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Featured Application: This manuscript presents a critical analysis of intraocular pressure (IOP)
measured by Goldmann applanation tonometry (GIOP), the gold standard technique for the mea-
surement of intraocular pressure, compared to measurements obtained by a pressure transducer
inserted in the ocular anterior chamber (TIOP). Data showed significant differences between
GIOP and TIOP, more evident for softer and thinner corneas and suggest GIOP should be cor-
rected on the basis of corneal biomechanical parameters. This evidence is crucial for the detection
and prevention of glaucoma as one of the main causes of irreversible blindness worldwide.

Abstract: Glaucoma is the second cause of irreversible blindness in the world. Intraocular pressure
(IOP) is a recognized major risk factor for the development and progression of glaucomatous damage.
Goldmann applanation tonometry (GAT) is internationally accepted as the gold standard for the
measurement of IOP. The purpose of this study was to search for correlations between Goldmann
tonometry and corneal mechanical properties and thickness by means of in vitro tests. IOP was
measured by the Goldmann applanation tonometer (GIOP), and by a pressure transducer inserted in
the anterior chamber of the eye (TIOP), at increasing pressure levels by addition of saline solution in
the anterior chamber of enucleated pig eyes (n = 49). Mechanical properties were also determined by
inflation tests. The GAT underestimated the real measurements made by the pressure transducer, with
most common differences in the range 15–28 mmHg. The difference between the two instruments,
highlighted by the Bland–Altman test, was confirmed by ANOVA, normality tests, and Mann–
Whitney’s tests, both on the data arranged for infusions and for the data organized by pressure ranges.
Pearson correlation tests revealed a negative correlation between (TIOP-GIOP) and both corneal
stiffness and corneal thickness. In conclusion, data obtained showed a discrepancy between GIOP
and TIOP more evident for softer and thinner corneas, that is very important for glaucoma detection.

Keywords: Goldmann tonometry; intraocular pressure; glaucoma; inflation tests; pig eyes; corneal
stiffness

1. Introduction

Glaucoma is a multifactorial optic neuropathy characterized by progressive loss of
retinal ganglion cells, the neurodegeneration can also involve the neuronal pathways up to
the geniculate body and occipital cortex, resulting in changes in optic disk morphology
and visual field defects [1–3]. It is the leading cause of irreversible blindness worldwide,
accounting for 8% of vision loss [4,5]. Intraocular pressure (IOP) is recognized as the
most important risk factor for the development or progression of glaucomatous damage,
and is controlled by the balance between aqueous humor secretion and the eye’s outflow
facility [6].

An association between increased IOP and the loss of sight in glaucoma has been
noted for many centuries, from observations of eye stiffness for cases of continued impaired
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vision following cataract surgery, through the establishment of the relationship between
the IOP and loss of sight. In particular, elevated IOP increases the likelihood of visual filed
alterations or scotoma and even complete blindness. For this reason, the IOP evaluation
remains the primary measurement in the diagnosis of glaucoma [7]. Ocular hypertension
studies also investigated and addressed whether the treatment of elevated IOP prevented or
delayed the onset of glaucomatous damage, showing that a decrease of IOP reduced the risk
of progression to glaucoma [8]. Furthermore, in recent epidemiological studies it has been
verified that a reduction in IOP of only 1 mmHg from baseline leads to a 10% reduction of
damage progression, and of the conversion from ocular hypertension (i.e., without damage)
to manifest glaucoma [9,10]. Therefore, obtaining a correct measurement of IOP during
the treatment of the disease or as screening test for the identification of subjects at risk,
appears very important. Together with visual field analysis, IOP is the gold standard for
the diagnosis and the correct evaluation of the progression of the disease. Recently, useful
software has been developed to analyze optical fibers at the peripapillary and macular
levels using optical coherence tomography (OCT) to monitor disease progression [11–13].
Unfortunately, in some glaucoma patients there is a progression of the disease, regardless
of an apparently normal IOP. Known as normal tension glaucoma, it is an optic disease
in which the IOP before ocular hypotonizing therapy is less than 21 mmHg, apparently
normal values [14–16]. Many factors, such as the central corneal thickness (CCT) and
biomechanical properties of the cornea, may affect IOP measurement, particularly in
patients affected by glaucoma [17–19].

The most accurate method to evaluate the IOP is the direct one, which measures
the real (actual) pressure in the eye through the cannulation of the eye, using a pressure
transducer placed in direct communication with the anterior chamber. This approach,
because of its high invasiveness, is not valid for routine measurements of IOP, and has to
be considered only for experimental use or during surgery [20–22]. All other methods of
measuring IOP are indirect; the cornea is deformed after application of an external force to
the corneal surface. The amount of force necessary to obtain changes in corneal normal
conformation is proportional to the pressure inside the bulb. In clinical practice IOP is then
calculated—not measured directly—by indirect techniques. The tool that allows to make
this measurement is called a tonometer (applanation or non-contact tonometry).

In addition to the Goldmann applanation tonometer (GAT), which will be further
discussed below, several types of tonometers are currently available, each with advantages
and disadvantages [23]. The non-contact tonometry (NCT) is influenced by tear meniscus
height (TMH), as the measured IOP increases with increasing tear film, and by central
corneal thickness (CCT) [24–26]. The ocular response analyzer (ORA) uses a jet of air as
the applanating force to the apex of the cornea; it can measure corneal hysteresis and the
corneal resistance factor and provides higher IOP measurements as compared to GAT [27].
Pneumatonometer is a portable instrument which overestimates IOP at high values and at
high CCT [24]. The Icare HOME tonometer is a portable device, contact rebound tonometer.
It also has been recently shown to overestimate IOP compared to GAT [28]. The dynamic
contour tonometer (DCT) or Pascal tonometer differs from GAT having a concave tip
equipped with a tiny piezoelectric sensor: it takes about a hundred measurements per
second and also evaluates IOP fluctuations with systemic pressure variation; no statistically
significant effect of corneal curvature, astigmatism, axial length, and age on the difference
between DCT and intracameral IOP has been detected [29,30]. A recent study has been
carried out on an IOP sensor mounted on contact lens, not yet available for clinical use,
that can be worn by patients for up to 24 h, also measuring the circadian rhythm. The data
show an overnight rise in IOP [31]. Finally, the Corvis tonometer, a rebound tonometer,
able to take into account corneal biomechanical characteristics, also has been shown to
measure higher IOP values compared to GAT [32]. Although observations outlined above
underline that most of the tonometers on the market “overestimate” the IOP measured by
the Goldmann tonometer, the Goldmann applanation tonometry (GAT) is internationally
considered as the gold standard for IOP measurement in clinical practice without the need
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to deform appreciably the cornea [33,34]. The functioning of this device is based on the
measurement of the force required for the applanation of a specific portion (of 3.06 mm in
diameter) of the central cornea, and on the use of this measured force to estimate the value
of the internal pressure, on the basis of a calibration procedure which depends on a number
of standard parameters. The accuracy of tonometry therefore depends on the mechanical
resistance of the eye structure to the applanation, which is in turn influenced by the central
corneal thickness, the curvature, and the mechanical properties of the cornea [24,35–38].
Recently, the need to make the IOP measurement faster and more comfortable has led to
the development of new techniques [39–41].

Analyzing corneal thickness, some researchers found a statistically significant correla-
tion between corneal thickness and GAT [24,42,43], while many others argued that thicker
corneas led to an overestimation of the IOP, and on the contrary thinner corneas led to IOP
underestimation [24,35,44–47]. Corneal curvature has been recognized as a parameter that
reduces the precision in the measurement of IOP [35,47,48].

In summary, Goldman tonometry appears imprecise. It would be very important
to know how the geometrical and mechanical properties of the cornea influence and
modify the pressure inside the eye, making more or less accurate the measurement made
by tonometry. Noted the presence of several studies concerning the correlation between
IOP measurement and corneal thickness [19,41,49,50], only a few suggest that corneal
biomechanics may affect IOP measurements [19,35,51], inducing significant errors in the
diagnosis of glaucoma. Thus, the purpose of this study was first to determine any difference
between IOP measured indirectly by the GAT and directly by cannulation of the eye,
and then to investigate the existence of statistically significant correlations between such
differences and (i) the corneal thickness; and (ii) the corneal elastic modulus. In order to
be able to evaluate the mechanical properties of the corneal tissue and its influence on the
tonometry measurement, in vitro tests were performed in pig eyes.

2. Materials and Methods

Swine enucleated eyes collected from a local abattoir (Venegoni Spa, Boffalora Sopra
Ticino, Italy) were used for the experiments. This type of eyes is very similar to human
ones, both in size and mechanical response, and, unlike them, can be obtained with relative
ease. Before experimentation, extraocular muscles and periorbital fat were removed. Eyes
were kept in the refrigerator at 4 ◦C until testing. IOP measurement tests were performed
the same day of eye collection, pressurization tests the same day or the day after.

2.1. Tonometry Test

The intraocular pressure detected by the Goldmann applanation tonometer (GIOP)
was compared to the intraocular pressure (TIOP) invasively measured by a pressure
transducer (140205D, Honeywell, Freeport, IL, USA) in 49 swine eyes. Each eye was
clamped in a custom-made Plexiglass eye holder placed in vertical position on the chin
rest of the slit lamp with the corneal apex in front of Goldmann tonometer, simulating
the clinical measurement of IOP. A needle was cannulated at the level of limbus directly
into the anterior chamber of the eye and connected to the transducer by a connecting tube
and a stopcock. The transducer in turn was connected to a power supply (KAT 5VD, Kert,
Caerano di San Marco (TV), Italy). The pressure transducer signal was measured by a
multimeter in mV and then converted in mmHg through a mercury sphygmomanometer.
A syringe connected to the stopcock was used to gradually increase intraocular pressure by
saline infusion, added in steps of 100 µL, up to 500 µL. While infusing the saline solution,
through the inspection system at variable magnifications and the optical system of the slit
lamp, an applanation area of 7.35 mm2 was obtained under the Goldmann tonometer. For
each saline infusion, TIOP and GIOP were recorded, until the achievement of a TIOP of
about 35 mmHg.

The needle used was chosen with the lowest possible diameter (30 gauge), in order
to avoid damage to the corneal tissue, once inserted into the eye anterior chamber. The
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procedure of inserting the needle was carried out with particular care to avoid corneal
injuries that can prevent the measurement of IOP by Goldmann tonometry or cause false
assessments. Care was taken to avoid leaks in the connection circuit between the transducer
and the eye and to minimize pressure losses in the pipes, by using only one tap and a short
connecting pipe. Figure 1 is a schematic representation of the IOP measurement setup.
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Figure 1. Scheme of the experimental setup used to measure the intraocular pressure, IOP. G:
Goldmann applanation tonometer, T: pressure transducer, V: power supply, M: multimeter.

The time between the saline infusion and measurement by Goldmann/transducer was
as short as possible (less than one minute) to avoid relaxation effects due to the viscoelastic
properties of the ocular tissues [52] that would result in IOP values lower than the actual.
During the measurement procedure eyes were kept hydrated by dropping hydrating
solution (sodium hyaluronate 0.2%, distilled water). Fluorescein (1 mg fluorescein sodium)
was used to visualize the two GAT semi-circles by blue light.

2.2. Inflation Test

With the purpose of measuring the corneal stiffness and correlate it to any possible
difference between the IOP measured by the two instruments, inflation tests were then
performed on the same eyes by cutting the cornea from the eye. A ring of sclera around
the cornea was left to allow clamping of the cornea into a custom-made device previously
described in [53]. During the inflation tests, each specimen was subjected to three loading-
unloading pressure cycles with the pressure ranging from 1.8 to 30 mmHg serving as
precondition cycles. Then corneal specimens were subjected to a posterior pressure, P
(from 1.8 to 30 mmHg in steps of 2.5 mmHg), induced by a column of NaCl solution
to simulate the effect of a growing intraocular pressure. In order to obtain quasi-steady
response, we waited three minutes before recording images and applying the subsequent
pressure step. Images including the entire profiles of the anterior surface of the cornea
were acquired at regular intervals by means of a digital camera (Nikon DS5M, Nital,
Moncalieri (TO), Italy), mounted on a stereomicroscope (Nikon SMZ800, Nital, Moncalieri
(TO), Italy) and then analyzed by image analysis software (Nikon NIS-Elements D2.20,
Nital, Moncalieri (TO), Italy) to track the corneal apex displacement as a function of the
applied pressure. The linearized shell theory was applied to data in order to convert apex
displacement and pressure in stress and strain, and to calculate the secant modulus, E, for
each level of applied pressure, as already described in [53]. The geometrical parameters
needed to apply the shell theory, besides the apex displacement, are the average in-plane
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diameter, S, and the radius of curvature, R, also evaluated by image analysis, and the
corneal thickness at the apex, measured at the end of inflation tests on rectangular corneal
strips cut from the tested corneas. The Poisson’s coefficient was set to 0.5, consistent with
the hypothesis of isotropic material at the basis of the shell theory [54,55]. The experimental
setup for the execution of the inflation tests is shown in Figure 2.

Appl. Sci. 2021, 11, 4025  5 of 14 
 

pressure in stress and strain, and to calculate the secant modulus, E, for each level of ap‐

plied pressure, as already described in [53]. The geometrical parameters needed to apply 

the shell theory, besides the apex displacement, are the average in‐plane diameter, S, and 

the radius of curvature, R, also evaluated by image analysis, and the corneal thickness at 

the apex, measured at the end of inflation tests on rectangular corneal strips cut from the 

tested corneas. The Poisson’s coefficient was set to 0.5, consistent with the hypothesis of 

isotropic material at the basis of the shell theory [54,55]. The experimental setup for the 

execution of the inflation tests is shown in Figure 2. 

 

Figure 2. Scheme of the inflation tests experimental setup used to evaluate corneal stiffness. 

2.3. Statistical Analysis 

All measurements were then analyzed in several ways. In particular, after the evi‐

dence of differences between GIOP and TIOP, that we name from now on delta‐pressure, 

a thorough statistical analysis was performed. Shapiro–Wilk test was used to test the nor‐

mality of our distributions. A  two‐way ANOVA  test was used  to  test whether volume 

infusion or instrument type or the pressure level or combinations of the above had any 

influence on measurements. Pearson correlation  test was used  to  test  the presence of a 

correlation between the delta‐pressure and the corneal stiffness, E, or the corneal thick‐

ness, CCT. Finally, Bland–Altman analysis [56,57] was also applied to our data to detect 

any trend in delta‐pressure with the level of IOP. Statistical analysis was performed by 

Microsoft Excel (Redmond, WA, USA) and Statistic Package for Social Science (SPSS, ver‐

sion 27, Chicago, IL, USA). 

Before applying Pearson test to delta‐pressure and E, data were properly organized. 

For each eye, we had the two measurements of IOP following volume infusions, namely 

GIOP and TIOP, and one value of stiffness, E, for every applied pressure, P, from the in‐

flation tests. We matched the inflation pressure, P, to TIOP, considering pressure ranges 

of 5 mmHg, and then we obtained for each eye the following data to compare: P, E, delta‐

pressure. Pearson correlation test was then applied between E and delta‐pressure consid‐

ering the whole set of data for all pressures, P, and 3 sub‐sets of data, divided according 

to the range of p values: group 1, from 1 to 12 mmHg, group 2 from 13 to 21 mmHg, group 

3 from 22 to 35 mmHg. To perform Pearson tests between delta‐pressure and CCT, data 

were simply matched by considering the thickness of each eye for which the delta‐pres‐

sure was measured. 

3. Results 

3.1. Tonometry Results 

For each of the 49 pig eyes, we obtained a few couples of measurements of IOP by 

the two instruments, for a total of 126 measurements. 

The values of  IOP  increase with volume  increase  for both  the  instruments, with a 

trend line for GIOP lower than TIOP, as shown in Figure 3a. Lower GIOP values are also 

Figure 2. Scheme of the inflation tests experimental setup used to evaluate corneal stiffness.

2.3. Statistical Analysis

All measurements were then analyzed in several ways. In particular, after the evi-
dence of differences between GIOP and TIOP, that we name from now on delta-pressure,
a thorough statistical analysis was performed. Shapiro–Wilk test was used to test the
normality of our distributions. A two-way ANOVA test was used to test whether volume
infusion or instrument type or the pressure level or combinations of the above had any
influence on measurements. Pearson correlation test was used to test the presence of a
correlation between the delta-pressure and the corneal stiffness, E, or the corneal thickness,
CCT. Finally, Bland–Altman analysis [56,57] was also applied to our data to detect any trend
in delta-pressure with the level of IOP. Statistical analysis was performed by Microsoft
Excel (Redmond, WA, USA) and Statistic Package for Social Science (SPSS, version 27,
Chicago, IL, USA).

Before applying Pearson test to delta-pressure and E, data were properly organized. For
each eye, we had the two measurements of IOP following volume infusions, namely GIOP
and TIOP, and one value of stiffness, E, for every applied pressure, P, from the inflation tests.
We matched the inflation pressure, P, to TIOP, considering pressure ranges of 5 mmHg, and
then we obtained for each eye the following data to compare: P, E, delta-pressure. Pearson
correlation test was then applied between E and delta-pressure considering the whole set of
data for all pressures, P, and 3 sub-sets of data, divided according to the range of p values:
group 1, from 1 to 12 mmHg, group 2 from 13 to 21 mmHg, group 3 from 22 to 35 mmHg.
To perform Pearson tests between delta-pressure and CCT, data were simply matched by
considering the thickness of each eye for which the delta-pressure was measured.

3. Results
3.1. Tonometry Results

For each of the 49 pig eyes, we obtained a few couples of measurements of IOP by the
two instruments, for a total of 126 measurements.

The values of IOP increase with volume increase for both the instruments, with a trend
line for GIOP lower than TIOP, as shown in Figure 3a. Lower GIOP values are also evident
from Figure 3b, in which GIOP is plotted versus TIOP, and most of the experimental points
are below the first quadrant bisector.
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function of TIOP measured in the same pig eye. The line represents the first quadrant bisector.

Tables 1 and 2 summarize results of normality test (Shapiro–Wilk) and significance test
(t-test or Mann–Whitney test) for the five groups of data in Figure 4a. Delta-pressure values
of 4–7 mmHg are the most frequent (30%), followed by the intervals 8–11 and 12–15 mmHg
(both 20%), as Figure 4b illustrates. t-test was applied to normal distributions, Mann–
Whitney test otherwise.

Given the presence of consistent differences in IOP measured by the two instruments,
we applied a two-way ANOVA test to our data.

Table 1. Shapiro-Wilk test results on the difference between transducer intraocular pressure and
Goldmann intraocular pressure (delta-pressure) grouped in five intervals.

Delta-Pressure (mmHg) Normal Distribution N

0–7 No 32
8–14 No 37
15–21 No 22
22–28 Yes 18
29–35 Yes 17

Table 2. Significance results between groups of Table 1.

Delta-Pressure (mmHg) Significance

(0–7) vs. (8–14) p < 0.05 1

(8–14) vs. (15–21) p < 0.05 1

(15–21) vs. (22–28) p < 0.05 1

(22–28) vs. (29–35) n.s. 2

1 Mann-Whitney test, 2 t-test. Level of significance α = 0.05.
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Figure 4. (a) Distribution of the difference between transducer intraocular pressure and Goldmann intraocular pressure
(delta-pressure, TIOP-GIOP) for different intervals of transducer intraocular pressure, TIOP; (b) % frequency distribution of
different intervals of delta-pressure. Error bars in (a) are standard errors.

First, we grouped our data by volume infusion to test whether only volume infusion
had an influence on the measured IOP, or the instrument too, or the combination of volume
infusion and instrument. Of the total 126 measurements, 78 were relative to 0 mL infusion,
66 to 100 mL, 52 to 200 mL, 30 to 300 mL, 18 to 400 mL, and eight to 500 mL. The p-value
resulted less than 0.001 for both volume infusion and instrument, whereas the combination
of instrument and volume infusion resulted in a p-value of 0.51. Therefore, we conclude
that both volume infusion and instrument affect the measurement but not the combination
of the two.

We also applied two-way ANOVA to data organized by pressure level. Data were
divided by five groups identified by the mean pressure of pressure ranges in Table 1, i.e., 4,
11, 18, 25, and 32 mmHg. This time we tested whether the pressure level or the instrument
had an influence on IOP measurement. Again, the p-value was less than 0.001 for both
pressure level and instrument. The combination of instrument and pressure level resulted
in a p-value of 0.004, so this time also the combination of the two variables had an effect
on IOP.

We finally applied Bland–Altman analysis to our data to evaluate more deeply the
differences in IOP measured by the two instruments. Figure 5a reports the difference in
IOP measurements, delta-pressure, as a function of the average of the two measurements,
average. Being most points between the two dashed lines, which represent the confidence
lines, the two methods give congruent results, apart from an error. A positive mean value
of delta-pressure of 7.8 mmHg is calculated (thick horizontal line in Figure 5a). No trend
in delta-pressure with pressure can be observed from Figure 5a. Although delta-pressure
for the average lower than 10 mmHg seems lower than for the higher average, Figure 5b
shows that such values are on the contrary very high (about 200%) when considered as
percentage values (Bland–Altman PI plot, Figure 5b). Figure 5b shows a negative trend in
the normalized percentage delta-pressure, confirming a roughly constant delta-pressure vs.
the average [58].
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Figure 5. (a) Bland–Altman plot: the difference in the measurements of intraocular pressure by the two instruments
(delta-pressure) as a function of the average of the two measurements (average); (b) Bland–Altman PI plot: Delta-pressure
difference is normalized to average and given in percentage.

3.2. Inflation Test Results

From image analysis of corneas in the unstressed state taken during inflation tests, we
obtained the geometry data necessary for stress and elastic modulus calculations through
the linear shell theory for each of the 49 pig corneas tested. The average geometrical data
are listed in Table 3, whereas Table 4 lists the average apex displacement evaluated for
each value of inflation pressure. Using such data and the numerical procedure detailed in
the Appendix of our previous paper [53], average stress-strain data (Figure 6a), and the
distribution of the secant modulus with pressure (Figure 6b) were obtained.

Table 3. Average values from image analysis of corneas during inflation tests. R, radius of cur-
vature, D, in-plane diameter, CCT, thickness at the apex, and H0, the elevation of the apex in the
unstressed condition.

Geometrical Parameter Value (mm) ± SD

R 8.49 ± 0.49
D 16.98 ± 0.98

CCT 1.41 ± 0.42
H0 3.53 ± 0.65

Table 4. Apex displacement, w (mm) for every applied pressure, P (mmHg).

P (mmHg) w (mm) ± SD

3.68 0.26 ± 0.25
7.36 0.35 ± 0.29

11.03 0.40 ± 0.32
14.71 0.43 ± 0.32
18.39 0.47 ± 0.33
22.07 0.50 ± 0.34
25.74 0.53 ± 0.34
29.42 0.55 ± 0.31
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Figure 6. (a) Stress-strain curves for untreated corneas obtained from the average data in Table 3 using the shell theory;
(b) secant elastic modulus, E, for the applied pressures during inflation tests. Error bars in (b) are standard deviations.

3.3. Correlations

Since our hypothesis is that the GAT measurements are affected by the mechanical
properties of the cornea, we searched for a correlation between delta-pressure and corneal
elastic modulus, E, (Pearson correlation test), after organizing our data as described in
the materials and methods section. Shapiro–Wilk test applied to delta-pressure resulted
in normal distributions for all of the subsets of data presented in Table 5, a condition
required for use of Pearson’s test. Pearson correlation test results for E are shown in
Table 5. A weak negative correlation was found for the whole pressure interval, whereas
the negative correlation is stronger for pressures in the ranges 13–21 and 22–35 mmHg. A
negative Pearson correlation of (−0.38) was found between delta-pressure and the corneal
thickness, CCT.

Table 5. Pearson correlation indexes between delta-pressure and corneal stiffness, E, for different
pressure ranges.

IOP Interval (mmHg) Pearson Correlation

1–35 −0.10
1–12 0.09

13–21 −0.41
22–35 −0.29

4. Discussion

The purpose of the present work was to test the hypothesis that corneal stiffness and
thickness are correlated to errors in IOP measured indirectly by GAT, as compared to the
true IOP invasively detected using a pressure transducer. The experimental tests were
performed on enucleated pig eyes, chosen for their similarity to human eyes both from the
anatomical and mechanical point of view [59], also in the studies of glaucoma associated
diseases [58,60–62]. ANOVA tests demonstrated that the values of IOP are significantly
affected by the instrument used to measure it, therefore deviations of GIOP from TIOP can
be attributed to the use of GAT. Although we applied ANOVA test to our two groups of data
(GIOP and TIOP) even if none of the two were normally distributed, it should be recalled
that ANOVA test remains a valid statistical procedure even under non-normality [63]. GAT
in most measurement underestimated IOP measured by the transducer, and the average
difference as evaluated by Bland–Altman plots is roughly 8 mmHg. The Bland–Altman
plot is the elective method to put in evidence differences in measurements between two
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instruments. Being such difference roughly constant throughout the whole pressure range,
we conclude that GAT underestimated IOP for any level of pressure in our enucleated eyes.
Figure 4a shows an increase in delta-pressure with pressure which is not in contrast with
Figure 5a, being variables on the x-axis different in the two figures.

Inflation tests confirmed the non-linear mechanical behavior with large data disper-
sion typical of porcine corneas [53] and other soft biological tissues. The average values of
apex displacement reported in Table 4 are very similar to values measured by Bryant and
McDonnell [64] in human corneas, but lower than those measured by Elsheikh et al. [65].
The difference may be attributed to corneal viscoelasticity. Our data and those of Bryant and
McDonnell [64] were obtained under quasi-static conditions, whereas Elsheikh et al. [65]
applied pressures at variable rates from 3.7 to 37.5 mmHg/min. Furthermore, our pres-
sure ranges are much more similar to those of Bryant and McDonnell [64] and in the
physiological range.

A weak negative correlation was found between delta-pressure and corneal stiffness, E.
Even more importantly, the negative correlation becomes stronger if we look at physiologic
or high values of pressure, where it would be important not to underestimate the IOP. For
very high values of IOP, the increase in E (Figure 6b) may compensate the errors in GAT
(last bar in Figure 4a). In the interval 0–12 mmHg no correlation could be found between
delta-pressure and E, we attribute this result to the hypotonic state of eyes. Such pressure
ranges are never met in vivo, though, and were measured in our excised eyes which become
hypotonic soon after the animal death and need volume infusion to regain tone.

As the GAT is usually calibrated to work with a range of “normal” stiffnesses, our
results suggest that GAT introduces larger errors for softer than normal corneas. As a
support to this consideration, Susanna et al. [66] reported thin cornea and low corneal
hysteresis as main risk factors for glaucomatous visual field progression in eyes with
well-controlled IOP. Corneal hysteresis is not E, although it is directly related to it, being
defined as the difference between the pressure at which the cornea bends inward during
an air jet applanation and the pressure at which it bends out. Sit et al. [67] also measured a
lower stiffness in glaucomatous eyes.

A negative correlation was found between delta-pressure and corneal thickness, CCT,
meaning that thinner corneas result in greater IOP measurement errors by GAT, and in
particular larger underestimation of IOP. The possible influence of corneal thickness in the
measurement of IOP was identified and briefly discussed by Goldmann and Schmidt in
1957 [33]. Subsequent studies, performed by Ehlers et al. [44], described in great detail the
effect of corneal thickness in the measurement of internal pressure, and the interest in this
phenomenon grew again with the advent of refractive surgery. The procedure by which the
refractive surgery is performed in fact determines a thinning of the cornea, and was widely
discussed, in relation to tonometry, in several experimental works [68]. Orssenigo et al. [45]
and Liu et al. [35] found that a high value of corneal thickness leads to an overestimate of
IOP, which is line with our findings.

It is known that porcine corneas are thicker (about 1 mm [69]) than human ones (about
600 µm [70]). Average thickness for our porcine corneas was 1.4 mm, meaning that they
probably underwent swelling. Nevertheless, since measurements were taken a-posteriori
from images of excised strips, a rapid swelling may have occurred as a consequence of the
cut of the protective endothelium and epithelium. Although our thickness measurements
therefore are affected by an error, the negative correlation with delta-pressures is still valid
and suggests that an even larger error would have been measured for thinner corneas.

The accuracy of the GAT depends on the mechanical strength to applanation, which
is in turn influenced by central corneal thickness (CCT), by the curvature, and the me-
chanical properties of cornea and sclera. The measurement of the intraocular pressure
by means of tonometry is, therefore, affected by several sources of error, which may lead
to an erroneous diagnosis of ocular hypotension or hypertension or glaucoma. In this
paper we demonstrated the correlation between such errors and corneal stiffness and
corneal thickness.
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Our study presents a few limitations. First of all, it was conducted in vitro, so missing
several of the in vivo factors which may affect the results. Although this is an obvious
drawback, it also allows to perform controlled experiments and to obtain reproducible
results. Tests were conducted on pig eyes which are very similar to human eyes but present
some differences. In particular, pig corneas are much thicker than human corneas and
they may possess different material properties relative to the human corneas. The effect
of thickness on the results of the present study has already been discussed above. The
interpretation of experimental data on porcine eyes [71,72], showed that the porcine stroma
has, on average, mechanical properties very similar to the ones of the human stroma. Tests
conducted on human corneas would clearly be of great importance to confirm our results
obtained on porcine corneas. Regarding the methods, we evaluated the apex displacement
of corneas from 2D images, whereas a 3D strain distribution may have resulted in more
precise calculations. We measured the cornea thickness after the experiments on excised
strips of the tested corneas. A pachymetry used on corneas during the test would probably
give more precise results. Finally, we did not investigate the correlation with the radius
of curvature, R, since our pig eyes, originating from animals of the same age of the same
facility, were roughly of the same dimension with very low variability in R data (see
Table 3).

Future work will be directed to the quantification of possible correlations with the scle-
ral stiffness, since the presence of various types of diseases can easily lead to considerable
changes in the elasticity of the scleral tissue [73–75].

In conclusion, glaucoma is a multifactorial opticopathy with a neurodegenerative
component also present at the extraocular level [1–3]. Of all the factors to be taken into
consideration, at present only IOP certainly plays an important diagnostic role, besides
being the target of therapies to treat glaucoma. Obviously, correct measurement and
assessment of IOP is essential. Goldmann tonometry has been a gold standard reference
for at least 70 years, though with the improvement of technology, it is now being discussed
and critically analyzed. In our study, we have clearly shown that several factors, and
in particular corneal stiffness and thickness, come into play in the measurement and
assessment of ocular tone, and, above all, that the Goldmann tonometer underestimated
IOP values with respect to real intraocular pressure especially for softer and thinner than
normal corneas. From this point of view, these data could explain, at least in part, why
normotensive glaucoma are diagnosed and also why, after medical, par-surgical or surgical
hypotonization, glaucomatous disease still progresses in some patients. Further clinical
investigation should be carried out in presence of normal GIOP values if the cornea appears
particularly thin and soft, whereas the thickness is regularly measured by a pachymeter,
at present only the ophthalmologist experience and sensitivity can detect a sub-normal
corneal stiffness. The development of a novel instrument, able to measure the force required
to flatten the cornea coupled with a biomechanical model would be a great step forward
for measuring the real IOP.
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