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Noninvasive MRI Thermometry with the Proton
Resonance Frequency (PRF) Method: In Vivo
Results in Human Muscle

John De Poorter, Carlos De Wagter, Yves De Deene, Carsten Thomsen,
Freddy Stahlberg, Eric Achten

The noninvasive thermometry method is based on the tem-
perature dependence of the proton resonance frequency
(PRF). High-quality temperature images can be obtained from
phase information of standard gradient-echo sequences with
an accuracy of 0.2°C in phantoms. This work was focused on
the in vivo capabilities of this method. An experimental setup
was designed that allows a qualitative in vivo verification. The
lower-leg muscles of a volunteer were cooled and afterwards
reheated with an external water bolus. The temperature of the
bolus water varied between 17°C and 37°C. The in vivo tem-
perature images can be used to extract the temperature in
muscle tissue. The data in the fat tissue are difficult to inter-
pret because of the predominance of susceptibility effects.
The results confirm the method's potential for hyperthermia
control.
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INTRODUCTION

MRI based noninvasive thermometry methods exploit
the temperature dependence of a physical property
whose spatial distribution can be visualized. Two phys-
ical tissue properties have been suggested as good can-
didates, namely the spin-lattice decay time, 7\,(1, 2) and
the molecular diffusion coefficient of the water mole-
cules, D, which quantifies the thermal Brownian motion
(3). In vivo thermometry based on Tx proved to be diffi-
cult because of the thermo-regulative perfusion changes
during cooling or heating (4). Also, hysteresis effects
between signal intensity and temperature can occur for
specific dynamic measurement protocols (5). Perfusion
changes can be quantified with the diffusion-based ther-
mometry technique (6) but in vivo implementations suf-
fer from an extremely high sensitivity to tissue motion,
The motion sensitivity of the diffusion method can be
reduced by applying a line-scanning technique (6, 7).
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Reliable in vivo thermometry results in human muscle
have been obtained. The signal to noise was improved by
employing big voxel sizes and several acquisitions de-
creasing the spatial and temporal resolution of the tech-
nique. Single-shot techniques like echo-planar imaging
(EPI) will reduce the motion sensitivity of the diffusion
measurements but also give rise to special hardware de-
mands and a reduced signal to noise ratio (8).

We considered a third method based on the tempera-
ture dependence of the proton resonance frequency
(PRF). This method provides a significantly better accu-
racy during in vitro experiments than the diffusion-based
method (9, 10). Its attractive, spatial, and temporal reso-
lution indicates the possible application for the control
and dosimetry of a hyperthermia treatment. Those treat-
ments are based on the sterilizing or killing effect of
tumor tissue heated above a threshold temperature of
around 42°C (11). Phase transitions of the heated tissue
may occur above 42°C. This will compromise thermom-
etry methods that are based on specific properties of the
tissue, including the PRF method. The effects of phase
transitions were not investigated in this study.

The exploration of the temperature dependence of
the PRF for thermometry is not new (12). The method
has been used in spectroscopy to monitor temperature
in cell cultures (13). It gained importance for imaging
purposes when the idea was introduced by Ishihara et
al. to measure the temperature-related frequency shifts
from the phase images of gradient-echo sequences (14).
The mean phase in a voxel that was built up during the
echo time is proportional to the frequency shift. The
advantages of this method are clear. No special hard-
ware is necessary, a standard gradient-echo sequence
can be used and short acquisition times lie within the
possibilities. However, the method puts high demands
on the temporal stability of the external magnetic flux
density. The drift of this external field during the
thermal process will enhance the temperature related
changes. Our previous work demonstrated that the
mean drift can be corrected by using external reference
phantoms that remain at a fixed temperature (9). In this
paper, we propose a further improvement, namely the
correction for the first-order spatial variations of the
external field drift during the thermal experiment. Fur-
ther, in vivo results in the human lower leg muscles
will be presented. The obtained temperature distribu-
tions will only be verified on a qualitative basis. A
quantitative analysis of the in vivo temperature distri-
butions will be the subject of future studies.
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MATERIALS AND METHODS

Theoretical Considerations

An object with aj. volume susceptibility \ o *s placed in a
uniform external njjagnetic-flux-density field Bext. The
macroscopic magnetic flux density Bmac can be deter-
mined in and outside the object from Maxwell's equa-
tions in matter. This field is a function of the external
field, the geometry and the volume susceptibility of the
object. The PRF of that object is proportional to the
magnitude of the local magnetic flux density BIoc. This is
the field at the protons of the molecules in the object. The
screening constant ais of the molecules in interaction
with its neighbors relates the local field with the macro-
scopic field. An approximated relation between these
fields is given by (15)

^ Bmac(r) - (T(r))Bext. [1]

where T[r) is the temperature at position r inside the
object. Hydrogen bonds distort the electronic configura-
tion of the molecules (16) resulting in a less effective
electronic screening. Because the fraction and the nature
of the hydrogen bonds in water vary with temperature
(17), the screening constant and the nuclear magnetic
resonance frequency will also change. The screening
constant of pure water has a linear temperature depen-
dence over a broad range (18). This range includes the
temperature region of interest for hyperthermia, namely
from 37 to 45°C. As a result, the magnitude of the local
magnetic flux density decreases with 0.01 ppm/degree
Celsius temperature elevation.

An important complication is the fact that the local
magnetic flux density will also change with temperature
due to the temperature dependence of the susceptibility
constant (Eq. [l]). The temperature sensitivity of the sus-
ceptibility is dependent on the tissue type. We have
examined these effects quantitatively in muscle and fat
tissue and compared them with the temperature depen-
dence of the tissue screening constant. A detailed discus-
sion of these measurements is published elsewhere (19),
and we will only summarize the results. The muscle
tissue behaves like water, so its screening constant has
the same temperature dependence as water and the sus-
ceptibility-related changes of the local field can be ne-
glected in a first approximation. The screening constant
of fat tissue, however, does not change significantly over
the temperature range of interest for hyperthermia. Shifts
in the magnitude of the local field in fat are therefore
mainly related to the temperature dependence of the
susceptibility. This dependence proved to be of the same
order of magnitude as that induced by the change of the
muscle screening constant. This makes temperature
changes in fat tissue difficult to examine with the PRF
method. Another important result of our study of suscep-
tibility effects is that strong paramagnetic substances
should be used with great care. They effect the macro-
scopic magnetic flux density significantly in a region
around the objects. Therefore the cooling water of the in
vivo experiment was not doped with a paramagnetic salt,
a measure generally taken to avoid motion artifacts in the
images.

A gradient-echo sequence with an echo time TE allows
measurement of the phase distribution, altered by field
differences, relative to a reference phase distribution.
The thermally induced phase difference A<p(r) will be
proportional to the temperature difference AT(r), ignor-
ing temperature related susceptibility effects (9). If a is
the proportionality constant of the linear temperature
dependence of tris[T), the temperature dependence of the
phase (A<p/AT) is given by

A<p(r)

AT(r)
= y Bexta TE, [2]

where y is the gyromagnetic ratio of hydrogen and Bext

the amplitude of the external magnetic flux density vec-
tor. This relation assumes that the amplitude of the ex-
ternal field in the voxel did not vary during the thermal
experiment. For pure water in a 1.5 T system and for a TE
of 30 ms, the temperature dependence of the phase has
the value 6.90(°Cr\

Drift of the external-field strength will induce a shift in
the amplitude of the local field which in a good approx-
imation is material and temperature insensitive. This
gives rise to an extra phase shift, that we will call the
phase drift. This phase drift can be measured with a
reference phantom that remains at a constant tempera-
ture if the external field drift is uniform over the image
plane. For our scanner this is not the case. Experiments
prove that the phase drift varies linearly over a transver-
sal image. We used three reference phantoms to recon-
struct this first-order space-dependent phase drift.

Experimental Procedures

The experiments were conducted on a Siemens 1.5 T SP
scanner, using the built-in gradient system and the stan-
dard circularly polarized head coil. The gel phantoms
consisted of 1.5% agarose gel (Sigma, type V, high gelling
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FIG. 1. A horizontal and vertical projections of the experimental
setup used in the phantom experiment.
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FIG. 2. Scheme of the postprocessing algorithm that calculates temperature images from the phase images.

temperature) doped with- 0.2 g/liter CuSO4 (Aldrich,
98%). Invasive temperature measurements were per-
formed by means of fiber optic probes of a Luxtron flu-
oroptic 8 channel system (model 3000). The Luxtron
thermal probes are single point, type MPM, and have a
diameter of 0.5 mm. The experiments were realized by
use of a gradient-echo sequence with the following im-
aging parameters: repetition time TH ™ 250 ms, echo time
TE — 27 ms, flip angle FA ™ 40°, orientation transverse,
resolution 256 X 256, field of view FOV = 220 mm, and
slice thickness • 10 mm. A reduction of the blood flow
motion artifacts was obtained by using two saturation
bands of 5 cm, on both sides of the image plane. The
distance between the center of the image plane and the
saturation bands was 3.2 cm. The resonance frequency
during the measurements was 63.60903 MHz. The mag-
netization was brought into a steady-state regime by per-
forming measurements without data acquisition during
5 s. The total measurement time became 69 s. Image
postprocessing was done on a DIGITAL DECstation 5000/
200.

A phantom experiment and an in vivo experiment are
described. The phantom experiment illustrates the devel-

oped correction mechanism for the phase drift while the
in vivo experiment demonstrates the method's relevance
for in vivo thermometry.

For the phantom experiment, a cylindrical phantom
with a small central tube was placed horizontally in the
head coil (Fig. 1). This phantom will be referred to as the
central phantom. It's small central tube is not relevant for
this experiment. It was of use in previous experiments.
The central phantom was surrounded by four small cy-
lindrical reference phantoms (inner diameter — 1.4 cm,
length • 10 cm). Before starting the measurements, the
whole setup was placed in the scanner tunnel for 10 h to
obtain a thermal equilibrium. A set of 127 measurements
were performed during this thermal equilibrium. The
measurements were separated with 51 s of waiting time,
which results in one measurement every 2 min. In com-
bination with the air temperature in the scanner tunnel,
the temperature in the reference phantoms and the cen-
tral phantom was monitored during the experiment. This
was done to verify the thermal steady state.

The first phase image of the set was subtracted from
each of the subsequent phase image. All the values that
were under a threshold value in the first amplitude image
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(a)

(b)

and

FIG. 3. (a) Transverse and (b) coronal amplitude images of the in
vivo experimental setup. The position of the temperature probes
(p1-p6) is also indicated.

were set to zero in every difference image. The subtrac-
tion algorithm was constructed to filter out the phase
aliasing of the original phase images (20). For every mea-
surement, a map of the magnetic field drift relative to the
first measurement was obtained by extrapolating the
phase differences of three of the four reference phantoms
linearly over the whole image. The fourth reference
phantom is only employed for the control of the correc-
tion algorithm. The mean value (A<p> and the standard
deviation sStf of the phase differences in the central
phantom pixels were calculated, according to the follow-
ing definitions,

[A (i) - (A
JV [4]

The number N corresponds with the number of pixels
within the central phantom. Three different post-pro-
cessing schemes were examined. In the first case, we
calculated the difference images without any further cor-
rection. Secondly, the mean phase drift of the reference
phantoms was subtracted from the difference images. In
the third case, the first-order-phase-drift map was sub-
tracted from the difference image implying a correction
for the spatial variation of the drift. The third correction
procedure was used in the further experiments. The al-
gorithm is shown schematically in Fig. 2. An extra step
allows a correction for possible temperature changes in
the reference phantoms. For in vivo experiments this step
is necessary as the temperature inside the scanner tunnel
can increase due to the body temperature.

During the in vivo experiment, we monitored the cool-
ing and reheating of the lower leg muscles of a volunteer.
The positioning of the legs, the reference phantoms, the
cooling element and the thermal probes (pl-p6) are visu-
alized in Fig. 3. The cooling element was placed close to
the right leg. Extra insulation material was placed be-
tween the left leg and the cooling element. The extra
circle under the left leg in Fig. 3a is a section of the tube
through which water flows to the cooling element. Two
different circulation pumps were used to provide pure
water at the controlled temperatures of 5°C and 37°C,
respectively. The cooling element was made of a polymer
with a high thermal conductivity, namely Epramid 6.6
KC (Eriks). A rigid cooling element was preferred be-
cause classical bolus elements moved when the water
was switched between the different pump systems. Ini-
tially, water of 37°C was pumped through the cooling
element. At time 0, a series of measurements was started,

V without correction
+ corrected for the mean drift
O corrected for the spatial dnft_

- 2 JV
[3]

FIG. 4. The mean value and the standard deviation of the phase
over the central phantom during the stability experiment. Different
correction schemes are applied to the images. Apparently, the
correction for the spatial drift, with the help of three reference
phantoms, results in a temporally stable and uniform phase dis-
tribution.
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FIG. 5. A phase difference image with a standard deviation of 16
degrees that was measured at t = 120 min. The iso-phase con-
tours of -80 c , -90°, 100°, -110°, -120° are drawn. The con-
tour configuration supports the assumption that the spatia! phase
drift is linear over the image.

spaced 2 min in time. After the second measurement {t ~
3 min), the cooling was switched on and after the 12th
measurement [t ~ 23 min), warm water was pumped
through the cooling element again. We stopped the pro-
tocol after the 29th measurement.

RESULTS

During the whole phantom experiment, the temperature
changes measured invasively remained below 0.2°C to
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0.3°C, The mean and the standard deviation of the dis-
tribution of phase differences in the central phantom are
drawn in Fig. 4 (v': without correction). The phase dif-
ferences are relative to the first phase image measured at
i ~ 0. The cause of the phase shifts measured are the
changes in the amplitude of the external magnetic flux
density. The mean phase in the central phantom changed
more than 100° during the 127 measurements and had an
oscillating behavior. A positive phase shift corresponds
io a decrease of the amplitude of the external field and
vice versa. The phase shifts of a measurement vary also
spatially, and this has been expressed by the standard
deviation of the set of pixels within the central phantom.
These standard deviations also vary between the consec-
utive measurements. The phase-difference image meas-
ured at t 120 min with a high standard deviation of 16
degrees is shown in Fig. 5. The iso-phase contours of

80", -90", -100°, 110°, 120* are drawn in the same
figure. The appearance suggests that the spatial variation
of the phase difference can be described by a two-dimen-
sional linear function.

The results for the two different correction schemes are
also plotted in Fig. 4. In the first scheme the mean phase
drift in the reference phantoms is subtracted from the
difference images (+: corrected for the mean drift). The
mean phase shift in the central phantom remains almost
zero after this correction, but the spatial variations and
the corresponding standard deviation remain unaltered.
Jl is only when three reference phantoms are used to
calculate the spatial distribution of the phase drift and
when this map is subtracted from the phase-difference
images that the correction is satisfactory (Fig. 4, O: cor-
rected for the spatial drift). In this case the phase in the
central phantom remains constant over the different ex-
periments.

The temperatures measured by thermal probes at the
skin surfaces and in the upper left reference phantom
during the in vivo experiment are plotted in Fig. 6a. The

reference phantom
skin surface temperature [p5]
skin surface temperature (j»6]_

FIG. 6. (a) Probe measurements
during the in vivo experiment, (b)
Time evolution of the mean phase
calculated over specific regions in
the PRF-images. The regions are in-
dicated in Fig. 7a, their surface is 16
mm2.

O—-~© muscle [1]
B • muscle [2]
O—Ofat[3]
*•-"•—* muscle [4]
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(a)

(c)
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FIG. 7. Corrected phase-difference images at (a) t = 2 min, (b) t - 22 min, (c) t - 40 min, and (d) t = 56 min after the starting of the cooling
process. The vertical bands in the images are motion artifacts due to the flow of the cooling water.

exact position of the probes is indicated in Fig. 2. Over
the whole time range, there is an increase of around 2°C
of the temperature in the reference phantoms. These
changes correspond with phase differences of 13.8°, so it
is necessary to correct for them (Fig. 3). The skin surface
temperature at the cooling element decreased with 2UDC
by the cooling process. There is also a smaller tempera-
ture decrease of 2° to 3rC at the skin surface of the left leg.

The corrected phase-difference images are visualized
in Fig. 7. All these images display motion artifacts due to
the flow of the cooling liquid. Initially, before cooling
(Fig. 7a), the phase-difference distribution in the fat and
muscles is uniform. After a cooling period of 10 min (Fig.
7b), a decrease of the phase in the muscles is observed
near by the cooling element. The phase of the fat layer in
between the cooled muscles and the cooling element is
increased during the cooling process. The reheating of
the muscles close to the fat layer is visible in Fig. 7c. At
t - 56 min (Fig. 7d), after 32.5 min of reheating, the phase
differences near the cooling element are becoming close
to zero, indicating that the temperature distribution re-
turns to its initial state. These results are quantitatively
illustrated in Fig. Bb, where the time evolution of the
mean phase differences at specific regions indicated in
Fig. 7a is drawn. These regions have a surface area of 16
mm2 and contain 16 pixels.

It can be seen that the temperature distribution is not
completely homogeneous at the end of the reheating (Fig.
7d}. Especially in the musculus gastrocnemius (muscle
|4| in Fig. 7a), there is an increase in phase in comparison
with the initial phase distribution. The time evolution of
the mean phase of a region in those muscles is also drawn
in Fig. 6b.

DISCUSSION AND CONCLUSIONS

The phantom experiment illustrates the effectiveness
of the proposed correction scheme. No significant tem-
perature changes were measured in the reference phan-
toms and in the scanner tunnel. Thus, there was no
heating because of the MR measurements themselves.

After the spatial correction, the maximum change of
the mean phase in the central phantom is 1.5 degrees,
and the maximum standard deviation 1 degree. This
corresponds to temperature changes of 0.2°C and 0.14°C.
respectively, applying the temperature sensitivity of the
phase for pure water, i.e., 6.9°(°C)""1. These results can be
compared with a similar experiment in our earlier work
(9). There the correction algorithm was tested in a phan-
tom during 4 h of a cooling process. The experiment
described now is in principle the same, only the temper-
ature distribution remains spatially and temporally con-
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stant. However, in our earlier work, the correction algo-
rithm loses accuracy after the 60 min of measurement.
We found out that the cause of this loss of accuracy was
a temperature decrease of 1°C in the scanner tunnel dur-
ing the measurements. This resulted in temperature vari-
ations in the reference phantoms and an imperfect phase
drift correction.

The oscillations in the phase drift prove that the origin
of the phenomenon is not only the decay of the super-
conductive current. In previous work (9), the space-de-
pendent phase drift was not that important. There the
measurements were more separated in time (10 min). The
origin of the drifting processes are not yet understood,
only the conclusion that the time constants of the phe-
nomena are in ftie order of minutes can be made.

The PRF images of the in vivo experiment are of a good
quality and demonstrate the sensitivity of the method to
temperature induced changes of the local magnetic flux
density. The phase of the muscle tissue decreases when it
is cooled. This corresponds with the behavior of pure
water. The lowest temperatures measured in the muscles
are 5°C lower than the initial temperature when the
a-value of water (Eq. (2j) is used. The PRF images (espe-
cially Fig. 7b) illustrate the insulating function of the fat
layer. The temperature decrease in the muscle is higher
where the fat layer is thinner.

The fact that the phase in the fat layer close to the
cooling element increases illustrates that fat tissue does
not behave like pure water. This is because the fat struc-
ture is not determined by hydrogen bonds. It will be
shown in our paper about susceptibility effects that the
extraction of the temperature distribution from the phase
distribution is not a trivial problem. This has its conse-
quences for the method as a noninvasive thermometry
tool.

Most of the phase reductions due to the muscle cool-
ing, disappear after the reheating (Fig. 7). This process is
without any hysteresis. But in the final images, there are
regions in the muscle and fat tissue with a significant
phase difference with respect to their initial phase [t — 0
min). For instance, in the musculus gastrocnemius these
phase changes are significant with respect to temperature
related phase changes in the cooled regions. These "hot"
places in the muscles are situated where no cooling took
place. A possible explanation can be that the origin of
these changes are small deformation of the lower leg
during the thermal process. When amplitude images of
the beginning and of the end of the experiment are com-
pared, it looks like the legs are a little deformed or dis-
placed. These deformations in the phase images are also
seen in Fig. 7. The muscle structure becomes more visi-
ble as the experiment progresses. The first PRF image
(Fig. 7a) is almost completely homogeneous. The muscle
outlines are better visible in Figs. 7b-7d, and this can be
explained by small displacements. Other sources of
phase variations are perfusion changes and changes in
the oxygenation level of the blood. Because the suscep-
tibility of blood is a function of the blood oxygenation
level (21), the macroscopic magnetic flux density can
vary with this level. The order of magnitude of these

changes is a complex function of the distribution and
orientation of the blood vessels in the muscles. Good
models are necessary to study these perfusion effects and
to determine whether these effect are of any importance
to the PRF data.

We conclude that the PRF method is an attractive tool
to study time-varying temperature changes in muscle
tissue. The temperature images can be explained on a
qualitative basis. Because of the good quality of in vivo
temperature images and the reasonable acquisition times,
the application of the method for hyper-thermia control
remains feasible. Drawbacks of the method are the diffi-
culties to examine temperature distribution in fat tissue,
and the possible sensitivity of the method to parameters
other than temperature.
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