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Introduction

Diseases of the posterior segment of the eye, including 
age-related macular degeneration (AMD) and retinitis 
pigmentosa (RP), damage photoreceptors and their 
supporting epithelial cells (1). More than 1 million patients 

are affected by RP worldwide. Initially, patients retain 
their central visual field with gradual peripheral vision 
loss, however, eventually they will go on to lose both areas 
of vision with progression of the disease (2). AMD is the 
leading cause of blindness in patients aged 65 or older in 
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developed countries, with more than 8 million Americans 
suffering from the disease (3). Currently, there is no known 
cure to reverse the progressive loss of photoreceptors due to 
these two conditions.

 Retinal prosthetic electrodes hold the potential to 
restore some visual functions by directly stimulating the 
neural retina with electrical pulses (4). The Argus® II 
retinal prosthetic electrode (SSMP, Sylmar, CA, USA) is 
the first and only commercial product that has received the 
European conformity mark and been approved by the U.S. 
Food and Drug Administration (FDA) (5). With Argus II, a 
camera mounted to a pair of glasses worn by the patient first 
captures the visual signals from the patient’s environment 
and these are then sent to a video processing unit, through 
a transmitting coil. The received electrical signals are then 
used to drive corresponding in-eye mounted electrodes 
which then directly stimulate the patient’s retina thereby 
creating the experience of vision where previously none 
existed (6). A flexible polyimide (PI) based microelectrode 
array stimulates the epiretinal side of the retina. The safety 
and bio-compatibility of PI electrodes has been previously 
investigated, however, the biomechanical effects of retinal 
prosthetic electrodes on the posterior segment of the eye 
still remain unknown (7-10).

 Biomechanical properties of ocular tissues are crucial 
for the health of both the anterior and posterior segments 
of the eye, with many ocular diseases being associated 
with altered biomechanics. Keratoconus is a prevalent 
disease which leads to significant visual impairment due 
to the development of a cone-shaped ectatic cornea, and 
one of its clinical signs is an unusually compliant cornea 
compared with normal cornea (11). It has been shown 
that mechanical properties of the posterior segment 
of the eye change with progression of diseases such as 
glaucoma (12). The biomechanics of lamina cribrosa (LC) 
has been postulated to play a pivotal role in ganglion cell 
dystrophies in glaucoma (13,14). The retina also suffers 
mechanical alteration with progression of blood vessel 
infiltration due to AMD (15).

Elastography is a widely used imaging modality to 
reconstruct biomechanics in soft tissue in a non-invasive 
manner, and is often used to provide supplementary 
diagnoses for standard structural imaging. There are 
several methods available for measuring biomechanics 
by elastography, including conventional ultrasound 
elastography (16,17) ,  high resolution ultrasound 
elastography (18-20) and optical coherence tomography 
(OCT) based elastography (OCE) (21,22). Among these 

techniques, OCE is the most promising imaging modality in 
the field of ophthalmology owing to the advantages of high 
resolution (<10 µm), high sensitivity, and the transparency 
of ocular tissue. OCE has been widely used in mapping 
the elasticity of ocular tissue, such as cornea (23), lens (24), 
retina (25), and optic nerve head (26).

To init iate the propagation of an elast ic  wave, 
several excitation methods have been employed, such as  
air-puff (27), acoustic micro-tapping (28), and acoustic 
radiation force (ARF) (23,26). Both air-puff and acoustic 
micro-tapping are capable of reconstructing biomechanical 
roperties of the anterior segment of the eye. However, 
due to the natural geometry of the eye and attenuation 
that occurs over the long distance from the anterior to the 
posterior segment, these methods are not optimal in this 
study. Qu et al. first utilized ARF-OCE to reconstruct the 
biomechanical properties in each layer of retina in vivo (23). 
To induce desirable tissue motion to track elastic waves, 
high power ARF is required. Due to strict FDA regulation 
in ophthalmic exposure to ultrasound, the mechanical 
index and acoustic intensity prevent this technology from 
being used in the clinic. Zhou et al. utilized a shaker to 
induce harmonic vibration, and an ultrasonic array to 
measure induced wave propagation in the posterior sclera in  
humans (17). Qian et al. applied a shaker as a vibrating 
source to induce tissue motion, and demonstrated feasibility 
for reconstruction of biomechanical properties of the retina 
in rabbit eye (25).

In this study, we propose to use a shaker-based OCE 
technology to evaluate biomechanical properties in the 
retina with prosthetic electrodes, potentially supplementing 
the data set used for evaluation of the Argus II retinal 
prosthetic electrode, and then translating this technology 
into clinical use.

Methods

Experimental setup

System settings have been shown elsewhere (25). Briefly, 
as shown in Figure 1, a spectral domain optical coherence 
tomography system (SD-OCT) with center wavelength of 
890 nm and bandwidth of 144 nm was developed to image 
tissue structure as well as to track elastic wave propagation. 
A mechanical shaker (mini-shaker type 4810; Bruel & Kjaer, 
Duluth, Georgia, USA) was used to induce tissue motion 
and initiate elastic waves. The rod tip of the shaker was 
placed on the corneal limbus and aligned in the direction 
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Figure 1 Schematic of shaker based OCE system. OCE, optical coherence tomography based elastography; SLD, superluminescent diode; OC, 
optical coupler; CO, collimator; OA, optical attenuator; M, mirror; GM, galvanometer mirrors; L1/L2, lens; RFA, radiofrequency amplifier; 
FG, function generator; G, grating.

of the OCT scanning beam with real time Doppler OCT 
imaging. A step size of 6 µm was used for the scanning 
galvanometer mirror positioning system (galvo) and a total 
of 500 positions were scanned.

To precisely induce and track elastic wave propagation, all 
components of the system were synchronized. A baseband 
signal generated by the personal computer (PC) triggered 
an arbitrary function generator (AFG 3252C, Tektronix, 
Beaverton, OR, USA). A 0.6 ms pulse-width impulse signal 
was used to generate detectable axial displacement with 
broad bandwidth (25). The impulse signal was amplified 
using a power amplifier (Type 2718, Bruel & Kjaer, Duluth, 
Georgia, USA) and finally transmitted to the shaker. A series 
of 400 A-lines was acquired at every position corresponding 
to 8.8 ms before the galvo translated to the next position. 
Inter-A-line analysis was performed with a 20 µs time interval 
to obtain axial displacements for further processing (24).  
Inter-A-line analysis was insensitive to motion artifacts 
because the data acquisition frequency was much faster 
than the motion frequency, and adequate anesthesia was 
administrated to reduce the motion artifact.

Post-processing and data analysis

After scanning in each lateral position, raw data was saved 
to disk for off-line processing. Depth-resolved OCT 

intensity data and phase-resolved Doppler OCT data 
were first obtained. To calculate the elastic wave speed, 
the spatial-temporal map was reconstructed at each lateral 
position and time. The elastic wave speed can be estimated 
with known propagation distance and time. To precisely 
calculate the wave speed, linear regression was used for all 
successive peak axial displacements at each lateral position 
in the corresponding spatial-temporal map. In this study, 
the elastic wave speed in each layer was measured before 
and after the implant of prosthetic electrode, the Shapiro-
Wilk test was performed to evaluate the normality of the 
speed distribution, and the paired t-test was performed to 
evaluate the statistical significance.

Implant surgery

 Surgery protocol was approved by the University of 
Southern California Institutional Animal Care and Use 
Committee (IACUC). Prior to surgery, Dutch Belted 
Pigmented rabbits (~2 kg) were anesthetized with 
ketamine (35 mg/kg) and xylazine (5 mg/kg) through 
subcutaneous injection. Additional anesthesia was induced 
using 2.5% sevoflurane through a facial mask. One drop of 
0.5% proparacaine hydrochloride ophthalmic solution was 
administrated topically for ocular anesthesia, and 1 drop 
of 1% tropicamide and 2.5% phenylephrine was applied 
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in the same way for eye dilation. Heart-rate, respiration, 
oxygen saturation, body temperature, non-invasive blood 
pressure, oxygen flow and end tidal carbon dioxide (when 
sevoflurane was used), were recorded every 5 minutes while 
the animals were unconscious. First, phacoemulsification 
was performed for all three animals, and the OCE imaging 
was conducted for 3 times in each animal. Intra-vitreous 
injection of 0.3 mL sterile air was performed and then 
the eyes were treated with antibiotic ointment and 1% 
atropine immediately to prevent infection and to maintain 
postoperative cycloplegia. One week later, a 3-port 23-G 
pars plana vitrectomy (PPV) was performed with the Stellaris 
PC platform (Bausch & Lomb, Rochester, NY, USA) in a 
sterile environment. A microelectrode was then inserted 
through a temporal sclerotomy (approximately 4 mm in 
width) and was placed onto the retina below the optic nerve 
head (ONH) and then flattened using perfluorocarbon liquid 
to keep it securely attached to the retina after vitrectomy. 
The extraocular portion of the cable was sutured to the 
sclera below the conjunctiva. At the end of the procedure, 
the sclerotomies and conjunctiva were sutured. After the 
operation, topical antibiotic eye drops were used 4 times 
daily. And OCE imaging was performed 3 times in each 
animal with the implant. No complications related to surgery 
were observed during or after surgery. 

Results

Prosthetic electrode characterization

The requirements for retinal prosthetic electrodes mainly 
include high electrode density, biocompatibility, and 
flexibility (29,30). A high-density prosthetic electrode 
allows high resolution stimulation and hence improves 
visual acuity. Due to the natural curvature of retina, 
flexibility enables the prosthetic electrode to adhere to the 
surface of the retina seamlessly for a prolonged period of 
time. Polyimide has the advantages of flexibility, mechanical 
stability, biocompatibility, and thermal stability, and was 
therefore used as the structural material in the prosthetic 
electrode. The three-dimensional platinum (Pt)-pillar 
coating method was used to increase the electrode density 
and constrain the electrode size while maintaining flexibility 
of the entire structure (31). 

Figure 2A shows the structure of the prosthetic electrode. 
The multi-electrode array is connected with a high lead 
count cable for retinal stimulation. The array has 14×9 
elements with a diameter of 150 µm each. The length of 
the prosthetic electrodes and the array is 37 and 3.5 mm, 
respectively. Figure 2B,C,D demonstrates the prosthetic 
electrode’s flexibility which facilitates seamless bonding to 
the complex surface of the retina.
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Natural response 
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37 mm
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Figure 2 Characterizations of retinal prosthetic  electrode. (A) Structural image of the prosthesis; (B,C,D) optical images of the flexible 
prosthesis when it stands freely, bends convexly and concavely with more than 90°.
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Figure 3 OCT cross-section and RetCam images of retina with prosthetic electrode. (A,B,C) Cross-sectional OCT images of retina with 
prosthetic electrode; (D,E) RetCam images of retina after phacoemulsification procedure and implantation procedure respectively. OCT, 
optical coherence tomography; ONH, optic nerve head; RV, retina vessels.

Surgery characterization

Post-surgery evaluation is essential in this study. Failure 
of implantation is common in phacoemulsification and 
implantation procedures. Hemorrhage and iris bleeding 
are also rarely observed during vitrectomy due to the high 
viscosity of vitreous humor (32,33). Retinal detachment 
can occur during prosthetic electrode implantation when 
vitreous humor is not fully removed prior to the procedure. 
Figure 3 demonstrates successful implantation and bonding 
of the prosthetic electrode to the retina. Figure 3A,B,C 
show cross-sectional OCT images with the prosthetic 
electrode. Figure 3D,E show the en face RetCam (Natus 
Medical Incorporated, Pleasanton, CA, USA) images after 

phacoemulsification and implantation respectively.
 

Biomechanical response of retina to the prosthetic electrode

To investigate the influence of the prosthetic electrode 
on the retina,  OCE imaging was performed after 
phacoemulsification and implantation. As with our previous 
work (25), here we segment the raw measured data to five 
different layers according to the anatomy of the retina and 
assign them respective numerals i through v for efficient 
classification. Layer i to layer v correspond to the nerve 
fiber, ganglion cell, and inner plexiform layer; inner nuclear, 
outer plexiform, and outer nuclear layer; retinal pigmented 
epithelium layer; choroid layer; choroid and sclera layer 
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Figure 4 Spatial-temporal maps in each layer of retina with and without prosthetic electrode. The slope of the white line represents the 
corresponding elastic wave speed. Color bar represents the axial displacement.

Figure 5 Statistical analysis of elastic wave speed in each layer of the retina with and without prosthetic electrode.

respectively. Spatial-temporal maps were constructed in 
each layer along with lateral positions and time except for 
layer iv due to its low OCT signal which is similar to our 
previously reported study (25). Figure 4 shows the spatial-
temporal map in each layer with and without the prosthetic 

electrode. The slope of the wavefront is the elastic wave 
speed in the corresponding retinal layer. Figure 5 shows 
the statistical analysis of elastic wave speed in each layer 
with and without the prosthetic electrode; the error bar 
represents the standard deviation. Without the prosthetic 
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electrode, the elastic wave speed of layers i, ii, iii, and v 
is 3.66±0.36, 5.33±0.07, 6.85±0.37, and 9.69±0.24 m/s, 
respectively. With the prosthetic electrode, the elastic wave 
speed in each corresponding layer is 4.09±0.26, 5.14±0.11, 
6.88±0.70, and 9.99±0.73 m/s, respectively. The difference 
between the results in each group and each layer were 
evaluated using a Shapiro-Wilk test and a paired t-test. 
The statistical analysis showed that the elastic wave speed 
distributes normally with P<0.05 in each layer of the retina. 
The elastic wave speed in retina with electrode was slightly 
higher where P<0.05 with an average of 2.03 m/s, and the 
95% confidence interval was from 0.53 to 2.82 m/s. The 
elastic wave propagates faster along the depth direction 
of the retina, indicating the elasticity increased from the 
ganglion side to the photoreceptor side. The photoreceptor 
side is close to the sclera. The sclera is stiffer than retina, 
and this close-knit structure of retinal layers is likely to 
affect the biomechanical properties. 

Discussion

In this paper, we have presented the first reported 
evaluation of biomechanical effects at the back of the eye in 
the presence of retinal prosthetic electrodes. We developed 
an OCE system with a mechanical shaker to induce and 
track elastic wave propagation in the posterior of the eye. 
Our highly sensitive and high spatial resolution OCE system 
enables detection of axial displacements precisely, which leads 
to high accuracy of subsequent post-processing and wave 
speed estimation. We used a mechanical shaker as a vibrating 
source to induce tissue motion. Although the shaker we used 
currently cannot be confocal with the OCT scanning beam, 
it has great practical potential for translation to clinical use 
compared with other vibration sources. The current tilted 
shaker configuration may induce complex waves instead 
of pure shear waves which may lead to some bias in the 
estimation of the wave speed. However, in previous work we 
showed the accuracy of our system with similar settings to 
those that were used here (25). The reconstructed Young’s 
modulus of imaged phantoms was comparable to uniaxial 
mechanical testing with a stand-alone elasticity measurement 
system (Model 5942, Instron Corp., MA, USA). 

Previous work to evaluate the performance of the 
prosthetic electrode included perceptual threshold and 
electrode impedance calculation, visual functions testing, 
and analysis of the morphology of both the retina and 
prosthetic electrode (7,8). The tests confirmed the safety and 
reliability of the prosthetic electrode but did not investigate 

biomechanical properties of the eye in the presence of the 
implanted electrode. In the current study, we investigated 
how the prosthetic electrode affects the biomechanical 
properties of the retina to help further knowledge and 
general understanding of these important effects. 

In this study, we measured the elastic wave speed before 
and after prosthetic electrode implantation. Results showed 
that the measured biomechanical properties of the retina 
are comparable in each layer of tissue with and without 
the prosthetic electrode, and also remained consistent with 
biomechanics of the unaltered retina as reported in previous 
work (25). The prosthetic electrode is mainly composed 
of PI which has a density of ~1.4 g/cm3 and is similar to 
the density of fluid in the posterior chamber of the eye. 
Furthermore, the flexibility of the lightweight prosthetic 
electrode allowed it to bond seamlessly to the retinal 
surface, thereby eliminating unwanted strain force which 
limited the biomechanical effects on the retina. 

Although we have successfully demonstrated the effects 
of the prosthetic electrode on retinal biomechanical 
properties, there are still some challenges that can be 
addressed in future work. First, elastic wave speed was 
used for evaluating the biomechanics. Previous studies 
have shown that this method can induce bias estimation 
in thin, viscous,  anisotropic,  and inhomogeneous  
media (34-36). To solve this problem, Shih et al. (19) 
and Han et al. (37) implemented a Lamb Wave model 
using ultrasound elastography and OCE respectively to 
calculate the elasticity and viscosity of the cornea. The 
Lamb Wave model assumes the imaged target is a single 
thin layer, however, the retina has 5 layers, making the 
model inappropriate in this study. Zvietcovich et al. (35) 
developed reverberant 3D OCE to capture the elastic wave 
propagation in each layer of the cornea with excellent 
contrast. In future work, we will implement an appropriate 
model for biomechanical property reconstruction of the 
retina. Second, the quality of our OCT results is not 
optimal compared with OCT images of the retina in 
normal eyes. One important reason for this observed effect 
was that the eyes we used underwent phacoemulsification, 
vitrectomy and implantation. All of these procedures were 
likely to cause corneal swelling due to intraocular pressure 
(IOP) variation when balanced salt solution (BSS) was 
infused into the eye. The cornea therefore experienced 
excess stress and strain, which damaged the endothelium 
cells and led to blurring. A second important cause of 
reduced OCT quality in these studies is that intraocular 
inflammation usually occurs during vitrectomy (32,33), 
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resulting in intraocular blurring. Last, the metal electrode 
blocked the optical path of the OCT system, with the 
beam only able to penetrate through the gap between 
electrodes which led to a decrease in the OCT signal. All 
of these factors degraded the OCT image quality in this 
study. While these issues are currently difficult to resolve 
with our current system and setup, in future work we 
plan to use improved surgical techniques and a new high 
power OCT system to improve the image quality. This 
study is also limited by the lack of electrical stimulation 
during OCE imaging. However, the aim of this study was 
to explore the effects of the prosthetic electrode on the 
biomechanics of the retina. Further studies are needed 
to apply a range of electrical stimuli and investigate the 
corresponding biomechanical effects.

Conclusions

In summary, our work demonstrated surgical implantation of 
a prosthetic electrode in rabbit eye, and the biomechanical 
response of the retina to the prosthetic electrode. Based on 
the elastic wave speed from the measured data in each layer 
of the retina with and without the prosthetic electrode, we 
conclude that the prosthetic electrode does not affect the 
biomechanical properties of the retina significantly. We 
hope that this technology can be further translated into the 
clinical use so that it can evaluate retinal biomechanics in 
patients with retinal prosthetic electrodes for longitudinal 
study over an extended period of time.
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