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Abstract—This paper presents a microwave imaging for brain tumour detection utilizing Forward-
Backward Time-Stepping (FBTS) inverse scattering technique. This technique is applied to solve
electromagnetic scattered signals. It is proven that this technique is able to detect the presence of
tumour in the breast. The application is now extended to brain imaging. Two types of results are
presented in this paper; FBTS and FBTS integrated with image segmentation as a pre-processing
step to form a focusing reconstruction. The results show that the latter technique has improved the
reconstructions compared to the primary technique. Integration of the image segmentation step helps
to reduce the variation of the estimated dielectric properties of the head tissues. It is also found that the
optimal frequency used for microwave brain imaging is at 2 GHz and able to detect a tumour as small
as 5 mm in diameter. The numerical simulations show that the integration of image segmentation with
FBTS has the potential to provide useful quantitative information on the head internal composition.

1. INTRODUCTION

Brain tumour is a highly-reported malignancy around the world for its deadly effect if left untreated.
According to Brain Tumour Research Report [1], brain tumour kills more children and adults under
the age of 40 than any other cancers. A primary brain tumour is a cluster of an abnormal tissue that
originates from the brain tissue, and secondary brain tumour originates from other cancer cells inside
the body and metastases to the brain through blood stream. Meningioma and glioma are the most
common types of brain tumour and account for approximately 61% of the primary tumour, and the
latter is highly malignant [2]. They commonly grow at the cerebellum hemisphere of the brain. It is
important to determine if the tumour is able to metastasize in order for radio-surgical management
procedure to be arranged to control the tumour from spreading. The tumour size plays an important
role to ensure the successful rate of the local control. As reported in [3], 87% success local control
rate can be achieved if the tumour size is less than 1 cm in diameter; otherwise, the percentage will be
reduced from 50% to 24%. Thus, early detection of the tumour is crucial to ensure that the tumour
can be controlled from spreading to other parts of the brain or the body.

Microwave imaging is a well-established technique among researchers and industries and is employed
to build a low cost and portable diagnostic machine [4–6]. Near-field electromagnetic imaging (EMI)
using energy in radio and microwave frequency ranges is an attractive topic particularly in biomedical
imaging [7, 8]. One of the key elements in any microwave imaging system is the inversion technique used
to determine the location, shape and electrical properties of an unknown embedded object. Numerous
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researches have been carried out on biomedical imaging for breast cancer detection by using inverse
scattering technique and come out with successful results but none being applied to head imaging [9–
11]. Due to the success in detecting the breast cancer, inverse scattering technique demonstrated a high
potential in detecting brain tumour. Microwave imaging for head is challenging because of complex
layered tissues in the brain. This paper is a pilot study, presenting results and discussion on head
imaging for brain tumour detection by using inverse scattering technique.

A two-dimensional (2D) Forward-Backward Time-Stepping (FBTS) inverse scattering technique has
been applied to the breast and demonstrated good results in detecting tumours in the breast [12–15].
Therefore, the focus of this paper is on a brain tumour detection utilizing inverse scattering technique
in 2D head model. A homogenous head model of an MRI in 3D (.mnc format) is obtained from [16, 17].
A slice from the head model is selected to get the 2D transverse plane view, and this slice is then used
as an object under test (OUT). For numerical analysis purposes, we consider 4 significant tissue types:
skin, skull, grey matter (GM) and white matter (WM). The head model contains dielectric properties
with high contrast between the skin and skull, and low contrast between GM and WM. This paper
demonstrates the ability of the inverse scattering technique to detect an embedded tumour of different
sizes in WM region. Safety was taken into account for microwave imaging even though electromagnetic
wave is non-ionizing wave and has a certain impact on biological beings as it can increase the temperature
at the area of incident wave. However, limiting the frequency to less than 6 GHz for a certain amount
of time of exposure on tissues at a distance of 200 mm and below helps to prevent an adverse thermal
effect [18, 19]. Therefore, a near-field EMI is used for this research.

2. METHOD

2.1. Forward-Backward Time-Stepping

Forward-Backward Time-Stepping (FBTS) is a technique to solve inverse scattering problem in time
domain. Scattered signal transmitted from an antenna through an object is collected by receivers and
solved by using FBTS algorithm to get the object’s information. The aim of using FBTS to solve
electromagnetic inverse scattering is to determine the shape, location and electrical properties of the
object [20–22]. A cost functional formula is used to help in minimizing number of iterations of the
FBTS reconstruction:

F (p) =
∫ cT

0

M∑
m=1

N∑
n=1

Kmn (t)
∣∣∣Vm (p;rn,t)−Ṽm(rn,t )|2 d (ct) (1)

where p is a set of variable dielectric values (permittivity and conductivity); c is the speed of light; T
is the measurement time period, t is the time, m and n represent transmitting and receiving antennas,
respectively; Kmn(t) is a weighting function of non-negative that holds a value of zero when t = T ;
Ṽm(rnt) are the measured electromagnetic field in time domain at position rn antenna due to pulse of
m transmitter, whereas Vm(rnt) is the calculated electromagnetic field for a set of material parameters.
Since the gradient method for cost functional minimization as in Equation (1) is applied, the gradient
of the error functional with respect to permittivity and conductivity is necessary given by [23];

g (r) = (gε (r) , gσ (r))t (2)

where,
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where, vmi(p;r, t) and wmi(p;r, t) are the ith component of the electromagnetic field vm(p;r, t) and
adjoint fields vector wm(p;r, t). The adjoint fields are calculated by propagating the residuals scattered
signals Vm (p;rn,t)−Ṽm(rn, t), backward in time which are carried out by using FDTD method starting
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Figure 1. Configuration of the head model in 2D FDTD Scheme.

at time t = T . Figure 1 shows the numerical setup of an active microwave tomography. The FDTD cell
size is given by Δx = 1 mm, Δy = 1mm with a total cell size of 280 × 280 to complement the head
phantom that consists of 16,413 points of reconstruction. This simulation space is bounded by 15 cells
of Convolutional Perfectly Matched Layer (CPML) as absorbing boundary condition (ABC) has been
used [24, 25]. 16 points of antenna are set up, elliptical in shape to minimize the gap variation between
the head model and the antennas. The distance between the antennas and the head is varied from
20 mm to 28 mm. These variations are due to the irregular shape of the head model. These antennas
are used as a transmitter sequentially while the other points act as receiving points for collecting data
Ṽm(p;rn, t). Gaussian pulses with centre frequencies of 1 GHz and 2 GHz are utilized to illuminate the
head phantom placed in a free space to ensure high penetration towards the head model.

The initial guess values are set at εr = 24.7 and σ = 0.19 denoted as the average of the total
permittivity and conductivity value of the tissue types of the head model used. The simulations are
carried out up to 100 iterations.

2.2. Focus Region with Image Segmentation

Segmentation is an important method that separates data into clusters. This method is used to classify
various shapes of objects in an image. One of the segmentation methods, Otsu’s threshold segmentation
method, is particularly a basic and powerful method to select and extract a region of interest (ROI) from
the background (bi-level thresholding) on the basis of the distribution of grey levels in image [26–28].
This method will select the optimal threshold by maximizing between-class variance. Then, the result
can be extended to output multilevel thresholding in order to increase the speed of computation [29]. In
this work, the Otsu’s thresholding method is applied to process data of permittivity value of the head
model instead of using standard image grey level range. The variance, σ2

B, is calculated by:

σ2
B =

d∑
k=1

ωk(μk − μT )2 (5)

where d is the threshold value which is the maximum value of the brain image in terms of permittivity,
ωk the cumulative probability of each data class, μk the mean for each class, and μT the mean weight
of the data. The optimal threshold for different levels is chosen by:

t∗1, t
∗
2. . . , t

∗
d−1 = Arg Max

{
σ2

B

(
t1, t2, . . . , td−1

)}
(6)

The adapted Otsu’s threshold method is used as a preprocessing step, instead of extracting an
object from the background, to locate the coordinates of the sub-ROI which consists of GM and WM.
The obtained coordinates are used to guide the FTBS algorithm to reconstruct only the GM, WM
and embedded tumour. With this method, the FBTS algorithm will be able to estimate the dielectric
properties of these 3 tissues accurately.
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2.3. Head Model MRI 2D Derived Model

A homogeneous head model of an MRI simulated head data in 3D (.mnc format) is used with a size of
181 × 218 × 181 (in mm). The MRI data spatial resolutions are 1mm3. A slice at z-axis 140 is chosen
to get the 2D transverse plane view of the head model to test the FBTS technique. The data phantom
contains 9 types of tissues which is later reduced to 4 significant tissues for the simulations, namely:
skin, skull, WM and GM. The thicknesses of the skin, skull, WM and GM are in range of 9–12 mm,
5–12 mm, 3–24 mm and 3–13 mm, respectively. The fourth order Debye model parameters are as in
Equation (7), mapped to each pixel of the 2D extracted MRI.

ε
′
r(ω) = ε∞+

4∑
i=1

εSi−ε∞
1+jωτi

+
σs

jωε0

(7)

where, ε′r (ω) is the complex relative permittivity as a function of angular frequency, εSi the static
permittivity at which the angular frequency, ω multiplies the relaxation time τi. ε0 denotes the
permittivity of free space and ε∞ the permittivity at infinite frequency. The tumour location presented
in this paper is fixed and embedded into the WM region as illustrated in Figure 2.

As mentioned in this paper, tumour size refers to the size of its diameter. Reconstruction of the
brain image is based on the dielectric properties at 1GHz and 2 GHz; therefore, the relative permittivity

Figure 2. Actual homogenous 2D head model with 5–15 mm tumour.

Table 1. Tissues permittivity and conductivity at 1.5 GHz.

Tissue εr (F/m) σ (S/m)
Skin 38.91 0.87
Skull 12.14 0.25

White Matter 36.90 0.95
Grey Matter 48.16 1.37

Tumour 59.90 1.65

Table 2. Tissues permittivity and conductivity at 1.5 GHz reduced by 30%.

Tissue εr (F/m) σ (S/m)
Skin 27.24 0.61
Skull 8.50 0.18

White Matter 25.83 0.67
Grey Matter 33.71 0.96

Tumour 59.90 1.65
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Figure 3. Reconstructed brain image with 15 mm tumour embedded at 1 GHz. (a) Reconstructed
relative permittivity. (b) Reconstructed conductivity. (c) Cross-sectional view at y = 155 of
reconstructed relative permittivity. (d) Cross-sectional view at y = 155 of reconstructed conductivity.

and conductivity for nominal Debye parameters evaluated at a frequency of 1.5 GHz are as in Table 1 [30–
32]. The permittivity and conductivity values are reduced by 30% of its originally obtained values from
the Debye formula except for the tumour as described in Table 2. The reduction of the dielectric
properties is due to the differences of water content in tissues, which correlates to age and can be
roughly estimated up to 30% based on the data provided by Peyman [33, 34].

3. RESULTS AND DISCUSSION

This section discusses the results obtained from two sets of simulations. The first set, as illustrated in
Figure 3 through Figure 7, is the reconstruction results of FBTS technique, whereas the second set, as
depicted in Figure 8 through Figure 11, is the reconstruction results by integrating image segmentation
with FBTS technique. In this paper, the tumour is assumed to be circular shaped. Figure 3(a) and
Figure 3(b) show the reconstructed results from simulation of brain imaging indicating its relative
permittivity and conductivity, whereas Figures 3(c) and 3(d) show the cross-sectional view cutting
through the tumour at y-axis so that we can visually compare how accurate the reconstructed image to
the actual head image. The FBTS algorithm has the ability to detect the presence of tumour in terms
of location, size and shape. The reconstruction algorithm is able to reconstruct each tissue layer clearly.
The use of a signal frequency at 1GHz is able to penetrate more deeply into a complex media of the
head model, thus good image reconstruction can be obtained. However, the drawback of using a low
frequency such as 1GHz is that only a large object can be detected and highlighted. As in Figure 3(c),
it can be clearly seen that the smaller size of the skull remains undetectable. This leads to a problem
where an early stage detection of brain tumour with a smaller size is crucial in order for medical staff to
carry out a controlling treatment. Therefore, a higher frequency is required in order to detect a smaller
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Figure 4. Reconstructed brain image with 15 mm tumour embedded at 2 GHz. (a) Reconstructed
relative permittivity. (b) Reconstructed conductivity. (c) Cross-sectional view at y = 155 of
reconstructed relative permittivity. (d) Cross-sectional view at y = 155 of reconstructed conductivity.

tumour.
Figure 4 shows the results of illuminating the head model at 2 GHz. The reconstructions are

poor compared to the results obtained at 1 GHz. The tumour is undetected due to a weak signal
penetration. Also, the complexity of brain structure causes the estimation of 5 layers of tissues to
become more difficult due to lack of information received at the receiver. Thus, it leads to an incorrect
and inaccurate reconstruction which can be observed in Figures 4(c) and 4(d). The opposite results
are obtained when the tumour sizes are reduced with less than 15 mm as shown in Figure 5 through
Figure 7. The tumours embedded in the head model are detected by the algorithm for tumour sizes
of 10 mm, 7 mm, and 5 mm; however, the detection becomes weaker as the tumour size is reduced to
5mm. It is almost indistinct from the WM. These two cases prove that the weak signals penetration
occurs at the tumour size greater than 15 mm due to the high relative permittivity of the tumour. It
means that the signals penetration increases as the tumour size decreases.

These problems are solved by focusing the reconstruction in the region of the brain tumour growing
in the GM and WM. The improved technique utilises image segmentation thresholding. The image
segmentation technique guides the reconstructions algorithm to reconstruct the targeted region of
tissues: WM, GM and tumour, whereas the skull and skin tissues will not be reconstructed. This
technique allows the reconstruction algorithm to focus its reconstruction region only on these 3 tissues.
Therefore, there are only 3 variations of values that this algorithm needs to estimate, and this will
improve the accuracy of the results. The frequency used to illuminate the head model is limited up to
2GHz. Otherwise, a high signal reflection is at the GM tissue when it is illuminated at 3 GHz or higher.

Figure 8 through Figure 11 show the results obtained at 2 GHz by integrating focus region technique
with the reconstruction algorithm. Figure 8(a), Figure 9(a), Figure 10(a) and Figure 11(a) show the
results of reconstruction for the permittivity of illuminating the head model embedded with tumour
sizes of 15 mm, 10 mm, 7mm, and 5mm, respectively. Figure 8(a) shows the technique able to detect the
existence of 15 mm tumour which was previously undetectable; however, the size of the reconstructed
tumour is smaller than the actual size of the embedded tumour. The results in Figures 9(c), 10(c)
and 11(c) show a trend of an improvement in the tumour detection. The estimated values of relative
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Figure 5. Reconstructed brain image with 10 mm tumour embedded at 2 GHz. (a) Reconstructed
relative permittivity. (b) Reconstructed conductivity. (c) Cross-sectional view at y = 155 of
reconstructed relative permittivity. (d) Cross-sectional view at y = 155 of reconstructed conductivity.

(c)

(a) (b)

(d)

Figure 6. Reconstructed brain image with 7 mm tumour embedded at 2 GHz. (a) Reconstructed
relative permittivity. (b) Reconstructed conductivity. (c) Cross-sectional view at y = 155 of
reconstructed relative permittivity. (d) Cross-sectional view at y = 155 of reconstructed conductivity.
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Figure 7. Reconstructed brain image with 5 mm tumour embedded at 2 GHz. (a) Reconstructed
relative permittivity. (b) Reconstructed conductivity. (c) Cross-sectional view at y = 155 of
reconstructed relative permittivity. (d) Cross-sectional view at y = 155 of reconstructed conductivity.

(c)

(a) (b)

(d)

Figure 8. Reconstructed brain image with 15 mm tumour embedded at 2 GHz by integrating
segmentation technique. (a) Reconstructed relative permittivity. (b) Reconstructed conductivity. (c)
Cross-sectional view at y = 155 of reconstructed relative permittivity. (d) Cross-sectional view at
y = 155 of reconstructed conductivity.
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Figure 9. Reconstructed brain image with 10 mm tumour embedded at 2 GHz by integrating
segmentation technique. (a) Reconstructed relative permittivity. (b) Reconstructed conductivity. (c)
Cross-sectional view at y = 155 of reconstructed relative permittivity. (d) Cross-sectional view at
y = 155 of reconstructed conductivity.

(c) (d)

(a) (b)

Figure 10. Reconstructed brain image with 7mm tumour embedded at 2 GHz by integrating
segmentation technique. (a) Reconstructed relative permittivity. (b) Reconstructed conductivity. (c)
Cross-sectional view at y = 155 of reconstructed relative permittivity. (d) Cross-sectional view at
y = 155 of reconstructed conductivity.
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Figure 11. Reconstructed brain image with 5mm tumour embedded at 2 GHz by integrating
segmentation technique. (a) Reconstructed relative permittivity. (b) Reconstructed conductivity. (c)
Cross-sectional view at y = 155 of reconstructed relative permittivity. (d) Cross-sectional view at
y = 155 of reconstructed conductivity.

permittivity for the tumour are increased towards the actual values compared to the results obtained
from the technique without focusing reconstruction region. In terms of location, size and shape, the
estimation is accurate. The ability to detect the embedded tumour is degrading as the tumour getting
smaller, but the results are better than the technique without image segmentation. From the results
obtained through this research, a tumour size less than 5mm diameter is merely undetectable, which is
the reason that the results presented here are limited to 5 mm diameter. Detection of tumour according
to the size depends on the frequency used as mentioned earlier. By increasing the frequency, it is able
to detect a smaller tumour, but the tradeoff is weaker signal penetration. Throughout this research,
the findings suggest that the optimum frequency for head imaging is at 2GHz.

Both techniques used for the simulations, FBTS and FBTS integrated with image segmentation,
are unable to reconstruct the GM and WM region at 2 GHz which requires an advanced technique to
ensure better signals penetration to obtain sufficient information for reconstruction. Despite that, the
primary objective is the ability to detect the embedded tumour at an early stage so that a further
treatment can be done.

4. CONCLUSION

In this study, the microwave imaging utilizes FBTS technique for detecting brain tumour in two-
dimension (2D) has been presented. FBTS technique shows its potential in distinguishing between
tumour and normal tissues. The detection is improved by integrating image segmentation method
to focus on the reconstruction area as targeted region. Its ability to detect a tumour as small
as 5 mm is much appreciated, as early tumour detection is important to determine an appropriate
treatment. However, an improvement can be made to address the issue in inaccuracy of the GM and
WM reconstructions.
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