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The usefulness of MR temperature imaging in clinical practice is d emonstrated

here. Brain temperature changes und er lasr ind uced thermal therapy were imaged on

a 0. 5T open MR system in five patients with brain tumors. The phase mapping method

was used . The images were obtained by a spoiled grad ient echo sequencg TR/TE 50—
55/14-34 ms ; flip angle 206-30 d egree ; slice thickness 45 mm ; FOV 320x 240 or 300
x 300 mm ; matrix 256x 128). The resulting temperature maps clearly showed the

temperature elevations, with a spatial and temporal resolution of 11-14 mm?3 and 78s.

The siz e of the hot regions were d efined by cmtour plots with two d if€rent tempera-

ture coefliients

(—0.01 and—0. 00724 ppni’C). These diffred by only a fewmil-

limeters in d iameter. Thisnd icates that MR temperature images can d emonstrate le-

sion size within an error range of a few millimeters even if the exact temperature

coefliient for the patient’ s brain tissue is not known.

INTRODUCTION

Heat- based thermal therapies, such as laser-
induced thermotherapy (L ITT)V:2, focused
ultrasound  surgery (FUS)%,
(MW )4 and
potentially useful, minimally invasive tech-

microvave

radio freqiency (RF)%, are

niqies to ablate tumor tissue. Compared with
surgical resection, conventional rad iotherapy
and chemotherapy, these techniques are less in-

vasive, d o not reqiire radiation, and generally
result in d amaging less normal tissue. L I'TT has
been particularly useful for treating brain
tumors??),

The key to a successful treatment is to posi-
tion the laser fiber properly and to optimize the
thermal dose to treat tumor tissue without
d amaging the surround ing normal tissues. To
achieve this optimiz atim, a practical and clini-
techniques for

cally useful non- invasive
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Table 1. Patiat Data and Lase Paramées

. o Total
Tumor location, type . Powe Radiation
Patiat and diamée béore (all Witl’? ?lé)igs lefibe ) Stting Duration aEnelgg
tratmat [mm] g [W] [se ] p[p]]

1 Lét frontal lobe 1 4 60 1440
High gradegliosarcoma 9 4 60
30x30 3 (5 mm withdrawn) 4 60
4 (furthe withdrawn ) 4 60
5 4 60
6 4 60

2 Lé thalamic and hypothalamic 1 2 60 960
Astrocytoma 2 (withdrawn) 2 60
25 %20 3 9 360

3 Lét fronto-parital 1 2 288 576

Glioma

4 Right frontal lobe 1 5 120 3600
Astrocytoma 2 5 300
3 5 300

5 Lé tenporal lobenar midbrain 1 3 60 1086
and infeior thalamus 2 3 102
Ganglioglioma 3 4 30
4 4 120

55/14-34 ms ; flip angle 20 —30° ; slice thick- neé liquid crystal display (LCD, Mode

nes, 4 -5mm ; FOV, 320x240 or 300 x 300
mm ; matrix, 256 X128 ; numbe of acquisi-
tions, 1)®:21), Imaging was initiatd 30 s béore
ach lase irradiation to obtain a bastineim-
age followd by continuous imaging until the
ad of ach sesion. Tha anothe st of image
was obtaind to monitor thecool-down peiod.
For on-linemonitoring, all squatially ac-
quird image wedransferd from thamage
bufte of theMR consoldo a rearch worksta-
tion (Sparc 20 TZX, Sun Microsystms, Inc.,
CA, USA) via thdocal nework. An inteactive
graphical inteface cratd by the authors’
group was utilizd to ca lculateand display
color-codd tepeature image on the
workstation scra as wH as thebuilt-in-mag-
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LQ6NCO01, Sharp Eletronics, Rahwah, NJ,
USA). Thetmpeaturecofficiat usd for

—0.01 ppm/C. A
deaild dscription of theon-linecalculation

can befound kswhee 18,19),

Off-lineanalysis was peformd on a UNIX
workstation (Macintosh G3/Mac OS X seve,
Appl€Compute Inc., Cupetino, CA, USA ) us-
ing plain C languageand on a pesonal com-
pute (Dimasion XPS R450, DH Compute
Corp., TX, USA) using tehnical computing
software (Matlab 5.2.0, TheMathWorks Inc.,
MA, USA) to furthe gamineghdmpeature
imaging méhod and its characteistics. In this

theon-linecalculation was

off-linezamination, a tmpeaturecofficiat
of —0.00724 ppm/°C, which was obtaind in
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mouse brain tissue in vitr0%, was also used. To field, an average of the phase differences (be-
compensate the phase change due to fluctuation tween the baseline and the objective images) in
or unexpected change in the external magnetic four ROI’'s (each with 10x 10 voxels) in the

Fig. 1. Phase error induced by the
change in the external magnetic
field. The non-compensated phase
differences (from the reference
data) are displayed as the image in-
tensities in (a) immediately after
the laser was turned on and (b) 5
min later in session 3 for patient 2.
There was a significant change in
the phase difference between (a)
and (b) over the non-heated
regions. The change was approxi-
mately 0.2 ppm in the average in the
ROI’s (squares) which are distant
from but surrounding the laser point
(arrow). The phase change was
well compensated in (c) and (d) by
deducing the average phase change
in the ROI’s. The phase values in
(c) and (d) became close to zero.

[EANR .

Fig. 2. Coronally oriented temperature elevation images of whole brain during a 6-minute laser
irradiation (session 3) for patient 2. (a) Ti-weighted contrast-enhanced fast-spin echo image
showing the target tumor with the laser fiber. (b) Immediately after the laser was turned on. (c)
1 min, (d) 2 min, (e¢) 3 min, (f) 4 min, (g) 5 min, and (h) 6 min later. The white strip on (b) is
the region used to calculate the temperature profile shown in Fig. 4.
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non-heated area away from but surrounding the
laser tip was calculated and deducted from the

entire slice plane.

RESULTS

Localization of tumor tissue, targeting,
frameless stereotactic biopsy, and placement of
the laser fiber were successfully performed by
means of interactive image guidance!®~20)
within the open configuration MR system.
Since the treatment protocol was not optimized
specifically for the temperature imaging se-
quences, three cases out of the five gave suc-
cessful temperature imaging results.

Significant phase changes in the non-heated
region were observed in all the three cases. A
typical example (for patient 2) is shown in Fig.
1(a) and (b). The phase changes were as large
as 0.2 ppm, which corresponded to 20°C of tem-
perature change. The erroneous changes in
phase were effectively compensated by deduct-
ing the average of the phase differences in the

ROI’s (depicted in (a)), as shown in (c) and
(d). The phase compensation in the same man-
ner was applied to all the cases analyzed.
Figure 2 shows examples of the temperature
elevation maps for the low power, long duration
(session 3 for #2), together with the location
of the laser fiber in the tumor. Figure 3 shows
the contour plots of temperature elevation

Estimated temperature [oC]

10 H ; H i H H i
90 100 10 120 130 140 150 160
x [voxels]

Fig. 4. Profile of the maximum temperature
elevation (6 min after the laser was turned on)
along the strip depicted in Fig. 2(b).

Mo s m w5 10 s 1o Yo W5 T s e s

Fig. 3. Contour plots (within a square ROI shown in (a)) of 20°C temperature elevation cor-
responding to the time course shown in (b) through (h) in Fig. 2. The solid contour was obtained
based on the temperature coefficient of —0.00724 ppm/°C, while the dashed contour was based

on —0.01 ppm/°C.
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around the laser point estimated with different
temperature coefficients. Figure 4 shows the
profile of the temperature elevations along the
strip depicted in Fig. 2(b).

DISCUSSION

We demonstrated the feasibility and useful-
ness of MR-based temperature imaging using a
quantitative water proton chemical shift meas-
urement during laser ablations for brain
tumors. The results show that MR can be used
to monitor transient thermal effects including
heat loss in blood vessels. Conventional treat-
ment was performed with temperature informa-
tion obtained at the laser tip only, or based on
the clinician’s experience without a quantitative
temperature measurement. Indeed, experi-
enced surgeons may be skillful enough to per-
form LITT and to cover the entire tumor vol-
ume without measuring temperature, but it
would be safer to use a quantitative tempera-
ture visualization technique. The phase map-
ping method of MR temperature imaging has
been widely examined and its viability has been
well established. Therefore the clinical ex-
perience of the method shown here was clearly
necessary. In this study, we have focused on
how the phase mapping method quantitatively
depicts the temperature change and how much
error could be estimated in a patient’s brain.
We visualized the temperature elevation in the
brain lesion with a spatial and temporal resolu-
tion of 11 14 mm?® and 7 8 s respectively. The
LITT protocol differed patient by patient be-
cause of the process of our treatment invention.
MR imaging indicated positions, sizes, and
shapes of the heated regions, and approximate
temperature elevation values at those various
treatment procedures. These images also re-

vealed that the temperature distribution in-
duced by the laser was irregular-shaped as
shown in Fig. 3. Since the process to create
these images can be readily implemented as an
online procedure, an operator should be able to
compare the size of a high temperature region
with the tumor size, and to control the laser
power.

The temperature coeflicient for the human
brain is not known yet. One report in the litera-
ture evaluated the calibration of the water pro-
ton chemical shift measured with an NAA (N-
Acetyl Aspartate) signal as an internal refer-
ence in an MRS volume in the human brain??.
Tympanic membrane temperature, however,
was used as a substitute for brain tissue temper-
ature, and therefore the calibration was not
direct. Although there have been several
reports on the temperature coefficient in animal
brains in vivo'®:22).23) and in vitro®1%, the
results are not consistent. This indicates that
the temperature coeflicients could vary accord-
ing to tissue conditions, heating protocols, and
animal species. Systematic calibration of the
MR parameter?V) in the iz vivo brain and con-
struction of the database for the temperature
coeflicient is required. However, it is not practi-
cal to place an invasive temperature probe (like
an optical fiber thermometer or a thermocou-
ple) in a patient’s body. This fact makes a limit
of the MR temperature imaging technique, be-
cause the temperature error has not been clear
yet.

We examined the expected error in tempera-
ture estimation due to difference in the temper-
ature coefficient without performing the
calibration by putting an interstitial or a superfi-
cial temperature probe. The temperature eleva-
tion distributions in Fig. 2 were obtained using
the temperature coefficient of —0.01 ppm/°C,
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which is that of pure water®. The temperature
elevation can be estimated 38% higher when
the coefficient for mouse brain tissue in vitro
(—0.00724 ppm/°C) is used (Fig.4). This
remarkable difference directly affects the maxi-
mum temperature estimation. However, as
shown in the contour plots in Fig. 3, the hot
spot sizes defined by a certain threshold (20°C),
estimated with the different coeflicients,
differed only by a few millimeters in diameter.
This indicates that the temperature images
could indicate the lesion size within an error
range of a few millimeters even if an exact tem-
perature coeflicient for the patient’s brain tis-
sue is not known.

When using the phase mapping method, the
inter-image phase subtraction process is not
significantly spoiled by motion when applied to
the brain, which is stable when the head is firm-
ly supported. However, the changes in blood
volume and the oxygenation level of the red
blood cells may change tissue susceptibility.
The susceptibility change by a brain functional
activation reaches as much as 0.05 ppm?¥,
which corresponds to 5°C of temperature
change. The susceptibility effects may be
sufficiently reduced by using a spectroscopic
imaging method”-2% with NAA?2).23) as an in-
ternal reference to measure the water proton
chemical shift.

A temperature-image-based, automated feed-
back system for the laser power control should
be developed to improve treatment quality and
accuracy, and to reduce the clinician’s task
load. The key to a practical system is that the
hot region is outlined with a specific width re-
lated to a range of expected temperature
coeflicients (as the above-mentioned threshold
contour plot) and that the growth of the region
is compared with the outline of the tumor. Once
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the edge of the region hits the tumor, the laser
power can be reduced or turned off. Develop-
ment of a high-speed spectroscopic imaging
method with internal reference? and an ac-
curate calibration study would be important for
future study.

CONCLUSIONS

The clinical feasibility of using MR-based
temperature imaging for laser ablation using
the phase mapping method was demonstrated.
The resultant temperature elevation maps suc-
cessfully indicated the position, size, shape, and
temperature elevation value of the heated
region. Although the analysis shown here was
performed offline and its result was not directly
used for the treatment control, those proce-
dures could be easily transferred into online,
real-time processing.
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