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Abstract: Optical coherence tomography (OCT) phantoms are essential tools for calibrating
imaging systems, validating diagnostic algorithms, and bridging technological advance-
ments with clinical applications. This review explores the development and application
of materials used in OCT phantoms, emphasising their optical, mechanical, and biochem-
ical fidelity to biological tissues. Gelatin-based phantoms (n = 1.35) offer controllable
absorbance and scattering, with penetration depths (PDs) of 500–2000 µm and scattering
coefficients (SCs) of 5–20 cm−1 but are unstable at room temperature. Silicone phantoms
(n = 1.41) are durable and stable, with SCs of 10–15 cm−1, suitable for long-term studies.
Polydimethylsiloxane (PDMS) phantoms (n = 1.41) provide manageable optical properties
and are used in microfluidic applications. Polyvinyl alcohol (PVA) phantoms (n = 1.48)
mimic soft tissue mechanics, with SCs of 5–15 cm−1, but require freeze–thaw cycles. Fibrin
phantoms (n = 1.38) simulate blood clotting, with SCs of 5–20 cm−1. Scattering particles
like polystyrene (n = 1.57) and titanium dioxide (TiO2, n = 2.49) offer modifiable prop-
erties, while silica microspheres (SiO2, n = 3.6) and gold nanoshells (n = 2.59) provide
customisable optical characteristics. These materials and particles are crucial for simulating
biological tissues, enhancing OCT imaging, and developing diagnostic applications. De-
spite progress, challenges persist in achieving submicron resolution, long-term stability,
and cost-effective scalability.

Keywords: optical coherence tomography; phantom; scattering

1. Introduction
Over the past two decades, while OCT technology has advanced rapidly, the de-

velopment of standardised test methods to evaluate its functionality has lagged behind.
Phantoms are artificial models essential for assessing imaging devices, maintaining signal
quality over time, and facilitating comparisons between different devices [1].

The materials used in phantom preparation for various imaging techniques, such
as ultrasound [2], optical spectroscopy, imaging, and dosimetry [3], are diverse. These
materials are designed to emulate the specific biological and optical properties of tissues.
Additionally, phantoms can mimic cellular and subcellular structures by matching the size,
refractive index, and volume of scatterers, as well as the matrix medium. These biological
structures can be as small as a micron or less.

In the context of retinal neurodegenerations, such as glaucoma and age-related macular
degeneration, apoptosis of retinal ganglion cells (RGCs) and photoreceptors is an early
pathological event [4–7]. To detect early, subtle cellular and subcellular changes associated
with cell death, phantoms can be created using microparticles sized 1–3 microns, which
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correspond to the dimensions of organelles like mitochondria, the Golgi apparatus, and the
endoplasmic reticulum [8–10]. These phantoms can replicate organelle morphology and
are useful for exploring the resolution capabilities of OCT systems and training machine
learning tools for OCT-based retinal detection [11].

Optical phantoms are indispensable for evaluating imaging systems, and their design
has evolved significantly with the introduction of advanced materials. Recent advance-
ments in OCT phantom development emphasise the use of materials like polydimethyl-
siloxane (PDMS) and hydrogels doped with nanoparticles to simulate multi-layered retinal
structures. This enables precise calibration of axial resolution and depth-dependent imaging
performance [12]. High-resolution 3D printing can replicate micrometre-scale anatomical
features, such as layered photoreceptors and capillary networks, improving the benchmark-
ing of OCT systems [13]. Agrawal et al. (2020) demonstrated the use of an engineered
texture phantom with biologically inspired microfeatures to quantitatively assess lateral res-
olution in adaptive optics (AO) systems, providing a standardised approach for evaluating
retinal imaging performance [14].

This paper reviews the materials used to prepare OCT retinal phantoms, focusing
on their optical and mechanical properties, advantages, disadvantages, and potential
applications. It concludes by addressing the ongoing challenges in selecting phantom
materials, their preparation, and their application in OCT diagnostics, highlighting areas
for future research.

The commonly used materials for the matrix media and scattering particles in OCT
phantoms are detailed here. The matrix medium simulates the cytoplasm and intercellular
matrix, while the scatterers represent dense particles of cellular morphology, including cell
and nuclear membranes and organelles (Figure 1). Tables 1 and 2 summarise the phantom
matrices and scattering particles, respectively, their optical and mechanical properties, and
the advantages and disadvantages of phantom preparation.
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found in our previous study [11].

Figure 1. Rendered optical coherence tomography (OCT) image of bilayer phantom with gelatin-
based matrix and polystyrene beads (PBs) as a scattering particle. The upper layer contains 1 µm
diameter PBs, whereas the bottom layer consists of PBs with 5 µm diameter. The image was acquired
using a custom-built OCT system with centre λ = 1040 nm (FWHM = 70 nm) at the Cardiff University
School of Optometry and Vision Sciences. Preparation and imaging of the OCT phantoms can be
found in our previous study [11].
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Table 1. Summary of phantom matrices.

Substances RI Advantages Disadvantages PD, µm SC, cm−1 AC, cm−1 MS, MPa DT Applications

Gelatin-based
phantoms 1.35

• controllable
absorbance
and scattering

• background
fluorescence

• optical and
mechanical
properties close to
biological tissue

• cost-effectiveness

• unstable at
room temperature

• difficult to make
complex shapes
and forms

500–2000 5–20 0.1–1 0.01–0.1 days
to weeks

• simulate soft
biological tissues

• calibration and testing of
OCT systems

• educational settings to
demonstrate
imaging techniques

Silicone
phantoms 1.41

• rupture resistance
and stable

• easy to make
complex shapes
and forms

• inhomogeneous
with inorganic
particles
(fluorophores,
chromophores
and absorbers)

• inconsistent with
biological and
organic constituents

1000–2000 10–15 <1 0.1–3 years

• used for their durability
and stability, making
them suitable for
long-term studies and
repeated use

• development and testing
of medical
imaging devices

Polydimethylsiloxane
(PDMS)

phantoms
1.41

• manageable
optical properties

• compatible with
inorganic particles

• long-term durability
and stability

• hard to work with
hydrophilic
chromophores
and scatterers

1000–2000 5–10 <0.1 0.5–3 years

• in microfluidic
applications and in the
study of
vascular structures

• visualising and analysing
flow dynamics and
structural imaging

Polyvinyl
alcohol (PVA)

phantoms
1.48

• similar to
extracellular liquid
physical properties

• longevity
• rigid structure
• inexpensiveness

• difficult to control
optical properties

• dependent to freeze
and thaw cycles

1000–2000 5–15 <1 0.01–1 months to
years

• mimic the mechanical
properties of soft tissues

• calibration of
elastography techniques
and in the development of
surgical training models
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Table 1. Cont.

Substances RI Advantages Disadvantages PD, µm SC, cm−1 AC, cm−1 MS, MPa DT Applications

Fibrin phantoms 1.38

• works well with
organic and
inorganic particles

• low scattering
coefficient

• time-consuming
phantom
preparation

1000–2000 5–20 <1 0.001–0.01 days
to weeks

• simulate blood clotting
and vascular structures

Abbreviations: AC—absorption coefficient; DT—degradation time; MS—mechanical stiffness (Young’s Modulus); PD—penetration depth; RI—refractive index; SC—scattering coefficient.

Table 2. Summary of scattering particles.

Substances RI Advantages Disadvantages SC, cm−1 AC, cm−1 MS, GPa Applications

Polystyrene 1.57

• modifiable mechanical and
optical properties

• available in various sizes

• high-priced
• the short lifespan of

the phantoms
50–100 <0.01 3–3.5

• simulate the scattering properties of
biological tissues

• precise control over the scattering
characteristics of the phantom (wide
range of sizes)

• calibrating and testing the resolution
and sensitivity of OCT systems

Titanium dioxide
(TiO2) 2.49

• cost-effectiveness
• availability

• inhomogeneous phantom
if solid

• short lifespan
• hard to control

optical properties

100–200 <0.1 230–280

• mimic the high scattering properties of
certain tissues (skin or fibrous tissues)

• studies focused on improving image
contrast and depth penetration in
OCT imaging

Silica microspheres
(SiO2) 3.6

• customizable
optical properties

• large scattering
cross-section

• unavailability 50–150 <0.01 70–75

• employed in phantoms designed to
simulate the optical properties of
various tissues, including brain and
muscle tissues

• multi-modal imaging studies

Gold nanoshells 2.59

• controllable
optical properties

• compatible with
biological tissue

• high-priced
• unavailability 50–150 1–10 70–80

• research focused on photothermal
therapy and contrast-enhanced
OCT imaging

Abbreviations: AC—absorption coefficient; MS—mechanical stiffness (Young’s Modulus); RI—refractive index; SC—scattering coefficient.
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2. Phantom Matrix
The phantom matrix serves as the artificial medium that replicates the intracellular

space and cytoplasm of tissues. Therefore, its physical and chemical properties should
closely resemble those of the fluid compartments found in tissues and cells, such as intracel-
lular fluid and cytoplasm. In addition to the matrix, OCT phantoms incorporate chemicals
with higher refractive indices and specific sizes and shapes, which act as scatterers for
OCT light. These scatterers simulate the cell and nuclear membranes, as well as organelles.
Below, we define the materials commonly used as phantom matrices.

2.1. Gelatin-Based Phantoms

Gelatin, a homogeneous colloid gel derived primarily from animal collagen [15], is
one of the earliest materials used for phantom preparation, alongside other hydrogel-
based substances like agarose [16,17]. These organic materials are well-characterised and
easily controlled. Alimentary gelatin and agar are readily available, exhibiting minimal
absorption and very low turbidity [18].

As a matrix for phantoms, gelatin encapsulates water as its main component and can be
combined with both organic and inorganic scattering particles to mimic the heterogeneous
structure of tissues [19–21]. Gelatin’s optical and mechanical properties are relatively
similar to those of biological tissues [22]. For example, its mechanical properties, such as
wave speed (in ultrasonography) and mass density (approximately 1000 kg/m3), align
closely with those of tissue [23].

In a study by Zhang et al. (2011), elasticity measurements of five phantoms with
varying gelatin concentrations demonstrated a positive correlation between elasticity and
gelatin concentration [24]. The refractive index of a gelatin phantom is 1.35, which is close
to that of biological materials, and its scattering coefficient is 1 at a central wavelength of
1280 nm, as calculated by Mie theory [22]. Consequently, gelatin-based matrices possess the
desired absorbance, scattering, and background fluorescence for creating tissue-mimicking
optical phantoms. Additionally, the optical properties, particularly the variation in trans-
mission at wavelengths of 600–1000 nm, remain stable for 2–4 weeks [25], making them
suitable for a series of phantom fabrication and imaging studies.

The scattering and absorption properties of gelatin phantoms can be adjusted by mix-
ing the gelatin medium with a lipid emulsion [18,26]. In this combination, the lipid emul-
sion enhances absorption and fluorescence, while gelatin provides rigidity and scattering
characteristics [15,27]. However, gelatin-based phantoms lack rigidity at room temperature,
which limits their durability and complicates the creation of complex shapes and forms [28].
Due to gelatin’s lower viscosity (<2 Pa) compared to tissue, its elasticity is sensitive to
fabrication, testing, and imaging conditions [29]. Like other hydrogels, gelatin’s stiffness
restricts water mobility, but additives such as EDTA, penicillin, fluorophores, gadolinium,
and copper sulphate can enhance the functionality of gelatin-based phantoms [3].

Given these optical and mechanical properties and its availability, gelatin is a common
foundational material for tissue-imitating phantoms used in evaluating diagnostic equip-
ment and software. Furthermore, gelatin-based phantoms are cost-effective, making them
valuable for training and practical applications [30].

2.2. Silicone Phantoms

Silicone offers the ability to create phantoms with complex shapes and diverse optical
properties, addressing some of the limitations associated with gelatin-based phantoms.
This is due to silicone’s low viscosity and resistance to fracture, which also allow for the
creation of permanent phantom media suitable for routine testing and calibration of devices.
The refractive index of silicone is approximately 1.4 [31], closely matching the average
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value for human tissue [32] and the retina [33]. Silicone’s scattering contribution is minimal,
with an attenuation coefficient of less than 0.5 mm−1 [34].

As a matrix for phantoms, silicone is both stable and transparent, making it suitable
for a wide range of scattering particles. However, achieving a homogeneous distribution
of inorganic scatterers, such as fluorophores, chromophores, and absorbers, can be chal-
lenging. Bays et al. (1997) addressed this by adding solvents like water, ethanol, methanol,
and dimethyl sulfoxide to silicone-based phantoms to create a solution with scattering
particles [32]. After mixing with silicone, the solvents were removed through evaporation,
resulting in a monodispersed distribution of scattering particles within the matrix [32].

Silicone-based phantoms are also useful for measuring blood flow velocity in Doppler
OCT [35]. This can be achieved by embedding a flow channel with a diameter of 50–150 µm,
similar to retinal vessels, within an eye model. Phantoms incorporating special gel
colourants for silicone and TiO2 scatterers can be employed to investigate both relative
changes and absolute values of retinal blood flow velocity [36].

Despite these advantages, silicone has some drawbacks as a phantom material, notably
its incompatibility with biological tissue constituents and other organic chemicals [3].
Significant efforts have been made to develop silicone-based optical phantoms, promoting
the use of polymeric organosilicon, such as polydimethylsiloxane (PDMS).

2.3. Polydimethylsiloxane Phantoms

The use of PDMS, a silicon-based elastomeric polymer, in phantom preparation is
increasingly popular. PDMS is optically transparent, with a refractive index of 1.41 ± 0.01
in the near-infrared range (λ = 800–1300 nm) [1]. Its optical properties can be precisely con-
trolled to achieve various intensity levels [37,38]. Inorganic scatterers can be incorporated
to mimic tissue structures with similar absorption and scattering coefficients [39]. However,
due to PDMS’s hydrophobic nature, hydrophilic chromophores and scatterers cannot be
used, which is a limitation of this polymer.

PDMS maintains its stability over long periods, lasting several years [40]. The fabri-
cation of PDMS phantoms is straightforward, as well as easy and safe to use [41]. Mixing
silicone with PDMS allows for customizable viscosity, although the softening process of sili-
cone can take weeks to cure if not heated [28]. Once cured, the elastic polymer is strong and
retains consistent optical properties, as demonstrated in the study by Wu et al. (2015) [42].

Thanks to its tunable optical properties, PDMS is suitable for creating multi-layered
phantoms [43]. Baxi et al. (2014) used PDMS as a matrix for phantoms, adding scatterers
such as barium sulphate (BaSO4) powder, titanium dioxide (TiO2) nanopowder, and silica
(SiO2) microspheres [1]. These substances were varied in concentration across layers to
mimic different retinal layers. A spin-coating method was employed to achieve similar
thickness and intensity for each retinal layer [1].

Wang et al. (2021) developed a custom-built eye model with PDMS and polystyrene
bead-embedded phantoms for the calibration and quality assessment of OCT devices [44],
including evaluating the axial and lateral resolution of tomography. The potential of
PDMS extends to retina-mimicking phantoms and can be used for fabricating external eye
structures [45] and preparing birefringent tissue phantoms (such as the cornea and retina),
which can be imaged using polarisation-sensitive OCT [46].

2.4. Polyvinyl Alcohol (PVA) Phantoms

Polyvinyl alcohol (PVA) has been introduced as a phantom matrix material to enhance
the quality of artificial tissues [2,47], particularly in ultrasound, photoacoustic tomography,
and MRI research [48,49]. PVA is a synthetic polymer that can form a hydrogel when
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dissolved in water or dimethyl sulfoxide (C2H6OS). Following freeze/thaw processes, this
solid composition is known as PVA-cryogel (PVA-C) [28].

The mechanical properties of PVA-C closely resemble those of human tissue [50,51],
exhibiting increased inherent breaking strength after freeze–thaw cycles and elastic charac-
teristics similar to the extracellular matrix [49]. Although PVA’s mechanical properties are
tunable, controlling its scattering features is challenging [3]. The optical properties depend
on additives, catalysts, water, and C2H6OS [28]. Additionally, the scattering coefficient can
be adjusted through repeated freeze and thaw cycles; for example, after seven cycles, the
scattering coefficient decreases to 0.8–1 mm [52].

An innovative application of PVA as an ophthalmic phantom was demonstrated by
Fogli et al. (2014), who used the polymer as a synthetic vitreous humour for vitrectomy
procedures [53]. The rigid structure, cost-effectiveness, and long-term durability of PVA-C
make it a promising material for retinal and vitreous phantoms, facilitating the evaluation
of optical diagnostic and surgical devices.

2.5. Fibrin Phantoms

Fibrin overcomes many of the disadvantages associated with other phantom materials.
As a natural protein, fibrin provides structural support in biological tissues, particularly in
blood clots. It forms when fibrinogen is activated by the proteolytic action of thrombin [54].
Fibrin is transparent and can be combined with both inorganic and organic chemicals
to enhance the scattering coefficient of the resulting phantom. Additionally, fibrin is
compatible with biological tissues and hydrogels [28].

The process of preparing fibrin phantoms is straightforward and not time-consuming.
The primary components needed are fibrinogen and thrombin, with their concentrations
affecting the mechanical properties of the phantom [55]. Kennedy et al. (2010) demonstrated
the creation of a fibrin phantom combined with Intralipid™ [56]. The low scattering
characteristic of fibrin makes it an excellent choice for a phantom matrix in OCT devices,
while Intralipid serves as the scatterer to mimic cell and organelle membranes [3]. The
inclusion of these lipid scattering materials allows for precise control over the optical
properties. Another example of using fibrin with Intralipid in a phantom was presented by
Yu et al. (2014), showcasing a time-efficient fabrication process and an extended phantom
lifespan with low scattering (µ’s = 1.25 ± 0.04 mm−1) [57].

Newer materials such as agarose [58], polyethylene glycol diacrylate (PEGDA) [59],
and alginate hydrogels [60,61] are increasingly used in phantom fabrication due to their
advantageous optical and mechanical properties. Agarose hydrogels, with a refractive
index similar to gelatin, provide low turbidity and can be adjusted for varying optical
densities, making them suitable for optical applications [58]. They are easy to prepare
and form stable structures at room temperature, offering moderate mechanical strength,
often enhanced by combining with other materials. PEGDA hydrogels are highly transpar-
ent and can be engineered to have specific refractive indices by varying polymerization
conditions, making them ideal for phantoms with precise optical properties: tunability
and biocompatibility [59]. Known for their biocompatibility, alginate gels have adjustable
mechanical properties and are particularly useful in organ-on-chip models, with stability
enhanced through crosslinking with calcium ions [62]. These materials provide versatile
options for developing phantoms that closely mimic biological tissues in both optical and
mechanical aspects.

3. Scattering Particles
In addition to the medium material, phantoms incorporate scattering constituents,

which enable precise and independent control of optical properties. Phantoms can be cate-



BioChem 2025, 5, 6 8 of 16

gorised into two main groups based on how their light scattering properties are achieved:
those using nano- or microparticle-induced scattering and those relying on the intrinsic
scattering of the materials used. The type, size, shape, and concentration of scatterers are
crucial in achieving the desired scattering coefficient for phantoms.

3.1. Polystyrene

Polystyrene beads are among standard optical phantoms’ most commonly used scat-
tering particles [3]. These microspheres offer easily controllable physical and optical
properties, and their refractive index can be adjusted [63]. The size and concentration of
the beads significantly influence their optical scattering properties [64], with a scattering
coefficient of 2.3 and a refractive index of 1.59 [22]. The availability of beads in various sizes
and refractive index is another advantage, allowing for good repeatability and theoretical
prediction of spectra [3]. Like other polymer beads, polystyrene is suitable for assembling
multilayer phantoms. Chang et al. (2012) used layered phantoms with polystyrene mi-
crospheres to assess and validate OCT axial resolution and depth of field [65]. Scanning
electron microscopy (SEM) images reveal the uniformity and spherical shape of polystyrene
beads, contributing to their predictable scattering behaviour.

Due to their unique optical properties, including a tunable scattering coefficient and
refractive index, polystyrene beads are often the first choice for OCT phantom preparation.
In gelatin-based phantoms, polystyrene nanoparticles are frequently used as scattering
constituents. However, because of the cost and short lifespan of these phantoms (ranging
from 1 day to 1 week, rarely longer), alternatives such as titanium dioxide (TiO2) and
aluminium oxide (Al2O3) powders are often preferred.

3.2. Titanium Dioxide

Titanium dioxide (TiO2) is a widely used particle mixture in optical phantoms due to
its high scattering coefficient and low absorption value, with peak absorbance occurring at
wavelengths of 250–450 nm [3,66]. For well-defined and reproducible optical properties, it
is preferable to use liquid-based supplies of TiO2, as the powder form requires continuous
stirring to achieve a homogeneous phantom with a solid dispersion of scatterers [67].

TiO2, along with other inorganic scattering materials like aluminium oxide (Al2O3)
or barium oxide (BaO), is ideal for gelatin-based phantoms because of its availability and
cost-effectiveness. However, like gelatin, TiO2 has a limited lifespan, which restricts its
use in phantoms over time. Achieving an exact scattering coefficient from a phantom
mixture can be challenging, as demonstrated by Pogue and Patterson (2006), who reported
significant variability in scattering from TiO2 phantoms [3].

The effective resolution of a speckle-modulating OCT (SM-OCT) system was enhanced
by imaging a small gap in a PDMS-based phantom containing a titanium dioxide mix-
ture [68]. Compared to other scatterers, TiO2 has a higher refractive index, making it
suitable for mimicking the hyperreflective retinal pigment epithelium and photorecep-
tors [1]. In the wide-field eye phantom developed by Corcoran et al. (2015), TiO2 was a
key component of the Verowhite region, used to design concentric rings of high-scattering
materials, while carbon black served as Veroblack to increase absorption [69].

Beyond SD-OCT and SM-OCT, TiO2 is also used in the preparation of retinal phan-
toms for OCT-angiography [70], for fabricating microfluidic channels, and in adaptive
optics (AO) OCT [14] to replicate the opto-structural properties of photoreceptor outer
segments [71]. Kuttippurath et al. (2023) demonstrated the utility of TiO2-doped gel
wax phantoms to replicate lipid absorption features at 1210 nm, validating a 1200 nm
spectroscopic OCT system’s ability to discriminate lipid-rich tissues from water-based
environments using attenuation spectral analysis and predictive modelling [72]. These
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lipid-mimicking phantoms are particularly valuable for studying diseases like AMD, where
lipid dysregulation in the retinal pigment epithelium (RPE) is a hallmark [73].

3.3. Silica Microspheres

Silica microspheres (SiO2) offer low to moderate levels of OCT signal intensity com-
pared to titanium dioxide [1], yet they have a relatively high refractive index of about 3.6 in
the red and near-infrared spectral regions [74]. The first silicone-based phantom using silica
microspheres as scatterers was developed by Charles-Etienne et al. (2008), who demon-
strated the relationship between speckle size in OCT and the density of microspheres [75].
SiO2 maintains a simple, well-defined microstructure and has a sufficiently large scattering
cross-section. Additionally, silica nanoparticles facilitate elastography due to a speckle field
pattern that can be easily tracked [75].

SEM images show well-defined microstructures of SiO2, contributing to their large
scattering cross-section. Silicon nanoparticles (SiNPs) are gaining attention due to their
unique optical properties and biocompatibility. Recent studies have explored the use of
these particles in enhancing OCT contrast [76], although comprehensive validation studies
are still needed.

The preparation methods for silica microspheres vary and include techniques such
as laser ablation and electrochemical etching followed by mechanical grinding [77]. The
choice of method depends on the desired target size of the SiO2 for OCT phantoms.

3.4. Gold Nanoshells

Gold nanoshells are emerging as a promising scattering particle for optical imaging
techniques [78]. These nanostructured particles consist of a dielectric core surrounded by a
gold shell. By adjusting the parameters of this core/shell structure, the wavelength can be
tuned to match the surface resonance [79].

Agrawal et al. (2006) demonstrated that the optical properties of phantoms depend
on the concentration of gold nanoshells [80]. Higher concentrations of nanoshells enhance
the OCT signals backscattered from tissue [81]. The scattering strength of these particles
is sufficient to mimic biological tissue in phantoms and even skin in vivo [82]. In initial
experimental models, OCT signal enhancement reached 7 dB [83]. Tuersun et al. (2015)
studied the optimal dimensions of nanoparticles to achieve the maximum scattering coeffi-
cient (7.01 µm−1), determining that a core radius of 54.2 nm and a gold shell thickness of
10.1 nm at a wavelength of 830 nm were ideal [79]. SEM images of gold nanoshells show
their unique core–shell structure [84], which is critical for their optical behaviour.

In addition to their use in imaging, gold nanostructured particles are also being
explored as a treatment option for photothermal therapy of cancer, thanks to their high
absorption in the near-infrared region and favourable thermal characteristics [79].

4. Molecular Mechanisms in OCT-Studied Retinal Diseases
Recent advances in OCT have enabled the correlation of structural retinal changes

with molecular pathways. Below, we highlight key biochemical mechanisms studied using
OCT, emphasising their relevance to phantom design for disease modelling.

4.1. Lipid Metabolism and RPE Dysfunction

Progressive rod-cone degeneration (PRCD)-deficient mice exhibit aberrant lipid accu-
mulation in the retina, including elevated cholesteryl esters and lipofuscin deposits in the
RPE, mimicking age-related macular degeneration (AMD) pathology. These lipid-driven
changes correlate with OCT-detected hyperreflective RPE lesions and Bruch’s membrane de-
posits [73]. Phantoms replicating lipid-rich environments (e.g., using TiO2-doped matrices)
are critical for validating OCT systems in detecting early AMD biomarkers [72,73].
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While oxidative stress is theorised to contribute to vitreomacular interface pathologies
like epiretinal membranes (ERMs), recent OCT studies found no correlation between total
oxidant status in surgically removed ERMs and retinal morphological changes [85]. This
highlights the need for phantoms incorporating reactive oxygen species (ROS)-responsive
nanoparticles to better model oxidative stress dynamics in vitro.

4.2. Complement System in Photoreceptor Degeneration

C3 knockout mice show reduced photoreceptor loss in sodium iodate-induced retinal
degeneration models, implicating complement-mediated outer segment opsonisation in
disease progression [86]. OCT phantoms with tunable scattering properties (e.g., gold
nanoshells) can simulate complement-driven structural changes to optimise therapeu-
tic monitoring.

4.3. Lysosomal Storage Disorders and Phagocytosis Defects

CLN3 disease models demonstrate impaired RPE phagocytosis of photoreceptor outer
segments, leading to lipofuscin accumulation and photoreceptor loss visible on OCT [87].
Multi-layered PDMS phantoms with lipid-rich scatterers can emulate these defects to test
OCT-based diagnostic algorithms.

A porcine retinal hole model demonstrated that holes < 1380 µm close via astrocyte-
dominated gliotic plug formation visible on OCT [88]. Phantoms with PDMS-based glial
cell mimics could help calibrate OCT systems to track wound healing responses in macular
hole surgery.

Validating phantoms against in vivo OCT data involves a comparative analysis of
OCT signals from phantoms and in vivo tissues [89], assessing parameters such as signal
intensity, scattering profiles, and structural resolution. Key metrics used in validation
include the scattering coefficient, signal-to-noise ratio (SNR), and axial and lateral reso-
lution, ensuring that phantoms exhibit similar optical behaviour and image quality as
biological tissues. For instance, phantoms designed to mimic AMD incorporate lipid-rich
environments to replicate drusen deposits, with validation comparing OCT signal intensity
and scattering profiles to in vivo AMD lesions.

5. Discussion
The advancement of OCT technology focuses on several key areas: enhancing axial

and lateral resolutions and penetration through improved light sources, implementing
adaptive optics for isotropic resolution, and applying AI-based tools for image classification.
Despite significant progress in these areas over the past two decades, there has been limited
development in standard test methods to assess the performance of OCT devices. Phantoms
serve as essential test models for ensuring the quality of OCT hardware and software, as
well as for dynamic quality control and device comparison, maintaining reliability and
accuracy in medical diagnostics.

Most commercial phantoms are made from hard plastics and are used to validate
clinical machines such as computed tomography, ultrasound, magnetic resonance imag-
ing, biomedical optical spectroscopy, Raman spectroscopy, OCT, and near-infrared flu-
orescence [27]. Heikka et al. (2020) conducted a comparison of commercially available
phantoms across eleven OCT machines, demonstrating highly comparable outcomes when
the data were analysed consistently [90]. The adoption of PDMS and hydrogels addresses
key challenges in phantom fabrication, such as achieving anatomical accuracy in retinal
layers while maintaining optical stability [15].

One of the main limitations of titanium and silicon dioxides is their tendency to
aggregate, which can affect their dispersion. In the case of TiO2, their high surface energy
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and reactivity can lead to aggregation when exposed to certain conditions, such as changes
in pH, temperature, or solvent composition. This aggregation can result in the formation
of larger clusters or agglomerates, which may impact the uniformity and stability of
the dispersion. Similarly, SiO2 particles also face challenges related to aggregation and
dispersion. The surface properties of SiO2 particles can influence their interaction with
surrounding molecules or particles, leading to agglomeration. This agglomeration can
hinder the effective dispersion of SiO2 particles in a matrix medium.

Addressing the challenges of OCT imaging through mediums like silicon oil or gas
involves understanding their optical properties and developing phantoms that simulate
their effects on image quality. Silicon oil, with a refractive index of n = 1.40, can create
significant refractive index mismatches when used as a tamponade in the eye, leading to
image distortion, reduced resolution, and artefacts in intraoperative OCT [91]. Similarly,
gases used in ophthalmic procedures, such as perfluoropropane (C3F8) [92] or sulphur
hexafluoride (SF6) [93], have much lower refractive indices compared to biological tissues,
resulting in altered light paths and reduced image clarity. Both silicon oil and gas can alter
the scattering properties of the medium, affecting the OCT signal’s intensity and contrast
and complicating the interpretation of structural details. To address these challenges,
phantoms can be designed using materials that closely match the refractive index of silicon
oil or gas, incorporating layered structures to simulate the interface between biological
tissues and these mediums.

Tissue phantoms with anatomically realistic geometries face limitations because they
simulate tissue on a large spatial scale but do not adequately capture the complex optical
absorption and scattering properties arising from cellular, subcellular, and tissue structures
of varying sizes. Zhang et al. (2024) recently demonstrated that high-resolution 3D printing
enables the creation of retinal phantoms with micrometre-scale anatomical features, includ-
ing layered photoreceptors and capillary networks, which closely match human retinal
morphology and improve OCT system benchmarking [13].

Recent studies demonstrate that OCT-detected structural alterations often correlate
with molecular dysfunction. For instance, lipid-rich TiO2 phantoms replicate drusen-like
deposits in AMD, which are associated with PRCD gene mutations and oxidative stress
in the RPE [73,85]. Similarly, PDMS-based multi-layered phantoms with tunable scatter-
ing coefficients can model complement-mediated photoreceptor degeneration observed
in sodium iodate-treated retinas [86], providing testbeds for anti-complement therapies.
These applications underscore the importance of matching phantom material properties
(e.g., refractive index, scattering coefficients) to the biochemical signatures of diseases.

Ensuring the consistency and reliability of phantoms across different studies and
applications can be achieved by standardisation procedures. The National Institute of
Standards and Technology (NIST) has been involved in developing reference materials
and protocols for the characterisation of optical phantoms. These efforts aim to provide
benchmarks for optical properties, such as scattering and absorption coefficients, ensuring
that phantoms used in research and clinical practice meet consistent quality standards [94].

The development of multimodal phantoms represents a promising frontier in medical
imaging. By integrating OCT with fluorescence and photoacoustic imaging, these phan-
toms can provide a more comprehensive understanding of biological tissues and disease
processes. Future research should focus on material innovation, dynamic simulation, and
standardisation to fully realise the potential of multimodal phantoms in advancing medical
diagnostics and improving patient outcomes.

Phantoms with well-defined optical and mechanical properties can be used to generate
training data for artificial intelligence (AI) models. These models can then be applied to OCT
images to improve the detection and classification of retinal diseases. In our recent study,
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we demonstrated the use of phantoms in training machine learning tools for OCT-based
retinal detection [11], highlighting their role in advancing AI-driven diagnostics [95–97].
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