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Introduction

Abstract

Purpose: To measure regional variations in anterior scleral resistance (ASR) using
a ballistic rebound tonometer (RBT) and examine whether the variations are
significantly affected by ethnicity and refractive error (RE).

Methods: ASR was measured using a RBT (iCare TAO1) following calibration
against the biomechanical properties of agarose biogels. Eight scleral regions
(nasal, temporal, superior, inferior, inferior-nasal, inferior-temporal, superior-
nasal and superior-temporal) were measured at locations 4mm from the limbus.
Subjects were 130 young adults comprising three ethnic groups whose RE distri-
butions [MSE (D) + S.D.] incorporated individuals categorised as without-my-
opia (NM; MSE > —0.50) and with-myopia (WM; MSE < —0.50); British-White
(BW): 26 NM + 0.52 + 1.15D; 22 WM —3.83 4+ 2.89D]; British-South-Asian
(BSA): [9 NM + 0.49 £ 1.06D; 11 WM —5.07 &+ 3.76D; Hong-Kong-Chinese
(HKC): [11 NM + 0.39 £ 0.66D; 49 WM —4.46 4+ 2.70D]. Biometric data were
compiled using cycloplegic open-field autorefraction and the Zeiss IOLMaster.
Two- and three-way repeated measures analysis of variances (aNovas) tested
regional differences for RBT values across both refractive status and ethnicity
whilst stepwise forward multiple linear regression was used as an exploratory test.
Results: Significant regional variations in ASR were identified for the BW, BSA and
HKC (p < 0.001) individuals; superior-temporal region showed the lowest levels of
resistance whilst the inferior-nasal region the highest. Compared to the BW and
BSA groups, the HKC subjects displayed a significant increase in mean resistance
for each respective region (p < 0.001). With the exception of the inferior region,
ethnicity was found to be the chief predictor for variation in the scleral RBT values
for all other regions. Mean RE group differences were insignificant.

Conclusions: The novel application of RBT to the anterior sclera confirm regional
variation in ASR. Greater ASR amongst the HKC group than the BW and BSA
individuals suggests that ethnic differences in anterior scleral biomechanics may
exist.

surrounding tissues, has made characterising these proper-
ties in the living eye notoriously complex. Data from

Owing to its role in the aetiology of various ocular patholo-
gies, there is growing interest in assessing and understand-
ing the material and biomechanical attributes of the sclera.
Challenges in isolating the mechanical resistance offered by
the sclera from the intraocular pressure (IOP) and the

472

in vitro experiments based on extensiometry™?, globe infla-
tion testing >* as well as finite element modelling® ” provide
much of the evidence in the literature. Whilst these findings
have no doubt improved our understanding of scleral
biomechanics, as yet, none of these methods are suitable
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for the clinical assessment of the in vivo human sclera. Since
scleral structural changes that accompany pathology are
augmented across the posterior segment, most studies are
based upon assessing these more discernible alterations.
Although the anterior sclera is more accessible, technical
limitations in assessing it has meant there is uncertainty as
to its role in the pathogenesis of the various eye diseases.
Tentative efforts to assess in vivo anterior scleral proper-
ties® ' suggest that it displays regional variation in shape,'?
thickness'®'*'* and resistance.” Application of indentation
tonometry to the anterior sclera has been shown to be a
robust method of assessing its gross mechanical resistance;
however, the contact nature of the procedure as well as the
need for topical anaesthesia presents limitations. As such,
rebound tonometry (RBT) may provide a possible alterna-
tive. RBT determines the IOP by assessing the ballistic
properties of a probe on rebound from the eye.'> When
applied to the cornea, the IOP and viscoelastic properties
of the cornea are the key determinants of the characteristics
of the rebound response.'*2!

The present investigation examined the utility and valid-
ity of the RBT as a surrogate for assessing anterior scleral
resistance. To interpret the scleral RBT values as measures
of scleral resistance the study describes a calibration exer-
cise using agarose biogels of varying rigidity. To confirm
previous observations of regional variation in scleral resis-
tance and to assess whether such differences vary with eth-
nicity’>*® and refractive status,”® the study examines
measures of anterior scleral resistance in individuals with
and without myopia of Hong-Kong Chinese, British South
Asian and British-White descent.

Methods

Calibration of the rebound tonometer with agarose gels of
different stiffness

Preparation of agarose gels

The technique for assessing agarose rigidity was adapted
from the British Pharmacopoeia®® protocol for assessing
the biomechanical properties of gelatine. Agarose Molecu-
lar Biology Reagent (Moisture < 10; www.mpbio.com) was
used to prepare biogels of eight concentrations (i.e. % w/v)
in the following order using serial dilution: 2.00, 1.75, 1.50,
1.25, 1.00, 0.75, 0.50, and 0.20; 10 vials of each concentra-
tion were made. Visual inspection was conducted to
remove vials with any obvious bubbles or non-uniformity
of the meniscus surface.

Tensometry on agarose gels

The Hounsfield tensometer (www.tiniusolsen.com) applies
a controlled force to a sample of material and produces a
force-displacement graph. The tensometer applies the force
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at a constant rate and in turn, readings of force and exten-
sion are recorded until rupturing of surface tension is evi-
dent. A load of up to 5 Newtons and displacement range
(mm) of 0-2000 was applied. A rebound tonometer probe
was used as the indenter. Each vial was held in a clamp
below the indenter probe to aid stability and alignment and
only indented once. On press button initiation of the test
sequence the machine moves the crosshead down at a con-
stant speed of 2 mm min~'. On detection of a load by the
instrument load cell, the force-extension results are graphi-
cally displayed on a linked PC monitor. The data were
exported via the QMAT (Questions MATerials, www.tiniu
solsen.com) graphical software into a Microsoft Excel
(www.microsoft.com) spreadsheet. The force-extension
graphs for each vial from the Hounsfield tensometer output
were initially converted to stress-strain graphs. Data from
the loading portion of the stress-strain graphs were used to
estimate Young’s modulus (E (kilopascals, kPa)). E pro-
vides a measure of the stiffness of a material with higher
levels of E indicating greater stiffness. In accordance with
previous studies the approximately linear portion of the
stress-strain curves (i.e. in the 4%—-6.5% strain range) was
assessed to determine the E values.”**’

Application of RBT to agarose gels

The iCare RBT (TAO1, www.icaretonometer.com) device
projects a small light-weight probe towards the ocular sur-
face and extrapolates the IOP from the probe’s rebound
kinetics. The operational principles of the device have been
extensively described previously.'>***° For the purposes of
this study the tonometer was table mounted onto a spe-
cially constructed movable base allowing the distance to be
kept constant throughout the measurement session by
locking the instrument in place once the probe was aligned
and perpendicular to the biogel. The vials were held hori-
zontally with a retort stand/clamp fixture. Using an elec-
tronic calliper (www.maplin.co.uk) the tonometer probe
was set at 6 mm from the biogel meniscus. A spirit level
was used to ensure each vial was level and the tonometer
probe was aligned subjectively to provide central readings.
On press button activation, four valid and reliable separate
readings (each reading constitutes six measurements) were
taken. Repeatability of the agarose RBT readings was
assessed by performing the above procedure five times on
10 vials for each of the eight concentrations.

Application of RBT to assess scleral resistance

Subjects were recruited from the staff and student popula-
tion at Aston University, UK and the Hong Kong Polytech-
nic University, School of Optometry, Hong Kong.
Eligibility to take part in the study was confirmed after sub-
jects completed a screening questionnaire. As the investiga-
tion was conducted within a university setting, all subjects
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were required to have a full eye examination within the last
two years. A slit lamp examination was conducted on all
eligible subjects to ensure no active anterior segment
abnormalities were present. As ocular biomechanics have
been previously been shown to be effected by various ocular
diseases and conditions, the exclusion criteria included pre-
vious history of ocular surgery, trauma or pathology, ocular
medication and astigmatism > 1.75 D. Furthermore, indi-
viduals suffering from connective tissue related disorders
were also excluded due to their accepted effect on collagen
composition and hence scleral biomechanics.” One hun-
dred thirty subjects gave written informed consent prior to
participating in the study. Subjects were categorized as
without-myopia (NM; MSE > —0.50) or with-myopia
(WM; MSE < —0.50). Ethical approval was obtained from
Aston University and Hong Kong Polytechnic University
Ethics Committees and the study was performed according
to the tenets of the Declaration of Helsinki.

Procedure for the use of the rebound tonometer on the sclera

The table mounted RBT allowed the eye-probe distance to
be kept constant throughout the measurement session by
locking the instrument in place once the probe was aligned
and perpendicular to the cornea. To minimise head tilt and
to further control probe-eye distance in different directions
of gaze, subjects were asked to place their head against a for-
ward headrest band; the head was then strapped into a
stable position with a rear Velcro belt. The tonometer was
aligned with the tip of the probe 4-8 mm from the apex of
the cornea in primary gaze. RBT was performed in eight
scleral locations: nasal (N), temporal (T), superior (S), infe-
rior (1), inferior nasal (IN), inferior temporal (IT), superior
nasal (SN) and superior temporal (ST). To expose the sclera
in these different locations the subjects were asked to follow
a mobile fixation target and maintain their gaze steady.
Keeping the RBT in one position and having the eye rotate
in various different gazes ensured the probe was approxi-
mately perpendicular to the ocular surface at all times.'®
The scleral RBT readings were taken from approximately
4 mm from the limbus to avoid areas of muscle insertion,
which are known to affect scleral microstructure.’® To aid
location of the scleral site a custom-designed graticule was
attached to the end of the RBT which allowed the examiner
to judge distances approximately 4 mm from the limbus
where the probe would make contact with the sclera hori-
zontally, vertically, and in the oblique meridians. To avoid
any order effects and to minimise the possible effect of ini-
tial measurements on subsequent readings, the order of eye
examined and the sequence in which the eight regions were
assessed was randomised. Two readings (each reading aver-
aged from the six measurements) were taken successively
for each gaze position (before the direction of gaze was
changed) to reduce the effect of localised massaging of the
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sclera. The procedure was repeated until at least four valid
readings were recorded for each location on the sclera. To
ensure consistency in the data collected from both Aston
University and Hong Kong Polytechnic the same table
mounted RBT was used throughout the study.

Intra- and inter-observer variation for both corneal and scle-
ral RBT measurements

Intraobserver variation of corneal and scleral RBT measure-
ments was examined by repeating the procedure as
described above on five separate occasions on two subjects.
A period of four days was left between readings to ensure
results were not biased by previous results and the exam-
iner was blind to the data from the previous sessions. Inter-
observer variability was evaluated by having two examiners
perform RBT on the cornea and sclera of 11 normal sub-
jects. For both intra and inter-observation variation, sub-
jects were seen at the same time of day to control for the
effect of diurnal variation in IOP and scleral thickness.”>**

Biometric measurements

Cycloplegia was induced in both eyes using 1 drop of tropi-
camide HCI 1% (Minims®, www.bausch.co.uk). An objec-
tive measure of the refractive error was determined with a
binocular open view autorefractor/keratometer (Shin-Nip-
pon SRW-5000, www.shin-nippon.jp). Five measurements
were taken from both eyes, averaged and converted to
mean spherical error (MSE) (sphere power + 0.5 X cylin-
der power). Axial length (AL) measurements were acquired
using the IOLMaster (www.zeiss.co.uk); five separate mea-
surements were averaged for AL.

Statistical analysis

All statistical analysis was performed using IBM SPSS v. 23
(https://www.ibm.com/uk-en/analytics/spss-statistics-sof

tware) and Microsoft Excel (www.microsoft.com). Second
order polynomials were fitted to evaluate the relationship
between agarose gel concentrations and both RBT and E
values; Pearson’s correlation analysis was used to assess cor-
respondence between E values and RBT measurements.
Two-way mixed repeated measures ANOVA was performed
to test the difference in RBT measurements (8 scleral read-
ings) as the within-subject variable and ethnic group (BW,
BS and HKC) as the between-subject variable. Multiple
three-way mixed repeated measures ANOvas were performed
to test the influence of ethnicity and between-subject fac-
tors relating to refractive status (i.e. with myopia versus
without-myopia), axial length grouping® (1: 21.5> — <23.5;
2: 23.5> — <25.5) gender (males and females) and age
(yfears)%’37 median split (1: 18> — <29; 2: 29> — <40)
(Table I). A stepwise forward multiple linear regression
was used as an exploratory test to determine which
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Table 1. Average Coefficient of Variance (CoV%) for rebound tonom-
etry (RBT) on agarose gels of different concentrations

Agarose concentration (w/v%) CoV (%)
0.25 5.27
0.50 2.81
0.75 6.68
1.00 7.72
1.25 4.32
1.50 6.87
1.75 6.51
2.00 7.36

biometric and demographic variables best explained the
variation in scleral RBT values. Intra- and interobserver
variability was calculated using intraclass correlation coeffi-
cient (ICC; two-way mixed single measures (consistency
agreement); ICC (consistency, k (number of raters) = sub-
ject variability/ (subject variability + measurement error/
k)) in SPSS. Coefficients of variance (CoV% = [standard
deviation/mean] * 100) were calculated for both the corneal
and scleral intraobserver data as well as the agarose RBT
readings for different concentrations. CoV data from indi-
vidual agarose vials across the 8 different concentrations of
agarose were further tested via a one-way aNova. For all sta-
tistical tests a p-value of <0.05 was taken as the criterion for
statistical significance.

RESULTS

Calibration of the RBT against agarose gels
A non-linear relationship was observed between increasing
concentration of agarose and the corresponding E and RBT
values (Figure Ia). Notably, as the concentration of agarose
increased the variability of the E values also rose (Fig-
ure la). The overlapping of the standard deviations in Fig-
ure la suggest that there is little difference between these
two curves. The similarity in the x square terms for both
polynomials further confirms that the shape of the curves
are alike. RBT readings showed a significant correlation
with agarose E values (r = 0.987, p < 0.001) (Figure 1b).
Average repeatability of RBT readings on the 10 vials of
each concentration of agarose gels showed the 0.50% RBT
readings to provide the lowest CoV (2.81%) and 1% the high-
est (7.72%). Despite the increased variability in E and RBT
values with higher concentrations of agarose (Figure 1b),
repeatability does not show a commensurate decrease and
remains below 8% for all concentrations. The CoV of the five
RBT readings per vial showed significant differences between
the different concentrations (F,,; = 5.91, p < 0.001); Bonfer-
roni post hoc test demonstrated statistically significant differ-
ences between the RBT readings for the 0.25% and 0.50%
agarose gels and the 6 remaining concentrations.

Anterior scleral resistance with rebound tonometry
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Figure 1. (a) Agarose concentration (%w/v) versus both mean £ (kPa)
and mean rebound tonometry (RBT) values (mmHg). (b) Mean RBT val-
ues (mm Hg) versus mean agarose E values (kPa). Error bars + 1 S.D.

Application of the RBT tonometer to the sclera

Scleral RBT measurements were obtained on 130 individu-
als (Table 2).

Regional variation

A significant difference in scleral RBT readings was
observed (Fsas661.63 = 127.78 p < 0.001) with maximum
mean RBT readings observed at IN and minimum at SN
(Table 3); Bonferroni post hoc test revealed statistically sig-
nificant differences between all regions except between SN:
T, T:I, IT:I, IT:N, I:N.

Ethnicity

Ethnicity demonstrated a significant effect on the scleral RBT
(Fy124 = 14.38 p < 0.001) (Figure 2); Games Howells post
hoc analysis revealed that the scleral RBT readings for all
regions amongst the HKC individuals was significantly
higher than those for the BW (p <0.001) and BSA
(p =0.015) groups. A significant (Fjg44647.41 = 2.55
p = 0.004)) interaction effect was found between ethnicity
and regional variation of the scleral RBT readings, which on
examination of the interaction plot appeared to be
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Table 2. Descriptive data of mean (1 S.D.) on the cohorts assessed
(BW, British-White; BSA, British South-Asian and HKC, Hong Kong
Chinese)

Ethnic groups BW,n =48 BSA,n=22 HKC n=60
Gender (male:female) 16:32 11:11 31:29
Age (years) 28.8(5.3) 24.8(4.1) 25.0(4.6)
Group 1 (18>-<29) n=27 n=20 n=49
25.0(3.0) 23.9(2.8) 23.4(3.2)
Group 2 (29>-<40) n=21 n=2 n=11
33.7(3.2) 34.0 (4.2) 32.2(2.8)
Rx (DS) —1.47(3.04) —-2.80(4.04) —3.57(3.09)
Without- myopia n=26 n=9 n=11
+0.52(1.15)  +0.49(1.06) +0.39(0.66)
With myopia n=22 n=13 n =49
—3.83(2.89) —5.07(3.76) —4.46(2.70)
Axial length (mm) 24.02(1.36) 24.67(1.51)  25.35(1.35)
Group 1(21.5>-<23.5) n=22 n=28 n==6
22.94(0.61) 23.09(0.64) 23.22(0.25)
Group 2 (23.5>-<25.5) n=19 n=7 n=28
24.27(0.55) 24.73(0.52) 24.69(0.60)
Group 3 (>25.5) n=7 n=7 n=26
26.46(0.80) 26.42(0.61) 26.54(0.93)

attributable to regions SN and S; notably, SN and S showed
the largest difference in RBT values between the three ethnic
groups.

Refractive status and axial length

No significant difference in scleral RBT values were
observed between individuals with- and without-myopia
(Fy,125 = 1.54, p = 0.22) or between axial length grouping
(Fy104 = 1.24,p = 0.29).

Gender and age

Gender (Fj 5 =9.79, p =10.002) and age grouping
(Fy,125 = 7.05, p < 0.009) both showed a significant effect,
with males and the older age group showing higher RBT
values for all regions.

H D Buckhurst et al.

Influence of biometric and demographic factors on scleral
RBT values

All potential confounding variables that were likely to affect
scleral RBT values were evaluated in multiple regression
models with the regional scleral RBT measurements as the
dependent variables. As an exploratory test, all of the vari-
ables (i.e. ethnicity, axial length, refractive error, IOP, gen-
der and age) were included in the initial model and the best
predictors determined. Due to high levels of multicollinear-
ity (i.e. >0.80) between refractive error and axial length
multiple regression models were evaluated with each
parameter included separately. Axial length and refractive
error were not statistically significant in any of these multi-
ple regression models (Table 4). With the exception of the
inferior region, ethnicity was found to be the chief predic-
tor for scleral RBT values for all regions. The level of vari-
ance accounted to ethnicity varied between the regions
ranging from 38.1% superiorly to 7.3% inferior-temporally.
Albeit having a lesser degree of effect, age was also found to
be a significant predictor for all regional RBT values.

Intra- and inter-observer variation of RBT measurements

No significant examiner differences were found for the
intraobserver RBT values; average ICC values were 0.98.
Average CoV indicated the cornea to show the highest
repeatability (4.04%) and the IN region the least (15.43%).
Similarly, interobserver correlation coefficients also
demonstrated highest repeatability for the cornea and the
least repeatability for quadrants IT, I and N (Table 5).

DISCUSSION

The novel finding of increasing RBT values with agarose
biogels of higher Young’s modulus and the high levels of
correlation between the two confirms its proposed utility
for providing surrogate non-invasive clinical measures of
material stiffness. Moreover, the overlapping standard

Table 3. RE corneal and anterior scleral rebound tonometry (RBT) ((mean (1S.D.) and range) mm Hg) readings for each ethnic group

Ethnic group BW BSA HKC Average

Location RBT values (mean (5.D.)) and range

Cornea 14.99 (3.22) (10.00-26.00) 15.40(2.13) (11.00-19.33) 15.09 (3.58) (10.00-22.00) 15.10(3.23) (10.00-26.00)
SN 29.55(8.87) (15.75-54.00) 30.01(9.76) (16.75-53.67) 42.19(12.12) (24.00-75.33) 35.41(12.25) (15.75-75.33)
S 25.10(7.19) (14.50-40.00) 27.52 (9.66) (15.25-50.50) 39.56 (8.68) (22.75-58.67) 32.07 (10.76) (14.50-58.67)
ST 21.32(7.31)(12.25-39.25) 23.73(8.07) (14.50-40.50) 29.75(8.21) (13.25-48.00) 25.59(8.73) (12.25-48.00)
T 33.31(11.16) (15.50-68.00) 34.34(12.99) (13.50-61.50) 40.75 (10.85) (22.67-75.50) 36.92(11.81) (13.50-75.50)
IT 38.23(11.22) (21.60 —69.75) 39.52(11.82) (21.67-61.50) 45.34(12.07) (7.00-67.25) 41.73(12.11) (7.00-69.75)
| 36.98 (14.14) (9.33-70.00) 39.95(15.90) (23.00-68.33) 43.21(15.15) (17.00-73.50) 40.34 (15.07) (9.33-73.50)
IN 46.13 (12.53) (30.00-82.50) 49.325(15.32) (27.25-84.50) 55.53(14.00) (30.50-96.00) 51.01(14.28) (27.25-96.00)
N 39.91(10.29) (23.25-71.67) 41.695 (11.65) (24.25-63.25) 48.41(12.17) (23.50-80.25) 44.13(12.02) (23.25-80.25)

Regional scleral RBT readings were significantly different (p < 0.001) except between SN:T, T:I, IT:I, IT:N, I:N; Hong Kong Chinese (HKC) subjects
showed significantly higher readings than the British-White (BW) (p < 0.001) and British South-Asian (BSA) (p = 0.015) groups.
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Figure 2. RE Mean =+ 1S.D. (error bars) scleral rebound tonometry (RBT) values at different regions of the anterior sclera for each ethnicity group. All
regions amongst the Hong Kong Chinese (HKC) individuals were significantly higher than those for the British-White (BW) (p < 0.001) and British

South-Asian (BSA) (p = 0.015) groups.

deviations and similarity in the shape of the curve when
both RBT and Young’s modulus were plotted against agar-
ose gels of increasing concentration confirms that both
metrics are measuring the same biomaterial property of the
gels. The application of RBT for proxy measures of scleral
resistance is unique; however, it has been previously trialed
for the evaluation of corneal biomechanics.'®*"**** RBT
measures of scleral resistance in mmHg do not provide
measures of elastic modulus as reported in literature®® **
but instead offer scope to measure relative differences in
regional scleral resistance.

Amongst all ethnic groups the superior-temporal region
was found to show the least tissue resistance (low RBT
readings); values sequentially increased across the inferior
regions reaching maximum inferior nasally (high RBT
readings). Albeit a slightly different sequence of change in
mechanical resistance between the regions, the present
observations mirror reports of regional variation in scleral
resistance from our lab where only four scleral regions were
assessed via indentation tonometry.” RBT provides a com-
posite measure of both IOP and tissue resistance®”%; the
relative regional differences in scleral resistance observed
here are unlikely to be due to localized differences in IOP
across the circumference of the anterior globe but more
plausibly a consequence of variation in collagen infrastruc-
ture and geometric structure i.e. thickness, curvature and
shape. While a direct relationship between in vivo measures
of scleral thickness and resistance cannot be made the par-
allels in the sequence of thickness change from thickest
inferior nasally to thinnest superiorly presents a persuasive
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case for an association'®™**%; a thicker sclera inferior
nasally is likely to offer greater mechanical resistance.
11,12,44

as well as a
24,45,46

Meridional variation in scleral curvature
non-uniform conformation of the anterior segment
may also contribute to the heterogeneity across the scleral
RBT readings.

Despite the findings of non-significant differences in
scleral resistance between refractive status and axial length
grouping, noteworthy differences in scleral resistance
between ethnicities were identified. Higher RBT values for
all scleral regions amongst the predominantly myopic HKC
group suggest that differences in anterior segment biome-
try*” and ocular topography*® between the ethnicities may
provide some explanation.*” Racial differences in posterior
scleral compliance have been noted*>** but little is known
of such effects on the anterior sclera. Interestingly, age was
found to modulate the scleral RBT readings amongst all
ethnic groups, with higher scleral resistance being observed
in the older age group. Reduced scleral compliance coupled
with increased mechanical stiffness*»** and increased thick-
ness'” with age has been reported and ascribed to increased
enzymatic and non-enzymatic cross-links between collagen
fibres.’**>*° Gender differences in RBT readings were also
identified; males demonstrated significantly greater scleral
resistance than females and the greater anterior scleral
thickness in males'®'? may partly explain these differences.

Inferred measures of scleral resistance may have clinical
relevance. Recently, microneedles have been shown to be a
highly localized and minimally invasive vehicle for drug
delivery, however better knowledge of in wvivo scleral
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Table 4. Multiple linear regression parameter estimates of variables
related to the regional scleral rebound tonometry (RBT) measurements

RBT

location

(dependent  Significant SE R?

variable) factor b b B change

SN Constant —-11.83 7.33
Ethnicity 7.85 1.02 0.583*** (. 23***
Age 0.82 0.18 0.341%**  0.10%**
Corneal IOP  0.61 0.28 0.159* 0.03*
Total R? 0.35

S Constant —3.47 6.20
Ethnicity 8.06 0.81 0.682*** (.38***
Age 0.60 0.14 0.286***  0.07***
Corneal IOP  0.51 0.26 0.151* 0.02*
Gender —3.08 1.40 —-0.143* 0.02*
Total R? 0.49

ST Constant —4.37 5.47
Ethnicity 4.46 0.74 0.465***  (0.20***
Age 0.60 0.13 0.351*** (Q.10***
Corneal IOP  0.59 0.19 0.218**  0.06%**
Gender —3.53 1.25 -0.202** 0.03*
Total R? 0.38

T Constant 7.64 6.43
Ethnicity 5.09 1.1 0.392***  (0.09***
Age 0.71 0.20 0.307***  0.08***
Total R? 0.17

IT Constant 23.99 7.45 0.07
Ethnicity 4.31 1.15 0.324*** 0.07**
Age 0.62 0.20 0.264** 0.06**
Gender —4.94 1.99 -0.204* 0.04*
Total R? 0.18
Constant 3.38 8.38
Age 1.00 0.26 0.343***  0.06**
Ethnicity 5.02 1.45 0.303***  0.08***
Total R? 0.14

IN Constant 19.63 8.39
Ethnicity 6.14 1.30 0.391***  0.09***
Age 1.03 0.23 0.370** 0.12%**
Gender —5.54 224 —0.193* 0.04*
Total R? 0.25

N Constant 6.73 6.22
Ethnicity 6.04 1.08 0.457***  Q.11***
Age 0.94 0.19 0.4071*** (Q.14***
Total R? 0.25

Independent variables: gender, age, ethnicity, refractive error, axial
length and corneal 10P.

*p < 0.05;

**p < 0.01;

***p < 0.001.

mechanical properties is warranted for improved designs.”*
The viability of scleral collagen cross-linking has been con-
firmed in animal models of myopia with observations of
increased scleral biomechanical strength coupled with a
reduced rate of axial elongation.’>> Safety concerns sur-
rounding the invasive nature of the procedure®*” and the
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Table 5. RE Intraobserver Coefficient of Variance (CoV%) and average
intraclass correlation (ICC) coefficient values for rebound tonometry
(RBT) on the cornea and sclera

Location Average CoV (%) ICC average measure
Cornea 4.04 0.92
SN 8.30 0.87
S 9.42 0.86
ST 8.60 0.79
T 9.80 0.82
IT 10.29 0.60
| 9.14 0.30
IN 15.43 0.84
N 7.37 0.39

inability to assess in vivo biomechanical changes to the
sclera have precluded the application of scleral CXL in
human myopia.”® Furthermore, nonselective adenosine
receptor antagonist, 7-methylxanthine (7-MX) has been
shown to increase scleral strength and slow axial growth
although the site of action of the 7-MX is unknown.”” It is
unclear how scleral CXL would be administered in the
human eye or whether 7-MX affects the anterior sclera but
the possible means of assessing pre- and post-treatment
changes in scleral mechanical strength with the RBT needs
further exploration.

When considering the utility of RBT for measures of
anterior scleral resistance, fundamental differences between
the material and geometric features (e.g. stress-strain
response, hydration, IOP, variation in thickness and shape
of the sclera) of the in vivo human sclera and agarose gel
need to be considered. Indeed, from a biomechanics per-
spective the nature of scleral resistance that underpins the
degree of in vivo measures of RBT is extremely complex
and in this regard the technique is limited. However, the
present findings offer scope for investigating the potential
for developing a validation system using biological materi-
als such as agarose to allow a standardised procedure to
quantify in vivo anterior scleral resistance.

The concordance between RBT and Young’s modulus is
clearly evident across the range assessed however the higher
variability with increased concentrations of agarose gels is
likely to be due to the more viscous nature of the higher
concentration gels which are more prone to greater hetero-
geneity in the gel matrix and unevenness of the meniscus
surface.”® The assessment of the reliability and repeatability
of applying RBT to the sclera revealed good levels of
repeatability with average CoV under 10% for all regions
except the inferior- nasal and -temporal aspects. The inter-
observer results mirrored this trend with high repeatability
in most areas apart from the nasal, inferior and inferior
temporal regions. Although the iCare RBT manual specifies
that the device can measure between 5-50 mmHg, several

478 © 2020 The Authors. Ophthalmic and Physiological Optics published by John Wiley & Sons Ltd on behalf of College of Optometrists

Ophthalmic & Physiological Optics 40 (2020) 472-481



H D Buckhurst et al.

studies have demonstrated its applicability for higher
tonometric readings. Lower reliability of the RBT at high
IOPs (23-60 mmHg) has been noted with results in the
order of 65% being within £3-5 mmHg of Goldmann
tonometry (GAT) IOPs (Ruokonen et al., 2006);>%% with a
general trend for systematically higher RBT readings with
rising TOP.®' Increased variability at elevated IOP levels
may partly explain the poorer reproducibility observed for
both increasingly stiffer agarose gels and scleral regions
prone to higher RBT values. Few investigators have exam-
ined the reliability beyond 60 mmHg but when applied to
the sclera of living human eyes of IOPs of up to 80 mmHg,
Kontiola (1997)%? reported a strong correlation (r = 0.87)
between GAT results and both deceleration time and maxi-
mum, key metrics used by the RBT to derive IOP read-
ings."> Consistent average repeatability with CoV levels
below 8% for the RBT readings from agarose gels of differ-
ent concentration provided confidence in the utility of RBT
for measures of the scleral RBT particularly at higher levels
of IOP (>50 mmHg). Coupled with the present observa-
tions of a strong correlation between the agarose E values
and the RBT values, it would suggest that the RBT can be
used for higher IOP readings but caution needs to be exer-
cised for values greater than 50 mmHg.

Other reasons for the regional difference in reproducibil-
ity may be attributable to variation in anatomy and surface
properties between the different locations and suggests that
caution should be exercised when assessing RBT readings
from these regions of relatively high variability. Factors
such as the proximity of the site of measurement to muscle
insertion points and tendons may be of relevance, since the
local biomechanics of the tissues and collagen arrangement
are likely to be altered in those regions.”>*> Conjunctival
changes, especially nasally and temporally where early
pinguecula are commonly seen, may partly explain these
observations, although in the age group assessed herein no
obvious changes were noted. Although RBT is relatively tol-
erant to changes in probe-eye distances (i.e. within a range
3-5 mm) and angle of impact (up to 10-20 degrees from
normal),'>**% several studies have reported that variation
in impact points on the cornea may affect IOP read-
ings.””**% Possible discrepancies in the location of the
scleral measurements during the inter- and intra-observer
reliability study may have contributed to the variability
found. Despite this inconsistency in repeatability across
locations, the results indicate that RBT appears to be a
viable method of assessing anterior scleral resistance.

CONCLUSION

Findings from the present study are the first to show regio-
nal variation in anterior scleral resistance using RBT. The
present results indicate that measurements of scleral

Anterior scleral resistance with rebound tonometry

resistance using RBT are sufficiently robust to assess
anterior scleral resistance in vivo. These results would imply
significant scope for the development of a validation system
using biological materials such as agarose to allow a stan-
dardised procedure to quantify anterior scleral resistance.

Acknowledgements

This research received no specific grant from any funding
agency in the public, commercial, or not-for-profit sectors.
College of Optometrists’ Undergraduate Research Scholar-
ship for Elena Dold: Technical Assistant in the above study.
Graham Davies: construction of the custom designed hous-
ing for the iCare tonometer. Dr Manbir Nagra for her assis-
tance with the data collection. Aston University PhD fee
waiver for Hetal Buckhurst.

Conflict of interest

The authors report no conflicts of interest and have no pro-
prietary interest in any of the materials mentioned in this
article.

References

1. Chen K, Rowley AP, Weiland JD & Humayun MS. Elastic
properties of human posterior eye. ] Biomed Mater Res A
2014; 102: 2001-2007.

2. Eilaghi A, Flanagan JG, Tertinegg I, Simmons CA, Wayne
Brodland G & Ross Ethier C. Biaxial mechanical testing of
human sclera. J Biomech 2010; 43: 1696-1701.

3. Mattson MS, Huynh J, Wiseman M, Coassin M, Kornfield
JA & Schwartz DM. An in vitro intact globe expansion
method for evaluation of cross-linking treatments. Invest
Ophthalmol Vis Sci 2010; 51: 3120-3128.

4. Lari DR, Schultz DS, Wang AS, Lee OT & Stewart JM.
Scleral mechanics: comparing whole globe inflation and uni-
axial testing. Exp Eye Res 2012; 94: 128-135.

5. Voorhees AP, Jan NJ, Hua Y, Yang B & Sigal IA. Peripapil-
lary sclera architecture revisited: a tangential fiber model
and its biomechanical implications. Acta Biomater 2018; 79:
113-122.

6. Norman RE, Flanagan JG, Sigal IA, Rausch SM, Tertinegg I
& Ethier CR. Finite element modeling of the human sclera:
influence on optic nerve head biomechanics and connec-
tions with glaucoma. Exp Eye Res 2011; 93: 4-12.

7. Girard MJ, Downs JC, Bottlang M, Burgoyne CF & Suh JK.
Peripapillary and posterior scleral mechanics—part II: experi-
mental and inverse finite element characterization. J Bio-
mech Eng 2009; 131: 051012.

8. Iomdina E, Tarutta E, Markossian G, Aksenova J, Smirnova
T & Bedretdinov A. Sclera as the target tissue in progressive
myopia. Pomeranian J Life Sci 2015; 61: 146—-152.

9. Patel H, Gilmartin B, Cubbidge RP & Logan NS. In vivo
measurement of regional variation in anterior scleral

© 2020 The Authors. Ophthalmic and Physiological Optics published by John Wiley & Sons Ltd on behalf of College of Optometrists 479

Ophthalmic & Physiological Optics 40 (2020) 472-481



Anterior scleral resistance with rebound tonometry

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

480

resistance to Schiotz indentation. Ophthalmic Physiol Opt
2011; 31: 437-443.

Buckhurst HD, Gilmartin B, Cubbidge RP & Logan NS.
Measurement of scleral thickness in humans using anterior
segment optical coherent tomography. PLoS ONE 2015; 10:
€0132902.

Lee SM, Choi HJ, Choi H, Kim MK & Wee WR. Estimation
of axial curvature of anterior sclera: correlation between
axial length and anterior scleral curvature as affected by
angle kappa. BMC Ophthalmol 2016; 16: 176.

Ritzmann M, Caroline PJ, Borret R & Korszen E. An analysis
of anterior scleral shape and its role in the design and fitting
of scleral contact lenses. Cont Lens Anterior Eye 2018; 41:
205-213.

Read SA, Alonso-Caneiro D, Vincent SJ et al. Anterior eye
tissue morphology: scleral and conjunctival thickness in
children and young adults. Sci Rep 2016; 6: 33796.

Ebneter A, Haner NU & Zinkernagel MS. Metrics of the
normal anterior sclera: imaging with optical coherence
tomography. Graefes Arch Clin Exp Ophthalmol 2015; 253:
1575-1580.

Kontiola AI. A new induction-based impact method for
measuring intraocular pressure. Acta Ophthalmol Scand
20005 78: 142—-145.

Brown L, Foulsham W, Pronin S & Tatham AJ. The influ-
ence of corneal biomechanical properties on intraocular
pressure measurements using a rebound self-tonometer. J
Glaucoma 2018; 27: 511-518.

Shin J, Lee JW, Kim EA & Caprioli J. The effect of corneal
biomechanical properties on rebound tonometer in patients
with normal-tension glaucoma. Am J Ophthalmol 2015; 159:
144-154.

Jorge JM, Gonzalez-Meijome JM, Queiros A, Fernandes P &
Parafita MA. Correlations between corneal biomechanical
properties measured with the ocular response analyzer and
ICare rebound tonometry. J Glaucoma 2008; 17: 442—448.
Chihara E. Assessment of true intraocular pressure: the gap
between theory and practical data. Surv Ophthalmol 2008;
53:203-218.

Nakamura M, Darhad U, Tatsumi Y et al. Agreement of
rebound tonometer in measuring intraocular pressure with
three types of applanation tonometers. Am ] Ophthalmol
2006; 142: 332-334.

Chui WS, Lam A, Chen D & Chiu R. The influence of cor-
neal properties on rebound tonometry. Ophthalmology
2008; 115: 80—-84.

Fazio MA, Grytz R, Morris ]S, Bruno L, Girkin CA & Downs
JC. Human scleral structural stiffness increases more rapidly
with age in donors of African descent compared to donors
of European descent. Invest Ophthalmol Vis Sci 2014; 55:
7189-7198.

Grytz R, Fazio MA, Libertiaux V et al. Age- and race-related
differences in human scleral material properties. Invest Oph-
thalmol Vis Sci 2014; 55: 8163—8172.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

H D Buckhurst et al.

Consejo A & Rozema JJ. In vivo anterior scleral morphome-
try, axial length and myopia. Cont Lens Anterior Eye 2020;
43:21-25.

Pharmacopoeia B. British Pharmacopoeia, The Stationary
Office: London, 2007; pp. 944-945.

Bueckle H. Use of Hardness to Determine other Material
Properties, American Society for Metals: Ohio, 1973.
Scandiucci de Freitas P, Wirz D, Stolz M, Gopfert B,
Friederich NF & Daniels AU. Pulsatile dynamic stiffness of
cartilage-like materials and use of agarose gels to validate
mechanical methods and models. ] Biomed Mater Res B Appl
Biomater 2006; 78: 347—357.

Cervino A. Rebound tonometry: new opportunities and
limitations of non-invasive determination of intraocular
pressure. Br ] Ophthalmol 2006; 90: 1444-1446.
Martinez-de-la-Casa JM, Garcia-Feijoo J, Castillo A &
Garcia-Sanchez J. Reproducibility and clinical evaluation of
rebound tonometry. Invest Ophthalmol Vis Sci 2005; 46:
4578-4580.

Sahin A, Basmak H, Niyaz L & Yildirim N. Reproducibility
and tolerability of the ICare rebound tonometer in school
children. J Glaucoma 2007; 16: 185-188.

Kaiser-Kupfer MI, Podgor MJ, McCain L, Kupfer C &
Shapiro JR. Correlation of ocular rigidity and blue sclerae in
osteogenesis imperfecta. Trans Ophthalmol Soc U K 1985;
104(Pt 2): 191-195.

Thale A & Tillmann B. The collagen architecture of the
sclera-SEM and immunohistochemical studies. Ann Anat
1993; 175: 215-220.

Read SA, Collins MJ & Iskander DR. Diurnal variation of
axial length, intraocular pressure, and anterior eye
biometrics. Invest Ophthalmol Vis Sci 2008; 49:

2911-2918.

Read SA, Alonso-Caneiro D, Free KA et al. Diurnal variation
of anterior scleral and conjunctival thickness. Ophthalmic
Physiol Opt 2016; 36: 279-289.

Arranz-Marquez E & Teus MA. Relation between axial
length of the eye and hypotensive effect of latanoprost in
primary open angle glaucoma. Br ] Ophthalmol 2004; 88:
635-637.

Watson PG & Young RD. Scleral structure, organisation
and disease. A review. Exp Eye Res 2004; 78: 609-623.
Gonzalez-Meijome JM, Jorge J, Queiros A et al. Age differ-
ences in central and peripheral intraocular pressure using a
rebound tonometer. Br ] Ophthalmol 2006; 90: 1495-1500.
Gonzalez-Meijome JM, Villa-Collar C, Queiros A, Jorge ] &
Parafita MA. Pilot study on the influence of corneal
biomechanical properties over the short term in response to
corneal refractive therapy for myopia. Cornea 2008; 27:
421-426.

Queiros A, Gonzalez-Meijome JM, Fernandes P et al.
Technical note: a comparison of central and peripheral
intraocular pressure using rebound tonometry. Ophthalmic
Physiol Opt 2007; 27: 506-511.

© 2020 The Authors. Ophthalmic and Physiological Optics published by John Wiley & Sons Ltd on behalf of College of Optometrists

Ophthalmic & Physiological Optics 40 (2020) 472-481



H D Buckhurst et al.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

© 2020 The Authors. Ophthalmic and Physiological Optics published by John Wiley & Sons Ltd on behalf of College of Optometrists

Coudrillier B, Tian J, Alexander S, Myers KM, Quigley HA
& Nguyen TD. Biomechanics of the human posterior sclera:
age- and glaucoma-related changes measured using inflation
testing. Invest Ophthalmol Vis Sci 2012; 53: 1714-1728.
Elsheikh A, Geraghty B, Alhasso D, Knappett J, Campanelli
M & Rama P. Regional variation in the biomechanical prop-
erties of the human sclera. Exp Eye Res 2010; 90: 624—633.
Geraghty B, Jones SW, Rama P, Akhtar R & Elsheikh A. Age-
related variations in the biomechanical properties of human
sclera. ] Mech Behav Biomed Mater 2012; 16: 181-191.

Taban M, Lowder CY, Ventura AA et al. Scleral thickness
following fluocinolone acetonide implant (Retisert). Ocul
Immunol Inflamm 2010; 18: 305-313.

Choi HJ, Lee SM, Lee JY, Lee SY, Kim MK & Wee WR.
Measurement of anterior scleral curvature using anterior
segment OCT. Optom Vis Sci 2014; 91: 793-802.

Werner L, Lovisolo C, Chew J, Tetz M & Muller M.
Meridional differences in internal dimensions of the ante-
rior segment in human eyes evaluated with 2 imaging
systems. ] Cataract Refract Surg 2008; 34: 1125-1132.
Rondeau MJ, Barcsay G, Silverman RH et al. Very high
frequency ultrasound biometry of the anterior and posterior
chamber diameter. J Refract Surg 2004; 20: 454—464.

Leung CK, Palmiero PM, Weinreb RN et al. Comparisons of
anterior segment biometry between Chinese and Caucasians
using anterior segment optical coherence tomography. Br ]
Ophthalmol 2010; 94: 1184-1189.

Hickson-Curran S, Brennan NA, Igarashi Y & Young G.
Comparative evaluation of Asian and white ocular topogra-
phy. Optom Vis Sci 2014; 91: 1396—1405.

Keeley FW, Morin JD & Vesely S. Characterization of collagen
from normal human sclera. Exp Eye Res 1984; 39: 533-542.
Schultz DS, Lotz JC, Lee SM, Trinidad ML & Stewart JM.
Structural factors that mediate scleral stiffness. Invest
Ophthalmol Vis Sci 2008; 49: 4232-4236.

Park SH, Lee KJ, Lee J et al. Microneedle-based minimally-
invasive measurement of puncture resistance and fracture
toughness of sclera. Acta Biomater 2016; 44: 286-294.

Liu TX & Wang Z. Biomechanics of sclera crosslinked using
genipin in rabbit. Int | Ophthalmol 2017; 10: 355-360.

Levy AM, Fazio MA & Grytz R. Experimental myopia
increases and scleral crosslinking using genipin inhibits
cyclic softening in the tree shrew sclera. Ophthalmic Physiol
Opt 2018; 38: 246-256.

Zyablitskaya M, Takaoka A, Munteanu EL, Nagasaki T,
Trokel SL & Paik DC. Evaluation of Therapeutic Tissue

Ophthalmic & Physiological Optics 40 (2020) 472-481

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Anterior scleral resistance with rebound tonometry

Crosslinking (TXL) for myopia using second harmonic
generation signal microscopy in rabbit sclera. Invest Oph-
thalmol Vis Sci 2017; 58: 21-29.

Zhang X, Tao XC, Zhang J et al. A review of collagen cross-
linking in cornea and sclera. ] Ophthalmol 2015; 2015:
289467.

Elsheikh A & Phillips JR. Is scleral cross-linking a feasible
treatment for myopia control? Ophthalmic Physiol Opt 2013;
33: 385-389.

Trier K, Munk Ribel-Madsen S, Cui D & Brogger Chris-
tensen S. Systemic 7-methylxanthine in retarding axial eye
growth and myopia progression: a 36-month pilot study.

J Ocul Biol Dis Infor 2008; 1: 85-93.

Ross KA & Scanlon MG. Analysis of the elastic modulus of
agar gel by indentation. J Texture Stud 1999; 30: 17-27.
Munkwitz S, Elkarmouty A, Hoffmann EM, Pfeiffer N &
Thieme H. Comparison of the iCare rebound tonometer
and the Goldmann applanation tonometer over a wide IOP
range. Graefes Arch Clin Exp Ophthalmol 2008; 246:
875-879.

Ruokonen PC, Schwenteck P & Draeger J. Evaluation

of the impedance tonometers TGDc-01 and iCare
according to the international ocular tonometer standards
ISO 8612. Graefes Arch Clin Exp Ophthalmol 2007; 245:
1259-1265.

Suman S, Agrawal A, Pal VK & Pratap VB. Rebound
tonometer: ideal tonometer for measurement of accurate
intraocular pressure. ] Glaucoma 2014; 23: 633—637.
Kontiola A. A new electromechanical method for measuring
intraocular pressure. Doc Ophthalmol 1997; 93: 265-276.
Greene PR. Mechanical considerations in myopia: relative
effects of accommodation, convergence, intraocular pres-
sure, and the extraocular muscles. Am J Optom Physiol Opt
1980; 57: 902-914.

Beasley IG, Laughton DS, Coldrick BJ, Drew TE, Sallah M &
Davies LN. Does rebound tonometry probe misalignment
modify intraocular pressure measurements in human eyes?
J Ophthalmol 2013; 2013: 791084.

Takenaka J, Mochizuki H, Kunihara E, Tanaka J & Kiuchi
Y. Intraocular pressure measurement using rebound
tonometer for deviated angles and positions in human eyes.
Curr Eye Res 20125 37: 109-114.

Muttuvelu DV, Baggesen K & Ehlers N. Precision and
accuracy of the ICare tonometer - peripheral and central
IOP measurements by rebound tonometry. Acta Ophthalmol
20125 90: 322-326.

481



