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A new temperature measurement procedure using phase 
mapping was developed that makes use of the temperature 
dependence of the water proton chemical shift. Highly accu- 
rate and fast measurements were obtained during phantom 
and in vivo experiments. In the pure water phantom experi- 
ments, an accuracy of more than -c 0.5"C was obtained within 
a few secondslslice using a field echo pulse sequence (TR/TE 
= 115113 ms, matrix = 128 x 128, number of slices = 5). The 
temperature dependence of the water proton chemical shift 
was found to be almost the same for different materials with 
a chemical composition similar to living tissues (water, glu- 
cide, protein). Using this method, the temperature change 
inside a cat's brain was obtained with an accuracy of more 
than 2 1°C and an in-plane resolution of 0.6 x 0.6 mm. The 
temperature measurement error was affected by several fac- 
tors in the living system (B, shifts caused by position shifts of 
the sample, blood flow, etc.), the position shift effect being the 
most serious. 
Key words: temperature mapping; water proton chemical 
shift; temperature dependence; phase mapping. 

INTRODUCTION 

Mapping the temperature distribution inside a body en- 
ables the diagnosis of disorders such as blood circulation 
and metabolic abnormalities, because body temperature 
is closely related to physiological functions. Recently, 
breast cancer and arterial stenosis of the extremities were 
diagnosed by observing the temperature distribution and 
the temperature recovery process of the region of interest 
after heating or cooling the body (1-3). The efficacy of 
temperature mapping for evaluating myocardial isch- 
emia using intraoperative cardiothermography has been 
reported (4 -6), and it has also been pointed out that body 
temperature should be monitored during and after car- 
diac surgery to assure that proper temperature regulation 
is occurring and to predict low cardiac output syndrome 
(7). In addition, noninvasive temperature monitoring 
during hyperthermia (8 ) ,  other thermotherapies using 
higher temperatures than hyperthermia, and noninci- 
sional surgery using focused ultrasound ( % l o )  and laser 
treatments (11) is highly desirable for confirming the 
heating regions and heating efficiency. 
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Most NMR parameters such as the equilibrium magne- 
tization M, (12, 13), the spin-lattice relaxation time TI 
(13-ZO), and the spin-spin relaxation time T, (13, 14) 
exhibit temperature dependence. In most cases, however, 
it is difficult to measure accurately the inner body tem- 
perature using only these parameters, because it is diffi- 
cult to measure their values separately, and the temper- 
ature dependence of each parameter varies from organ to 
organ and tissue to tissue (15, 19, 20). 

Recently, noninvasive temperature mapping using the 
molecular diffusion coefficient D of water was reported 
(21-25). This method has shown good results with phan- 
tom experiments, giving temperature measurements with 
an accuracy of 2 0.2"C, a spatial resolution of 0.5-1.0 cm, 
and data acquisition times of 2-5 min (23, 24). However, 
multiple measurements are necessary to determine D, 
which extends the measurement time. Moreover, the ac- 
curacy of this method seems to be poor in the case of 
living systems, because the temperature dependence of D 
is greatly affected by the tissue activation energies 
(which vary with temperature (25)) and by such tissue 
conditions as denaturation (26). In vivo measurements 
require the knowledge of these activation energy values 
for every tissue of interest. 

As with D, it is well known that the pure water proton 
chemical shift is proportional to the temperature (about 
-0.01 ppm/"C) (27-31). This temperature dependence 
has been interpreted as resulting from the rupture (27- 
29), stretching, or a small amount of bending of the 
hydrogen bonds (29, 30). It has been shown that the 
temperature distribution can be measured from changes 
in the water proton chemical shift with temperature (32). 
It is difficult, however, to detect these changes with high 
accuracy because the temperature dependent coefficient 
is small and only large temperature differences can be 
observed qualitatively. 

We have demonstrated that temperature mapping 
based on three-dimensional magnetic resonance spectro- 
scopic imaging (3D-MRSI) and a spectral estimation 
method improves the temperature resolution (3 3 ,34) .  We 
have also verified that the temperature dependence of the 
water proton chemical shift for different tissues in vitro is 
almost the same as for pure water (35). This specific 
temperature dependence means that no calibration 
curves for each tissue are needed. As another advantage, 
there is the possibility of measuring the absolute temper- 
ature using the chemical shift differences between water 
and fat (which has no hydrogen bonding) (34). This 
means that the magnetic field homogeneity and volume 
susceptibility changes with temperature (36) can be com- 
pensated using the fat chemical shift as an inner temper- 
ature reference. The disadvantages are poor spatial and 
temporal resolutions. 
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To overcome the poor spatial and temporal resolu- 
tions, we proposed a fast and precise temperature map- 
ping method based on such chemical shift properties (37) 
that makes use of phase mapping (38). Comparisons be- 
tween the numerical simulations of the thermal process 
and the experimental results have shown that this 
method is superior to the diffusion method (39). In this 
paper, we evaluate the accuracy of this technique using 
phantom experiments and confirm the temperature de- 
pendence of the water proton chemical shift differences 
between individual materials with chemical composition 
similar to living tissue. The possibility of mapping accu- 
rately the inner body temperature distribution is demon- 
strated by imaging that of a cat's brain. Previously, only 
qualitative images of human muscle had been obtained 
(40). We also point out in this paper that the magnetic 
field changes caused by a position shift of the subject can 
seriously degrade the temperature accuracy, especially in 
regions of the large field inhomogeneity. 

PRINCIPLE 

It is generally assumed that the water proton chemical 
shift to lower frequencies with higher temperatures is 
caused by rupture, stretching or a small amount of bend- 
ing of the hydrogen bonds (27-30). This means a reduc- 
tion in the average degree of association of the water 
molecules, and hence that these shifts are evidence of an 
increased average shielding constant of the protons. This 
proton chemical shift change with temperature is 
thought to be caused by the observed variations of the 
magnetic field inhomogeneity. In fact, the local magnetic 
field inhomogeneity ABo can be represented as the sum 
of the field inhomogeneity 6Bo and the chemical shift 
field caused by magnetic shielding effects Bc, which 
depends on the temperature distribution T(R). 

ABo(T(9t)) = 6Bo(%) + Bc(T(32)) [I1 

in which R represents a spatial vector. The inhomogene- 
ity of the magnet and the magnetic susceptibility of the 
sample produce 6Bo. It must be canceled out to measure 
the variations of the chemical shift field ABc with tem- 
perature only, for which it is assumed that 6Bo does not 
change with temperature for diamagnetic materials. 
These variations can be calculated by subtracting the 
field distribution AB,(T,(%)) at a reference temperature 
To from the field distribution AB,(T(%)) after a change in 
temperature. We obtain, then, the field distribution dif- 
ference as a function of the temperature distribution dif- 
ference AT(%). 

Such field inhomogeneities can be calculated from the 
phase image 0(%] obtained with the phase mapping 
method using the pulse sequence shown in Fig. 1 (38). 
The time difference T between the 90 to 180 degree pulse 

time t, and the 180 degree pulse to spin echo time t, 
encodes the field distribution as the phase value: 

0(T(R)) = Y ABo(T(W) 5- 131 

where y is the gyromagnetic ratio. The temperature dis- 
tribution can then be calculated using the following 
equations that subtract the phase distribution at a refer- 
ence temperature from that after a change in temperature: 

= [@(T(R)) - e(TO(9v)Y. Y T B O  

where a is the temperature dependent coefficient of the 
water proton chemical shift expressed in ppm/"C. It is 
well known that a for pure water is about -0.01 ppm/"C 
(27, 29, 30). 

The temporal resolution obtained with a field echo 
pulse sequence is superior to that obtained with a spin 
echo pulse sequence. In this case, T is equivalent to the 
echo time TE of the field echo pulse sequence. 

METHODS 
Accuracy of This Method 

All the temperature mapping experiments were per- 
formed using a 4.7 T MRI system (Toshiba, Kawasaki, 
Japan) with a 300-mm magnet bore. The measurement 
error was evaluated with phantom experiments. A spher- 
ical phantom (6 40 mm) filled with a 1% NaCl solution 
with dielectric constant and electric conductivity similar 
to biological tissue at 200 MHz was fixed to a quadrature 
type probe (4 120 mm). First, to evaluate how the mea- 
surement error is affected by system instabilities caused 
by shim current drifts, the transceiver radio frequency, 
the superconductive current, and noise, phase images 
were obtained with the field echo pulse sequence every 
10 min for 2 h (TRITE = 115/13 ms, matrix size = 128 X 
128, FOV = 85 X 85 mm, number of slices = 5, and slice 
thickness = 3 mm), after 5 h of positioning the phantom 
and turning on the system. The four 5 X 5-pixel regions 
of interest (ROI) were chosen to evaluate the measure- 
ment error and detect any error distributions. 

Second, to obtain the phase images with temperature 
changes and to evaluate the measurement error, the 
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FIG. 1. Phase mapping pulse sequence. 
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phantom was subjected to inductive heating using a con- 
tinuous wave at 200 MHz and 10 W. The measurement 
error was estimated using the temperature obtained with 
a copper-constantan thermocouple placed near the cen- 
ter of the phantom. Phase mapping with the field echo 
pulse sequence using the above-mentioned sequence pa- 
rameters was carried out to obtain the phase images. In 
this experiment, horizontal measurement planes were 
selected. The phase images inside the phantom were 
then measured every minute during the cooling process. 
The phase differences at each temperature were calcu- 
lated by subtracting from these images the phase image at 
the reference temperature before heating. To estimate the 
accuracy, the temperature dependence of the water pro- 
ton chemical shift of this solution had to be determined 
using these different phase distributions. A ROI neigh- 
boring the thermocouple was chosen to remove the ther- 
mal inhomogeneities caused by the inductive heating, 
and the mean phase value in the ROI was obtained to 
remove the dispersion in the phase images due to noise. 
The chemical shift changes obtained from the phase 
value in the ROI were compared with the temperatures 
measured by the thermocouple. 

Temperature Dependencies of the Water Proton 
Chemical Shift for Individual Tissues 

The temperature dependencies of the water proton chem- 
ical shift for different tissues were evaluated using ma- 
terials similar in chemical composition to biological tis- 
sue. Agar and the white of an egg were chosen as a 
glucide and a protein, respectively. Each material was 
enclosed in a spherical glass container and degassed by 
aspirating and boiling to suppress the growth of bubbles 
during heating. Each sample was solidified by cooling it 
after placing a thermocouple at its center. The tempera- 
ture of the samples was controlled by inductive heating. 
The phase images were measured and processed with the 
procedures mentioned above. In addition, the tempera- 
ture dependence in chicken muscle was also evaluated. 
In this case, the chicken muscle was wrapped in thin 
vinyl film to prevent evaporation by heating. The tem- 
perature dependencies for individual materials were ob- 
tained from the mean phase value in the ROI neighboring 
the thermocouple plotted against the temperatures mea- 
sured by the thermocouple. 

In vivo Imaging of the Internal Temperature Changes 

To confirm the feasibility of imaging a body's internal 
temperatures, anesthetized and immobilized cats were 
used for in vivo experiments. The whole body was heated 
with hot air at about 10°C above the surrounding temper- 
ature, or only the head was heated up to 40°C by induc- 
tive heating using the same heating procedure as for the 
phantom. The brain temperature changes were imaged 
and measured with thermocouples set under the dura 
mater. Body temperature was measured with a thermo- 
couple in the rectum. Temperature changes during the 
cooling process were also measured. 

RESULTS 

The phase measurement errors during the 2-h interval 
obtained after 5 h of turning on the system are shown in 
Fig. 2, where the mean values and standard deviations of 
the phase differences in the four ROIs in the central 
measurement plane have been plotted. The phase drifts 
of the mean values were within the range -3.8-+4.8 "C, 
which is less than the 5 5°C range corresponding to the 
worst case using a pure water temperature dependent 
coefficient. The measurement errors were interpreted as 
being produced mainly by magnetic field drifts and im- 
age noise, corresponding to the mean value drifts and 
standard deviations in Fig. 2, respectively, considering 
that the surrounding temperature changes were less than 
0.2"C during imaging. 

The experiment to confirm the temperature imaging 
accuracy of this method was carried out next. The inner 
temperature increased about lOoC from an initial temper- 
ature To of 35°C after heating the 1% NaCl solution 
phantom for 10 minutes. The phase difference images in 
the central plane at each temperature (AT = 4"C, 8"C, 
12OC, 16OC) are shown in Fig. 3. In this paper, the signs of 
the calculated phase differences and chemical shift 
changes have been inverted to have brighter image inten- 
sities correspond to higher temperatures. The phase 
changes are proportional to temperature changes. The 
temperature dependent coefficient of this solution was 
calculated from the relationship between the average 
phase value in the ROI near the thermocouple at the 
phantom's center and the temperatures measured by the 
thermocouple. This &lationship is shown in Fig. 4. The 
reason for averaging the phase values and selecting such 
a ROI is that each phase distribution was almost homo- 
geneous at the center of the phantom, whereas the tem- 
perature distributions at the edge were less homogeneous 
because of heat transportation by radiation. The result in 
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FIG. 2. Phase measurement errors caused by system instabilities 
during a 2-h interval obtained 5 h after positioning the solution 
phantom and turning on the system. The phase images were 
obtained with a field echo pulse sequence every 10 min. Each 
point represents the phase difference calculated by subtracting 
from each image the corresponding phase of the first image and 
averaging the values in the four ROls in the central measurement 
plane. 
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Fig. 4 gives a temperature dependent coefficient for the 
phase of 8.82 degree/"C, corresponding to the coefficient 
of a water proton chemical shift of -0.0098 ppm/"C. The 
standard deviation of the observed phase at each temper- 
ature was less than 1.5 degrees (corresponding to about t 
0.17OC) and the correlation coefficient was 0.999. 

The temperature dependencies of the water proton 
chemical shift for various materials are shown in Fig. 5 
and summarized in Table 1. Individual temperature de- 
pendencies were almost the same, although the phase 
deviation measured at each temperature was larger and 
the correlation coefficients were slightly smaller for the 
agar, the white of an egg and chicken muscle than for the 
1% NaCl solution. The reasons for these larger deviations 
seemed to be an inhomogeneous heating effect and local 
magnetic inhomogeneities caused by the bubbles pro- 
duced during heating. Although larger, these deviations 
were less than 0.003 ppm and too small to include in the 
figure. 

Figure 6 shows the estimated temperature error for 
each material calculated by subtracting the expected 
value obtained using the average temperature dependent 
coefficient of all the materials (-0.010 ppm/"C) from the 
measured value at each temperature change. These errors 
consisted of the difference of the mean values and stan- 
dard deviations mainly involving the effects caused by 
the magnetic field drifts and the image noise shown in 
Fig. 2, and the temperature dependence differences. The 

FIG. 3. Phase maps of the 1% NaCl 
solution phantom at different tempera- 
tures. The phase differences in images 
(a), (b), (c), and (d) reflect temperature 
changes AT of 4"C, 8°C. 12"C, and 
16°C from the reference temperature 
To of 35°C. The temperature changes 
were controlled using inductive heating 
with a continuous wave at 200 MHz 
and 10 W, and the  temperature was 
measured using copper-constantan 
thermocouples. 

deviations caused by only the differences in the temper- 
ature dependence were estimated to be less than 0.5OC, 
even if the temperature changes exceeded 10°C. 

In the whole body heating experiment, the brain tem- 
perature was raised to 37°C from an initial temperature 
To of 35°C. Figure 7 shows axial phase images of a cat's 
head (Fig. 7a) at different temperatures. The images in 
Figs. 7b, 7c and 7d reflect temperature changes AT of 
0.4OC, 0.8"C and 12°C from the reference temperature To 
of 35°C measured with the thermocouple set under the 
dura mater. In the head heating experiment, the brain 
temperature was raised to 38°C. Figure 8 shows phase 
images similar to those in Fig. 7. The images in Figs. 7a, 
7b, 7c and 7d reflect temperature changes AT of 0.6"C, 
1.Z0C, 1.8"C and 24°C from the reference temperature To 
of 35°C. Although it is desirable to heat the subject ho- 
mogeneously to obtain accurate measurement errors (e.g., 
with an extracorporeal bypass method), Fig. 7 and Fig. 8 
confirm that a heating distribution with acceptable ho- 
mogeneity was obtained in the center of the brain. Figure 
9 shows the chemical shift changes with temperature 
calculated using the mean phase value in the ROI near 
the thermocouple (Fig. 7a). The temperature dependent 
coefficient of the water proton chemical shift and the 
correlation coefficient were -0.0093 ? 0.0006 ppm/"C 
and 0.932 for the whole body heating experiment. Those 
for the head heating experiment were -0.0106 ? 0.0006 
ppm/"C and 0.953. 
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shift of a 1 % NaCl solution. The temperature changes were mea- 
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FIG. 5. Temperature dependence of the water proton chemical 
shift estimated for individual materials similar to living tissue and 
chicken muscle. The vertical axis shows the chemical shift differ- 
ences obtained from the phase values using eq. [3]. The deviations 
were too small to be included. The temperature dependence 
values are summarized in Table 1. 

Table 1 
Temperature Dependence of Individual Samples 

Object 
Temperature Correlation dependence coefficient 

room/w 
.I I -1 

1 % NaCl solution 0.0098 5 0.0003 0.999 
4% agar 0.0103 t 0.0006 0.997 
White of boiled egg 0.0091 5 0.0006 0.996 
Chicken muscle 0.01 14 ? 0.0006 0.987 

0 1% NaCl solution 
A 4%agar 

White of boiled egg 
+ Chicken muscle 

Y 

c 

FIG. 6. Temperature measurement errors for individual materials. 
These errors were obtained by subtracting the expected value 
obtained using the average temperature dependence (-0.01 0 
ppm/"C) from the measured value at each temperature change. 

The measurement errors surrounding the brain area 
observed in Fig. 7 and Fig. 8 corresponded to field inho- 
mogeneity changes produced by movements of the cat's 
head (Fig. 10). These phase images were acquired every 
30 min without temperature changes. The regions near 
the edge of the brain and the eyeballs were especially 
affected by these movements. 

DISCUSSION 

The advantages of this method have attracted the atten- 
tion of some researchers (36, 39-43), but there has been 
almost no discussion of the temperature dependence of 
materials similar to these in a living system and the error 
of this method. 

The measurement error of the experiments (< 1 O C )  was 
seen to be affected mainly by four parameters: magnetic 
field drifts caused by system instabilities, image noise, 
temperature dependence differences between individual 
materials, and susceptibility changes with temperature. 

Figure 2 was interpreted as the measurement error 
affected by image noise and magnetic field drifts caused 
by system instabilities. This was verified by observing 
that the temperature changes in the region surrounding 
the phantom (less than o.z°C) had no effect on the mea- 
surement error. In fact, the temperature near the thermo- 
couple was homogeneous (also less than 0.2"C). 
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The origin of the change of the mean phase values in 
Fig. 2 was considered to be the magnetic field drifts. 
Magnetic field drifts or fluctuations of 0.01 ppm will give 
a phase change corresponding to a 1°C temperature mea- 
surement error. There are several reasons for these mag- 
netic field drifts (eg., shim currents and transceiver fre- 
quency drifts). Slight thermal expansions of the shim 
coils caused by the shim currents may also generate 
magnetic field drifts immediately after the system is 
turned on. Although it was confirmed that typical long- 
term drifts were less than 0.001 ppm/h in our system, 
measurement errors seemed to result from the short-term 
fluctuations caused by the above-mentioned factors, 
which determine the intrinsic accuracy of the system. 
This effect was seen to be less than 2 0.5OC from the 
result in Fig. 2. 

On the other hand, the standard deviations of the 
phase for each measurement shown in Fig. 2 were con- 
sidered to be caused by image noise. The errors caused by 
these phase deviations are approximately given by 
Tan-'[l/(S/N)] (S/N being the image signal to noise ra- 
tio). In this experiment, image noise produced a phase 
deviation of about 5 degrees, in agreement with the re- 
sults in Fig. 2. A spatial resolution lower than 0.66 X 0.66 
X 3 mm would lead to more accurate temperature mea- 
surements if we consider the temperature distribution to 
vary gradually. In this case, the T,* effect inside a voxel 

FIG. 7. Phase maps at different 
temperatures obtained from a cat's 
head in t h e  axial plane (a) under 
whole body heating using hot air at 
about 10°C above the ambient tem- 
perature. The phase differences in 
(b), (c), and (d) reflect temperature 
changes AT of 0.4"C, 0.8"C, and 
1.2% from the reference tempera- 
ture To of 35°C. 

was taken into consideration to determine the optimum 
voxel size. 

The differences in the temperature dependent coeffi- 
cients of the water proton chemical shifts between dif- 
ferent tissue types generate measurement errors. The dif- 
ferences were less than 0.0023 ppm/"C with the materials 
used in our experiments (Table I), which generated a 
measurement error of less than 2 0.5"C within a 10°C 
range using the average temperature dependent coeffi- 
cient (-0.010 ppm/"C) instead of calibration curves for 
individual materials. The temperature changes during a 
study or a diagnosis are usually within the 30-40°C 
range, producing a measurement error of less than 0.5"c. 
Although these differences produce about a 2.5"C mea- 
surement error for a 50°C temperature change during 
cancer therapy using higher temperature heating, it is 
considered a reasonable value for confirming the heating 
region and heating efficiency. The total error involving 
these factors in the phantom experiment was estimated 
to be less than ? 1°C (Fig. 6). 

The similarity between the temperature dependent co- 
efficient for the brain tissue and those for the 1% NaCl 
solution, agar, white of an egg and chicken muscle was 
verified with the results of the cat experiment (Fig. 9), 
although the controlled temperature range was smaller. It 
seems possible, then, to map the temperature difference 
distribution with higher accuracy using the average tem- 
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perature dependence (-0.010 ppm/"C) than with other 
temperature mapping methods (TI, T2, D). It is necessary, 
however, to confirm the temperature dependence for all 
tissues and under such conditions as denaturation to 
measure the temperature distributions precisely. For our 
in vivo experiments, inasmuch as it was not possible to 
insert the thermocouple into the cat's brain too deeply 
and to heat the cat excessively, it was essential to have 
good agreement between the measurement plane and the 
thermocouple's position, as well as wide range tempera- 
ture control. 

In addition, magnetic field drifts caused by such fac- 
tors as position shifts of the subject, have to be consid- 
ered during in vivo experiments. Figure 10 shows how 
position shifts influence the phase error. Position shifts 
of the cat tend to affect the regions with large field inho- 
mogeneities in the first image (e.g., the edge of the brain 
and near the eyeballs). The measurement errors sur- 
rounding the brain area in Fig. 7 and Fig. 8 are attributed 
to this problem. However, because the phase errors in the 
central region were the same as in the phantom case, it 
seemed that precise temperature changes could be mea- 
sured in this region in 2 h. To overcome subject move- 
ment, it is necessary to detect any internal reference 
signal that is insensitive to temperature. One solution 
may be to use the chemical shifts of fat as an internal 
temperature reference in 3D-MRSI (34). 

w 

fn 0.011 

FIG. 8. Phase maps at different 
temperatures obtained from a cat's 
head after heating it using inductive 
heating. The phase shift differences 
in (a), (b), (c) and (d) reflect temper- 
ature changes AT of 0.6"C, 1.2"C, 
1.8"C, and 2.4"C from the reference 
temperature To of 35°C. The mea- 
surement plane is t h e  same as in 
Fig. 7a. 

0 Whole body heating 
A Head heating 

T i i  - A 

I I I 
0 1.0 2.0 

Temperature change AT ["C] 

FIG. 9. Temperature dependence of the water proton chemical 
shift in a cat's brain. The temperature changes were measured 
with a thermocouple set under the dura mater, and the phase 
differences were calculated from the average phase values inside 
the central brain ROI in Fig. 7a. 
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Blood oxygenation, blood flow, and susceptibility 
changes with temperature should also be considered in 
the living system. Although the susceptibility of para- 
magnetic species varies with temperature according to 
Curie's law, this effect does not seem to be serious for 
normal tissues with homogeneous susceptibility distri- 
butions. If volume susceptibility changes occur due to 
tissue oxygenation changes with temperature such as 
those observed in functional MRI where an activation 
task gives rise to a local increase in (cortical) neuronal 
activity (44), they produce field inhomogeneity changes 
and consequently induce temperature measurement er- 
rors. However, there is also the possibility of compensat- 
ing the magnetic field changes, including susceptibility 
changes with temperature, using the chemical shift dif- 
ferences between water and fat, because these changes 
induce both water and fat chemical shift changes in a 
voxel. This means that it may be necessary to combine 
both methods (phase mapping and 3D-MRSI) to over- 
come this effect. Blood flow changes with temperature 
generate a phase error when perfusion at the capillary 
level in a voxel has an average direction. The perfusion 
effects on the measurement error must be evaluated in 
the future. 

All our experiments were made with a 4.7 T MRI 
system. Such a high field has two advantages. One is 
good SIN, which reduces the measurement time or the 

FIG. 10. Effects that position shifts 
of a cat's head have on the phase 
error. The images were obtained 
without temperature changes. Pan- 
els (a), (b), (c) and (d) show the 
phase shift changes after 30 min, 
60 min, 90 rnin, and 120 min. 

voxel size; a by-product of small voxel sizes is avoiding 
decreased signal intensities due to susceptibility effects 
in the voxel. Another advantage is that higher fields give 
the same phase change with shorter TEs, which leads to 
shorter TRs and total acquisition times, because higher 
fields convert the certain chemical shift change into a 
larger phase change with the same TE. Hence, we must 
choose the voxel size and TE based on the field strength, 
acquisition time and accuracy. 

CONCLUSIONS 
A new temperature measurement procedure using phase 
mapping gives highly accurate and fast measurements. 
This method could be used to map the body's internal 
temperature distribution with high accuracy, because the 
temperature dependence of the water proton chemical 
shift is independent of tissue type. This could be espe- 
cially useful when monitoring body temperature during 
cancer treatment with high power heating (> 80°C] using 
ultrasound or laser. The accuracy of the temperature 
measurements in this case was predicted to be about 
2.5"C. It could also be very useful and effective during 
and after operations for the early detection of hemody- 
namic disturbances. In addition, if the relationship be- 
tween the disorder and recovery processes after heating 
or cooling the body is understood, it will be possible to 
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diagnose abnormalities with this method by detecting the 
deviations from normal temperature greater than 1°C. 

Future work will evaluate the effects of such factors as 
magnetic susceptibility and blood flow change on the 
temperature dependence of the water proton chemical 
shift in living systems. Furthermore, because the acqui- 
sition time for the phase mapping sequence can be de- 
creased using fast imaging techniques such as echo pla- 
nar imaging, real-time body temperature monitoring may 
become feasible in the future. 
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