Perfusion Calculation Based on M R-Temper ature M aps and Focused Ultrasound Heating. Theor etical and Experimental
Study

I. Dragonu?, P. Lourenco de Oliveiral, C. Laurent™?, B. Denis de Senneville!, C. Mougenot®, C. M oonen?, and B. Quesson'

1Laboratory for Molecular and Functional Imaging, Bordeaux, France, 2Saint André Hospital, Service de Chirurgie Digestive, Bordeaux, France, 3Philips Medical
Systems, Suresnes, France

INTRODUCTION

An efficient thermotherapeutic procedure requires a sufficient heating of the pathologic tissue [1]. However, local blood perfusion and tissue thermal conductivity
can compromise the therapeutic objective by important dissipative effects. The goal of this study is to quantitatively analyze the influence of perfusion on MR-
based 3D temperature distribution. For this purpose ex vivo kidneys were perfused at different rates and heated non-invasively by High Intensity Focused
Ultrasound (HIFU) under 3D rapid temperature imaging. The objectives were: 1) to propose a method for quantitative estimation of perfusion rate, thermal
diffusivity and energy absorption coefficients and 2) to evaluate the pertinence of the bio-heat transfer equation to model the temperature distribution in presence

of perfusion.

THEORY

The bio-heat transfer equation (BHTE) [2] describes the spatio-temporal temperature distribution as follows:
dT (F.t)/dt = DV T (F.t)- wT (F.t)+ aP(F.t) (M

where D represents the thermal diffusivity, w the blood perfusion rate and a the energy absorption coefficient.
For a constant power heating followed by a cooling period, spatial integration of equation (1) leads to the following expression of the thermal energy:

IT (F,t)dF =a- Py [1 — €xp (— w -t )]/W 2.1) during constant power application
r

IT (7.t )df’ = E,, exp (_ w- t) (2.2) during cooling period
r

where Ery represents the accumulated thermal energy in the tissue at the end of the heating period.

For perfused tissue, regional increase and decrease of thermal energy follow an exponential law depending on perfusion rate and energy absorption coefficient only
(no influence of diffusion). On the contrary, absence of perfusion leads to a linear increase of thermal energy during constant power application and remains
constant during the cooling period (exclusive dependence on energy absorption coefficient). In the BHTE model, the perfusion only acts as a scale factor on the
temperature distribution but does not influence the spatial spread of the temperature, which only depends on thermal diffusivity. As a consequence, the spatial
distribution over time can be modeled by a Gaussian distribution of half maximum intensity width R(t). Simulations demonstrated that the square of R(t) increases
linearly in time with a slope proportional to the thermal diffusivity. A separate analysis of the evolution of spatial distribution of temperature and of thermal energy
(spatial integration of 3D temperature maps) should allow for the determination of the coefficients of perfusion, energy absorption and thermal diffusivity.
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acquisition time per volume. Images were processed offline with an in-house § > o 1
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Each temperature map of the temporal series was fitted to a 2D Gaussian g 9 5
function to analyze the evolution of R(t)* with time [3]. The thermal energy 9 s = s 0 o > e = -
curves were computed from thermal maps and fitted according to eq. (2.1) Flow [mL/min] Time [s]
and (2.2) to derive the perfusion rate and the energy absorption coefficient. Fig. 1(c) Fig. 1(d)
Figure 1: (a) temperature rise at the focal point: black — no perfusion, blue — 34
RESULTS mL/min, green - 57 mL/min, red — 114 mL/min.

Fig. 1(a) shows temperature evolution at the focal point under different  (b) thermal energy evolution vs. time measured values — solid line, fitted values —
perfusion conditions. As expected, the maximal temperature decreases with  dashed line for the same flow values as in (a).

increasing flow rate. Fig. 1(b) shows the thermal energy for the  (C) perfusion rate vs. flow for two different regions in kidney; solid lines
corresponding data and the fitting results according to eq. (2.1) and (2.2)  represent the result of the linear fit.

displayed in dashed lines. The perfusion coefficient derived using the  (d) Gaussian radius squared vs. time during the cooling period for the same flow
presented method showed linear flow dependence, while the absorption values as in (a).

coefficient remained constant (2.17 £ 0.066 K/J). Similar properties were found for tissue heating in the cortex and in the medulla (see Fig. 1.c). For the two
different regions in the cortex, the slope values of the linear fit were derived: &, = 8.39 x 10° cm™ and & = 11.95 x 10 cm™. R(t)* (Fig. 1.d) shows linear
dependence versus time with a slope proportional to the thermal diffusivity (equal to 2-D) [3], but is independent of the tissue perfusion rate as expected: the value
of D was 0.17 £0.01 mm?/s.

CONCLUSIONS

The excellent correspondence between rapid MR-based 3D temperature images and the BHTE obtained in this study demonstrates that this model is applicable for
describing the temperature evolution in space and time in highly perfused organs like kidneys. The thermal diffusivity can be calculated from the analysis of the
spatial temperature distribution whereas the perfusion rate and the absorption coefficient can be derived from the analysis of the thermal energy. This theoretical
and experimental approach would allow for determining these parameters in vivo and would therefore be helpful for defining the treatment procedures for
obtaining the desired therapeutic effect, taking into account the influence of perfusion on resulting thermal maps and thermal dose.
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