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Abstract. Noninvasive temperature measurement is feasible with MRI
to monitor changes in thermal therapy. Phase shift based MR thermome-
try gives an estimate of the relative temperature variation between ther-
mal and baseline images. This technique is limited, however, when ap-
plied on targets under inter-frame motion. Simple image registration and
subtraction are not adequate to recover the temperature properly since
the phase shift due to temperature changes is corrupted by an unwanted
phase shift. In this work, the unwanted phase shift is predicted from the
raw registered phase shift map itself. To estimate the unwanted phase
shift, a thin plate smoothing spline is fitted to the values outside the
heated region. The spline value in the heated area serves as an estimate
for the offset. The estimation result is applied to correct errors in the
temperature maps of an ex-vivo experiment.

1 Introduction

Local thermal ablation is becoming an established surgical technique for destroy-
ing tumors and metastases. A particularly attractive method to monitor thermo-
ablative treatment is by real-time MR thermometry based on the proton reso-
nance frequency (PRF) shift. The accuracy of PRF shift has been demonstrated
in immobile targets [1]. However, many targets for thermo-ablative interventions
are in the abdomen, where motion is ubiquitous. Since a subtraction technique is
used, errors in the temperature map may occur due to misregistration between
thermal and baseline images. Additionally, magnetic flux is dependent on posi-
tion, and any change in position will thus lead to a specific change in magnetic
field that confounds the phase shift. Therefore, although misregistration can be
solved using an image transformation, an unwanted phase shift map is not fully
compensated by subtraction techniques.

Relatively few publications deal with the issue of inter-frame motion cor-
rection. A correction technique was proposed in [2, 3] to avoid errors in the
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temperature maps due to accidental object motion. This method boils down to
excluding the (n)th temperature map to avoid error progression if motion occurs
between the (n − 1)th and the (n)th frame. To conserve temperature informa-
tion when a periodic motion occurs, multiple baseline images acquired in several
positions in the expected range of motion were used to generate temperature
maps [4]. Those correction techniques [2, 3, 4] have been validated under the as-
sumption that the largest amount of motion is along the static magnetic field
(superior/inferior) direction. Moreover, a temperature map is calculated only if
thermal and baseline images are scanned in the same location in order to avoid
unwanted phase shift problems. Therefore, the fraction of reliable temperature
maps in a series may be limited. In contrast with those correction schemes, a ref-
erenceless method is proposed in [5]. In this method, extrapolation of a surface
polynomial fit to values outside the heated region serves as the baseline. The ref-
erenceless method may work well for slightly shifted images in which the heated
region is always within some inner ROI frame. What is more, it is assumed that
a local phase change due to the interface between the thermal applicator and
tissues is insignificant. This condition may only be achieved if the selected scan-
plane orientation is perpendicular to the long axis of the thermal applicator. To
obtain an accurate prediction of thermal damage, however, a scan plane orien-
tation parallel to the long axis of thermal applicator is suggested[9]. Thus, the
local phase change cannot be neglected. In such a case, the referenceless method
may fail to determine temperature maps accurately.

In this work, we propose a dedicated image registration scheme for MR ther-
mometry. This scheme can be viewed as an extension of the multi-baseline ap-
proaches. An unwanted phase shift may arise if an image transformation is re-
quired to align thermal and baseline images. In order to solve for this, we explored
a strategy to estimate the distribution of the phase shift offset over the image.
Initially, a thermal image and a baseline image are registered to yield a raw reg-
istered phase shift map. Subsequently, we fit a thin plate smoothing spline to the
values of outside the heated region. The offset is corrected for by subtracting the
extrapolated spline values from the values inside the heated region. For valida-
tion, the method is tested to monitor temperature evolution during interstitial
laser therapy in an ex-vivo sample of the liver under 2D-inter-frame motion.

2 Methods

2.1 Temperature Calculation

We define the raw registered phase shift as

∆Ψ = arctan[I(−→r , T ).Γ{I∗(
−→
ro
bl, To)}] + ∆φ(Γ ) (1)

where I(−→r , T ), I(−→rbl, To) are thermal and baseline images, respectively. ∆φ(Γ )
is the offset phase shift and Γ is an image transformation that is required to
align image coordinates between I(−→r , T ) and I(−→rbl, To) and ∗ is the complex
conjugate operator.
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A proper relative temperature map is determined by

∆T =
∆Ψ

γαBoTE
∆Ψ = ∆Ψ − ∆φ(Γ ) (2)

where ∆Ψ is the corrected registered phase shifts, γ(=42.58 MHz.T−1) is the
gyromagnetic ratio, α (=0.01 ppm/oC) is the temperature coefficient for aqueous
tissue, TE is the echo time, Bo is the main magnetic field [1].

To calculate ∆Ψ , one must select the appropriate I(−→rbl, To). However, the
number of baseline images may be limited, and we cannot ensure that each
I(−→r , T ) corresponds exactly to the selected I(−→rbl, To). If a significant transfor-
mation (Γ ) is required to align both images, the term ∆φ(Γ ) may contribute
to a spatial offset in the temperature maps. Clearly, this must be eliminated to
avoid a systematic error. Therefore, a strategy to estimate ∆φ(Γ ) is proposed,
and the result is used to obtain ∆Ψ .

2.2 Image Registration

Image registration is needed to determine ∆Ψ . We have chosen a modified optical
flow strategy to do so ([6]), because its formulation is elegant, and the resulting
computations are relatively fast and non-feature based. Standard optical flow
methods assume a constant brightness level over the image. The strategy de-
scribed in [6] extends the method to cope with intensity variations, eventually
yielding the six parameters of an affine transformation model.

Aligning temperature maps to a fixed target map is useful for a clinical applica-
tion. By doing so, the temperature is monitored with respect to a steady location
even though the heated region may move between frames. To do so, we choose one
of the baseline images as a fixed target. The transformation parameters among the
set of baseline images enables aligning the raw phase shift map to the fixed target.

2.3 Estimation of the Phase Shift Offset

∆φ(Γ ) may arise due to spatial magnetic field deviations that are not fully
compensated by registered image subtraction. It can be expected that the dis-
tribution of ∆φ(Γ ) is a continuous function and that a pattern of φ(Γ ) may vary
relative to the center of imaging volume.

In the heated region, the registered raw phase shift may be corrupted by
∆φ(Γ ), resulting in errors in the temperature map. Fortunately, in thermal ther-
apy, usually only a small fraction of the image region is affected by temperature
change. Under this assumption, the raw phase shift values outside the heated
region may be used to estimate the phase shift offset in the heated region. In the
current implementation, first, a tissue region that covers both the non-heated
region and the heated-region is defined. This region is denoted by �high. Subse-
quently, the predicted area of the heated region (�hot) is selected (see e.g.[9]).
Finally, a ROI frame around the area to be heated (�ROI) is defined by sub-
tracting �hot from �high. Practically, the highest signal values in the intensity
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images can be used to guide the definition of �high. This is to increase the reli-
ability of the offset calculation (not letting it to be disturbed by noise values).
A threshold may be employed to do so.

Ideally �hot is a heated region for which the temperature at the boundary is
equal to the background temperature. It is important to determine �ROI outside
�hot, since a temperature change within �ROI will confound the extrapolation.
To anticipate the maximum area of �hot, the appropriate �hot may be calcu-
lated via a characteristic thermal response of laser irradiated tissue under ideal
conditions (e.g. neglecting a perfusion factor). To estimate the offset phase shift
in �hot, the fitted phase shift is extrapolated to the center of �ROI . We assume
that a thin-plate smoothing spline is appropriate to estimate ∆φ(Γ ) in �hot.

Thin-Plate Smoothing Spline. Thin-plate splines are members of a family
of surface splines that result from the solution of a variational problem[7]. Given
the set of raw phase shifts in �ROI (xi, yi, ∆Ψi), i = 1, .., m, we now consider
the approximating thin-smoothing spline f , that takes the form

f(x, y) =
m∑

i=1

aiKi(x, y) + am+1 + am+2x + am+3y, (3)

where Ki(x, y) = 1
8πr2

i (x, y)log(ri(x, y)) with ri(x, y) =
√

(x − xi)2 + (y − yi)2
(Ki = 0 when ri = 0).

The thin-plate smoothing spline f is the unique minimizer of the weighted
sum, given by S(λ) = 1

m

∑m
i=1(∆Ψi − f)2 + λJ2(f). The first term measures the

goodness of fit and the second term measures the smoothness associated with f .
The smoothness of a fit is measured by the integrated squared second derivative
J2(f) =

∫ ∫
((∂2f

∂x2 )2 + 2( ∂2f
∂x∂y )2 + (∂2f

∂y2 )2)dxdy where f belongs to the set of all
continuously differentiable functions with square integrable second derivatives
and λ is a positive constant. To determine an optimal smoothing parameter λ,
the method of generalized cross validation was applied. The spline parameters
ai, i = 1, ...., m + 3 are determined as described in [7].

3 Materials

To generate inter-frame motion of a sample porcine liver, a custom made, au-
tomated and air-pressure driven table was used in the experiments. The table
moved along (S/I) and perpendicular to (R/L) the magnet’s main field direc-
tion (see Fig-1). The maximum range of the motion device is about 80 mm in
both directions. Over a range of 80 mm, 25 evenly spaced positions were de-
fined. A fiber optics laser catheter was inserted into a large sample of porcine
liver. We triggered the MR imaging when the sample was held stationary. MR
imaging was performed on a 1.5T GE scanner. For thermal imaging, we used
an echo shifted gradient echo sequence(θ/TE/TR = 15o/18ms/12ms) with 1.25
mm in-plane resolution, matrix 256x256, a slice thickness of 5 mm and a 3′′

surface coil.



584 S. Suprijanto et al.

Fig. 1. (left) The custom made air-pressure driven table. (center)The approx. 25 dif-
ferent points (with a variation of ± 5mm). (right) Examples of ex-vivo liver images
placed on the 2D motion device.

Non Heating Experiment. Before heating started, the set of baseline im-
ages was selected by controlling the motion device to hold on the approximate
positions that are marked with black squares and the ellipse in Fig-1. As the
fixed target map, the baseline image scanned in the approximate central posi-
tion (marked by the ellipse in Fig-1) was selected. After that, we acquired a
series of images in various locations in about 6 minutes.

Fig. 2. Intensity image of the interstitial laser applicator inserted into a sample of liver
(left). The predicted area of �hot (middle). The tissue region defined as �ROI (right).

To validate the performance of the thin plate smoothing splines, we at-
tempted to extrapolate ∆φ(−→Γ ) in the region predicted as �hot using the value of
∆Ψ on the location outside of the heated region �ROI .To define �ROI , we, first
defined a region of high SNR phase shift �high. It was guided using the signal
in the intensity images. Next, the shape of �hot was defined under the assump-
tion that the laser-induced thermal areas is roughly ellipsoidal[9]. We define the
length of long axis the �hot as about 125 mm, 45 mm longer than the length
of laser tip appearing in the intensity image. Next, the length of radial axis is
about 90 mm (See Fig-2-middle). Finally, the �ROI is defined as the subtraction
of �high and �hot (See Fig-2-right).

Heating Experiment. Using a similar setup as in the non-heating experiments,
we started the laser ablation (wavelength of 1024 nm, 20 W) to the liver sample,
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inducing focal heating at the diffuser tip. Images were acquired for about 14
minutes under heating and inter-frame motion.

4 Results

4.1 Non-heating Experiment

Examples of the raw ∆Tback (without correction) in �hot for different positions
are shown in Fig-3. Notice that the outcome basically shows the offset maps,
since the temperature is constant. Only with translation parameters [0,0]mm,
the value is closest to the ideal offset of ∆Tback(0oC). A planar slope and a
non-linear surface of offset-raw ∆Tback can be seen in Fig-3 for other translation
parameters.

From 8 different selected translation parameters, we tabulate the values of
min., max. and mean square errors (MSE)(with respect to 0oC) of the raw
∆Tback in �hot. The results are shown in Table-1. Next, the estimation of the
offset value in �hot obtained by extrapolation using the thin plate smoothing
spline is validated. The estimated offset was subtracted from the raw ∆Tback.
Again, we calculated value of min., max. and MSE of the corrected ∆Tback. The
results are also tabulated in the Table-1.
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Fig. 3. Examples of the offset in raw (uncorrected) ∆Tback in �hot for different trans-
lation parameters (in mm). The translation parameters (in mm) from left to right are
[0,0],[10,0] and [10,-12.5], respectively.

Table 1. Comparison of raw- and corrected background temperature (∆Tback)

raw ∆Tback corrected ∆Tback

Trans.(mm) Min Max MSE Min Max MSE
[0, 0] -2.07oC 1.97oC 0.92oC -0.73oC 0.75oC 0.35oC
[10, 0] -12.31oC 11.15oC 4.71oC -1.09oC 0.56oC 0.55oC

[−10, 0] -12.12oC 11.32oC 4.90oC -0.61oC 1.42oC 0.82oC
[0, 12.5] 5.21 oC 25.13oC 15.13oC -0.72oC 1.18oC 0.92oC

[0, −12.5] -22.74 oC -2.71oC 14.92oC -0.81oC 1.55oC 0.81oC
[−10, 12.5] 7.93 oC 28.40oC 15.21oC -0.31oC 0.53oC 0.94oC
[10, −12.5] -23.62 oC -3.10oC 13.10oC -0.32oC 0.85oC 0.56oC

[−10, −12.5] -21.61 oC -4.04oC 14.11oC -0.62oC 0.95oC 0.74oC
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4.2 Heating Experiment

After heating started, a series of images was acquired from an object under
frame-to-frame motion as described above. Furthermore, the raw- and corrected-
∆T overlays in the fixed target maps are shown in Fig-4, and the temperature
profile in the defined �high along an aribitrarily chosen horizontal line during
heating at t1=5.4,t2=5.6 and t3=5.8 minutes are shown in Fig-5. We can see that
without correction, the raw ∆T profiles become unrealistic, since a longer dura-
tion of laser irradiation (t3) yields a lower ∆T profile than the shorter duration
(t1 and t2). We also tested the performance of our correction scheme to calculate
∆T over time using the whole series of images during inter-frame motion and
heating. We chose averages of 3x3 voxels in the point indicated with an arrow

Fig. 4. Comparison of raw ∆T (top row) and corrected ∆T (bottom row) during
heating at t1=5.4,t2=5.6 and t3=5.8 minutes. One can see in the bottom images that
the hot area in the center is enclosed by a colder ”ring”. This distinction cannot be
made in the top images (specifically at t1 and t3).

Fig. 5. Profiles in �high along a horizontal axis of raw ∆T (left) and corrected ∆T
(right) during heating at t1=5.4,t2=5.6 and t3=5.8 minutes
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Fig. 6. The raw(left) and corrected(right) ∆T evolution. Each . cooresponds to an
acquired image in which the temperature is determined in a single point. It may seem
that two points coincide, but there is always an (albeit) small time interval). When the
absolute translation along both axes was < 1 mm, ∆T is marked with ’o’, indicating
the reference standard.

in Fig-5. The results are shown in the Fig-6. For reference, the ’true’ ∆T was
determined when absolute translation in both axis was less than 1 mm (then the
images are aligned and there is no offset, see Fig-3). An exponential function was
fitted to the reference result (MSE=0.13oC, R2=0.98). We found that the mean
difference and corresponding standard deviation between uncorrected tempera-
ture elevation and reference was -2.13oC ±10.71oC. The corrected temperature
elevation yielded a mean difference and standard deviation of 0.88oC±1.05oC,
indicating a significantly improved precision.

5 Conclusions

The results showed that inter-frame motion correction is feasible. Extrapolation
of a thin plate spline fit to the values outside the heated region served as an
estimation of the offset ∆Tback in the heated region. Experimental results showed
that ∆φ(Γ ) is a continuous function and that φ(Γ ) varies relative to the center
of the imaging volume.

We registered the raw phase shift maps to a fixed target in order to always
have a temperature map colocated with the same reference image (although the
actual heated area actually moves between frames).

To accurately define �hot, model calculations of laser-induced tissue coagu-
lation using Monte Carlo Simulation (MCS) [9] can be applied.

We demonstrated that a translation in S/I and R/L direction >10 mm can
induce an maximum offset in temperature change of >10oC. As long as the heat-
ing region can be maintained in the center of �ROI , the offset can be eliminated
by our correction scheme.

Considering the human liver as a target of thermal therapy, the average inter-
frame liver motion is 13 mm (range of 5-17 mm) under normal respiration [8]. In
many cases these values refer to the S/I direction. However, depending on the
tumor location in the liver, the liver motion in other directions often can not be
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neglected. Liver motion of less than 2 mm in other directions have been reported
under normal respiration conditions [8].

The challenge for future research is to apply the method to in-vivo acquired
liver images. The proposed scheme has the potential to work together with phys-
ical techniques such as MR active tracking or navigator echoes. Using such tech-
niques, an appropriate baseline selection is relatively straightforward since the
location is implicitly measured. The translation values provided by physical tech-
niques may also be used as an initial value for the image registration algorithms.
The undesired offset due to the image transformation can be eliminated by es-
timation of the background offset as described here.
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