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Purrose. To compare hysteresis, a novel measure of ocular
rigidity (viscoelasticity) in normal and keratoconic eyes.

MEetHODS. The study consisted of 207 normal and 93 kerato-
conic eyes. Eyes were diagnosed as keratoconic based on
clinical examination and corneal topography. The hysteresis
was measured by the Ocular Response Analyzer (ORA;
Reichert Ophthalmic Instruments, Buffalo, NY). The data were
recorded by Generation 3 software for the ORA. Central cor-
neal thickness (CCT) was measured with a handheld ultrasonic
pachymeter in the midpupillary axis.

ResuLts. The mean hysteresis was 10.7 = 2.0 (SD) mm Hg
(range, 6.1-17.6) in normal eyes compared with 9.6 = 2.2 mm
Hg (range, 4.7-16.7) in keratoconic eyes. The difference was
statistically significant (P < 0.0001, unpaired #-test). Mean CCT
in the normal and keratoconic eyes was 545.0 £ 36.4 pum
(range, 471-650) and 491.8 = 54.7 um (range, 341-611),
respectively; the difference was significant (P < 0.0001, un-
paired rtest).

Concrusions. Hysteresis was significantly higher in normal than
in keratoconic eyes. It may be a useful measurement in addi-
tion to CCT, when assessing ocular rigidity, and may be of
particular importance when trying to correct intraocular mea-
surements for increased or decreased ocular rigidity. Long-term
studies of change in hysteresis may provide information on the
progression of keratoconus. (Invest Ophthalmol Vis Sci. 2007;
48:3026-3031) DOI:10.1167/i0vs.04-0694

Keratoconus is a noninflaimmatory condition of unknown
etiology affecting the central cornea characterized by thin-
ning and ectasia of the cornea.' Increased distensibility has
been reported to be an important factor in the pathogenesis of
keratoconus.” It may affect vision significantly due to irregular
astigmatism and corneal scarring. Keratoconus is usually a
bilateral condition, but approximately 17% of cases have been
reported to be unilateral.> Keratoconic eyes are known to be
more elastic and less rigid than normal eyes and hence may
have a different hysteresis than do normal eyes. One possible
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measure of ocular rigidity is hysteresis. This study was con-
ducted to compare hysteresis in normal and keratoconic eyes
using the Ocular Response Analyzer (ORA; Reichert Ophthal-
mic Instruments, Buffalo, NY).

So far, there is no easy method reported to determine the
biomechanical properties of the cornea in vivo. Reichert has
developed a new device, the ORA, which is an adaptation of
their noncontact tonometer (NCT) to allow measurement of
IOP as well as new metrics referred to as hysteresis, which is
said to be a measure of the viscoelastic properties of the eye.

Hysteresis is a parameter to characterize the biomechanical
status of the cornea. It is determined by releasing an air puff
from the NCT causing inward and then outward corneal mo-
tion, which in turn provides two applanation measurements
during a single measurement process (Fig. 1). Hysteresis is a
measurement that is the result of the damping of the cornea
because of its viscoelastic properties and is derived from the
difference of the two applanation measurements during the
applanation process. Thus, hysteresis is ocular resistance due
to the combined effect of the parameters such as corneal
thickness, ocular rigidity, and viscoelastic properties.®

MATERIALS AND METHODS

Healthy volunteers were recruited from the staff and relatives of pa-
tients attending the ophthalmology clinic in a teaching hospital in
Birmingham, United Kingdom. Two hundred seven normal eyes of 42
men and 63 women were selected. The mean age of the patients was
62.1 = 18.1 (SD) years (range, 18.1-87.1). All patients had normal
corneas (based on history and examination). None of the subjects had
glaucoma, had undergone previous eye surgery, had had an eye infec-
tion, were using any topical eye medication, or had a history of
generalized disease.

Ninety-three keratoconic eyes from 38 males and 20 females were
recruited from a specialist corneal clinic. The average age of the
patients was 32.3 * 12.1 years (range, 17.1-77.1 years). The diagnosis
of keratoconus was made by an experienced corneal specialist (SS) on
the basis of the following diagnostic criteria (one sign or a combination
of signs): external signs such as Munson’s sign (V-shaped conformation
of the lower lid on down gaze), Rizzuti’s sign (sharply focused beam on
nasal limbus produced by illumination temporally); and biomicro-
scopic signs such as stromal thinning, conical protrusion, Fleischer’s
ring, Vogt’s striae, and enlarged corneal nerves; topographic signs
consistent with keratoconus; and an abnormal retinoscopy reflex.

In addition to the diagnosis of keratoconus, an attempt was made to
grade the severity of the condition. The severity was graded as mild,
moderate, and severe on the basis of Orbscan II (Bausch & Lomb
Surgical, Rochester, NY) readings. Five objective measurements were
determined (anterior corneal curvatures, difference of astigmatisms in
each meridian, and anterior and posterior best fit spheres). Each eye
was given a score for each of the parameters (e.g., a score of 1 for
anterior keratometry K1, if K1 was between 45.1 and 46.9). In addi-
tion, an overall subjective assessment of the Orbscan image was made
and scored from O to 3 (Table 1). This is a new technique in which
Orbscan II images are used in an attempt to grade the severity of
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FIGURE 1. Measurement of ocular

hysteresis.

keratoconus objectively. Each parameter was graded 0 to 3, and a total
score was calculated. A total score of 0 to 2 was considered normal, 3
to 6 as mild, 7 to 11 as moderate, and more than 12 as severe. The
clinical grading and criteria were performed by an experienced corneal
surgeon (SS).

Hysteresis is measured with the ORA while the subject is sitting in
a chair. The patient is asked to fixate at the target (red blinking light)
in the ORA, and the ORA is activated by pressing a button attached to
the computer. A noncontact probe scans the central area of the eye,
releases an air puff, and sends a signal to the ORA. The ORA then
displays the hysteresis on the monitor of the computer attached to the
ORA. The data are collected by the Generation 3 software for the ORA
(Reichert Ophthalmic Instruments). The CCT was measured with a
handheld ultrasonic pachymeter (DGH-550; DGH Technology Inc.,
Exton, PA) while the patient was seated. one drop of the topical
anesthetic proxymetacaine (Bausch & Lomb) was instilled in both
eyes. The patient was asked to fixate a target to minimize eye move-
ment and to avoid damage to the corneal epithelium. The pachymeter
probe was gently placed on the midpupillary axis in a perpendicular
orientation. On contact with the corneal surface, the CCT was dis-
played on the monitor attached to the probe. Three readings were
taken, and the mean was used as the CCT.

The study and data accumulation were performed with the ap-
proval of the local ethics committee, informed consent was obtained
from each subject participating in the study, and the study protocol
was consistent with the tenets of the Declaration of Helsinki.

Statistical Analysis of Data

Several computer packages were used to analyze and present the data
obtained (Excel; Microsoft Corp., Redmond, WA; and MedCalc; Med-
Calc Software, Mariakerke, Belgium). The overall statistical approach
was based on standard texts.’

For general statistical reporting, the mean values from each data set
were calculated along with the standard deviation. The distributions of

15 20 25
Time - msec

values within each data set were evaluated graphically. The level of
statistical significance was set at P < 0.05. All graphs were constructed
using the software programs just mentioned.

RESULTS

The mean hysteresis was 10.7 = 2.0 (SD) mm Hg (range,
6.1-17.6) in normal eyes compared with 9.6 £ 2.2 mm Hg
(range, 4.7-16.7) in keratoconic eyes. The difference was sta-
tistically significant (P < 0.0001, unpaired #test). The CCT was
545.0 £ 36.4 um in normal eyes and 491.8 = 54.7 um in the
keratoconic eyes, the difference was statistically significant
(P < 0.0001, unpaired t-test; Table 2).

Figure 2 shows the frequency of distribution of hysteresis in
normal and keratoconic eyes. Figures 3 and 4 are box-and-
whisker plots showing the median and interquartile ranges of
hysteresis and CCT of the normal and keratoconic eyes, respec-
tively. Figures 5 and 6 show the relationship (scatterplot)
between hysteresis and CCT of normal and keratoconic eyes.
The slope of the simple regression line was moderate for all
keratoconic eyes (correlation coefficient » = 0.45) but the
relationship was significant (P < 0.0001). The correlation co-
efficient for the normal eyes was 0.42—a significant relation-
ship (P < 0.0001).

The regression equation for normal eyes was

Hysteresis = 0.023CCT — 1.776

whereas that for keratoconic eyes was

Hysteresis = 0.018CCT + 0.681

TABLE 1. The Criteria for Grading of Severity of Keratoconic Eyes

Anterior Anterior Difference Anterior Posterior Orbscan
Grading Keratometry Keratometry of Best Fit Best Fit Image
Score K1 K2 Sim K Sphere Sphere Grading
0 <45.0 <45.0 0-1.49 0-41.9 0-50.0 0
1 45.1-46.9 45.1-46.9 1.5-2.49 42.1-44.0 50.1-52.0 1
2 47.0-49.9 47.0-49.9 2.5-3.45 44.1-46.0 52.1-56.0 2
3 >50.0 >50.0 >3.5 >46.1 >56.1 3
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TasBLE 2. Hysteresis and CCT of Keratoconic Eyes According to Grading

Hysteresis Range CCT Range

(mm Hg) (mm Hg) (pm) (pm)
Normal (n = 207) 10.7 = 2.0 6.1-17.6 545.0 = 36.4 471-650
Keratoconus (7 = 93 eyes) 9.6 *+22 4.7-16.7 491.8 = 54.7 341-611
Mild (n = 33) 10.3 = 2.1 4.7-15.3 523.1 = 44.1 442-611
Moderate (n = 19) 9.7 £24 5.0-16.7 487.0 £ 52.4 417-599
Severe (n = 41) 9.0+ 2.1 5.9-13.7 470.2 =539 341-607

Data are the mean * SD.

The difference in the slopes of the two regression equations
are not statistically different based on the standard deviation of
the slope. Using multivariant analysis to determine the hyster-
esis versus keratoconus severity trend after eliminating CCT
effects, we found that hysteresis alone was not significant after
removing CCT trends (severity versus CCT). Hysteresis, how-
ever, was a factor in addition to CCT, but its significance was
just short of 0.05.

The difference between the hysteresis of the mild and
severe keratoconic eyes was significant (P < 0.01) but was not
significant between the mild and moderate (P > 0.33) or
between moderate and severe keratoconic eyes (P > 0.29;
unpaired #test). The difference between the normal and mild
keratoconus group was not significant (P > 0.29). The differ-
ences between the normal and moderate and the normal and
severe groups were significant (P < 0.037 and P < 0.0001,
respectively).

DIscuUSSION

Keratoconus generally starts at puberty and progresses until
the third or fourth decade of life,> after which it usually
stabilizes. The exact etiology of keratoconus is not known, but
it is more common in patients with the atopic conditions
(42.2%) hay fever, asthma, and atopic dermatitis,® with a sig-
nificantly increased level of IgE®™; the endocrine diseases
Addison’s and hypothyroidism; connective tissue diseases such
as Marfan’s syndrome, Ehlers-Danlos syndrome, and osteogen-
esis imperfecta'®; Down’s syndrome’; and low economic sta-
tus.''% A higher incidence of keratoconus is also associated
with wearers of contact lenses,'? retinitis pigmentosa, aniridia,
blue sclerosis, and Leber’s amaurosis."'® Certain enzyme defi-

25

ciencies, a reduced mechanical strength of the cornea, high
collagenolytic activities and disruption in cross-linking of the
cornea have all been implicated in the etiology of keratoco-
nus.'# It may also be accompanied by the generalized connec-
tive tissue disorder characterized by weakness of the collagen
tissues."”

Previous studies have suggested various reasons for the
histopathologic changes in the corneal tissue. These include a
decrease in the number of normal collagen fibers, anomalies in
the keratocyte membrane, fragmentation of the corneal basal
epithelial membrane, degenerative changes of basal epithelial
cells, a disintegrated Bowman’s layer,'®'” a decreased level of
glucose-6-phophate dehydrogenase'® and decreased collagen
and increased structural glycoprotein.

Various investigators have tried to measure the ocular rigid-
ity (viscoelasticity) of keratoconic eyes to assess the pathologic
processes affecting the corneal tissue,”'®~2° but these studies
either have been performed in vitro (on whole eye or excised
corneal tissue) or have involved complicated mathematical
calculations. Edmund? investigated the viscoelasticity of the
cornea by measuring the radius of the central corneal curva-
ture, the coefficient of radius variation, the CCT, and the
coefficient of thickness variation. He compared the viscoelas-
ticity of keratoconic eyes and normal eyes, found that the
distensibility of eyes was higher in normal eyes, and concluded
that the increase in the distensibility may be an important
factor in the pathogenesis of keratoconus. Brooks et al.*' in-
vestigated the ocular rigidity in 85 keratoconic eyes. They
calculated the ocular rigidity coefficient from the combination
of applanation tonometry and impression tonometry (Schiotz
tonometer) using the Friedenwald?*? nomogram and the line of
best fit. They found that the ocular rigidity of the keratoconic

- N
w o

Frequency
=

’ n [l

3-39 449 559

669 7-79 8-89

W Normal

[[1 Keratoconus

9-99 10-109 11-11.9 12-129 13-13.8 14-149 15-15.9 16-169 17-17.9

Hysteresis (mm Hg)

FIGURE 2. Histogram of hysteresis for normal and keratoconic eyes.
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FIGURE 3. Box-and-whisker plots (median and interquartile range) of
hysteresis in normal and keratoconic eyes.

eyes was significantly lower than the control (» = 0.39, P <
0.001) when corneal thinning of 40% or more was present.
They suggested that the corneal viscoelasticity is affected in
keratoconic eyes.

Foster and Yamamoto'® also calculated the ocular rigidity
coefficient by the Friedenwald®*?> nomogram on 84 keratoconic
eyes and failed to demonstrate any statistically significant dif-
ference in corneal rigidity between normal subjects and pa-
tients with keratoconic eyes, unless corneal thinning was 60%
or more. They were of the opinion that the Friedenwald
method of calculating ocular rigidity was not accurate and did
not reflect the true viscoelastic properties of keratoconic eyes.
Hartstein and Becker®® also calculated rigidity by the Frieden-
wald** nomogram and found lower corneal rigidity in kerato-
conic eyes (0.010) in comparison to normal eyes (0.024).
Edmund'? in another study reported the corneal rigidity to be
lower in patients with keratoconus eyes compared with the
normal subjects and concluded that a decrease in the corneal
matrix and a decrease in corneal tissue mass may be an impor-
tant pathogenic factor in the development of keratoconus.
Andreassen et al.>® also found that the corneal tissue in the
keratoconic eye was more elastic than that in the normal
subjects.

Moses>* was of the opinion that the corneal shape (geom-
etry) did not influence corneal rigidity. Nash et al.>> could not
find any difference in the corneal viscoelasticity between nor-
mal and keratoconic eyes at the physiological IOP level of up to
30 mm Hg. In general, all these studies showed a reduced
rigidity in keratoconic eyes, but all involved complicated math-
ematical calculations that are impractical for clinicians.

In this study, we measured hysteresis, a measure of ocular
rigidity (viscoelasticity), using the ORA (Reichert). Measuring
corneal biomechanical properties by applanation of force to
the cornea requires a procedure capable of separating the
contributions of the corneal resistance and the IOP, because
the corneal resistance and true IOP are basically independent.
The ORA releases a precisely metered air pulse that causes the
cornea to move inward; thus, the cornea passes through ap-
planation—inward applanation—and then the past applana-
tion phase at which point its shape becomes slightly concave.
Milliseconds after applanation, the air puff shuts off, resulting
in a pressure decrease in a symmetrical fashion. During this
phase, the corneal shape tries to gain its normal shape and the
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cornea again passes through an applanation phase— outward
applanation. Theoretically, these two pressures should be the
same, but this is not the case and this is described as the
dynamic corneal response, which is said to be the resistance to
applanation manifested by the corneal tissue due to its vis-
coelastic properties. The difference between the outward and
inward pressures is termed hysteresis and is measured in mil-
limeters of mercury.

The cornea reacts to stress as a viscoelastic material; for a
given stress, the resultant corneal strain is time dependent. The
viscoelastic response consists of immediate deformation fol-
lowed by a rather slow deformation.'® The immediate elastic
response of the ocular tunics seems to reflect the immediate
elastic properties of the collagen fibers, and the steady state
elastic response reflects the properties of the corneal matrix."®
The two applanation pressure readings inward and outward,
are perhaps the result of an immediate elastic response and
delayed or steady state elastic response, respectively, of the
corneal tissue.

The results of the study show that the hysteresis in normal
eyes was higher than that in keratoconic eyes. The mean
hysteresis was 10.7 mm Hg in normal eyes compared with 9.6
mm Hg in keratoconic eyes. The difference was statistically
significant (P < 0.0001, unpaired #test). The hysteresis data
showed a wide range of values, all were within the normal
range for the ORA. The histogram showed that the range of
hysteresis in both normal and keratoconic eyes is between 7
and 13 mm Hg. The box-and-whisker plots show the median
and interquartile range of the hysteresis and CCT of normal and
keratoconic eyes, and these demonstrate the differences be-
tween the normal and keratoconic eyes. An analysis of a pos-
sible relationship between the CCT and hysteresis of normal
and keratoconic eyes was performed (Figs. 5, 6). When a
simple regression line was applied, it revealed a relationship
showing a positive effect (i.e., the higher the CCT, the higher
the hysteresis and vice versa). However, the correlation coef-
ficient was poor (coefficient correlation, » = 0.45), implying
that hysteresis and CCT are related but are not measurements
of the same biomechanical parameter. In the absence of an-
other reliable measure of viscoelasticity, it is difficult to assess
to what extent the hysteresis values are thickness (CCT) de-
pendent rather than viscoelasticity dependent. It is, however,
the feeling of Reichert that hysteresis is primarily viscoelastic
dependent (Luce D, personal communication, 2005).
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FIGURE 4. Box-and-whisker plots (median and interquartile range) of
CCT in normal and keratoconic eyes.
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An analysis of hysteresis related to age and gender was
performed in both normal and keratoconic eyes, and no cor-
relation was found between age and hysteresis. The regression
line in scatterplots (data not shown) was flat (P > 0.9), and also
no correlation was found between hysteresis in males and fe-
males.

A further analysis of the keratoconic eyes was performed by
grading the keratoconus as mild, moderate, and severe on the
basis of Orbscan II (Bausch & Lomb Surgical) readings and
clinical grading of the Orbscan image. The new grading scale
for the severity of the keratoconus based on Orbscan II, is

18

Hysteresis (mmHg)
o o >
| | T
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4 l | | |

600 650
Central corneal thickness (um)

FIGURE 5. Scatterplot of relation-
ship between hysteresis and CCT in
normal eyes.

presented in the Methods section. The analysis revealed de-
creasing hysteresis values with the severity of the disease.
Mean hysteresis in the mild keratoconic eyes was 10.3 mm Hg;
in moderately affected eyes, 9.7; and in severely affected eyes,
9.0 mm Hg. Both hysteresis and CCT were different in each of
the mild, moderate, and severe groups and the difference
between mild and severe groups was statistically significant.
This finding demonstrates that hysteresis declines as the kera-
toconus becomes more severe. However, this technique can-
not differentiate normal corneas from mild keratoconus. Fur-
ther studies are needed to assess whether this is because

300 350 400 450 500

550 600 650
Central corneal thickness (1um)

FIGURE 6. Scatterplot of relation-
ship between hysteresis and CCT in
keratoconic eyes.
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hysteresis itself is not affected in mild keratoconus or whether
the technique used to distinguish keratoconus as “mild” could
be improved.

The overall analysis of our data showed that corneal hyster-
esis in the normal eyes was higher than that in the keratoconic
eyes. Although many studies have been reported on the ocular
(corneal) rigidity in keratoconic eyes versus normal eyes, this is
the first study performed to investigate the relationship be-
tween hysteresis in normal and keratoconic eyes with a new
technique using the ORA (however, part of this data set has
been reported ¥). This result is in agreement with previous
studies performed to find the ocular rigidity (viscoelasticity) in
normal and keratoconic eyes.'?™?*> The recently published
paper by Luce® (the first reported study to be performed on the
same instrument) included a cohort of patients from this study
and agreed with our findings that hysteresis in keratoconic
eyes was lower than in normal eyes. However, the data pub-
lished by Luce (based on a poster presentation by this group at
the American Academy of Ophthalmology, New Orleans, Lou-
isiana) reports on the Generation 1 of the ORA. This study is
based on Generation 3 software for the ORA and hence there
are some numerical differences between the two reports.

No variation in the slopes was found for CCT versus hys-
teresis in the normal and keratoconic groups. Multivariant
analysis showed that CCT was the predominant factor for
severity, although there was an effect of hysteresis (which was
almost significant). Further work is required to assess the
importance of these two factors.

Hysteresis is a parameter to characterize the biomechanical
status of the cornea, but a clear separation of normal and
keratoconic corneas is not possible because the ranges for
hysteresis overlap because of interindividual variations. Hyster-
esis is likely to be a useful additional measurement to assess
ocular rigidity. The ORA may also be useful to assess progres-
sion of disease, as hysteresis may change before topographic or
clinical changes becoming apparent. This may make the ORA
useful to help decide likely outcomes with keratoconus such as
the chance of proceeding to keratoplasty.
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