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a b s t r a c t

Clinical measurement of corneal biomechanics can aid in the early diagnosis, progression tracking, and 
treatment evaluation of ocular diseases. Over the past two decades, interdisciplinary collaborations be-
tween investigators in optical engineering, analytical biomechanical modeling, and clinical research has 
expanded our knowledge of corneal biomechanics. These advances have led to innovations in testing 
methods (ex vivo, and recently, in vivo) across multiple spatial and strain scales. However, in vivo mea-
surement of corneal biomechanics remains a long-standing challenge and is currently an active area of 
research. Here, we review the existing and emerging approaches for in vivo corneal biomechanics eva-
luation, which include corneal applanation methods, such as ocular response analyzer (ORA) and corneal 
visualization Scheimpflug technology (Corvis ST), Brillouin microscopy, and elastography methods, and the 
emerging field of optical coherence elastography (OCE). We describe the fundamental concepts, analytical 
methods, and current clinical status for each of these methods. Finally, we discuss open questions for the 
current state of in vivo biomechanics assessment techniques and requirements for wider use that will 
further broaden our understanding of corneal biomechanics for the detection and management of ocular 
diseases, and improve the safety and efficacy of future clinical practice.
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1. Introduction

The human cornea is a transparent, avascular, and highly in-
nervated tissue located at the outermost surface of the eye. It is the 
principal refracting surface for the eye (40–44 diopters, ∼65–75% of 
the total optical power) and serves as an important structural barrier 
protecting the delicate intraocular components [1,2]. Corneal tissue 
exhibits distinctive nonlinear, viscoelastic, and spatially hetero-
geneous biomechanical properties, which can influence the struc-
tural stability and therefore the visual function of the human eye. 
Because these structural attributes are influenced by normal phy-
siological function and pathological conditions, it is important to 
study and understand the interplay between corneal biomechanical 
properties and visual performance [3]. Aging and ocular diseases, 
such as keratoconus [4,5], glaucoma [6,7], and myopia [8–10], can 
alter corneal biomechanical properties, resulting in a biomechanical 
change that often precedes any clinical symptoms or morphological 
alterations of the eye [11]. Corneal biomechanical properties can also 
be altered by clinical treatments such as refractive surgery [12–15]
and corneal collagen cross-linking [16]. Methods enabling clinicians 
to accurately assess corneal biomechanics in a clinical setting would 
be useful to identify degenerative corneal conditions such as kera-
toconus and track its progression [17,18], to screen refractive-surgery 
candidates preoperatively to avoid post-surgical complications such 
as ectasia [19,20], and to evaluate the outcomes of medical or sur-
gical treatments [21].

The ability to perform in vivo measurements of corneal bio-
mechanical properties is a long-standing challenge, and remains an 
active area of current investigation [22]. One reason this is so chal-
lenging is because corneal tissue is highly nonlinearly viscoelastic, 
i.e., the stress–strain response is both nonlinear and strain-rate-de-
pendent. Each measuring instrument and method is applicable for 
respective stress-strain range. As a results, estimates for the Young’s 
modulus of corneal tissue range widely, from ∼kPa [23] to tens of 
MPa [24], using existing devices and methods. Unfortunately, there 
is no standardized stress–strain region for each method for Young’s 
modulus estimation nor any other well accepted metric yet to better 
describe corneal biomechanics to guide clinical diagnosis and eva-
luation. The layered architecture and complicated boundary condi-
tions of the cornea further complicate interpretation of the 
stress–strain distribution and elastic wave propagations for dynamic 
biomechanical property reconstructions. Because the cornea is also 
one of the most innerved tissues in the human body, with an in-
nervation density that is 300–600 times that of the skin and 20–40 
times that of the tooth pulp, it is highly sensitive to any external 
force applied, further limiting options for mechanical testing in vivo 
[25,26]. Eye motion (particularly lateral movements) present an-
other challenge for clinical imaging, which not only causes incorrect 

measurement position but also affects wave-based elastography 
methods because eye motion speed is very close to the shear wave 
propagation speed (several millimeters per millisecond).

For a long time, ex vivo measurement (e.g., using uniaxial or 
biaxial strip extension, compression, and inflation tests) has been 
the primary source of our knowledge and is still widely considered 
the standard for quantifying corneal biomechanics [24,27–35]. Ad-
vances in speed and spatial resolution for microscopic imaging 
technologies, such as atomic force microscopy, have enabled cel-
lular-level biomechanical property assessments with sub-nanometer 
spatial resolution and pico-newton force sensitivity [36]. However, 
this ex vivo measurement cannot faithfully represent the in vivo 
measurement environment or be used as the basis for clinical di-
agnosis due to its destructive nature, and loss of normal physiolo-
gical and anatomical structure, including hydration control [37,38]. 
In vivo measurements for human corneal biomechanical properties 
advanced in 2005 after Luce and colleagues introduced the ocular 
response analyzer [39]. Since then, several other methods have been 
developed for in vivo corneal biomechanics assessment, including 
the corneal visualization Scheimpflug technology (Corvis ST) [40], 
Brillion microscopy [41–43], and multiple elasticity imaging tech-
niques: ultrasound elastography [44,45], magnetic resonance elas-
tography[46], and optical coherence elastography [22,47–51]. 
Despite significant progress in recent decades, developing these 
techniques and instruments for in vivo corneal biomechanical as-
sessment is still in early stages [52].

In this review, we first describe important features of corneal 
structure and anatomy that determine the complex corneal bio-
mechanical properties (Section 2). In particular, we provide a com-
prehensive summary of previous ex vivo and in vivo studies that 
have measured the Young’s modulus of human corneas. In Section 3, 
we investigate the correlations between corneal biomechanics and 
the progression of various ocular diseases, as well as their treatment 
interventions. In Section 4, we introduce the fundamental concepts, 
applications, and limitations for existing in vivo methods to estimate 
corneal biomechanics, including corneal applanation methods (e.g., 
ORA and Corvis ST), Brillouin microscopy, and elastography methods. 
In Section 5, we describe recent advances for in vivo optical co-
herence elastography (OCE) methods, focusing on the advantages 
and limitations of applanation OCE, wave-based OCE, and natural 
frequency OCE strategies. In Section 6, we provide a summary of the 
clinical application requirements for corneal biomechanics and the 
current technical status of modern approaches. Additionally, we 
discuss the major progress that has been achieved in this field, as 
well as the open questions that remain. As this is a lengthy and 
comprehensive review, each section is independent and self-con-
tained, allowing readers to select a specific focus based on their 
individual needs.
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2. Corneal anatomy and biomechanics

Corneal biomechanics (e.g., nonlinear elasticity, viscosity, aniso-
tropy) are highly associated with corneal anatomical structure [53]. 
At the tissue scale, corneal shape determines the eye’s refractive 
power and is itself determined by its biomechanical properties [3]. 
The cornea has to be both soft enough to form an aspheric trans-
parent shell, and hard enough to maintain its shape while simulta-
neously resisting the chronic stress induced by air pressure and 
intraocular pressure (IOP) [3]. On a microscopic scale, the cornea is a 
five-layered structure that includes cellular components (epithelial 
cells, keratocytes, and endothelial cells) and acellular components 
(collagen and glycosaminoglycans). Collagen provides the major 
structural component of the cornea. Collagen fibrils in the cornea are 
highly ordered to maintain optical transparency. In the anterior 
third, these fibrils form interwoven lamellar ribbons that provides 
resistance to lateral extension, compression, and shear forces. These 
lamellar sheets become wider, thicker, and more regularly oriented 
in the posterior 2/3 of the cornea with less interweaving and less 
resistance to lateral shearing. While the collagen fibrils provide 
elasticity and strength, the ground substance, composed of pro-
teoglycans, is responsible for viscosity. The spatially heterogeneous 
biomechanical profile is largely the result of depth and lateral po-
sitionally-dependent variations in collagen fibril orientation and 
branching [54]. Complex interactions between extracellular matrix 
(ECM) components are required to meet biomechanical demands 
and maintain corneal transparency. These interactions include the 
attachment of proteoglycans and glycosaminoglycans to collagen 
fibers, the organization of collagen structure, the corneal swelling 
pressure, and the production/degradation of ECM components by 
keratocytes.

2.1. Corneal anatomy

The cornea is horizontally oval with greater white-to-white (or 
limbus-to-limbus) diameters in the horizontal direction 
(11.71  ±  0.42 mm) than in the vertical direction (10.63  ±  0.63 mm) 
[1,55,56]. The cornea has a convex aspherical shape, with a gradually 
increasing thickness from the center to the periphery. The anterior 
surface has a average radius of 7.77  ±  0.25 mm and an asphericity of 
0.28  ±  0.11, whereas the posterior surface has a average radius of 
6.35  ±  0.23 mm and an asphericity of 0.31  ±  0.12 mm [57]. The 
central corneal thickness is 0.54  ±  0.03 mm [57], and the peripheral 
corneal thickness can be 26% (140 µm) greater than the central point 
values [58]. The average refractive index and Abbe-number of the 
healthy cornea relative to the green light (wavelength: 588 nm) can 
be assumed as 1.3770 and 56.28 [57].

The cornea is a highly structured, membrane-bound, transparent 
collagenous tissue that connects to the more disordered and opaque 
sclera at the limbus. The cornea is comprised of a stratified non- 
keratinized squamous epithelium (50 µm), an acellular anterior 
limiting layer (Bowman’s layer: 15 µm), stroma (450 µm), the acel-
lular posterior limiting layer (Descemet’s membrane: 5 µm), and the 
endothelial layer (5 µm) (Fig. 1). Each layer contributes, to the overall 
structural properties of the cornea, however, the stromal collagen, 
comprising nearly 90% of the total thickness largely determines its 
overall properties, making it the primary focus of current corneal 
biomechanics modeling and measurement studies. Most previous 
studies have treated the cornea as a simplified single-layered ma-
terial, whereas the property of the stroma typically represents the 
cornea as a whole [3]. 

(1) The corneal epithelium is a ∼50-μm-thickness nonkeratinized 
stratified squamous epithelium comprised of 5–7 uniform layers 
of cells including superficial cells, wing cells, and basal cells. 
Basal cells are mitotically active and can produce the wing and 

superficial cells. Cornea epithelial cells undergo involution, 
apoptosis, and desquamation every 7–10 days. The corneal epi-
thelium functions as a barrier to microbes, chemicals, and water. 
The overlying tear film interacts closely with the glycocalyx of 
the corneal epithelial cells to allow hydrophilic spreading of the 
tear film with each eyelid blink and to provide a smooth ocular 
surface for ocular refraction. Elsheikh et al. showed that the 
epithelium contributes far less stiffness to the total corneal 
biomechanics than the stroma in their measurement of human 
donor eyes [60].

(2) The anterior limiting layer (Bowman’s layer) is an 8–14-µm thick 
acellular structure of randomly distributed high-density collagen 
fibrils. The fibrils are linked to the fibrils in the underlying 
stroma, which is believed to help in maintaining the corneal 
shape [61] and is of major importance for corneal stability after 
laser ablative surgery [62]. This layer has no regenerative ability 
and may result in scar formation following injury. Although 
many studies suggest that the anterior limiting layer does not 
contribute significantly to the overall mechanical stability of the 
cornea [63,64], disruption in this layer is known to be related to 
corneal ectasia [65].

(3) The corneal stroma is a specialized connective tissue layer that 
accounts for 90% (∼450 µm) of the total corneal thickness in 
humans and is known to contribute the majority of the cornea’s 
mechanical behavior. The corneal stroma is mainly comprised of 
extracellular matrix (ECM) and keratocytes, the stromal fibro-
blast cells that are embedded within it. Keratocytes, have a flat 
dendritic morphology, occupy ∼3–10% of the stromal volume, 
and decrease in density from anterior to posterior stroma [1]. 
The functional activities of keratocytes include ECM synthesis, 
stromal repair, and remodeling. These cells synthesize collagen 
and proteoglycans such as keratocan, decorin, lumican, and 
mimecan [66]. The ECM is composed of collagens and glycosa-
minoglycans. Corneal collagen is a heterotypic dimer of Type I/ 
Type V pro-collagen subunits with Type I collagen making up the 
majority of the corneal collagen (68% of the dry weight). Other 
forms of collagen are also present in smaller proportions: types 
VI, III, IV, and XII) which contribute in various ways to fibril 
spacing, connections, and tissue transparency [67]. The collagen 
fibrils are remarkably uniform in diameter (∼32 nm [68]) and 
regularly spaced, packed in 300 stacked arrays (lamellae). Most 
collagen fibrils in the central cornea adopt a preferred orienta-
tion in the inferior-superior and nasal–temple directions [69]. 
Collagen fibrils near the corneal center appear to be more den-
sely packed than those in the peripheral cornea. This appears to 
confer additional tissue strength and, consequently, curvature 
stability in the pupillary region where corneal thickness is least 
[2]. Corneal lamellae have a thin-belt shape with a width of 
∼0.2 mm and a thickness of ∼1–2 µm that is wider, and thicker 
in the posterior stroma [70]. These posterior lamellae are pre-
dominantly oriented parallel to the tissue surface with collagen 
fibrils that lie orthogonal to one another in successive layers in 
the posterior 2/3 of the cornea [71]. The spacing of individual 
collagen fibrils significantly increases from the central cornea 
(∼57 nm) to the margin of the limbus (∼62 nm), followed by an 
even greater increase at the limbus [70]. In the anterior third of 
the stroma, collagen fibrils are highly interwoven, branching 
laterally and in depth (anterior/posterior) [72,73]. The posterior 
portion of the central cornea contains a greater proportion of 
keratan sulfate binding proteoglycans that can more easily swell, 
whereas the more interlaced lamellar architecture and lower 
concentration of keratan sulfate in the anterior and middle 
stroma cannot [2]. The orientation and depth-arranged pattern 
of the collagen fibers/lamellae have a significant impact on the 
transparency and tensile strength of the cornea [74]. Previous 
reports suggest that as much as 50% of the tensile strength of the 
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normal cornea is associated with the anterior 30% of the cornea 
[75]. The amorphous ground substance (primarily, dermatan and 
keratan sulfate proteoglycans) surrounding the collagen fibrils 
regulates the interfibrillar distance and may serve as an inter-
fibrillar or interlamellar “glue,” which plays a pivotal role in the 
organization of the collagen fibers and the maintenance of the 
cohesive force between the lamellae [1,76]. The anisotropic, 
heterogeneous, and viscoelastic stromal tissue results in com-
plex corneal biomechanical properties. Collagen provides elas-
ticity and strength, and the ground substance is responsible for 
viscosity, while the depth-dependent organization of collagen 
fibers/lamellae results in the spatially heterogeneous bio-
mechanical profile (specifically, that the anterior stroma is stiffer 
than the posterior stroma) [54].

(4) Descemet’s membrane is the acellular posterior limiting layer 
formed by the endothelium of the cornea, with a thickness that 
accumulates over time, ranging from ∼3 µm at birth to >  10 µm 
in the elderly [77]. Descemet’s membrane consists of collagen 
types IV, VIII, and XII, perlecan, nidogen, netrin, fibronectin, and 
laminin, among other proteins [78]. This layer consists of an 
anterior banded layer that develops in the fetus and a posterior 
non-banded layer that is constantly synthesized by endothelial 
cells throughout adulthood [79]. The posterior limiting layer 
attaches strongly to the back surface of the corneal stroma and 
can reflect morphological changes in the stroma, even though 

the collagen fibers in the stroma are discontinuous with those in 
Descemet’s membrane [80].

(5) The endothelium is a 5 µm-thick single layer structure of hex-
agonal cells that form a honeycomb-like mosaic on the posterior 
surface of the cornea. The active endothelial pump mechanism 
plays an essential role regulating stromal hydration to maintain 
corneal transparency. This is achieved through active transport 
of metabolites and ions with secondary movement of fluids 
exchanged between the stroma and the aqueous humor in the 
anterior chamber [81]. The endothelial cell density is 
∼3500–4000 cells/mm2 at birth, and typically ∼2500 cells/mm2 

in adult human eyes. Endothelial cells are thought to have little 
to no regenerative capacity in adults. The number of endothelial 
cells decreases, with an average loss of 0.3–0.6% annually, while 
the remaining endothelial cells expand and migrate to maintain 
normal corneal hydration and transparency [82].

2.2. Corneal biomechanics

The human cornea is viscoelastic with both elastic and viscous 
responses to the loading force. Young’s modulus (E) represents the 
elasticity of a material and is defined as the ratio of stress (σ) to 
strain (ɛ), according to Hook’s law. Young’s modulus was originally 
introduced for rigid body elastic materials, and has become the 
primary standard in material comparisons due to its ability to re-
present only the material’s elasticity in a simple and straightforward 

Fig. 1. Schematic of the human corneal structure. (a) Human eye. (b) A section of the human corneal tissue using Masson’s trichrome stain. 
Reproduced from [59].

Fig. 2. Demonstration of the stress–strain curves. (a) An ideal case of linear elastic material. (b) Nonlinear stress–strain relationship for a typical elastic material. (c) Hysteresis 
represents the difference between the strain energy required to generate given stress in the sample and the elastic energy at that stress. (d) The stress–strain curves and hysteresis 
loops are typically strain-rate-dependent in a viscoelastic material such as the cornea.
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manner, without incorporating other properties such as mass, vo-
lume, and geometry. This concept was readily applied to organ and 
tissue biomechanics (including the cornea), even though most 
human tissues, excluding bone, are soft and nonlinearly viscoelastic. 
Early-stage tissue biomechanical testing relied on ex vivo mechanical 
testing methods, such as extension or compression, to determine the 
nonlinear stress-strain curves of biotissues. Later, elastography 
methods, such as ultrasound elastography, were developed and can 
now measure the mechanical wave propagation speed and convert 
the group or frequency-dependent phase speeds to Young’s modulus 
using specific analytical models, e.g. shear wave models.

Fig. 2 shows the stress-strain curves that materials typically ex-
hibit during mechanical testing, such as extension or compression. 
Fig. 2a demonstrates a linear stress–strain relation of an ideal elastic 
material, in which Young’s modulus is equal to the slope of the curve 
(σ/ɛ). However, most biological tissues are viscoelastic [83], and their 
mechanical responses are difficult to describe using a simple elastic 
expression [84]. Fig. 2b shows a nonlinearly elastic response curve. 
In this case, the estimated elastic moduli can vary widely over dif-
ferent stress–strain regions. The analytical methods can either esti-
mate the mechanical property by fitting the stress–strain curve as an 
exponential function, such as = AeB , where A and B are fitting 
coefficients [30], or estimate Young’s modulus using both low- and 
high-strain values (Elow and Ehigh in Fig. 2b). For example, Xue et al. 
demonstrated a significant difference between the low-strain tan-
gent modulus (1.32  ±  0.50 MPa and 1.17  ±  0.43 MPa, in horizontal 
and vertical directions, strain < 0.03) and the high-strain tangent 
modulus (51.26  ±  8.23 MPa and 43.59  ±  7.96 MPa, strain range: 
0.32–0.53) [24]. Viscoelastic materials such as the cornea dissipate 
energy during the deformation process, as observed through hys-
teresis in the stress–strain curve in Fig. 2c. Hysteresis represents the 
energy loss value during the loading and unloading periods and is 
defined as the difference between the strain energy required to 
generate given stress in the sample and the elastic energy at that 
stress [85]. As viscoelastic behavior is time-dependent, the loading- 
unloading stress–strain behavior (hysteresis) also depends on the 
strain rate, as shown in Fig. 2d. A faster strain rate typically produces 
a stiffer response [53]. Therefore, the experimental setting sig-
nificantly impacts the measurement results of Young’s modulus and 
hysteresis.

Because of the nonlinear stress–strain behavior of the cornea, the 
estimated Young’s modulus has a wide range from ∼kPa to ∼several 
tens of MPa. The wide estimation range is due to the different 
techniques and conditions under which it is measured (ex vivo vs in 
vivo; non-destructive versus destructive; dehydration states; the 
difference in amplitude or rate of the applied force). Fig. 3 illustrates 
the literature report results of the measured Young’s modulus (in 
logarithmic scale) of the human cornea across various testing 
methods. We roughly sorted the measurement methods into two 
categories: the laboratory group includes the ex vivo assessment of 
corneal mechanical properties; whereas the clinical group (including 
both ex vivo and in vivo measurement results) encompasses tech-
niques and methodologies that are intended for clinical applications. 
The laboratory group includes strip extensometry [24,28,86,87], 
compression [88–91], torsional rheometry [23], corneal inflation 
[92–96], speckle interferometry [97], Terahertz spectroscopy [98], 
atomic force microscopy (AFM) [99–102]; while the clinical group 
includes tonometer [103–106], ultrasound elastography (UE) 
[44,45,107], wave-based OCE [22,47,48], natural frequency (NF) OCE 
[49–51,108]. In studies marked with an asterisk (*), the shear mod-
ulus was originally reported, and a simple estimation was made by 
assuming Young’s modulus to be three times the shear modulus (Eq. 
(7), Section 5.2.1). Likewise, in the research marked with double 
asterisks (**), the shear wave speed was converted to Young’s 
modulus using a surface wave equation (Section 5.2.3). In the study 
marked with triple asterisks (***), the empirical natural frequency 

equation (Eq. (18) from Reference [51]) was used to convert the 
natural frequency values, which may not be entirely accurate* ** , 
owing to the variations in the stimulation techniques and stress- 
strain range, as discussed in Section 5.2.3. Fig. 3 compares different 
parameters that affect Young’s modulus, including strain values 
[24,28,86], inflation pressures [92,93], corneal regional variations 
[23,89–91,102,107], aging [94,95,103], corneal collagen crosslinking 
(CXL, Section 3.1) [28,86,87,90,99–101], and refractive surgeries [28], 
such as laser-assisted in situ keratomileusis (LASIK) and small inci-
sion lenticule extraction (SMILE). The in vivo measurement methods 
of human corneal biomechanics are discussed in detail in Sections 4 
and 5.

Although there is significant variation in corneal Young’s mod-
ulus measurements, earlier studies have greatly improved our un-
derstanding of corneal biomechanics, both in normal corneas and in 
those affected by disease or treatments. It is important to note that 
the measurement of Young’s modulus is highly stress-strain range 
dependent, as evident in studies using extension [24,28,86] and in-
flation methods [92,93]. This could be the main reason for wide 
ranges in reported estimates of corneal Young’s modulus. Therefore, 
investigators reporting Young’s modulus of the cornea should also 
report the conditions under which it was measured. It is also worth 
noting that corneal stiffness varies in different regions and direc-
tions. The anterior portion of the cornea has the most strength, 
followed by the middle part, while the posterior part is the softest 
[23]. The central cornea is also generally more elastic than the per-
ipheral cornea [89], especially in the anterior portion [107]. The 
regional dependent corneal stiffness and elasticity are correlated to 
corneal anatomy, specifically the interwoven collagen fibrils (shown 
in Section 2). Furthermore, corneal stiffness has been found to in-
crease with age [94,95]. Although tonometer measurements show 
conflicting results between Young’s modulus and aging [103], this 
study may be suspect as tonometer measurement is heavily affected 
by IOP. Compared to untreated corneas, CXL treatments greatly en-
hance the total corneal strength [28,86,87,90,99–101], particularly in 
the anterior and middle stroma, but is not intended to modify the 
posterior stroma [87,100]. A more detailed description of the cor-
relation between corneal biomechanics, disease progression and 
treatment is provided in Section 3.

3. Corneal biomechanics associated with disease and treatment

Aging, keratoconus, iatrogenic ectasia from refractive surgery, 
and treatment such as collagen cross-linking are all known to alter 
the morphological features of the cornea, and hence the corneal 
biomechanical properties [109]. Here, we discuss the mutual re-
lationship between cornel biomechanics and disease progression 
and treatment.

3.1. Keratoconus and corneal collagen cross-linking

Keratoconus is a structurally degenerative disease that results in 
progressive thinning, scarring, and protrusion of the cornea and 
leads to decreased visual acuity and irregular astigmatism [110]. 
Keratoconus scarring is produced by activated keratocytes in sub-
epithelial or anterior stromal regions. In contrast, thinning and 
protrusion (with a conical shape) are associated with the loss of 
normal lamellae architecture in the stromal tissue [111], leading to a 
significant reduction in mechanical stability [17,112]. The annual 
incidence of keratoconus in patients aged 10–40 years is 0.013%, 
while its estimated prevalence in the general population is 0.267%, 
with a mean age at diagnosis of 28.3 years [113]. The most typically 
reported histopathological features include progressive stromal 
thinning, rupture of the anterior limiting membrane, and sub-
sequent ectasia of the central/paracentral cornea (most commonly in 
the inferior-temple corneal quadrant) [114]. Corneal topography, 
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pachymetry, and slit lamp examination are the main methods used 
to detect keratoconus and are effective for the diagnosis of kerato-
conus in moderate to advanced phases [115,116]. However, proce-
dures based solely on corneal morphological changes are insufficient 
for detecting keratoconus in its incipient or preclinical stages [117]. 
Early stages of subclinical asymptomatic keratoconus and form- 
fruste (non-progressing) keratoconus [118], which may not be easily 
detectable by common clinical examination methods is regarded as a 
significant risk factor for the development of ectasia following laser 
refractive surgery [117]. Comprehensive evaluations that integrate 
corneal morphological and biomechanical measurements are re-
quired to detect keratoconus, particularly in its early or subclinical 
stages, and are advantageous for providing timely intervention [119].

Treatment for keratoconus differs depending on the severity of 
the disease and extent of progression. In mild, moderate, and severe 
forms of keratoconus, different strategies and methods are typically 
employed, including spectacles, rigid gas permeable contact lenses, 
scleral lenses, corneal collagen cross-linking (CXL), intracorneal ring 
implantation, and ultimately, corneal transplantation (keratoplasty). 
CXL uses riboflavin as a photosensitizer and ultraviolet-A (UVA) to 
increase the formation of intra- and interfibrillar covalent bonds by 
photosensitized oxidation. Among these methods, CXL is the only 
technique that directly modifies corneal rigidity (e.g., Young’s 

modulus of human cornea measured ex vivo has been shown to in-
crease by a factor of 450% after CXL treatment [86]), and only CXL 
has been shown to slow or even stop keratoconus degeneration 
[120]. With early intervention, CXL is a treatment that has been 
shown to stop the progression of keratoconus by directly increasing 
the cornea’s biomechanical stability and stiffness, emphasizing the 
importance of early diagnosis and close monitoring [114].

3.2. Myopia and refractive surgeries

Myopia, also known as short- or near-sightedness, has become a 
major global public health issue [8]. In urban areas of east and 
southeast Asia, ∼80–90% of high school students are myopic, among 
whom, 10–20% are highly myopic [121]. It has been estimated that, 
by 2050, half of the global population will have myopia, and nearly 
one billion people will be highly myopic [122]. Myopia is char-
acterized by an elongation of the ocular axial length, which prevents 
the eye from focusing light onto the retina, resulting in blurry 
images. Refractive surgery is recognized as an effective method for 
myopia treatment, which works by altering the corneal shape 
[12,123]. In the United States, approximately 700,000 laser vision 
correction surgeries have been conducted annually for the past 
decade. The effect of refractive surgery on patients extends beyond 

Fig. 3. Young’s modulus estimation for the human cornea using various testing methods, both ex vivo and in vivo. Ctrl: Control group, LASIK: Laser-assisted in situ keratomileusis, 
SMILE: Small incision lenticule extraction, V: Mechanical wave velocity, NF: Natural frequency. In work* , the shear modulus was originally reported, and a simple estimation 
(Young’s modulus = 3 ×shear modulus, Eq. (7)) was made for a comparison purpose. Similarly, the shear wave speeds (**) and natural frequency values (***) were converted to 
Young’s moduli using a surface wave equation and a natural frequency equation (Sections 5.3.2 and 5.3.3, respectively). For more information, see the following studies: strip 
extensometry [24,28,86,87], compression [88–91], torsional rheometry [23], corneal inflation [92–96], speckle interferometry [97], Terahertz spectroscopy [98], atomic force 
microscopy (AFM) [99–102], tonometer [103–106], ultrasound elastography [44,45,107], wave-based OCE [22,47,48], and natural frequency (NF) OCE [49–51,108]. Further details 
on the in vivo measurement methods and results are shown in Sections 4 and 5.
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spectacle independence resulting in improvements in the quality of 
life, working ability, and daily working experience [12,124]. None-
theless, myopic refractive surgery can reduce the tensile strength of 
the cornea, cause long-term instability [15,125], and carries the risk 
of an infrequent, but severe complication known as iatrogenic cor-
neal ectasia [19,126,127]. Corneal ectasia is associated with a thin 
residual corneal stromal bed following treatment (typically < 300 µ 
m) and progressive steepening of the cornea. Corneal ectasia is 
thought to be a result of biomechanical decompensation of the 
stroma when an inadequate residual stromal bed is left after surgery 
(e.g., in the case of high myopia treatment) or when the surgery is 
performed on corneas with inadequate strength (e.g., in the case of 
unidentified subclinical keratoconus). Corneal ectasia is an irrever-
sible disease and ∼35% of ectatic cases finally require corneal 
transplantation to restore vision [128]. Since first reported by Seiler 
in 1998 [129,130], the prevention of corneal ectasia has become a 
major concern for refractive surgeons [131]. A primary factor in ia-
trogenic corneal ectasia is the inability to identify compromised 
corneal biomechanics prior to surgery [132]; the pre-operative 
evaluation of corneal biomechanics is key to preventing ectasia as 
well as predicting and evaluating treatment outcomes [10]. Although 
the development of advanced screening strategies have already de-
creased the incidence of ectasia, from a relatively high level of 0.66% 
(reported by Pallikaris in 2001) [133] to 0.033% (reported by Bohac in 
2018) [127], unexplained cases of ectasia have continued to con-
found clinicians and stimulate additional research in this field [131]. 
Developing more advanced imaging and quantitative methods to 
access corneal biomechanics more reliably in the clinic is an active 
research area in vision science and is of great importance to re-
fractive surgery for myopia treatment [15,131,134].

3.3. Glaucoma and IOP measurement

IOP is the fluid pressure inside the eye and the primary source of 
mechanical stress for the ocular tissues. The normal IOP range is 
10–21 mmH, and elevated IOP (ocular hypertension) is associated 
with an increasing prevalence of optic nerve damage in glaucoma - 
the second leading cause of blindness worldwide, which is irrever-
sible [6,135]. The Goldmann applanation tonometer is acknowledged 
as the gold standard for IOP measurement based on the Imbert-Fick 
law, which assumes that the pressure within an ideal dry, thin- 
walled sphere equals the force needed to flatten its surface divided 
by its area [136]. To date, the etiology of many forms of glaucoma-
tous optic neuropathy are unclear and our current understanding of 
glaucoma remains insufficient [137]. Clearly, IOP is not the only risk 
factor in the development and progression of glaucoma, but IOP 
reduction is still the only proven treatment that has been shown to 
effectively halt the progression of glaucoma. However, many people 
with elevated IOP do not develop glaucoma, and a significant 
number of patients show progressive vision loss despite the reduc-
tion in IOP [135,138].

Ocular biomechanics have recently gained more attention as a 
potential determinant of both IOP measurement and glaucoma risk 
prediction [6,139]. First, the IOP measurement is widely known to be 
influenced by corneal biomechanics, and inaccurate IOP readings 
caused by abnormal corneal biomechanical properties might raise 
the risk for misdiagnosis of glaucoma, resulting in missed or delayed 
glaucoma identification [139]. Second, recent evidence reveals that 
ocular biomechanical features may have intrinsic and independent 
value for predicting glaucoma risk [140]. For instance, the bio-
mechanics of optical nerve head tissues (particularly lamina cri-
brosa) might indicate the strain (deformation) limits that the tissues 
can bear under elevated IOPs and therefore play an important role in 
early diagnosis and better clinical management of glaucoma [141]. 
Further development of ocular biomechanical theories may help to 
explain why many people with elevated IOP do not develop 

glaucoma and why patients with normal tension glaucoma suffer 
optic neuropathy at normal IOP levels [141]. Although direct mea-
surement of the structure and biomechanics of the optical nerve 
head tissues (e.g., lamina cribrosa) could become a strong biomarker 
to predict those at higher risks of developing glaucoma [142–145], it 
remains difficult to measure the biomechanics of posterior ocular 
tissues in vivo. Corneal biomechanics are closely correlated with the 
biomechanics in the posterior eye, including the tissues in the op-
tical nerve head [146,147]; thus, an alternative and easier option is to 
measure the corneal biomechanics for the purposes of enhancing the 
measurement accuracy of IOP and glaucoma risk evaluation. As 
corneal biomechanics have been shown to have a strong correlation 
with biomechanics in the posterior eye, including the tissues in the 
optical nerve head [146,147], an alternative and more feasible option 
is to measure the corneal biomechanics. Thereby, the measurement 
of corneal biomechanics can help to increase the IOP measurement 
accuracy and may serve as a viable glaucoma risk indicator [138].

4. Methods of in vivo corneal biomechanics assessment

The in vivo estimation methods of corneal biomechanics are 
primarily derived from the following three approaches: applanation 
tonometer methods, such as the ocular response analyzer (ORA) and 
corneal visualization Scheimpflug technology (Corvis ST); Brillouin 
microscopy; and elastography methods, such as optical coherence 
elastography (OCE). Here, we introduce the basic concepts, appli-
cations, and limitations of these in vivo methods.

4.1. ORA and Corvis ST

The first approach originated from the development of the ocular 
applanation tonometer. In 1957, Goldmann and Schmidt [148] in-
vented the Goldmann applanation tonometer based on the Imbert- 
Fick law, which states that the IOP acting on a thin membrane sphere 
(cornea) is equal to the pressure required to flatten a small region of 
the membrane. So far, the Goldmann tonometer has been widely 
regarded as the gold standard for IOP measurement. In 1972, 
Grolman [149] designed the non-contact tonometer, which flattens 
the cornea for IOP calculation using an air puff rather than the 
contact probe (prism) used in the Goldmann tonometer. In 2005, 
Luce [39] developed the ocular response analyzer (ORA, Reichert 
Inc.; Buffalo, NY), which uses an air jet to induce the cornea to move 
inward, past applanation, through a small concavity, and then back 
to normal curvature, before recording the corneal deformation using 
an electro-optical infrared (IR) detection device (shown in Fig. 4a 
and b). ORA measurement is based on the pressures (P1 and P2) at 
the two applanation events, whereas P1 is greater than P2 because 
the cornea is viscoelastic and the stimulation energy is absorbed and 
dissipated. The Goldmann-correlated IOP value (IOPg) is denoted as 
the average of the two pressures, and corneal hysteresis (CH) is 
defined as the difference between P1 and P2. The corneal resistance 
factor (CRF) and corneal-compensated IOP (IOPcc) were then de-
veloped empirically. The CRF was designed to have the highest 
correlation with the central corneal thickness (CCT), while the IOPcc 
was designed to have minimal differences before and after refractive 
surgery [150], and has been recognized with more accurate in-
traocular pressure estimation than IOPg [151]. The equations are 
listed below [53].
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The formulas enclosed by brackets are the commonly accepted 
equations. However, the phenomenon of CRF >  CH always appears in 
clinical measurement, which is contrary to common sense [53]. 
Thereby, the constants (a–e) in Eq. (1) are calibrated based on re-
gression for better results. The value of CRF is highly correlated with 
CH and CCT, and CH is often considered a more clinically relevant 
biomarker than CRF. It should be noted that the cornea is nonlinearly 
viscoelastic, and the mechanical performance of the cornea depends 
not only on the magnitude but on the rate of the applied force [152]. 
Typically, a faster strain rate results in a stiffer corneal response 
[153]. Clinical experiments have shown that raising the pressure 
amplitude has little effect on P1 but does affect P2, which influences 
the assessment of CH [152]. To minimize this effect, the current ORA 
sets the maximum pressure Pmax in relation to an individual’s P1 
value, as Pmax = 1.1713P1 + 28.106 (mmHg) [154]. In addition, CH is 
affected comprehensively by various combinations of corneal 
thickness, elasticity, viscosity, IOP, and hydration; thus, CH alone 
cannot represent corneal biomechanical properties, such as stiffness 
or Young’s modulus [155].

Based on the similar bidirectional corneal applanation concept, 
the Oculus corneal visualization Scheimpflug technology (Corvis ST, 
Scheimpflug Technology; Wetzlar, Germany) captures the air-jet- 
induced (maximal pressure: 25 kPa) corneal deformation of a single 
8-mm horizontal slit with 140 frames in 31 ms using a high-speed 
(4300 frames per second) Scheimpflug camera (Fig. 4c and d) [40]. 
The IOP is determined based on the first applanation event; the 
deformation amplitude (DA) is calculated as the maximum dis-
placement of the apex in the highest concavity moment (HC); and 
the applanation length (AL) and corneal velocity (CVel) are recorded 
during the ingoing and outgoing periods. It should be noted that the 
ORA sets the maximum pressure based on the P1 value, whereas the 
Corvis ST produces a consistent air puff that has a symmetrical 
configuration and fixed maximal internal pump pressure. Due to the 
interaction between the different air-puff profiles and the nonlinear 
viscoelasticity of the cornea, the detailed deformation features and 
the observed biomechanical parameters are likely to differ between 
these two devices, despite the similar biomechanical performance 
trend: for example, a stiffer cornea deforms more slowly, with less 
magnitude, and recovers more quickly [53].

To date, the ORA and Corvis ST are the only two clinically avail-
able devices for corneal biomechanics calculation, and both instru-
ments have been used widely in the clinic for the diagnosis of 
corneal pathologies (keratoconus [157,158], glaucoma [156,159]) and 
evaluation of medical or surgical treatment (e.g., refractive surgery 
[160] and CXL [161,162]). However, these two clinical instruments 
suffer from several limitations. First, they are unable to determine 
Young’s modulus of the cornea or analyze its elasticity, viscosity, or 
stiffness independently. Although some pioneering tonometer stu-
dies have claimed Young’s modulus estimate from corneal 

applanation process [103–106], these estimation results are con-
sidered inaccurate due to being heavily dependent on IOP levels. For 
example, the tonometer results [103] in the estimations of corneal 
Young’s modulus with aging contradict prior studies [94,95] (Fig. 3). 
Second, as the clinical measured parameters (such as CH and CRF) 
are affected by a combination of many factors (corneal thickness, 
elasticity, viscosity, IOP, and hydration), accurate assessment of 
corneal biomechanics using these observed parameters is usually 
not possible [53]. Third, the clinical air-puff approach employs large- 
magnitude (70–300 kPa) and long-duration (10–30 ms) stimulation, 
which not only results in corneal displacement from a convex to a 
concave form but also produces the motion of the entire ocular 
tissue and aqueous fluid [163,164]. These factors confound mea-
surements of corneal biomechanical properties and preclude any 
possibility of spatially resolved measurements that would be ne-
cessary to detect minute variations in spatial stiffness [165], such as 
in early stage keratoconus where local weakness occurs [166]. It is 
because of these limitations that clinical trials have shown con-
flicting outcomes, such as the measured corneal stiffness results for 
keratoconus patients undergoing CXL treatments [157,158,167,168].

4.2. Brillouin optical microscopy

In 1922, Brillouin [169] first reported the acoustically generated 
inelastic light scattering effect, which provides non-contact, label- 
free, and direct measurement of the viscoelastic characteristics of a 
material, and has emerged as an attractive method during the past 
decade [170]. The phenomenon of Brillouin scattering is the result of 
an interaction between the light (photons) incident on a medium of 
interest and the spontaneous acoustic phonons (propagation of 
thermodynamic fluctuations) in the medium. As the propagation 
speeds of acoustic phonons are associated with the mechanical 
properties of the material, quantification of the frequency shift 
caused by the acousto-optic interaction can enable elastic parameter 
estimation. The resulting frequency shift Ω and the line width ∆Ω of 
the Brillouin spectrum are related to the longitudinal viscoelastic 
modulus M, which can be defined by the complex equation [171,172].

= + = +M M iM
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where M’ and M’’ are the longitudinal elastic modulus and viscous 
modulus respectively, ρ is the mass density, λ is the optical wave-
length, and n is the refractive index.

We have reproduced Fig. 5 from reference [173] to briefly illus-
trate the Brillouin optical microscopy and its imaging with Brillouin 
shift values (in the GHz range). As shown in Fig. 5a, Brillouin optical 
microscopy is mainly comprised of a confocal microscope and an 
optical spectrometer [174]. The Brillouin shift of typical materials is 
in the order of GHz (Fig. 5b and c), which corresponds to a 

Fig. 4. Demonstration of the ocular response analyzer (ORA) and corneal visualization Scheimpflug technology (Corvis ST). (a) ORA system. (b) Applanation and air pressure 
signals for intraocular pressure and corneal biomechanics estimation. (c) Corvis ST system. (d) Corneal displacement dynamic profiles. (a, b) Reproduced from http:// 
www.reichert.com/. (c) Reproduced from [156]. (d) Adapted from https://www.oculus.de/.
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wavelength of <  0.01 nm, providing difficulties for the development 
of a fast and high-resolution spectrometer. Multipass scanning 
Fabry–P é rot etalon interferometry [175] has been utilized for dec-
ades, such as in the material characterization of the cornea and 
crystalline lens of the eye [171,176]. Early biological demonstrations 
were single-point and primarily ex vivo given that scanning 
Fabry–P é rot spectrometers capture spectral components sequen-
tially and at limited throughput, resulting in extended data acqui-
sition time [174]. The recently developed multistage virtually imaged 
phased array (VIPA) spectrometer [177] has enabled better 
throughput, less noise, faster imaging speed, and higher frequency 
resolution (sub-GHz range) of the Brillouin frequency shift, which 
has resulted in more precise measurements of the Brillouin long-
itudinal modulus (Eq. (2)). Cross-sectional Brillouin imaging of the 
cornea (Fig. 5d) reveals a noticeable depth-reduced Brillouin fre-
quency shift, indicating that the Brillouin longitudinal modulus is 
greater in the anterior corneal area and decreases gradually toward 
the endothelium. Compared to the depth (axial) variation, the 
normal cornea has substantially less change laterally at the same 
depth from the corneal surface (Fig. 5e and f).

Brillouin microscopy does not require any stimulation or corneal 
deformation and is capable of a three-dimensional Brillouin shift 
(longitudinal modulus) estimate with an optical resolution, making 
it a potential technique for clinical translation [41–43]. Ex vivo study 
of corneal Brillouin imaging has shown distinguishable Brillouin 
frequency shifts among normal and Keratoconus corneas [178], be-
fore and after collagen crosslinking [172,179,180]. Recently, Shao 
et al. [42] conducted a clinical study including 85 human individuals 
(93 eyes), including 47 healthy volunteers and 38 patients with 
varying degrees of keratoconus (stages I–IV). They demonstrated an 
increase in biomechanical inhomogeneity in the cornea as kerato-
conus progresses, as well as the biomechanical asymmetry between 
the left and right eyes during the outset of keratoconus [42].

Several limitations on the clinical applicability of this approach 
should be recognized. First, the Brillouin ophthalmic instrument 
requires >  0.2 s per depth point and ∼10–20 s per axial scan at a 
single point on the cornea. The total data acquisition time is very 
long depending on the sampling density (e.g., 4–8 min, 12 s per axial 
scan, 20–40 total axial scans [42]), making the measurement very 
susceptible to motion artifacts caused by patient eye movement 
during long-time data acquisition [41]. Second, the Brillouin long-
itudinal modulus does not directly correlate with the shear (or 
Young’s) modulus, whereas the latter can better describe the elas-
ticity or stiffness a clinician can feel by touching the tissue [181]. 

Although longitudinal and Young’s moduli are independent, these 
two moduli may exhibit simultaneous changes (either increasing or 
decreasing) throughout physiological or pathological processes in 
vivo. For example, both moduli would increase (decrease) when the 
thickening (thinning) of collagen fibrils occurs in the cornea stroma 
[181]. Third, Brillouin microscopy measures a frequency shift in the 
cornea at gigahertz (GHz) frequencies, and the associated long-
itudinal modulus is in the gigapascals (GPa) range. This is orders of 
magnitude more than Young’s modulus (typically, the corneal 
Young’s modulus is in the kPa to tens of MPa range, Fig. 3). It is 
important to use caution when attempting to link longitudinal and 
shear moduli and interpret Brillouin outputs, as they are in-
dependent and have a large magnitude difference. Notably, it re-
mains impossible to predict the value of one modulus from the other 
as of yet [170].

4.3. Elastography methods

For millennia, palpation has been used as a component of phy-
sical examination to diagnose and locate diseases by feeling the 
stiffness changes in tissue. Similarly, elastography methods can ac-
cess tissue biomechanics by observing the tissue’s response (e.g., 
strain and mechanical wave) to the loading force and detect subtle 
alterations in tissue stiffness, which may be caused by the changes in 
tissue structure, health, aging, and function [182–184]. In general, 
tissue biomechanics are anisotropic, viscous, and nonlinear, with 
these measured parameters varying based on the direction, extent, 
and rate of deformation. The elastography method usually employs a 
simple first-order linear assumption of an elastic and isotropic ma-
terial, where the tissue mechanical property can be more easily 
expressed using a simple elastic modulus [184]. Since 1990, when 
ultrasonic devices were first demonstrated in elastic imaging of 
tissues and whole organs [185,186], multiple elastic imaging mod-
alities have been developed to assess the changes in the mechanical 
properties at the organ, tissue, or cellular levels [187–189], and to 
diagnose diseases such as liver fibrosis [190], cardiovascular diseases 
[191], and breast [192] and prostate [193] cancers. Unlike the sub-
jective nature of physical palpation, elastography uses non-invasive, 
high-resolution imaging methods to produce objective and quanti-
tative diagnostic results. However, non-invasive in-vivo evaluation 
of human corneal biomechanical properties using the elastography 
method remains a great challenge [11].

The elastographic imaging resolution, field-of-view, imaging 
speed, and displacement sensitivity are majorly determined by the 

Fig. 5. Brillouin optical microscopy and its corneal imaging reproduced from reference [173]. (a) Schematic of a Brillouin microscopy set-up. (b) A typical CCD output from the 
spectrometer displaying the Brillouin spectrum of the corneal stroma. (c) Brillouin spectrum (red trace) analysis using Lorentzian curve fit (gray trace). (d) Cross-sectional 
Brillouin image of the ex vivo bovine cornea. The Brillouin shift is a decrease in depth, revealing the depth-decreased longitudinal modulus. The horizontal (x) and vertical (z) span 
is 5 × 0.5 mm. Scale bars: 200 µm. (e) and (f) En face Brillouin image of the cornea at different depths. Scale bars: 1 mm.
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imaging modality (e.g., ultrasound, MRI, or OCT) [195]. Fig. 6 de-
monstrates a common classification scheme for the major elastic 
imaging modalities according to their relative spatial resolution and 
penetration depth. The detailed comparison among these modalities 
has been explained extensively in previous reviews [184,194,195]. In 
brief, AFM contributes to a wide variety of research in cell mechanics 
and cell biology by applying a sub-nano Newton contact force to load 
the cell membrane and detect the resulting deformation with nan-
ometer-scale precision [36]. Due to its limited field of view and 
measuring process, AFM has been mainly applied to cultured cells 
[196,197].

Ultrasound elastography (UE), magnetic resonance elastography 
(MRE), laser speckle elastography (LSE), and holographic imaging 
(HI) have a macroscopic level of spatial resolution ranging from 
hundreds of micrometers to several millimeters [198–200], which 
prevents their further use in the imaging of the biomechanical de-
tails of the corneal substructure. UE and MRE have been extensively 
employed in today’s clinical settings, including for cancer diagnosis 
[201,202]. Although their application in corneal biomechanical 
imaging has been reported [45,46,203], they are not widely adopted 
methods due to the lack of appropriate resolution and the difficulty 
in determining the boundaries of corneal lesions. Because of the 
sensitivity of the cornea to the applied force and the effect of eye 
motion, the development of micro-stimulation, non-invasive, high- 
speed, and high-resolution corneal elastography modalities re-
presents the current trend in clinical corneal biomechanical eva-
luation [204]. Among these elastography modalities, optical 
coherence elastography (OCE) [205]—based on optical coherence 
tomography (OCT) imaging [206]—can provide micron-scale re-
solution in both the axial and lateral directions, which exceeds the 
resolution of UE or MRE. The phase-sensitive OCT detection tech-
niques [207–209] can further enhance the dynamic mechanical re-
sponse resolution into a sub-nanometer scale [49,210]. The field of 
view and tissue penetration capability of the OCT/OCE system is in 
the range of up to ∼10 millimeters. The spatial coverage and re-
solution of the OCE system have bridged the gap between single- 
molecule biophysical techniques (e.g., AFM) and the organ-level 
medical elastographies (e.g., UE and MRE) [194,211], making it an 
ideal device for ocular biomechanics estimation [204]. More re-
cently, OCE methods have been used to characterize in vivo corneal 
biomechanical properties by observing shear-wave propagation 
[22,47], local [212] or global tissue displacements [164,213–215], and 

corneal mechanical resonance frequency [49,50]. The detailed 
methodologies and the use of OCE for in vivo corneal biomechanics 
estimation are presented in Section 5.

5. In vivo OCE

5.1. OCE loading and detection strategies

OCE employs a loading system to apply stimulation forces and an 
OCT system to observe the subsequent tissue displacements (strains) 
or mechanical waves for tissue biomechanical property estimation 
(OCE = Loading + OCT). Fig. 7a briefly summarizes the OCE system 
according to the loading method and OCT detection method. Nu-
merous loading strategies have emerged as a result of the develop-
ment of OCE for multiple applications, such as static [216,217] or 
dynamic bulk compression [205,218–220], needle probe compres-
sion [221,222], magnetomotive [223,224], nano-bomb [225,226], 
audio sound [50,227], pulsed laser (photothermal excitation) 
[228,229], ultrasound [230–232], and air-coupled ultrasound 
[233–235]-induced acoustic radiation force (ARF), air puff/pulse in-
dentation [236–238], and passive sources, such as the heartbeat 
[239] and noise-correlation approach [240]. These loading strategies 
can be sorted into different categories (Fig. 7a), such as active or 
passive loading, contact or non-contact loading, (quasi-)static or 
dynamic loading, internal or external loading, and local or global 
loading methods [194,241].

Based on the temporal, frequency, and spatial scales and char-
acteristics of the excitation profiles, in addition to the associated OCT 
detection methodologies, the OCE detection methods can be divided 
into two categories: static (or quasi-static) OCE and dynamic OCE. 
The aforementioned loading methods can be organized into a 
tempo-spatial map, as illustrated in Fig. 7b. Previous reviews have 
delved into great detail addressing the contents of both static and 
dynamic imaging using ultrasound elastography [184,242] and op-
tical coherence elastography [195,211]. These reviews provide fur-
ther information for the readers. From a spatial extent, the wide-area 
excitation, such as bulk compression, loads the sample globally, 
while the local excitation, such as needle and indentation methods, 
can apply the force to a particular region. From the perspective of 
mechanical reconstruction, wide-area excitation may necessitate 
more information about the local stress distribution, which is de-
pendent on the boundary conditions (such as the interface between 

Fig. 6. Comparison of elastic imaging modalities in the map of detection scale (penetration depth vs spatial resolution). AFM: Atomic force microscopy, MPM: Multiphoton 
microscopy, BM: Brillouin microscopy, OT-M: Optical tweezers-based microrheology, OCE: Optical coherence elastography, SI: Speckle Interferometry, HI: Holographic imaging, 
UE: Ultrasound elastography, MRE: Magnetic resonance elastography. This figure was modified based on previous review work [184,194,195].

G. Lan, M.D. Twa, C. Song et al. Computational and Structural Biotechnology Journal 21 (2023) 2664–2687

2673



layers or the presence of a stiff inclusion), which are typically out-
side the OCT detection fields [195]. Notably, OCT imaging only has a 
millimeter-scale field of view and penetration depth, so it can only 
image features close to the sample surface [243]. From the temporal 
and frequency contents, the (quasi-) static OCE characterizes the 
sample under very slow motion so that the time-dependent effects 
(e.g., viscosity) are small or negligible. In contrast, the dynamic OCE, 
including step, harmonic (sinusoid signal), spectroscopic (chirp 
signal), or impulse loading methods, characterize the sample re-
sponse with faster motion features (such as resonation and wave 
propagation), and these induced motions are strain-rate- and fre-
quency-dependent. Thus, it is essential to characterize the excitation 
method in the temporal and frequency domains to accurately ana-
lyze motion characteristics, such as the potential evoked frequency 
range [49,50,244,245] and the phase velocity, which is frequency 
dependent in a viscoelastic sample such as the cornea.

OCT is a non-invasive imaging method developed from the 
principle of the Michelson interferometer. In the 30 years since 
Huang et al. initially proposed time-domain optical coherence to-
mography (TD-OCT) [206], OCT technology and its functional ex-
tension (such as OCT angiography) have continued to evolve and 
advance in addition to revolutionizing clinical eye care [246–249]. 
The clinical applications of the original TD-OCT devices were limited 
by the low axial resolution (10–15 µm) and limited number of A- 
scans [250], while the advancement of spectral-domain OCT (SD- 
OCT) [251] has enabled better axial resolution (e.g., ∼3–5 µm) and 
faster imaging speed (e.g., > 100 kHz) with an increased number of 
A-scans. SD-OCT allowed the visualization of microstructures in the 
anterior [252] and posterior [253] segments of the eye to reach a 
level of detail comparable to histopathology [254,255]. Swept- 
source OCT (SS-OCT) was first described as an alternative OCT ap-
proach in 1995 [256], although it has only lately advanced for ocular 
imaging [257]. Although both SD-OCT and SS-OCT are classified as 
Fourier-domain OCT (FD-OCT) technology, their configurations are 
different. The former employs a broadband diode light source and 
measures the interference spectrum with a spectrometer and a high- 
speed line scan camera, while the latter makes use of a tunable laser 
sweeping through a narrow range of wavelengths and a dual-ba-
lanced photodetector. Recently developed linear-in-wavenumber 
(linear-k) spectrometers [258,259] allow for optical dispersion of the 
interference spectrum in k-space, which effectively enhances the 
detection sensitivity in depth for the SD-OCT system [260]. SS-OCT 
uses higher-speed swept sources (e.g., > MHz A-scan rates [261,262]), 
allowing faster data acquisition speed and minimal motion artifacts. 
SS-OCT also demonstrates superior axial resolution and depth 

penetration capability in tissue imaging. Due to the time jitter issue 
that exists in the swept-source, the present SD-OCT has greater 
phase stability than the SS-OCT when it comes to the application of 
phase-based detection [210].

Speckle tracking and phase-sensitive detection are the two pri-
mary detection methods in OCE. The former approach is primarily 
applied in the early stages of (quasi-) static OCE measurements, 
whereas the latter is mostly utilized in the more recent stages of 
dynamic OCE measurements. Early research has demonstrated that 
the reflection of a laser beam from a rough surface has a distinctive 
granular or mottled appearance (laser speckle), and the dark and 
bright speckles have no obvious relationship with the texture of the 
surface of the sample but tend to change their pattern whenever the 
sample moves slightly [263]. In OCT imaging of highly scattering 
biological tissues, speckles arise as a natural consequence of the 
limited spatial-frequency bandwidth of the interference signals 
measured in OCT. This phenomenon is affected by several factors, 
including the optical properties and motion of the sample, the size 
and temporal coherence of the light source, and multiple scattering 
and phase aberrations of the propagating beam [264]. As such, the 
speckle phenomenon serves a dual role as a source of noise and as a 
carrier of information on the tissue microstructure and motion. In 
speckle tracking OCE, the cross-correlation of a multi-pixel kernel 
among cross-sectional images from the same or nearby location is 
typically used to compute the vectorial displacement (strain) of the 
sample under quasi-static loading. This process necessarily reduces 
the spatial resolution of the elastogram, while the interpolation 
method can improve the displacement measurement sensitivity to a 
sub-pixel scale [265]. Thereby, the detection resolution of the 
speckle is several micrometers, similar to those of OCT spatial re-

solutions, with the axial resolution as =laxial
2ln(2) 0

2
, and the lateral 

resolution of =l NA0.37 /lateral 0 , where 0is the central wavelength, 
is the bandwidth, and NA is the numerical aperture. The latterly 

developed digital volume correlation (similar to the widely used 
digital image correlation method, but developed for volumes instead 
of cross-sectional images) can efficiently avoid the out-of-plane 
deformation artifacts that exist in the cross-sectional images and 
enable measurement of the full strain tensor [266,267]. Given the 
long data acquisition time and low spatial resolution, the combina-
tion of compression, TD-OCT, and speckle tracking method is pri-
marily used in the early research of OCE [268–274].

Advances in the phase-sensitive detection technique [207–209]
for OCT imaging provide much greater sample dynamic displace-
ment sensitivity and enable the visualization and analysis of the 
shear wave propagation in dynamic OCE [219,241]. Displacement 

Fig. 7. Classification of the optical coherence elastography (OCE) technique based on (a) the loading and OCT detection strategies, and (b) the tempo-spatial characteristics of 
mechanical loading strategies in OCE techniques. (b) An update from previous reviews [195,211]. ARF: Acoustic radiation force.
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values can be analyzed via the phase variation of successive scans for 
the same locations. i is the phase difference between A-scan t( )i

and the reference A-scan t( ),0 as

= t targ[ ( )] arg[ ( )],i i 0 (3) 

where ·arg( ) represents the phase angle of the complex signal, i

is usually in the range of -π to π, and the unwrapped phase difference 
z can be used to represent the displacement Zi as

=Z
n4

,i z
0

(4) 

where n is the refractive index.
In phase-sensitive OCT, the detection sensitivity is de-

termined by signal-to-noise ratio (SNR), as SNR, ( 1)
SNR

1

[275], as well as the phase stability. The phase stability can be af-
fected by the environmental vibration existing between the sample 
and reference arms, which represents a major source of optical 
phase fluctuations. The common-path OCT configuration [210,276], 
where the sample and reference arms share the same optical path 
(Fig. 8a), can provide intrinsic compensation for polarization and 
dispersion mismatches induced by optical elements (e.g. fibers and 
lenses), and can effectively reduce the imaging system’s suscept-
ibility to vibration, thereby increasing the system’s physical stability 
and optical phase detection sensitivity (Fig. 8b and c).

5.2. Analytical models for OCE

5.2.1. Shear and Young’s moduli
The relationship between a sample’s response (e.g., displace-

ments and mechanical waves) and mechanical loading is the basis 
for mechanical measurement, and the displacement at each spatial 
position of the sample is the most fundamental form of measurable 
sample response. In a homogeneous, linear elastic, and isotropic 
sample, the relationship between stress (σ, force per unit area) and 
strain (ɛ, proportional deformation) can be expressed through a 
generalized form of Hooke’s law for a simple mechanical spring, as 
[211,277].

= H· , (5) 

where σ is the stress tensor, ε is the strain tensor ( = + /2ij
u
x

u

x
i

j

j

i
, 

u is the displacement field, xi and xj are the spatial coordinates), and 
H is a fourth-order stiffness tensor connecting stress and strain. Eq. 
(5) takes the form of a 3D Cartesian space as

=

+

+

+

K G K G K G

K G K G K G

K G K G K G

G
G

G

0 0 0

0 0 0

0 0 0

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

2
2
2

,

11

22

33

12

13

23

4
3

2
3

2
3

2
3

4
3

2
3

2
3

2
3

4
3

11

22

33

12

13

23
(6) 

where K and G are the bulk and shear moduli that can be written in 
complex forms. The longitudinal modulus = +M K G4/3 . The elastic 
modulus (or Young’s modulus E) refers to the ratio of the uniaxial 
stress to strain in the same direction (i = j), whereas the shear 
modulus (G) relates shear strain with stress in any ij-plane (i ≠ j). 
Young’s modulus E can be associated with the shear moduli using 

= +E G2 (1 ), where is Poisson’s ratio, defined as the ratio of 
transverse elongation to axial compression ( 0.499 since most 
tissues are nearly incompressible). Thereby,

= +E G G2 (1 ) 3 . (7) 

In wave-based measurement (as most elastography methods 
employed, Section 5.3.2), the shear waves velocity (Vs) is related to 
the shear modulus G and tissue density ρ, and under certain as-
sumptions, to Young’s modulus E, which are important biomecha-
nical parameters that have been used to characterize tissues in 
normal and pathological conditions, as

= =
+

V
G E

2 (1 )
.s

(8) 

It should be noted that the shear, elastic moduli can be fre-
quency-dependent and written in complex forms. The shear mod-
ulus of a viscoelastic tissue can be represented using a frequency- 
dependent, complex form

= +G G iG( ) ( ) ( ),s l (9) 

where G ( )s and iG ( )l are the storage and loss moduli, respectively, 
and is the angular frequency ( = f2 ). Thereby, the shear wave 
speed and shear modulus in Eq. (8) can be represented using a 
complex form

=V
G

( )
( )

.s
(10) 

The complex shear wave speed V ( )s shows no physical meaning, 
but the frequency-dependent phase velocity V ( )Phase can represent 
the shear wave profiles. The wave number =k V( / )s can be written 
in a complex form as [278].

Fig. 8. Common-path configuration can effectively reduce phase instability. (a) Common-path OCE was made by blocking the reference arm in a conventional OCE while using a 
flat surface (sample-side optical surface of the reference plate) between the scan lens and sample as the new reference plane. (b) and (c) illustrate two examples of the low- 
frequency sinusoidal pattern of background noise measured in conventional OCE and common-path OCE, respectively (note the different y-axis scale). 
Reproduced from [210].
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= = = =k
V G

i
V

i( )
( ) ( )/

( ) ( )
( )

( ).
s Phase

(11) 

The frequency-dependent phase velocity =V ( ) / ( )Phase , can 
be acquired from two dimensional Fourier transform from the 
tempo-spatial relation of the propagation waves. The imaginary part 

( ) represents the attenuation factor of the shear wave during 
propagation. The shear complex modulus in Eq. (9) can also be re-
presented by ( ) and ( ), as

=
+

+
+

G i( )
( ) ( )

( ( ) ( ) )
2

( ) ( )
( ( ) ( ) )

2
2 2

2 2 2
2

2 2 2 (12) 

For harmonic steady-state excitation in a Kelvin-Voigt model, the 
time derivative becomes i , and the shear modulus can be written 
as [277].

µ µ= +G i( ) ,1 2 (13) 

where µ1 is the real shear modulus and µ2 is the shear viscosity. ( )
and ( ) can be represented as

= +

= + +
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where µ=V /0 1 , µ µ= /0 1 2, and the phase velocity is

=
+ +
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At low frequencies, V V( )Phase 0; when 0, 

V V( )Phase 0
2

0
. Thereby, 0 is a transition frequency that divides 

the low-frequency region where the phase velocity is dominated by 
the stiffness from the high-frequency region where it is dominated 
by its viscosity [277].

The above equations are based on the assumption that the tissue 
is homogeneous, isotropic, and linear elastic (i.e., E and G are the 
same in any direction). Some other analytical models have been 
proposed in OCE applications, such as body waves (shear and com-
pression waves), longitudinal shear waves (LSW) [279], and surface 
acoustic waves (SAW), which can be Rayleigh/Scholte or Lamb waves 
depending on the coupling media and boundary conditions. The 
detailed mathematical description of these mechanical wave models 
can be found in a recent review presented by Zvietcovich et al. [278].

5.2.2. Natural frequency
Natural frequency is an intrinsic property of a sample, which is 

defined as the frequency at which the sample tends to oscillate when 
disturbed [280]. Natural frequency oscillation in response to ex-
citation force is intimately connected to tissue elastic properties 
[49,244,245]. It has been demonstrated that the natural frequency is 
linearly related to the square root of Young’s modulus in a simple 
elastic model.

In a single degree of freedom (SDOF) model (as shown in Fig. 9
[244]), natural frequency fn can be calculated as =f k m/ /2n , 
where k is spring stiffness and m is the mass; the damping ratio is 
defined as = c mf/4 n, where c refers to the viscous damping 
coefficient. In an under-damped condition (ε  <  1), the motion of the 
free response of a SDOF system is described as [244].

+ + =y t f y t f y t( ) 4 ( ) (2 ) ( ) 0,A n A n A
2 (16) 

where yA(t) is the time-dependent displacement profile of the center 
of mass. The solution of this equation (when ε  <  1) in the time (t) 
domain is

= +y t Ae f t( ) sin[2 1 ],f t
n

2 2n (17) 

where A is the initial amplitude, φ is a phase value, e f t2 n denotes 
the envelope decay function with time, and +f tsin[2 1 ]n

2

represents the resonant feature. The damped natural frequency (fd) 
is defined as =f f 1d n

2 , which can be acquired directly as the 
dominant resonant frequency via fast Fourier transform. Although 
the cornea is actually a multiple-degrees-of-freedom (MODF) oscil-
lation system with multiple layers and boundaries, the SDOF ana-
lytical approach of Eq. (17) can be utilized to access the dominant 
oscillation features (i.e., the dominant natural frequency fn), which 
are related to the major property of the cornea.

5.3. In vivo corneal biomechanics assessment using OCE

The performance of OCE has been rapidly improved in the fol-
lowing ways since Schmidt first developed this technique in 1998: 
(1) The OCT resolution has been significantly enhanced, from mi-
cron-scale (speckle tracking method) to the sub-nanometer scale 
dynamic detection resolution (phase-sensitive detection); (2) the 
data acquisition speed has been increased by several orders of 
magnitude, with 1.5 million A-lines per second in the most recent 
advancement in SS-OCT; (3) various excitation methods have been 
developed, which expands the applicability of the OCE approach to 
broader fields and permits greater flexibility across a broad spec-
trum of temporal and spatial scales; and (4) the analytical and finite 
element models have been evolved from simple, isotropic models 
through inhomogeneous and viscoelastic models to complicated 
analytical and finite element models that account for corneal geo-
metry, boundary conditions, and intraocular pressures, among 
others. Due to the recent developments in non-invasive, high-speed, 
and high-resolution OCE techniques, in vivo estimation of corneal 
biomechanics has been made possible through various OCE ap-
proaches, such as applanation OCE, wave-based OCE, and natural 
frequency OCE.

5.3.1. Applanation OCE
The first attempt at in vivo corneal OCE imaging involved com-

bining the OCT system with a commercial air-puff device from a non- 
contact tonometer [281], which is similar to those of the ORA and 
Corvis ST tonometers (Section 4.1). The air pipe has a diameter of 
3 mm and delivers an airflow that lasts ∼20 ms, deforming the 
cornea in a scale of several millimeters. In 2019, Maczynska et al. 
[164] measured 20 eyes of 20 healthy subjects using the air-puff 
applanation OCE method (See Fig. 10). Fig. 10a illustrates the OCE 
system setup. Fig. 10b demonstrates typical M-mode scan imaging of 
the induced dynamics of the ocular components (from top to 

Fig. 9. Natural frequency oscillation in response to excitation force in a single degree 
of freedom (SDOF) spring-mass-damper system. (a) Schematic of a spring-mass- 
damper model. m: Mass, k: Spring stiffness coefficient, c: viscous damping coefficient. 
(b) Logarithmic decay oscillation response in an under-damping situation (0 ≤ ε  <  1). 
fn: Natural frequency, fd: Damped natural frequency, ε: Damping ratio, A: Original 
oscillation amplitude, B: Decay coefficient. 
Reproduced from [244].
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bottom: retina, cornea, and lens) during the air-puff cycle, where the 
retinal signal is aliased at the top to cover the entire depth of the 
ocular tissue. Fig. 10c demonstrates the temporal displacement 
profile of the ocular components in response to the air-puff profiles 
(maximum force: ∼14 N). Fig. 10d demonstrates the hysteresis loop 
of the cornea, where HA represents the hysteresis area, and S re-
presents the slope of the loading curve. Compared to the CH value 
measured by ORA (the pressure difference between the two corneal 
applanation events), OCT/OCE can record the whole hysteresis curve 
of the cornea during the loading and unloading process. In a more 
recent study, a micrometer scale (rather than a millimeter scale) 
tissue hysteresis method was provided by microliter air-pulse OCE; 
however, it has not yet been applied to the in vivo cornea mea-
surement [85]. Fig. 10e shows the motion dynamic parameters of the 
corneal apex, including corneal apex displacement, velocity, and 
acceleration profiles. Although this method possesses the ad-
vantages of clinical instruments (ORA and Corvis ST), it also suffers 
similar limitations as discussed in Section 4.1. Briefly, these methods 
all involve a wide-area excitation method for corneal applanation, 
which not only deforms the cornea in the order of millimeters but 
also deforms all the ocular components up to the retina (Figs. 10b 
and 10c), making it difficult to quantify the minimal mechanical 
variations due to the lack of sufficient spatial resolution.

5.3.2. Wave-based OCE
The wave-propagation-based OCE method is the most utilized 

OCE method to determine tissue Young’s modulus using different 
types of wave models, mainly in the shear direction. In 2020, Ramier 
et al. [47] utilized an OCE system with a vibrational contact probe 
(diameter: 2 mm) driven by a pair of acoustic transducers (20 mN, 
frequency: 2–16 kHz) to determine the shear modulus of human 
corneas. The measured Rayleigh-wave speed in 12 healthy subjects 
(age: 25–67 years, seven males and five females, IOP: 13–18 mmHg) 
was 7.86  ±  0.75 m/s, corresponding to a shear modulus of 72  ±  14 
kPa (and a Young’s modulus of 216  ±  42 kPa using Eq. (7)). However, 
there was no correlation between the wave speed and IOP or central 
corneal thickness [47]. Also in 2020, Jin et al. [48] utilized the air- 
pulse based OCE method (pressure: ∼150 kPa, force: 1.73 mN) to 
measure 12 corneas from eight healthy subjects (four females, four 
males, age: 24  ±  1 years, IOP: 10.4–16.6 mmHg) and the measured 
Lamb (Scholte) wave velocity and Young’s modulus were 
12.73  ±  1.46 m/s and 733  ±  164 kPa, respectively. In 2021, Lan et al. 
[22] combined high-resolution common-path OCT imaging with a 
microliter air-pulse stimulation (Fig. 11a) to induce submicron 

corneal surface displacement amplitude (Fig. 11b) and measure the 
surface wave propagation in the spatio-temporal domain (Fig. 11c) in 
18 eyes from nine healthy participants (three females, six males, age: 
27  ±  5 years, IOP: 9.3–23.2 mmHg). The air-pulse stimulation was 
similar to that of reference [48] but had much lower stimulation 
pressure (13 Pa). The group velocity of the surface waves was 
2.4–4.2 m/s (mean: 3.5 m/s; 95% confidence interval: 3.2–3.8 m/s) 
and was correlated with the central corneal thickness (r = 0.64, 
P  <  0.001) and IOP (r = 0.52, P = 0.02), as shown in Fig. 11(d, e) [22]. 
Although this paper did not connect the surface wave speed to 
Young’s modulus, an estimation of Young’s moduli can be made in 
the range of 14.6–58.2 kPa (mean: 40.43 kPa, 95% confidence in-
terval: 33.8–47.7 kPa) using a surface wave equation 

= +
+

E Vg
2 (1 )

(0.87 1.12 )
23

2 , where Vg represents the group velocity, and the 

density( ) and Passion’s ratio( ) can be assumed as 1000 kg/m3 and 
0.5, respectively.

Comparing the existing wave-based OCE results for in vivo 
human cornea imaging, the remaining limitations are obvious 
[22,47,48]. First, there remains no proper eye-tracking device de-
signed for anterior segment OCT; therefore, the physiological eye- 
motion (from bulk motion, respiration, heartbeat, and ocular pul-
sations) [212] is a major source of noise when attempting to measure 
corneal mechanical wave propagations in vivo. Although the fixation 
target and iris camera are helpful to partially compensate the 
anterior segment motion (Fig. 11a), the average coefficient of varia-
tion for corneal displacement measurements was up to ∼ 17% when 
the induced displacements were –0.2 to –0.8 μm in amplitude [22]. 
Second, because of the nonlinear viscoelastic property of the cornea, 
different features (e.g., magnitude, strain-rate, and frequency) of 
stimulation approaches can evoke mechanical wave propagations 
with different velocities, even in the same cornea (Fig. 3 depicts the 
broad estimation range of the corneal Young’s modulus due to the 
nonlinear corneal property and different testing methodologies). 
These recent wave-based OCE studies have shown the following 
differences: wave propagation velocities and Young’s moduli of 
7.86  ±  0.75 m/s and 216  ±  42 kPa (2-mm diameter vibrational con-
tact probe, 20 mN, frequency: 2–16 kHz) in [47]; 12.73  ±  1.46 m/s 
and 733  ±  164 kPa (air-pulse, pressure: ∼150 kPa, force: 1.73 mN) in 
[48]; and 2.4–4.2 m/s and 14.6–58.2 kPa (microliter air-pulse, 13 Pa) 
in [22], respectively. In the future, it will be necessary to standardize 
the stimulation profile to distinguish between healthy and diseased 
corneas, as the wave propagation speeds and the interpretation of 
Young’s modulus are both influenced by the stimulation approach. 

Fig. 10. Estimation of corneal biomechanics by combining an SS-OCT with a commercial air-puff device from a non-contact tonometer. (a) Schematic of the air-puff OCE. (b–e) 
Representative air-pulse-induced dynamics of the ocular components (i.e., cornea, lens, and retina) from the right eye of a 23-year-old subject. (b) M-mode scan during the air- 
puff cycle. (c) Temporal force and displacement profiles. (d) Corneal hysteresis loop. (e) Air puff-induced corneal deformation, speed, and acceleration. 
Reproduced from [164].
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Third, different analytical modeling may also result in different 
Young’s modulus estimation results. The shear wave model can be 
directly related to the shear or Young’s modulus and is widely ap-
plied by ultrasound- and MRI-based elastography in clinical appli-
cations such as diagnosing diseases of kidney and liver. However, the 
shear-wave model is insufficient to describe the biomechanical 
properties from the OCE observing mechanical wave propagation in 
the cornea due to the complicated layered geometry and boundary 
conditions of corneal tissue [282]. Moreover, the shear/Young’s 
moduli may be different under the same measured wave velocity, 
when the cornea is considered semi-infinite by the shear or surface 
acoustic model; a thin-plate, isotropic, and viscoelastic tissue by the 
Lamb wave model; or a thin-plate, transverse isotropic, and elastic 
tissue by the modified Lamb wave model [278]. A standardized 
analytical approach for mechanical wave propagation in the cornea 
is also required when attempting to apply wave-based OCE in clin-
ical applications.

5.3.3. Natural-frequency OCE
Natural frequency refers to the frequency at which the sample 

tends to oscillate when disturbed [280]. For decades, ultrasound- 
based vibrational spectroscopy has been used to evoke and measure 
the resonant frequencies of samples with known size and mass 
[283,284], but the detection resolution is still limited [285]. Phase- 
sensitive OCE approaches, with greater spatial and frequency re-
solutions, have been recently applied for vibrational or resonant 
response characterization by applying a variety of loading strategies, 
including an acoustic radiation force (ARF) ultrasound transducer 
[285], piezoelectric actuator [286] or mechanical wave driver [287], 
magnetomotive nanoparticle transducer [223,288,289], air pulse 
[49,244,245], and audio sound from a speaker [50,227]. These dy-
namic OCE methods have demonstrated enhanced frequency con-
trast in the cross-sectional as well as volumetric imaging at certain 
excitation frequencies [285–287,289], and high-resolution quantifi-
cation of resonant natural frequencies by providing a wide-spectrum 
frequency stimulation simultaneously [49,244,245] or by sweeping 
the driving frequencies in step [223,285,286,288,289]. Natural fre-
quency has been shown to be linearly correlated with the square 
root of Young’s modulus in a simple elastic model [223,244,285]. 
Spatially stimulated and measured natural frequency values can be 

used to recognize both the global and local features, including the 
locally variated mechanical properties of the heterogeneous sam-
ples [245].

Patient safety is a primary concern for clinical translation of the 
vibrational/natural frequency OCE technique. To avoid damaging the 
cornea or other ocular components, it is important to keep the force 
to a minimum value due to the resonance effect, which can induce 
relatively large corneal oscillations by relatively small forces. From 
the tempo-spatial characteristics point of view (Fig. 7b), the dynamic 
loading methods can be used to generate the corneal oscillation 
process. The spectroscopic method (i.e., using chirp signals that 
sweep the harmonic signals over a defined frequency range) can 
effectively evoke the oscillations in a specifical frequency range; 
however, this typically takes longer time and may cause discomfort 
or even harm during in vivo measurements of the human eye. In the 
tempo-frequency domain, a wider temporal stimulus duration re-
sults in narrower frequency bandwidth responses. In contrast, 
transient stimulation techniques (e.g., impulse indentation) can 
deliver broadband stimulation frequencies simultaneously, speeding 
up the data acquisition process while keeping patients at ease. In 
addition, non-contact, local stimulation methods are preferred for 
safety and high spatial resolution characterization of the corneal 
oscillation features.

In 2021, Lan et al. [49] proposed an air-pulse indentation OCE 
system (See Fig. 11a) for in vivo human corneal natural frequency 
quantification using a microliter air-pulse stimulator to provide low 
pressure (tens of Pa), transient, and broadband frequency excitation 
(∼0–1 kHz) with induced tissue damping oscillation magnitudes in 
the sub-micrometer to sub-nanometer range. Fig. 12a demonstrates 
the corneal deformation overlaid with the transient air pulse (up to 
20 Pa, offline calibrated using 40 times measurement) in a time 
series. The oscillation features (red window) were characterized 
using a free response of the SDOF method, as described in Eq. (17), 
Section 5.2.2. Fig. 12b shows the FFT result, where the dominant 
resonant frequency ( fd) was 254 Hz, and the dominant corneal nat-
ural frequency ( fn) was 255 Hz. The natural frequency distribution, 
as well as the means and standard deviations in the horizontal and 
vertical directions, for the right corneas of two human subjects are 
displayed in Fig. 12(c–f). Fig. 12e illustrates the local variation of 
natural frequencies between the red-dash circle (241  ±  6 Hz) and 
the yellow-dash circle (260  ±  8 Hz). Fig. 12g shows the comparison 

Fig. 11. In vivo corneal surface wave characterization using microliter common-path OCE. (a) The OCE system was combined with a fixation target and an iris camera to monitor 
the measured area, a microliter air-pulse stimulator (pressure: 13 Pa) was used to provide localized tissue excitation, and a common-path OCT was used to image the resulting 
mechanical waves and natural frequency oscillation behavior. SLD: 845 nm superluminescent laser diode, L1–L4: Lenses, DM1–2: Dichroic mirrors, SM1–2: Galvanometer 
scanning mirrors. (b–d) Corneal surface wave quantification. (b) Typical induced corneal displacement profiles that attenuate their magnitudes along the surface wave propa-
gation path. (c) Typical estimation of the wave speed using a linear-fitting method in the spatio-temporal domain. (d) and (e) show the correlation between the group velocity of 
the corneal surface wave with the intraocular pressure and central corneal thickness, respectively. 
Reproduced from [22].
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results using different protocols with different measurement areas 
(from 2.5 × 2.5 mm2 to 1 × 1 mm2), sampling points (from 26 × 11 
points to 3 × 3 points), and measurement times (from 28.6 s to 0.9 s). 
The natural frequencies ranged from 234 Hz to 277 Hz for the 20 
corneas, and no obvious differences were observed among these 
three protocols. By comparing the in vivo corneal measurement that 
utilized the same optical system (Fig. 11a), the average coefficient of 
variations (CVs) were 17.0% for corneal displacements (magnitude: 
0.2–0.8 µm) [212]), 19.3% for corneal surface wave speeds (2.4–4.2 m/ 
s for 18 eyes) [22], and only 3.2% for corneal natural frequencies 
(234–277 Hz for 20 eyes) [49]). Thereby, the OCE natural frequency 
measurements have much better repeatability and reproducibility.

In 2022, Crespo et al. [50] utilized an OCE system with a spec-
trum of audio sound frequencies (50–250 Hz with 10-Hz steps) to 
stimulate and measure the corneal resonant responses with mag-
nitudes in a millimeter scale. They observed five frequency peaks 
with the dominant frequencies as 148.7  ±  8.0 Hz (central cornea) 
and 147.2  ±  6.7 Hz (inferior cornea), respectively, from 32 eyes of 16 
healthy adult participants. By utilizing an empirical equation (cali-
brated from soft tissue OCE measurement and uniaxial tensile 
testing [51]), the natural frequency ( fn) can be related to Young’s 
modulus (E) as

=
× +

E
f

d

0.0651 233.16
,n

2

(18) 

where d is the thickness of soft tissue. Using this equation, Crespo 
et al.’s work derived the in vivo human corneal Young’s moduli as 
2.94  ±  0.40 MPa (central cornea) and 2.76  ±  0.28 MPa (inferior 
cornea) [50].

It is important to exercise caution when attempting to link the 
natural frequency to Young’s modulus using Eq. (18). While this is 
certainly an interesting concept, it should be noted that applying this 
first-order estimate to in vivo measurements of corneal bio-
mechanics or clinical research could yield misleading results. Factors 
such as variations in stimulation methods, corneal curvature, 
boundary conditions, and intraocular pressures have not been ad-
dressed in this equation, and this could significantly impact the 
accuracy of the results. Notably, the cornea is non-linearly viscoe-
lastic, and the Young’s modulus estimated using natural frequency 
measurement should increase with the strain (force) applied to the 
cornea. Applying Eq. (18) directly to the results obtained by Lan 
et al.’s work [49] can overestimate Young’s modulus by as much as 
approximately 7.60–10.46 MPa (natural frequency: 234–277 Hz) 
when assuming a central corneal thickness of 0.5 mm. The work of 
Lan et al. [49], which used microliter air-pulse (13 Pa) OCE to sti-
mulate sub-micrometer magnitude corneal displacements, should 
yield a much lower Young’s modulus value than the work (< 3 MPa) 
of Crespo et al. [50], which generated millimeter-scale corneal dis-
placements. However, results from these estimation methods dis-
agree and could be off by an order of magnitude or more. One 

Fig. 12. In vivo measurement of corneal natural frequency (NF) using a microliter air pulse OCE system (same as Fig. 11a) and the single degree of freedom (SDOF) modeling 
method (Section 5.2.2). (a) Typical profiles of air-pulse (20 Pa) and induced corneal displacement in a time series. The air pulse profile was calibrated as the means and standard 
deviations of 40 repeat measurements. The corneal damping oscillatory motion (in the red window) can be used for the SDOF analysis based on Eq. (7). (b) Fast Fourier transform 
for the corneal damping oscillations process. (c–f): Natural frequency (NF) characterization for ∼2.5 × 5 mm2 area (26 × 41 points; total time: 106.6 s) on the left and right corneas 
from two human subjects (air-pulse: 13 Pa). (g) Comparison of the NF (mean ±  SD) among three protocols with different measurement areas and time on 20 eyes from ten human 
subjects. 
Reproduced from [49].
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possible reason for this is that Eq. (18) was calibrated using macro- 
scale deformation OCE and tesile testing methods, whereas a micro- 
scale natural frequency empirical fitting equation should be speci-
fically derived for the microliter OCE system that accounts for 
Young’s modulus, natural frequency, and tissue thickness. In addi-
tion, natural frequency is comprehensively affected by many factors, 
not only Young’s modulus and thickness, but also the mass, geo-
metry, intraocular pressure, and, especially, tissue boundary condi-
tions. To better understand the limitations and potential clinical use 
of the natural frequency measurements, more in-depth studies (e.g., 
more advanced analytical methods and more complex finite element 
eye models) are required to investigate the relationship between 
corneal natural frequencies and other ocular structural parameters 
(e.g., corneal center thickness, intraocular pressure, and corneal to-
pography). Advancement in the analytical or finite element models 
can assist with understanding corneal biomechanics and improve 
the diagnosis of ocular diseases using the highly repeatable, re-
producible, and sub-micrometer natural frequency measurements. 
Furthermore, natural frequency could be another alternative and 
complementary metric for characterizing corneal properties in 
clinical translation of the in vivo corneal OCE technique without the 
necessity to convert to Young’s modulus. However, this remains to 
be investigated through further natural frequency OCE studies, as 
the current literature provides only a limited number of studies on 
this topic.

6. Summary and outlook

Reliable assessment of corneal biomechanics can aid the diag-
nosis, classification, and treatment of ocular disease; however, the in 
vivo measurement of corneal biomechanical properties remains an 
open challenge. As the filed has progressed, our understanding of 
corneal biomechanics specifically and soft tissue biomechanics more 
generally has improved. There is a need for additional technical in-
novations related to elasticity imaging methods, mechanical stimu-
lation methods, and the analytical models linking experimental 
observations to the underlying mechanical properties of interest. 
Current work on the cellular, molecular, and ultrastructural char-
acteristics of corneal tissue continue to advance our understanding 
of the biological factors that drive normal and pathological clinical 
observations. Quantitative elasticity mapping for ocular tissues has 
great potential to advance our understanding of numerous clinical 
conditions affecting the eye such as glaucoma, cataracts, myopia, 
keratoconus, refractive surgery, and more. Nevertheless, these cap-
abilities will have to address several challenges including the ability 
to quantify nonlinear viscoelasticity, complex boundary conditions, 
and soft tissue frequency dispersion characteristics just to name 
a few.

Current corneal biomechanics estimation methods were pri-
marily derived from three approaches: the applanation tonometer 
methods (ORA and Corvis ST); Brillouin microscopy; and elasto-
graphy methods, including OCE. The features and limitations of the 
existing methodologies are illustrated in Fig. 13 (Sections 4 and 5). 
Although significant progress has been achieved since 2005 when 
the in vivo measurement of human corneal biomechanical proper-
ties started [39], this work is still in an early stage. As a result, there 
are three pressing open questions that remain to be solved in the 
future based on the current state of in vivo biomechanics assessment 
techniques and the requirements for their clinical applications.

(1) How to perform a fast, non-invasive, reliable, and high- 
resolution corneal biomechanical examination? There is a 
growing appreciation for the need to identify regional/ spatial var-
iations in corneal mechanical characteristics for early-stage kerato-
conus diagnosis [117–119] when focal degenerations appear prior to 
clinical symptom caused by gross corneal deformations [166]. Be-
cause both ORA and Corvis ST measure tissue responses to global 

deformation forces, it is not possible to assess regional differences in 
tissue properties with these devices [163–165]. The current ultra-
sound- or magnetic-resonance-based elastographies also lack suffi-
cient spatial resolution [46,203]. Because the cornea is one of the 
most heavily innervated tissues, which is sensitive to stimulation 
forces used for elasticity characterization [25,26], non-contact, low- 
force stimulation is preferable for corneal elasticity estimation [236]. 
However, this presents significant challenges for the development of 
high-resolution imaging equipment required to image small ampli-
tude, high-speed phenomena associated with microscopic corneal 
deformations or elastic wave propagation. OCE is a promising solu-
tion to this challenge with flexible tissue stimulation options and 
high dynamic spatial and temporal resolution, but it requires further 
refinement for translation from a laboratory tool to a clinical device. 
Although Brillion microscopy does not require any external me-
chanical stimulation, it does require long duration imaging (e.g., 
4–8 min, 12 s per axial scan, 20–40 total axial scans [42]), which is 
prone to significant artifacts due to the patient’s eye movement [41]. 
Technical advances are required to address this as well as the ana-
lytical models used to link Brillloun scattering to tissue mechanical 
properties. Developing devices capable of accounting for individual 
variations in corneal structure and regional variations in bio-
mechanical properties is a long-standing clinical need [11] that has 
yet to be satisfied.

(2) How to identify the most relevant biomarker(s) to guide 
optimal clinical decision-making? The cornea is well known for its 
nonlinear and complex viscoelasticity. The estimates of Young’s 
modulus range from ∼kPa to tens of MPa using existing devices and 
methods (Fig. 3). This wide estimation range is due to the different 
techniques and conditions under which the cornea has been studied 
(ex vivo versus in vivo; non-destructive versus destructive; dehy-
dration states; the difference in amplitude or rate of the applied 
force). In this context, it is understandable that a simple/linear 
parameter to represent the complex nonlinear viscoelasticity of the 
cornea is unsatisfactory [53]. However, this has not prevented sci-
entists and clinicians from attempting to find other useful bio-
markers in the clinic to differentiate between diseased and healthy 
corneas. Many metrics have been observed or estimated in various 
devices to characterize corneal biomechanics, but none of the cur-
rent metrics has been shown to be a reliable biomarker (or gold 
standard) for disease identification or therapy evaluation. ORA and 
the Corvis ST evaluate corneal biomechanics based on the global 
corneal deformation response to an air puff. CH and CRF from ORA 
measurement have been widely used in the eye clinic to explore 
ocular biomechanics in keratoconus and glaucoma, but as they are 
co-determined by many factors, such as corneal thickness, elasticity, 
viscosity, IOP, and hydration, they often result in conflicting findings 
[53]. The longitudinal modulus (∼GPa) estimated from the Brillouin 
microscope is independent of Young’s modulus, whereas the latter 
can better represent the elasticity or stiffness that a clinician can feel 
by palpating the tissue [181]. Wave-based elastographies char-
acterize Young’s modulus from the group or phase velocity of me-
chanical waves in the cornea using a particular analytical model 
(e.g., shear wave [290,291], Lamb wave [292,293], etc.) The wave 
velocity is not only dependent upon corneal biomechanical proper-
ties but is also determined by the amplitude, rate, and the frequency 
of the applied mechanical stimulation force. Different research 
groups utilize various stimulation techniques and analytical models 
for wave-tracking and Young’s modulus estimation. The absence of a 
common approach yields a range of estimates for Young’s modulus 
across different elastography modalities and publications 
[22,44,45,47,48,107]. Natural frequency could be another alternative 
and complementary metric for characterizing corneal properties 
[49–51,108]. However, natural frequencies are determined not only 
by elasticity but also by other parameters, including boundary con-
ditions, IOP, corneal thickness, and topography. The challenge of 
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interpreting natural frequency responses has not been solved yet. 
The decay coefficient of the propagating wave magnitudes [294], the 
relaxation rate of the displacements [295], the whole corneal hys-
teresis loop [85,164], and the damping ratio of the resonant mag-
nitudes [244] have also been proposed as metrics to characterize 
corneal viscosity, although these are recent metrics that are not 
currently widely accepted. As investigations into these imaging, 
measurement, and analytical methods continues, collaboration with 
clinicians will be necessary to further refine and inform researchers 
seeking clinically useful approaches to quantifying soft tissue bio-
mechanical properties.

(3) How to advance the analytical and finite element models 
that can best represent the pathological progression and clinical 
invention? Scientists, engineers, and doctors are working in parallel 
on two fronts for a better understanding and treatment of ocular 
diseases. First, by looking for a simple and representative metric for 
clinical use and second, by attempting to construct comprehensive 
analytical or finite element models that incorporate corneal 
anatomy, IOP, biomechanical properties, pathological changes, and 
clinical inventions such as surgical processes. Analytical models ty-
pically employ simplified geometry and boundary conditions, as well 
as linear approximations of the corneal nonlinear behavior in re-
sponse to the applied force. Taking wave-based elastography as an 
example, even if the measured group or phase velocities are the 
same, the shear/Young’s moduli would be different when the cornea 
is considered semi-infinite by the shear or surface acoustic model; a 

thin-plate, isotropic, and viscoelastic tissue by the Lamb wave 
model; or a thin-plate, transverse isotropic, and elastic tissue by the 
modified Lamb wave model [278,296]. The finite element (FE) model 
of the corneal mechanical response also has a wide range of com-
plexity, from one simple layer structure to complicated models that 
even account for the fiber organization of the stroma. Thus, balan-
cing the complexity is another challenge, which may also depend on 
the application, yet a well-accepted standard for a certain applica-
tion is very beneficial. The lack of reliability of current FE models is 
also compounded by the difficulties in precisely measuring the 
corneal biomechanics in the macro-, micro-, or cellar-scales. The 
dynamic stimulation methods with various spatial, temporal, and 
frequency features often result in different dynamic responses of the 
cornea, which may require more specific analytical or FE models to 
decipher the dynamic process and their related corneal biomecha-
nical properties. Another challenge related to reconstruction of 
corneal biomechanical properties from dynamic tissue responses is 
isolating the influence of IOP and corneal structure (including tissue 
boundaries). However, such reconstruction demands pose a non-
trivial inverse problem because many factors, such as boundary 
conditions and applied stress field, are unknown or difficult to de-
termine [195].

In summary, a rapid expansion of knowledge regarding the cor-
neal structure and biomechanical properties has been achieved in 
recent decades. In part this is due to valuable interdisciplinary col-
laborations between investigators in optical engineering, analytical 

Fig. 13. Summary of the requirements and the present status for developing in vivo corneal biomechanical measurement methods, and the open questions for improving existing 
methods or creating new methods for effective clinical applications.

G. Lan, M.D. Twa, C. Song et al. Computational and Structural Biotechnology Journal 21 (2023) 2664–2687

2681



biomechanical modeling, and clinical research. These collaborations 
have led to innovations and new discoveries in testing methods (ex 
vivo, and recently, in vivo) across multi-spatial scales and stress/ 
strain regions. High-resolution imaging technologies, new bio-
mechanical metrics derived from more detailed analysis of the 
mechanical response, and the capability to analyze the corneal 
mechanical response in multiple temporal-spatial scales are all 
promising developments that add complementary information to 
our expanding knowledge of corneal biomechanics. These advances 
have further potential to broaden our understanding of corneal 
biomechanical properties and provide insights on how best to apply 
this knowledge for the detection and management of ocular diseases 
and to enhance the safety and efficacy of future clinical practice.
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