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Abstract

Physical and in-silico phantoms have

revealed extremely useful in the develop-

ment of new surgical techniques and med-

ical devices and for training purposes. The

fabrication of eye phantoms requires

knowledge of anatomy and physical princi-

ples beyond the eye physiology and medical

instruments used in the clinical scenario.

After a proper definition of phantoms and

the discussion about their classification, the

present work reviews the various phantoms

developed in ophthalmology, illustrating the

rationale of their design.

Introduction

Use of phantom in medicine

The great progress in medicine over the

last 40 years is strongly linked to the

increasingly important use of technological

tools, both for diagnostic and therapeutic

purposes. This has led to an increased accu-

racy of a diagnosis, moving from the sub-

jectivity of the anamnesis and the sensibili-

ty of physicians, to the objectivity of quan-

titative measurements obtained, for exam-

ple, by computed tomography or magnetic

resonance imaging. Consequently, this has

resulted in an improvement in the therapy

that, nowadays, can provide targeted solu-

tions on the individual patient as well as

take advantage of minimally invasive surgi-

cal instruments.

In the development of new medical

devices, the final goal is to obtain a measure

or provide a treatment, while ensuring the

accuracy in the result and maximum protec-

tion both for the patient and the healthcare

provider. As an example, after the discovery

of X-rays, it became evident the benefits

that these could bring to the medicine, syn-

thesized by the radiography of the hand of

Prof. W. Roentgen’s wife.1 Nevertheless,

the harmful effects of high doses of radia-

tions were so visible (erythema and skin

desquamation) that it was not easy, besides

unethical, to find volunteers willing to

expose themselves to radiation doses for the

testing new devices. To respond to this

shortage of volunteers, phantoms, i.e. simu-

lators of patients, were invented.

From a bioengineering point of view, a

phantom can be defined as an object made

to imitate the human figure, or a part of it,

using non-living materials to simulate a

particular physical or chemical property.

Phantoms are mainly used for the develop-

ment, safety checking, calibration and

training in the use of diagnostic, therapeu-

tic or with other purposes devices, which

come in contact with human beings.

The phantom thus constitutes an imme-

diate testing bench for a technology, ensur-

ing repeatability and reproducibility, as well

as the comparison between different instru-

ments. 

Moreover, overcoming any ethical

problem, phantoms find large use in surgi-

cal training, bringing considerable advan-

tages regarding the patient safety, manage-

ment of operating rooms, and the training

itself. In this context, compared to the use of

anatomical specimens coming from

corpses, phantoms generally guarantee

lower costs, higher security, and more con-

trollable physical/chemical properties.2,3 As

example, the elasticity of soft tissues in

corpse tissues is frequently altered by treat-

ments with formaldehyde, or other proper-

ties, such as the viscosity of the vitreous

humor, widely change shortly after death.

As an indirect but equally important

consequence, the use of phantoms reduces

the need of cavies, in accordance with the

principles of Replacement, Reduction and

Refinement (3R rules) on the animal test-

ing.4 Of course, as for all models of a phys-

ical system as complex as the human body,

the accuracy of the information that can be

obtained by simulating an operation on a

phantom is limited and strictly connected

both to the knowledge of the system to be

emulated and to the structural characteris-

tics of the phantom itself. Nevertheless, to

date, phantoms, either physical or virtual,

constitute an essential instrument for the

development of new technologies in medi-

cine.

Classification

Given the heterogeneity of the human

body tissues and the great variety of situa-

tions of interest (from the radiations of

mobile phones to the scalpel of a surgeon),

the design and composition of a phantom

will change according to the purpose for

which it is constructed, which will deter-

mine its physical characteristics, such as

shape and size. For instance, if the interest

is directed to optical or mechanical proper-

ties, an identical part of the body can be

emulated by different materials. 

Besides the immediate classification

based on the anatomical district to be simu-

lated (tissue, organ, or body part), a general

first subdivision among the various phan-

toms, commercially available and/or

described in literature, can be based on the

geometry they present, obtaining: 

- Non-anthropomorphic phantoms, in

which only the physical and chemical

properties of the tissue of interest, and

its gross sizes (such as thickness), are

reproduced, but not the overall shape of

an organ; e.g. a cylindrical container

filled with an appropriate material can

be used to simulate the torso of a per-

son;

- Anthropomorphic phantoms, which

reproduce properties and shape of

organs and tissues. Nowadays, thanks to

the development of additive manufac-

turing technologies, coupled with tomo-

graphic scans of the human body, accu-

rate three-dimensional physical models

can be created at a relatively low cost.

In parallel, the increased capacity of

computers in handling large files allows

the construction of extremely realistic
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virtual models of the human body.

Focusing on constructive methods, it is pos-

sible to classify phantoms in:

- Physical phantoms, i.e. models of the

human body on which perform tests and

measurements using directly medical

instruments. This category can be fur-

ther divided on the basis of the physical

state of the materials used, obtaining: i)

Solid phantoms, typically composed of

resins or hydrogels, to which a more or

less stylized shape can be given; ii)

Liquid phantoms, in which solutions,

typically water-based, reproduce the

features of interest. They require a con-

tainer which can be anthropomorphic; 

- Virtual (or in silico) phantoms, i.e. com-

putational models of the human body,

on which it is possible to act through the

peripherals of the computer itself. This

category includes: i) Interactive phan-

toms, also classifiable as serious game,

characterized by the behaviors of the

model identified a priori and used in the

surgical training; ii) Phantoms for cal-

culation, primarily used in research and

development, for the simulation and

estimation of quantities hardly measur-

able in vivo. They can be further distin-

guished in: ii.i) Probabilistic, based on

Monte Carlo simulation methods, main-

ly used in dosimetry issues; ii.ii)

Deterministic, based on numerical solu-

tion of partial differential equations

(finite elements, finite differences,

finite volumes), which find application,

for example, in simulations of the

mechanical behavior of a tissue subject-

ed to particular loads.

These two classifications can be com-

bined in a double entry table leading to a

subdivision of phantoms based on their

structural features. Some real examples are:

cylinders for dosimetry measurements

(physical non-anthropomorphic), manikins

for catheterization and laparoscopic surgery

(physical anthropomorphic), models with a

spherical geometry used to validate the

numerical solution with an analytical one

(virtual non-anthropomorphic) and comput-

er-assisted surgery simulators (virtual

anthropomorphic).

Besides their constructive aspects, it is

extremely useful to classify phantoms in

function of their application, as shown in

Figure 1, described below: 

- Phantom for imaging: used in the

design, calibration, testing and accredi-

tation of the imaging equipment (ultra-

sound, optical tomography, etc.), paying

particular attention on parameters as

resolution and accuracy of the final

image;5

- Phantom for dosimetry: used to calcu-

late the radiation dose absorbed by a

person, with diagnostic purposes, for

treatment and prevention (radioprotec-

tion);6,7

- Phantom for training: used for the vali-

dation of new surgical instruments, as

well as for training of surgeons (e.g., for

vitrectomy operations);8,9

- Phantom for pharmacokinetics: useful

for estimating the distribution of bio-

molecules of interest (e.g., drugs, oxy-

gen) in specific areas of the body.

It is important to note that in all these

fields either physical or virtual phantom,

both non-anthropomorphic or anthropomor-

phic ones, can be used. 

Based on the latter classification, all the

mentioned above aspects, from the applica-

tions of phantoms to their construction tech-

niques and design methodologies, will be

described in the following sections, focus-

ing on the phantoms used in ophthalmology.

The human eye

Anatomy and function

The eye is the main organ of the sight

apparatus. Its particular organization and its

connections with the brain allow it to trans-

mit to the nervous system a set of signals

which reproduce the images of the external

world. This process involves a complex

dioptric system consisting of the cornea,

crystalline lens, aqueous humor and vitre-

ous body.

The eye presents an approximately

spherical shape, with a weight of about 7-9

g. Its wall consists of three superimposed

membranes, called tunics: i) external or

fibrous, composed of the sclera and cornea;

ii) media or vascular, also known as uvea,

formed by iris, ciliary body and choroid; iii)

internal or nervous, constituted exclusively

by the retina.

The sclera occupies the 93% of the sur-

face of the eye, whereas the remaining part

is occupied by the cornea. Consisting most-

ly of connective tissue, the sclera, which

has a radius of 12.7 mm and a thickness of

about 1 mm, has a mainly structural and

protective functions. Its external surface

presents several orifices, the largest of

which is the exit point of the optic nerve.

The cornea instead has a radius of curvature

of about 8 mm (hence the roughly spherical

shape of the eye). It is a transparent struc-

ture without blood vessels and, therefore, it

is nourished by the sclera. Regarding the

uvea, the iris constitutes its anterior part; it

determines the eye color and presents a cen-

tral hole, the pupil, whose amplitude varies

from 2 to 8 mm. The ciliary body plays a

key role in the vision due to the presence of

the ciliary muscles, which determine the

variation of the radius of curvature of the

crystalline lens (accommodation). The

choroid has a variable thickness, which

ranges from 0.1 mm anteriorly to 0.2 mm

posteriorly; it is the rear part of the uvea and

represents the eye vascular membrane, pro-

viding adequate nutrition to the retina. The

retina, the most internal tunic, is a thin

transparent film (about 100 µm in thick-

ness) formed by layers of nerve cells,

including the photoreceptors (cone and rod

cells) responsible for the vision.10 The

region of maximum visual acuity is called

fovea, and has a diameter of about 1.5 mm.

Different types of tissues occupy the inner

part of the bulb: the aqueous humor, the

crystalline lens and the vitreous body. The

aqueous humor is a transparent and color-

less liquid located between the cornea and

the lens. It is one of the dioptric means of

the eye, and has nutritional functions for the

avascular ocular tissues of cornea and crys-

talline lens. The crystalline lens is an avas-

cular organ with the shape of a biconvex

lens of about 10 mm in diameter. It is locat-

ed at an average distance of 5.4 mm from

the anterior surface of the cornea, and it is

able to adapt its refractive power in function

of the distance of the object, by modifying

its radius of curvature. Finally, the space

between the posterior part of the lens and

the retina is occupied by the vitreous body,

which looks like a clear and transparent gel

with an hydration degree close to 98%.11

Some parameters of the human eye are

reported in the Appendix Table 1.

Eye phantoms

Regardless of the area of use, the fol-

lowing characteristics have proved to be
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Figure 1. Classification of phantoms as
function of their area of application.
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essential in the design of eye phantoms: i)

anthropomorphic structure, even simplified,

which could be approximated by an axially

symmetrical geometry consisting of con-

centric shells; ii) stability of materials, both

in time (conservation techniques and possi-

bility of reuse), and in operating conditions

(e.g., temperature sensitivity); iii) low cost

of manufacture.

The eye phantoms commercially avail-

able or described in literature are listed

below, subdivided according to their area of

application (i.e. imaging, dosimetry, surgi-

cal training, pharmacokinetics).

Phantoms for imaging

The term medical imaging indicates a

branch of medicine and engineering that

studies and uses technologies and processes

to create a virtual representation, two- or

three-dimensional, of a part of an organism,

not visible from the outside, for the clinical

analysis and the planning of an operation.

For instance, radiography and the positrons

emission tomography fall in this area. In

ophthalmology, particular importance is

given to the optical coherence tomography

and the ocular ultrasonography.

Phantom for optical coherence tomography

The optical coherence tomography

(OCT) is a non-invasive diagnostic exami-

nation which allows to obtain high-resolu-

tion scans (7-10 μm) of the cornea and reti-

na. OCT is based on a low-coherence inter-

ferometric technique, that typically

employs near-infrared light (with a wave-

length from 700 nm to 1 μm), allowing a

wide penetration depth into biological tis-

sues: a near infrared (820 nm) beam, gener-

ated by a superluminescent diode (or a fem-

tosecond laser), is irradiated onto the retina.

The echo propagation times of the light

reflected by the retina and by a reference

mirror placed at a known distance are com-

pared. The tomograms of an entire section

(B-scan) are displayed in real time, using a

false color scale that represents the degree

of reflectivity of the tissues located at dif-

ferent depth.12-16 From a physical point of

view, the parameters that allow emulating

the eye behavior are: i) the refractive index

(dimensionless), i.e. the ratio between the

speed of electromagnetic radiation in the

vacuum and the speed within a material; ii)

the reflectance (dimensionless), i.e. the ratio

between the intensity of the reflected and

incident electromagnetic waves; iii) the

attenuation coefficient kλ (measured in m-1),

which indicates the reduction of the electro-

magnetic wave intensity (I), usually

described with a mono-exponential fitting

in accordance with the Lambert-Beer law

(Eq. 1):

                                    

Eq. 1

These quantities depend both on fre-

quency of the electromagnetic wave and the

materials through which the radiation is

travelling (Figure 2).

Being a relatively new technology, the

development of OCT systems strongly

depends on the development of phantoms.

Several studies have shown that a solid

matrix incorporating nano- or micro-parti-

cles, with the role of scatter and absorbent,

quite closely emulates the eye behavior. The

concentration of the scatter particles is

based on the speckle pattern, i.e. the spotted

pattern typically produced by any coherent

imaging tool.14 Polydimethylsiloxane is one

most used materials for fabricating the

matrix. It is a silicone rubber characterized

by a refractive index of about 1.4 at a wave-

length of 1.3 μm, with an absorption coeffi-

cient lower than 0.5 mm-1. Microspheres of

titanium dioxide, silica, alumina, and gold

nanoparticles are reported as possible scat-

ters, whereas the carbon black can be used

as absorbent material. The non-anthropo-

morphic phantom preparation is relatively

simple: the most important steps are the

ultrasonic mixing and degassing under vac-

uum, to obtain a homogeneous distribution

of the diffusive and absorbent agents into

silicone, without aggregates, sedimenta-

tions or air bubbles. These phantoms pres-

ent stable optical properties for at least one

year after their fabrication.

Since inorganic particles present a

refractive index higher than biological

structures, and given the silicone incompat-

ibility with organic molecules, also biopoly-

mers such as fibrin have been tested as

matrix. The fibrin hydrogel is usually pre-

pared by dissolving fibrinogen and throm-

bin powders in a saline solution, and then

mixed to form a gel; the preparation time

can be reduced by adding calcium chloride.

Optical diffusion properties can be obtained

by adding tissues constituents, such as

blood and lipids.15

Anthropomorphic phantoms for OCT

was produced starting from ocular phantom

for ophthalmoscopy (like the OEMI-7

model, Ocular Instruments, Inc., Bellevue,

WA), by replacing the retina with an epoxy

resin matrix loaded with gold nanoparticles.

This phantom was used for three-dimen-

sional characterization of the Point Spread

Function (PSF) of an OCT system, i.e. the

function that describes how an imaging tool

acquires a point source.16

Altogether, phantoms for OCT do not

present fine details of the eye geometry, e.g.

the choroidal vascular network, but are

more focused on the calibration and eventu-

ally on the comparison of different devices.

Phantom for ocular ultrasonography

Ocular ultrasonography is a non-inva-

sive examination, which, taking advantage

of ultrasounds propagation and reflection,

enables the study of the internal structures

of the eye, by displaying them in two-

dimensional anatomical sections (B-scan

mode). This exam is used to study both the

intra-bulbar ocular structures, when direct

exploration is prevented by the opacity of

the cornea, crystalline lens, and/or vitreous,

and diseases, such as tumors, retinal and

choroid detachment, malformations and

degenerative pathologies of the retina and

choroid.17,18 The ocular ultrasonography is

performed by placing a probe, connected to

                                                                                                                          Review
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Figure 2. Absorption spectrum of an epoxy resin, a silicone-based material and water.
Reproduced with permission of The Optical Society (OSA) from Agrawal A, Connors M,
Beylin A, et al. Characterizing the point spread function of retinal OCT devices with a
model eye-based phantom. Biomed Opt Express 2012;3:1116-26.16
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the echographer, on the patient’s eyelid,

after the application of a gel to improve the

ultrasonic signal passage. Ultrasound waves

are reflected by the tissues, generating

return echoes that are picked up and trans-

duced into images. The frequencies of ultra-

sounds used in ophthalmology range from 8

to 65 MHz: the higher is the frequency, the

smaller is the depth into tissues at which the

examination can be conducted (Table 1). 

Ultrasounds are elastic waves (pressure

waves), which propagate inside of a medi-

um with a speed v that depends on the

mechanical properties and density of the

medium. In the case of an elastic and

isotropic solid, the elastic waves have both

a traversal (vT, Eq. 2) and a longitudinal

speed (vL, Eq. 3):

          

Eq. 2

              

Eq. 3

where E [Pa] is the elastic modulus of the

material, ν (dimensionless) the Poisson’s

ratio and ρ [kg∙m-3] its density. In case of

liquids, it will have only the longitudinal

components, that is (Eq. 4):

              

Eq. 4

where β is the coefficient of adiabatic com-

pressibility of the medium (the analogue of

the elastic modulus for solids) defined as

(Eq. 5):

              

Eq. 5

where V indicates the considered volume

and P the pressure at which this volume is

subjected to (with an exchange of heat Q

equal to zero). Because of the viscoelastic

nature of the materials, the intensity of the

acoustic waves is attenuated typically fol-

lowing an exponential decreasing pattern,

characterized by the coefficient of acoustic

attenuation of a substance (α). α typically

increases with the frequency, thereby

decreasing the depth of penetration of the

waves. Acoustic properties of some of the

constituents of the human eye are reported

in the Appendix Table 2.

When an acoustic wave hits a surface

that divides two different substances, it is

partly transmitted and partly reflected. The

amplitude coefficient of the reflected wave

(R) depends on the acoustic impedance of

the medium that contains the incident wave

and the reflected wave (Z1) and the acoustic

impedance of the medium where the trans-

mitted wave will travel (Z2), according to

the relation (Eq. 6):

              

Eq. 6

where the acoustic impedance is defined as

Z=ρv, and it is measured in rayl (1

rayl=1kg∙m-2∙s-1). The echography relies on

the reflected wave, which reveals all the

interfaces that determine variations of the

acoustic impedance. From the above con-

siderations, a phantom for ocular ultra-

sonography should mimic, as much as pos-

sible, the mechanical properties of the eye,

which can be summarized in the impedance

and attenuation parameters (Table 2).

Considering that nowadays about 2% of

the admissions to the emergency room con-

cerns trauma and infections to the visual

apparatus, the ocular ultrasonography is

becoming a fast-diagnostic tool and there-

fore the request of phantoms comes more

from teaching needs than from the calibra-

tion of instruments. An ocular phantom

capable to recreate pathophysiological situ-

ations, with a cost of about $ 20, can be

manufactured using readily available mate-

rials. The eye is simulated by a solution of

gelatin mixed to psyllium, using as a con-

tainer a plastic ball, whereas the crystalline

lens is reproduced by an elliptical incision

on the sphere itself. Once the model is

obtained, the pathological condition of

hemorrhage is simulated by injecting a

hyperechoic fluid, while to recreate the reti-

nal detachment the back of the ocular phan-

tom is carved. If frozen, the phantom can be

reused, although the gelatin with psyllium

loses its properties within few weeks.19

Phantoms for dosimetry

Dosimetry is a branch of physics that

deals with the calculation and measurement

of the amount of energy absorbed by a

material when subjected to an electromag-

netic field. 

The frequency (ν) is the fundamental

characteristic that distinguishes the various

electromagnetic fields and determines their

properties; it represents the number of oscil-

lations made by the wave in one second

(unit time), measured in Hertz (Hz).

Frequency is closely related with the wave-

length (λ, [m]), which is the distance trav-

eled by the wave during a period and corre-

sponds to the distance between two maxi-

mums or two minimums of the wave,

through the relation (Eq. 7):

              
Eq. 7

where c is the speed of light (3·108m/s). The

energy of a radiation (U, expressed in

Joules [J]) is directly proportional to the fre-

quency (Eq. 8):

              
Eq. 8

where h = 6.626·10-34 J×s is the Planck’s

constant.

The effects of electromagnetic radia-

tions on living organisms depend principal-

ly on two factors: i) the frequency of the

radiation, i.e. the type, which determines

the energy carried by the radiation itself; ii)

the exposure mode, i.e. the intensity of the

radiation and the duration of exposure,

                             Review

Table 2. Possible materials for the construction of anthropomorphic ocular phantoms for
surgical training.

Eye area                          Material

Sclera                                         5% (w/v) polycaprolactone in chloroform

Choroid                                     Polydimethylsiloxane

Retina                                        4% (w/v) of gelatin in deionized water crosslinked with 0.2% (w/v) of genipin

Vitreous humor                       31.5% (w/v) of polyvinyl alcohol in deionized water + 2.5% (w/v) 
                                                    of gelatin in deionized water

Table 1. Frequency, resolution and depth of penetration used in ocular ultrasound.

Frequency [MHz]               Resolution [µm]                   Depth of penetration [mm]

8-10                                                              200-500                                                             30-40

35-50                                                              20-60                                                                 5-8

65                                                                       5                                                                       1

[page 4]                                                  [Biomedical Science and Engineering 2019; 3:61]
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which determines the energy deposited by

the radiation, and the exposed parts of the

body.

Regarding the frequency of the radia-

tion, it is common to distinguish between: i)

ionizing radiations, with a frequency high

enough to be able to ionize the atoms of the

exposed substance, including X-rays and

gamma rays. They have very high frequen-

cy (>3000 THz) and are able to directly ion-

ize matter, whatever is their intensity.

Ionizing radiations can modify molecular

structures, including DNA, producing long-

term biological effects; ii) non-ionizing

radiations, characterized by a frequency

lower than 3000 THz, are not able to pro-

duce ionization in the exposed materials,

and their biological effects are related to the

induced electric currents and the heating

effect connected to them.

Given the different modalities of inter-

action with materials, the dosimetry for the

two types of radiation requires different

types of phantom. In any case, just for the

definition of phantom proposed in this

work, the biological effects cannot be simu-

lated, since no living material is

employed.20

Phantoms for non-ionizing radiations

The International Commission on Non-

Ionizing Radiation Protection represents the

reference concerning safety of exposure to

electromagnetic fields; it is officially recog-

nized by the World Health Organization and

the International Agency for Cancer

Research. In the frequency spectrum of

non-ionizing radiations, the high-frequency

field, from 100 kHz to 300 GHz, are widely

used by many technological devices (from

Wi-Fi networks to GSM network). The

Specific Absorption Rate (SAR), that is the

specific power absorbed per mass unit

[W/kg], is widely accepted as the most rel-

evant quantity to evaluate the biological

effects of these radiations. The calculated

value is greatly affected by the geometry of

the body part exposed to radiofrequency

waves, as well as the exact location and

geometry of the source. For this reason,

tests should be performed with every spe-

cific source (such as a particular model of a

mobile phone), and in the exact position in

which it will be used under operating condi-

tions (i.e., in this specific case, next to the

ear). The SAR is therefore measured in the

maximum absorption conditions by the

human body: a lower value of SAR corre-

sponds a lower tissues heating and, conse-

quently, a reduced potential risk to health.

With regards to the eye, the SAR limit for

an average tissue of 10 g is 2 W/kg over a

frequencies range between 0.5 GHz and 3.5

GHz, whereas the maximum temperature

increase should not exceed 1°C.

In the case of an ocular phantom, the

basic parameters to be reproduced, in addi-

tion to the geometric dimensions, are: i) the

relative permittivity (dimensionless), which

explains the behavior of a dielectric materi-

al in the presence of an electric field; it is

typically a complex function of the frequen-

cy; ii) the conductivity [S/m], which relates

the electric current density with the electric

field intensity.

Generally, the SAR is estimated by cou-

pling a virtual phantom for calculation (ana-

lytical or semi-analytical) with the experi-

ments carried out on a physical phantom,

characterized by stylized anthropomorphic

features.21

The computational model, which is

implemented in several numerical simula-

tion software, allows coupling the Maxwell

equations for electromagnetism with heat

transfer equation (Eq. 9):

                                                                    Eq. 9

where T is the temperature [K], k is the ther-

mal conductivity [W·m-1·K-1], C is the spe-

cific heat [J·kg-1·K-1], B weighs the heat

transport associated to the bloodstream

[W·m-3·K-1], and A represents the basal

metabolic rate [W·m-3]. 

From an experimental point of view, it

has been observed that liquid phantoms,

consisting of solutions of water, sucrose and

sodium chloride, reproduce, for certain

wavelengths, the behavior of the eye as a

whole (Table 3). 

The geometry of these phantoms is gen-

erally kept as simple as possible.

Furthermore, the presence of vascularized

tissues that can modify the temperature pro-

file is not recreated, indirectly simulating

the worst case.

Phantom for ionizing radiations

Radioprotection, which is the branch of

science that deals with the protection of

humans from the harmful effects of ionizing

radiations, is based on three fundamental

principles established by the International

Commission on Radiological Protection

(ICRP): justification, optimization and

doses limitation. The amount of radiation

absorbed by an organism can be measured

as: i) absorbed dose, i.e. the energy that the

radiation yields to the material per unit

mass (expressed in [J/kg] or gray [Gy]); ii)

equivalent dose, i.e. the energy that the radi-

ation yields to the material per unit mass,

and weighted for an appropriate coefficient

which depends on the type of radiation

(measured in Sievert, [Sv]); iii) effective

dose, which, besides the equivalent dose,

takes into account, through an appropriate

coefficient, the type of tissue involved

(measured in Sievert as well).

Considered the relevance both in terms

of applications (such as computed axial

tomography)22 and dangerousness, phan-

toms for ionizing radiations dosimetry are

of great importance. There are several prop-

erties that can be used to determine the

goodness of a material to emulate a biolog-

ical tissue: the density, the effective atomic

number, the electronic density. The coeffi-

cient of absorption per unit mass is the most

commonly accepted parameter to indicate

how much energy is locally deposited in the

tissue of interest. Moreover, it should be

considered that these parameters greatly

depend on the type of radiation. 

A phantom for ionizing radiation

dosimetry is typically not-anthropomorphic

(or grossly reproduces some internal

organs) and it is composed of liquid, jelli-

form or waxy materials. In this way dosime-

ters (ionization chambers, thermolumines-

cent dosimeters, radiographic films, etc.)

can be easily accommodated to quantify the

dose in the interior parts of the phantom.23

In the ionizing radiation field, virtual

phantoms found extensive use: currently,

the ICRP has appointed two virtual phan-

toms (a man and a woman) as reference, but

several others are described in literature.

Most of these models are based on Monte

Carlo-type codes. The Monte Carlo method

is part of the family of non-parametric sta-

tistical methods, and it is used to derive esti-

mates through simulations of a physical

phenomenon, in which the variables are too

numerous and becomes difficult, if not

impossible, to perform analytical calcula-

tions. In these cases, it is appropriate to use

simulation methods, in which the mecha-

nism under examination is reproduced by

                                                                                                                          Review

Table 3. Composition of the liquid phantom for Specific Absorption Rate measurements
at a frequency of 1.8 GHz.

Section                                Material [%]                                         εr                     σ [S/m]

Eye                                 Water             Sucrose          Sodium chloride                   69                                 1.9
                                           89                      10                              1                                   

Other tissues                                    2-propanol                                                        4.0                                 0.2
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replacing the analytical evaluation with

empirical observations of the studied event.

The frequency, with which the simulated

event is observed, constitutes an assessment

of probability. The simulation calculates a

series of possible evolution of the phenom-

enon under consideration, trying to explore,

as detailed as possible, the whole space of

the parameters of the phenomenon. After

calculating this random sample, the simula-

tion performs measurements of the quanti-

ties of interest of that sample.24,25 In gener-

al, this method can be applied to any phe-

nomenon in which the probability of occur-

rence is known. The larger is the statistical

sample, the lower is the uncertainty on the

solution. 

In the field of ophthalmology, virtual

dosimetry models are applied to analyze the

radiations dose involved in a process of

brachytherapy for the treatment of ocular

melanoma.26 The brachytherapy is a form

of radiotherapy where a source of radiation

is placed inside or near the area to be treat-

ed. In the case of ocular melanoma, the

radioactive plaque is sutured to the sclera in

correspondence of the base of the tumor and

left in place for the time necessary to emit

the required dose (usually 4-7 days). By

analyzing different sources, on the basis of

the radionuclides and their distribution, the

combination which optimizes the distribu-

tion of emitted radiations can be identi-

fied.27,28 Other applications can be found in

the planning of the proton therapy.29 

Physical phantoms for dosimetry are

thus generally used for the validation of a

virtual phantom for calculations, which find

extensive application in telecommunication

research (e.g. design of antennas for smart-

phones), and in medical industry (new prod-

ucts for diagnosis and treatments based on

ionizing radiation).

Phantoms for surgical training

The modern surgery not only seeks to

find a remedy for the patient’s pathology,

but at the same time tries to minimize the

discomforts due to the operation and maxi-

mize the therapeutic success; thanks to the

endoscopic approach, surgery is evolving

toward a less invasive discipline, which

tends to limit the trauma of the intervention

itself.

In the field of ophthalmology, the mini-

mally-invasive vitreoretinal surgery proce-

dure was introduced in 2002. It is known as

Transconjunctival Sutureless Vitrectomy

(TSV) and foresees the use of 23-G or 25-G

trocars (microcannules) that allow the cre-

ation of channels through which the surgical

instruments necessary for the operation are

introduced into the vitreous body. Since the

outer diameter of these microcannules is

equal to 0.6 or 0.5 mm (23-G or 25-G,

respectively), the incisions left on the sclera

are so small that can be sealed without

sutures. The procedure does not cause any

surgical trauma to the conjunctiva, does not

require suturing to the sclera, and ensures

extremely quick recovery times.30

The endoscopic approach is also

applied in computer-assisted surgery

(CAS): the Da Vinci robot is the most

famous example, and it is by now used in

clinical practice, whereas there are ongoing

researches to perform also TSV with the

CAS approach.

Regardless of the presence of the com-

puter, the endoscopic surgery compels the

surgeon to operate with a two-dimensional

view that flattens the depth of the operative

field, with a type of instrumentation that

eliminates the tactile sensation characteris-

tic of the surgical gesture and reverses the

direction of the movements because of the

presence of the fulcrum represented by the

access point of the trocar. It has been scien-

tifically proved that these limitations can be

overcome through a training activity which

involves the use of physical or virtual phan-

toms. These brought the intraoperative

complications associated with minimally-

invasive surgery to be equivalent in percent-

age to those of traditional surgery. 

It is easy to understand that a phantom

for surgical training, but also for testing the

instruments for the TSV, has to reproduce

the mechanical properties of the eye.

The elasticity of a material is often

described by the elastic modulus E [Pa],

which for linear elastic materials is defined

as the initial slope of the stress-strain curve

(Table 1). Many biological materials,

including the ocular tissues, have a non-lin-

ear behavior when deformation exceeds

10%.31-33 The biological tissues actually

present a viscoelastic type behavior, with

characteristics in common both with vis-

cous and elastic materials, showing phe-

nomena of hysteresis, creep and stress

relaxation. 

The viscoelastic behavior can be

described using the standard linear solid

model, consisting of an elastic element in

parallel to a branch composed by an elastic

and a viscous element: in the specific case

of the cornea, for example, the elastic ele-

ments are about 8.5 MPa, while the viscous

element has a viscosity (that is the resist-

ance of a fluid to the flow) of about 16.5

kPa·s.34

This analysis can be only partially

applied to the vitreous humor, which is a

delicate transparent collagenous gel that

fills the posterior chamber of the eye. It

weighs about 4g and represents approxi-

mately two-thirds of the ocular volume. The

vitreous body is delimited by various struc-

tures: posterolaterally it is in contact and

adheres to the retina and anteriorly with the

crystalline lens and other structures. It is

composed of water (>98%), it is avascular

and virtually acellular and for these reasons

it has been historically considered as a sim-

ple inert filler. However, in the last decades

it has become clear that the vitreous plays

an essential role in supporting the vision

and in the development of disorders.

From a structural point of view, the vit-

reous humor derives its properties from its

hydrated double network composed of type

II collagen fibers and high molecular

weight hyaluronic acid macromolecules.

The lubricating properties of its molecules

and its fragile structure make rheological

measurements (bulk measurements, mag-

netic micro-rheology, tracking in vivo on

humans during vision tasks, acoustic tech-

niques) difficult to be performed. The vis-

cosity of the vitreous humor is strongly

dependent on the experimental procedures:

if approximated to a Newtonian fluid, its

value is 4 Pa·s.35

A list of possible materials which can be

used for the construction of an anthropo-

morphic phantom is provided in Table 2.36

For the vitreous humor, in particular, in

addition to those listed in the table, several

types of gels have been tested, such as poly-

acrylamide and polyvinylpyrrolidone, that

have been used experimentally also as sub-

stitutes in vivo, however with unsatisfactory

results.37

Anthropomorphic phantoms for appli-

cations related to training and to testing of

surgical instruments present an anatomical

shape, or an hemispherical one, in the case

that the interest is focused only on the ante-

rior or posterior part of the eye.36 These are

usually produced by assembling layer by

layer the various components, within a rigid

shell that represents the bone cavity. This

latter can be stylized or reproduce anthropo-

morphic features.36,38 The close collabora-

tion between expert surgeons and bioengi-

neers is however fundamental for the devel-

opment of this type of phantom, whose ulti-

mate goal is to reproduce the same feeling

experienced during the surgical procedures.

Phantoms for pharmacokinetics

The pharmacokinetics is a branch of

pharmacology that quantitatively studies

the absorption, the distribution, the metabo-

lism and the elimination of drugs. In partic-

ular, it takes into account the effects of the

organism on the drug, that is the mecha-

nisms that allow to reach or to maintain spe-

cific concentrations of drugs in the various
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compartments of the organisms.39,40

The diffusion of drugs within the vitre-

ous humor after an injection is interesting in

the clinical setting. Since this is an avascu-

lar tissue, the diffusion of the drug, injected

with concentration C, can be described by

Fick’s law (Eq. 10):

            
Eq. 10

where D is the diffusivity [m2/s] (typically

of the order of 10-9-10-10, for molecules

with a molecular weight of some kDa).

Once injected and diffused, the drug is

metabolized, decreasing with a certain elim-

ination rate, typically approximated with a

kinetic of the first order.

Phantom for the pharmacokinetics,

already commercialized for other types of

tissues, such as the cerebral tissue, are

instead at the initial stage in ophthalmology,

with only a few examples in literature. For

instance, a phantom with two compartments

(one for the gel, which mimics the vitreous

humor, and the other for sampling) separat-

ed by a membrane, has been used to study

the behavior of a drug in a substitute of vit-

reous humor based on polyvinyl alco-

hol.36,39

Discussion

The development of phantoms requires

a deep knowledge of fundamental and

applied physics,14,25 chemistry and material

science,31-34 as well as expertise in biolo-

gy39,40 and of course in medicine.19,30

Collaboration between biomedical engi-

neers and physicians is instrumental for

clearly identifying not only the clinical

need,19 but also the level of details required

for simulating the surgical procedures.36

Excluding the development costs, phan-

toms are generally not expensive,19 espe-

cially if the savings in terms of design sur-

gical error reductions are considered. For

this reason, conservation and reusability of

phantoms can be considered a problem

more from a practical than an economic

point of view.

Table 4 organizes some of the eye phan-

toms presented in this review according to

their construction features, and shows that

for the same application (e.g., dosimetry)

different types of phantoms are available.

The use of the same phantom, as it is, for

different application is instead not recom-

mended. 

Theoretical and experimental research-

es are critical for the development of new

materials able to mimic the behavior of liv-

ing tissues respect to specific physical or

chemical phenomena. With the introduction

of Additive Manufacturing technologies,

applied to rapid prototyping and rapid tool-

ing, the difficulties in phantoms fabrication

(even for anthropomorphic one) is a minor

issue. In this sense, efforts should be put in

identifying the most suitable fabrication

technology and eventually modify the

desired material to be manufactured in the

final product.

As regards virtual phantoms, processing

power is no more a limit for computational

models, given the advances in Information

and Communications Technology tools as

well as the limited complexity and geomet-

rical size of the eye, compared to other

regions of the human body. Also in this

field, the theoretical development of equa-

tions describing the (bio-)material behavior

constitutes the most promising field of

research.

Conclusions

The present review has proposed a sys-

tematic approach for classifying phantoms

used in medicine and bioengineering, which

have been used for describing phantoms for

ophthalmology.

The review highlighted that there is no

ideal ocular phantom which can be used

indifferently for any type of measure or sur-

gical operation: some of the desired proper-

ties are often obtained at the expense of oth-

ers (e.g., optical properties vs mechanical

properties). Therefore, the best solution

seems to be the use of different phantoms

according to their specific field of applica-

tion. Fabrication and computational tech-

nologies are mature for supporting the

development of new phantoms, with desired

complexity, while most of the effort should

be put in the development of suitable mate-

rials able to reproduce the desired behavior

of the human eye. From this point of view,

experimental research has to be framed by a

theoretical description, which can be imple-

mented as mathematical equations in in-sil-

ico models. 
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