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Abstract 1 

The reliability and reproducibility of experimental results are crucial in the development and 2 

regulatory approval of medical technologies, yet represent a challenge for biophotonic 3 

instrumentation due to a lack of accepted standards and phantoms suitable for successful 4 

technical validations. Here, we discuss the general design considerations for the preparation 5 

of tissue-mimicking biophotonic phantoms and then critically review the existing literature on 6 

phantom materials and fabrication across the field in light of these criteria and of recent 7 

developments at the state-of-the-art. We then focus on three representative examples of 8 

biophotonic standardisation related to different modalities, presented in order of their relative 9 

maturity: diffuse optical imaging and spectroscopy, fluorescence guided surgery, and 10 

photoacoustic imaging. Finally, we provide a perspective on future phantom development and 11 

the unmet needs of the biophotonic field, identifying a set of criteria, termed the “4Cs”, for 12 

biophotonic standardisation which highlight the need for characterisation, collaboration, 13 

communication and commitment to maximise the achievements of ongoing standardisation 14 

efforts. 15 

  16 
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Optical imaging biomarkers enable disease diagnosis and treatment in real-time at 1 

relatively low cost, leading to an increase in the use of optical imaging methods in clinical 2 

practice1. Despite the increasing number of available optical-imaging biomarkers and their 3 

significant potential for improving clinical outcomes, published standards for performance 4 

evaluation of optical imaging devices are still lacking2. As a result, technological progress in 5 

the respective imaging communities is hampered by a lack of transparency and comparability 6 

between system performance evaluations reported in the literature. The lack of consensus 7 

standards  alsoimpacts the clinical translation process because regulatory bodies often 8 

recognize such standards and/or use them to guide policy. Without technical guidance on 9 

performance testing, the execution of clinical studies and the approval of new biophotonic 10 

devices may be slower and inconsistent. 11 

Test objects to calibrate optical systems have an important subset known as tissue-12 

mimicking phantoms, which are used for performance evaluation of a given technology by 13 

mimicking  light-tissue interactions of human tissue, as well as other crucial elements of the 14 

process3,4. The diverse landscape of biophotonic applications means that it is likely impossible 15 

to have an all-encompassing phantom that fulfils the needs of every optical sub-speciality. As 16 

such, a wide range of biophotonic phantoms have been proposed5,6, but there has been no 17 

consensus on a widely applicable material type nor fabrication method to produce such 18 

phantoms. Nevertheless, finding consensus on broadly applicable materials would be 19 

beneficial to enable comparison of devices between vendors and institutions; advance hybrid 20 

modalities; allow complementary use of different modalities within one clinical session; and 21 

further the development of internationally-recognised standards7,8.  22 

Here, we survey the current state-of-the-art in phantom materials and standardisation 23 

efforts in biophotonics.we outline phantom design considerations highlighting important base 24 

requirements for an ideal biophotonic phantom. We then discuss phantom materials and their 25 

methods of preparation, emphasizing individual strengths and weaknesses in the context of 26 

standardisation efforts. We present three examples relevant to current clinical translational 27 

efforts: (i) diffuse optical imaging and spectroscopy, (ii) fluorescence guided surgery (FGS), 28 

and (iii) photoacoustic imaging (PAI), each showcasing the modality-specific versatility of 29 

phantom designs and standardisation approaches. Learning from these prior efforts, 30 

recommendations are formulated on how to overcome challenges on the path towards 31 

standardisation. We believe that early definition of phantom-based standards will help 32 

accelerate clinical translation of biophotonic technologies. 33 

 34 

Biophotonic phantom design considerations 35 

Biophotonic phantoms can be broadly divided into physical phantoms and numerical 36 

(computational) phantoms9. Numerical phantoms cover in silico frameworks, which will not be 37 
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reviewed here; physical phantoms are material objects that can be artificially composed or 1 

tissue derived. Artificially composed phantoms can be homogenously, heterogeneously or 2 

anthropomorphically designed. Tissue-derived phantoms include both ex vivo and 3 

bioengineered tissues. 4 

 5 

Physical properties of soft tissues 6 

 7 

Understanding the physical properties of soft tissues is a fundamental requirement for 8 

development, application and evaluation of biophotonic phantoms. Average values for the 9 

optical10,11, acoustic12,13 and thermoelastic14 properties of soft tissues are summarised in 10 

Supplementary Table 1. To understand light propagation in turbid media, knowledge of the 11 

probability of a scattering or absorption event per unit path length is essential. These 12 

parameters are captured by the linear scattering coefficient µs(λ) and the linear absorption 13 

coefficient µa(λ); the refractive index n is also relevant for light reflection and refraction at 14 

interfaces. For certain microscopic or mesoscopic applications, or interactions near a light 15 

source, knowledge of the anisotropy factor g of the phantom medium is important as well. After 16 

several scattering events, light transport is diffuse and scattering can be assumed to be 17 

isotropic. In these regimes, the reduced scattering coefficient µs’(λ) (defined by µs’(λ) = (1-g) 18 

µs(λ)) is sufficient to describe the apparent scattering coefficient under the assumption of 19 

source to measurement distance >> 1/ µs(λ).  20 

Both scattering and absorption effects are wavelength-dependent and determined by 21 

the constituents of the medium. In the visible wavelength range in soft tissues, oxyhaemoglobin 22 

(O2Hb) and deoxyhaemoglobin (HHb) as well as melanin are the main endogenous 23 

chromophores. Moving towards near infrared (NIR) wavelengths (800–2500nm), water, lipids 24 

and proteins (mostly collagen) become increasingly absorbent as well. In order to measure 25 

optical properties, a wide range of methods can be employed such as spectrophotometers, 26 

double-integrating sphere systems, spatial frequency domain imaging and multi-distance 27 

frequency domain photon migration techniques as well as time-domain photon migration 28 

techniques15–17. Yet, the accurate assessment of optical properties of a turbid medium is highly 29 

challenging due to the strong absorption-to-scattering coupling for light attenuation and 30 

different limitations of the analysis models. Multi-laboratory studies of a liquid phantom showed 31 

an agreement within 2% of the estimate for both µa and µs’18, but discrepancies for solid 32 

phantoms are commonly found to up to ±15%19.  33 

 34 

For phantoms mimicking acoustic properties, relevant for hybrid biophotonic 35 

methodologies such as PAI, it is important to assess how fast an acoustic wave can propagate 36 

within a medium and how strongly the medium attenuates the wave. This is captured by the 37 
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material-specific speed of sound c and acoustic attenuation coefficient α, respectively. The 1 

extent of backscattering is determined by the backscattering coefficient μbs, which is difficult to 2 

determine and therefore rarely reported20. A well-characterized broadband frequency 3 

description of these parameters is essential.  4 

For phantoms mimicking tissue fluorescence, the fluorophore absorption coefficient, 5 

µaf(λ), and emission spectrum, Ie(λ), should ideally match those present in tissue; the emission 6 

quantum yield, φQY, and emission lifetime, τ, could also be matched to the fluorophore of 7 

interest if desired. The stability of biological fluorophores, however, is generally poor, meaning 8 

degradation of the emission intensity over time is common from light exposure 9 

(photobleaching) or from chemical/environmental effects, hence these are rarely used directly 10 

in a phantom context.   11 

 12 

The role of phantoms in the translational research pipeline 13 

 14 

Phantoms play a fundamental role in standardisation and clinical translation of new 15 

devices3. In the context of this review, standardisation refers to the process of establishing 16 

documentary consensus on a specific technical modality/task outlining precise guidelines, 17 

specifications and relevant definitions21. While different definitions of the translational pipeline 18 

exist22, most approaches agree that translational research includes those efforts that transform 19 

scientific discoveries into novel tools that are actively applied in clinical practice. Along this (not 20 

always strictly linear) path, phantoms fulfil a range of tasks that can be roughly divided into 21 

instrument-specific (e.g., device development, validation and surveillance) and application-22 

specific tasks (e.g., testing or validation of an anticipated physical measurement; replacement 23 

of in vivo models) (Fig. 1).  24 

One of the more challenging phases of device translation is often the medical device 25 

regulatory process. This process can be streamlined to some degree through implementation 26 

of phantom-based test methods, where available, as illustrated using the following examples 27 

from the United States (US). An early step in the path to marketing a medical device according 28 

to US Food and Drug Administration procedures is often a clinical study approval, or 29 

Investigational Device Exemption (IDE). In an IDE application, non-clinical performance testing 30 

methods such as phantoms can be implemented to generate data that supports “an 31 

expectation of acceptable clinical use23  and that the device will function as intended.”  When 32 

using a non-standard method, however, it may be necessary to provide adequate justification 33 

of the ability of a phantom approach to predict clinical performance. In applications for 34 

regulatory clearance of relatively low risk devices through the Premarket Notification, or 510(k) 35 

pathway, the need to establish “substantial equivalence” with a predicate device is critical.  This 36 

can often be accomplished in part through the use of phantom-based test methods24, which 37 
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may involve, for example, characterizing image quality with phantoms and test targets. For 1 

higher risk devices that require a Premarket Approval (PMA) submission, clinical data is 2 

typically paramount, but phantoms can play a secondary role in establishing effectiveness 3 

under well controlled, yet biologically-relevant conditions. Also, PMA supplements that request 4 

approval for device modifications can include phantom results. To ensure that test methods 5 

are effective in supporting the aforementioned types of regulatory submissions, it is important 6 

that they adhere to technical design specifications suitable for the biological scenario under 7 

consideration. 8 

 9 

Phantom design properties 10 

An ideal biophotonic phantom material, which intends to cover all outlined tasks, should 11 

possess eight important properties (Fig. 2). Usually, however, phantoms are targeted to 12 

specific applications, such as the assessment of precision or accuracy. Precision phantoms 13 

are focussed on instrument-specific tasks, for example, evaluating repeatability (same subject, 14 

same scanner, same operator, short interval) and reproducibility (comparable subjects, 15 

different scanner make/model, centres). These can add value in multi-centre clinical trials by 16 

providing a common calibration of all instruments across sites25,26. For this purpose, temporal 17 

and mechanical stability as well as reproducible fabrication are key requirements. For accuracy 18 

phantoms, tissue-mimicking properties are of utmost importance, as they aim to faithfully 19 

recapitulate the expected signal, which can be either static (replicating a tissue type) or 20 

dynamic (replicating a physiological process). Accuracy phantoms are adapted to tissue type, 21 

pathology and species (e.g., with differing skin pigmentation, model organism) of interest and 22 

can be complex, representing, for example, different layers present in tissue as well as the 23 

different chromophores and fluorophores that contribute to the overall optical behaviour of the 24 

tissue or pathology. They are most often used for clinical training and testing purposes, or to 25 

validate physical models or simulations. In contrast, precision phantoms are employed to 26 

evaluate basic device performance metrics, such as signal stability, signal-to-noise, contrast, 27 

or resolution, and therefore, only require simpler geometries27. Devices that generate 28 

quantitative outputs (e.g., blood oxygenation) may require approaches for determining 29 

additional metrics such as precision, bias, linearity and sensitivity. 30 

The distinction between these two phantom types is necessary as the final application 31 

of the phantom dictates its design and composition.  32 

 33 
 34 
Materials and methods for preparation of biophotonic phantoms 35 

 36 

Materials for optical phantoms can be broadly divided into water-based and non-water-based 37 

materials (Supplementary Table 2), with respective additives used to tune optical and acoustic 38 
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properties (Table 1 and 2). The key features that are typically considered when comparing 1 

different materials are their tissue-mimicking capabilities and the ease of handling and 2 

fabrication (summarised in Table 3), which together with the intended phantom type, determine 3 

the overall design and suitability for use in a given application (Supplementary Table 3).  4 

 5 

Tuning of optical and acoustic properties 6 

 7 

The molecular composition of a material type determines its intrinsic properties and the 8 

types of additives that can be used to tune such properties. Nevertheless, similar classes of 9 

additives have been used in water (Table 1) and non-water based (Table 2) materials to tune 10 

optical and acoustic properties5.  11 

Additives that adjust optical scattering can be broadly classed into (i) lipids, (ii) white 12 

metal oxide suspensions, (iii) polymer microspheres and, more rarely, (iv) gold nanoparticles. 13 

Lipid-based emulsions such as milk or intralipid are popular in water-based phantoms due to 14 

their simple application and biological similarity to fat-based structures found in tissue, allowing 15 

incorporation of aqueous absorbers or fluorophores. Here, Intralipid28,29 (or similar 16 

compounds30 such as Nutrilipid, Lyposyn, Vasolipid, Lipofundin etc), a suspension of soybean 17 

oil, egg phospholipids, and glycerol in water, is most commonly employed due to its high 18 

stability, low absorption coefficient, regulatory controlled low batch-to-batch variability30,31 and 19 

extensive validation in the literature18,28–33. Microspheres are a favourable option for precision 20 

phantoms due to their well-controlled size, refractive index and predictable scattering 21 

properties in Mie theory34, but they are typically high cost, limiting their use to small volumes.  22 

Metal oxide powders are cost-effective, highly industry produced for all white pigmented 23 

materials such as paint, and commonly used in non-water-based phantoms.  However, 24 

thorough mixing and/or sonication needs to be employed to create homogeneous, repeatable 25 

materials without sedimentation or clustering. Titanium dioxide (TiO2) has been a preferred 26 

choice due to its negligible NIR absorption and high refractive index35, but metal oxides with 27 

different particle sizes36 and refractive indices (e.g., aluminium oxide (Al2O3)37 or zinc oxide 28 

(ZiO)38,39) have been used as well. Gold nanoparticles40 have been also employed as a 29 

scattering agent41, but they are relatively high in cost and also exhibit optical absorption.  30 

To adjust optical absorption, either natural tissue chromophores (e.g., haemoglobin or 31 

melanin) or synthetic absorbers (e.g., pigment-based inks, molecular dyes, etc.) can be used5. 32 

The biological chromophores are able to provide absorption spectra similar to soft tissue, but 33 

are often unstable and restricted to use in aqueous environments5. Synthetic absorbers can 34 

exhibit both flat (e.g., India ink42,43) or peaked (e.g., Naphthol Green44, Trypan Blue45) 35 

absorption spectra, but with higher stability. Care must be taken when employing molecular 36 

dyes in water-based phantoms, as diffusion and degradation processes can occur42. Also, 37 
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subtle fluorescence emission can produce strong artefacts in turbid materials due to long 1 

photon pathlengths increasing fluorescence contamination. In contrast to molecular dyes, 2 

pigment-based inks consist of larger particles and cannot  diffuse through a gel or polymer-3 

matrix, but their optical absorption is often accompanied by additional scattering43. India ink, a 4 

suspension of  insoluble carbon particles in aqueous medium, is one of the most popular 5 

options as the ink is chemically and spectroscopically stable, non-toxic, non-fluorescent and 6 

offers a flat absorption spectrum with little variation over the visible and NIR region42,43. In 7 

general, absorbers need to be chosen carefully with regard to the base material as solubility 8 

may be limited and hardening of the base material can impact the absorption properties46.  9 

The acoustic properties of a material are closely connected to its mechanical 10 

composition and are, therefore, more difficult to tune with external agents. In water-based 11 

materials the speed of sound can be increased by the addition of alcohol-based substances 12 

(e.g., n-propanol47,48, glycerol49 etc), or decreased by the addition of oils50. Popular additives 13 

for tuning the acoustic attenuation include graphite47,48 or Al2O3 powder37,49, whilst for 14 

backscattering silica spheres or glass beads48,51–53 are often used. These additives may also 15 

affect optical properties, further challenging the preparation of multimodal phantoms. 16 
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Aqueous suspensions 
 

Aqueous suspension phantoms are one of the most popular phantom types in optical 

imaging due to their ready availability, cost-effectiveness, easy preparation, and excellent 

reproducibility18,32,61,62,43,54–60. Water has negligible scattering and absorption properties in the 

visible wavelength range63, but a lower speed of sound (1480 m·s-1) and acoustic attenuation 

coefficient (0.002 dB∙cm−1 ∙MHz−2 ) relative to most soft tissues12,13. The speed of sound can 

be increased by the addition of ethanol (e.g., 7.4% by mass for 1540 m·s-1)64. For tuning optical 

scattering properties, fat emulsions28,29,58,30–33,54–57 or microspheres59,60 are preferred, while 

optical absorption can be tuned by adding whole blood or extracted erythrocytes56,59,65, 

inks43,66,67, molecular dyes61,62. Blood-based phantoms59,65,68–71 can also mimic changes in 

oxygen saturation (SO2), by addition of oxygenating (e.g., oxygen) or deoxygenating 

compounds (e.g., yeast65,68,71). Due to their excellent reproducibility30,31,42, aqueous phantoms 

with ink have been considered in several multi-laboratory studies18,72.  

 Despite their advantages, liquid phantoms have a limited shelf life of only a few hours 

to days, with storage below 4oC and careful maintenance73. Moreover, mismatches of the 

refractive index and acoustic impedance of the container walls or embedded inclusions can 

cause optical and acoustic channelling artefacts, especially at the surfaces74–76. Water and 

water-based materials are also known to have a strong dependence on temperature, with the 

speed of sound in water varying up to 50 m·s-1 in the temperature range of 20–40°C20. 

 

Hydrogels 
 

Hydrogels refer to water-swollen, cross-linked polymer networks and can be formulated 

from natural or synthetic sources. The popularity of hydrogels for phantom fabrication stems 

from their well-characterized performance, ease of fabrication and flexibility in terms of 

architecture and tuning of intrinsic properties. They are largely optical transparent and optical 

and acoustic properties can be easily tuned (Table 1). ‘Intelligent’ hydrogels can also be 

sensitive to external stimuli, such as pH77, temperature or light78.  

In the field of biophotonic phantoms, four main types of hydrogels have been used: (i) 
agarose37,44,53,73,79–83; (ii) gelatin45,50,52,79,84–86; (iii) polyacrylamide87,88; and (iv) poly(vinyl alcohol) 

(PVA)89–93. Agarose is a hydrophilic colloid that is derived from seaweed and red algae, 

whereas gelatin is a homogeneous colloid gel produced by physical, thermal, or chemical 

degradation of collagen extracted from animal tissues. Agarose and gelatin hydrogels are 

prepared by mixing with water, heating to crosslink, then cooling. Agarose gels exhibit a higher 

melting temperature (40˚C vs 90˚C) and higher stiffness, but lower toughness compared to 

gelatin52. Despite their widespread use in research settings, agar and gelatin gels suffer from 



10 
 

short-term stability43,83, being highly susceptible to dehydration, bacterial ingrowth, thermal and 

mechanical damage, limiting reuse94,95. Extending longevity is possible by careful storage51 

and addition of chemicals such as formaldehyde79 or benzalkonium chloride49,96, though this 

increases fabrication complexity. Moreover, well defined inserts within hydrogels are usually 

short-lived due to diffusion of absorbers97. Targets can be encapsulated, but this creates 

refractive index mismatches and acoustic boundaries. 

 While agarose and gelatin are formed by physical crosslinking, polyacrylamide gels are 

formed by chemical reaction of acrylamide monomer and N, N'-methylene-bis-acrylamide and 

subsequent polymerization using a reaction initiator–activator pair.  Polyacrylamide gels have 

higher melting temperature and optical transparency than gelatin or agarose98. However, their 

preparation process is more complex and requires a higher level of precautionary measures 

as polyacrylamide may contain residual amounts of the known neurotoxin acrylamide 

monomer99. Moreover, polyacrylamide gels are more likely to suffer from cluster formation 

resulting in structural inhomogeneities and have a more limited shelf life, ranging from a few 

hours upon air exposure to a few weeks in airtight containers98. A special, proprietary type of 

polyacrylamide called ZerdineTM forms the base material of a commercially available standard 

ultrasound phantom accredited by the American College of Radiology (ACR)100. 

PVA is a water soluble, biodegradable synthetic polymer derived from the hydrolysis of 

poly(vinyl acetate). The material is widely available, cost-effective, non-toxic and exhibits 

greater longevity and structural rigidity than agar-, gelatin- or polyacrylamide-based 

hydrogels89,90. While crosslinking can also occur chemically or by radiation, the base material 

is usually formed by physical crosslinking with alternate freezing (-20°C) and thawing (+20°C) 

cycles as it yields gels with higher mechanical strength and without toxic residues101. The 

optical90, acoustic93,102, mechanical103, and electrical properties104 can be tuned by changing: 

the number, length and rate of freeze and thaw cycles; the grade and concentration of the 

PVA; as well as additives and solvents93,102,103,105–107. By keeping the number of freeze-thaw 

cycles low and choosing a water/dimethyl sulfoxide (DMSO) mixture as a solvent, high optical 

transparency108 and speed of sound90 can be achieved. PVA phantoms can be stable for a 6-

month period109, if stored hydrated in sealed containers, yet the preparation process is time-

consuming and tedious. Slight variations in fabrication can lead to inhomogeneities91, 

compromising reproducibility. Moreover, as variation of preparation parameters affect acoustic, 

optical and mechanical parameters simultaneously, independent tunability is limited.  

 

Non-water-based materials 
 

 Given the long-term stability and tunability concerns associated with aqueous 

suspensions and some hydrogels, the biophotonic community has also sought to adopt non-
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water-based materials for phantom preparation. The most common examples are: (i) resins; 

(ii) room-temperature-vulcanizing (RTV) silicone; (iii) polyvinyl chloride plastisol (PVCP); and 

(iv) copolymer-in-oil materials. 

First introduced by Firbank, Delpy110,111 and Vernon112 in the optical field, polyester35,113–

117, epoxy resin35,117–121 and polyurethane27,46,112,122,123 are transparent, solid materials that are 

formed by combining a resin with a hardener and are stable over years46. To create a 

homogenous, air-bubble-free base, the components are thoroughly mixed by mechanical 

stirring and/or sonication, then degassed and cured. Optical scattering is introduced by metal 

oxide powders117 or microspheres35,111,113,114,121 and absorption by pigment124- or dye-based 

inks46,112,113,115,118,122 or (carbon) powders120,125. 

Polyester and epoxy-based materials are characterized by high speed of sound (>2000 

m·s-1)126, and have therefore been only considered as acoustic phantoms for hard tissues such 

as cortical or trabecular bone126–129. In contrast, polyurethane phantoms have a more tissue-

like speed of sound (1400 - 1470 m·s-1) 130,131. They also exhibit better compatibility with NIR 

dyes46, less photobleaching and shorter hardening time112 and have therefore been a popular 

choice in fluorescence imaging27,122,123,132,133. While final cured polyurethane is chemically inert, 

some of its unreacted ingredients such as isocyanates are toxic134. 

RTV silicone40,135,144–149,136–143 exhibits similar properties to resin-based materials, but 

allows greater versatility in phantom design. It is composed of liquid polyorganosiloxanes that 

crosslink upon addition of a catalyst and is widely available in different hardness shores. 

Homogeneous fabrication is relatively simple: the materials and all additives are thoroughly 

mixed by mechanically stirring and/or sonication (often under addition of hexane to lower the 

viscosity of the mixture142), degassed and left to harden. Depending on silicone type and 

composition, the hardening process can take several days, but can be shortened to less than 

24 h by heating.  

 The popularity of silicone as a phantom material arises from the tunability of optical 

properties, together with high stability (over 10 years depending on the formulation)150. Its low 

viscosity prior to curing affords flexible fabrication of anthropomorphic phantoms, e.g., for 

retina151, bladder143,152, artery92, or skin147,153,154, through molding155,156 or spin-coating 

strategies138,147. Optical scattering may be tuned by addition of metal oxide powders40,135–

141,151,152 or size-controlled microspheres40,135,142,154 and absorption by  molecular dyes and inks 

such as india ink140,147, carbon black92 or alcohol soluble Nigrosin138,140. For mimicking tissue 

chromophores, coffee has been used to substitute melanin139, freeze dried bovine 

haemoglobin139 or zinc phthalocyanine141 to mimic haemoglobin, yellow food dyes to imitate 

carotenoids139, and infra-red dyes to mimic water139. Silicone shows high acoustic attenuation 

and low speed of sound (<1000 m·s-1)99,130 with little tunability, so has limited potential for use 

in multimodal or hybrid applications. Optical and mechanical properties can be controlled 
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independently; the latter are comparable to tissues with high elastic moduli (e.g.,  ~100 kPa to 

~5 MPa156). Care must be taken when tuning these properties as the polymer saturates at 

certain concentrations of external agents and can lose its integrity139.  

More recently, a suspension of a poly(vinyl chloride) (PVC) resin in a liquid plasticizer 

known as PVCP has been demonstrated for biophotonic phantoms. It is usually purchased as 

a two-part suspension of PVC resin and plasticizer forming a plastisol at room temperature157. 

While several preparation methods for PVCP phantoms have been proposed97,158–161, the 

common procedure162 involves sonication of additives with the plastisol mixture, degassing 

then gradual heating and subsequent cooling. The availability of various PVC-based 

formulations and additives gives scope for tuning the properties of the resulting material163. 

PVCP is generally optically transparent after preparation, so optical properties are adjusted by 

the addition of pigment-based absorbers164 or black plastic colorant159–161,165, and scatterers 

such as TiO2
159,160,164,166 or ZiO38,39. The typical speed of sound is relatively low (1400 m·s-1)158  

but can be tuned by the addition of softener or hardener or by the type of plasticizer161. Solid 

PVCP inclusions within PVCP base material have been shown to be stable up to six months159. 

Unfortunately, PVCP suffers a major drawback, which is the lack of a supply chain with 

standard scientific suppliers164. Moreover, some plasticizers are based on phthalates, which 

can act as reproductive and developmental toxicants167, subject to regulatory oversight in some 

regions. 

 Copolymer-in-oil materials are a relatively new class of phantom material based on 

thermoplastic styrenic elastomers, such as polystyrene-block-poly(ethylene-ran-butylene)-

block-polystyrene (SEBS). Thermoplastic elastomers are composed of a rigid phase made of 

styrene structures and a rubber phase made of elastomeric structures and are easily 

processable as a melt at elevated temperatures168. Oil-based materials can be purchased off 

the shelf in the form of ‘gel wax’169–171 or can be manufactured from a choice of polymers and 

oil, where SEBS and mineral oil have proven popular172–174. The fabrication procedure typically 

requires sonication of additives with the plasticizer, mixing with the polymer and heating to the 

respective melting temperature, before degassing and curing. Oil-based materials are non-

toxic, cost-effective, readily available, mechanically robust,  have excellent temporal stability 

and short curing times174,175. Depending on their formulation, copolymer-in-oil materials can be 

optically transparent169,176 with scattering and absorbing properties tuneable by additives such 

as oil-based dyes169 and metal oxide powders169,171. The mechanical and acoustic properties 

are similar to breast fat173 and can be modified by variation of polymer concentration173,174, 

polymer173 or plasticizer174 type. The speed of sound also approaches soft tissue at 1500 m·s-

1 177.  
3D printing for reproducing arbitrary shapes in physical phantoms 
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In the past decade, additive manufacturing (AM), also known as 3D printing, has 

become a popular alternative to traditional casting and moulding for phantom fabrication178. 

AM refers to the process of adding materials in a layer-by-layer fashion providing a rapid, cost-

efficient and high-fidelity method to create tissue-mimicking replicas of arbitrary shapes. 3D 

printing has been used to generate patient-specific phantoms from individual medical images, 

which is usually avoided in conventional fabrication due to the high tooling costs179.  

3D printing can be used in phantom fabrication through indirect (phantom mould) or 

direct179–181 approaches. While 3D printing of moulds is widespread in optical 

imaging143,170,182,183, direct printing of phantoms has been undertaken in a limited number of 

examples, mostly exploiting commercially available thermoplastic or photopolymer base 

materials133,180,181,184–186. Direct printing of common phantom materials, including 

hydrogels187,188 and copolymer-in-oil189 has also been explored (Supplementary Table 4). 

Tuning of optical properties is achieved by mixing scatterers133,184,190 and absorbing 

agents133,185,190 into the base materials prior to extrusion, or by combining different materials 

using dual extrusion 3D printing185,189. Multi-material AM has successfully been used to place 

heterogeneities within a phantom191.  

Despite the advantage of having a clear ground-truth design and robust manufacturing, 

limitations in printing methodology and available materials192 must be overcome to enable 3D 

printing to realise its potential in phantom fabrication. Firstly, technical limitations of 3D printers 

may result in structural inhomogeneities, such as voids, air bubbles or surface roughness, 

which compromise the resulting phantom193. Non-invasive imaging (e.g., micro-computed 

tomography) can be used to verify the morphology of the printed object181. As the likelihood of 

these nonuniformities increases with the complexity of phantom, simple architectures are often 

chosen that do not account for in vivo complexity. Moreover, phantoms or phantom moulds 

can be damaged during the removal of the support material. Furthermore, only a restricted 

number of materials are available for AM phantom purposes. Using commercially available 

thermoplastic or photo-polymers with proprietary compositions is often accompanied with non-

physiological mechanical and acoustic properties and limited tuning capabilities. With 

advances in printing technology, computer aided design (CAD) software and AM material 

research, these limitations may be overcome in future, thereby improving the current practice 

of phantom fabrication. 

 

Bioengineered tissues for reproducing biological complexity  

With appropriate regulatory compliance, ex vivo tissues from bovine194, porcine195,196, 

chicken197–200 and human sources201,202 are often used as phantom substitutes, to better reflect 

biological heterogeneity. However, they can show high variability between samples as well as 
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discordance with in vivo optical properties if not perfused203 or appropriately preserved204, and 

also lack tunability. Bioengineered tissues, being composed of living matter, have emerged as 

alternative means to replicate biological complexity182,205–208. Engineered tissues are hybrid 

frameworks composed of cells seeded on porous scaffolds, which can be natural or 

synthetic209. Natural polymers offer greater similarity to in vivo tissue, and inherent bioactivity, 

whilst synthetic polymers provide better tunability of intrinsic characteristics210. Besides 

conventional seeding techniques, 3D-bioprinting has emerged as a precise strategy to create 

3D functional living tissue constructs with customized architecture210. 

 Bioengineered phantoms allow in vitro study of tissue physiology, function, and 

kinetics, and can act as a partial replacement for in vivo animal studies. Moreover, they provide 

a viable system for testing biological or environmental variables that are likely to influence the 

optical-imaging measurement205. Despite these promising prospects, adoption of these 

constructs to serve as biophotonic phantoms is still limited, due to time-consuming and costly 

preparation and maintenance as well as challenges with reproducibility, stability, accurate 

recapitulation of tissue physiology, and scalability. Nonetheless, as an active area of research, 

tissue bioengineering could lead to intriguing options for future application-specific phantoms. 

 

Phantoms improve the international standardisation of biophotonic instrumentations 

The establishment of international consensus standards represents a significant 

milestone in the maturation of a medical imaging modality. Typically, standards address key 

issues such as common terminology, safety evaluation procedures, and performance testing 

methods that can provide a foundation for future progress. Numerous safety and performance 

standards have been published for well-established medical imaging modalities such as 

ultrasound, MRI, and CT. These consensus standards provide a range of valuable information 

on concepts and methods for objective, quantitative assessment of fundamental performance 

in a rigorous and consistent manner. For example, key image quality characteristics are 

identified211, or the morphology and physical properties of phantoms are addressed, as well as 

specific figures of merit and processing methods for quantifying them. Much of this information 

can be leveraged and adapted to advance translation in biophotonics. 

For several clinically accepted optical technologies, such as endoscopy212,213, pulse 

oximetry214, and optical coherence tomography215, device standards have already been 

developed. For several other modalities in biophotonics, there are established international 

efforts in standardisation. We provide three representative examples, to highlight the phantom 

requirements and the maturity of the respective standardisation initiatives. 

 

Diffuse optical imaging and spectroscopy 
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Phantom-based performance characterisation and standardisation efforts have a long 

tradition in diffuse optics as related to: (i) imaging of optical absorption and scattering 

heterogeneities for normal tissue or pathology characterization, (ii) monitoring or imaging of 

functional changes in O2Hb and HHb concentrations in tissue, particularly brain or muscle 

(functional near-infrared spectroscopy, fNIRS, see Fig. 3a), and (iii) tissue oximetry. Phantoms 

for diffuse optics may thus require homogeneous or heterogeneous geometry, to mimic for 

example the layered structure of the head, as well as static or dynamic behaviours, to reflect 

functional changes in tissue properties (for details see Fig. 3b-e and Supplementary Table 3). 

Besides the establishment of phantoms, there is the need to share standardised 

protocols that comprise guidelines (definitions of quantities and test metrics) and 

implementation (specification of phantoms and measurement procedures). Such protocols can 

be understood as precursors of potential future performance standards developed by 

standards bodies such as the International Electrotechnical Commission (IEC) or the 

International Organization for Standardization (ISO). In the past two decades, three protocols 

for performance evaluation in diffuse optics – BIP216, MEDPHOT19 and nEUROPt72– were 

elaborated in collaborative projects funded by the European Commission. BIP assesses Basic 

Instrumental Performance at the hardware level. An important test here is responsivity, the 

overall detection sensitivity, using a well characterized diffuse light source. MEDPHOT deals 

with the assessment of µa and µs’ in a homogeneous diffusive medium. It encompasses 5 tests, 

namely accuracy and linearity in the retrieval of these optical properties, temporal stability, 

uncertainty, and day-by-day reproducibility. nEUROPt analyses a heterogeneous problem with 

either localised or layered absorption changes. It prescribes 6 tests under 3 categories, namely 

sensitivity (contrast and contrast-to-noise ratio), localization (lateral resolution and depth 

selectivity), and quantitation (accuracy and linearity). These protocols were complemented 

with phantoms to implement the specific tests: solid homogeneous responsivity phantoms for 

BIP216; a matrix of 32 solid epoxy phantoms spanning a wide range of optical properties for 

MEDPHOT19; and a liquid intralipid/ink phantom with a suspended totally absorbing inclusion 

for nEUROPt72, later supplemented by a solid epoxy-based version incorporating movable 

black inclusions120 (Fig. 3b,d). Although these protocols were elaborated for specific 

applications (e.g., brain), they have been widely adopted in more than 50 studies across a 

range of applications. 

 

The diffuse optics community has been active in pursuing multi-laboratory initiatives for 

phantom characterisation and joint testing of instruments. Nine institutions have characterised 

intralipid and ink for liquid phantoms, reaching an agreement within 2% for both µa and µs’18. 

The BITMAP exercise is currently characterising 29 different instruments from 13 institutions 
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in 7 countries using the BIP, MEDPHOT and nEUROPt protocols, performing measurements 

on the same phantom kits, and providing open-data results for common analysis of the whole 

dataset with different models217. Furthermore, phantom-based comparison of devices was 

essential in multi-centre clinical trials such as SafeBoosC218–220 and ACRIN25. 

 

Importantly, international efforts to create ISO/IEC documentary standards for fNIRS 

equipment221 and cerebral tissue oximeters222 as medical electrical devices have been 

undertaken by an ISO/IEC Joint Working Group (JWG) “Oximeters”223,224, which includes 

scientific experts from the diffuse optics community. The main test in the fNIRS standard relies 

on a solid homogeneous turbid phantom with a changeable internal aperture to create a 

defined attenuation change. In the cerebral oximeter standard, an established liquid Intralipid 

/ blood phantom219 is proposed for accuracy verification, as an alternative to controlled human 

desaturation studies.  

This example serves to illustrate the vital contribution of phantom-based testing of 

devices, which is now involved in shaping the regulatory process. 
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Fluorescence guided surgery (FGS)  
 

FGS (Fig. 4a) is increasingly being utilized during surgical interventions, as it enables 

the surgeon to visualise features of the tissue in real-time with high contrast, while being low 

cost, safe and easy to use225. The earliest and most common use of FGS today is with 

indocyanine green (ICG), as a replacement for X-ray imaging of tissue vascular perfusion, and 

it is now being widely adopted for reconstructive surgery assessment of the capillary network 

function226,227. Being first approved by the FDA for retinal angiography in 1959, ICG now finds 

application in a wide variety of fields ranging from cardiology to neurosurgery227. Other 

exogenous contrast agents such as fluorescein and protoporphyrin IX fluorophore precursor 

aminolevulinic acid (ALA)227 have led to wider adoption in neurosurgery226,227. Besides 

exogenous contrast agents, fluorescence signals can also occur as autofluorescence from 

endogenous tissue components (e.g., collagen, nicotinamide adenine dinucleotide (NADH), 

flavin adenine dinucleotide (FAD), or porphyrins), which can either be used as a diagnostic 

biomarker itself, or can be background clutter. 226,227. 

Phantoms designed for FGS should ideally exhibit: (i) tissue-like absorption, scattering 

and fluorescent properties throughout the wavelength range of interest; (ii) application-specific 

fluorescence excitation and emission peaks that match the contrast agent used (in terms of 

spectrum and intensity); (iii) a reasonable fluorescence quantum yield and long-term 

photostability in diverse environmental conditions; (iv) capability for evaluating depth-

dependent performance degradation; and (v) stable, tissue-like mechanical properties and 

anthropomorphic designs (e.g., for surgical training purposes).  

To meet these requirements different materials have been tested, ranging from 

water228, agar and gelatin229–231, to polyester54, silicone231,232, dye-doped PMMA and metal-ion-

glasses233–235and 3D-printable photopolymer236. Polyurethane27,122,123,132,133 has been a popular 

choice due to its long term stability and negligible effect on the properties of embedded 

absorbers46. Since organic dyes such as ICG are not always sufficiently stable in phantom 

matrices, they are typically replaced by other fluorophores, such as the ICG-matching laser 

dye IR125133 or quantum dots (QDots)27,122,123,132,228. Given the phantom requirements outlined, 

the majority of phantoms proposed for FGS have employed simple 

geometries27,122,123,132,133,228,231,232,236, but a few studies created more complex, tissue-mimicking 

designs, such as breast119,229,231. 

Despite the promising potential of fluorescence imaging to improve visualisation of 

pathologies and clinical decision-making, standardisation is challenging as FGS performance 

depends not only on the data acquisition device and data processing methodology, but also 

on the  fluorescent contrast agent and tissue being imaged237,238. The number of approved 

imaging systems has grown significantly, but the approval of devices is often tied to a specific 
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fluorophore238, resulting in low flexibility for healthcare centres and compromising the 

translation of new contrast agents. Interestingly, the first regulatory approval that separated 

the fluorophore from the need for a specific imaging system occurred in the United States in 

2017, for the use of Gleolan (ALA) in neurosurgery239, which may increase the need for 

phantoms to validate and compare the performance of different systems that can be applied 

for use with the same fluorescent probe..  

The need for FGS standardisation has long been identified225,240–242. and in 2017, a 

dedicated task group on FGS standardisation was formed within the American Association of 

Physicists in Medicine (AAPM). This task group published a “blue paper” outlining the key 

parameters, stakeholders, impacts and challenges of clinical FGS and its applications238 and 

is currently compiling a consensus document on overall guidelines, test methods and suitable 

tissue simulating phantoms for advancing the field243. In parallel, Koch et al237 proposed in 

2019 standardisation parameters for fluorescence molecular imaging including suggestion of 

a composite phantom (Fig. 4b-d). The proposed phantom prototype originates from the work 

of Zhu et al.123,244 (later adapted by Anastasopoulou et al27) who proposed a polyurethane-

based phantom with TiO2 as scatterer, and QDots as fluorophores and calibrated this phantom 

for emission radiance with International System of Units (SI) units of mW ·sr -1 ·cm -2 by 

comparing its output to a reference source with known radiance. This phantom has been 

successfully employed in multi-device comparison studies132,245,246 and developed further by 

various groups to e.g., to incorporate alcohol soluble nigrosin (mimicking lipid absorption 

spectrum) and hemin (mimicking haemoglobin absorption spectrum) as absorbers27 or ICG as 

a fluorophore133,245. It was redesigned to enable parallel characterization of several 

performance metrics in a single or a few image acquisitions, including measurement of 

sensitivity, cross-talk, illumination homogeneity, dynamic range, dark current, resolution, and 

the effects of depth and optical properties27,246. A 3D printing approach236  was also developed 

to create a more reproducible way of fabrication.133 

This example illustrates the need for standards and test methods to ensure 

comparability of different clinical systems, which will increase confidence in the use of FGS for 

surgical decision making, ultimately broadening clinical adoption of the technology.  

Photoacoustic imaging 
 

PAI (Fig. 5a) is an emerging modality combining the high contrast of optical imaging 

with the spatial resolution of ultrasound. PAI has found clinical application thus far in both 

oncology and inflammatory diseases247,248, primarily exploiting the absorption difference 

between O2Hb and HHb to derive functional biomarkers such as total haemoglobin 

concentration (ctHb) and SO2. 
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PAI phantoms are particularly challenging to define. First, a PAI phantom should exhibit 

stable, tuneable, tissue-like behaviour in all relevant optical, acoustic and thermoelastic 

properties. Moreover, architectural flexibility of the base material is vital to satisfy the needs of 

the diverse landscape of instrument geometries. Many phantom materials have been tested 

for PAI, including hydrogels95,249, PVA90,91, silicone250,251, PVCP97,159,161,164–166 and copolymer-

in-oil materials172,177. Inclusions have been made by embedding fluid-filled channels161,252 or 

solid absorbers such as wires or filaments253, or by creating simple97,159,169 or more complex 

vessel-mimicking165,170 inserts.  PVCP254 and copolymer-in-oil materials (Fig. 5b,c) appear to 

be most promising due to their high stability and excellent matching of both optical and acoustic 

properties in the tissue-mimicking range.  

Standardisation in PAI is a relatively recent endeavour that has been driven by the 

community-led consensus-based effort IPASC: the International Photoacoustic 

Standardisation Consortium255. Founded in 2018, IPASC combines stakeholders from 

academia, industry and government laboratories aiming to reach consensus on standardised 

PAI performance test methods, test objects and data management for improving the quality of 

preclinical studies and reinforcing efforts in clinical translation255. These efforts have been 

streamlined into three thematic areas: (i) phantom development; (ii) data acquisition and 

management; and (iii) study design. The phantom development theme is currently evaluating 

the use of a copolymer-mineral oil phantom for multi-centre studies, where all constituent 

materials have defined chemical abstract service (CAS) numbers and are available from 

commercial chemistry suppliers, enabling local fabrication and testing.  At present, a pilot study 

involving 13 partner labs is underway to assess the suitability of the material for widespread 

adoption in the research community. If successful, the outcomes will be used to establish 

performance test methods that can be extended into ongoing clinical trials of the modality.  

This example highlights how phantoms can be used to facilitate technological progress in the 

early stages of clinical translation, thereby ensuring greater accuracy and precision of PAI data 

acquisition in future. Future directions in phantom development 
 

The vast range of materials for biophotonic phantoms illustrates the challenge of finding 

consensus on standardized phantoms and test methods. Objective material evaluation is 

compromised due to variation in: (i) measurement and reporting of material characteristics; (ii) 

batch-to-batch variation of individual ingredients; (iii) methods of phantom preparation; (iv) 

environmental conditions during testing (e.g., temperature); and (v) test methods for phantom 

usage within a given modality. Moreover, fundamental differences in radiometric principles and 

practical implementations exist between different biophotonic approaches (e.g., contact-free 

and contact-based methods), which further hamper an encompassing validation approach. As 

illustrated in the presented examples, the imaging modality and application (tissue type or 
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indication for use) dictate the optimal phantom properties, with each example converging on a 

different solution.  

Despite these hurdles, our examples demonstrate that achieving standardisation of 

phantoms and test methods in a given application is possible and can be valuable for 

regulatory approval of new clinical devices. While none of the presented material types 

satisfies all of the outlined requirements (Fig. 2), general recommendations can be made. For 

precision phantoms, solid, temporally stable non-water-based materials should be chosen. 

Here, epoxy-based materials have been adopted in diffuse optics and polyurethane has shown 

promise in FGS, while the substrate choice is perhaps not as critical as the mixing of the 

ingredients and verification of homogeneity and repeatability. It also seems likely that 

increasing use of 3D printing methods will eventually reduce variability, costs and production 

issues highlighted in this review. Copolymer-in-oil materials appear to be a promising option 

for PAI due to their tissue-mimicking broadly tunable optical, acoustic and mechanical 

properties, easy handling and non-toxic ingredients. These characteristics in combination with 

their potential 3D-printability suggest copolymer-in-oil materials may have the potential to 

become more widespread in biophotonic applications, particularly for those with a multi-modal 

aspect.  

For biological accuracy phantoms, hydrogels are a suitable choice due to their excellent 

tissue-mimicking properties and biocompatibility, despite more complex handling 

requirements, allowing incorporation of tissue-derived components such as blood, fat or 

endogenous fluorescent molecules. Recent progress in the development of tough hydrogels256 

may provide strategies for creating water-based phantoms with higher temporal and 

mechanical stability. Tissue-engineered phantoms could also become a promising option as 

the technology advances, affording increased reproducibility and reduced costs. While the field 

is still in its infancy, new technologies such as 3D-bioprinting offer tremendous potential to 

create phantoms of enhanced biological realism with higher accuracy and precision. The 

importance of mimicking different target tissues as closely as possible becomes apparent in 

recent studies such as from Sjoding et al257 highlighting the impact of different skin 

pigmentation on the accuracy of pulse oximeter readings. 

While we highlighted ongoing efforts to achieve much-needed performance standards, 

there is also a growing need for new optical radiation safety standards for biophotonics.  

Existing standards that recommend maximum exposure limits for laser and non-coherent 

sources focus almost exclusively on damage of the eye and skin.  Over the past twenty years, 

biophotonic systems have been developed for a wide range of internal applications, often 

through endoscopic or laparoscopic access258,259. Standards that address exposure limits in 

alternate tissue regions – including sensitive neural tissues and reproductive/gastrointestinal 

organs – may be needed to ensure patient safety, while avoiding overly restrictive limits that 



21 
 

adversely impact device performance.  There is also rising interest in novel sources such as 

ultrashort pulsed lasers that are focused to achieve extremely high peak irradiance levels, 

enabling capabilities such as multi-photon imaging260,261. Other emerging approaches involve 

irradiation of new dye and nanoparticle contrast agents with continuous or pulsed lasers. Since 

the photothermal, photomechanical and photochemical damage mechanisms implicit in these 

technologies are not addressed by existing optical safety standards, additional standards 

should be developed. 

Recently, the US FDA has introduced the Medical Device Development Tool (MDDT) 

programme262, which is intended to encourage development of “regulatory science tools” that 

facilitate development and evaluation of clinical technologies. The program covers three types 

of tools – Clinical Outcome Assessments, Biomarker Tests, and Non-clinical Assessment 

Models (NAMs) – where the latter is defined as a technique that “measures or predicts device 

function or in vivo device performance” and includes phantoms and test targets. NAMs may 

reduce or eliminate the need for in vivo animal or human testing. Through the MDDT 

programme it is possible to qualify a phantom for a specific “context of use”, so that it can be 

used in regulatory submissions without the need to reconfirm suitability and utility. The MDDT 

qualification process involves a proposal phase, an optional incubator phase, an optional pre-

qualification package and a final qualification package. Some of the key considerations in 

evaluating submissions include tool validity and other performance characteristics, predictive 

ability, and extent of prediction. Overall, this new programme has the potential to reduce the 

burden of regulatory submissions while maintaining a high level of scientific rigour.  

 

 
The 4Cs for biophotonic standardisation 
 
As biophotonics moves along the translational pipeline toward clinical utility, the demand for 

standards grows. Within each modality, international standards should agree upon: (1) 

definitions of basic terminology used in the field; (2) performance metrics and test parameters 

suitable for the respective device; (3) a phantom material and geometric design suitable for 

the respective device; (4) standard operating procedures (SOPs) for the use of a given 

phantom with the device. 

Ideally, phantom production should be scaled for manufacturing, for example by a commercial 

vendor, creating identical test objects with well controlled properties and geometries to comply 

with the recommendations. Similar commercially available phantoms exist for more mature 

technologies such as computed tomography, X-ray mammography, ultrasound and magnetic 

resonance imaging, which have been independently validated and conform to, for example, 

the Mammography Quality Standards Act (MQSA), and/or the ACR Quality Control 
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Programs263. In ultrasound, clear guidance on the development of tissue mimicking materials 

is given by the IEC standard  60601-2-37:2007,264 which proposes a speed of sound of 

1540 ms−1 and an attenuation coefficient of 0.5–0.7 dB cm−1 MHz−1 in the frequency range of 

2–15 MHz for conventional B-mode imaging. Adaptations exist for continuous-wave Doppler 

systems265 and flow measurement systems266. A technical standard has been also published 

outlining methods for characterisation of ultrasound materials267. Agreement within the 

biophotonics community on required properties of tissue mimicking materials akin to that found 

in ultrasound would be advantageous from a translational perspective. 

In many ways, these standards have been driven by the risks of the imaging system, 

with radiation risk being a key driver. As biophotonic systems are used to guide interpretation 

of biomarkers, biopsy, surgery or therapeutic interventions there are additional risks arising 

from inappropriate use of systems. As such, it is important to develop community standards 

that will eventually lead to broader safety guidance. Typically, commercial adoption drives the 

establishment of standards, but the two can be developed hand in hand, assisting the different 

communities participating, such as: (i) the company developing a quality management system; 

(ii) the regulatory bodies tasked with assessment; and (iii) the user base that benefits from 

confidence in the system performance. 

Our presented examples highlighted the lengthy path towards achieving international 

standards. The complexity of the process increases when a modality is tied to an exogenous 

contrast agent, as shown in the example of FGS. Challenges include regulatory hurdles, lack 

of funding, lack of collaboration due to organizational issues and geographical barriers, and 

sometimes also lack of awareness of the importance of standardisation. To overcome the 

hurdles, characterisation is vital, and collaboration, communication, commitment from all 

participating bodies is required, which we refer to as the 4Cs for biophotonic standardisation. 

 

Characterisation. Cutting across all phantom studies is the need for detailed characterisation 

and testing of reproducibility of phantom fabrication and test methods. Using ingredients 

available from standard scientific suppliers can help to minimise batch-to batch variations and 

maximise availability. Evaluating optical, acoustic and mechanical properties of phantom 

materials requires specialist equipment that is regularly calibrated. Metrology institutes are 

often capable of hosting such facilities and several already participate in biophotonic 

standardisation initiatives. Equipment hosted in research and industrial laboratories should 

ideally be cross-referenced to such reference institutes to determine the accuracy with which 

local characterisation can be undertaken for a given material. Ideally, traceability to the 

International System of Units (SI) should be achieved through an unbroken chain of 

comparisons (i.e., calibrations). Metrological traceability ensures that measurements are 

comparable across instruments, methodologies, times and locations. However, such rigorous 
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approach may not be always practicable or necessary, and there are only limited related 

examples for SI-traceability in biophotonics122,244,268. Another option of establishing long-term 

measurement repeatability is the use of materials that have been assigned with a 

conventionally true value to their physical properties of interest by the user community based 

on multi-laboratory assessments and that are produced under stable and controlled 

manufacturing conditions269. For example, intralipid-20% is considered as such a reference 

material by some research groups in the field of diffuse optics31. However, this approachis less 

favourable as it is highly sensitive to changes in the manufacturing process and does not 

compare to the accuracy achieved with certified reference materials as provided by e.g., 

national metrology institutes. In any case, careful implementation, documentation and 

understanding of the characterization measurement and its associated uncertainties is vital to 

ensure reproducibility and maximise the value of a phantom270. 

 

Collaboration. Increased multi-national collaboration – not only between research institutes, 

but also between the worlds of academia, industry, healthcare and government – is essential 

to find consensus on device handling and performance. A relatively small number of multi-

centre studies have been performed in optical imaging19,72,125,216,271; increasing these efforts 

will harmonize data acquisition and analysis, making optical-imaging biomarkers more 

attractive for clinical decision making. Such collaborations require considerable organizational 

effort, meaning coordinated action is required. The presented examples highlight that this can 

be achieved by seeking guidance of an existing professional society (e.g., AAPM¸ SPIE), 

institution [e.g., Physikalisch-Technische Bundesanstalt (PTB, Germany), National Institute of 

Standards and Technology (NIST, US), National Physical Laboratory (NPL, UK)] or 

international standards organisations (e.g., ISO or IEC), or by founding a new independent 

community organisation (e.g., IPASC). 

  

Communication. Clear communication and unrestricted flow of information between and 

within all participating bodies accelerates standardisation efforts. This is necessary for 

mediation and data sharing between different sites, but also - and most importantly - for raising 

the awareness of standardisation efforts. Here, international workshops272,273 or conferences  

can be excellent fora, especially for exchanging standardisation experiences within and 

between different fields. Communication also means providing education and training for 

researchers and medical physicists, not only by respective manufacturers but also by 

specialized bodies243. Efforts from publishers are also needed in promoting recommendations 

within the relevant imaging communities and driving open access to publications and data. 
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Commitment. Active engagement from all entities is necessary to move the standardisation 

process forwards. Commitment means willingness to act, compromise and collaborate. In 

academic laboratories, emphasis is often placed on the design and development of a 

technology towards publication, rather than on its standardisation and clinical translation, 

despite the clear appetite for deploying biophotonics tools in the clinic. Efforts from funders to 

financially support projects focused on early stage multi-centre testing would enhance the 

reliability of optical-imaging technologies and support the widespread adoption of research 

achievements into clinical practice. 

 

Outlook 
 

We believe that the principles embodied by the 4Cs strengthen efforts towards a future in which 

optical measures can be robust over time, between subjects, imaging sites, operators and 

manufacturers. These advances in phantom material development, manufacturing techniques, 

and design provide a valuable basis upon which to move forward the establishment of 

international biophotonic standards, facilitating the clinical adoption of optical imaging 

modalities.  
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Figure Captions 

Figure 1: Tasks of phantoms along the translational pipeline. Instrument- and application-specific tasks of 
phantoms are presented along the translational pipeline for optical imaging devices. Translational gap 1 refers to 

the step of transferring a research tool from a preclinical into a clinical research environment. Translational gap 2 

refers to the step of integrating a tool from clinical research into clinical standard-of-care and routine patient-use. 
(pipeline broadly taken from274,275; SOPs = Standard operating procedures). 
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Figure 2: Base requirements for a biophotonic phantom. An ideal phantom material should possess the eight 

following characteristics: (1) Ability to provide tissue-like properties (including optical, acoustic, mechanical and 

thermoelastic properties); (2) Tunability of properties to mimic different tissue types; (3) Stability of all intrinsic 
properties over time and under different environmental conditions (including temporal, mechanical and photo-

stability); (4) Architectural flexibility and ability to include absorbers/molecules of interest; (5) Simple and 

reproducible preparation; (6) Low maintenance (ease of storage and transport); (7) Safe to prepare and handle; (8) 
Readily available, low-cost ingredients and non-specialist fabrication equipment. 
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Figure 3: Phantoms for diffuse optical imaging and spectroscopy: a, Schematic showing the concept of time-

domain functional near-infrared spectroscopy (TD-fNIRS): an ultra-short light pulse illuminates the tissue and the 

broadened and attenuated re-emitted pulse is detected after multiple scattering events. Photons with longer time of 
flight probe deeper tissue compartments. b, Liquid-solid phantom with black polyvinyl chloride (PVC) cylinders in a 

cell with aqueous Intralipid/ink suspension. Equivalence of the diffuse reflectance or transmittance for a totally 

absorbing inclusion and a moderately absorbing inclusion of larger volume was demonstrated300 c, Contrast in the 
number of detected photons (relative change) for different depths of a 100 mm3 black cylinder (equivalent to 

Dµa=0.15 cm-1 over 1 cm3 for a background µs’=10 cm-1) as a function of depth. Increase of photon arrival times 

leads to higher contrast at greater depths. d, Solid-solid embodiment of the same phantom concept exploiting a rod 

with an embedded PVC cylinder which can be translated within an epoxy resin block with black toner and TiO2 

particles 120 e, Images of photon counts in different time windows (image titles) for the solid phantom scanned in 

transmittance geometry (without enclosing black plates) with a 50 mm3 black inclusion (Dµa=0.09 cm-1 over 1 cm3, 

µs’=10 cm-1) as obtained when testing imaging systems (e.g., optical mammographs). Spatial resolution is best for 

short photon arrival times  (black: minimum, white: maximum photon count, scan area 20x20 mm2) 120. 
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Figure 3: Phantoms for fluorescence guided surgery. a, Schematic showing the concept of fluorescence guided 

surgery (FGS): tissue during surgical intervention is illuminated by light, which is then absorbed by tissue 

components and exogenous contrast agents if present. Subsequently, fluorescent molecules in the contrast agent 
emit light of longer wavelength. A general Jablonski diagram (inset) shows the respective energetic transitions after 

optical excitation in the singlet state energy levels (S0, S1, S2). b, Schematic explaining the function of the different 

parts of a polyurethane-based composite phantom proposed for fluorescence imaging in the visible range. 
Background absorption was set to ~2.2 cm–1 by adding nigrosin dissolved in alcohol to the base material, while the 

reduced scattering coefficient was set to ~10 cm–1 by adding 1 mg g–1 TiO2 particles. Different concentrations of 

organic quantum dots and hemin provide varying fluorescence and absorption properties, respectively. ‘USAF chart’ 
refers to the 1951 US Air Force (USAF) resolution test chart27,237. c, Colour photograph of the phantom, which has 

outer dimensions of 10 × 10 × 2.2 cm3 27,237. d, Fluorescence image of the phantom acquired from a custom-built 

FGS instrument (EagleRay-V3)27,237.  
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Figure 5: Phantoms for photoacoustic imaging. a, Schematic showing the concept of photoacoustic imaging 

(PAI): short light pulses are absorbed by endogenous chromophores within the tissue, leading to a temperature rise 

and pressure increase. The pressure rise generates broadband acoustic waves that are detected by ultrasound 
transducers. The amplitude and arrival time of the pressure wave provide information about the local energy 

propagation and position of the sample. b, Photoacoustic images of a coloured ink vessel phantom with four 

inclusions (green (top left), blue (top right), violet (bottom left), red (bottom right)) are shown as maximum intensity 
projections at different excitation wavelengths (550, 630, 725, 800 and 1210 nm). The field of view is 20 × 20 

mm2.169 c, Photograph (top) and photoacoustic image (bottom) of a breast-shaped PVCP phantom165. 
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Table 1: Common additives for tuning intrinsic properties in water-based phantom materials.  

Function Additive 

Optical 

adjustment 

Scattering µs’(λ) Lipids (oil/fat32,54–56, milk57, intralipid28–31,33 and similar58) 

Microspheres59,60 

Metal oxide suspensions (e.g., Al2O3 (1-10 µm)37, TiO2 (< 1µm)) 

Absorption µa(λ) Whole blood/erythrocytes/haemoglobin56,59,65,68–71 

Melanin276 

Pigment-based inks (e.g., India ink)43,66,67,92 

Molecular dyes61,62,277,278 

Fluorescence  

µaf(λ), Ie(λ), φQY, τ 

Biological Fluorophores (e.g., NADH, FAD, Collagen, 

Porphyrins)279 

Quantum Dots246 

Biomedical contrast agents (e.g., ICG, 800CW, 

Fluorescein)133,280  

Laser dyes (e.g., IR125)34 

Acoustic 

adjustment 

Speed of sound c(f) n-propanol47,48 

Ethanol64 

Glycerol49 

Oil50 

Formaldehyde281 

Acoustic attenuation α(f) Graphite powder47,48 

Evaporated milk51  

Al2O3
37,49 

Acoustic backscattering µbs(f) Glass beads48,51–53 

Silicon carbide49 

Miscellaneous Stability Benzalkonium chloride49,96 

Thimerosal51 

Formaldehyde79  

EDTA  

Penicilin282, 

Deoxygenation Yeast65,71,219, sodium azide, sodium dithionite180,252,283
 , glucose & 

glucose oxidase catalase, nitrogen gas 

Oxygenation Oxygen gas, hydrogen peroxide252 

Thermal damage Albumen44,284 

Bovine Serum Albumin (BSA)285–288 

Melting temperature Formaldehyde79 
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Table 2: Additives for tuning relevant acoustic and optical properties in non-water-based phantom materials 
proposed for biophotonic imaging.  

  Resin-based 

materials 

Silicone Polyvinyl chloride 

plastisol (PVCP) 

Co-polymer 

in oil 

Optical 

adjustmen

t 

Scattering 

µs’(λ) 

TiO2
27,112 

Al2O3
117  

Glass or silica 

spheres113  

Polystyrene 

microspheres35,114,12

1 

TiO2
40,138,139,141,145,147,149,152,289

, Al2O3
92,135–137, Ba2SO4

151, 

polystyrene135 silica40,154 

 

TiO2
159,160,164,290  

ZiO38,39 

TiO2
169 

 

Absorption 

µa(λ) 

India Ink121,124  

Dyes (eg. 900NP) 
46,112,113,115,118,121,122  

Carbon 

powder120,125 

India ink147 

Carbon black92  

Alcohol soluble Nigrosin138 

Freeze dried bovine zinc 

phthalocyanine139 

Yellow food dyes139 

Infra-red dyes139 

Black plastic 

colorant, 

Pigments 159–161 

Black ink166 

Trypan blue166  

Melanin powder166 

Oil-based 

dyes169 

Fluorescence  

µaf(λ), Ie(λ), 

φQY, τ 

Quantum 

Dots27,122,132,244 

 

Biomedical contrast 

agents (e.g., ICG, 

800CW, 

Fluorescein)280 

Laser dyes (IR125) 
133 

Biomedical contrast agents 

(e.g., ICG, Cy5, 

Fluorescein)  
231,232 

- Quantum 

dots291 

Acoustic 

adjustmen

t 

Speed of 

sound c(f) 

 Silicone oil,  

Vaseline  

Glycerin158 

Hardener/softener16

1 

Type of 

plasticizer161 

Variation of 

polymer 

concentration 

(eg. SEBS, 

LDPE) 

glycerol172–174 

Acoustic 

attenuation 

α(f) 

 - Glass 

microspheres161, 

Type of 

plasticizer161; 

Graphite 

powder158,292,293 

Variation of 

polymer 

concentration 

(eg. SEBS, 

LDPE) 

glycerol172–174 

Acoustic 

backscatterin

g µbs(f) 

- - Glass beads165,294 Glass 

spheres170,173, 

Silica/graphit

e powder 

spheres174, 

glycerol172 
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Table 3: Comparison of relevant properties of materials used for biophotonic phantoms (TMM = Tissue-mimicking). Legend: green (++) = excellent performance; light green 

(+) = above-average performance; light red (-) = below-average performance; red (--) = poor performance in respective category.)  

  
TMM Properties Handling 

 
Fabrication  References 

Material Optical Acoustic Tuna-

bility 

Temporal 

Stability 

Mecha-

nical 

Stability 

Storage/

Trans-

port 

Architec-

tural 

Flexibility 

Com-

plexity 

Safety Biocom-

patibility 

 

Aqueous suspension ++ - + - - - - - - - ++ ++ Yes 43,295 

Agar/Gelatin ++ ++ ++ - - - ++ ++ ++ Yes 47,48,51,52,79,80,83,296 

Polyacrylamide ++ ++ ++ - + - ++ + - Yes 98 

PVA ++ ++ ++ + + - ++ - ++ Yes 89,91,108,297–299 

Co-polymer in oil ++ + + ++ ++ ++ ++ + ++ No 172–174 

PVCP ++ + + ++ ++ ++ + + + No 90,97,161 

Silicone ++ - + ++ ++ ++ ++ + ++ No 135,136,282 

Polyurethane ++ + + ++ ++ ++ ++ + + No 27,46,112 

Polyester, Epoxy resin ++ - - + ++ ++ ++ + + ++ No 35,114,115,124 

Ex vivo tissues ++ ++ - - - ++ - - - ++ ++ Yes 5 
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