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Stratified Spherical Model for Microwave Imaging of the Brain: Analysis and

Experimental Validation of Transmitted Power

Mina Bjelogrlic, Maxime Volery, Benjamin Fuchs, Jean-Philippe Thiran, Juan R. Mosig, and Michael

Mattes

Abstract—This work presents the analysis of power transmission of a radiating field inside the human
head for microwave imaging applications. For this purpose, a spherical layered model composed of
dispersive biological tissues is investigated in the range of [0.5-4] GHz and is confronted to
experimental verification.

Index Terms—Microwave Imaging, bio-medical applications, spherical wave expansion, 3D printed head

phantom.

I. INTRODUCTION

Microwave Imaging (MWI) [1] for bio-medical applications aims at localizing and reconstructing a
pathological tissue region from scattered microwaves. In the framework of head MWI this non-invasive,
non-ionizing technique is suitable to monitor brain anomalies such as brain stroke [2], internal bleeding, etc.
Several main factors influence the quality of the MWI: the scattered power, the frequency and the medium
in which the test object is immersed, called the matching or the background medium. The frequency is an
essential parameter since all biological tissues are dispersive and the losses increase exponentially according

toit.

Another important parameter is the spatial resolution of MWI which has a lower bound defined by the far

field and only depends on the wavelength in the background medium. Devaney [3] first suggested that this

limit of resolution was about ’1/\/2, then Bolomey and Pichot [4] estimated it to ’1/2. Chen and Chew [5]

experimentally observed a resolution up to ’1/4, for high contrast, but non-dispersive and lossy objects,



which is a so-called super-resolution behavior, exploiting the near field and non-linear reconstruction
algorithms. Meaney et al. [6] have suggested that image reconstruction “is fundamentally unlimited by
wavelength” and “is restricted by signal-to-noise” ratio. The latter papers have been experimentally
discussed by Semenov [7] and tested for the detection of myocardial ischemia and infarction. They

concluded that the resolution lies between a quarter and a half of a wavelength in the background medium.

Several groups have developed complex imaging setups and algorithms for imaging brain anomalies [8] [9]
[10] [11]. Experimental phantoms for the head have been developed, the most complex one using molded
semi-rigid parts assembled inside an outer solid cavity [12]. The complex molding procedure and the high
number of used ingredients makes this approach precise, however not easily repeatable. Moreover, the skin
is not represented realistically as it is included in the fat/bone layer printed in a plastic material with
dielectric constant of 6 at 2 GHz [13]. These models are very useful to realistically simulate the dielectric
properties inside the brain itself and are used for imaging [9]. To validate numerical models, interesting
works have been done in the microwave imaging community with a 3D printed breast phantoms [17] [18]
with Triton X-100 based mixtures to mimic biological tissues. In the 7T MRI community 3D printed liquid
phantoms [19] are also used as they are easy to handle and transportable. A similar approach is followed
here, to our best knowledge, for the first time in the framework of MWI of the brain, and a first attempt of

using this simple, repeatable and over time stable procedure was published recently in [20].

In [14] guidelines to design an optimal MW!I setup and to properly set the working frequency and the
matching medium, needed to facilitate the penetration of the probing wave into the head, are determined
using a plane wave Transmission Line (TL) model since it allows a simple analysis. On the other hand, a
multilayered spherical model better approximates the head geometry while still allowing an analytical

solution to the electromagnetic scattering problem [15] [16].

This paper focuses on the analysis of the power transmission through the four main layers between the brain
and the background medium, namely the Cerebrospinal Fluid (CSF), the bone, the fat and the skin. These

four layers have very different influence on the propagation of the wave from and into the brain, according
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to the frequency. For this, a spherically stratified head phantom has been built to experimentally estimate
the power transmitted into the brain and to analyze the influence of these layers on the propagation of the

EM wave.

Il. MODEL AND ELECTROMAGNETIC ANALYSIS

Skin

Figure 1: Spherical multilayered model to analyze the power transmitted into the human head.

The spherically stratified model, sketched in Fig. 1 (right), is a more realistic model of the human head than
the planar model in [14] while still allowing an analytic solution for the electric field distribution. The core
of the sphere is the brain with a radius of r; = 43mm, the j*"* layer (the core is the 15¢ layer) is given by
r e [7}'—1»7)']: j = 2,3,4,5, and represents, respectively, the CSF (3mm), the cortical bone (7mm) (denoted
here bone), the fat (4mm), the skin (4mm) and the matching medium (see Fig. 1). In [19] for 7T MRI the
Larmor frequency is around 300MHz and the brain region is modeled as a combination of CSF, grey matter,
and white matter. Since we deal with higher frequencies and, thus, shorter wavelengths, we model the CSF

separately and the dielectric characteristics of the brain are set with a grey over white matter ratio (GM/WM



ratio) of 1.5 as shown in [21]. A similar ratio was used in [20], as the dielectric properties of the latter two
are similar in the frequency range of interest.

Due to the spherical geometry of the boundary conditions, the electric field can be expanded as an infinite
sum of vector spherical harmonics and be expressed analytically. Reference [22] provides a review on the
governing equations of the spherical wave expansion used to solve this problem, and gives a detailed
analysis and validations of the implementation. These results are valid for a plane wave impinging on the
head phantom. This needs to be taken into account when comparing theoretical and experimental results.
However, because we are only interested in the transmission inside the head, this is not a real restriction and
the results using a plane wave should be also valid for an antenna directly placed on the head since the
propagation of an electromagnetic wave depends only on the properties of the medium and not on the
characteristics of the wave, that is plane wave, spherical wave, etc. Finally, we define the normalized
transmitted power, Py, as the ratio between the transmitted power into a bounded domain in the center of
the brain and the power available in the lossless background in the very same bounded domain.

C. Simulation Results and Discussion
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Figure 2: Normalized transmitted power according to the frequency [0.5 — 4]GHz, for a matching medium of &,,,, = [1 — 80]

(left). Cuts for &, = 14,56,80 of the Py, (right).

The normalized transmitted power represents the incoming power that can excite any anomaly in the center

of the head (worst case scenario) and therefore produce a scattered field. Fig. 2 represents a map of the



normalized transmitted power plotted in dB for the spherical (left) model. The permittivity of the matching
medium is varying in the range &,,,, = [1 — 80] (from air to water) and frequencies [0.5 — 4] GHz. The
analysis is made for a lossless matching media as the conductivity has very small influence on the
normalized transmission power [14]. The color change corresponds to a drop in the normalized transmitted
power in steps of 3dB and up to -36dB (all values below -36dB are depicted as the same dark blue color).
The power drop front is quasi constant, with respect to the matching medium and moves right in a constant
way with increasing frequency, revealing a similar attenuation over frequency independent of the matching
medium’s permittivity. Cuts for €,,,,, = 14, 56,80 of Py, are shown in the right picture of Fig. 2. It indicates
that the power transmission is mainly affected by the tissue attenuation which is exponentially increasing
with frequency. At 1GHz for example, the optimum is at &,,,,, = 10, however the normalized transmitted
power drops by approximately 3dB if &,,,,, = 80 (approximately water at 1GHz), but the imaging resolution
would increase by almost a factor of 3. The same normalized transmitted power is obtained considering the
field scattered by the anomaly and received by the probe. According to these observations, one can freely
choose the permittivity of the matching medium with respect to power transmission. The critical parameter
is the frequency that significantly influences the transmitted power. The almost free choice of the
permittivity (1dB drop of Py; for increasing ¢,,,, from 56 to 80) means also, that it can be used to improve
the imaging resolution according to the discussion in the introduction. A good compromise for the frequency

is around 1 GHz for which the attenuation in the head tissues is still acceptable.

I1l. EXPERIMENTAL VALIDATION
A. Head Prototype
A 3D printed concentric multilayered spherical structure (see Fig. 3) has been manufactured. We used the

Fused Deposition Modeling technology and white ABS (Acrylonitrile butadiene styrene) for the plastic.



(a) closed view (b) opened view

Figure 3: Pictures of the multilayered sphere prototype.

The filling system consists of 5 entries, allowing to use a different liquid for each shell. The filling system
and the holding system are designed in one piece to minimize its influence regarding the ideal multilayered
concentric spherical model (Fig. 1 (right)) that we want to confront with measurements. Each of the entries
has a blockage cap, 3D printed in a flexible material. The materials and thicknesses were designed to ensure
waterproofness. The dielectric properties of the ABS plastic structure of the 3D printed prototype were
measured in the range of [0.5 — 4] GHz using the Agilent 85070E dielectric probe kit. The relative
permittivity is 2.6 and constant while the conductivity is negligible in the frequency range of interest. The
plastic shells are 2mm thick. Several recipes are available to make liquids mimicking the main human head
tissues. Following the guidelines adopted in [23], Triton X-100-water mixtures with NaCl (salt) (see Table

1) are used to emulate the targeted tissues.
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Figure 4: Theoretical (solid line) [12] and measured (dashed line) dielectric properties of the measurements of brain (black), CSF

(dark blue), bone (green), fat (light blue) and skin (magenta).

The results for permittivity and conductivity measurements are depicted in Fig. 4, where the dispersive

characteristics of their theoretical (targeted) values can be observed over the frequency band of interest.

Table 1: Triton X-100 and NaCl concentrations.

Tissue | Triton X-100 [%] | NaCl [g/L] | Thickness [mm)]
Brain | 35 4.3 43

CSF 7 14 3

Bone | 85 0 7

Fat 100 0 4

Skin 30 4.3 4




B. Measurement Results

The transmission parameter |S;, | between a monopole antenna (port 2) vertically placed in the center of the
head phantom and a vertically polarized horn antenna (port 1) placed at 1m distance is measured between
0.5 and 4 GHz with a HP 8720D to ensure far field conditions of a linearly polarized plane wave, along the
z-direction. As discussed in Section Il, the matching medium is essentially useful to increase the imaging
resolution, therefore measuring with a horn antenna in air is acceptable since the purpose of this simple
setup is to experimentally validate only the power transmission inside the head computed by the analytical

modeling tool.
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Figure 5: Schematic and picture of the measurement setup.

The measurements in the case of empty and filled spheres are denoted by S and S{; parameters,

respectively. The ratio between these two measurements determines the amount of power injected into the

brain from the horn antenna and is defined as the normalized transmitted power,
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The coefficient F (w) enables to account the changing mismatch of the receiving monopole when immersed
into the brain-mimicking mixture. The monopole, similar to the one used in [24] for breast imaging purposes
with the only difference of a longer pin (4cm) to be adapted to the brain mimicking environment is well-

matched over the entire measured frequency band (see Fig. 6).
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Figure 6: Monopole antenna specifications: measurement (blue) and simulation (red).

Additionally, 5{1 ~ Sy, as the emitting horn antenna is in free space in both configurations. In Fig. 7 the
measured normalized transmitted power is plotted in blue and compared to simulations obtained using the

spherical model (in green, when &,,,,, = 1in Fig. 2 (left)).
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Figure 7: Normalized transmitted power as a function of the frequency: measured and simulated results.

One can easily observe that in the range [1.5 — 3]GHz the normalized transmitted power Py, drops very
rapidly by 15dB due to the strong attenuation in the tissues, which was predicted by both the planar and the
spherical model. This figure shows reasonable agreements between the measured and the simulated data of
the same configurations. At 1.6GHz the normalized transmitted power is -17dB for both simulated and
measured Py,. The difference of the normalized transmitted power of the simulations and the measurements
can be explained by the difference of the targeted dielectric properties and the Triton-based mixtures (see
Fig. 4) as well as the omission of the plastic layers in the numerical models.

As the filling process allowed to fill each layer on-site without moving the prototype (see Fig. 5), it was
possible to estimate the influence of each layer on the power transmission. In Fig. 8 (upper part) are plotted

ratios in dB of the nt" layer over the (n — 1)" one, after the nt" layer is filled (from the brain to the skin

n 2
%, represents the propagation of the wave between the transmitting
w

12 |

layer). This power ratio R, (w) =

antenna (here the monopole antenna in the center of the brain region) and the surrounding environment in
the case when only the core layer, representing the brain, is filled. In this representation 0dB means that

there is no impact on the propagation of the wave, when an additional layer is added. If this ratio is positive
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(green surface), it means that the added layer is beneficial to the propagation, or has a bad influence in the
negative case (red region). It appears clearly that the “forbidden frequency band” observed in [14] around 2
GHz is mainly dictated by the layers of CSF and skin. The bone strongly cuts the propagation around 3
GHz, however, as the attenuation is high at those frequencies, this additional “forbidden band” is somehow
hidden by the low levels of transmitted powers. The fat layer is good or neutral in the investigated frequency
band. The frequencies for which the propagation is the most suited for imaging the brain is around 1 GHz.
In the lower part of Fig.8, the product of all these influences gives the total influence R(w), of all the layers
on the wave propagation. It appears clearly that up to around 1.2GHz the “barrier” formed by the CSF, bone,

fat and skin, is beneficial to the power transmission, and the opposite above this limit.
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Figure 8: CSF, bone, fat and skin influences on the propagation.

V. CONCLUSION

In this paper, the analysis of the normalized transmitted power of an impinging electromagnetic field onto
a simplified model of the human head for MWI applications has been presented using a spherical
multilayered model. Additionally, we presented a methodology to perform measurements outside and inside
liquid phantoms using the 3D printing technology. The strong attenuation of at least 15dB between 1.5GHz
and 3GHz in the measurements matches the predictions made with simple transmission line models [14]. It
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confirms experimentally the trend to perform head MWI around 1GHz as the power attenuation is less than
10dB, for all considered matching media. The experimental results have been compared to theoretical results
based on a spherical wave expansion and showed reasonable agreement. The background medium has a
small influence on the power transmission into the brain and influences mainly the resolution of microwave
imaging for a defined frequency, therefore one should choose a high permittivity. Moreover, the influence
of the layers separating the imaging region (the brain) from the measurement setup on the propagation was
qualitatively measured and analyzed. This information provides insight on the limit of the frequency, where
this parameter starts to have a negative impact on the signal transmission between the brain and the matching
medium, and therefore on the imaging quality. Depending on the sensitivity of the data acquisition of the
imaging system, the frequency and matching medium ranges can be chosen using simplified analytical

models and then be fine-tuned using more complex EM solvers and more realistic models of the head.
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