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Abstract. Non-invasive detection of small temperature changes (<1◦C) is pivotal to the further
advance of regional hyperthermia as a treatment modality for deep-seated tumours. Magnetic
resonance (MR) thermography methods are considered to be a promising approach. Four methods
exploiting temperature-dependent parameters were evaluated in phantom experiments. The
investigated temperature indicators were spin–lattice relaxation timeT1, diffusion coefficientD,
shift of water proton resonance frequency (water PRF) and resonance frequency shift of the methoxy
group of the praseodymium complex (Pr probe). The respective pulse sequences employed to detect
temperature-dependent signal changes were the multiple readout single inversion recovery (T One
by Multiple Read Out Pulses; TOMROP), the pulsed gradient spin echo (PGSE), the fast low-
angle shot (FLASH) with phase difference reconstruction, and the classical chemical shift imaging
(CSI). Applying these sequences, experiments were performed in two separate and consecutive
steps. In the first step, calibration curves were recorded for all four methods. In the second step,
applying these calibration data, maps of temperature changes were generated and verified. With
the equal total acquisition time of approximately 4 min for all four methods, the uncertainties of
temperature changes derived from the calibration curves were less than 1◦C (Pr probe 0.11◦C,
water PRF 0.22◦C,D 0.48◦C andT1 0.93◦C). The corresponding maps of temperature changes
exhibited slightly higher errors but still in the range or less than 1◦C (0.97◦C, 0.41◦C, 0.70◦C,
1.06◦C respectively). The calibration results indicate the Pr probe method to be most sensitive and
accurate. However, this advantage could only be partially transferred to the thermographic maps
because of the coarse 16×16 matrix of the classical CSI sequence. Therefore, at present the water
PRF method appears to be most suitable for MR monitoring of small temperature changes during
hyperthermia treatment.

1. Introduction

Further progress in radiofrequency regional hyperthermia of deep-seated (for example pelvic)
tumours depends on the development of a non-invasive control of temperature distributions in
the patient (Wustet al 1995). It is hoped that this non-invasive thermography will accomplish
two tasks in a future scenario of hyperthermia treatments for pelvic tumours: localization
and surveillance. During localization the temperature monitoring should detect undesired hot
spots induced at dielectric discontinuities of pelvic tissue (muscle, fat and bone) so that they
can be resolved by appropriately steering the power deposition pattern (Wustet al 1996).
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After a proper power distribution is adjusted, temperature monitoring is required to survey
the achieved temperature distributions in tumour and neighbouring normal tissue, indicating
possible depressions to be corrected via the applicator steering parameters.

Recently, several magnetic resonance (MR) thermography methods have been reported as
promising candidates for non-invasive temperature control. They can be classified according
to the utilization of endogeneous or exogeneous temperature indicators. The endogeneous
temperature indicators are spin–lattice relaxation timeT1 (Parkeret al 1983, Dickinson
et al 1986), self-diffusion coefficient D (Le Bihanet al 1989) and shift of the water
proton resonance frequency (water PRF) (Hall and Talagala 1985, Ishiharaet al 1995).
Chemical shift can be exploited as an exogeneous temperature indicator and is associated with
compounds such as cobalt (Webbet al1993) or lanthanide chelates (Bleaney 1972), particularly
ytterbium (Aime et al 1996), thulium (Zuoet al 1996) and praseodymium (Konstanczak
et al 1995, Frenzelet al 1996, Hentschelet al 1998a). Although some of these methods
have already been successfully applied for monitoring high-temperature elevations (near
80◦C) associated with thermoablative interventions (for example Voglet al 1995, Cline
et al 1994, 1996), they cannot be directly adopted for monitoring small temperature changes
during hyperthermia treatments. The specific demands for temperature monitoring during
hyperthermia differ considerably from those applied during thermoablative interventions.
Normally, the temperatures to be monitored do not exceed 43◦C (maximum 45◦C). During the
localization phase of hyperthermia treatment fast volume scans of the entire pelvis have higher
priority and, therefore, moderate thermal and spatial resolution can be accepted (Wlodarczyk
et al 1998a, b). During the surveillance phase of hyperthermia treatment, temperature
monitoring can be limited to the tumour and its neighbourhood. Consequently, acquisition
of only one or few slices is sufficient. Here, the temperature accuracy desired would be better
than 1◦C (Cetas 1984).

The purpose of this work was a systematic comparison of the four MR thermography
methods (T1,D, water PRF and Pr probe) in phantom experiments with regard to their planned
application for monitoring hyperthermia treatments. The criterion of this comparison was the
thermal resolution achieved under the constraint of the total acquisition time fixed to a value
of approximately 4 min at a clinical scanner with a standard gradient hardware. For this,
four different pulse sequences, which are associated with the four MR thermography methods,
were optimized for the particular phantom in order to achieve the highest thermal resolution
possible. For an exact verification in the presence of spatial temperature gradients high planar
resolution was necessary. In order to simulate a possible scenario of hyperthermia monitoring,
experiments consisted of two parts: calibration and mapping.

2. Materials and methods

2.1. MR thermography methods

2.1.1. Spin–lattice relaxation timeT1. The relationship betweenT1 and small temperature
variations was found to be approximately linear with sensitivities of 0.8%◦C−1 to 2%◦C−1

(Parkeret al 1983, Parker 1984, Dickinsonet al 1986, Hallet al 1990). The quality ofT1

based MR thermography depends on the accuracy with whichT1 itself can be determined. The
latter constitutes the actual difficulty of the method. Conventional methods, which determine
T1 by fitting a recovery curve to a series of measurements, such as the multipoint inversion
recovery (IR) or the repeated saturation recovery (SR) methods, are the most accurate but also
the most time-consuming approaches (Crawley and Henkelman 1988). Methods based on only
few measurements, such as the spin echo (SE) with two different repetition times(TR) or the
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gradient echo (GE) with different flip angles, produce inaccurateT1 estimates (for example
Pratoet al 1986). The recently reported rapidT1 mapping techniques, known as ‘snapshot’
or ‘turboflash’ significantly speed up the acquisition process, but they either suffer from a
large uncertainty of measuredT1 (Haase 1990) or need excessive post-processing (Tong and
Prato 1994). Improving the accuracy ofT1 for these methods again requires a greater number
of measurements (Blüml et al 1993). T1 measurements using echo-planar imaging require
fast gradient hardware (Gowland and Mansfield 1993). Also pulse sequences with strongly
T1 weighted gradient echo have been occasionally applied for fast temperature monitoring,
especially in MR guided thermoablative interventions with high temperature elevations (for
example Matsumotoet al 1994). These methods are neither sensitive nor accurate enough
for monitoring small temperature changes during hyperthermia treatments (Wlodarczyket al
1998a). With its potential to combine high accuracy and moderate acquisition times, we
implemented an imaging version of the spectroscopic Look and Locker technique (Look and
Locker 1970) as aT1 based MR thermography method. The method known as TOMROP
(T One by Multiple Read Out Pulses) applies an inversion pulse followed by a train of evenly
spaced interrogation pulses of small flip angle (Graumannet al 1986, Brixet al 1990).

2.1.2. Self-diffusion coefficient D.A linear relationship between diffusion coefficientD
and temperature (via thermal Brownian motion) is given by the Stokes–Einstein relation.
In the physiological temperature range the thermal sensitivity of diffusion is approximately
2.4%◦C−1 (Zhanget al1992). Nearly each MR pulse sequence can be sensitized for diffusion
by a pair of magnetic field gradient pulses (Stejskal and Tanner 1965), which cause a phase
offset in spins randomly moving in a direction along these gradients. The attenuation of the
echo signal can then be expressed by

S = S0 e−bD (1)

whereS0 is the signal in the absence of diffusion gradients andb is a factor for diffusion
sensitization. For square diffusion gradientsb can be calculated by

b = (γGδ)2(1− δ/3) (2)

whereG is the strength,δ the duration and1 the separation of the diffusion gradient pulses.
An accurate multipoint fit ofD requires several acquisitions of the same pulse sequence with
severalb values. Unfortunately, this prolongs excessively the total acquisition time. Accurate
and fastD based thermography is possible when using echo planar imaging, but this requires
fast gradient hardware (MacFallet al 1995, Il’yasov and Hennig 1997). The conventional
pulsed gradient spin echo (PGSE) sequence without (b1 = 0) and with one pair of diffusion
gradients (b2 6= 0; two-point technique) in all three axes was applied in this study.

2.1.3. Water proton resonance frequency (PRF) shift.With increasing temperature the
screening effect of bounded electrons increases, resulting in a lower local magnetic field and,
consequently, in a negative shift of water PRF, which has been reported to be−0.0107 ppm◦C−1

in pure water (Hindman 1966, Lutzet al 1993) and in the range between−0.007 and
−0.009 ppm◦C−1 in muscle and other organ tissues with a linear relationship up to 50◦C
(Kurodaet al 1993). The temperature induced shift of water PRF is usually extracted from
phase difference of two gradient echoes (Ishiharaet al1995). Phase images are acquired before
and after heating and subtracted to obtain phase difference images, which are proportional to
the temperature-dependent shift of water PRF.

For temperature measurements, all other sources of phase changes such as magnetic
susceptibility or magnetic field drifts must be eliminated. Then the temperature-dependent
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phase difference can be written as

1ϕ/1T = γB0 δ(T )TE (3)

whereγ /2π = 42.58 MHz T−1 is the gyromagnetic ratio of hydrogen,B0 is the flux density
of the main magnetic field,δ(T ) is the temperature-dependent shift of water PRF in ppm◦C−1,
andTE is the echo time for the phase accumulation. In this work the fast low angle shot
(FLASH) sequence (spoiled gradient echo) was employed for measurement of temperature
induced water PRF shift.

2.1.4. Praseodymium temperature probe.Recently, the complex of praseodymium-2-
methoxyethyl-DO3A (Pr-MOE-DO3A) has been investigated as an exogeneous temperature
indicator (Pr probe) applying1H MR spectroscopy (MRS) (Frenzelet al 1996, Hentschel
et al 1998a). Like other lanthanides, when exposed to varying temperatures Pr strongly
influences the1H MR spectrum. Compared with gadolinium as a central atom of MR contrast
media, Pr is only weakly paramagnetic and, therefore, more suitable as a basis for synthesis
of temperature indicators. The temperature-dependent functional group of the Pr probe is the
methoxy group (OCH3) with thermal sensitivity of 0.12–0.13 ppm◦C−1. For spatial encoding
of the temperature information 2D classical chemical shift imaging (CSI) was applied.

2.2. Experimental set-up and instrumentation

All experiments employed a cylindrical phantom made of lucite with two concentric walls
(inner and outer diameter of 11 and 14 cm respectively) and a double bottom (inner and
outer height of 12.5 and 14 cm respectively). The inner cylinder was homogeneously filled
with agarose gel laced with 2.5 mM gadolinium-DTPA for matching relaxation properties of
muscle tissue. In addition, 9.5 mM Pr-MOE-DO3A complex was admixed. Four parallel
fibres with fluoroptic temperature sensors with±0.2 ◦C accuracy (Luxtron MPM, Mountain
View, CA, USA) were axially inserted reaching down half the cylinder depth. This MR
compatible thermometry system is based on the temperature dependence of the luminescent
decay time (associated with fluorescent afterglow). The sensitive luminescent element is
attached to an optical fibre and excited via a filtered xenon flash lamp with light pulses that
are of microsecond duration. The luminescent decay time is in the millisecond range. Thus,
excitation and emission are well separated in the time domain. Detection is performed using
a photodiode. In order to measure and correct for drifts of the static magnetic field four
thermally isolated cylindrical agarose gel reference phantoms with 3 cm diameter were placed
outside the main phantom. Water circulating in the double wall of the cylinder and thermally
regulated via a thermostat (E8-46, Haake Messtechnik GmbH, Karlsruhe, Germany) provided
the desired temperature distribution. All MR thermography experiments were performed in
a 1.5 T clinical whole-body scanner (Magnetom 63 SP, Siemens AG, Erlangen, Germany)
equipped with standard gradient hardware providing a gradient strength of 10 mT m−1 and
a gradient slew rate of 10 mT m−1 ms−1. Transmitting and receiving was performed by a
circularly polarized head coil.

2.3. Material properties of the phantom

Standard methods with long acquisition times (Wlodarczyket al 1998a) allowed a quite
accurate determination and mapping of the phantom’s properties such as spin–lattice relaxation
timeT1, true and apparent spin–spin relaxation timesT2 andT ∗2 and self-diffusion coefficientD.
The measured relaxation or diffusion data were fitted on a pixel-by-pixel basis to corresponding
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Table 1. Material properties measured in the homogeneous central and lower parts of the phantom.

Properties of the phantom material Measured value

Spin–lattice relaxation timeT1 532± 35 ms
Spin–spin relaxation timeT2 59± 11 ms
Effective spin–spin relaxation timeT ∗2 41± 7 ms
Self-diffusion coefficientD 1.94± 0.17 10−3 mm2 s−1

exponential curves employing the Levenberg–Marquardt algorithm (Presset al 1992). Then,
maps of the desired MR parameters were generated. Only material values obtained from
the homogeneous central and lower parts of the phantom were recruited as a basis for the
optimization of pulse sequences (table 1).

2.4. Optimization of pulse sequences

For an efficient application of the four MR thermography methods, four different pulse
sequences were optimized. The aim of the optimization was the highest thermal resolution
for the particular phantom material in consideration of some general and sequence-specific
constraints. The general constraints are the gradient strength of 10 mT m−1 and the slew rate
of 10 mT m−1 ms−1, a fixed total acquisition time of approximately 4 min and a planar resolution
as high as possible (but not higher than 2562) in order to resolve the spatial temperature gradients
with regard to the verifying fluoroptic thermometers. The sequence-specific constraints are
presented in corresponding sections below. The rather long total acquisition time of 4 min
was due to the slow CSI sequence, which at that time could be only acquired with a coarse
matrix of 16× 16 and corresponding pixel size of 11.2× 11.2 mm2 (for the field-of-view
of 180 mm2). For the three tomographic sequences an equal number of frequency encoding
samples ofNfr = 256 was applied. This high resolution was achieved in the phase encoding
direction (Nph = 256) only with the FLASH sequence, whereas with the TOMROP sequence
Nph = 196 and with the PGSE sequenceNph = 128 could only be obtained. The respective
pixel size values were 0.9× 0.9 mm2, 0.9× 1.8 mm2 and 0.9× 1.2 mm2 (for the field of
view of 230 mm2). The tomographic pulse sequences were applied with a larger field of view
than the CSI, because the reference phantoms for tracking field drift had to be contained (at
least for water PRF). All measurements referred to an equal slice thickness of 10 mm chosen
in-plane with the fibre array of the fluoroptic thermometer system.

2.4.1. TOMROP. An usual way to optimize the TOMROP sequence is the search for optimal
values of the time intervalτ and the flip angleα of the interrogative pulses. But in order to get
as many phase encodings as possible our first objective was to shortenTR as much as tolerable.
ShorteningTR shortens the time for recovery and the systematic error of the deducedT1

increases, but atTR = 1200 ms(≈ 2T1) it seems still to be sufficiently low when interrogation
pulses with small flip angle (α = 17◦) are applied (Kay and Henkelman 1991). For the total
acquisition time of approximately 4 min it results in 196 phase encodings. In order to reduce the
random errors, the time intervalτ should usually be optimized, but we no longer did that after
we found that the random errors were mostly affected during the numerical fitting. In order
to get a sufficient number of sample points for robust numerical fitting to run automatically
pixel-by-pixel, we decided to use a large number of interrogative pulses (N = 32). In order
to get good estimates ofT1, we again followed suggestions of Kay and Henkelman (1991)
and spaced the interrogative pulses equally acrossTR. On the other hand, after choosing
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values forTR andN as given above there remains little room to varyτ in a way which has
a non-negligible effect upon the signal-to-noise ratio (SNR). In order to further improve the
accuracy and the reliability of theT1 based temperature measurements some modifications to
the original TOMROP pulse sequence were introduced. Spoiler gradients after each gradient
echo destroyed any residual transverse magnetization. A hyperbolic secant inversion pulse
with double bandwidth of interrogating pulses improved slice selectivity (Gowland and Leach
1992). Each series of 32 signal intensities

Si = a(1− c e−iτ/T ∗1 ) (4)

was fitted with three parameters (T ∗1 , a, c), eventually givingT1 viaT ∗1 = τ/(τ/T1− ln cosα).

2.4.2. PGSE. In general, in order to get a good estimation ofD, moreb images should be
acquired (multipoint technique). However, this prolongs extensively the total acquisition time.
On the other hand, it has been shown that a two-point technique is sufficient when an optimal
set of gradient pairs is used (for example Zhanget al1992). Applying the two-point technique
with b1 = 0, the only sequence parameter which can be optimized with regard to the phantom
properties isTE . In order to get a reasonable diffusion attenuation,δ, and consequentlyTE ,
should be large. In addition,δ should be as close as possible to1. On the other hand,TE has
to be short enough to maintain a reasonable SNR underT2 relaxation. The optimization of
TE was performed with noise sensitivityD as the objective function and with consideration of
the phantom properties. The optimal values were found to beTE = 120 ms,1 = 55 ms and
δ = 39 ms. Keeping in mind the total acquisition time of approximately 4 min, there remain
only three parameters to be optimized:TR,Nph and number of acquisitions. These remaining
parameters were chosen with regard to the SNR in an experimental way. Considering that
the total acquisition time means the sum of acquisition times of bothb images required for
generation of oneD image, we decided to applyTR = 940 ms,Nph = 128 and one acquisition
for both parts of the PGSE (i.e. 2× 2 min).

2.4.3. FLASH. For the FLASH pulse sequence the quotient of accumulated phase differences
1ϕ and standard deviation of the phase difference imageσ1ϕ , SNR1ϕ = |1ϕ|/σ1ϕ , was
optimized towards its maximum. The objective function depending on the material properties
of the phantom and the acquisition time then reads

SNR1ϕ ∝ |1ϕSFLASH| = |γB0 δ(T )1T |ρM0
e−TE/T

∗
2 (1− e−TR/T1) sinα

1− e−TR/T1 cosα
(5)

where SFLASH is the magnitude signal,ρ the proton density andM0 the equilibrium
magnetization. The phase difference1ϕ accumulating during echo time enhances SNR1ϕ

with longerTE (first factor in equation (5)). On the other hand, as can be concluded from
noise considerations of MRI data (Pelcet al 1991, Gubdjartsson and Patz 1995),σ1ϕ is
inversely proportional to the magnitude signal, resulting in direct proportionality of the SNR1ϕ

to SFLASH (second factor in equation (5)). Conversely to1ϕ, SFLASH decreases withTE due
to T ∗2 relaxation. Thus, an optimalTE value resulting in maximal SNR1ϕ exists for every
T ∗2 value. In addition, SNR1ϕ can be further increased employing longerTR and an optimal
flip angleα. Assuming phantom material properties, the maximum SNR1ϕ was achieved for
TE = 60 ms andα = 60◦, the latter corresponding to the Ernst angle (Ernst and Anderson
1966). This theoretical optimization of the temperature sensitivity of spoiled gradient echo
has been experimentally verified by Chunget al (1996). Assuming the total acquisition time
of 4 min,TR = 240 ms and four excitations, 256 phase encoding lines were acquired.
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2.4.4. MRS and classical 2D CSI.For the purpose of Pr based MR thermography, a classical
2D CSI pulse sequence with phase encodings in both orthogonal directions and acquisition
of the free induction decay (Maudsleyet al 1979) was modified for slice selective (10 mm)
off-resonance (−24 ppm) excitation with a planar matrix of 16× 16. The CSI pulse sequence
was optimized experimentally. The objective was SNR maximization of the methoxy spectral
line. In order to avoid an extensive analysis of1H spectra after each CSI optimization step, this
optimization was performed in equivalent MRS experiments employing menu guided standard
MRS analysis software of the scanner. Off-resonance excitation with Gaussian shaped 250 Hz
rf pulses reduced the unwanted water signal. For signal detection a vector size of 256 sample
points with 1 ms dwell time was selected, resulting inTR = 275 ms and a spectral width of
±500 Hz. The low-pass filter of the receiver was adapted to the latter. The receiver gain was
maximized. Artefacts and noise were reduced applying four prescans and four acquisitions.
The thus optimized MRS pulse sequence was utilized in calibration experiments. It was also
the basic element of the CSI pulse sequence.TR = 275 ms and the matrix of 16× 16 phase
encodings determined the total acquisition time of 250 s per CSI pulse sequence.

2.5. Calibration and mapping experiments

The experiments were done in two separate and consecutive steps performed on different
days but under identical experimental conditions. In the first step, only calibration curves
were recorded. These curves were used to calibrate temperature induced changes of MR
parameters measured during the second step and to generate maps of temperature changes.
At the beginning of each step the phantom was thermally equilibrated by peripherally
circulating water at 35◦C. After turning off the water circulation (to avoid flow artefacts),
measurements employing all four MR thermography methods were consecutively performed.
Then, the phantom was further heated by circulating water, this time at 45◦C, generating
radial temperature gradients with a minimum temperature in the phantom centre. Again, water
circulation was turned off during MR measurements. This procedure was repeated six times
with the first series taken as reference. Real temperature measured fluoroptically in the middle
of each acquisition was taken for verification. At this time, the contrast-determining central
lines of thek-space were acquired. For the purpose of controlling possible temporal changes
of temperature during the acquisition, real temperature was also picked up at the beginning
and at the end of each acquisition.

After measurements of the calibration step, maps of temperature-dependent MR
parameters,PMR, were generated applying method-specific post-processing (see section 2.6).
Then, maps of fractional changes of the temperature-dependent MR parameter,1PMR, were
generated. We derived the calibration curves for the tomographic methods from mean values
of four equal regions of interest (approximately 10 mm2) positioned at an axial distance of
4 mm from the tips of the fluoroptic sensors. This small distance should avoid susceptibility
errors caused by insertion of the sensors, especially affecting the temperature measured by the
water PRF method (DePoorter 1995).1PMR were plotted against real temperature changes
1TFL. Calibration curves were derived from scatter plots by linear regression employing a
single-parameter model (1PMR = mCAL1TFL). The quality of linear regression is described
by the coefficient of determinationr2

CAL as well as the mean value and the standard error of
slopemCAL(±σm) which is the temperature sensitivity. An analysis of residuals applied to the
inverted scatter data yielded the standard errorσ1T and, thus, the uncertainty of predicting
temperature changes from changes of corresponding temperature-dependent MR parameters.

Data measured in the second step were processed in a similar way and calibrated by
curves from the calibration experiments to deliver maps of temperature changes1TMR. These
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maps were verified by fluoroptic measurements of real temperature changes1TFL. A linear
regression analysis, now based on the two-parameter model (1TMR = mMAP1TFL + bMAP)
yielded the correlation coefficientrMAP, mean values and standard errors of both the slope
mMAP (±σm) and the interceptbMAP (±σb). The systematic error and the uncertainty of the
temperature changes extracted from those maps are given by the mean deviation MD and the
root mean square deviation RMSD, respectively.

2.6. Image processing

The TOMROP data were fitted on a pixel-by-pixel basis using the Levenberg–Marquardt
algorithm (Presset al 1992). Robustness of operator-free fitting was increased by such
measures as a large number of sampling points (N = 32), start and limiting parameters
based on expected values and tracking of errors. However, not all pixels were successfully
fitted to realisticT1 values, which is a typical phenomenon of automatic procedures. The faulty
fits were detected and classified during the numerical procedure. Since most misfitted pixels
were surrounded by well fitted regions, missing values were interpolated fromT1 values of
neighbouring pixels. Maps of fractionalT1 changes were obtained comparing the reference
and the successiveT1 maps. From the maps of fractionalT1 changes maps of temperature
changes were generated using the calibration data. Unfortunately, these maps were still
too noisy to generate isotherms and therefore a 2D median filter averaging over five pixels
was applied. Finally, smooth temperature maps were obtained and isotherms of 0.5 ◦C were
overlaid.

Maps ofD were deduced from the ratio of the two SE images (equation (1)), one acquired
without and the other with diffusion gradients. Again, maps of fractionalD changes and, after
calibration, maps of temperature changes were generated, which were smoothed and overlaid
by isotherms in the way described above.

Both magnitude and phase FLASH images (complex images) were used to generate1ϕ

maps associated with temperature-dependent water PRF shift. The gradient correction, usually
applied with phase image reconstruction, was turned off. Multiplying the reference complex
image acquired before heating with conjugate complex images acquired during heating gave the
1ϕ maps (Chunget al 1996). This complex image subtraction avoids phase wrapping due to
the encoding scheme and inhomogeneities and was, therefore, preferred over the simple phase
image subtraction. However,1ϕ might also exceed±π due to large temperature changes
and/or drifts of the static magnetic field. Therefore, a simple (manual) phase unwrapping
scheme was still to be applied. Phase difference changes due to drifts of the static magnetic
field were 3(±1)◦ h−1 during the calibration experiments and 7(±2)◦ h−1 during the mapping
experiments. These drifts were corrected utilizing external reference phantoms (De Poorter
et al 1994). In comparison with maps of fractionalT1 andD changes, the maps of1ϕ were
less noisy but superimposed with susceptibility artefacts which mimic non-existent hot spots.
These artefacts were recognized as extremely high gradients of1ϕ, the respective pixels were
marked and their values replaced by values interpolated again using the adjacent pixels. These
procedures were particularly necessary in the upper inhomogeneous parts of the phantom and
outside the phantom material, although the latter could also be masked out. Again, maps of
temperature changes were generated, which were smoothed and overlaid by isotherms in the
way described above.

Spectra of every CSI experiment were fused with a spin–echo image of the same field of
view. While the analysis of MRS data employed menu guided the scanner software, CSI data
was analysed off-line using commercially available software (Igor Pro 3.01, Wave Metrics
Inc., Lake Oswego, OR, USA). Each spectrum was manually processed. First, the FID was
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zero-filled doubling the sampling points and apodized, multiplying with an exponential of
5 Hz linewidth to improve the SNR. Then, a fast Fourier transform was performed and
the subsequent processing steps were carried out in the frequency domain including zero-
order phase correction and peak position determination of the methoxy group by least-square
Lorentzian line fitting. The chemical shift of the methoxy group relative to the position at the
equilibrium (before heating) was the parameter used for calibration and for generation of maps
of temperature changes. The same software was applied to render isotherms as contour plots.

3. Results

3.1. Calibration curves

Figure 1 shows scatter plots from calibration experiments for all four MR thermography
methods. The linear temperature dependence of MR parameters proves the theoretical models
to be correct in the specified temperature range. A strong dependence of the statistical
fluctuations on the method is evident. Deviation of measured data from regression lines
increases slightly at higher temperature gradients. These errors are predominantly caused
by averaging high spatial temperature gradients. Table 2 summarizes the regression analysis
results of calibration data. The best linearity of MR parameter changes1PMR versus fluoroptic
temperature changes1TFL (represented by the coefficient of determinationr2

CAL) in conjunction
with the lowest uncertainty of temperature prediction (represented by the standard error of the
inverted scatter plotσ1T ) was obtained applying the Pr probe in the MRS experiments. For
the tomographic methods, the best results were obtained using the water PRF shift followed
by theD and theT1 based methods. For all four MR thermography methods the uncertainty
of temperature prediction from calibration curves was less than 1◦C.

Table 2. Results of linear regression analysis of calibration experiments in a homogeneous
phantom for all four MR thermography methods. The analysis was based on a one-parameter
model (1PMR = mCAL1TFL). The number of measured data points wasn = 20.

Parameters of
linear regression analysis T1 D Water PRF Pr probe

Coefficient of 0.915 0.981 0.995 0.999
determinationr2

CAL
Slope of the regression line 1.60± 0.05%◦C−1 2.21± 0.04%◦C−1 12.6± 0.2◦ ◦C−1 0.128± 0.001 ppm◦C−1

(temperature sensitivity)
mCAL

Standard error of inverted 0.93◦C 0.48◦C 0.22◦C 0.11◦C
plot (uncertainty)σ1T

3.2. Maps of temperature changes

For the three tomographic methods maps, of temperature changes based on the calibration
curves (mCAL) were generated for the central transverse cross section of the phantom (figure 2).
Those were superimposed with contour plots of 0.5 ◦C isotherms of relative temperature
changes. For Pr based thermography, contour plots of 1◦C isotherms of absolute temperature
were rendered (figure 3). These maps cannot be quantitatively compared because they
were acquired during the dynamic process of heating. However, a qualitative similarity of
temperature distribution can be observed. The slight asymmetry of temperature distribution is
probably caused by an asymmetrical arrangement of the fibreoptic sensor array with respect
to the phantom axis.
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Figure 1. Scatter plots and regression lines showing the linear dependence between fractional
changes of the four MR specific temperature indicators and temperature changes measured
fluoroptically (calibration experiments):T1 (a), D (b), water PRF (c) and Pr probe (d). The
linear regression analysis was based on a one-parameter model.

3.3. Verification of temperature maps

The verification of temperature maps was performed by comparing MR measured temperature
changes1TMR with directly (fluoroptically) measured temperature changes1TFL. Figure 4
shows the correlation between1TMR and1TFL in scatter plots. For all four methods the
linearity still holds. However, due to error propagation the deviation of measured data from
regression lines is higher than in the calibration experiments. Errors in the tomographic
experiments are now not predominantly caused by averaging high spatial temperature gradients.
Rather, there are various error sources which cause deviations uniformly distributed over the
whole temperature range.
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Figure 2. Maps of temperature changes with 0.5◦C isotherms obtained applying methods ofT1 (a),
D (b) and water PRF based MR thermography (c) in the central transverse slice of the phantom.

Table 3 summarizes results of the regression analysis regarding the mapping experiments.
In the case of the CSI experiment, spatial averaging increases errors due to the coarse matrix
16× 16). The most favourable results quantified by the correlation coefficientrMAP and the
root mean squared deviation, RMSD, were achieved using the water PRF method, followed by
D andT1 based methods. The uncertainty of1TMR indicated by the RMSD is considerably
higher thanσ1T in the calibration experiments but remains below or near the required limit of



618 W Wlodarczyk et al

(a)

(b)

Figure 3. Spin echo image of the central transverse slice of the phantom superimposed with the CSI
grid (a) and contour plot of 1◦C isotherms obtained by the Pr based MR thermography method (b).
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Figure 4. Scatter plots and regression lines showing the correlation between temperature changes
measured applying the four MR thermography methods and temperature changes measured
fluoroptically (mapping experiments):T1 (a), D (b), water PRF (c) and Pr probe (d). The linear
regression analysis was based on a two-parameter model.

1 ◦C for all four MR thermography methods. Thus, the temperature resolution of 1◦C desired
for clinical use is achieved with all four MR thermography methods.

4. Discussion

To our knowledge, a systematic comparison of MR thermography methods with regard to
their thermal resolution and under approximately identical experimental conditions has only
been presented in parts. There exists a theoretical and experimental comparison of different
T1 based thermography methods (Le Roux and Saint-Jalmes 1993). Furthermore, methods
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Table 3. Results of linear regression analysis of mapping experiments in a homogeneous phantom
for all four MR thermography methods. The analysis was based on a two-parameter model
(1TMR = mMAP1TFL + bMAP). The number of measured data points wasn = 20 for theT1,
D and water PRF methods, andn = 12 for the Pr probe method.

Parameters of linear
regression analysis T1 D Water PRF Pr probe

Correlation coefficient 0.955 0.976 0.992 0.984
rMAP

Slope of regression line 1.06± 0.08 1.02± 0.05 1.05± 0.03 0.95± 0.05
mMAP

Intercept of regression line 0.23± 0.49 0.23± 0.31 −0.10± 0.18 0.92± 0.52
bMAP

Mean deviation MD −0.56◦C −0.33◦C −0.16◦C −0.48◦C
Root mean square deviation 1.06◦C 0.70◦C 0.41◦C 0.97◦C

RMSD

utilizing two different MR temperature indicators, such asD and water PRF, have been
experimentally compared, postulating superiority of the latter (De Poorteret al 1994). A
theoretical comparison of theD based method with a two-pointT1 measurement predicted
superiority of theT1 method (Saint-Jalmes 1995).

The comparison of the four MR thermography methods presented in this study was carried
out with regard to their feasibility for monitoring regional rf hyperthermia treatments in the
pelvis. This lead to the specific experimental set-up and measurement scenario. Thus the main
emphasis has been put on the spatial temperature gradients which are of particular importance in
rf hyperthermia in the pelvis. Such hyperthermia treatments are impaired by regional parasitic
hot spots which are induced by dielectric discontinuities (muscle, fat and bone) of pelvic tissue.
The temporal temperature gradients are negligible because, in contrary to the thermoablative
interventions, the hyperthermic heating is a relatively slow process. These specific conditions
have been taken into account when planning the experiments with circulating and slowly
warming water as a heat source. The total duration of each experiment series of approximately
2 h corresponds to the maximum treatment time. In general, the temperature changes during
common MR acquisition times are very low. The largest differences between temperature
values measured fluoroptically at the beginning and at the end of the acquisitions were less
than±0.2 ◦C. In order to avoid even these remaining temporal effects, thermal equilibrium
should be obtained before each temperature measurement. Using our experimental set-up,
this would prolong the duration of the entire experiment for far longer than the duration of
hyperthermia treatments, giving rise to more problems with instabilities of the MR tomograph
(De Poorteret al 1995).

In future clinical applications for monitoring hyperthermia treatments the MR
thermography methods should first be calibrated in order to get calibration data for on-line
temperature monitoring. This is especially necessary when aT1 based method is intended
to be used, becauseT1 and its temperature induced changes are tissue dependent. For the
water PRF method calibration is useful to better discriminate between muscle and fat tissue.
The reason for the calibration of theD method is the dependence of the activation energy
on the tissue structure. Performing calibration and mapping experiments on different days,
i.e. repositioning and reheating the phantom in between them, should approach this intended
scenario. In this way, we added to the original statistical errors other uncertainties due to error
propagation.

The calibration experiments provided accuracies for prediction of temperature changes
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from MR indicator changes to be better than 1◦C. The accuracy of thermometry based on the
Pr probe using MRS (±0.11◦C) proved even to be on the scale of the fluoroptic thermometer.
The order of other methods with regard to accuracy was: water PRF,D andT1. In the mapping
experiments, the three thermographic methods showed only slightly reduced temperature
resolution compared with the calibration results. Still being better than or around 1◦C,
the highest temperature resolution was now achieved with the water PRF method (±0.4 ◦C)
followed, as above, byD andT1 methods. Unfortunately, the Pr probe approach was here
hampered by a coarse matrix resulting in errors from averaging over spatial temperature
gradients. Nevertheless, the potential of the Pr probe as an exogeneous temperature indicator
has been clearly demonstrated in the calibration experiment. This potential can be exploited
when faster CSI sequences are applied, allowing higher planar resolution to be obtained without
prolongation of the acquisition time (Hentschelet al 1998b, Noeskeet al 1998).

These promising results were achieved with relatively long acquisition times of
approximately 4 min and relatively high planar resolution (at least for tomographic methods).
The rather long total acquisition time was due to the slow CSI sequence. The high planar
resolution was necessary for the phantom experiments in order to avoid averaging errors when
verifying the MR thermography by fluoroptic thermometers. Although, the planar resolution
was not exactly equal, it was on the same scale (128–256× 256) at least for the tomographic
sequences. Unfortunately, only a very low planar resolution of 16× 16 was obtained by
applying the CSI sequence. This planar resolution is too low to resolve spatial temperature
gradients and results in considerable averaging errors in mapping experiments. It is true
that it would be desirable for the purpose of a consistent comparison to apply equal spatial
resolution for all sequences. Unfortunately, such comparison between the tomographic and CSI
sequences was not possible with the available equipment. On the other hand, if we restricted
this comparison only to the tomographic sequences, it would be possible to reduce the image
matrices of all sequences to the common denominator, i.e. to the coarsest matrix of 128×256,
and hold constant the total acquisition time constant by appropriate averaging or adjustingTR.
However, we decided to get the largest planar resolution possible for every sequence. Thus
different numbers of phase encodings resulted in different planar voxel dimensions and so
in different SNR conditions. However, these different SNR conditions have been equalized
during quantitative evaluation by holding constant the actual areas of the specified regions of
interest (approximately 10 mm2). On the other hand, the qualitative analysis resulting in plots
of isotherms requires so many method-specific image processing steps that these different SNR
conditions can be neglected. Finally, a common base for quantitative evaluation of both the
tomographic and the spectroscopic experiments would result in an extreme enlargement of
the tomographic regions of interest to match the large planar dimensions of the CSI voxels.
This would unnecessarily worsen the tomographic results at the expense of a fair comparison
between the methods.

For temperature monitoring during hyperthermia treatments (in vivo) a lower planar
resolution of approximately 1 cm2 is still sufficient and the acquisition times can be
considerably reduced. In addition, various other problems must be solved. Optimizing pulse
sequences for one specific tissue can be disadvantageous for tissue species with different
MR properties. Pulse sequences with non-optimal parameters can deteriorate the accuracy
of mapped temperature distributions. In addition,T1, D and water PRF based calibration
functions deviate from the linear behaviour due to physiological and metabolic changes in
tissues during thermal exposure (Lewa and Majewska 1980, Lewa and de Certaines 1995,
Younget al 1994a, b, MacFallet al 1995).

Besides this, there are specific problems related to each MR thermography method itself.
AccurateT1 measurements are difficult and sensitive to inhomogeneities ofB1 field and/or
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imperfections of excitation pulses, especially as their frequency blurs in the presence of
the slice selection gradients or drifts during heating. Extraction of the temperature induced
changes ofD is disturbed by motion and perfusion, especially when using conventional pulse
sequences. Water PRF based monitoring of temperature changes, which appears at present
to be the most promising of all tomographic methods, requires an absolute stability of the
static magnetic field or a reliable tracking of the instabilities. Applications of water PRF
in vivo are also impaired by susceptibility induced phase changes due to deoxyhaemoglobin
or myoglobin level shifts mimicing temperature changes (Younget al 1996). Furthermore,
the two susceptibility constants are temperature dependent as well. The diamagnetic volume
susceptibility constant depends on temperature with 0.0026× 10−6 ◦C−1 (Weast and Astle
1981), whereby the paramagnetic volume susceptibility constant is inversely proportional to
the absolute temperature according to the Curie law (for example Portis 1978). In contrast to the
T1,D and Pr based methods, MR thermography based on the water PRF always requires basal
reference measurements. This makes it prone to all kind of misregistration errors. Another
drawback of the water PRF method is its apparently lower accuracy in low water content
tissues, such as fat, where the screening constant is temperature independent (De Poorteret al
1995).

In summary, the water PRF method is the most promising candidate for MRI based
thermography. However, the Pr probe with CSI has the potential of improved temperature
resolution (even for detection of absolute temperature). Currently, its drawbacks include
limited spatial resolution in conjunction with long acquisition times, and the unknown
concentration of Pr-MOE-DO3A acceptable in patients for clinical applications. It finally
requires advanced MR technology to become a serious rival to the water PRF method (EPI
spectroscopic imaging). TheD method appears to be inferior to the water PRF method.
However, once ultrafast gradients can be provided, this approach should be reconsidered.
T1 based methods, finally, do not appear to be competitive compared with the other methods
for non-invasive monitoring in hyperthermia.
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