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ABSTRACT

This paper describes a technique of
multi-frequency microwave radiometry that
draws heavily on thermal modeling for
non-invasive measurement of deep brain
temperature in the new-born infant. A recent
study has shown that the technique is feasible,
but improvements in the temperature
retrieval process seemed possible. Here, a new
algorithm for the derivation of tissue
temperature from brightness temperatures is
presented that does just that, under the
provision of accurate thermal modeling.
Preliminary results of simulations show that
the confidence interval, as produced by
thermal noise, is 0.11°C for the central brain
temperature. If the conductivity of brain
tissue is estimated wrong by 10%, this will
result in an error of the retrieved central
brain temperature of 0.5°C.

1 INTRODUCTION

Clinical studies of hypothermal neural rescue
therapy for new-born infants who have suffered
hypoxia-ischaemia are currently hindered by the
difficulty in measuring deep brain temperature.
In order to develop a technique for routine,
non-invasive direct measurement of the deep

brain temperature during topical cooling of a
new-born baby’s head, a feasibility study has
been made recently on a technique of microwave
radiometry that uses a priori knowledge from
thermal modeling [1,2]. This study found that
there was scope for improvement in the
temperature retrieval procedure to benefit from
the relatively narrow confidence intervals for the
reconstructed temperatures. This paper describes
a new algorithm for the retrieval of temperatures
from radiometric data.

2 TEMPERATURE PREDICTION BY
THERMAL MODELING
Thermal modeling of an infant’s head based on
an anatomically realistic head model has been
reported in [2]. Results relevant to the present
work are summarized in Fig.1.

3 ALGORITHM

The temperature profiles of Fig.1 can be written
as

T(2)=T,+AT-g(2) ¢y
with

|8(2)],.0e =1 @
In eq.(1), Tpis the surface temperature, AT the
magnitude of temperature elevation above Ty,
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Fig.1. Anatomically realistic baby head model and
predicted temperatures [2]. Top: Left - baby head
with cooling cap (dark shading); Center -
contours (from innermost outwards at 34.2, 34,
33, 32, 27, 22, 17 and 12 °C, respectively) in
sagittal section assuming heatsink model,
cooling cap at 10 °C, and core temperature of 34
°C, ambient temperature 32 °C; Right - axial
section and line for temperature profile; Bottom:
temperature profile predicted along AA’
assuming the same cooling conditions (lower
curve) and no cooling (upper curve). The shaded
area represents the presence of brain along the
line AA’.

and g(z) the function describing the shape of the
profile, and hence is called the shape function.

The brightness temperature for the model,
T3, , can be computed by

W.(z)
L= T(2)dz
jl 2 1@ 5
LG
= 0+ATJ‘1_& g(2)dz

In eq.(3), Wi(2)/(1-R;) is the 1-D radiometric
weighting function (WF) that can be derived
from the definition of 3-D WF [3],

Wir) __ o, lE@)f

1-R IHWHE(r)]z dv
In eq.(4), E(r) is the electric field intensity
induced in tissue by the antenna operated in the
active mode at position r, o; the tissue
conductivity, dv the elementary volume at r, and
afv the antenna’s field of view. We can fold the
3-D WF’s into 1-D WF’s by surface integration
over the T iso-surfaces (or simple geometric
approximations) § in the computed temperature
distribution (Fig.1.)[4]): »

W(z) HSW(r) ds )

Flttmg of the model to measurement is
achieved by mlmmlzmg the error functlon

Error = Z(T =T, (6)

@

where 7 is the number of frequency-bands of the
radiometer and the 7’p; are the measured
brightness temperatures.

With eq.(3) substituted into eq.(6), the
error function becomes

Error = (AT[ W2 o(zyds— (T‘B,~T)]

(7
Here, both W(z) and g(z) are computable
functions, that, however, depend on a large
number of model parameters that are known
with only limited precision. In particular, the
values chosen for the dielectric properties of
tissues affect the WFs. One might expect that the
conductivity of brain most strongly affects the
WFs in the present problem. So, we write

6 =ac,(f) ®
where oof) refers to the frequency
characteristics of brain tissue that are considered
‘standard’, obtained from separate
measurements or the literature. In this study, the
conductivity for brain with water content of 88%
is taken to be o(f).

The volumetric perfusion in the brain,
Whoicod, plays a key part in heat transport and
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therefore has an impact on the temperature shape
function g(z). Analogous to eq.(8), this can be
investigated writing

Witood = BWiionao ()

where Whioodo refers to the standard value.
Taking the above considerations into account,
we write as
W.(2) »W,(o;2) >W(a;2) (10)

and

8(2) > gWiies;2) > 8(5;2) 1)
Substituting eqs.(10) and (11) into eq.(7), one
obtains

Error = Z (AT [ —"i(_“—z) g(b;2)dz— (T, - TO))

1-R

i=1
(12)
Minimizing this expression for different values
of a and b will yield an estimate for the
sensitivity of the resulting AT (and hence the
retrieved  temperature  profile) to  the
corresponding tissue properties. It is even
conceivable that this procedure leads to the
adoption of tissue properties slightly different
from the first choice from literature values, i.e.
@opt , bop) # (1, 1), if this very significantly
reduces the minimum error. With the AT that
minimizes the error function found, substitution
in eq.(1) retrieves the full temperature profile
that best fits to measurement.

4 SIMULATION
To demonstrate how the above algorithm would
work, a numerical simulation was performed.
For simplicity, it was assumed that the profile
predicted by the thermal analysis was exact in
this simulation.

For the radiometric weighting functions,
the WFs for a model with water content of brain
tissue at 88% was assumed to be exact. Five sets
of 1-D WFs corresponding to a = 0.90, 0.95,
1.00, 1.05, and 1.10 were computed. The set of
1-D WFs for a = 1.00 at f; = 1.2, 1.65, 2.3, 3.0,
3.6 GHz is shown in Fig.2 [1,4]. For each of the
five sets of 1-D WFs, AT was determined. The
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Fig.2. A set of 1-D WFs for a=1.00.

Table 1. AT estimated for different values of
modeled brain conductivity (eq 9). Original
profile; AT = 23.65 (°C)

a AT (°C) Error (°C)

0.90 23.15 -0.50

0.95 23.40 -0.25

1.00 23.65 -0.00

1.05 23.90 0.25

1.10 24.15 0.50
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Fig.3. Retrieved temperature profile for a = 1.00
along with its 2¢ interval. At the center of the
head the 2o interval is 0.11°C.
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results are presented in Table 1. The temperature
profile obtained for a = 1.00 is shown in Fig.3.
Effects of random fluctuations in 7 meas; Were
analyzed by a Monte Carlo technique [3] to
estimate the confidence interval (2o) of A7, and
the results for the a = 1.00 case are also given in
Fig.3.

5 DISCUSSION
Multi-frequency measurements are required to
find more than the one parameter A7. With our
proposed 5 frequency system it will be possible
to optimize more parameters and first candidates
would be those with a direct impact on g(z),
rather than the WF’s (in this paper: optimizing b
rather than a.) If it is possible to be confident on
weighting function WF and temperature shape
function g(z), it is possible in principle to
retrieve  the temperature profile  using
single-frequency measurement. Thus, in the
routine clinical measurement, it may be possible
to use a single-frequency measurement with
center frequency at f; = 1.2 GHz. The advantage
of this approach is that the measurement time
could be made shorter and the clinical
instrument can be made a lot simpler than is the
case with a multi-frequency approach. A
disadvantage is that the benefit of averaging is
not utilized, and that there is no possibility of a
consistency check. A case in point here is that
the single-frequency measurement is strongly
affected by errors in Tp. A practical alternative
would be a two-frequency measurement
approach that would allow more robust
temperature estimates.

The algorithm presented in this paper
provides a tool for sensitivity analyses of any
parameter that influences either the computation
of the WF’s or the temperature distribution, e.g.
the dielectric and thermal properties of tissues,
and the modeled geometry. This will be
invaluable in assessing the total accuracy of the
measurement and retrieval technique.

6 CONCLUSIONS

A new algorithm for retrieval of deep brain
temperature in the new-born infant from
radiometric data has been described. A
simulation was made to demonstrate how the
algorithm would work. Using computed
estimates of the brightness temperatures it was
demonstrated that the algorithm is capable of
retrieving the original temperature profile. The
20 interval, as determined by the thermal noise
in the measurement, was 0.11°C at the center of
the head. The sensitivity analysis showed that
using an estimate for the conductivity of brain
tissue deviating 10% from the true value leads to
an error of 0.5°C in the retrieved temperature in
the center of the head. Results indicate that the
new algorithm is well suited to fully benefit
from the results of thermal analysis and is
effective in the improvement of the accuracy of
temperature retrieval.
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