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Longitudinal study of keratoconus progression
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Abstract

To determine if differences in topographic progression between unaffected keratoconus relatives and normal controls can predict factors asso-
ciated with the development of keratoconus in a longitudinal study. We recruited 369 unaffected keratoconus relatives and 119 normal controls in
Los Angeles. Both eyes of subjects were examined at baseline clinically and by quantitative videokeratography and at a period ranging from
1 year to 8 years. Progression to keratoconus was evaluated by quantitative videokeratography variables. Unaffected relatives had higher Central
K (CK), I-S and KISA values and were younger than normal controls (CK: 44.70 vs 44.01, P < 0.01; I-S: 0.76 vs 0.58, P < 0.01, KISA: 29.97 vs
23.89, P ¼ 0.02; age: 34.8 vs 41.0, P < 0.01) at baseline. All three indices significantly increased with age, and CK and KISA values were
associated with a positive family history for keratoconus (P < 0.001 for CK and P ¼ 0.05 for KISA), however, the two groups were not statis-
tically different in progression of keratoconus. After grouping unaffected relatives as high risk (age � 30 or Central K � 47.2 and I-S � 1.2 or
KISA � 60) and low risk (age > 30 and Central K < 47.2 and I-S < 1.2 and KISA < 60), relatives in the high risk group had a greater increase
in CK and I-S values than those in the low risk group (CK: P ¼ 0.009; I-S: P < 0.001), which indicated that there were significantly different
rates of progression between two groups. Unaffected relatives had higher videokeratography indices than normal controls, but overall they did
not progress to keratoconus quicker than normal controls. However, relatives in the high risk group may have a greater risk of progression to
keratoconus.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Keratoconus is a clinical term used to describe a condition
in which the cornea assumes a conical shape as a result of non-
inflammatory thinning and protrusion. The estimated preva-
lence of keratoconus is about 50e230/100,000 in the general
population (Rabinowitz, 1998). The age of onset is at puberty
and the disorder is progressive until the third to fourth decade
of life, when it usually arrests. It is a major indication for cor-
nea transplantation in developed countries (Lois et al., 1997;
Liu and Slomovic, 1997). The underlying biochemical
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processes and its cause remain poorly understood (Rabinowitz,
1998).

Although the etiology of keratoconus is still unknown,
there is increasing evidence that supports a genetic basis for
keratoconus (Rabinowitz, 2003; Wang et al., 2000; Edwards
et al., 2001). Approximately 6e24% of cases reported in liter-
ature demonstrate clinically recognized familial aggregation
(Rabinowitz, 2003; Edwards et al., 2001). Both dominant
and recessive models have been observed in individual kerato-
conus pedigrees (Wang et al., 2000; Falls and Allen, 1969). In
the vast majority of cases (in excess of 90%) keratoconus is
bilateral. In many cases the disorder may start of unilateral,
but over time the other eye becomes involved (Holland
et al., 1997). This bilaterality also lends its support to a genetic
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basis for this disease. In addition, segregation analyses (Wang
et al., 2000), twin studies (Zadnik et al., 1984), and gene map-
ping studies (Tyynismaa et al., 2002; Brancati et al., 2004;
Hutchings et al., 2005; Tang et al., 2005; Li et al., 2006)
have also indicated the important role of genetic factors.

Computer-assisted videophotokeratoscopy (VK) represent
a sensitive means for detecting subtle changes of topography
on the corneal surface and allows for detailed qualitative and
quantitative analysis of corneal shape (Klyce, 1984; Rabino-
witz and Rasheed, 1999). Because placido disk based com-
puter videokeratoscopes have the combined features of both
a keratometer and photokeratoscope, recording curvature
changes in both the central and paracentral cornea, they are
well suited for detecting subtle topographic changes present
in ‘early’ keratoconus and for documenting serial changes in
corneal curvature over time (Wilson and Klyce, 1991; Maguire
and Bourne, 1989; Maguire and Lowry, 1991). In recent years,
several quantitative indices that assign numeric values to
certain topographic patterns have been developed to reduce
interpretation of complicated videokeratographs into more
manageable easily interpretable quantitative indices (Rabino-
witz and Rasheed, 1999; Wilson and Klyce, 1991; Maeda
et al., 1994). We have previously demonstrated that certain
VK indices (Central K, I-S and KISA) are significantly
increased in keratoconus patients and unaffected relatives of
keratoconus patients (positive family history of keratoconus)
as compared with normal controls (Wang et al., 2000). Thus,
the progression of these indices may be an early sign of the
development of keratoconus.

The purpose of this study was: (1) to predict the factors
associated with keratoconus progression of VK indices; and
(2) to determine the difference between unaffected keratoco-
nus relatives and normal controls in keratoconus progression
in a longitudinal study.

2. Materials and methods

2.1. Subjects

We prospectively recruited 369 clinically normal subjects
with a positive keratoconus family history (unaffected kerato-
conus relatives) and 119 normal controls as a part of a longitu-
dinal videokeratography and genetic study at the Cedars-Sinai
Medical Center, Los Angeles, California. Institutional Review
Board (IRB)/Ethics Committee approval was obtained.

The diagnosis of keratoconus was based on clinical exam-
ination and confirmed by videokeratography. Any subject who
was clinically normal at baseline by clinical examination but
had at least one relative diagnosed as clinical keratoconus
was defined as a unaffected keratoconus relative, i.e., an
individual with a positive family history of keratoconus.
Among 369 keratoconus relatives, 316 (85.6%) were first de-
gree relatives (parent, sib and child), 42 (12.5%) were second
degree relatives (grandparent, grandchild, uncle, aunt, nephew,
and niece) and only 7 (1.9%) were third degree of relatives
(first cousin).
Normal controls, with no known clinical evidence and no
family history of keratoconus, were recruited from spouses
or acquaintances of keratoconus patients, as well as employees
of Cedars-Sinai Medical Center.

All keratoconus relatives and controls underwent clinical
and videokeratography evaluation (Li et al., 2004). The clini-
cal examinations included slit-lamp biomicroscopy, retinos-
copy examinations, and fundus evaluation.

All subjects were followed longitudinally during the period
1993 to January 2004, with a minimum of two visits. Kerato-
conus relatives were examined annually by both clinical and
videokeratography evaluation.

2.2. Videokeratography measurements

Videokeratography was performed on both eyes of each
subject with the Topographic Modeling System (TMS-1) (soft-
ware version 1.61, Computed Anatomy, Inc., New York, NY)
at baseline and each time during the follow-up visit. At least
four pictures were taken of each eye to ensure the reproduc-
ibility of video images. The best videokeratograph of the
four was selected based on the quality of the keratoscope
photos by visual inspection.

Quantitative VK indices of CK, I-S and KISA on each eye
were generated from the TMS-1. These have been described in
detail elsewhere (Rabinowitz and Rasheed, 1999; Rabinowitz
et al., 1996; Rabinowitz and McDonell, 1989).

Central K (CK) was calculated by averaging the dioptric
power points on rings 2, 3, and 4 of the videokeratographs
generated by the TMS-1.

I-S value, the amount of steepening of the inferior cornea
compared with that of the superior cornea, was calculated by
subtracting superior value from the inferior value.

KISA index was derived from 4 indices including the
Central K value; the I-S value; and the AST index, which
quantifies the degree of the regular corneal astigmatism
(SimK1eSimK2) as well as the skewed radial axis (SRAX)
index, an expression of irregular astigmatism occurring in ker-
atoconus. The algorithm for calculating the KISA index was
initially derived as follows:

KISA¼ ðCKÞ � ðI� SÞ � ðASTÞ � ðSRAXÞ � 100=300

All the indices above have previously been described in detail
in the peer reviewed literature (Rabinowitz and Rasheed, 1999;
Rabinowitz et al., 1996; Rabinowitz and McDonell, 1989).

2.3. Statistical methods

All data including demographic information, clinical exam-
ination and videokeratographic measures were entered into
a relational database. Statistical analyses were performed
with SAS version 8.0 (SAS Institute Ins, 1999). For quantita-
tive traits, comparisons between two groups were tested by the
Student’s t-test when variables had a normal distribution or by
non-parametric Wilcoxon rank test when traits deviated from
normal distribution. Logarithm transformation was used for
I-S and KISA to obtain normal distribution for the statistical
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analysis. We used the chi-square test to compare proportions
of qualitative traits between groups.

In order to estimate whether subjects developed keratoco-
nus differently by VK indices over time, mixed effect linear
models were used to account for intra-subject and intra-family
correlations (Little, 1996). Using each quantitative index as
a dependent variable, group variable, centered age during the
follow-up, and their interaction were treated as fixed effects.
Thus, the interaction term was used to represent the difference
in progression. In addition, to refine our analysis, we took into
consideration that not all relatives will develop keratoconus,
by subdividing relatives based on their baseline VK index
values and age. We grouped subjects into three groups: kerato-
conus relatives with high risk (age � 30 or CK � 47.2 or I-
S � 1.2 or KISA � 60, noted as FH), keratoconus relatives
with low risk (age > 30 and CK < 47.2 and I-S < 1.2 and
KISA < 60, noted as FL), and normal controls, and compared
the difference of progression between FH, FL and normal con-
trols. The cutoff point of CK and I-S was based on the 2 stan-
dard deviations from normal subjects. KISA greater than 60 or
age younger than 30 had clinical importance since subjects in
any of these criteria had high risk for developing keratoconus.
The interaction term was used to interpret the progression rate
for the group variable. Repeated measures within subject were
modeled using the spatial power structure which can estimate
the covariance between two repeated measures at unequal fol-
low-up intervals. Additional correlation of subjects within
family and measures of two eyes within subject were modeled
using random effects. In order to minimize the variation of
age, centered age was used in the analysis which defined as
age minus 30 because age younger than 30 is important for
keratoconus progression. Gender and race were considered
as possible covariates.

3. Results

3.1. Comparison between unaffected keratoconus
relatives and normal controls at baseline

The median age in keratoconus relatives (32, range: 6e74)
was lower than that in normal controls (39, range: 23e74),
P < 0.01. There were more Hispanics and fewer Blacks in
keratoconus relatives (28% and 7%) than in controls (18%
and 14%), P < 0.01. No significant difference in gender
(61% and 62% males in keratoconus relatives and normal con-
trols) was found between two groups. Keratoconus relatives
had higher CK and I-S values as compared with normal con-
trols (CK: 44.70 vs 44.01; I-S: 0.76 vs 0.58; all P < 0.01) at
baseline (Table 1). After adjusting for age, gender and race,
CK and I-S remained significant and KISA values were also
significantly higher in keratoconus relatives (P ¼ 0.02). There
was no significant difference in the time of follow-up between
the two groups (keratoconus relatives: 4.0 � 2.1 years; normal
controls: 3.8 � 2.5, P ¼ 0.29).

Using all subjects and their follow-up points, we estimated
the means of the quantitative index values at each age stage
(range: 8e79). Thus, subjects with multiple follow-up points
contributed multiple times for this estimation. Although the
means estimation at each age stage was sensitive to the sample
size at this point, the curve of means of VK indices at each age
stage could simply illustrate of nature history of these indices.
Fig. 1 showed the trend of three indices during the life time
using the estimated means of these index values at each age
stage. In general, the average CK and I-S are higher in kerato-
conus relatives than in normal controls at each age point. A
similar trend is found for KISA index, though the variations
are higher.

3.2. Predictive factors associated with
keratoconus progression

In order to identify factors that may predict the progression
of keratoconus, we evaluated the association between VK
indices during the follow-up and possible predictive variables,
including age at baseline, duration of follow-up, family his-
tory, gender, race and baseline CK, I-S and log KISA values.
All three baseline indices were significantly associated with
progression (all P < 0.001). Family history of keratoconus
were positively associated with CK (P ¼ 0.06) and KISA
(P ¼ 0.04) at the borderline significance. Either baseline age
and/or time of follow-up increased with VK indices. Thus,
baseline CK, I-S and KISA values, positive family history
and age during the time of follow-up were possible predictive
factors of keratoconus progression.
Table 1

Videokeratography indices of unaffected keratoconus relatives and normal controls at the baseline (mean � SD)

Variables Relatives Normal controls (N ¼ 119) P (adjusted P)*

FHa (N ¼ 244) FLa (N ¼ 125) Total (N ¼ 369)

CK 44.76 � 1.68 44.59 � 1.27 44.70 � 1.55 44.01 � 1.41 <0.01 (<0.01)*

I-S 0.83 � 0.64 0.62 � 0.34 0.76 � 0.56 0.58 � 0.39 <0.01 (<0.01)*

KISA 33.88 � 38.18 22.34 � 16.92 29.97 � 33.00 23.89 � 19.36 0.19 (0.02)*

a FH: keratoconus relatives with high risk (age < 30 or Central K ¼ 47.2 or I-S ¼ 1.2 or KISA ¼ 60), other relatives were defined as low risk, i.e. FL.
* Comparison was conducted between normal controls and all unaffected relatives. Univariate P value was estimated by Student’s t-test for the indices with

normal distribution and Wilcoxon rank test for the indices without normal distribution. Since the univariate comparison may not been meaningful because of

the difference of age distribution, we conducted the tests again after adjustment for covariates. After adjusting for covariates, i.e., age, gender and race, indices

are significantly higher in the group with keratoconus family history, all P < 0.05.
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3.3. Progression between unaffected keratoconus
relatives and normal controls

To estimate the genetic influence on keratoconus progres-
sion, we refined the analysis considering baseline VK indices
and age and time of follow-up. After incorporating the base-
line age and time of follow-up, we used family history and
centered age during follow-up (time), as well as their interac-
tion as the fixed effects in a mixed model. The interaction term

Fig. 1. (A) Mean of CK values at each age stage for unaffected keratoconus

relatives and normal controls. (B) Mean of I-S values at each age stage for

unaffected keratoconus relatives and normal controls. (C) Mean of KISA

values at each age stage for unaffected keratoconus relatives and normal

controls.
was used to estimate the difference of progression between
two groups. Time was significant in the model before and after
adjusting for the covariates for all indices (all P < 0.01). After
removing the non-significant covariates, the only covariate
that remained in the final models was gender for keratoconus
and KISA (Table 2). Table 2 shows the fixed effects estimates
of the final models for each index. Thus, after adjusting for
covariates, both CK, and KISA were higher at each age stage
in keratoconus relatives and all three indices increased over
time in both groups, but not at a significantly different rate.

3.4. Progression between unaffected keratoconus
relatives of high risk (FH), low risk (FL) and normal
controls

After subjects were assigned into three study groups: FH
(age � 30 or CK � 47.2 or I-S � 1.2 or KISA � 60), FL
(age 30 and CK < 47.2 and I-S < 1.2 and KISA < 60) and
normal controls, we tested the difference of progression
between groups using the mixed model. Similar methods as
above were used, the interaction term of group and centered
age during follow-up (time) in the mixed model represented
the difference of progression between groups. After adjusting
for gender and race, CK, I-S and KISA increased over time in
all groups, but the increase was greater in the high risk group
at each age compared with the other two groups, and both CK
and I-S values showed significant differences in the rate of
change among the groups. The keratoconus relatives with
high risk had a greater increase in I-S values than those in
the low risk group (FH vs FL: P < 0.001) and normal controls
(FH vs normal controls: P < 0.001), while FH group also had
a higher progression rate in CK values than those in FL group
(P ¼ 0.009) (Table 3). Similar method as used in Fig. 1, Fig. 2
showed the average VK values of three groups during the life
time. In general, the trends of three indices during the lifetime
were similar between FL group and normal controls; while
these values increased faster in the high risk group. These
results indicate that keratoconus relatives with high risk

Table 2

The final models for CK, I-S and KISA comparing unaffected keratoconus rel-

atives and normal controls by the mixed model

Index Fixed effects Coefficient SE P value

CK Intercept 44.72 0.08 <0.001

Family history 0.69 0.17 <0.001

Centered age 0.007 0.002 0.003

Interaction* �0.03 0.008 0.68

Gender �0.63 0.08 <0.001

Log(I-S) Intercept �0.38 0.02 <0.001

Family history 0.06 0.04 0.13

Centered age 0.004 0.001 <0.001

Interaction* 0.003 0.002 0.25

Log(KISA) Intercept 1.03 0.02 <0.001

Family history 0.09 0.05 0.05

Centered age 0.004 0.001 <0.001

Interaction* 0.001 0.003 0.59

Gender 0.13 0.03 <0.001

* Centered age by family history.
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Table 3

Multivariate analysis for progression to keratoconus related VK indices by the mixed model

CK I-S KISA

Coefficientb P Coefficient P Coefficient P

FHa vs Controls 0.005 0.52 0.008 <0.001 0.002 0.48

FH vs FLa 0.017 0.009 0.007 <0.001 �0.004 0.15

a FH: keratoconus relatives with high risk (age < 30 or Central K ¼ 47.2 or I-S ¼ 1.2 or KISA ¼ 60), other relatives were defined as low risk, i.e. FL.
b Interaction term of centered age by group, which indicated the difference of progression rate.
Fig. 2. (A) Mean of CK values at each age stage for high risk relatives, low risk

relatives and normal controls. (B) Mean of I-S values at each age stage for

high risk relatives, low risk relatives and normal controls. (C) Mean of

KISA values at each age stage for high risk relatives, low risk relatives and

normal controls.
factors, such as CK � 47.2 or I-S � 1.2 or KISA � 60 and at
a young age (<30), may have a greater risk to progress to ker-
atoconus than other relatives. Thus, these indices might be
useful for early detection of individual family members at
risk for keratoconus.

4. Discussion

The results of this longitudinal study indicate that: (1)
unaffected keratoconus relatives have higher CK, I-S and
KISA values than normal controls; and (2) relatives as a whole
(not subdivided by age) do not progress at a statistically signif-
icant rate compared to normal controls, however, when we
subdivided these relatives by age and videokeratography vari-
ables, we could identify a subgroup of relatives that are at
higher risk for progression to keratoconus.

The use of quantitative videokeratography derived indices
potentially represents a more reproducible way of quantifying
keratoconus and its early phenotypes (Wilson and Klyce,
1991). Some studies suggest that topographic features might
be useful in detecting keratoconus prior to the development
of the slit lamp findings (Maguire and Bourne, 1989; Rabino-
witz et al., 1990). Several quantitative indices such as KPI,
KCI%, CK, I-S and KISA have been used (Klyce, 1984; Rabi-
nowitz and Rasheed, 1999; Rabinowitz and McDonnell,
1989). Rabinowitz et al. (1990) developed three indices (CK,
I-S and R versus L) and distinguished eyes with keratoconus
from normals in a small preliminary study (28 family mem-
bers of five patients with keratoconus). Their results supported
that these three indices may be the descriptor of the earliest
stages of keratoconus. However, the sensitivity and accuracy
of quantitative indices for studying sub clinical changes and
early keratoconus still needed to be confirmed by longitudinal
studies and serial topographic analysis.

Using a longitudinal study design, our study provides use-
ful information about the value of three quantitative indices:
CK, I-S and KISA. All three indices increased during the
life time and both CK and I-S increased at a higher rate in ker-
atoconus high risk relatives than that in low risk relatives. In
a previous study we demonstrated that I-S and KISA pro-
gressed quicker to keratoconus in the clinically normal fellow
eyes of unilateral keratoconus patients (Li et al., 2004). We
have not as yet exhaustively examined all quantitative indices
for early keratoconus, however our studies suggests that all
these indices may be valuable adjuncts for identifying the



507X. Li et al. / Experimental Eye Research 85 (2007) 502e507
early stages of keratoconus by videokeratography before they
progress to clinical keratoconus.

Using the baseline data only, we found that keratoconus un-
affected relatives had higher values of all indices than those
eyes of normal subjects. In addition, both CK and KISA
showed a trend of association with the positive family history,
but the P values were at the borderline. This indicates that ge-
netic factors may play an important role, which is consistent
with other genetic studies of keratoconus. To date, no studies
have focused on the progression of keratoconus with family
history using longitudinal data. Although most indices are
higher in family members than normal controls during their
lifetime, using these indices, progression to clinical keratoco-
nus is not significantly different between two groups as
a whole. However, after we grouped keratoconus relatives
into a high risk group and a low risk group, the progression
rate to keratoconus was significantly different in the high
risk group. Thus, we suggest that genetic factors are important
in the etiology of keratoconus in younger patients, and contrib-
ute these high risk subjects progressing to keratoconus at
a faster rate than others.

We know very little about the underlying mechanisms caus-
ing ectasia. We assume however that the cornea thins because
of an abnormality in corneal collagen crosslinking and subse-
quent stromal thinning resulting in protrusion or ectasia. While
a genetic link has not been clearly demonstrated, formal ge-
netic studies (segregation analyses) suggest that genetics plays
a major role in the pathogenesis. Several molecular genetic
studies are currently ongoing to try and identify mutations in
families with keratoconus. While no mutations have been re-
ported to date, recently several promising genetic loci have
been identified (Wang et al., 2000; Tang et al., 2005; Li
et al., 2006).

Further longitudinal studies in a larger population sample
over a longer period of time are needed to confirm these pre-
liminary findings, regarding quantitative indices and videoker-
atography patterns, as predictors for the development of
keratoconus. Such studies are currently in progress.
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