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Abstract

Aims To compare the intraocular pressure

(IOP) measurements obtained using the Pascal

dynamic contour tonometer (PDCT) with the

standard Goldmann applanation tonometer

(GAT) and to correlate these with central

corneal thickness (CCT) in patients with

normal corneas.

Methods A prospective, masked, comparative

case series of 116 eyes from patients attending

a glaucoma clinic. IOP was measured with

PDCT by one examiner and with GAT by a

masked, independent examiner. A mean of six

CCT readings was used for analysis.

Results IOP measured by the two

instruments correlated significantly (r¼ 0.77;

Po0.0001). IOP measured by GAT correlated

strongly with CCT (r¼ 0.37, P¼ 0.0001)

whereas the relationship between IOP

measured by PDCT and CCT approached

significance (r¼ 0.17, P¼ 0.073). The

differences between GATand PDCT measured

IOP also correlated strongly with CCT

(r¼ 0.37, Po0.0001). The 95% limits of

agreement between GAT and PDCT were

74.2mmHg. Dividing the eyes into three

groups on the basis of CCT, demonstrated

those in the thickest tertile showed a poorer

agreement between instruments and the GAT

measured significantly higher IOP in this

group (P¼ 0.003) while the PDCT showed no

significant differences with different CCTs

(P¼ 0.37).

Conclusion Demonstration of the relative

independence of PDCT IOP measurements

from CCT supports a potential clinical role for

this instrument, particularly for subjects with

CCT outside the normal range.
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Introduction

Goldmann applanation tonometry (GAT) is the

current gold standard for measurement of

intraocular pressure (IOP). However, one

limitation is that GAT measured IOP is

influenced by central corneal thickness (CCT)1

since the calibration is based on a ‘normal’

corneal thickness of 500mm with an

undisturbed corneal architecture.2 However,

‘normal’ CCT has been documented from 427 to

670mm3–7 and manometric studies reveal that

applanation tonometry is most accurate when

the CCT is 520 mm with underestimation or

overestimation in thinner or thicker corneas,

respectively.8,9 This relationship between CCT

and IOP has clinical implications, in particular,

in the diagnosis of ocular hypertension (OHT).

Indeed, several studies have documented

thicker CCT in OHT subjects and suggested that

some are misclassified due to thicker corneas

producing an artificially raised IOP.6,10,11

Conversely, subjects with thicker corneas have

been shown to have a lower rate of progression

to glaucomatous damage.12,13 To ensure that

only appropriate OHT subjects are commenced

on long-term therapy, there is a need for

accurate tonometry that is independent of CCT.
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The relative undermeasurement of IOP by GAT in

thinned and relatively flattened corneas following

myopic photorefractive keratectomy (PRK) was reported

a decade ago14 and this phenomenon has become

increasingly important with the widespread popularity

of laser in situ keratomileusis (LASIK). In general, studies

report a small decrease in measured IOP following

corneal refractive surgery15–17 and this may delay early

detection and treatment of glaucoma leading to

irreversible visual loss.18,19 This is of particular concern

as refractive surgery is most frequently performed in

myopic subjects who have a two- to four-fold increased

risk of glaucoma.20

The clinical importance of CCT in the management of

OHT and postrefractive surgery eyes has led to

increasing interest in developing a clinically applicable

tonometer, unaffected by corneal thickness. The Pascal

dynamic contour tonometer (PDCT) (Swiss

Microtechnology AG, Switzerland) is a new slit-lamp-

mounted, nonapplanation, digital, contact tonometer that

claims to be independent of corneal structural properties.

It is based on direct measurement of the IOP by a sensor

integrated into the centre of the tip. The concave surface

of the tip closely matches the corneal contour when the

pressures on both sides of the cornea are equal and thus

induces the least possible amount of geometric

deformation. A recent study comparing dynamic contour

tonometry (DCT) and GAT, before and after myopic

LASIK correction noted no significant change in DCT-

measured IOP while the GAT-measured IOP decreased

significantly.21 The purpose of the current study was to

compare masked IOP measurements obtained by PDCT

and GAT and to correlate them with CCT, in a group of

patients with normal corneas.

Materials and methods

In a prospective, single centre study, 116 consecutive

patients were recruited from a subspeciality glaucoma

clinic. Patients with a history of corneal disease,

refractive surgery, and ocular trauma were excluded. To

minimize systematic bias, only the right eye of each

patient was included in the study. The research adhered

to the tenets of the Declaration of Helsinki and was

approved by the Auckland Ethics Committee. After

detailed explanation informed consent was obtained

from each patient prior to examination. One drop of

Ophthetics (proxymetacaine hydrochloride 5 mg/ml,

Allergan Australia Pty Ltd) was instilled immediately

prior to IOP measurement. In 50% of subjects, GAT

(Haag-Streit, Switzerland) was performed prior to PDCT

and the sequence was reversed in the other half. The IOP

was measured by one of two persons who did not

perform the PDCT measure and were masked to the

PDCT result. Likewise, when the PDCT was performed

second, the examiner was masked to the GAT result. All

readings were performed within a 20-min period for the

same eye. In keeping with normal clinical practice, a

single IOP measurement was performed with each

instrument. This was repeated if difficulties were

encountered or if the quality score for the PDCT was

greater than 3 (see below). All subjects were asked to

state their preference for either of the tonometers and the

reason(s) for any preference.

The PDCT consists of a sensor tip with a 10.5 mm

radius of curvature, a concave surface contour and a

miniaturized pressure sensor (1.2 mm diameter)

integrated into the centre of the contact surface. It allows

simultaneous recordings of IOP and ocular pulse

amplitude (OPA). Three conditions must be met for the

measurements to be independent of corneal properties.

Firstly, the radius of curvature of the cornea must be less

than that of the tonometer tip, hence not exceeding

10.4 mm.22 Secondly, the diameter of the contact area

between the sensor tip and cornea must be larger than

the diameter of the pressure sensor area, limiting the

corneal radius of curvature to 5 mm or greater.22 Lastly,

the corneal thickness must be between 300 and 700 mm.22

For each subject, a new disposable sensor tip cover is

applied, which requires the use of a sterile air jet. If

trapped air is observed under the tip cover, the tip cover

is removed and reapplied. Correct positioning is

indicated by an audible signal with a pitch proportional

to the IOP. The pressure signal is detected over 4–5 s and

the IOP is displayed in conjunction with the OPA and the

quality score (Q). Once displayed, the measurements

cannot be altered thus minimizing operator bias. The Q

ranges from 1 to 6, where 1 denotes optimum quality and

4 or higher denotes an increasingly unreliable result.

CCT was measured immediately after IOP

measurements by ultrasound pachymetry (Cilco

Sonometrics, USA). The mean of six CCT readings was

recorded for analysis.

Statistical analysis

The sample size was pragmatically determined to

provide adequate power (80% at the 5% significance

level) to detect correlations of at least 0.25 between each

method and is similar, in terms of the number of eyes, to

other published papers.

The GAT results were plotted against the PDCT results

with a least-squares regression line fitted to test the

hypothesis that the intercept of that line was (0,0) and the

slope¼ 1. The method of Bland and Altman was used to

calculate the limits of agreement.23 The plots were

inspected for heteroscedasticity and a least-squares

regression line fitted to explore the consistency of
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agreement between the methods over the range of

intraocular pressures.

To examine the role of CCT in IOP measurement by

each method, the difference between them was plotted

against the CCT. The study sample was ranked by CCT

and then stratified into tertiles (Table 1),

thin¼ 458.54721.18mm (400–481 mm),

intermediate¼ 499.6378.95 mm (485–518 mm), and

thick¼ 551.25727.34mm (519–625mm). Individual Bland

and Altman plots were constructed for each tertile.

The hypothesis that agreement between the methods

differed at different corneal thicknesses and that this was

related to the diagnosis of glaucoma was tested using a

two-way analysis of variance (ANOVA). Significant main

and interaction effects were further explored using the

method of Tukey.

All tests were performed using the analysis program

SAS (SAS Institute Inc, V 8.12), were two-tailed, and a 5%

significance level was maintained throughout.

Results

Of 116 consecutive patients recruited, 10 subjects were

excluded due to previous refractive surgery (n¼ 2), axial

corneal scarring (n¼ 1), poor cooperation (n¼ 1), and

inability to obtain CCT (n¼ 6). Of the remaining 106

patients (41 males, 65 females), the mean age was

63.5715.6 (range 20–91) years. The diagnostic subgroups

included: no glaucoma (n¼ 22), glaucoma suspect

(n¼ 25), OHT (n¼ 5), normal tension glaucoma (n¼ 12),

primary open angle glaucoma (POAG) (n¼ 39), and

chronic angle closure glaucoma (n¼ 3) (Table 2). All

patients with glaucoma were treated with monotherapy

or combined topical therapy. GAT-measured IOP was

15.973.8 mmHg (mean7SD) and by PDCT was

17.873.4 mmHg. The PDCT measurements were on

average 2.072.1 mmHg higher than GAT values

(Po0.0001). There was a significant linear relationship

between PDCT and GAT (r¼ 0.77; Po0.0001).

The limits of agreement between the two

measurements were �6.2 and 2.3 mmHg, that is, the

measurements obtained by the two techniques were

within 74.2 mmHg of each other in 95% of our sample

(Figure 1). A least-squares regression line was fitted and

inspection of the plot demonstrated little

heteroscedasticity (P¼ 0.42).

The mean CCT was 503.60743.37mm (range 400–

625mm). The different diagnostic subgroups did not

show statistically significant differences in mean CCT (all

P40.11). IOP measured by GAT correlated strongly with

CCT (r¼ 0.37, P¼ 0.0001) whereas the relationship

between IOP measured by PDCT and CCT approached

significance (r¼ 0.17, P¼ 0.073) (Figure 2). The

differences between GAT and PDCT measured IOP also

correlated strongly with CCT (Figure 3) (r¼ 0.37,

Po0.0001). Linear regression analysis showed a mean

change of 0.28 mmHg in IOP measured by GAT per

10mm change in CCT. In contrast, IOP measured by

PDCT showed a change of 0.10 mmHg per 10 mm change

in CCT.

The difference in IOP measured by the PDCT or GAT

tonometer was not related to glaucoma status (P¼ 0.31)

nor was an interaction identified between glaucoma

status and the tertiles of CCT (P¼ 0.086). However, the

IOP measured by the two instruments did differ between

the tertiles of CCT (P¼ 0.0005). Post hoc exploration of

this effect using the method of Tukey showed that thoseTable 1 Central corneal thickness in tertiles

Number (n) Mean7SD (mm) Range (mm)

Total 106 503.60743.37 400–625
Thin 35 458.54721.18 400–481
Intermediate 35 499.6378.95 485–518
Thick 36 551.25727.34 519–625

Table 2 Demographics and diagnostic groups

Number (n) (%)

Male 41 39.0
Female 65 61.0
No glaucoma 22 20.8
Glaucoma suspect 25 23.6
Ocular hypertension 5 4.7
Normal tension glaucoma 12 11.0
Primary open-angle glaucoma 39 37.0
Chronic angle closure glaucoma 3 3.0

Figure 1 Difference between GAT and PDCT IOP measure-
ments, plotted against the mean of the two measurements, for
each subject together with mean difference (solid line) and 95%
confidence limits (dashed lines). The measurements obtained by
these two techniques were found to be within 74.2 mmHg of
each other in 95% of cases.
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in the thickest tertile of CCT showed poorer agreement

between the two tonometers than those in the

intermediate or thinnest tertiles of CCT. It also

demonstrated that GAT produced significantly higher

IOP measurements in subjects with thicker corneas

(P¼ 0.003) while IOP measured using the PDCT showed

no statistically significant differences with different

corneal thicknesses (P¼ 0.37). Individual Bland and

Altman plots were assessed for each tertile of corneal

thickness (Figure 4a–c). At IOP 420 mmHg, GAT

measured consistently higher IOP than PDCT in those in

the highest tertile for CCT (Figure 4c). The mean OPA

was 2.871.2 mmHg, which was not significantly

different in those with or without glaucoma (P¼ 0.13).

Of the 106 patients, 36 (34%) preferred the PDCT, 15

(14%) preferred the GAT, and 55 (52%) expressed no

preference. Of 51 subjects who expressed a preference,

three (6%) did not provide reasons for their preference,

while 13 (25%) patients expressed more than one reason.

Of those who preferred PDCT, their main reasons were:

‘prefer yellow light over blue light’ (28%), ‘PDCT

appeared quicker to use’ (16%), ‘easier to use’ (16%),

‘sound effect assists cooperation during recording’ (14%),

Figure 4 Bland and Altman plots for each tertile; (a)
thin¼CCT from 400 to 481mm, (b) intermediate¼CCT from
485 to 518mm, and (c) thick¼CCT from 519 to 625mm. In the
thin (r2¼ 0.008) and intermediate (r2¼ 0.004) groups, there was
no significant mean difference between the two tonometers
throughout the IOP range. However, in the thick group
(r2¼ 0.16), there was a trend for the GAT measurement to be
greater than that of the PDCT when the IOP is above 20 mmHg.

Figure 2 IOP measurements plotted against the CCT. The slope
of GAT IOP measurements vs CCT regression line is 0.028 (95%
CI 0.011–0.045), while the slope of PDCT IOP measurements vs
CCT regression line is �0.0093 (95% CI �0.0069 to 0.026). The
correlation between the PDCT and CCT approached significance
(r¼ 0.17, P¼ 0.07), in contrast, the GAT showed greater correla-
tion with CCT (r¼ 0.37, P¼ 0.0001).

Figure 3 Difference between GAT and PDCT IOP measure-
ments, plotted against the CCT. The slope of the regression line
is 0.018 (95% CI 0.0093–0.026). It shows a significant correlation
(r¼ 0.37, Po0.0001) at a level similar to the correlation between
GAT and CCT.
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‘no need for fluorescein’ (14%), and ‘comfort’ (12%). Of

those who preferred GAT, reasons were: ‘comfort’ (41%),

‘ease of operation’ (24%), ‘speed of recording’ (18%), and

‘preference of blue light over yellow light’ (18%).

Discussion

To date, the authors are aware of three published studies

comparing IOP measurements with GAT and DCT in

subjects undergoing myopic LASIK correction.21,24,25

Kaufmann et al21 compared IOP measurements using

GAT and DCT preoperatively and 2 weeks after LASIK in

25 patients and highlighted a significant decrease in

GAT-measured IOP postoperatively but no significant

change in DCT measured IOP. However, this study was

unmasked, limited by the small sample size, and no

analysis of agreement between the instruments was

attempted. Siganos et al24 compared PDCT with GAT in

118 eyes of 60 subjects and demonstrated an influence of

CCT on GAT IOP measurements preoperatively, and

post-LASIK, while demonstrating no effect of CCT on

PDCT measurements. Despite a larger number of eyes,

the inclusion of both eyes from each patient may

introduce a systematic bias and the multivariate analysis

of variance utilized has limited power to detect real,

albeit smaller, differences with the PDCT as it focuses on

group averages rather than analysing paired data sets.

Most recently, Duba et al25 in a small sample using both

eyes, evaluated 39 eyes of 20 subjects before and 3

months after LASIK and identified similar results.

In the current masked, prospective study, we

compared GAT and PDCT in 106 eyes of 106 subjects

with ‘normal’ corneas and assessed the influence of CCT

on these instruments. It was noted that the PDCT tended

to measure IOP 2.072.1 mmHg higher than GAT, which

is comparable with previous observations.21,25 This could

be attributed to the calibration of the PDCT, which is

based on a manometrically controlled pressure and not

applanation. Although linear regression analysis showed

good correlation between PDCT and GAT measurements,

this represents an association only, conferring no

information on agreement.

Using Bland and Altman analysis the current study

highlights that in 95% of measurements, the PDCT IOP

measurements fell within 74.2 mmHg of the GAT IOP

measurement (Figure 1). Interestingly, this is consistent

with a manometric study on 73 human eyes, which

identified the 95% limits of agreement between

applanation and intracameral measurement to be

74.6 mmHg.26 This relatively poor agreement between

the GAT and PDCT is clinically significant and might

alter management decisions in many cases.

This study was powered after consideration of the

clinical utility of the tests. Opinions vary as to the most

appropriate cutoff for a clinically significant IOP change.

The Early Manifest Glaucoma Trial reported that ‘each

higher (or lower) millimeter of mercury of IOP on follow-

up was associated with an approximate 10% increased

(or decreased) risk of progression’.27 Other authors have

defined a 1.528 or 1.75 mmHg29 difference as significant in

their randomized clinical trial comparing the IOP

lowering effects of topical prostaglandin analogues. Shin

et al30 defined a CCT-associated IOP adjustment of

3.0 mmHg or greater as ‘outcomes significant’ levels.

Therefore, with that in mind, and with a cutoff level set at

2.0 mmHg, this study possesses the power to detect a

difference of this magnitude, which would be clinically

relevant.

The mean CCT in this study was 503.60743.37mm,

which is slightly lower than that found in other studies

based on ultrasonic pachymetry.5,6,10 All measurements

were performed on the same calibrated ultrasound

machine, by the same operator and within the same time

period, hence it is unlikely that there is a random error

bias in these measurements. However, although the

ultrasound device was calibrated for the study, we

cannot absolutely exclude a consistent slight

undermeasurement that might be obtained by tissue

compression. Interestingly, IOP measured by GAT

correlated strongly with CCT (r¼ 0.37, P¼ 0.0001)

whereas, the relationship between IOP measured by

PDCT and CCT approached but did not achieve

significance (r¼ 0.17, P¼ 0.073). This is consistent with

previously published data.21,24,25 In addition, the

difference between GAT- and PDCT-measured IOP

showed similar correlation with CCT as the GAT

(r¼ 0.37, Po0.0001) (Figure 3). Linear regression showed

the mean change in IOP measured by GAT was

2.8 mmHg per 100 mm change in CCT, also consistent

with previously published observations.10,24 In contrast,

IOP measured by PDCT only showed a mean change of

1 mmHg per 100mm change in CCT. Consequently, use of

GAT would lead to a difference of approximately

73 mmHg based on the thickest (625mm) and the

thinnest (400mm) cornea in this study, potentially

influencing clinical management. Meanwhile, the smaller

difference of 71 mmHg when using the PDCT would be

less likely to be considered clinically significant.

This relationship between CCT and IOP measurements

was further supported by the data when stratified into

tertiles by CCT. Subjects in the thickest tertile

demonstrated a poorer agreement between the two

instruments, compared to the intermediate or the thin

groups. Furthermore, the GAT provided significantly

higher IOP measurements in those with the thickest CCT

(P¼ 0.003) while the IOP measured by PDCT was not

affected by the difference in CCT (P¼ 0.37), suggesting

this disparity between GAT and PDCT in the thickest
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tertile was due to the influence of CCT on GAT

measurement. This was further supported by Bland and

Altman analysis of the tertiles with a trend for the GAT

measurement to be greater than that of the PDCT when

the IOP is above 20 mmHg in the thickest tertile (Figure

4a–c). This reflects, at least in part, the dependence of

GAT measured IOP on CCT, which results in significant

overestimation compared to the PDCT in patients with

thicker corneas. Interestingly, a recent manometric study

also showed greater disparity between GAT and the ‘true

IOP’.31 However, in the mid-tertile one would have

expected a lower variability between the IOP recordings

of the two instruments if the difference was due solely to

their different response to corneal thickness. Perhaps

with larger sample size or with more eyes with higher

IOPs this may have been demonstrated.

It was decided to analyse the data using Bland and

Altman analysis of the tertiles because; (a) they showed

the actual data across all corneal thicknesses; (b) they

demonstrated that agreement between the two

methodologies was different with increasing corneal

thickness; (c) they summarized the magnitude of the

differences with limits of agreement for three ranges of

corneal thicknesses, which is likely to be more clinically

meaningful than a simple function or equation relating

error to a 1mm increase in corneal thickness. Obviously,

there will be some regression dilution bias but with

application of these methodologies in a clinical context,

this is unavoidable.

All patients with glaucoma in this study were treated

with topical glaucoma medications. This could

theoretically distort the IOP/CCT relationships, although

Korey et al32 studied 254 patients with normal IOP,

untreated OHT, treated OHT and POAG and

demonstrated no significant relationship between CCT

and the use of ocular hypotensive medications. These

findings were supported by Wang et al.33 Although Lass

et al34 demonstrated a change in mean CCT with

glaucoma medications; these were 1% or less at 12

months, which is within an acceptable range.

In normal clinical practice, unless there is corneal

distortion, significant astigmatism or difficulty with

obtaining an accurate measure, it is the author’s general

impression that clinicians generally take one IOP

measurements per eye with GAT. Therefore, this was the

methodology pursued in this study. In addition,

although the average number of measurements per eye

might theoretically improve the accuracy of IOP

measurements, conversely, multiple measurements by

applanation might artificially reduce the IOP.1

PDCT provides a noninvasive and rapid measurement

of the OPA. This is potentially useful for the diagnosis of

glaucoma35 and detection of cavernous sinus

arteriovenous fistulae.36 In our study, the mean OPA was

2.871.2 mmHg, a value slightly lower than that in

another study utilizing the SmartLens dynamic

observing tonometer,35 but in agreement with other

studies based on a pneumotonometer linked to an ocular

blood flow system.37,38 However, unlike Schwenn et al,35

we did not find a significant difference in OPA between

subjects with and without glaucoma (P¼ 0.13).

However, the PDCT has several limitations. From a

practical aspect, the requirement for sensor tip cover

application with sterile air jet is cumbersome and time

consuming. Although recently a new tip cover applicator

has been introduced, which does not require the use of

air jets. The disposable tip sensor cover also has an

ongoing maintenance cost, which could limit its

widespread use, although it has the benefit of reducing

the risk of contamination. Specific requirements

mentioned previously, need to be met to ensure that the

IOP measurements are independent of corneal

properties. Nonetheless, the majority of the population

will fall within those criteria. The subjective survey

showed that the majority of patients (52%) did not have a

preference for either tonometer. However, of those who

expressed a preference, slightly more preferred PDCT

(34%) than GAT (14%). The main reason cited was the

preference for yellow over blue light illumination.

Several patients also commented that the audio cue

allowed better cooperation as they could concentrate on

keeping their eye open during the actual recording.

This study demonstrates correlation of GAT IOP

measurements with CCT while PDCT IOP measurements

were less dependent on CCT in a group of patients with

normal corneas. Although the agreement was poor

between PDCT and GAT IOP measurements, this may

reflect inherent inaccuracies of either the current gold

standard (GAT) or that of PDCT. These initial data

supports a potential clinical role for the PDCT,

particularly for subjects with CCT outside of the normal

range. However, the analysis of its precision should be a

subject of further studies.
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