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HIGHLIGHTS

- Significant differences in IOP readings were found among the three devices (CST, GAT, NCT), but these differences were
not consistent across all pressure levels. They were particularly notable at very low (< 10 mmHg) and very high (> 40 mmHg)
intraocular pressures.

- A key methodological strength was classifying eyes into four distinct IOP levels based on GAT readings (A: <10, B: 10-
21, C: >21-40, D: >40 mmHg) and performing analyses within these groups. This approach was crucial for revealing that the
agreement between devices is not uniform and is highly dependent on the actual pressure level.

- The findings guide clinicians on device selection. CST may be a more suitable alternative to GAT than NCT, especially for
measuring both low and high IOPs where NCT is unreliable. This could be particularly relevant in post-surgical settings or in

severe glaucoma where accurate measurement at extremes is critical.
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Abstract: Objectives: Accurate intraocular pressure (IOP) measurement is a cornerstone of glaucoma
diagnosis and management. While Goldmann applanation tonometry (GAT) remains the accepted
gold standard, technological advancements have introduced alternative methods such as noncontact
tonometry (NCT) and the dynamic Scheimpflug-based Corvis ST (CST). This study aims to conduct
a rigorous comparative analysis of IOP measurements obtained by NCT, GAT, and CST across a
wide spectrum of intraocular pressures. The primary objectives were to evaluate the performance
of these devices in both healthy and glaucomatous eyes, assess their intra- and interobserver
variability, and determine their level of agreement with the established reference. Methods: In this
prospective, comparative study, a total of 212 eyes from 212 subjects were enrolled, comprising 137
eyes of patients with glaucoma and 75 eyes of healthy individuals. All participants underwent IOP
measurement using the three devices in a randomized order to minimize bias. Based on the initial
GAT readings, eyes were systematically classified into one of four predefined IOP levels: Level A
(low, < 10 mmHg), Level B (normal range, 10 — 21 mmHg), Level C (moderately elevated, > 21
to 40 mmHg), and Level D (severely elevated, > 40 mmHg). A mixed-model analysis of variance
(ANOVA) was employed to statistically analyze the differences in IOP measurements among the
three tonometers at each distinct pressure level. The agreement between each pair of devices (CST
vs. GAT, CST vs. NCT, and NCT vs. GAT) was meticulously assessed using Bland-Altman plots,
which provide metrics for bias (mean difference) and the 95% limits of agreement (LoA). Results:
CST and GAT exhibited better intra- and interobserver variability compared to NCT. Significant
differences in IOP measurements were observed among CST, NCT, and GAT at levels A and D
(P<0.001, P=0.030). Bland-Altman analysis revealed biases between CST and GAT, CST and NCT,
and NCT and GAT at different levels (level A: -0.61, 0.94, and -1.55 mmHg; level B: 0.16, -0.7, and
0.8; level C: 0.5, 0.5, and -0.1; level D: 0.83, -3.4, and 4.2). Notably, NCT tended to overestimate
IOP more at higher levels (level D) and underestimate at lower levels (level A) compared to CST.
CST demonstrated better agreement with GAT than NCT did. Conclusions: This study confirms
that the Corvis ST (CST) shows superior agreement with the Goldmann applanation tonometer than
noncontact tonometry, particularly at low and high IOP ranges. It also exhibits greater measurement
consistency. While NCT remains a useful screening tool, its significant over- and underestimation at
pressure extremes is a critical limitation. The findings strongly suggest that CST may serve as a more
suitable and reliable alternative to NCT for measuring IOP across a broad clinical range. However,
the results underscore that these three methods are not directly interchangeable. Clinicians must
therefore exercise careful interpretation of IOP values, taking into account the specific tonometer
used and the patient's probable pressure level for accurate diagnosis and management of glaucoma.
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INTRODUCTION

Glaucoma stands as a leading cause of irreversible
blindness worldwide, being characterized by optic
nerve damage that is frequently associated with elevated
intraocular pressure (IOP)."” Precise IOP measurement
plays a pivotal role in the diagnosis, treatment, and
ongoing monitoring of glaucoma.” In clinical practice,
several tonometry methods are used, including the
noncontact tonometer (NCT), Goldmann applanation
tonometer (GAT), and Corvis ST (CST). Nevertheless,
the discrepancies observed among these methods
underscore the necessity for a thorough comparative
analysis to deepen our comprehension of their
effectiveness and constraints.

The GAT, widely regarded as the gold standard
for IOP measurement,*™ has several drawbacks. For
instance, it is attached to a slit lamp, requires a skilled
examiner for operation, and lacks portability.*” The NCT
and CST share a fundamentally similar basic working
principle.*” However, many studies have reported that
the NCT’s lack of precision. For example, Tonnu et al.
found that the NCT significantly underestimated GAT
measurements at lower IOP levels and overestimated
them at higher IOP"” Consequently, the NCT is deemed
unreliable for subjects with higher IOP ranges.!"*""

The CST, on the other hand, is a cutting-edge
noncontact tonometer that enables the examination of
the the cornea’s dynamic reaction to an air impulse. It
is engineered to deliver more accurate, repeatable, and
reproducible results, along with a broad measurement
range.""”

Although the GAT and NCT have been the
subject of comparison by various researchers,!* '
no comprehensive evaluations have been conducted
involving all three tonometers across different IOP

levels.!"’

! This prospective study aims to assess and
compare IOP measurements obtained by NCT, GAT,
and CST across varying IOP levels in both healthy
individuals and glaucoma patients. Furthermore, the
study investigates the intra- and interobserver variability
of the three tonometry methods and evaluates their

agreement through rigorous statistical analyses.

METHODS

This prospective, comparative study was conducted
with 212 participants (comprising 75 normal volunteers
and 137 patients) in Dongguan Tungwah Hospital.
The study received approval from the Ethical Review
Committee of Dongguan Tungwah Hospital and adhered
to the provisions of the Declaration of Helsinki for
research involving human subjects. Written informed
consent was obtained from each participant before
examination. All of the subjects were of Chinese Han
ethnicity.

The normal volunteers had no prior history of
glaucoma. The study protocol excluded individuals
with pathological corneal conditions, such as a corneal
wound, cornea edema, scarification, Fuchs’ endothelial
dystrophy, or keratoconus, as these conditions could
potentially influence the measurements. Out of the 212
eyes examined, 75 exhibited no pathologies, while 137
were diagnosed with various ocular pathologies (87 with
primary glaucoma and 50 with postoperative glaucoma).

All enrolled eyes underwent a comprehensive
ophthalmic examination. IOP measurements were taken
with the participants in a seated position, following either
a CST-NCT-GAT or an NCT-CST-GAT sequence.!"”
During a single visit, each device was used to measure
IOP three times by two experienced masked clinicians
who were masked to the results. Participants were
allowed a recovery period of about 2 minutes between
measurements taken with the same tonometer and a
S-minute break between measurements taken with
different tonometers."” ' IOP was measured using a
newly developed noncontact tonometer incorporating
Scheimpflug technology (Corvis ST; Oculus, Germany),
a slit lamp—mounted GAT (Haag-Streit, Bern,
Switzerland), and a conventional NCT (Canon TX-20
Full Auto Tonometer; Canon, Tokyo, Japan).

The collected data were processed and subjected
to statistical analysis using SPSS for Windows (Version
26.0; SPSS, Chicago, IL) and MedCalc software version
13.0.0.0 (MedCalc Software, Mariakerke, Belgium).
Data are presented as mean =+ standard deviation. IOP
measurements obtained by CST, GAT, and NCT at
different levels were analyzed using a mixed-model
analysis of variance (ANOVA) with least significant
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difference (LSD; Fisher LSD) multiple comparisons.
Based on the GAT IOP readings, participants were
categorized as follows: level A, < 10 mmHg; level B,
10 ~ 21 mmHg; level C, > 21 to <40 mmHg; and level
D, > 40 mmHg. The coefficient of variation (CV) and
intraclass correlation coefficients (ICC) were calculated
to assess the intra- and interobserver variability.
Correlations among different IOP measurement devices
were analyzed by Spearman’s coefficient of rank
correlation analysis. The agreement between devices was
assessed through Bland-Altman plots. For all tests, P <
0.05 was considered statistically significant.

RESULTS

Demographic data and IOP measurements

A total of 137 patients (137 eyes) and a normal
control group consisting of 75 subjects (75 eyes), who
met the inclusion criteria, were enrolled in the study. The
212 eyes were categorized into four groups: level A (46

eyes), level B (75 eyes), level C (47 eyes), and level D
(44 eyes). The mean ages of the patients and the normal
control individuals were 42.24 + 17.18 (mean =+ standard
deviation) and 44.56 + 14.76 years, respectively, with
no significant difference between two groups (P=0.179).
The IOP results obtained from the three devices are
summarized in Table 1. Table 2 presents a summary of
the tonometry results using the CST, GAT, and NCT
at different levels (levels A, B, C, and D). Significant
differences in IOP measurement were observed at levels
A and D (P<0.001, P=0.030, respectively) as determined
ANOVA. Pairwise comparisons by the LSD test revealed
the following at level A: CST vs. GAT, P = 0.059; CST
vs. NCT, P = 0.004; GAT vs. NCT, P <0.001. Level D:
CST vs. GAT, P=0.617; CST vs. NCT, P = 0.044; GAT
vs. NCT, P=0.012. In contrast, no significant differences
in IOP measurements were found at levels B and C (P =
0.053, P = 0.890, respectively) according to ANOVA.
The pairwise comparisons at level B: CST vs.GAT, P =
0.067; CST vs. NCT, P =0.642; GAT vs. NCT, P =0.022.

Table 1 IOP (three readings + mean) in the study participants ( 212 eyes)

Tonometers IOP1, mmHg (range) I0OP2, mmHg (range) IOP3, mmHg (range) Mean I0P

CST 23.32+15.55 (3.00,68.00) 22.81£15.36 (4.00,65.00) 22.49+15.25 (3.50,64.00) 22.87+15.36
GAT 22.78+15.05 (4.50,65.00) 22.62+14.86 (4.00,64.00) 22.61£14.86 (4.00, 65.00) 22.67£14.91
NCT 23.46%16.51(3.00, 68.00) 23.61%16.39 (3.00, 67.50) 23.36%16.57 (3.00, 68.00) 23.48+16.45

Abbreviations: IOP, intraocular pressure; CST, Corvis ST; NCT, noncontact tonometer; GAT, Goldmann applantation tonometer.

Table2 Comparison of IOP measurements at different levels

levels Eyes CST NCT GAT F P
level A 46 7.24+1.5S 6.30+1.49 7.85+1.59 11.850 <0.001
level B 75 14.13+2.14 14.78+2.15 13.96+2.20 2.970 0.0583
level C 47 29.44£6.22 28.89+5.59 28.97£6.00 0.117 0.890
level D 44 47.12£7.96 50.48+7.62 46.29+7.70 3.602 0.030*

Level A: < 10 mmHg, level B: 10 to 21mmHg, level C: 21~ 40 mmHg, and level D: > 40 mmHg. *Significance of differences between groups:
mixed-model analysis of variance (ANOVA); * P value < 0.05 was considered to be significant.
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Level C: CST vs. GAT, P = 0.657; CST vs. NCT, P =
0.701; GAT vs. NCT, P=0.952.

Variability of IOP measurements and
correlation of IOP measurement techniques
As shown in Table 3, among the three tonometers

evaluated, the CST and GAT exhibited the lower
variability in their measurements. Furthermore,
Spearman’s coefficient of rank correlation analysis
revealed a high correlation between the CST and GAT
(P =0.996; P < 0.000,1), indicating a strong positive
relationship between the measurements obtained by these
two devices. Similarly, high correlations were observed
between the CST and NCT (P=0.991, P<0.000,1), as well
as between the GAT and NCT (P=0.990; P<0.000,1).
These findings are visually represented in Figure 1.

Agreement between devices at different IOP

levels
As presented in Table 4, the Bland-Altman analysis

revealed that, across the total of 212 eyes with IOP

Table 3 Variability of IOP measurements (212 eyes)

Repeatability Reproducibility
Method
CvV ICC Ccv ICC
CST 4.69 0.946 4.42 0.975
GAT 5.2§ 0.966 S5.31 0.962
NCT 6.68 0.894 6.27 0.932

CV, Coefficient of variation; ICC, intraclass correlation coeflicients.

measurements ranging from 3 mmHg to 68 mmHg, the
mean [OP value obtained by CST was approximately
0.2 mm Hg higher than that measured by the GAT and
0.6 mm Hg lower than that measured by the NCT. This
indicates that the CST demonstrated better agreement
with the GAT compared to the NCT, as further illustrated
in Figure 2.

Figure 3 displays Bland-Altman plots that
visually represent the agreement between devices at
different IOP levels. At level A, the IOP measured by
the CST was approximately 0.61 mmHg lower than that
measured by the GAT and 0.94 mmHg higher than that
measured by the NCT, suggesting that the NCT tended
to underestimate IOP more than the CST did. At level
B, the CST measured IOP approximately 0.16 mmHg
higher than the GAT and 0.70 mmHg lower than the
NCT. At level C, the CST measured IOP approximately
0.5 mmHg higher than both the GAT and NCT, indicating
relatively close agreement among the three devices at
this level. However, at level D, the CST measured IOP
approximately 0.83 mmHg higher than the GAT and
3.4 mmHg lower than the NCT, suggesting that .the NCT
overestimated IOP more than the CST did at higher IOP
levels.

DISCUSSION

In the present study, the CST, a relatively novel
IOP measurement technology, was compared with the
NCT and GAT. Given that the traditional NCT may
underestimate GAT measurements at lower IOP levels
and overestimated them at higher IOP levels,!'*""
this study was specifically designed to compare the

performance of three tonometers across four distinct IOP
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Figure 1 Correlations among different IOP measurement devices
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Table 4 Mean difference and 95% agreement between devices-summary of findings from this study and previous studies

Studies Eyes Range of IOP CST-GAT NCT-GAT NCT type
This study 212 3.0~68.0 0.2 (-1.6,2.0) 0.8 (-4.0,5.6) Canon TX-20
Hong]J et al, 2013 59 1.3 (-6.2,3.5) 1.1(-6.2,8.3) Topcon CT-80A
Reznicek L, 2013 [ 188

Baneros-Rojas P, 2014 " 178 - 0.1 (+2.2) -
Smedowski A, 2014 2 192 0.5(-3.9,4.9)

CST vs GAT NCT vs GAT CST vs NCT
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Figure 2 Bland-Altman scatter plot showing the agreement among different devices for IOP measurement in 212 eyes

ranges: < 10 mmHg, 10 ~ 21 mmHg, 22 ~ 40 mmHg,
and > 40 mmHg. Previous studies have predominantly
focused on normal or mildly abnormal IOP ranges (e.g.,
7 ~ 29 mmHg), whereas this study encompasses a much
broader range, from 3 to 68 mmHg, with a particular
emphasis on including samples with high IOP (>
40 mmHg, 44 cases). To the best of our knowledge, this
is the first prospective study to systematically evaluate
the performance of CST, GAT, and NCT under extreme
IOP conditions ( < 10 mmHg and > 40 mmHg).

In the current study, we discovered that there were
significant differences in IOP between the CST and GAT,
between NCT and GAT, as well as between CST and
NCT. A high degree of correlation existed between each
pair of devices (all P < 0.000,1). Notably, the CST and
GAT exhibited lower variability in their measurements.
Furthermore, through Bland-Altman analysis, it was
observed that the CST demonstrated better agreement
with the GAT compared to the NCT. Specifically, when
IOP was greater than 40 mmHg, the NCT tended

to overestimate IOP t a greater extent than the CST.
Conversely, when IOP was less than 10 mmHg, the NCT
underestimated the IOP more severely than the CST did.

It is essential to evaluate the variability of IOP
measurements in this study. When compared with
previous research, the CV and ICC values in our study
indicated better intra- and interobserver variability for the
three tonometers under investigation. Hong et al. reported
that, for the NCT, CST, and the CV ranged from 6.7%
to 10.8% and the ICC ranged from 0.61 to 0.90."" In
Reznicek’s study, the ICC for the CST was 0.942."%
In our report, the use of a larger number of sample size
and well-calibrated tonometers may have contributed to
the demonstration of superior intra- and interobserver
variability. Additionally, the distribution of IOP values
may also have played a role in the calculation of the CV
and ICC.

According to the majority of previous reports, a
tonometer with limits of agreement within £3 mmHg
relative to the GAT is considered clinically acceptable
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measurement atlevel A, B, C,and D
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and interchangeable."*"” In our analysis, the Bland-
Altman plot revealed biases between the CST and GAT,
CST and NCT, and NCT and GAT of 0.2 mmHg, -0.6
mmHg, and 0.8 mmHg, respectively, with 95% limits
of agreement of -1.6 to 2.0 mmHg, -4.9 to 3.7 mmHg,
and -4.0 to 5.6 mmHg, respectively. The results showed
that the CST is a reliable tonometer compared with
the GAT and NCT. As illustrated in Table 3, in Hong’s
report, Bland-Altman analysis revealed biases between
the CST and GAT, CST and NCT, and NCT and GAT of
-1.3,-2.4, and 1.1 mmHg, with 95% limits of agreement
of -6.2 to 3.5 mmHg, -10.1 to 5.2 mmHg, and -6.2 to
8.3 mmHg, respectively.!"”’ Smedowski showed a bias
between the CST and GAT of 0.5, with 95% limits of
agreement of -3.9 to 4.9 mmHg."” The bias between the
CST and GAT in our study was close to that reported by
Smedowski. Due to the different types of NCTs used and
their inherent characteristics, the biases of the NCT and
GAT vary significantly across different reports.”" !

To thoroughly verify the characteristics of different
tonometers in measuring IOP across various levels, our
study recruited participants with a broad spectrum of
IOP measurements, ranging from 3 mmHg to 68 mmHg,
encompassing a total of 212 eyes. The enrolled eyes
were categorized into four groups based on IOP levels: <
10 mmHg, 10 ~ 21 mmHg, 21 ~ 40 mmHg, and >
40 mmHg. In this study, we observed that the NCT
tended to overestimate IOP more than the CST when
IOP > 40 mmHg, whereas it underestimated IOP more
than the CST when IOP was below 10 mmHg.The
IOP deviations resulting from NCT measurements
may contribute to the underdiagnosis or misdiagnosis
of low intraocular pressure (< 10 mmHg), thereby
delaying the timely initiation of early intervention and
treatment. Conversely, in patients with high intraocular
pressure (>40 mmHg), these deviations may result in
overtreatment or undertreatment, adversely affecting
patient prognosis. Previous studies have indicated that
the NCT may not reliable in subjects with either lower
or higher IOP range.""""! However, the IOP ranges
examined in those studies were primarily confied to 7
to 29 mmHg and 10 to 21 mmHg.""""! As demonstrated
in our study, the CST exhibits superior accuracy in
measuring intraocular pressure (IOP), particularly
within the low IOP range ( < 10 mmHg) and high IOP

range ( > 40 mmHg). These characteristics, coupled
with its high precision and repeatability, make the CST
an ideal instrument for the long-term management of
glaucoma patients and for precise IOP assessment during
the perioperative period. This is especially pertinent
in clinical scenarios involving glaucoma patients with
IOP near the normal range but experiencing progressive
visual field damage, as well as in cases where corneal
abnormalities may potentially compromise the accuracy
of IOP measurements.

Several limitations are associated with this
study. Firstly, some reports have demonstrated that
central corneal thickness exerts an influence on IOP
measurement.!"* ** However, this study primarily
focused on the clinical comparison of IOP at different
levels using the three tonometers. Our future research
will delve into whether other factors, such as age,
disease, or corneal biomechanical properties (CBPs),
affect IOP measurement. Secondly, the CST equipped
with ultra-high-speed Scheimpflug technology is also
capable of evaluating CBPs. Such evaluation may help
us to correct IOP measurements. Therefore, further
studies are imperative to assess IOP measurement with
greater accuracy and objectivity, as well as to quantify
the impact of measurement errors from different methods
on clinical cases, thereby offering guidance for clinical
IOP management.

In conclusion, this study highlights the importance
of selecting an appropriate tonometry method for
accurate [OP measurement in clinical practice. Although
CST exhibited better comparability with GAT than NCT,
the three methods were not interchangeable. The findings
imply that CST may serve as a more suitable alternative
to GAT, particularly in situations involving lower and
higher IOP levels.
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