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ABSTRACT
Purpose: To improve the stability of the Corvis ST biomechanically-corrected intraocular pressure
measurements (bIOP) after refractive surgery and its independence of corneal biomechanics.
Methods: A parametric study was carried out using numerical models simulating the behavior of
the eye globe under the effects of IOP and Corvis ST external air pressure and used to develop a
new algorithm for bIOP; bIOP(v2). It was tested on 528 healthy participants to evaluate correla-
tions with CCT and age. Its ability to compensate for the geometrical changes was tested in 60
LASIK and 80 SMILE patients with six months follow up. The uncorrected Corvis ST IOP (CVS-IOP)
and the two versions of biomechanically corrected IOP; bIOP(v1) and bIOP(v2), were compared.
Results: In the healthy dataset, bIOP(v2) had weak and non-significant correlation with both CCT
(R¼�0.048, p¼ .266) and age (R¼ 0.085, p¼ .052). For bIOP(v1), the correlation was non-signifi-
cant with CCT (R¼�0.064, p¼ .139) but significant with age (R¼�0.124, p< .05). In both LASIK
and SMILE groups, the median change in bIOP(v2) following surgery was below 1mmHg at fol-
low-up stages and the interquartile range was smaller than both bIOP(v1) and CVS-IOP.
Conclusion: The bIOP(v2) algorithm performs better than bIOP(v1) and CVS-IOP in terms of correl-
ation with CCT and age. The bIOP(v2) also demonstrated the smallest variation after LASIK and
SMILE refractive surgeries indicating improved ability to compensate for geometrical changes.
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Introduction

Refractive surgeries are increasingly popular globally due to
their high success rate and patient safety. Most common
laser vision correction (LVC) procedures are Femtosecond
laser-assisted in situ keratomileuses (LASIK), Small incision
lenticule extraction (SMILE) and Transepithelial
Photorefractive keratectomy (PRK). These surgeries affect
corneal stiffness to different extents—while all three involve
ablating tissue, only LASIK and SMILE also require tissue
separation through the creation of a flap and a cap, respect-
ively.1 The flap and the cap also have different characteris-
tics with the LASIK flap being almost completely separated
from the residual stroma, and the SMILE cap maintaining a
connection with the surrounding stroma except at the loca-
tion of a short incision.2 These differences in characteristics
are expected to have different effects on corneal biomechan-
ics in general, and corneal stiffness in particular.3

Most intraocular pressure (IOP) measurement methods
(or tonometry techniques), whether contact or non-contact,
are based on a simple concept involving the application of a
mechanical pressure to the cornea and relating the resulting
deformation to the value of IOP. This concept is applied in
contact methods including applanation tonometers (e.g. the
Goladmann Applanation Tonometer, GAT),4 and indenta-
tion methods such as the Schiotz tonometer.5 It is also
adopted in non-contact methods such as the Ocular
Response Analyzer (ORA) and the Corvis ST tonometers
where air pressure is used to deform the cornea.6,7 In all of
these methods, a small deformation, or a high resistance to
deformation, is considered an indication of a high IOP, and
vice versa.

While this concept simplifies the design and development
of tonometers, it ignores the inevitable effect of corneal stiff-
ness on the IOP measurements. Undoubtedly, a cornea with
a high stiffness—for instance due to a large thickness or a
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high material resistance—would experience overestimations
of IOP, while a thin or soft cornea would cause IOP under-
estimations. In several studies using GAT, the reference
standard in tonometry, there was a significant disagreement
in quantifying the effect of central corneal thickness (CCT)
on IOP measurements with estimates ranging between 2 and
7mmHg per 100mm variation in CCT.8,9

Glaucoma is a leading cause of irreversible blindness,
associated with ganglion cell damage and resulting in a
gradual loss of visual field.10,11 Its progression is commonly
associated with intraocular pressure (IOP) elevation, and
IOP reduction by pharmacological treatment, laser or sur-
gical interventions is the main option available for manage-
ment of the disease.12,13 Several IOP estimation techniques
have been developed over the past 80 years, but the inac-
curacies embedded in their operation can affect disease
management and are thought to be at least partly respon-
sible for visual acuity and visual field loss while under
treatment.14

In an earlier study, an attempt was made to develop bio-
mechanically-corrected IOP (bIOP[v1]) estimates based on
corneal deformation under an air puff produced by the
Corvis ST (Oculus, Wetzlar, Germany), a non-contact ton-
ometer integrated with an ultra-high-speed Scheimpflug
camera that captures 4330 frames per second over an
8.5mm wide single horizontal slit.15 The bIOP(v1) was
assessed in a number of later studies and was shown to be
successful in reducing correlation with stiffness parameters,
most notably CCT and age, as well as reducing the effect of
the biomechanical change caused by refractive surgeries on
IOP measurements.16–18 In addition, it was shown to be reli-
able when compared to monometric IOP values.19

However, despite the success of the bIOP(v1), there is
still a need to reduce its dependence on corneal biomechan-
ics further, especially given that the bIOP(v1) has become
an integral component of other Corvis ST parameters such
as the Stiffness Parameter (SP; strongly associated with over-
all corneal stiffness) and the Stress Strain Index (SSI; a
measure of corneal material stiffness); it is also part of SP at
Aplanation 1 in the Corvis Biomechanical Index (CBI; used
in early diagnosis of keratoconus).20–22 bIOP(v1) was devel-
oped based on numerical models of healthy corneas,15 and
despite its success, studies found slight correlation with cor-
neal stiffness (which grows with age)23 and its mean values
were slightly lower in glaucoma patients when compared
towith GAT, the reference standard.24,25 The bIOP(v1)
measurements also underwent some reductions post-refract-
ive surgeries indicating an influence of corneal stiffness
changes.26,27 Furthermore, in our unpublished work, we
identified small increases in bIOP(v1) after crosslinking pro-
cedures, which may have been caused by the associated
increases in corneal stiffness. Also in post-refractive surgery
the results were not consistent possibly due to biomechan-
ical variations.26,27

For these reasons, this study seeks to optimize the
bIOP(v1) algorithm, with the objective of improving its per-
formance and independence of corneal biomechanics. The
development of a new algorithm (bIOP[v2]) followed a

similar route to that used for bIOP(v1), but adopted
improved and more representative numerical modeling fol-
lowed by clinical validation.

Methods

Numerical modeling

The present study relied on numerical models simulating the
behavior of the eye globe under the effects of IOP and external
air pressure. The finite element software package ABAQUS
6.13 (Dassault Syst.mes Simulia Corp., Rhode Island, USA) was
used to simulate the Corvis ST testing procedure on models of
the human eye. The models included the eye’s outer tunic
(cornea and sclera) and internal fluids (aqueous and vitreous),
but excluded other components of the orbit. Following a mesh
density study, each model was built with 800 15-noded con-
tinuum elements (C3D15H) connected by 3606 nodes and
organized in one layer, 10 cornea rings and 10 sclera rings (see
Supplemental Material - Figure 1).28 The models were gener-
ated using a bespoke ocular model generator software devel-
oped in house.29 The optic nerve head was omitted as its
inclusion was found in the study to have a negligible effect on
corneal deformation under both IOP and external air pressure.

The models adopted the geometric features of the ocular
globe reported in earlier studies. The corneal shape factor was
set at 0.82, the limbal radius at 5.85mm and the scleral radius
at 11.5mm.30–34 The peripheral corneal thickness (PCT) at
the edge of the limbus was assumed to be 150mm more than
CCT, while the sclera equatorial thickness was set at 0.80
PCT and the posterior pole thickness at 1.20 PCT.21,35,36

IOP was defined using a surface-based fluid cavity, the
pressure of which can be controlled. The cavity was assumed
to be filled with an incompressible fluid with a density of
1000 kg/m3 to represent the vitreous and aqueous humor.37

In all models, rigid-body motion was prevented by restraining
the equator nodes in the anterior-posterior direction, and the
posterior pole in both the superior-inferior and temporal-
nasal directions. The analysis then started with determination
of the stress-free form (SFF) of each model that would exist
under zero IOP. The SFF was determined using an iterative
process outlined in an earlier study,38 and this was followed
by the application of IOP and then the Corvis ST air pres-
sure. While IOP was applied as a uniformly-distributed
internal cavity pressure, the spatial and temporal distribution
of the Corvis ST pressure on the corneal surface followed the
results of an earlier study that considered the fluid-structure
interaction between the air pressure and the cornea (see
Supplemental Material - Figure 2).39

Based on the results of earlier experimental studies,40,41

the cornea was assumed to follow the stress-strain relation-
ship presented in Equation (1), with a gradual increase in
tangent modulus with age:

r ¼ 35� 10�9age2 þ 1:4� 10�6ageþ 1:03� 10�3
� �
� eð0:0013age

2þ0:013ageþ99Þe � 1½ � (1)

On the other hand, the sclera was divided into three
segments, each with its distinctive stress-strain
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relationships42 (see Supplemental Material - Figure 1 and
Equation (2)):

r ¼ 2l
a
: eþ 1ð Þa�1 � eþ 1ð Þ� 1þa

2ð Þ
� �

,

where
l ¼ 1:26 ageþ 0:94, a ¼ 20:1 ageþ 19:8, for anterior sclera
l ¼ 0:85 ageþ 0:42, a ¼ 12:6 ageþ 34:16, for equatorial sclera
l ¼ 0:22 e1:19 age, a ¼ 53:02, for posterior sclera

8<
:

(2)

Parametric study

A numerical parametric study was conducted to assess the
effect of geometrical stiffness parameters (CCT, and central
anterior corneal radius [R]), material stiffness (represented
by age) and IOP on estimations of corneal deformation
under the Corvis ST air pressure. The study considered var-
iations in: CCT between 395 and 645mm, in steps of 50 mm;
R between 7.2 and 8.4mm, in steps of 0.6mm; age between
30 and 100 years, in steps of 10 years; and IOP between 10
and 35mmHg, in steps of 5mmHg. These ranges slightly
exceeded the ranges reported in the literature or seen in
ophthalmic practice.21,30–35

In addition, models were further modified to adapt realist
in healthy and KC corneal geometries. Numerical models
had a cone located at apex, and within 1mm and 2mm dis-
tance from apex. Cones had a height of 75microns and 150
microns and covered an area of 1mm or 2mm in radius.
The position of the cone was also moved radially at steps of
22.5 degrees as it would influence corneal deformation
under airpuff pressure. These parameters were obtained
from a previous study where cone size and location was
characterized.43

The models were analyzed using the Abaqus nonlinear
finite element solver—first under IOP then under external
air-puff pressure. Corneal deformation across the whole
anterior surface was recorded throughout all loading stages.
From these data, deformation along the central horizontal
line of the cornea within the middle 8.5mm zone was used
in later analysis to estimate values of the various dynamic
corneal response (DCR) parameters commonly provided by
the Corvis ST, including those listed in Supplemental
Material - Table 1.

bIOP(v2) algorithm development

The process adopted to develop an algorithm for bIOP(v2)
started, as explained in the flowchart in Figure 1, with data

collection from the output of numerical simulations, and
determination of the values of the DCRs. These DCRs were
selected for being those with high repeatability as found in
an earlier study as well as being the base parameters used to
develop newer DCRs such as SP or CBI.44 A bespoke
MATLAB code was developed to consider all possible com-
binations of these parameters in third-order polynomials,
relating the parameters considered in each combination to
the IOP estimations. The polynomial combinations included
first-order, second-order and third-order parameters, and
multiplications of first-order and second-order parameters.
With the 11 base parameters considered, 484 combinations
were explored.

An optimization process, based on the least-squares
method, was adopted to select the parameter coefficients
that could minimize the differences between the IOP estima-
tions and the IOP values adopted in the numerical models.
The polynomial with the smallest error in IOP estimations
(given by the following objective function) was then adopted
as the bIOP(v2) algorithm:

Root mean square error RMSEð Þ

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 ðIOPi True � IOPi EquationÞ2

n

s
(3)

where IOPi True is the IOP value used in each specific
numerical model, IOPi Equation is the corresponding IOP
value obtained from the algorithm, and n is the total num-
ber of models.

Clinical data

The bIOP(v2) algorithm with the best possible performance
(or smallest RMSE) was assessed using two clinical datasets
of healthy corneas and corneas that have undergone refract-
ive surgeries, respectively. In this exercise, the ability of the
algorithm to reduce correlations with CCT and age (relative
to bIOP[v1] and uncorrected Corvis ST readings) and main-
tain stability in IOP measurements after refractive surgery
procedures is considered an indication of its success.

Dataset 1 of healthy participants
Database 1 included data obtained from 528 healthy partici-
pants enrolled at the Vincieye Clinic in Milan, Italy. The
Institutional Review Board at the University of Liverpool
ruled that approval was not needed for this record review
study. However, ethical approval and participants’ informed
and written consent for using the data in research had been

Figure 1. The process adopted to develop bIOP(v2) algorithm.
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secured before the data was collected, anonymized, and used
in earlier studies.45 The ethical standards set out in the 1964
Declaration of Helsinki, and its revision in 2000,
were observed.

The mean age of the participants was 39.9 ± 16.8 years
(7.0–91.0) and mean CCT 537 ± 33mm (444–635). The gen-
der data was not captured. All participants were free of any
ophthalmic disease, and had a Belin/Ambr�osio Enhanced
Ectasia total deviation index (BAD-D), derived from the
Pentacam (OCULUS Optikger€ate GmbH; Wetzlar,
Germany), of <1.6 standard deviations (SD) from normative
values in both eyes. Patients with previous ocular surgery or
disease, myopia <�10D, concurrent or previous glaucoma,
hypotonic therapies or diabetes mellitus were excluded.

All patients were evaluated with a complete ophthalmic
examination, including the Corvis ST and Pentacam. All
Corvis ST exams were acquired by the same experienced
technicians with good quality scores (QS) that enabled cal-
culation of all Corvis DCRs. Moreover, a frame-by-frame
analysis of the exams was performed by an independent
masked examiner (RV) to ensure the quality of each acquisi-
tion. One eye per patient was randomly selected and
included in the analysis to avoid the bias of the relationship
between bilateral eyes that could influence the ana-
lysis results.

Dataset 2 of refractive surgery patients
The medical records of 140 patients submitted to bilateral
refractive surgery using LASIK (60 patients) and SMILE (80
patients) between February 2017 and April 2018 at the Eye
Hospital of Wenzhou Medical University were retrospect-
ively evaluated. The data collection was approved by the
Institutional Review Board of the Hospital. Informed con-
sent was provided by all participants for the use of their
data in research before the data were collected. LASIK par-
ticipants’ mean (range) age was 25 ± 5.2 years (17–37), CCT
was 555 ± 22 mm (511–592), and manifest spherical equiva-
lent (MSE) treated was �5.4 ± 1.6 D (�9.5–�1.8), with an
optical zone diameter of 6.6 ± 0.4mm (5.9–7.5) and a max-
imum ablation depth of 90.4 ± 20.5 mm (35–122). SMILE
participants’ mean (range) age was 26.3 ± 4.9 years (17–41),
CCT was 557 ± 24 mm (506–635), and manifest spherical
equivalent (MSE) treated was �5.3 ± 1.6 D (�8.8–�2.4),
with an optical zone diameter of 6.6 ± 0.2mm (6.0–6.9) and
a maximum ablation depth of 104.5 ± 20.1mm (63–145).

After the procedure, one drop of tobramycin/dexametha-
sone (Tobradex; Alcon, TX, USA) was instilled at the surgi-
cal site. A bandage contact lens (Acuvue Oasys; Johnson &
Johnson, FL, USA) was placed on the cornea and kept
for one day after FS-LASIK. Fluorometholone 0.1%
(Flumetholon; Santen, Osaka, Japan) and topical levofloxacin
0.5% (Cravit; Santen, Osaka, Japan) were applied 4 times a
day for 1week. The fluorometholone dosage was then
tapered each subsequent week until it was stopped 1month
after FS-LASIK and SMILE.

In all cases, the Pentacam was used at 1, 3 and 6month
post-surgery to measure corneal anterior and posterior top-
ography. At the same follow-up points, the Corvis ST was

used to provide estimates of uncorrected and corrected esti-
mates of IOP (CVS-IOP and bIOP[v1]). As for Dataset 1,
the same exclusion criteria were applied, one eye per patient
was randomly selected and included in the study. With
this dataset, the success of bIOP(v2) was evaluated by the
stability in its IOP estimations after the SMILE and
LASIK procedures.

Statistical analysis
To analyze the results of the clinical validations, one sample
Shapiro-Wilk test was used to check the normality of distri-
bution of the continuous variables. For the healthy cases in
Dataset 1, due to the normal distribution of the variables,
correlations between IOP estimates and both age and CCT
were assessed with Pearson product-moment correlation
coefficient. For the refractive surgery data, as normality
could not be verified, comparisons between the bIOP(v1),
bIOP(v2) and uncorrected Corvis ST IOP (denoted as
CVS-IOP) estimates in different postoperative periods were
carried out using the Friedman’s test; post hoc pairwise
comparisons were made using Nemenyi’s test. Wilcoxon
Signed Rank Test was used to compare the pre- and post-
operative data in each group. The differences between each
postoperative period and the preoperative values were
expressed by boxplots, in which the main box contains the
median difference and the interquartile range (IQR).
Analyses were accomplished using R Core Team (2016), a
language and environment for statistical computing (R
Foundation for Statistical Computing, Vienna, Austria;
https://www.R-project.org/). A p value below .05 was consid-
ered statistically significant.

Results

bIOP(v2) algorithm

The polynomial with the best performance had an RMS of
0.3mmHg and included third-order combinations of the
parameters: CCT, AP1, PD, HCR, DeflAmpMax, A1V,
DeflAmpA1 and HCT.

Clinical validation—dataset 1

The 528 healthy participants of Dataset 1 had mean IOP
values obtained from CVS-IOP, bIOP(v1) and bIOP(v2)
were 15.0 ± 2.7mmHg (6.0–29.0), 14.4 ± 2.3mmHg
(9.1–23.9) and 15.4 ± 2.2mmHg (10.1–27.8), respectively.
There was no significant correlation between bIOP(v2) and
either CCT (R¼�0.048, p¼ .266) or age (R¼ 0.085,
p¼ .052). With bIOP(v1), there was no significant correl-
ation with CCT (R¼�0.064, p¼ .139) but the correlation
with age did reach statistical significant (R¼�0.124,
p< .05) CVS-IOP was significantly correlated with both
CCT (R¼ 0.345, p< .05) and age (R¼ 0.111, p< .05); see
Figure 2.
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Clinical validation—dataset 2

Smile
Comparisons of the preoperative values of the three IOP
estimates showed statistically significant differences between
the three groups (p< .05) with bIOP(v2) being slightly
higher than both bIOP(v1) (14.7 ± 1.7 vs 13.8 ± 1.7mmHg)
and CVS-IOP (14.7 ± 1.7 vs 14.1 ± 1.9mmHg). On the other
hand, post-hoc comparisons showed both CVS-IOP and
bIOP(v1) were significantly lower than bIOP(v2) (p< .05).
These results are summarized in Table 1. The follow-up ana-
lysis revealed that the highest reductions occurred in CVS-
IOP estimates at all postoperative periods, while significantly
less reductions were observed in bIOP(v1) (p< .05) and the
smallest variations were seen in bIOP(v2) (p< .05). As
observed in Figure 3, the median reduction in bIOP(v2) was
below 1mmHg at all postoperative periods and the inter-
quartile range was smaller than bIOP(v1) and CVS-IOP.

Lasik
As with the SMILE group, statistically significant differences
were observed between the values of the CVS-IOP,
bIOP(v1) and bIOP(v2) estimates obtained before LASIK
(p< .05). At this stage, bIOP(v2) was slightly higher than
both bIOP(v1) (14.7 ± 1.5 vs 13.8 ± 1.7mmHg) and CVS-IOP
(14.7 ± 1.5 vs 14.0 ± 1.9mmHg). On the other hand, post-hoc
comparisons showed both CVS-IOP and bIOP(v1) were sig-
nificantly lower than bIOP(v2) (p< .05; Table 2). Follow-up
analysis showed that the highest reductions were in CVS-
IOP at all postoperative stages, while significantly less reduc-
tions were observed in bIOP(v1) (p< .05) and the smallest
variations were seen in bIOP(v2) (p< .05). The median
reduction in bIOP(v2) was below 1mmHg at all follow-up

stages and the interquartile range was smaller than bIOP(v1)
and CVS-IOP (Figure 4).

Discussion

Patients who undergo refractive surgery were found to have
lower IOP by GAT and other tonometers, and the reduction
in IOP measurement was correlated to the amount of visual
correction and the associated losses in corneal thickness.26,46

This is due to changes in corneal geometry and material
stiffness. These findings are significant since IOP plays an
important role in the management of glaucoma, and it has
been identified as the only modifiable risk factor of the dis-
ease.47,48 Current measurement techniques, contact or non-
contact, are based on applying a mechanical force on the
cornea and relating its resistance to deformation to the value
of IOP. However, since the deformation is also affected by
corneal biomechanics, which in turn are dominated by cor-
neal thickness and material stiffness, inaccuracies are often
present in IOP estimates.28

Attempts have been made in the past to provide more
accurate estimations of IOP. Among these attempts, devices
such as the Dynamic Contour Tonometer (DCT),49 the
Ocular Response Analyzer (ORA)50 and the Corvis ST51

have been successful to varying degrees. As GAT is still the
reference standard, comparisons of the performance of these
tonometers were often held against the GAT. In a study on
39 LASIK patients, GAT IOP was found to reduce signifi-
cantly after the surgical procedure by 3.0 ± 1.9mmHg, while
corresponding changes in DCT IOP were insignificant at
(�0.2mmHg ± 1.5mmHg).52 In another comparative study,
39 patients who underwent LASIK had GAT reducing
significantly postoperatively (3.0 ± 1.9mmHg) while no
significant changes were found in DCT (�0.2mmHg ±

Figure 2. Linear relationship of CVS-IOP, bIOP(v1) and bIOP(v2) with CCT (left) and age (right) in Dataset 1.

Table 1. Values of CVS-IOP, bIOP(v1), and bIOP(v2) obtained before and 1, 3, and 6months after SMILE surgery.

Pre Pos1M Pos3M Pos6M

CVS IOP 14.1 ± 1.9 (9.5–17.7) 10.4 ± 1.8 (7.1–17.5) 10.3 ± 1.8 (6.8–17.8) 10.3 ± 1.6 (7.8–14)
bIOP(v1) 13.8 ± 1.7 (9.4–16.9) 12.5 ± 1.8 (8.2–19.8) 12.4 ± 1.8 (8.3–20.3) 12.4 ± 1.6 (9.7–15.7)
bIOP(v2) 14.7 ± 1.7 (10.8–20) 15.8 ± 1.3 (12.6–21) 15.5 ± 1.3 (12–22.1) 15.3 ± 1.1 (12.6–17.8)
CCT 557 ± 24 (506–635) 458 ± 24 (415–517) 460 ± 22 (421–518) 459 ± 21 (418–510)
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1.5mmHg).53 And other earlier studies on healthy eyes, the
Corvis bIOP(v1) was not significantly correlated with
changes in CCT and age.15,45

The bIOP(v1) was developed using numerical modeling
of healthy corneas through parametric studies considering
four main parameters; CCT, age, IOP and corneal anterior
radius.15 The resulting bIOP(v1) algorithm performed well,
demonstrating reduced influence of the cornea’s geometric
parameters, most notably CCT, and the tissue’s material
stiffness, which changes with age, relative to other

tonometry methods16,23,24,54–57 (in one of studies, bIOP(v1)
was significantly correlated with age23) Studies found that
for every 100mm change in CCT, bIOP(v1) changed by
0.6mmHg,58 0.5mmHg,23 0.7mmHg16 and 0.9mmHg.59 In
terms of correlation with age, bIOP(v1) change for every
10 years was reported at 0.4mmHg23 and 0.3mmHg;59 in
the other studies mentioned above, correlation with age
was not reported. The bIOP(v1) also provided reasonably
stable IOP estimates after refractive surgeries with differen-
ces between pre- and post-LASIK limited to

Figure 3. Box plot of differences between postoperative and preopertative IOP measurements in the SMILE group (box: interquartile range, bar: median).

Table 2. Values of CVS-IOP, bIOP(v1), and bIOP(v2) obtained before and 1, 3, and 6months after LASIK surgery.

Pre Pos1M Pos3M Pos6M

CVS IOP 14 ± 1.9 (10.8–18.5) 9.7 ± 1.7 (6–13.8) 10 ± 1.7 (6.5–14.1) 9.9 ± 1.6 (6.7–13.3)
bIOP(v1) 13.8 ± 1.7 (10.7–18) 11.9 ± 1.6 (8.3–15.8) 12.1 ± 1.6 (9.4–15.9) 12 ± 1.4 (9.2–15.4)
bIOP(v2) 14.7 ± 1.5 (11.9–19.4) 15.5 ± 1.0 (13.3–17.4) 15.3 ± 1.1 (12.4–18.2) 15.1 ± 0.9 (12.1–17.3)
CCT 555 ± 22 (511–592) 448 ± 32 (376–541) 451 ± 33 (377–539) 452 ± 32 (380–539)

Figure 4. Box plot of differences between postoperative and preopertative IOP measurements in the LASIK group (box: interquartile range), bar: median).
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1.04±1.46mmHg,27 1.7 ±1.0mmHg,26 and 0.1 ±2.1mmHg.18

Other studies showed differences in bIOP(v1) pre- vs post-
SMILE of 2.5 ±1.39mmHg,60 0.9 ±1.7mmHg,26 and
0.8 ±1.8mmHg.18 The differences in these studies’ results
may have been caused by using populations with different
sizes and racial origins.

Comparison of bIOP(v1) to GAT in patients with ocular
hypertension and open-angle glaucoma in 122 eyes found
that bIOP(v1) was less affected than GAT by corneal bio-
mechanics.61 Another study found bIOP(v1) to have good
repeatability in healthy and keratoconic eyes, although the
mean value in keratoconic eyes was lower than in the
healthy group.24,25 In addition, another study found a good
agreement between corrected GAT and bIOP,23 but with a
slight negative correlation was observed between bIOP and
age. Lower values of bIOP(v1) than GAT in glaucoma
patients was also reported.23 In these patients, bIOP(v1) was
lower than GAT by 5.1 ± 4.5mmHg in those with ocular
hypertension, by 2.4 ± 4.0mmHg in groups with primary
open-angle glaucoma and hypertension and by
0.8 ± 2.1mmHg in patients with normal-tension glaucoma.

In our previous research, our strategy was to produce
two distinctive algorithms for healthy and soft (keratoconic)
corneas, respectively.62 The possible confusion this may
cause in clinical practice encouraged adoption of a different
strategy where one bIOP algorithm was developed for all
cases. For this reason, the numerical models used to develop
the bIOP(v2) in this study considered a wide range of cor-
neal geometries that covered both healthy and diseased
cases. 864 rotationally symmetric models were used to repre-
sent healthy corneas, along with 6912 models representing
KC corneas with no rotational symmetry (based on topog-
raphy analysis of 309 KC corneas43).

In addition to replacing both versions of IOP(v1),
IOP(v2) was also intended to improve the independence of
IOP measurements from corneal biomechanics, and main-
tain adequate stability after refractive surgery. In assessing
bIOP(v2) in a clinical dataset involving 528 healthy partici-
pants, bIOP(v2) changed by �0.3mmHg for every 100
microns change in CCT while bIOP(v1) changed by
�0.4mmHg and the uncorrected CVS-IOP changed by
2.8mmHg. Further, bIOP(v2) changed by 0.1mmHg for
every 10 years of age compared with a �0.2mmHg change
in bIOP(v1).

Furthermore, the three IOP measurement techniques
were compared in a dataset of patients who underwent
SMILE and LASIK surgeries. As the procedures involved
removal and separation of corneal tissue, and subsequent
reduction in corneal stiffness, it was expected that IOP
measurements that are non-corrected for this change in cor-
neal biomechanics, such as the CVS-IOP, would undergo
significant reductions in their values.17 This expectation was
confirmed by the measurements taken in this study before
and after both SMILE and LASIK. In addition, the minimal
reduction observed with bIOP(v1), especially after the initial
3months of the postoperative period in which the steroids
effect and stromal edema were typically resolved,63 is an
indication that this measurement was less influenced by the

corneal alterations caused by the procedures; these results
are in line with the findings of previous studies.17,18,64 The
present study also showed evidence of smaller post-pre-
operative IOP measurements with bIOP(v2) (p< .001) and
lower variability (50% reduction in IQR) compared with
bIOP(v1), suggesting that this new measure was less influ-
enced by the biomechanical changes caused by SMILE
and LASIK.

The present study had a number of limitations, which
should be noted. The bIOP(v2) measurements could not be
compared against corresponding readings by the Goldmann
Applanation Tonometer (GAT, the reference standard in
tonometry),65 the Dynamic Contour Tonometer (DCT,
known to produce IOP estimates that are less influenced by
corneal stiffness than GAT)49,66 and the ORA (a non-contact
tonometer that produces the cornea-corrected IOP,
IOPcc)

50,67 as these measurements were not available.
Furthermore, the present study is considered the first step in
validating the new IOP measure and further validation is
required, and is being conducted, in populations with kera-
toconus, both before and after the cross-linking treatment,
after photorefractive keratectomy (PRK) refractive surgery,
and in glaucoma and ocular hypertension patients.

In summary, this study aimed to develop a method to
reduce the biomechanical effects of the cornea on IOP meas-
urements, and to validate the method in clinical data of
healthy participants and of patients undergoing two forms
of refractive surgery. The method led to a new algorithm for
the biomechanically corrected IOP: bIOP(v2). This algo-
rithm was shown in this study to have reduced dependence
on the cornea’s thickness and age compared with the earlier
bIOP(v1) algorithm, and to have better stability after SMILE
and LASIK surgeries.
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