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E-mail: xbangera@tlen.pl Background. Despite the development of various methods of intraocular pressure (I0P) measurement,
) Goldmann applanation tonometry (GAT) is still the most popular. The measurement using GAT depends
:gﬂﬁg;ﬁurces on the biomechanical properties of the cornea, such as the thickness, the radius of curvature, as well

as the amount of the fluorescein used.

Conflict of interest

Objectives. The aim of the study was to compare I0P values measured by GAT with those measured by ap-
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planation resonance tonometry (ART).

Material and methods. A total of 47 patients (94 eyes), including 28 patients with primary open-angle
Received on August 25, 2016 glaucoma (POAG) and 19 subjects from the control group, were examined at the Glaucoma Outpatient Clinic
f\e‘”ewed on October 2, 2016 of the Department and Clinic of Ophthalmology at Wroclaw Medical University (Poland). The measurements
ccepted on January 18, 2017
of 0P were performed using GAT and a handheld version of ART. Also, the central corneal thickness (CCT)
of all patients was measured.

Results. The study showed that the IOP values measured by both tonometers were comparable, but ART-
acquired values were higher than GAT-obtained values both in the glaucomatous group and in the control
group. CCT had little impact on mean 0P difference between GAT- and ART-obtained values.

Conclusions. Applanation resonance tonometry is a precise method of I0P measurement and is less af-
fected by biomechanical properties of the cornea than GAT. Our results show that ART is a new, promising,
comfortable for both patients and doctors method of IOP measurement, which, in the future, can replace GAT.
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Introduction

Goldmann applanation tonometry (GAT), despite over
50 years of history, is still considered the gold standard for in-
traocular pressure (IOP) measurement and is recommend-
ed by the European Glaucoma Society (EGS) as the most
precise method.! Invented by Hans Goldmann in 1957,
this technique is based on the Imbert-Fick law, in which
the force required to flatten the sphere is a measure of IOP.
The rule assumes that the surface of the sphere is perfectly
dry and smooth.? Furthermore, the measurement depends
on the biomechanical properties of the cornea, including
the thickness, the radius of curvature, as well as the amount
of the fluorescein used. Goldmann applanation tonometry
is a tonometer calibrated to the mean corneal thickness —
520 nm, thus, it is not accurate for every type of the cornea.

The studies show that the values of IOP measured
by GAT are underestimated in patients after refractive eye
surgery, and the number of those patients is still increas-
ing. It was proven that ablation of the center of the cornea
results in a constant decrease of IOP values by approx.
1.6 mm Hg in myopic eyes, as well as in hyperopic eyes.
Additionally, extra reduction of IOP was observed in myo-
pic patients (0.029 +0.003 mm Hg per 1 pm of excised
tissue), which is explained by the fact that the location
of maximum ablation is in the center of the cornea. As-
suming that 15 pm of tissue is excised for correction
of 1 diopter, every corrected diopter decreases IOP
by 0.5 mm Hg. The study confirms that GAT can show
incorrect values of IOP after refractive surgery and in pa-
tients with corneal disorders.* Changes in the structure
of the eye or the orbital cavity, various amount of fluo-
rescein, astigmatism, eye clenching, as well as too narrow
collar or tie, can also impact IOP measurement.!

Applanation resonance tonometry (ART) is one
of the new methods of IOP measurement. Although
the contact with the cornea resembles the Goldmann to-
nometer, the mechanism of measurement has changed.
A convex, bakelite tip equipped with piezoelectric reso-
nator is intended to measure the resonance frequency.
That mechanism enables the simultaneous measurement
of the applanation and the force required to applanate
the cornea. Two versions of that tonometer are available
— automatic (servo-controlled) and manual. It can be at-
tached to a slit lamp, which is similar to GAT, or hand-
held. Applanation resonance tonometry has been known
for many years and was described as a new, promising
method. The correlation between GAT- and ART-acquired
readings was analyzed in many studies.>”’

ART, as well as GAT, can be performed with the use
of a slit lamp; it depends on the flattening of the desensi-
tized cornea by an automatically exsertile tip. Three mea-
surements of IOP are made, then averaged, but the contact
time with the cornea is much shorter than during GAT,
which greatly reduces the risk of cornea damage. There
is no need to use fluorescein.”®
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Objectives

The aim of the study was to compare IOP values mea-
sured by GAT with those measured by ART. The handheld
version of an automatic ART was used in this study.

Material and methods

Ninety-six eyes of 48 patients were enrolled in the study.
Two eyes of 1 patient were excluded due to measurement
failure. Finally, the study included 94 eyes of 47 patients
— 56 eyes of 28 patients with primary open-angle glau-
coma (POAG) treated pharmacologically, and 38 eyes
of 19 healthy patients in the control group. The mean age
of the patients was 59 years (range 23-83). The study in-
cluded 64 female eyes and 30 male eyes. Pseudophakic
patients after at least 6 months after cataract surgery were
also qualified for the study. The Goldmann applanation
tonometry results were corrected by CCT value (GAT ccr),
Goldmann applanation tonometry results without correc-
tions by CCT value (GAT,,cct) and applanation resonance
tonometry results (ART) were compared. The measure-
ments were made with at least a 10-min gap after each test,
and the tests were performed in a random order. Central
corneal thickness was measured by an ultrasound corneal
pachymeter PIROP (ECHO-SON S.A., Pulawy, Poland).

Statistical analysis was performed using STATISTICA
v. 12 software. Distribution of the results was checked
using the Shapiro-Wilk normality test. Differences and
variance between GAT and ART were assessed using linear
regression. The p-value <0.05 was considered statistically
significant. Correlation analysis was performed using Pear-
son correlation coefficient.

Results

Mean GATccr was 16.46 mm Hg, while mean GAT,,ccr
was 17.27 mm Hg. Mean IOP measured with ART was
17.72 mm Hg (Table 1). The mean absolute value of IOP
difference |(ART - GATccr)| was 1.87 mm Hg with SD
of 1.24 mm Hg. When compared to other differenc-
es, the calculated value was low with the lowest vari-
ance. The mean IOP difference (ART — GATccr) was
1.40 mm Hg with SD of 1.76 mm Hg. The mean absolute
value of IOP difference (ART — GAT,occt) was 2.07 mm Hg
with SD of 1.70 mm Hg. The mean IOP difference (ART -
GAT,occr) was 0.48 mm Hg, however, with a comparably
higher SD of 2.64 mm Hg (Table 2).

Intracular pressure, measured by both ART and GAT,
was higher in the glaucoma group than in the control group
(p < 0.05). A statistical analysis showed the most significant
correlation between the ART values and the GAT ¢ values
(correlation test p < 0.05, correlation coefficient = 0.66). When
compared to GAT, ART overstated IOP by about 2 mm Hg.
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Table 1. Mean values for ART, GATccr and GAToccr With standard
deviation (SD) in mm Hg

Method Mean value [mm Hg] SD [mm Hg]
ART 17.72 3.36
GATcer 16.46 339
GATroccT 17.27 348

Table 2. Mean differences between IOP measurements with standard
deviation (SD)

Mean difference ‘ [n\qlraT:u:g] ‘ [m:]DHg]
ART — GATcer 14 1.76
|ART — GATcc1| (absolute values) 1.87 1.24
ART - GAT occt 048 2.64
|ART—- GAT, occ7| (absolute values) 207 1.70

The mean IOP difference between ART and GATccr was
2.12 +1.49 mm Hg (values > 12 mm Hg); 1.83 £1.18 mm Hg
(in the range of 12-18 mm Hg); and 1.75 +1.15 mm Hg
(values >18 mm Hg). According to ISO criteria for new
tonometers, only in 5% of measurements the difference
may be higher than 5 mm Hg. Tables 3 and 4 show the per-
centage of measurement values in which the differenc-
es between ART and GAT,,cct, and between ART and
GATccr exceeded £5 mm Hg. Unlike in the previous study
with ART attached to a slit lamp, overstated high IOP val-
ues in manual ART were not noticed.? Corneal thickness
had a little impact on the mean ART and GAT difference
in IOP. The attempt to correct ART values by CCT reduces
the correlation between ART and GAT.

Discussion

Our study proved that IOP values mea-
sured by ART and GAT were compara-
ble. Nonetheless, ART tends to overstate
the higher values of the pressure. The cor-

and IOP GAT (R = 0.92; p < 0.001; SD = 3.6 mm Hg;
n = 104), as well as between IOP removal and IOP GAT
(R =0.94; p <0.001; SD = 3.1 mm Hg, n = 104).

In further studies on a porcine eye model evaluating
the use of ART for IOP measurement, ART-acquired values
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Fig. 1. The difference between Goldmann Applanation Tonometry
corrected by CCT (GATc¢¢1) and ART as a function of their mean IOP
(n=94 eyes). Solid lines show £5 mm Hg. Correlation coefficient = 0.38.
Correlation test p-value = 0.0001
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Fig. 2. The difference between Goldmann Applanation Tonometry
(GAT occr) and ART. As a function of their mean IOP (n = 94 eyes)
Solid lines show +/— 5 mm Hg. Correlation coefficient = 0.09, with
correlation test p=0.38

Table 3. Number and percentage of measurements in which the difference between ART and
GAT,occr was higher than 5 mm Hg (according to ISO standards for new tonometers)

relation between a Goldmann tonometer IOP mm Hg ART = GATnoccr > 5 mm Hg % (n>5 mm Hg)/(n)
and a resonance tonometer is more sig- 9-16 mm Hg (n = 39) n=6 1539
nificant when using a handheld, automatic >16 mm Hg; <23 mm Hg (n = 47) n=7 14.8
version in comparison with ART attached >23mm Hg (h=9) n=0 0

to a slit lamp. Total (n = 94) n=13 13.8

One of the first studies that compared
GAT and ART was conducted by Hallberg
et al. on 24 healthy patients and 24 pa-
tients with elevated IOP.° Intracular pres-
sure was measured with the use of ART,
during the corneal indentation phase and
the phase when the sensor was removed.
Goldmann tonometry was used as a refer-
ence method. The study showed a signifi-

cant correlation between IOP indentation Total (n =94)

IOP mm Hg ART = GATccr > 5 mm Hg % (n >5 mm Hg)/(n)
9-16 mm Hg (n =37) n=0 0
n=0 0
n=0 0
n=0 0

>16 mm Hg; <23 mm Hg (n = 55)
>23mmHg (n=2)

Table 4. Number and percentage of measurements in which the difference between ART and
GATccr was higher than 5 mm Hg (according to ISO standards for new tonometers)




484

were thought to be strongly operator-dependent.’® How-
ever, more detailed studies regarding this topic showed
that operator dependency did not significantly affect IOP
values. The research by Hallberg et al. proved that off-
center placement of the new designed device with a larg-
er contact surface (7 mm) is not clinically significant.
The precision of ART was well within the ISO standard
requirements for a tonometer.!! Precision of the 2 ver-
sions of ART — handheld and biomicroscope — was ana-
lyzed in a large, randomized, prospective study performed
on 153 human eyes. The study presented that both ART
attached to a slit lamp and handheld ART met the ISO
criteria for tonometers. The biomicroscope setup dem-
onstrated a marginally better precision when compared
with handheld ART.!?

The aim of the study by J6éhannesson et al. was to de-
fine the correlation between servo-controlled ART and
manual ART with regard to GAT. Seventy-seven patients
(152 eyes) were examined by 6 measurements using each
method. Intracular pressure during the indentation phase
(the dynamic state) and IOP during 2-second applana-
tion (the static state) were analyzed. The study showed
that manual ART met the ISO criteria of the standard de-
viation range for both phases, while the servo-controlled
ART fulfilled the criteria only during the static stage.”

Elevated intraocular pressure is the main risk factor
of glaucoma development; therefore, the majority of stud-
ies are focused on this group of patients. Ottobelli et al.
examined 115 glaucomatous patients and 63 patients from
the control group. Goldmann tonometry and double res-
onance tonometry were performed in a random order.
The statistical analysis showed that ART overestimated
IOP on average by 1.3-1.7 mm Hg compared to GAT, espe-
cially in patients with high IOP. The ART results were re-
peatable but the 2" (ART 2) was lower than the 1 (ART 1),
probably due to the increased tranquility of the patients
during the 2" test.®12 Also, Salvetat et al. investigated
the repeatability and accuracy of servo-controlled ART.
They obtained high repeatability of ART, but signifi-
cantly lower than GAT. Common conclusion was drawn
— ART overestimated GAT values, especially in patients
with high IOP.%13

Many papers compare new techniques of IOP measure-
ment usually with a Goldmann tonometer as a reference
point. Jéhannesson et al. in a prospective study of 53
subjects compared 3 tonometry methods — GAT, Pascal
dynamic contour tonometry (DCT), and ART. The as-
sessment of IOP was made prior to, directly after, 3, and
6 months after laser-assisted sub-epithelial keratectomy
(LASEK), which is known to have a great impact on bio-
mechanical properties of the cornea. Six measurements
were obtained with a 5-min gap after each test in a ran-
domly selected eye. The reduction of IOP was observed
in the 3" and 6™ month after the laser eye surgery; how-
ever, the biggest decrease of IOP was noticed in the GAT
group after 6 months (-1.7 £1.8 mm Hg), then in the static
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ART group (-1.2 +1.5 mm Hg), followed by DCT pa-
tients (-1.1 +1.6 mm Hg) and the dynamic ART group
(1.0 £1.5 mm Hg).!* After 2 years of follow-up, dynamic
ART showed no significant difference in the measured
IOP. We concluded that corneal properties had the least
impact on dynamic ART measurements, so we recommend
it in patients after LASEK.'®

Jéhannesson et al. analyzed the impact of ageing on eye
proprieties in 2 healthy but age-differentiated groups.
Intracular pressure was measured by ocular response ana-
lyzer (ORA), dynamic contour tonometry (DCT), applana-
tion resonance tonometry (ART), and Goldmann appla-
nation tonometry (GAT). Values obtained by ORA, DCT
and GAT were higher in elderly patients than in the young
population. Applanation resonance tonometry showed
no difference of IOP between those groups. The authors
suggest that age-independent results may be partially ex-
plained by the character of the ART method. The study
also proved that ART does not depend on central corneal
thickness (CCT) and corneal curvature (CC).'°

Probable fluctuation of IOP after corneal surgeries
was examined by Beckman et al. in a study from 2014.
His research on 28 patients (29 eyes) after corneal cross-
linking (CXL) and on a corresponding control group
showed that ART can be a useful method for assessing
corneal hysteresis (CH).!”

In a recent study investigating the impact of multiple
IOP measurements and the use of topical anesthetics
on IOP, using GAT and ART, Jéhannesson et al. demon-
strated the IOP reduction after repeated pressure measure-
ments. Also, a reduction in IOP was observed after the use
of topical anesthetics without multiple IOP measurements.
Authors advise to take into account the reduction of IOP
when topical anesthetics or repeated IOP measurements
would be performed in a study.!®

Conclusion

Applanation resonance tonometry, when compared
to GAT, overstates IOP values by approx. 2 mm Hg.
The difference between IOP measurements using ART
and GAT is not significant in the range of tested values (8—
25 mm Hg). The IOP level variance is comparable, which
supports the statement that handheld ART is an equally
predictable method as GAT. Its automatic, triple measure-
ment along with the exam-quality indicator make ART
amore objective method than GAT. Further technological
improvement and large multi-center studies may improve
ART position in the field of IOP tonometers.
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