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BRIEFS. A retina phantom was made to mimic the mechanical and visual properties of a human retina under OCT to simulate retinal injection 

therapies.  

ABSTRACT. Age-related macular degeneration (AMD) is the 

most prevalent retinal disease in people over the age of 50 in the 

developed world. AMD presents in two forms, neovascular and 

atrophic, causing impaired vision and blindness by damaging reti-

nal microstructure. In neovascular AMD, blood vessel infiltration 

causes fluid leakage, scarring retinal tissues. In atrophic AMD, ac-

cumulation of lipofuscin deposits in the retinal pigmented epithe-

lium (RPE) causes damage to the photoreceptors. While no treat-

ment exists for either condition, recent studies suggest RPE stem 

cell injections in the retina can replace damaged cells making it a 

potential therapy for the late-stage of AMD. In this study, phan-

toms were created to simulate the layered structure of human ret-

ina. The phantoms were used as a testbed for studying and quanti-

fying the utility of image-guided injection of therapeutics under 

optical coherence tomography (OCT) to simulate RPE stem cell 

surgery. These phantoms allowed for the quantification of injec-

tion fluid volume delivered during simulated sub- and intra- retinal 

injection as a method of integrating optical imaging data to guide 

drug delivery. This work can potentially benefit the accuracy and 

reproducibility of sub- and intra-retinal delivery of current-gener-

ation therapies. In addition, they allow for development in integra-

tion of OCT imaging and novel surgical maneuvers to provide real-

time feedback that are correlated with postoperative functional 

outcomes. 

INTRODUCTION.  

Age-related macular degeneration (AMD) will affect an estimated 196 

million people by 2020, making it one of the most prevalent retinal 

diseases in people over the age of 50 in the developed world [1-2]. 

AMD causes impaired vision and blindness by damaging retinal mi-

crostructure [3-4]. AMD presents in the neovascular “wet” form in 

10% of cases and atrophic “dry” form in approximately 90% of cases 

[1, 5]. In neovascular AMD, abnormal blood vessels underneath the 

retina can grow and infiltrate past Bruch’s membrane (BM) [5], caus-

ing blood and fluid leakage in and between the retinal pigment epithe-

lium (RPE) and lower layers of the retina [4-5]. This can eventually 

lead to choroidal neovascularization and, in late disease, new cho-

roidal vessels can grow and penetrate the BM [6]. The vascular endo-

thelial growth factor (VEGF), a protein causing the excess growth of 

blood vessels, has been identified as a cause for neovascular AMD.  In 

the recent years, pegaptanib sodium, ranibizumab, and aflibercept 

have been used as anti-VEGF drug therapies, to inhibit the effects of 

the VEGF [7,-9]. In atrophic AMD, accumulation of drusen, yellow 

deposits consisting of lipofuscin, that build up over time in the RPE 

causes BM to distort and photoreceptors to break down [6,10]. Both 

conditions lead to geographic atrophy (GA), the late stage of AMD 

marked by large areas of RPE cell loss, and the progressive and per-

manent loss of photoreceptors and vision [6].  Although several treat-

ments can slow the progression of neovascular AMD in the early 

stages, no current procedure exists to reverse the effects of GA in ei-

ther conditions. RPE cells reside above BM, providing nutrients to and 

maintaining the photoreceptors, thus, RPE cell death has been impli-

cated in the progression from AMD to GA [12]. Pre-clinical trials in 

recent years have demonstrated the potential of using embryonic stem 

cell-derived RPE cells as a treatment for preventing vision loss [1, 11-

12].  However, functional outcomes in animal models and clinical 

studies have been highly variable because difficulties in the delivery 

and diffusion of stem cells and genes to target areas limit therapeutic 

efficacy [12-13].  

Optical coherence tomography (OCT) is currently the gold-standard 

for ophthalmic diagnostic imaging. OCT enables noninvasive high-

resolution imaging of tissue microstructure with up to single-micron 

resolution without the use of exogenous contrast [14-16]. Over the last 

25 years, the ophthalmology community has leveraged the high-speed 

and depth-sectioning capabilities of OCT to image weakly scattering 

tissues up to 1 mm beneath the surface of the retina in three-dimen-

sions and volumetrically visualize deformations in tissue layers and 

progression of disease [17-19]. In addition to diagnostic imaging, OCT 

has also been used to track the in vivo efficacy of therapeutics and 

shown to be uniquely suited for guiding treatment in diabetic retinopa-

thy, surgical planning, and predicting functional outcomes of pharma-

cologic and surgical treatment of ophthalmic diseases in the anterior 

segment and retina. 

We hypothesize that OCT imaging would provide real-time feedback 

to guide sub- and intra-retinal injections and improve the efficacy and 

reproducibility of current-generation stem cell and gene therapies for 

GA. We developed a novel multi-layered retinal phantom to enable 

quantification of therapeutic volumes delivered in simulated surgical 

maneuvers as foundational studies for developing novel image-guided 

drug delivery methods and instrumentation.  

Current materials used for the fabrication of tissue phantoms include 

hydrogels, such as gelatin and agarose, and 3-D printed silicones. Alt-

hough hydrogels can be optically tuned, high refractive indexes poses 

as a barrier in the imaging process and material properties do not allow 

for the stiffness and elasticity needed for phantom functionality. In ad-

dition, rapid bacterial growth limits shelf-life of hydrogels [20]. Com-

mon 3-D printed silicones allow for adjusted material stiffness, how-

ever the process limits layer thicknesses needed to achieve micron thin 

layers [21-22]. Multi-layered phantoms were developed using PDMS 

(Polydimethylsiloxane), which has comparable refractive index to hu-

man tissue and can be tuned to simulate the mechanical properties of 

retinal tissue [23]. OCT-guided delivery of therapeutics during simu-

lated sub- and intra-retinal injections in these phantoms allowed us to 

identify critical barriers to current-generation surgical techniques and 

provided a testbed for future technology development. 

Three-dimensional OCT imaging data was analyzed in post-pro-

cessing to precisely quantify injection volumes. Cross-sectional OCT 

images showing the injection site were segmented and visualized vol-

umetrically to quantify the spatial extent of the delivered volume. OCT 

imaging dimensions were calibrated and used to calculate the total de-

livered volume, which was compared with the injected volume to 

model variability from compressible injection equipment (i.e., syringe 

and tubing) and, more significantly, fluid effusion from the injection 



 

site. This data will enable development of predictive models for pre-

cise drug delivery to benefit personalized medicine and improve out-

comes in ophthalmic surgery. 

MATERIALS AND METHODS.  

Optical scattering, stiffness, and layer thickness in the phantoms were 

adjusted by doping the PDMS with varying concentrations of TiO2, 

varying PDMS cure-to-base ratios, and optimizing spin-coating pa-

rameters, respectively, to create phantoms that accurately replicated 

the layered structure of healthy human retina observed on OCT.  

Optical Scattering. 

PDMS (5 g base and 1 g cure) was titrated with 0.1-0.5 wt % of TiO2 

and manually mixed until homogenous. Each mixture was added to a 

4 cm diameter petri dish and cured at 100° C for 4 hours. Samples were 

then imaged under OCT to quantify light scattering and matched to 

corresponding scattering layers within representative OCT cross-sec-

tions of normal human retina. An additional 0.8 grams of TiO2 was 

added to the bottom layer (Layer 1) in order to compensate for loss of 

OCT contrast with increasing depth (Table SI).  

PDMS Stiffness 

Varying PDMS cure-to-base ratios were titrated in increments of 1 wt. 

%. Each mixture was added to a 4 cm diameter petri dish and cured at 

100° C for 4 hours. Sample stiffness was then evaluated in compres-

sion, and 2 wt. % was identified as the cure-to-base ratio that mostly 

closely approximated human retinal stiffness.  

Multi-layered PDMS Phantom 

0.1 g of PDMS was placed on a glass coverslip and spin-coated before 

curing at 275°C for five minutes. PDMS cure was added immediately 

before spinning each layer to control for viscosity and spin-coat layer 

thickness. A 12 to 1 dilution of water to PVA-based glue (Elmer’s, 

Westerville, OH) was added on top of each cured layer and spun at 

4000 rpm for one minute. The cured slides were imaged with OCT and 

layer thickness were measured using a calibrated vertical translation 

stage with digital micrometer (Mitutoyo, Aurora, IL). The resulting 

data was fit to exponential models and used to extrapolate requisite 

spin speeds for target thicknesses. 

Simulated Sub- and Intra- Retinal Injections 

A custom micro-positioner was designed to provide precision 3-axis 

translation and 2-axis rotation control. Sub- and intra-retinal cannulas 

with 100/150 µm diameter (inner/outer)  was attached to a syringe in-

jection system (Harvard Apparatus, Holliston, MA) for controlled 

drug delivery at a rate of 8 mL/min. Cannula tips were localized under 

real-time OCT guidance with 2.7 µm axial resolution and 11 µm lat-

eral resolution. The cannula was aligned to a static OCT imaging field-

of-view and data was continuously acquired as the PDMS retinal phan-

tom was translated into place for image-guided injection. 

Injection Volume Quantification 

OCT imaging dimensions were calibrated using a glass resolution test 

chart (USAF 1951, Edmund Optics, Barrington, NJ). The test chart 

was translated known displacements in three orthogonal axes using a 

kinematic stage and the corresponding pixel shift of features were 

measured on OCT. The intensity point-spread-function cross-section 

was used to identify the edge of the resolution bars and tracked in the 

x, y, and z-axes for pixel spacing calibration. OCT images of injection 

volumes were processed and segmented in post-processing using Av-

izo (Thermo Fisher Scientific, Waltham, MA) to quantify injection 

volumes. 

 

 

 

Figure 1. OCT images of scattering properties for different PDMS scat-

tering levels. TiO2 concentrations used to simulate low, medium, and 

high scattering retinal layers are outlined in red. 

Table 1. Spin speeds and corresponding mean layer thicknesses in multi-

layer phantoms (n=5).  

Target 

Thickness 

(μm) 

60 90 40 40 55 55 35 

Measured 

Thickness 

(μm) 

62 91 39 35.4 52 54.6 37.4 

Spin 

Speed 

(rpm) 

1850 1100 3100 2800 2350 1750 3600 

 

RESULTS. 

Low, medium, and high scattering levels were simulated using 0.2, 

0.8, and 2.4 wt % of TiO2 -to-PDMS base ratios, respectively       (Fig. 

1). A 2 wt % PDMS cure-to-base ratio was used to simulate retinal 

stiffness.  

Multi-layered phantoms were fabricated using extrapolated spin 

speeds for target thicknesses identified using representative OCT 

cross-sections of normal human retina. Average phantom layer thick-

nesses variability was 4.8 μm (n=5) and likely resulted from surface 

tension differences between layers directly coating the cover glass and 

subsequent layers covering PDMS layers (Table 1).  

Comparisons between OCT cross-sections of normal human retina and 

our multi-layer phantom show good correspondence in both layer 

thicknesses and scattering properties (Fig. 2). Higher scattering layers 

were used deeper in the phantom to compensate for depth-dependent 

differences in imaging contrast. Scattering intensities for both images 

were normalized and plotted.  

Image-guided injections were performed in phantoms under OCT vis-

ualization. Retinal phantoms were submerged in water to minimize 

surface reflections and simulate vitrectomized eyes. OCT images of 

intra-retinal injection were segmented and volumetrically rendered for 

visualization (Fig. 3). Rendering shows lateral spreading of the injec-

tion volume, which was likely a result of phantom layer dissection by 

the injection pressure. Similar effects are observed surgically when 

creating a retinal bleb.  

DISCUSSION. 

In the study, TiO2 was added to PDMS in order to create a phantom 

with similar optical properties as the human retina. TiO2 concentra-

tions ranged from 0.2-1.0 wt. %, and an additional 0.08 grams of TiO2 

was added to the bottom layer to compensate for depth-dependent dif-

ferences in imaging contrast. Scattering properties between the human 

retina and phantom were compared to validate our model. Images were 

normalized by their respective noise floors to compensate for differ 

0.2% 0.4% 0.6% 0.8% 1.0%   

2.4% 



 

 

Figure 2. Comparison of OCT cross-sections of normal human retina and 

multi-layer retinal phantom. Horizontal average (yellow box) of normalized 

pixel intensity plot for visual comparison for (A) PDMS phantom and (B) cor-

responding human retinal OCT with representative histology showing layered 

microstructure in-depth. 

ences in overall contrast. The human retina and phantom showed com-

parable OCT contrast for the respective layers (Fig. 2), but the phan-

tom had higher scattering between layers. This was likely a result of 

the use of PVA-based glue between layers to ensure layer separation 

during injection simulations. Low PDMS cure concentrations were 

used to model retinal tissue stiffnesses but resulted in strong adhesion 

between phantom layers. The layer of PVA-based glue was used to 

reduce the amount of interlayer binding.  

PDMS is known to have comparable mechanical properties as the hu-

man retina, making it the ideal substrate for a retinal phantom. How-

ever, the elastic modulus of PDMS is not consistent over a range of 

cure-to-base ratios. Lower concentrations of cure were used to reduce 

PDMS stiffness. In addition, TiO2 displayed clumping and settling in 

final PDMS mixtures, which potentially affected scattering levels and 

layer thicknesses between phantoms. We compensated for these ef-

fects by mixing each mixture immediately before measuring scattering 

and spinning mixtures, but variabilities were still observed.  

In our simulated injections, we performed two injections per phantom. 

The first to simulate a saline injection in the retinal phantom to sepa-

rate the desired layers and create a retinal bleb. Then, a second injec-

tion was performed to simulate therapeutic agent delivered into the 

bleb, simulating current clinical standard-of-care sub- and intra-retinal 

injection techniques. In addition to the simulated injections performed 

in this study, our phantom may be directly applied to investigate novel 

methods for precise layer separation during bleb formation. Injection 

dynamics in retinal phantoms showed that layer separation required 

build-up of sufficient pressure. This is similar to what is observed clin-

ically in the dissection of retinal layers during retinal bleb creation. 

Thus, separation of sub- and intra-retinal delivery of therapeutics is 

divided between two injection procedures, bleb and drug delivery, to 

allow for precision control of delivered drug volume. In our simulated 

injections, the primary and secondary injections had comparable vol-

umes, which we suspect resulted because the initial retinal dissection  

 

 

Figure 3. Volume rendering of the injection volume pre- and post- needle 

retraction (purple/ blue) with OCT cross-sections in two phantoms. (A) A 

total of 2.319 x 10-4 µL was delivered between layers 1 and 2 before needle 

release. (B) A total of 5.369 x 10-5 µL was delivered between Layers 3 and 

4 before needle retraction. 

limited the spatial extent of the second injection.  Further work is 

needed prior to in vivo translation of these injection protocols.  

CONCLUSION. 

Retinal phantoms provide a testbed for future technology development 

and can be used to guide sub- and intra-retinal injections under OCT 

in real-time. This work presented methods for developing a multi-lay-

ered retinal phantom that simulates optical scattering, thickness, and 

material properties of the human retina. The utility of this phantom 

was then demonstrated in simulated image guided retinal injections 

using OCT. The phantom provided a stable and robust test-bed for 

real-time guidance of sub-retinal injections and quantification of key 

injection parameters. By studying simulated injections, the effective-

ness and reproducibility of current-generation stem cell and gene ther-

apies for GA can be improved. Moving forward, the methods and re-

sults in this work will be used to better understand dosing and admin-

istration of sub-retinal injections for animal and human studies and can 

be used to develop personalized drug delivery and therapeutics proto-

cols for next-generation ophthalmic treatments.  
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SUPPORTING INFORMATION.  

TiO2 concentrations for corresponding retinal layers in PDMS phantoms. 
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