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Abstract 

Changes to the air jet delivery and applanation detection systems in the newest 

generation Ocular Response Analyzer (G3 ORA) altered the morphology of its output 

waveforms, compared to the original device (G1 ORA). These waveforms represent both 

the corneal deformation response to an air puff and temporal pressure profile of the air 

puff itself. It is known that keratoconus alters the corneal deformation response, causing 

the ORA waveforms to vary substantially between normal and keratoconic eyes. The 

Keratoconus Match Index (KMI) of the G1 ORA uses waveform parameters to 

differentiate keratoconic eyes from normal eyes, but it was not adapted for the updated 

G3 ORA. It is unknown whether the original KMI is effective in identifying keratoconic 

eyes when using the G3 ORA, leaving a gap in our ability to use a biomechanical 

approach to supplement our ability to detect early keratoconus. Therefore, the initial 

aims of this study were 1) to quantify differences in intraocular-pressure metrics 

and biomechanical waveform parameters, both between two versions of the device 

and between subjects with keratoconus and controls; and 2) to evaluate the 

performance of the original KMI in identifying keratoconic eyes when applied to G3 

ORA measurement data. Furthermore, keratoconus is characterized by focal weakness 

in the area of cone formation, surrounded by stronger tissue. Cone location impact on 

biomechanics of the cornea has never been tested using the ORA. Therefore, the third 
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purpose of this study is to investigate whether cone location influences the ORA-

measured biomechanical waveform parameters of the cornea in keratoconus. 

Fifty (n = 50) subjects diagnosed with keratoconus (mean ± standard deviation 

age = 38 ± 13 years; 28% female; 58% White) and 144 (n = 144) healthy control subjects 

(age = 39 ± 17 years; 61% female; 81% White) were prospectively recruited. Corneal 

compensated IOP (IOPcc), Goldmann-correlated IOP (IOPg), and waveform parameters 

including corneal hysteresis (CH), waveform score (WS), area under first applanation 

peak (p1area), area under second applanation peak (p2area), height of first applanation 

peak (h1), height of second applanation peak (h2), width of first applanation peak (w1), 

width of second applanation peak (w2), and Keratoconus Match Index (KMI), were 

collected in both eyes with the G1 ORA and with the G3 ORA. Four measurements were 

taken on each eye, and the measurement with the highest waveform score was analyzed. 

Paired t-tests were used to compare results between the two generations of ORAs, and t-

tests were used to compare results between the cohorts (α = 0.002). Receiver operating 

characteristic (ROC) Areas Under the Curve (AUC) were evaluated to compare the 

diagnostic performances of KMI in differentiating keratoconic eyes from normal eyes 

when using the G1 ORA and the G3 ORA.  

Only the keratoconic eyes were considered in the cone-location aspect of the 

study. Medmont corneal topography was conducted on both eyes, and axial and 

tangential curvature were analyzed using custom software. Cones in the central 3 mm of 

the cornea were considered central, and cones outside the central 3 mm were considered 

peripheral. T-tests compared differences in waveform parameters between cohorts. 

Significance threshold was α = 0.05 for all analyses. 
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Seventy-eight were analyzed in the case cohort, and 144 eyes were analyzed in 

the control cohort. In the case cohort, the G3 ORA measured significantly greater CH 

(inter-device difference = 0.499 ± 1.24 mmHg), WS (0.97 ± 1.68), p1area (648 ± 726, 

p2area (1865 ± 1230), h1 (92.0 ± 97.6), h2 (88.3 ± 84.4), w2 (6.32 ± 6.38), and KMI 

(0.682 ± 0.404), compared to the G1 ORA. The G1 ORA measured significantly greater 

w1 (4.54 ± 4.34) than the G3 ORA in the case cohort. In the control cohort, the G3 ORA 

measured significantly greater CH (0.497 ± 1.13 mmHg), WS (0.567 ± 1.35), p1area (479 

± 837), p2area (3052 ± 1160), h1 (67.0 ± 83.7), h2 (128 ± 91.2), w2 (6.95 ± 4.14), and 

KMI (0.912 ± 0.323) than the G1 ORA. The G1 ORA measured significantly greater w1 

(3.10 ± 2.66) than the G3 ORA. There were no statistically significant differences in 

IOPcc and IOPg between the two devices in either cohort.  

When measured by the G1 ORA, the control cohort had significantly greater 

IOPcc (inter-cohort difference = 1.95 ± 3.15 mmHg), IOPg (4.94 ± 3.30 mmHg), CH 

(2.12 ± 1.80 mmHg), WS (1.88 ±1.68), p1area (1654 ± 1140), p2area (1135 ± 907), h1 

(139 ± 94.2), h2 (98.3 ± 92.9), and KMI (0.600± 0.384) than the case cohort. There were 

no statistically significant differences in w1 and w2 between the two cohorts. When 

measured by the G3 ORA, the control cohort had significantly greater IOPcc (1.74 ± 2.93 

mmHg), IOPg (4.70 ± 3.37 mmHg), CH (2.13 ± 1.48 mmHg), WS (1.48 ± 1.41), p1area 

(1485 ± 1170), p2area (2332 ± 1370), h1 (114 ± 111), h2 (138 ± 101), w1 (1.38 ± 2.16), 

and KMI (0.830 ± 0.474) than the case cohort. The only parameter that did not 

significantly differ between the two cohorts was w2. 
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ROC AUC was marginally greater when KMI was used to differentiate 

keratoconic eyes from normal eyes with the G3 ORA (0.88) compared to the AUC when 

KMI was used with the G1 ORA (0.86).  

The 78 eight eyes with keratoconus were analyzed further for the effect of cone 

location. 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, WS was 

significantly higher in peripheral cones than central cones (inter-cohort difference = 1.27 

± 1.87). Peripheral cones had a significantly higher p1area (1047 ± 1346), p2area (1130 ± 

1478), h1 (102 ± 147), and h2 (102 ± 127), than central cones. CH, w1, and w2, did not 

significantly differ between cohorts. There were similar results for the tangential 

topography algorithm, with a significant difference between the cohorts for p1area (855 ± 

1389), p2area (860 ± 1531), h1 (81.7 ± 151), and h2 (92.1 ± 131). 

These results suggest that the air jet delivery and applanation detection system 

changes incorporated in the G3 ORA did alter its quantification of biomechanical 

waveform parameters, compared to the G1 ORA. IOP outcomes were less effected. 

Therefore, caution must be taken when comparing results between the two generations of 

ORAs in clinic and in research studies. Additionally, this study agreed with previous 

studies that normal eyes are stiffer and produce higher IOP values than keratoconic eyes. 

The KMI originally developed for the G1 ORA performed similarly when used with 

input data from either G1 ORA or G3 ORA. The next step in this research is to optimize 

the Keratoconus Match Index metric for the G3 model.  
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This study also demonstrated that 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 additional 

evidence that corneal weakening in keratoconus is focal in nature and is consistent with 

localized disruption of lamellar orientation. 
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Chapter 1. Introduction 

Keratoconus 

Keratoconus is a bilateral, although asymmetric, corneal ectasia, in which the 

corneal stroma focally thins and steepens, forming a conical shape. The location and 

morphology of the cone dictates its clinical classification either as a nipple cone or as an 

oval cone. Nipple cones are smaller in diameter than an oval cone, and they tend to be 

located in the central cornea, within several millimeters of the visual axis. Oval cones are 

located in the inferotemporal portion of the cornea, further from the visual axis than a 

nipple cone when evaluated using axial topography maps (Perry et al., 1980). The disease 

process commonly begins in early adulthood (Rabinowitz, 1998) and progresses until 

middle age, at which time progression slows due to the stiffening of the cornea during the 

normal aging process (Elsheikh et al., 2007). 

The prevalence of keratoconus in the general population of the United States has 

been frequently cited as 1 in 2,000, based on a study analyzing keratoconus diagnoses 

from 1935-1982 (Kennedy et al., 1986). This study may underestimate true prevalence, 

however, because it was conducted before the development of corneal imaging 

technologies, including corneal topography and Scheimpflug tomographic imaging, both 

of which show corneal steepening and thinning in the absence of slit-lamp and refractive 

findings, which are not present in all eyes with keratoconus. A study by Naderan et al. 
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found corneal protrusion, scissoring reflex, corneal thinning, Fleischer's ring, and 

prominent nerve fibers were the most prevalent clinical findings in keratoconic corneas, 

and had an incidence of only 71.7%, 64.2%, 56.6%, 55.5% and 54.7%, respectively, 

among the keratoconic eyes. Positive biomicroscopy findings were also associated with 

high mean curvature, with high anterior and posterior elevation, and with thin corneal 

thickness, as measured with corneal topography, suggesting that slit-lamp findings are 

associated with severe disease and that topographic/tomographic changes may occur 

before manifestations on biomicroscopy (Naderan et al., 2018). A more recent study, 

conducted in 2017 in the Netherlands, found the incidence of keratoconus to be 5-fold to 

10-fold higher than what was found in the study previously mentioned (Godefrooij et al., 

2017). Sophisticated diagnostic devices are widely available in the Netherlands, and 

access to care is high among the population (Godefrooij et al., 2017). Incidence of 

keratoconus may be under-reported in countries with less accessibility to diagnostic 

technologies and healthcare.  

Keratoconus is a multifactorial disease with various genetic and environmental 

risk factors. Mechanical trauma to the eye, such as that from eye rubbing or hard contact 

lenses, is a significant environmental factor in keratoconus development (Gasset et al., 

1978). The exact mechanism by which trauma induces keratoconus is not fully 

understood, but some have suggested that trauma to the corneal epithelium leads to 

apoptosis of the underlying keratocytes (Wilson et al., 1996). Specifically, repeated 

corneal trauma induces apoptosis of corneal stromal fibroblasts (Wilson et al., 1996). It 

also increases the release of IL-1 within the cornea. IL-1 activates collagenases within the 
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cornea, causing breakdown of collagen within the stroma (Bureau et al., 1993). To 

compound the problem, the keratocytes of ectatic corneas have four times more IL-1 

receptors compared to keratocytes of normal corneas (Bureau et al., 1993), which makes 

the former especially vulnerable to abnormal collagen production and maintenance (Bron 

& Rabinowitz, 1996). 

Consistent with a pathophysiology based on apoptosis, some describe keratoconus 

as a non-inflammatory disease (Krachmer et al., 1984); however, several studies 

demonstrate that inflammatory processes may also contribute to development of the 

condition. Ultraviolet light and mechanical trauma due to eye rubbing or hard contact 

lenses lead to the accumulation of reactive oxygen species (ROS) within the corneal 

stroma (Wojcik et al., 2013). To make matters worse, keratoconic corneas have low 

concentrations of aldehyde dehydrogenase and superoxide dismutase enzymes, which 

protect the cornea from reactive aldehydes and ROS (Cristina Kenney & Brown, 2003; 

Wojcik et al., 2013). Excess ROS combined with a cornea ill-equipped with sufficient 

enzymes for eliminating ROS may play a significant role in the pathogenesis of 

keratoconus.  

There are risk factors for keratoconus other than corneal trauma. Keratoconus 

affects both sexes, although it is unclear whether it is more prevalent in males or females. 

Keratoconus is most prevalent in patients of South Asian and Middle Eastern descent, but 

it can affect people of all ancestries (Santodomingo-Rubido et al., 2022). Connective 

tissue disorders including Ehlers-Danlos Syndrome, osteogenesis imperfecta, joint 

hypermobility, and mitral valve prolapse have been associated with keratoconus 
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(Romero-Jimenez et al., 2010). Patients with a family history of keratoconus have a 

higher risk of developing the disease themselves than patients without a family history of 

keratoconus. A study by Wang et al. found the prevalence of keratoconus in first degree 

relatives to be 3.34%, which is 15–67 times higher than the general population (Wang et 

al., 2000). The inheritance pattern of keratoconus remains unclear (Gonzalez & 

McDonnell, 1992; Wang et al., 2000). 

Management of Keratoconus  

As keratoconus progresses, intra-eye asymmetrical steepening and distortion of 

the cornea may occur. In early-to-moderate stages of the disease, glasses or rigid contact 

lenses may be used to correct vision. However, in advanced keratoconus, these options 

may fail to correct vision due to the presence of irregular astigmatism, aberrations of the 

cornea, and/or corneal scarring (Gordon-Shaag et al., 2015). Penetrating keratoplasty 

(PK) or deep anterior lamellar keratoplasty (DALK) may be performed to improve vision 

at this stage of the disease (Henein & Nanavaty, 2017). Although surgical interventions 

for keratoconus may preserve vision, they are associated with a wide range of post-

operative complications (Asimakis & Kirkness, 1996) that may impart substantial 

economic burden (Chan et al., 2020) and that may lead to a diminished quality of life (Al 

Zabadi et al., 2023). DALK offers a non-penetrating method of corneal transplantation 

and has a reduced rate of rejection and refractive astigmatism in comparison to PK 

(Henein & Nanavaty, 2017). However, DALK, like PK, may still lead to adverse events 

including ocular hypertension and endothelial cell density loss over time (Borderie et al., 

2023). Moreover, some studies suggest that DALK is associated with poorer visual 
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outcomes than PK (Henein & Nanavaty, 2017), and patients who undergo DALK still 

requires lifelong monitoring and anti-rejection therapy. Thus, there is a need to avoid 

corneal transplantation when possible. 

This need at least partially is filled through corneal crosslinking. In this 

procedure, riboflavin and UV-A light promote covalent bond formation between collagen 

fibers within the corneal stroma (Randleman et al., 2015). The result is stiffening and 

stabilization of the cornea. Corneal crosslinking slows the progression of keratoconus and 

lowers the risk of needing corneal transplantation when administered early enough in the 

disease process (Hersh et al., 2017). Other benefits include decreased maximum 

keratometry values, increased corrected visual acuity, and increased uncorrected visual 

acuity. Adverse effects may include corneal haze, endothelial folds, and irregular 

epithelium (Hersh et al., 2017). 

It is important to administer corneal crosslinking relatively early in the disease 

process. The procedure is most effective in corneas with sufficient corneal stroma 

thickness prior to surgery (Kreps et al., 2021). The Dresden protocol for corneal 

crosslinking suggests a minimum corneal thickness of 400 microns to avoid endothelial 

injury during radiation (Ashwin & McDonnell, 2010).  Newer approaches have been 

developed that allow for treatment of corneas thinner than 400 microns by swelling the 

cornea to over 400 microns with hypoosmolar riboflavin solutions and reducing the 

applied UV-energy (Borgardts et al., 2023). Hafezi and colleagues have developed an 

additional approach known as the “Sub400 Protocol,” which adapts the magnitude of UV 

irradiance to the stromal thickness of the patient. This approach has been shown to halt 
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progression of keratoconus in eyes with corneal thickness as low as 214 microns with no 

signs of endothelial decompensation (Hafezi et al., 2021).  

Diagnosis and Assessment of Keratoconus  

Clinical signs of keratoconus seen upon slit lamp examination can be helpful in 

diagnosing keratoconus. Signs that may arise earliest in the disease include Fleischer’s 

ring, which is an iron deposition that forms in a ring formation around the cone, and 

Vogt’s striae, which are vertical lines in the posterior stroma and in Descemet’s 

membrane. Clinical signs that typically occur later in the disease can include Munson’s 

sign, which occurs when the lower lid takes on a V-shape in downward gaze, and 

Rizutti’s sign, which occurs when a focused beam of light forms on the nasal limbus 

upon lateral illumination of the cornea (Rabinowitz, 1998). 

As mentioned earlier, slit lamp biomicroscopy is insensitive to early corneal 

pathology. In a study done by Kreps et al, only 13% of keratoconus cases were diagnosed 

using biomicroscopy before the age of 18, even though disease progression begins in 

early-to-late teens (Kreps et al., 2021). Thus, other diagnostic tests are needed to identify 

the disease during its earliest stages to prevent vision loss. One such test is Placido-disc 

corneal topography, which is patient-friendly and easy to administer. Concentric black 

and white rings are reflected off the central 8-10 mm of the cornea. Analysis of the 

separation of the rings generates a curvature map of the anterior corneal surface (Zhang et 

al., 2021). A keratoconic cornea with manifest disease will show focal steepening, with 

accompanying focal thinning, in the location of the cone. Nicula reports that corneal 
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topography has high specificity (92%) and sensitivity (87%) for keratoconus (Nicula CA, 

2022). Moreover, another study found that several diagnostic indices that describe the 

front surface of the cornea were successful in identifying the disease in approximately 

90% of a cohort of eyes that previously had been diagnosed with keratoconus using other 

methods (Faria-Correia, 2012).  

Corneal topography is not without challenges and drawbacks. Poor quality of the 

tear film and lid artifact may interfere with the reconstruction of the reflected image of 

the concentric rings in Placido-disc imaging. Corneal warpage caused by gas permeable 

contacts lenses can obfuscate the normal contour of the anterior cornea, potentially 

limiting the ability of clinicians to detect true pathology (Zhang et al., 2021). Most 

importantly, corneal changes due to keratoconus may begin at the posterior corneal 

surface (Gomes et al., 2015). That is, posterior corneal surface steepening may occur in 

the presence of an apparently healthy anterior corneal surface (Martin, 2018). In a study 

done by Faria Correia at al., anterior-surface indices did not detect 10% of keratoconic 

eyes in a cohort of patients with previously diagnosed disease (Faria-Correia, 2012). The 

anterior surface appears unaffected due to compensatory adaptation of the corneal 

epithelium in response to early anterior stromal surface changes. That adaptation includes 

epithelial thinning in the apex region of the cone with an annulus of epithelial thickening 

surrounding the cone, which can mask the steepening curvature (Franco et al., 2020). 

Lack of vision changes at this stage may also delay diagnosis, as changes to the posterior 

surface of the cornea have less impact on vision in comparison to changes to the anterior 
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surface due to the stronger refracting power of the anterior surface than of the posterior 

surface. 

Therefore, mapping of the posterior surface may be necessary in detecting early, 

subclinical keratoconus before uncorrectable vision impairment arises (Gomes et al., 

2015). Corneal tomography is a corneal imaging modality that assesses the anterior and 

posterior surfaces of the cornea. It has the potential to address some of the limitations of 

corneal topography. Scheimpflug imaging is a common form of corneal tomography. A 

Scheimpflug camera takes cross sectional images of the cornea as it rotates 180 degrees 

around the cornea. The captured images are processed and analyzed to generate elevation 

maps both of the anterior and of posterior surfaces of the cornea (Moshirfar et al., 2019). 

Faria-Correia and colleagues found that tomographic indices had higher sensitivity in 

diagnosing keratoconus compared to topographic indices, due to front surface curvature 

indices being normal in some eyes with mild keratoconus (Faria-Correia, 2012). 

Similarly, a study performed by Du et al. showed posterior elevation value as the best 

distinguishing index between patients with subclinical keratoconus and controls (Du et 

al., 2015). 

Despite its advantages over corneal topography, corneal tomography has 

important limitations to consider. One disadvantage of Scheimpflug imaging is its long 

image acquisition time, approximately 2 seconds, which is comparably longer than the 

milliseconds measurement time of Placido-disc topography. Eye movements that occur 

during the 2 seconds of image acquisition have the potential to cause artifacts in the 

resultant corneal image. Another limitation is that Scheimpflug imaging generates 
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relatively few data points in the periphery of the scan; a topographical image provides 

equal data in the periphery as it does in the center. Finally, early diagnosis of keratoconus 

either with tomography or with topography is limited due to lack of uniform diagnostic 

criteria (Zhang et al., 2021). Additional data on the health of the cornea may enhance the 

ability of clinicians to detect keratoconus.   

Corneal Biomechanics   

Measurement of the biomechanical parameters of the cornea may supplement 

traditional means of keratoconus detection and assessment. The biomechanical properties 

of the cornea define how corneal tissue responds to stresses applied to it. Currently, two 

tonometers can measure in vivo biomechanical parameters of the human eye, the Ocular 

Response Analyzer (ORA) and the Corvis ST. Both devices apply a puff of air to the 

cornea and measure the corneal deformation response to this applied load. There are 

several variables that impact the cornea’s response to the air puff and thus must be 

considered when interpreting biomechanical parameters. Intraocular pressure (IOP) is the 

variable that has the largest impact on biomechanics parameters because it applies a 

constant stress to the cornea. As IOP increases, the eye manifests a stiffer response to the 

applied load (Marcos, 2010). Inherent corneal stiffness is a second variable that impacts 

biomechanics. Corneas undergoing corneal crosslinking show less deformation to an air 

puff after the procedure than before it (Marcos, 2010). Central corneal thickness also 

impacts corneal biomechanics; a thin cornea is expected to deform more in response to an 

air puff than a thick cornea (Yuhas & Roberts, 2023). This has been demonstrated in 

cases of after small incision lenticule extraction (SMILE) refractive surgery. Corneas 
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have a larger deformation amplitude to an air puff after SMILE, compared to before the 

surgery, when the cornea was at its original thickness (Fernandez et al., 2016). Therefore, 

IOP, corneal stiffness, and central corneal thickness must be considered when 

interpreting ocular biomechanical measurements.  

Ocular Response Analyzer  

Clinical assessment of the biomechanical properties of the cornea requires the 

application of a load, such as an air puff, to the corneal surface. The aforementioned 

ORA (Reichert, Depew, NY) is a commercial instrument that uses an air-puff to deform 

the cornea. The cornea moves inward with the initiation of the air puff. It applanates and 

then takes on a slight concavity as the pressure of the air puff increases. When the air puff 

stops, the pressure exerted on the cornea decreases, and the cornea moves back outward, 

past a second applanated state before returning to its original convex shape.  

During the deformation response, an infrared beam of light is reflected off the 

corneal surface and onto a photodetector. Detection of the number of photons reflected 

off the corneal surface and onto the photodetector allows for the generation of a 

waveform that represents the cornea’s response to the air puff (Luce, 2016). The x-axis of 

the waveform indicates time, and the y-axis indicates number of photons counted by the 

photodetector (red trace) and the pressure generated by the air piston within the device 

nozzle (green trace). The most prominent features of the photon waveform are its two 

peaks, which represent the two applanation events – one while the cornea is moving 

inward and the other while the cornea is moving outward. The most photons reflect off 
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the corneal surface and into the photodetector when the cornea is applanated, generating 

the two peaks. The valley between the peaks represents the period during which the 

cornea is moving from its first applanated state, to a concave formation, and back towards 

its second applanated state. The bottom-most point of the signal between the peaks 

represents the cornea’s “most” concave state.  
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Biomechanical Parameters  

Analysis of this waveform and of the pressures at which the applanation events 

occur generates two metrics of intraocular pressure and characterizes several 

biomechanical response parameters of the eye. Pressure is measured twice, at the first and 

second points of applanation (P1 and P2, respectively). The average of these two 

pressures produces a Goldmann-correlated IOP (IOPg) value. A corneal-compensated 

IOP (IOPcc) value is also empirically derived from the two applanation pressures. IOPcc 

attempts to compensate for corneal influence on IOP (Luce, 2016).  

In addition to IOPcc and IOPg, the two pressure measurements can also generate 

biomechanical parameters. The first is corneal hysteresis (CH), which is defined as the 

difference between P1 and P2. P1 is larger than P2 for all reliable measurements, so the 

difference between P1 and P2 yields a positive value for CH, indicating that the eye is 

dampening energy. CH is a whole-eye measurement, including responses of the cornea 

and of sclera (Yuhas & Roberts, 2023). Thus, the entire corneoscleral shell contributes to 

the measured magnitude of CH. The ORA also supplies a value known as corneal 

resistance factor (CRF), which is derived from P1 and P2 and characterizes the 

viscoelastic response of the cornea weighted by elasticity (Luce, 2016). Both CH and 

CRF are lower in patients with keratoconus than in healthy control patients (Fontes et al., 

2010; Ortiz et al., 2007). However, CH and CRF poorly differentiate keratoconic corneas 

from normal corneas due to significant overlap in the distribution of these values between 

the two (Fontes et al., 2010). Other diagnostics metrics are needed. 
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Keratoconus Match Index   

Although corneal hysteresis and corneal resistance factor have limited diagnostic 

potential in keratoconus, there are 37 other parameters that describe the ORA waveform 

and that may contribute to keratoconus detection. The study of these waveforms and of 

their potential to aid in keratoconus detection is in its infancy, but early results are 

promising. On visual inspection, the peaks of the waveforms recorded from eyes with 

keratoconus tend to be blunted in comparison to those recorded from healthy eyes (Figure 

2). Thus, analysis of the shape of the ORA waveform parameters in healthy eyes and in 

keratoconic eyes may generate metrics to differentiate the two that are more sensitive 

than CH and CRF.  

The Keratoconus Match Index (KMI) is one attempt to harness the potential of the 

37 ORA waveform parameters in order to distinguish normal eyes from keratoconic eyes. 

KMI was developed using univariate t-tests to compare differences in the mean values of 

each waveform parameter between a population of normal eyes and a population of 

keratoconic eyes. The seven waveform parameters with the largest differences between 

the cohorts were identified as CRF, p2area, dslope1, h2, p2area1, h21, and waveform 

score, which is a measurement-quality indicator (Table 1). The KMI combines these 

seven parameters into a single metric, which represents risk of keratoconus. Labiris et al, 

2013 studied the KMI’s diagnostic ability in patients with known keratoconus. The KMI 

presented an overall predictive accuracy of 97.7%, with a sensitivity of 91.18% and 

specificity of 94.34% (Labiris et al., 2013). Labiris and colleagues further explored the 

potential of the KMI in a second study, which evaluated the diagnostic accuracy of KMI 
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in a cohort of eyes with subclinical or suspected keratoconus. The KMI showed a 

predictive accuracy of 94% in these eyes (Labiris et al., 2014). These results suggest that 

KMI is a useful tool for the evaluation of eyes with keratoconus or of eyes with suspected 

keratoconus. 

The KMI was developed using an early-generation model of the ORA, the G1 

ORA. A new-generation ORA model, the third-generation ORA (G3 ORA), has since 

been developed. The air puff of the G3 ORA differs from that of the old-generation 

models due to updates in the mechanical and optical systems of the new device, as well 

as improvements to its air jet. The working distance has also decreased from 11.3 mm to 

8.3 mm (Luce, 2016). These differences altered the morphology of the waveform 

generated by the G3 ORA in comparison to the G1 ORA. As a result, KMI was not 

included on the new generation device, and an updated KMI was never released for the 

G3 ORA. Moreover, it has not been evaluated whether the original KMI is effective in 

identifying keratoconic eyes when using the G3 ORA, leaving a gap in our ability to 

detect early keratoconus using a purely biomechanical approach. Therefore, the initial 

aims of this study were 1) to quantify differences in intraocular-pressure and 

biomechanical parameters, both between two versions of the device and between 

subjects with keratoconus and controls; and 2) to evaluate the performance of the 

original KMI in identifying keratoconic eyes when applied to G3 ORA measurement 

data. 
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Cone Location  

 The location of the apex of the corneal cone differs among patients with 

keratoconus, usually ranging from the central cornea to its inferior quadrants, as has been 

shown by axial, tangential, and elevation topographical maps (Eliasy et al., 2020; 

Steinwender et al., 2022). The exact location of the conical apex has clinical implications, 

influencing the design of gas-permeable contact lenses (Sorbara et al., 2010), the 

placement of intracorneal ring segments (Colin et al., 2000), and the location of 

corneal cross-linking therapy (Greenstein et al., 2012). Moreover, visual-acuity recovery 

after cross-linking therapy may be greater in patients with central cones than in those 

with peripheral cones (Mimouni et al., 2021; Shetty et al., 2015). It is unclear, however, if 

the location of the cone impacts the biomechanical parameters of the cornea. 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?  

Past studies have shown that collagen fibril orientation is disrupted around the 

apex of the cone, suggesting that lamellar weakening in keratoconus is focal and not 

global in nature (Meek et al., 2005). Finite element modeling has identified loss of tissue 

stiffness, which is localized to a concentric area around the cone, as a contributor to 

keratoconus progression (Falgayrettes et al., 2023), and several groups have used 

Brillouin microscopy, a form of non-destructive optical elastography (Prevedel et al., 
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2019), to demonstrate focal, not global, weakness in keratoconus that is associated with 

local corneal thinning and steepening (Scarcelli et al., 2015; Scarcelli et al., 2014; Shao et 

al., 2019). This evidence for isolated areas of lamellar weakening supports the theory put 

forth by Roberts & Dupps (Roberts & Dupps, 2014) that focal biomechanical weakening 

is the primary event in the development of keratoconus. The focal nature of this condition 

results in asymmetry in the biomechanical properties of the cornea, so it is expected that 

corneas with central cones will exhibit a different biomechanical response, as measured 

by the ORA, than corneas with peripheral cones.  

The theory that central cones exhibit different biomechanical responses than 

peripheral cones has been studied using an instrument called the Corvis ST (OCULUS, 

Wetzlar, Germany), which delivers an air puff to the cornea similarly to the ORA but 

uses real-time Sheimpflug imaging to analyze the biomechanical deformation response of 

the cornea to the air puff. Bruner et al. showed that all biomechanical metrics of central 

corneal stiffness as measured by the Corvis ST increase as the cone distance from center 

increases (Bruner C, 2022). However, cone location impact on biomechanics of the 

cornea has never been tested using the ORA. Therefore, the third purpose of this study 

is to investigate whether cone location influences the ORA-measured biomechanical 

parameters of the cornea in keratoconus. 
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Chapter 2. Methods 

Ethics Statement  

The study was approved by The Ohio State University (OSU) Institutional 

Review Board, and all subjects gave written informed consent before participating.  

 

Subject Recruitment and Inclusion Criteria 

Fifty subjects (n = 50) with previously diagnosed keratoconus (ICD-10 code root 

H18.6) and 144 healthy control subjects (n = 144) were prospectively recruited from the 

OSU optometry clinics and from the local community. Exclusion criteria for the 

keratoconus group included: 1) age under 18 years; 2) diseases of the cornea other than 

keratoconus (KCN); 3) glaucoma and other optic neuropathies; 4) ocular hypertension; 5) 

diabetes mellitus; 6) history of ocular surgeries other than cataract surgery; and 7) current 

use of orthokeratology contact lenses. These exclusion criteria also were applied to 

control participants, save that control could not have a diagnosis of KCN in either eye.  

 

Data Collection 

All subjects sat for a single study session. First, subjects provided their age and 

self-identified ancestry. Then, axial and tangential corneal topography maps were 

collected from both eyes using an E300 Corneal Topographer (Medmont; Nunawading, 

Australia). Measurements of IOP and of biomechanical parameters were made using two 
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Ocular Response Analyzer air-puff tonometers (ORA; Reichert; Depew, NY): the G1 

ORA model and the G3 ORA model. Four consecutive measurements were taken from 

each eye with each ORA. The old-generation ORA G1 required each measurement to be 

taken separately by pressing a button on the ORA computer interface; in contrast, the 

ORA G3 took four measurements automatically in rapid succession. The order of data 

collection from the two ORA devices was randomized to control for any potential order 

effect.  

 

Inter-device Differences 

Outcome Measures 

IOP outcome measures produced by both generations of the ORA included IOPcc 

and IOPg. Biomechanical outcome parameters produced by both generations of the ORA 

included CH, WS, p1area, p2area, w1, w2, h1, h2, and KMI (Table 1). Specifically, 

p1area and p2area represent the area under the curve of the first and second applanation 

peaks, respectively, from a plane 25% above baseline, which is defined as the nadir of the 

valley between the two applanation peaks (Figure 3a). W1 and w2 represent the width of 

the first and second applanation peaks, respectively, at a point 25% above baseline 

(Figure 3b). H1 and h2 represent the height of the first and second applanation peaks, 

respectively, measured from a plane 25% above baseline (Figure 3c). These waveform 

parameters were specifically chosen among the 37 available parameters because they are 

most easily interpreted and characterize applanation characteristics of the eye’s 

deformation response.  Software for calculating parameters on G1 ORA and G3 ORA 

was provided by Reichert. 
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Figure 3. 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 waveform score. Figure from Yuhas et al., 2024. 
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Statistical Analysis 

For both devices, the measurement with the highest waveform score from each 

eye was selected for data analysis. Given the known asymmetry in disease severity and in 

biomechanical parameters between the eyes in keratoconus (Zadnik et al., 2002) both 

eyes of each case subject were included in the case cohort. In contrast, only the left eye of 

each control subject was included in the control cohort, as eyes without disease may be 

more likely to produce similar biomechanical properties. All outcome measures were 

compared between the two generations of ORAs using paired t-tests and between cohorts 

using t-tests. Significance threshold for inter-device difference comparisons was set at α 

= 0.002 (Bonferroni correction) to account for multiple comparisons.  

 

Cone Location 

Data Processing  

Only eyes in the keratoconus group were considered in this portion of 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 diopters (Mahmoud et al., 2008). Average magnitude of corneal curvature 

within this 2 mm area was defined as Cspot. Disease severity was defined as the 

magnitude of Cspot on the tangential curvature map. Then, eyes were grouped into four 

cohorts, based on cone location and on type of topography map used to identify the 

location of the cone. The four cohorts included: 1) axial central-cone cohort; 2) axial 

peripheral-cone cohort; 3) tangential central-cone cohort; and 4) tangential peripheral-
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cone cohort. 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 tangential 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. Only topography maps without artifact on 

visual inspection were included in data analysis. 

Similar to above, individual eyes of all participants with keratoconus 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 appropriate 

cohort. Data from the ORA measurement with the highest waveform score were analyzed 

for each eye. In addition to the standard clinical output parameters of waveform score and 

CH, waveform parameters p1area, p2area, w1, w2, h1, and h2 were exported from the 

twin-peaked pressure-applanation waveforms generated by the device. 

 

Statistical Analysis  

Unpaired t-tests were used to compare differences in WS, CH, p1area, p2area, 

w1, w2, h1, and h2 between the central-cone cohort and the peripheral-cone cohort in 

both curvature cohorts (Statistical Analysis Software; SAS Institute, Cary, NC, USA). 
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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 location, as defined both by axial topography and by 

tangential topography, and WS, CH, p1area, p2area, w1, w2, h1, 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 regarding 

cone location, the significance threshold was set at α = 0.05. 
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Chapter 3. Results 

Inter-device and Inter-cohort Differences with G1 ORA and G3 ORA 

Demographics  

Table 2 contains the demographic characteristics of the case and control cohorts. 

There were 78 eyes in the case cohort and 144 eyes in the control cohort. The controls 

had a higher mean age than the cases. The subjects in the case cohort were predominantly 

male, but the patients in the control cohort were predominantly female. Race and 

ethnicity varied among both cohorts. 
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Differences in IOP and Biomechanical Parameters Between G1 ORA and G3 ORA in 

Case and Control Cohorts  

Table 3 contains the differences in outcome metrics between the G1 ORA and the 

G3 ORA in the case cohort. The G3 ORA measured significantly greater CH, WS, 

p1area, p2area, h1, h2, w2, and KMI compared to the G1 ORA. The G1 ORA measured 

significantly greater w1 than the G3 ORA. There were no statistically significant 

differences in IOPcc and IOPg between the two devices.  

Table 4 contains the differences in outcome metrics between the G1 ORA and the 

G3 ORA in the control cohort. The G3 ORA measured significantly greater CH, WS, 

p1area, p2area, h1, h2, w2, and KMI than the G1 ORA. The G1 ORA measured 

statistically significant greater w1 than the G3 ORA. There were no statistically 

significant differences in IOPcc and IOPg between the two devices.  

Bland- Altman plots comparing IOPcc, IOPg, CH, WS, p1area, p2area, w1, w2, 

h1, and h2 between the G1 ORA and G3 ORA in the case and control cohorts can be 

found in Appendix A. 
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Differences in IOP and Biomechanical Parameters Between the Case and Control 

Cohorts as Measured by G1 ORA and G3 ORA 

 

Table 5 contains the differences in G1 ORA outcome metrics between the case 

and control cohorts. The control cohort had significantly greater IOPcc, IOPg, CH, WS, 

p1area, p2area, h1, h2, and KMI than the case cohort. There were no statistically 

significant differences in w1 and w2 between the two cohorts. 

Table 6 contains the differences in G3 ORA outcome metrics between the case 

and control cohorts. The control cohort had significantly greater IOPcc, IOPg, CH, WS, 

p1area, p2area, h1, h2, w1, and KMI than the case cohort. The only parameter that did 

not significantly differ between the two cohorts was w2.  
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Ability of KMI to Differentiate Between Cases and Controls with G1 and G3 ORA 

 

Figure 4 contains Receiver Operating Characteristic Curves demonstrating the 

ability of KMI to differentiate cases from controls when measuring eyes with the G1 

ORA (Fig. 4A) and G3 ORA (Fig. 4B). The area under the curve is marginally greater 

when using KMI and the G3 ORA than when using KMI and the G1 ORA. 
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Cone Location  

Demographics 

After comparing the performance of the devices, the 78 eyes in the case cohort 

were reanalyzed to determine the location of the cone. Figure 5a 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 difference 

in age (p = 0.85) between the central-cone cohort (38 ± 14 years) and the peripheral-cone 

cohort (39 ± 12 years). Figure 5b shows the location of the cones, according to the 

tangential topography maps. For tangential topography, 53 eyes had central cones, and 25 

eyes had peripheral cones. There was no statistically significant difference in age (p = 

Figure 4. Receiver-operator characteristic (ROC) curves for (A) keratoconus match 

index (KMI) with the G1 Ocular Response Analyzer (ORA), (B) KMI with the G3 

ORA. 
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0.10) between the central-cone cohort (37 ± 13 years) and the peripheral-cone cohort (42 

± 14 years). 
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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 7). 

 

Differences in Biomechanical Parameters Between Central Cones and Peripheral Cones 

  

Table 8 contains the differences in WS, CH, and waveform parameters between the 

central-cone and the peripheral-cone cohort for axial topography. WS, p1area, p2area, h1, 

and h2 were all significantly lower in the central-cone cohort than in the peripheral-cone 

cohort. There were no statistically significant differences between the cohorts for CH, 

w1, and w2.  
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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. 6a), between cone 

location and p2area (r = 0.40, p = 0.0003; Fig. 6b), and between cone location and h2 (r = 

0.48, p = 0.001; Fig. 6c). There were weak but statistically significant associations 

between cone location and p1area (r = 0.34, p = 0.003; Fig. 6d) and between cone 

location and h1 (r = 0.34, p = 0.003; Fig. 6e). There were very weak and non-significant 

associations between cone location and w1 (r = −0.07, p = 0.53; Fig. 6f), between cone 

location and w2 (r = −0.05, p = 0.67; Fig. 6g), and between cone location and CH (r = 

0.13, p = 0.27; Fig. 6h). 
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Tangential Curvature Algorithm  

Keratoconus Severity  

There was no statistically significant difference (p = 0.26) in maximum tangential 

curvature (Table 7), 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 9 contains the differences in WS, CH, and waveform parameters between 

central-cone and the peripheral-cone cohorts for tangential topography. WS, p1area, 

p2area, h1, 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 Biomechnical Parameters  

For tangential topography, there were weak but statistically significant 

associations between cone location and p2area (r = 0.27, p = 0.02, Fig. 7a), between cone 

location and h1 (r = 0.23, p = 0.05; Fig. 7b), and between cone location and h2 (r = 0.25, 

p = 0.03; Fig. 7c). There were weak and non-significant associations between cone 

location and WS (r = 0.20, p = 0.09; Fig. 7d) and between cone location and p1area (r = 

0.23, p = 0.05; Fig. 7e). There were very weak and non-significant associations between 

cone location and w1 (r = −0.05, p = 0.69; Fig. 7f), between cone location and w2 (r = 

0.06, p = 0.62; Fig. 7g), and between cone location and CH (r = −0.07, p = 0.58; Fig. 7h). 
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Chapter 4. Discussion 

 

Differences in IOP and Biomechanical Parameters between G1 ORA and G3 ORA in 

Case and Control Cohorts  

This study demonstrated differences in intraocular-pressure and biomechanical 

waveform parameters between the G1 and G3 Ocular Response Analyzer (ORA), both in 

case subjects with keratoconus and in healthy controls. The G3 ORA measured 

significantly greater corneal hysteresis (CH), waveform score (WS), area under first 

applanation peak (p1area), area under second applanation peak (p2area), height of first 

applanation peak (h1), height of second applanation peak (h2), width of first applanation 

peak (w2), and keratoconus match index (KMI) compared to the G1 ORA, in the case 

and control cohorts. The G1 ORA measured significantly greater width of first 

applanation peak (w1) than the G3 ORA in both cohorts. These results suggest that the air 

jet delivery and applanation detection system hardware changes incorporated in the G3 

ORA did affect quantification of biomechanical waveform parameters, compared to the 

G1 ORA, in this dataset. Therefore, the G1 ORA and G3 ORA are not interchangeable 

devices, and caution should be taken when comparing biomechanical results between the 

two generations of the device. Unlike the waveform parameters, IOPcc and IOPg 

measurements did not significantly differ between G1 and G3 in either cohort; therefore, 

comparisons of IOPcc and IOPg between the devices can be made with confidence. 
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IOPcc attempts to provide an IOP value that is less influenced by corneal biomechanical 

properties, which may explain why it did not differ between the two devices.  

The ORA measures the deformation response of the cornea to an air puff in an 

indirect manner. An infrared beam of light is directed at the cornea during the air puff, 

and a photon sensor detects photons reflected off the corneal surface. As the cornea 

moves in an inward direction and reaches its first applanated state, a high number of 

photons reflect off the flat corneal surface and into the photon sensor to create the first 

peak of the waveform. After first applanation, the cornea moves further inward into a 

concave state, scattering the photons. Then the air puff begins to reduce in magnitude, 

and the cornea follows by beginning to recover from the air puff, moving outward until it 

reaches a second applanated state. For a second time, a high number of photons reflect 

off the corneal surface into the photon sensor to create the second peak of the waveform. 

The cornea then returns to its original state. A large area of applanation allows many 

photons to reflect into the sensor, resulting in higher peaks on the waveform. Conversely, 

a small area of applanation results in comparatively fewer photons aligning with the 

sensor, resulting in lower peaks on the waveform. 

Applanation area may be an indicator of corneal stiffness. Consider the analogy 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 

narrow indentation. The same force would cause a broad, but shallow indentation in 

sphere A, the stiffer sphere. In the same way, an ORA air puff delivered to a relatively 

stiff central cornea would elicit a boarder applanation area, and therefore a higher 
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waveform peak (Fig. 8a), than an ORA air puff delivered to a compliant central cornea 

(Fig. 8b). 

 H1, h2, p1area, and p2area are waveform characteristics that describe the two 

applanation events. The values of these parameters increase with higher number of 

photons detected by the sensor, and thus increase with broader applanation areas. The G3 

ORA measured greater values for these parameters, indicating the applanation areas of 

corneas in the study were broader with the G3 ORA than with the G1 ORA. Therefore, 

these differences could be interpreted that the G3 ORA measures a stiffer response from 

an eye than the G1 ORA. However, it is highly unlikely that a particular eye became 

stiffer in the time between the G1 and G3 measurement. An alternative explanation for 

the G3 ORA measuring greater values for these certain biomechanical parameters is that 

it achieves better alignment with the apex of the cornea before delivering the air puff than 

the G1 ORA. The ORA has a fully automated alignment system that delivers the air puff 

to a precise location (Kaushik & Pandav, 2012); the operator of the ORA does not 

manually influence the alignment of the air puff. An air puff delivered more precisely to 

the apex of the cornea would cause a broader applanation area, and thus higher photon 

reflectivity off the corneal surface back toward the sensor, than would an applanation that 

is not precisely at the apex of the cornea.  

WS is a quantitative representation of the quality of the measurement signal. 

Higher WS is associated with a more repeatable deformation response to the air puff 

(Luce, 2016). WS was higher with the G3 ORA in both the case and control cohort; thus, 

the G3 ORA produces more repeatable responses in comparison to the G1 ORA. This 

result suggests that the G3 ORA may be a more sensitive to changes in biomechanical 
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parameters of an eye over time due to relatively low inter-measurement variability. This 

hypothesis still needs to be tested. 

The G3 ORA also measured higher CH than the G1 ORA both in the case and in 

the control cohorts. This result may be important to consider when evaluating patients for 

glaucoma risk, as high CH has been shown to reduce risk for glaucoma development and 

progression compared to low CH (Susanna et al., 2018). This difference between devices 

may be important to consider in the case of upgrading devices within a clinic that follows 

glaucoma patients or suspects over time. For example, it may falsely appear that a 

patient’s CH has increased over time when they are measured by the G3 ORA, compared 

to when they had originally been measured with the G1 ORA. The difference in CH 

between the devices in both groups was approximately 0.5 mmHg. Although this 

difference is statistically significant, it is important to consider whether this is a clinically 

significant difference. Clinical studies on glaucoma patients and their controls suggest 

that a CH value of 10 mmHg is average, 9.0-9.5 mmHg is suspicious for glaucoma 

conversion or progression, and <8.0 mmHg is a risk factor for conversion or progression 

(Shah et al., 2007; Susanna et al., 2018; Wells et al., 2008). According to these values, a 

0.5 mmHg difference in CH could be considered as being clinically significant, as 

changes of CH by 0.5 mmHg may change the risk category into which a patient is placed. 

Moreover, a study by Susanna et al. showed that glaucoma suspects who converted to 

glaucoma had a mean CH of 9.5 ± 1.5 mmHg, and glaucoma suspects who did not 

convert to glaucoma had a mean CH of 10.2 ± 1.5 mmHg. The mean difference in CH 

between the two groups in the Susanna study was 0.7 mmHg, which is within 0.2 mmHg 

of the difference found in this study. Thus, the difference in CH found between devices in 
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this study may have impact on clinical decision making. Although CH is not the only 

factor considered when deciding to begin or alter glaucoma treatment, CH can influence 

these decisions and can impact how closely a clinician chooses to follow a patient at risk 

for glaucoma conversion or progression.    

In summary, differences in biomechanical parameters between the G1 and G3 

ORA indicate that it is important to consider the generation of device used when 

interpreting results in the clinic and from studies of ocular biomechanics. Results of a 

study using the G1 ORA should not be compared directly with those of a study that 

utilized the G3 ORA, specifically when parameters being compared include CH and 

waveform parameters. On the other hand, IOPcc and IOPg results could be compared 

between studies that utilize differing devices, as the results of this study indicated that 

these values do not differ between the devices. Furthermore, it is important for 

researchers to indicate which generation of the ORA device was used in a study, as the 

G1 and G3 devices are not always interchangeable.  

 

Differences in IOP and Biomechanical Parameters Between Case and Control Cohorts 

as Measured by G1 ORA and G3 ORA 

 This study also demonstrated differences in IOP and biomechanical parameters 

between eyes with keratoconus and normal eyes. Normal eyes had significantly greater 

IOPcc, IOPg, CH, WS, p1area, p2area, h1, h2, and KMI than the case cohort when 

measured with the G1 ORA. There were no statistically significant differences in w1 and 

w2 between the two cohorts. These results were similar when using the G3 ORA; normal 

eyes had significantly greater IOPcc, IOPg, CH, WS, p1area, p2area, h1, h2, w1 and KMI 
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than the case cohort. The only parameter that did not significantly differ between the two 

cohorts was w2.  

These results can be interpreted to suggest that the normal eyes were stiffer than 

the eyes with keratoconus. Normal eyes had higher h1, h2, p1area, and p2area, which, as 

explained previously, correlates with a broader applanation area, and thus a stiffer cornea. 

A study by Luz et al. also demonstrated higher h1, h2, p1area, and p2area in normal eyes 

compared to keratoconic eyes (Luz et al., 2013). The keratoconic cohort’s lower h1, h2, 

p1area, and p2area in the keratoconus cohort imply that those eyes had a smaller 

applanation area, and thus a weaker cornea.  

It is widely accepted that corneal tissue weakens in keratoconus. Uniaxial strip 

testing of donor tissues first revealed diminished tensile strength in keratoconic corneas 

compared to healthy corneas (Andreassen et al., 1980), and now there is good evidence 

for elastic deterioration of the cornea in the eyes of patients living with keratoconus (Bak-

Nielsen et al., 2014; Tian et al., 2014; Yang et al., 2019). One might interpret these 

results as evidence that the entire cornea weakens in keratoconus, but this interpretation is 

flawed since these methods were unable to assess asymmetry. Finite element modeling 

has identified loss of tissue stiffness, which is localized to a concentric area around the 

location of the cone, as a contributor to keratoconus progression (Falgayrettes et al., 

2023). Specifically, Falgayrettes et al. found that weakening corneal stromal tissue of a 

previously healthy cornea button over the whole cornea did not result in cone formation, 

but weakening of stromal tissue in a focal inferocentral portion of the corneal button did 

result in cone formation. Moreover, several groups have used Brillouin microscopy, a 

form of non-destructive optical elastography (Prevedel et al., 2019), to demonstrate focal, 
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not global, weakness in keratoconus that is associated with local corneal thinning and 

steepening (Scarcelli et al., 2015; Scarcelli et al., 2014; Shao et al., 2019). In other words, 

there is an asymmetry in corneal biomechanical parameters, relative tissue weakness 

adjacent to relative tissue strength, which is typically not accounted for in the clinical 

assessment of keratoconus, as most methods of measuring corneal biomechanics in vivo 

in a clinical setting, including the ORA, are not capable of assessing asymmetry.  

The results of this study agree with past studies that have shown IOPg and IOPcc 

are higher in normal eyes compared to keratoconic eyes when measured with the ORA, 

(Alipour et al., 2021; Luz et al., 2013). This difference may be due to the case group 

having thinner corneas and lower CH compared to the control group (Alipour et al., 2021; 

Shah & Laiquzzaman, 2009; Shah et al., 2007). Higher WS in the control group may 

indicate that normal eyes produce a more repeatable output waveform than keratoconic 

eyes. Higher CH in the control group agrees with past studies that have demonstrated 

lower CH in keratoconic eyes compared to normal eyes (Fontes et al., 2010; Luz et al., 

2013; Ortiz et al., 2007; Shah et al., 2007). However, due to significant overlap in the 

distribution of CH between the two groups, it is not a good differentiator between the 

groups.  As an alternative to CH, assessment of the characteristics of the ORA waveform 

itself may provide better sensitivity to detect keratoconus and other ectasias; the KMI 

metric aims to address this limitation using specific waveform parameters. 

 

Ability of KMI to Differentiate between Cases and Controls with G1 ORA and G3 ORA 

 The second purpose of this study was to evaluate the ability of the G3 ORA to use 

the KMI metric, which was developed on and for the G1 device, to identify eyes with 
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keratoconus. In this study, KMI was higher in the control group, which agrees with past 

studies that have also compared KMI in normal and keratoconic eyes (Labiris et al., 

2013). In the G1 dataset, KMI was able to differentiate keratoconic eyes from normal 

eyes with an area under the ROC curve of 0.86. In the G3 dataset, KMI was able to 

differentiate keratoconic eyes from normal eyes with an area under the ROC curve of 

0.88. Although the G3 ORA was more sensitive and specific at differentiating the cohorts 

than the G1, the difference was small and thus likely not meaningful. As a result, it can 

be concluded that the KMI performs similarly between the G1 and G3 ORA in 

identifying keratoconic eyes.  

 Although the KMI developed on the G1 device has shown relatively high 

sensitivity and specificity for identifying keratoconus, it is important to consider the 

impact or severity of the disease in question when considering whether or not a test can 

identify it successfully. For example, a false negative result for a test that attempts to 

detect a disease with severe health implications is more consequential to health-related 

quality of life than a false negative result from a test attempting to identify a less 

consequential disease. Keratoconus, when not diagnosed in a timely manner, can result in 

vision loss, can impart significant cost burden (Chan et al., 2020), and can reduce quality 

of life (Al Zabadi et al., 2023). Therefore, while the predictive value of the KMI shown 

by these results may be considered relatively good, a higher predictive value is desirable 

in order to enhance the utility of KMI in clinical practice. As the biomechanical 

parameters measured by the G3 ORA differ significantly from those measured by the G1 

ORA, there is a need to update and optimize the existing KMI for the G3 device.  The 

original KMI was developed using univariate t-tests that compared differences in the 
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mean values of each waveform parameter measured with G1 ORA between a population 

of normal eyes and a population of keratoconic eyes. The seven waveform parameters 

with the largest differences between the cohorts were identified and combined into a 

single metric, KMI. Because this study shows that the G1 and G3 ORA differ in their 

assessment of biomechanical parameters, this same development process can be applied 

to G3 ORA data to identify parameters that vary most between the two cohorts. The 

“new” KMI has the potential to be more sensitive and specific than the “old” KMI metric. 

This task will require development and independent validation on large and diverse 

datasets in order to maximize the robustness of the resulting algorithm. 

 

Cone Location 

The third purpose of this study was to investigate whether cone location 

influences the ORA-measured biomechanical parameters of the cornea in keratoconus. 

Our hypothesis was confirmed: central cones exhibit different biomechanical responses to 

the air puff in comparison to peripheral cones. Parameters WS, p1area, p2area, h1, and h2 

were significantly different between the central cones and the peripheral cones, regardless 

of whether axial or tangential topography was utilized to identify the cone. Moreover, 

there were statistically significant moderate-to-weak associations between cone location 

and WS, p1area, p2area, h1, and h2 for both curvature algorithms. As mentioned 

previously, past studies have demonstrated that weakening of the cornea in keratoconus is 

focal, not global in nature. In other words, there is tissue weakness adjacent to relative 

tissue strength (Falgayrettes et al., 2023; Scarcelli et al., 2015; Scarcelli et al., 2014; Shao 

et al., 2019). The impact that cone location has on the assessment of biomechanical 
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parameters demonstrated by this study provides further evidence that keratoconus is due 

to a focal weakening of corneal tissue, rather than global weakening of tissue. 

These results suggest that cone location should be considered when interpreting 

biomechanical measurements in eyes with keratoconus. As described previously, the two 

states of applanation are represented by the two peaks on the output waveform graphing 

the cornea’s response to the air puff, as the y-axis of the output waveform represents 

number of photons detected by the photon sensor. A large area of applanation allows 

many photons to reflect into the sensor, resulting in a high peak, and a small area of 

applanation allows relatively few photons to align with the sensor, resulting in a lower 

peak. The central cone cohort had a smaller p1area and smaller p2 area than the 

peripheral cone cohort. These differences were driven by the height of the peaks, and not 

the widths, as h1 and h2 were significantly smaller in the central cone cohorts, and there 

were no inter-cohort differences in w1 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 can be interpreted as strongly suggesting that the peripheral-cone cohort 

had stiffer central corneas than the central-cone cohort. As explained previously in the 

analogy of two hollow spheres, if one were to push on the two spheres, the stiffer 

material of Sphere A results in a broad shallow indentation, while the more compliant 

material of Sphere B would result in a deep but narrow indentation. In the same way, an 

ORA air puff delivered to a relatively stiff central cornea (e.g., peripheral keratoconus) 

would elicit a boarder applanation area, and therefore a higher waveform peak (Fig. 8a), 

than an ORA air puff delivered to a compliant central cornea (e.g., central keratoconus; 

Fig. 8b). 
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The results of this study also demonstrate that cone location should be considered 

when using biomechanical assessment to supplement keratoconus detection, as central 

cones and peripheral cones may produce differing waveform outputs when using the G3 

ORA. Figure 9 compares two different corneas’ responses to the air puff, one a normal 

cornea’s response (9a), and the second a keratoconic cornea with a peripheral cone’s 

response (9b). These waveforms are very similar due to the relative stiffness of the 

central cornea in both eyes, and therefore an eye with early peripheral keratoconus may 

be mistaken as being normal, or stiffer globally without detecting the peripheral focal 

weakness. Mistaking peripheral keratoconus as a normal eye may delay timely diagnosis 

and management of disease or result in inaccurate assessment of risk before refractive 

surgery when utilizing biomechanical methods to detect keratoconus. Corneal ectasia 

following LASIK surgery has been attributed to removal of excess tissue during surgery, 

leaving a less than sufficient residual corneal stromal bed, or possible presence of sub-

clinical keratoconus that manifests more severely after compromise of the structural 

integrity of the cornea following LASIK (Moshirfar et al., 2021). Therefore, sub-clinical 

keratoconus detection is important in screening before refractive surgery, and clinicians 

must be aware of the similarities in waveform morphology between normal eyes and eyes 

with peripheral cones if using a biomechanical approach during screening. 
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ORA Agreement with Past Evidence of Cone Location Impact on Biomechanical 

Parameters  

 This study is the first to investigate the differences in biomechanical parameters 

between eyes with peripheral cones and eyes with central cones using the ORA. Another 

study has used other technology to assess differences in biomechanics between central 

and peripheral cones. Cornea Visualization with Scheimpflug Technology (Corvis ST; 

Oculus, Wetzlar, Germany) tonometer 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 (Ambrosio et al., 2013). Many 

studies have demonstrated elastic weakening of the keratoconic cornea using the Corvis 

ST (Bak-Nielsen et al., 2014; Sedaghat et al., 2021; Tian et al., 2014; Yang et al., 2019), 

and the device’s biomechanical index, which is a metric that comprises an array of elastic 

biomechanical parameters, is able to differentiate corneas with keratoconus from healthy 

corneas with high accuracy (Vinciguerra et al., 2016). Pertinent to the present study, 

Bruner and colleagues used the Corvis ST to measure increasing corneal stiffness with 

increasing cone eccentricity in keratoconus by analyzing elastic outcome measures: 

stiffness parameter at first applanation, stiffness parameter at highest concavity, 

deformation amplitude ratio, and integrated inverse radius (Bruner C, 2022). These 

results on the Corvis ST align with the results of this study on the ORA and offer cross-

device evidence for the focal nature of the biomechanical weakening in keratoconus.  

 

 

 



50 

Utilization of the ORA in Research and Clinic  

The ORA remains a useful tool in the assessment of ocular biomechanics. First, 

given that ORA received approval from the Food and Drug Administration nearly two 

decades ago, it is inexpensive in comparison to other biomechanics assessment 

technology like Corvis ST, and 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. The ORA can also be utilized in the assessment of glaucoma risk, as ORA 

can provide CH, which is associated with glaucoma progression (Medeiros et al., 2013; 

Susanna et al., 2018). 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 

analysis of the morphology of the ORA waveform (Qin et al., 2019). 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 keratoconus. 

Although the ORA and the Corvis ST vary in their assessment of corneal deformation in 

response to a central air puff, the underlying principle that is supported here – namely 

that of asymmetry in corneal biomechanical 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 

clinical studies on corneal biomechanics in keratoconus may consider cone location 

during study design and during data analysis. A study cohort with a disproportionate 

number of central cones may skew results toward greater corneal compliance in the 
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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 overrepresentation either of central cones or of peripheral cones would likely not 

be generalizable to a broader population 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 steepening indicated on the 

corneal topography map, there were no signs of the disease on slit-lamp biomicroscopy, 

and notable vision loss had not yet manifested – measurement of biomechanical 

parameters, as a supplemental means of disease detection, might lead the clinician to 

conclude that the cornea was relatively stiffer globally without detecting the focal 

peripheral weakness, potentially delaying timely diagnosis and management. 

 

Influence of Topography Algorithm 

 In this population of participants with keratoconus, cone location varied based 

on topography algorithm. There were more central cones in the tangential topography 

maps than in the axial topography maps. This difference is expected since the axial 

curvature algorithm is the mathematical average of the tangential curvature algorithm, 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 (Sedaghat et al., 2021; Steinwender 
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et al., 2022). It did not have a marked effect on the results, however, as there were 

significant differences in p1area, p2area, h1, and h2 between the peripheral-cone and 

central-cone cohorts for both types of curvature. 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. 

 

Study Limitations 

 This study has several limitations. First, the sample size was small, and a 

difference in CH based on cone location was unable to be detected. This is likely because 

the cornea is not the only ocular 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 buckle for 

the repair of retinal detachment, compared to fellow eyes (Taroni et al., 2020). Thus, CH 

can be interpreted as ocular hysteresis, rather than as corneal, alone. Beyond the impact 

that the sample size may have had on the outcomes, lack of difference in CH between the 

groups makes sense for this reason. Second, corneal pachymetry values were not 

considered in analysis. In keratoconus, corneal thinning and corneal steepening occur in 

conjunction, and it is thinning which drives a steepening response (Roberts & Dupps, 

2014), so it is likely that central corneal thickness varied between the central-cone and 

the peripheral cone cohorts. According to the biomechanical cycle of decompensation in 

ectasia (Roberts & Dupps, 2014) both focal thinning and focal steepening result from a 

focally reduced modulus of elasticity, for which in vivo evidence is provided in this 
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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. 

Third, it is possible that the control group included eyes with subclinical keratoconus, 

which could confound the differences found between the control group and case group as 

measured with both ORA devices. Finally, this study was cross-sectional and therefore 

could not assess how the biomechanical parameters of eyes in the study changed with 

time. Future studies should consider a longitudinal approach to characterize corneal 

biomechanical parameters to improve risk profiling for both the detection of keratoconus 

and for its management. 

 

Conclusions  

 This study demonstrated that the air jet delivery and applanation detection system 

hardware changes incorporated in the G3 ORA did affect quantification of biomechanical 

waveform parameters, but IOPg and IOPcc remained relatively unaltered. Thus, 

comparisons between IOP measurements can be made in confidence between the two 

devices, but CH and other waveform parameter comparisons cannot be directly made. 

These differences in biomechanical waveform parameters between the G1 and G3 ORA 

indicate that it is important to consider the generation of device used when interpreting 

results in the clinic and from studies of ocular biomechanics. Additionally, this study 

agreed with previous studies that normal eyes produce stiffer deformation responses to 

the air puff compared to keratoconic eyes.  
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 This study also evaluated the ability of KMI to differentiate keratoconic eyes from 

normal eyes. KMI performs similarly when used with input data from either G1 ORA or 

G3 ORA. The G3 ORA measured biomechanical parameters differently from the G1 

ORA, so there may be parameters that differ more between the case and control cohorts 

than the parameters originally included in the development of KMI. Therefore, future 

studies in this line of work should aim to optimize the existing KMI for the G3 ORA to 

increase its ability to identify keratoconus.  

 This study also demonstrated that cone location in keratoconus influences the 

measurement of biomechanical parameters of the cornea when assessed with the ORA. 

Specifically, ORA waveform parameters p1area, p2area, h1, 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 tangential topography. These results can be interpreted as suggesting 

that participants with peripheral cones had stiffer central corneas than participants with 

central cones. This interpretation is consistent with previous works that suggest localized 

lamellar disorganization and focal corneal weakening in the disease. It is strongly 

recommended that researchers and clinicians consider cone location when analyzing 

biomechanical data.
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Appendix A 

Measurement-type agreement for IOP and biomechanical parameters in the case 

cohort (n = 78 eyes) and control cohort (n = 144 eyes). Bland-Altman plots for (A) 

corneal-compensated IOP (IOPcc), (B) Goldmann-correlated IOP (IOPg), (C) corneal 

hysteresis (CH), (D) waveform score (WS), (E) area under first applanation peak 

(p1area), (F) area under second applanation peak (p2area), (G) height of first applanation 

peak (h1), (H) height of second applanation peak (h2), (I) width of first applanation peak 

(w1), (J) width of second applanation peak (w2), and (K) Keratoconus Match Index 

(KMI). The blue circles represent case subjects, and the red circles represent control 

subjects. Solid black lines are the mean for each cohort, and the red dashed lines are the 

95% limits of agreement for each cohort.     
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