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Abstract — In this paper, we present a novel method
(Contrast Source Inversion - Electric Properties Tomography or CSI-EPT) to dielectric imaging of biological tissue using so-called B1+ data measurable by
Magnetic Resonance Imaging (MRI) systems. Integral representations for the electromagnetic ﬁeld
quantities are taken as a starting point and we follow
an iterative contrast source inversion approach to
retrieve the dielectric tissue parameters from measured ﬁeld data. Numerical results illustrate the
performance of the method and show that reliable
results are produced near tissue boundaries as opposed to the currently used methods. Fine structures can be resolved as well and since CSI-EPT
reconstructs the electric ﬁeld strength inside a scanning region of interest, it is also a promising candidate to determine the patient-speciﬁc SAR deposition during an MRI scan.

1

INTRODUCTION

Interest in the electrical properties (conductivity
and permittivity) of biological tissues has increased
recently as they are essential to determine the speciﬁc absorption rate (SAR) and various other electromagnetic ﬁeld eﬀects that can take place during
an MRI scan and Hyperthermia treatment [1].
Various studies have shown that using an MRI
system it is feasible to retrieve the electric tissue
parameters from measurable so-called transmit B1+
ﬁeld inhomogeneities. The B1+ ﬁeld is the magnetic ﬁeld component emitted by the RF coil that
eﬀectively rotates spins. Rotation of the spins results in a measurable NMR signal. Haacke et al. [2]
proposed the idea of extracting the tissue parameters from MR data already in 1991. More recently,
Katscher et al. [3] introduced Electric Property Tomography (EPT) as a means of retrieving the conductivity and permittivity of diﬀerent tissue types.
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Van Lier et al. [4] demonstrated the feasibility of
EPT using phase only information and Sodickson et
al. [5] introduced the so-called Local Maxwell Tomography (LMT) technique, which is free of assumptions on the B1+ phase.
What these currently used methods have in common is that local ﬁeld equations (Maxwell’s equations or Helmholtz’s equation) are used as a basis
for tissue parameter retrieval. The electromagnetic
boundary conditions are not taken into account and
therefore unreliable results may be produced especially near interfaces between diﬀerent tissue types.
Both methods are also sensitive to noise, since spatial diﬀerentiation operators act on generally noisy
measured B1+ data.
In this paper a novel approach (Contrast Source
Inversion - Electric Properties Tomography or CSIEPT) to tissue parameter retrieval is presented
which is based on the Contrast Source Inversion
(CSI) method as introduced by Van den Berg,
Kleinman, and Abubakar [6, 7]. As opposed to
the local methods mentioned above, CSI-EPT takes
the global integral representations for the electromagnetic ﬁeld quantities as a starting point. The
boundary conditions are then automatically taken
into account and the method is less sensitive to
noise since integral operators (instead of diﬀerential
operators) act on the measured ﬁeld data. In addition, in an MRI system one is able to measure the
B1+ ﬁelds inside the object of interest whereby each
voxel represents a receiving antenna. We therefore
expect that CSI-EPT can provide us with highaccuracy dielectric tissue maps of interior parts of
the human body. Finally, CSI-EPT reconstructs
the unknown electric ﬁeld as well and is therefore a
promising method to determine the patient-speciﬁc
SAR (Speciﬁc Absorption Rate) deposition.
2

BASIC EQUATIONS

In the CSI-EPT method, we take the domain integral representations

978-1-4673-5707-4/13/$31.00 ©2013 IEEE

668

Hjsc (x) = η

x ∈D

GHJ
j,r (x, x )wr (x ) dV

(1)

with x ∈ D. This equation is known as the object
equation. Introducing the object operator

and
Eksc (x) = η

x ∈D

GEJ
k,r (x, x )wr (x ) dV

(2)

as a starting point. Here we use subscript notation and the Einstein summation convention applies. The domain D is the imaging domain of interest and both representations hold for all points
x ∈ R3 . Furthermore, η = σ + jωε, where σ
and ε are the conductivity and permittivity of
EJ
the background medium, while GHJ
j,r and Gk,r are
the electric-current to magnetic ﬁeld and electriccurrent to electric ﬁeld Green’s tensors, respectively. Finally, wr = χ(x)Er (x) is the so-called
contrast source, where χ(x) = η sc /η − 1 is the contrast function and η sc (x) = σ sc (x)+jωεsc (x), where
σ sc (x) and εsc (x) are the conductivity and permittivity of the object under test.
As mentioned above, in an MRI system the socalled B1+ ﬁeld can be measured inside the scattering object. With a static background B0 ﬁeld
directed in the positive x3 -direction, this ﬁeld is
given by

GD;k {wr }(x) = η

x ∈D

GEJ
k,r (x, x )wr (x ) dV, (6)

with x ∈ D, we can write the object equation as
wk (x) − χ(x)GD;k {wr }(x) = χ(x)Ekinc (x),

(7)

x ∈ D, where we have multiplied by the contrast
function as well.
Now for a given contrast source, we measure the
discrepancy in satisfying the data equation (3) via
the data residual ρ(x) = B1+;sc (x) − GS {wr }(x),
where x ∈ S. Similarly, for a given contrast χ
and contrast source wr we deﬁne the residual that
corresponds to the object equation (7) as rk (x) =
χ(x)Ek (x) − wk (x), where x ∈ D. With the introduction of these data and object residuals, we now
deﬁne the objective function
F (wr , χ) =

ρ(x)2S
rk (x)2D
+
, (8)
χ(x)Ekinc (x)2D
B1+;sc (x)2S

B1 (x) + jB2 (x)
2
where
where x ∈ S and S is the domain in which the
B1+ ﬁeld is measured. Since the incident magnetic
|ρ(x )|2 dV
(9)
ρ(x)2S =
ﬁeld is known, the corresponding scattered B1+ ﬁeld
x ∈S
can be found through measurement as well. Using
the integral representation of Eq. (1), this scattered is the squared magnitude of the data residual and
ﬁeld can be written as
B1+ (x) =

B1+;sc (x) = GS {wr }(x),

(3)

B1+

data operator GS
where we have introduced the
as
GS {wr }(x) =
E
D HJ
1
μ0 η
G1,r (x, x ) + jGHJ
2,r (x, x ) wr (x ) dV,
2

x ∈D
(4)

rk (x)2D =

x ∈D

rk (x )r̄k (x ) dV

(10)

is the squared magnitude of the object residual. In
the above equation, the overbar denotes complex
conjugation.
To retrieve the tissue parameters from the measured data, the objective function is minimized by
iteratively updating the contrast source and conwith x ∈ S. Equation (3) is known as the data
[n−1]
trast function. Speciﬁcally, with χ[n−1] and wr
equation. It relates the scattered B1+ ﬁeld to the
known, we ﬁrst keep the contrast function ﬁxed and
contrast source wr via the electric-current to magupdate the contrast source using the update fornetic ﬁeld Green’s tensor GHJ
[n]
[n−1]
[n]
j,r of the background
+ α[n] vr , where α[n] is called
mula wr = wr
medium.
[n]
The contrast source consists of a product of the step length and vr is the Polak-Ribière conthe contrast function and the total electric ﬁeld jugate gradient direction. In particular, we have
[0]
strength inside the body. Both quantities are un- vr = 0 and
known, of course, but we do know that Eq. (2)
[n] [n]
[n−1]
Regk , gk − gk
should hold inside the body under test. Speciﬁcally,
D [n−1]
[n]
[n]
=
g
+
vr
,
v
r
r
[n−1] 2
with Eksc = Ek −Ekinc , where Ekinc is the electric ﬁeld
gk
D
strength in the background medium, we must have
for n ≥ 1, where ·, · D is the inner product on D
inc
GEJ
Ek (x) − η
[n]
k,r (x, x )wr (x ) dV = Ek (x)
that induces the norm given by Eq. (10) and gk is
x ∈D
(5) the gradient of the objective function with respect
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Figure 1: Original conductivity map of pelvic region (top) and the reconstructed conductivity map
after 5000 iterations of the CSI-EPT method (middle). The diﬀerence map is shown at the bottom.

Figure 2: Original permittivity map of pelvic region (top) and the reconstructed permittivity map
after 5000 iterations of the CSI-EPT method (middle). The diﬀerence map is shown at the bottom.

to wr . This gradient is given by

tion in which E-polarized waves are present. According to [8], such ﬁelds provide a good approximation of the fully vectorial three-dimensional ﬁeld
inside a pelvic region that is situated in the midplane of a 3T body coil. We therefore take a slice
from a female pelvis model (Ella model, IT’IS foundation, see Figs. 1 and 2 (top)) and use this model
as a test for the CSI-EPT method. A homogeneous
medium is taken as a background model (no RF
shield is taken into account) and the conductivity
and permittivity values are for an operating frequency of 128 MHz [9], which corresponds to the
operating frequency of the RF body coil in 3T MRI
systems.
A forward modeling code is used to compute
the B1+ ﬁeld inside the pelvis model. This ﬁeld is
emitted by eight line sources symmetrically located
around the object and driven at f = 128 MHz in
a quadrature setting to mimic a realistic body-coil
used in MRI systems. Furthermore, exact knowledge of B1+ phase is assumed. In practice, however,
measurements of the B1+ phase are based on assumptions regarding the object and coil geometry
[3, 4].
Having the B1+ ﬁeld inside the human anatomy
model available, we now use it as an input for the
CSI-EPT method. The reconstructed conductivity and permittivity maps obtained after 5000 iterations are shown in Figs. 1 and 2 (middle), respectively, while the corresponding diﬀerence maps
(diﬀerence between the original and reconstructed
proﬁles) are shown at the bottom of these ﬁgures.
We observe that the conductivity and permittivity
proﬁle reconstructions are highly accurate. Fine
structures are resolved and the method produces

[n]

gk = −

G∗S;k {ρ[n−1] }
B1+;sc (x)2S

[n−1]

−

rk

− G∗D;k {χ̄[n−1] rr

[n−1]

χ[n−1] (x)Ekinc (x)2D

}

,

where G∗S;k and G∗D;k are the adjoints of the operators GS and GD;k , respectively. Finally, α[n]
is determined by minimizing the objective function
with respect to the step length.
Having the new contrast source available, we subsequently ﬁnd a new contrast function by ﬁxing the
[n]
contrast source to wr , setting χ = χ[n−1] in the
denominator of the second term in Eq. (8), and
minimizing the nominator of this second term with
respect to the contrast function. After this minimization step, the contrast source and contrast
function have both been updated and the process
is repeated until a speciﬁed error criterion is met.
Further details about the updating scheme can be
found in [7], for example. We do mention here, however, that back-projected data is used as an initial
[0]
guess for the contrast source wr . The correspond[0]
ing ﬁeld Er is then computed using the object
equation and the initial guess for the contrast χ[0]
[0]
follows from minimizing the diﬀerence between wr
[0]
and χ[0] Er as measured by the norm deﬁned over
the domain D (see Eq. (10)).
3

NUMERICAL RESULTS

To illustrate the performance of the CSI-EPT
method, we consider a two-dimensional conﬁgura-
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