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A B S T R A C T

Significance: The biomechanical properties of the cornea are important for vision and ocular health. Optical 
coherence elastography (OCE) has the potential to improve our capacity to measure these properties.
Aim: This study tested a static compression OCE method utilising a commercially available optical coherence 
tomography (OCT) device, to estimate the Young’s modulus of ex-vivo porcine corneal tissue.
Approach: OCT was used to image corneal tissue samples before and during loading by static compression. The 
compressive force was measured with a piezoresistive force sensor, and tissue deformation was quantified 
through automated image analysis. Ten ex-vivo porcine corneas were assessed and the corneal thickness was also 
measured to assess the impact of corneal swelling.
Results: An average (standard deviation) Young’s modulus of 0.271 (+/- 0.091) MPa was determined across the 
10 corneas assessed. There was a mean decrease of 1.78 % in corneal thickness at the end of the compression 
series. These results showed that there was a moderate association between corneal thickness and the Young’s 
modulus recording (R2 

= 0.274).
Conclusions: Optical coherence elastography utilising clinical instrumentation, can reliably characterise the 
mechanical properties of the cornea. These results support the further investigation of the technique for in-vivo 
measurement of the mechanical properties of the human cornea.

1. Introduction

The field of ocular biomechanics is undergoing rapid and continuous 
development, especially with advances in medical imaging technologies 
that are able to describe the biomechanical properties of a range of 
ocular tissues [1–4]. Despite the advancements in the field, the me
chanical properties of the cornea are still not fully understood or easily 
characterized for several reasons including: the complex nature of this 
layered structure, the number of factors that can affect the measurement 
(i.e. intraocular pressure and tissue thickness), and the added challenge 
associated with imaging transparent tissue [2,5]. Corneal diseases, such 
as keratoconus, which have a significant impact on vision and quality of 
life, are strongly linked to changes in the mechanical properties of the 
corneal tissue [2,5]. Therefore, the development of methods to 

characterize tissue mechanical properties are important for the 
ophthalmic field.

Fluid filled tissues exhibit two sets of mechanical properties: elastic 
and viscous, which is typically known as viscoelastic behaviour. These 
properties determine how the tissue responds to a particular load or 
deformation. The Young’s modulus, which is a fundamental measure
ment to characterize the mechanical properties of a material, measures 
the ratio of stress to strain, or in other words, how much the material has 
deformed under an applied load. This metric assumes a linear rela
tionship between stress and strain. However, for biological materials, a 
linear or non-linear viscoelastic response may be observed, so care 
should be exercised [6,7]. For a static load, like the one applied in static 
compression optical coherence elastography (OCE), the impact of the 
non-linear response will be diminished due to the low strain rates and 
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previous reporting of linearity in corneas. A study by Kling et al. [8]
demonstrated that the stress/strain relationship of human corneas was 
linear for a low level of stress (4 kPa) using a quasi-static loading 
method. Interestingly, porcine corneal tissue has been shown to have a 
more linear response to loading than that of human corneal tissue [5,6].

To date, a number of studies have been proposed on the application 
of OCE for measurement of ocular biomechanics. In order to stimulate 
the tissue, non-contact methods such as air-puff have been applied to 
deform the tissue and measure the mechanical properties (response) of 
the cornea. This involves tracking the movement caused by the air-puff 
between sequential images and relating these tissue changes or wave 
propagation to the mechanical properties of the underlying tissue 
[9–11]. Wang and Larin [12] investigated the use of air-puff OCT to 
generate shear waves in tissue mimicking agar phantoms and ex-vivo 
rabbit corneas. Dorronsoro et al. [13] used an air stream to deform 
the cornea and imaged the displacement through a spectral OCT. Other 
non-contact methods that have been used include an ultrasound air 
coupled approach that generates a displacement through excitation 
waves [14], an acoustic approach to generate displacement [15], and an 
ambient pressure modulation to create a displacement that can be 
imaged via OCT [16]. Similar to early applanation tonometry methods, 
several contact OCE methods have also been applied to the eye. Ford 
et al. [17] employed a gonioscopy lens to mechanically load a fixed, 
pressurised ex-vivo globe whilst being imaged by a custom Fourier 
domain optical coherence tomography (OCT) instrument. Ramier et al. 
[18] used a contact based piezoelectric transducer to propagate surface 
acoustic waves in ex-vivo porcine corneas. The movement was tracked 
by a custom-built OCT system and the displacement was analysed by 
separating the frequencies of the waves using a Fourier transform. 
Ramier et al. [19] further investigated this application to in-vivo human 
corneas to measure the shear modulus. De Stefano et al. [20] used a 
static compression method to investigate depth dependant characteris
tics of the cornea in patients with and without keratoconus, using a 
custom-built OCT instrument. The instrument had a lens attached to a 
translation stage with an in-built force sensor to track the applanation 
force. Using this setup, the relationship between displacement and load 
were measured, showing that there was more deformation with the same 
load in keratoconus patients compared to normal corneas. This study is 
one of the first to apply contact OCE methods with in-vivo corneal tissue.

While a number of studies in the field to date have demonstrated the 
potential of OCE methodologies to extract the mechanical properties of 
materials [21,22] and corneal tissue [8,18,20,23], it is worth noting that 
although most studies explore the stress/strain relation of tissue, the 
majority of previous studies have not characterised the Young’s modulus 
metric. In some instances, this is because the technique may not be 
compatible with this metric, while in others, the authors have not 
considered this approach. It should be noted that several of the previous 
studies cited used custom-built OCT devices which may be challenging 
to implement into a clinical setting due to the need for non-commercial 
instruments. The application of OCE imaging to corneal tissue is in its 
infancy and further development is needed to enable the application of 
this technique in a clinical setting in the future. This study aimed to 
develop a static compression OCE method utilising a commercially 
available OCT device, to estimate the Young’s modulus of ex-vivo 
corneal tissue. To ensure that the method was suitable for a full and 
rapid clinical translation, the method was required to be undertaken 
with little to no modifications or custom-built equipment and the 
analysis method to be rudimentary to be achieved via hand calculations.

2. Materials and methods

2.1. Theoretical principles

The study builds upon the OCE experimental setup presented in [21], 
which was designed to test mechanical properties of contact lens ma
terials. In the current study, the methodology is adapted to assess ex- 

vivo corneal tissue, which was uniaxially compressed via a glass plate 
and imaged before and during loading, generating a tissue deformation 
that is assumed to be uniaxial in nature. It should be noted that the first 
image of the sequence (the “before loading”) was captured with a small 
pre-load of approximately 1 % strain, determined by using an electronic 
force sensor. This pre-load is required to remove any surface anomalies 
that could cause inaccuracies while analysing the data. A similar pre- 
load condition was applied in [22], demonstrating good performance 
to measure contact lens mechanical properties. Other studies have also 
used a pre-load approach in their imaging protocols [24,25].

The OCE method utilises a commercially available clinical spectral 
domain OCT (Heidelberg Spectralis, Heidelberg Engineering GmbH, 
Germany) to capture high resolution image of the tissue during pre-load 
and compression. The OCT uses a super luminescent diode (SLD) oper
ating at a central wavelength of 870 nm and has an optical resolution of 
7 µm (axial) and 30 µm (lateral). The axial range of the OCT is 1.9 mm 
(in tissue). A semi-automated, boundary segmentation method, is then 
used to track the change in thickness between the initial pre-loaded and 
the compressed images. To calculate the Young’s modulus of the cornea, 
the stress and strain of the tissue needs to be determined. The Young’s 
modulus (E, in MPa) of the material is derived as the ratio between the 
stress (σ, in MPa) and the strain (ε, unitless) values using (Eq. (1)) 
(assuming uniaxial compression). 

E = σ/ε (1) 

In this study, the strain can be estimated by measuring the cornea 
boundaries before and during compression using the corresponding OCT 
images and the calculation given by (Eq. (2)): 

ε = (Lo-Ln)/Lo (2) 

Where, Lo is the ‘original’ thickness of the contact lens before 
compression and Ln is the ‘new’ thickness of the contact lens during 
compression, both in µm. Finally, the stress value is estimated from the 
force (F) that the cornea is under during compression and the 
compression area (A) using (Eq. (3)): 

σ = F/A (3) 

where, F is the force in Newtons (N) and A represents the cross-sectional 
area in m2 measured by imaging the surface of the corneal tissue using 
the en-face scanning laser ophthalmoscope (SLO) image (instrument’s 
front on image) to extract the radius. See [21,22] for further information 
on the theoretical principles behind the technique.

There are several assumptions and limitations of the current method. 
The corneal tissue is assumed to be a homogeneous material [7,26]. 
Whilst the structure of the cornea is not uniform, with the current image 
analysis method, the stress that different layers experience during 
compression cannot be examined. As a result, the measurement 
extracted from this method represents a global metric of the entire tissue 
cross-section. Additionally, due to the properties of the cornea, it can 
exhibit non-linear behaviour and may not produce a linear stress/strain 
relationship [7,26]. Given the ‘static’ nature of the method, where the 
measurements cannot be captured instantaneously or continuously, this 
viscoelastic behaviour is assumed to be negligible for the current study. 
Thus, it is assumed that given the time gap between loading and the 
measurement, the cornea has reached an equilibrium state, in which any 
time-related variations of the loading had dissipated.

2.2. Instrumental setup

The instrumental setup consists of two sides, the imaging side, and 
the sample side. The setup is consistent with that reported in previous 
studies The corneal tissue was imaged using a volumetric scanning 
protocol (approximately 8.325 mm horizontal and 6.39 mm vertical). 
The protocol captured 21 individual B-scans orthogonal to the incident 
beam that contained 768 A-scans each, with each B-scan 277 µm apart 
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vertically and 8.325 mm scanned horizontally. The OCT images have an 
axial resolution of 3.87 µm and a transverse resolution of 10.8 µm. After 
the pre-load images were acquired, the corneas were compressed until 
the force sensor recorded a value that corresponded to a strain rate of 
between 7–13 %. This range was based on previous results with the 
method for a material that recorded a Young’s modulus of 0.2 MPa with 
a 50 % water content. This approach was trialled during pilot studies 
and showed that it was a consistent force (0.2 N) to compress the lens to 
achieve a strain rate of 7–13 %. The variation in strain was due to the 
variance in the output voltage recorded by the force sensor and the 
supply voltage. All corneas were imaged using this force, both inter- 
trials and intra-trials. The assumption of linearity has been demon
strated in previous studies over this range of strain [4]. These calcula
tions were informed by previous studies that found the Young’s modulus 
was approximately 0.2 MPa for porcine corneal tissue [27]. Each of the 
corneas were imaged three times, using the above protocol. The corneas 
were compressed for a period of approximately 30 s for imaging during 
each of the three trials. For each cornea, the whole imaging process took 
about 5 min.

2.3. Image analysis

Once the images were captured, they were exported from the OCT for 
analysis. The first step in the analysis was a visual review of the data to 
ensure that the boundaries were visible, and the images were free of 
artifacts that would prevent their processing. After which, the posterior 
and anterior boundaries of the corneal tissue were extracted. A number 
of the pre-load images did not have a visible posterior boundary as the 
corneal thickness was close to the axial imaging depth of the OCT in
strument. However, since the width of the B-scans was wider than the 
imaged tissue sample, the back surface of the sample mount was always 
visible on either side of the tissue, even if the posterior boundary of the 
tissue was not visible. This optical distortion in the OCT image arises 
from the refractive index of the corneal tissue [28]. It causes the portion 
of the sample mount separated from the compression plate by air (n = 1) 
to appear optically closer to the compression plate than the portion of 
the sample mount separated from the compression plate by corneal 
tissue (n = 1.376) (Fig. 1). Taking advantage of this optical distortion, it 
was possible to estimate where the posterior surface of the cornea is 
located, even if the posterior boundary was not visible. Thus, to estimate 
the posterior boundary of the cornea, manual segmentation of this 
boundary was undertaken using the artefacts caused by the air gap as 
shown in Fig. 1, and then adjusting for the corneal refractive index to 
determine the true boundary position. To visualize the effect of the 
optical distortion, Fig. 1 shows a B-scan with the posterior boundary 
corrected for the corneal refractive index and compares this to the 
manually segmented line using the back surface of the sample mount as 
a reference. The lengths of both lines are matched to the anterior sur
face, which was segmented using a semi-automatic approach. For each 
volumetric scan, all 21B-scans were segmented, including the anterior 
and posterior corneal boundaries and the manual selection of the lateral 
locations of the sample mount (points A and B in Fig. 1) and generating a 
line between these two points. The semi-automatic approach for the 
anterior boundary required the two lateral sides of the compression 
plate to be defined though a manual selection and used a graph-search 
method to segment the images based on the boundary reflectivity 
[21,22,29,30]. There were several B-scans per trial that were excluded 
from analyses, due to the cornea not being present in that region of the 
volume scan. These typically occurred for the top or bottom B-scans of 
the volume scan.

Once the segmentation was completed, there were several parame
ters and metrics that were extracted. The axial thickness of both the pre- 
load and compressed volumetric scans were calculated and plotted as 
corneal thickness maps, as seen in Fig. 2(a) & (b). The thickness of the 
cornea was extracted in both pre-loaded and compressive states. The 
strain was calculated, using the change in thickness between the pre- 

load and compression images. This strain was then plotted as a map as 
seen in Fig. 2(c). As the stress was determined from the force and the 
area, this was then applied to the strain and used to generate a Young’s 
modulus map (Fig. 2(d)). The small variations in thickness maps and 
associated strain and Young’s modulus maps that can be seen in Fig. 2 is 
due to the finite ability of the semi-automated analysis procedure to 
produce a segmentation line that will ‘snap’ to the top of each pixel. This 
small variation in the segmentation line, which typically are only a few 
pixels, cause a small difference in thickness, and subsequent metrics 
(strain and Young’s modulus).

To characterise the tissue, two metrics were extracted from the data: 
the Young’s modulus and strain values which were calculated using Eq. 
(1) and Eq. (2) respectively. These were determined using the mean 
value of the strain and median value of the Young’s modulus maps. To 
determine the mean for the strain and Young’s modulus maps, each of 
the extracted data points from the comparisons between the pre-load 
thickness and the compression map were averaged across the entire 
map. These two descriptive statistics were chosen since they were found 
to be the most accurate and repeatable in a previous study using similar 
methods [21,31]. The method in [21] was modified, in which a Young’s 
modulus point (location) was manually selected using the maximum 
thickness in the pre-load image as the point of comparison. In this study, 
an average across the region was chosen which also removes any bias in 
the selection process and aligns more closely with the assumption that 
the material is homogenous.

2.4. Materials

Due to the difficulty of accessing human donor tissue, ex-vivo porcine 
eyes were used in this study. Porcine corneas have a similar anatomy to 
human eyes, with a collagenous stroma making up the bulk of the tissue 
and a reported thickness of ~ 850 µm [32], and have been used in 
several previous corneal biomechanical studies [33–35]. Ten porcine 

Fig. 1. Cross-sectional B-scan of the compressed cornea under OCT imaging 
showing the sample mount and compression plate (scale – 200 µm axial, 500 µm 
lateral). The pink line (1) represents the anterior surface of the cornea that was 
segmented using a semi-automatic boundary method. The blue line (2) repre
sents the posterior surface of the cornea, which was segmented using a semi- 
automatic method. The cyan line (3) is the blue line corrected for the corneal 
refractive index (n = 1.376). The dashed red line (4) is the manually segmented 
posterior surface that is determined by fitting a line between the location of the 
sample mount on either side of the corneal tissue (point A & B) that are 
separated from the compression plate by air (n = 1). The red line has been 
shortened to the same length as the anterior surface. The location of the cyan 
line and red line match well. The artifact shown in this image is the ‘mirror- 
image’ of the compression plate, which occurs as part of the Fourier transform 
in OCT imaging.
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globes (age ~ three months) were collected from a local abattoir, with 
enucleation happening immediately post-mortem. Due to the eyes being 
collected from an abattoir, a notification of the intended use of the tissue 
was approved by the QUT research ethics committee. Initially, the cor
neas were dissected from the globe using a scalpel and scissors. A small 
scleral ring was left attached to the tissue, in order to limit the amount of 
fluid that could be absorbed by the cornea. When the cornea was ready 
to be imaged, a central disc was extracted using a 6 mm biopsy punch 
(KAI Group, Tokyo, Japan). The globes were stored in a 7.4 pH phos
phate buffered saline solution at approximately 5◦ Celsius. The corneas 
were dissected and tested between 8–10 h post mortem, which is a time 
interval also used in other porcine ocular tissue studies [36–38]. To 
investigate the possible swelling of the corneal tissue after death, a 
baseline central corneal thickness (CCT) measurement was taken at the 
abattoir facility using a cornea-gage ultrasound pachymeter (Sonogage, 
Cleveland, Ohio), which employs a 50Mhz measurement frequency and 
assumes a speed of sound in corneal tissue of 1636 m/s. Five thickness 
measurements were taken of the central cornea for each of the globes 
and their average was calculated. They were repeated by touching the 
probe (held perpendicular to the cornea) to the central cornea until a 
measurement was recorded by the instrument and repeated in the same 
location four more times. Given the manual nature of the measurements, 
it was possible that there might be human error which is why there was a 
higher frequency of measurements and the average taken. Each cornea 
remained in air (out of the saline solution) for the duration of the OCE 
imaging sequence, which was approximately 3 min. The experiment was 
conducted in the same room, where the temperature and humidity were 
controlled. The average (SD) temperature and humidity in the mea
surement room during testing of the tissue were 23 (1) ◦ Celsius and 53 
(5) % respectively.

3. Results

This study focused on assessing the use of static compression OCE to 
measure the Young’s modulus of the ex-vivo porcine cornea. Table 1
provides a summary of the structural metrics for each of the individual 
samples. To assess the structural change in tissue, three metrics are re
ported; the average central corneal thickness (CCT) recorded at the 
abattoir facility using the ultrasound probe, the average corneal thick
ness (CT) of the pre-load image captured with the OCT, and the change 
in thickness (ΔT) between these two metrics (with a positive ΔT value 
indicating a swelling of the cornea). The CT measurements were cor
rected for corneal refractive index before comparison to ensure an ac
curate thickness was recorded. Overall, a tissue thickening (swelling) 
can be observed between the measure taken at the abattoir and the first 
OCE recording, with an average increase in thickness of 0.19 mm, which 
corresponds to about 20 % of the initial average thickness. This indicates 
that the corneas swelled during transport and dissection. Care should be 

Fig. 2. Example of thickness, strain and Young’s modulus maps for an ex-vivo porcine cornea recording showing the pre-load: (a) and compressed; (b) corneal 
thickness maps, the associated strain; (c) and the Young’s modulus; (d) maps of the cornea. The width of the compression thickness map (a vs. b) changes as the force 
of the compression pushed the tissue sample resulting in a wider and thinner corneal sample.

Table 1 
Corneal metrics including CCT, CT, CT2 and change in thickness (ΔT) between 
CCT and CT.

Cornea CCT (mm) CT (mm) CT2 (mm) ΔT (mm)

1 1.125 1.328 1.151 0.203
2 0.976 1.363 1.153 0.387
3 0.811 1.316 1.073 0.505
4 0.945 1.169 1.073 0.224
5 1.093 1.164 1.136 0.071
6 1.089 1.041 0.986 − 0.048
7 n.r. 1.149 1.071 −

8 0.965 1.014 0.908 0.049
9 0.874 1.146 1.038 0.272
10 1.044 1.100 0.987 0.056

Average 0.991 1.179 1.058 0.191
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exercised while assessing this change, since the two instruments are 
based on different principles (a study by Cheong et al. [39] reported a 
difference of only a few µm between a Spectralis OCT and an ultrasound 
pachymetry instrument) and the CT may not represent the true thickness 
as the tissue is under a pre-load. Therefore, the results may potentially 
be under-reporting the degree of swelling. Despite these limitations, 
under the current tissue preparation protocol the sample experienced 
some swelling prior to the imaging process, which may impact the 
measurements.

CCT is the average of the 5 measurements taken at the abattoir fa
cility using the Ultrasound probe. CT is the average initial pre-load 
thickness measured by the OCT approximately 8 h after harvesting. 
CT2 is the thickness of the cornea under compression during the first 
trial. ΔT is the change in thickness between CCT and CT. ‘n.r.’ indicates a 
not recorded value due to the instrument not recognising the thickness. 
‘–’ indicates not able to be determined.

To understand any potential structural changes in the tissue between 
OCE trials, the average first and last thickness values captured with the 
OCT instrument whilst under full compression were plotted (Fig. 3). For 
this figure, the compression thicknesses (CT2) were reported as opposed 
to the pre-load values, this was selected since the compressed cornea 

was subjected to the same load and it should provide a more stand
ardised assessment.

As seen in Fig. 3, most of the corneas present a similar gradient of 
change, which indicates that the thickness needed to achieve the same 
level of force decreased between the initial and the final (third) OCE 
trial. This decrease in thickness can be observed in all but one of the 
corneas (cornea 8). Similarly, when investigating the Young’s modulus 
between the initial and final trials, a positive trend is observed for most 
of the corneas, where the final Young’s modulus value is larger than the 
initial. An analysis of covariance was conducted to examine the rela
tionship between the change in Young’s modulus and the change in 
corneal thickness, using the methods of [40]. This analysis showed a 
moderate but significant association between the change in the two 
parameters (p = 0.015, R2 = 0.274), indicating that a reduction in 
corneal thickness is associated with a significant increase in Young’s 
Modulus (β = -0.0008). It is likely that fluid within the corneal tissue, is 
being pushed out of the cornea during the static compression, and that 
this causes the observed thickness change. As water is an incompressible 
fluid [41], it gets pushed out of the corneal tissue during loading, 
reducing the thickness over the multiple trials. As the thickness 
decreased for the majority of corneas by a similar magnitude it suggests 

Fig. 3. Corneal thickness during compression for the initial and final trials (top). Young’s modulus for the initial and final trials (bottom).
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that approximately the same ratio of water was being pushed out. All 
corneas (apart from 8 & 10) experienced a reduction of thickness (as 
percentage difference) between 2.73 to 8.53 % when compared to their 
initial pre-load thickness (CT). The mean (SD) of the reduction in 
thickness was 6.87 (1.78) %.

After comparing the cornea means against the population mean 
using a one-sample t-test, it was determined that nine out of ten of the 
corneas were not statistically significantly different (p > 0.05) when 
comparing the Young’s modulus values (only cornea # 4 was statisti
cally different). While assessing the change in the Young’s modulus 
between the repeated OCE trials on each cornea, on average a Young’s 
modulus change of 0.029 MPa was observed between the trial. This 
reflects a positive increase between trial 1 and 3 which accounts for 
10.88 % of the average Young’s modulus. This large variance in the 
Young’s modulus is likely linked to the previously mentioned tissue 
thickness changes between trials. The within population and within eye 
standard deviation were comparable to each other with only a difference 
of 0.027 MPa. The coefficient of repeatability showed that there were 
some variations between the different corneas ranging from 0.057 to 
0.501 MPa. This variation is most likely due to the differences in the 
corneal properties between different porcine specimens. The overall 
COR was within the range of that shown by this method previously and 
shows a good trend that continues to support the validity of this method 
with viscoelastic tissue (Table 2).

Fig. 4 shows the relationship between the Young’s modulus and the 
strain of each individual trial. The result suggests that there must be a 
change in the perceived mechanical properties between each trial. 
However, the graph shows that as the strain decreases the Young’s 
modulus increases. Since the applied compressive force is kept constant 
between each trial based upon the force sensor recording, the result 
suggests that there must be a change in the measured mechanical 
properties between each trial. This could be related to the stress distri
bution given the change in thickness or it may be linked to the fluid 
content change between the trials, that is altering the tissue’s measured 
mechanical properties We hypothesise that the compression is moving 
fluid out of the cornea and as more fluid is removed, more corneal cells 
are being compressed leading to a lower strain and a higher Young’s 
modulus. A similar outcome has been reported by another study [27], in 
which a compressive test was applied to investigate the thickness of 
porcine corneas against the Young’s modulus. A comparable effect was 
observed in this study, as the thicker the material increased due to 
swelling, the tissue exhibited a lower modulus. Whilst this phenomenon 
was noted during this study due the corneal buttons being dissected, this 
is unlikely to impact future in-vivo testing, since compression of the in- 
vivo cornea should not impact its water content.

4. Discussion

Direct comparisons between the Young’s modulus values obtained 
from this compression OCE method to those from previous studies are 

difficult given the large differences in the experimental protocols, 
sample preparation and instrumentation used across the previous 
studies. However, to put our findings into perspective, a range of 
Young’s modulus values reported in other studies were compared with 
the current results, while highlighting the key difference between 
studies (Table 3).

A study by Hatami-Marbini et al. [27] showed that the Young’s 
modulus of excised porcine corneas ranged between 0.1 MPa and 0.5 
MPa using a compressive shear test. These results exhibited varying 
thicknesses due to corneal swelling. Elsheikh et al. [37] used tensile 
testing to investigate the Young’s modulus of porcine corneal strips. For 
a stress of 0.01 MPa, which was on average 5 % of the stress in this study, 
the Young’s modulus of the tissue was 0.343 MPa. The corneal strips 
were immersed in fluid and the average thickness of the strips measured 
before dissection was 0.955 mm. Zhou et al. [45] used ultrasound im
aging and vibrational loading to measure the modulus of elasticity in 
porcine globes that were maintained at a constant IOP using an infusion 
pump. The study showed that the Young’s modulus of the cornea was 
0.265 MPa. Whilst the studies presented each used different methods 
and applied different types and magnitudes of loading, the range of 
reported Young’s modulus values (0.1 to 0.5 MPa) are in the same range 
as those determined from the current study (0.17 to 0.47 MPa).

As previously discussed, there are several limitations regarding the 
method and the materials tested that should be considered, especially 
with regards to the biological tissue. As the stress is assumed to be the 
same throughout the tissue, the reported values will not accurately 
represent the true stress across the tissue cross-section or its multiple 
layers. Additionally, due to the arrangement of the stromal fibrils, the 
cornea exhibits anisotropic properties, meaning that corneas will have a 
different Young’s modulus in the longitudinal and axial directions. As 
such, only a compressive load can be used as a comparison. Currently, 
these is no way (apart from ex-vivo destructive testing) that allows for 
tensile testing in-vivo [46]. Finally, as the cornea exhibits non-linear 
viscoelastic properties, it is assumed that their properties do not 
impact the region of strain that is being measured.

Table 2 
Average Young’s modulus of each cornea tested with population average (SD) 
extracted from the 3 trials for each cornea, within corneal standard deviation 
(Sw) and coefficient of repeatability (COR).

Cornea Young’s modulus (SD) (MPa) Sw (MPa) COR (MPa)

1 0.262 (0.105) 0.085 0.237
2 0.261 (0.041) 0.033 0.092
3 0.177 (0.065) 0.053 0.146
4 0.163 (0.026) 0.021 0.057
5 0.479 (0.125) 0.102 0.283
6 0.393 (0.086) 0.181 0.501
7 0.245 (0.049) 0.040 0.112
8 0.233 (0.032) 0.026 0.072
9 0.265 (0.158) 0.129 0.360
10 0.225 (0.029) 0.023 0.064

Average 0.271 (0.091) 0.118 0.329

Fig. 4. Corneal Young’s modulus as a function of strain for all 30 trials.

Table 3 
Young’s modulus of porcine corneas from various studies.

Mode of testing Young’s modulus (MPa)

Compressive shear [27] 0.1 – 0.5
Tensile [37] 0.343 (0.064)

Vibrational [42] 0.265
Air puff with finite element analysis [43] 0.687

Inflation [44] 1.11
Current study 0.271 (0.091)
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While the recorded tissue thickness changes (swelling prior to OCT 
data collection ~ 20 % and thinning during the OCT trials ~ 14 %) are 
likely to affect the mechanical properties of the tissue, the calculated 
values are comparable to those reported in the literature. Future ex
periments utilising measures on an intact globe are likely to reduce some 
of these unwanted structural changes. Another limitation is the inability 
to compare the metric with other elastography techniques on the same 
sample. Given the invasive and destructive nature of most elastography 
methods, this was not viable for this experiment.

As the current results showed that the average Young’s modulus was 
within the values reported by other studies (for both compression and 
tension), the method was deemed viable to estimate the Young’s 
modulus of corneal buttons of porcine tissue. Changes in tissue thickness 
and structural integrity (e.g., fluid content) are likely to influence the 
mechanical behaviour of the excised sample. Given the simple nature of 
this method, validation of animal tissue was an important step in 
showing that this approach can accurately measure the mechanical 
properties of a biological material that is viscoelastic. The results vali
dated the assumption that ex-vivo porcine cornea is homogenous in 
nature and there is little variation within the microstructure. The con
tact OCE method described in this work could have significant advan
tages over some non-contact methods. The ability to control the loading 
methods manually can result in reduced artifacts and noise. The contact 
nature of the method also allows for individual calibration and stand
ardisation due to the force application and would allow for a more 
standardised parameter to be measured across different studies but may 
be more invasive than non-contact methods. Future studies could 
investigate the use of optical palpation [22]. This would eliminate the 
need for an electronic force sensor to measure the stress of the loading to 
advance the method towards possible in-vivo applications, since an 
electronic force sensor cannot be easily implemented into an in-vivo 
method.
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