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Abstract: The cornea is a part of the anterior segment of the
eye that plays an essential optical role in refracting the light
rays on the retina. Cornea also preserves the shape of an
eyeball and constitutes a mechanical barrier, protecting the
eye against the factors of the external environment. The
structure of the cornea influences its biomechanical prop-
erties and ensures appropriate mechanical load transfer
(that depends on the external environment and the intra-
ocular pressure) while maintaining its shape (to a certain
extent) and its transparency. The assessment of the corneal
biomechanics is important in clinical ophthalmology, e.g. in
the diagnosis of ectatic corneal diseases, for precise plan-
ning of the refractive surgery, and in accurate determination
of the intraocular pressure. A standard technique to deter-
mine corneal biomechanics requires the application of well-
defined mechanical stimulus (e.g. air puff) and performing
simultaneous imaging of the response of the tissue to the
stimulus. A number of methods to assess the biomechanical
properties of the cornea have been developed, including
ultrasound, magnetic resonance imaging, and optical
methods as visualization modalities. Commercially avail-
able methods include the ocular response analyzer (ORA)
and corneal visualization scheimpflug technology (Corvis
ST). Currently advanced research is conducted using optical
coherence tomography (OCT). The extension of OCT called

optical coherence elastography (OCE) possesses high clin-
ical potential due to the imaging speed, noncontact char-
acter, and high resolution of images.

Keywords: air puff OCT; corneal elastography; keratoco-
nus; optical coherence elastography; viscoelasticity.

1 Introduction

The cornea is a transparent, outermost part of the eye.
Not only the cornea constitutes an essential element of the
optical system of the eye, but also it forms a mechanical
barrier against the factors of the external environment to
protect the soft inner part of the eye. Due to its transparency,
curvature, and anterior surface smoothness, the cornea re-
sembles a watch crystal. The cornea transmits over 80% of
visible light and participates in its refraction (40–44 D),
along with the tear film and the intraocular lens (20 D),
enabling light focusing on the retina and the perception of
visual stimuli [1–4].

Due to its location, the cornea is exposed to various
external factors (including variations in atmospheric
pressure, eyelid movements, eye rubbing, dehydration,
etc.) and diurnal intraocular pressure (IOP) fluctuations
at the same time (internal and external sources of stress).
Hence, corneal biomechanical properties manifested by
elasticity, tensile strength, and ability to distribution of
the stress are crucial for maintaining the proper shape
(geometry) and, therefore, appropriate refraction and
stable visual perception (Figure 1) [1–7].

The biomechanical properties of the cornea arise from
biochemical and physical structure of the corneal tissue
[8]. The mechanical properties are influenced by the
composition and organization of fibers, cells, and ground
substance [8]. The strength and elasticity of the cornea
depend on collagen and elastin fibers [7, 8]. In turn, the
viscosity depends on noncovalent rearrangements of the
extracellular matrix (ECM) [7, 8], which transmits external
mechanical loads to the resident cells, leading to their
spreading and migration [9].
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The assessment of the biomechanical properties of the
cornea has increasing clinical applications. The biome-
chanics of the cornea and its thickness are important in the
measurement of the intraocular pressure (IOP) as well as
in a more effective diagnosis and treatment of glaucoma.
Most frequently, in the case of IOP measurement, correc-
tion tables are used taking into account the impact of
corneal thickness, ignoring its dynamic properties [4, 5, 8,
10, 11]. Information on the viscoelastic properties of the
cornea, in addition to its topography, is extremely impor-
tant in the diagnosis, management and evaluation of the
progression of ectatic corneal diseases such as keratoconus
(KC), pellucid marginal degeneration (PMD), and mega-
locornea. This makes it possible to evaluate changes in
tissue stiffness, which is reduced in the case of ectatic
corneal diseases, as well as its response to external stress
[4, 5, 8, 10–12]. In addition, the assessment of the corneal
biomechanics is useful for planning the refractive surgery
and detecting contraindications to increase predictability
of surgical procedure and at the same time to reduce the
risk of iatrogenic ectasia [4, 8, 10, 12, 13].

In this paper, we present different aspects of corneal
biomechanics and the role of biomechanics in ensuring
proper eye functions. The tutorial focuses on themethods of
assessing corneal biomechanics, with particular emphasis
on commercialized optical techniques and their clinical
application, as well as their alternative noncommercial
methods mainly based on optical coherence tomography
(OCT) under an air stream excitation.

2 Corneal structure and its impact
on biomechanics

The cornea is a complex structure that ensures the integrity
and proper functioning of the entire optical system of the

eye. The corneal diameter ranges from 9 to 11 mm vertically
and 11–12mmhorizontally. The average radii of curvature of
the anterior andposterior surfaces of the cornea are 7.79mm
and 6.53 mm, respectively [14]. The cornea consists of six
layers: epithelium, Bowman’s layer, stroma, a pre-Desce-
met’s membrane, Descemet’s membrane and endothelium,
and its average central thickness is 551–565 μm [1–3]. Each
layer has an individual configuration of structure with dif-
ferences in the type, orientation and density of collagens,
elastins, fibronectins, laminins, and proteoglycans, which
form strong fibers and networks as a type of staging for
tissue [3]. The Bowman’s layer and stroma play the most
important role in corneal biomechanics [3].

The epithelium is the cornea’s outermost layer and,
therefore, the most exposed to external factors. It takes
about 10% of its central thickness and is built of easily
regenerated, multilayered, non-keratinized cells [1, 2, 7]. In
general, the epithelium as a pure cell layer is supposed to
have no influence on corneal rigidity. Elsheikh and et al.
testing human donor eyes confirmed insignificant epithe-
lium participation in corneal stiffness compared to stroma
[7]. Nevertheless, it is important to remember that the
corneal epithelium is easily deformable and its anteriar
surface is used as the reference in the majority of tech-
niques of measuring biomechanical properties [8].

The Bowman’s layer and the stroma take together 90%
of the corneal thickness and are themain collagenous layers
of the cornea [1–3, 8]. Therefore, those layers contribute
most to the cornea’s tensile strength [8]. The diameter
and orientation of collagen fibrils determines corneal
transparency and has an impact on visual acuity [7]. The
Bowman’s layer is an acellular structure composed of
randomly-oriented collagen fibrils [1–3, 7] and it is consid-
ered to be essential for the corneal biomechanics after laser
ablative surgery [3, 4, 7].

In the stroma, the collagen (mainly type I collagen
fibrils) is laid down within around 200 lamellae, orthogo-
nally oriented in the center and circumferentially in the
periphery of the layer [3, 12, 13, 15]. The orthogonal
arrangement of the fibers ensures the correct shape of the
cornea and the highest visual acuity [7]. Nonlinear optical
microscopy technique found more extensive intralamellar
branching and steeper angles of the collagen fibers in the
anterior than in the posterior cornea, which is due to the
increased packing of these fibers and their highly inter-
woven structure in the central cornea. This finding corre-
lates with an increased shear stress in the anterior cornea
compared to the posterior cornea in response to the applied
force due to the greater anterior elastic moduli in its central
and paracentral regions [7, 12, 15]. In the peripheral re-
gions, the posterior elastic modulus is higher than the

Figure 1: Scheme of the general relation between the external
environment, intraocular pressure, and elasticity of the cornea.
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anterior elastic modulus [12]. In turn, the second harmonic
generation imaging microscopy found a gradual increase
in the width of collagen lamellae from the anterior to
posterior stroma. In addition, the arrangement of the
collagen bundles in the posterior corneal lamellae is more
regular [12].

An important corneal constituent for the biome-
chanics of the corneal stroma is the extracellular matrix
(ECM) consisting of glycosaminoglycans (GAGs) and
proteoglycans (PGs). GAGs and PGs play an essential role
in the assembly of the ECM and its transparency. GAGs are
highly polar molecules that affect the viscosity of a tissue
by increasing water the adhesion of water molecules [3, 7,
12, 15, 16]. GAGs are compulsory to sulfate PG core pro-
teins, namely keratan sulfate (KS), chondroitin sulfate
(CS)/dermatan sulfate (DS), heparan sulfate, and hya-
luronan, but have almost no influence on nucleation
or growth due to only electrostatic impediment with
collagen [7, 12]. KS-PGs control the diameter of collagen
fibrils and stabilize them over a short range, while DS-PGs
modify lamellar adhesion and determine the interfibrillar
spacing [7, 12]. In turn, the role of CS-PGs is to stabilize
several fibrils as far as the lamellae, and its deficiency
potentially weakens the cornea and leads to corneal
ectasia [7, 12].

The energy dissipation during the deformation of the
cornea under load is closely related to the viscous sliding of
the fibrils and lamellae in PGs, and the rearrangement of
water molecules [4]. The amount of oxygen has a major
influence on proportions of GAGs and PGs, especially
conditions of O2 deficiency determine production of kera-
tan sulfate that can describe why KS lead in the posterior
stroma [7].

The number of acidic GAGs corresponds directly to the
degree of collagen fibers organization in the human
corneal stroma [7]. It has been proposed that particularly
deglycosylated small leucine-rich repeat proteoglycan core
proteins maymodify the collagen fibrillogenesis and could
be instrumental in some corneal ectatic disorders. In KC,
PMD andmacular corneal dystrophy the quantity of highly
sulfated KS-PGs is decreased or gone, respectively [7].

Pre-Descemet’s membrane or Dua’s layer (pDM) and is
very similar to the adjacent stromal structure. Differences
include a higher density of lamellae and a greater spacing
between collagen fibrils, indicating differences in pro-
teoglycans [3].

The DM , 3–5 μm thick, is an acellular fibrous layer
formed by the hexagonal lattice of collagen [3]. The DM
fibers adhere to the posterior surface of the stroma and are
able to reflect changes in stromal shape although collagen

stromal fibers are not an extension in DM [12]. The DM is the
basement membrane for endothelial cells [12].

The endothelium layer is a mitochondria-rich cell
monolayer and it is approximately 5 μm thick [1–3, 12]. The
corneal endothelium plays a crucial role in maintaining the
transparency of the cornea, and its proper hydration, which
indirectly influences the stiffness of the cornea [7, 12]. As
tissue hydration increases, its elastic modulus decreases,
which is associatedwith changes in the collagenattachment
with PGs and/or GAGs based on their ionic interactions [7].
Endothelial cells allow for diffusion of nutrients to the other
corneal layers, as they are avascular [1, 2].

3 Corneal biomechanics

The cornea, like most of the soft tissues, is a viscoelastic
material, which means that its mechanical properties
are time-dependent. The stress–strain relationship is
nonlinear (J-shape) and can be divided into two charac-
teristic parts reflecting changes in the collagen organi-
zation under increasing stress (Figure 2). Lower region of
the curve reflects slow, low-strain response of stromal
matrix during which collagen fibrils are uncrimping and
reorienting towards stress direction. At low strain, corneal
tissue shows mainly viscous property, while at large
strain values, the elastic response governed by stretching
of the fibrils is dominant [17]. For this reason, it is chal-
lenging to assess the corneal biomechanics correctly, and
there are many approaches to do it, from basic engi-
neering mechanical characterization to advance elastog-
raphy methods.

Combination of elastic and viscous behavior makes
a cornea a perfect mechanotransducer of the stress [17].
For viscoelastic materials, after removing the force, the
material’s return to original shape is delayed. The differ-
ence in loading and unloading paths, manifested by
hysteresis loop, is related to loss of energy inside the
tissue (Figure 2) [3–5, 7, 8, 18, 19]. The ability to dissipate
energy is an important defense mechanism that counter-
acts premature tissue impairment and permanent change
in corneal shape with time [5, 7, 9, 17]. Due to the fact that
the cornea is a viscous and elastic tissue, its mechanical
and hydrodynamic properties in the stress–strain relation
can be described by the combined Hookean and Newto-
nian method [20].

The engineering gold standard used to determine the
mechanical properties of various materials is Young’s
modulus E, defined as the ratio of stress (Δσ) to strain (Δε),
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which describes the material response to axial stress [6, 7,
17, 18, 21–23]:

E = Δσ
Δϵ

. (1)

The stress and the strain are expressed by [6, 17, 23]:

Δσ = F
A
, (2)

Δϵ = ΔL
L0

, (3)

where F is applied force (acting perpendicularly to the
cross-section of the sample),A is the cross-sectional area of
the sample, L0 is an original length of the sample, and ΔL is
a change in sample length (extension).

According to Eqs. (1)–(3), σ = Eϵ, where Young’s
modulus is a proportionality factor (material’s constant)
that relates to stress and strain, and it is a way to expresses
how stiff thematerial is. The higher theE, themore rigid the
tissue is and the greater its resistance to the applied force
[5, 8, 17]. Young’s modulus termed as modulus of elasticity
can be applied only to linear region of stress–strain curve
(σ ∞ ϵ, Hooke’s law). Therefore, due to of non-linear nature
of viscoelastic materials, E can be calculated only for very
low values of strain [6, 7]. Nevertheless, depending on the
method used, the E values for the cornea may vary by
several orders ofmagnitude, which is a significant problem
in reliably of establishing its true value [7, 24]. Another way
to describe elastic properties of the cornea during exten-
sion are more general methods based on secant and/or
tangent modulus calculation [6].

In general, elasticity is a material ability to resist its
deformation. Apart from elongation (extension) of the tis-
sue employed to obtain Young modulus, is possible to
assess the corneal elasticity by measuring the resistance of

the tissue due to the effect of shear deformation. In this
case, the formula takes the form:

σ = Gγ, (4)

where G is a shear modulus (elastic modulus, material’s
constant) and γ is shear strain [21].

The shear modulus describes the material response to a
shear stress, i.e. the deformation of a tissuewhile applying a
force parallel to one of its surfaces, when the opposite sur-
face experiences an opposite force [6, 21, 22, 25–28].

There is no single parameter that can fully describe the
elastic behavior of the cornea since it does not have a
simple mechanical nature. Therefore, Young’s and shear
modulus are equivalent in measuring tissue response to
one-dimensional stress [19]. The shear modulus can be
calculated using the Young’s modulus and conversely:

G = E
2(1 + ν) , (5)

E = 2G(1 + ν), (6)

where G is shear modulus, E is Young’s modulus, and ν is
Poisson’s Ratio [23, 26].

4 Elastographic methods of
corneal biomechanics
assessment

The diseases may change local stiffness of the tissue. There-
fore, physicians made a diagnostic tool from their hands to
find and assess the potential tumors. Palpation techniques
have allowed to ‘touch the disease’ and have become the
foundation for imagingbiomechanicalproperties through the
development of elastography. Elastography is a relatively
new, dynamically growing research area that incorporates
several approaches to image mechanical properties of the
various tissues. Regardless of the method chosen, the main
idea is to stimulate the tissue with a force, measure the dis-
placements distribution inside the material under loading
conditions and, based on it, assess themechanical properties
of the tissue [3, 7, 8, 10, 29]. Figure 3 presents a summary of
various approaches used in corneal elastography.

The mechanical excitation can be induced in many
ways. The load can be applied in contact (via glass plate
[30], gonioscopy lens [31]) or noncontact manner (air stream
[11, 32, 33], airborne ultrasound [34], sounds [35]). On the
other hand, the applied stimulus can be divided according
to type of loading (static/quasi-static or dynamic), pattern
(impulse, constant), direction of the applied force, as well

Figure 2: Stress–strain relationship for viscoelastic materials. Red
and green curves represent the behavior of viscoelastic materials
during loading and unloading conditions, respectively. The
difference in loading (deformation) and unloading (recovery) paths,
manifested by hysteresis loop, is related to energy dissipation
during deformation/recovery process.
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as the scale of observed deformation (macro-/micro-/nano-
scopic, global/local) [11, 30–33, 35–38]). In turn, the tests
can be performed in vivo [33, 37, 38], in vitro [39] or ex vivo
[31, 40] in human and model eyes of animals (pigs, cattle,
rabbits, and mice) [11, 41–43]. In ex vivo methods, i.e.
outside the living organism, tissue sections, strips, buttons
as well as the entire eye globes are examined, which allows
the tissues to be subjected to various loading patterns as
opposed to in vivo methods [10, 16]. Tissue preparation
destroys corneal structure and spherical geometry, as well
as introduces additional boundary stress, which influences
mechanical tissue characterization [10, 16, 27]. Additionally,
the orientation of fibers may be disturbed by cutting and
climbing tissue to the machine before measurement [10, 16,
27, 28]. Moreover, ex vivo measurement involve the risk of
dehydration, swelling, and loss of clarity after death, which
also may influence on outcomes [16, 28]. Therefore, the
need of overcoming these limitations and developing
methods to measure corneal biomechanics in vivo, paved
the way to adopt and/or develop more advanced strategies
of elastography, which are based on different assumptions.

Apart from applying well-defined stimulus, visualiza-
tion of the tissue reaction is crucial in the procedure of the
assessment of corneal biomechanics. The tissue deforma-
tion can be determined indirectly or imaged directly. The
imaging modalities used to measure the corneal displace-
ment during stimulation include ultrasound (ultrasound
elastography – UE), magnetic resonance imaging – MRI
(magnetic resonance elastography–MRE) aswell as awide
group of optical methods [24, 31, 33, 34, 36, 40, 41, 44–46].
The visualization strategy enables to acquire images of the
dynamics of the cornea in a form of consecutive line scans

(axial scans), cross-sectional images, or volumetric (three-
dimensional) data.

The first elastography instruments used ultrasound (US)
of very high frequency (≥50 MHz) as a method of visualizing
the displacement of the tissue under compression [34, 45, 46].
These methods are based on ultrasound elastography [45],
high-frequency ultrasonographic analysis of corneal changes
[45], supersonic shear-wave imaging [4] and ocular pulse
elastography (OPE) [46]. The OPE technique allows for a
precise quantitative assessment of the corneal deformation
per eye impulseusinghigh-frequencyultrasonic spot tracking
[46]. The disadvantages of standardUE are the contact nature
of the examination and the low resolution of the images,
from which precise data describing the biomechanics of the
examined tissue should be obtained.

The MRE is a highly sensitive MRI method with phase
contrast. It allows to visualize themicroscopic displacements
andmechanical properties of the examined tissue [41, 44, 47].
Elastograms obtained from theMRI imagesmayhavehalf the
resolution of the native MRI images, which ranges from
50 µm to 10 mm, but most often have 20–30% of the MRI
resolution [44]. The examination consists of introducing
mechanical vibrations of a known frequency (50–500 Hz)
and encoding the resulting tissue movement using the MRI
technique with a synchronous gradient field. This method
has several advantages like a large penetration depth and a
wide field of view. However, due to its low spatial resolution,
long imaging time and high cost, the MRE is not suitable for
clinical ophthalmic applications [41, 44].

The optical methods used for the evaluation of biome-
chanical properties include Brillouin optical microscopy
[48], photography [49, 50], holography [51, 52], and optical

Figure 3: A short summary of various approaches used in corneal elastography. In order to induce tissue perturbation, a proper type of
mechanical loading is applied (red arrow). Next, the response of the tissue due to excitation is imaging and recorded (yellow arrows). At the
last stage, tissue displacement is analyzed and may be transformed into mechanical properties (green arrow).
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coherence tomography (OCT) [4, 8, 11, 33, 36–38, 42, 43,
53–64], the implementation of which became a break-
through in the development of eye elastography. In contrast
to UE and MRE, the optical coherence elastography (OCE)
methods enable imaging the tissue with micrometer reso-
lution, therefore bringing opportunity to detect diseases at
the very early stage.Moreover, the devices based on the OCT
are characterized by high sensitivity and high speed of
scanning the examined tissue. In the case of OCE, multiple
approaches to stimulate the tissue canbeused, and themost
popular techniques involve an air stream or ultrasound
[24, 31, 33, 36, 40]. The technique uses air-coupled ultra-
sound to stimulate the mechanical tissue with precise
spatial and temporal shaping (acoustic microtapping, AµT)
[34]. The applied four-dimensional OCT (3-D + time) enables
high-resolution and quantitative imaging of dynamic
response of the examined tissue [34]. The shear wave im-
aging (SWI-OCT) can also be used to quantify the visco-
elastic properties of the cornea [36].

From the clinical point of view, the most attractive
methods are those in which the stimulation is realized in a
non-contact mode. A widely recognized approach is to use
an air stream to stimulate the cornea. Such a strategy can
be found in two commercial devices for measuring corneal
biomechanics, i.e. ocular response analyzer and corneal
visualization scheimpflug technology [4, 8, 10, 41]. In
noncommercial studies, the air-puff stimulation has been
coupled primarily with OCT systems. Combined advan-
tages of noncontact stimulation and OCT imaging allow
gaining new knowledge on cornea behavior thus opening
gates for wide clinical application in the future. These
methods will be described below.

4.1 Ocular Response Analyzer

The ocular response analyzer (ORA) is a noninvasive
tonometer manufactured by Reichert ophthalmic in-
struments (Buffalo, NewYork, USA) in 2005 [4, 5, 8, 45, 65].
In vivo, it allows for detection of the reaction of the cornea
for 25 ms of air puff stimulus [65], directed through the air
tube into a central 3–6 mm apical corneal area, using a
fully automated alignment system positions [4, 65]. The
device uses an infrared emitter, an electro-optical infrared
(IR) detection system, a solenoid driven air pump and a
pressure sensor inside the plenum chamber [45, 65]. Dur-
ing the measurement, the central part of cornea is illumi-
nated with infrared light and the detector records the
intensity of the light reflected from the cornea [45]. When
properly aligned with the apex of the cornea, the stream of
the air begins to flatten the initially convex cornea, and

as it becomes flat, the first applanation (P1) occurs
(Figure 4A). Then the cornea deforms inward to become a
slight concavity and, while returning to its convexity, the
second applanation (P2) occurs when the surface is flat. At
themoment of obtaining two flattening states (P1 and P2), the
intensity of the reflected light ismaximal, therefore the signal
is very high (peak) [4, 5, 8, 45, 66, 67]. The device simulta-
neously records the force of the air stimulus andmeasures the
reflection of the light, which allows to determine at which air
pressure the applanations are achieved. Due to the visco-
elastic properties of the cornea, the deformation and return to
equilibrium are different, so that the two applanations reach
different pressures [4, 5, 8, 45, 66, 67]. It should be noted that
ORA does not compensate for the whole eye movement
caused by the air stream, which affects the results obtained.

According to the manufacturer, the ORA enables to
assess the corneal hysteresis [8, 45]. The corneal hysteresis
(CH) is a parameter expressing the tissue response to the air
stream [8, 10, 45, 65, 67]. This parameter is considered as the
rate of the corneal viscosity, and is defined as the difference
between the first (P1) and the second (P2) applanation
(Figure 4A) [4, 5, 8, 13, 19, 45, 65–68]:

CH = P1 − P2, (7)

however, a hysteresis loop is necessary for the detailed
evaluation of energy dissipation, as it determines the level
of the energy absorption and dissipation after corneal
deformation, and consequently its return to the equilib-
rium [8–10, 45, 65, 67]. The ORA device does not provide
information on the energy lost in Joules (J) during the stress–
strain cycle [5]. It allows to observe the viscoelastic properties
manifested only by differences in the behavior of the tissue
when the strength of the stimulus increases and when it
subsides, which is defined by themanufacturer as CH, which
is amanifestation of the viscoelastic nature of the cornea, but
deviates from the physical definition of the hysteresis loop [5,
8–10, 45, 65, 67]. The CH is positively correlated with the
central corneal thickness (CCT) [5, 8], but is not related to the
central corneal radius of curvature [67, 68].

In the normal eyes, the CH ranges from 9.3 ± 1.4 to
11.43 ± 1.52 mmHg [10, 45]. The relationship between age
and changes in CH is not fully understood [8]. El Massry
et al. found that the CH significantly decreases with age,
which is associated with an increase in corneal stiffness
with a simultaneous decrease in its viscosity [3, 45, 69]. In
turn, other studies show the opposite correlation or no
dependence [8]. In the case of KC, Fuchs corneal dystrophy
(FCD) and other disease with progressive changes in the
CCT, the CH is lower [5, 70], but corneal crosslinking (CXL)
treatment will increase this parameter [3, 19, 45]. The CH is
an important constituent in assessing the progression of
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glaucoma [45, 65, 66, 71, 72]. Medeiros et al. [71] found that
lower CH is associated with faster loss of visual fields.
Moreover, this parameter significantly decreases after
corneal refractive surgery [5, 45, 69], especially after LASIK
[45], as the changes in the viscoelastic properties of the
cornea are greater [73].

The second important parameter obtained from the
ORA is the corneal resistance factor (CRF) [5, 7, 8, 45, 66].
The CRF is considered as the rate of the overall resistance
of the cornea to the deformation [13], which is relevantly
related to the elastic properties of the cornea and the CCT
[5, 8, 45, 66] but is not associated with central corneal
radius of curvature [67, 68]. The CRF can be obtained from
the following formula [5, 8, 19, 45, 65, 66, 68]:

CRF = P1 − k ⋅ P2, (8)

where k is constant value defined by an empirical analysis
of the relationship between the first and the second
applanation, and the CCT [5, 45, 65]. The manufacturer
stated that k has the value of 0.7 [66]. Some authors have
also developed a modified formula:

CRF = k1[P1 − 0.7 ⋅ P2] + k2, (9)

where k1 and k2 are the constants to maximize correlation
with the CCT [8, 67].

In the normal eyes, the CRF calculated from the orig-
inal formula ranges from9.2± 1.4mmHg to 11.9± 1.5mmHg
[10, 45]. El Massry et al. [69] found that the CRF signifi-
cantly decreases with age. Moreover, the CRF significantly
decreases after corneal refractive surgery [5, 69], as in the
case of the CH [45, 73]. In addition, Hashemi et al. [74]
found that the CRF is an indicator with very high sensitivity
and specificity for the detection of early KC.

Table 1 summarizes the values for the CH and CRF for
normal eyes as well as in various pathological conditions
and as a result of the applied treatment.

The newer ORA software enables evaluation of the
corneal ectasia with two specific parameters [75]: the kera-
toconus match probability (KMP) and keratoconus match
index (KMI) (Figure 4B). The KMP is an index that indicates
the probability of KC as a percentage, classifying the cornea
as normal, suspicious, andwithmild,moderate or severe KC
[75]. The KMI is related to similarity of the waveform of the
examined eyes in relation to the mean waveform scores of
KC in the database by calculating the neural network of
seven waveform scores [75]. The KMI is approximately 1 for
the cornea classified as normal, whereas the cornea with KC
will achieve KMI around 0 [75].

Another parameter obtained from the ORA is the
corneal constant factor (CCF), which is IOP-independent

Figure 4: The ORA score in the normal eye. A. The graph shows the pressure/signal amplitude during the measurement and the amount of light
reflected by the cornea at the same time. Basic results from the device: Goldmann-correlated IOP (IOPg), the corneal-compensated IOP (IOPcc), the
corneal hysteresis (CH), the corneal resistance factor (CRF), and thewaveformscore (WS)– themeasurement quality parameter. B. The graphs show
the keratoconus match probabilities and keratoconus match index (adopted from the ORA with permission from the Optotech Medical Poland).
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and increases with thicker CCT and decreases with aging
[5, 8]. The CCF was proposed by Reichert and can be ob-
tained from the formula [8]:

CCF = P1 − 0.79 ⋅ P2. (10)

The ORA provides also the IOP measurement: Gold-
mann intraocular pressure (IOPg) and corneal-compensated
intraocular pressure (IOPcc). The IOPg is calculated as the
average value of the first (P1) and the second (P2) applana-
tion [8, 10]:

IOPg = P1 + P2

2
. (11)

Unlike standard tonometers, the IOPcc is correlated
with CH and is described by the formula [8, 10]:

IOPcc = P1 − 0.43 ⋅ P2. (12)

Additionally, the new ORA software provides 37 param-
eters that analyze the cornealdeformation signalwaveform in
detail, but these are not widely used in clinical practice
[76–78]. The device also offers the possibility of creating 15
candidate variables from the obtained data for characteriza-
tion the temporal, applanation signal intensity and pressure
features of the corneal response [79]. Advanced algorithms,
such as machine learning, including deep learning, in which
discriminative and generative models are used, can also be
used for waveform analysis. One of the approaches to deep
learning is variational autoencoders (VAEs) but their useful-
ness in ophthalmology has not yet been assessed [78].

4.2 Corneal Visualization Scheimpflug
Technology

The corneal visualization scheimpflug technology (Corvis
ST) is a non-contact tonometer, pachymeter and device for
biomechanical analysis of the cornea introduced by

Oculus (Wetzlar, Germany) in 2011 [4, 45, 80]. In relation
to the ORA, the Corvis ST takes images of the anterior
segment at a rate of 4330 frames per second [19, 45, 80, 81]
and collect approximately 140 cross-sectional images
over a period of 33 ms to record the deformation and
recovery of the cornea with an ultrahigh-speed (UHS)
Scheimpflug camera [4, 81–84]. Each image has 576
measuring points (80,640 points per examination) over
8.5 mm (0.3 in), which ensures high-quality images. Blue
LED light beam of a wavelength of 455 nm is used for
measurement. The beam illuminates the area from the
front to the back surface of the cornea. Light scattering
results in glowing of the illuminated area. The camera
records this effect at an angle of 45° to the pupil. In order
to achieve the same sharpness over the entire area, and
at the same time sharp cross-sectional images of the
cornea, the photosensitive area is also positioned at a
45° angle to the lens (Scheimpflug principle) [81, 85].
Moreover, the Corvis ST ensures a constant maximal peak
pressure for the air puff in each examination [4].

The Corvis ST deforms the cornea inward and outward
using an air stream of a pressure of 25 kPa, and during the
measurement a double applanation occurs. This measure-
ment ismade in a transverse section and passes through the
apex of the cornea [45, 80, 81, 84].

In addition, the next-generation of Corvis ST analyses
whole eye motion by analyzing the displacement of pe-
riphery of the cornea during air-puff stimulation, providing
a more reliable assessment of the dynamic corneal
response (DCR) [4, 56].

The Corvis ST allows to export images for ownanalysis.
The created algorithms enable numerical analysis of the
local distribution of the curvature of the corneal profile as a
result of dynamic deformation, as well as the description of
new dynamic parameters of the cornea [86]. The ongoing
studies aim at detecting the outer corneal edge. One of the
proposed algorithms is based on binarization of the
corneal profile [87].

In contrast to ORA, which measures applanations from
the detected signal, the Corvis ST analyses a structural im-
age. On its basis, the Corvis ST provides information about
the applanation time (A1T, A2T), length (A1L, A2L), and
corneal deformation velocity (A1V, A2V) (Figure 5) [4, 19, 80,
82]. Theother parameter is thehighest concavity (HC),which
is measured when the cornea achieves its maximum con-
cavity during the air puff (Figure 5). The highest concavity
time (HCT) and the highest concavity deformation ampli-
tude (HCDA) can be assessed (Figure 5) [4, 81, 82]. In the
Corvis ST, most of the parameters describing the DCR are
expressed by time (T ) – ms, velocity (V) – m/s and length
(L) – mm [4, 80, 81]. The device allows to evaluate the

Table : The CH and CRF values for normal eyes and their changes in
various conditions.

CH CRF

Mean value (mmHg) . ± . to
. ± .

. ± . to
. ± .

Correlation with
the eye
parameters

CCT Positive Positive
Curvature of
the cornea

– –

Refractive error Negative in high
myopia

–

Dependence on age ↓ ↓
The effect of Keratoconus ↓ ↓

CXL ↑ ↑
Laser vision
correction

↓ ↓
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distance between the two peaks of the cornea during the
applanation, i.e. the highest concavity peak distance
(HCPD) as well as the highest concavity radius (HCR) [4, 82].

The Corvis ST combined with a Pentacam corneal
tomograph provides both biomechanical and tomo-
graphic assessment (ARV – Ambrosio, Roberts and Vin-
ciguerra) of the cornea (Figure 6A). The result shows the
Corvis Biomechanical Index (CBI), tomographic biome-
chanical index (TBI) and the tomographic maps of the
cornea: curvature and thickness. In turn, the Vinciguerra
screening report allows comparing the patient’s result
with the normative group A (Figure 6B). Additionally, the
Ambrosio relational thickness horizontal (ARTh), stiff-
ness parameter at first applanation (SP A1) and corneal
biomechanical index (CBI) can be evaluated [4, 82].
Additional parameters form the Corvis ST allow for a
comprehensive assessment of the cornea and enable the
detection of abnormalities such as KC and PMD at a very
early stage, which would not be possible with traditional
methods. Analysis of those parameters demonstrates an
enhanced screening potential before keratorefractive
surgery [88].

In the case of KC, the A1T is lower and A2T is higher
than in the normal eyes. In turn, the A1V is higher and A2V
is lower in keratoconic eyes than in the normal eyes. The
HCDA is higher and the HCR is lower in the KC [89]. After
CXL treatment, an increase in the corneal stiffness and
significant increase in the A2L and decrease in A2V can be
observed [90].

Additionally, in the primary open-angle glaucoma
(POAG), a significant longer A2T, lower deformation
amplitude and longer peak distance can be observed [91].

Table 2 shows the comparison between the ORA and
Corvis ST, as well as the advantages and limitations of each
device.

4.3 Air-puff optical coherence elastography

Optical coherence tomography (OCT) is a noninvasive,
noncontact, high-speed imaging modality commonly
used as a standard tool for ophthalmic diagnosis. OCT
acquires information on the light back-scattered from the
sample, and translates it into two- or three-dimensional

Figure 5: Example of the dynamic corneal response from the Corvis ST in the normal eye: the deformation amplitude, applanation length,
inward and outward corneal velocity, and the parameters of the highest concavity (adopted from the Oculus Poland).
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Figure 6: The Corvis ST with Pentacam result in the normal eye. A. The biomechanical and tomographic assessment (ARV) of the cornea with
CBI, BAD D, and TBI parameters. B. The Vinciguerra screening report: graphs of deformation amplitude, deformation amplitude ratio, corneal
velocity and inverse concave radius dependence on time and bIOP (adopted from the Oculus Poland).
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image of the internal structure of the sample with micro-
meter resolution [92–94]. The elastographic extension
of OCT enables to image tissue displacement during
perturbation (loading) [53, 95]. Although OCT-based
elastography (OCE) was first demonstrated in 1998 [54],
the main breakthrough in imaging of ocular elasticity
came with development Fourier-domain detection [92].
New generation of the OCT systems (Fourier/spectral-
domain OCT) enabled ∼50–100 times faster imaging, and
thusmuch reductionmotion artefacts. The sensitivity was
around ∼20 dB higher compared to previous instruments
with time-domain detection [96–99]. The air-puff stim-
ulus can be applied with OCT system in a number of
scenarios to induce perturbation of corneal tissue.

One idea to utilize OCT technology to measure corneal
biomechanics is based on combination OCT system
together with clinical air puff system.

In noncollinear method described by Dorronsoro et al.
[33] two independent instruments: spectral domain OCT
system and commercial noncontact tonometer (NT 2000,
Hiroishi, Japan) were combined by using tilted mirror
(45° in the horizontal direction). The air-puff stimulus

generated by tonometer passed through the hole at the
center of the mirror; therefore the illuminating beam was
provided vertically and reflected towards corneal apex. To
avoid overlapping optical axis with the hole and enable
proper scanning, additional small tilt (8°) of the mirror was
added. In consequence of the noncollinear configuration of
the system, direction of air-puff was slightly shifted in
relation to the optical axis determined by OCT. The in-
strument was capable of working in two modes: 1-D
configuration enabled to image temporal corneal apex
deformation, and 2-D configuration used to image spatial
profile during air-puff excitation [33]. The approach was
employed to study the effect of IOP, thickness, dehydration
state, cross-linking (increasing tissue rigidity) as well as
the impact of the sclera and ocular muscles on corneal
deformation during air puff test [33, 57].

On the other hand, integration of the OCT instrument
with the clinical air puff system can be performed in
collinear way as was demonstrated by Alonso-Caneiro
et al. [38]. The high speed swept-source OCT (SS-OCT),
working at the central wavelength of 1310 nmand speed of
50,000 A-scans per second, was combined with air puff

Table : Comparison of the most important elements between the ORA and Corvis ST.

Ocular Response Analyzer Corvis ST

Application Assessment of the viscoelastic properties of the cornea
and IOP

Assessment of the dynamic corneal response and IOP

Stimulus Air stream
Principle/aim Recording of applanation signal with air puff pressure

during excitation
Recording a corneal geometry change during air-puff
excitation

Subject of analyzes Applanation signal from corneal apex, pressure of the air
puff

Cross-sectional images of the cornea

Most important
parameters

CH, CRF, CCF, IOPg, IOPcc AT, AT, AL, AL, AV, AV, HC, HCDA, HCT, HCPD, HCR

Advantages Noncontact measurement method
– Corneal compensated IOP (IOPcc) and Goldmann

correlated IOP (IOPg) measurement
– Assessment the keratoconus match probabilities

– Direct analysis of the dynamic corneal response
– Slow-motion video of the corneal deformation with the

ability to analyze individual frames
– Detailed analysis of the whole eye motion
– Measurement of the thickness of the cornea
– Biomechanical corrected IOP (bIOP) measurement
– Possibility of biomechanical and tomographic evalua-

tion of the cornea at the same time
– Measurement of the mechanical response of the cornea not directly related to Young’s modulus
– No assessment of spatial differences in the properties of the cornea across the width and depth (influence extrac-

orneal structures)
Limitations – Does not provide information about energy

dissipation
– Indirect analysis of the corneal response based on

the signal from detector
– Measurement based on the behavior of only the apex

of the cornea
– Information about eye movement in not available

– Incomplete analysis of the whole eye movement
– Only horizontal meridian of cornea is measured
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chamber from commercial noncontact tonometer [XPert
NCT; Reichert Inc., Buffalo, NY] to acquire information
about corneal apex displacement during excitation. The
system enabled to simultaneously acquire series of sub-
sequent A-scans (so called M-scan) at the same position,
together with temporal profile of the applied force. Glass
window incorporated into the chamber made the optical
axis of SS‐OCT collinear with the direction of applied air
stream. The instrument was used for analysis of corneal
apex displacement and its dynamics during air puff on
human subject [38] as well as ex vivo measurement of
the impact of IOP and crosslinking on corneal response
on model animal eyes [11]. Additionally, by combining
information about corneal apex displacement with tem-
poral profile of applied force captured simultaneously
with OCT data during single measurement, changes in the
corneal hysteresis area were analyzed [11]. Later, the op-
tical design was improved by combining air-puff chamber
with long-range SS-OCT system operating at central
wavelength of 1060 nm and at 30 kHz scan rate (Axsun
Technologies, Inc., Billerica, MA, USA). Therefore, the
movement of the all optical components of the eye and
retina along the entire axial eye length under air-puff
conditions were observed (Figure 7) [37, 56].

The axial scan rate of the proposed system was ∼10
times higher than offers by Corvis ST (based on Scheimp-
flug camera), but without possibility of transverse scan-
ning [37, 56]. Fast scan rate in combination with high axial
resolution (∼12 μm in the tissue) allowed for detailed im-
aging of the dynamics of the cornea, the crystalline lens,
and the retina at the same time and providing information
on the whole eye movement under mechanical excitation.
In addition, the study revealed the existence of interesting
effects from corneal tissue reaction such as corneal
deflection, eye retraction and crystalline lenswobbling as a

result of air-puff stimulus. Information about eye move-
ment during the measurement was used to correct the
displacement of the ocular optical components and to
show that the elastic properties seems to dominate during
corneal reaction on clinical air puff excitation [37, 56].

In 2020, Curatelo et al. [58] showed the prototype in-
strument coupled with air puff unit dedicated for evalua-
tion multimeridian corneal deformation profiles during
air-puff event to improve KC detection. The OCT system
based onMach–Zehnder interferometer and operatingwith
VCSEL (MEMS-based vertical-cavity surface emitting laser)
swept laser source (SL132120, Thorlabs, USA) at the central
wavelength of 1310 nm and speed of 200,000 A-scans per
secondwas coupled with air-puff unit (NT 2000, Nidek Co.,
Japan) in a collinear way. The idea behind the measuring
multiple meridians was based on using very low coil
impedance galvo-scanners to apply two scanning patterns
(cross-meridian and three horizontal planes) over 15 mm
with 1 kHz pattern repetition frequency. Although the in-
strument showed significantly lower spatial and temporal
resolution compared to Corvis ST, the sensitivity was suf-
ficient to detect deformation asymmetry during measure-
ment [58]. Therefore, the proposed approach gives the
possibility to identify the softer parts of cornea beyond the
apex,which seems to be especially valuable in eccentric KC
detection and overcomes limitation of Corvis STwhere only
horizontal meridian is measured [45, 58, 80, 81, 84].

As mentioned before, standard air puff used in clinical
applications as well as in the prototype instruments causes
relatively large, millimeter-scale deformation together
with whole eye globe movement [37]. Another, much more
subtle approach to evaluate corneal biomechanics, is
represented by phase-sensitive optical coherence elastog-
raphy that uses the phase information from interferometric
signal. To translate phase signal into displacement, the
following formula is used:

x(t) = λ ⋅ φ(t)
4πn

, (13)

where x is the displacement, λ is the central wavelength of
light source used in OCT system, n is the refractive index of
the tissue, and φ is a phase change [32, 62].

The phase analysis of OCT signal increases the sensi-
tivity of the system to detect very low displacements of the
cornea, therefore it enables nanometer-range amplitude
displacement detection andmakes it possible to reduce the
level of applied force of stimulus reduction. Focused air
puff generates elastic waves that spread perpendicularly to
the direction of stimulus [43]. Properties of elastic waves
(velocity, time of propagation, relaxation rate) was used in
evaluation the mechanical properties of ex vivo corneas in

Figure 7: Scheme of the air-puff OCT-based ocular biometry in-
strument. The system was designed to measure reaction of the all
ocular component during air puff action together with the stimulus
pressure in time. L1, L2 – lenses, GS – galvo scanners, PS – pressure
sensor.
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dependency on age [42, 43], thickness [59], IOP [60],
corneal depth [36], before and after crosslinking treatment
[61]. Next, to measure corneas in vivo, the approach was
improved by modification air-puff and detection sub-
systems. The stimulus has been tilted from oblique to
perpendicular direction with respect to the tissue surface.
In addition, replacing typical reference arm with common
light path for sample and reference plane, the same
dispersion and polarizationwas achieved,which improved
phase stability of the system and therefore provide higher
displacement detection sensitivity [62]. The instrument
was used to measure elastic waves velocity in human eyes
in vivo (2.4–4.2 m/s) as a function of IOP and thickness
(both positive correlation) [63]. In a separate project, the
natural frequency and damping ratio of the cornea were
assessed. Validation of the method on the tissue phantom
showed that dominant natural frequency was constant for
various pressures of using air and distances between
excitation point and point of displacement measuring, but
decreased with increasing sample thickness [32]. The next
study performed on 20 health human eyes in vivo estimated
the corneal natural frequency on 234–277 Hz [64].

5 Conclusions

Nowadays, the clinical applications of methodologies
enabling assessment of corneal biomechanical properties
have increased significantly especially in the detection of
ectatic corneal disease and diagnosis of glaucoma. There-
fore, one can notice the continuous improvement of the
existing methods and the development of new technolo-
gies for the assessment of the biomechanical properties
of the cornea. The only commercially available devices
are ORA and Corvis ST. However, due to limitations and
the possibility of obtaining only information about the
dynamic response of the cornea, intensive research is
currently performed on the optical methods for the
assessment of biomechanical properties, including optical
coherence elastography.
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