
Interaction betwee
Submi
Final r
Accep

From 
Rodrig
drigue
Resea

(Pi~ner
Depart
Univer

Suppo
manag
numbe
ish Mi
C02-0

Corres
of Oph
20, 03
n diurnal variations 
of intraocular pressure, pachymetry, 

and corneal response to an air puff: 

Preliminary evidence
Miguel A. Ariza-Gracia, PhD, David P. Pi~nero, PhD, Jos�e F. Rodriguez, PhD, 

Rafael J. P�erez-Cambrodí, OD, PhD, Bego~na Calvo, PhD
tt
ev
te

th
u
z,
rc

o,
m
si

rt
e
r
n
1)

p
th
0

ed: Oct
ision s
d: Dece

e Engin
ez, Calv
 Calvo)
h Cent
 P�erez-
ent o
ty of A

ed by t
d by R
 FP7-SM
istry of
.

onding
almolo
16 Alic
In recent years, devices that measure the corneal bio-
mechanics in clinical practice have been developed
and released.1 All the devices are based on analysis
of the corneal deformation response to an air puff.
However, this deformation is influenced not only by
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the biomechanical properties of the cornea, but also
by the intraocular pressure (IOP) and the corneal
thickness. Therefore, IOP and corneal thickness should
be considered when analyzing the results obtained
with the devices.2

Because IOP and corneal thickness vary during the
day in every individual, they are expected to have
a clinical relevance tomeasurements of the corneal bio-
mechanical properties. Kida et al.3 found that corneal
hysteresis (CH) measured with a dynamic bidirec-
tional applanation device (Ocular Response Analyzer,
Reichert Technologies) showed an inconsistent
24-hour variation, with no evidence of being influ-
enced by 24-hour changes in IOP. A similar finding
was reported by Shen et al.4 However, Gonz�alez-
M�eijome et al.5 found that changes in CH measured
with the same device correlated well with changes in
IOP, suggesting that diurnal IOP variations could be
related to changes in corneal biomechanics. Likewise,
Lau and Pye6 suggested that diurnal variations in cen-
tral corneal thickness (CCT) and corneal resistance fac-
tor (CRF) measured with the dynamic bidirectional
applanation device may significantly affect the tonom-
etry measurements.

This case report shows preliminary numerical re-
sults about the interaction between pachymetric and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcro.2015.01.002&domain=pdf
mailto:dpinero@oftalmar.es


Table 1. Diurnal changes in IOP, CCT, and simulated high con-
cavity displacement assuming a medium corneal stiffness (mate-
rial B).

Variable 8:15 AM 10:00 AM 11:30 AM 13:00 PM 14:30 PM

IOP (mm Hg) 10 11.5 10 10 9
CCT (mm) 505 501 509 516 512
U (mm) 1.199 1.170 1.175 1.150 1.185

CCT Z central corneal thickness; IOP Z intraocular pressure; U Z high
concavity displacement
IOP diurnal changes in 1 healthy eye and its potential
relationship to corneal deformation during air puff.
Numerical simulations correspond to 3 levels of cor-
neal stiffness. The main objective of this analysis was
to show how the IOP fluctuations during a short pe-
riod of time might generate different results when
the mechanical corneal behavior is analyzed by 
a device based on the use of an air-puff load (eg, non-
contact tonometry). This variability might lead to in-
consistent clinical decisions. Currently available
devices for measuring the corneal biomechanical
properties in clinical practice are based on analysis of
the corneal response to an air puff, and we should
know the limitations of the technology that we use in
our daily routine. For this purpose, a topography sys-
tem providing consistent elevation and pachymetric
measurements7 was used as well as a patient-specific
finite element model of the patient’s cornea.8,9

CASE REPORT
Corneal geometry, CCT, and IOP in a 50-year-old subject were 
recorded 5 times during the same morning; ie, corneal topog-
raphy, pachymetry, and Goldmann applanation tonometry 
(1 mm Hg steps) were measured. Corneal topography and 
pachymetry were measured using a Scheimpflug 
photography–based system (Pentacam, version 1.14r01, Ocu-
lus Optikger€ate GmbH). This system provides reproducible 
and repeatable corneal thickness measurements in 1 mm steps. 
With the available topographical data, a patient-specific finite 
element model of the patient’s cornea was built taking into ac-
count 3 levels of corneal stiffness (Figure 1). A simulation of 
noncontact tonometry was then performed to obtain the 
high-concavity displacement of the corneal apex when an 
air load was applied. Noncontact tonometry is the basis of 
the currently available devices that measure corneal biome-
chanical properties in clinical practice, such as the dynamic bi-
directional applanation device and the dynamic Scheimpflug 
analyzer device (Corvis, Oculus Optikger€ate GmbH).
Figure 1. Stress versus stretch curves corresponding to the 3 levels of
corneal stiffness simulated and evaluated: low (material A), interme-
diate (material B), and high (material C) stiffness. The curves were ob-
tained in uniaxial Cauchy experiments of pig corneas and adjusted
by the Gasser-Holzapfel-Ogden model.
Table 1 summarizes the results of the diurnal corneal 
mon-itoring in the evaluated eye. As shown, the CCT and 
the IOP varied during the evaluation period. Similarly, as 
shown in Figure 2, there were localized differences in 
corneal thickness over some corneal areas and not only at 
the center. Accord-ing to the results in Table 1, a close 
relationship between IOP, CCT, and numerical high-
concavity displacement seems to exist with the corneal 
response at different moments of the day. Simulations 
with a cornea of intermediate stiffness re-vealed that the 
apex displacement due to the air puff was maximal when 
the IOP and the CCT were lower than their median values 
(Figure 2). When IOP was maximal and pa-chymetry was 
minimal, a median corneal displacement was achieved; 
the displacement was minimal when pachy-metry was 
maximal and IOP was around its median value. Therefore, 
interplay between the pachymetry, the IOP, and the 
corneal displacement in response to an air puff is present, 
with more significant influence of pachymetry over IOP for 
the level of corneal displacement obtained in the 
simulations.

Characterizing corneal biomechanics by analyzing the 
corneal displacement in response to an air puff seems to be 
subject to some level of variability depending on the time 
of day at which the measurement is taken (Figure 3). A diur-
nal variation of approximately 30% was found for IOP, 
whereas a variation close to 4% was found for pachymetry. 
Numerical simulations revealed a corneal displacement 
variation of about 5%. Our simulations also indicate larger 

variability when a cornea of low stiffness is considered 

(Figure 3).

DISCUSSION

There is an increasing interest in corneal biomechanics
due to the development of new refractive surgery tech-
niques aimed at modifying corneal properties, as well
as to the development of a wide variety of surgical op-
tions for corneal ectasia management.1 For this reason,
significant research in corneal biomechanics has been
done during the past few years, with important efforts
made to develop a device for noninvasive in vivo mea-
surement of the biomechanical properties of the hu-
man cornea. The use of an air puff as a load to apply
on the cornea and analysis of the deformation induced
by this type of load is the basis of the 2 currently avail-
able devices for characterizing the corneal biomechan-
ical properties in clinical practice. Despite the ability to

identify some cases in which a biomechanical alter-
ation is present, there is a significant limitation in the



Figure 2. Topographic maps showing
changes in pachymetry using the first mea-
surement taken (8:15 AM) as a reference.
sensitivity of measurements that detect corneal biome-
chanical alterations.1 The main factors in this are the
use of nonstandardized and not well understood pa-
rameters for characterizing the corneal biomechanics
Figure 3. Top panel: Changes in IOP (dashed blue line), apex pachyme-
try (dashed red line), and high-concavity displacement (green line) as-
suming a medium level of corneal stiffness (material B). All
displayed values have been normalized by using the minimum
and maximum values to evaluate trends. Bottom panel: Differences
in pachymetry (dark blue bars), IOP (light blue bars), and high-
concavity displacement (material A, green bars; material B, orange
bars; and material C, brown bars) during the monitoring period using
the time point registering the highest IOP value (10:00 AM) as
a reference.
and the potential coupling of corneal thickness and
IOP with these parameters.

The dynamic bidirectional applanation device
measures the CH parameter, which is the difference be-
tween 2 pressure values recorded during a bidirectional
air-puff applanation. According to simulations per-
formed with a viscoelastic model (a 3-component
spring and dashpot model) to analyze the impact of
changing viscosity and elasticity on CH, low CH could
be associated with high elasticity or low elasticity de-
pending on the viscosity.10 Furthermore, CH has been
shown to be moderately correlated with IOP and
CCT.11 The dynamic Scheimpflug analyzer device is
a noncontact tonometer that enables monitoring the
corneal reaction to an air impulse by means of a high-
speed Scheimpflug camera (4330 frames/sec).1 The
device measures biomechanical parameters such as de-
formation amplitude or first applanation time.1 These
parameters have been shown to be correlated with
IOP and pachymetry. Huseynova et al.12 found a low
but significant correlation between IOP and the
deformation amplitude of the cornea (r Z �0.36,
P ! .0001), applanation time (r Z �0.54, P ! .0001),
and applanation velocity (r Z �0.118, P ! .0001).
Unfortunately, their study did not show a correlation
between CCT and the deformation amplitude of the
cornea.

Our preliminary results support the observation of
a weak correlation between IOP and the maximum
deformation amplitude of the cornea. However, our re-
sults also point to a clear interplay between IOP and
CCT on the maximum corneal displacement when sub-
jected to an air puff. The case report shows that in
a healthy cornea, the variability in the maximum



corneal displacement can reach 5% during the day de-
pending on the level of stiffness of the cornea evaluated. 
This variation was close to the observed variation in 
corneal pachymetry (between 3% and 4%), while the 
observed variation in IOP was larger than 25%.

The variation in maximum corneal displacement 
that occurs during the day may limit the diagnostic 
ability to detect small biomechanical alterations from 
the corneal deformation in response to an air impulse, 
as may happen in the initial stages of keratoconus. 
Therefore, the time at which measurements are taken 
with air puff–based devices must be recorded and 
taken into consideration. In this case, less variability 
was observed from 10:00 AM to 1:00 PM. This agrees 
with results in studies of IOP variability in the circa-
dian cycle in healthy subjects.13 However, a larger 
number of patients is required to confirm this observa-
tion. In addition, the study should consider different 
types of corneas, not only healthy ones. Glaucoma pa-
tients do not follow this circadian pattern and have 
more IOP variability.13

In conclusion, the corneal deformation response to 
an air puff is dependent on IOP and pachymetry and 
not only on the biomechanical properties of the cornea. 
Therefore, this deformation by itself cannot be consid-
ered a parameter that accurately characterizes the bio-
mechanical behavior of a specific cornea. Diurnal 
changes in IOP and corneal thickness are able to in-
duce some variability in the air puff–based corneal de-
formation that can potentially lead to inaccurate 
clinical decisions. Additional studies are required to 
confirm this preliminary evidence, particularly studies 
that include eyes with well-known biomechanical al-
terations (advanced keratoconus) and with significant 
24-hour changes in IOP.
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