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Keratoconus cone location influences it

ocular biomechanical parameters measured
by the Ocular Response Analyzer
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Abstract

Background Keratoconus is characterized by asymmetry in the biomechanical properties of the cornea, with focal
weakness in the area of cone formation. We tested the hypothesis that centrally-measured biomechanical parameters
differ between corneas with peripheral cones and corneas with central cones.

Methods Fifty participants with keratoconus were prospectively recruited. The mean + standard deviation age

was 38+ 13 years. Axial and tangential corneal topography were analyzed in both eyes, if eligible. Cones in the central
3 mm of the cornea were considered central, and cones outside the central 3 mm were considered peripheral. Each
eye was then measured with the Ocular Response Analyzer (ORA) tonometer. T-tests compared differences in ORA-
generated waveform parameters between cohorts.

Results Seventy-eight eyes were analyzed. According to the axial topography maps, 37 eyes had central cones

and 41 eyes had peripheral cones. According to the tangential topography maps, 53 eyes had central cones, and 25
eyes had peripheral cones. For the axial-topography algorithm, wave score (WS) was significantly higher in peripheral
cones than central cones (inter-cohort difference =1.27 +1.87). Peripheral cones had a significantly higher area of first
peak, plarea (1047 + 1346), area of second peak, p2area (1130+ 1478), height of first peak, h1 (102 +147), and height
of second peak, h2 (102 +127), than central cones. Corneal hysteresis (CH), width of the first peak, w1, and width

of the second peak, w2, did not significantly differ between cohorts. There were similar results for the tangential-
topography algorithm, with a significant difference between the cohorts for plarea (855 + 1389), p2area (860 + 1531),
h1(81.7+£151),and h2 (92.1+131).

Conclusions Cone location affects the biomechanical response parameters measured under central loading

of the cornea. The ORA delivers its air puff to the central cornea, so the fact that h1 and h2 and that p1area and p2area
were smaller in the central cone cohort than in the peripheral cone cohort suggests that corneas with central cones
are softer or more compliant centrally than corneas with peripheral cones, which is consistent with the location

of the pathology. This result is evidence that corneal weakening in keratoconus is focal in nature and is consistent
with localized disruption of lamellar orientation.
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Background

Keratoconus is a bilateral corneal ectasia, in which pro-
gressive stromal thinning and increased curvature impart
a conical shape. Corneal scarring from advanced disease
necessitates corneal transplantation, which is costly and
may elicit a wide range of post-surgical complications
[1]. Corneal cross-linking is a therapeutic procedure
that strengthens chemical bonds between adjacent col-
lagen fibrils in the stroma, stabilizing the cornea in most
patients [2]. Thus, there is a need to diagnose and moni-
tor keratoconus in its early stages so that corneal cross-
linking therapy can be applied at the first signs of disease
progression. Keratoconus is typically diagnosed using
a combination of corneal topography maps and corneal
tomography maps. Diagnostic criteria and keratoconus
classification systems that use these tools and others,
such as pachymetry, differ in their interpretation of what
clinical signs or tomographic features constitute kerato-
conus [3-5], however, leading to inconsistency in their
clinical application [6].

Measurement of the biomechanical response param-
eters of the cornea has the potential to supplement the
traditional means of corneal assessment in keratoconus
[7]. Biomechanical assessment involves quantifying the
response of the cornea to an applied load, such as an air
puff. The Ocular Response Analyzer (ORA; Reichert,
Depew, NY, USA) is a commercial non-contact tonome-
ter that measures the deformation response of the cornea
to an applied air puff. It uses an electro-optical system to
detect the inward and outward applanation events dur-
ing corneal deformation [8]. Analysis of these events and
the pressures at which they occur generates two meas-
urements of intraocular pressure, Goldmann-correlated
intraocular pressure and corneal-compensated intraocu-
lar pressure. It also produces a viscoelastic metric called
corneal hysteresis (CH), which quantifies the ability of the
eye to dissipate energy. CH is lower in patients with kera-
toconus than in healthy controls, but substantial overlap
between the groups diminishes the diagnostic potential
of this measurement [9]. However, consideration of dis-
tinct waveform parameters derived from the plot of the
air pressure and of the infrared applanation waveforms
improves the ability of the ORA to detect both manifest
keratoconus [10] and subclinical keratoconus [11].

The location of the corneal cone apex differs between
patients with keratoconus, usually ranging from the cen-
tral cornea to its inferior quadrants [12, 13]. The exact
location of the conical apex has clinical implications,
influencing the design of gas-permeable contact lenses
[14], the placement of intracorneal ring segments [15],
and the location of corneal cross-linking therapy [16].
Moreover, visual acuity recovery after cross-linking ther-
apy may be greater in patients with central cones than
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in those with peripheral cones [17, 18]. Little is known,
however, about how cone location influences the clini-
cal assessment of the biomechanical response of the cor-
nea. That is, given similar stages of disease severity, will
the centrally measured biomechanical parameters of a
patient with a central cone differ from those of a patient
with a peripheral cone? The fact that lamellar disrup-
tion in keratoconus is focal in nature [19] supports the
hypothesis put forth by Roberts and Dupps that focal, not
global, biomechanical weakening is the primary initiat-
ing event in the development of keratoconus [20], lead-
ing to asymmetry of corneal properties. If this hypothesis
is true, then it is reasonable to expect that corneas with
central cones will exhibit different biomechanical
response parameters than corneas with peripheral cones,
since the commercial tonometers that measure corneal
biomechanics deliver their loads (i.e., their air puffs) to
the central cornea, and they are unable to assess asym-
metry of the responses. Thus, the purpose of this study
was to test whether cone location influences the meas-
ured biomechanical parameters of the cornea, as assessed
by the ORA, in keratoconus.

Methods

This cross-sectional study was conducted at The Ohio
State University (OSU). It is part of a larger project that
aims to characterize elastic and viscoelastic biomechani-
cal parameters in eyes with keratoconus.

Participants

Individuals with previously diagnosed keratoconus (ICD-
10 code root H18.6) were prospectively recruited from
the OSU optometry clinics and from the surrounding
community between May 2022 and July 2023. Exclusion
criteria were created to limit confounding variables on
corneal biomechanical parameters, and they included:
(1) corneal diseases other than keratoconus, including
but not limited to corneal dystrophies, severe dry eye
syndrome, and pterygium; (2) extensive corneal scarring
from keratoconus or any other ocular disease (e.g., her-
petic eye disease); (3) glaucoma; (4) diabetes mellitus; (5)
history of ocular surgery, save for cataract surgery; and
(6) use of orthokeratology contact lenses.

Data collection

First, axial and tangential corneal topography maps were
acquired using an E300 corneal topographer (Medmont;
Nunawading, Australia). Then, four measurements were
taken from each eye using a third generation ORA G3
tonometer.
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Data processing

For all eyes, cone location was defined as the center
of a 2 mm circle of maximum curvature, following an
objective, published search algorithm, which searches
over a defined region of interest to identify a 2 mm area
of maximum tangential and axial curvature in diop-
ters [21]. The magnitude of maximal corneal curvature
within this area was defined as Cspot. Disease sever-
ity was defined as the magnitude of Cspot on the tan-
gential curvature map. Then, eyes were grouped into
four cohorts, based on (1) cone location and (2) type
of topography map used to identify the location of the
cone. For axial topography, the central-cone cohort
included cones with the center of Cspot located within
a 1.5 mm radius from the center of the cornea (i.e.,
within the central 3 mm of the cornea), and for the axial
peripheral-cone cohort, the center of Cspot was located
outside a 1.5 mm radius from the center of the cornea
(i.e., outside the central 3 mm of the cornea). For tan-
gential topography, the center of Cspot was located
within a 1.5 mm radius from the map center for the
central-cone cohort, and outside a 1.5 mm radius from
the center of the cornea for the tangential peripheral-
cone cohort. Keratometry values (flat meridian, steep
meridian, and corneal cylinder) were also recorded
from the axial topography map.

Given the known asymmetry in disease severity and
in biomechanical parameters between the eyes in kera-
toconus [22-25], individual eyes of all participants
were treated independently. If one eye had a central
cone, and the fellow eye had a peripheral cone, then
the two eyes were binned into separate cohorts. If both
eyes had central cones, or if both eyes had peripheral
cones, then the eyes were binned into the same appro-
priate cohort.

Data from the ORA measurement with the highest
wave score (WS) were analyzed for each eye. In addition
to the standard clinical output parameters of waveform
score and CH, waveform parameters plarea, p2area,
w1, w2, hl, and h2 were exported from the twin-peaked
pressure-applanation waveforms generated by the device.
Specifically, plarea and p2area represent the area under
the curve of the first and second applanation peaks,
respectively, from a point 25% above the baseline, which
is defined as the nadir of the valley between the two
applanation peaks (Fig. 1a); wl and w2 represent the
width of the first and second applanation peaks, respec-
tively, at a point 25% above the baseline (Fig. 1b); and hl
and h2 represent the height of the first and second appla-
nation peaks, respectively, measured from a point 25%
above the baseline (Fig. 1¢).
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Statistical analysis

Differences in WS, CH, plarea, p2area, wl, w2, h1, and
h2 were compared between the central-cone cohort
and the peripheral-cone cohort using unpaired t-tests
for both curvature algorithms (Statistical Analysis Soft-
ware; SAS Institute, Cary, NC, USA). Cspot magnitude
was compared for tangential topography only; and the
steep-meridian keratometry value, the flat-meridian
keratometry value, and corneal cylinder were compared
for axial topography. Normality was confirmed with the
Shapiro—Wilk test. Associations between cone loca-
tion, as defined both by axial topography and tangen-
tial topography, WS, CH, plarea, p2area, wl, w2, hl,
and h2 were assessed with linear regression analyses.
Very weak associations were defined as r<0.19, weak
associations were defined as r between 0.2 and 0.39,
moderate associations were defined as r between 0.4
and 0.59, strong associations were defined as r between
0.6 and 0.79, and very strong associations were defined
as r>0.8. For all statistical analyses, the significance
threshold was set at a=0.05.

Results

Demographics

In total, 78 eyes of 50 participants (aged 38+ 13 years; 28%
female; 58% White, 32% Black, 6% mixed race, and 4% His-
panic) were analyzed. Figure 2a shows the location of the
cones, according to the axial topography maps. For axial
topography, 37 eyes had central cones, and 41 eyes had
peripheral cones. There was no statistically significant dif-
ference in age (P=0.85) between the central-cone cohort
(38+14 years) and the peripheral-cone cohort (39+12
years). Figure 2b shows the location of the cones, according
to the tangential topography maps. For tangential topog-
raphy, 53 eyes had central cones, and 25 eyes had periph-
eral cones. There was no statistically significant difference
in age (P=0.10) between the central-cone cohort (37+13
years) and the peripheral-cone cohort (42 + 14 years).

Axial-curvature algorithm

Keratometry values

The steep-meridian simulated keratometry value, the flat-
meridian keratometry value, and corneal cylinder were
all significantly greater in the central-cone cohort than in
the peripheral-cone cohort (Table 1).

Differences in biomechanical parameters between central
cones and peripheral cones

Table 2 contains the differences in WS, CH, and wave-
form parameters between the central-cone and the
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Fig. 1 Example waveform parameters. (a) Area of the first peak (p1area) and area of the second peak (p2area), (b) width of the first peak

(w1) and width of the second peak (w2), and (c) height of the first peak (h1) and height of the second peak (h2) parameters identified

on a representative pressure-applanation waveform generated by the Ocular Response Analyzer. The green traces represent the air pressure
delivered to the cornea. The red traces represent the number of photons reflected off the corneal surface and into the infrared light sensor. Peak 1
occurs during first corneal applanation, which happens during inward deformation; and Peak 2 occurs during second corneal applanation, which
happens during the outward recovery after cessation of the air puff. The waveform parameters are indicated in purple. The dark blue solid boxes
mark the location along the pressure curve where the peaks of the infrared waveform occur. WS is wave score
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Fig. 2 Cone location by cohort. Location of the cone for 78 eyes with keratoconus (a) for the axial-topography algorithm and (b) for
the tangential-topography algorithm. Central cones (light blue) were defined as being within a 1.5 mm radius from the center of the cornea,
and peripheral cones (light red) were defined as being outside of a 1.5 mm radius from the center of the cornea. The dark blue line represents
the normal distribution curve
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Table 1 Differences in keratometry from axial topography and maximum tangential curvature, as defined by Cspot magnitude,

between central cones and peripheral cones

Parameters Central-cone cohort (n=36) Peripheral-cone cohort (n=41) P value
Steep-meridian keratometry value (D) 5444+10.83 4742+351 0.0006*
Flat-meridian keratometry value (D) 49.90+9.06 4452+3.18 0.0015*
Corneal cylinder (D) 4544324 2904244 0.01*
Maximum tangential curvature (D) 50.93+12.48 53.36+6.22 0.26

Values are mean + standard deviation. Significance threshold a=0.05
*P<0.05, t-test

Table 2 Differences in biomechanical parameters between
central cones and peripheral cones for axial topography

Parameters Central- Peripheral-cone P value
cone cohort cohort (n=41)
(n=37)
Waveform score 5.99+1.96 7.26+1.78 0.004*
Corneal hysteresis (mmHg) 890+1.57 9.31+1.60 0.26
Plarea 3080+ 1485 4127+1209 0.001*
P2area 3310+ 1490 4439+ 1467 0.001*
W1 18.78+2.46 19.05+245 0.64
W2 2522+6.53 2512+575 0.95
H1 361+167 463+127 0.003%
H2 3244124 426+131 0.0007*

Values are mean * standard deviation. Significance threshold a=0.05

Plarea=area of the first peak; P2area = area of the second peak; W1=width
of the first peak; W2 =width of the second peak; H1 =height of the first peak;
H2 =height of the second peak

*P<0.05, t-test

peripheral-cone cohorts for axial topography. WS,
plarea, p2area, hl, and h2 were all significantly lower
in the central-cone cohort than in the peripheral-cone
cohort. There were no statistically significant differ-
ences between the cohorts for CH, wl, and w2.

Associations between cone location and biomechanical
parameters

For axial topography, there were moderate-strength
and statistically significant associations between cone
location and WS (r=0.41, P=0.0003; Fig. 3a), between
cone location and p2area (r=0.40, P=0.0003; Fig. 3b),
and between cone location and h2 (r=0.48, P=0.001;
Fig. 3c). There were weak but statistically significant
associations between cone location and plarea (r=0.34,
P=0.003; Fig. 3d) and between cone location and hl
(r=0.34, P=0.003; Fig. 3e). There were very weak and
non-significant associations between cone location and
wl (r = —0.07, P=0.53; Fig. 3f), between cone location
and w2 (r=-0.05, P=0.67; Fig. 3g), and between cone
location and CH (r=0.13, P=0.27; Fig. 3h).

Tangential-curvature algorithm

Keratoconus severity

There was no statistically significant difference (P = 0.26)
in maximum tangential curvature (Table 1), as defined by
Cspot magnitude, between the central-cone cohort and
the peripheral-cone cohort.

Differences in biomechanical parameters between central
cones and peripheral cones

Table 3 contains the differences in WS, CH, and wave-
form parameters between central-cone and the periph-
eral-cone cohorts for tangential topography. WS, plarea,
p2area, hl, and h2 were all significantly lower in the
central-cone cohort than in the peripheral-cone cohort.
There were no significant differences between the
cohorts for CH, w1, and w2.

Associations between cone location and biomechanical
parameters

For tangential topography, there were weak but statisti-
cally significant associations between cone location and
p2area (r=0.27, P=0.02, Fig. 4a), between cone loca-
tion and h1 (r=0.23, P=0.05; Fig. 4b), and between cone
location and h2 (r=0.25, P=0.03; Fig. 4c). There were
weak and non-significant associations between cone
location and WS (r=0.20, P=0.09; Fig. 4d) and between
cone location and plarea (r=0.23, P=0.05; Fig. 4e).
There were very weak and non-significant associa-
tions between cone location and wl (r=-0.05, P=0.69;
Fig. 4f), between cone location and w2 (r=0.06, P=0.62;
Fig. 4g), and between cone location and CH (r=-0.07,
P=0.58; Fig. 4h).

Discussion

The purpose of this study was to test the hypothesis that
cone location in keratoconus influences the measure-
ment of ocular biomechanical parameters with the ORA.
We confirmed this hypothesis, as there were significant
differences in WS, plarea, p2area, hl, and h2 between
the central-cone cohort and the peripheral-cone cohort.
The results were similar, regardless of whether the cone
was identified using axial topography or using tangential
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Fig. 3 Associations between cone location according to axial topography and biomechanical parameters. Scatter plots showing the relationships
between cone location and (a) wave score, (b) area of the second peak (p2area), (c) height of the second peak (h2), (d) area of the first peak
(p1area), (e) height of the first peak (h1), (f) width of the first peak (w1), (g) width of the second peak (w2), and (h) corneal hysteresis (CH). Linear
regression lines are solid gray. N=78 eyes with keratoconus



Yuhas et al. Eye and Vision (2024) 11:2

Table 3 Differences in biomechanical parameters between
central cones and peripheral cones for tangential topography

Parameters Central- Peripheral-cone P value
cone cohort cohort (n=25)
(n=53)
Waveform score 6.34+1.95 7344184 0.04*
Corneal hysteresis (mmHg) 9.02+1.51 933+1.76 042
Plarea 33561357 421111456 0.01*
P2area 3628+1569 4488+ 1446 0.02*
W1 18.94+2.46 18.88+£245 092
W2 2540+6.65 24.68+4.79 0.63
H1 389+ 154 470+145 0.03*
H2 348+121 4404150 0.005*

Values are mean + standard deviation. Significance threshold a=0.05.

P1larea=area of the first peak; P2area=area of the second peak; W1 =width
of the first peak; W2 =width of the second peak; H1 = height of the first peak;
H2=height of the second peak

*P<0.05, t-test

topography. Moreover, there were statistically significant
moderate-to-weak associations between cone location
and WS, plarea, p2area, hl, and h2 for both curvature
algorithms.

The cornea weakens in keratoconus. Uniaxial strip
testing of donor tissues first revealed diminished tensile
strength in keratoconic corneas compared to healthy cor-
neas [26], and now there is good evidence for elastic dete-
rioration of the cornea in the eyes of patients living with
keratoconus [27-29]. One might interpret these results
as evidence that the entire cornea weakens in keratoco-
nus, but this interpretation is flawed since none of the
methods were able to assess asymmetry. Finite element
modeling has identified loss of tissue stiffness, which is
localized to a concentric area, as a contributor to kera-
toconus progression [30], and several groups have used
Brillouin microscopy, a form of non-destructive optical
elastography [31], to demonstrate focal, not global, weak-
ness in keratoconus that is associated with local corneal
thinning and steepening [32—34]. In other words, there is
an asymmetry in corneal biomechanical parameters, rel-
ative tissue weakness adjacent to relative tissue strength,
which is typically not accounted for in their clinical
assessment of keratoconus.

Our results suggest that clinicians and researchers
should consider cone location when interpreting meas-
ured biomechanical parameters in eyes with keratoconus.
The ORA measures corneal deformation in response to
an air puff in an indirect manner. Infrared light is cast
onto the cornea, and the light reflecting off the cornea is
captured by an infrared sensor. When the cornea appla-
nates, first during the loading phase of the air puff and
then again during recovery in the backwards direction, a
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high number of photons reflecting from the cornea align
with the sensor, resulting in a peak on the ORA waveform
(see Fig. 1). A large area of applanation allows many pho-
tons to reflect into the sensor, resulting in a high peak,
and a small area of applanation allows relatively few pho-
tons to align with the sensor, resulting in a lower peak. In
our results, the central-cone cohort had a smaller plarea
and a smaller p2area than the peripheral-cone cohort.
This difference in peak areas was driven by the height of
the peaks and not by the width of the peaks, as hl and
h2 were significantly smaller in the central-cone cohort
than in the peripheral cone cohort, but there were no
inter-cohort differences in wl and w2. These outcomes
indicate that the first and second applanation areas were
larger for the peripheral-cone cohort than for the central
cone-cohort, and we interpret them as strongly suggest-
ing that the peripheral-cone cohort had stiffer central
corneas than the central-cone cohort. Consider the anal-
ogy of two hollow spheres, sphere A and sphere B. Sphere
A and sphere B are filled with the same amount of air and
have the same dimensions, but the material of sphere A is
stiffer than the material of sphere B. If one were to push
on sphere B, it would make a deep but focal indentation.
The same force would cause a broad shallow indentation
in sphere A, the stiffer sphere. In the same way, an ORA
air puff delivered to a relatively stiff central cornea (e.g.,
peripheral keratoconus) would elicit a boarder applana-
tion area, and therefore a higher waveform peak (Fig. 5),
than an ORA air puff delivered to a compliant central
cornea (e.g., central keratoconus).

To our knowledge, no other group has reported dif-
ferences in biomechanical parameters between patients
with central keratoconus and patients with peripheral
keratoconus using the ORA, possibly due to the limita-
tions of the device. First, the waveform parameters are
not displayed in the user interface and must be exported
for analysis. Second, as stated above, CH is not a sensitive
metric for the detection of keratoconus since it meas-
ures viscoelasticity rather than elastic response [9]. The
more sensitive keratoconus match index (KMI), based on
waveform parameters other than CH [10, 11], is absent
from the most recent version of the device (ORA G3).

The need for a new KMI is glaring when the perfor-
mance of the ORA is compared against that of the cornea
visualization with Scheimpflug technology (Corvis ST;
Oculus, Wetzlar, Germany) tonometer. The Corvis ST
uses a high-speed Scheimpflug camera to capture images
of air-puff-induced corneal deformation, which are then
analyzed to produce elastic biomechanical parameters
of the living human eye [35]. Many studies have demon-
strated elastic weakening of the keratoconic cornea using
the Corvist ST [27-29, 36], and the device’s biomechani-
cal index, which is a metric that comprises an array of
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Fig. 4 Associations between cone location according to tangential topography and biomechanical parameters. Scatter plots showing

the relationships between cone location and (a) area of the second peak (p2area), (b) height of the first peak (h1), (c) height of the second peak
(h2), (d) wave score, (e) area of the first peak (p1area), (f) width of the first peak (w1), (g) width of the second peak (w2), and (h) corneal hysteresis
(CH). Linear regression lines are solid gray. N=78 eyes with keratoconus
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Fig. 5 Effect of cone location on waveform peak height. Representative waveforms (a) from a participant with a central cone and (b)

from a participant with a peripheral cone. Note the difference in peak height for both. The green traces represent the air pressure delivered

to the cornea. The red traces represent the number of photons reflected off the corneal surface and into the infrared light sensor. The dark blue
solid boxes mark the location along the pressure curve where the peaks of the infrared waveform occur. WS is wave score

elastic biomechanical parameters, is able to differenti-
ate corneas with keratoconus from healthy corneas with
exceptional accuracy [37]. Pertinent to the present study,
Bruner and colleagues used the Corvis ST to measure
increasing corneal stiffness with increasing cone eccen-
tricity in keratoconus by analyzing elastic outcome meas-
ures: stiffness parameter at first applanation, stiffness
parameter at highest concavity, deformation amplitude
ratio, and integrated inverse radius [38]. These results
on the Corvis ST align with ours on the ORA and offer
cross-device evidence for the focal nature of the biome-
chanical weakening in keratoconus.

Despite its limitations, the ORA can still be a use-
ful tool in the assessment of ocular biomechanics. First,
given that ORA received approval from the Food and
Drug Administration nearly two decades ago, that it is
inexpensive, and that it has utility in the assessment of
glaucoma risk [39, 40], is more common in primary eye
care clinics, where keratoconus is often detected, than the
Corvis ST, which most often is found in specialty cornea

clinics. Second, the ORA has the potential to measure
both the viscoelastic properties of the eye (e.g., CH) and
the elastic parameters of the eye, the latter through anal-
ysis of the shape of the peaks of the ORA waveform [41].
The Corvis ST can only quantify the elastic parameters
of the eye at the current time. Finally, for the purpose of
this study, the delivery of an air-puff to the central cornea
allows for the quantification of the effect of cone location
on biomechanical parameters in patients with keratoco-
nus. Although the ORA and the Corvis ST vary in their
assessment of corneal deformation in response to a cen-
tral air puff, the underlying principle that we support
here — namely that of asymmetry in corneal biomechani-
cal parameters in keratoconus — is generalizable across
both of them.

Beyond informing our knowledge of corneal weakness
in keratoconus, regional variability of the biomechanical
parameters has practical implications. First, future clini-
cal studies on corneal biomechanics in keratoconus may
consider cone location during study design and during
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data analysis. A study cohort with a disproportionate
number of central cones may skew results toward greater
corneal compliance in the disease, compared against a
cohort with a disproportionate number of peripheral
cones, which may skew results toward greater corneal
stiffness. Furthermore, a study cohort with an overrep-
resentation either of central cones or peripheral cones
would likely not be generalizable to a broader popula-
tion of patients with keratoconus. Rather, a keratoconus
study with a mix of central cones and peripheral cones
will maximize its applicability. In the clinic, a patient with
a peripheral cone may exhibit greater corneal stiffness
than a patient with a central cone. In a case of manifest
keratoconus, this difference would not influence clinical
decision making. However, if the patient had early-stage
peripheral keratoconus where there was no clear steep-
ening indicated on the corneal topography map and there
were no signs of the disease on slit-lamp biomicroscopy,
measurement of biomechanical parameters, as a supple-
mental means of disease detection, might lead the clini-
cian to conclude that the cornea was relatively stiffer
globally without detecting the focal peripheral weakness,
potentially delaying timely diagnosis and management,
or even misdiagnosing the risk in screening for refractive
surgery.

In our population of participants with keratoconus,
cone location varied based on topography algorithm.
There were more central cones in the tangential topogra-
phy maps than in the axial topography maps. The differ-
ence is expected since the axial curvature algorithm is the
mathematical average of the tangential curvature algo-
rithm, so the cone will be represented more peripherally
in an axial map than a tangential map. This difference is
also consistent with the literature, which reports varying
cone location for different map types and for different
instruments [13, 42]. It did not have a marked effect on
our results, however, as there were significant differences
in plarea, p2area, hl, and h2 between the peripheral-
cone and central-cone cohorts for both types of curva-
ture. There were also significant associations between
cone location and those waveform parameters for both
topography curvature algorithms, demonstrating that
the further the cone is from the center of the cornea, the
larger the magnitude of a given stiffness parameter.

This study has several limitations. First, our sample size
was small, and we were unable to detect a difference in
CH based on cone location. Beyond the impact that our
sample size may have had on our outcomes, this result
makes sense because the cornea is not the only ocu-
lar structure that influences the ORA waveform. There
is evidence that the sclera also contributes, as CH and
other waveform parameters of the second peak of the
waveform are reduced in eyes that have received a scleral
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buckle for the repair of retinal detachment, compared to
fellow eyes [43]. Thus, CH may be interpreted as ocular
hysteresis, rather than as corneal, alone. Second, we did
not consider pachymetry values in our analysis. In kera-
toconus, corneal thinning and corneal steepening occur
in conjunction with thinning which drives a steepening
response [44], so it is likely that central corneal thick-
ness varied between the central-cone and the peripheral-
cone cohorts. According to the biomechanical cycle of
decompensation in ectasia [20], both focal thinning and
focal steepening result from a focally reduced modulus of
elasticity, for which we provide in vivo evidence in this
study. Since focal thinning and focal steepening are so
intimately connected in keratoconus and other ectasias,
only measuring focal steepening, in the form of Cspot,
was likely sufficient to study the focal nature of corneal
decompensation in keratoconus. Finally, our study was
cross-sectional and therefore could not assess how the
biomechanical parameters both of central and peripheral
cones changed with time. Future studies should consider
a longitudinal approach to characterizing the inter-
play between cone location and corneal biomechanical
parameters in order to improve risk profiling for both the
detection of keratoconus and for its management.

Conclusions

We have demonstrated that cone location in kerato-
conus influences the measurement of biomechanical
parameters of the cornea when assessed with the ORA.
Specifically, ORA waveform parameters plarea, p2area,
hl, and h2 were significantly lower in the central-cone
cohort than in the peripheral cone cohort, both for when
cone location was determined with axial topography and
for when cone location was determined with tangen-
tial topography. We interpret our results as suggesting
that participants with peripheral cones had stiffer cen-
tral corneas than participants with central cones. This
interpretation is consistent with previous works that
suggest localized lamellar disorganization and focal cor-
neal weakening in the disease. It is recommended that
researchers and clinicians consider cone location when
analyzing biomechanical data.
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