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ABSTRACT

Magnetic Resonance Thermometry imaging is a non-invasive method for temperature monitoring in hyperther-
mia treatment. The temperature can be determined from the phase shift in a gradient-echo sequence. Due to
large temperature variations, the phase shift may exceed the (-�,�) radians interval. The phase value beyond
this interval will be wrapped. Unfortunately, the temperature is only proportional to the absolute phase change.
Therefore, phase unwrapping (PU) is required to recover the absolute phase from the wrapped representation.
While the phase may contain spurious discontinuities, the algorithm must distinguish them from true phase
discontinuities. We propose additional processing to support PU in order to improve the algorithm for recovery
of the best estimation of absolute phase. The Minimum Weight Discontinuity (MWD) algorithm was used for
PU. The steps to be taken on additional processing consist of applying a Gaussian �lter to the raw complex
MRI images, deriving the weights of a quality map, and segmenting unreliable regions using the "magnitude"
image. The raw wrapped phase images, acquired from a phantom and from a porcine liver (acquired under laser
irradiation), were used to test the e�ect of additional processing. The e�ect was compared with the conventional
approach (i.e. mere unwrapping with the MWD algorithm).
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1. INTRODUCTION

During the past few years hyperthermia treatment has emerged as an alternative therapy for cancer. In conven-
tional hyperthermia, relatively low temperatures in the range of 43o-50o Celcius are applied for several minutes
to kill malignant cells. Spatial variations in tissue properties, e.g. perfusion and heat absorption rates, com-
plicate such treatment by causing non-uniform temperature distribution. To ensure suÆcient exposure of the
tumor and also to spare healthy tissue, continuous monitoring both spatially and temporally of the temperature
is required[1].

In practice both invasive and non-invasive approaches are applied to measure the temperature distribu-
tion. While invasive thermometry is locally quite accurate, the spatial sampling density is generally limited to
minimize damage. A speci�c problem presents the case of a large deep-seated target volume. Here, a good
representation of the temperature distribution cannot be obtained and quantitative assessment of thermal dose
delivery is diÆcult to determine.

Magnetic Resonance Imaging (MRI) has been favored for monitoring local hyperthermia therapy, since it
o�ers both target visualization and temperature sensitivity. Applying MRI for monitoring temperature is called
Magnetic Resonance Thermometry Imaging(MRTI).

The temperature can be determined from the phase shift in a gradient-echo sequence. Due to large temper-
ature variations, the phase shift may exceed the (-�,�) radians interval. The phase value beyond this interval
will be wrapped. Unfortunately, the temperature is only proportional to the absolute phase (unwrapped phase)
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change. To solve this problem, the absolute phase must be reconstructed from the obtained wrapped data. The
process of retrieving the absolute phase from a wrapped representation is called phase unwrapping(PU).

Phase unwrapping is essentially the process of recovering the integer multiple cm;n of 2� to be added to each
pixel of the wrapped phase data  m;n in order to obtain the absolute phase �m;n:

�m;n =  m;n + 2�cm;n: (1)

The integer multiples cm;n are called the wrap counts. Each wrap count is determined by how many fringe
lines lie between a pixel under investigation and a reference pixel. A fringe line is the curve that marks the
phase transitions from �� to +�.

The raw wrapped phase contains noise and artifacts due to the imaging methods. Consequently, the raw
wrapped phase may contain spurious phase discontinuities. To get the best estimation of absolute phase, the
algorithm must distinguish such artifacts from true phase discontinuities.

In this paper, we propose additional processing to support PU in order to improve the Minimum Weighted
Discontinuities (MWD)[2] algorithm for recovery of the absolute phase. The steps to be taken in additional
processing (before PU) consist of applying a Gaussian �lter to the raw complex MRI images, deriving the weights
of a quality map (to distinguish true from spurious phase discontinuities) and segmenting unreliable regions
using the "magnitude" image. After the Gaussian �lter has been applied, the weight values of a quality map
are derived by local frequency estimates. The quality map is derived from complex images rather than from the
phase data alone, such as using pseudocorrelation and phase derivative variance[3]. For segmenting unreliable
regions, a threshold is applied to the magnitude image, followed by some simple morphological operations.

We use two approaches for the evaluation of the PU solution. The �rst approach is to evaluate the number
of remaining discontinuities in the absolute phase as a measure of success. We will also explore the proportional
relation between absolute phase shift and temperature change, to evaluate the results of PU.

This paper is organized as follows. Section 2 describes the fundamentals of the MWD algorithm. In this
section we will also elaborate on the concept of quality maps and complex image �ltering. Section 3 describes
experiments using the raw wrapped phase images acquired from a phantom and from a porcine liver (acquired
under heating). In the experiments, the e�ect of additional processing to support PU was compared with the
conventional approach (i.e. mere unwrapping with the MWD algorithm). Finally, conclusions will be given in
section 4.

2. METHODS

2.1. The Minimum Weight Discontinuity

The unwrapping algorithm utilizes a tree-growing approach that traces paths of dicontinuities. If it is detected
that such a path forms a loop, a multiple of 2� is added to the enclosed values. Thus, the number of phase
discontinuities is reduced. A discontinuity is de�ned by a pair of adjacent(side-connected) pixels whose di�erence
exceeds � in magnitude, oriented vertically or horizontally, called the vertical and horizontal phase jumps. For
notation, we use (vm;n) and (zm;n) to represent the vertical and horizontal jump counts, de�ned by the equation
Eq.-2 and Eq.-3,

vm;m = Int(
�m;n � �m+1;n

2�
) (2)

zm;m = Int(
�m;n � �m;n+1

2�
) (3)

where Int(.) is the function that rounds to the nearest integer. Figure 1-b shows (for illustration)the jump
counts computed from the wrapped phase image in Figure 1-a.



Figure 1. Illustration of the MWD Algorithm. (a) The dots represent pixels next to which the wrapped phase is given
(scaled to range 0-1). The dashed lines shows a fringe curve. (b) The arrows indicate a nonnegative jump count (here
de�ned by a phase transition larger than 0.5). (c) The set of trees during path extension represents one step before the
loop is found (each arrow represents an edge).

The minimum weight discontinuity (MWD) criterion means that the solution of unwrapped phase is designed
to yield a minimum over all choices of c (wrap counts, see Eq.-1). The criterion to be minimized is de�ned by:

E(c;�) =
X

wmnjvm;nj+
X

wmnjzm;nj; (4)

where wmn is an array of nonnegative integer coeÆcients de�ning the a quality map.

The algorithm generates a tree consisting of nodes and edges. A node is the point where 4 phase pix-
els intersect and an edge connects a pair of adjacent nodes. A leftward (resp. rightward) edge indicates an
increment(decrement) of a vertical jump count; likewise, a downward(upward) edge indicates an increment
(decrement) of a horizontal jump count. The value of an edge from the node (m,n) to the node (m',n'), will be
denoted by ÆV (m;n;m0; n0). ÆV is de�ned to be 1 if the edge induces a decrease in the magnitude of the jump
count and -1 if it induces an increase.

The MWD algorithm creates a tree of nodes with the edges as the links. If the sequence of nodes (mo; no),
(m1; n1),..,(mL; nL) de�nes the path from the root (mo; no) to a node (mL; nL)=(m,n), then the value of the
node is de�ned by

value(m;n) =

L�1X

k=0

wmnÆV (mk; nk;mk+1; nk+1); (5)

where ÆV (mk; nk;mk+1; nk+1) is the value of the edge that leads from node (mk; nk) to (mk+1; nk+1). Roots
and isolated nodes both have the value 0. The addition of an edge from the node (m,n) to the node (m',n')
resulting in value(m',n') will be tested by �rst calculating:

dval = value(m;n) + wmnÆV (m;n;m
0; n0)� value(m0; n0): (6)

If dval is negative the edge is not added. If, however, dval is positive then the edge is added and value(m',n')
is increased by dval. If the node (m',n') has a subtree (if three edges are leading from it to other nodes), then
dval is also added to all the nodes in the subtree. Any existing edge connected to (m',n') is removed. After the
addition of the new edge, the trees are searched for a loop. If there is already a path from (m',n') to (m,n),
then the new edge completes a loop. Figure 1-c. shows an example of a set of trees, one step before the loop is
found. The large numbers represent the nodes and their value, the arrows represent the edges, and the small
numbers specify the values of the edges. The large, shaded arrow indicates the new edge that can be added, so
that the loop can be completed.



Figure 2: The ow chart of �ltering on the MRI complex image

2.2. Complex Filtering

Magnetic Resonance Thermometry images often show poor signal to noise ratio (SNR). Noise can cause spurious
phase discontinuities to arise on a raw wrapped phase. Because the phase is an aspect of a signal, �ltering should
be applied to the signal itself. The raw wrapped phase is obtained from an arctan operation on the complex
signal. The complex signal is expressed by

z(l;m) = (Re[l;m] + nRe[l;m]) + i(Im[l;m] + nIm[l;m]) (7)

where Re[l;m] and Im[l;m] denote the real and imaginary signal part respectively and nRe[i; j] and nIm[i; j]
denote noise.

The noise contributions arising from the MRI scanner electronics are additive, and they are assumed to be
uncorrelated, and characterized by a zero mean Gaussian probability density function. Before constructing the
wrapped phase images, it is important to de-noise the complex signal. The ow chart for �ltering the complex
MRI image is shown in Figure-2. As we mentioned above, the �ltered "magnitude" image is used to segment
unrealible regions in a wrapped phase image. A threshold was applied to the magnitude images, followed by
some simple morphological operations(such as opening and closing). The unrealible region consists of air, and
it is not used to determine the absolute phase in the object.

2.3. Quality Maps Using Local Frequency Estimates

Although �ltering was applied, still some erroneous regions remain. To obtain the best estimate of the absolute
phase, the PU algorithm must distinguish true phase discontinuities from a spurious ones. Quality maps are
arrays of values that each de�ne the quality of a pixel value. The quality map will mark spurious phase
discontinuities with a low weight value which are will be ignored during PU.

Commonly, the quality maps are derived from wrapped phase data alone[3]. We de�ne our quality map by
the local frequency estimates, that are suggested to replace the wrapped phase di�erence [4]. The quality map
is derived from the complex �ltered signal. The local frequency estimate is de�ned by equation 9.

Ẑ(l;m) = (
X

[z(l+ 1;m)z�(l;m)]) + (
X

[z(l;m+ 1)z�(l;m)]) (8)

f̂(l;m) = arctan[Ẑ(l;m)] (9)

where z(l;m) is a complex MRI signal and z(l;m)� is its conjugate and f̂(l;m) is a local frequency estimate. To

obtain a weight array that is suitable to apply on the MWD algorithm, the results from f̂(l;m) are processed

by the following steps; �rst, select the maximum value from n x n windows of f̂(i; j) and negate this value to
give the lowest weight value to the bad pixels; second apply a threshold on the result, so that it can assume only
two values: 0 or 1. The threshold value is chosen from a histogram of the image using the isodata algorithm[5].
Fig-3-a shows the results of the local frequency estimate of a porcine liver image. The weight values applied in
the MWD algorithm are shown in Fig-3-b.



(a) (b)

Figure 3: The results of local frequency estimation from liver porcine image, after processing step-1(a) and step-2(b)

3. RESULTS

The e�ect of additional processing to support PU was compared with the conventional approach (i.e. mere
unwrapping with the MWD algorithm). The raw wrapped phase images were created from a phantom that
contained fat and water, and from an ex-vivo porcine liver taken under laser irradiation.

3.1. Study-1 : The Phantom Images

We evaluated the e�ect of our approach on phantom images that contain fat and water. The raw magnitude
and phase images are shown in �gure-4-a and 4-b. The phantom images were created with a gradient echo
sequence using a short echo time. For that reason, the resulting a raw wrapped phase image contained many
fringe lines.

In the �rst experiment, only the MWD algorithm was applied to recover the wrapped phase. In Fig. 5-a
the absolute phase variation along the middle row of the image array is shown. The absolute phase produced
an erroneous value that is marked with an arrow.

In the second experiment, we applied the proposed approach. In Fig. 5-b the result along the middle
row is shown. We can see here that the correct absolute phase pro�le in the object is recovered. Evaluation
based on the number of remaining discontinuities in the absolute phase shows that its number is reduced from
21:1%(conventional) to 1:7%(proposed approach) both of 16384 pixels .

(a) (b)

Figure 4: The phantom images: (a) Magnitude and (b) Raw wrapped phase

3.2. Study-2 : The Porcine Liver Images Under Laser Irradiation

In this section we apply the proposed approach to the image of an object under heating. A porcine liver was
placed in a waterbath at ambient temperature inside the MR scanner (Signa CV/i 1.5 T; General Electric,
Milwaukee, WI). We used a Laser(Nd:YAG,20W), as heat source and, for delivering energy, a laser �ber with a



(a) (b)

Figure 5. Plots of the absolute phase variation along the middle row that produced by PU with conventional (a) and
proposed approach (b).

di�using tip (0.600 mm, 2cm di�user length) was inserted on the liver. A cooling laser catheter was installed to
keep the surrounding tissue on ambient temperature. Only the di�using tip gave a contribution to the heating.
The target region is shown in Fig. 6-a( marked by the white square).

The gradient echo sequence was applied to maximize temperature sensitivity of the phase images. The liver
was irradiated for 19 minutes under continuous monitoring with MRTI. The image acquired at t= 0 min (before
the laser was applied), was used as initial image. An image was acquired each 1 minutes to be evaluated. Fig.
6-b shows the raw phase image at t=0 min. The e�ect of increasing duration of laser irradiation at t=5 min,
t=6 min and t=19 min on the raw phase images is shown in Fig. 6 c,d and e.

In experiment-1, we recovered the absolute phase images with the conventional approach, and then the phase
shift caused by laser irradiation was computed from each image( at t= 1 min until t=19 min) by subtracting
the initial image. We computed the average phase shift in the target region(with the area as de�ned in Fig.
6-a), to evaluate the proportional phase shift due to increased duration of irradiation. In Fig. 7-b. the results
are presented. Here, we found large phase shifts in the subtracted images at t=5 min, t=8 min, t=17 min and
t=18 min. These results are not correct, because the phase shift per degree celcius is approximately 0:02 radian
at an echo time of 20 ms [6]. For clarity, the plot of absolute phase variation along the center of the target area
from experiment-1 is shown in Fig. 8-b. The absolute phase at t=5 min has a higher value than the absolute
phase at t=6 min, with an error o�set around 2�.

In experiment-2, the absolute phase was recovered by the proposed approach and then again a phase shift
due to laser irradiation was computed. A plot of the phase shift as a function of duration of irradiation is shown
in Fig. 7-c . With this approach, acceptable phase shift values can be obtained. In Fig. 8-c a plot of the the
absolute phase variation along the center of target area is shown. In this plot one can see that the erroneous
o�set value of the absolute phase is avoided.

Finally, we also evaluate the number of remaining discontinuities in absolute phase of the porcine liver
(see Table-1). The values were computed from average remaining discontinuities from images taken duration
irradiation on t=0 min until t=19 min. Comparing with the results from experiment-1, the remaining number
of discontinutities is signi�cant reduced in experiment-2.

Table 1: The number of remaining discontinuities in absolute phase the porcine liver from experiment 1 and 2

Experiment-1 Experiment-2

12.2% of 32768 pixels 2.04% of 32768 pixels



(a) (b) (c) (d) (e)

Figure 6. (a) The magnitude temperature image,(b) The raw phase under laser irradiation at t=0 minutes, (c) at t=5
minutes, (d) at t=6 minutes, (e) at t=19 minutes

(a) (b) (c)

Figure 7. (a) Plot of average of raw wrapped phase shift, (b) Plot of average of absolute phase shift from experiment-1
with duration of laser irradiation and (c) Plot of average of absolute phase shift from experiment-2 with duration of laser
irradiation

(a) (b) (c)

Figure 8. (a) Plot of phase variation along the center of the target area from the raw wrapped phase, (b) The absolute
phase from experiment-1 and (c) the absolute phase from experiment-2. (note : 'x' for image at 0 minute , 'o' for image
at t=5 min and '*' for image at t=6 min



4. CONCLUSIONS

The paper proposes additional processing to support a phase unwrapping algorithm. The additional processing
consists of complex �ltering, derivation of a quality map and segmentation of unreliable regions from magnitude
images.

The proposed approach was tested on two studies. In study-1, we showed the advantage of our approach
in recovering the absolute phase in a fat and water phantom. In study-2, the absolute phase shift due to laser
irradiation is evaluated. While the PU algorithm alone produced erroneous phase shifts during irradiation, this
problem has been solved with the proposed approach.

From the three additional processing components, the quality map and complex �ltering provide a signi�cant
contribution to the correct solution. Segmenting the noisy region in the wrapped phase is less e�ective in the PU
algorithm, particularly if the noisy region is not completely removed. Development of more advanced methods
for segmenting noisy regions in wrapped phase images is still necessary.
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