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ABSTRACT

Magnetic Resonance (MR) temperature mapping can be used
to monitor temperature changes in minimally invasive thermal ther-
apies during the procedure. However, organs displacements due to
physiological activity (heart and respiration) may induce impor-
tant artifacts on apparent temperature maps. This paper presents a
new method for motion quantification and correction in such MR
images, in order to improve the precision of temperature estima-
tion using the proton resonance frequency (PRF) shift. The PRF
shift technique gives an estimate of the relative temperature vari-
ation, comparing contrast between dynamically acquired images
and a reference data sets. The correction method described in this
paper consists of two steps : a motion atlas is initially computed in
a preparation phase; during the intervention, the appropriate refer-
ence image is chosen from the atlas, allowing correct computation
of the temperature map despite tissue motion. This method can be
applied to any type of image sequences and is not restricted to MR
images.

1. INTRODUCTION

Local hyperthermia can be used for a wide variety of medical in-
terventions such as tumor ablation [1] [2], treatment of heart ar-
rhythmias [3], local drug delivery with thermosensitive microcar-
riers [4] [S] and control of gene therapy using heat-sensitive pro-
moters [6]. MRI is the only imaging technique that can provide
both anatomical and on line quantitative thermometry informa-
tion simultaneously. The main principle of MRI is based on the
detection of magnetic properties of the protons contained in the
water molecules of the body [7]. The MR imaging system asso-
ciates each voxel of the observed region of interest with a complex
number Me®?, where M is the magnitude and ¢ the phase of the
macroscopic magnetization. This magnetization rotates in space
in each pixel and can be represented by a magnitude image M and
a phase image ¢ (as shown in Fig. 1.A and Fig. 1.C).

The rotation frequency of the magnetization varies linearly
with temperature [8]. Temperature maps can then be calculated
from two phase images obtained before (cf Fig. 1.C) and during
the heating procedure (1.D) as shown in Fig. 1.E.

Unfortunately, the acquisition procedure of MRI temperature
is prone to specific artifacts [9]. This technique is highly sensitive
to motion artifacts (patient motion, respiration, cardiac activity)
and to dynamic changes of the local magnetic field. The sensitiv-
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ity of this method has limited its application to organs with little
mobility or easily restrained like muscle, breasts and the prostate.

The most simple technique to reduce respiration artifacts is to
synchronize the acquisition of the images to a stable period of the
respiratory cycle, usually at the end of expiration. On line evolu-
tion of the respiration can be monitored by using a pressure sensor
positioned on the abdomen of the subject. The major drawback
of this method is that the temporal resolution depends on the res-
piration frequency and a limited set of images (up to five adjacent
slices) can be acquired during a respiratory cycle (approximatively
5 seconds for humans). However, irregular and/or deep respira-
tion movements can induce erroneous temperature mapping (up to
20°0).

Our approach consists of 1) performing rapid acquisition (ac-
quisition time per image faster than typical motion period) of MR
images without synchronization methods, 2) applying specific im-
age processing techniques to estimate motion on anatomical im-
ages and, 3) correcting corresponding phase images to remove
temperature artifacts. As temperature evolution needs to be visual-
ized during the procedure, corrections must be performed on line
(within the delay between two successive acquisitions). A compro-
mise on the acquisition parameters has to be performed to obtain a
sufficient SNR (Signal to Noise Ratio), while shortening acquisi-
tion duration. In the case of respiratory motion, typical acquisition
duration of 400ms for one slice was found to be a reasonable value
to obtain a sufficient SNR and to avoid intra-scan motion artifacts.

A number of motion correction techniques have already been
developed for functional MRI but all the algorithm are based on
rigid transformations. Unfortunately, this assumption cannot be
applied on the abdomen, particularly for liver and kidney. In ad-
dition, all these algorithms are used in post-treatment but not on
line.

2. METHOD DESCRIPTION

In practice, under on line conditions, it is hardly feasible to acquire
isotropic 3D temperature maps on mobile organs, due to techni-
cal limitations of MR acquisition sequences. Our approach is to
estimate organs displacements in the 2D images generated from
objects that are moving in 3D space.

Fig. 1 shows typical coronal magnitude and phase images ob-
tained on a healthy volunteer at different times of the respiratory
cycle. The spatial resolution of those images is 128 x 128 pixels
and the pixel size is 2,5 X 2, 5mm.
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Fig. 1. MR anatomical and phase images obtained at different
times on a free breathing volunteer. Magnitude and phase image
acquired at the beginning of the expiration (resp A and C), and at
the end of the expiration (resp B and D) - E : temperature map
proportional to the difference between C and D - F : temperature
profile in the direction of the motion in a selected line reported on
E.

Vertical displacement of the liver (1), kidneys (2) and the spleen
(3) can be observed (horizontal white dashed lines). Temperature
map calculated from the difference of phase images is affected,
as shown on grey levels differences on image E. In this example,
apparent temperature ranged between —8°C' to 12°C' (as shown
on the profile), whereas no effective heating of the tissues was in-
duced.

Fig. 2 presents the temporal evolution of the temperature mea-
sured on a single pixel located on the left kidney of the subject
(white arrow reported on Fig. 1.E). Important oscillations (ampli-
tude in the range of 15°C) of the apparent temperature dramati-
cally hamper the precision of quantitative MR temperature map-
ping.

The main idea of our method is to construct a motion atlas
based on images obtained during a pre-treatment phase (no hyper-
thermia) using the same sequence as for the intervention. For that
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Fig. 2. Temporal evolution of the temperature on a single pixel
located on the left kidney of the subject (white arrow reported on
Fig. 1.E)

purpose, one hundred 128x128 images (400ms per image) were
acquired to allow a precise sampling of the respiratory cycle. Dur-
ing this pre-treatment phase, an apparent motion field can be cal-
culated for each magnitude image. For each position, this motion
field is stored with the corresponding phase image to create an at-
las of correction data set.

The reference image set (magnitude and phase) is chosen to
be the first one in the temporal serie. Each time a new data set is
available, corresponding temperature map is processed from phase
difference and the temperature standard deviation is calculated. If
this value exceeds a preset threshold (typical value is 2°C') defined
by the radiologist, the image data set is considered as artifacted and
needs to be corrected for motion.

During the intervention, organs displacements in an artifacted
image can then be estimated and compared to the reference motion
values stored in the atlas. The nearest motion field in the atlas is
selected, and the corresponding phase image is used as reference
for the temperature computation.

3. MOTION ESTIMATION TECHNIQUES

Our approach consists of using image processing techniques to de-
tect organ displacements on the anatomic images on line. The ob-
jective is to relate the coordinate of each part of tissue in the image
we want to register with the corresponding tissue in the reference
image.

Motion estimation field computed from image sequences has
a growing interest because of the considerable number of appli-
cations (biomedical, material study, meteorology, video compres-
sion...).

If I;(X) is a reference image and I(X') the image to reg-
ister, where X and X'eR" (n = 2 for the 2D image registration
problem). Registering I(X) is equivalent to estimating the coor-
dinate transformation V' that minimize :

min M (I(X), Les (V(X')))

where M is any matching criteria defined on the images.
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3.1. Choice of motion estimation method

The most restrictive registration techniques are methods using pa-
rameterized models because the algorithm calculates a global trans-
formation. These methods are based on a parameterized model of
motion [10]. Identification of the displacement is done by opti-
mizing model parameters (for example, six parameters in an affine
model). The choice of the model requires to know the nature of
the movement to obtain reliable results.

The “Block-matching” technique is used in the video com-
pression (MPEG format). The image to be registered is divided
in blocks and the translation of each block is estimated in a re-
search window [11]. It is supposed that the motion in the image
is constant in a region. This technique is then less restrictive be-
cause it estimates and corrects local motion. Therefore there is no
limitation in the transformation that can be applied to the original
image.

Optical flow computation consists in extracting a velocity field
from an image sequence assuming that intensity is conserved dur-
ing displacement. As can be seen on Fig. 1. A and B, this assump-
tion is verified in the present case. Many methods can provide an
estimation of the optical flow such as correlation methods (estab-
lishing a correspondence between two images by localization of
invariant markers such as pixels where the intensity variations is
high [12], [13]) and differential methods.

The choice of the registration method depends on the part of
the body observed. In our case, all organs undergo individual mo-
tion indicating that a very permissive method is preferable. We
decided to use the differential approach established by Horn and
Schunck [14] because there is no limitation with the transforma-
tion that can be applied to the original image. However, this tech-
nique requires an intensity conservation between compared images
and a regular displacement between adjacent pixels.

Mathematically, intensity conservation implies that two values
v and v exist and verify the following expression :

I(z,y,t) = I(z + udt,y + vdt, t + bt)

A Taylor model of order 1 gives (I, I, I; are the partial
derivative of order 1) :

I(z,y,t) = I(x,y,t) + Izudt + [yvdt + [:6t + €

The estimation process consists then in minimizing :

Lou+ I+ Iy
The second condition of this method is that motion field is reg-
ular in the image. This constraint requires that v and v should have
similar values for adjacent pixels. Mathematically this constraint
can be expressed with the following minimization :

// (ui —&—ug—i—vi +v§) dxdy

Finally, combination of the two constraints results in numeri-
cal minimization of the following expression :

IqurvaJrItJraQ [ui+u§+v§+vﬂ
where o is a user defined weighting factor.
This minimization problem can be numerically solved with an
iterative scheme like Gauss-Seidel.
This algorithm has been implemented in C++ and tested for
each images of the pretreatment phase and during the intervention.

3.2. Motion field atlas computation

Each image set detected as artifacted from the temperature stan-
dard deviation computation is processed as follow. First, organs
displacements are estimated from the magnitude images using the
method described above. Motion vectors are then described by two
images representing horizontal and vertical displacements, respec-
tively. This new data set is stored in the RAM with the associated
phase image.

3.3. Dynamic selection of analog displacement from the atlas

During the intervention, each new data set is tested with the same
method as for atlas computation (threshold on the standard devi-
ation on the temperature), excluding the heated region. Motion
field of each artifacted data set is extracted in a similar way and
compared to the atlas. Euclidian distance between current motion
field and each motion field of the atlas is calculated and stored in a
list. Phase image in the atlas corresponding to the smallest euclid-
ian distance in this list is selected as a reference for temperature
calculation.

4. RESULTS AND DISCUSSION

The implemented algorithm for image registration required 250ms
of computation time on an Athlon 2800MHz with 512Mo of RAM,
demonstrating that temperature correction can be performed on
line under these experimental conditions.

Fig. 3. Motion field estimation with Horn & Schunck method

Fig. 4. Substraction of reference image with motion corrupted im-
age (A) and motion corrected image (B)
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Fig. 3 shows the motion field resulting from computation of
image A and B of Fig. 1 with the Horn and Schunck method. Dis-
placements direction is mainly vertical, as expected, with a higher
value for the liver as compared to the kidneys.

Fig. 4 compares magnitude difference images without (A) and
with (B) motion detection and correction. A clear improvement
can be observed indicating that the method is efficient even in the
case of non uniform displacements (see Fig. 3).

Fig. 5 compares standard deviation on each pixel for a tem-
poral serie (100 temperature images) before and after correction.
All voxels in kidneys and 95% of the voxels in the liver depict an
uncertainty lower than 2°C, satisfying the initial threshold limit.

Fig. 6 illustrates the improvement of the correction technique.
Temperature evolution obtained in a single pixel located on the left
kidney of the subject (reported on Fig. 1.E) is much more stable
(0.8°C standard deviation) as compared to initial curve (15°C' os-
cillation amplitude).
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Fig. 5. Temporal standard deviation of the temperature on each
pixel of the images before (left) and after (right) correction
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Fig. 6. Temporal evolution of the temperature on the pixel reported
on Figure 1.E (white arrow)

5. CONCLUSION

We developed a computational technique that improves temporal
resolution of the MR thermometry by a factor of three with respect
to the classic technique (respiratory gating). The use of a patient
referenced atlas associated with a non rigid transformation model
is particularly adapted for motion correction of MR images of the
abdomen. Although the computational time per image (250ms)

remain compatible with the experimental conditions (400ms), sev-
eral optimizations have to be implemented. For example, motion
registration algorithm could be accelerated (image undersampling,
restricted area, ...). Data set contained in the atlas could also be re-
duced (storing for example mean displacements for each direction)
and/or optimized (reduction of the number of positions, and intro-
duction of interpolation techniques). In addition, atlas could also
be completed dynamically by introducing data sets corresponding
to newly observed positions. This technique opens perspectives to-
wards on line motion tracking for interventional MR-thermometry.
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