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Spatial Resolution of Microwave Tomography for
Detection of Myocardial Ischemia and
Infarction—Experimental Study on
Two-Dimensional Models

Serguei Y. Semenov, Robert H. Svenson, Alexander E. Bulyshev, Alexander E. Souvorov, Alexei G. Nazarov,
Yuri E. Sizov, Vitaly G. Posukh, Andrey V. Pavlovsky, Pavel N. Repin, and George P. Tatsis

Abstract—in this paper, the experimental study of spatial mated that spatial resolution was limited to about one-half of the
resolution of microwave tomography was performed. Our mi- wavelength in the medium in which the test object is immersed.
crowave tomographic system with operational frequencies of 0.9 However, for near-field imaging, Meanayt al. [8] have esti-

and 2.36 GHz and with signal-to-noise ratio of 30 dB allowed us to . L2 e
achieve a spatial resolution between 7.3-9.5 mm and 6.3-7.8 mmmated that image reconstruction “is fundamentally unlimited by

at the former and latter frequencies, respectively. It was shown Wavelength” and “is restricted by signal-to-noise” ratio. Chen
in experiments, with structurally complicated objects, that the and Chew [9] have experimentally observed in near fields a “res-

spatial resolution of about the same distances can be expected in aglution which is better than quarter-wavelength” for a high con-
practical application of microwave tomography to detect areas of st hut not dispersive and lossy objects. They suggested that
myocardial ischemia and infarction. T “ - .
the major reason for such “super resolution” at a small fraction

of wavelength was the utilization of a nonlinear reconstruction
algorithm.

From a practical point-of-view, a number of issues need to
I. INTRODUCTION be taken into account in the spatial resolution of microwave to-

M ICROWAVE tomography is a new imaging modalitymography of full-scale high dielectric contrast objects such as

that may have a number of important application@e human body. These issues are: 1) wavelength of the radia-

in medicine. In previous papers [1]-[4], we have describél?n;z) image recongtruction algorithm; 3.) propertie; ofthe_mi-
the development of two-dimensional (2-D) and three-dimefitoVave tomograpmc system su.c.h as signal-to-noise re}tlo; 4)
sional (3-D) systems and reconstruction algorithms. We ha%qwsmqn time and sysFem ;tab|I|ty (in the case of physiolog-
: ILﬁgtlly active and dynamic objects); 5) geometry of the tomo-
aphic working chamber (vertical and radial dimensions); and
{the number of emitters and receivers and properties of the bio-
(%gical object (tissue) to be imaged (attenuation, dielectric con-
trast, inhomogeneity, anisotropy, etc). Therefore, the study of
the experimentally achievable spatial resolution of microwave
tomography, which will cover the whole variety of imaginable
Iﬁ;’;\ses, is almost impossible.
| Our overall goal is to detect myocardial ischemia and infarc-
n with the help of microwave tomography. Utilizing dielec-

Index Terms—Microwave tomography, myocardial infarction,
spatial resolution.

and devices for imaging phantoms and biological objects
different dielectric contrasts. However, we have not syste
atically studied the spatial resolution that can be achiev
experimentally.

Theoretically, in the far field, the spatial resolution of tomo
graphic imaging systems is a function of the wavelength
of radiation in the medium. Therefore, microwave tomograp
can not compete with X-ray tomography in terms of the spatia
resolution. However, microwave tomography has a number 0 . :
advantages, including the possibility of imaging physiologicar,IC speptroscopy, we ha_ve StUd'e.d the F:hanges of myocard|_al
changes, which have been discussed elsewhere [1], [5]. Deval qutrlc properUgs (canlng and pig studies) caused by ac;ute o
[6] suggested that the limit of resolution in diffraction tomogph mia and chronic infarction [10], [11]. The measured dielec-

: . “tric properties of normain situ canine myocardium and their
raphy was roughly about/./2. Bolomey and Pichot [7] esti- i . . g ) .
phy W ughty v y ! [7] esti changes during acute ischemia and chronic infarction are briefly

summarized in Section IV-B. Therefore, it is particularly im-
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the description of the experimental phantoms and models. Timicrowave tomographic chamber. The distance between the ob-
experimental results are presented and discussed in Sectionj&tts was varied (from 2 to 15 mm) to find out at what distance
we could distinguish one object from another.
Three different phantoms were used in the two-point exper-
Il. EXPERIMENTAL SETUP AND METHODS iments. At 2.36 GHz, the first phanto(®1) was a rectangular
. . abject(e, = 70.0(£5.0) — j9.0(+£0.7)) with two cylindrical
Experiments were conducted using a prototype of the 3-D i} \Evifh a diam(eter 3f 6.5 ml(m ﬁ||e)o)| with immersion liquid.

crowave tomographic system switched to its 2-D mode. A dg;

) . e second phantof2) consisted of two metallic rods with a
tailed system description has been presented elsewhere [4]. Bﬂ b ¥2)

i : eter of 4 mm. The reason for having these two phantoms,
basic operation frequency of the system was 2.36 GHz. To m%\e/}:tluated at 2.36 GHz, was to model two quite different cases in

the purpose of this study, the system was modified to oper%(?ms of the values of the scattered EM field. The first phantom

at an additional frequency of 0.9 GHz. The transmitter pow?lgl) models a low contrast case (near 10%), closer to the situ-

\t,;/aril VrY t-:—heEFI)\jl)larn(Zjiatlt?nnov]:/theli\rgect’ﬁi}notfhth?/ erz?ltt?gifleg- nation of ischemic/infarcted areas located inside of normal my-
omagnetic (EM) radiation was linea € vertical direClion .o gjum. In this case, the amplitude of the scattered EM field
The vertical component of the scattered EM fild was mea-

was relatively small. Th nd phantom (P2) had high dielec-
sured. The current prototype allows measurement of atten as relatively sma e second phantom (P2) had high dielec

o . i CNIE contrast and high amplitude of the scattered EM field. At
tion in the tomographic working chamber up to 120 dB with 8.9 GHz. the phant?)rfPS) zonsisted of two plastic tubes with
signal-to-noise ratio of about 30 dB. ' '

The obiect under stud located ati ¢ Iatdiameter of 11 mm filled with sand.
€ objectunderstudy was located on arotating SUpportplatey; 5 36 GHz for P1 and P2, we filled the tomographic

on the ax_is of the cylindrical tomographic working cham_b orking chamber with deionized watéf,,; = 78.0 — j10.2).

with a h.e|ght of 40 cm and a diameter of 60 cm. A detalle 0 be consistent with both total attenuation inside of the

description of the measurgment_ procedure has begn prese ﬂﬁggraphic chamber and the value of the scattered EM field,
elsewhere [4]. An automatic motion system and motion-contr: a frequency of 0.9 GHz for P3, we filled the tomographic

system place the receiving antenna at various points on the cir, &king chamber with a salt solutioft.a = 79.0 — j21.5)

with radius 11 cm be_hlnd a 2-D object. The transmitter was Icrhis does not change the wavelength, but significantly increases
cated at a 17.9-cm distance from the center of the tomograp

{H(é attenuation coefficient. The phantoms were irradiated from
chamber.. . ) .. 64 directions. The receiving antenna was moved around the
Thg microwave tomographic chamber was f'”ed, Wit hantom on the circle with radius 11 cm. It measured the
deionized water (2.35 GHz,= 78.Q — 710.2) or salt solution scattered EM field at 32 points.
(0.9 GHze = 79.0—j21.5). A coaxial probe and an HP8753D o inition of the Resolution FunctionTo estimate the spa-

Network Analyzer were used to measure dle_lectnc propertigg, resolution, the reconstructed images of the two-point ob-
of materials and solutions. In addition, online temperatur{ﬂ

trol of th lution in th Ki hamb d duri &ct were analyzed in the following way. In each image, we
gggergmoentse solution inthe working chamber was Used durinida e 5 cross section through the centers of the two objects. As

a result, we observed such a function, presented in the upper
right-hand-side portion of Fig. 1(a). As a resolution function,
we used the ratigUmin/Umax) between minimum and max-
imum (mean of two maximums) of the above curve. We have
We have previously presented a method for image reconstrdéfined that objects can be tomographically resolved if ratio
tion based on the generalization of the Newton procedure [g]min/Umaxis less than 0.5-0.8, i.e., between half of the height
This nonlinear reconstruction procedure allows us to obtain irgtteria and Rayleigh criteria.
ages with medium and high dielectric contrast in 2-D geometry.
We also demonstrated the qualitative reconstruction of a 2*
mathematical model of the human torso [3]. We have shown [10], [11] that at a frequency of 2.4 GHz,
In the current study, we utilized the reconstruction procedugeh acute myocardial ischemia causes a 5% decrease in both
presented in [3]. The reconstruction of both experimental apdrts of the complex myocardial dielectric permittivity. On the
simulated data have been performed in 2-D geometry. The direther hand, chronic myocardial infarction (from two weeks to
problem was solved in a fine mesh of 512 nodes over angle divé months) causes an increase (about 8%-10%) in both parts
of 200 nodes over radius in polar coordinate system. The inverdehe complex myocardial dielectric permittivity. The degree of
problem was solved in a Cartesian mesh of486 nodes. All the observed changes was more pronounced at lower frequen-
calculations were performed on a DEC ALPHA-8200 server.cies. For example, at a frequency of 1 GHz, two-week chronic
myocardial infarction caused an increase’lfrup to 15% and at
a frequency of 0.2 GHz, about 20%.

IV. EXPERIMENTAL MODELS In this study, the possibility of microwave tomography for
detecting ischemic or infarcted areas of the myocardium with
dimensions of about 6-8 mm and a dielectric contrast of about

We started the experimental part with the classical expeti%—10% was tested in the following way. We created a 2-D ex-
ments of spatial resolution. A two-point phantom, which corperimental phantom of the heart (Fig. 2) with dielectric proper-
sisted of two small objects, was placed into the center of thiese, = 70.0(+5.0) — j9.0(£0.7) at 2.36 GHz. The phantom

1. | MAGE-RECONSTRUCTIONMETHOD

“Ischemic-Infarcted” Zone

A. Two-Point Phantoms
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in the center of the tomographic working chamber filled with
deionized watefe,, = 78.0 — j10.2).

At a frequency of 0.9 GHz, we used a phant(p2), pre-
sented in Fig. 4. This phantom had different distances between
details, ranging from 8 to 20 mm. The phantom with dielec-
trical propertieg, = 70.0(£5.0) — j18.0(£0.7) was placed in
the center of the tomographic working chamber filled with a salt
solution(eg, = 77.5 — j20.0).

1,0 |
‘—\'\.
0,8

08

V. RESULTS AND DISCUSSION

0.2 A. Spatial Resolution Study on Two-Point Phantoms

P The results of the rectangular phantom (P1) reconstruction
at 2.36 GHz are presented in Fig. 5(A). The distar(des be-
0 2 4 8 8 10 12 14 1 tween the cylindrical holes are 4 and 8 mm. The results of the
R [mm] P2 phantom (two metallic rods) reconstruction at the same fre-
guency are presented in Fig. 5(B) for the distances of 6 and 8
mm between objects. In the case of 8-mm distance, the recon-
structed images reveal two clearly separated holes in the first
1.0 4 u case (P1) and two clearly separated objects in the second case
\ (P2). When the distance was 4 mm between two holes (P1),
0.8 N = the images were qualitatively reconstructed. Similarly, when the
distance was 6 mm between two objects (P2), the images were
0.6 \ qualitatively reconstructed. However, at these distances, the re-
> { constructed holes (objects) are not clearly separated. Comparing
0.4 4 reconstruction examples of the two kinds of phantoms, itis pos-
sible to conclude that, despite different amplitudes of the scat-
0.2 4 tered EM fields, the results of the reconstruction of phantom
7.3mm| A/4 structures are similar. For the rectangular phantom (P1, low-
0,0 . . — .4 I — — contrast case), we reasonably reconstructed the values of the di-
2 ' 8 s 1o 12 " electrical properties.
R [mm] With the resolution criteria defined above, a spatial resolution
() between 6.3—7.8 mm was achieved experimentally at 2.36 GHz.
Fig. 1. Resolution ratioUmin/Umax as a function of distance betweenIt ShOUIdzbe egphaSized that th;} W?\lelength O:] radigtion n
9. L . water at 2.36 GHz is 1.44 cm. Therefore, we achieved a spa-
cylindrical objects. (a) At2.36 GHz. (b) At0.9 GHz. tial resolution that is about or slightly better than half of the
wavelength. It is interesting that under the digital criteria, we

was placed in the center of the tomographic chamber filled W'\ﬂ%ncluded that the distance of about 4-6 mm is below the spa-

delon!zed ;N‘Zt?ﬁw t; 78'?' —f‘]d110.2.hTh[ee 'rflf‘homogen?'tt'estrt]ial resolution (Fig. 1). However, having simple visual criteria,
were Inserted into the wall of the phantom. They simulate the, .o distinguish one object from another even in this case
following three different cases:

(Fig. 5). It has to be emphasized that the images presented in

0.0 | 6.3mm A/2

max

/U

min

1) acute ischemic zone Withischemic = 60.0(+5.0) —  Fig. 5(A) and (B) and the spatial resolution results presented in
J7.3(£0.7); Fig. 1(a) were achieved without any image preprocessing (fil-

2) chronic infarcted zone with,,r.,ct = 78.0 — j10.2; tering, countering, etc.).

3) composite model containing infarcted and ischemic tis- The experiments and an analysis of the results at 0.9 GHz
sues. were conducted exactly the same way. We tried to conduct ex-

The last case is of particular interest in cardiac arrhythmia detgseriments at both frequencies under conditions as similar as pos-
tion. The ischemic (boundary) area of the myocardium locategble in terms of total attenuation, signal-to-noise ratio, and the
around (or inside) of the chronic infarcted (or scar) tissue isgnplitude of the scattered EM field. This allowed us to com-
major source of cardiac arrhythmogenicity. pare the spatial resolution at both frequencies. The resolution
ratioUmin/Umaxas a function of the distance between two ob-
jects (plastic tubes) is presented in Fig. 1(b). With the resolution

To extend our study for imaging of objects with a complicateckiteria defined above, we found that, at a frequency of 0.9 GHz,
structure, we constructed additional phantoms. the spatial resolution was between 7.3-9.5 mm. This is slightly

At 2.36 GHz, the phantorfcpl)was a “Tree of Life,” which worse compared with a frequency of 2.36 GHz. However, com-
is the logo of the Carolinas Medical Center (Fig. 3) The digared to the wavelength in salt solutiok/§ = 8.3 mm), the
tance between details was about 5—6 mm. The phantom with eliperimentally achieved spatial resolution at 0.9 GHz was about
electrical properties,, = 70.0(+5.0) — j9.0(£0.7) was placed or even better than a quarter of the wavelength.

C. Objects with Complicated Structure
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Fig. 2. Reconstructed images of the 2-D model of the heart with three inhomogeneities. (A) Model of the chronic infarction. (B) Model of acute (€dhemia
Composite model of infarcted-ischemic area. (D) View of experimental phantom.

. . R . e’ lated scattered EM field. The theoretical resolution function is
.s.o  added to Fig. 1(b). The theoretical resolution function fits the
o[ » experimental data reasonably well. Therefore, it is possible to
i .. conclude that our understanding of the EM-field distribution in-
r 3 side of the tomographic chamber and the measurements of the
z-5r .4« EM fields are correct. Another conclusion, using this experi-
s mental setup and reconstruction algorithm, is that improvement
o s of the signal-to-noise ratio is the only one way to improve spa-
e tial resolution.
b e As conclusion from this experimental part, the spatial resolu-
8 tion between 6.3—7.8 mm at 2.36 GHz and between 7.3-9.5 mm
r .9 at 0.9 GHz was experimentally achieved. Comparing with the
i .o Wwavelength in medium, the achieved spatial resolution is about
1 or slightly better than half of the wavelength at first frequency

(2.36 GHz) and about or better than a quarter of the wavelength
ata 0.9 GHz.

Fig. 3. Reconstructed image of the complex object (“Tree of Life” logo of the

Carolinas Medical Center) at 2.36 GHz. Black contour around the image is tBe Detection of Ischemic and Infarcted Zones
boundary of the phantom. !

The images presented in Fig. 2 reveal all inhomogeneities.

We compared the experimental results with a mathemati&dth ischemic and infarcted areas can be detected. More im-

simulation. To simulate the experiment, we calculated the ipertantly, they can be distinguished from each other. Therefore,

teraction of a 2-D TM wave with two cylinders with.;7; = the complexity of an object (in scale of presented study) should

4.0 — j0.0. We estimated that the noise figure in our experiot result in deterioration of the spatial resolution achieved in
ments was about 3%. We added 2.5% random noise to sintlue two-point cases.
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Fig. 4. Reconstructed image of the complex object at 0.9 GHz for: (A) experimental phantom and (B) simulated phantom with 3% random noise. White contou
is a phantom boundary.
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Fig.5. Images reconstruction at 2.36 GHz for different distaE¥sbetween cylindrical holes (objects) faf. (A) For rectangular phantom. (B) For two-metallic
rods.



SEMENOV et al: SPATIAL RESOLUTION OF MICROWAVE TOMOGRAPHY

C. Imaging of Objects with a Complicated Structure [2]

The experimental phantofopl)and reconstructed image are
presented in Fig. 3 for 2.36 GHz. The reconstructed image re-
veals the structure of the phantom. Visually, all details are sepa-
rated. We also created a phantom with the same structure havin
a distance between details of about 3 mm. In this case, only a
qualitative image was achieved. All details were washed awayI n
Concluding this part, having the current tomographic system
with signal-to-noise ratio about 30 dB and the current recon-
struction algorithm, we have demonstrated that spatial resolu-
tion of about 6.5 mm at 2.36 GHz can be achieved despite a
structurally complex object. [6]

The reconstructed images of the complex phanfop) are (6]
presented in Fig. 4 for 0.9 GHz for such cases (A—experimental
phantom, B—simulated model with 3% random noise). Both
simulated and experimental images are closer to each othef’]
This proves an estimation of the noise level in our experimental
system, which was estimated as about 3% at 0.9 GHz. As can be
seen from both images, the spatial resolution at 0.9 GHz is Iying[8]
between 8.0-10.0 mm. This is the same range as was achieved
earlier in two-point experiments, despite a structurally complex
object.

The generalization of these experimental results to the case
of a full-scale object such as a human torso is not so simple. 1110]
an ideal situation, a spatial resolution of about 6-8 mm can be
expected. However, in reality, there will be a certain number of
factors, which could worsen spatial resolution. These include
physiological activity of living objects (including respiratory [11]
and cardiac cycle), technical problems (signal-to-noise ratio,
number of emitters and receivers, etc.), and mathematical recon-
struction problems (3-D geometry with vector EM field, number
of calculation grids, etc.). Earlier [3, Fig. 8], we have demon-[1
strated successful reconstruction of the 2-D mathematical model
of the torso with small inhomogeneities, incorporated into a
myocardial wall of the heart. It can be expected that the large
scale of an object will not cause a deterioration in spatial res
lution compared with the experimental studies on smaller sc
objects.

3]

VI. CONCLUSION

The microwave tomographic system with operational fre
quencies of 0.9 and 2.36 GHz and with a signal-to-noise ra
of 30 dB allowed us to achieve a spatial resolution between

4
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