
Optics and Lasers in Engineering 172 (2024) 107881

Available online 7 October 2023
0143-8166/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

OCT-based dynamic mechanical analysis of vitreous humour 
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A B S T R A C T   

The vitreous humour plays an important role in shock absorption, i.e. the damping of the mechanical movement, 
to protect the delicate tissues within the eye. However, this damping is different for movements with different 
frequencies/velocities. While the collective low-frequency (below 100 Hz) damping behaviour of the vitreous 
humour associated with the saccadic and lens movements is well-studied, to the best of our knowledge, the high- 
frequency damping behaviour of the vitreous humour, which represents the response of the microstructural 
components, is not exhaustively documented. Here, we utilise a non-destructive testing method called Optical 
Coherence Tomography (OCT) to measure the high-frequency (100–350 Hz, waves able to probe approximately 
500 µm distances) biomechanical behaviour of the vitreous humour. We parametrise this behaviour by calcu
lating the shear storage modulus, shear loss modulus and phase angle. We compare these parameters to their low- 
frequency counterparts obtained with a rheometer, providing a comprehensive mechanical spectrum of the 
vitreous humour behaviour. The processing method developed in this study and the data collected help better 
understand the vitreous humour shock absorption properties. Consequently, they could allow a development of 
better vitreous humour substitutes. The local probing of the high-frequency regime and the non-invasive char
acter of the OCT method provide new qualities in mapping the damping behaviour.   

1. Introduction 

The vitreous humour is a gel substance occupying the interior cavity 
of the eye. Among its many roles, the vitreous humour has an important 
function in absorbing shocks during eye movements thereby protecting 
delicate intraocular tissues [1]. Mechanically, the vitreous humour is a 
shear-thickening non-Newtonian biofluid [2]. Therefore, the sample is 
expected to express high damping behaviour for a high frequency of 
shear movement. It was previously observed that between 0.1 and 5 Hz, 
the elastic behaviour of the vitreous humour is dominant over the 
viscous behaviour [3–6]. Above that frequency range, the viscous 
behaviour becomes more dominant and increases with frequency. Such 
high damping of the vitreous humour is critical during fast eye move
ments, such as in high-impact falls or collisions. If not mitigated, such 
movements, especially shear movements, may lead to vitreous or even 
retinal detachment [7,8]. These observations provide great insight into 
the working of vitreous humour and help design its synthetic substitutes 

[9,7,8]. However, the methods used to obtain them are destructive and 
limited to frequencies under 100 Hz, due to the limitation of commercial 
rheometers, making the information about the vitreous humour 
behaviour incomplete and not obtainable in a clinical setting. 

Increasing the frequency of the measurement not only provides in
formation about fast behaviour of the sample but also, due to probing 
smaller areas in the sample, reflects the microstructural behaviour in 
contrast to the collective behaviour [10]. Such high-frequency local 
probing is challenging due to higher damping behaviour and faster, local 
acquisition requirement. Nonetheless, several research methods were 
developed for assessing high-frequency viscoelastic behaviour, such as 
optically local probe oscillations [11], velocimetry [12], or Magnetic 
Resonance Elastography [13]. Unfortunately, we have found only two 
studies of the vitreous humour that explored frequencies above 100 Hz: 
110 Hz [14] and 1200 Hz [13]. The latter study reported excessively 
high shear moduli which could be caused by compression in the mea
surement that exceeded the linear regime. Because of this discrepancy as 
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well as a limited number of frequencies measured, these two studies are 
insufficient to provide information about the general high-frequency 
behaviour, assess fast dynamics and local-scale microstructure [10, 
15]. Our previous article [16] described the high-frequency damping 
behaviour of a vitreous humour phantom over a broad frequency range. 
The vitreous humour phantom reached an almost purely viscous state 
(high damping) for high frequencies (~300 Hz); similar behaviour is 
expected for the vitreous humour. 

To determine the high-frequency behaviour of the vitreous humour, 
we build on the method we developed for analysing such behaviour in a 
vitreous humour phantom [16]. This method induces surface waves in 
the sample and detects its propagation at micro- to nanoscale within the 
sample’s surface with an Optical Coherence Tomography (OCT) system. 
The surface waves’ velocity and attenuation are used to determine the 
sample’s mechanical properties at high frequencies (above 100 Hz). This 
method is less invasive than a rheometer measurement, hence better 
preserving the hyaluronic acid-collagen network of the vitreous humour 
intrinsically connected to its mechanical properties. 

The application of this method to the vitreous humour is challenging 
because, unlike the phantoms, we cannot control the viscous properties 
and the surface shape of the vitreous humour, which causes the 
compressional wave to dominate and overlap the weak surface wave in 
the recorded signal. Therefore, it is impossible to separate these waves 
due to highly different velocities by recording over a longer distance 
between the wave’s source and detection, as done for the phantoms. 
Another way is to separate these waves in post-processing. However, 
current post-processing methods [17–19], such as directional-spatial 
filters, can be challenging with overlapping waves and require 
providing a spatial frequency limit. This is why we decided to develop a 
new method, which implements Singular Value Decomposition (SVD) to 
separate spatiotemporal signals into sub-components with unique 
spatial distributions. This method is widely used in ultrasound image 
decluttering [20], Doppler ultrasound imaging [21], and 
motion-artefacts removal in 2D real-time OCT imaging [22]. 

Here, we propose using SVD to identify the compressional wave 
component in the spatiotemporal data and remove it. We induce high- 
frequency mechanical waves in vitro vitreous humour samples and reg
ister their propagation over a small distance with OCT. Then, we use the 
SVD-based compressional-wave-removal method to obtain surface wave 
propagation parameters and calculate the mechanical properties of the 
vitreous humour. To produce a complete mechanical spectrum, 
rheometer measurements are also performed, and its results are 
analysed. 

2. Materials and methods 

2.1. Sample preparation 

In our measurements, extracted porcine vitreous humour samples are 
used. Six “fresh”, unscalded porcine eyes were obtained from a butcher 
immediately after extraction. A clear crystalline lens indicated a short 
post-mortem time [23]. Three were measured with an OCT system and 
three with a rheometer. After the eye extraction from the eye socket, the 
eyes were kept in a solution of common salt (NaCl, 7 g) in water (800 ml) 
at 36  ◦C for the OCT measurement. For the rheological study, eyes were 
kept moisturised instead at 25 ◦C. Each vitreous was carefully extracted 
from the eye before the measurement and placed in a petri dish. The 
extraction process took about 10–15 min. Due to the inhomogeneous 
nature of the vitreous humour [24], the crystalline lens was left attached 
for OCT measurement to serve as a location reference within the vitreous 
humour and, for consistency, the measurements were only performed at 
a short distance from the lens (Fig. 1). The measurements were per
formed shortly after extraction when the extracted vitreous humour is 
expected to be close to the steady state [25] and no visual change was 
observed during the measurement. During the OCT measurement, the 
vitreous humour was cooled down to ambient temperature (21 ◦C); the 

rheometer measurement was kept at 25 ◦C. 

2.2. System and data acquisition 

2.2.1. Rheometer 
Rheological data are obtained with an oscillatory frequency sweep 

test using a controlled-stress rheometer (TA Instruments, Model HR-2) 
with a 1 mm gap between smooth, parallel plates of 40 mm diameter. 
For this measurement, the sample is inserted between the plates where 
the bottom plate is stationary, and a fixed small angle rotates the upper 
plate with increasing frequency (0.1–16 Hz). The chosen fixed angle for 
this measurement corresponded to 3% strain (the upper limit of the 
linear regime [26]). 

2.2.2. OCT system 
The system consisting of a custom-made Spectral-domain optical 

coherence tomography (SD-OCT) setup (wave detection) and a piezo
electric transducer (wave excitation, (PK4DLP1, Thorlabs)) described in 
detail in [16] was used for these experiments. The SD-OCT system 
consists of a broadband light source (SLD, Superlum Broadlighter T840, 
780-920 nm) and spectrometer (1200 lines/mm diffraction grating and 
a camera with a 70 kHz rate (spL8192–70 km, Basler)), providing the 
axial resolution of ~4 µm and the imaging depth of ~1.5 mm. The 
piezoelectric transducer was supplied with a 0.2 ms long square pulse, 
providing maximum displacement below 3 µm deep (about 0.06% 
strain), which is below the 1% strain and within the linear viscoelastic 
regime. 

2000 M-scans (1D motion scans, each consisting of 7000 spectra, 
corresponding in total to 28 ms) were acquired every 50 μm in the area 
close to the lens, over 0.5–0.75 mm depending on the curvature of the 
extracted vitreous humour surface. The excitation was induced during 
recording at 1 ms (70 M-scan). These first 70 M-scans were removed in 
further analysis. 

2.3. Compressional wave removal 

The process of obtaining the displacement graph (movement of the 
waves with time and distance on the sample, Fig. 2a–c) from our pre
vious article was followed, i.e. collected spectra were Fourier trans
formed, and the movement of the sample surface due to the waves 
propagation was extracted from the phase changes at the surface posi
tion. Previously, we removed the compressional wave from the 
displacement graph by separating the surface wave and the compres
sional wave in time (recording further from the source of the wave). 
However, for the vitreous humour, such a setting was challenging due to 
a dominating compressional wave, high surface wave attenuation, and 
uneven surface. 

Displacement graphs for three vitreous humour samples are shown in 

Fig. 1. A schematic of the measurement setup with the extracted porcine vit
reous humour. PZT -piezoelectric transducer, OCT – Optical Coherence To
mography system, L1 – collimating lens, L2 – focusing lens, f – fibre output. 
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Fig. 2a–c. Each of these displacement graphs has a somewhat weaker 
surface wave caused by slightly different distances between the source 
and detector, surface irregularities and biological variations in the me
chanical properties of these samples. These vitreous humour samples 
represent a different level of difficulty in separating the surface wave 
from the compressional wave, with Fig. 2a being the least and Fig. 2c 
being the most challenging. 

To help minimise the effect of the compressional wave in such data, 
we propose a method based on SVD. This method decomposes spatio
temporal information into individual singular vectors and allows 
grouping them into unique spatiotemporal components (frames). The 
SVD process of separating individual spatiotemporal frames presented in 
[27] was used to extract the propagation of the compressional wave. The 
inputs of the SVD algorithm were displacement graphs consisting of 

Fig. 2. Steps used to obtain the dispersion and attenuation graphs without the compression wave component for 3 different vitreous humour samples. Displacement 
graphs (a–c) obtained during OCT measurement and corresponding to them dispersion graphs (d–f). Displacement graphs were extracted using SVD with components 
corresponding to the compressional wave (g–i) and corresponding dispersion graphs (j–l). The final graphs with the surface wave information (m–o) were generated 
by subtracting the dispersion graphs corresponding to the compressional wave (j–l) from the raw dispersion graphs (d–f). 
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1930 time-points and 10–15 space-points, i.e. 1D temporal data changed 
over the propagation of the wave with space, creating a 2D spatiotem
poral graph. This 2D data was decomposed into singular vectors. Those 
vectors are correlated one with another and set in a temporal order to 
provide a similarity matrix (Fig. 3). Two frames with unique spatial 
trends could be identified in the similarity matrix (yellow squares in the 
similarity matrix, Fig. 3), below and above 11 time-point (1 time-point 
corresponds to 0.014 ms). Within the first frame (below 11 time-point), 
another subspace below 2 time-points was observed (orange square). 
This small subspace consists of singular vectors, which create a 
displacement graph with two waves identified as surface and compres
sional waves. Singular vectors from 3rd to 11th time-point combine the 
information of the compressional wave and another wave which could 
not be identified. In the displacement graph created with singular vec
tors above 11 time-point (from 12 to 1930 time-points, Fig. 3), only the 
compressional wave was evident. 

Interestingly, extracting only a surface wave from the similarity 
matrix was impossible. This could be due to insufficient resolution in 
time, as surface wave information is the slowest component of the 
spatiotemporal data and seems to be present below the time resolution 
of the measurement (below 1 time-point). As a result, the compressional 
wave was extracted and removed. To ensure that only spatiotemporal 
information corresponding to the compressional wave is present, the 
singular vectors above 200 time-point were chosen as purely corre
sponding to the compressional wave (from 200 to 1930 time-points, 
Fig. 3). 

The displacement graphs generated based on the singular vectors 
above 200 time-point for these samples (Fig. 2g–i), as well as the 
displacement graphs with both surface and compressional wave 
(Fig. 2a–c), were zero-padded to 4096 in both dimensions and Fourier 
transformed. The amplitude of the transform was taken using absolute 
value. As a result, two dispersion graphs were created for each sample, 
one corresponding to the compressional wave (Fig. 2j–l) and the other to 
the surface and compressional waves (Fig. 2d–f). These graphs were 
subtracted to obtain the dispersion graphs corresponding to the surface 
wave (Fig. 2m–o). Any remaining artefacts in the dispersion graphs were 
removed using a horizontal line filter (by estimating distortion fre
quency as spectral peak in the vertical dimension and removing it with a 
frequency filter). From the phase of the Fourier Transform, attenuation 
graphs were generated, and the procedure was repeated. 

2.4. Mechanical properties estimation 

On the dispersion and attenuation graphs, the spatial (k) and tem
poral (f) frequencies corresponding to the maximum amplitudes were 
determined. These frequencies were used to calculate the velocity (csurf) 
and attenuation (αsurf) of the surface wave, as per the equation: 

csurf =
f
k′, αsurf = − k″ (1) 

Additionally, for each found maximum amplitude, a Gaussian fit was 
used for each line of the dispersion graphs to obtain an uncertainty of the 
maximum position and hence the error for the velocity value. The 
extracted surface wave velocity and attenuation values were recalcu
lated to the shear wave velocity (csh) and attenuation (csh) using an 
antisymmetric Lamb wave dispersion equation [16]. 

These values were compared to the velocity and attenuation of the 
shear wave calculated using shear storage (G′) and loss (G′’) moduli from 
the oscillatory rheometer test, as follows: 

csh =
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After comparing the velocities and attenuations of the shear wave 
over the wide frequency range, we have compared the main mechanical 
parameters that allow us to describe the sample behaviour, such as shear 
storage modulus, shear loss modulus and the phase angle. The storage 
modulus represents the stored energy, and the shear loss modulus rep
resents the lost energy of the sample in motion. The phase angle, also 
called the phase shift, is an indicator of the relation between viscous and 
elastic properties of a material. For an ideal viscous flow, a phase angle 
will be 90◦, as the storage modulus will be equal to 0. For an ideal solid 
(purely elastic deformation), a 0◦ phase angle will be obtained, as the 
loss modulus will be equal to 0 [28]. While storage and loss moduli are 
obtained directly in the rheometer measurements, in the OCT mea
surements they are calculated based on shear wave velocity and 

Fig. 3. Spatial similarity matrix with discrete colour scale and logarithmic x and y scales. Each group of correlated spatial vectors is represented as a square. Data 
corresponding to each group of singular vectors is displayed in the form of displacement graphs above the spatial similarity matrix. 
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attenuation values using the following formulae: 
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sh (f )

1 −

(
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Finally, we observe the changes in the response of our samples with 
frequency by calculating the phase angle between elastic and viscous 
response using the moduli obtained with rheometer and OCT in the 
following way: 

δ = arctan
(

G″

G′

)

(6)  

3. Results and discussion 

Fig. 4 presents the dispersion and attenuation graphs for three vit
reous humour samples. The maximum amplitude is indicated on each 
graph with a light blue marker. Only maxima which could be found in 
both the dispersion and attenuation graphs were marked. The extracted 
velocity and attenuation values are presented in Fig. 5a and Fig. 5b, 
respectively. The parameters calculated based on these values, shear 
storage modulus, shear loss modulus and the phase angle, are compared 
with the rheometer data in Fig. 5c and Fig. 5d, respectively. 

It can be seen that the shear wave velocity (Fig. 5a) gradually in
creases with frequency up to about 5 Hz when a rapid rate of this in
crease is observed. The rate of the change of the velocity with frequency 
exponentially decreases from 1700 mm to 5.5 mm with a rapid drop up 
to 0.1 Hz, and a slow decrease above 5 Hz. In the high-frequency regime 
(100-350 Hz) this rate stays approximately constant with values varying 
between 500 and 800 µm. Attenuation expresses a similar trend to ve
locity, but it is nearly negligible below 5 Hz. This trend suggests that for 
the vitreous humour, as expected, a shear wave has a higher velocity and 
is more attenuated at high frequencies. 

Fig. 5c shows that initially, in frequencies below 0.1 Hz, the shear 
storage and loss moduli are increasing and decreasing, respectively. This 
behaviour can also be observed in the phase angle (Fig. 5d, decrease of 
the phase angle), suggesting a decrease in the damping behaviour. Be
tween 0.1 and 1 Hz, the vitreous humour behaviour is rather constant 
and has a significant elastic component (storage modulus is higher than 
loss modulus). This dominant elastic behaviour for 0.1–1 kHz (0.6–6 
rad/sec) was previously observed by a number of researchers with 
values for the storage modulus (0.2–6 Pa) and the loss modulus (0.1 - 1 
Pa) comparable to this study, but slightly lower phase angle, estimated 
based on these moduli (3–22◦) [25,29,30]. 

In the 0.1–1 Hz frequency range, the lower viscosity allows the lens 
to change the focus of the eye swiftly [2]. When frequency reaches about 
1 Hz, an upturn in the viscous behaviour is observed (as evidenced by 
the increase in the phase angle, Fig. 5d). At about 5 Hz, the viscous 
behaviour starts to dominate (phase angle higher than 45◦). It was 
previously shown that human depth perception decreases from contrast 
disparities (stripes with different contrast characteristics) oscillating at 
around 1 Hz and from a geometric disparity (stripes with different 
geometric characteristics) oscillating above 5 Hz [31], which could be 
related to the observed increase in the damping behaviour of the vit
reous humour. Further increase in the viscous behaviour with frequency 
can be associated with the damping of the oscillation caused by the 
saccadic eye movements (about 20 Hz [32]). Above 150 Hz, the shear 
storage modulus seems to be approximately constant or even slightly 
decreasing, but the shear loss modulus increases up to 5 times. This 
behaviour can also be observed in phase angle, which almost reaches a 
purely viscous state. It was previously stated that in this high-frequency 
region, the vibrational eigenfrequencies are present [33]. The vibra
tional radial modes of an eyeball were modelled to be 67 ± 10 Hz, 186 
± 24 Hz, 307 ± 45 Hz [33]. In another study, the resonant frequency 
modes of the eyeball were also shown to increase with the intraocular 
pressure [34] and for some pressures above 25 mmHg increased above 
100 Hz (limit of the rheometric measurement). This shows the relevance 
of the values measured in the high-frequency region. 

The behaviour of the vitreous humour is similar to the one presented 
for a vitreous humour phantom at high frequency (100-300 Hz), with 
the shear storage moduli slightly decreasing and the shear loss modulus 
rapidly increasing. However, at a lower frequency (0.1–1 Hz), when the 
phase angle is approximately constant for the vitreous humour, the 

Fig. 4. Dispersion (a–c) and attenuation (d–f) graphs, obtained from the method presented in Fig. 2, with found maxima for samples 1(a,d), 2(b,e) and 3(c,f) marked 
with light blue markers. 
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Fig. 5. Parameters obtained for 3 vitreous humour samples studied with an OCT system (OCT) and 3 other vitreous humour samples measured with the rheometer 
(Rheom). Velocity (a, OCT) and attenuation (b, OCT) of a shear wave calculated using an antisymmetric Lamb wave dispersion equation with the spatial and 
temporal frequencies extracted from dispersion and attenuation graphs. Velocity (a, Rheom) and attenuation (b, Rheom) of a shear wave calculated using shear 
storage and loss moduli obtained with the rheometer. Shear storage and loss moduli calculated based on the shear wave velocity and attenuation (c, OCT) and shear 
storage and loss moduli obtained using a rheometer (c, Rheom). Phase angle calculated based on the shear storage and loss moduli for the OCT system (d, OCT) and 
rheometer (d, Rheom). 
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phase angle for the vitreous humour phantom increases. This study 
focused on using the OCT-based technique for frequencies above 100 Hz. 
However, further analysis of frequencies under 100 Hz could be ach
ieved using a longer excitation pulse or individual sinusoidal waves. The 
OCT-based local probing has the potential to be extended over a much 
bigger area using B-scan or even C-scan acquisition and provide infor
mation about microstructural differences and changes within the vitre
ous humour and has the capacity to be developed towards in vivo 
application. Additionally, it could be used to monitor the change in the 
vitreous humour biomechanical properties with natural age-related 
degeneration of tissue due to liquefaction and aggregation of the 
collagen fibrils [1,35]. The age-related degeneration could be acceler
ated by different ocular diseases such as diabetic retinopathy (DR) [36, 
37], age-related macular degeneration (AMD) [38] or glaucoma [39, 
40]. Due to the liquefaction of the vitreous humour, there is a separation 
of the liquid and gel phases of the vitreous humour which differ in 
mechanical properties [3,6,29]. Since the OCT-based method allows for 
the detection of local properties it can be used to measure both the gel 
and liquid phase of vitreous humour without physically separating 
them. 

4. Conclusion 

We have demonstrated that by using SVD on the spatiotemporal 
data, we can eliminate the influence of the compressional wave on the 
extraction of the mechanical properties of the vitreous humour. We have 
shown that the vitreous humour damping behaviour (expressed with the 
loss modulus) continues to grow in the 150–350 Hz frequency range. 
The sample reaches almost purely viscous behaviour (90◦ phase angle), 
which is highly different from its low-frequency behaviour. The novel 
method presented in this work will allow the non-destructive analysis of 
broad frequency biomechanical changes caused by pathogenic, age- 
related, and natural biological variations, which can lead to new diag
nostic tools. 
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