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1. Introduction

Glaucoma is a disease that results in degeneration of the optic nerve, and it is a leading
cause of blindness in humans and animals (Quigley, 1996). The most important risk factor
for glaucoma is elevated intraocular pressure (I0P) (Lesky, 1983), and current treatment
strategies for glaucoma target lowering and regulating IOP (AGIS Investigators, 2000). The
ability to accurately measure 1OP is of central importance to the diagnosis, monitoring of
therapeutic response and progression of glaucoma, in both clinical and research settings.
Therefore, it is essential to have accurate techniques available to measure IOP in non-human
primates, as they are commonly used as an animal model in glaucoma research (Rasmussen
and Kaufman, 2005; Weinreb and Lindsey, 2005).

In recent years, a hand-held tonometer based on the induction/impact principle first
described by Kontiola has become commercially available (Kontiola, 1996-1997, 2000). The
TonoVet® uses rebound tonometry to measure IOP (Wang et. al., 2005). This handheld,
portable instrument uses an electromagnetically propelled metal probe with a plastic tip to
contact the corneal surface. As the metal probe rebounds back into the device, the velocity
of the probe is sensed and used to estimate IOP. Because rebound tonometry makes very
brief contact with the corneal surface, the need for topical anesthesia is eliminated. Rebound
tonometry has been found to provide reliable and accurate IOP measurements in humans
(Abraham et.al., 2008; Filippopoulos et. al., 2006), dogs (Gorig et. al., 2006; Knollinger et.
al., 2005; Leiva et. al., 2006); rabbits (Kalesnykas and Uusitalo, 2007); mice (Kim et. al.,
2007); birds of prey (Jeong et. al., 2007; Reuter et. al., 2010); and rhesus monkeys (Yu et.
al., 2009). At the time our study was performed results from testing in any non-human
primates had yet to be published. Since cynomolgus macaques play a vital role in
translational research, representing important models for research into human ocular
diseases, including glaucoma (Gonnering et. al., 1983; Lee et. al., 1987; Serle et. al., 1998),
evaluation of rebound tonometry in this species is essential. In the current study, we
compared readings taken with the TonoVet® (Tiolat Oy, Helsinki, Finland) rebound
tonometer to manometrically set IOP and to readings taken by ‘minified’ Goldmann
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applanation tonometry (Kaufman and Davis, 1980) in cynomolgus macaques. We also
evaluated the effects of central corneal thickness on measurements obtained by the
TonoVet®.

2. Methods

2.1 Animals and Anesthesia

Two male and 1 female cynomolgus macaque (Macaca fascicularis), aged 9 — 10 years, and
weighing between 5.0 and 9.7kg were used in this study. Animals were determined to be
free of ocular abnormalities by slit-lamp biomicroscopy prior to any procedure. Animals
were anesthetized with intramuscular ketamine HCI (10-15mg/kg), followed by intravenous
pentobarbital sodium (10-15 mg/kg initial, 5-10mg/kg supplemental). All animal
experiments were performed with approval of the institutional animal care and use
committee, and in accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

2.2 Intraocular Pressure Manipulations and Measurements

Baseline IOP readings were obtained with the ‘minified” Goldmann applanation tonometer
(GAT) and the TonoVet®. The anterior chamber of each eye was cannulated with a
branched 23-gauge needle. One arm of each needle was attached via polyethylene tubing to
a vertically adjustable open reservoir filled with Barany’s mock aqueous humor (Barany,
1964); the other arm of the needle was attached via polyethylene tubing to a pressure
transducer calibrated as previously described (Barany and Rohen, 1965). The pressure
transducer was connected to an amplifier that was attached to a computer monitoring
voltages and to a chart recorder. Manometric IOP values taken from the chart recorder
tracing were used in data analysis. VVoltages from the computer verified the 10OP values on
the tracing.

Intraocular pressure was increased in both eyes by 5mmHg increments from 5mmHg to 70
mmHg, and then lowered by 10mmHg decrements, from 70mmHg to 10mmHg, by raising
and lowering the reservoir, respectively. Two separate unmasked operators each obtained
three consecutive IOP readings in both eyes with the TonoVet® at each 5SmmHg increment
and at each 10mmHg decrement. Though our experimenters were ‘unmasked’, the
TonoVet® was used according to the manufacturer’s instructions, minimizing the potential
for operator-introduced bias. Only the first 3 readings considered “acceptable” by the
TonoVet® (that is, within the range of acceptable standard deviation as indicated by no bars
or one bar on the instrument display) were reported. The right eye was measured first and
operator order remained consistent. A single IOP reading was obtained for each eye by a
single, consistent operator (one of the two TonoVet® operators above) using the GAT, at
alternating increments, beginning at 5mmHg and at every 10mmHg decrement. Central
corneal thickness was measured using a PachPen™ ultrasonic pachymeter (Oculab,
Glendale, CA, USA) by a single, different, unmasked observer. Three corneal thickness
measurements were taken at 10, 30, 60 and 70mmHg during increments, and at each
10mmHg decrement.

2.3 Data Analysis

Data were analyzed by linear regression and paired, 2-tailed Student’s t-test, using Microsoft
Excel™. Data are reported as mean values + standard deviation. Differences were
considered significant when p<0.05.
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3.1 Measurement variability using the TonoVet®

No significant inter-operator difference was observed (p > 0.479, data not shown) when
comparing TonoVet® readings obtained by different operators and no significant difference
was observed when comparing readings from the right vs. left eyes; thus all data for right
and left eyes and for operators were pooled in subsequent statistical analyses. There was a
tendency for readings taken in the right eye to be closer to ‘true’ 10P than those taken in the
left eye, however this was not significant (mean differences between TV reading and true
IOP were —0.46 £6.25 and —3.07 + 4.23, for right and left eyes respectively).

3.2 Comparison of the TonoVet® and Goldmann Applanation Tonometer (Figures 1,2,and

3, Table )

Both the TonoVet® and the GAT readings demonstrated strong linear correlation with
manometric IOP, as seen in Figure 1. The TV was highly accurate, and was comparable to
GAT. There was no significant difference when comparing TonoVet® and GAT trend lines
within individual animals (mean slopes = 0.975 and 0.919 respectively; p>0.102). There was
a tendency for the TonoVet® to slightly underestimate 10P (—0.85+0.78mmHg); although
this was not significant, it was consistent across the range of 10P. The GAT had less
variance but progressively greater deviation from true 10P at higher pressures, compared to
the TonoVet®. For both the TonoVet® and GAT, no significant differences were noted
when comparing the device accuracy at lower IOP (5-25mmHg) and higher 10P
(30-70mmHg) ranges. (Figures 1 and 2) TonoVet and GAT readings had comparable
accuracy as manometric 10P was both increased and decreased (Figure 2). However, a
slight, but statistically significant difference was observed when comparing the y-intercept
of trend lines (p < 0.004), showing that TonoVet® IOP readings obtained during decrements
were closer to true IOP when compared to those taken during increments (Figure 3).
Similarly, the TonoVet® tended to underestimate 10P to a greater degree as IOP was
increased, than when decreased (mean differences between manometric IOP and TonoVet®
readings were 2.13 and 0.95mmHg, for incremental and decremental phases of the
experiment respectively). Readings obtained with the GAT were slightly, but significantly
more reproducible, and thus more precise, than those obtained with the TonoVet® [r2
coefficients = 0.98+0.01 (GAT) vs. 0.95+0.01 (TonoVet®); p=0.017] (Table I).

3.3 Corneal Thickness Measurements (Figure 4)

Central corneal thickness increased over the course of the experiment in all six eyes. Mean
central corneal thickness was significantly greater at the conclusion of the experiment when
compared to the mean central corneal thickness at the beginning of the experiment
(0.511+0.017mm vs. 0.384+0.015mm, respectively; p<0.001).

4. DISCUSSION

In the current study, a strong correlation was found between 10P readings obtained
manometrically and those obtained with the TonoVet® in cynomolgus macaques. This
finding is consistent with the results reported by Yu et. al. (2009), in a paper that validated
the accuracy of the TonoVet® in rhesus macaques, a distinct but related species with a
larger eye, when compared to manometry. We also observed that GAT readings were
significantly more precise or reproducible than TonoVet® readings when compared to
manometry. In the current study, we found that the degree of precision or reproducibility for
the TonoVet® (r2=0.95) in cynomolgus macaques, overall, was comparable to that reported
previously for rhesus macaques (r2=0.97) (Yu et. al., 2009). In the current study, no
significant differences were found in the accuracy or precision of the TonoVet® when
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comparing lower vs. higher IOPs. There was, however, an apparent increase in the variance
of TonoVet® values as manometric IOP was increased. Since the TonoVet® is relatively
easy and quick to use, it is recommended that multiple readings be obtained in order to
account for any outliers or inconsistent values. The accuracy and precision determined for
the TonoVet® in the current study compare very favorably to those determined for the
Tono-Pen XL™ hand-held applanation tonometer by similar experiments conducted in this
species in our laboratory. Previously we found that the Tono-Pen XL ™, although precise,
was relatively inaccurate in the cynomolgus macaque (slope = 0.692+0.016,
intercept=1.21+0.60, correlation coefficient = 0.98) (Peterson et. al., 1996). On the basis of
our findings, the TonoVet® appears to represent a more appropriate choice of instrument for
measuring 10P in the cynomolgus macaque than the Tono-Pen XL ™.

The current study showed a tendency for the TonoVet® to underestimate IOP in
cynomolgus macaques, relative to manometry (mean difference = —1.72 + 5.5mmHg),
however this was not significant. This tendency could be due to several factors including
corneal biomechanical properties, such as thickness and hysteresis. In our study, mean
central corneal thickness was significantly greater at the end of the experiment compared to
that measured at the beginning of the experiment. Several factors may have contributed to
the observed increase in corneal thickness over the course of our experiments. These factors
include, but are not limited to, the following: corneal exposure and desiccation of the tear
film and corneal epithelium; effects of relatively rapid changes in hydrostatic pressure on the
corneal endothelium and hydration of the stroma (Harris et. al., 1956; Kinsey and Cogan,
1942; Mayes and Hodson, 1978; Svedbergh, 1975; Ytteborg and Dohlman, 1965;),
mechanical damage to the corneal epithelium as a result of repeated IOP measurements, and/
or toxic effects of repeated topical applications of Fluress™ (0.4 % benoxinate HCI + 0.25%
fluorescein sodium) for GAT measurements. Topical anesthetics such as 0.4% benoxinate
may affect the pre-corneal tear film stability, health of the epithelium, and thickness of the
cornea. (Asensio et. al, 2003; Yeung et. al., 2000). (Nam et. al., 2006) (McGee and
Fraunfelder, 2007; Rosenwasser et. al., 1990). (McGee and Fraunfelder, 2007; Rosenwasser
et. al., 1990). It is unlikely that the increase in corneal thickness found in our study was due
to diurnal variation. Previous studies have found that maximum corneal thickness typically
occurs upon waking and decreases throughout the day (Giraldez-Fernandez et. al., 2008;
Harper et. al., 1996; Read and Collins, 2009). Because our monkeys were under anesthesia,
one could argue that a gradual thickening of the cornea took place over the course of the
experiment, similar to what occurs during normal sleep. However, in our study the duration
of each procedure was only 2-3 hours and not the typical 8-10 hour sleep interval.
Additionally, previous studies have reported the mean overnight variation in central corneal
thickness in humans with normal eyes to be between ~3.0 — 5.5% and overall maximal mean
diurnal variation to be ~7% (Fogagnolo et. al., 2010; Harper et. al., 1996) thus it seems
doubtful that the ~25% increase observed in the present study was due solely to diurnal
variability in corneal thickness.

The TonoVet® underestimated 10P to a lesser extent during the decremental phase of the
experiment, which also correlated with increasing corneal thickness. This finding supports
previous studies indicating that corneal thickness in normal eyes plays a significant role in
the accuracy of the TonoVet® in other species (Chui et. al., 2008; lliev et. al., 2006;
Kalesnykas and Uusitalo, 2007; Martinez-de-la-Casa et. al., 2006; Poostchi et. al., 2009).
However, we cannot exclude the possibility that other corneal biomechanical properties,
such as hysteresis, may have also changed during the course of the experiment and may
have subtly influenced the accuracy of TonoVet® readings (Chui et. al., 2008; Jorge et. al.,
2008). Based on previous work one would expect the TonoVet® to overestimate 10P as
central corneal thickness increased (Tonnu et. al., 2005). As the normal corneal thickness of
our cynomolgus macaques (0.384+0.015mm) is less than that of canines (0.562+0.062mm)
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(Gilger et. al., 1991), for which this tonometer has reportedly been calibrated, systematic
underestimation of true IOP by the TonoVet® in this monkey species might be anticipated.
In contrast to our findings, a previous study conducted in non-human primates by Yu et. al.
(2009) reported a slight, but significant tendency for the TonoVet® to overestimate 10P at
low manometric IOP values and to underestimate 1OP at high manometric IOP values in
rhesus macaques. This discrepancy could be due to several factors, including differences in
methodology, inter-operator variability, or species differences between cynomolgus and
rhesus macaques. It is recognized that inter-species differences in corneal biomechanical
properties can result in differing accuracy and precision of tonometric readings (Reuter et.
al., 2010). Rhesus macaques tend to have larger eyes as evidenced by greater axial length,
vitreous chamber depth, anterior chamber depth (Crawford et. al., 1990; Fernandes et. al.,
2003; Greene, 1990; Kaufman et. al., 1981) and somewhat thicker corneas (Jonas et. al.,
2009; Madigan et. al., 1987; Okka et. al., 2004; Ollivier et. al., 2003; Peterson et. al., 2000;
Tian et. al., 2001; Tian et. al., 2004). Since the GAT has some limitations in cases with
corneal disease, such as edema, scarring, and/or corneal surface irregularities (Whitacre and
Stein, 1993), it would be important to determine whether the TonoVet® would present an
alternative method for measuring 10P in these situations with altered corneal biomechanical
properties.

It is conceivable that the presence of the needle in the anterior chamber may have slightly
altered the corneal shape in our subjects. This, in turn, may have affected IOP measurements
since both the TonoVet® and GAT measure IOP by corneal contact. However, great care
was taken during cannulation to place the needles in the inferior part of the anterior
chamber, away from the axial area of tonometer contact, and to avoid gross corneal
distortion. Any alteration in the corneal topography associated with cannulation would have
been consistent throughout the experiment, and present during measurements obtained with
both GAT and TonoVet®.

In the current study, we observed that TonoVet® readings obtained from the right eye had a
tendency to be closer to true 10OP, though this was not significant. Both operators did note
that it was easier to position the TonoVet® so that the probe was directed horizontally,
perpendicular to the axial corneal surface, when taking measurements in the right as
compared to the left eyes, due to the facial conformation of the subjects. The small
difference in accuracy between eyes could also have been attributable to the order in which
IOPs were taken, since IOP was consistently measured in the right eye first throughout the
study. Nonetheless, attention to consistent technique and proper positioning of the
TonoVet® is still warranted since the angle and distance of the probe to the corneal surface
can significantly change the reading obtained. In early experiments to validate rebound
tonometry, Kontiola (2000) showed greater variability in IOP measurements when using a
handheld rebound tonometer vs. a fixed rebound tonometer. Although no significant inter-
operator variability was observed for the TonoVet® in this study, it is important to note that
both of the TonoVet® operators in this experiment were right-handed and that the
discrepancy between TonoVet® readings from the right and left eyes may prove to be
different if operators are left-handed. Future studies comparing different TonoVet® units,
left-handed vs. right-handed operators, and examining the potential influence of the order of
ocular testing should be considered.

5. CONCLUSIONS

Based on the results of our study, the TonoVet® appears to offer a reproducible and
practical method of monitoring 10P in cynomolgus monkeys with normal eyes, with
accuracy comparable to the GAT. Further studies evaluating the use of the TonoVet® for
IOP measurements in glaucomatous eyes and/or comparing it to other IOP measurement
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techniques such as pneumatonometry may also prove useful. The following conversion
equation can be used to provide a more accurate estimate of true IOP: y = (1.028x + 0.721),
where y is the estimation of true IOP and x is the 10P value obtained with the TV.
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FIGURE 1.

Plot of all IOP readings taken with the TonoVet® and GAT (y) at each manometric IOP
setting (x) in 3 monkeys, each contributing 2 eyes. TonoVet® readings taken by both
operators and TonoVet® and GAT readings for both increments and decrements are
presented. Some data points are superimposed.
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FIGURE 2.

Bland-Altman plots illustrating that the GAT has less variance but progressively greater
deviation from true 1OP (i.e. greater underestimation) at higher pressures, compared to the
TonoVet®. A) IOP difference (TonoVet®—Manometric) plotted against average IOP
((TonoVet® + Manometric)/2). B) IOP difference (GAT—Manometric) against IOP average
((GAT+Manometric)/2). Dashed lines indicate 95% confidence intervals. Data are for 3
monkeys each contributing 2 eyes. Some data points are superimposed.
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FIGURE 3.

Plot of Manometric I0P (x) versus TonoVet® IOP readings (y) obtained during increments
(Inc) or decrements (Dec), with corresponding linear regression equations. Data are for 3
monkeys each contributing 2 eyes. Some data points are superimposed.
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Corneal thickness in mm (y) vs. manometric IOP in mmHg (x) for both increments (shown

to the left of the dotted line) and decrements (shown to the right of the dotted line).
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