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Purpose: We aimed to assess corneal biomechanics using the ocular response analyzer in 

patients with normal-tension glaucoma (NTG), and to evaluate the relationship between corneal 

biomechanics and visual field loss.

Methods: This was a prospective observational case series including patients with bilateral 

asymmetric NTG. For all patients, corneal hysteresis (CH), corneal resistance factor (CRF), 

CH − CRF difference, and central corneal thickness values were matched against the mean 

deviation (MD) of the visual field and the cup/disc ratio. For paired-eye comparison in each 

patient, both eyes were categorized into a better-eyes group and a worse-eyes group according 

to lower and higher corneal-compensated intraocular pressure readings, respectively. Statistical 

analysis was carried out with the independent-samples Student’s t-test, and the level of statistical 

significance was set at 0.05. Correlation was assessed using Pearson’s correlation coefficient.

Results: The study included 240 eyes of 120 patients. CH was inversely proportional to the MD in 

the visual field (P=0.01). CRF in both eyes was inversely proportional to the MD of the visual field 

(P=0.01). CH − CRF difference was directly proportional to the MD of the visual field (P=0.01). 

For paired-eye comparison, lower corneal-compensated intraocular pressure was associated with 

higher CH, higher CRF, smaller cup/disc ratio, and less deterioration of MD of visual field.

Conclusion: CH, CRF, and CH − CRF are more powerful predictors of NTG progression than 

central corneal thickness.

Keywords: corneal-compensated intraocular pressure, corneal hysteresis, corneal resistance 

factor

Introduction
Recently, the role of corneal biomechanics, including corneal hysteresis (CH) and 

corneal resistance factor (CRF), in glaucoma pathogenesis has been identified. This 

knowledge has helped us to improve our understanding of the mechanisms of glaucoma-

tous damage and hence our capability to manage the disease. CH describes the corneal 

viscoelastic behavior that determines its ability to absorb and dissipate the mechanical 

energy applied by a deformation force. It is calculated as the difference in air pressures 

between force-in applanation (P1) and force-out applanation (P2), that is, (P1 - P2). 

CRF is another measurement extrapolated from CH. It is derived using the formula 

(P1 - kP2), where k is a constant. The constant, k, was developed through empirical 

evaluation of the relationship between P1 and P2 and the central corneal thickness 

(CCT), such that the value of k is more strongly associated with CCT than with CH. 

Thus, CRF is a measurement of corneal resistance that is relatively independent of 

intraocular pressure (IOP) and describes the overall ocular wall rigidity.1–4

A number of studies5,6 found that in certain forms of glaucoma, low CH is associated 

with progressive visual field loss. In addition, these studies mentioned that because 
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the cornea and sclera are continuous collagenous sheaths 

and are made up of similar extracellular matrix constituents, 

the biomechanical properties of the cornea could be related 

to those of the lamina cribrosa (LC), which determine the 

resistance of the optic nerve head (ONH) to IOP and the 

amount of axonal nerve damage.5–7 Assessment of corneal 

biomechanics may therefore offer an indirect measurement 

of the LC elasticity.

The ocular response analyzer (ORA) is a novel device 

that enables in vivo measurement of corneal biomechanics. 

This new technology could improve our ability to manage 

glaucoma patients by offering valuable information that 

could identify those patients who are at risk of developing 

glaucoma progression. It can also serve as a helpful indicator 

in monitoring response to topical medications.8–10

The purpose of our study was to evaluate the relation-

ship between corneal biomechanics and visual field loss. In 

addition, the study evaluates the efficacy of ORA as a novel 

noninvasive device to assess corneal biomechanics in patients 

with normal-tension glaucoma (NTG).

Patients and methods
This was a prospective observational case series includ-

ing patients with bilateral asymmetric NTG. Patients were 

recruited over a period of 3 years. Inclusion criteria were 

NTG with IOP below 21 mmHg, open angle on gonioscopy 

with progressive visual field defects confirmed by at least two 

successive visual field tests and/or ONH cupping. Exclusion 

criteria included error of refraction that could falsely influ-

ence applanation tonometry or optical coherence tomography 

(OCT) assessment of retinal nerve fiber layer (hypermetropia 

or myopia .5 diopters [D], and/or astigmatism .3 D), best-

corrected visual acuity ,20/40, ocular conditions particularly 

congenital or acquired optic nerve diseases that could mimic 

glaucomatous visual field loss, or systemic conditions that 

could affect ocular blood flow – particularly cerebrovascular 

diseases or other conditions that could induce low systemic 

blood pressure.

Initial examination included Snellen best-corrected visual 

acuity, slit-lamp anterior segment examination, and fundus 

examination using slit-lamp biomicroscopy using +90 D lens, 

including assessment of vertical cup/disc (CD) ratio, gonio

scopy, and IOP measurement using Goldmann applanation 

tonometry and ORA, which provided Goldmann-correlated 

IOP (IOPg), and corneal-compensated IOP (IOPcc). For deter-

mination of the IOPcc value, three measurements were taken 

using ORA-generated waveforms. A computer software then 

selects the best waveform reading. A good-quality waveform 

is defined as one with symmetrical heights of force-in and 

force-out waveform peaks and a waveform score 5 on a 

software-generated scale of 0–10. All patients underwent 

automated perimetry for visual field assessment using the 

Swedish interactive threshold algorithm (SITA Standard 24-2; 

Humphrey Field Analyzer 745i; Carl Zeiss Meditec AG, Jena, 

Germany), ONH examination using the RTVue-100 Fourier 

Domain OCT machine (Optovue Inc, Fremont, CA, USA), 

CCT measurement at the corneal apex using a Pentacam 

(Wavelight Allegro Oculyzer II; Alcon, Fort Worth, TX, USA), 

and corneal biomechanics measurement using the ORA.

The ocular response analyzer
The ORA (Ametek Reichert, Inc, Depew, NY, USA) is a 

noncontact device that uses a precisely metered collimated air 

pulse that causes the cornea to move inward, past applanation, 

and into a slight concavity. Milliseconds after applanation, as 

the air pulse force decreases, the cornea begins to return to 

its normal configuration. In the process, it once again passes 

through an applanated state. An electro-optical system moni-

tors the curvature of the cornea throughout the deformation 

process, taking 400 data samples during the 20 ms measure-

ment. Two independent pressure values are derived from the 

inward and outward applanation events. Viscous damping 

in the cornea results in an offset between the inward and 

outward pressure values. The difference between these two 

pressure values is the CH.

The device also provides IOPg and IOPcc measurements 

that are corrected according to corneal biomechanics mea-

surement values. The machine also provides CRF measure-

ments extrapolated from CH.

For all patients CH, CRF, CH − CRF (CRF subtracted from 

CH), and CCT values were matched against the mean devia-

tion (MD) of the visual field and the value of the CD ratio.

For paired-eye comparison in each patient, both eyes 

were categorized into a better-eyes group and a worse-eyes 

group according to whether they had lower or higher IOPcc 

readings, respectively.

All procedures and follow-up visits were done at the 

Research Institute of Ophthalmology (R.I.O.) - Ministry 

of Scientific Research, Egypt. The study was performed in 

accordance with the tenets of the Declaration of Helsinki of 

1975 (the 2008 revision). The Research Committee of The 

Research Institute of Ophthalmology approved the protocol 

of the study and granted ethical permission to perform the 

study. All patients received a thorough explanation of the 

procedures entailed in the study and signed an informed 

consent prior to enrollment.
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Statistical analysis
Statistical analyses for all determinations were carried out, 

including the calculation of the mean, standard deviation 

(SD), standard error (SE), and t-value at the level of P,0.05, 

for both the groups, control group (the better eye), and the 

test group (the worse eye). The results were statistically 

evaluated according to the independent-samples Student’s 

t-test. Correlation was assessed using Pearson’s correlation 

coefficient.

Results
Patients’ characteristics
The study included 240 eyes of 120 patients with asymmetric 

NTG. Sixty-three patients (52.5%) were males. Mean age 

was 60  years (range: 34–76  years; SE: 0.7  years). Mean 

IOPcc in the better-eyes group was 14.4  mmHg (range: 

12–19  mmHg; SE: 0.17  mmHg), whereas in the worse-

eyes group, it was 16.7 mmHg (range: 13–20 mmHg; SE: 

0.12 mmHg). Mean CD ratio in the better-eyes group was 

0.4 (range: 0.2–0.9; SE: 0.01), whereas in the worse-eyes 

group, it was 0.6 (range: 0.2–0.9; SE: 0.01). Mean MD 

value of the visual field in the better-eyes group was -7.8 dB 

(range: -22.2 dB to 7.87 dB; SE: 0.4 dB), whereas in the 

worse-eyes group, it was -12.9 dB (range: -26 dB to 27 dB; 

SE: 0.7 dB). Mean CCT value in the better-eyes group was 

536  μm (range: 527–548  μm; SE: 0.4  μm), whereas the 

mean value in the worse-eyes group was 535 μm (range: 

428–549 μm; SE: 0.9 μm).

Corneal biomechanics values
Mean CH value in the better-eyes group was 7.6  mmHg 

(range: 6–9 mmHg; SE: 0.04 mmHg), whereas in the worse-

eyes group, it was 6.8 mmHg (range: 5.7–8.1 mmHg; SE: 

0.06  mmHg). Mean CRF value in the better-eyes group 

was 8  mmHg (range: 6.6–9.4  mmHg; SE: 0.03  mmHg), 

whereas in the worse-eyes group, it was 7.5 mmHg (range: 

6.2–8.7 mmHg; SE: 0.05 mmHg). The mean CH − CRF value 

in the better-eyes group was -0.5 mmHg (range: -1.0 mmHg 

to -0.1 mmHg; SE: 0.01 mmHg), whereas in the worse-eyes 

group, it was -0.6 mmHg (range: -1.1 mmHg to 0.9 mmHg; 

SE: 0.02 mmHg) (Table 1).

Correlation between corneal 
biomechanics and visual field changes
CH was inversely proportional to MD of the visual field, 

which meant that patients who had highest hysteresis values 

experienced least deviation of their visual field relative to 

their age-matched normal population (P=0.01). Similarly, 

CRF in both eyes was inversely proportional to MD of the 

visual field (P=0.01). CH − CRF difference was directly 

proportional to MD of the visual field, ie, higher CH − CRF 

difference corresponded to more deterioration of MD of 

visual field as compared to the age-matched population 

(P=0.01) (Figures 1 and 2).

Correlation between CCT, IOPcc, and 
CD ratio and the changes in visual field
No statistically significant relation could be established 

between CCT and MD of the visual field (P=0.12 and 0.19) 

for the better- and the worse-eyes groups, respectively.

IOPcc was directly proportional to MD of the visual 

field in the sense that lower IOPcc corresponded to less 

deterioration of MD, and vice versa (P=0.01 and 0.16), 

for better (lower IOPcc) and worse (higher IOPcc) eyes, 

respectively. CD ratio was directly proportional to MD 

of the visual field for better and worse eyes (P=0.01) 

(Figure 3).

Paired-eye comparison revealed that lower IOPcc was 

associated with higher CH, higher CRF, smaller CD ratio, 

and less deterioration of MD of visual field (Table 2). All 

correlations were statistically significant (Table 3).

Table 1 Baseline patients’ characteristics

Baseline patient characteristics N (%)

Male 63 (52.5)
Female 57 (47.5)
Mean age (years) 60
Mean IOPcc (mmHg)

Better-eyes group 14.4
Worse-eyes group 16.7

Mean CD ratio
Better-eyes group 0.4
Worse-eyes group 0.6

Mean MD (dB)
Better-eyes group −7.8
Worse-eyes group −12.9

Mean CCT (μm)
Better-eyes group 536
Worse-eyes group 535

Mean CH (mmHg)
Better-eyes group 7.6
Worse-eyes group 6.8

Mean CRF (mmHg)
Better-eyes group 8.04
Worse-eyes group 7.5

Mean CH – CRF (mmHg)
Better-eyes group −0.5
Worse-eyes group −0.6

Abbreviations: CCT, central corneal thickness; CD, cup/disc; CH, corneal 
hysteresis; CRF, corneal resistance factor; IOPcc, corneal-compensated intraocular 
pressure; MD, mean deviation.
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Discussion
The findings of this study corroborate the notion that glau-

coma progression is related to corneal biomechanics. CH has 

been reported to be lower in primary open angle glaucoma 

(POAG) than in healthy eyes, resulting in decreased damp-

ing properties and increased stiffness of the continuous col-

lagenous sheaths of the eye, setting the focus of glaucoma 

pathogenesis in the region of the LC and the ONH.11–15

Our results demonstrated a statistically significant cor-

relation between CH, CRF, and MD of visual field. Patients 

with lower CH were more prone to developing progression 

of MD of visual field. Similarly, patients who had lower CRF 

value developed more deterioration of MD of visual field.

In accordance with this study, a prospective observational 

case series including 114 eyes by Medeiros et al11 reported 

that eyes with lower CH values had faster rates of visual 

field loss. Similarly, Vu et al16 reported a close relation 

between CH and MD of visual field in a retrospective study 

of 131 patients. Similarly, Grise-Dulac et al17 and De Moraes 

et al18 reported significant association between low CH and 

glaucoma progression. A prospective study by Anand et al19 

including 117 patients with asymmetric POAG found that 

Figure 1 Correlation between corneal hysteresis and corneal resistance factor and the mean deviation in visual field.
Notes: (A) Correlation between CH and MD in better eyes. (B) Correlation between CH and MD in worse eyes. (C) Correlation between CRF and MD in better eyes. 
(D) Correlation between CRF and MD in worse eyes.
Abbreviations: CH-B, corneal hysteresis in the better-eyes group; CH-W, corneal hysteresis in the worse-eyes group; CRF-B, corneal resistance factor in the better-eyes 
group; CRF-W, corneal resistance factor in the worse-eyes group; MD-B, mean deviation of the visual field in the better-eyes group; MD-W, mean deviation of the visual 
field in the worse-eyes group.

Figure 2 Correlation between CH – CRF value and mean deviation in visual field.
Notes: (A) Correlation between CH – CRF and MD in better eyes. (B) Correlation between CH – CRF and MD in worse eyes.
Abbreviations: CH, corneal hysteresis; CRF, corneal resistance factor; CH – CRF-B, CH – CRF value in the better-eyes group; CH – CRF-W, CH – CRF value in the worse-
eyes group; MD-B, mean deviation of the visual field in the better-eyes group; MD-W, mean deviation of the visual field in the worse-eyes group.
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asymmetric POAG was associated with asymmetric ORA 

parameters and that low CH was associated with worse 

visual field.

In contrast with the results of this study, Mansouri 

et al20 conducted an observational cross-sectional study that 

included 299 eyes of 191 patients with confirmed or sus-

pected glaucoma. The authors reported weak associations 

between the corneal biomechanical parameters, namely, CH 

and CRF, and glaucoma-associated structural and functional 

damage.

Because the CRF is a measurement of ocular wall rigid-

ity, a low CRF value – and hence decreased collagenous 

component – would reflect a thinner LC that provides less 

support to axonal fibers.21–23 In pursuit of this theory, we 

subtracted the CRF value from the CH value (CH − CRF) 

of our patients and compared the resultant value against the 

MD of the visual field. We found that lower CRF, ie, higher 

CH − CRF difference, is significantly related to deterioration 

of MD of the visual field.

Similar results have been reported by Congdon et al.13 

In an observational study, the authors detected a significant 

correlation between longer axial length, hence thinner LC, 

and glaucomatous field progression. Similarly, Prata et al23 

investigated the association between corneal biomechanics 

and ONH morphology. In a prospective series of 42 patients 

with POAG, these authors found that patients with thinner 

corneas and lower CH values had larger CD values and 

deeper cups.

It is worthy of note that up to date, there is no reliable 

method for direct measurement of the LC thickness. We 

still rely on indirect estimation extrapolated from other 

measurable ocular variables, including CH − CRF and axial 

length.

A number of studies24–26 have tried to apply enhanced 

depth imaging (EDI)-OCT technology for direct measure-

ment of LC thickness. Park et al25 failed to detect the posterior 

border of LC in 47 out of 137 patients tested (34.3%). Girard 

et al26 used EDI-OCT and swept-source OCT in combination 

with image enhancement technology but concluded that the 

visibility of the posterior boundary of LC with these tech-

niques is poor and hence impractical as a reliable glaucoma 

progression biomarker.

In our study, we tested the relationship between CCT 

and MD of visual field. Our results in this regard did not 

reveal consistent relation between both variables. Therefore, 

we do not have basis to recommend CCT to be used as a 

reliable tool for predicting glaucomatous progression of the 

visual field.

Figure 3 Correlation between corneal-compensated IOP and cup/disc ratio and the mean deviation in visual field.
Notes: (A) Correlation between IOPcc and MD in better eyes. (B) Correlation between IOPcc and MD in worse eyes. (C) Correlation between CD ratio and MD in better 
eyes. (D) Correlation between CD ratio and MD in worse eyes.
Abbreviations: CD-B, cup/disc ratio in the better-eyes group; CD-W, cup/disc ratio in the worse-eyes group; IOP, intraocular pressure; IOPcc-B, corneal-compensated 
IOP in the better-eyes group; IOPcc-W, corneal-compensated IOP in the worse-eyes group; MD-B, mean deviation of the visual field in the better-eyes group; MD-W, mean 
deviation of the visual field in the worse-eyes group.
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Our results are congruous with two population-based 

studies, the Early Manifest Glaucoma Trial (EMGT)27 and 

the Barbados Eye Study.28 Both did not detect any signifi-

cant association between CCT and glaucoma risk. However, 

longer years of follow-up in the EMGT study concluded that 

CCT is a risk factor, though with a preferential impact in 

patients with higher baseline IOP ($21 mmHg).29 Medeiros 

et al11 reported that CH is a more significant risk factor for 

progression of glaucoma than CCT, as CCT was related to 

progression rates of glaucomatous field in 5.2% of their cases 

as compared to 17.4% for CH. In agreement, Congdon et al13 

reported that CH is more closely associated with glaucoma-

tous visual field progression than CCT.

Contrary to our findings, CCT was considered among 

the strongest independent predictors for the development of 

POAG by the European Glaucoma Prevention Study30 and 

the Ocular Hypertension Treatment Study.31

This study demonstrated that IOP is significantly related 

to glaucomatous visual field progression. The higher the IOP, 

the higher is the CD ratio and the greater is the deterioration 

of MD of visual field.

Our findings are synonymous with several benchmark 

reports29–35 that emphasize the pivotal association between 

higher IOP as well as larger vertical and horizontal CD ratios 

and glaucoma progression.

The use of ORA in our study allowed the direct measure-

ment of corneal biomechanics, namely, measurement of CH 

and CRF, as well as extrapolation of CH − CRF. All three 

parameters demonstrated statistically significant relation with 

MD of the visual field. The machine is a noncontact device 

and provides fast, operator-independent, and reproducible 

measurements of corneal biomechanics.

An important limitation of this study is the lack of direct 

means of measuring the elasticity of LC; rather, we relied 

on indirect clues extrapolated from measurable parameters, 

namely, CH and CRF. An ideal study would include histo-

pathological evidence that truly reflects the normal LC elas-

ticity in vivo to corroborate our conclusion. Obviously, such 

a study cannot be performed on living human beings. Future 

advances in medical equipment and imaging techniques 

that provide direct in vivo noninvasive assessment of the 

Table 2 Comparisons between the better-eyes and the worse-eyes groups

Groups Mean (mmHg) Standard error Mean difference 95% Confidence interval 
of the difference

Lower Upper

Corneal hysteresis
Better eyes 7.5808 0.04934 0.7325 0.57036 0.89464
Worse eyes 6.8483 0.06270
T-value 8.946*
P-value 0.000

Corneal resistance factor
Better eyes 8.0458 0.03967 0.5216 0.39250 0.65083
Worse eyes 7.5242 0.05007
T-value 7.997*
P-value 0.000

Cup/disc ratio
Better eyes 0.4433 0.01533 0.212 −0.264 −0.1604
Worse eyes 0.6558 0.01643
T-value −8.091*
P-value 0.000

Mean deviation of the visual field
Better eyes −7.846 0.41814 5.064 3.35019 6.77931
Worse eyes −12.911 0.71479
T-value 5.849*
P-value 0.000

Note: *Highly significant difference at P-value ,0.01 between groups.

Table 3 Correlation between mean deviation of visual field and 
studied characters

Studied characters Right eye P-value Left eye P-value

CD ratio (mm) −0.738 0.000 −0.649 0.000
CH (mmHg) 0.836 0.000 0.702 0.000
CRF (mmHg) 0.802 0.000 0.421 0.000
CH – CRF (mmHg) 0.400 0.000 0.513 0.000
IOPcc (mmHg) −0.486 0.000 −0.260 0.004
CCT (mm) 0.127 0.169 −0.060 0.513

Abbreviations: CCT, central corneal thickness; CD, cup/disc; CH, corneal 
hysteresis; CRF, corneal resistance factor; IOPcc, corneal-compensated intraocular 
pressure.
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collagenous component, hence the elasticity, of LC would be a 

revolutionary development in the diagnosis and management 

of NTG patients. Another limitation is that the current study 

relied on original ORA-pressure-derived parameters, namely, 

CH, CRF, IOPg, and IOPcc. Two of these four parameters 

(CRF and IOPcc) are largely calculated on empirical basis, 

which poses important limitations to their accuracy.3 More 

recent developments in ORA machinery that incorporate 37 

waveform signal parameters could characterize the biome-

chanical features of the cornea more accurately.

Conclusion
CH, CRF, and CH − CRF are more powerful predictors of 

NTG progression than CCT. ORA should be used as an integral 

equipment in the diagnosis and follow-up of NTG patients.
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