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Human soft tissue phantom for terahertz imaging and spectroscopy
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Over the past decades, terahertz radiation has found many biomedical applications, such as marker-free diagnosis

of malignant tumors, monitoring wound healing, studying brain pathologies, monitoring graft viability, etc. Most

of these applications assume that soft tissues are optically homogeneous in the terahertz wavelength range, and

the marker of the pathological process is the differences in the values of the complex dielectric permittivity

obtained within the framework of the formalism of the effective medium theory. Meanwhile, recent advances in

terahertz imaging with subwavelength spatial resolution have made it possible to detect spatial heterogeneities in the

distribution of complex dielectric permittivity with dimensions comparable to the terahertz wavelength in neural,

fibrous, muscle and other types of tissue. The presence of such contrasting inclusions can lead to the effects of

scattering of terahertz waves at their boundaries. This raises the problem of studying the phenomena of absorption

and scattering of terahertz waves in soft tissues. To solve it, it is necessary to use a phantom with previously

known parameters. At the moment, there are no phantoms with scattering properties for the terahertz range. In

the interests of this task, a tissue-simulating phantom was proposed in this work, which has the shape of a gelatin

plate and is a highly absorbent hydration matrix into which silicon dioxide (SiO2) microspheres are embedded with

a lower refractive index and absorption coefficient, as well as subwavelength or mesoscale diameters. The terahertz

images of this phantom are similar to those of a number of soft tissues, which allows its use in studies of new

methods of terahertz imaging and spectroscopy.

Keywords: terahertz radiation, biological tissue phantom, terahertz imaging, subwavelength spatial resolution,

Abbe diffraction limit, solid immersion effect.
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Introduction

The application range of terahertz (THz) technologies,

which includes applications in various branches of biopho-

tonics and medicine [3–5], is currently expanding [1,2].

Of particular interest is the capacity of THz radiation to

perform marker-free diagnostics of malignant and benign

neoplasms [6], non-invasive monitoring of blood glucose

levels [7], and quantitative evaluation of the diabetic foot

syndrome [8]; establish the degree and area of traumatic

injuries [9] and burn wounds [10]; monitor graft viabil-

ity [11], scar healing [12], and transdermal delivery of

drugs [13]; and examine the degree of hydration of the

cornea and sclera in ophthalmology [14,15] and brain

pathology in neurodiagnostics and neurosurgery [16]. In

addition, intense THz pulses have been demonstrated to

exert a nonthermal influence on tissues; these effects may

be used in therapy [17].

Most of the mentioned applications rely on the assump-

tion that tissues are optically isotropic and homogeneous in

the THz range [6,17]. The THz response of soft tissues

is often characterized with the use of various relaxation

models of complex permittivity within the effective medium

theory (EMT) formalism [18]. The energy of hydrogen

bonds, which are fundamental for all biological systems, is

comparable to the energy of a THz quantum. Therefore,

tissue water is the factor governing the THz response of

soft tissues, since the absorption of radiation by water is

significant and the concentration of water in such tissues

is high [19]. Just as in water and aqueous solutions, the

THz complex permittivity of biological tissues is commonly

characterized by a superposition of two or more relaxation-

like terms with different relaxation times [20]. The Debye
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Figure 1. (a) A schematic of the phantom, (b) THz refraction index, and (c) amplitude absorption coefficient for pure gelatin and

amorphous SiO2 determined by THz pulse spectroscopy (from [47,48]).

model [21] is the one used most widely here, while the

Cole–Cole [22,23], Cole–Davidson [24], and Havriliak–
Negami [25] models or an overdamped Lorentz oscilla-

tor [26] are rarely used.

The EMT coupled with linear spectral decomposi-

tion [27], the Bruggeman model [28], or other approaches

provides reliable estimates of the water content and state in

tissues based on THz dielectric spectra, allowing one to use

free and bound molecules of water as the main endogenous

marker sensitive to various vital processes in living tissues

and cells [18]. This enables the use of THz spectroscopy

and imaging in medical diagnostics.

The study of propagation of THz waves in tissues,

development of theoretical models, and testing of new

instrumental approaches with the use of human biological

tissues or model animals are challenging tasks for a number

of reasons. Since contrasts between healthy and pathological

tissues in THz spectra and images are induced primarily

by differences in tissue water content, tissue studies should

be performed immediately (or as soon as practically

possible) after excision to minimize dehydration caused by

interactions with the environment and degenerative changes

due to cessation of blood flow. In addition, when working

with tissues, one usually has to deal with high variability

in permittivity of the medium and in size, shape, and

permittivity of tissue inclusions, which may act as scatterers.

These parameters may vary from one human or animal

body to another and even within an individual sample. At

the same time, a comprehensive study of the propagation

of THz waves in tissues should include a very large

number of samples with well-known properties that remain

unchanged during the experiment and reproducible from

one experiment to the next.

In biophotonics, these issues are often addressed through

the use of phantoms (i.e., artificially created objects that

allow one to simulate the properties of tissues of the

human body) in the terahertz range and in other spectral

ranges [18]. Specifically, the layered structure of the skin,

microvasculature, and frequency-dependent interference ef-

fects in THz pulsed imaging may be studied using the

TX151 [29] gelling agent, and two-component (consisting of

water emulsions and lipids or water and gelatin) or three-

component (consisting mainly of oil, gelatin, and water)
phantoms were proposed to be used as models of breast

tissue [30]. Contact lenses have been examined as potential

corneal phantoms [31]. Various phantoms based on aque-

ous solutions, suspensions, and mixtures of strongly sub-

wavelength particles or powders with particle sizes ≪ 0.1λ,

hydrogels, and other substances [18,29,30,32–36] have also

been developed recently for the THz range. All the above

phantoms are homogeneous in the THz wavelength range

and are designed for verification of research methods based

on EMT (analysis of sample composition, tissue water

content and state, etc.), but cannot be used to model

optically inhomogeneous media in the THz range.

Meanwhile, more and more studies reporting on in-

homogeneities in tissues (human, animal, or even plant)
comparable in size to THz wavelengths (∼ λ) are being

published. For example, various high-resolution THz mi-

croscopy techniques were used in [37–39] to visualize sub-

wavelength (< λ) or mesoscale (∼ λ) structural elements

in tissues (down to an individual cell). Heterogeneities of

various tissues of the mammary gland, tongue, pericardium,

and brain (of humans or model animals) [40–42] were

detected with an original solid immersion (SI) microscope

with a resolution of 0.15λ. This microscope was also used

to quantify the distribution of THz optical properties and

water content in the surface layers of tissues. Scanning point

terahertz source microscopy was used in [39] to analyze

the heterogeneity of unstained comedo ductal carcinoma.

With the advent of innovative THz imaging methods, the

number of observed sub-wavelength and mesoscale tissue

inhomogeneities grows annually [43–45]; however, studies
of the mechanism of scattering of THz waves off observed

inhomogeneities and its effect on images and spectral

characteristics of samples are still incipient and require

the development of additional methods and experimental

techniques.

Considering all these issues, it was proposed to design

and fabricate a phantom that simulates soft tissue. It should
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Figure 2. (a) Scanning electron microscopy of SiO2 microspheres with diameters d = 63 and 93 µm, respectively; λ = 500 µm. (b) A

schematic of the process of fabrication of a scattering phantom based on a gelatin plate and SiO2 microspheres. (c) Photographic image

of a liquid phantom with volume fraction f v = 0.058 of microspheres.

have a reproducible response at THz frequencies and be

easy to manufacture even in large quantities. The absorption

and scattering of THz radiation are modeled in it is through

the inclusion of particles with varying values of diameter

and volume fraction. The phantom has the form of a gelatin

plate (hydrated collagen matrix, matrix medium) with high

absorption in the THz range into which SiO2 microspheres

are embedded. These spheres act as sub-wavelength and

mesoscale scatterers with much lower refraction indices and

attenuation coefficients (compared to the matrix medium).
The maximum examined diameter is close to the depth

of penetration of THz waves into soft tissues and the

diffraction resolution limit of THz optics. This phantom was

studied by optical microscopy and high-resolution THz SI

microscopy. Optical microscopy revealed the homogeneity

of distribution of microspheres throughout the volume of

the phantom and a small number of air bubbles in the

suspension and verified that the phantom corresponds to

its theoretical model. SI microscopy data demonstrated that

the phantom is heterogeneous in nature (with changes in

the nature of visualized inhomogeneities depending on the

volume fraction and diameter of inclusions), suggesting that

it is suitable for simulating a number of tissues in the THz

range.

Design and fabrication of a soft tissue
phantom

Connective tissue with isolated inclusions of adipose

tissue cells was chosen as the soft tissue type to be modeled,

since it is the simplest in terms of simulation and subsequent

theoretical analysis. Terahertz spectra of adipose and

connective tissues [46] demonstrate that adipose tissue is

non-absorbing compared to the connective one. The model

then takes the form of a single spherical non-absorbing

scatterer 10−100µm in diameter (this corresponds to the

approximate size of a mature adipose tissue cell) surrounded
by an absorbing matrix, which is homogeneous in the THz

range and is similar in its THz dielectric properties to

connective tissue.

Silicon dioxide (SiO2) microspheres were chosen to be

used as spherical scatterers for the phantom. The THz

optical properties of this material are presented in Fig. 1.

These spheres were fabricated in three stages. The first

stage was the synthesis of colloidal SiO2 nanoparticles

≃ 280 nm in diameter by a multistage method [49] that

combines two known sequential methods of tetraethoxysi-

lane hydrolysis: heterogeneous hydrolysis catalyzed by L-

arginine [50] and the traditional Stöber approach [51]. The

diameter deviation of SiO2 nanoparticles was less than 3%.

SiO2 microspheres in the form of opal-like nanoparticle

aggregates with a density of ≃ 1.2 g/cm3 [52] and a diameter

spread of 10−110µm were then obtained by spray drying

from a concentrated suspension of SiO2 nanoparticles.

The final stage involved annealing of the microspheres

performed at a temperature of ≃ 1050◦C for 24 h to remove

residual water and organic components and increase their

strength and density. Thus, the density of microspheres

increased to ρSiO2
≃ 2.0 g/cm3 [53], while their diameter

decreased slightly as a result of collapse of nanopores inside

SiO2 nanoparticles and vanishing of pores between them.

Nanoparticles could still have a residual internal porosity

of several percent with a certain number of closed pores,

but this number is so small that the influence of residual

porosity on the THz response of microspheres could be

excluded from further consideration. The obtained SiO2

microspheres with diameters d = 63± 3 and 93 ± 3µm are

shown in Fig. 2, a.

A 15% (by weight) aqueous solution of gelatin was

chosen as a fibrous absorbing matrix for the phantom. The

THz optical properties of this solution are also presented in

Fig. 1. The absorption coefficient of the matrix is several

times higher than the absorption coefficient of spherical

scatterers (this corresponds to the model conditions), but
exceeds slightly the absorption coefficient of connective

tissue [46].

The diagram of the process of fabrication of the phantom

is shown in Fig. 2, b. Microspheres were first subjected

to wet dispersion through a series of sieves with different

hole diameters. These microspheres grouped into fractions

with a diameter deviation of ±3µm within a fraction were
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Figure 3. A schematic of an SI lens made of HRFZ-Si operating

in the reflection mode in a microscope with a resolution of 0.15λ

and a frequency of 0.6 THz on top of which a phantom is placed.

then introduced into a 15% aqueous solution of gelatin

preheated to a temperature of 35−40◦C. In mixing, we

used the relation between the mass of microparticles and

mass f m of the resulting suspension, which is related to

volume fraction f v of microspheres in the following way:

f v =

(

1 +
1− f m

f m

ρSiO2

ρgelatin

)

−1

, (1)

where ρSiO2
≃ 2.0 g/cm3 and ρgelatin ≃ 1.1 g/cm3 are the

densities of SiO2 microspheres and pure gelatin. The

suspension was sealed against the influence of air, subjected

to vortex mixing without foaming, and cooled. When

cooled, the viscosity of the gelatin solution increases,

preventing the rapid settling of microspheres. Before

the hardening of gelatin, the suspension was transferred

to a pre-cooled object window of a THz-SI microscope

(Fig. 3) with a pipette. There, the suspension solidified

quickly and formed a phantom. Volume fraction f v of

microspheres in this phantom may be as high as 25%.

Higher volume fractions may also be obtained, but this

requires additional control of temperature and viscosity of

the suspension.

The homogeneity of microparticle distribution throughout

the volume of the phantom was checked additionally by

optical microscopy. The obtained results are presented in

Figs. 4, a, c, e, g. The fabricated phantom simulates soft tissue

formed by a highly absorbent medium with embedded

spherical scatterers with a much lower refraction index

and losses in the THz range, is easy to manufacture, and

offers fine reproducibility of properties (e.g., uniformity in

diameter and type of scatterers, as well as uniformity of

their distribution throughout the volume of the medium).

THz SI microscopy studies of scattering
phantoms

A proprietary SI microscope operating in reflection with a

resolution of 0.15λ was used to examine the distribution of

microspheres inside the phantom and compare THz images

of the phantom with observed inhomogeneities of freshly

excised tissues. The design and operating principles of

this microscope were discussed in detail in [28,40,54–56].
A backward wave oscillator [57] was used as a source

of continuous radiation at a frequency of 0.6 THz (or a

wavelength of λ = 500µm), and a Golay cell (opto-acoustic
detector) was the receiver [58].
Figure 3 shows the schematic of the key component of

the microscope: SI lens. It consists of three main elements:

• wide-aperture aspherical lens made of high-density

polyethylene (HDPE); the native resolution of this lens

is 0.55λ [59];
• hypo-hemisphere made of high-resistivity float-zone

silicon (HRFZ-Si) and positioned in front of the focal plane

in such a way that the spherical surface is concentric to the

converging wavefront and the flat surface is perpendicular

to the optical axis;

• plane-parallel window made of HRFZ-Si that is in

contact with the hypo-hemisphere, forming a single optical

element.

The hypo-hemisphere with the plane-parallel window

serve as a resolution amplifier for the aspherical lens,

increasing the overall resolution of the system to 0.15λ [56].
The aspherical lens and the hypo-hemisphere are rigidly

fixed, while the window is movable and mounted on a

horizontal displacement mechanism. This composite design

provides an opportunity to image amorphous objects and

soft tissues positioned on the window by scanning them

with a focused THz beam. The resulting THz image

has the form of a THz field intensity distribution along

the image plane. As was discussed in detail in [28], the

reflection of a THz beam at the window–object interface
is complex due to its wide aperture, long coherence

length, and the interaction of ordinary and total internal

reflection phenomena. However, the problem of quantifying

the analyzed refraction index for non-planar scatterers out

of close contact with the HRFZ-Si window remains a

challenging one and is a target for future research [28].
In preparation for THz imaging, a slightly heated liquid

suspension of SiO2 microspheres in a gelatin solution was

pipetted into the HRFZ-Si window (Fig. 2, a). A droplet

with a thickness > 1mm and a uniform distribution of

microspheres solidified quickly, forming a phantom to be

imaged on top of the window. Several tissue-simulating

phantoms with different diameters and volume fractions of

microspheres were prepared.

The results of optical and THz microscopy for phan-

toms with volume fractions of microspheres f v = 0.0056

and 0.0284, which correspond to mass fractions of 1

and 5%, and diameters d = 63 and 93µm, respectively,

are presented in Figs. 4, a−h. Optical images reveal a
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Figure 4. Terahertz SI microscopy data for tissue-simulating phantoms obtained at a frequency of 0.6 THz (λ = 500 µm) with a resolution

up to 0.15λ. (a, b) Optical and THz microscopic images of a phantom with particle diameter d = 63 µm and volume fraction f v = 0.0056.

(c, d) Data for a phantom with particle diameter d = 93 µm and the same volume fraction. (e, f) Optical and THz microscopic images of a

phantom with particle diameter d = 63 µm and volume fraction f v = 0.0284. (g, h) Data for a phantom with particle diameter d = 93 µm

and the same volume fraction.

uniform distribution of particles throughout the volume of

the phantom at the chosen volume concentrations. Air

bubbles located in the bulk of the phantom or on the rough

surface of microspheres are also seen, but their number

is extremely small, and their contribution to changes in

the THz optical properties of the phantom may thus be

neglected. The reflectivity of the phantom varies in the THz

imaging plane on the desired sub-wavelength scale due to

the presence of SiO2 inclusions. The scattering particles in

Figs. 4, b, f are slightly smaller than the resolution of the THz

microscope (0.126λ < 0.15λ), but changes in the intensity

of the backscattered THz field caused by each microsphere

are observed, and the image inhomogeneity becomes more

pronounced as the concentration increases. In contrast,

Fig. 4, d allows one to distinguish clearly individual SiO2

microspheres of a larger diameter (0.186λ > 0.15λ). At a

higher volume fraction (Fig. 4, h), individual particles are

no longer visualized clearly enough due to the overlap

of backscattered waves from microspheres located in the

volume of the medium. One may also note that with vol-

ume fraction of microspheres f v = 2.84%, inhomogeneities

created by particles with a diameter of 63µm (Fig. 4, f)

are somewhat smaller in size than those corresponding

to microspheres with a diameter of 93µm (Fig. 4, h).

This provides the prerequisites for a possible solution to

the inverse problem (determining the true sizes of tissue

inclusions from a THz image).

The discussed phantom is especially important for ad-

vancing the technology of optical clearing of tissues in the

THz range [60,61], where the scattering effects need to

be analyzed thoroughly in both hydrated and dehydrated

(by a hyperosmotic agent) tissue. Hyperosmotic immersion

agents used to suppress the absorption of THz waves in

tissues can either unmask scattering processes or reduce

the dielectric contrast between the matrix medium and

scatterers and, consequently, lower both the absorption of

THz waves by tissue water and the scattering efficiency.

Since materials producing a fairly strong dielectric con-

trast (between the absorbing matrix and an individual

scatterer) and allowing for a wide range of variation

of the scatterer parameters were used to construct the

phantom, it has the capacity to simulate various soft

tissues of the body in the THz range [6,17,18] (e.g., the

structure of the mammary gland with lobules and single

fat cells surrounded by connective tissue [56]). In addition,

mesoscale scatterers with a near-spherical shape and a lower

THz refraction index and losses may form in pathologically

altered tissues, e.g., in the case of accumulation of tumor

cells and necrotic debris in tumors and traumatic brain

injuries [9,28], accumulation of fat cells associated with the

fatty liver disease [62], aggregation of beta-amyloid in nerve
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tissues associated with the Alzheimer’s disease [63], sperm
agglutination [64], etc. However, deviations from the ideal

spherical shape of a single diffuser need to be taken into

account in some of these tissues.

It should be stressed that the designed phantom simulates

only a limited number of soft tissues in the THz range.

Tissues with a completely different kind of (potentially
anisotropic) geometry, density, and packing of scatterers and

other values of the dielectric contrast between scatterers

and the matrix medium are perfectly conceivable. For

example, to create a muscle tissue phantom, one needs to

take into account the parallel alignment of muscle fibers in a

bundle, which may lead to THz birefringence or parametric

resonance in tissues [41,65].
In our future research, we plan to develop other tissue-

simulating phantoms with a wide range of parameters

and different radiation transfer modes. The ultimate goal

is to adapt these approaches to characterization of the

interactions of THz waves with real turbid tissues.

Conclusion

A human soft tissue phantom based on a gelatin plate

and SiO2 microparticles, which act as a highly absorbent

matrix and dielectric scatterers, respectively, was proposed.

The dielectric parameters of its components are similar to

the parameters of adipose and connective tissues, while the

variability of diameters and volume concentrations of scat-

tering microspheres allow one to simulate a number of soft

tissues and their pathologies. Optical and THz microscopy

data prove that this phantom has application potential as a

universal model medium for the development and testing

of new experimental techniques of THz microscopy and

spectroscopy.
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