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Abstract

SCREENING FOR EARLY KERATOCONUS IN PEDIATRIC PATIENTS WITH

ASTIGMATISM

Hannah E. Milikich

New England College of Optometry, 2026

Introduction:

Pediatric keratoconus (KC) is often more aggressive than adult KC, and recent studies
suggest its prevalence is higher than previously thought. Topography is commonly used to
screen for KC, however tomography is the gold standard for diagnosis of manifest and
subclinical KC. Currently, tomography is not readily accessible to all clinicians. The purpose
of this study is to investigate corneal characteristics of astigmatic children flagged as
keratoconus suspects based on topography to better understand which indices may better

predict early KC detection.

Methods:

Patients (n = 164 eyes) aged 5-18 (mean 10.83 £ 3.89) years with at least 1D of cylinder
(2.28 £0.94D) were recruited from a community health center. Corneal topography,
aberrations, and pachymetry at central, steepest, and inferior locations were measured with
the Topcon Corneal Analyzer CA-800 and the Zeiss Cirrus HD-OCT 500. T-tests were

performed to analyze differences between low and high cyl groups, and KC suspects and



v

non-suspects; and linear models were used to determine which corneal indices were better
predictors of keratoconus probability index (KPI). KC suspects were defined by a minimum

KPI of 23%.

Results:

Subjects were divided into either high cyl (>2.5D) or low cyl (<2.5D) groups, and significant
differences were found between high cyl (mean -4.42 + 0.89D) and low cyl (-2.12 + 0.66D)
groups for K cyl, steep K, SAI (surface asymmetry index), total aberrations, and higher order
aberrations. Subjects flagged as KC suspects had higher K cyl, SAI, total aberrations, and
increased age. Linear models were compared and according to p-values and adjusted
r-squared values the best overall model other than one containing all data points used the 3
metrics age, AGC (apical gradient curvature), and SD (standard deviation of corneal power)

(1 = 0.374).

Discussion:

No significant difference was found between refractive cyl groups and incidence of suspected
KC, and KC suspects had steeper corneas, more irregular corneal surfaces, older age, more
negative spherical equivalent refractive error, and more corneal aberrations. KPI was best
predicted by a combination of all data points, and a model using age and corneal indices
AGC and SD performed similarly. This study suggests that these features may be good
predictors of early KC and incorporated into a disease severity classification system, though
further research is needed to describe KC classification and best practices for screening for

suspects.
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1. General Introduction

Keratoconus (KC) is a corneal disorder characterized by ectasia, progressive thinning,
dysregulation at all cellular layers, irregular astigmatism, and reduced vision (Gomes et al.
2015). It typically appears in young adulthood or childhood around puberty, but pediatric KC
is typically more aggressive and progresses faster than that of adult patients (Mukhtar and
Ambati 2017). Detection currently relies on topographical measurement and tomography is
the gold standard in diagnosis (Gomes et al. 2015), and it can be difficult to detect, especially
in early stages (Anitha et al. 2021; Gomes et al. 2015). A published case report describes
several pediatric patients with KC who were previously diagnosed with meridional
amblyopia due to the presence of high amounts of refractive cyl, inability to fully correct
vision with glasses, and lack of detection of corneal characteristics (Arora and Lohchab
2019). Misdiagnosis of KC can lead to lack of proper intervention and thus disease
progression (Léoni-Mesplié et al. 2012). It is important to have guidelines in place regarding
signs that would indicate presence of early, subclinical, or preclinical KC (Shi 2016), but this
disease has historically been under-investigated and there is a lack of concrete guidelines in
place for practitioners regarding definitions of disease staging, classification, and best

practices for detection and management (Gomes et al. 2015).

1.1 Keratoconus

1.1.1 Epidemiology

The prevalence of KC is now thought to be much higher than previously reported due to

more advanced detection techniques - historically a frequently cited prevalence is 1 in 2,000



(Kennedy et al. 1986; Kymes et al. 2004; Mukhtar and Ambati 2018; Romero-Jiménez et al.
2010), which is based on a registration study conducted in the US from 1935 until 1982. The
first population-based report of KC prevalence via screening from 1959 reported a
prevalence of 0.6% (Hofstetter 1959). However, more recent studies report a range of
prevalence varying by geographic location and ethnic group, up to 40 in 1,000 (Harthan et al.
2024; Hashemi et al. 2020). An epidemiologic study from 2016 conducted in the Netherlands
reported age-specific incidence of 1 in 7,500 and prevalence of 1 in 375 (Godefrooij et al.
2016). The prevalence tends to be much higher in South & Southeast Asian and Middle

Eastern populations, and there is no clear difference in sex distribution (Anitha et al. 2021).

Important risk factors for KC include Down’s syndrome, family history, ocular allergy,
ethnicity (specifically Asian and Arabian), mechanical factors (eye rubbing), floppy eyelid
syndrome, atopy, and connective tissue disorders such as Marfan syndrome and
Ehlers-Danlos (Gomes et al. 2015). KC has a number of ocular and systemic associations.
Ocular associations include blue sclera, ectopia lentis, cataracts, retinal detachment, retinitis
pigmentosa, macular coloboma, Leber’s congenital amaurosis, aniridia, vernal
keratoconjunctivitis, and atopic keratoconjunctivitis. Systemic associations include Down’s
syndrome and Ehlers Danlos (Anitha et al. 2021). There is no agreed-upon direct relationship
between KC and dry eye (Gomes et al. 2015). KC typically develops in the second decade of
life in which the cornea becomes unstable and develops an irregular, often conical shape, and
changes in myopia, irregular astigmatism, and higher-order aberrations manifest. It typically

progresses until the third or fourth decade of life when the disease process generally



stabilizes (Buzzonetti et al. 2020). There is a possibility for spontaneous stabilization of KC

with age, but this is rare (E1 Rami et al. 2015; Mukhtar and Ambati 2018).

Most literature agrees that younger patients have a higher incidence of rapid progression than
adults - a study by Chatzis and Hafezi in 2012 reported 88% of pediatric KC patients
progressing; however, some literature disputes that a younger age is correlated with faster
progression (Dana et al. 1992; Woodward et al. 1990). In pediatric patients, early diagnosis is
needed to prevent many complications of the disease including ectasia progression requiring
corneal transplantation, central opacities and scarring, and severe visual loss (Ertan and
Muftuoglu 2008). Based on this information, it is important to know which parameters best
detect disease progression in children. The indicators used with children generally include
changes in max keratometry (Kmax), refractive astigmatism (cyl), and corrected distance VA

(CDVA) (Chatzis and Hafezi 2012; Hashemi et al. 2022; Sylvain et al. 2016).

1.1.2 Pathogenesis and Histopathology

Overall, the pathogenesis of KC is poorly understood, although it is often described as a
multifactorial condition involving genetic, metabolic, and environmental factors. The
longstanding and currently accepted definition is that it is non-inflammatory (Krachmer et al.
1984), however recent research has displayed the role of various inflammatory mechanisms.
Generally agreed-on main causative factors include genetics, environmental factors,

inflammation, enzymes, oxidative stress, and hormones (Anitha et al. 2021).

KC has a high association with allergies, and vernal keratoconjunctivitis (VKC) is the most

commonly associated ocular allergy. Although the mechanism of KC development is largely



unknown, allergen exposure, eye rubbing, and epithelium microtrauma can cause KC
development and increase the release of inflammatory mediators, such as MMP-1, from the
epithelium and stroma (Anitha et al. 2021; Buzzonetti et al. 2020). The association of KC
with connective tissue disorders is related to the potentially inflammatory nature of the
disease: a cross-linking enzyme lysyl oxidase (LOX) is commonly reduced in KC patients,
and in patients with these connective tissue disorders, KC may arise because of a generalized

and complex disorder of connective tissue (Dudakova and Jirsova 2013).

Hormones are also thought to be involved in KC development, specifically the sex hormones
estrogen and progesterone, and thyroid hormone T4, or thyroxine (Ayan et al. 2019; Thanos
et al. 2016). Generally, the onset of KC approximately aligns with puberty, following major
changes in hormones. Additional factors suggesting that hormones play a role in KC include
the fact that corneal ectasia progresses during pregnancy, and corneal thickness and

hysteresis vary during the menstrual cycle (Anitha et al. 2021; Ayan et al. 2019).

Abnormalities can be documented in almost every layer of a cornea affected by KC: the
epithelium thins and displays irregular loss of basal cells, with apoptotic cells present over
the cone; Bowman’s layer shows breaks and fibrillations; the stroma displays altered
orientation of collagen fibrils, loss of lamellae, increased visibility of nerve fibers due to
corneal thinning, and thickening of nerve fibers; and Descemet’s ruptures and folds
(Santodomingo-Rubido et al. 2022). There is controversy regarding whether the endothelium
is affected in KC (Santodomingo-Rubido et al. 2022) because cell density is often unaffected

(Efron and Hollingsworth 2008; El-Agha et al. 2014; Weed et al. 2007), but it may display



abnormal signs including intracellular dark structures, pleomorphism, and cell elongation
(Anitha et al. 2021); additionally, a decrease in endothelial cell density in severe KC (Mocan
et al. 2008; Ucakhan et al. 2006) has been reported. More advanced disease stages of KC
produce corneal signs including Vogt’s striae, Fleischer ring, scarring, and central dense
corneal stromal edema (hydrops) due to tears in Descemet’s (Buzzonetti et al. 2020;

Krachmer et al. 1984).

1.1.3 Detection

Suspicion for KC is typically based on topographical measurement and tomography is the

gold standard in diagnosis (Gomes et al. 2015).

1.1.3.1 Topography

Topography involves taking an image of the front of the eye, producing what is essentially an
elevation map detailing the contour of the eye (Cavas-Martinez et al. 2016). Topography also
produces indices based on specific measurements of the cornea. These indices vary across
devices, and typically describe corneal steepness and asymmetry. Poor repeatability of these
topographic indices is often a sign of dry eyes and increased optical aberrations, which can
be associated with corneal ectasia and may warrant further investigation for presence of KC

(Masiwa and Moodley 2020; Shankar et al. 2008).

There are three main technologies employed by current topographers: those based on light
reflection on the cornea, those based on the projection of a slit of light on the cornea, and

those based on the reflection of multicolor LEDs on the cornea (Cavas-Martinez et al. 2016).



Usually, topographers employ Placido discs, rings of light with standard size and spacing,
which are reflected on the anterior surface of the cornea and the image captured by a camera
and analyzed digitally, with variations from the standard size comprising the variations in
shape and curvature measured. This process is used to compare the measured
three-dimensional shape of the cornea to a reference shape, and differences are displayed
using a color scale developed in a study (Maldonado et al. 2006); the topographer used in this
study uses Placido-based technology to capture corneal shape and then applies further

calculations to determine various corneal indices.

1.1.3.1.1 Univariate Topographic Indices

Corneal topography is very useful in detecting and describing corneal disease because it is
able to create a detailed three-dimensional map of the shape of the cornea, as well as
quantitatively describe certain morphological features through the use of numerical indices
(Cavas-Martinez et al. 2016). Univariate indices involve either a simple description of some

feature of the cornea, or are derived from a single-step calculation.

Corneal astigmatism (K cyl) was one of the indices measured by the topographer during
scans. Simulated keratometry (SIMK) contains information on values of the dioptric
curvature of the flat and steep meridians, K1 and K2, within the clinically useful region of
the cornea, diameters of Placido rings between 3 and 9mm eccentricity. K cyl is calculated
simply by taking the difference between the dioptric curvature values of the flat and steep
meridians, K1 and K2 (Cavas-Martinez et al. 2016). Steep K is a value based on SIMK,

which is calculated from information about the elevation across the corneal surface



reconstructed algorithmically to determine height and slope, from which curvature meridians

are identified and labeled as K1 and K2, corresponding to flat and steep.

Apical, or apex, curvature (AK) represents the corneal power at its apex (Cavas-Martinex et
al. 2016). A value less than 48 D is considered normal, between 48 and 50 D suspect, and
greater than 50 D significantly high (Cavas-Martinex et al. 2016). Kc is the central corneal
curvature, based on the selected pupil size (Topcon 2024). Both AK and Kc are essentially

ways of describing the maximum corneal steepness.

Apical gradient curvature, or AGC, is a topography index that describes how quickly the
corneal power changes in relation to the central, or apical, corneal power. Higher values
(greater than 2 D/mm) are highly correlated with KC, with values less than 1.5 being normal
(Cavas-Martinez et al. 2016). Since AGC essentially describes how quickly the corneal
power or steepness changes as one gets further from the center of the cornea, and higher

values tend to predict KC, it was expected that this would be a good predictor of KC.

According to Topcon, whose technology was used in this study, the index SD represents the
cornea’s curvature irregularity expressed as the standard deviation of curvature over a central
4.5mm area (Topcon 2024). SD is an additional way to describe the irregularity of curvature
of the anterior cornea, which is associated with development and progression of KC

(Buzzonetti et al. 2020), so this finding is unsurprising and agrees with current literature.

Superior-inferior (SI) compares the average curvature of 2 matched zones in the superior and
inferior cornea to display differences between the two (Topcon 2024). A similar index is the

I-S index, described by Rabinowitz as being an average of three data points on three



topographic rings 3 mm superior and inferior to the central cornea 30° apart, with the
superior value subtracted from inferior. A positive value for SI or I-S indicates the cornea is

steeper inferiorly, and a negative value indicates the cornea is steeper superiorly (Rabinowitz

1995).

Surface asymmetry index (SAI) is a univariate index that is calculated as the average of the
curvature power difference between points 180° apart on 128 evenly spaced meridians on the
corneal surface. A perfect spherical shape would have a value of zero, with power on each
meridian being equal; a higher value indicates higher asymmetry (Cavas-Martinez et al.
2016). SAI describes the overall asymmetry of the curvature of the cornea rather than
asymmetry when comparing specific areas, as is the case with the SI index which specifically
describes inferior-superior asymmetry. Higher corneal surface asymmetry is associated with
KC (Hashemi et al. 2022), so as it was hypothesized that suspected KC incidence would be

correlated with higher cyl, higher SAI would also be correlated with higher cyl.

1.1.3.1.2 Multivariate Topographic Indices

Multivariate indices are calculated from statistical analysis of several other indices using
linear discriminant function to differentiate between two conditions, such as KC and non-KC
(Maeda et al. 1994). Several multivariate indices have been created to diagnose KC based on

differing compositions of univariate indices.

KPI is a topographical index that is based on multivariate statistical analysis taking into
account all other corneal characteristics and giving a final value for how likely it is that the

measured eye has KC (Maeda et al. 1994). According to Topcon, KPI is calculated based on



the indices AK, AGC, and SI (Topcon 2024). Studies have established an accepted threshold
value for this index of 23%, meaning that any eye with a KPI of at least 23% may be flagged
as a KC suspect (Maeda et al. 1994; Shi 2016). However, further research is needed to
determine which KPI level is most effective to determine KC suspicion, as no consensus
currently exists. One study defined subclinical KC by the presence of major and minor
criteria, with a KPI of 23-30% qualifying as a minor criterion, and KPI >30% a major

criterion (Jafarinasab et al. 2015).

Maeda et al. also created a version of KPI, or KC Prediction index. The calculation of KPI is
described by Maeda et al. in a 1994 paper as “a linear discriminate analysis of eight
quantitative topographic indices,” including DSI, OSI, and CSI, which are calculated by
dividing a map of the cornea into eight pie-shaped sectors, each subtending 45°. These terms

are described in detail in Table 5. (Maeda et al. 1994).

Table 5: Description of Topographic Indices Included in Calculation of KPI per Maeda et al.

Index Term Definition

DSI Differential sector index The greatest difference in average power between

any two sectors

OSI Opposite sector index The greatest differences in average power between

any two sectors that are 180° apart

CSI Center/surround index The difference in the average corneal power
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between the central area and an area surrounding

it

IAI Irregular astigmatism The “average summation of inter-ring
index area-corrected power power variations along every
semimeridian for the entire analyzed surface”

AA Analyzed area The “ratio of the interpolated data area to the area
circumscribed by the last mire... in a
videokeratoscopic image”

SimK 1 Simulated K1 Dioptric curvature of the steep meridian

SimK2 Simulated K2 Dioptric curvature of the flat meridian

SAI Surface asymmetry index | The average of the curvature power difference

between points 180° apart on 128 evenly spaced

meridians on the corneal surface

Other multivariate indices include the Belin/Ambrosio Enhanced Ectasia Display 111 (BAD

IIT), which is used on many tomography scan results and is composed of nine indices

displayed individually as well as combined in discriminant analysis and regression to

differentiate KC from healthy corneas (Cavas-Martinez et al. 2016).
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The keratoconus index, KCI%, also called the Klyce-Maeda method, creates a classification
tree based on eight videokeratoscopic indices (Maeda et al. 1994). The Chastang method
combines SDSD (the standard deviation of standard deviations of radii of curvature of each
of 8 topographic corneal rings) and Asph (coefficient of asphericity within a 4.5mm pupil)

indices to produce a primary decision tree (Cavas-Martinez et al. 2016; Chastang et al. 2000).

Keratoconus severity index, KSI, also called the Smolek-Klyce method, uses an algorithm
based on a neural network derived from 10 topographic indices. The resultant numerical
output classifies corneas as healthy, suspect KC, or manifest KC (Cavas-Martinez et al. 2016;

Smolek and Klyce 1997).

The KISA % index is derived from 4 indices: the K value, IS, AST (which is SimK1 - SimK2
and describes regular corneal astigmatism), and SRAX (which is the skewed radial axis index
and expresses irregular astigmatism) (Rabinowitz and Rasheed 1999). The goal in creating
this index was to have an algorithm to detect and predict KC based on as little topographic
criteria as possible, and is accepted as a useful screening tool for raising suspicion for KC

using only topography (Cavas-Martinez et al. 2016).

The Rabinowitz and McDonell Index was one of the first multivariate KC detection systems
created, and is based on I-S, central K, and the difference between central K of both of the

patient’s eyes (Cavas-Martinez et al. 2016; Rabinowitz 1995).
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1.1.3.1.1 Other Indices and Data Points

When capturing topographic scans of subjects’ eyes, the topographer also measures and
quantifies aberrations. In order to measure aberrations, the topographer uses the recreated
shape of the subject’s cornea to simulate deviations that would occur from a perfectly
symmetrical spherical wavefront path when a perfect reference wavefront passes through
each point on the cornea. The path length difference between the reference wavefront and the

subject’s wavefront comprises the subject’s corneal aberrations (Carvalho 2005).

These corneal aberrations can be used to characterize corneal regularity. The impacts of the
cornea’s shape on the wavefront aberration are described by decomposing the wavefront into
several polynomials of various radial orders. The model used in this study employs Zernike
analysis and provides 36 polynomials up to 7th order arranged as a pyramid, allowing for a

more complete description of the optics of the eye via their orthogonality (Carvalho 2005).

Some of these individual polynomials describe aberrations well-known in the clinic for their
negative impacts in KC, including defocus (myopia), astigmatism, spherical aberration, and
coma. Defocus is a rotationally symmetric description of image rays coming to focus at
different longitudinal points along a visual axis (Mahajan 1991). Primary astigmatism
describes the difference in defocus between meridians caused by asymmetry of the refracting
surface, in this case the cornea, with regular axes 90° apart. Spherical aberration results from
failure of paraxial and peripheral rays to focus at the same point. Coma is a result of differing

focal lengths of off-axis paraxial and peripheral rays (Asimellis 2019, 2022).



13

Aberrations are sometimes combined into a single number or statistic to describe the
magnitude of aberrations, such as higher order root mean square (HORMS) aberrations (a
combination of aberrations third order and above), or simply total root mean square (RMS)
aberrations. KC causes increases in myopia, irregular astigmatism, and higher order

aberrations, particularly spherical aberration, and coma (Omar 2019).

When research is conducted in the field of optics, refractive error must be considered in a
way that allows for valid analysis. The terms used most commonly clinically of sphere,
cylinder, and axis, cannot be statistically compared and analyzed because they are not
independent, or orthogonal. In order to allow for separate analysis of the components of
refraction, each component was transformed from sphere, cylinder, and axis into the vector
components M, JO, and J45, which are orthogonal and may be analyzed individually
(Pesudovs et al. 2007). The M vector is spherical equivalent, and JO and J45 are Jackson
crossed cylinder components with power at 180 and 45 degrees respectively - essentially, JO
represents the with (WTR) and/or against the rule (ATR) components, and J45 represents the

oblique component (Liu et al. 2011).

1.1.3.2 Tomography, Pachymetry, and OCT

Tomography is an imaging method that can examine corneal curvature and thickness, and
produces a more detailed scan of the three-dimensional shape of the cornea (Gomes et al.
2015). Tomography commonly employs Scheimpflug imaging, which enhances depth of

focus without distorting the image, as well as automatically aligning captured images and

compensating for eye movements (Ambrosio 2011).
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Optical coherence tomography, or OCT, is a high axial resolution cross-sectional imaging
technology that uses near-infrared spectral light and measures backscattered light to produce
cross-sectional images of the tissue of interest (Aumann et al. 2019). Fourier domain OCT
(FD-OCT) employs Fourier transformation to convert the signal into spectral information,
capturing depth information in a single scan, providing much improved efficiency (Aumann
et al. 2019; Shan et al. 2019). This technology evolved into two more efficient forms
commonly in use today, spectral domain OCT (SD-OCT) and swept source OCT (SS-OCT).
SD-OCT captures spectral information during scans, and uses a spectrometer to separate
wavelength information from a scan (Aumann et al. 2019). SS-OCT was developed shortly
after SD-OCT and sweeps the wavelength of the light source, which is then captured by a
point detector, providing scanning capabilities without the need for moving parts, allowing
for much higher rates of speed of image acquisition (Shan et al. 2019), and much higher

signal-to-noise ratio, improving image quality vastly (Aumann et al. 2019).

Anterior segment OCT (AS-OCT) was developed and adapted from posterior imaging with
slightly different imaging requirements, such as the need for larger width and depth scans
than needed in posterior imaging (Shan et al. 2019). AS-OCT employs FD-OCT imaging of
the anterior segment, though these devices require a lens adapter (Shan et al. 2019). SS-OCT
for anterior segment imaging is also available, with much higher scan rates and width (Shan

et al. 2019).

Corneal pachymetry assesses corneal thickness, and is an important measurement for many

corneal diseases that affect corneal thickness distribution, such as ectatic disorders like KC



15

(Ramesh et al. 2017). Pachymetry has historically measured only central corneal thickness
(CCT); however, developments in technology can produce a thickness map of the entire
cornea (Li et al. 2006). OCT can be used for corneal pachymetry measurement by employing
much faster scans of the eye’s anterior segment, at 4,000 axial scans per second (Goldsmith
et al. 2005; Radhakrishnan et al. 2001). AS-OCT can be performed with machines designed
to perform posterior segment scans via a lens adapter (Shan et al. 2019), and these can
produce pachymetry maps or single images of the entire anterior chamber angle. However,
detailed tomographic mapping of the posterior cornea requires a distinct machine with swept
source/Fourier domain capabilities to map epithelial thickness distribution (Li et al. 2012)

and posterior corneal surface topography and cross-sectional images (Yip and Chan 2019).

Recent literature has suggested that using tomography (often optical coherence tomography,
or OCT) in conjunction with topography improves sensitivity and specificity of detection of
corneal ectasia (Belin et al. 2014; Cavas-Martinez et al. 2016; Gomes et al. 2016). Experts
have agreed that tomography is the best method to diagnose KC in its early stages as
abnormalities in posterior corneal elevation are required to diagnose mild or subclinical KC
(Gomes et al. 2015). However, there are limitations to using tomography machines including
their high price, large size, power requirement, and the need for skilled technicians to acquire
and analyze images (Chopra et al. 2021), and as such they are not yet ubiquitous in
optometric practice (Barrett and Loughman 2018; Jindal et al. 2019; Myint et al. 2011; Stein

et al. 2012).
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1.1.3.3 Complexity of Detection of KC

KC results in irregular corneal thickness distribution and steepness. Corneal thinning results
in a decrease in corneal volume, which is a hallmark sign of KC (Toprak et al. 2021).
Detection of KC is based on corneal imaging methods including topography, tomography,
and pachymetry. Currently, the gold standard for detection of early KC is tomography
(Anitha et al. 2021; Gomes et al. 2015). Topography is more common and thus often relied
on to flag for suspicion (Ambrosio et al. 2003; Cavas-Martinez et al. 2016; Salomao et al.
2018; Santodomingo-Rubido et al. 2022). However, the use of a single value or parameter to
diagnose KC is not sufficient (Santodomingo-Rubido et al. 2022); abnormal posterior ectasia,
abnormal corneal thickness distribution, and clinical non-inflammatory corneal thinning must
be present to diagnose KC (Belin et al. 2022; Gomes et al. 2015) and some of these more
subtle corneal changes are better detected via tomography (Gomes et al. 2015; Hashem et al.
2023; Omar et al. 2019; Salomao et al. 2018). KC is a diagnosis of exclusion and must be
distinguished from other ectatic disorders such as pellucid marginal degeneration (PMD),
Terrien marginal degeneration (TMCD), brittle cornea syndrome, and keratoglobus (KG)

(Anitha et al. 2021).

In a case study of five children who were diagnosed with anisometropic meridional
amblyopia, then referred after six to eight months of patching treatment with no
improvement, two were observed to have biomicroscopic signs of KC (Vogt’s striae and
ectasia). All patients were subsequently diagnosed with KC without underlying amblyopia,

and all were correctable to 20/20 with CL treatment (Arora and Lohchab 2019). This case
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study demonstrates the importance of accurate detection of KC, the possibility of
misdiagnosing KC as meridional amblyopia, and potential for visual improvement once the

correct treatment was administered.

1.1.3.4 Nomenclature and Classification of KC

The nomenclature and categorization of early KC is contested, with multiple terms in use,
including forme fruste, KC suspect, and preclinical (or subclinical) KC (Shi 2016).
Generally, preclinical KC is defined as a cornea with no detectable abnormalities upon slit
lamp examination, but inferior corneal steepening or asymmetry with unaffected vision. One
of the first clinically detectable signs of KC includes changes to the posterior corneal surface,
with the ratio of anterior and posterior corneal surface area significantly decreased in KC

(Santodomingo-Rubido et al. 2022).

Various terms are in use to describe the early stages of KC, and often these get interchanged
or used incorrectly, adding to difficulty performing research in KC and confusion regarding
stage or severity. Names for the earliest stages of KC include forme fruste KC (FFKC), KC
suspect, and preclinical or subclinical KC. FFKC was defined by Amsler, later modified by
Klyce, and is now agreed to refer to a patient’s fellow eye that does not exhibit clinical signs
(such as Vogt’s striae) or topographic signs (such as skewed bowtie astigmatism) with
manifest KC in the other eye (Amsler 1946; Klyce 2009; Shi 2016). KC suspect has been
defined in various ways, including the following (Shi 2016): a cornea with specific
topographic changes (abnormal steepening often inferiorly, or an asymmetrical or skewed

bowtie) and no KC in the fellow eye (Klyce 2009); the fellow eye of a KC eye without slit
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lamp findings (Waring 1993), which aligns with the FFKC definition; and only asymmetric
bowtie with skewed radial axis and no clinical findings (Li et al. 2009), which emphasizes
the role of the IS and SRAX indices and whose definition aligns with subclinical KC.
Subclinical KC has also been defined in several ways (Shi 2016), such as the fellow eye of
one with manifest KC and specific features including no keratometric, retinoscopic, or
biomicroscopic signs of KC, asymmetry or skewed bowtie pattern on topography, and no
history of surgery, trauma, or contact lens wear (de Sanctis et al. 2008; de Sanctis et al. 2013;
Ugakhan et al. 2011). It has also been defined by the presence of major and minor criteria,
with major criteria being Vogt’s striae or Fleischer’s ring extending at least 2mm, SRAX
index >20°, KPI >30%, KSI >30%, and abnormal KCI; and minor criteria being asymmetric
bow-tie without SRAX, inferior steepening, KSI 15-30%, and KPI 23-30%; with subclinical
KC being present if one major or two minor criteria were met (Jafarinasab et al. 2015).
Subclinical KC is also used in a more vague sense to include both FFKC and KC suspect

(Shi 2016).

While FFKC does have an agreed-upon definition, subclinical KC and KC suspect have
much less clear definitions and are often used interchangeably to refer to the fellow eye of
one with manifest KC with some identifiable feature KC but not severe enough to be
classified as manifest KC (Shi 2016). This introduces many problems into the field of KC
research and management, as the definition of the term used may differ from one study or
clinician to another, and guidelines regarding management of each level of severity cannot be

established.
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The classification of KC severity is challenging because the time course for development of
signs and symptoms as well as their association with disease severity are extremely variable
(Santodomingo-Rubido et al. 2022). KC severity can range widely - very early preclinical
stages include no visible biomicroscopic signs, normal topography, or a mild amount of
refractive astigmatism. Extremely severe stages may include corneal scarring, perforation,
extreme corneal thinning (as low as 200 um), or large amounts of irregular astigmatism that

may not be measurable via refraction (Gomes et al. 2015; Krumeich et al. 1998).

There are a number of existing proposed classification systems. The first proposed KC
classification system was the Amsler-Krumeich, which was originally proposed by Amsler in
1947 and was based on keratometry and optical pachymetry, and as such accounted for
central anterior curvature and apical thickness (Belin et al. 2020). It was later modified to
include refractive error components myopia and astigmatism, as well as clinical findings
including scarring and perforation, and is divided into stages I-IV (Krumeich et al. 1998).
Each stage includes progressively increased amounts of myopia/astigmatism, steeper cornea,
thinner pachymetry, and more severe clinical findings. This system was in place when KC
was only managed with corneal RGP contact lenses and penetrating keratoplasty, but
advances in imaging now allow for much earlier detection and management (Belin et al.

2020).

The Belin ABCD classification system was proposed in 2016 in order to address additional
corneal characteristics of the posterior corneal surface and visual acuity (Belin et al. 2020).

The four characteristics include anterior and posterior radius of curvature at thinnest location,
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thinnest pachymetry, and visual acuity. Each characteristic is ranked from zero to five, and
does not produce a single final value but rather describes each characteristic. It has also been
developed to produce a depiction of progression as eight past exams can be displayed and
compared. KC is a complex disease with many different effects manifested, and this system
intended to address the requirements set out by the 2015 global consensus on keratoconus
and ectatic diseases (Gomes et al. 2015) including corneal thinning, anterior and posterior
steepening, and rate of change of corneal thickness, as well as advising clinicians to intervene
before vision loss rather than managing once loss has already occurred (Belin et al. 2020). It
is commonly displayed on tomography result printouts, but is not universally accepted as it
fails to consider important disease features including asymmetry of corneal shape, any

clinical findings such as striae or scarring, and corneal aberrations.

Other classification schemes include one published in 2013 by Sandali et al. that employed
AS-OCT and proposed 5 stages of KC based on corneal morphological changes, but did not
address anterior corneal shape changes, and this detailed level of imaging is not always
accessible, so is not a good substitute for classification systems that describe the anterior
corneal shape. Rather, these corneal micro-architectural features should be considered in
addition to more easily measurable features. The Ali6 and Shabayek classification system
essentially modified the Amsler-Krumeich by adding coma-like corneal aberrations (Ali6 and
Shabayek 2006). The KISA% index is described earlier in this thesis and was adapted into
the expanded KISA% index, which added tomographic information to the KISA% index
which describes only topography (Steinberg et al. 2015). The KC severity scale (KSS), used

in the CLEK study (Zadnik et al. 1998), was proposed as a KC severity grading that could be
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automated and takes into account corneal topographic and aberrometric information along
with clinical findings and manual interpretation of a topography map to produce an overall
number indicating presence, suspicion, or severity of KC, also requiring decision-making and

interpretation from the clinician.

Due to the different bases for the different classification schemes, they are appropriate for use
in different scenarios, and one universal classification has not been agreed on (Giannaccare et

al. 2021; Gomes et al. 2015).

1.1.4 Management

KC management centers on visual rehabilitation with contact lenses, often corneal rigid gas
permeable (RGP), multicurve, or scleral RGP lenses (Anitha et al. 2021). Collagen
crosslinking (CXL) is a procedure that is used to slow and stabilize the progression of KC by
employing riboflavin drops and UV-A light which produces reactive oxygen species (ROS)
that increase cross-linking between prostaglandins and collagen in the cornea, ultimately
increasing corneal rigidity after the procedure (Anitha et al. 2021). CXL is generally safe and
effective, and if patients’ eyes are incompatible with CLs, may be required (Anitha et al.
2021). Classically the epithelium is removed via debridement, known as “epi-off,” to allow
for better penetration of riboflavin and UV light (Nughays et al. 2025). A newer development
in the procedure can be performed without epithelial debridement, known as transepithelial
or “epi-on” intended to reduce risk of infection, pain, and recovery time, and literature is

mixed regarding efficacy compared to epi-on (Nughays et al. 2025). CXL helps to halt or
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slow progression of KC, and does not reverse the process (Buzzonetti et al. 2020) but may

improve measures such as visual acuity, and Kmax (Wajnsztajn et al. 2022).

Differences exist between adult and pediatric KC in disease entity and management
guidelines. The best nonsurgical pediatric KC management includes verbal guidance to avoid
rubbing eyes, use of topical anti-allergy medicines, use of preservative-free lubricants, and
wearing glasses or CLs (Gupta et al. 2022). Research into keratoconus has been increasing in
the past three decades (Gomes et al. 2016), with the greatest focus on treatment, specifically
CXL. However, there is not extensive coverage of pediatric keratoconus. A landmark study
in pediatric eye disease is the MEPEDS study of 2009 which analyzed the prevalence and

causes of various visual impairments, but keratoconus was not featured strongly in this study.

1.2 Astigmatism and Meridional Amblyopia

In KC, the most common visual consequences are myopia and irregular astigmatism
(Buzzonetti et al. 2020), a refractive condition in which the primary axes are not 90° apart
and which is not fully correctable with sphero-cylindrical lenses (Goggin et al. 2000). The
bulging out of the cornea in KC contributes to the myopic shift, and the irregularity in the
shape of the cone contributes to the irregular astigmatism. It is possible to minimize or
correct the degree of irregular astigmatism that occurs in KC using corneal or scleral rigid
contact lenses, in which the tear reservoir evens out the irregular optical surface (Anitha et al.

2021; Goggin et al. 2000).

Amblyopia is a developmental disorder of vision in which the cortical connections between

the eyes and the brain are not able to fully develop, and as such the amblyopic eye is not
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correctable to 20/20 in adulthood. There is a “critical period” during which treatment can
allow the cortical connections to form and vision to develop to normalcy; the consensus
around the upper age limit for this period is contested, though, but is generally agreed to be
between ages 7-10 (PEDIG 2005). Amblyopia can develop due to refractive error,

strabismus, or form deprivation, or some combination of these factors (PEDIG 2002).

Amblyopia can be treated if addressed during the critical period, although some practitioners
argue the existence of neural plasticity beyond this period (Astle et al. 2011; Levi 2005).
Common treatments include patching or occlusion of the better-seeing eye in order to force
use of the amblyopic eye and encourage development of cortical connections. The first-line
treatment for refractive amblyopia is refractive error correction, though in anisometropic
amblyopia, a concurrent treatment of patching or some other pharmacological treatment is

often required (Cotter 2006).

Meridional amblyopia refers to orientation-dependent deficits in vision secondary to
uncorrected astigmatism during the critical period of visual development due to irreversible
neural adaptation even if the astigmatism reduces through emmetropization (Deshpande et al.
2018). The degree of reduction in visual acuity corresponds to the magnitude of astigmatism,

with oblique orientation being the most amblyogenic and difficult to manage.

1.3 Specific Aims

In general, the literature regarding pediatric keratoconus is sparse, and most important papers
or studies discussing pediatric eye disease do not feature KC strongly, if at all. Though KC is

fairly uncommon in many parts of the US, knowing details about the disease process and
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how to treat it is vital to helping those patients who do present with it. There is widespread
agreement that detecting early or subclinical KC is much more difficult than advanced KC
(Arora and Lohchab 2019; Gomes et al. 2015), which that delayed diagnosis of KC might be
common, allowing disease progression to a more severe stage ultimately requiring much

more invasive treatment including corneal graft surgery.

A pilot study was performed (Borle et al. 2022) which analyzed whether there was a
significant difference between groups of high cyl (at least 3.5D) and low cyl (less than 3.5D)
regarding prevalence of KC suspects as determined by their KPI. It was found that the
relationship between these two categories of meridional amblyogenic risk factors and the
presence or absence of early KC was not significant. This was surprising; given the small
sample size, the current study continued this investigation on a larger scale and introduced
measurement of additional data points relevant to KC diagnosis including pachymetry and

corneal aberrations.

The overall aim of this study is to identify characteristics that are more strongly associated
with early KC, or that are good predictors of KC development or progression, and are
detectable with devices and methods more easily accessible to primary care optometrists, and
to provide practitioners with guidelines about when pediatric patients should be evaluated for

KC. This was addressed with three main goals:

Goal 1: Determine differences between pediatric subjects with low versus high amounts of

refractive astigmatism and whether prevalence of KC suspicion was correlated.
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Goal 2: Determine one or more characteristic(s) that reliably predict KC suspicion based on

KPI.

Goal 3: Determine differences between pediatric subjects with astigmatism who were flagged

as KC suspects based on KPI and those who were not flagged.

It was hypothesized that subjects with higher refractive cyl would be more likely to be KC
suspects as well as display more extreme corneal metrics of steepness and asymmetry
correlating with higher KPI. It was also hypothesized that some corneal characteristic(s)

would correlate well with KPI and be good predictors of this value.
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2. Methods

2.1 Subjects & Recruitment

Subjects were recruited for this study from the Charles River Community Health Center in
Brighton, MA during the course of comprehensive eye exams. Inclusion criteria were
children between 5 and 18 years of age (average age of subjects was 10.66 = 3.62 years), and
at least 1D of astigmatism, or cylindrical refractive error (cyl) in both eyes. Exclusion criteria
included a previous diagnosis of corneal disease including ectasia, opacification, trauma, or
transplant. No exclusions were made on the basis of visual acuity, or a prior diagnosis of

amblyopia.

In this study KC suspects were defined by their KPI, using a cutoff of 23% as established in
prior studies (Maeda et al. 1994; Shi 2016). Subjects with a KPI > 23% as measured by the
Topcon CA-800 were referred to a pediatric corneal specialist for tomography and
confirmation of diagnosis, and potential further management such as corneal cross-linking.
Unfortunately, patient retention following referrals was limited. Typically, referrals to

pediatric specialists were requested within about 3 months.

The study was approved by the Institutional Review Board of the New England College of
Optometry and conforms to the declaration of Helsinki. Subjects were recruited during
pediatric comprehensive eye exams, and proper parental consent was obtained prior to data

collection.
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2.2 Procedures

A comprehensive eye exam was performed in which a complete case history was gathered
including birth history, personal and family history of systemic or ocular diseases, and
history of ocular trauma or infection; testing of visual acuity, uncorrected and corrected if
applicable; ocular alignment via cover test; cycloplegic retinoscopy; and thorough ocular
health assessment including anterior segment biomicroscopic examination and dilated fundus

€xam.

At the end of their comprehensive eye exam, the subjects with >1D astigmatism had
topography measurements taken by the Topcon Corneal Analyzer CA-800, followed by
pachymetry measurements using the Zeiss Cirrus HD-OCT 500. Several topographic indices
were captured including Sim K values, K cyl, AK, AGC, SD, SI, and SAI (see background
for descriptions). Aberrations measured in this study were all derived from the corneal shape
and included primary astigmatism, described by Topcon as a depiction of how the wavefront
is affected by topography along axes 90° apart (Topcon 2024), but no published information
is available detailing the exact calculation of this term; spherical, coma, higher order, and

total aberrations, all reported as RMS in um.

Astigmatism aberrations depict how the subject’s wavefront is affected by their topography
along axes 90° apart; spherical aberration measures how the wavefront is altered by the
cornea near the pupil margin compared to the center of the cornea; coma indicates how the

wavefront is altered by opposite hemispheres of the cornea; and Topcon describes the HOA
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term as a combination of all other aberrations not included in the other measurements

(Topcon 2024), meaning it includes an RMS value of all aberrations 3rd order and above.

From the topographer’s keratometry data, K values and amount of K cyl were recorded and
steepest corneal location was determined from the resulting steepness map and corresponding
K-readings. This was used to guide measurement of corneal thickness at the steepest corneal

location, in addition to central and inferior locations.

As study data was collected during subjects’ comprehensive eye exams, differences in
methods of pachymetry measurements were unavoidable and are a recognized weakness in
this study. Subjects from a pilot study were included in analysis, and pachymetry was not yet
being measured, so some subjects did not have pachymetry values. Once recruitment began
for this study, pachymetry was measured using the OCT by manually selecting the central,
steepest, and inferior locations and capturing individual scans of each corneal region and
measuring thickness at each. Partway through data collection, the machine capabilities were
updated to capture full-corneal pachymetry maps from which the correct value could be read
by matching the measured point on the map rather than measuring at each point of interest
individually. This introduced variability in how data was collected and should be noted when

discussing pachymetry results.

Various additional data points acquired through the exam were included in analysis,
including past and current spectacle Rx, BCVA, and any relevant anterior and posterior

segment findings such as Fleischer ring, Munson sign, oil droplet reflex, scissoring reflex on
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retinoscopy, corneal scarring, optic disc appearance, C/D ratio, macula, and peripheral

findings.

2.3 Statistical Analysis

The present study was a continuation of the pilot study by Borle et al., and data were pooled
for analysis. Prior to beginning the study, using the R studio package “pwr” it was
determined that a minimum of 80 subjects (160 eyes) was needed to achieve a power of 0.75
and two-sided alpha level (type 1 error) of 0.05, for a small (Cohen’s d = 0.3) effect size

(Blanca et al. 2023).

Analysis in this study was conducted using R studio. Converting refractive error to vector
components was achieved using a simple command that reads the sphere, cylinder, and axis
values and performs mathematical and geometric analysis to return a data frame containing

the components M, JO, and J45.

Goal 1: Because it was hypothesized that there would be differences between subjects with
high and low amounts of astigmatism, the cohort was split into two groups - high cyl (at least
3.50D), which included 43 eyes of 27 subjects, and low cyl (less than 3.50D), which included
121 eyes of 65 subjects. A Welch’s 2-sample t-test was used to determine significant
differences between the two groups and the p-values were adjusted using the false discovery
rate (FDR) method, which states the expected proportion of false positives among all positive
cases identified. It is recommended to adjust p-values when performing repeated analyses on
the same data, and FDR is considered the best adjustment method because it minimizes both

false positives and negatives (Jafari and Ansari-Pour 2019).
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Goal 2: Additionally, it was hypothesized that some corneal characteristic or metric would be
correlated with presence of KC as identified by the index KPI. Linear modeling was
performed to determine which data points were good predictors of KPI as determined in this
study. Linear models depict how well variable y is predicted by each continuous variable x,
with each model containing descriptors indicating how successful the model is. A p-value
describes the model’s significance, and an r-squared value indicates goodness of fit of the
model, ranging from 0-1 with 1 being 100% predictive value. The most significant models
were chosen first based on whether they had significant p-values of p < 0.05, as was used
elsewhere in this study to determine significance, then based on r-squared values >0.15 in

order to compare goodness of fit among statistically significant linear models.

A “good” r-squared value depends on what is being studied, with values being considered
significant ranging from 0.1 to 0.9 depending on the field of study, such as psychology,
finance, and chemistry. The medical field does not have a standard acceptable value and
arbitrary bounds are often used; however, an r-squared of >0.15-0.20 may be considered
meaningful in clinical studies, particularly in the context of multifactorial conditions (Gupta

et al. 2024).

The use of linear modeling also allows for multivariate analysis, which allows the researcher
to consider whether a certain combination of data points may hold higher predictive power.
There is a tradeoff in multivariate analysis, however, with models including more parameters
requiring penalties for additional parameters. This design allows for valid analysis of this

dataset, with the possibility of identifying variables with good predictive power for KPI.
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It is important to note that pachymetry was not performed for the 31 subjects whose data
were collected during the pilot study. Additionally, certain indices were not obtained for two
participants due to error in either measurement or calculation by the corneal topographer
during the assessment of corneal shape. In analyzing the data to create these models, only
subjects’ eyes that contained all data points were included, so all subjects from the pilot study
were excluded from the creation of linear models, with 59 eyes included in this final analysis.
This sample size was lower than the target determined by the a priori power analysis, so this

analysis likely was underpowered to detect the expected effect.

Because the sample size was relatively small and was further decreased when excluding
incomplete datasets, bootstrapping was performed. Bootstrapping involves taking an existing
data set and randomly resampling from it to create a much larger dataset with similar
composition. In this study, the linear models were bootstrapped to produce 2,000 samples and

determine 95% confidence intervals.

Goal 3: In order to identify differences between eyes with suspected KC and those without,
subjects were divided again into two groups - eyes identified as KC suspects based on KPI,
which consisted of 15 eyes of 12 subjects, and eyes not identified as KC suspects, which
consisted of 149 eyes of 70 subjects. Data was analyzed similarly to the groups of low and
high cyl, with a Welch’s 2-sample t-test to determine significant differences between the two

groups. Again, the p-values were adjusted using the FDR method.



32

3. Results

3.1 General Results

Subjects’ eyes were analyzed individually; a total of 82 subjects (n = 164 eyes) were enrolled
between March 2023 and November 2024. There were 33 (40.2%) female subjects and 49
(59.8%) male subjects. 41 subjects were Hispanic (50.0%), 3 were Indian/South Asian
(3.7%), 2 were Black (2.4%), 2 were White (2.4%), and 3 were another race/ethnicity (3.7%).
The average sphere refractive error was +0.69 + 2.59D, with average cyl -2.72 + 1.25D. 12
subjects (14.6%) were determined to have a KPI >23%. Of the 12 subjects with KPI >23%,
there were 3 (3.7%) confirmed cases of keratoconus and 2 (2.4%) subjects were determined
to not have keratoconus. Unfortunately, 7 patients were lost to follow-up and keratoconus
status could not be determined. Two eyes with KC suspicion had scissoring reflex on
retinoscopy, and none of the non-suspects had a scissoring reflex. Descriptive statistics for
the entire cohort are available in Appendix I, and all box plots depict variables with

statistically significant differences between groups with 95% confidence intervals.

3.2 Low and High Cyl Groups

Subjects were categorized in this study as high cyl (= 3.50D) or low cyl (< 3.50D) based
upon the amount of astigmatism identified during cycloplegic retinoscopy. The high cyl
group consisted of 43 eyes (26.2%) of 27 subjects, with a mean cyl value of -4.42 £ 0.89D
(Figure 1). This group had 21 (77.8%) males and 6 (22.2%) females. The low cyl group

consisted of 121 eyes (73.8%) of 65 subjects, with a mean cyl value of -2.12 + 0.66D (Figure



1). This group had 35 (53.8%) males and 30 (46.2%) females. A summary of the results of

analysis is available in Appendix II.
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Figure 1: Average K Cyl in Low and High Cyl Groups
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3.2.1 Topographic Indices - Steep K, SAI

In this study the high cyl group was found to have steeper steep K values than the low cyl

group (45.06 = 1.70D, low cyl 44.11 + 1.93D, p <0.01, Figure 2).
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Figure 2: Average Average Steep K in Low and High Cyl Groups

The high cyl group had more surface asymmetry than the low cyl group, as SAI was

statistically significantly different (high cyl 0.61 + 0.56, low cyl 0.42 = 0.33, p < 0.05, Figure

3). The SI index was not found to be different between these groups (p = 0.273).
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Figure 3: Average SAI in Low and High Cyl Groups

3.2.2 Aberrations

Statistically significant differences were found between the groups for total aberrations (high
cyl 4.45 + 0.98um, low cyl 2.92 + 1.39um, p < 0.01, Figure 4), and astigmatism aberrations

(high cyl 3.79 £ 0.84um, low cyl 2.37 £ 1.07um, p < 0.01, Figure 5).
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Figure 4: Average Total Aberrations in Low and High Cyl Groups
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Figure 5: Average Astigmatism Aberrations in Low and High Cyl Groups

3.2.3 Refractive Vector Components

M was found to be statistically significantly more negative in the high cyl group than the low
cyl group (high cyl -1.65 + 0.97D, low cyl -0.79 + 1.37D, p < 0.01, Figure 6). JO was also
found to differ significantly between the two groups (high cyl 2.15 £ 0.45D, low cyl 0.99 +

0.37D, p <0.01, Figure 7).



37

25- '

(|
@ 0.0-
2 —— |
| |
| ]
-2.5-
[} ]
8
]
-50 = 1 1
Low Cyl Group High Cyl Group

Figure 6: Average M in Low and High Cyl Groups
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Figure 7: Average JO in Low and High Cyl Groups

The entire cohort consisted of a mix of myopes and hyperopes, with 23 compound hyperopic
astigmatic (CHA) eyes (14%), 1 simple hyperopic astigmatic eye (0.6%), 79 mixed
astigmatic eyes (48%), 22 simple myopic astigmatic eyes (13%), and 39 compound myopic
astigmatic (CMA) eyes (24%). The high cyl group consisted of 3 CHA eyes (7%), 31 mixed

astigmatic eyes (72%), 3 simple myopic astigmatic eyes (7%), and 6 CMA eyes (14%). The
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low cyl group consisted of 22 CHA eyes (18%), 1 simple hyperopic astigmatic eye (0.8%),
46 mixed astigmatic eyes (38%), 19 simple myopic astigmatic eyes (16%), and 33 CMA eyes

(27%).

3.2.4 Pachymetry

Since pachymetry (measured via OCT) was not introduced until after the pilot study was
completed, the 31 subjects without these values were excluded from this portion of analysis,
leaving 59 subjects (118 eyes) with pachymetry results. Due to the inconsistencies in data
collection, as well as the smaller sample size compared to the other data points collected,

pachymetry results were ultimately excluded from the findings of this thesis.

3.3 KPI and Linear Modeling

Figure 8 shows a barplot to visualize adjusted r-squared values. According to p-values and
adjusted r-squared values the best overall model used the parameters Age, Steep K, AK,
AGC, SD, Kc, SI, SAIL K cyl, M, JO, J45, Total Aberrations, Astigmatism Aberrations, SA,
Coma, HOA (r* = 0.418); all parameters aside from pachymetry values. The second-highest
r-squared value, 0.374, corresponded to a model with three components - Age, AGC, and SD.
When attempting to limit the amount of parameters included in a model, no improvement to
the best-performing model could be made by including more than four but fewer than all the

parameters. A table with descriptions of all models is available in Appendix III.
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Figure 8: Significant Linear Models with Bootstrapped 95% Cls

Note: “List” contains model parameters Age, Steep K, AK, AGC, SD, Kc, SI, SAIL K cyl, M, JO, J45,
Total Aberrations, Astigmatism Aberrations, SA, Coma, HOA

However, an interesting finding of this analysis was that all the models fall within 95%
confidence intervals of one another - the bootstrap produced 2,000 replications and was able
to provide confidence intervals, and it can be seen in Figure 8 that these confidence intervals

are very wide, enough so that each model falls within the intervals of the others.

Other than a model containing age and all topographic, refractive, and aberrometric

parameters, the models with the highest r-squared values included the indices age, AGC, SD,

and SAI in varying combinations.
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3.4 KC Suspects vs. Non-Suspects by KPI

Subjects were categorized as KC suspects with KPI >23% and non-suspects with KPI <23%.
The KC suspect eyes group consisted of 15 eyes (9.1%) of 12 subjects, with a mean cyl value
of -3.07 £ 1.36D and a mean age of 13.07 £ 3.40 years. Three subjects were flagged as KC
suspects in both eyes. The non-KC suspect eyes group consisted of 149 eyes (90.9%) of 70
subjects, with a mean cyl value of -2.69 + 1.24D and a mean age of 10.42 + 3.50 years. The
KC suspect group had 8 (66.7%) males and 4 (33.3%) females, and the non-suspect group
had 41 (58.6%) males and 29 (41.4%) females. The Welch’s 2 sample t-test found no
statistically significant differences between the groups for cyl, AK, AGC, SD, Kc, spherical

aberration, coma, higher order aberrations, JO, or J45.
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3.4.1 Refractive Vector Components

Spherical equivalent refractive error was found to be more negative among the KC suspect
group (KC suspects -1.38 + 1.00D, non-KC suspects -0.60 £ 2.64D, p < 0.05, Figure 9). The
power vector M, representing spherical equivalent in its orthogonal form, was found to be
more negative among the KC suspect group (KC suspects -1.46 + 0.65D, non-KC suspects
-0.97 £ 1.38D, p < 0.05, Figure 10). No differences were found between groups for JO (p =

0.271) or J45 (p = 0.837).
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Figure 9: Average SE in KC Suspects and Non-suspect Groups
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Figure 10: Average M in KC Suspects and Non-suspect Groups

As described earlier, when performing research related to refractive error, it is necessary to
convert sphere, cylinder, and axis into power vectors that can be analyzed independently.
Therefore, this finding should not be regarded as a statistical predictor of KC. However, as M

is an orthogonal vector, it may be considered in statistical analysis of refractive error.

The KC suspects included 0 CHA or simple hyperopic astigmatic eyes, 7 mixed astigmatic
eyes (47%), 5 simple myopic astigmatic eyes (33%), and 3 CMA eyes (20%). Non-KC
suspects consisted of 25 CHA eyes (17%), 1 simple hyperopic astigmatic eye (0.7%), 70
mixed astigmatic eyes (47%), 17 simple myopic astigmatic eyes (11%), and 36 CMA eyes
(24%). A higher percentage of KC suspect eyes were simple myopic astigmatic, and while a
higher percentage of non KC suspect eyes had CMA, the percentages were very similar and
the sample size was much smaller for the suspect group. Overall the spherical vector

component M was significantly more negative in KC suspects than non-suspects.



3.4.2 Topographic Indices - K cyl, Steep K, SI, SAI

K cyl was found to be more negative among the KC suspect group (KC suspects -3.58 +

1.32D, non-KC suspects -2.70 = 0.93D, p < 0.05, Figure 11).
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Figure 11: Average K cyl in KC Suspects and Non-suspect Groups

Corneal steep K was found to be steeper in the KC suspect group (KC suspects 45.45 +

2.03D, non-KC suspects 44.25 + 1.88D, p < 0.05), Figure 12).

43
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Figure 12: Average Steep K in KC Suspects and Non-suspect Groups

SI was found to be more negative among the KC suspect group (KC suspects -1.13 = 1.27D,
non-KC suspects -0.40 = 0.72D, p < 0.05, Figure 13), indicating more inferior-superior

asymmetry among patients suspected of KC.
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Figure 13: Average SI in KC Suspects and Non-suspect Groups
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SAI was found to be higher among the KC suspect group (KC suspects 0.91 £+ 0.87D,

non-KC suspects 0.42 = 0.30D, p < 0.05, Figure 14), indicating more corneal surface

asymmetry among KC suspects.

SAI (D)

Non-Suspects KC Suspects

Figure 14: Average SAI in KC Suspects and Non-suspect Groups

3.4.3 Aberrations

Total aberrations were found to be greater among the KC suspect group (KC suspects 4.286 +
1.352um, non-KC suspects 3.088 = 1.413pum, p < 0.05, Figure 15), as well as astigmatism

aberrations (KC suspects 3.815 £ 1.471pum, non-KC suspects 2.495 + 1.048um, p < 0.05,

Figure 16).
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Figure 15: Average Total Aberrations in KC Suspects and Non-suspect Groups
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Figure 16: Average Astigmatism Aberrations in KC Suspects and Non-suspect Groups

3.4.4 Age

KC suspects (mean age 13.07 + 3.41 years) were statistically significantly older than
non-suspects (mean age 10.42 + 3.56 years, p < 0.05, Figure 17), with age of KC suspects

ranging from 7 to 18 years. This finding aligns with the results of the linear modeling that
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found that age was a strong predictor of KPI, and agrees with what the literature predicts

regarding pediatric patients developing KC closer to the age of puberty.
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Figure 17: Average Age in KC Suspects and Non-suspect Groups

3.4.5 Summary of Results Analyzing by KPI

Altogether, subjects flagged as KC suspects tended to have a more negative M but not
necessarily higher amounts of astigmatism based on JO and J45, more steep and asymmetric

corneas, increased aberrations, and were slightly older.

There were no significant differences between the KC suspects and non-suspects for several
data points that were expected to exhibit differences, including topography indices AK,
AGC, SD, and Kc, which describe maximum corneal steepness and rate of change of corneal

curvature; as well as aberrations including spherical aberration, coma, and HOAs.



48

3.5 Summary of Overall Results

In this study, when dividing subjects into groups both by amounts of cyl and based on KPI,
significant differences were found in K cyl, steep K, SAI, total aberrations, astigmatism
aberrations, and M. JO was significantly different in the cyl analysis but not KC suspects. SI
and age were significantly different in the KC suspect analysis but not cyl analysis. Variables
that were not found to be significant included AK, Kc, spherical aberration, coma, HOAs,

and J45.
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4. Discussion

This study investigated corneal characteristics of children with astigmatism of at least 1D
who were flagged as KC suspects based on KPI >23% derived from topography in order to
identify the presence of some measurement that could potentially flag or screen for early KC.
In order to investigate this, subjects were recruited during comprehensive eye exams and
corneal topography, aberrations measurement, and pachymetry were measured for those who
met the inclusion criteria. Suspects identified in this study were referred to a pediatric

specialist for confirmation of diagnosis.

This cross-sectional study allowed for analysis based on characteristics measured, as well as
based on whether subjects were identified as KC suspects. Because the goal of the analysis
was to identify differences between suspected KC eyes and non-suspect eyes, grouping

subjects this way allowed for direct comparison.

4.1 Analysis When Grouping by Low and High Cyl

Subjects were categorized in this study as high or low cyl with these same categories based
upon the amount of astigmatism identified during cycloplegic retinoscopy. This
categorization was based on the hypothesis that higher amounts of cyl would correlate with
increased incidence of KC suspicion, since literature supports that a common finding in KC
is increased cyl (Buzzonetti et al. 2020; Gomes et al. 2015; Krumeich et al. 1998). It was also
hypothesized that the group with higher refractive cyl would have more extreme corneal

metrics of steepness and asymmetry correlating with higher KPI.
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Because KC is associated with increased astigmatism and causes steepening and thinning of
the cornea as well as aberrations (Anitha et al. 2021; Buzzonetti et al. 2020), it was expected
that the higher cyl group would have more features typically associated with KC than the
lower cyl group, including more corneal cyl, steeper corneal curvature and keratometry

values, higher surface asymmetry, higher aberration values, and thinner pachymetry.

There was no significant difference in KC suspect incidence between the two groups,
indicating that amount of cyl was not necessarily correlated with KC suspicion, as was
hypothesized and consistent with the findings of Borle et al. The higher cyl group was found
to have more corneal cyl, steeper K measurements, higher SAI, more total and astigmatism
aberrations, more negative M, and higher JO. This was an interesting finding, since it is very
common for clinicians to suspect KC based on the amount of cyl, and higher amounts of
astigmatism are correlated with KC presence (Garcia-Ferrer et al. 2019; Gomes et al. 2015;

Zhao et al. 2024).

4.1.1 Topographic Indices

In this study the high and low cyl groups had significantly different corneal cyl. This finding
is expected and unsurprising - cycloplegic retinoscopy was used to determine the amount of
refractive cyl in these pediatric patients, and typically identifies overall refractive
astigmatism, the majority of which is due to corneal astigmatism as stated in Javal’s rule,
which is based on the assumption that internal (or lenticular) astigmatism is relatively
constant in most people, -0.50D ATR, which has been validated in numerous studies (Read et

al. 2007). This comparison is useful in confirming the validity of the data collected, but is not



51

useful in analyzing differences between the groups. Lenticular or irregular corneal
astigmatism appear during retinoscopy as a scissoring reflex (Enaholo et al. 2025), and only
two subjects in this study had irregular retinoscopy reflexes, both of whom were identified as

KC suspects.

The high cyl group was also found to have steeper steep K values than the low cyl group.
This finding is consistent with the hypothesis that the group with more astigmatism would
have more extreme corneal characteristics including steeper corneas. Corneas with increased
corneal cyl have steeper curvature by definition, so in addition to magnitude of corneal cyl,
this finding confirms the validity of the data but does not aid in analyzing group differences

and drawing conclusions.

The high cyl group had more surface asymmetry than the low cyl group, as SAI was higher
in the high cyl group. SAI does not increase with regular astigmatism, rather with irregular
variations in curvature or displaced steepening (Burns et al. 2004). Because higher SAI
occurred in the high cyl group, this suggests that this group also had significantly higher rates
of irregular astigmatism, which is correlated with KC disease presence and progression

(Buzzonetti et al. 2020).

4.1.2 Refractive Error and Vector Components

While the proportion of myopic eyes was lower in the high cyl group, M was still
significantly more negative. As the high cyl group necessarily consisted of subjects with

higher amounts of astigmatism, this would make the overall spherical equivalent of refractive
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error more negative. Again this result is not useful in analyzing differences between the

groups as it is reflected in the way the groups were divided.

As the groups were divided based on the raw data value of cyl, JO was expected to be
significantly higher in the high cyl group, as was found. This finding, similar to both K cyl
and steep K, is not very useful in analyzing differences between the groups. However, it is
worth noting that there was no significant difference in the J45 component between the
groups, indicating that in this cohort, subjects with higher overall astigmatism did not

necessarily have oblique astigmatism.

4.1.3 Aberrations

It was expected that the higher cyl group would have higher incidence of KC suspects and
thus more overall aberrations as well as specifically those normally associated with KC,
including HOAs, spherical aberration (SA), and coma (Gobbe and Guillon 2005).
Differences in astigmatism aberrations between groups split by amount of astigmatism were
expected, as astigmatism aberrations are second order Zernike aberrations (along with
defocus) that essentially describe refractive error normally compensated for with eyeglasses.
The fact that no differences were found between the groups for the other types of aberrations,
particularly those normally associated with KC, further indicates that dividing subjects based

on astigmatism is not a valid indicator for higher suspicion of KC.
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4.1.4 Summary of Findings When Analyzing by Amount of Astigmatism

The overall goal of this study was to provide evidence to support guidelines for clinicians in
detection of KC in pediatric patients. The findings of this study indicate that while increased
cyl is often found in KC, the amount of cyl at one point in time does not necessarily indicate

suspicion for developing KC.

The fact that the amount of cyl was not a predictive factor in KC suspicion negates a
commonly held belief among clinicians and suggests that amount of astigmatism should not
necessarily be considered a major contributing factor to suspicion of early KC and the
decision to screen for it. Further, when considering making a diagnosis of KC, more care
should be taken to consider all information about the patient, rather than basing a decision on

one finding.

Findings in the high cyl group directly reflect the fact that groups were delineated by amount
of ¢yl - K cyl and steep K are directly related to cyl; SAI is an indicator that the corneal
curvature is less spherical, which is also a feature of astigmatism; astigmatism aberrations are
lower order aberrations that represent astigmatic refractive error, which is essentially another
way of stating refractive error, albeit in terms of the optics of the eye as a system; JO is also
simply a restatement of the astigmatism by extracting the WTR/ATR component into vector
format; and total aberrations would be expected to increase as astigmatic aberrations

increased, considering that no other types of aberrations were found to be different.

There have been many proposed classifications of KC based on features including amount of

induced refractive error (i.e., myopia or astigmatism), corneal steepness, corneal signs
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including scarring and perforation, corneal thickness, and microarchitectural findings of the
cornea identified with advanced imaging techniques such as anterior segment OCT
(Krumeich et al. 1998; Sandali et al. 2013). No accepted classification system currently exists
(Giannaccare et al. 2021; Gomes et al. 2015). Performing research in KC is complicated by
the lack of agreed-upon classification, so in order to reach consensus on screening guidelines

an adequate classification system of early or suspected KC stages is needed.

In this study, our first investigation dividing subjects into groups based on the amount of
astigmatism did not yield significant results, and high cyl was not predictive of KC.
Advancing KC is typically associated with increased myopia (Krumeich et al. 1998), but no
literature consensus exists regarding typical refractive features of early/subclinical KC
(Castro-Luna and Perez-Rueda 2020; Naderan et al. 2018; Reddy et al. 2014). A single
measurement of refractive cyl in one eye likely should not be included in overall KC

classification due to conflicting results and lack of strong evidence.

4.2 KPI and Linear Modeling

Using linear modeling allows for exploration of correlations between variables and predictive
power of these variables. This format of analysis was used because a goal of this study was to
identify a data point that is highly correlated with development of KC in order to recommend
that clinicians place more focus on it when considering screening for KC. Within the
equipment available for this study, the ultimate best indicator for suspicion of KC is the index
KPI. This value was considered the dependent variable in this analysis, with all other

numerical variables being considered as possible predictors.
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According to Topcon, whose technology was used in this study, KPI is calculated based on
the indices AK, AGC, and SI (Topcon 2024). Maeda et al. have also used a multivariate
index called KPI calculated from a different set of eight indices: SimK 1, SimK2, SAI, DSI,

OSI, CSI, TAL and AA.

The definition of KPI per Topcon and that used in the older paper by Maeda et al. differ
greatly, which exemplifies why it is difficult to discuss standardized research in the field of
topography and KC. Multivariate indices that are intended to predict KC such as KPI are
typically dependent on the specific topographer, and not all indices described in certain
definitions are produced by all topographers - many of the indices described in the alternate
calculation of KPI by Maeda et al. are not produced by the topographer used in this study.
Therefore, it is much more difficult to comment directly on how any singular data point
might influence KPI. This issue gave rise to the purpose of this study, which is to provide
clearer guidelines regarding the detection of KC suspects and which clinical features to pay

attention to.

KPI is a widely accepted indicator of KC suspicion, with a reported sensitivity of 68% and a
specificity of 99% (Cavas-Martinez et al. 2016). This means that while some KC suspects
may not be flagged as suspects, nearly everyone who does not have KC will not be flagged as
a suspect based on KPI. Screening tests with lower sensitivity are commonly used, and may
be interpreted in the context of more information about a patient with clinical

decision-making by a provider being relevant to determine whether further testing is still
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warranted (Pewsner et al. 2004). In order to provide clearer clinical guidelines, the goal of

this study was to identify a metric that held positive predictive value in identifying KC.

When taking into consideration the bootstrapped 95% confidence intervals in Figure 8, all
models included in this figure were comparable, meaning that statistically none were “better”
than any others at predicting KPI. This could indicate that the results of the linear model are
uncertain and that another study replicating this would find no difference between the models
and therefore no significant findings. It could also indicate that there is simply high
variability in performing this type of testing on pediatric patients. There is a certain amount
of variability that is expected when working with a pediatric population, but this level of
uncertainty is extremely high and warrants further investigation. Additionally, the highest

r-squared value produced in this analysis was 0.374.

KC is classically thought to affect patients around or slightly after the onset of puberty,
beginning in the second decade of life and progressing until it stabilizes in the third or fourth
decade (Buzzonetti et al. 2020). However, KC does occur in younger patients, and pediatric
KC may be associated with faster disease progression (Chatzis and Hafezi 2012), though this
is contested (Dana et al. 1992; Woodward et al. 1990). The CLEK study found a mean age at
diagnosis of 27.3 £ 9.5 years with a range from 10 to 39 years (Anitha et al. 2021; Zadnik et

al. 1998).

Linear modeling was used to mathematically determine which data points best predicted KPI,
and the model that best predicted KPI, included all data points other than pachymetry, which

was excluded from analysis anyway. Literature finds that pachymetry is not as strong a
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predictor of visual function in KC as topographic or wavefront information (Bayraktar Bilen
et al. 2016). Taking all data points from a comprehensive exam into consideration may be
relevant when discussing formal diagnosis of KC, but is much more complex than indicated
in screening, which aims to consider a single measurement or reading in order to raise

suspicion and warrant further testing.

Other than the model containing all parameters, the models with highest r-squared values
included age, AGC, SD, and SAI in slightly varying combinations. The findings of this study
indicate that overall KPI and thus suspicion of KC diagnosis is best predicted by considering
severity of all topographic, refractive, and aberrometric findings as well as patient age.
However, considering simply patient age along with topographic indices corresponding to
corneal asymmetry and deviation of power may perform similarly to considering all

demographic, topographic, and aberrometric information at predicting KC suspicion.

According to Topcon, the CA-800 topographer calculates KPI based on AK, AGC, and SI
(Topcon 2024). It would then make sense that the best predictors of KPI in this study would
be AK, AGC, and SI. However, while AGC was found to be one of the best predictors of
KPI, AK and SI were not; rather SD and SAI were identified as among the best predictors.
This means that while KPI was calculated from certain indices, in reality it was better
correlated with others, which suggests that there may be inconsistencies in which corneal
features are best described or predicted by this index. While Topcon has released information
stating which indices KPI is calculated from, as of this writing there is no information

regarding the specific mathematics performed in this calculation. This only adds to the
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confusion regarding topographic KC indices. There are different definitions for indices with
the same name corresponding to different topographer manufacturers, and even one term
across studies or manufacturers does not match what it is purportedly based on. This
highlights the need for standardization of topography indices, particularly multivariate

indices, in order to describe overall likelihood or severity of KC.

There are limitations to these findings that must be considered. The bootstrap function
estimates the distribution of a dataset by random resampling with replacement of data or a
model derived from the data, and can provide probabilities for confidence intervals
(Horowitz 2001). As seen in Figure 8, the bootstrapped 95% confidence intervals are so wide
that they encompass close to the entirety of each model, which may mean that while the
findings of this study are valid for the sample size of 164 eyes, the results are very unlikely to
be replicated on a much larger scale. Additionally, due to necessary exclusions in this
analysis the sample size was smaller than intended based on the a priori power analysis,

leaving these results underpowered to detect the hypothesized effect.

This result may also indicate high uncertainty or lack of repeatability in the data collected. In
general, pediatric research may involve additional variability and difficulty in obtaining
reliable results. Research across various fields of medicine tends to find mixed results
regarding validity and reliability of various objective measurements, with more reliable
findings resulting from fields that have clearly defined standards for measurements and

procedures. In other words, evidence-based methods produce reliable results (Antsygina et al.
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2025; Rowland et al. 2020; Weiner and McGrath 2017), including in the field of eye health

(DeCarlo et al. 2020).

Topography and aberrometry measurements are known to be affected by KC due to the
limitation that intrinsic algorithms in the machines may not accurately measure high amounts
of irregularity as occurs in KC, with inaccurate readings up to 4D occurring (Cavas-Martinez
etal. 2016). A study comparing the Topcon CA-800 to the Topcon 3D OCT-2000 in terms of
tear meniscus height measurement in contact lens wearers found that tear meniscus height
measured with this topographer was reliable, but not as accurate as that measured with OCT
and the values could not be interchanged (Valencia-Nieto et al. 2024). Anterior segment
swept source (SS) OCT has higher repeatability of pachymetry than Scheimpflug imaging in
healthy patients (Schroder et al. 2018), and higher reliability and repeatability than
Scheimpflug imaging in patients with corneal grafts (Asam et al. 2019). However, these
studies are limited to healthy patients; little is known about reliability and repeatability of
these types of measurements among a diseased population, such as patients with KC.
Additionally, findings in adult populations may not always generalize to pediatric
populations, and reliability of these measurements among a diseased pediatric population is
also not known. Altogether this means that there is not sufficient data describing the
repeatability of the imaging techniques used in this study with regards to this specific
population, so our findings should be considered in this context, and further research is

needed to determine reliability of these imaging methods.
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4.3 Analysis When Grouping by KC Suspects Based On KPI

KPI is accepted as a predictor of KC with the ability to distinguish eyes with KC from those
without in 96% of cases (Maeda et al. 1994). A minimum value for KPI of 23% is commonly
used as a cutoff for KC suspicion (Maeda et al. 1994), although some KC studies have
attempted to classify KC suspects based on their KPI in conjunction with other values and
criteria, with a KPI >30% considered a “major criterion” and 23-30% considered a “minor
criterion” (Jafarinasab et al. 2015) without taking into account the status of the fellow eye.
The status of the fellow eye was also not considered in this study as a criterion in
determining KC suspicion, as patients identified as suspects were referred to a specialist for

confirmation of diagnosis.

It was expected that subjects identified as KC suspects would be confirmed to have KC upon
repeat testing with tomography, and as such display significantly more characteristics
associated with KC than the non-suspects group. Common findings in KC include increased
myopia and irregular astigmatism, steepening and thinning of the cornea with more irregular
shape, as well as increased magnitudes of aberrations such as spherical aberration, coma, and
in general, higher order aberrations (Anitha et al. 2021; Buzzonetti et al. 2020; Gobbe and
Guillon 2005; Gomes et al. 2015; Krumeich et al. 1998). Thus, it was expected that these
measurements would be reflected in the results of this study, with the KC suspect group

exhibiting more extreme measurements.
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Subjects flagged as KC suspects based on KPI were found to have increased K cyl, steeper
steep K, higher SI, higher SAI, have more negative M/SE, more total aberrations, more

astigmatism aberrations, and be older.

4.3.1 Topographic Indices

Subjects flagged as KC suspects in this study based on KPI had higher values for the
topographic indices corresponding to corneal steepness and more corneal asymmetry,
consistent with the hallmark findings of KC of corneal steepening, increased irregular
astigmatism, and increased irregularity of the corneal surface (Buzzonetti et al. 2020; Gomes
et al 2015). Because both SI and SAI were higher among KC suspects, this indicates that this
study found increased overall asymmetry as well as sector-specific asymmetry in KC

suspects, which supports current literature consensus.

There were no significant differences between the KC suspects and non-suspects for several
data points that were expected to exhibit differences, including topography indices that
describe central and maximum corneal steepness, and rate of change of corneal curvature.
However, significant differences did exist for indices describing higher corneal steepness
(steep K) and more corneal asymmetry (SI and SAI). Steep K and AK both describe corneal
steepness, but in slightly different ways - AK is corneal power at the apex, and steep K is the
power of the steeper corneal meridian. These results mean that KC suspects had significantly
steeper steep corneal meridians, but not necessarily significantly steeper apical corneal

power.
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KC suspects also did not have more deviation in corneal power (SD) or rate of change of
corneal curvature (AGC). These are both features of KC that were expected to differ between
the groups in this study. The fact that certain indices were significantly different and others
were not may indicate that in this cohort KC suspects tended to exhibit certain expected
features of early KC (corneal surface asymmetry) and not others (apical corneal power and

rate of change of corneal steepness).

Many topographic indices have been developed in order to describe the shape and curvature
of the cornea to identify abnormal corneas and classify KC severity. However, indices tend to
be specific to the topographer for which they were developed and direct comparison between
indices of different topographers is not possible (Cavas-Martinez et al. 2016). Various
univariate indices exist, in which a single aspect of the cornea is described or quantified, and
multivariate analyses combine several univariate indices to produce an overall description of

the cornea or the likelihood of KC.

With so many different ways of detecting and describing KC, it is difficult to point to a group
of specific indices that should be used to detect early KC that can be easily compared across
different detection methods. Indicators commonly used with children include changes in max
keratometry (Kmax), refractive astigmatism (cyl), and corrected distance VA (CDVA)
(Chatzis and Hafezi 2012; Hashemi et al. 2022; Sylvain et al. 2016). This study supports the

finding that increased steepening and corneal cyl are indicators of early KC or KC suspicion.
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4.3.2 Refractive Error and Vector Components

It can be difficult to measure refractive error in manifest KC, due to irregular astigmatism
and more fluctuations in vision and refraction in patients with KC than healthy corneas
(Davis et al. 1998; Krumeich et al. 1998). This study did not find significant presence of
oblique astigmatism nor significant differences in oblique astigmatism between KC suspects
and non suspects, which is slightly surprising as oblique astigmatism is often associated with
KC (Kamiya et al. 2015), though conflicting reports exist regarding oblique corneal

astigmatism in KC (Naderan et al. 2016).

As KC advances and causes corneal steepening, it is typically associated with increased
myopia (Krumeich et al. 1998). Past studies have attempted to classify typical refractive
features of early/subclinical KC, but findings are mixed (Castro-Luna and Perez-Rueda
2020). Differences have been found between normal and early subclinical KC in sphere only
(Castro-Luna and Perez-Rueda 2020); or the cylinder and not sphere component (Reddy et al.
2014); or no differences at all (Naderan et al. 2018). Altogether the literature suggests that

attempting to predict or classify KC by refractive error is not reliable.

This study unfortunately does not provide a clear answer to the question of the role of
refractive error in suspicion of KC. However, it does align with the stance that refractive

error is not a reliable predictor of KC development in its early stages.
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4.3.3 Aberrations

There are different methods of measuring aberrations. Hartmann-Shack wavefront sensors
are commonly used to measure both corneal and total ocular aberrations, and these involve
projecting a narrow beam of light into the eye and using an array of lenslets to measure the
path length difference between the emitted light beam and a standard wavefront, with this
difference representing the eye’s natural aberrations (Maeda et al. 2002). Higher order
aberrations may also be calculated from topography scans by mathematically converting
corneal elevation information into wavefronts using Zernike polynomials over a 6mm area

(Colak et al. 2016); this method measures only corneal aberrations.

The aberrations measured by the topographer are calculated only based on corneal shape and
do not take into account other ocular aberrations, and as such dilation status did not have an
effect on this measurement. Aberrations in this study were obtained from the topography
scans, which produce maps and measurements associated with anterior corneal aberrations
over a specified pupil size, which was 7mm for all subjects in this study. Changing the pupil
size affects the aberration map produced, as a larger pupil diameter produces more

aberrations than a smaller pupil (Gobbe and Guillon 2005).

Astigmatism aberrations depict how the subject’s wavefront is affected by their topography
along axes 90° apart; spherical aberration measures how the wavefront is altered by the
cornea near the pupil margin compared to the center of the cornea; coma indicates how the

wavefront is altered by opposite hemispheres of the cornea; and Topcon describes the HOA
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term as a combination of all other aberrations not included in the other measurements

(Topcon 2024), meaning it includes an RMS value of all aberrations 3rd order and above.

While total and astigmatism aberrations were found to be significantly higher in KC suspects
in this study, higher order aberrations including total HOAs, spherical aberration, and coma
were not different between the two groups. It was expected that KC suspects would exhibit
more overall aberrations as well as specifically those normally associated with KC, including
higher order (HOAs), spherical (SAs), and coma (Buzzonetti et al. 2020; Masiwa and
Moodley 2020; Rabinowitz and Rasheed 1999), but no differences were seen between the

groups for these.

It has been suggested that since corneal aberrations are the largest source of total aberrations
in patients with KC, their measurement should effectively help identify early KC and aid in
its classification (Gobbe and Guillon 2005). In a study to detect and quantify KC, total ocular
higher order aberrations measured with a videokeratoscope were found to be significantly
higher in KC suspects than normal subjects at low luminance with a 6mm pupil, but not
significantly different at medium luminance with a 4.5mm pupil or high luminance with a

3mm pupil (Gobbe and Guillon 2005).

Total higher order aberrations, secondary astigmatism, and coma are typically considered the
best identifiers of early or forme fruste KC (Gobbe and Guillon 2005; Jafti et al. 2010;
Maeda et al. 2002; Omar 2019). Conflicting evidence exists regarding the ability to detect

early or suspected KC based on aberrations, and more advanced methods of aberrometry
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such as a combination of videokeratography and wavefront aberrometry may be required to

differentiate healthy eyes, suspected KC, and manifest KC eyes (Jafti et al. 2010).

This study found that the only corneal aberrometric differences between healthy and
suspected KC eyes were total and astigmatism aberrations, and no differences were found for
the aberrations typically associated with early KC. This suggests that corneal aberrations
alone may not be sufficient to differentiate healthy from suspect KC eyes, and further
research should investigate corneal aberrations’ compared to total ocular aberrations’ ability

to identify healthy, suspected KC, and manifest KC eyes.

4.3.4 Age

As age was a significant predictor of KPI in the linear models, and it was significantly
different between KC suspects and non-KC suspects, increased age in pediatric patients was

found to be associated with KC suspicion.

KC is classically thought to manifest around the onset of puberty, with reports of average age
of onset ranging from 10 to 40 (Anitha et al. 2021; Godefrooij et al. 2017). It is rare for KC
to affect patients before puberty (Anitha et al. 2021), though it does affect younger patients
(Chatzis and Hafezi 2012; Ertan and Muftuoglu 2008). It is thought that the onset of KC is
somewhat correlated with puberty, with a possible role of hormones including the sex
hormones estrogen and progesterone, and thyroid hormone T4, or thyroxine (Ayan et al.
2019; Thanos et al. 2016). There is a fairly wide reported range of average age of puberty

onset, between 8 and 14 years (Hammad et al. 2026), and the average age of KC suspects
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(13.07 + 1.36 years) was significantly higher than non-suspects (10.42 + 3.56 years), with

both groups roughly aligning with the upper and lower bounds of puberty onset.

4.3.5 Summary of Findings When Analyzing by KPI

This study found significant differences between non-KC and suspect KC eyes in the data
points SE/M, K cyl, steep K, SI, SAI, total aberrations, astigmatism aberrations, and age.
Altogether this study found KC suspicion was correlated with an older age around the onset
of puberty, steeper corneas and more asymmetrical corneal curvature, more negative
spherical equivalent refractive error, and increased corneal aberrations than patients with
healthy corneas. Generally, these findings were expected; however, it was also hypothesized
that increased astigmatism would be associated with suspected KC, and while K cyl was
significantly higher in KC suspects, there was no difference in JO or J45, indicating the vector
components of regular astigmatism. Altogether this can be taken to mean that when screening
patients for KC, corneal topography should be considered in addition to aberrations and

overall refraction.

The results of linear modeling show that corneal steepness and rate of change of steepness,
represented by AGC, and deviation of corneal power, represented by SD, were significant
predictors of KPI. Additionally, KC suspects had significantly higher steep K, as well as
surface asymmetry, as represented by SI and SAI being significantly higher among this
group. The indices AGC and SD were found to be significant predictors of KPI, but were not
found to be significantly different between KC suspects and non-suspects. The indices M, K

cyl, steep K, SI, total aberrations, and astigmatism aberrations were found to be significantly
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different between KC suspects and non-suspects, but were not significant predictors of KPI.

Age and SAI were the only predictors that were significant in both forms of analysis.

The most significant KC predictors describe steepness, asymmetry of shape and power
distribution on the cornea, and aberrations, so these should be considered highly when
considering KC suspicion. Literature suggests that the most significant features when
predicting development of KC are those representing asymmetry of topography, tomography,
and pachymetry (Gomes et al. 2015), which is supported by the findings of this study.
Topography is a powerful screening tool that can detect corneal asymmetry to flag suspects,
and using this along with retinoscopy and consideration of other patient risk factors including
age and ocular allergies/eye rubbing may perform similarly well at detecting KC suspects as

considering all risk factors and performing further testing.

In order to describe and predict development of KC, it is imperative that a more universally
applicable classification scheme and set of descriptors is developed. It appears somewhat
redundant to have many different ways of describing subtle differences in asymmetry of the
cornea considering that no specific index has proven to be significantly better than another in
detecting KC. Other eye diseases, such as diabetic retinopathy, have standardized severity
scales with strict cutoffs for different categories of disease state, and specific measurements.
For example, as defined by the Early Treatment of Diabetic Retinopathy Study (ETDRS),
clinically significant macular edema, or CSME, has strict guidelines for classification
regarding exact size and number of clinical findings such as retinal thickening and hard

exudates (ETDRS Research Group 1991). While it is true that diabetic retinopathy (DR) and



69

KC are very different disease entities, and that classification of CSME and DR continues to
evolve, it is evident that there are much more specific guidelines and definitions for other

diseases.

4.4 Importance of KC Classification

An important part of researching and describing KC includes describing how the disease
evolves from subclinical to manifest, and how it then progresses or stabilizes with or without
management. Standardization of indices is needed to make universal recommendations about
KC detection. However, once this is achieved, there are still barriers to making
recommendations regarding KC detection due to lack of a universal classification system and
nomenclature. This is a major step that is needed in order to advance KC research. While this
study is not extensive enough to propose a classification system, certain corneal features
were found to be significant and should be included in future development of a classification

system.

While certain corneal features can be identified as good predictors of KC, as discussed
previously, due to the lack of standardization of topographic indices it is impossible to make
recommendations that can be generalized to any machine. For example, while SI is an index
that was found to be significantly different in KC suspects from non-suspects in this study,
this index exists on the Topcon CA-800 but not on other machines such as Topographic
Modelling System (TMS-1) (Computed Anatomy Inc, New York, USA). This topographer
does produce the I-S index, which is similar, but calculations and numerical cutoffs are

different between the indices so they cannot be directly compared. Additionally, multivariate
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indices that are overall predictors of KC are then calculated from these different univariate

indices, so they are even less comparable than the univariate indices.

Various proposed KC classification systems have been supported with clinical research, but
none have been accepted as a universal system of classification. They tend to be organized
numerically from mild or subclinical disease to severe or advanced, with more severe
findings for any data point qualifying the patient for placement in more severe categories.
The Belin ABCD system appears to be the only classification scheme for KC that does not
offer a single numerical value or letter grade quantifying disease severity, but rather places a
patient in a broader category of disease severity based on sub-scores that are composed of
numerical severity ratings. This system, while it does not encompass all the necessary points
to adequately describe KC based on current technological capabilities, does seem to offer the
most comprehensive description of the state of a cornea at risk of KC or exhibiting KC. It
also can be displayed in a “change over time” format similar to a GPA progression used in
glaucoma to chart and predict future disease progression based on visual field or OCT

findings (Tanna et al. 2012).

Diabetic retinopathy is staged according to extensive definitions and guidelines established
by the Early Treatment Diabetic Retinopathy Study Research Group, or ETDRS. This study
group outlined clear definitions for CSME, as well as severity stages for non-proliferative
and proliferative DR based on standard stereoscopic color fundus photographs (ETDRS
Research Group 1991). Based on these findings and detailed staging system, a simpler

severity scale was created with fewer categories but based on the same rigorously defined
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criteria, the International Clinical Disease Severity Scale for DR (Wilkinson et al. 2003; Wu
et al. 2013). This grading system is ubiquitous in eye care today, and the simpler severity
scale is much more clinically useful, allowing for interprofessional management as needed to

manage the overall disease (Frank 2015).

A 2023 paper by Cheung et al. as part of the Neurotrophic Keratopathy Study Group
describes an updated staging system of the severity of neurotrophic keratopathy (NK). Stage
1 involves no keratopathy but altered sensation, and is of mild severity with good prognosis.
The rest of the stages 2-6 include increasing levels of severity of corneal involvement, with
worse prognosis. This staging system was created in order to better address the progression
of the disease, as well as defining earlier stages and allowing clinicians to more easily detect
early disease. The pathophysiology of NK is multifactorial, and this staging system
incorporates features from various contributing factors in order to better describe the overall
clinical picture. The updated staging system allows for more detailed understanding of the
cause of NK and pathophysiology in a particular patient, and with more research will allow
projection of disease progression or prognosis and can inform which treatment modality may

be most effective.

These disease staging systems that tend to be successful for other eye conditions may offer a
framework for how to stage KC, while taking into consideration the specific nature of KC
and how to tailor a grading scheme specifically to this condition. Successful severity scales
tend to include a wide range of manifestations of the disease, rather than only a few common

or “hallmark” findings. They also may include distinctions between clinical findings and
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symptoms, both of which are important to consider and do not always perfectly correlate.
Often they also include quantification of certain findings, such as the number of hemorrhages
in DR. They also evolve over time and adapt to developments in technology and imaging,
incorporating the emerging ability to identify microscopic changes in tissue that would not be
identifiable on direct clinical examination. It is also very helpful to include standard
photographs in order to demonstrate how certain findings appear clinically, or how severe a

finding should appear to be classified at a certain level.

Keratoconus is a multifactorial disease, with many possible presentations and early corneal
manifestations. It also can vary widely in degree and type of symptoms. New technology
such as AS-OCT is very helpful at viewing the microarchitecture of the cornea and detecting
subclinical changes. The Belin classification system offers a good framework for a KC
severity classification system, with several points informing one overall grade of severity.
The KSS is also informed by a list of detailed findings and requires decision-making by a

trained examiner, with a simple numerical score the final product.

KC is difficult to describe in few simplistic categories due to its complex and multifactorial
nature. A full description of a patient’s disease state includes numerous data points and
descriptors, and a successful scale of severity should include an array of variables as risk
factors - clinical findings as well as symptoms; imaging including AS-OCT, topography, and
tomography; assessment of longitudinal change; and assessment of interocular asymmetry -
with weights for each risk factor based on severity to produce a simple overall description of

disease severity and prognosis.
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4.5 Limitations and Future Research

Because KC is a relatively uncommon condition, the sample size of this study was fairly
small. Additionally, due to difficulty regarding patient retention and follow-ups inherent to
conducting research via recruitment at a community health center, as well as the time
constraints of this project, it was not possible to analyze subjects’ change over time to
identify progression of characteristics associated with development of KC or corneal
stability. Future research should focus on change in data points such as refractive cyl over
time to investigate when a certain amount of change in a specific timeframe should be
viewed as suspicious for KC. Additionally, due to these limitations and exclusions, the study
sample size was lower than determined by the a priori power analysis, meaning that the

analysis was likely underpowered to detect the expected effect.

Another statistical limitation of this study is the possible effect of inter-eye correlation as
subjects’ eyes were analyzed individually - usually, to avoid this either an eye is selected at
random or one eye is selected a priori for analysis from each subject, often the right eye by
convention. It was not possible to perform analysis in this manner for this thesis due to
sample size constraints. Additionally, in future research subjects’ eyes should be compared to
one another to assess for asymmetry, as well as asymmetric change over time as part of a
longitudinal study design. Normality of data was also not tested, and should be incorporated

into future studies.

Pachymetry is an important value to consider when screening for KC as the disease typically

causes characteristic inferior thinning especially near the apex of the cone
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(Santodomingo-Rubido et al. 2022). Additionally, analysis of specific corneal layers,
particularly epithelial thickness has been suggested to be particularly relevant in subclinical
KC (Liet al. 2012; Li et al. 2016). Pachymetry measurement should be standardized before
inclusion in any future studies, as corneal thickness is a vital consideration in KC research.

Future pachymetry measurements should include attention to specifically epithelial thickness.

Corneal imaging was also performed after dilation. This can introduce variability in
topography scans, as adding a drop to the corneal surface may affect the ability for the
topographer to accurately collect data across the subject’s cornea. Typically a minimum of
about 10 minutes passed between drop instillation and imaging; however this may still affect
scan quality, and in the future corneal imaging should be captured before instilling any eye

drops.

A follow-up study is planned in partnership with a site that has access to tomography, in
order to streamline the process of confirming suspected KC cases, as well as recruit more
subjects to strengthen sample size and study power. Confirming cases of KC, incorporating
standardized pachymetry measurements, and following subjects over time will provide steps
for more robust data collection regarding findings in early KC and how they develop over

time, providing data to inform KC severity classification and future nomenclature.

There are several opportunities for further research in the field of KC research as a whole.
More research is needed regarding repeatability and reliability of topography, aberrometry,
and AS-OCT in pediatric patients with KC and other anterior segment eye diseases. This will

allow for more rigorous standards in this field of research and will allow researchers to
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obtain valid data and advance knowledge regarding pediatric KC. A larger study with longer
follow-up time and longitudinal design would be able to address these limitations and add
value to findings. When working with pediatric patients, a certain level of variability and
unpredictability is expected, which makes it more difficult to obtain valid results.
Additionally, KC is fairly rare, and tends to be an unpredictable condition which can vary in

presentation. Altogether this adds to the difficulty in performing clinical research into KC.

KPI in this study was calculated by the Topcon topographer from the indices AK, AGC, and
SI. The literature sensitivity and specificity are based on KPI calculated from eight different
indices, meaning that the optimized sensitivity and specificity may not occur at the 23%
value used in this study. Determining this value is outside the scope of this project, but a
future study with a larger sample size should utilize ROC analysis to investigate the Topcon

KPI that optimizes sensitivity and specificity.

Several researchers have attempted to create a universal classification scheme for KC, but
none have thus far been accepted. However, there are features that are regarded as vital to
diagnosing and describing the disease. A global consensus panel on KC outlined the
following findings as mandatory for KC diagnosis: abnormal posterior corneal ectasia,
abnormal corneal thickness, and corneal thinning not associated with an inflammatory
disorder (Gomes et al. 2015). However, they were unable to provide specific values because
these vary depending on the technology that is used. This panel suggested that full corneal
thickness, or pachymetry, map, clinical slit lamp examination, anterior curvature, or

topography, map, and anterior tomography map should be used to identify KC and
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differentiate it from other ectatic disorders. Additionally, early or subclinical KC should be
detected by either Scheimpflug or OCT tomography, and in order to determine a
classification scheme, studies are needed that correlate topographic and tomographic changes

with clinical findings and symptoms, such as BCVA.

Proposing a classification system is outside the scope of this project due to limitations in
sample size, standardization of data collection, and lack of ability to follow up with subjects
and follow disease progression. However, significant findings were identified regarding
predictors of KC suspicion. In this study, the strongest predictors of KC suspicion were
clinical findings including more negative spherical equivalent refractive error (more negative
M); topography findings including increased corneal steepness (higher K cyl and steeper
steep K) and more asymmetric topography (higher SI, SAI, AGC, and SD); and increased
aberrations (more total and astigmatism aberrations). Data was collected from clinical
examination, topography, and pachymetry, which allowed for description and analysis of
real-world symptoms and disease manifestation as well as description of anterior corneal

curvature and thickness changes.

This study agrees with current literature consensus that KC is best detected by considering
symmetry of tomographic and topographic steepening as well as distribution of corneal
thickness, and combines these imaging findings with refractive as well as aberrometric data.
A successful KC classification system and well-defined nomenclature are necessary in order
to provide clearer guidelines regarding detection of early KC and guide its management. Due

to the complex and multifactorial nature of KC, this classification system would best be
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defined and organized by having input from several data points including descriptions of
clinical findings and symptoms, as well as relevant imaging including topography,
tomography, pachymetry, AS-OCT imaging of corneal microarchitectural changes, and
aberrometry. The Belin classification system offers a good framework for this system, with
categories each producing their own sub-score to combine into an overall descriptor that can
also be mapped out over time to show changes and project future development. It should be
supplemented by these other data points to provide a more comprehensive description of the
disease. Additionally, in order to describe topography, there are many different indices that
quantify various corneal characteristics and overall likelihood of KC - it is virtually
impossible to clearly define standards for KC without agreement on these indices, so a set of
topography indices should also be defined that can be calculated across devices from
different manufacturers. Once definitions for stages or severity of KC are described, as well
as a classification system and universal topographic indices, more detailed recommendations

may be made to clinicians regarding screening for early or suspected KC.
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5. Conclusions

Overall, refractive astigmatism was not found to be a good predictor of suspected KC. The
KC suspects displayed steeper corneas, more irregular corneal surfaces, older age, more
negative spherical equivalent refractive error, and more corneal aberrations. However, a
standardized nomenclature and a disease classification system are necessary to describe and
classify KC suspects or early KC. A KC classification system should be structured based on a
combination of clinical findings and imaging including topography, AS-OCT, and
aberrometry, and should include detailed descriptions and standard photographs of each
disease feature to capture the complex nature of the disease while providing an overall
measure of severity. Further research and consensus are needed to better understand early

signs of KC, how to classify these signs, and best practices for screening for suspects.
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Appendices

Appendix I

Table 1: Summary of Cohort General Findings

Variable Mean SD
Refractive Cyl (D) -2.28 0.94
Age (years) 10.83 3.89
Spherical equivalent

refractive error (D) -0.71 243
Kpi 3.24 11.85
K cyl (D) -2.48 0.87
Steep K (D) 43.90 1.56
AK (D) 44.48 1.89
AGC (D/mm) 1.16 0.58
SD (D) 0.58 0.16
Kc (D) 42.81 1.62
SI (D) -0.43 0.62
SAI (D) 0.41 0.32
Total Aberrations (um)  |3.12 1.51
Astigmatism Aberrations

(um) 2.57 1.13
Spherical Aberration

(um) 0.49 0.40
Coma (um) 0.82 0.75
HOA (pum) 1.11 1.29
M (D) -0.93 1.22
JO (D) 1.08 0.54

145 (D) -0.01 0.26
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Table 2: Statistically Significant Differences between Groups divided by Refractive Cyl

Cyl >3.50D Cyl <3.50D p-value 95% Cls

Mean SD Mean SD Lower Upper
N =eyes 43 121
Refractive cyl * (D) -4.42 0.89 -2.12 0.66 <0.01 -2.60 -2.00
Age (years) 11.09 3.09 10.50 3.78 0.315 -0.57 1.75
Spherical equivalent
refractive error (D) -1.09 1.87 -0.53 2.74 0.137 -1.32 0.18
KPI 7.63 16.78 3.88 12.95 0.188 -1.88 9.39
K cyl * (D) -3.94 0.90 -2.37 0.64 <0.01 -1.87 -1.27
Steep K * (D) 45.06 1.70 44.11 1.94 <0.01 0.33 1.58
AK (D) 45.60 1.99 45.30 4.15 0.530 -0.66 1.27
AGC (D/mm) 1.47 0.97 1.59 3.84 0.764 -0.87 0.64
SD (D) 0.68 0.16 0.65 0.57 0.619 -0.09 0.14
Kc (D) 43.17 1.54 43.11 1.90 0.839 -0.52 0.64
SI (D) -0.48 0.84 -0.46 0.80 0.883 -0.32 0.27
SAI * (D) 0.62 0.56 0.42 0.33 <0.05 0.02 0.38
Total aberrations *
(um) 4.45 0.98 2.92 1.39 <0.01 0.87 2.19
Astigmatism
aberrations * (um) 3.79 0.84 2.37 1.07 <0.01 0.88 1.97
Spherical aberration
(um) 0.49 0.42 0.48 0.37 0.904 -0.24 0.27
Coma (pm) 0.87 0.76 0.76 0.70 0.648 -0.36 0.57
Higher order
aberrations (um) 1.50 1.55 1.06 1.23 0.333 -0.49 1.38
M * (D) -1.65 0.97 -0.79 1.37 <0.01 -1.24 -0.47
Jo * (D) 2.15 0.45 1.00 0.37 <0.01 1.00 1.31
J45 (D) -0.15 0.48 -0.04 0.32 0.163 -0.27 0.05

Bold values with asterisk * indicate significant difference between groups, p < 0.05
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Table 3: Summary of Significant Linear Models as determined by p < 0.05 and adjusted

R-squared >0.15
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Model Adj. R squared |p-value Lower CI Higher CI

Kpi ~ SD 0.233 6.49E-05 0.038 0.606
Kpi ~ SD+SAI 0.226 2.85E-04 -0.009 0.510
Kpi ~ AgetSAI 0.151 3.84E-03 0.017 0.433
Kpi ~ AGC+SAI 0.151 3.80E-03 -0.001 0.435
Kpi ~ AGC+SD 0.265 6.75E-05 0.076 0.536
Kpi ~ AgetSD 0.311 1.10E-05 0.087 0.631
Kpi ~ AgetAGC 0.294 2.15E-05 0.089 0.579
Kpi ~ AGC+SD+SAI 0.257 2.24E-04 0.047 0.450
Kpi ~ AgetAGC+SAI 0.305 3.81E-05 0.061 0.524
Kpi ~ AgetSD+SAI 0.308 3.44E-05 0.027 0.557
Kpi ~ Age+tAGC+SD 0.374 2.31E-06 0.110 0.627
Kpi ~ AgetAGC+SD+SAI 0.369 7.11E-06 0.109 0.547
Kpi ~ List 0.418 5.95E-04 0.076 0.562

Note: “List” contains model parameters Age, Steep K, AK, AGC, SD, Kc, SI, SAIL K cyl, M, JO, J45,
Total Aberrations, Astigmatism Aberrations, SA, Coma, HOA




Appendix IV

Table 4: Statistically Significant Differences between Groups divided by KPI

104

KPI >23% KPI <23% p-value 95% Cls

Mean SD Mean SD Lower Upper
N =eyes 15 149
Refractive cyl (D) -3.07 1.36 -2.69 1.24 0.316 -1.15 0.40
Age * (years) 13.07 341 10.42 3.55 <0.05 -0.57 1.75
Spherical equivalent
refractive error * (D) -1.38 1.00 -0.60 2.64 <0.05 -1.46 -0.10
KPI * 45.47 16.51 0.75 2.82 <0.01 35.57 53.87
K eyl * (D) -3.58 1.32 -2.70 0.93 <0.05 -1.62 -0.14
Steep K * (D) 45.45 2.03 44.25 1.88 <0.05 0.04 2.36
AK (D) 49.51 9.36 44.98 2.33 0.094 -0.89 9.94
AGC (D/mm) 5.38 10.75 1.19 0.61 0.169 -2.03 10.39
SD (D) 1.19 1.50 0.61 0.16 0.155 -0.25 1.41
Kc (D) 43.62 1.87 43.07 1.80 0.295 -0.52 1.62
SI * (D) -1.13 1.27 -0.40 0.72 <0.05 -1.44 -0.02
SAI * (D) 0.91 0.87 0.42 0.30 <0.05 0.01 0.97
Total aberrations *
(nm) 4.29 1.35 3.09 1.41 <0.05 0.05 2.35
Astigmatism
aberrations * (pum) 3.82 1.47 2.50 1.05 <0.05 0.08 2.56
Spherical aberration
(um) 0.62 0.59 0.46 0.35 0.500 -0.35 0.65
Coma (pm) 0.67 0.69 0.80 0.72 0.620 -0.72 0.45
Higher order
aberrations (pm) 1.28 0.99 1.13 1.34 0.716 -0.71 1.00
M * (D) -1.46 0.65 -0.97 1.38 <0.05 -0.90 -0.07
JO (D) 1.49 0.70 1.28 0.64 0.271 -0.18 0.61
J45 (D) -0.05 0.33 -0.07 0.37 0.837 -0.17 0.21

Bold values with one asterisk * indicate significant difference between groups p < 0.05
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