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Purpose: In this work, a generic recipe for an inexpensive and nontoxic phantom was developed

within a range of biologically relevant dielectric properties from 150 MHz to 4.5 GHz.

Methods: The recipe includes deionized water as the solvent, NaCl to primarily control conductivity,

sucrose to primarily control permittivity, agar–agar to gel the solution and reduce heat diffusivity,

and benzoic acid to preserve the gel. Two hundred and seventeen samples were prepared to cover the

feasible range of NaCl and sucrose concentrations. Their dielectric properties were measured using

a commercial dielectric probe and were fitted to a 3D polynomial to generate a recipe describing the

properties as a function of NaCl concentration, sucrose concentration, and frequency.

Results: Results indicated that the intuitive linear and independent relationships between NaCl and

conductivity and between sucrose and permittivity are not valid. A generic polynomial recipe was

developed to characterize the complex relationship between the solutes and the resulting dielectric

values and has been made publicly available as a web application. In representative mixtures developed

to mimic brain and muscle tissue, less than 2% difference was observed between the predicted and

measured conductivity and permittivity values.

Conclusions: It is expected that the recipe will be useful for generating dielectric phantoms for gen-

eral magnetic resonance imaging (MRI) coil development at high magnetic field strength, includ-

ing coil safety evaluation as well as pulse sequence evaluation (including B+
1

mapping, B+
1

shim-

ming, and selective excitation pulse design), and other non-MRI applications which require biologi-

cally equivalent dielectric properties. C 2014 American Association of Physicists in Medicine.

[http://dx.doi.org/10.1118/1.4895823]
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1. INTRODUCTION

At high magnetic field strength (3 T or higher) and correspond-

ingly high Larmor frequency for 1H magnetic resonance imag-

ing (MRI), the wavelength in typical tissues can be shorter than

the human body. As a result, both the radio frequency (RF)

transmit field (the B+
1

field) and the electrical field (the E field)

become increasingly dependent on the dielectric properties of

the object. For proper RF coil design and safety evaluation, the

object, therefore, has to be taken into account. It is likewise

desirable to characterize pulse sequences (such as B+
1

map-

ping and tailoring techniques1) in a phantom with biologically

equivalent tissue properties. Additionally, both the spatial dis-

tribution and intensity of the heating pattern associated with

RF deposition are related to the dielectric properties of the

heated object. As a result, dielectric phantoms have been uti-

lized to assess RF coil safety by, for example, measuring lo-

cal heating during RF application using MRI thermometry.2–4

Similarly, a biologically equivalent phantom is an essential fix-

ture for coil array bench development (i.e., tuning, matching,

and decoupling) and can also be of value for non-MRI RF

applications, such as safety tests for wireless devices, e.g., cel-

lular phones.

To begin, we review the desired characteristics of the

dielectric phantom. The phantom must be MRI-visible to

allow imaging experiments. Typically this criterion implies

a water-based phantom with reasonable T1 relaxation and T2

decay times. The conductivity (σ) and (relative) permittivity

(εr) must be matched to desired values at a particular Larmor

frequency. Biologically relevant conductivity ranges from

∼0.1 S/m for adipose tissue and bone to 2–6 S/m for cere-

brospinal fluid (in the frequency range 150 MHz–4.5 GHz).5,6

Common salt (NaCl) can be added to deionized water to

raise its conductivity, while its relative permittivity can be

reduced from the nominal value of ∼80 by adding materials

with low dielectric constant, such as acrylic rods,1 polyvinyl

chloride,7 polyethylene powder,8–11 polyoxyethylene sorbitan

monolaurate,12,13 oil,14,15 or sugar.16–18 Due to their high heat

diffusivity, traditional liquid-based phantoms are not suitable

for RF coil safety evaluations. In this context, gel-based phan-

toms are favorable because heat diffusivity can be reduced to

the order of a centimeter during a typical safety evaluation

where the RF irradiation period is typically on the order of
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hundreds of seconds. In addition, water-soluble ingredients

are preferred to generate homogeneous solutions that do not

require complex mixing procedures or toxic additives. Finally,

the cost of the phantom is a rarely discussed but important

consideration. A low cost recipe is desirable, particularly for

large volume body-sized phantoms.

Here, we characterize and evaluate a sucrose–NaCl-based

gel phantom material (alternatively called “dielectric simula-

tor” in Refs. 12 and 13) which satisfies all of the above re-

quirements to prepare phantoms with dielectric properties that

mimic tissue. To date, despite the fact that dielectric proper-

ties for tissues at various frequencies are publicly available

(e.g., http://transition.fcc.gov/oet/rfsafety/dielectric.html), the

recipes in the literature are primarily limited to a handful tissue

types, i.e., fixed conductivity–permittivity combinations. A

recipe that covers all possible sucrose and NaCl concentrations

and can match a wide range of desired dielectric properties is

not available in public domain. The main goal of this work

was to characterize the dielectric properties resulting from a

range of sucrose–NaCl samples and subsequently generate a

parametric recipe for phantom preparation that will be made

available in public domain. Although the main focus was MRI

applications, where the operating frequency is generally at or

below 500 MHz, a wide frequency range (150 MHz–4.5 GHz)

was explored such that the parametric recipe was valid for high

frequency applications, such as dosimetry of cellular phones,

medical applications of electromagnetic fields, and body cen-

tric wireless area network applications.

2. METHODS

2.A. Basic ingredients and general protocol

The five ingredients are described below. All ingredients

are chosen for their low cost, water solubility, nontoxicity, and

general availability, and are reported as a percentage, in terms

of mass per unit water volume.

• Solvent: Deionized water.

• Ingredient to primarily control conductivity: American

Chemical Society (ACS) grade NaCl [Sigma sodium

chloride (ReagentPlus™ ≥99.5%) S9625-500G (Sigma-

Aldrich, St. Louis, MO) was used initially and later repla-

ced by sodium chloride, Crystal, Baker Analyzed ACS

Reagent, J.T. Baker® 3624-01 (MG Scientific, Pleasant

Prairie, WI)].

• Ingredient to primarily control permittivity: Sucrose in

the form of table sugar (Premium Pure Cane Granulated,

Domino Foods, Inc., Brooklyn, NY).

• Preservative:Benzoicacid.Benzoicacidisa commonpre-

servative used in the food industry and naturally exists in

some plant and animal species, such as cranberry. Benzo-

ic acid A68-30 (Thermo Fisher Scientific, Inc., Waltham,

MA) was used with a fixed concentration (0.1%).

• Gelling agent: Agar (Fluka Agar-Agar for Microbiology

05039-50G, Sigma-Aldrich, St. Louis, MO) with a fixed

concentration (1.5%).

The general protocol to prepare the phantom samples is de-

scribed below.

1. Measure all ingredients (water, NaCl, sucrose, benzoic

acid, and agar).

2. Mix the ingredients in a container.

3. Evenly heat and stir the mixture until the solutes have

dissolved completely and a uniform solution is ob-

served, and a temperature of at least 60 ◦C is reached.

(Care should be taken to minimize evaporative losses.)

4. Pour the mixture in a slow and controlled manner into

the phantom container, such that air bubbles within the

mixture are minimized.

5. Allow the phantom to naturally cool to room tempera-

ture.

2.B. Concentration matrix and recipe fitting

To investigate the effect of NaCl and sucrose on dielec-

tric properties, one hundred and seventeen 250-ml phantom

samples were prepared using the protocol above with the

following range of ingredients: NaCl ranged from 0.90% to

3.61% at intervals of 0.23% and sucrose ranged from 15.6%

to 189.4% at intervals of 21.7%. This collection of samples

formed a 9×13 concentration matrix [as shown in Fig. 1(a)]

which was designed to cover a reasonable range of biological

dielectric properties.

A second set of samples was prepared over coarser intervals

of NaCl and sucrose concentrations to explore the dielectric

limits of the recipe, that is, the point at which the water is sat-

urated with either ingredient. For this purpose, a set of one hun-

dred 250-ml samples was prepared to cover a 10×10 matrix

where NaCl ranged from 0% to 35.7% at intervals of

F. 1. (a) 9 × 13 phantom sample matrix, (b) experiment setup for dielectric property measurement.
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3.97% and sucrose ranged from 0% to 207% at intervals

of 23%. The dielectric properties of each sample were mea-

sured using an invasive probe from 150 MHz to 4.5 GHz in

5 MHz steps at approximately 21.8 ◦C [slim form model; Ag-

ilent 85070E dielectric probe with Agilent E5071C network

analyzer, see Fig. 1(b)].

To generate a recipe for target dielectric properties at a

given frequency, measurements of all 217 samples were fitted

to a 3D polynomial using customized software (version

R2013b, with supporting parallel computing toolbox; Math-

works, Natick, MA), where the dimensions represent NaCl and

sucrose concentrations and frequency. Polynomial fitting was

chosen for several reasons: robustness to measurement noise,

the feasibility to incorporate supplemental data points, and a

parameterized output recipe that is convenient to distribute.

2.C. Recipe validation

To evaluate the validity and accuracy of the parametric

recipe, phantoms were prepared with dielectric properties ap-

proximating average muscle tissue at 300 MHz (for proton

MRI at 7 T) (phantom A, σ = 0.79 S/m, εr = 59) and average

brain tissue at 500 MHz (for proton MRI at 11.7 T) (phan-

tom B, σ = 0.63 S/m, εr = 48).5 The dielectric properties of

these two phantoms were measured and compared with the

target values. To estimate the repeatability of the protocol, four

separate samples were prepared with the same solvent con-

centrations (118% sucrose and 1.43% NaCl), whose dielectric

properties were measured six times in total (three measure-

ments on the first sample and one on each of the remaining

three samples). The confidence intervals were estimated from

the standard deviations of these measurements, which capture

errors in the entire procedure, e.g., fitting inaccuracies, ingre-

dient volume measurement errors, and errors associated with

the dielectric probe measurements. Properties of the first 117

samples were remeasured after eight months to test stability.

During this period, the samples were sealed in plastic con-

tainers and stored at room temperature. Finally, 99 samples

were measured at 25.8 ◦C to attain a sense of the relationship

between temperature and dielectric properties.

The range of dielectric properties allowed by the proposed

set of ingredients is inherently limited primarily by sucrose

solubility for low permittivity samples, NaCl solubility for

high conductivity samples, and nominal water conductivity

for low conductivity samples (particularly at high frequency).

Correspondingly, we sought to explore the frequency range

over which the developed recipe is able to replicate the target

dielectric properties of various tissues. Target properties were

calculated from 150 MHz to 4.5 GHz with a 5 MHz step

size using the following web application: http://niremf.ifac.

cnr.it/tissprop/htmlclie/htmlclie.htm. These dielectric values

were compared to those achievable with the proposed recipe;

the values were considered to be adequately matched if the

discrepancy was less than 10%.

2.D. Relaxation time measurement

To investigate the compatibility of the gel mixture with MR

imaging, T1 and T∗
2

values were measured in nine phantoms on

a 7 T system (MAGNETOM, Siemens Healthcare). The nine

phantoms consisted of a 3×3 subset of the phantoms with the

minimum, median, and maximum sucrose and NaCl concen-

tration values from the original 9×13 matrix. T1 was mapped

using spin echo images with an inversion preparation and the

following parameters: TE = 20 ms, TR = 10 000 ms, and TI

= 23, 50, 100, 200, 400, 600, 800, 1000, and 9500 ms. Signal

intensities were fit to the function S(T I)= |S0[1−2αexp(−T I/

T1)+exp(−T R/T1)]| using an unconstrained nonlinear opti-

mization search algorithm in , where S0 is the equilib-

rium magnetization and α is the inversion efficiency. T∗
2

was

mapped by fitting the signal intensities from a series of gra-

dient echo images to a monoexponential decay model S(T E)

= A+S0 exp(−T E/T∗
2
), where A is the signal offset, TE = 2.28–

19.08 ms with 3.36 ms steps.

3. RESULTS

The dielectric property measurements at 500 MHz are

shown in Fig. 2, with each grid point representing a pair of

sucrose and NaCl concentration values. Strong nonlinearity

between solvent concentration and dielectric values can be

observed, especially for the conductivity values (x-axis) due

in part to the high sucrose-to-NaCl concentration ratio. Addi-

tionally, interdependence between solvent concentration and

dielectric values was observed: NaCl concentration was pro-

portional to conductivity and inversely proportional to permit-

tivity, and sucrose concentration was inversely proportional to

both conductivity and permittivity.

The following 3D polynomial orders were found to capture

the data dynamics while reducing sensitivity to measurement

noise: 7th order on sucrose concentration, 5th order on NaCl

concentration, and 7th order on frequency. In addition, to avoid

a result that was numerically dominated by one particular in-

put variable while disregarding the others, all inputs (sucrose

concentration, NaCl concentration, and frequency) were nor-

malized to approximately unity before polynomial fitting was

performed. The polynomial function shows good agreement

F. 2. Relative permittivity versus conductivity for the first 117 samples (in

the 9 × 13 matrix) prepared with linearly spaced solvent concentrations at

500 MHz. The concentrations for the corner points are given in the format of

(sucrose concentration, NaCl concentration).
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with the measured data (demonstrated in Fig. 3 at 500 MHz).

This function is reimplemented in GNU Octave (http://www.

gnu.org/software/octave/) and is available as a web application

at our laboratory’s public website (http://www.amri.ninds.nih.

gov/phantomrecipe.html). For the purpose of brevity, the poly-

nomial coefficients are omitted from the paper and are instead

listed on the website, along with a  code example using

the coefficients.

The ingredients for a phantom that simulates muscle tissue

at 7 T (300 MHz) (σ = 0.79 S/m, εr = 59) and average brain

tissue at 11.7 T (500 MHz) (σ = 0.63 S/m, εr = 48) are given

in Table I. Note that the recipe predicts the total gel mixture

volume, which is highly dependent on sucrose concentration

and density.19

The dielectric properties were well matched to the targeted

values with root-mean-squared errors less than 1.3% over the

entire frequency range (150 MHz–4.5 GHz), with validation

results at target frequencies shown in Table II. The differences

between the measured and predicted values are less than twice

the standard deviations of the repeated measurements (1.72%

for relative permittivity and 1.68% for conductivity), which

suggest that errors in the model prediction are comparable to

those associated with phantom preparation and probe mea-

surement. The samples demonstrated adequate stability over

time; the root-mean-squared differences of measurements con-

ducted eight months apart were 3.5% for permittivity and 2.2%

for conductivity over the entire frequency range.

Note that while the ingredients were specified for muscle

and brain tissue at 300 and 500 MHz, agreement between

the measured and predicted values was maintained between

150 MHz and 4.5 GHz. While this provides evidence that the

parametric recipe captures the behavior of the gel mixtures

over a wide frequency range, the dielectric properties of a

given gel mixture may change with frequency in a different

manner than a given biological tissue. Therefore, it may be

necessary to prepare a unique gel mixture to represent a given

tissue at a given frequency.

The T1 and T∗
2

values showed a strong inverse dependence

on sucrose concentration and were largely independent of

NaCl concentration. The T1 and T∗
2

values are reported as mean

± standard deviation across samples with three different NaCl

T I. Recipes for tissue-mimicking phantoms used in the paper (normal-

ized to 1000 ml water)

Ingredients

7 T muscle phantom

(Phantom A)

11.7 T brain phantom

(Phantom B)

Water (ml) 1000 1000

NaCl (g) 37.1 34.8

Sucrose (g) 964.3 1346.0

Agar (g) 15 15

Benzoic acid (g) 1 1

Total volume (ml) 1601.2 1842.3

concentrations (0.9%, 2.3%, and 3.6%). The T1 values were

1785 ± 37, 526 ± 12, and 386 ± 3 ms and the T∗
2

values were

47.1 ± 1.4, 13.7 ± 1.6, and 6.1 ± 0.2 ms for samples with

15.6%, 102.4%, and 189% sucrose, respectively. Note that the

T1 and T∗
2

values were not intended to match those of a par-

ticular tissue. Nevertheless, they were measured to assure that

the samples had appropriate relaxation characteristics for a

wide range of MR experiments when using typical imaging

parameters.

Figure 4 illustrates the shift in dielectric properties at 500

MHz corresponding to a 4 ◦C temperature change. The value

shifted between 0.0024% and 6.92% for conductivity and be-

tween 0.16% and 5.6% for permittivity.

The dielectric property boundaries achievable, ranging

from pure deionized water at one extreme to the maximum

feasible concentration of either NaCl or sucrose at the other

extreme, are plotted in Fig. 5 for a range of popular operating

frequencies for high-field MRI (300 and 500 MHz) and cellu-

lar communication (1.9 and 2.4 GHz). The minimal conduc-

tivity is limited by that of distilled water, which increases sub-

stantially with frequency. For this reason, along with sucrose

solubility limits, low conductivity tissues such as adipose can-

not be mimicked with the developed recipe. Intermediate con-

ductivity tissues can be achieved up to a cutoff frequency (e.g.,

∼1.4 GHz for muscle and gray matter), and high conductivity

tissues such as cerebrospinal fluid can be achieved for the en-

tire frequency range explored here. The frequency upper limits

for various tissues are listed at http://www.amri.ninds.nih.gov/

phantomrecipe.html. Finally, it is difficult to simultaneously

F. 3. The fitted results (surface) are well matched to the measured input data (circles) for (a) relative permittivity and (b) conductivity at 500 MHz using all

the measurements.
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T II. Validation results for 300 MHz (7 T) muscle phantom A and 500

MHz (11.7 T) brain phantom B.

Measurement

Model

prediction

Relative

error (%)

Frequency σ (S/m) εr σ (S/m) εr σ εr

Phantom A 300 MHz 0.79 59.3 0.79 59.0 0.00 −0.51

Phantom B 500 MHz 0.64 47.8 0.63 48.4 −1.56 1.26

achieve high conductivity and low permittivity due to the ef-

fects of sucrose on conductivity, though this combination of

properties is rarely encountered in human tissue.

4. DISCUSSION

In this study, the relationship between dielectric properties

and the NaCl and sucrose concentrations was studied at various

frequencies by direct measurement in phantoms representing a

range of biologically relevant properties. A complex relation-

ship between the solute concentrations and the resulting di-

electric properties was observed, thereby preventing accurate

dielectric property prediction derived under the assumption of

simple linear relationships between NaCl concentration and

conductivity and between sucrose concentration and permit-

tivity. This behavior was captured by the generic recipe, which

was generated via 3D polynomial fitting of the measurement

data. The resulting parametric recipe was made publicly avail-

able via a web application, which is expected to guide the

preparation of dielectric phantoms.

It is worth noting that the nonlinear connection between

sucrose and conductivity was of a much higher order than

that was previously described in nonsoluble plastic powder-

based phantoms,7,20,21 which were primarily due to fractional

concentration. This suggests that sucrose molecules affect ion

transport or effective ion concentration in a superlinear man-

ner. Such phenomenon has been previously reported by the

F. 4. Dielectric properties of 99 samples measured at 21.8 ◦C (mesh

with circles) and 25.8 ◦C (mesh with crosses) at 500 MHz. The con-

centrations for the corner points are given in the format of (sucrose concen-

tration, NaCl concentration).

F. 5. Plot illustrating the boundaries of the recipe, which range from pure

deionized water to the maximal NaCl and/or sucrose solutes for a range of

high-field MRI (300 and 500 MHz) and cellular communication (1.9 and

2.4 GHz) frequencies. The concentrations for the corner points are given in

the format of (sucrose concentration, NaCl concentration).

physical chemistry society22 but has not been emphasized in

the dielectric phantom literature.

While the goal of this study was to develop phantoms with

specific dielectric properties rather than T1 and T2 values, re-

laxation properties are also key characteristics for MR compat-

ibility. The relaxation times for the phantoms developed here

were reasonable for most MRI applications, including B+
1

map-

ping and MRI thermometry, although the short T∗
2

values as-

sociated with high sucrose phantoms could be problematic for

applications requiring long readout durations or echo times.

Furthermore, a phantom with tuned dielectric properties and

relaxation times may be valuable for comprehensive MRI coil

and pulse sequence evaluation. Although phantoms with tuned

relaxation times have been developed,23–25 the coupled nature

of dielectric and relaxation properties may necessitate a com-

plex recipe to simultaneously achieve the desired conductivity,

permittivity, and T1 and T2 (for example, Gd-based relaxation

agents increase conductivity and reduce relaxation times).

One potential disadvantage of sucrose is that its multipeak

spectra can confound proton-resonance-frequency MRI ther-

mometry. Similar to the behavior described in water–lipid en-

vironments,26 the water–sucrose spectrum results in a complex

nonlinear relationship between temperature and signal phase,

which is further modulated by echo time. It is therefore es-

sential to account for this relationship in the interpretation of

MR thermometry data, particularly in low permittivity phan-

toms with high sucrose levels. Another drawback is that the

dielectric properties of tissues such as adipose tissue or bone

cannot be represented with the developed recipe due to sucrose

solubility limits. Similarly, the nominal conductivity of water

at high frequencies (higher than used in typical MRI applica-

tions) exceeds that of tissues with intermediate conductivity

and prevents the replication of tissues such as muscle and gray

matter above ∼1.4 GHz.

The cost of the proposed recipe is low due to the choice

of sucrose in terms of table sugar without sacrificing the pu-

rity. Based on United States law27 and international standard,28
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commercially available granulated pure cane sugar should

contain at least 99.5% of sucrose. For the recipe presented

here, the cost of distilled water, NaCl, sucrose, agar, and ben-

zoic acid is about $0.26/l, $0.02/g, $0.0014/g, $0.26/g, and

$2.63/g, respectively. In this case, the costs would be $5.52/l

for 7 T muscle phantom and $5.06/l for the 11.7 T brain phan-

tom. The cost can be further reduced to $3.97/l and $3.71/l

if a cheaper benzoic acid (e.g., Benzoic acid AC221800010,

99.5%, for analysis, Acros Organics, New Jersey) is used. The

phantoms based on the proposed recipe maintain stable dielec-

tric properties for at least several months, provided that their

containers are properly sealed to minimize evaporative losses,

and they are stored at room temperature.

Regarding the stability of the proposed phantom, it should

be pointed out that there is potential for degradation due to

excessive heating. For example, temperatures well above 50 ◦C

may cause melting or even boiling and caramelizing, all of

which may affect electrical, thermal, and NMR properties. For-

tunately, this is generally not a problem in MRI safety evalua-

tions in which the heating is relatively slow (∼1–2 ◦C/min) and

limited (usually with maximum temperature less than 30 ◦C).

5. CONCLUSION

A generic recipe for sucrose–NaCl-based gel phantoms that

mimic tissue dielectric properties at low cost (∼$5/l) was gen-

erated by systematically characterizing the nonlinear and in-

terdependent relations between the solvents and the resulting

dielectric properties. The availability of this recipe will facil-

itate estimation of wavelength effects on MRI pulse sequence

and RF coil performance, tissue heating at high-field strength

as well as other applications requiring tissue-mimicking phan-

toms.
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