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Abstract

Minimally invasive therapies such as radiofrequency ablation have been developed to treat cancers
of the liver, prostate and kidney without invasive surgery. Prior work has demonstrated that
ultrasound echo shifts due to temperature changes can be utilized to track the temperature
distribution in real time. In this paper, a motion compensation algorithm is evaluated to reduce the
impact of cardiac and respiratory motion on ultrasound-based temperature tracking methods. The
algorithm dynamically selects the next suitable frame given a start frame (selected during the
exhale or expiration phase where extraneous motion is reduced), enabling optimization of the
computational time in addition to reducing displacement noise artifacts incurred with the
estimation of smaller frame-to-frame displacements at the full frame rate. A region of interest that
does not undergo ablation is selected in the first frame and the algorithm searches through
subsequent frames to find a similarly located region of interest in subsequent frames, with a high
value of the mean normalized cross-correlation coefficient value. In conjunction with dynamic
frame selection, two different two-dimensional displacement estimation algorithms namely a
block matching and multilevel cross-correlation are compared. The multi-level cross-correlation
method incorporates tracking of the lateral tissue expansion in addition to the axial deformation to
improve the estimation performance. Our results demonstrate the ability of the proposed motion
compensation using dynamic frame selection in conjunction with the two-dimensional multilevel
cross-correlation to track the temperature distribution.

Introduction

Minimally invasive therapies have gained increasing attention in the last decade as an
alternative to standard surgical therapy (Hill and ter Haar 1995, Murphy and Gill 2001, Chin
and Pautler 2002, Goldberg and Ahmed 2002, Ogan and Cadeddu 2002, Tunuguntla and
Evans 2002). They are being investigated for the treatment of many diseases such as primary
hepatocellular carcinoma (HCC) (Goldberg 2001, Haemmerich et al 2001, Goldberg and
Ahmed 2002), lower urinary tract symptoms due to benign prostatic hyperplasia (Goldberg
et al 1998, Beerlage et al 2000, Tunuguntla and Evans 2002) and small renal-cell carcinoma
(RCC) (Gervais et al 2000, Murphy and Gill 2001, Chin and Pautler 2002, Ogan and
Cadeddu 2002). Temperatures greater than 42 °C are considered potentially lethal,
depending on the duration of application (Rosner et al 1996), and temperatures greater than
60 °C are associated with uniform tissue necrosis. Benefits over surgical resection include
the anticipated reduction in morbidity and mortality, lower cost, suitability for real-time
image guidance, ability to perform ablative procedures on outpatients and the potential
applicability to a wider spectrum of patients, including nonsurgical candidates.
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The trend toward minimally invasive options in the management of renal tumors has also
prompted interest in ablation techniques as possible alternatives to radical or partial
nephrectomy (Savage and Gill 2000, Johnson and Nakada 2001, Murphy and Gill 2001).
Laparoscopic renal cryoablation, RF, microwave and HIFU ablative therapies are some of
the modalities used for renal tumors (Savage and Gill 2000, Johnson and Nakada 2001,
Murphy and Gill 2001). RF ablation employs needle electrodes placed percutaneously and
directly through open surgery into renal lesions. In the United States, only RF and
cryoablation are approved by the U.S. Food and Drug Administration (FDA) for treating
RCC (Goldberg et al 2000, Mirza et al 2001, Murphy and Gill 2001, Chin and Pautler 2002,
Ogan and Cadeddu 2002).

Currently the positioning of the RF ablation electrode into the tumor site is done under
ultrasound guidance. However, Gazelle et al report that the ablated region can appear to be
hyper-echoic, hypo-echoic or have the same echogenicity as the ablation site prior to
treatment (Gazelle et al 2000). This has led to the examination of a range of ultrasound
parameters to determine their efficacy in providing real-time temperature maps during RF
ablation. These approaches include tracking tissue acoustic properties (Ueno et al 1990,
Maass-Moreno et al 1996, Seip et al 1996, Simon et al 1998, Sun and Ying 1999, Varghese
et al 2002), attenuation (Ueno et al 1990, Worthington and Sherar 2001, Clarke et al 2003,
Techavipoo et al 2004), backscatter changes (Straube and Arthur 1994, Arthur et al 2005),
tracking frequency shifts of the center frequency and its harmonics (Palussiere et al 2003),
and tracking timeshifts in the ultrasound echo signal introduced due to the speed of sound
changes (Nasoni 1981), thermal expansion without (Seip and Ebbini 1995) and with the
speed of sound changes with temperature (Simon et al 1998, Varghese et al 2002, VVarghese
and Daniels 2004, Techavipoo et al 2005, Daniels et al 2007, Anand and Kaczkowski 2008,
Daniels 2008, Daniels et al 2008). Tracking the shift in the ultrasound echo signal due to
thermal expansion and speed of sound changes is the only method that has been
demonstrated to track temperature changes in the range from 40 °C to 100 °C generally
observed during RF ablation procedures (Varghese et al 2002). It should also be noted that
RF ablation has been monitored utilizing MRI for the liver (Seror et al 2006).

The focus of this paper is on imaging the temperature distribution produced during RF
ablation procedures utilizing the shift in the ultrasound echo signal due to thermal expansion
and speed of sound changes. This type of ultrasound-based method relies on the ability to
accurately track small frame-to-frame displacements due to the movement of tissue
scatterers associated with the temperature increase. These displacements are then
accumulated over the duration of the ablation procedure, and the gradient of the
displacement related to the temperature change utilizing a calibration curve (Varghese and
Daniels 2004). Previous works by Daniels et al (2007, 2008) have demonstrated that this
method of ultrasound-based temperature imaging of RF ablation is feasible using both
realistic finite element analysis (FEA)/ultrasound simulations and tissue-mimicking
phantom experiments.

However, in each of the prior experiments (Daniels et al 2007, 2008), there were no
associated external motion artifacts that could lead to errors in the displacement estimation.
Clinically, there are two primary types of motion (cardiac and respiratory) that would affect
the temperature map. Respiratory motion constitutes the largest source of error in the
displacement estimates (Chandrasekhar et al 2006). This is due to the fact that scatterers that
contribute to the ultrasound speckle signature that are in the ultrasound scan plane at the
beginning of the respiratory cycle may not be in the same scan plane a few frames later due
to the elevational motion causing speckle tracking methods such as one-dimensional (1D)
and 2D cross-correlation to fail to track these displacements (Chandrasekhar et al 2006).
Cardiac motion on the other hand does not result in significant elevational motion and
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therefore is considered a secondary effect when compared to respiratory motion in our
analysis (Chandrasekhar et al 2006).

Since motion due to the cardiac and respiratory cycles can cause significant errors in
ultrasound-based temperature maps, a method needs to be developed to compensate for
these types of motion artifacts (Chandrasekhar et al 2006). Several different types of motion
compensation have been successfully used with ultrasound to date such as manually
translating the B-mode images (Mokhtari-Dizaji et al 2006) or using an ultrasound
transducer to track the motion of the diaphragm throughout the respiratory cycle to provide
motion compensation for catheter navigation through blood vessels (Timinger et al 2005).
Ultrasound-based methods of motion compensation have also found that mutual information
was more computationally intensive and sensitive to noise than the cross-correlation
coefficient method (Xu and Hamilton 2006).

This paper provides a description of an in vivo RF ablation experiment on porcine kidneys
and the tracking of resulting displacements and temperature changes. A novel method is
proposed to track displacements utilizing dynamic frame selection and only tracking
displacements between frames with a high mean normalized cross-correlation coefficient. A
comparison of the efficacy of two cross-correlation algorithms, 2D CC and a novel 2D
multilevel cross-correlation algorithm developed by Shi and Varghese (2007) in determining
local displacements and temperature maps, is also made.

Materials and Method

In vivo RF ablation under ultrasound guidance was performed on porcine kidneys for
duration of 8 min using a Radionics (how Valley Lab, Boulder, CO) Cool-Tip RF system
(Radionics, Burlington, MA) and the Ultrasonix 500RP clinical ultrasound system
(Ultrasonix Medical Corporation, VVancouver, BC, Canada). The Cool-Tip RF system
electrode circulates chilled water internally which cools the tissue immediately surrounding
the electrode and reduces the effects of tissue charring around the electrode (Valleylab
2007). The Radionics system also contains a feedback mechanism that monitors the tissue
temperature around the electrode with a thermocouple and adjusts the radiofrequency energy
to minimize tissue charring. Due to the circulation of the chilled water, the Radionics system
does not provide real-time temperature estimates.

Two pigs (mean weight = 40 kg) were used in this study. The study was conducted under a
protocol approved by the Research Animal Care and Use Committee of the University of
Wisconsin-Madison. Anesthesia was induced using intramuscular tiletamine hydrochloride
and zolazepam hydrochloride (Telazol; Fort Dodge, 1A), atropine (Phoenix Pharmaceutical,
St Joseph, MO) and xylazine hydrochloride (Xyla-Ject; Phoenix Pharmaceutical, St Joseph,
MO). Animals were intubated and anesthesia maintained with inhaled isoflurane
(Halocarbon Laboratories, River Edge, NJ). The pigs were placed in a supine position and
prepared in the midline and draped. Through a midline incision, one kidney was dissected
free, and the lower pole exposed. An identical procedure was performed on the contralateral
side for the other kidney. Approximately 1-2 cm of respiratory induced motion was
observed in the kidneys during the ablation procedure. Depending on the location of the
tumor, either open surgery or the less invasive percutaneous ablation is performed. The open
surgical method was examined in these experiments due to the method allowing us to
accurately position the ultrasound probe over the RF ablation needle.

RF ablation was performed on the lower pole of the kidney with the needle advanced under
ultrasound guidance. The ultrasound transducer was placed on the kidney and adjusted to
ensure that the RF ablation needle was visible in the ultrasound scan plane as shown in
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figure 1. An acoustically transparent gelatin pad was placed between the transducer and the
kidney to ensure good acoustic coupling. In addition, the gelatin pad ensured that no damage
occurred to the transducer due to heat transfer from the kidney during the ablation
procedure. The kidney was positioned in order to ensure good contact between the gelatin
pad and the kidney for the duration of the ablation procedure. The ablation procedure was
performed on both the right and left kidneys in each animal, with two ultrasound RF echo
data sets collected per animal.

Following treatment, the kidneys were allowed to cool to body temperature and the visible
lesion evaluated and the kidney replaced in situ. The pigs were allowed to survive for 48 h
to better evaluate cell death and then euthanized as per the University of Wisconsin-
Madison’s animal care guidelines. Forty-eight hours allowed coagulative necrosis to be
clearly identified. The kidneys were harvested and fixed in a 10% formalin solution. The
kidney was then sliced along the ultrasound scan plane to obtain pathological visualization
of the treated region.

RF echo data acquisition

Ultrasound radiofrequency echo data were acquired at a frame rate of 2 frames per second
using the Ultrasonix 500RP system equipped with a research interface after beam forming.
This frame rate was selected as a compromise to enable the collection of data at a sufficient
frame rate for temperature imaging coupled with the storage of the data on the system to
ensure real-time data acquisition. A 1D linear array ultrasound transducer with a 6.6 MHz
center frequency and 40 mm imaging width was used. The transducer was held in a fixture
attached to the table on which the animal was placed. The ultrasound transducer has an
approximate 60% bandwidth and the echo signals were digitized using a 40 MHz sampling
frequency. The research interface on the ultrasound system recorded radiofrequency echo
signal frames every 0.5 s as the porcine kidneys underwent an 8 min RF ablation procedure.
The transducer provided echo signals over an area of 5 cm (width) by 3-5 cm depth
(depending on the thickness of the kidney). The Cool-Tip RF probe keeps the maximum
temperature in the tissue at or less than 99 °C by monitoring the tissues’ temperature with an
embedded thermocouple.

Dynamic frame selection

Dynamic frame selection in this paper was utilized as a motion compensation algorithm both
to minimize extraneous motion artifacts and to optimize computational costs by reducing the
number of radiofrequency data frames processed. In previous papers (Daniels et al 2007,
2008), the authors reported on methods where displacement estimates were accumulated at
set intervals, e.g. the displacement between frames 0 and 6 was accumulated, then the
displacement between frames 6 and 12, and so on. This strategy can lead to errors in
accumulating the displacement if objects within the ultrasound scan plane are not in the
same location during frame 0, 6 and 12. Movement of tissue within the ultrasound scan
plane due to elevational motion from respiration has to be accounted for displacement
estimation especially under in vivo imaging conditions. If the imaged tissue is not in the
same location, echo signals from frames (for e.g. 0 and 6) will be highly decorrelated due to
the presence of completely different scattering in each frame (Techavipoo et al 2005).

One of the solutions to mitigate this problem would be to acquire data at higher frame rates,
faster than the rate at which scatterers move out of the ultrasound scan plane due to
respiratory or cardiac motion. Hence, by accumulating the displacement every few frames
the effects of elevational motion should be minimized since the same structures would exist
in each RF echo frame. However, if the displacement between frames is accumulated at high
frame rates when the displacement between frames is small, accumulation of the
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displacements also lead to accumulation of noise artifacts associated with the displacement

estimate. These noise artifacts accumulate at a faster rate for higher frame rates as opposed

to frame rates that provide adequate tracking of larger displacements albeit at a lower frame
rate.

The method proposed in this paper attempts to address both these issues associated with
errors in displacement estimates due to elevational motion and the accumulation of frame-
to-frame displacements at higher frame rates. By appropriately choosing a start frame and
dynamically choosing the next frame for processing in order to accumulate the
displacement, the errors due to the above-mentioned challenges are minimized. A small
region of interest (ROI) is chosen on the start frame in a region that does not undergo
ablation. The mean normalized cross-correlation coefficient in this ROI between the start
frame and all other frames throughout the respiratory cycle is then calculated after skipping
the first few frames immediately following the start frame. For example, the cross-
correlation coefficient will be calculated between frames 0 and frames 20-120 if the frame
rate is 30 fps and the respiratory cycle is approximately 3 s.

Once all of the mean normalized cross-correlation coefficients for the ROI are calculated,
the frame-to-frame displacement is calculated between the start frame and the frame that had
the highest mean normalized cross-correlation coefficient. The second frame then becomes
the start frame and is utilized to estimate the next matching frame for displacement
estimation. This procedure is then repeated using the frame with the highest mean
normalized cross-correlation coefficient as the next start frame and so on. This allows the
frame-to-frame displacement to be calculated while minimizing the impact of external
motion due to respiratory and cardiac sources. In addition, the resulting frame-to-frame
displacement is not prone to errors due to small frame-to-frame local displacements due to
the larger separation between frames. In addition, since the technique is dynamic it will
adjust based on the frame chosen even if the respiratory cycle duration of the patient
changes during the procedure.

Displacement estimation

Once the dynamic frame selection algorithm has been used to identify the radiofrequency
frames that are highly correlated, an estimate of the local displacement between consecutive
frames is calculated. Both actual (due to thermal expansion) and virtual (due to sound speed
variations) shifts in the echo signal contribute to this displacement. A 2D multi-level cross-
correlation and a 2D block matching method are then utilized to track these local
displacements. Displacement estimates are obtained by estimating the location of the sub-
sample peak of the cross-correlation function of the pre- and post-deformation echo signals.
The 2D block matching method is based on a predictive search algorithm that utilizes the
prior displacement estimate along the axial direction to predict the current displacement
estimate. The 2D block matching method also checks for consistency between displacement
estimates before moving from one search row to the next.

The 2D multi-level cross-correlation method was developed to compute local displacement
fields and strains in discontinuous media (Shi and Varghese 2007). Coarse displacement
estimates are initially obtained using sub-sampled B-mode data using a multilevel pyramid
algorithm. The coarse displacement estimates are then utilized to guide the high resolution
estimation on the lowest level of the pyramid containing the radiofrequency echo signal
data. This method combines advantages provided by the robustness of B-mode envelope
tracking and the precision obtained using RF motion tracking to obtain high resolution
displacement and strain estimates. The design of this method utilizing the multi-level
pyramid algorithm also incorporates lateral motion compensation between frames (for
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motion within the imaging plane) since this search algorithm maximizes the correlation
coefficient by appropriately positioning the kernel in the post-deformation radiofrequency
data frame.

Temperature estimation

Results

After the displacement is estimated between frames, the gradient of the cumulative
displacement was computed and the displacement gradient versus temperature calibration
curve (Techavipoo et al 2005) was used to convert the gradient value to a temperature
estimate (Varghese et al 2002). The displacement gradient versus temperature calibration
curve was calculated based on experimental ex vivo measurements of the thermal expansion
and the speed of sound changes with temperature of tissue. These parameters are required a
priori and have to be determined for each tissue type undergoing ablation. The change in
temperature to the gradient of the displacement are related from the expression G= (cg/c)(d +

1) — 1, where &d represents the normalized tissue expansion given by gd=%-, ¢ denotes the
speed of sound of tissue at the elevated temperature, cg is the speed of sound at 37 °C, dgis
the initial distance between two points in tissue and d is the distance between two the points
in tissue at the elevated temperature. This creates a single-valued curve that relates the
displacement gradient (G) to temperature (Techavipoo et al 2005). The curve is valid for a
temperature range of 37-100 °C. A lookup table is utilized to transform the gradient of the
displacement to a temperature estimate. The same parameters were used to obtain the
displacement gradient for both the 2D block matching and 2D multi-level cross-correlation
algorithms.

Figure 2(a) depicts a B-mode image of a porcine kidney ablation procedure after 30 s of
ablation. The dark region at the top of figure 2(a) is due to the acoustically transparent
gelatin pad. Note the line of scattering from approximately 4-6 cm down and 2.75 cm
across. This increase in the scattering represents reverberations from the tip of the RF
ablation needle, which is placed approximately 3 cm below and 2.75 cm across and within
the scanning plane. The hyper-echoic region across the width of the figure at a depth ranging
from 4.5 cm to 5 cm represents the kidney (above) and soft tissue (below) interface.

Figures 2(b) and (c) present displacement maps computed using 2D block matching (figure
2(b)) and the multi-level 2D cross-correlation (figure 2(c)) method, respectively. Note that
the general pattern of the displacement observed is similar in both figures 2(b) and (c).
However, in figure 2(b), the maximum displacement is 0.3 mm and the minimum
displacement is —0.4 mm. This is slightly different than that in figure 2(c), where the
maximum displacement is 0.35 mm and the minimum displacement is —0.2 mm.

Figures 2(d) and (e) present temperature maps based on the displacement maps in figures
2(b) and (c), respectively. The thermal expansion curves obtained for kidney specimens are
very similar to the expansion curves observed with liver specimens (Varghese and Daniels
2004). Note that while figure 2(d) suggests a maximum temperature of 100 °C, the
maximum temperature in figure 2(e) is only 75 °C. This is due to the fact that displacement
estimates in figure 2(b) have larger gradients along an A-line than those found in figure 2(c).
The exact temperature increase versus time has not been measured for the Radionics RF
ablation system. However, it is known that the Radionics RF ablation system does not reach
a maximum temperature of 100 °C for at least 60 s (Valleylab 2007).

The B-mode image after 4 min of ablation is presented in figure 3(a). Note the hyper-echoic
area in the center of the image, which is also the center of the ablated area, due to gas
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bubbles forming from the out-gassing of the water vapor which generally occurs as the
temperature in the kidney is approximately 100 °C. It should also be noted that the hyper-
echoic region is centered on the location of the RF ablation electrode in figure 2(a). In
addition, note that the hyper-echoic line that forms the boundary between the kidney and
gelatin interface has moved toward the surface of the transducer due to thermal expansion
and the speed of sound changes. For instance at a width of 2.5 cm, the interface has moved
from a depth of 0.5 cm after 30 s of ablation to a depth of 0.25 cm after 4 min of ablation. In
a similar fashion, the hyperechoic line that forms the kidney and soft tissue interface has
moved away from the transducer and has moved from a depth of 4.5 cm to 5 cm or lies
outside the ultrasound scan plane between 2 and 3 cm along the x-axis.

Notice also the presence of streak artifacts in the displacement estimate after 4 min of
ablation (figure 3(b)). These streak artifacts are due to 2D block matching using a predictive
method for displacement estimation. The predictive method works by predicting a
displacement estimate at the position x along an A-line from the displacement estimate at the
position x — 1 along the same A-line. Thus, if 2D block matching severely over or
underestimates the displacement estimated along an A-line, it can cause all further
displacement estimates along that A-line to become skewed. This is why the displacement
estimates appear to be continuous at the top of the displacement map in figure 3(b) but not at
the bottom. The displacement estimate obtained using multi-level 2D cross-correlation after
4 min of ablation as shown in figure 3(c) does not include the streak artifacts shown in
figure 3(b).

Temperature maps after 4 min of ablation are presented for the 2D block matching and
multi-level 2D cross-correlation in figures 3(d) and (e), respectively. Note that both
temperature maps suggest a maximum temperature of 100 °C. The temperature map in
figure 3(d) is significantly noisier than the temperature map in figure 3(e). This is due to the
significantly lower level of noise in figure 3(c) as compared to figure 3(b). In addition, the
area that corresponds to an estimated temperature of 100 °C in figure 3(e) matches with the
hyper-echoic region in figure 3(a).

Finally, figure 4(a) presents a B-mode image of the porcine kidney tissue after 8 min of
ablation, the maximum duration of the RF ablation procedure. The hyper-echoic region in
the center of the figure 4(a) has also increased in dimension with respect to figure 3(a), due
to the continued ablation of the region. The displacement map with 2D block matching is
presented in figure 4(b), and the multi-level 2D cross-correlation displacement map is
presented in figure 4(c). Similar to the results presented in figures 3(b), the results in 4(b)
indicate multiple streak artifacts along A-lines due to the incorrect estimation of
displacements along that A-line. This is demonstrated in figure 4(b), where the streak
artifacts are more prevalent than in the previous figure 3(b). In the figure that utilizes multi-
level 2D cross-correlation (figure 4(c)), the streak artifacts are not visualized after 8 min of
ablation. Hence, multi-level 2D cross-correlation is able to accurately track displacements
after 8 min of ablation, while 2D block matching suffers from streak artifacts due to
incorrect displacement estimation.

The increased presence of streak artifacts in figure 4(b) compared to figure 3(b) contributes
to a temperature map in figure 4(d) that is significantly noisier than that shown in figure
3(d). Although the central ablated region suggests a value of 100 °C, as does much of the
area outside the hyper-echoic region in figure 4(a), it is difficult to determine the area being
ablated in figure 4(d). Due to the fact that figure 4(c) does not suffer from the same type of
streak artifacts, the ablated region is easily visualized in figure 4(d). Note that the size of the
ablated region has increased as compared to figure 3(d). This is similar to the increase in the
size of the hyper-echoic region in figure 4(a) as compared to figure 3(a).
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A graph of the mean normalized cross-correlation coefficient versus time for the porcine
kidney ablation procedure is presented in figure 5. The mean normalized cross-correlation
coefficient was calculated by finding the mean cross-correlation coefficient between each
pair of start and end frames over the ROI that was used to estimate the displacement and
temperature maps. Figure 5 shows that the mean normalized cross-correlation coefficient
never drops below 0.4. Hence, by using dynamic frame selection, frames that are
uncorrelated with the start frame are not used to track the frame-to-frame displacements,
with the overall average cross-correlation coefficient over 0.66 for all pairs of start and end
frames.

Figure 6 presents results obtained for a second in vivo porcine kidney ablation procedure. In
figure 6, each row represents different ablation durations namely 30 s (row I), 4 min (row
I1), 6 min (row I11) and 8 min (row 1V), respectively. In each row the corresponding B-mode
image (a), displacement map (b) and temperature map (c) obtained using only the 2D multi-
level cross-correlation method are presented. Block matching results are not presented in the
rest of this paper, due to the increased streak noise artifacts with this method.

In figure 6(a), row I, note that the kidney-acoustic gel interface is visible at the top of the
image and the kidney-soft tissue interface is visible along the left side and bottom of the B-
mode image at a depth of 3 cm for a width of 1 cm and a depth of 4.25 cm for a width of 5
cm. Note that the maximum estimated temperature after 30 s of ablation in figure 6(c), row |
(=70 °C) is similar in magnitude to the maximum temperature after 30 s of ablation in figure
2(c) (=75 °C). The B-mode image and displacement and temperature maps after 4 min of
ablation are presented in row Il. Note that the kidney-acoustic gel boundary in figure 6(a),
row I1, has moved toward the transducer, and the kidney-soft tissue boundary at the bottom
of the image has moved away from the transducer as compared to figure 6(a), row I, from a
depth of 0.25 cm along the center of the image to a depth of 0.1 cm. In addition, the kidney-
soft tissue interface on the left of the image has moved toward the right as compared to
figure 6(a) from a width of 0.5 cm to a width of 1 cm. This is due to external motion of the
kidney relative to the transducer. Due to this shift there is a hypo-echoic region on the left of
the image where there is no longer good contact between the acoustic gel pad and the soft
tissue to the left of the kidney.

In figure 6(b), row Il, the magnitude of the maximum and minimum displacement has
increased when compared to figure 6(b), row I, due to thermal expansion. Note that the
displacement is negative (toward the transducer) at the top of the displacement map and
positive (away from the transducer) at the bottom of the displacement map. These results are
consistent with the FEA simulation results reported in Daniels et al (2008), where the
displacements were negative above the RF ablation needle and positive posterior to the RF
ablation needle. The temperature map in figure 6(b), row Il, is similar to the temperature
map in figure 3(e) in that both temperature maps suggest a maximum temperature of 100 °C
after 4 min of ablation. In addition, the high temperature region 2 cm deep and 3 cm across
corresponds to the location of the RF ablation needle. Hence, after 4 min of ablation the
multi-level 2D cross-correlation is able to track the location of the ablated region for
different in vivo kidney ablation experiments.

In figure 6, row 111 presents the corresponding B-mode image, displacement and temperature
map after 6 min of ablation. In figure 6(b), row Ill, note that the magnitude of the maximum
and minimum displacements has increased as compared to figure 6(b), row Il as expected. In
addition, the overall shape of the displacement maps is similar in both images. In figure 6(c),
row I1l, the size of the region estimated at 100 °C has increased when compared to figure
6(c), row Il. This is also as expected since the size of the ablated region should increase
during the ablation procedure. The final row in figure 6, row IV, presents the corresponding
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B-mode, displacement and temperature maps after 8 min of ablation. There is no significant
difference between the B-mode image presented in row 1V and that found in row III.

The overall average cross-correlation coefficient between all pairs of start and end frames
for the ROI used to calculate the displacement and temperature maps in figure 6 was around
0.71. This is slightly higher but not significantly different than the average cross-correlation
coefficient of 0.66 shown in figure 5.

A region of interest (ROI) was selected near the center of the ablated region as depicted in
figure 7(a). From this ROI, a time versus estimated temperature graph was calculated and is
shown in figure 7(b). Note the fairly steady increase in estimated temperature over time until
the temperature estimate is approximately 100 °C at three and a half minutes. The
temperature estimated remains near 100 °C for the duration of the ablation procedure.

Pathology results for the porcine kidney ablation procedure depicted in figure 6 are shown in
figure 8. The kidney was sliced into cross-sections in order to determine the size of the
ablated region. The two slices shown in figure 8 are representative slices at the center of the
kidney. Note that the ablated area corresponds to the darker area in the superior right region
of each cross-section. The RF ablation needle track is visible on each slice below the blue
lines. The scale at the bottom of the photograph provides dimensions of the ablated region.

The blue lines on the image correspond to the length from the RF needle track to the distal
edge of the kidney. For the kidney cross-section on the left, this distance is 1.8 cm, and for
the kidney cross-section on the right, this distance is 1.9 cm. In figures 6(b) and (c) in rows
-1V, the edge of the kidney is at ~1 cm from the left of the image and both the locations of
the maximum magnitude for the displacement and the maximum temperature are located at
~2.8 cm. The location of the RF ablation needle in the kidney is ~1.8 cm from the distal
edge of the kidney. Hence, the pathology results (~1.8 cm from the distal edge of the
kidney) correspond well to the location of the RF needle in figure 6 (~1.8 cm from the distal
edge of the kidney).

Discussion and conclusion

Generation of temperature maps during an RF ablation procedure, necessitate tracking and
estimation of frame-to-frame displacements. Clinically, there are two major sources of
extraneous motion, respiratory and cardiac, that can introduce errors into the frame-to-frame
displacement estimation. Of these two types of motion, respiratory motion introduces by far
larger errors than cardiac motion. This is due to the fact that respiratory motion introduces
elevational motion in addition to axial and lateral deformations. Cardiac motion on the other
hand introduces primarily axial and lateral motion artifacts. Elevational motion due to
respiration is a significant concern since scatterers along the elevational ultrasound scan
plane become completely uncorrelated to scatterers in a different ultrasound scan plane.
Hence, frame-to-frame displacements between scan planes (out-of-plane) are not tracked
accurately with 2D displacement estimation methods. Motion in the axial and lateral
direction can be tracked because the scatterers are moving within the same ultrasound scan
plane.

A motion compensation algorithm was developed to dynamically select the next frame given
a start frame. The algorithm was evaluated using radiofrequency data acquired from in vivo
RF ablation of porcine kidneys. An ROI that does not undergo ablation is selected in the first
frame and the algorithm searches through the subsequent frames to find the ROI in frames
with the highest mean normalized cross-correlation coefficient with the start frame. This
new frame becomes the post-compression frame and the displacement between these two
frames is then calculated. The post-compression frame then becomes the new start frame
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and the process starts over. This allows the frame-to-frame displacement to be calculated
while minimizing the effect of external motion due to respiratory and cardiac cycles.

Selection of the frames to be processed in this manner ensures that significant out-of-plane
(elevational) motion would not exist between these frames. The mean normalized cross-
correlation coefficient between frames will be low with larger elevational motion (during
inspiration) and that frame would not be selected as the frame to be processed for
displacement accumulation. The start frame is generally selected during expiration (where
extraneous motion is reduced); this method would allow the subsequent frame to be selected
during expiration during the next respiratory cycle even if the length of the respiratory cycle
varies during the ablation procedure.

In addition, the ability of two different 2D displacement estimation methods to track frame-
to-frame deformations was compared. Both methods track displacements without significant
errors after 30 s of ablation (figure 2). However, the 2D block matching temperature map
estimates higher temperatures (100 °C) than the multi-level 2D method (70 °C). The multi-
level 2D cross-correlation results obtained were similar to the experimental results using the
RITA 1500 RF ablation electrode previously used (Daniels et al 2007,2008). After 8 min of
ablation, the 2D block matching algorithm develops significant streak artifacts in its
displacement map due to displacement tracking errors. These streak artifacts were due to the
fact that since 2D block matching uses a predictive search algorithm, once a displacement
error is made all subsequent displacement estimates along that A-line will suffer from the
same error. These errors in the displacement in turn lead to errors in the temperature map
seen in figure 4(d). The multi-level 2D cross-correlation algorithm results in figure 4(c), on
the other hand, do not contain streak artifacts since the algorithm incorporates additional
lateral motion compensation and improved localization of the data segment for signal
processing. The temperature map in figure 4(e) calculated from the multi-level 2D cross-
correlation displacement map corresponds well to the hyper-echoic region observed in figure
4(a). These results were corroborated with additional temperature maps obtained on
independent in vivo ablation procedures in figure 6, demonstrating the improved
performance with the 2D multi-level cross-correlation algorithm.

The overall mean cross-correlation coefficient values obtained were 0.66 and 0.71,
respectively. In addition, an estimated temperature versus time graph was also calculated for
an ROI near the center of the ablated region for the second in vivo kidney ablation. The
graph demonstrates that the multi-level 2D cross-correlation algorithm is able to track the
temperature change from 37 °C to 100 °C for the ROI. The graph also demonstrates that the
estimated temperature remains at 100 °C for the duration of the ablation procedure.

For the in vivo RF ablation experiment in figure 6, pathological cross-sectional slices of the
ablated kidney were available and are presented in figure 8. The cross-section of the kidney
was utilized to compare the location of the RF ablation needle track in the displacement and
temperature maps to the location of the RF ablation needle track on the cross-section. For
this experiment, it was found that the location of the RF ablation needle track laterally was
similar on the cross-sectional slices as on the displacement maps. The depth of RF ablation
needles was unable to be determined due to the difficulty in determining the end depth of the
RF ablation needle track.

The results presented in figures 2—7 demonstrate the ability of the multi-level 2D cross-
correlation method to track the region undergoing in vivo RF ablation in the porcine kidney
for up to 8 min. This result is significant for several reasons. First, this experiment
demonstrates that displacements can be tracked in vivo in porcine kidney tissue when motion
due to respiration and cardiac activity is present. Although displacement and temperatures
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have been successfully tracked in vivo (with increased noise artifacts) for an entire ablation
procedure (Varghese et al 2002), these results indicate the successful utilization of motion
compensation using both dynamic frame selection and lateral motion tracking within the
scanning plane using the 2D multi-level cross-correlation method to accurately register and
accumulate the displacement estimates over the entire ablation duration. In addition, some of
the previous in vivo experimental results reported by other groups have successfully tracked
the temperature for only the first 2 min of the ablation procedure (Varghese et al 2002) or
for only limited temperature increases (Liu and Ebbini 2010). Hence, these results represent
a significant advance in the ability to track displacements under in vivo conditions and
temperature over the entire duration of a clinical ablation procedure.

The results presented in this paper also compare well to those obtained using the promising
PRF method of MR thermometry for both RF ablation of the liver (Seror et al 2006) and
HIFU ablation of the prostate (Rieke et al 2004, Pauly et al 2006, Rieke et al 2007). MR
thermometry has demonstrated the ability to track temperatures greater than 60 °C over the
duration of a HIFU ablation procedure (Pauly et al 2006) as well as in the prostate which
can undergo large amounts of motion during treatment (Rieke et al 2007). Ultrasound-based
temperature imaging does have several advantages over MR thermometry however. MRI
machines are very expensive to buy and maintain. Therefore, there are only a limited
number of them available in hospitals. With the increase in the projected number of RCC-
related procedures in the United States over the next decade, other imaging modalities that
perform temperature imaging need to be examined. Secondly, MRI-compatible RF devices
are still being tested and are not widely used or available clinically. Seror et al (2006)
recently reported that PRF-based temperature imaging during RF ablation of HCC is
feasible with a £4 °C uncertainty. However, to accomplish this home-made copper RF
electrodes were needed to reduce the noise in MRI temperature images, as current clinical
RF ablation systems introduced severe noise artifacts.

It should be noted that a major limitation of this study was the frame rate of the Ultrasonix
system (2 frames s™1). This was a limitation of the system due to the research interface that
was being utilized. In addition, this limitation led to the invasive nature of the experimental
setup in order to ensure that the respiratory and cardiac motion of the kidneys could be
controlled. However, despite this limitation we were able to track displacements and
temperature over an 8 min ablation procedure with limited respiratory and cardiac motion
due to the experimental setup. Given that high end systems have much higher frame rates
(>30 frames s~ for high end systems), this method should be able to be extended to clinical
cases where greater out-of-plane motion occurs due to respiration. An example of this is the
out-of plane motion that occurs during breast elastography. In breast elastography, breast
tissue is manually compressed up to 20% (Hall et al 2003) against the chest wall, thereby
inducing large out-of-plane motions, and has been successfully tracked by a high frame rate
system.

There are several areas for future research utilizing this method of ultrasound-based
temperature estimation. For instance, besides higher frame rates, another way to improve the
data acquisition would be to gate the data acquisition with the high frame rates at the start of
the expiration and acquire data only for the expiration duration from 30% to 70% of the
breathing cycle. This is similar to respiratory-gated radiation therapy, where the treatment is
mainly delivered during expiration since the tumor (or kidney) motion is more stable during
expiration (30% to 70%) than inspiration (70% to 0% to 30%) (Wu et al 2010). Daniels et al
also found that time steps of at least 6 s between frames with cross-correlation methods can
be utilized for temperature imaging (Daniels et al 2008). Therefore, this would allow for at
least one if not two breaths between the start frame and the next frame that is dynamically
selected. This would enable acquisition of highly correlated data sets during each expiratory
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phase of the respiratory cycle enabling accurate tracking and accumulation of the
displacement and temperature estimates.

Another area of future research is to examine how this method of ultrasound-based
temperature imaging works with percutaneous RF ablation. This is a necessary step due to
the fact that depending on the location of the tumor, either percutaneous or open surgical RF
ablation is utilized. It should be noted that the overlying tissues in percutaneous ablation
should not limit the ability of the algorithm to determine temperature accurately, since
displacement, and therefore temperature tracking, is performed locally in the kidney using
small overlapped windows of A-lines.

Invasive temperature measurements also need to be taken in order to corroborate the results
of the temperature estimation algorithm. This could be done utilizing fiber optic temperature
probes inserted into the kidney in the ultrasound scan plane. A similar experiment was
carried out by Daniels et al (2007) on a tissue-mimicking phantom. In this experiment, the
temperature was accurately tracked to +5 °C over a 40 °C temperature range for three
independent fiber optic temperature probes with a cross-correlation algorithm. It should be
noted however that an issue with this type of measurement is that you rely on data collected
from only a few points and that the fiber optic temperature probes would have to be aligned
with the ultrasound scan plane to provide accurate results. Considering that difficulty was
encountered when doing this with a phantom where complete control over the setup was
possible (Daniels et al 2007), this is not a trivial experimental task when respiratory motion
is involved. One possible way to approach the placement of the fiber optic temperature
probes would be to place them in the ultrasound scan plane during expiration and then gate
the acquisition of the ultrasound frames during expiration to minimize respiratory motion as
discussed above. This would allow for a high probability of the fiber optic temperature
probes lying in the scan plane when the dynamic frame selection method is utilized.

Overall, although there is much research to be done prior to implementing ultrasound-based
temperature imaging for a clinician, these experimental results demonstrate that the location
of the ablated region can be successfully imaged and tracked utilizing the dynamic frame
selection algorithm to reduce elevational motion in conjunction with multilevel 2D cross-
correlation algorithm to obtain temperature mapping during an RF ablation procedure.
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RF Electrode

Figure 1.
Schematic diagram indicating the placement of the RF electrode and ultrasound transducer,

into a kidney.
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Figure 2.

B-mode image after 30 s of ablation (a), along with the displacement map during a porcine
kidney ablation procedure using (b) 2D block matching and (c) multi-level 2D cross-
correlation after 30 s of ablation. The corresponding temperature maps after 30 s of ablation
using the two algorithms are shown in (d) and (e).
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Figure 3.

B-mode image after 4 min of ablation (a), along with the displacement map during a porcine
kidney ablation procedure using (b) 2D block matching and (c) multi-level 2D cross-
correlation. The corresponding temperature maps after 4 min of ablation using the two
algorithms are shown in (d) and (e).
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Figure 4.

B-mode image after 8 min of ablation (a), along with the displacement map during a porcine
kidney ablation procedure using (b) 2D block matching and (c) multi-level 2D cross-
correlation. The corresponding temperature maps after 8 min of ablation using the two
algorithms are shown in (d) and (e).
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Plot of the mean normalized cross-correlation coefficient versus time for the porcine kidney
ablation shown in figures 2—4.
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Figure 6.

B-mode (a), displacement (b) and temperature (c) map obtained using the multi-level 2D
cross-correlation after (1) 30 s, (1) 4 min, (111) 6 min and (IV) 8 min during an RF ablation
procedure on a in vivo porcine kidney.
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Figure 7.

A region of interest (ROI) outlined on a temperature map in (a) along with the estimated
temperature versus time graph with error bars (b) obtained for the ROI over the duration of
the ablation procedure.
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Figure 8.

Pathology results for the porcine kidney shown in figure 6. The images presented represent
sliced cross-sections of the kidney tissue following ablation. The scale provided at the
bottom is utilized to measure the thermal lesion dimensions.
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