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Abstract.  The viscoelastic properties of the young and mature rab-
bit lenses in situ are evaluated using wave-based optical coherence 
elastography (OCE). Surface waves in the crystalline lens are gen-
erated using acoustic radiation force (ARF) focused inside the eye-
ball. Surface-wave dispersion is measured with a phase-stabilised 
optical coherence tomography (OCT) system. The Young’s modu-
lus and shear viscosity coefficient are quantified based on a Scholte 
wave model. The results show that both elasticity and viscosity are 
significantly different between the young and mature lenses. The 
Young’s modulus of the lenses increased with age from 7.74 ± 
1.56 kPa (young) to 15.15 ± 4.52 kPa (mature), and the shear viscos-
ity coefficient increased from 0.55 ± 0.04 Pa  s (young) and 0.86 ± 
0.13 Pa  s (mature). It is shown that the combination of ARF excita-
tion, OCE imaging, and dispersion analysis enables nondestructive 
quantification of lenticular viscoelasticity in situ and shows promise 
for in vivo applications.

Keywords: crystalline lens, optical coherence elastography (OCE), 
viscoelasticity, acoustic radiation force (ARF).

1. Introduction

The crystalline lens is an important element of the human 
eye because it is responsible for eye accommodation [1]. 
During aging, the lenticular biomechanical properties play 
critical roles in the development of presbyopia, which results 
in the age-related loss of accommodation [2 – 4]. Previous 
studies have shown that aging leads to an increase in lens 
stiffness in many species, including humans [5 – 13]. This 
increase in stiffness means that the lens is less responsive to 
mechanical stretching forces during accommodation, which 
decreases the ability of the lens to change its shape during 
accommodation [3, 14]. Despite the significant role of len-
ticular biomechanical properties in vision, there is a lack of 
currently available technologies that can safely and nonin-
vasively measure the lens biomechanical properties inside 
the globe. While the changes in lens elasticity have been 

investigated in detail [5 – 11], only a few studies have mea-
sured changes in the lens viscous properties with age [7,  15,  16]. 
Complete information about the lens biomechanical proper-
ties, e.g., viscoelasticity, would enable a better understanding 
of accommodation and development of new approaches to 
restore accommodation [4, 17].

Elastography was formalised in the early 1990s as a tech-
nique for imaging the elastic properties of tissues [18]. 
Ultrasound elastography [18, 19] and magnetic resonance 
elastography [20] are two clinical elastography techniques 
that are capable of detecting diseases earlier than other meth-
ods. Although they have been used to assess lenticular biome-
chanical properties [10, 21 – 23], they have notable drawbacks 
in this particular use case, such as contrast, resolution, and 
motion sensitivity. Recently, Brillouin spectroscopy has also 
been utilised to measure the biomechanical properties of the 
lens noninvasively [6, 24, 25]. However, the link between the 
Brillouin shift and viscoelasticity is still unclear [26].

Optical coherence tomography (OCT) [27] based elastog-
raphy, termed optical coherence elastography (OCE) [28], 
overcomes many of these drawbacks. OCE can measure len-
ticular biomechanical properties from the analysis of nano-
metre-scale displacements [29 – 31] that require minimal force, 
ensuring tissue integrity. In our previous work, we demon-
strated that the biomechanical properties of the lens could be 
measured in situ and quantified lenticular biomechanical 
properties as a function of age and intraocular pressure using 
dynamic OCE [32 – 34]. Recently, we used wave-based OCE 
to show the correlation between lens opacity and elasticity 
during cold cataract formation and oxidative cataract forma-
tion in an ex vivo porcine model [35, 36]. However, these 
wave-based measurements relied on the wave group velocity, 
which is heavily influence by the frequency of the wave and 
can only provide estimates of elasticity.

On the other hand, spectral analysis of surface wave prop-
agation can enable robust assessments of tissue viscoelasticity 
[37, 38], which could enhance biomechanical measurements 
of the lens. In this study, the viscoelasticity of rabbit crystal-
line lenses in situ was assessed by inducing mechanical waves 
with focused acoustic radiation force (ARF), which were then 
detected by a phase-stabilised OCE system. Dispersion analy-
sis was combined with a Scholte wave propagation model to 
quantify the viscoelasticity of the crystalline lenses.

2. Materials and methods

2.1. Experimental setup

To measure the rabbit lenticular biomechanical properties, 
we utilised a phase-stabilised swept-source ARF – OCE sys-
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tem, which combines OCT with a co-focused single-element 
ultrasound transducer. Figure 1a shows the schematic of the 
experimental setup. The OCE system was based on a swept 
source laser (SL131090, Thorlabs Inc., Newton, NJ) with a 
centrу wavelength of ~1300 nm, a bandwidth of ~100 nm, 
and sweep rate of 100 kHz. The axial resolution of the OCT 
system was approximately 8 µm. The full width at half maxi-
mum (FWHM) of the transverse Gaussian profile of the OCT 
beam at the imaging focal plane was approximately 14 mm. 
The displacement stability of the system was measured as 
1.9 nm. The raw interference signal was resampled into the 
linear k domain followed by a fast Fourier transform. The 
phase data was extracted from the angle of the complex OCT 
data after Fourier transform. The phase data was then con-
verted to real distance with a refractive index of the lens as 
1.38 [39]. The received signal was directly transformed by 
inverse Fourier transform on the interference fringes with lin-
ear k-space [40 – 41]. The ARF transducer (ISO 304HP; CTS 
Valpey Corporation, Hopkinton, MA) had a diameter of 
approximately 15 mm and a focal length of about 19 mm 
operating at 3.5 MHz centre frequency. A 3.5 MHz sinusoidal 
wave was generated by a function generator (DG4062; Rigol 
Technologies, Beijing, China) and was gated to produce five 
single-tone bursts from 500 Hz to 2500 Hz with a 100 Hz 
increment. The signal for the transducer was amplified using 
a power amplifier (350L; Electronics & Innovation Ltd., 
Rochester, NY, USA). The ARF remotely perturbed the 
anterior apical surface of the crystalline lens through the cor-
nea and the aqueous humour of the eyeball. A 3D printed 

cone was filled with ultrasound gel to couple the ARF from 
the transducer to the eye. Since the intraocular pressure (IOP) 
can have a noticeable effect on the lens stiffness, it was con-
trolled at 10 mmHg with a closed-loop control system [42].

The transducer induced a low amplitude localised dis-
placement (< 10 mm) at the apical surface of the lens inside the 
eyeball (Fig. 2), which then propagated as an elastic wave. 
The OCE system acquired successive M-mode images (n = 
250) over a ~8.1 mm line, where the centre of the scan was at 
the apex of the lens [43]. The scan time for one position was 
approximately 48 ms, and the entire M – B-mode scan time 
was about 12 s. The temporal phase profiles were unwrapped, 
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Figure 1.  (Colour online) Schematic of the ARF-OCE system for in situ lens measurement.
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Figure 2.  OCT image of the lens in situ. 
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converted to displacement, and corrected for surface compen-
sation and refractive index mismatching artifacts [44]. The 
displacement profiles along the whole propagation path on 
the surface of the lens were then processed by a cross-correla-
tion algorithm to obtain the elastic wave propagation delays 
[45] at each frequencies. The slope of a least-squares regres-
sion linear fit of the propagation delay to the propagation 
distance was the wave propagation speed. The fitting was per-
formed from ~0.5 mm away from the excitation to remove 
the influence of near-field effects.

2.2. Sample preparation

Whole rabbit eyes (Pel-Freez Biologicals, LLC, Rogers, AR) 
were shipped overnight on ice. The eyes were separated into 
two groups: young (from 2 to 3-months old, N = 5) and 
mature (over 6-months old, N = 10). All experiments were 
performed immediately after receiving the eyes. The eye 
globes were kept in a 1X PBS solution at room temperature to 
keep the globe hydrated. The samples were placed in a 
3D-printed eye holder during the experiments to eliminate 
bulk motion and for IOP control as mentioned earlier. After 
the experiments, all lenses were enucleated to measure the size 
and mass.

2.3. Wave propagation model

To evaluate age-related changes in the viscoelastic properties 
of the rabbit lenses quantitatively, we used a Kelvin – Voigt 
viscoelastic model of the tissue and Scholte wave model 
[46,  47], which matched the boundary conditions of the lens 
in the eye-globe (fluid on the anterior surface). We assumed 
that the lens thickness was significantly greater than mechan-
ical wave wavelength in our frequency range (500 – 2500 Hz). 
The phase velocity of Scholte wave with a Kelvin – Voigt vis-
coelastic model of the tissue can be represented as:
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where cS is the measured phase velocity, w is the angular fre-
quency, r = 1.183 kg m–3 is the lens density [48], m1 is the 
shear modulus, and m2 is the shear viscosity. After the mea-
surements, Matlab (Mathworks, Natick, MA) curve fitting 
tool was used to fit the OCE measurements to the analytical 
model of wave propagation and estimate the Young’s mod-
ulus, E, based on the assumption of incompressibility (E = 
3m1) [49].

3. Results

Table 1 shows the lens parameters of young and mature rab-
bits.

Figure 3 shows the dispersion of the elastic wave (i.e., 
phase velocities) for representative lenses from (a) young rab-
bit group and (b) mature group and their respective fitting 
curves obtained using Eqn 1. The phase velocity of the young 
lens changed from ~1.4 m  s–1 at 500 Hz to ~2.9 m  s–1 at 
2500 Hz. The phase velocity of the mature lens changed from 
~1.8 m s–1 at 500 Hz to ~3.4 m s–1 at 2500 Hz. Based on the 
curve fitting, the Young’s modulus of the young lens was esti-
mated as 6.6 kPa (95 % confidence bounds [5.1, 7.8] kPa) and 
the shear viscosity was 0.54  Pa  s (95 % confidence bounds 
[0.53, 0.56] Pa·s). The R2 value of the fitting was 0.99. The 
Young’s modulus of the mature lens was 15.6 kPa (95 % con-
fidence bounds [13.2, 17.7] kPa) and the shear viscosity was 
0.83 Pa  s (95 % confidence bounds [0.80, 0.85] Pa  s). The R2 
value of the fitting was 0.97.

With the Young’s modulus and the shear viscosity coeffi-
cient calculated by the curve fitting method, the average wave 
dispersion of each group of lenses was calculated. Figure 4 
shows the average elastic wave dispersion curves for all lenses 
of each age group and their respective fitting to the mechani-
cal model. It is obvious that the mature lenses had greater 
phase velocities in full frequency range than the young lens, 
indicating a greater stiffness.

Table  1.  Size and mass of the rabbits’ lenses.

Lens parameters
Young rabbits 
(2 – 3 months), 
N = 5

Mature rabbits 
(> 6 months), 
N = 10

Diameter/mm 5.98 ± 0.42 7.99 ± 0.52

Height/mm 9.29 ± 0.45 11.12 ± 0.42

Mass/g 0.33 ± 0.07 0.70 ± 0.07
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Figure 3.  (Colour online) (blue circles) OCE-measured dispersion 
curves for the elastic wave propagation at the lens surface and (red line) 
fitting by the Scholte wave model for (a) one young lens and (b) one 
mature lens. The blue shaded region is the 95 % confidence interval of 
the fit, and the viscoelastic parameters and fitting are labelled on each 
plot.
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The summary of the Young’s modulus and the shear vis-
cosity estimations is shown in Fig. 5. The results clearly show 
that the mature lenses are stiffer and more viscous than the 
young lenses, confirming our previous results with bovine and 
rabbit lenses (15, 16). Student’s t-test was used to check the 
statistical significance of the difference between the two age 
groups. The average Young’s modulus of the young lenses 
(7.74 ± 1.56  kPa) was significantly lower than average 

Young’s modulus of the mature lenses (15.15 ± 4.52 kPa) 
(P < 0.001). The shear viscosity coefficient of the young lenses 
(0.55 ± 0.04 Pa  s) was also significantly lower than that of the 
matured lenses (0.86 ± 0.13 Pa  s) (P = 0.013). The trend is in 
agreement with our previous results in rabbit lenses based on 
the localised damping [15].

4. Discussion

In this work, we utilised ARF to induce elastic waves at dif-
ferent frequencies in young and mature rabbit lenses in situ at 
a controlled IOP. The mechanical waves were detected by the 
OCE system, and the wave dispersion was used in an analyti-
cal model to quantify the viscoelasticity of the lenses. The 
results show that the mature lenses were stiffer and more vis-
cous than the young lenses.

This tendency is in agreement with the results of our previ-
ous work, where the viscoelastic properties of the rabbit lenses 
were evaluated based on the measurement of the localised dis-
placement temporal dynamics at the point of ARF excitation 
[15]. However, both the values of Young’s modulus and shear 
viscosity coefficient obtained in this work are greater than in 
our previous results, where the Young’s modulus and shear 
viscosity coefficient were 2.5 kPa and 0.37 Pa  s, respectively, 
for the young lenses, and 7.4 kPa and 0.57 Pa  s for the mature 
lenses [15]. Still, in both studies the increase in stiffness with 
age is more pronounced than the increase in viscous coeffi-
cient. The difference in the estimated values could be explained 
by the difference in the measurement methods and the bound-
ary conditions of the models. Previously, we used free bound-
ary conditions on the lens surface [15], while in this study a 
more appropriate liquid – solid interaction was used.

One of the limitations of this surface wave-based tech-
nique is the limited ability to quantify the spatial distribution 
of the viscoelastic properties in the lens, particularly the stiff-
ness gradient along the lens optical axis [8]. To overcome this 
limitation, we have recently demonstrated a multimodal opti-
cal elastography technique based on OCE and Brillouin spec-
troscopy [27]. This method overcomes the depth limitations 
of OCE due to the limited optical scattering in the lens and 
the semi-quantitative nature of Brillouin spectroscopy.

Our measurements were performed using the combined 
ARF-OCE system, and there are several different methods 
that can be applied to measure lenticular viscoelasticity, such 
as ultrasound elastography, uniaxial mechanical testing, and 
rheometry. Li et al. [12] applied ARF – OCE to measure the 
elasticity of rabbit lenses of different age groups in vivo. Their 
results show that the 8-week old rabbit lens had a Young’s 
modulus of ~10 kPa [12]. Wang et al. [13] applied mechanical 
testing to measure the elasticity of the rabbit lens ex vivo and 
ultrasound elastography to measure the elasticity of the rab-
bit lens in vivo. Mechanical testing results showed that the 
Young’s modulus of 7-month old rabbit lenses was 16.16 ± 
1.85 kPa, and the ultrasound elastography measured the aver-
age Young’s modulus of 2-month rabbit lens as ~6.75 kPa 
and that of 7-month rabbit lens was 15.87 kPa [13]. Zhang et 
al. [10] also applied ultrasound elastography to measure the 
elasticity of the rabbit lens in vivo. Their results show that the 
average Young’s modulus of the 2-month old rabbit lens was 
about 5.7 kPa, and that of the 5-month old rabbit lens was 
about 15.87 kPa [10]. All these studies demonstrate that the 
Young’s modulus of the rabbit lens increases during the aging 
process and had relatively similar results in age-matched sam-
ples where applicable.
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Figure 4.  (Colour online) Average elastic wave dispersion curves of the 
young (N = 5) and mature (N = 10) lenses and the fit to the mechanical 
model using Eqn 1. The error bars show the intra-group standard de-
viation for each frequency.
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Figure 5.  (a) Young’s modulus and (b) shear viscosity coefficient of the 
young and matured lenses estimated based on the viscoelastic model. 
The asterisks indicate statistical significance (P < 0.05) determined by 
Student’s t-test. 
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Current studies of the lens viscosity are scarce and use dif-
ferent experimental and analytical approaches. Elrefaei et al. 
[50] vibrated the rabbit lens in different ultrasound environ-
ments to measure lenticular viscosity. Their results shows that 
the viscosity coefficient of the rabbit lens did not exceed 
0.3 Pa  s, but the authors did not note the age of the samples. 
Schachar et al. [51] used a shear rheometer on porcine lenses 
and estimated the viscosity coefficient as 0.16 ± 0.1 Pa  s. The 
same approach was used to determine the viscoelastic proper-
ties of fresh human lenses under 40 years of age [7], where the 
dynamic viscosity at 75 Hz was 0.33 Pa  s and 0.35 Pa  s for 
nucleus and cortex, respectively, but no significant age depen-
dence was observed. Yoon et al. compared the viscoelastic 
properties of the young (6 month old) and mature (25 – 30 
month old) bovine lenses based on the measurement of laser-
induced microbubbles in the lens [16]. The shear viscosity 
coefficient of the mature lenses (1.32 ± 0.12 Pa  s) was greater 
than the young lenses (1.06 ± 0.12 Pa  s) [16]. Overall, com-
parison of literature data is limited by the small number of 
studies and a range of experimental methods, but the results 
do show relatively similar shear viscosity coefficients.

In addition to material properties, the geometry of the 
lens can affect mechanical property measurements. For 
example, Sorsby et al. [52] found the radius of curvature of 
front surface of rabbit lens increased from 5.2 ± 0.42 mm at 
7-weeks age to 6.1 ± 0.37 mm at 20-weeks age. However, the 
arc length difference between the lenses of two ages was 
about 7.5 %, which is much smaller than the difference 
between the phase velocities of the young and mature lenses 
for the same frequencies shown in Fig. 4. Our previous 
results of FEM simulations and experimental studies for cor-
neal like structures demonstrated that the elastic wave speed 
is inversely proportional to the radius of curvature [53]. 
Therefore, the increase in the lens curvature with age unlikely 
results in the increase of the phase velocity. The axial length 
also changes with age as Table 1 shows, while the wave model 
utilised in this work assumes a semi-infinite medium. At the 
worst-case scenario, i.e., the lowest frequency (500 Hz) and 
highest wave speed at this frequency (2 m s–1), the mechanical 
wave wavelength is ~4.0 mm. Hence, the assumption of a 
semi-infinite medium is reasonably sound given that the 
mechanical wave wavelength is less than the thickness. 
Therefore, we assume that the changes in the geometry of the 
lens during the growth i.e. the curvature and axial length may 
not be considered as a key factor affecting the phase velocities 
of the lens. This assumption, however, should be verified in 
future studies.

5. Conclusions

Thus, we applied, for the first time to our knowledge, OCE to 
measure the dispersion of the surface waves in rabbit crystal-
line lenses in situ. The elastic and viscous moduli of the lenses 
were significantly greater in the mature lenses as compared to 
the young lenses. The results show that the combination of 
ARF and OCE can be effectively used to quantify the age-
related changes in lens viscoelasticity noninvasively. Our 
future work is focused on in vivo measurements and the devel-
opment of more robust mechanical wave models.
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