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Purpose: To review the current published literature on the utility of corneal hysteresis (CH) to assist the
clinician in the diagnosis of glaucoma or in the assessment of risk for disease progression in existing glaucoma
patients.

Methods: Searches of the peer-reviewed literature in the PubMed database were performed through July
2022. The abstracts of 423 identified articles were examined to exclude reviews and non-English articles. After
inclusion and exclusion criteria were applied, 19 articles were selected, and the panel methodologist rated them
for level of evidence. Eight articles were rated level |, and 5 articles were rated level Il. The 6 articles rated level lll
were excluded.

Results: Corneal hysteresis is lower in patients with primary open-angle glaucoma, primary angle-closure
glaucoma, pseudoexfoliative glaucoma, and pseudoexfoliation syndrome compared with normal subjects.
Interpretation of low CH in patients with high intraocular pressure (IOP) or on topical hypotensive medications is
complicated by the influence of these parameters on CH measurements. However, CH is also lower in treatment-
naive, normal-tension glaucoma patients compared with normal subjects who have a similar IOP. In addition,
lower CH is associated with an increased risk of progression of glaucoma based on visual fields or structural
markers in open-angle glaucoma patients, including those with apparently well-controlled I0OP.

Conclusions: Corneal hysteresis is lower in glaucoma patients compared with normal subjects, and lower
CH is associated with an increased risk of disease progression. However, a causal relationship remains to be
demonstrated. Nevertheless, measurement of CH complements current structural and functional assessments in
determining disease risk in glaucoma suspects and patients.

Financial Disclosure(s): Proprietary or commercial disclosure may be found after the
references. Ophthalmology 2023;130:433-442 © 2022 Published by Elsevier Inc. on behalf of the American
Academy of Ophthalmology

The American Academy of Ophthalmology prepares
Ophthalmic Technology Assessments to evaluate new and
existing procedures, drugs, and diagnostic and screening
tests. The goal of an Ophthalmic Technology Assessment is
to systematically review the available research for clinical
efficacy and safety. After review by members of the
Ophthalmic Technology Assessment Committee, other
Academy committees, relevant subspecialty societies, and
legal counsel, assessments are submitted to the Academy’s
Board of Trustees for consideration as official Academy
statements. The purpose of this assessment is to evaluate the
current published literature on the utility of corneal

© 2022 Published by Elsevier Inc. on behalf of the American Academy of
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hysteresis (CH) measurements in the diagnosis of glaucoma
and in the assessment of risk for glaucoma progression.

Background

Reduction of intraocular pressure (IOP) is the only known
effective treatment for glaucoma. However, despite treat-
ment, many patients continue to progress and develop
further vision loss.? Also, many individuals with elevated
IOP do not develop glaucoma, and many glaucoma
patients do not have elevated IOP.>* This suggests that
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factors other than IOP are likely involved in glaucoma
pathogenesis.

Biomechanical properties of the eye may be an important
risk factor for glaucoma. Elevation of IOP results in
dlstens1on of the eye wall with distortion of the lamina
cribrosa,”® potentially causing direct mechanical strain on
optic nerve axons or impairment of optic nerve perfusion.
Stretching and thinning of the lamina cribrosa also alter
the translaminar pressure gradient and may impair
retrograde transport of neurotrophic factors from the
lateral geniculate nucleus to the retinal ganglion cells.’
These changes may cause direct or indirect damage to
optic nerve axons and retinal ganglion cells, resulting in
glaucoma. Stiffer tissues in the eye would have greater
ability to resist the distortion but would also lead to
greater IOP variability for a given volume change, a
possible risk factor for glaucoma development and
progression.® 'Y However, the specific biomechanical prop-
erties that predispose eyes to develop glaucoma are
incompletely understood.

Previous studies have used animal and cadaver models to
assess ocular biomechanical properties and their relationship
to glaucoma. Coudrillier et al'' used posterior segments of
human cadaver eyes mounted to an inflation system to
measure scleral displacement as a function of inflation
pressure. They compared 11 glaucomatous eyes with 22
eyes from donors who had no history of glaucoma.
Glaucomatous eyes had stiffer peripapillary sclera, yet
midposterior scleral stiffness was no different from normal
controls. However, it was unclear if these differences
represented a preexisting susceptibility to glaucoma or
were compensatory changes due to glaucomatous optic
neuropathy or elevated IOP. Possible glaucomatous
changes in ocular biomechanics were also investigated by
Downs et al,'> who compared the stress-strain behavior of
tissues from nonhuman primates that had experimental
glaucoma with healthy controls by using a custom-built
tissue tensometer. They reported that glaucomatous eyes
had a significantly higher Young’s modulus than normal
eyes, indicating greater stiffness. However, increased stift-
ness was likely a compensatory change to elevated IOP from
laser-induced damage of the trabecular meshwork because
the animals did not have a preexisting risk of glaucoma or
altered scleral properties. Whether or not abnormal tissue
biomechanics contribute to glaucoma susceptibility is not
fully understood.

The Ocular Response Analyzer ([ORA], Reichert) is a
commercially available device that is Food and Drug
Administration approved for the measurement of IOP and
the biomechanical response of the cornea. No other Food
and Drug Administration—-approved products to assess
in vivo ocular biomechanical properties are commercially
available at this time. The ORA produces a measurement of
ocular biomechanical properties by assessing the response
of the eye to an air jet to obtain an IOP measurement. With
this device, the pressure in the air jet is ramped up and back
down, causing indentation of the cornea. The air pressure
corresponding to IOP occurs when light reflection off of the
cornea reaches a maximum, indicating applanation of
the cornea. With this technique, the IOP that is measured on
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the initial indentation is higher than the IOP during the
rebound as the air-jet pressure is decreased. This difference
in pressures (Fig 1) has been termed “CH” and is likely the
result of tissue viscous damping, whereas a purely elastic
cornea would have the same pressure on rebound.
However, CH is likely to be influenced by both elasticity
and viscosity. Viscosity reflects tissue damping and will
determine the speed at which tissue deformation and
recovery occurs. Elasticity will determine the magnitude
of the deformation to a sustained force. The hysteresis
will reflect both elasticity and viscosity, along with the
magnitude and speed of the air-jet pulse. It thus represents
an eye behavior influenced by ocular biomechanics and not
a specific material property of the eye. Corneal hysteresis
also demonstrates measurement stability, with little change
due to circadian rhythms'*"'® and good intra-subject repro-
ducibility.'"°

Although obtaining a CH measurement is straightfor-
ward, consensus on this measure’s clinical significance is
not intuitively obvious. The tissue viscosity will not affect
the ultimate tissue deformation as a result of sustained IOP
changes; instead, it will only damp the rate at which changes
occur. Rapid short-duration changes in IOP will likely have
less of an effect on tissue strain in eyes with high viscosity.
For sustained IOP changes, tissue elasticity, or modulus,
will determine the magnitude of deformation. However,
even in a purely elastic tissue, the effect of IOP changes on
the lamina cribrosa remains complex. Sigal et al®”’
developed finite element models of the lamina cribrosa
and sclera, and demonstrated that deformation of the
lamina and scleral canal opening were dependent on a
complex combination of factors, including tissue modulus,
geometry, and tissue thickness. Further complicating
understanding of CH measurements is the fact that ocular
tissues are not uniform but that they demonstrate
anisotropy (different properties when measured in different
directions),zz'25 regional variations,”®?® and strain stiff-
ening (increase in elastic modulus with pressure and tissue
distention).25 28

Ocular biomechanical properties also vary with age, axial
length, and corneal thickness, adding further complexity to
the interpretation of CH. The elastic modulus of ocular tis-
sues, including both cornea and sclera, has been reported to
increase with age.””' In contrast, myopia has been associ-
ated with lower ocular-tissue elastic modulus™ as well as
decreased global ocular rigidity.”*** Although lower central
corneal thickness (CCT) has been identified as a clear risk
factor for the development of glaucoma in ocular
hypertensive patients,” the effect on ocular biomechanics
is unclear. A thicker normal cornea would be expected to
require greater force to deform during applanation
tonometry,’% but the relationshlg between CCT and IOP
measurement error is unclear.’’’® Furthermore, tissue
elastic modulus does not appear to be correlated with CCT
in normal eyes, #9499 although corneal thinning due to
dehydration increases corneal stiffness.”’ Regardless, the
effect of CCT as well as age and axial length should be
considered in studies examining CH and glaucoma.

Ocular biomechanical changes have also been associated
with glaucoma severity in previous studies. Midgett et al*’
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Figure 1. Ocular response analyzer pressure profile.

demonstrated that the ex vivo pressure-induced strain
response of the lamina cribrosa was less in human cadaver
eyes with more severe glaucoma compared with eyes that
had milder glaucoma based on axon loss, and both were less
than in normal eyes. This could be the result of tissue
remodeling that increases stiffness, at least at the lamina
cribrosa, as damage progresses. Alternatively, eyes with
stiffer tissues may be more susceptible to severe disease.

Given the complexities of ocular biomechanics, repre-
sentation of ocular tissue properties with a single number,
such as CH, is difficult. However, the clinical utility of CH
measurement has been the topic of numerous studies and is
the focus of this assessment.

Question for Assessment

The purpose of this assessment is to address the following
question: Is CH that is measured using the ORA able to
assist the clinician in the diagnosis of glaucoma or in
determining the risk of disease progression in patients with
confirmed glaucoma?

Description of Evidence

Literature searches of the peer-reviewed literature in the
PubMed database were performed through July 2022 using
the search terms corneal hysteresis and glaucoma. The
search identified 423 abstracts that were examined to
exclude reviews and non-English articles. The remaining
articles were reviewed in full text by the Glaucoma Panel to
select only those that met the following inclusion criteria:
(1) CH measured using the ORA was the technology focus
of the study; (2) the study reported on the ability to differ-
entiate between glaucoma patients and healthy subjects or
on the ability to determine the risk of disease progression;

(3) the study represented original research; and (4) the study
subjects were adults, age 18 years or older.

Application of these criteria yielded 19 articles, and the
panel methodologist (J.A.R.) assigned each study a level of
evidence rating based on the rating scale developed by the
Oxford Centre for Evidence-Based Medicine and adopted
by the American Academy of Ophthalmology.”® A level I
rating was assigned to cross-sectional studies with consis-
tently applied reference standards; a level II rating was
assigned to nonconsecutive prospective studies and pro-
spective studies without consistently applied reference
standards; and a level III rating was assigned to case-control
studies, case series, case reports, and poor-quality cohort
and case-control studies. Eight articles were rated level I,
and 5 articles were rated level II. A summary of the articles
is included in Table 1. Six articles rated level III were
excluded.

Published Results

Differences in Corneal Hysteresis between
Normal and Glaucomatous Eyes

There were 8 articles comparing different populations of
glaucoma patients, glaucoma suspects, and normal subjects
(Table 2). Two additional articles reported on the
relationship between CH and optic disc parameters
associated with glaucoma in population-based studies but
did not assess glaucoma patients. These 10 articles reported
on studies performed in different locations worldwide, and
several reported on multiple types of glaucoma. All of the
studies were cross-sectional in design, with most reporting
on glaucoma patients using topical ocular hypotensive
medications at the time of CH measurements. This leads to
potential confounding of results because the use of medical
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Table 1. Summary of Included Studies

Industry  Evidence

Population Sample Size*

Authors Year Design Support Level Normal OHT POAG PACG PXS PXG NTG NS
Avyala®™ i 2011 Case control NR I 30 (30) 30 (30) 30 (30)
Cankaya et al*’ 2011 Cross-sectional NR 11 102 (102) 64 (64) 78 (78) _
Congdon et 3114(’ 2006 Case series NR I (131)! (36)"
Estrela et al*’ i 2020 Cohort Yes I 252 (126)
Kaushik et al%y 2012 Cross-sectional No I 71 (71) 38 (38) 6 (36) 59 (59)* 18 (18)
Medeiros et al*’ 2013 Cohort Yes I 114 (68)
Narayanaswamy 2011 Case control No I 150 (150) 162 (162) 131 (131)
et al™
Pillunat et al’! 2016 Cross-sectional No I 44 (44) 18 (18) 48 (48) 38 (38)
Sun et al’? - 2009 Case series No 1I 40 (40) 40 (40)
Susanna et alj’ 2019 Cohort Yes I 445 (327)
Tejwani et ql_’4 2016 Cross-sectional No I 59 (59) 83 (83) 57 (57)
Yazgan et al”” 2015 Case control No I 45 (45) 3 (43) 30 (30)
Zhang et al™® 2016 Cohort Yes I 186 (133)

NS = not specified; NTG = normal-tension glaucoma; OHT = ocular hypertension; PACG = primary angle-closure glaucoma; POAG = primary
open-angle glaucoma; PXG = pseudoexfoliative glaucoma; PXS = pseudoexfoliation syndrome.
*Sample sizes are shown as number of eyes, with number of subjects in parentheses.

"Number of eyes not specified.
#Includes primary angle-closure (PAC) patients without glaucoma.

glaucoma therapy may affect ocular biomechanics. In
particular, prostaglandin analogs (PGAs) can upregulate
matrix metalloproteinases and reduce collagen type I, III,
and IV levels in the sclera.’””® Biomechanical changes in
ex vivo corneas have also been reported with PGA use,
resulting in a reduction of corneal stiffness.”” Other
studies examined treatment-naive patients, but ocular
biomechanical properties vary with IOP,° so comparison
of CH in groups with different IOP levels may be difficult
to interpret (Table 3). The studies included in this report
were not uniform in design and have individual strengths
and limitations.

Primary Open-Angle Glaucoma. Five articles described
studies from various geographic and ethnic populations

comparing primary open-angle glaucoma (POAG) patients
with a healthy control group. Four of the 5 studies provided
level 1 evidence (Table 1). In 4 of these studies, patients
with POAG were found to have a lower CH compared
with healthy controls, although 1 of the 4 found no
difference after controlling for age and IOP, and the fifth
found no difference.

In a cross-sectional study of Chinese patients in
Singapore, Narayanaswamy et al’’ compared POAG
patients, primary angle-closure glaucoma (PACG) pa-
tients, and healthy controls. They found that CH was
lower in POAG patients (9.5 mmHg; 95% confidence
interval [CI], 9.2—9.5 mmHg; n 162) compared with
healthy controls (10.4 mmHg; 95% CI, 10.1—10.6 mmHg;

Table 2. Mean Corneal Hysteresis by Study Population

Mean Corneal Hysteresis (mmHg)

Authors Normal OHT POAG PACG PXS PXG NTG
Avyala** 98 £ 1.6 90+ 1.9 8.0+ 1.5
Cankaya et al*® 94+ 14 8.5+ 1.5 6.9 x 2.1
Kaushik et al*® 9.5+ 1.4 92+ 19 7.9 +2.8 9.3 + 1.5% 8.0 + 1.6
Narayanaswamy et al’® 10.4 (10.1-10.6)" 9.5 (9.2—9.5)" 9.1 (8.7-9.4)'
Pillunat et al’! 99 + 14 102 + 1.5 8.9 + 1.4 9.0 + 1.4
Sun et al’ 10.6 + 1.4 6.8 = 2.1
Tejwani et al™* 9.6 (9.4—10.4)" 7.7(73-82) 8.2 (7.7-8.6)
Yazgan et al’’ 103+ 1.4 8.2 1.4 6.8 = 1.7

Values are mean =+ standard deviation unless indicated. Values in bold are significantly different from normal controls.
NTG = normal-tension glaucoma; OHT = ocular hypertension; PACG = primary angle-closure glaucoma; POAG = primary open-angle glaucoma;

PXG = pseudoexfoliative glaucoma; PXS = pseudoexfoliation syndrome.
*Includes PAC patients without glaucoma.

fMean with 95% confidence interval (CI).

*Median with 95% CI.
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Table 3. Mean Intraocular Pressure (mmHg) by Study Population

Mean Intraocular Pressure (mmHg) Statistical
Significance

Authors Normal OHT POAG PACG PXS PXG NTG Reported
Ayala®™ i 154 + 3.6 16.4 + 4.6* 17.5 + 5.6* N
Cankaya et alf7 159 +£ 2.9 ‘ 15.8 £ 3.0% 16.3 £ 4.1* Y
Kaushik et al*® . 137+ 24 22.2 £3.5 23.6 £ 12.4 16.2 + 3.9 14.6 +£ 4.5 Y
Narayanaswamy et al® 144 £ 2.7 14.9 + 3.9% 16.5 + 4.4* Y
Pillunat et al’! 15.5 £ 3.2 22.3 + 6.2% 14.7 £ 5.1* 13.2 £ 3.7% N
Sunetal” 11.0£34 31.6 = 10.5 Y
Tejwani et a_l_’4 14 (13.0—15.0) 15 (14.0—16.0)*1 16 (14.5—18.0)*1 Y
Yazgan et al’’ 152 £ 3.2 13.4 £3.1 15.7 = 4.0* Y

Values in bold are significantly different from normal controls.

NTG = normal-tension glaucoma; OHT = ocular hypertension; PACG = primary angle-closure glaucoma; POAG = primary open-angle glaucoma;

PXG = pseudoexfoliative glaucoma; PXS = pseudoexfoliation syndrome.
*Medically treated.

Includes PAC patients without glaucoma.

*Median with 95% CI.

n = 150; P < 0.001). However, after adjusting for the
effect of IOP and age, which was lower in the healthy
controls than in the POAG group, the difference in CH
between the 2 groups did not reach statistical significance
(CH 9.6 vs. 10.1 mmHg for POAG and controls, respec-
tively; P = 0.06). However, patients on IOP-lowering
medication were included, which may have affected
measurements of CH as discussed earlier.

Pillunat et al’' performed an observational cross-
sectional study comparing patients with high-pressure and
low-pressure glaucoma, ocular hypertensives, and normal
age-matched controls in Dresden, Germany. Recognizing
the potential confounding factors influencing measurements
of ocular biomechanics, they adjusted CH for age, axial
length, CCT, and IOP. Adjusted CH was found to be
significantly lower in “high-pressure glaucoma” in their
study (8.94 + 1.41 mmHg; n = 48 eyes) than in age-
matched controls (9.86 = 1.42 mmHg; n = 44 eyes; P =
0.005). High-pressure glaucoma patients included in this
study were treated, but the authors noted that the amount
and class of pressure-lowering medications did not affect
CH in that study.

In a cross-sectional study from Bangalore, India, Tejwani
et al’* compared CH with POAG, PACG, and healthy eyes.
For the POAG cohort, 83 patients were included and
compared with 59 age- and CCT-matched controls, with 1
eye from each patient randomly selected for the study. The
median CH in the POAG cohort (7.7 mmHg; 95% CI,
7.3—8.2 mmHg) was found to be lower (P < 0.0001) than in
healthy controls (9.6 mmHg; 95% CI, 9.4—10.4 mmHg).
However, there were 2 potential important confounders that
were not matched between the groups. First, the median
Goldmann applanation tonometry (GAT) IOP in the POAG
cohort (15 mmHg; 95% CI, 14.0—16.0 mmHg) was higher
(P = 0.002) than in healthy controls (14 mmHg; 95% CI,
13.0—15.0 mmHg). Second, all POAG patients were on
medical management, with most (80.0%) on a combination
of a PGA and a B-blocker.

A cross-sectional study from Kaushik et al®®
circumvented the issue of medication treatment effects on
CH by comparing treatment-naive POAG patients, primary
angle-closure (PAC) patients, normal-tension glaucoma
(NTG) patients, and healthy controls in Chandigarh, India.
In addition, patients with previous intraocular surgery or
laser were excluded. Their study found that CH was
significantly lower in POAG patients (7.9 + 2.8 mmHg; n =
36) than in healthy controls (9.5 + 1.4 mmHg; n =71; P =
0.034). However, because the patients were treatment naive,
IOP was significantly higher in the POAG group (23.6 £
12.4 mmHg) compared with the healthy controls (13.7 £
2.4 mmHg), which likely influenced the results. In addition,
IOP was noted to be significantly correlated with CH (P <
0.001) in this study.

In a retrospective cross-sectional study based in Stock-
holm, Sweden, Ayala®® compared CH among
pseudoexfoliative glaucoma patients, POAG patients, and
healthy controls matched for age. In contrast to the other
4 studies, no significant difference was found in CH
between POAG patients (9.0 £ 1.9 mmHg; n = 30) and
normal subjects (9.8 £ 1.6 mmHg; n = 30; P = 0.23).
However, IOP was also similar between the POAG group
(164 £ 4.6 mmHg) and the healthy controls (15.4 £ 3.6
mmHg), and the POAG group was treated with topical
glaucoma medications.

Primary Angle-Closure Glaucoma. Four articles re-
ported on studies comparing CH between PACG patients
and healthy controls. Three of the 4 studies provided level 1
evidence (Table 1). Three of these articles included multiple
glaucoma subgroups and are described in the above section
on POAG. The limitations and confounders surrounding
different IOP levels between groups and potential effects
of topical hypotensive medications on CH persist in
comparisons of PACG patients and normal subjects. Three
of the 4 included studies reported CH being lower in
PACG patients than in healthy controls, whereas 1 study
found no statistically significant difference.
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In a prospective case series from Wenzhou, China, Sun
et al’” measured CH in 40 patients with newly diagnosed
unilateral PACG and compared values with the unaffected
contralateral eyes and with healthy control subjects. They
reported that CH was significantly lower in affected eyes
(6.83 £ 2.08 mmHg) compared with contralateral eyes
(10.59 £ 1.38 mmHg) or healthy control subjects (10.55 +
1.41 mmHg; P < 0.001). However, IOP was also
significantly higher in affected eyes (31.55 + 10.48 mmHg)
compared with contralateral eyes (12.03 &+ 4.17 mmHg) or
healthy control subjects (11.01 & 3.36 mmHg; P < 0.001).
They also reported a significant correlation between IOP
and CH (r = —0.67; P < 0.001) at baseline but not after
IOP reduction by medication and trabeculectomy. Corneal
hysteresis increased in PACG eyes after treatment (9.50 £
1.66 mmHg) but was still lower than in contralateral eyes or
healthy controls (P = 0.001).

Narayanaswamy et al’’ reported from their study of
Singapore Chinese patients that CH was lower in patients
with medically treated PACG (9.1 mmHg; 95% CI,
8.7—9.4 mmHg; n = 131) than in healthy controls (10.4
mmHg; 95% CI, 10.1—10.6 mmHg; n = 150; P < 0.001).
After adjusting for the effect of IOP and age, a
statistically significant difference in CH between PACG
patients (9.4 mmHg; 95% CI, 9.1-9.7 mmHg) and
healthy controls (CH 10.1 mmHg; 95% CI, 9.8—10.4;
P = 0.006) persisted.

In their cross-sectional study from Bangalore, India,
Tejwani et al’* compared 57 PACG patients with 59 age-
and CCT-matched controls. One eye from each patient
was randomly selected for the study. The median CH in the
PACG cohort (8.2 mmHg; 95% CI, 7.7—8.6 mmHg) was
found to be lower (P < 0.0001) than in healthy controls (9.6
mmHg; 95% CI, 9.4—10.4 mmHg). However, median IOP
in the PACG cohort (16 mmHg; 95% CI, 14.5—18.0
mmHg) was higher (P = 0.002) than in healthy controls (14
mmHg; 95% CI, 13.0—15.0 mmHg). Similar to the POAG
cohort, all PACG patients were on medical management,
with most (91.5%) being treated with a combination of PGA
and B-blocker topical drops.

In contrast to the other 3 studies, Kaushik et al*® did not
find a difference between angle-closure patients and controls
in their study from Chandigarh, India. However, their study
grouped patients with PAC without glaucoma and PACG
into a category that they termed “primary angle-closure
disease” (PACD). No difference in CH between patients
with PACD (9.3 £ 1.5 mmHg; n = 59) and normal subjects
(9.5 & 1.4 mmHg; n = 71) was detected.* Interestingly, the
PACD patients were treatment naive, and IOP was higher in
the PACG group (16.2 £ 3.9 mmHg) compared with the
healthy controls (13.7 £ 2.4 mmHg). A lack of difference
in CH between the PACD and healthy control groups was
found despite the difference in IOP and a correlation
between CH and IOP in that study.

Pseudoexfoliative (Exfoliative) Glaucoma. Three arti-
cles reported on studies comparing CH in pseudoexfoliation
syndrome or pseudoexfoliative glaucoma and healthy con-
trols, and all 3 studies provided level II evidence (Table 1).
All 3 studies found CH to be lower in pseudoexfoliative
glaucoma compared with healthy controls.
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Pseudoexfoliation syndrome patients without evidence of
glaucoma tended to have higher CH than
pseudoexfoliative glaucoma patients but lower CH than
healthy controls. As with studies on other types of
glaucoma, the results are confounded by differing IOP
levels between groups and the use of topical hypotensive
medications.

In the cross-sectional study from Stockholm, Sweden, by
Ayala,” CH was found to be lower in patients with
pseudoexfoliative glaucoma (8.0 = 1.5 mmHg; n = 30)
than in healthy controls (9.8 & 1.6 mmHg; n = 30; P =
0.0001) or POAG patients (9.0 = 1.9 mmHg; P = 0.042).
It is not clear if IOP was different in the pseudoexfoliative
glaucoma group (17.5 £ 5.6 mmHg) compared with
healthy controls (15.4 4+ 3.6 mmHg) or POAG patients
(16.4 £ 4.6 mmHg) because the statistical significance of
these differences was not reported. The pseudoexfoliative
glaucoma patients had received IOP-lowering therapy.

Cankaya et al*” reported on a cross-sectional study from
Ankara, Turkey, comparing CH in gender- and age-matched
patients with pseudoexfoliative glaucoma, pseudoexfolia-
tion syndrome, and healthy controls. They found that CH
was lowest in the pseudoexfoliative glaucoma group (6.9 £
2.1 mmHg; n = 78), higher in the pseudoexfoliation syn-
drome group (8.5 = 1.5 mmHg; n = 64), and highest in the
healthy controls (9.4 + 1.4 mmHg; n = 102). The difference
between each group was statistically significant (P < 0.001).
No statistically significant difference in GAT IOP was found
between the groups (P > 0.1). Glaucoma patients in this
study were on medical therapy (including 27 of 78 who
were on PGASs).

From a case-control study in Malatya, Turkey, Yazgan
et al”® reported on a comparison of patients with
pseudoexfoliative glaucoma, pseudoexfoliation syndrome,
and healthy controls. Corneal hysteresis was found to be
highest in the control group (10.3 + 1.5 mmHg; n = 45),
followed by pseudoexfoliation syndrome (8.2 + 1.4
mmHg; n = 43) and then pseudoexfoliative glaucoma
(6.8 £ 1.7 mmHg; n = 30), with all comparisons
statistically significant (P < 0.001). However, there were
several potentially confounding factors that were not
controlled. First, there was a statistically significant
difference (P < 0.05 for all comparisons) in CCT among
all of the groups, with the control group having the
highest value (5463 =+ 28 pum), followed by
pseudoexfoliation syndrome (525.5 £ 35 pum) and then
pseudoexfoliation glaucoma (509 4+ 36 pm). Second, all
but 3 newly diagnosed patients in the pseudoexfoliative
glaucoma group were on medical therapy, with 17 of the
remaining 27 patients on a PGA as combination or
monotherapy.  Third, IOP was lower in the
pseudoexfoliation syndrome group (13.4 £ 3.1 mmHg; P
< 0.001) than in the control group (15.2 + 3.2 mmHg)
or the pseudoexfoliation glaucoma group (15.7 £ 4.0
mmHg). Central corneal thickness, topical PGA eye
drops, and IOP have all been associated with alterations
in CH, but the exact effects are incompletely understood.

Normal-Tension Glaucoma. Two of the included arti-
cles compared NTG patients with healthy controls, and both
studies provided level I evidence (Table 1). This group of
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patients is particularly interesting because untreated NTG
patients can be IOP matched to healthy controls,
potentially eliminating 2 key confounding parameters in
the evaluation of CH between populations: IOP and
topical hypotensive medications. Both studies found CH
to be lower in NTG patients co gmed with normal subjects.

In the study by Pillunat et al’* from Dresden, Germany,
NTG patients were defined as open-angle glaucoma patients
with a history of untreated IOP < 21 mmHg, and these
patients were compared with healthy controls. Corneal
hysteresis adjusted for age, axial length, CCT, and IOP was
significantly lower in NTG patients (8.99 4+ 1.40 mmHg;
n = 38 eyes) than in controls (9.86 £+ 1.42 mmHg; n = 44
eyes; P = 0.005). There was no difference in adjusted CH
between POAG and NTG patients (P = 0.978). However,
both POAG and NTG patients were currently receiving
medical treatment for their glaucoma, leaving open the
possibility that topical medications may have altered ocular
biomechanical properties.

In their cross-sectional study in Chandigarh, India,
Kaushik et al*® reported on a comparison of treatment-naive
NTG patients compared with healthy controls. They found
that CH was lower in NTG patients (8.0 = 1.6 mmHg; n =
18) compared with normal subjects (9.5 & 1.4 mmHg; n =
71; P = 0.030). Intraocular pressure was similar in the NTG
group (14.6 + 4.5 mmHg) compared with the healthy
controls (13.7 + 2.4 mmHg), but no statistical comparison
of these 2 groups’ mean IOPs was provided.

Ocular Hypertension. Two of the included articles re-
ported on untreated ocular hypertension (OHT) patients
compared with healthy controls with conflicting results.

In the cross-sectional study from Pillunat et al,”" patients
with OHT (defined as IOP > 21 mmHg on at least 2
occasions) were compared with normal controls. Corneal
hysteresis adjusted for age, axial length, CCT, and IOP
was significantly higher in OHT patients (10.18 £ 1.53
mmHg; n = 18 eyes) than in controls (9.86 + 1.42
mmHg; n = 44 eyes; P = 0.003).

In their cross-sectional study, Kaushik et al*® defined
OHT as IOP between 22 and 31 mmHg on at least 2
successive measurements spaced 2 weeks apart at
approximately the same time of day, along with open
angles and normal optic disc. They did not find a
difference in CH between patients with OHT (9.2 £+ 1.9
mmHg; n = 38) and normal subjects (9.5 + 1.4 mmHg;
n = 71; P > 0.05). However, IOP was higher in the OHT
group (22.2 £ 3.5 mmHg) compared with the healthy
control group (13.7 + 2.4 mmHg; P < 0.001), potentially
confounding the results.

Corneal Hysteresis and the Risk of Glaucoma
Development or Progression

Five of the included articles investigated the association
between CH and the risk of disease progression in patients
with an existing glaucoma diagnosis. Four of the 5 studies
provided level I evidence (Table 1). All 5 of the studies
evaluated open-angle glaucoma patients. Four of the 5
studies determined glaucoma progression based on visual
field changes using automated perimetry, whereas 1 study

Ophthalmic Technology Assessment

determined progression based on structural changes
measured with OCT. All 5 articles reported an association
between lower CH and an increased risk or rate of glaucoma
progression.

Ina prospectlve longitudinal cohort study of open-angle
glaucoma patients in San Diego, California, Medeiros et al*’
investigated CH as a predictor for the rate of visual field
progression. The study included 114 eyes from 68 patients
followed at 6-month intervals with standard automated
perimetry using the SITA Standard 24-2 algorithm per-
formed at each visit. A linear mixed model was used to
investigate the significance of potential predictors for visual
field progression, including baseline CH, baseline age, race,
baseline IOP-GAT, CCT, and axial length. Patients were
followed for a mean of 4.0 £ 1.1 years (range, 2.0—6.5
years) and had a median of 7 (range, 5—12) visual field tests.
Corneal hysteresis was found to be significantly associated
with the rate of visual field progression in a univariate
model, with each 1 mmHg lower CH being associated with
a 0.25% per year faster rate of visual field index decline (P
< 0.001). In the multivariable model, the rate of visual field
progression was significantly associated with CH (P <
0.001) and IOP (P = 0.001) but not with baseline age, race,
CCT, or axial length

Zhang et al’® reported on a prospective longitudinal
cohort study, which was also from San Diego, California,
and which investigated the relationship between CH and
the rate of retinal nerve fiber layer (RNFL) loss as
measured using spectral-domain OCT in open-angle glau-
coma patients. Random-coefficient models with random
intercepts and random slopes were used to evaluate the role
of CH, CCT, IOP, and demographics on the rates of RNFL
loss during follow-up. The study included 186 eyes of 133
patients, followed for an average of 3.8 & 0.8 years, with a
median of 9 (range, 4—18) spectral-domain OCT tests
during follow-up. In univariate analysis, each 1 mmHg
lower baseline CH was found to be associated with an
additional 0.13 pm per year of RNFL loss (P = 0.011). In a
multivariable model, lower CH and higher IOP were asso-
ciated with a faster rate of RNFL loss, but older age, African
American ancestry, and CCT were not.

Congdon et al*® reported on a prospective case series
from Baltimore, Maryland, investigating the association of
CH and CCT with glaucoma progression in a population
of POAG and POAG-suspect patients. The study included
230 subjects, 172 of whom were on topical hypotensive
medications or had previously undergone laser or incisional
surgery for glaucoma. Multivariable generalized estimating
equation models were used to determine factors associated
with visual field progression following the criteria of the
Ocular Hypertension Treatment Study. These factors
included lower CH (odds ratio, 0.81 per mmHg higher;
P = 0.03), as well as older age and treatment for glaucoma
but not CCT. However, when axial length was included in
the model, CH was no longer significantly associated with
progression (odds ratio, 0.83; P = 0.09), but axial length
was significantly associated (P = 0.009).

In a longitudinal cohort study from Durham, North
Carolina, Susanna et al’” investigated the role of CH in
disease progression in patients with well-controlled IOP,
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which they defined as all measurements no higher than 18
mmHg. The study included 445 eyes of 334 patients, of
which 179 were considered to have medically well-
controlled IOP. Among the eyes with well-controlled IOP,
42 (23.5%) had visual field progression and 137 (76.5%)
remained stable over the follow-up period (4.1 £ 0.9 years).
Eyes that progressed were found to have lower baseline CH
(8.6 = 1.3 mmHg) than stable eyes (9.4 £ 1.6 mmHg; P =
0.014). In addition, eyes that progressed also had thinner
CCT (515.1 = 33.1 um) compared with stable eyes (531.1
+ 42.4 pm; P = 0.018), but there was no significant dif-
ference in age, sex, race, baseline mean deviation, peak IOP,
mean IOP, or IOP fluctuation (defined as the standard de-
viation of the mean IOP measurements during follow-up),
number of IOP-lowering medications, laser procedures, or
glaucoma surgeries at baseline. Multivariable models indi-
cated that low CH was significantly associated with glau-
coma progression, with a 1 standard deviation decrease (1.5
mmHg) being associated with a 65% increased risk of visual
field loss.

In another longitudinal cohort study from Durham, North
Carolina, Estrela et al*’ investigated the role of CH
asymmetry in asymmetric rates of visual field progression.
The group included 126 POAG patients, followed for a
mean of 4.3 £ 0.8 years. Asymmetry in CH, rate of visual
field change, CCT, IOP, and baseline mean deviation were
calculated, and correlations between these variables were
assessed. Only CH asymmetry was correlated with
asymmetry of visual field rate of change. Although the
strength of association was weak (r = 0.22; P = 0.01), a 1
mmHg increase in CH asymmetry was associated with an
increase in asymmetry of visual field rate of change by 34%.

Conclusions

Corneal hysteresis is a novel clinical parameter representing
a response of ocular tissue to transient compression and
release by an air-puff tonometer. Although the interpretation

Footnotes and Disclosures

of this measurement is complex and influenced by multiple
factors, including elasticity and viscosity, CH appears to
provide additional information that could be useful for the
clinical assessment of glaucoma suspects and patients.

Corneal hysteresis is generally lower in glaucoma pa-
tients than in healthy subjects or OHT patients, and glau-
coma patients with lower CH appear to be at greater risk of
disease progression. However, interpretation of CH mea-
surements in an individual patient is complicated by IOP
effects as well as medical, laser, and surgical therapy, and
other influencing parameters such as age, CCT, and axial
length. Nevertheless, most evidence suggests that the CH
measurement is a potential adjunct in identifying glaucoma
patients and those who may be at increased risk for disease
progression.

Future Research

Current published studies focus on demonstrating an asso-
ciation between lower CH and glaucoma, or the risk of
glaucoma progression, which is helpful in diagnosis and risk
stratification. There was variation in the mean values re-
ported for different normal populations that require further
investigation. However, the main issue for further research
is that it is unclear if lower CH is causative of disease and
should be a target of therapy. Instead, it is possible that
lower CH is a response of the eye to elevated IOP or an
incidental change in the properties of glaucomatous eyes.
Unfortunately, testing causality surrounding CH and glau-
coma is extremely difficult because of the effects of IOP-
lowering treatments on this parameter. To overcome this
impasse, future research should elucidate the specific tissue
properties that contribute to CH. Modification of these tissue
properties in glaucoma animal models can then help to
clarify if low CH is a causative factor in glaucoma and
glaucoma progression. If found to be true, alteration of
ocular tissue properties to increase CH could become a new
target for disease therapy independent of IOP reduction.
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