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Synthetic Array for Radiometric Retrieval
of Thermal Fields in Tissues
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I. IrHRoDuc nON

I 11 YPERT IIER MIA trea tment or loco-region al
tumors. the temperature or cancerous tissues is raised

and maintained above a threshold value by a suitable space
and time distribution and the deposition rat e or electro­
magn etic (Or acoustic) power. In tum. during the heati ng
process. the surrounding normal tissues should remain at
tempera ture be low the value beyon d which da mage would
occur. Moni ronng the thermal field is therefore an im­
ponn nt aspect of the treatment , and the thermomet ric
in stru mentation is relevan t to the per for mance o r the hy­
pe rthermia system.

In-situ measurement of temperat ure by implanted
senso rs, such as electromagnet ically nonpcn urbing thermo­
co uples or optical devices. is being used currently. Re­
search is also underway on the feasibili ty of measuring
tempera tu re hy remote sensing techn iques. Indeed. the
implanted sensors are ab le to monitor the tem peratu re a t a
(usually small) number of discrete po ints . The thermal
field . when is needed over the whole cancerous region and
the adjacent tissues. is extrapola ted fro m the data accord­
ing to suitable thermal modeling, A second aspect to be
considered is the nec essa rily invasive natu re of the in-situ
probes with related discomfor t to the patien t. Some nonin­
vas ive techniques have been suggested, based on the depen­
dence on tem pera tu re of tissue paramete rs such as N M R
first relaxation time. speed of sound. ultrasonic emission,
tow-frequency res istivity [ II . microwave complex dielectric
co nstant , an d microwave emission /21.

Microwave rad iometry is the oldes t or these techn iques
and has undergone bot h labora tory and clinical expe rimen­
ta tion, mainly in con nection with breast cancer detection
/3 1 151. T he qua ntity measured by a microwave radiometer
is the brightne.ss temperat ure, which is relat ed to the physi-
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cal tempe rature T inside the bod y by the integral relation

T.(w) = f W(w ,,)T( ,)dV (1)
Hon,-

where IV is a weighting function tha t expres...es the contri­
bution 10 the brigh tness temperat ure at frequency w. from
a small tissue cell centered at r . The weighting function
depends upon the nat ure and geome try or the body tissues.
the charac teristics of the rad iometer's antenna and . apart
from interference effects produ ced by the tissue inhnm o­
gcncitics, generally decreases with depth. Assuming that IV
is a known function, the measured brightness temperatu re
ca rries infurma tion on the physical temperature or the
tissues. Th e co rrelation between the brightness temperature
and the tem pe rat ure measured at selected loca tions by
inserted probes has been demonstra ted experimentally 161.
It should be remarked that such an information is of a
global na ture, the tcmperuturc disu ibu ticn T( r ) being
rela ted to "lit by an integral equatio n. Determ ining the
thermal field, therefo re. requ ires solving the Fredholm
in tegral eq ua tion of the first kind (1) With respec t to the
unknown function T( r ), with known data TH . The possibil­
ity o f using mu ltispectra l radiomet ry to reconstruct su b­
cutaneous hyperthermic tempera ture profiles has been
considered for a one-dim ensionalmodel of biological struc­
tures [71. In this case. da ta Tfl refer to a single di rection of
obse rvation an d to different microwave frequencies. When
the num ber o f dimensions is increased. the set of data is
made up of brightness temperat ures a t diffe ren t Ircqucn­
cies and at diverse di rection s of observatio n. Such a set of
data can be genera ted by, all arr ay. T he increased num ber
o f dat a leads to enhanced processing difficulties deriving
esse ntia lly from the ill-posed nature of the problem.

In this paper. the feasibility of reconstr ucting the ther­
mal fie ld within the tissues from the brightness tempera­
tures measured by the elements of a rad iomet ric array is
discu ssed o n the basis of a numerical simula tion. Altho ugh
some effort was made to take practical aspects in to accoun t.
man y idealizing assumptions were needed 10 reduce the
co nside rab le co mplexi ty of the real prob lem. Moreover. the
an alysis refers to pa rticular selections of parameters in the
rad iometric sys tem. T he numerical results thai are reported
give an indica tion to the main feat ures of the tempera ture
retr ievals achievab le by radiometry, though they may not
represent the poss ible perfo rma nce of an act ual system,
Sim ila rly. the numerical details referring to the simulation
should not be regarded as guideli nes to system design .
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II. MODEl. OF E MISSION AND R FiJUIN AI.

ALGORITHM

A commonly used layered model of tissues is assumed: a
2-mm thick skin covers a 1-cm th ick layer of fat over
indefin ite muscu lar tissue, with plane and parallel
boundaries (Fi g. I). Two-d imensional modeling is cons id­
ered , which assumes thermal variations III the z direct ion
perpend icula r to the tissue layer ing {z = 0 on the skin
sur face), and o nly in one tra nsverse direction (x-axis).
Equa l anten nas. havi ng identical radiation pa tterns, a rc
aligned along the .c-dir ection to form the array. Each
antenna I.~ assumed to measu re the brightness temp erature
a t various microwave frequencies over both horizontal
(J:'-f ield parallel to the tissue layers) and vert ical (H-field
purallclto the layers) pola riza tions of the emitted fields [8].
Indeed. since the omitted radiation is partially polarized,
the tot a l bright ness results from tha t associa ted with two
or thogon ally-polarized field s [9].

T he pote ntial of the rad iometric arr ay in retrieving the
varia tio ns of the thermal field both in depth and in a
tran sver se d irection is assessed on the basis of the respon se
to a recta ngu lar pulse of temperature. To this end. the
biologica l str ucture is trun cated both in the x and in the z
dirccnonx and IS subdivided into 70 pixels by considering
seven and ten Inter vals a long z and x, respectively. Onl y
this port ion of the biological bod y is assumed to contribu te
significantly to the br ightness temperat ure at each antenna.
T he two-d imensional therma l field to be ret rieved has been
assu med as fo llows. The temp erature of the structure is
co nsidered to vary with depth z accordi ng to the solution
o f a nn e-dimensional bio-h cat equation [10]. while no
variations are supposed in the transverse x -y plane. Th is
te mpera tu re distribution will be ca lled therm al back­
groun d. A I-K temperat ure ovcr risc is superimposed onto
the thermal background in one pixel whose locat ion can be
varied throughout the tissues. The em ission from the tis­
sues conta ining this " hot pixel" is evaluated 0 11 the basis o f
the plan e-wave spectr um rep resentation of the field. as
d iscussed in a previous pa per [8J. T he br ightn ess tempera­
lure meas ured by each ant enna is ca lculated from its
radiat ion pattern and from the plane-wave spec trum corre­
spon ding to var ious position s of the hot pixel in the
st ruc ture. A geometrica l-optics ana lysis, already proposed
In hypert herm ia ] 11], allows the con tribu tion from pixe l
J'( x . z ) to the brightness temp erat ure measured by the
III-tll an ten na to he written <IS

where D,,( 0",) is the rad iation pat tern of the tTI-th an tenna
and lI'/, ( W j' 0,,,, s ) is the spectral compo nen t of the emission
ill direc tion 0", and at frequency w

j
cont rib uted by the

p ixel P (x, z ]. The actual expression of Up depends on the
type of ant enn as. while subscript J denot es the ind ivid ual
frequ ency from a set of N frequencies a t which meas ure­
ment s ar e considered.

The brightness temperatu res TN'" calcula ted through (2)
for the two polarizat ions and for the set of microwave

PI - . ,)

,..

•

r··Fig . 1 M",td of hio1ogicJ \ tissues J nJ schcmalil rl'pre~enla l ion of 1)",
a nten na a rra y.

freq uencies are then used as da ta in the discretized Fred ­
hol m integra l equat ion of the first kind (1). The propert ies
o f the kernel W introduce strong ill-conditi oning and
co nsequent instabili ty, i.c.. the noise affecting the da ta ma y
produce arbitrarily large errors in the soluti on . A number
o f methods have been devised to stabilize the solut ion .
includ ing regularization. sta tistical inversion, an d syntheti c
avera ging [12], ]I J ]. The so-ca lled regularization techniq ues
incorpor ate const raints III the inversion algor ithm s, while
linear mea n-squ are estimators take into account the
a priori knowledge of the sta tistica l properti es in the sol u­
tio ns. A know ledge of measu remen t noise stat istics can
also be a major requ irement, as is the case for Backus
G ilhe rt inversion. where an averaging kernel IS synthesized
o n the basis of a com promise between spa tial resolution
and stability of the est imate. Kalman filtering. already used
III tempera ture ret rieval both from satell ites 11 4] and from
ground-based radiometri c measurements 1\5J. IS suitahle
for usc III hypert hermia. In fact . its recur sive implementa­
tio n sc heme allows the temporal evolution of the thermal
field . wh ich IS genera ted by the hypert hermia treatm ent, In

be followed with an optimal balance between the a pr ior i
in formatio n that is ob tainable from modeling the electro­
magn etic heating and the measurements by the clements of
the ar ray.

Ill. RLSULTS OF THE SIMUl.ATlON ANI) DISCUSSION

An arra y of five an tennas having Identical rad ia tion
patte rns of the form cos 8 in the .c-z plane has been
co nsidered (Fig. 1). Data inversion IS less difficult if mea­
sures are significantly independent from each other. There­
for e, with reference to Fig. 2 of IRJ, the position s of the
anten nas have been chosen so that the varia tions of rc­
ce ivcd power With angle, polarizat ion, and frequ ency lire
enh anced, tak ing mto accoun t the limita tions imposed hy
the pos sible practica l Icasihiluy of the system. Several
co nfigura tions have been tested . T he result s repo rted in the
following refer to a biological structure 50 ern wide (a long
the x -d irect ion). The overall length of the linear array is
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r ig. 2. pj;u::l·by-p ile1 reconstruc tion of I·K exce ss temperature loca ted
a t "~. J through inversion of rad iomctrk data at 10 microwave Irequcn­
<'i,'~ in the band 0.915 to U .5 Gllz. The loca tion of the: hot pixel ts
deno ted by the black squa re. 1lIc: pixels in Iat and muscle ha'..., 5;7.<:
5 cmX 1 ern.~ pixels in the skin,dc:no tro by p• .•• foe n - 1.- , 10.
have: ~i7.e: 5 o.:m x O.2 em. An off.~l of 0 .4 K has been added to each pixel
10 rnalr.c »a.' y the: rcad ibilily of the: d iagram.

1 m, at a d istance of 50 em from the surface o f the skin.
and with eq ually spaced identical antennas. T he array is
centered with respec t to the observed structure.

The brightnesss temperature measured by each anten na
has been calcula ted by ( I) and (2) for both horizontal and
vert ica l polarization at 10 microwave frequencies ranging
from 0.975 to 11.5 GH...~ using an emission formalism
reported elsewhere (81. In the calculations, usc has been
made of the microwave complex dielectric-constants values
of the tissue s found in literature [16]. No varia tion has
been assumed with temperature. The computations have
been carried out for monoch romat ic receiving channels.
However. it ap pears that the weighting functions for finite
ba nd wid th radiome tric channels do not differ substantially
fro m the mon och romatic case 1171. The calcula ted bright­
ness temperat ure data have been corrupted by Gauss ian
addi tive random noise with 10- 4 K standard deviation to
simulate measurement noise. Increasing the noise towards
mo re reali stic levels resulted in growing instabilities o f the
recon structi ons. The set of noisy synthetic data has been
used for invert ing the integral equation (I ), which has been
discretized by assuming T constant in each pixel. to re­
trieve the temperature d istribution T( x , z ) within the bio­
logical structure. In the following, Pd will denote the pixel
(n - I ) llx<x< lI llx , for n = l ,· · · ,lO: (k - l)llz <z <
kaz. for k= 1.··· ,7, where Ilx - 5 em and liz= 1 ern
everywhere but for k = I (skin), where az = 0.2 em.

Th e retrievals have been obtained through an itera tive
Kalman filtering procedure. The a priori expected thermal
field necessary to ini tiate the filter has been calculated
through the bio-heat equation, as said in the preceding

'"
sec tion. Random fluctuations with Ga us,sian dist ribution
have hcc n superimposed on the avcrage by thermal mode l
parameters from human living tissues to simulate the vari­
ab ility o f single ind ivid uals. T his proced ure allowed the
error cova riance matrix of the a priori estimate to be
calculated also. The Kalman filte r iterations were stopped
when the rms value of the pixel-by-pixel d ifference be­
tween the reconstr ucted and assumed (bac kground thermal
field plus I-K overrisc in one pixel) temperature distribu­
tio ns reached a minimu m. The required number of iter­
a tions was typ ically three to four. and the execution lime
was about 3 min/ iterat ion on a Univac 1100 computer.

The reco nstructed thermal patt ern reported in Fig. 2
refers to a hot pixel in the muscle. loca ted tran sversely ;I I
the center o f the structure and confining with the fat layer
( 1.2 em -c z < 2.2 cm). The response of the algor ithm cor­
rectly locates the thermal impulse both in dept h and in the
transverse direction. alt hough the spread of the temper­
a ture ovemse points out a rather poo r spatial resolution in
the transverse direction . Such a loss of resolu tion occurs
whcn stab ilizing inversion techn iques are used. In this casco
measu rements at 10 frequencies (0.975, 1.5. 2.0. 3.0. 4.5,
5.0, 6.0. 7.0. 9.0, 11.5 G Hz) and two polarizat ions were
used for a tot al of IQO data points with a consequent high
insta bility of the inverse problem. It is interest ing to note
that a reduct ion in the number of data resulted in an
improvement of the retrievals. Fig. 3(a) repo rts the recon­
struction of the same thermal field (a" in Fig. 2) by using 7
frequencies (0.975.1.5.3.0. 4.5,6.0.9.0, 11.5 G Hz) ou t of
the 10. A compa rison indicat es that an improved resolution
was att ained . Ind eed, the reduction in the data yielded II
be tter stability of the inversion . and. in turn, the less severe
stabiliz-aucn req uirements allowed an increase of resolu­
tio n. On the other hand , it is recognized that in ill-co ndi­
tioned inverse problems. a limit ing number of measure­
ments generally exists. beyond which no effective increase
in information is obtained [12J. However. a further de­
crea se in the numher of frequencies apparently degraded
the obtained retri evals, since substantially less Information
was supplied (data are not repo rted here). When the hot
pixel is dee per 10 the muscle (3.2 em < r < 4_2 cm). the
higher atte nuation lowers the content of emission informa ­
tion, with a conseq uen t degrada tion in the ret rieval ;11­

gorith m's impulse respo nse, as is shown in Fig. 3(b). The
seconda ry maxi ma near the lateral bou ndaries o f the struc­
ture, which are noted in the reconstructions shown both in
f ig. 3(a) and 3(b). are caused by the random noise corrupt­
ing the measurements. whose effect is enhanced at the
borders by the tru ncati on of the solution. In many real
physica l inve rsions and indi rect measurements. a major
d ifficulty is to establish the prohable reality or the Fluctua­
tion s d ue to the intrinsic insta bility of the solutions. TIle
response to la teral displacements of the temperature im­
pulse can be appreciat ed from Figs. 3(c) and 3(d), which
refe r to the case of ho t pixels located at the left and right
sides of the structu re. respectively, and at a depth between
3.2 and 4.2 ern . Note that the used numerical formu lalion
does not take in to account any physical symmetry of the
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struc ture. Moreover. the simula ted random measuremen t
noise a f fl.:t: t ~ the Individ ual antenn as differently. thus sub­
stnn tially co ntributing to the drssymmetrizanon of the re­
s ult-;

IV . CONCI USIONS

T he numer ical simula tion report ed in th is paper was
inte nded to assess the potent ia l or an array of antennas in
ret rieving the thermal Field inside biolog ical tissues from
ruultis pccrru! micro wave measuremen ts. The results indi­
cute that. at leas t in principl e. spurial resolution can he
achieved both in a tra nsverse dir ection and in dep th. Such
spatiut discrimination capa bility is ob tained hy processing
the brightnc-s, data at the antennas through a suitable
algorithm which docs not make usc of phase information.
T he ar ray. therefore. is not a phased urruy. but. fn a sense.
a synthet ic array.

In real situations. inhomogeneities ami comple x shapes
of subcutuncc us biological structu res substant ially COlTl ­

plicate the elec tromagnetic modelin g. The actual level o f
noise in pract ical radiometric systems n..-ducc- the accuracy
of the temperature reconstructio ns. The complexit y of da ta
proc essin g has 10 cope with the limitat ion s of the com­
mo nly availa ble computing facilities. Addit ional practical
problems. such as the realizability of munitrequ ency micro­
wave an tennas. or the complexity of the rad iometric inst ru­
menta tion. dema nd further effor ts in this kind of study .
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