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Comparing the natural progression
and clinical features of keratoconus
between pediatric and adult
patients

Ken-Kuo Lin¥%7, Yun-Wen Chen3’, Chun-Ting Yeh?, Pei-Ru Li*, Jiahn-Shing Lee?,
Chiun-Ho Hou'?, Ching-Hsi Hsiao? & Lai-Chu See* 5>

To present the natural course of keratoconus (KC) and compare pediatric and adult patients. Design A
retrospective cohort study. Setting Hospital-based. Patient Population In total, 152 patients (288 eyes)
diagnosed with KC at Chang Gung Memorial Hospital, Taiwan, were included. Previously managed
patients and those with missing optical data were excluded. Observation Procedures Patients were
divided into pediatric (<18 years) and adult (>18 years) groups. Demographics, clinical data, and
optical variables were collected, including corrected distance visual acuity (CDVA), refractive error,
and keratometric readings (K). Main Outcome Measure Optical variables at the final follow-up before
aggressive treatment. Results In total, 20 pediatric (37 eyes) and 132 adults (251 eyes) patients were
eligible for this study. The mean follow-up time was 2.98 years. Male predominance was observed

in both groups. Both groups had similar clinical characteristics and optical variables at the initial
diagnosis. Pediatric patients progressed significantly more rapidly in refractive errors, including
spheres and cylinders, spherical equivalence, steep K, and flat K during the follow-up. However,
significant change between the two study groups was only seen in sphere refractive error spherical
equivalence. Conclusion Pediatric patients had more rapidly progressive KC than adult patients, so
early detection and frequent follow-up for prompt interventions are necessary for these patients.

Keratoconus (KC), although traditionally classified as a rare disease, has an estimated prevalence of 1 in 375"
to 20002 and is a crucial contributor to visual debilitation in the young population®=>. It has been reported that
the prevalence of KC was higher in Asian countries®. More importantly, progressive ectasia and bilateral and
asymmetrical corneal distortion ultimately affect these patients’ vision-related quality of life if the patients do
not receive appropriate management’*®,

With the advancement of corneal imaging technology, early detection and interventions are becoming feasible.
However, the treatment method is mainly determined by the pattern of disease progression and the severity of
corneal ectasia®!!. Optical correction with spectacles or rigid contact lenses could effectively enhance the qual-
ity of vision in patients with slow disease progression. In comparison, corneal cross-linking (CXL) has shown
promising results in halting rapid disease progression.

A detailed understanding of the natural history of KC is fundamental in making informed decisions on
when their benefits outweigh the risks'2. The natural course refers to the progression of a disease process in an
individual over time without aggressive treatment. Any treatment modalities that contact the cornea, including
contact lenses or surgery, are considered an aggressive treatment for KC. In other words, correcting the visual
acuity with spectacles is not an aggressive treatment for KC. Hence, the disease process from the initial diagnosis
of KC up to treating with contact lenses or surgery is the natural course of KC.

Unfortunately, the natural history of KC is poorly understood'?-1“. Ferdi et al. included 41 studies in their
systematic review and 23 studies into their meta-analysis to describe the natural progression of KC based on
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Total Pediatric (<18 y/o) | Adult (>18y/o) | p-value
Number of patients 152 20 (13.2%) 132 (86.8%)
Number of eyes 288 37 (12.8%) 251 (87.2%)
Laterality 1.0000°
oD 146 19 (51.3%) 127 (50.6%)
0s 142 18 (48.7%) 124 (49.4%)
Sex 1.0000*
Male 95 (62.5%) 13 (65.0%) 82 (62.1%)
Female 57 (37.5%) 7 (35.0%) 50 (37.9%)
Age at KC diagnosis (years)
Median (IQR) 242 (11.2) 15.1 (3.4) 24.8 (10.7) <.0001%
Mean+SD 25.8+8.4 153+1.8 27479
Clinical appearance
Vogts striae 32(11.1%) | 3 (8.1%) 29 (11.6%) 0.7794°
Fleischer ring 25 (8.7%) 4(10.8%) 21 (8.4%) 0.5424*
Cone morphology 0.7147*
Nipple 33(11.5%) | 4(10.8%) 29 (11.5%)
Oval 161 (55.9%) | 23 (62.2%) 138 (55.0%)
Globus 94 (32.6%) 10 (27.0%) 84 (33.5%)
Cone location 0.3582°
Central 189 (65.6%) | 27 (73.0%) 162 (64.5%)
Paracentral 99 (34.4%) 10 (27.0%) 89 (35.5%)
Comorbidity
Atopic dermatitis 9 (5.9%) 1 (5.0%) 8(6.1%) 1.0000*
Eye rubbing 19 (12.5%) 4(20.0%) 15 (11.4%) 0.2810*

Table 1. Demographic and clinical characteristics of patients with keratoconus at the initial diagnosis. *Fisher
exact test. "Wilcoxon rank-sum test. KC: keratoconus. OD: right eye. OS: left eye. y/o: years old. SD: standard
deviation. *statistical significance according to the sequential Bonferroni-type procedure, because the smallest
p was<i/46* 0.05 for the 41multiple tests in Tables 1 and 2.

11,529 untreated eyes. They reported that younger patients (17 years old or less) and those with Kmax steeper
than 55 D at presentation have a significantly greater risk of progression of the disease'>. However, this systemic
review and meta-analysis analyzed data at 12 months due to inconsistent follow-up duration across various stud-
ies, and most patients with KC were adults. Compared with adults, KC in children progresses more rapidly and
is usually more severe at the time of diagnosis'®. In addition, age may influence corneal cross-linking treatment
in KC. A study of 119 KC eyes reported that pediatric cornea showed a more flattening effect after cross-linking
than older patients and the better-corrected distance visual acuity after cross-linking'®. Therefore, there is a need
to identify the differences in disease progression between pediatric and adult patients with KC and explore the
overall risk stratification of natural disease progression.

There were multiple parameters for monitoring KC progressions, such as CDVA', maximum keratometry'’,
Scheimpflug from Pentacam'®'?, or swept-source optical coherence tomography®’. Amsler-Krumeich classifica-
tion proposed in 1947 was used to grade KC based on keratometry and optical pachymetry*"*%. The Belin ABCD
classification introduced on the Pentacam has advantages in presenting anatomical changes seen in KC and other
ectatic diseases?. In 2019, Robert et al. represented the Dutch Crosslinking for Keratoconus (DUCK) based on
five domains: age, decrease in visual acuity, increase in refractive error, increase in keratometry readings, and
perceived quality of vision for determining whether a cross-linking might be warranted®.

In this study, we did a chart review of patients with KC in Chang Gung Medical Hospital (CGMH), Taiwan,
and aimed to compare the KC’s clinical characteristics and natural progression among two age groups in Taiwan.

Results

A total of 288 eyes of 152 patients were analyzed. We divided the patients into two groups depending on
age, < 18 years (n=20) and > 18 years (n=132). Male predominance was observed in both pediatric (65.0%)
and adult (62.1%) groups. In the pediatric and adult groups, the mean age of KC diagnosis was 15.3 years and
27.4 years. The prevalence of atopic dermatitis was 5.0% and 6.1%, and the history of eye rubbing was 20.0% and
11.4%, respectively. Although the eye rubbing rate in the pediatric group was higher than the adult group, there
was no significant difference between the two study groups (p=0.2810). In 288 eyes, 32 (11.1%) presented with
Vogt’s striae, and 25 eyes (8.7%) had Fleischer ring. The cones were recorded as nipple (11.5%), oval (55.9%),
and globus (32.6%). There were similar results in Vogt’s striae or Fleischer ring, cone morphology, and location
between the two study groups. In brief, there were no significant differences between pediatric and adult groups
with clinical appearance, comorbidity, cone morphology, and location (Table 1).
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Total Pediatric Adult p-value
Number of eyes included 288 37 (12.9%) 251 (87.1%)
Follow-up duration® (years)
Median (IQR) 1.18 (4.24) 3.16 (2.95) 0.75 (4.22) 0.0447°
Mean +SD 2.98+3.96 3.67+3.28 2.88+4.05
Min-max 1.66-13.65 0.02-15.55
CDVA (LogMAR)
Initial diagnosis
Median (IQR) 0.15 (0.40) 0.05 (0.22) 0.15(0.52) 0.0546"
Mean +SD 0.30£0.41 0.15£0.21 0.32+£0.43
Final visit
Median (IQR) 0.22 (0.52) 0.10 (0.40) 0.22 (0.52) 0.1767°
Mean +SD 0.34+0.40 0.25+0.33 0.35+0.41
Difference
Median (IQR) 0.00 (0.00) 0.00 (0.15) 0.00 (0.00) 0.5196°
Mean +SD 0.03+£0.22 0.10+£0.29 0.03+£0.20
p-value 0.0048%* 0.1126° 0.0235¢
Sphere refractive error (diopter)
Initial diagnosis
Median (IQR) ~5.00 (5.25) | -3.75(3.50) | —5.25(5.75) | 0.0539"
Mean +SD —584+4.68 |-4.37+£3.37 |-6.04+4.80
Final visit
Median (IQR) —538(5.25) | —4.75(4.25) | =550 (5.75) | 0.8349"
Mean +SD -6.16+4.79 | -6.12+£4.72 | -6.16+4.81
Difference
Median (IQR) 0.00 (0.00) 0.00 (2.50) 0.00 (0.00) 0.0071%*
Mean +SD -0.32+2.26 |-1.75+4.34 | -0.13+1.74
p-value 0.0092¢ 0.0130° 0.1625¢
Cylinder refractive error (diopter)
Initial diagnosis
Median (IQR) -3.75(3.75) | -4.50 (3.00) | -3.75(4.00) |0.2055"
Mean +SD —-3.88+235 | -4.33+£2.02 |-3.81+2.39
Final visit
Median (IQR) —4.00 (4.25) | —5.00 (4.00) | -3.75 (4.25) | 0.0238"
Mean +SD -4.10+2.57 | -521+£2.63 | -3.95+2.53
Difference
Median (IQR) 0.00 (0.25) | 0.00(1.50) |0.00(0.25) |0.1396
Mean +SD -023+1.34 |-0.88+1.78 |-0.14+1.24
p-value 0.0037<* 0.0238° 0.0407¢
Spherical equivalence (diopter)
Initial diagnosis
Median (IQR) -6.81(5.13) | -5.75(3.75) | -7.00(5.13) |0.1352°
Mean +SD —-7.85+4.88 | -6.54+3.43 | -8.03+5.03
Final visit
Median (IQR) ~7.50 (5.88) | -8.13(4.00) | -7.38(6.25) |0.5219"
Mean +SD -823%£501 |-8.73+£5.01 |-8.16+5.02
Difference
Median (IQR) 0.00 (0.13) 0.00 (3.00) 0.00 (0.00) 0.0066"*
Mean+SD -0.44%£239 | -2.19+450 |-0.20+1.81
p-value 0.0015%* 0.0052%* 0.0572¢
Steep K (diopter)
Initial diagnosis
Median (IQR) 48.63 (6.25) | 48.75(6.75) | 48.63 (6.25) | 0.8570°
Mean +SD 49.57+5.00 |49.64+£4.85 |49.56+5.03
Final visit
Median (IQR) 48.75(6.50) | 49.00 (8.00) | 48.75 (6.00) | 0.5463"
Mean +SD 49.73+£5.30 50.38+£5.47 49.64+5.28
Continued
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Total Pediatric Adult p-value
Difference
Median (IQR) 0.00 (0.00) | 0.00(0.50) | 0.00(0.00) | 0.0934°
Mean +SD 0.16£2.04 0.74+1.81 0.08+2.07
p-value 0.1769¢ 0.0339° 0.5833¢
Flat K (diopter)
Initial diagnosis
Median (IQR) 44.25(3.92) |44.00 (4.10) | 44.38(4.00) | 0.2688"
Mean = SD 45.27+4.08 |44.71+£3.60 |45.36+4.15
Final visit
Median (IQR) 44.25(3.88) |43.75(5.00) |44.25(3.75) | 0.4998"
Mean+SD 45.42+4.25 45.31+4.15 45.43+4.27
Difference
Median (IQR) 0.00 (0.00) 0.00 (0.75) 0.00 (0.00) 0.3702°
Mean +SD 0.14+1.45 0.60+1.58 0.08+1.42
p-value 0.1065¢ 0.0365¢ 0.4810°

Table 2. Optical variables of patients with keratoconus at the initial diagnosis and the final visit before
intervention. *from the initial diagnosis of KC to the final visit before intervention. "Wilcoxon rank-sum test.
‘Wilcoxon signed-rank test. K: keratometry readings. CDVA: corrected distance visual acuity. SD: standard
deviation. *Statistical significance according to the sequential Bonferroni-type procedure, because the smallest
p was <i/46* 0.05 for the 46 multiple tests in Tables 1 and 2, and i is the ranking of the p values of multiple tests
from smallest to largest as p(i).

To study the natural progression of KC, we defined the follow-up time as the interval between the initial
diagnosis and the final visit of the untreated patients or just before they underwent any interventions. The mean
follow-up time was 2.98 £ 3.96 years. At the initial diagnosis, pediatric patients had better CDVA (LogMAR)
and sphere refractive error than adult ones (p=0.0546 and p=0.0539, respectively). There were no differences
in cylinder refractive error, spherical equivalence, steep K, and flat K (p=0.2055, p=0.1352, p=0.8570, and
Pp=0.2688, respectively). For the entire group, the CDVA, sphere refractive error, cylinder refractive error, and
spherical equivalence progressed significantly in the final visit compared with the initial presentation (p =0.0048,
p=0.0092, p=0.0037, p=0.0015, respectively), while there was no significant progression in steep K and flat
K. In the pediatric group, significant or borderline significant progression was seen in sphere refractive error
(p=0.0130), cylinder refractive error (p=0.0238), spherical equivalence (p=0.0052), steep K (p=0.0339) and
flat K (p=0.0365). In the adult group, borderline significant progression was seen in CDVA (p=0.0235), cylinder
refractive error (p=0.0407). The significance progression between the study groups was seen for sphere refractive
error (p=0.0071) and spherical equivalence (p=0.0066), respectively (Table 2).

Figures 1 and 2 show the CDVA and steep K vs. age. The r between the CDVA and steep K vs. age at measuring
were 0.09, 0.14, respectively. It is easily seen that some CDVA and steep K were measured after 18 years old in
the pediatric group, and the oldest age was 30 years old. Hence, we further divided the pediatric group into two
groups: pediatric_pediatric and pediatric_adult, based on the patient’s age taking the measurements. Figure 3
shows the CDVA vs. steep K for these three groups. The r between the CDVA vs. steep K was 0.48. The GEE
analysis reveals a significant difference in the slope between steep K and CDVA among the three study groups.
These slopes were 0.0365, 0.0216 (=0.0365-0.0149) and 0.0122 (=0.0365-0.0243) for the adult, pediatric_adult
and pediatric_pediatric groups, respectively. Three groups presented with progressive steeper K and worsening
CDVA with aging and CDVA were negatively correlated with steep K. Considering the visual deterioration, the
pediatric-pediatric group showed least affected by steep K compared with pediatric-adult and adult groups. The
pediatric-adult group presented with an intermediate effect compared with the other two groups.
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Figure 1. Corrected distance visual acuity (CDVA) in Log MAR and age among patients with keratoconus
from the initial diagnosis to the final visit before treatment (867 observations, r=0.09).
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Figure 2. Steep K and age among patients with keratoconus from the initial diagnosis to the final visit before
treatment (867 observations, r=0.14).
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Figure 3. CDVA vs. steep K for the three groups: adult, pediatric_pediatric (the first diagnosis of KC below
18 years old and taking the measurements at age < 18 years old), pediatric_adult (the first diagnosis of KC below
18 years old but taking the measurements at age > 18 years old) (r=0.48).

log MAR = —1.5108 + 0.0365 * steep_K (p < 0.0001) + 1.0405 * pediatric_pediatric (p = 0.0057)
+ 0.6249 * pediatric_adult (p = 0.0310) — 0.0243*steep_K_pediatric_pediatric (p = 0.0017)
— 0.0149*steep_K_pediatric_adult (p = 0.0107).

We rewrote this equation for the three groups separately as below:

The adult group: log MAR = —1.5108 + 0.0365  steep_K (p < 0.0001)
The pediatric_adult group: log MAR = —0.8859 + 0.0216 x steep_K (p = 0.0038)

The pediatric_pediatric group: log MAR = —0.4703 + 0.0122 * steep_K (p = 0.0082)

Discussion

In this study, we retrospectively analyzed the natural course of KC and compared pediatric and adult patients
using data from two tertiary institutions in Taiwan. We found that the clinical characteristics at the initial diag-
nosis were similar between both groups, but pediatric patients were more likely to exhibit disease progression
at the end of follow-up before aggressive treatment.

Although previous studies have been conducted on pediatric KC, they have mainly focused on the outcome
of surgical interventions such as CXL, intracorneal ring, and penetrating keratoplasty**~2°. Our study demon-
strated a more rapid progression of sphere and cylinder refractive error, spherical equivalence, steep K, and flat
K in pediatric patients with KC than in adult patients from the initial diagnosis to the final visit. Considering
that myopia may progress rapidly in patients < 15 years of age?’, we cannot make any conclusions on the effect of
pediatric KC on the change in sphere refractive error or spherical equivalence. There was no significant difference
in cylinder refractive error between the two groups at initial diagnosis. However, more cylinder refractive error
was noted in the pediatric group than in the adult group at the end of follow-up, which indicates pediatric patients
with KC have a more rapid progression of cylinder refractive error than adults. In addition, the changes in steep
K and flat K were greater in pediatric than in adult patients. Moreover, our study revealed that the pediatric KC
group presented significantly better CDVA at initial diagnosis than the adult group. However, no difference was
found at the end of the follow-up period, which indicates that CDVA deteriorated more in the pediatric group.
Therefore, the cause of vision deterioration in pediatric KC may be related to cylinder refraction progression
and a significant change in steep K or flat K.

Although this has been debated, KC in pediatric patients is more aggressive than in adults. Tuft et al.
reported that age < 18 years at the time of diagnosis was an independent risk factor for KC requiring penetrating
keratoplasty®®. However, the studies by Dana?’ and Lass et al.*° did not support this association. A study in Asia
showed that KC often progressed rapidly at a younger age and manifested with severe grades!. Chatzis and Hafezi
reported that the progression of KC was seen in 88% of children in a 1-year study on CXL*, while others showed
that at the initial diagnosis, pediatric KC tends to be more advanced with more rapid disease progression and
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Patients diagnosed with keratoconus
at Linkou and Taipei CGMH,
2000~2017 (392 patients)

N

Management-naive patients Non-management-naive patients
(162 patients) (230 patients)

J

Eyes with missing
optical data were
excluded (10 patients)

Eligible eyes for this study
(152 patients, 288 eyes)
Pediatric (<18 y/o0) (20 patients, 37 eyes)
Adult (>18 y/o) (132 patients, 251 eyes)

Figure 4. Flowchart of eligible keratoconus patients included in the analysis.

profound diminution of vision**~*¢. Our study also reported that pediatric patients had more rapid progression
than adults at the end of follow-up.

Little is known about the natural course of KC, particularly in pediatric patients. Leoni-Mesplie et al. retro-
spectively reviewed 49 children with KC aged <15 years and 167 adults aged > 27 years at diagnosis and found
that it was often more advanced in terms of grading slit-lamp biomicroscopic findings and keratometry readings
in children®. In contrast, there were no differences in the initial diagnosis between the pediatric and adult groups
of our study, and pediatric patients had better CDVA and sphere refractive error than adult patients at the initial
diagnosis. Leoni-Mesplie’s report™ found that KC progressed faster in children, with significant differences in
the spherical equivalence and maximum and minimum keratometry over a 2-year period, which was in line with
our results. Recently, Ferdi et al. conducted a systematic review and meta-analysis on the natural progression
of KC and found a significant increase in the K., of 0.4 D at 12 months, a steeper baseline K., (>55 D), and
a younger age at presentation (< 17 years) were significantly associated with increased progression (= 1.5 D) of
Kinax at 12 months'2 In our study, the pediatric patients had 49.64 D/44.71 D (steep K/flat K) at initial diagnosis,
which progressed to 0.74 D/0.60 D at the end of an average follow-up of 3 years. Our pediatric patients seemed
to have a relatively benign course compared to the meta-analysis results. This discrepancy may be due to differ-
ent study designs and populations.

Or et al. compared pediatric KC patients with and without CXL and reported no change in the best-corrected
visual acuity (BCVA in logMAR) from baseline to the 5-year follow-up (0.1-0.13)*. The Collaborative Longi-
tudinal Evaluation of Keratoconus was a large prospective study of 2418 KC eyes with a mean age of 39.3 years.
At the end of the follow-up, the patient’s BCVA lost 2 Snellen letters compared to the baseline, which was quite
stable®®. Wittig-Silva et al. conducted a clinical trial on progressive KC in patients 16 to 50 years of age and
showed that at 24 months, the mean cylinder was stable (p=0.15), but there was a significant progression of 1.2
D (p=0.02) at 36 months®. Sahin et al. reported the cylinder change from —4.4 D to —5.3 D (p=0.04) after a
mean follow-up of 24 months using the Orbscan topography*’. The mean patient age was 32.4 + 15.2 years, so
cylinder changes were presented in pediatric and adult patients. Our study shows no significant changes from
the initial diagnosis to final steep K and flat K between pediatric and adult patients, but the progression was
more rapid in the pediatric group.

Strictly speaking, there are no clear definitions for KC progression. Based on the Global Consensus on KC
and Ectasia Diseases, progression is defined by a consistent change in at least two parameters, which are steep-
ening of the anterior corneal surface, steepening of the posterior corneal surface, thinning, and/or an increase
in the rate of corneal thickness change from the periphery to the thinnest point*'. Several classifications for KC
severity have been proposed. The oldest and most commonly used one is the Amsler-Krumeich classification,
which includes simulated keratometry and total corneal refractive power*>. The modified Krumeich classifica-
tion divides the subjects into four stages depending on clinical characteristics, induced myopia or astigmatism,
corneal radii, and thickness****. Belin and Duncan proposed a new staging system based on anterior and posterior
average radii of curvature, thinnest pachymetry, and distance visual acuity*®. Alio et al. reported a grading system
based on the Red Tematica de Investigacion Coopertiva en Slaud classification, a functional scale of corrected
VA*, Different methods integrating KC’s visual function or topographical characteristics will likely lead to bet-
ter patient assessment and outcome. This study did not use any score to summarize the KC progressions. For
instance, we could not compute the DUCK score because information about the perceived quality of vision was
not available in our respective chart data. We could not use the modified Amsler-Krumeich classification either
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because it is poorly suited for assessing disease progression, and it has limited clinical usefulness for diagnosing
earlier stage of KC**74,

In theory, KC is a progressive disease, and thus CDVA is not reversed with aging under natural conditions. In
addition, patients with KC have a cylinder refractive error increase, which may lead to vision deterioration®**.
In our study, the pediatric group showed less affected CDVA by steep K than adult groups. One of the possible
mechanisms is retinal photoreceptor density decreasing with age. Songhomitra reported 55 eyes from human
donors aged 18 to 85 years and revealed that the annual photoreceptor cell loss was 0.2-0.4%"".

The loss of photoreceptors may be associated with visual functions and necessary for diseases affecting the
photoreceptors in elderly patients. Jacob reported the effect of aging and lifestyle on photoreceptors and retinal
pigment epithelium over 50 years old and concluded that aging affects photoreceptors*. So, the adult KC group
may present with worse CDVA than the pediatric KC group under the same steep K (Fig. 3). Age is related to
decreasing visual acuity. Ocular aberrations, including astigmatism and higher-order aberrations (HOAs), are
associated with deterioration of visual function, and HOA increases with aging®. It is also reported that older
persons who were free from specific visual pathologies exhibited an age-related decline in presenting far acuity
as did those with documented visual pathologies®’. However, despite the demonstrated loss in acuity with age,
the majority of persons maintain at least fair acuity*°.

The following limitations should be considered when interpreting the findings. First, our study has the inher-
ent disadvantages of retrospective design and restricted clinical data. Many known risk factors of KC, including
allergy and asthma, were not examined. In addition, the eye rubbing and atopic dermatitis during the follow-up
period were not recorded in the chart. Although we used tomography to confirm the diagnosis of KC, we did
not analyze the tomographic data because of the different devices used during the study interval. Instead, we
use the steep K and flat K from the autorefractor to measure the corneal curvature from central 3 mm. Hence,
the measurement of steep K and flat K may not always reflect the severity of KC. Secondly, the sample size was
quite different between the two groups, and the sample size of the pediatric group was relatively small. Thirdly,
we did not evaluate the KC variables using fixed time intervals because of the diverse nature of patient visits. The
pediatric group had a slightly longer follow-up time than the adult group.

Nevertheless, we believe that the optical variables are still comparable. Fourthly, given that these patients
sought treatment at a tertiary center, more severe and progressive cases might be more likely to be referred.
Hence, the result of our study might not be generalized to a general population. Furthermore, the socio-economic
status might confound our findings. However, it should be minimal because of Taiwan’s universal and mandatory
national health insurance since 1995.

In conclusion, our retrospective study demonstrated the clinical presentation of KC in both pediatric and
adult patients in Taiwan. There were no significant differences between the groups regarding clinical appearance,
comorbidities, cone morphology, or location. Compared to adults, pediatric patients with KC had better CDVA
and sphere refractive error at initial diagnosis but progressed more rapidly in refraction through the sphere and
cylinder diopter increments, steep K, and flat K deterioration. Since KC is dependent on ethnic differences, our
study provides information for ophthalmologists to assess the risk of patients and monitor progression. Early
detection, close monitoring, and appropriate interventions preserve vision, particularly in pediatric patients.

Methods

Study design and ethical approval. We did a chart review to construct a retrospective cohort study. All
the methods described were compliant with the Declaration of Helsinki. Furthermore, the need for informed
consent was waived and approved by the Institutional Review Board of Chang Gung Medical Foundation
(201601721B0) due to the chart review’s retrospective and low harm nature.

Patient eligibility and keratoconus classification. First, we searched the electronic medical records
of patients diagnosed with KC (ICD-9-CM: 371.6) during 2000-2017 at the Linkou and Taipei Chang Gung
Memorial Hospitals, tertiary care centers in Taiwan. Next, we reviewed the charts to confirm the KC diagnosis by
the presence of at least one characteristic slit-lamp biomicroscopic finding, including conical protrusion, Vogt’s
striae, Fleischer ring, or any tomographic patterns of KC. The tomographic patterns of KC could be high central
corneal power, thin central thickness, or a large difference between the power of the corneal apex and periphery.
We excluded patients with a prior history of either diagnosis or treatments for KC at other institutions. Patients
were followed from their first visit to our hospital until they were prescribed contact lenses or any surgical treat-
ment. Among 392 patients diagnosed with bilateral KC, 162 were management-naive patients, and 230 had a
treated history from other clinics. After excluding 10 patients with missing optical data, 152 patients (288 eyes)
were enrolled in this study. Noted that steep K and flat K information was unavailable in 16 eyes (=5.3%) (Fig. 4).

We classified the cone shapes as nipple (small and <5 mm in diameter), oval (large and 5~ 6 mm in diameter),
and globus (more than 75% of corneal surface affected) according to the classical descriptions of topographic
presentations’’. The tomographic data were derived from three different devices, the combined Placido scanning-
slit system (Orbscan IT) (Bausch & Lomb, Rochester, NY, USA), the integrated system of Placido disc topography,
and dual Scheimpflug tomography (GALILEI G4) (Ziemer Ophthalmic Systems AG, Port, Switzerland), and the
rotating Scheimpflug camera (Pentacam) (Oculus, Wetzlar, Germany), in chronological order of device acquisi-
tion from 2000 to 2017.

Because all patients in our study received the same steep K and flat K measurement from the autorefractor at
the initial and during follow-up visit, we used the steep K and flat K from autorefractor instead of tomography
to analysis the corneal curvature in order to reduce inter-machine variation.
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Variables of interest. Demographic and clinical characteristics, as well as optical variables, were reviewed
and collected. This included eye rubbing behaviors, comorbidity of atopic dermatitis, date of KC diagnosis,
slit-lamp biomicroscopic findings, uncorrected distance visual acuity (UDVA), corrected distance visual acuity
with spectacles (CDVA), refraction, keratometry reading (K) including steep K and flat K, and tomographic
measurements. The Snellen VA was converted to the minimum angle of resolution VA (Log MAR) logarithm for
the statistical analysis.

Statistical analysis. Descriptive statistics were used, such as mean, standard deviation, and frequency.
Scatter plots with correlation coefficient (r) were used to show the strength and direction of the linear relation-
ship between two continuous variables. Wilcoxon rank-sum test or Fisher’s exact test was made to compare the
data between the pediatric and adult group, where appropriate. Wilcoxon signed-rank test was made to compare
the data within the group, where appropriate. Because of the non-independence of the corrected distance visual
acuity (CDVA) of two eyes repeatedly measured over time, we utilized the generalized estimating equation
(GEE) to examine the relationship between CDVA and steep K. The within-subject correlation matrices in GEE
were exchangeable™. This significance level (or type I error) was set at 0.05. We used a sequential Bonferroni-
type procedure for multiple testings to maintain the overall type I error of 0.05. The p values of multiple tests in
Tables 1 and 2were ranked from smallest to largest as p(i), where i is the rank. Only p values <i/(46 = number of
multiple tests)* 0.05 were considered statistical significance. Hence, the borderline significance was set between
0.05 and p values <i/46. All statistical analyses were performed using the SAS version 9.4 (SAS Institute, Cary,
NC, USA).

Data availability
The data that support the findings of this study are available on request from the corresponding author.

Received: 29 November 2021; Accepted: 4 May 2022
Published online: 18 May 2022

References

1. Godefrooij, D. A., De Wit, G. A., Uiterwaal, C. S., Imhof, S. M. & Wisse, R. P. Age-specific incidence and prevalence of keratoconus:
a nationwide registration study. Am. J. Ophthalmol. 175, 169-172 (2017).

2. Rabinowitz, Y. S. Major review. Surv Ophthalmol. 42, 297-319 (1993).

3. Hwang, S., Lim, D. H. & Chung, T.-Y. Prevalence and incidence of Keratoconus in South Korea: A nationwide population-based
study. Am. . Ophthalmol. https://doi.org/10.1016/j.aj0.2018.04.027 (2018).

4. Kennedy, R. H., Bourne, W. M. & Dyer, J. A. A 48-year clinical and epidemiologic study of Keratoconus. Am. J. Ophthalmol. 101(3),
267-273. https://doi.org/10.1016/0002-9394(86)90817-2 (1986).

5. Kok, Y. O, Ling Tan, G. E & Loon, S. C. Review: Keratoconus in Asia. Cornea 31(5), 581-593. https://doi.org/10.1097/IC0O.0b013
€31820cd61d (2012).

6. Torres Netto, E. A. et al. Prevalence of keratoconus in paediatric patients in Riyadh Saudi Arabia. British J. Ophthalmol. 102(10),
1436-1441. https://doi.org/10.1136/bjophthalmol-2017-311391 (2018).

7. Mahdaviazad, H., Bamdad, S., Roustaei, N. & Mohaghegh, S. Vision-related quality of life in iranian patients with keratoconus:
national eye institute vision function questionnaire-25. Eye Contact Lens 44, S350-S354. https://doi.org/10.1097/ICL.0000000000
000492 (2018).

8. Sahebjada, S. et al. Impact of Keratoconus in the better eye and the worse eye on vision-related quality of life. Investig. Ophthalmol.
Vis. Sci. 55(1), 412-416. https://doi.org/10.1167/iovs.13-12929 (2014).

9. Shetty, R. et al. Current review and a simplified “five-point management algorithm” for keratoconus Ophthalmic Perspective.
Indian J. Ophthalmology. 63(1), 46-53. https://doi.org/10.4103/0301-4738.151468 (2015).

10. Andreanos, K. D. et al. Keratoconus treatment algorithm. Ophthalmol. Ther. 6(2), 245-262. https://doi.org/10.1007/s40123-017-
0099-1 (2017).

11. Arnalich-Montiel, F,, Ali¢ del Barrio, J. L. & Ali6, J. L. Corneal surgery in keratoconus: which type, which technique, which out-
comes?. Eye Vision. 3(1), 2. https://doi.org/10.1186/s40662-016-0033-y (2016).

12. Ferdi, A. C. et al. Keratoconus natural progression: a systematic review and meta-analysis of 11 529 eyes. Ophthalmology 126(7),
935-945 (2019).

13. Tellouck, J. et al. Evolution profiles of different corneal parameters in progressive keratoconus. Cornea 35(6), 807-813 (2016).

14. Fujimoto, H. et al. Quantitative evaluation of the natural progression of keratoconus using three-dimensional optical coherence
tomography. Invest. Ophthalmol. Vis. Sci. 57(9), 169-175 (2016).

15. Olivo-Payne, A. et al. Optimal management of pediatric keratoconus: challenges and solutions. Clin. Ophthalmol. (Auckland, NZ).
13,1183 (2019).

16. Soeters, N., Van Der Valk, R. & Tahzib, N. G. Corneal cross-linking for treatment of progressive keratoconus in various age groups.
J. Refract. Surg. 30(7), 454-460 (2014).

17. Toprak, I., Yaylali, V. & Yildirim, C. Visual, topographic, and pachymetric effects of pediatric corneal collagen cross-linking. J.
Pediatr. Ophthalmol. Strabismus 54(2), 84-89 (2017).

18. Shajari, M. et al. Evaluation of keratoconus progression. Br. J. Ophthalmol. 103(4), 551-557 (2019).

19. Neuhann, S. et al. Comparison of variables measured with a Scheimpflug device for evaluation of progression and detection of
keratoconus. Sci. Rep. 10(1), 19308. https://doi.org/10.1038/s41598-020-76020-6 (2020).

20. Wang, Y. M., Chan, T. C., Marco, C. Y. & Jhanji, V. Comparative evaluation of progression rate in keratoconus before and after
collagen crosslinking. Br. J. Ophthalmol. 102(8), 1109-1113 (2018).

21. Amsler, M. Keratocone classique et keratocone fruste; arguments unitaires. Ophthalmologica 111(2-3), 96-101 (1946).

22. Belin, M. W. et al. ABCD: A new classification for keratoconus. Indian J. Ophthalmol. 68(12), 2831 (2020).

23. Wisse, R. P. et al. Clinical evaluation and validation of the Dutch crosslinking for keratoconus score. JAMA Ophthalmol. 137(6),
610-616 (2019).

24. Mukhtar, S. & Ambati, B. K. Pediatric keratoconus: a review of the literature. Int. Ophthalmol. 38(5), 2257-2266. https://doi.org/
10.1007/s10792-017-0699-8 (2018).

25. Low, J. R., Anshu, A,, Tan, A. C. S., Htoon, H. M. & Tan, D. T. H. The outcomes of primary pediatric Keratoplasty in Singapore.
Am. ]. Ophthalmol. 158(3), 496-502. https://doi.org/10.1016/j.2j0.2014.05.020 (2014).

Scientific Reports |

(2022) 12:8278 | https://doi.org/10.1038/s41598-022-12070-2 nature portfolio


https://doi.org/10.1016/j.ajo.2018.04.027
https://doi.org/10.1016/0002-9394(86)90817-2
https://doi.org/10.1097/ICO.0b013e31820cd61d
https://doi.org/10.1097/ICO.0b013e31820cd61d
https://doi.org/10.1136/bjophthalmol-2017-311391
https://doi.org/10.1097/ICL.0000000000000492
https://doi.org/10.1097/ICL.0000000000000492
https://doi.org/10.1167/iovs.13-12929
https://doi.org/10.4103/0301-4738.151468
https://doi.org/10.1007/s40123-017-0099-1
https://doi.org/10.1007/s40123-017-0099-1
https://doi.org/10.1186/s40662-016-0033-y
https://doi.org/10.1038/s41598-020-76020-6
https://doi.org/10.1007/s10792-017-0699-8
https://doi.org/10.1007/s10792-017-0699-8
https://doi.org/10.1016/j.ajo.2014.05.020

www.nature.com/scientificreports/

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Kankariya, V. P., Kymionis, G. D., Diakonis, V. E & Yoo, S. H. Management of pediatric keratoconus - evolving role of corneal
collagen cross-linking: an update. Indian J. Ophthalmol. 61(8), 435-440. https://doi.org/10.4103/0301-4738.116070 (2013).
Verkicharla, P. K., Kammari, P. & Das, A. V. Myopia progression varies with age and severity of myopia. PLoS ONE 15(11),
€0241759. https://doi.org/10.1371/journal.pone.0241759 (2020).

Tuft, S. J., Moodaley, L. C., Gregory, W. M., Davison, C. R. & Buckley, R. J. Prognostic factors for the progression of Keratoconus.
Ophthalmology 101(3), 439-447. https://doi.org/10.1016/S0161-6420(94)31313-3 (1994).

Dana, M. R,, Putz, J. L., Viana, M. A,, Sugar, ]. & McMahon, T. T. Contact lens failure in keratoconus management. Ophthalmology
99(8), 1187-1192. https://doi.org/10.1016/s0161-6420(92)31825-1 (1992).

Lass, J. H. et al. Clinical management of Keratoconus: A multicenter analysis. Ophthalmology 97(4), 433-445. https://doi.org/10.
1016/S0161-6420(90)32569-1 (1990).

Saini, J. S., Saroha, V., Singh, P, Sukhija, J. S. & Jain, A. K. Keratoconus in Asian eyes at a tertiary eye care facility. Clin. Exp. Optom.
87(2), 97-101. https://doi.org/10.1111/j.1444-0938.2004.tb03155.x (2004).

Chatzis, N. & Hafezi, F. Progression of Keratoconus and efficacy of corneal collagen cross-linking in children and adolescents. J.
Refract. Surg. 28(11), 753-758. https://doi.org/10.3928/1081597X-20121011-01 (2012).

Arora, R. & Lohchab, M. Pediatric keratoconus misdiagnosed as meridional amblyopia. Indian J. Ophthalmol. 67(4), 551-552.
https://doi.org/10.4103/ijo.IJO_1496_18 (2019).

Meyer, J. J. Fifteen-year follow-up of a four-year-old with keratoconus. Clin. Exp. Optom. 103(3), 376-378. https://doi.org/10.1111/
€x0.12935 (2020).

Léoni-Mesplié, S. et al. Scalability and severity of Keratoconus in children. Am J Ophthalmol. 154(1), 56-62.el. https://doi.org/10.
1016/j.aj0.2012.01.025 (2012).

McMahon, T. T. et al. Longitudinal changes in corneal curvature in Keratoconus. Cornea 25(3), 296-305. https://doi.org/10.1097/
01.ic0.0000178728.57435.df (2006).

Or, L., Rozenberg, A., Abulafia, A., Avni, I. & Zadok, D. Corneal cross-linking in pediatric patients: Evaluating treated and untreated
eyes—>5-year follow-up results. Cornea 37(8), 1013-1017. https://doi.org/10.1097/ico.0000000000001629 (2018).

Wagner, H., Barr, J. T. & Zadnik, K. Collaborative longitudinal evaluation of Keratoconus (CLEK) study: Methods and findings to
date. Contact Lens Anterior Eye. 30(4), 223-232. https://doi.org/10.1016/j.clae.2007.03.001 (2007).

Wittig-Silva, C. et al. A randomized, controlled trial of corneal collagen cross-linking in progressive Keratoconus: Three-year
results. Ophthalmology 121(4), 812-821. https://doi.org/10.1016/j.ophtha.2013.10.028 (2014).

Sahin, A., Yildirim, N. & Basmak, H. Two-year interval changes in Orbscan II topography in eyes with keratoconus. J. Cataract
Refract. Surg. 34(8), 1295-1299. https://doi.org/10.1016/j.jcrs.2008.04.016 (2008).

Gomes, J. A. P. et al. Global consensus on Keratoconus and ectatic diseases. Cornea 34(4), 359-369. https://doi.org/10.1097/ico.
0000000000000408 (2015).

Krumeich, J. H., Daniel, J. & Kniille, A. Live-epikeratophakia for keratoconus. J. Cataract Refract. Surg. 24(4), 456-463. https://
doi.org/10.1016/S0886-3350(98)80284-8 (1998).

Kilig, R., Bayraktar, A. C., Bayraktar, S., Kurt, A. & Kavutgu, M. Evaluation of serum superoxide dismutase activity, Malondial-
dehyde, and zinc and copper levels in patients with Keratoconus. Cornea 35(12), 1512-1515. https://doi.org/10.1097/ic0.00000
00000001018 (2016).

Colin, J. & Velou, S. Current surgical options for keratoconus. J. Cataract Refract. Surg. 29(2), 379-386. https://doi.org/10.1016/
S0886-3350(02)01968-5 (2003).

Belin, M. W. & Duncan, J. K. Keratoconus: The ABCD grading system. Keratokonus: Das ABCD-system zur Stadieneinteilung.
Klin. Monbl. Augenheilkd. 233(6), 701-707. https://doi.org/10.1055/s-0042-100626 (2016).

Ali6, J. L. et al. Keratoconus-integrated characterization considering anterior corneal aberrations, internal astigmatism, and corneal
biomechanics. J. Cataract Refract. Surg. 37(3), 552-568. https://doi.org/10.1016/j.jcrs.2010.10.046 (2011).

Panda-Jonas, S., Jonas, J. B. & Jakobczyk-Zmija, M. Retinal photoreceptor density decreases with age. Ophthalmology 102(12),
1853-1859. https://doi.org/10.1016/S0161-6420(95)30784-1 (1995).

Harris, J., Subhi, Y. & Serensen, T. L. Effect of aging and lifestyle on photoreceptors and retinal pigment epithelium: cross-sectional
study in a healthy Danish population. Pathobiol. Aging Age-related Dis. 7(1), 1398016. https://doi.org/10.1080/20010001.2017.
1398016 (2017).

Namba, H. et al. Age-related changes in ocular aberrations and the Yamagata study (Funagata). Cornea 36, $34-S40. https://doi.
0rg/10.1097/ic0.0000000000001386 (2017).

Gittings, N. S. & Fozard, J. L. Age related changes in visual acuity. Exp. Gerontol. 21(4), 423-433. https://doi.org/10.1016/0531-
5565(86)90047-1 (1986).

Sinjab MM. Classifications and Patterns of Keratoconus and Keratectasia. Quick Guide to the Management of Keratoconus: A
Systematic Step-by-Step Approach. Springer Berlin Heidelberg; 2012:13-58.

Smith T, Smith B. PROC GENMOD with GEE to analyze correlated outcomes data using SAS. San Diego (CA): Department of
Defense Center for Deployment Health Research, Naval Health Research Center; 2006.

Author contributions

Conceptualization, K.K.L. and C.T.Y.; methodology, L.C.S.; software, L.C.S.; validation, L.C.S.; formal analysis,
PR.L; resources, KK.L., C.T.Y.,J.S.L., C.H.H. and C.H.H.; data curation, L.C.S.; original draft preparation, K.K.L.
and Y.W.C,; visualization, P.R.L.; funding ac-quisition, K.K.L.. All authors reviewed the manuscript.

Funding
This work was financially supported by Chang Gung Memorial Hospital, Taiwan (CMRPG1HO0011).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.-C.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:8278 | https://doi.org/10.1038/s41598-022-12070-2 nature portfolio


https://doi.org/10.4103/0301-4738.116070
https://doi.org/10.1371/journal.pone.0241759
https://doi.org/10.1016/S0161-6420(94)31313-3
https://doi.org/10.1016/s0161-6420(92)31825-1
https://doi.org/10.1016/S0161-6420(90)32569-1
https://doi.org/10.1016/S0161-6420(90)32569-1
https://doi.org/10.1111/j.1444-0938.2004.tb03155.x
https://doi.org/10.3928/1081597X-20121011-01
https://doi.org/10.4103/ijo.IJO_1496_18
https://doi.org/10.1111/cxo.12935
https://doi.org/10.1111/cxo.12935
https://doi.org/10.1016/j.ajo.2012.01.025
https://doi.org/10.1016/j.ajo.2012.01.025
https://doi.org/10.1097/01.ico.0000178728.57435.df
https://doi.org/10.1097/01.ico.0000178728.57435.df
https://doi.org/10.1097/ico.0000000000001629
https://doi.org/10.1016/j.clae.2007.03.001
https://doi.org/10.1016/j.ophtha.2013.10.028
https://doi.org/10.1016/j.jcrs.2008.04.016
https://doi.org/10.1097/ico.0000000000000408
https://doi.org/10.1097/ico.0000000000000408
https://doi.org/10.1016/S0886-3350(98)80284-8
https://doi.org/10.1016/S0886-3350(98)80284-8
https://doi.org/10.1097/ico.0000000000001018
https://doi.org/10.1097/ico.0000000000001018
https://doi.org/10.1016/S0886-3350(02)01968-5
https://doi.org/10.1016/S0886-3350(02)01968-5
https://doi.org/10.1055/s-0042-100626
https://doi.org/10.1016/j.jcrs.2010.10.046
https://doi.org/10.1016/S0161-6420(95)30784-1
https://doi.org/10.1080/20010001.2017.1398016
https://doi.org/10.1080/20010001.2017.1398016
https://doi.org/10.1097/ico.0000000000001386
https://doi.org/10.1097/ico.0000000000001386
https://doi.org/10.1016/0531-5565(86)90047-1
https://doi.org/10.1016/0531-5565(86)90047-1
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:8278 | https://doi.org/10.1038/s41598-022-12070-2 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Comparing the natural progression and clinical features of keratoconus between pediatric and adult patients
	Results
	Discussion
	Methods
	Study design and ethical approval. 
	Patient eligibility and keratoconus classification. 
	Variables of interest. 
	Statistical analysis. 

	References


