculate the keratectasia area 
(KEA) and keratectasia volume (KEV). Although the cal-
culation of the KEV did not take the real protrusion volume 
of the cornea into consideration which was affected by the 
corneal volume or corneal thickness, it spatially integrated 
the mass curvature values (K readings) and acquired the 
theoretical ectasia volume on the basis of the SVM method. 
Therefore, the KEV did not associate with the corneal thick-
ness or corneal volume, and to some extent, the KEV can 
be regarded as a three-dimensional counterpart of Kmax. 
Compared with Kmax, KEV takes a large number of curva-
ture values (greater than 47D) into consideration to reflect 
the flattening extent and evaluate the effect of collagen 
cross-linking.

Accordingly, in this study, we analyze the one-year topog-
raphy results of collagen cross-linking in pediatric patients 
to identify the characterization of the KEV parameter after 
CXL and its sensitivity of monitoring progression compared 
with K readings.

Materials and Methods

Patients

This retrospective single-center study included KC pediat-
ric patients without any other eye disorders or eye-related 

systemic autoimmune diseases. Overall, 25 patients (40 
eyes) under 19 years of age included in this study (mean age 
16.52 ± 2.22 years), consisting of 16 males and 9 females. 
These patients underwent CXL from May 1, 2015, to Aug 
1, 2018, in the Ophthalmology Department of Shandong 
Province Hospital. Initially, all the study participants signed 
informed consent form allowing their data to be used as part 
of this study. Our research was approved by Ethics Commit-
tee in Shandong Province Hospital affiliated to Shandong 
University.

The inclusion criteria were progressive KC with thinnest 
corneal thickness (TCT) of no less than 400 μm. The age of 
patients ranged from 10 to 19 years. The progression criteria 
were defined as an increase of no less than 1.00 diopter in 
Kmax, an increase of no less than 1.00 diopter in cylinder, 
or an increase of no less than 0.5 diopter in spherical equiva-
lent [12].

The exclusion criteria included corneal surgery other than 
CXL, dry eye, history of corneal trauma, herpetic keratitis, 
acute or severe corneal infection, and inability to calculate 
the corneal topography.

Corneal Cross‑linking Procedure

All the adolescents underwent standard CXL surgery with-
out preoperative or postoperative systemic narcotic analgesic 
drug administration under sterile conditions. Initially, propa-
racaine hydrochloride 0.5% (Alcaine; Alcon Laborato-ries 
Inc., Geneva, Switzerland) was instilled into the operative 
eye 3 times at 3-min interval to achieve topical anesthesia. 
Subsequently, the central 9.0-mm part of the corneal epi-
thelium was removed mechanically with a blunt spatula 
(Amade-us II, Ziemers Ophthalmic Systems AG, Port, 
Switzerland).

The 0.1% isotonic riboflavin solution (0.5% in physio-
logical saline solution; Shandong Fangming Pharmaceutical 
Limited by Share Ltd, Shandong, China) was subsequently 
administered to the stroma every 3 min for 30 min until the 
presence of riboflavin was confirmed throughout the cornea 
as well as the anterior chamber by slit-lamp biomicroscopy 
during surgery. In addition, a hypotonic riboflavin solution 
(0.5% in sterile water), rather than an isotonic medicine, was 
applied to ascertain the adequate thickness of the swollen 
stroma when the TCT (OCT, Cirrus HD-OCT 4000; Carl 
Zeiss Meditec Inc., Dublin, CA, USA) was less than 400 μm.

We irradiated the denuded stroma 50 mm away from the 
apex of cornea with ultraviolet A light (UV-X illumination 
system version 1000, UVXTM; IROC AG, Zurich, Switzer-
land), at 365 nm and 3.0 mW/cm [2], and applying riboflavin 
every 5 min for 30 min.

Postoperatively, a soft bandage contact lens was placed 
on the cornea for three to five days to promote epitheliali-
zation. Additionally, 0.5% levofoxacin eyedrops (Cravit; 
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Santen Pharmaceutical Company, Osaka, Japan) and 0.1% 
fluorometholone (Fluorometholone Eye Drops; Allergan 
Pharmaceuticals Ireland, Westport, County Mayo, Ireland) 
were prescribed as conventional treatment. The former was 
instilled 4 times daily for 1 week, followed by the latter 
applied 4 times daily for 2 weeks.

Index Measurement

The KEA and KEV were acquired by the SVM method. 
The basic principle of the SVM model was that different 
pixels in the picture representing specific curvature values 
and the corneal topography results can be regarded as the 
aggregation of a large number of curvature pixels (Fig. 1). 
Consequently, pixels can be used as intermediate carrier to 
transform the primitive simple topography to an abstract cur-
vature map by the SVM model implemented in the Matlab 
2018b (MathWorks Inc., Natick, MA, USA).

The concrete calculation process of the KEV can be 
divided into two steps. The first step is to train an SVM 
model (the input data are the pixel value, the output data are 
the curvature values) to convert the color map into the cur-
vature map. The second step is to calculate the KEV through 
the curvature map.

I. Conversion of the Color Map to Curvature Map

1. Some pixel values and corresponding curvature values 
in the right scale bar are selected as training data. In 
this experiment, a total of 310 pixels (31 curvature val-
ues in the right scale bar, 10 corresponding pixels for 
each curvature value) were selected. Among the 310 
pixels, 217 pixels X_train (each curvature value selects 
7 corresponding pixels) and their corresponding curva-
ture value Y_train made up the training set (X_train, 

Y_train), and 93 pixels X_test and their corresponding 
curvature value Y_test constituted the test set (X_test, 
Y_test) used to test the performance of the SVM model.

2. The Libsvm software package is used to train and test 
the SVM model. After training, the trained SVM model 
obtained in this experiment had a classification accuracy 
rate of 100% in the test set; that is to say, the trained 
SVM model can correctly distinguish the curvature val-
ues corresponding to different pixel values.

3. The trained SVM model is used to transform the color 
image into a curvature image. The corresponding curva-
ture value can be obtained by inputting the pixel value 
of the color image into the SVM model, and then, the 
curvature map can be obtained.

II. Calculation of the KEV

Although the K1, K2, and Kmax in the corneal topography 
are the most common indicators used to evaluate the severity 
of KC, they are not quite accurate because they only reflect 
one-dimensional information of the corneal topography. In 
this study, the points with curvature values greater than 47D 
were regarded as outliers. The number of pixels with cur-
vature values greater than 47D (area of lesion, KEA) can 
be calculated, but it is not accurate for severity assessment 
of the protrusion. For example, the curvature value of some 
points is 68D, while that of some points is 48D. Taking only 
the number of pixels into account, the calculation of the 
KEA is equivalent to treating the points with a curvature of 
68D and the points with a curvature of 48D equally, which 
means that they have the same degree of response to the 
disease. However, it is obvious that the point with curvature 
of 68D is more serious. Therefore, we need a new evaluation 
index, KEV (not the real volume), which can describe the 
response of different curvature values to the disease. The 

Fig. 1  The application of support vector machine (SVM) model and topography in calculating Keratectasia volume (KEV)
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larger the curvature value is, the more serious the disease is, 
so we give a larger weight to the points with larger curvature 
value. In order to facilitate the processing, the algorithm 
takes the difference between curvature value and 47D as the 
weight of this point, and assigns the weight of points with 
curvature value of less than 47 as 0, then sums the weights 
of all points to obtain the KEV (KEV can be regarded as 
the weighted area value or the relative volume value). The 
algorithm flow chart is shown in Fig. 1.

During the preoperative stage and 1 year after CXL, we 
used slit lamp microscope, corneal topography (Allegro 
Topolyzer Vario; Wave Light GmbH, Erlangen, Germany), 
and endothelial cell density (ECD) of cornea (Specular 
Microscope SP-3000P; Topcon Corporation, Tokyo, Japan) 
to measure the morphological transformation in pediatric 
patients. The significant corneal flattening was defined as 
the decrease of Kmax by 1.00 diopter one year after CXL 
(ΔKmax > 1.00D), compared with the preoperative Kmax 
reading [13].

Statistical Analysis

The correlation of the parameters with the changes in the 
KEV was calculated by the Pearson correlation test. The 
changes of the preoperative and postoperative parameters 
were analyzed using the paired t-test. All statistical analy-
ses were performed using the SPSS ( 26.0) software (IBM 
Corp., Armonk, NY, USA).

Result

All procedures were successfully completed without com-
plications. No corneal haze or infection was observed 
by slit lamp biomicroscopy during the 5-day follow-up 
postoperatively.

A strong positive correlation was found between the 
KEV and Kmax in the preoperative and postoperative 
measurement (r = 0.806, p < 0.05). The preoperative KEV 
was 4.32 ± 0.69 in mild to moderate KC (Kmax < 58D) and 
5.27 ± 0.37 in advanced KC (Kmax > 58D) (p < 0.0005, 
t-test). In addition, a moderate positive correlation was found 
between the KEV and max decentration, Q value, eccen-
tricity, and progression indexes (Table 1). We also found a 
moderate negative correlation between the KEV and TCT 
(−0.520, p < 0.0005) as shown in Fig. 2. The KEV was nega-
tively related to the flattening rate (−0.635, p < 0.0005).

Of the 25 patients (40 eyes), 76.92% completed the 
1-year follow-up measurement. The mean follow-up time 
was 12.13 months (range from 3 to 19 months). The average 
Kmax, Kave, KEA, and KEV in the preoperative and last 
follow-up measurement are shown in Table 2. The parame-
ters Kmax, KEV, and KEA exhibited a moderate descending 

trend, while the Kave remained stable. The KEV was 
4.75 ± 0.74 preoperatively and 4.43 ± 1.22 1 year after CXL 
(p = 0.002, paired t-test), while Kmax was 58.35 ± 10.24 and 
57.31 ± 10.11, respectively (p = 0.025, paired t-test).

The KEVs were 4.75 ± 0.74, 4.72 ± 0.80, 4.44 ± 1.17, and 
4.50 ± 1.35 before CXL and at 3, 6, and 12 months after 
CXL, respectively. Kmax were 58.35 ± 10.24, 58.81 ± 10.43, 
57.63 ± 11.57, and 58.33 ± 9.69, respectively. The postopera-
tive changes with time are shown in Fig. 3. The keratectasia 
remained stable 3 months after surgery and decreased drasti-
cally between 3 and 6 months. It is notable that statistically 
significance was only found in the KEV between preopera-
tive and 6 months after surgery (p < 0.0005, paired t test), 
but not in Kmax (p = 0.679). The descending slope from 
baseline to sixth month was −0.0109, −0.0021 (KEV and 
Kmax, respectively) (Fig. 3).

Among the 40 studied eyes, 18 eyes (45%) had signifi-
cant flattening (ΔKmax ≥ 1D) 1 year after CXL, which were 
included in flattening group. The maximum flattening was 
6.5 D, and the maximum ΔKEV was 2.36. In the flattening 
group, the mean KEV preoperatively was 4.91, and in group 
2 (ΔKmax < 1.00 D), the value was 4.62. The KEV in 15 out 
of 18 eyes (83.3%) in the flattening group was greater than 
4.6, while in group 2, the rate was 59.9% (13 eyes out of 22 
eyes). The distribution of preoperative KEV greater than 4.6 
in flattening group is shown in Fig. 4. No statistical differ-
ence was found in the Kmax and KEV between the flattening 
group and group 2.

Discussion

Due to the dynamic nature of the cornea, the stabilization 
of the CXL has shown similar effect, but less effective in 
pediatric patients than adults [14]. Randomized controlled 
trials in pediatric KC on when to intervene and optimal ther-
apeutic algorithm in this population are scarce. During the 

Table 1  Correlation between keratectasia volume (KEV) and preop-
erative parameters

TCT  thinnest corneal thickness, p value Pearson correlation test

Parameter r value p value

Kmax 0.806  < 0.0005
TCT  −0.520 0.001
Corneal volume 0.178 0.273
Max decentration 0.596  < 0.0005
Irregularity 0.277 0.084
Q value 0.620  < 0.0005
Eccentricity 0.557  < 0.0005
Progression index 0.708  < 0.0005
ΔKmax  −0.635  < 0.0005
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course of exploration, no clear and consistent quantitative 
data was found for the assessment of the ectatic progression 
[15]. According to the Global Consensus on KC and Ectatic 
Diseases (2015) [16], the progression is defined by changes 
in at least two of the following parameters: steepening of 
the anterior corneal surface, steepening of the posterior cor-
neal surface, and thinning and/or thinning or changes in the 
pachymetric rate of change.

Currently, Kmax is regarded as the most common quanti-
tative index to detect and document the progression of KC. 
In general, a change of more than 1D in Kmax was defined 
as Kmax progression [15]. However, Kmax, which is a  
one-dimensional parameter, can only provide the curvature 
value of one point, reflecting the status of the corneal apex 
rather than the ectatic corneal cone. In addition, Kmax may 
remain unchanged or even decrease when progression occurs 
[15, 17]. Compared with Kmax, KEV attained the curvature 
value of 310 pixels(Kreading > 47D) and was assigned dif-
ferent values, which take the ectatic cone area into consid-
eration. Several other parameters have been used to evaluate 
the progression of KC, including the index of surface vari-
ance (ISV), the index of height decentration (IHD), visual 
acuity, manifest refraction, and central corneal thickness. 
The evaluation efficacy of these parameters has not been 
verified or has been found to be unreliable for its subjectiv-
ity [18–21].

The machine learning model has been extensively  
applied in the diagnosis of KC. Previous studies performed 
discriminant analysis and used a classification tree to 
improve the sensitivity and specificity for the differential 
diagnosis among KC, subclinical KC, abnormal eyes, and  
normal eyes [22–24]. Arbelaez et  al. [25] used a SVM  
model and increased the diagnosis sensitivity to 96.0%  
in abnormal eyes, 95.0% in eyes with KC, 92.0% in eyes 
with subclinical KC, and 97.2% in normal eyes. The SVM 
model was trained with the thickness, curvature, and height 
data of both the anterior and posterior corneal surface and 
pachymetry, which improved the detection rate of subclinical 
KC. However, this algorithm targets diagnosis of KC and 
cannot be applied in the evaluation of ectatic progression 
and efficacy of CXL.

In the present study the SVM model was trained with 
217 pixels and their correlated values (K reading), which 
was equivalent to establishing a theoretical corneal surface 
made up of curvature values to calculate the virtual ecta-
sia volume without regard to corneal thickness. It shows 
a reduction in the KEV from 4.75 ± 0.74 before surgery 
to 4.43 ± 1.22 at the last follow-up measurement (mean 
follow-up time: 12.13 months, range from 3 to 19 months). 

Fig. 2  The scatter plot between 
keratectasia volume (KEV) and 
Kmax, thinnest corneal thick-
ness (TCT) in preoperative and 
postoperative measurement

Table 2  Preoperative and postoperative parameters

KEA keratectasia area, KEV keratectasia volume, p value paired t test

Mean ± SD p value

Parameter Preoperation Last follow-up 
measurement

Kmax (D) 58.35 ± 10.24 57.31 ± 10.11 0.025
Kave (D) 48.44 ± 5.24 48.87 ± 6.06 0.076
KEA 21.48 ± 12.48 21.62 ± 14.40  < 0.0005
KEV 4.75 ± 0.74 4.43 ± 1.22 0.002

Fig. 3  The changes in keratectasia volume(KEV) and Kmax preop-
eratively and at 3, 6, and 12 months
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The decline of the KEV probably implied significant cor-
neal flattening 1 year after CXL. The calculation of the 
KEV focuses on the corneal curvature factor (> 47D) with-
out considering the corneal thickness, which is appropriate  
for evaluating the flattening status of cornea. From the 
standpoint of pathophysiology, the flattening may corre-
late with the depth-dependent stiffness effect [26] and 
increased extracellular stromal matrix [27].

According to a study by Perez-Straziota et  al. [3], 
more than 60% pediatric patients showed regression of 
Kmax one year after standard CXL and the average flat-
tening was 1.5D. In this study, we found that there was a 
strong positive correlation between the KEV and Kmax 
(r = 0.806, p < 0.0005). Moreover, there was a statisti-
cally significant decrease in the KEV with the progres-
sion of KC (p < 0.0005). The preoperative KEV value 
was 4.32 ± 0.69 in mild to moderate KC (Kmax < 58D) 
and 5.27 ± 0.37 in advanced KC (Kmax < 58D). In this 
study, the preoperative and last follow-up observation for 
Kmax was 58.35 ± 10.24 and 57.31 ± 10.11 respectively 
(p < 0.0005, paired t-test), which was in accordance with 
changes in the KEV.

Caporossi et al. [28] studied pediatric topography features 
in different stages after CXL; they found that the mean  
Kreading decreased gradually at 3, 6, 12, and 36 months. 
In this study, the morphological changes in different stages 
after CXL exhibited an interesting trend. The KEV and 
Kmax remained stable at 3 months and clearly decreased 
thereafter. The initial change of the KEV may be correlated 
with epithelial debridement [29, 30]. Starting from the 
third month, the reduction of the KEV and Kmax showed a 
continuous flattening effect due to new collagen synthesis and 
corneal apex recentering [28, 30]. These findings explain the 
results that the refractive outcomes remained stable or worsen 
slightly at the third month and clearly improved at the sixth 
month in previous studies [29, 31].

The KEV takes more curvature values into considera-
tion and transforms a large amount of data to visible values 
instead of only considering a single maximum Kreading 
index. The data in Fig. 5 show a marked flattening effect 
and reduction of the KEV 6 months after surgery, while 
the change of Kmax was not noticeable. Also, as shown 
in Fig. 3, the KEV showed a more remarkable decrease at 
6 months than Kmax. In addition, a statistically significant 

Fig. 4  The comparison of 
keratectasia volume (KEV) 
distribution between flattening 
group (ΔKmax > 1.00 D) and 
group 2(ΔKmax < 1.00 D)

Fig. 5  a The preoperative 
topography. b The topography 
acquired at the sixth month 
after CXL. KEV was 2.85, 1.63, 
and Kmax was 47.14, 46.36, 
respectively
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reduction was only found in the KEV 6 months after CXL 
(p < 0.0005), which indicates that the KEV is a more sensi-
tive parameter than Kmax to evaluate the morphological 
changes of the cornea after CXL.

Customized ablation was recommended to transform 
the corneal irregularity of the KC into a toric conoid, and 
the higher flattening rate after surgery would decrease the 
predictability of simultaneous ablation and CXL. Tobias 
Koller et al. found that a Kmax greater than 58.00D would 
predict more flattening and more failures after CXL [13, 
32, 33]. According to our study, 45% of the eyes (18 out 
of 40) with a significant flattening rate (ΔKmax > 1.0D) 
1 year after CXL were included in the flattening group. 
The mean KEV preoperatively was 4.91 in the flattening 
group and 4.62 in group 2 (ΔKmax less than 1.00 D). 
We found that there was a moderate negative correlation 
between the KEV and flattening rate (−0.635, p < 0.0005). 
In addition, a KEV greater than 4.6 occurred more fre-
quently in the flattening group. Indeed, in 15 out of 18 
eyes (83.3%), the KEV in the flattening group was greater 
than 4.6, while in group 2, the rate was 59.9% (13 eyes 
out of 22 eyes). A KEV greater than 4.6 is probably a pre-
dictor for postoperative significant flattening in pediatric 
patients. However, this difference was not statistically sig-
nificant and a likely reason may be the small sample size.

The TCT is an indispensable tool to detect KC in the 
preoperative screening of laser surgery [34]. David P. 
Piñero et al. found that the minimum pachymetry values 
showed a significant decreasing trend with the progression 
of the KC in preoperative diagnosis [35]. Although the 
calculation of the KEV did not take the real protrusion vol-
ume of the cornea or corneal thickness into consideration, 
the cornea theoretical ectasia volume did, we found that 
there was a negative correlation between the preoperative 
KEV and TCT (−0.520, p < 0.0005). Thus, the progres-
sion of the KC meant thinner pachymetry and larger kera-
tectasia volume. Whether the TCT changed after corneal 
cross-linking remains controversial [36] and we speculate 
that the KEV and TCT could be applied in monitoring the 
progression of KC. No significant correlation was found 
between the KEV and corneal volume.

Univariate and multivariate detection systems are used 
in topography to qualitatively and quantitatively analyze 
the geometric characterization of a KC cornea [37]. How-
ever, to the best of our knowledge, there is no index that 
can assist in the diagnosis of the KC-suspect eyes with 
100% specificity and sensitivity. We wonder whether the 
KEV can be applied in preoperative diagnosis to improve 
the early detection rates of KC. In addition, long-term and 
larger, prospective studies are required to support further 
research of KEV on the postoperative effect in various 
ages.

Conclusion

In conclusion, we found that the KEV in pediatric patients 
remained stable at 3 months and then showed a signifi-
cant decrease at 6 months postoperatively. The KEV is a 
more sensitive index to evaluate the extent of protrusion 
and observe the morphological characteristics of cornea 
after collagen cross-linking compared with Kmax. A KEV 
greater than 4.6 may be a predictor to estimate the flat-
tening rate in pediatric patients one year after collagen 
cross-linking in advance.
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