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Abstract

Significance—For glaucoma patients, high intraocular pressure (IOP) is a risk factor for 

progressive neuropathy. Similarly, animal models used to study the disease are based on an 

experimental elevation of IOP. Thus, accurate IOP measurements are important in characterizing 

experimental models and resulting effects.

Purpose—The purpose of the present study was to investigate IOP measurements in a non-

human primate model of experimental glaucoma by comparing clinical tonometry (Tono-Pen and 

TonoVet) to the true IOP from intracameral manometry.

Methods—A total of 17 rhesus macaque eyes from 12 animals were used for this study. Eleven 

eyes had no prior experimental intervention, whereas 6 eyes were at varying stages of laser 

induced experimental glaucoma. IOPs were adjusted by inserting a needle in the anterior chamber 

that was attached to a pressure transducer and syringe pump system. The anterior chamber IOP 

was adjusted to values between 10 and 50 mmHg and corresponding measures with Tono-Pen and 

TonoVet were taken.

Results—The IOPs by TonoVet and Tono-Pen were linearly related over the range of pressures 

tested (slope = 0.68 normal/healthy and 0.72 experimental glaucoma). For the most, TonoVet 

measures overestimated IOP at all anterior chamber pressure settings (mean difference of 3.17 

mmHg, 95% CI 12.53 to −4.74 normal and 3.90 mmHg, 95% CI 12.90 to −6.53 experimental 

glaucoma). In contrast, Tono-Pen measures overestimated IOP at lower IOPs and underestimated 

at higher IOP (slope = −0.26 normal and −0.21 experimental glaucoma).

Conclusions—The TonoVet and TonoPen tonometers that are often used to assess IOP in both 

clinical and experimental settings generally reflect the status of IOP, but the results from this study 

suggest that the instruments need calibration with true anterior chamber pressure for accurate 

measures in experimental models of glaucoma.
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Glaucoma is a group of optic neuropathies that can lead to irreversible blindness. Although 

the pathophysiology of retinal ganglion cell loss is not fully understood, intraocular pressure 

(IOP) is a major risk factor and clinical trials have demonstrated that lowering the IOP is an 
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effective treatment.1–3 This mechanistic relationship is also the basis for most animal models 

of experimental glaucoma, which are generally created by procedures that decrease aqueous 

outflow and subsequently elevate IOP.

Because the ocular anatomy and visual function of monkeys are similar to those of humans, 

the non-human primate is an excellent model for studies of ocular pathology. Experimental 

glaucoma in the non-human primate is often induced by scaring of the trabecular meshwork 

by contiguous Argon laser burns.4–6 Subsequently, the status of experimental glaucoma (i.e. 

structure and function) is typically assessed as a function of cumulative IOP over post-

treatment time to quantify pressure insult.7, 8 It is, therefore, important to have accurate 

assessments of IOP, which typically involves tonometry, often using standard clinical/

veterinary instruments.

The clinical standard for IOP quantification is Goldmann tonometry, which builds on the 

Imbert-Fick principal. In human eyes with normal corneal thickness (500 – 570 μm), a 3.06 

mm diameter applanation zone is shown to be ideal as a 0.1 gm force corresponds to 1 

mmHg.9 However, IOP quantified using Goldmann tonometry is dependent on corneal 

biomechanics,10–12 corneal thickness,13,14 and corneal curvature.15,16 Because the non-

human primate cornea is significantly steeper and thinner than that of humans, Goldmann 

type tonometers are not ideal. Hence, most laboratories investigating experimental glaucoma 

use either a Tono-Pen XL (Reichert, Inc., Depew, NY, USA) or TonoVet (icare, Vantaa, 

Finland) to monitor IOP.

The Tono-Pen XL is an applanation/indentation tonometer that works on the Mackay-Marg 

principal.17 While the sleeve of the tonometer is similar in width to that of the Goldmann 

applanation zone (~3.0 mm), the central plunger that is connected to the strain gauge, is 

significantly smaller. The TonoVet is an induction/impact tonometer in which a small probe 

rebounds off the cornea. The deceleration rate of the probe caused by corneal contact is 

recorded and used to determine IOP.18,19 In theory, IOP measures from both instruments 

should be repeatable, accurate and precise in both healthy and disease eyes. The purpose of 

this study was to investigate IOP measurements in a non-human primate model of 

experimental glaucoma by comparing standard tonometry to intracameral manometry. Some 

of the results of these studies have been presented in abstract form (McAllister F, et al. OVS 

2016;93:E-abstract 160077).

METHODS

Animal Subjects

Data were collected from a total of 17 eyes of 12 rhesus macaques. 11 eyes had no previous 

experimental intervention, whereas 6 eyes had laser induced experimental glaucoma. Of the 

normal control eyes, 6 were used to determine intra-session test-retest variability. 

Experimental and animal care procedures were reviewed and approved by the Institutional 

Animal Care and Use Committee of the University of Houston. The use of animals for this 

experiments adhered to the National Institutes of Health guidelines for the care and use of 

laboratory animals, and to the Association for Research in Vision and Ophthalmology 

statement for the use of animals in ophthalmic and vision research.
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Animal Preparation

Animals were anesthetized with an intramuscular injection of ketamine (20-25 mg/kg) and 

xylazine (0.8-0.9 mg/kg) and treated with a subcutaneous injection of atropine sulfate (0.04 

mg/kg). Throughout the experiment, body temperature was monitored and maintained using 

a thermal blanket (TC1000 temperature controller, CWE, Ardmore), while heart rate and 

pulse was monitored with a pulse oximeter (model 9847; Nonin, Plymouth, MN).

Laser-induced Ocular Hypertension

Application of argon laser energy to the trabecular meshwork to induce experimental 

glaucoma has been described previously.4–6 Briefly, for the initial laser procedure, 

performed through a one mirror gonioscopy lens (Ocular Kaufman; Ocular Instruments, 

Bellvue, WA, USA), contiguous laser burns (1.0 watt laser power, 0.5 sec duration, 50 um 

spot size) were applied over 270 degrees of the drainage angle. If a sustained increase in IOP 

was not achieved by 4 weeks after the initial laser session, additional laser treatments over 

180 degrees of the drainage angle were applied until sustained elevated IOPs were achieved. 

For the 6 experimental glaucoma eyes used in this study, the mean IOP from the first 

sustained elevated pressure measured using Tono-Pen was 32.6mmHg (range 25.3-36.5 

mmHg). Cannulation studies on these eyes were done on average at day 576 (range 454-693 

days) from the first sustained elevated pressure.

Ocular Biometry

An ocular biometer (Lenstar LS900) was used to measure axial length, anterior chamber 

depth, lens thickness, anterior corneal curvature, and central corneal thickness in all eyes. 

The biometry data was used to assess the associated relationship with tonometry error.

Anterior Chamber IOP Control

To prevent infection, 5% ophthalmic betadine (Alcon Laboratories, Fort Worth, TX) was 

applied to the eyelids, instilled on the ocular surface, and subsequently washed off with 

sterile balanced salt solution (BSS, Alcon Laboratories, Fort Worth, TX) after a period of 

two minutes. The head of the animal was stabilized using mouth and occipital bars, and a 

sterile speculum was inserted to keep the eyelids open. The anterior chamber was then 

accessed using a 27G butterfly needle, inserted approximately 1 mm from the temporal 

limbus and extending up to 2 mm into the anterior chamber. The needle was connected with 

sterile microtube filled with balanced salt solution, to a pressure control system that included 

a capacitive pressure transmitter (Keller PR-41X, Keller America, Newport News, VA) 

coupled with a syringe pump (Cole-Parmer, Vernon Hills, IL) that was controlled through a 

MATLAB (The Mathworks, Natick, MA) program. For each of the cannulation experiments, 

the pressure in the anterior chamber was adjusted from 10 to 50 mmHg. After changing the 

pressure setting, eyes were allowed to equilibrate for at least 5 minutes before IOP was 

measured. Throughout the experiment, the ocular surface was kept hydrated with sterile 

balanced salt solution. To assess repeatability, the IOP in 6 normal control eyes was 

increased from 10 to 50 mmHg in 10 mmHg steps, and at each pressure measure, 3 

measures from both Tono-Pen and TonoVet were acquired. Because TonoVet does not 

significantly indent the cornea, measures from this instrument were obtained prior to Tono-
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Pen with an interval of at least 2 minutes between measures. For the 6 eyes with repeated 

measures, all TonoVet measures were acquired prior to Tono-Pen, allowing for at least a 2 

min interval between all measures. For 5 eyes of normal controls, and 6 of the experimental 

glaucoma eyes, anterior chamber pressure was adjusted from 10 mmHg to 50 mmHg in 5 

mmHg steps. For these eyes, only one Tono-Pen and TonoVet IOP was obtained at the 

highest reliability for each instrument (i.e. <= 5% std dev for Tono-Pen and <= 1.0 mmHg 

std dev for TonoVet). Following anterior chamber cannulation and completion of data 

collection, the needle was removed, and topical antibiotics (polymyxin B/trimethoprim and 

moxifloxacin) were instilled on the eye.

IOP Control System Calibration

Calibration of the pressure control system was assessed prior to the start of experiments and 

after all data collection. The system was calibrated by setting up the pressure transducer, 

syringe pump, tubing and needle as would be done during a cannulation experiment. The 

tubing connected to the needle was taped to a vertical meter ruler that was aligned with the 

pressure transducer. The pressure setting was adjusted from 10 to 60 mmHg, and the rise of 

fluid in the tubing was measured in centimeters of water, and subsequently converted to 

mmHg (1.0 cmH2O = 0.736 mmHg). Overall, there was excellent agreement between the 

rise of the water column and the pressure setting (Fig 1A), with 95% confidence limits of 

about 0.3 mmHg for the mamometer-transducer relationship (Fig. 1B).

Statistical Analysis

All of the tonometry measurements were acquire by one investigator (NBP). Measurement 

error and repeatability was assessed for 6 healthy eyes. Linear regression was used to 

determine the relationship IOP measures from the two tonometers. To determine accuracy of 

the Tono-Pen and TonoVet, the difference between IOP and pressure transducer were plot 

against the pressure setting/pressure transducer reading for each animal. To evaluate if there 

were differences in calibration with disease, data were separated for normal control and 

experimental glaucoma eyes.

RESULTS

Data were collected from 11 normal control and 6 experimental glaucoma eyes. Of the 11 

normal controls, repeatability was assessed in 6 eyes. All animals maintained good systemic 

health and no ocular complications from cannulation and IOP quantification were noted 

during the experiment or at follow up evaluation of each animal. Table 1 illustrates the 

baseline biometry data for normal and experimental non-human primate glaucoma eyes. The 

only significant difference between the two groups was the longer axial lengths in 

experimental glaucoma eyes (p=0.02).

The measurement errors of both tonometers were assessed using the estimated within-

subject standard deviation (Sw) from repeated measures in only 6 normal eyes.20 Table 2 

illustrates the repeatability (2.77×Sw) from these 6 eyes, for pressure settings from 10 to 50 

mmHg. In general, there is an increase in test-retest error with increasing IOP for both 

tonometers.
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When compared to the IOP’s as set by the transducer system, the IOPs measured by the 

TonoVet were on average 3-4 mmHg higher across all pressure settings (Figs 2A&B), but 

the slopes of the linear regressions were near unity (difference from slope of 1, p=0.45 

normal, and p=0.86 glaucoma) with high correlation coefficients. Consequently, the analyses 

of agreement between the transducer pressure and the TonoVet measurement illustrated 

small biases, but relatively large limits of agreement (Figs. 2C&D). In addition, there was no 

difference in the mean bias and 95% confidence interval for healthy normal (mean difference 

= 3.17 mmHg, 95% confidence interval 12.53 – −4.74 mmHg) or eyes with experimental 

glaucoma - (mean difference = 3.90 mmHg, 95% confidence interval 12.90 – −6.53 mmHg). 

It is important to note that the standard deviation of errors was greater at higher pressure 

settings (2.3 vs. 4.1 mmHg in normal, p=0.3 and 1.7 vs 4.1 mmHg, p=0.13 in experimental 

glaucoma eyes at 10 and 50 mmHg, respectively), but did not reach statistical significance. 

These findings are consistent with the increase in measurement error with increase in IOP 

(Table 2).

In contrast, when IOPs from the Tono-Pen were compared to the pressures set by the 

transducer system, there were systematic errors as a function of pressure. For lower pressure 

settings, the Tono-Pen overestimated IOPs while underestimating IOPs at higher pressures 

(Figs 3A&B). The IOP relationship was linear (R2 > 0.9) and although the slopes from linear 

regression were slightly different (−0.26 for normal eyes and −0.21 in eyes with 

experimental glaucoma), the difference was not significant (p=0.45). These relationships are 

also illustrated by the analyses of agreement between the transducer pressure and the Tono-

Pen measurements Figs. 3C&D) which also demonstrated relatively large limits of 

agreement. Similar to measures from the TonoVet, the standard deviation of error of Tono-

Pen measures increased at higher pressure settings (2.6 vs. 2.8 mmHg in normal, p=0.86 and 

1.8 vs 4.6 mmHg, p=0.04 in experimental glaucoma eyes at 10 and 50 mmHg respectively).

IOP measures from the Tono-Pen and TonoVet were linearly related for both normal and 

experimental glaucoma eyes (Fig 4). Although there was good correspondence between 

Tono-Pen and TonoVet IOP measures, for both normal eyes (slope = 0.68, R2 = 0.90) and 

eyes with glaucoma (slope = 0.72, R2 = 0.88), the slope of the best fit linear functions for 

IOP measures from both instruments were significantly different from unity (p<0.01). 

Although the function was slightly steeper for eyes with glaucoma, the slopes were not 

statistically different t (p = 0.46). However, the limits of agreement between the two 

tonometers were as relatively large and, while the width of the 95% confidence interval band 

was greater for experimental glaucoma (16.3 mmHg vs. 13.8 mmHg), the difference was 

within measurement error.

Multiple regression analysis was used to test if the IOP error was related to the IOP setting 

and ocular biometry measures. The analysis showed that the difference of measured versus 

anterior chamber IOP was significantly (p<0.05) related to the IOP setting and central 

corneal thickness for Tono-Pen (F=25.63, p<0.01) and central corneal thickness for TonoVet 

(F=10.93, p<0.01). However, independently, the relationship between central corneal 

thickness and the mean difference for TonoVet measures was not statistically significant 

(p=0.08). However, the two animals with the largest difference seen on Fig 2A (pink circle) 

& 2B (green square), also had the thickest corneas. As Tono-Pen error was related to anterior 
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chamber IOP, the slopes for error measures for individual animals was compared to central 

corneal thickness, and no significant relationship was found (p=0.99).

DISCUSSION

The main finding from this study was that in rhesus macaques, although IOP measures from 

Tono-Pen and TonoVet instruments typically were different, they were highly correlated. 

However, neither instrument had good accuracy when compared to the anterior chamber 

pressure settings. The precision of both tools for repeated measures on a single subject was 

better for lower IOPs and decreased with higher IOPs, but more remarkable are the larger 

inter-subject limits of agreement for both tonometers. Overall, the findings from this study 

support animal specific instrument calibration for experimental glaucoma studies.

For average anterior chamber IOP levels in healthy eyes (<20mmHg), the error in Tono-Pen 

measures was smaller. However, IOP was overestimated for pressures less than ~15mmHg, 

and underestimated for higher pressure settings. This finding is similar to that reported in the 

cynomologus monkey where the pressure crossing was between 17-25 mmHg.21 The data in 

figure 3 also illustrate the variability in true versus measured IOP. For example, the error in 

IOP measured at an intracameral pressure of 30 mmHg can range from 2 to −6mmHg. While 

these differences might seem small as a ratio or percentage of the true pressure, they 

exponentially add when computing the pressure-time insult to the nerve.

In contrast to the Tono-Pen, IOP error from rebound tonometry was not related to the 

anterior chamber IOP setting. However, there was greater variability in the measured error 

between subjects. Specifically, while the TonoVet accurately measured IOP for several 

animals, there was one subject for which the error exceeded 10 mmHg for all pressure 

settings. In addition, the data show that the variability in error increases with pressure 

(Figure 2). The results in this study are in contrast to a previous publication where excellent 

correspondence was reported, but was only tested in two animals.22 In a different species of 

non-human primate (Macaca fascicularis, n=3), the TonoVet was shown to have good 

correspondence with manometry, but underestimated IOP by 1.72 ±5.5 mmHg.

Central corneal thickness has been shown to be a factor influencing IOP measures using 

both the Tono-Pen and rebound tonometer in clinical populations.23, 24 In the present study, 

although central corneal thickness was identified on multiple regression analysis, it was not 

significantly related to IOP error on its own. However, it is noteworthy that the two animals 

with higher rebound tonometry error also were the animals with the thickest corneas. 

Overall, the lack of relationship might be a reflection on the number of subjects included in 

the study, and the strength of the relationship itself in the non-human primate.

The similarity in results from healthy and experimental glaucoma eyes would suggest that 

repeat calibration of tonometers on the same eye might not be necessary. It is possible that 

multiple repeat calibrations on the same eye might result in short term IOP damage to the 

optic nerve head that might confound longitudinal studies. However, because there are 

connective tissue biomechanical changes of the cornea, it is important that longitudinal 

calibration studies are done.
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There are several limitations to this study. While central corneal thickness was measured 

prior to inserting the needle, change in corneal thickness with IOP was not investigated. 

Inserting a needle at the limbus has the potential of changing corneal biomechanics and, 

subsequently, the IOPs quantified by the instruments. Ideally pressure would be controlled 

through cannulation of the vitreous chamber, however this method carries added risk of 

complications that can confound findings in experimental glaucoma. In addition, all of the 

tonometry measurements were made by one user, and intra-user variability could not be 

assessed. Only one time point for all eyes was quantified, including the eyes with 

experimental glaucoma, and intersession variability was not investigated.

Based on the results of this study, tonometers used to monitor IOP in non-human primate 

experimental glaucoma should be calibrated to the individual eye. Although these clinical 

tools provide important methods to assess IOP, IOP is known to fluctuate during the day, and 

it is important that tools are developed to continuously and accurately monitor IOP in 

experimental models.25 The findings from this study can also be extended to clinical 

practice. While IOP measures from clinical tonometers relate well to intracameral pressure, 

there are significant inter-individual differences that prevent from using a single, simple 

formula to convert measured IOP to real IOP. However, monitoring change in IOP over time 

with or without treatment should follow similar trends in eyes with high or low error using 

Tono-Pen or rebound tonometry.
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Figure 1. 
(A) Correspondence between pressure setting and rise of water column converted to mmHg 

and comparison to the 1:1 line. (B) Bland-Altman plot for the agreement between pressure 

setting and water column rise, illustrating the bias and 95% limits of agreement.
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Figure 2. 
(A & B) The relationship between TonoVet IOP and intracameral pressure in normal healthy 

and experimental glaucoma eyes. (C & D) Difference in tonometer IOP measures from that 

of the pressure transducer. Healthy eyes are represented by circles and experimental 

glaucoma with triangles. Each animal is represented by a unique color.
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Figure 3. 
(A & B) The relationship between Tono-Pen IOP and intracameral pressure in normal 

healthy and experimental glaucoma eyes. (C & D) Difference in tonometer IOP measures 

from that of the pressure transducer. Healthy eyes are represented by circles and 

experimental glaucoma with triangles. Each animal is represented by a unique color.
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Figure 4. 
Scatter plots illustrating the comparison of Tono-Pen and TonoVet IOP measures in normal 

(A) and experimental glaucoma (B) eyes for all anterior chamber pressure settings. Bland-

Altman plot for the agreement between the two tonometers in normal (C) and experimental 

glaucoma (D) eyes, illustrating the bias and 95% limits of agreement. Each animal is 

represented by a unique color.
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Table 1

Optical biometry measures for normal (n=11) and experimental glaucoma (n=6) eyes. Statistically significant 

differences (p<0.05) between the two groups are noted by an*

Normal control Experimental Glaucoma

Axial Length (mm) 18.9±0.67 19.9±0.75 *

Corneal Curvature (D) 53.8±2.31 52.8±2.24

Central Corneal Thickness (μm) 461.7±22.85 490.5±34.34

Anterior Chamber Depth (mm) 3.33±0.28 3.07±0.23

Lens Thickness (mm) 3.39±0.07 3.42±0.20
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Table 2

Average and repeatability of IOP measures for Tono-Pen and TonoVet tonometers at increasing pressure levels 

(n=6 eyes).

Pressure Setting
(mmHg)

TONO-PEN TONOVET

Average IOP
(mmHg)

Repeatability
(2.77 × Sw, mmHg)

Average IOP
(mmHg)

Repeatability
(2.77 × Sw, mmHg)

10 10.8 1.67 12.8 1.13

20 18.2 2.83 22.1 1.56

30 25.8 3.48 33.3 2.66

40 33.6 2.51 44.3 3.75

50 40.7 4.82 54.4 2.69

Optom Vis Sci. Author manuscript; available in PMC 2019 February 01.


	Abstract
	METHODS
	Animal Subjects
	Animal Preparation
	Laser-induced Ocular Hypertension
	Ocular Biometry
	Anterior Chamber IOP Control
	IOP Control System Calibration
	Statistical Analysis

	RESULTS
	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2

