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The: relm".,,1vi I"mpcrnlure [Woflb ;n 100}'Crcd Ii\'ing lissuo from n1l<:IO\ll311: radiomcmc meas ure­
m..:n t.. I" considered. The bnS'llncs~ Iclnprl';lIUH' or a layered b'olugical srructure IS e.\pr~-ssed as a
fun~1 ion of the the rt ual d rsrribunon in the tissues fo r d lffen:nt micro ....",e Ireq uenctes, angles o f ccser­
100 Uon. and [M,lanrat i" n of lhe <''11l iUOO wa\·es. A -coherem M approacb to lhe r....hanve transfer problem
's fullo....~.... 10 o htmn the wcigtning Iuncno ns in dosed form for usc in the inverse problem . Fina ll\ . the
e.\t r~<'1ion of the thermal profiles from brightness data sets by use of Ka lma n filteringis dl$C'USSCd: .... nh
pMIKula r nierencc to the delf'Clahllil) o f d«p lhennal an omalies.

INTRO D UCTIO N

In recent yea rs. mic rowave th ermal emission from
layered media has bee n extensively co nsidered. The
applica tions tha t ha ve bee n envisaged have been
largely co ncerne d with the remote sensing or the
earth 's surface. where layering is ca used by ice o r
snow or by the morphology of the so il itself [ EII­
!J/lIllt}. 1974. 1975; T :omry et ai.. 1975; T.~lIIY ami
K ong. 1975. 1976. 19S0 ; Nj okll and K Olly. 1977; Dj er­
II/{/ko)'(' lind K ony, 1979 ; Chmmy et (//.. 1980 ; Fwty
mul Chen. 198 1]. Th c use of mic rowave rad io met ry
for determi nin g the temperat ure of bio logica l tissues
has also a tt rac ted much attention because of the im­
port ance of such a nonin vasive techn ique in d iag­
nosis and thera py. Expe rimen ts have been ca rried
out at d ifferent freq uenc ies 10 give evidence of tbcr ­
mal anomalies fo r cancer detect io n [Eelrich, 1979 ;
fd yer:; et <I /.. 1979; N YI/yell t' / 111., IYi:o:O: M{/mawr; 1'1
0/., 19R I ]. A numerica l ana lysis has also been co n­
ducted 10 ascer tain the feasibility of the tem pera ture
dete rmination in a layered mod el of the bio logica l
structure [Ede/l hofi'l', 198 1). T he a pp roach tha t has
been follo wed in thi s wo rk is based on the rad iative
transfer theory and on suita ble assum ption s bot h in
the models and in the tem perature d istribution
within the layers.

Indeed. severa l aspects of the problem deserve
some discussion. The the rmal sta te of the living tis­
sues is to be determined fro m measurements of the
brighuu..ss tem perat ure of the bio logical struc ture.

Cop}'ri,hl 19KJ by the Americ".tn Ge ophysical Union.
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Mic rowave cnussrcn from va riou s regions o f the
hum an body is esse ntia lly a ffected by the loca l lay­
ered characte r of the tissues . The surface layers of
ma n in genera l co nsist of skin-fa t-muscle o r skin-fa t­
muscle-bo ne-m uscle ar rangements [ Barber et a f..
1979]. T ypica l thicknesses of th e layers a re in th e
millimeter a nd cen time ter range. so that interference
effects leading to partially co he rent emiss ion pro­
ccsscs significan tly affect the a ppa rent brightness of
the struc ture a t m icrowave frequencies [ Blinn et al..
1972 ; Enqiand and Johnson, 1977; Car!w, 1977]. In
beth diagnostic and the ra peutic applicati ons. ra ther
detailed tem perat ure dis tributio ns must be deter­
mined. Indeed, pathological processes ma y co ncern
smut! regions of the tissues. and, on the o the r hand
in hypert hermia. fo r ins tance. ho t spo ts of small
extent must be monito red. Th is requirement puts
som e con strain ts on the spat ia l resolu tion which is to
be attained by the temp erat ure retrieva l proced ure,
still ma in ta ining the tem pera tu re accuracy required
by the actu al a pplica tion .

In this parer the emi ssion of electromagnet ic
power fro m a plane pa ra llel three-laye r (skin -fat­
m uscle) model of huma n living tissues is conside red.
The brig htne ss tempera ture has been determined fo r
a wide ran ge of freq uencies in the microwave band,
where a cohe rent a pproach [ S/09rYII, 1970] to th e
thermal em issio n problem is needed . Thc rela tive
co ntr ibution 10 the bright ness fro m each tissue is also
given for the vari ous freq uencies. An express ion
which relates the em itted ra d iat ion intensi ty to the
temperat ure profile within the tissues has bee n
worked o ut with the purpose of delerm ining the co­
he rem rad ia tive tra nsfer kernels a t the d iffe rent Ire-
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qucncics. T he inverse pro blem of retrieving the tem­
perat ure profile fro m a set of radiomet ric da ta by
so lving the resu lting Fred holm integra l eq ua lion of
the first kind has been co nside red . Use has been
made of Kalman filter ing, which besides its good re­
tri eving cha ract eristics, exhibi ts the add itio nal ad­
vantage of recursiveness. which is useful whenever
the temp oral evo lutio n of the therm al profile is of
int erest. as is the case, for instance, in hype rther mic
trea tment s.

f:. ."IlSSION I- RO~-f LAYERED LIVING T ISSUES

To investigat e som e significant cha rac teristics of
microwave emis sio n from living structures, a th ree­
layer plane parallel model has been ad optcd. This
model in several insta nces is adequate to represent
the basic electromag net ic behavior of actua l biologi­
cal struc tu res and. in addition. leads to fairly sim ple
an alytical and numerical formulat ions [ GIIY. 1971).
In recent papers, two d ifferent approaches have been
followed to Investigate micro wave emissio n fro m in­
homogeneous med ia . with pa rt icular reference to the
emission from the earth surface [Sc/mlllgge and
Choudhury. 198 1). In t he " inco herent" approach t he
intensity of the emitted radiation is obta ined from a
solution of the radia tive tra nsfe r eq ua tio n. while the
"coherent" app roach makes use of solutions of Max­
well's equa tions with the per tinen t bou ndary co n­
ditions. Therma l emission IS in trin sicall y an inco­
herent process. However, reflections which may be
caused by nonrandom inhomogeneities in a stra tified
emitting medium produce interference effects, so tha t
the emerging radiat ion exhibits pa rtial co herence.
Choice of eithe r model relies on the cha racter istic
th ickn ess of the inhomogeneities [Crlrver, 1977]. Th e
model adopted for the biol ogical structure is a skin-

fat -mu scle a rr angement (Figure I), sepa ra ted by
fa irly smooth bo undaries, with negligib le embe dded
Inhomogeneities. Since typical th ick nesses of the
layers are in the millime ter or, at most. in the ce nti­
meter ra nge, the effect of multiple reflectio ns from the
boundaries of the different kinds of tissu es can be
important For {his rea so n. a co herent ap proach
m ust be followed to evaluate microwave emission
fro m the assumed mode l.

According to Srogr)'I1's [ 1970] fun dame ntal ap­
proach, a fluct ua ting curren t J can be defined within
the lossy tissues to represent the loca l source of radi­
ation. The electromagnetic field rad ia ted int o the
Iosstess hal f space: > 0 (Figure 1) can be expressed
as a funct ion of J through the dyad ic G reen's func­
tion of the pertinent bounda ry va lue problem. Being
an incoh eren t emission process, the sou rce is
cha racterized by the second-order momen t of the
curre nt, whic h, in turn, depends on the loca l thermo-­
dynamic tem perature and on the imagin a ry pa rt of
the dielectric cons ta nt of the tissues [Landau and Lif­
shuz, 1960). T he radiat ion intensity and, in turn, the
bright ness temperature 7;1' IS obta ined from the
second-o rder mom ent of the field , accord ing to the
followi ng equa tion:

(I )

In (I) the Rayleigh-Jean s ap prox imation has been
used. and symbo ls have the following meaning : TBp is
the brigh tness temperature co rresponding to polar­
ization p = LipJ'I' where XI a re un it vecto rs of coor­
d inate axes ; l{ is a unit vector in the direct ion of
observa tion, fo rming an angle 0 with the normal to
the layers, while k is the co rre spondi ng wa ve vecto r ;
OJ is the angular freq uency ; l:,o and c, a re the rela tive
dielectric constants of the medi um for z > 0 and of
the tissues, respectively (magnetic permeability is 110
everywhere) ; c is the speed of light in vacuu m : AJI is
the pertinent spect ra l component of {he dyadic
Green's function which can be deter mined by so lving
an inhomogeneou s Helm holtz equat ion with the per­
tinent bou ndary co nditions a t the interfaces betwe en
the different laye rs of the str ucture and by ta king the
tra nslational symmetry int o account. The three-layer
plane mod el of the biological st ructure permits the
brightness tem perat ure to be easily obtained in
closed form as a funct ion of the thermod ynam ic tem­
perature of t he tissue s, thus a llowing the introduction
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Fig. 1 Brigh tness temperature T. of the living tissues as a fUncli,)n of observation angle rJ for hori:mnta l and
vertjca l polanzancn al fou r frequencies.

of the weighting functions (sec next section). In the
case of more complicated structures , such as layers
with continuously varying pcrminivitics. explicit
closed-form solutions are difficuh to obtai n, and
other approaches. based essentially on the dis­
cretizatio n of the problem, can be followed [ TsQ/lg f!t

al.. 1975; wuu«, 1978).
The brightness temperature of a three-layer (skin­

fat-muscle) biological structure has been computed
for var ious frequenc ies in the microwave band.
Values for the dielectric constants of the three types
of tissues have been obtained from published data
[Stuchfy and Stueh'r. 1980; Schwan and Foster.
1980). in the ra nge of frequencies that has been con­
sidered (0.975- 17 GH z), both the real and the im­
aginary pa rts of the dielectric constants of the th ree
types of tissues undergo fairly large var iat ions. For

the skin the real part varies between 44 at the lowest
freque ncy and 32 at the highest, for the fat between 6
and 4, and for the muscle between 51 and 33. Thc
correspo nd ing values of the imaginar y part s arc 18
and 23. 1.5 and 0.6. and 24 and 23. respec tively. As
far as the thicknesses of the layers are concerned. a
z-rnrn-thick skin ami a l-cm-thick layer of fat have
been assumed. while the muscu lar tissue has been
consid ered to have infinite exten t. Indeed. the th ick­
nesses of the biolog ical luyers arc fairly depe ndent
both on the parti cula r regio n of the human body
considered and o n the morphology of the single ind i­
viduals. O n the o ne hand. the assumed widths of the
layers are reference numbers used in some studies of
electromagnetic interaction with models of man
[Ma s.wllIdi et (II., 1979]. and on the other hand , they
arc consistent with anatomic volumetric data. at least
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for the tru nk section of the human body [ Hu('kafw
WId Tam. [980]. Because of the highly abso rbing
natu re of muscular tissues. the rad iation orig inated
from the deepest layers docs not contr ibute apprec i­
ab ly to the brightness, so that the assumpt ion of an
infinitely thick muscle does nOI alter the emitt ing
beha vior of the structure. In Figure 2 the brightness
temperatures for horizontal and vertical polariza­
tions arc repor ted as functions of the observation
angle for four frequencies. The results refer to the
physiological distribu tion of tempe rat ure in the living
tissues obtained by an appropriate thermal model
[Jlli tt. 1980] when rhc am bient air temperature is
30~C. The dependence on frequency both of the
pseudo- Brewster angle a nd of the brigh tness temper­
ature at given angles is an interesting feature of the
diagrams. In Figure 3 the brightness temperature Tn
of the biological structure is report ed as a function of
frequency for di rection of observation perpe ndicular

to the layers. together with the relat ive contribut ions
to '/ ~ from skin, fat, and muscle. All curves exhibit a
non monotonic beha vior. so tha t rad iometric o per­
ation ar suitable frequencies ca n lead to selectively
sensing the thermal state of the various layers of tis­
sues. The above results agree with those obt ained by
the subro utine given by Wi lheit [1978], prov ided
that some minor error s in form ulas for the vertical
polarization case arc removed from his program.

tNVERSE PROBLB-\

Weighring [ unctions: As a result of the direct
pro blem. equation (I) relates the brightness temper­
atu re of the biological structure to the thermody­
namic temperatur e pro file T(: ) within the tissues. and
hence. by solving the inverse problem, the knowledge
of T,,(k, w ) leads to the reconst ruction of T(z). The
retrieva l of the tem perature profile is based 0 11 the
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where the co rresponding func tions lIj (=) arc obta ined
from the previous set of equations by simply substi­
tuting Jto with Go r.,j .

T he weight ing funct ions for d irection of observa­
tion perpendicular to the layers of tissues com puted
for th ree micro wave frequ encies ere reported in
Figure 4. Note how the effect of the in ter ference
pat tern s in the skin and in the fa t layer prod uced by
reflections a t the inter faces bctvvcen the differe nt tis­
sues and from the bo undary of the struc ture becomes
apparen t as the frequ ency is increased . At the same
time. the monoton ically decreasing branch of the
musc ular weighting functio n beco mes steeper. thus
indica ting tha t in general. the region cont ributing to
the brigh tness becomes shallo wer when freq uency in­
creases. However. it is wort h noting rhnt with the
exception of the deepest layers the inte nsity of the
emerging rad iat ion or igina ting at a given dep th of
the mu scle is no t a monotonic functi on of frequenc y.
in accordance to the global results alr eady shown in
Figure 3.

Retrieval algorithm, Eq uation (2) rela tes the un­
known tempe ratu re profile T(=) to the known func
uon TJJ<"::r:). In practice. the temperature a t selected
loca tions in the tissues is to be de termin ed from a
suitable set o f measu red bright ness tem peratures. In
the following discussion , values of the brightness
temperat ure at several frequ encies for a fixed direc­
tion of observat ion. perp endicu lar to the layers, are
assumed to be known. The form of the kernel of (2)
indica tes thai the problem is ill cond itio ned and thut
the solu tio n is affected by numerical instability. A
suitable inversion techniq ue mUSI therefore be used
to circumvent such a difficulty.

I ' . _ . ' O, - l l ~ •• "J(.) - 4 cos I.,... r.,j
c

where now subscript 0 refers to the med ium in which
observatio n takes place ;

For the vertical polariza tion the weighti ng functions
arc

j = O. 1. 2. J
<

)') = -. -'­
1(:) j.!0

2)'()' 4- 1')a ,(;) _ I 1 . l

- iwj.!() D

solution of a Fred holm Integra l equa tion of the first
kind :

Tyr(x) - fl lV,.fx, : )T(:) II: (2)

It i~ readily recog nized that (2) is eq uatio n ll) rew rit­
ten in a convenient and compact form, in which var i­
able :r: has the mea ning either of angle of observation
or of frequency and p selects the po lariza tion. The
lower limit of integration, - L. indicat es the dep th
within the tissues beyo nd which the contribution to
the brightness beco mes negligible. T he various pa­
rameters in ( I) have been compounded with the
dyadic G reen 's funct io n compo nents and with thc
imagin ary part of the die lectric constant of the tis­
sues to form the weighting functi on W. As is known,
this kernel plays a fundamental role in the retrieval
process. since it sett les the deg ree of ill condi tioning
of the inverse problem. Smooth kernels give indica­
tio n of possible insta bilities in the re trievals. so tha t
when this is the case. part icular ca re mUSI be tak en in
inverting (:!).

Closed-form express ions of the weighting function
have been obtai ned by solving the co herent rad iat ive
transfer problem for the biological st ructure being
considered. For horizon tal polarizatio n thc weightin g
functio n has the following expressions in the various
tissue layers :

n~jj :1 "" 4 cos ({~r&~/ f.;II UJ( :) l l j ~ I. 2. J (Ju)

where j = I refers to the skin (-d < =< O)' j = 2 to
the fat ( -fi l - d l < =< - til l. j = 3 to the mu scle
[r -c - (/\ - ti l)' and

l}' + \' JIl' + r I
<l{.) ~ \ . 1 . 1 _J (c" J' +f r e- .,J, )

, - iWllo lJ '1 lJ

, '"I . ' 0 i"1 =- t.o sm - r.. j
r
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brightness tem peratures ut the various freq uencies :
W is the observation ma trix. i.c.. the mat rix o f the
dis crc tizcd weighti ng fun ct ion s: an d ]'; represen ts t he
noise in the measuremen ts. fhe Ka lma n linea r cs u­
marion pr oced ure yields <I mmuuum variance cst i­
mute 01' 1' from data T H.

where T il is the vec to r o f mea suremen ts , i.c.. th e

::' (~ ...)
Fig. .t. Weigl1ti ng fUtKli"n, ill rho biolo gicul l i,, "~,; al th ree

frequCll"ics fo r direction of oh~r v a t i o ~ p<;qx mlin ,la r I" the
byeI' : , i, the depth in the tissues .

(5)

(6)

(7)

'f' "" f p + K(T H 1 BI'I

where no w subscript p deno tes an a pnon ex pcc ta­
rion and the c ircumflex denotes the est imate. Vecto r
r Hp contai ns the b rightness tem peratures co rrespo nd ­
ing to th e a pr iori expec ted tem pera t ure pr ofile t;
Ka lma n gai n K is deri ved fro m the erro r cova riance
mat rix PI' of the a p rio ri expected profile r , an d
fro m the error cov a riance ma trix R of the measure­
ment vec to r '1' /1 . thro ugh the fo rmula

which se tt les an o pti mal bala nce bet ween a p rio ri
estima te and measu rement inn o vati on , accor ding to
the precisio n of the fo rmer a nd the acc uracy of the
Inner. M a trix PI" who se elem ent s a rc the second
mo men ts of the ran dom components of vectors 1' ,
- 1'" {whe re 1', is a n individu al therm a l prof ile). pro­
vides a stat istica l measure or thc uncertainty in the a
pr iori expected profi le. Similarl y. ma trix R, formed
by the seco nd mo ments of the rand om co mpo ne n ts
o f the measuremen t V"::CtOfS '1'1; ' gives informatio n o n
t he erro r hy which the measurement s a rc affected .
The po ssib ility o f prop agatin g estimates in time ,
whene ver requi red . is a sign ificant fe a ture o f th is ap ­
p roac h. T1Jc evol utio n \) 1" the th erm a l sta te of the
biolo gica l s truct ure is de scribed by

where $ ,. i-! 1 is the matr ix which expresse s the de ter­
minist ic tran suion between successive stat es. de no ted
by sub scripts i a nd i + I, and S, is the ran dom CO I11­

ponent o r the tra nsfo rma tion. An analogo us cqua­
tio n a llows co va ria nce Pi ~ I o f rhc error utlec ring the
state vec to r T; , I to be ca lcu lat ed fro m prev iou s co­
varia nce 1\ . The pr opaga ted temperat ure vecto r a nd
covarian ce mam x a rc iden ti fied with the u priori ex­

pecta tio n T" a nd co variance P, to start a recurs ive
proced ure th rough which succe ssive thermal profiles
a rc esti ma ted fro m ;l seq uence o f radi o metr ic
mea su rem ents . Information supplied by past
mea surement s is therefore adeq ua tely exp loitab le.

lmp/ell/(,I/ l(/fioll of II/(' f iller. A n a p rio ri expecte d
therma l pro file is necessa ry to init ia te the filter. Be­
ca use o f the obvious difficult y in o btain ing suf-

(4 )

,

W'T ='Tu + :'I

~o{'"

G",
CO Ol I "'" l~

o ,

or the severa l inversion me tho ds th a t have been
proposed for the so lut io n o f rad iom e tr ic p ro blem s.
the Kal ma n filrc riug estimatio n a lgo rithm ha s
p ro ven 10 be a fa irly e ffective tech niq ue. fro m the
po int o f view of bo th acc uracy of retrievals an d a t­
minable spatia l resolution [ l1as i/i ('I at .. [981]. In
ad di tion, bei ng a rL"C UTSlve techniq ue. Kalma n filter­
ing is well suited for lise m monito ring the tem po ra l
evolution o f temperat u re pra nk s, as is req uired in
the releva nt ca se o f hyper thermic trea tment s o f tu­
moral tissues.

T he emitting bio logica l struct ure is regar ded as a
linear. stocha st ic dynamica l sys tem, a nd the br igh t­
ness tem pera ture J ~ . wh ich ca rries th e info rmat ion
abou t Its th erma l state . is a ssumed to be linearly
rela ted to the therma l Sla te vector T :
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ficiently ample statistics from in vivo measurements,
a thermal model of human living tissues has been
used [Jaill . 1980]. This mod el ta kes into accou nt the
metabolic heal genera tion and the heat exchange
effect with the blood 110w. in addition 10 cond uction
effects and the hea t exchang e with the environment.
Random fluctuations with Ga ussian distribution s
have been superimposed on the average of the 10
parameters of the model to simula te the variable
charac teris tics of the single individu als . Abo ut 1000
sets of pa rameters were needed to obtain stable sta­
tist ics. The average temperat ure profilc was assumed
as the initial expected profile. while the error co vari­
ance matrix of this a priori estimate was det ermined
by comparing the temperatu res of each indiv idual
profile with the means calculated at the various
depths within the tissues.

T he accuracy of the measurements of the br ight ­
ness temperatures a t the vario us frequ encies is limi­
led by the instrumental noise. The noise equ ivalent
temperature of the radiomet ric system has been as­
sumed to be 0.5 K at all wavelengths of opera lion .
and. in addition. a certain degree of co rrela tion be­
tween successive measurements has been considered
to eval ua te thc covariance matrix of the measure­
rncnt error.

As has already been said , the determination of
temperatures in the hu man bod y can be a valuabl e
support in diagnostics and. on the ot her han d. is a
need during hyperthermic treat men ts. In the diag­
nos tic applicat ion. since the temperatu re in neopl as­
tic tissues is higher than that of the surrounding
normal tissues of the host, a localized increase of
temperature mu st be detected. In hypert hermic appli­
cations the tempe ratu re in the tissues must be co n­
tinuous ly monitored to ensure that the required heat­
ing ra te in thc tumor bu lk is att ained witho ut con­
current damaging effects on the surro und ing no r mal
cells. This paper refer s mai nly to the first appl i­
cat ion. in which the recu rsiveness o f the Kalman
filler is not exploited. except for event ually improv­
ing the retrievals from single-measurement da ta sets.
In case the evolution of temperat ures is to be mon i­
to red. the tr ansition matrix relati ng the temperature
profile at a given time 10 the previou s one must be
determined . To this end the mod el alread y ad op ted
to eval ua te the a priori profile and the associa ted
covar iance mat rix is a ugmented to include the time­
varyi ng power deposit io n ra te by the elec tromagnetic
field applied in the hyperthermic treat ment . A solu­
tion of this transient therm al problem through a

I,

Fig. 5 Staudnrd deviation o f reuipenuurc removed from 18
brightness measurements: the noise cq uivaknl IClUl)C ra lurc of the
radiometer is :I<;sumet!lo b.: 0.5 K al ;111 frcqucncl lOS : ; is the de pth
In lhc l issUl~

variational fo rm ulation allows the tem po ral evo lu­
tion o f the tempera tures to be de termined as the dy­
namical respon se of an infinite-dimension system
[Ban /mi. 198 1). Th is approach is well suited . since it
lead s na tu rally to the introduction of the transition
matri x, which can be evaluated in term s of therma l
conduct ivities. densities. specific heats of tissues. and
the cooling effect due to blood flow. as well as the
eigenval ues of the pert inent self-adjoin t bo unda ry
value pro blem. Once the transition ma trix and the
sta tistics of the rand om com po nent s, of (7) are
known. the filter can be implemented recursively to
monitor the transient thermal respo nse of tissues un ­
dergoing clccrrornagnctic heating in hyperthermia.

Nutnericat results. The etfccuvcness of the
Kalman filter in retrieving the rmal pro fil es of layered
biologica l struc tures from noisy rad iometric da ta has
bee n tested both fo r the case of normal tissues and
when a localized tem perature increase is present.
Suitable sta tistics have been prod uced by randomiz­
ing the therm al mood desc ribed above as well as by
adding noise to the brightnes s tempera tures at 18
di fferent wavelengt hs. used as data sets. The sclcc­
lion of the 18 freq uencies in the range 0.975-1 3 GH z
attempted to minimize the interdependence of the
co rrespo ndin g kernel s in (2). thus increasing the in­
formation content of the set of br ightness temper­
at ures. Figure 5 shows the standard devia tion of the
retr ieved temperatures at the vario us depths for a
normal profite. It ca n be noted tha t the accuracy of
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hg 6. Alent!:!e excess tem perature ": Iri~ved from I ~ bright­
ness measureme nts for var ying po,il ion of a therma l ano maly
A 'I~ '" 2.2 K : noise equivalen t tempera ture o f rad io mcler is O.5 ' K :
~ i" t h~ ,,k pth in I h ~ tissues . Cu rves \ to Ii rdcr 10 the six loca tions
of the ther mal :lIloma ly in d ical~d by the arrows in the upper part
of t h~ figure. i.c., 02, 0.7, 1.7,2 .7,3.7. a nd 4,7 ern. respectively.

CONCLUSION S

Ack" ",'-/cdgnl e1/l' . Thi s wo rk has been pa rtially supported by
the Con siglio Nazi ona!e delle Riccrche Techn ica l assistance by U.
Conventi. G. Tibaldi. a nd B. De Santis is gr<llcf ully ucknowl­
~dged ,

is not recovered, the whole muscle appea rs to be
warmer than in the normal situation ,

The probl em of determining the internal temper­
a ture dis tribution in the human bod y by radiometric
means is examined . Microwa ve emiss ion from a
plane parallel three-layer model of living tissues has
been eva luated, and the correspondi ng weighting
functions have been determined . The numerical solu ­
tion of the inverse pro blem by the Kalman filter ing
algorithm has then been investigated with the intent
of gaining info rmation on the temperatu re retrieva l
accu racy of the algori thm. Noninvasive measure of
tempe rature within the human body by radi omet ric
techn iques is a d ifficult task for severa l reasons.
Electro magnetic modeling is complicated by inhom o­
geneitie s an d complex. shapes of st ruct ures, Pro­
cessing of mea sured br ightness dat a for temperat ure
retrievals has to surmount numerical instabili ties,
which amplify the er rors introd uced bo th by the
measuring instrumen ta tion and by the random devi­
ations of single individua ls from the ensem ble
average . The radiometric ins trum entation exhibi ts
involved characteri stics because of the heavy require­
ments it has to meet.

Nevertheless, the genera l relevance of the result s
which can be ob tained in this field seems to justify a
first attempt to solve quantitatively the problem of
human microwave thermog raph y.
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retrievals tends to decrease at increasing depths, as
does the emerging power which carr ies the useful
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To ,I SSCSS the algorithm's cap ab ility of detect ing
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file uncha nged at the other locations, as ca n be the
case for a local ized neoplas tic altera tion of tissues.
T he averaged excess temperat ures retr ieved by
Kalman-filtering 1000 no isy brigh tness dat a sets are
reported in Figure 6. T he thermal anomaly ap pea rs
to be detected and correct ly located except when
deep muscular tissues are involved. However, al­
though in this case the exact position of the anomaly
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