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Abstract—Clinical studies of hypothermal neural rescue the fall in PCr/Pi seen during delayed injury in immature
therapy for newborn infants who have suffered hypoxia-ischaemia piglets and rats [3]; 2) suppresses the development of delayed
are currently hindered by the difficulty in measuring deep brain cytotoxic oedema in fetal sheep [4]; 3) reduces extracellular
temperature. This paper addresses: the specific requirements for . . . e )
this measurement problem, the design of a proposed radiometer concentrations of_eXC|tatory amlnc_) aqu [5]; and 4,) r_educes the
system, a method for retrieving the temperature profile within number of cells with the characteristics of apoptosis in newborn
the cooled head, and an estimation of the precision of the mea- piglets [6]. The simplicity of hypothermic neural protection has
surement of deep brain temperature using the technique. A already led to preliminary clinical trials of moderate cooling in
five-frequency-band radiometer with a contact-type antenna op- newborn infants suffering perinatal asphyxia [7], [8]. However
erating within the range 1-4 GHz is proposed to obtain brightness - PR
temperatures corresponding to temperature profiles predicted by th.erg are few data ava_llable on the temperatgre distribution
a realistic thermal model of the cooled baby head. The problems Within the newborn brain, or on the effect of either local or
of retrieving the temperature profile from this set of brightness systemic cooling. Accurate invasive measurements of newborn
temperatures, and the estimation of its precision, are solved using infant brain temperature cannot easily be justified, and animal
a combination of model fitting and Monte Carlo techniques. The models may be misleading due to differences in cerebral

results of this paper show that the proposed technique is feasible, taboli blood fl trv. H ful
that it is expected to provide a good estimate of the temperature IMELAbOISM, DI00C TIOW, OF gEOMELry.  HOWEVET, SUCCeSSIU

profile within the cooled baby-head, and that the estimated Cclinical application of brain cooling requires that, as with any
precision (2o) of the temperature measured in the deep brain other therapy, the dose distribution of cooling is known. This
structures is better than 0.8 K, depending upon the estimation s particularly important, as studies using magnetic resonance
procedure used. imaging (MRI) have demonstrated that, in newborn infants,
Index Terms—Biomedical monitoring, brain cooling, hy- not only are the basal ganglia significantly warmer than more
pothermia, microwave radiome_try! neural rescue, noninvasive superficial cerebral tissues [9]-[12], but injury to the deep
temperature measurement, pediatrics. brain structures predicts severe neurological impairment, while
cortical injury is relatively benign.
|. INTRODUCTION MRI and magnetic resonance spectroscopy (MRS) methods
have been used to measure temperature changes in the brain [9],
E13], [14]. However, these require access to complex equipment,
after hypoxia-ischaemia can reduce damage and imprd d they are not suitable for routine measurements repeated over

functional outcome [1], [2]. The mechanism of neuroprotectio% prolonged period of time. They may, however, have value in

. ) . oy validating other methods.
is unclear, but mild hypothermia (3%-35°C): 1) reduces A possible alternative method for noninvasive temperature

sensing and monitoring that is completely passive and inher-
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Af; around a center frequendy, R; is the power reflection
coefficient at the skin—antenna interfacefatandk is Boltz-
mann’s constant. According to the Rayleigh—Jeans law, at m
crowave frequencies, the thermal radiation intensity is propol
tional to the absolute temperature and, ttlis, may be ex-

pressed as
Tp; = / / / Wi(r)T(r) dv 2

afv

where T'(r) is the absolute temperature in an incrementap
volume of tissuedv located atr, W;(r) is the radiometric

weighting function (WF), and the integration is over the
antenna’s field of viewlafv). Thus, the measured brightness
temperature (assuming use of a radiometer operating in tH.
radiation balanced mode [19], [20]) is

1
TB,meas,i:TB,tissue,i:1_—R /// W/;(T)T(’r) dv (3)

afv Fig. 1. Anatomically realistic baby head model and predicted temperatures

. . . after [21]). Top: (left)—baby head with cooling cap (dark shading),
a.nd’_ n general, IS dependgnt upon: 1) the actual temperatidiier) —sagittal section of model in which isothermal contours were plotted,
distribution throughout the tissues viewed and 2) the receivight)—contours (from innermost outwards at 342, 34°C, 33°C, 32°C,
antenna’s WF, which, in turn, depends upon its operating fré “C: 22°C, 17°C, and 12°C, respectively) in sagittal section assuming

. . . . . ._heat-sink model, cooling cap at 1@, and core temperature of 8¢, ambient
quency, dlmen3|pns, the permlttlvr_[y of the mate”al with WhIC mperature 32C. Bottom: (left)—axial section and line for temperature
it is filled, the microwave attenuating properties of the tissuesofile, (right)—temperature profile predicted along Aassuming the same
and any bolus present, and microwave reflections Occurringca@llng conditions (lower curve) and no cooling (upper curve). The shaded
. . . . area represents the presence of brain along the line Bétails of the model
interfaces between different tissue regions and between thg,%egiven in [21].
regions and the measuring equipment.

Since both microwave attenuation in tissue and the antenna’s

characteristics are frequency dependent, the temperature-depth
profile within the tissue beneath the antenna can be found by deA separate Dicke radiometer [24] operating in the radiation

termining a set ol meas,; USING @ multifrequency radiometeryy i ance mode [19], [20] is proposed for each of the five fre-
and then solving the inverse problem. guency bands. This provides insensitivity to variations in the
gain of the radiometer and compensates for power reflections at
the tissue/antenna interface, enabling the brightness temperature
The problem posed is to determine a routine noninvasit@be determined independently of the reflection coefficient. The
direct measurement of the temperature of the diencephaj@oeposed radiometer system is shown schematically in Fig. 2.
during topical cooling of the neonatal head. The selectedThe use of low-noise high-gain amplifiers<{-dB noise
method should be available over prolonged periods sinfigure, 36-dB power gain), together with a bandwidth of
neural protection therapy may involve mild hypothermia being4 GHz and a measurement integration time of 5 s will result
maintained for periods up to 72 h. in a theoretical brightness temperature resolution of 0.04 K
Numerical modeling of the temperature distribution withifior each radiometer. The brightness temperature resolution
an anatomically realistic simulation of an infant's head andachievable with the proposed design (0.04 K) is close to the
reduced size adult head has been reported [21]. Sensitivitytldéoretical value (0.036 K), compared with0.07 K for an
the predictions of the model to different rates of cerebral blo@grlier design, in which only two receivers (1-2 and 2—-4 GHz)
flow, variation in the thermal resistance of the skin, and thend one reference noise source were used and local oscillators
method of describing heat transport within tissue (heat simkere connected to the mixers consecutively [25].
versusrealistic vascular tree) were examined. Fig. 1 shows A single dual-polarized rectangular waveguide antenna filled
the baby head model, derived from MRI data, and predictedth high-permittivity €,. = 60) low-loss material will be used
temperatures within the cooled head. These results aretdarcover the entire frequency range.
general agreement with those from other models [22], [23] andA temperature controller adjusts the temperature of the ref-
measurements [9]. The results suggest that the temperaemence noise sources to maintain zero output at the lock-in de-
profile to be retrieved from the radiometric measurements tisctors. To minimize systematic errors, the coaxial cables con-
characterized by a significant temperature gradient within thecting the antenna to the radiometers will be thermally insu-
most superficial 20 mm of tissue and only small temperatutated and temperature monitored, and the temperatures of the
variations at approximately 20-50-mm depth. The maximupii-n switches and receiver housings will also be stabilized. The
depth at which temperature must be retrieved is approximatédynperature of the antenna will be maintained at the surface
50 mm. temperature of the head under investigation.
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Switch driver TABLE |
1kHz
ik DIELECTRIC PROPERTIES OF THEBRAIN, CSF, XULL FOR NEWBORN
L p pm - INFANT'S HEAD, DEIONIZED WATER IN THE BOLUS, AND DIELECTRIC
, b Y Q ro FILLING FOR THE WAVEGUIDE ANTENNA
Permittivity Center Frequency
§ Material . fi(GHz)
Conductivity
m :: o (S/m) 1.2 1.65 2.3 3.0 3.6
Brain €y 53.83 53.09 5213 5122 50.56
(o} 1.45 1.67 2.05 2.54 3.03
Source . N
Coaria , o |~ CSF £ 6483 6449 6381 6285  61.83
switch 1A 7 & OHzReceiver G 1.64 209 261 3.0l 3.22
, —1_ [ Skull €, 801 803 802 797 7.89
i Q c 0.12 0.14 0.18 0.22 0.26
l jo+——] f, GHz Receiver
De-ionized € 84.33 8429 8376 82.58 81.06
@‘ T £ GHz Receiver Water c 041 076 140 228 320
i_‘l £y GHe Receiver Dielectric € 60.00 60.00 60.00 60.00  60.00
Receiving Filling c 0 0 0 0 0
lenna
Bolus
Bolus/hissues y

Fig. 2. Proposed five-band microwave radiometer. A single cross-polarize
antenna is used to cover 1-4 GHz in 1-2- and 2—4-GHz bands. Two receive
(center frequenciegy, f- GHz) cover the first and three receivers (center
frequencies's, f4, fs GHz) cover the second of these bands. The receivers ar!
connected sequentially to the appropriate connection on the antenna by me: sptenna

of multithrow coaxial switches. All receivers are switched at a rate of 1 kHz Brain
between individual reference noise sources and the bolus/tissues. The refere Skull . op
noise sources are adjusted to maintain zero output from the lock-in detectors (Imm) (1.5mm)
IV. TEMPERATURERETRIEVAL Fig. 3. WF obtained by the FEM for a circular cylindrical model of the
baby’s head at 1.2 GHz. Diameter of head: 10 cm. Skull: 1 mm. CSF: 1.5 mm.
A. WF The power loss distribution (power loss density)/(input power) values shown in

o o ) the right-hand-side figure are (from antenna outwards):21Q 10-%, 10—33,
1) Derivation: From the definition of brightness, tempera1o-+, and 165 cm—2.

ture, and the application of the reciprocity theorem to the an-

tenna, the radiometric WF can be expressed as the three-dimensional (3-D) temperature field in the head

Wi(r) (1/D)a|E(r)|? under external cooling can be approximated by isomorphic
1_ R (4) iso-temperature shells [34]. To represent these iso-temperature
‘ /// (1/2)o|E(r)? dv shells by a simplified model, the following two types of
afv approximation are considered here: 1) a concentric cylinder

where E is the electric-field intensity induced in tissue by thé p;?:r_o xwga;or;r?gd i) arpgsansé?aézlilIel_r?]p;pr;;(rl]r;l:l';lt? r:: ' ?:S l_s:(;)(\a/\;n
antenna operated in the active mode [26]. When the geome'{} 9. ( ) (D), SPECUVEly. . I cylin
a@lproxmatlon may be suitable for use with the 2-D cylindrical

and dielectric properties of tissue, the deionized water bOIHead model. The iso-temperature contours in the realistic 2-D
and dielectric filling for antenna are given, the WF can be dﬁ— : P
€

. . . . : ead section are approximately ovals. Since these contours
rived numerically. In this paper, a two-dimensional (2-D) mod :
run approximately parallel to the aperture and the WFs drop

consisting of the skull, cerebrospinal fluid (CSF), and brain |S relatively low values far from the axis of the antenna. in
used to represent the baby’s head. Dielectric properties of tﬁe IVely low vall X :

brain (mixture of gray and white matters), CSF, skull, deior}r € evaluation of the brightness temperatures, a plane-parallel

ized water, and dielectric filling for antenna used in this papgrpproxmatlon for the iso-temperature contours may be worth

are listed in Table | [27]-{33]. Co'rlzﬁfetgrr;lg.erature can then be expressed as a function of a
The WF obtained for a circular cylindrical model with P P

a 10-cm diameter, skull (1 mm), CSF (1.5 mm), and brai?’rl:r;g;eé_g?;?‘?;er]tﬁ; fy(:rdecr)? |§ethe ?hs .tgn:f f_:qo;: tilén;)acjesalﬁzg q
calculated using a finite-element method (FEM) at 1.2 Gl-}z Xl : Viewwith 9! us—

are shown in Fig. 3. The WFs obtained for the 2-D realist urface interface. Thus, surface integration over the iso-temper-

head model by a 2-D analysis using the finite-differenc""eture shells leads to

time-domain (FDTD) technique at 1.2, 1.65, 2.3, 3.0, 3.6 GHz W;(r) Wi(z)

are presented in Fig. 4. 1B tissue,i = /// 1——RiT(T) dv= [ 1——RiT(z) dz
2) Reduction to One-Dimensional ProblerReferring afv afv

to the temperature contours and profiles shown in Fig. 1, (5)



2144 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 11, NOVEMBER 2000

Iso-temp layer
excitation at Iso-temp shell § %

e 23 3.0 Y
3.6 GHz /

TIJTTT

.......> z
modal
excitation plane
Antenna \
E excitation at Bolus
® 1.2 1.65 GHz I

(a) (b)

Fig. 5. Simplified iso-temperature shell models for the temperature field
in cooled baby’s head. (a) 2-D cylindrical head model with the concentric
cylinder approximation. (b) Realistic 2-D head model with the plane-parallel
approximation.
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The functionW;(z)/(1 — R;), thus defined, is called the one-
dimensional (1-D) WF, wheré refers to the surface of equal
temperature. The 1-D WFs computed for the cylindrical head
model with concentric cylinder approximation and the realistic
head model with plane-parallel approximation are presented in
Fig. 6(a) and (b), respectively.

W(z/(1-R,)

B. Temperature Profile Model Function s
To retrieve the temperature profile from the radiometric mea-
surement data, we introduce a temperature profile model func- (®)
tion. A model function of the form [35] Fig. 6. 1-D WFs for: (a) circular cylindrical head model with the concentric

cylinder approximation [see Fig. 5(a) and (b)] realistic head model with the
plane-parallel approximation [see Fig. 5(b)].

ﬂ1lodel(z) :TVVv lb <z<0

Tinoaet92) = To+AT{exp(—2/a)—exp(~2/b)},  0< 2  the haby's head, respectively, while thd” term represents the
(7) gradual increase of temperature toward the center of the head.
EssentiallyAT, a, andb determine the magnitude of tempera-
is used, wheré, is the thickness of bolus. In the above expredure elevation abovéy,, the curvature near surface and the po-
sion,Tw, T are the temperature of bolus water and of surface sition of temperature peak, respectively.
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C. Model Fitting TABLE I
i . SIMULATED BRIGHTNESSTEMPERATURES TB, SIML, FOR THE PROFILE A
First, the brightness temperatures for the mdligh,odel: OF FIG. 1. TWO SETS OFW;(z) ARE USED. ONE DERIVED WITH THE

are computed at the measurement frequencies by numerical in-CONCENTRICCYLINDE;LAPPEOXIMATIOIVAAND THE OTHER DERIVED
tegration ovefl},.q.1(z). The result can be written as WITH THE PLANE-FARALLEL APPROXIMATION

W. (7) T simy (°C)
i\Z Wiz)
mTlnodel(z) dz = TB,HlOdeLi(TWW 1o; AT, a, b) ’ fi (GHz)
afv g 12 1.65 23 3.0 3.6
(8) Con Cyl
Approx. 23573 22.122 19.829 17.695 15.851
Of the five model parameterg;y, Ty, are determined by probe PT;?;‘L 21992 10021 17824 14935  13.659

measurements and are considered as known, while the three re-  Approx.
maining parameterAT’, a, andb are unknown.

1) Three-Parameter EstimationThe three unknown param-

eters can be determined by fitting the model to radiometric mg¥foPosed design, as stated in Section 1. Itis then possible to esti-
surements. This is achieved by finding a set Aff’, a, b) that mate the confidence interval as a function-afsing the Monte

minimizes the error function Carlo technique. _
Since the number of unknown parameters to be determined
Error(AT, a,b) from radiometric measurements is one, two, or three, the min-

, imum number of radiometer channelsrequired is, likewise,
|:TB,model,i(TVV7T0§AT7 a, b)_TB,meas,i:| one, two, or three. However, the confidence interval can be
1 made narrower by using a valuemothat exceeds the minimum
(9) number, i.e.n = (Minimum numberl- m (m = 1, 2, ...)
since the constraints imposed on the least square fitting proce-
wheren is the number of radiometric channels. dure become tighter as increases. The relative improvement
2) Two-Parameter EstimationWhen it is further assumed is greatest atn = 1, and reduces as increases. A practical
that the temperature profile has a peakat, i.e., the center of choice would ben = 2 — 3 and in the proposed design,is
head,a andb are no longer independent [34] and chosen to be five.

n
=

I hlb(a/bl)' (10) E. Simulation
(a/b) = 1) Generation of Simulated Radiometric Dat&imulated
Consequently, the number of independent parameters to be'@giometric datés sim1,; were generated from the profiles of
termined from the radiometric measurements is reduced to td9: 1 Py using (8)
namely, AT anda/b. This helps to improve the precision of Wi(2)
brain temperature retrieval as will be discussed in the following 7'z tissue,i — 1B siml;i = ﬁ
sections. afv =
3)_ One-Paramete_r Estimationtf the shape of temperatureI (11), T (=) refers to the profiles predicted by the thermal
profiles can be predicted accurately, e.g., from a thermal angrL—

alysis Tz «im1.; Obtained for profile A of Fig. 1 are given in
ysis as in this paper, the shape paramefércan be found by Tablz III. B simal, I prof 9 givent

fittin_g the temperature profile model funption (7)_directly to the " Simulations of the temperature profile retrieval ahdesti-
profile obtained by the thermal analysis. In this casd is mation were made using two- [34] and one-parameter estima-

the only p_a“?‘m?‘ter to be determined from radiometric measufiy, procedures. The WFs derived for the realistic head model
ments. Elimination of shape parameters from the parameter-gs:

L . ) L . .~ with plane-parallel approximation were used.
timation procedure is quite effective in improving the precision 2) Two-Parameter Estimation Procedur@emperature pro-

of the tgmperature measurem.ent smce.small changes in thefﬁ%(é and2s intervals were retrieved from the simulated bright-
ponent induce large changes in the estimated temperature. ness temperature data given in the bottom row of Table Il, using
the two-parameter estimation procedure described in the pre-
vious section. Results are presented in Fig. 7(a). The fitis better
The above procedures enable the determination of a tempénasuperficial regions than in deep regions, reflecting the char-
ture profile that fits the set af-channel radiometric data. Sinceacteristics of the WFs and the measu¥gd Estimated temper-
data fluctuate randomly, so do the estimated profiles. The pragiure at the center of the head was higher than the original data
agation of random fluctuations from the data to the profile is aby about 1.5 K an@¢ interval was about 0.8 K for profile A of
alyzed by a Monte Carlo technique [26]. Data obtained in eaéiig. 1.
radiometer channel are assumed to have a normal distribution3) One-Parameter Estimation Procedurg&irst, the temper-
The mean and standard deviation of the distribution are estture profile model function (7) was fitted to the temperature
mated by an average @z ...as; and the resolution of bright- profile A of Fig. 1 to estimate: /b using the least square fitting
ness temperature for the channel, respectively. The brightnessthod. With the aid of (10) ang;, =5 cm,a andb were then
temperature resolution is expected to be at about 0.04 K for tthetermined. Results are given in Table 111

Tsim](z) dZ. (11)

D. Confidence Interval
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Fig. 7. Temperature profiles (realistic head model) retrieved {4 n.1,:,

of 5 s per measurement at each frequency, accurate determina-
tion of the WFs and both priori knowledge of, and a simple
parametric form for, the temperature distribution. The dielectric
properties used in this paper were obtained after averaging the
literature data for adult humans [28]-[32] and then accounting
for the effect of the higher water content of neonatal tissues
[27]-[29].

However, the sensitivity of the resultant WFs on changes in
tissue dielectric properties and their distribution remains to be
performed, although some data are available in the literature
[36]. The choice of frequencies used in the present feasibility
study is based on adequate coverage of the 1-2- and 2—-4-GHz
ranges and initial studies based on planar and concentric spher-
ical models. Accurate WFs need to be calculated in the full 3-D
model of the head and the set that maximizes spatial differences
between WFs determined. Our initial calculations of these 3-D
WFs carried out at the lower end of the frequency range are in
agreement with the simple 2-D WFs presented herein.

The concept of iso-temperature shells introduced in Sec-
tion IV-A.2 is firmly based on the results of thermal modeling.
This concept leads to the approximation of replaciiig) by
T(z) as previously discussed, even thoufjfr) is not sepa-
rable. The most important consequence of this approximation
is the derivation of 1-D WFs from 3-D WFs, as given by (6).
This step involves further approximation in the numerical
computation in this paper, but more accurate numerical com-
putation is currently underway to arrive at accurate 1-D WFs.
In addition, another challenging task is how to best represent
the temperature profile by a few parameters. In this feasibility

given in the bottom row of Table Il ar2b intervals estimated for these profiles.study, we have taken simple one- and two-parameter models to

T's sim1,: are obtained from profile A of Fig. 1. (a) Two-parameter estimatio

procedure. (b) One-parameter estimation procedure.

TABLE I
SHAPE PARAMETERS OF THE TEMPERATURE PROFILE MODEL FUNCTION
FITTED TO PROFILEA OF FIG. 1

a/b=>542

a b
(cm) (cm)
429.7  0.79

rFepresent the temperature profile. This strategy has had some
success in representing temperature data predicted in [21], as
shown in Fig. 7. However, since the deviation of the retrieved
temperatures from the corresponding assumed values exceeds
lg at depths from 25 to 50 mm, an alternative parametric
description of the temperature profile to be determined may
take better advantage of the relatively sn2allinterval.

VI. CONCLUSION

Temperature profiles anfls intervals were retrieved from  The results of this feasibility study of noninvasive measure-
Ts cim1i given in the bottom row of Table Il using the valuegnent of deep brain temperature in newborn infants by multifre-
of shape parameters given in Table Ill. Results are presentedifncy MRW show that the proposed technique is expected to
Fig. 7(b). Deviation of estimated temperature from original daR{0vide an acceptable estimate of the temperature profile within
atthe center of the head was 0.3 K and2hénterval was 0.1 K. the cooled baby head. The proposed design includes a five-fre-

These results indicate that, with the aid of prediction bguency-band radiometer with a contact-type antenna operating
thermal analysis, the one-parameter estimation method W§hin the 1-4-GHz range. Retrieval of the temperature profile
promising for accurate and precise noninvasive measurem@fl an estimate of its precision from the set of brightness tem-

of deep brain temperature in newborn infants.

V. DISCUSSION

peratures is achieved using a combination of model fitting and
Monte Carlo techniques. The estimatrdinterval at the center

of head is better than 0.8 K. In the 2-D models presented, the de-
viation between the retrieved and initial assumed temperatures
was as high as 1.5 K.

The2s-interval values predicted for the retrieved temperature Future work will include the determination of 3-D WFs, in-
over depths from approximately 30 to 50 mm are typically ugestigation of alternative parametric descriptions of the temper-
to 0.8 K. These predicted values assume realistic noise levelstare profile within the cooled baby head, and the experimental
the radiometer receiver components, a practical averaging tid@monstration of the capabilities of this technique.
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