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ABSTRACT

Purpose: To compare intraocular pressure (IOP) measurements obtained using the Goldmann applanation tonometer (GAT), non-
contact tonometry (NCT), Tono-Pen (TPT) and Pascal dynamic contour tonometry (DCT).

Methods: Fifty-eight eyes of 29 patients were included in the study. IOP measurements obtained with GAT were compared with those
measured using NCT, TPT, and DCT in eyes with thin and thick corneas.

Results: The overall intraclass correlation coefficient (ICC) among the tonometers was 0.844. No statistically significant difference was
observed between GAT and TPT measurements (P = 0.999). In contrast, DCT-IOP and NCT-IOP values were significantly higher than
both GAT-IOP and TPT-IOP values (P < 0.001 for all comparisons). Bland—Altman analysis showed wide limits of agreement (LoA)
between GAT and the other tonometers. At normal corneal thickness, a significant positive correlation was observed between central
corneal thickness (CCT) and IOP measurements obtained with all tonometers.

Conclusion: Although significant correlations were observed among different tonometry methods, clinically relevant differences in
IOP measurements were noted between devices. These findings suggest that correlation does not necessarily indicate agreement, and
IOP values obtained with different tonometers should be interpreted cautiously, considering corneal-related factors and measurement
principles.
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INTRODUCTION Today, the Goldmann applanation tonometer (GAT) is

Measurement of intraocular pressure (IOP) is an important widely used and accepted as the gold standard for 10P
) o o measurement.”! However, this method has various disad-

part of routine eye examination. The accuracy and reliabil- ) ) o

vantages, including the need for a biomicroscope, depen-

ity of IOP measurement is particularly critical in glauco- . . .
Y p y & dency on patient cooperation and experienced operators,

ma, since IOP is the only controllable primary risk factor

in this condition.!'"*!

use of fluorescein strips (insufficient or excessive fluores-

cence), possibility for erroneous results due to ocular rea-
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sons (such as irregular astigmatism, corneal pathologies,
corneal thickness) and the risk of contamination due to
contact with the prism.['**) In order to address these dis-
advantages, various tonometer types have been introduced:
Non-contact tonometer (NCT), Tono-Pen Tonometer (TPT,
Tono-Pen XL, Medtronic, USA), Dynamic Contour To-
nometer (DCT), Rebound Tonometer (RT), Ocular Re-
sponse Analyzer (ORA). These methods were developed to
reduce patient- and physician-related sources of error and
to obtain measurements that are less affected by the biome-
chanical properties of the cornea; therefore, their use de-
pends on accuracy, reliability, and safety. Although central
corneal thickness (CCT) affects tonometric measurements,
the magnitude and direction of this effect differ among de-

vices.

The Goldmann applanation tonometer method has been
almost unanimously accepted as a reference technique in
studies exploring the reliability and repeatability of various
tonometers.['“!3 Since GAT-IOP values are also influenced
by CCT, the accuracy of GAT measurements should be
carefully evaluated.>!*!” Even a difference of 1-2 mmHg
may be critical for the follow-up of high-risk cases.*!"' Be-
cause CCT is one of the most important risk factors for
the conversion of ocular hypertension (OHT) to glaucoma
and for glaucoma progression, several CCT-based IOP cor-
rection formulas have been proposed.!” According to the
European Glaucoma Society (EGS) guidelines, including
the most recent 6th edition, CCT-based IOP correction al-
gorithms lack sufficient clinical validation and show con-
siderable population-dependent variability; therefore, their

routine use is not recommended. ['*

In this study, intraocular pressure measurements obtained
using NCT, TPT, and DCT were compared with those ob-
tained using GAT. Agreement and consistency between
the different tonometry methods were evaluated, and the
relationship between intraocular pressure measurements
and central corneal thickness was analyzed across different

corneal thickness ranges.

METHODS

This retrospective, cross-sectional clinical study was ap-
proved by the Clinical Research Ethics Committee of Adana
City Training and Research Hospital (29.07.2020/1000). A

standard informed consent form prepared for this study was

obtained from the participants. All steps and procedures
were carried out in accordance with the principles of the

Declaration of Helsinki.

This study included healthy and OHT eyes of patients aged
>18 years in whom IOP measurements could be obtained
using all devices. Fifty-eight eyes (45 normal eyes, 13 eyes
with ocular hypertension) of 29 consecutive patients who
applied to our clinic between January 2019 and May 2020
were included in the study. A complete ophthalmologic ex-
amination was performed by examining the patients’ age,
gender, uncorrected and best corrected visual acuity, au-
torefractometry values, biomicroscopic anterior segment
and posterior segment with dilatation examinations. The
CCT measurements were conducted using NCT. Eyes were
divided into three groups according to CCT result: below
520 microns (thin cornea), 520-580 microns (normal) and

over 580 microns (thick cornea).

Intraocular pressure measurements were performed in a
fixed sequence with 10-minute intervals between each
measurement. NCT (Canon TX-20P™, Canon Medical
Systems Europe BV) was used according to the manufac-
turer’s measurement principle, which incorporates corneal
thickness into its algorithm. However, no additional CCT-
based mathematical correction was applied during the clin-
ical interpretation of the results. Intraocular pressure mea-
surements were obtained using Tono-Pen tonometry (TPT;
Tono-Pen XL, Medtronic, USA), Dynamic contour tonom-
etry (DCT,; Pascal Dynamic Contour Tonometer, Ziemer
Ophthalmic Systems AG, Switzerland), and Goldmann
applanation tonometry (GAT; Inami L-5110, Inami, Tokyo,
Japan). The same fixed measurement sequence was used
for all participants to maintain protocol standardization.
For DCT, the measurement quality score (Q; Q1-Q5) was
recorded for each IOP measurement."”! Q scores of Q1-Q3
indicate reliable measurements, whereas Q4—Q5 represent
lower-quality readings that require cautious interpretation
or repetition. All measurements were performed by the
same glaucoma specialist (V.N.O.). To avoid the effects of
daily fluctuations in IOP, all measurements were performed
and completed between 10-11 a.m. Tonometers were pe-
riodically calibrated according to the manufacturer’s in-
structions. Topical anesthetic drops were not used for the
measurements made with the NCT method. The IOP mea-

surement with GAT was performed after applying topical
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anesthesia (Alcaine®, 0.5% proparacaine hydrochloride
ophthalmic solution, USP) under a biomicroscope with
cobalt blue light using sterile strips soaked in fluorescein
sodium. The patients were asked to keep their eyes open
and breathe freely. The TPT device was calibrated daily
and a sterile disposable cover was used for IOP measure-
ment. Topical anesthesia was applied before measurement.
In the DCT method, patients were in the facing position
under topical anesthesia. The tip of the tonometry touched
the cornea for about 5-6 seconds and the measured Q score
was recorded. Eyes included in the study were divided into
two groups with IOP values of 10-21 mmHg (normal IOP)
and 22-30 mmHg (high IOP). All IOP measurements ob-
tained with NCT, TPT, and DCT were compared with those
obtained using GAT.

Having any ocular disease other than OHT, a history of oc-
ular surgery, use of intraocular and/or periocular steroids
during the study or within the previous 3 months, use of
any systemic medication affecting IOP, contact lens use,
presence of dry eye, failure to complete measurements for
any reason, a DCT measurement with a Q4—Q5 score, re-
fractive errors greater than +3.00 D or cylindrical errors
greater than £2.00 D, and pregnancy were considered ex-

clusion criteria for the study.
Statistical analysis

Intraclass correlation (ICC) was used to evaluate the con-
sistency between the four IOP measurement instruments
(GAT, NCT, TPT, and DCT). Bland—Altman analysis was
applied to assess the agreement between the IOP values
measured by three instruments (NCT, TPT, and DCT) rela-
tive to the GAT method. Generalized estimating equations
(GEE) were used to account for potential intra-subject cor-
relation due to the inclusion of both eyes. The estimated
covariance was minimal and did not meaningfully influ-
ence the results. All analyses were performed using IBM
SPSS Statistics Version 20.0 statistical software package.
The pre-determined statistical threshold of significance for
all tests was P < 0.05.

RESULTS

Fifty-eight eyes of 29 patients were included in the study.
Average age was 40.41 + 17.15 (range, 18-74 years), 10
were men and 19 were women. Measured IOP values were:
19.53 + 5.82 (range, 10-34) mmHg with NCT, 17.24 +

4.61 (range, 9-28) mmHg with TPT, 20.29 + 4.59 (range,
11.5-32) mmHg with DCT and 17.34 + 4.86 (range, 11-
30) mmHg with GAT. The mean Q was found to be 1.50 +
0.78 in DCT measurements. There was no statistically sig-
nificant difference between TPT and GAT measurements
and between NCT and DCT measurements (P = 0.999, P
= 0.379, respectively). NCT and DCT results were signifi-
cantly higher than TPT and GAT results (P < 0.001 for all
comparisons). Statistically significant pairwise correlations
were observed, with correlation coefficients (r) ranging
from 0.828 to 0.878. The overall ICC was 0.844. Pairwise
ICC values were 0.878 for GAT vs NCT, 0.830 for GAT
vs TPT, and 0.861 for GAT vs DCT. When the deviation
from GAT results was determined for each tonometer, it
was seen that the percentage of measurements with a devi-
ation of £3 mmHg and greater was highest with the DCT
method, and this result was replicated in the percentage of
measurements with a deviation of £5 mmHg and greater
(Figure 1).

The differences between tonometer measurements and GAT
results are illustrated using Bland-Altman plots (Figure
2a-c). The mean of the differences between corresponding
measurements (NCT value minus GAT value) was 2.19 +
2.79 mmHg (Limits of Agreement, -3.29 to +7.67 mmHg).
A positive linear relationship was observed between NCT
and GAT (r>=0.771, P <0.001) (Figure 2a). The mean of
the differences between corresponding measurements (TPT
value minus GAT value) was -0.10 + 2.77 mmHg (Lim-
its of Agreement, -5.53 to +5.33 mmHg). A positive lin-
ear relationship was observed between TPT and GAT (1* =
0.689, P <0.001) (Figure 2b). The mean of the differences
between corresponding measurements (DCT value minus
GAT value) was 2.95 £ 2.51 mmHg (Limits of Agreement,
-1.96 to +7.86 mmHg). A positive linear relationship was
observed between DCT and GAT (r> = 0.741, P < 0.001)
(Figure 2¢). Mean differences, correlation coefficients, and
limits of agreement for all device comparisons are sum-
marized in Table 1. At normal IOP levels, all tonometers
showed positive correlations with GAT, with correlation
coefficients of 0.725 for NCT, 0.705 for TPT, and 0.687 for
DCT. NCT showed higher correlation with GAT at normal
IOP (r=0.725), whereas DCT showed higher correlation at
elevated IOP (r=0.786).
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Mean CCT was 544.29 + 44.64 (range, 412-617 microns).
There was no significant correlation between tonometer
measurements and CCT in thin corneas. Positive correla-
tions were observed between CCT and IOP measurements

obtained with all tonometers in eyes with normal corne-

DIFFERENCE BETW

al thickness (r = 0.391, P = 0.030; r = 0.570, P = 0.001;
r=0.457, P =0.010 and r = 0.533, P = 0.002 for NCT,
TPT, DCT and GAT, respectively). In thick corneas, only
NCT results were found to be correlated with CCT values
(r=0.587, P = 0.045).

EEN GAT AND OTHER

TONOMETER RESULTS
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Figure 2. Bland-Altman plots showing agreement between intraocular pressure measurements by non-contact tonometry (NCT,

a), Tono-Pen (TPT, b), and dynamic contour tonometry (DC
indicate mean difference and limits of agreement (+1.96 SD),

T, ¢) versus Goldmann applanation tonometry (GAT), solid lines

and dashed lines show 95% confidence intervals of the limits.

Table 1. Comparison of intraocular pressure (IOP) measurements between tonometers and Goldmann applanation tonometry
(GAT)
Device Comparison Mean Difference + SD Limits of Agreement Correlation (r)
(mmHg) (mmHg)
NCT vs GAT 2.19£2.79 —3.29 to +7.67 0.878
TPT vs GAT —0.10 £2.77 —5.53 to +5.33 0.830
DCT vs GAT 2.95+2.51 —1.96 to +7.86 0.861
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DISCUSSION

The correlations between tonometer results and the differ-
ences between measurements are important for the accu-
rate measurement of IOP. In our study, IOP results obtained
with the NCT, TPT and DCT methods were compared
with GAT-IOP. Statistically significant correlations were
observed among the tonometer measurements; however,
correlation alone did not imply agreement. It was observed
that NCT and DCT results were higher than GAT, and the
tonometer that deviated the most from the GAT values
and produced the highest results was DCT. NCT showed a
higher correlation with GAT results, while TPT showed a
lower correlation. Although statistically significant correla-
tions were observed, the wide limits of agreement indicate
that these tonometry methods cannot be considered directly
interchangeable with GAT.

In a large systematic review, where 8 different tonometers
were compared, it was reported that the NCT and Hand-
held applanation tonometry (HAT) methods produced the
closest values to GAT measurement, while other tonome-
ters had a measurement difference of more than 2 mmHg
compared to GAT.!'®! Tt has been observed in various stud-
ies that DCT-IOP values are higher than that of other to-
nometers and the difference between DCT and GAT mea-
surements are reported to vary between 0.17-2.34 mmHg.
(20-281 Tn our study, the mean DCT-GAT difference was 2.95
mmHg. This difference was slightly higher than that report-
ed in the literature. When DCT measurement results were
assessed with regard to GAT, 63.8% of the eyes were found
to have a deviation of more than 3 mmHg and 31% of the
eyes had a deviation of more than 5 mmHg. The variabil-
ity in reported DCT—GAT differences across studies may
be related to differences in study populations. [21:232526.28] [
addition, it was thought that the glaucoma drugs used in
studies involving eyes with glaucoma may have had an ef-
fect on CCT changes.*”

Similar to our study, the literature reports a higher correla-
tion between GAT and NCT at normal IOP, and various
studies suggested that GAT and NCT could be used inter-
changeably in the presence of normal IOP.>!33% Similar to
our study, it has been reported in the literature that there
is an increase in the differences between GAT and NCT at
high TOP.l'*% Mohan et al. reported that there was a £+ 3
mmHg IOP difference in 86.4% of the eyes they assessed.

B9 In our study, there was a + 3 mmHg IOP difference in
44.8% of eyes. This difference may be due to racial differ-
ences but it is also possible that the IOP classification uti-
lized by Mohan et al. caused biased results. Interestingly,
Gupta et al. found a good correlation between GAT and
NCT at normal and high IOP in their study comprised of
eyes with glaucoma.l*'! Tamgelik et al. reported that sig-
nificant inconsistencies could occur between devices when
IOP deviated from normal values.!'!! It was thought that the
differences between publications may be due to the fact

that studies were not standardized.

Kato et al. compared the GAT, iCare, Icare PRO, NCT and
TPT methods in healthy eyes and found a high degree of
compatibility between GAT, NCT and rebound tonometers;
whereas the authors noted that the TPT method demon-
strated the worst compatibility with other tonometers.['¥ In
our study, it has been observed that TPT is correlated with
GAT at normal IOP; whereas their results are incompatible
at high IOP.12¢1520321 This result has been attributed to TPT
being less affected by CCT.[2102033.34]

Many studies report that all tonometers are more or less
affected by CCT.['"!1:351 Tt has been reported that NCT is
the tonometer most affected by CCT. 1223537 [n our study,
none of the tonometers in thin corneas showed a signifi-
cant correlation with CCT. There was a significant positive
correlation in all tonometers of normal corneal thickness.
There was only a correlation between NCT and CCT in the
thick cornea. This situation has been associated with the
static nature of GAT measurement, the deformation of a
larger corneal area during IOP measurement via NCT, and

the elasticity of the cornea.[3!)

No correlation was found between DCT and CCT in thin
and thick corneas, and a correlation was found in normal
corneal thickness in our study. It has been claimed that
DCT is less affected by corneal thickness and corneal bio-
mechanics.! 2> 3% 39 The lower level of CCT-related effects
with DCT measurement can be attributed to the measure-
ment technique of the device and the fact that the corneal
thicknesses of our cases were within the range of 300-700

microns.

There was no significant correlation between TPT measure-
ments and CCT in thin and thick corneas, and a significant

positive correlation was observed in eyes with normal cor-
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neal thickness. There are studies showing that TPT is not
affected by CCT.[2203234] There are also studies reporting
that TPT measurements are affected by CCT, but lesser de-
gree than GAT and NCT.[10223335 TPT’s lack of correlation
with CCT in thin and thick corneas has been attributed to
the fact that the area in contact with the cornea is smaller in
the TPT method compared to GAT (1.5 mm for TPT XL).[?

In the meta-analysis by Doughty and Zaman, the effect of
CCT on IOP measurements was reported to range between
0.19 and 0.50 mmHg per 10-um change in corneal thick-
ness.’® Although earlier studies suggested that IOP correc-
tion might be considered when CCT deviates from normal
values,!®! objective clinical validation of CCT-based IOP
correction algorithms remains limited."*!! Previous studies
have also shown that reliance on such correction formulas
may be problematic, particularly in high-risk clinical situa-
tions.[*># Kwon et al. reported more severe glaucoma pro-
gression in patients whose corrected IOP values were cal-
culated using the Ehlers formula, especially in eyes with a
history of corneal refractive surgery, suggesting that under-
estimation of IOP may lead to insufficient treatment inten-
sity.*I Similarly, Wachtl et al. demonstrated increasing dis-
crepancies between formula-corrected GAT measurements
and DCT-IOP in patients with thin corneas and advanced
glaucoma, indicating that CCT-based correction may be
misleading in certain clinical settings.[*! Park et al. further
reported that errors in corrected IOP values increased with
increasing CCT in both healthy and glaucomatous eyes,
emphasizing that correction formulas should not be used as
standalone tools in clinical decision-making.*! Consistent
with the 6th EGS guidelines, which state that CCT-based
IOP correction formulas are not clinically validated and
show considerable population-dependent variability, these
findings support the recommendation to avoid the routine
application of mathematical IOP correction based on CCT

in clinical practice.!'®

Although no tonometry method can directly measure true
intracameral pressure, differences in measurement princi-
ples may influence the obtained IOP values. It has been
reported that the widely used GAT tends to underestimate
true intracameral IOP by approximately 3 mmHg in vitro
and up to 5 mmHg in vivo. Cadaver and experimental stud-
ies have suggested that DCT, which is less dependent on

corneal deformation, may provide IOP measurements clos-

er to actual intracameral pressure.*#! These observations
indicate that systematic differences between tonometry
techniques may reflect methodological characteristics rath-
er than true differences in intraocular pressure and should

therefore be interpreted with caution in clinical practice.

Intraocular pressure measurements may be influenced by
multiple factors, including the type of tonometer used,
CCT, operator experience, and the measurement tech-
nique. B7 In addition, methodological differences such as
the order of tonometer use, time intervals between mea-
surements, calibration status, diurnal timing of IOP assess-
ment, CCT measurement techniques (e.g., anterior segment
optical coherence tomography, Pentacam, or ultrasound),
and patient-related characteristics (healthy subjects, ocular
hypertension, or glaucoma) may further contribute to vari-
ability across studies. Other factors, including age, system-
ic diseases, IOP classification methods, and standardiza-
tion issues, such as analyzing both eyes versus a single eye
per subject-also affect reported outcomes. Taken together,
these considerations indicate that variability among studies

comparing tonometry methods is multifactorial.ls!

The present study has several limitations. Intraocular pres-
sure measurements were performed in a fixed sequence
across devices, which may have introduced an order effect.
Both non-contact and contact applanation methods, such
as NCT and TPT, can transiently influence IOP values, and
differences in the timing of topical anesthesia administra-
tion between devices may also have affected the measure-
ments. In addition, repeated contact tonometry may pro-
gressively alter the corneal surface. Therefore, a potential
order effect cannot be completely excluded. Eyes with an
IOP below 10 mmHg were not included in the study. The
relatively small sample size may have limited the statistical
power of multiple subgroup analyses, including compar-
isons between normal and ocular hypertensive eyes, thin,
normal, and thick corneas, as well as low and high IOP
ranges; accordingly, these results should be interpreted
with caution. Eyes with high refractive errors and signifi-
cant astigmatism were excluded, and axial length was not
assessed. Although generalized estimating equations were
applied to account for intra-subject correlation, the inclu-
sion of both eyes from the same individual may still rep-
resent a potential source of bias and should be considered

when interpreting the results. Despite these limitations, the
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comprehensive comparison of multiple tonometry methods
under different clinical conditions represents an important

strength of this study.

CONCLUSION

In this study, a significant positive correlation between IOP
and CCT was observed at normal corneal thickness across
all tonometry methods. However, despite these positive
correlations, meaningful differences between tonometer
measurements were present, indicating that correlation
alone does not imply agreement. These results suggest that
corneal properties and measurement principles influence
IOP assessment and should be taken into account when
interpreting tonometry findings in clinical practice. Future
studies including larger populations with a broader range
of IOP values, diagnoses, and ocular characteristics may
help further clarify the factors affecting the accuracy of IOP
measurements. Consideration of additional parameters re-
lated to corneal biomechanics may also improve the clini-
cal interpretation of IOP measurements. These findings are
clinically relevant for follow-up, especially in patients at

risk of glaucoma progression.
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