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Fig. 2. The evolution of phase difference from the dual-echo technique is plotted against
temperature.

The sensitivity of the dual-echo technique was slightly less than that of the
conventional technique (see Table 2), as it was the result of two measurements with
unrelated errors. The dual-echo sequence suffered from lower SNR due to a smaller
voxel size and a relatively high flip angle.

Table 2. Temperature uncertainties, noise, and coefficients for both the conventional and the
dual-echo method.

Parameter Experiment 2 Experiment 3
Sequence Conventional GRE Dual-echo GRE
MR versus Luxtron ± 0.57 °C ± 1.20 °C
MR noise ± 1.10 °C ± 0.89 °C
Temperature coefficient 0.0106 ± 0.0001 ppm / °C 0.0098 ± 0.0001 ppm / °C

3.3 Spatial Stability of the Dual-Echo Phase Difference

As seen in Fig. 3, the spatial stability of the phase was low. The dual-echo sequence
used did not compensate for sampling errors during the two different readout periods.
The conventional method is compensated for this type of errors, since it acquires
images, which will be compared against each other, using the same gradient
waveforms. Controlling and compensating for the sampling error due to the gradient
waveforms of the dual-echo sequence is the topic of current research.
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Fig. 3. Clearly visible is the change of phase value over the spherical phantom (left). In the
right graph, the intensity (phase difference) profile along the horizontal line is shown. Again
the background phase is masked for improved visualization. Sampling errors lead to such a

pattern, and can be compensated for.

4 Discussion

In this paper, we have shown that the dual-echo sequence may allow for temperature
encoding using the information from one MR acquisition only. Phase difference
between the two generated images, varies linearly with temperature. The accuracy is
slightly less when compared with the conventional thermometry method. The
reproducibility of the temperature coefficient, however, was good. The inconsistency
between the screening constants from the conventional method versus the dual-echo
method may be explained by a slightly different makeup of the fabricated gel.
Minuscule bubbles of air, may affect the evolution of phase approaching the order of
the heating constant. However, in vivo micro-bubbles are not an issue. The
expectation is that temperature changes can be calculated using the established
screening constant of -0.0101 ppm°C-1 [16].

The found temperature resolution is sufficiently close to 1 °C, and therefore within
the acceptable range for hyperthermia applications. Several reports [17,18] have
shown a decreased sensitivity in actual in vivo settings. Consecutive experiments will
include in vivo measurements to determine whether the sensitivity of the proposed
dual-echo technique suffices for in vivo application.

Due to sampling error, variations in the spatially localized signal occur. These
imperfections cannot be estimated from the acquired images. Theoretically they can
be assessed when using a slightly adapted version of the dual-echo sequence,
incorporating refocusing pulses. Removing these imperfections is the strategy to
overcome the spatial limitation of the dual-echo technique. In order to allow
quantification of temperature from pixels relative to others in the same image, the
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overall phase should be constant. Using this constant, one can normalize the phase to
a properly referenced temperature.
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