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Purpose: Percutaneous thermal ablation is increasingly being used to destroy hepatic tumors
in situ. The success of ablative techniques is highly dependent on adequate ablation zone monitor-
ing, and ultrasound-based strain imaging could become a convenient and cost-effective means to
delineate ablation zone boundaries. This study investigates in vivo electrode displacement-based
strain imaging for monitoring hepatic ablation procedures that are difficult to perform with con-
ventional elastography.
Methods: In our method, minute displacements �less than a millimeter� are applied to the uncon-
strained end of the ablation electrode, resulting in localized tissue deformation within the ablation
zone that provides the mechanical stimuli required for strain imaging. This article presents electrode
displacement strain images of radiofrequency ablation zones created in porcine liver in vivo
�n=13�.
Results: Cross-sectional area measurements from strain images of these ablation zones were ob-
tained using manual and automated segmentation. Area measurements from strain images were
highly correlated with areas measured on histopathology images, quantitated using linear regression
�R=0.894, P�0.001 and R=0.828, P�0.001, respectively�.
Conclusions: This study further demonstrates that electrode displacement elastography is capable
of providing high-contrast images using widely available commercial ultrasound systems which
may potentially be used to assess the extent of thermal ablation zones. © 2010 American Associa-
tion of Physicists in Medicine. �DOI: 10.1118/1.3301603�
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I. INTRODUCTION
Based on data compiled by the National Center for Health

Statistics between 1960 and 2004, the mortality rate due to
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liver cancer has been steadily increasing over the past two
decades.1 Surgical resection offers treatment for some pa-

tients, but in many patients afflicted with hepatic tumors,
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poor liver function and/or distribution of the tumors may
prevent its use.2 An alternative to surgical resection, percu-
taneous thermal ablation can be used to destroy the tumor in
situ, and is evolving into one of the more popular minimally
invasive treatments for hepatic tumors. Several methods are
available for delivering the thermal energy to the target
tumor,3–5 with radiofrequency �RF� ablation being the most
popular choice worldwide.

When performing RF ablation, an electrode is placed into
the area of tissue to be ablated for localized thermal therapy.
Ionic agitation in the tissue adjacent to the electrically active
region of the electrode causes intense localized heating, lead-
ing to instant tissue necrosis for ablation temperatures
greater than 60 °C.6,7

Paramount to the success of any thermal ablation tech-
nique is that the treatment completely destroy all viable tu-
mor tissue and an adequate margin surrounding the tumor.
The margin is to ensure that any microscopic invasions
around the periphery of the tumor have been destroyed, in
order to prevent tumor regrowth.8 Thus, for minimally inva-
sive therapies such as RF ablation, it is crucial that medical
personnel have access to imaging modalities that accurately
portray the extent of the ablation zone.

Ultrasound has been widely utilized for guiding electrode
placement for RF or microwave ablation procedures.9–11

However, ultrasound has been shown to be unreliable for
visualizing the extent of the thermal ablation zone.9 Hyper-
thermic ablation often results in a hyperechoic region due to
out-gassing of water vapor formed during the procedure,
which is absorbed following the procedure. This hyperechoic
region results in the ablation zone being obscured on B-mode
images, making B-mode images unreliable for monitoring
the extent of thermal ablation. Following the disappearance
of the hyperechoic focus, the ablation zone typically mani-
fests as a zone of mixed echogenecity on B-mode images.
Delineating ablation zone boundaries in follow-up is also
difficult with ultrasound, as the ablation zone in follow-up
has been reported to be hyperechoic, hypoechoic, and iso-
echoic when compared to the surrounding liver
parenchyma.10

Magnetic resonance �MR� and computed tomography
�CT� imaging are also viable candidates for needle guidance
and monitoring thermal ablation. MR imaging has several
desirable features including good soft tissue contrast and the
ability to monitor temperature changes.12 MRI suffers from
the high cost of using MR equipment, poor availability of
MR-compatible RF ablation equipment, and limited avail-
ability of interventional MR systems. CT imaging can be
useful for guidance, especially for tumors located in the he-
patic dome where it may not be possible to use ultrasound
guidance.13 CT can also visualize ablation zones, but it can-
not be done in real-time and, in general, requires the use of
iodinated contrast agents. In addition, CT is more costly than
ultrasound imaging and exposes the patient to ionizing radia-
tion.

The coagulation zones resulting from RF ablation are
known to be significantly stiffer than the untreated regions,

14–18
due to protein denaturation and dehydration. Due to
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these large stiffness changes, ultrasound elastography can
provide reliable, high-contrast images for monitoring the size
and extent of ablation zones created using electrode-based
thermal ablative therapy.17 Both quasistatic and dynamic ap-
proaches have been utilized to monitor the extent of the ab-
lation zone.19–23 When performing elastographic imaging, it
is necessary to apply a stress or mechanical stimuli to the
region of interest, which can be difficult for abdominal or-
gans. But following ablation, the RF electrode is strongly
bonded to the ablated tissue. Due to this bond, minute dis-
placements may be applied to the RF electrode �on the order
of a fraction of a millimeter� in order to generate the neces-
sary deformation for elastographic imaging. This procedure
is referred to as electrode displacement elastography.14,24,25

This method of tissue displacement offers the flexibility of
performing elastographic imaging either during or immedi-
ately after the RF ablation procedure. It also helps to reduce
lateral and elevational motion in surrounding tissue, thereby
increasing the quality of the strain images generated. In gen-
eral, in the presence of an ablated region or mass, the stress
distribution due to an applied deformation would not be uni-
form. The stress distribution generated using electrode dis-
placement elastography has been previously evaluated to de-
termine the contrast and lesion delineation capabilities.26

We have previously shown the feasibility of the electrode
displacement method using finite element analysis simula-
tions, tissue-mimicking phantom experiments, and ex vivo
animal experiments.14,24,25 This paper evaluates the in vivo
implementation of the electrode displacement technique in
exposed, healthy liver tissue during RF ablation procedures
in a porcine animal model.

II. MATERIALS AND METHODS

II.A. Porcine animal model

Four female domestic swine were used for this study. The
study was approved by the research animal care and use
committee of the University of Wisconsin-Madison. Animal
husbandry and experimental studies were compliant with the
NIH Guide for Care and Use of Laboratory Animals �http://
oacu.od.nih.gov/regs/guide/guidex.htm�. General anesthesia
was induced initially with an intramuscular injection of tele-
tamine and zolazepam �Telazol, Fort Dodge Laboratories,
Fort Dodge, IA� and xylazine �Rompun, Bayer Corporation,
Shawnee Mission, KS�, and maintained with 1%–3% inhaled
isoflurane. The anesthetized pigs were placed in a supine
position and the liver exposed through a midline incision.
Thirteen RF ablations were created in the normal liver pa-
renchyma, and electrode displacement utilized for strain im-
aging. RF ablations were performed in all four lobes of the
liver. The only criterion for the selection was whether the
thickness of the lobe could support the formation of an ab-
lation zone, leaving �1–3 cm of normal tissue from the
liver surface to the ablated region.

RF ablation procedures were performed using a Cool-
tip™ RF ablation system �Valleylab, Boulder, CO�. The RF
electrodes were 17 gauge �1.5 mm� in diameter with a 3.0 cm

exposed tip. Ablation zones were created by applying power
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for 10 min per ablation using the impedance-controlled
power pulsing algorithm. This duration was chosen since it
provides a sufficient ablation zone size for ultrasound
B-mode and strain imaging within the transducer field of
view. After the ablation procedures, electrode displacement
elastography was performed on the thermal ablations. Ra-
diofrequency data were acquired within 10–15 min of the
end of the ablation procedure, for all the ablated regions.

II.B. In vivo electrode displacement strain
imaging

The ultrasound system utilized to guide ablation applica-
tor placement was a Siemens Antares �Siemens Medical So-
lutions, USA Inc., Issaquah, WA� real-time scanner equipped
with a 10 MHz center frequency linear-array transducer
�VFX 13–5� with a bandwidth of approximately 60%. After
the ablation procedure, the scanner was also used to collect
RF data for electrode displacement elastography. Loops of
RF echo signal data were collected during freehand pertur-
bation of the ablation electrode. Pairs of these RF data
frames were analyzed using a 2D multistep method for dis-
placement estimation, followed by a linear least-squares
strain computation algorithm.27 Following electrode
displacement-based strain imaging, the liver was excised and
the ablation zone exposed for gross-pathology measurements
by slicing along the ultrasound and elastographic imaging
plane using a commercially available meat slicer.

II.C. Pathological correlation

Areas measured on gross-pathology images of the ultra-
sound scan plane were compared with areas measured on
strain images generated for the 13 separate ablation zones.
The area measurements were performed without any regis-
tration performed between the pathology and strain images.
The segmentation of the strain images was performed by
three of the authors of this paper using a polygon fitting tool
from IMAGEJ �public domain software developed at the NIH�
for segmentation. Two of the authors performing the segmen-
tations had less than one year of experience working in the
field of strain imaging, while the third author performing
segmentations had multiple years of experience working in
the field of elastography. Since the strain imaging results are
high-contrast images, visualization of the ablation zone on
the strain images is not difficult. All three authors’ roles in
the field of elastography were that of graduate researchers in
Medical Physics and Engineering disciplines. The observers
�A �NR�, B �RD�, and C �SB�� were blinded to both the
ultrasound B-mode and pathology image prior to lesion seg-
mentation on the strain images of the thermal ablation zones,
which were also randomized for each observer. The only
guidance provided to the observers was to delineate the
stiffer or darker region on the strain image from the sur-
rounding softer or lighter background liver tissue. Segmen-
tation by each observer resulted in the creation of a mask
image, where the pixels belonging to the thermal ablation
zone were identified. The observers were also asked to seg-

ment the ablation zones from corresponding randomized
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B-mode images after segmenting the strain images. The area
of the thermal ablation in the strain image was then calcu-
lated as the sum of the areas of all the pixels identified as
belonging to the thermal ablation zone.

The strain images were also segmented using an auto-
mated segmentation algorithm developed in our laboratory.
These automated segmentations were also compared to pa-
thology measurements using linear regression. The segmen-
tation algorithm consisted of a series of basic morphological
image processing steps, such as dilation and opening.28 First,
a 3�3 pixel averaging filter was applied to smooth the im-
age. A binary image was created by thresholding at a value
adjusted for the amount of strain present in the image. Next,
a mask was created that removed all “holes” in image objects
through a process of iterative dilation and masking with the
background. Morphological opening was performed with a
disk structural element with radius 30% of the size of the
largest object in the image, where size is defined to be the
radius of the largest circle that would fit inside objects in the
image. The opening was performed to isolate large, nearly
convex masses. The ablation zone was assumed to be the
mass lying near the center of the image, isolated through
iterative dilation and masking. Dilation with a structural el-
ement 50% the size of the opening structural element and
masking with the original threshold image restored the outer
mass of the ablation zone. Finally, morphological closing
with a structural element 65% of the opening structural el-
ement’s size ensured a realistic shape. For two thermal abla-
tions, it was necessary to replace the needle artifact using
uniformly distributed random numbers corresponding to
strains between 0% and 0.2% in order to achieve proper
automated segmentation.29

In the gross-pathology photographs of the corresponding
ultrasound imaging plane �marked on the liver surface�, the
extent of the ablation zone was delineated manually, based
on the transition between white and pink tissue regions. The
ultrasound scan plane was identified by marking the position
of the linear-array transducer on the liver surface. This mark
recorded the orientation of the transducer relative to the ab-
lation electrode; the needle track from the RF ablation was
used to obtain the imaging plane for pathology measure-
ments. No fiducial markers were introduced into the scan
plane so comparison of the elastographic segmentations to
the pathology were made manually based on the shape of the
region depicted. Representative �a� ultrasound B-mode, �b�
displacement, �c� axial-strain, and �d� gross-pathology pho-
tographs of the ablation zone are illustrated in Figs. 1 and 2,

TABLE I. Regression coefficient and equations of the linear fit to the data.

Observer r Linear fit

A 0.824 y=0.67x+0.876
B 0.901 y=1.78x−1.17
C 0.465 y=0.59x+0.67
Mean 0.894 y=1.23x−0.42
respectively. A linear fit was performed between gross-
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FIG. 1. Representative images of an RF ablated region, comprising �a� the ultrasound B-mode image, where the needle track is identified by the white arrow;
�b� the local displacement image, where the displacements plotted are in mm, and the corresponding �c� axial-strain; and �d� gross-pathology image. Note the
irregular ablation zone shape in the strain image.
FIG. 2. Image of an RF ablated region with an approximately ellipsoidal shape. Similar to Fig. 1, the �a� ultrasound B-mode image, where the needle track
is identified by the white arrow is shown; �b� the local displacement image, where the displacements plotted are in mm, and the corresponding �c� axial-strain;

and �d� gross-pathology image.

Medical Physics, Vol. 37, No. 3, March 2010
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pathology and elastographic area measurements for each in-
dividual observer and the results are presented in Table I and
Fig. 3. A linear fit was also performed between the mean
values of the strain measurements of the three observers to
determine the correlation between the two measurements. In
one of the cases, an observer was unable to delineate ablation
zone boundaries in the strain images. For this case only the
values from two observers were averaged. In addition, dis-
crepancies in boundary delineation were also evaluated
based on the differences between the gross-pathology bound-
ary and boundary segmented by the observers, with the mean
and standard deviation presented in Table II. These measure-
ments were made after aligning the centroids of the pathol-
ogy and observer segmentations, and accounting for ablation
zone shape. The differences between a straight line passing
through this common centroid and the two boundaries at 36
locations were estimated to compute the boundary discrep-
ancy. The results depict the possible errors with the visual-
ization of the each of the ablation zones for all three observ-
ers and for the automated segmentation results in Table II.

III. RESULTS AND INTERPRETATION

III.A. Pathological correlation

In this paper, cross-sectional areas were determined ac-

FIG. 3. Comparison of the areas of thermal ablation zones between strain
linear fit using the area estimated from the gross-pathology photographs w
measurements were also averaged, and the linear fit performed. The dashe
between areas measured on pathology and strain images are obtained. Error b
the observers.
cording to image segmentation and no attempt was made to
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perform principal axis measurements for pathological corre-
lation. This is justifiable due to the highly irregular geom-
etries demonstrated in the strain images. The ablation de-
picted by the strain image in Fig. 1, in particular,
demonstrates the irregular nature of the boundaries of an RF
ablation. Presented with similar images it would be difficult
to consistently define principal axes among different observ-
ers. This being the case, no attempt to measure and compare
principal axes was performed. However, in some of the RF
ablation procedures we do obtain ablation zones that are el-
liptical as illustrated in Fig. 2.

The results of the correlation between the multireader seg-
mentation and pathology area measurements are summarized
in Fig. 3 and Table I. On one of the strain images, one ob-
server was unable to identify ablation zone boundaries. In
two cases, two of the three observers were unable to delin-
eate ablation zone boundaries on the B-mode images. In one
case, where the thermal ablation zone was isoechoic, none of
the observers were able to identify ablation zone boundaries
on the B-mode image. For the strain images, the correlation
coefficient between areas measured on pathology and mean
areas measured on strain images was found to be r=0.894
�p�0.001�. The error bars shown for each point are equal to
one standard deviation of the three or two area measure-

s, manually segmented by three observers and gross-pathology images. A
erformed for each observer �A �NR�, B �RD�, and C �SB��. �d� The area
e indicates a line with slope of 1, or measurements when an exact match
n �d� indicate one standard deviation of the area measurements estimated by
image
as p

d lin
ars i
ments, respectively. An attempt to perform a linear regres-
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sion on a plot of gross-pathology areas versus the ultrasound
B-mode areas yielded a nearly horizontal line with a slope of
0.29, and a correlation coefficient of r=0.33. There was con-
siderable interobserver variability on the noisier, less obvious
strain images. This being the case, a linear regression was
performed between elastographic area measurements for
each observer and pathology measurements. It was found
that two of the three observers showed a fairly high correla-
tion coefficient, while the value for the third observer was
considerably lower. As illustrated in Table II, considerable
differences between observers exist for measurements on the
same ablation zone �Fig. 3�.

The results of the automated segmentation shown in Fig.
4, were comparable to the result of segmentation by the hu-
man observers, though the automated segmentation per-
formed slightly worse. The reason for this is probably that
some of the images were quite noisy, and a human observer
was better able to draw realistic boundaries on a noisy image
than the automated segmentation routine was able to pro-

TABLE II. Boundary discrepancies between gross-pathology and the observer
and automated segmentations of strain images.

Ablation no.
Observer A

�mm�
Observer B

�mm�
Observer C

�mm�
Automated

�mm�

1 1.47�0.80 1.77�0.96 3.50�0.82 2.10�1.30
2 1.58�0.93 1.84�0.97 2.22�1.33 2.61�1.19
3 1.47�0.76 0.93�0.66 3.13�1.09 1.58�0.79
4 4.31�1.44 2.91�1.44 4.64�2.12 2.93�1.44
5 2.39�0.004 2.67�0.007 6.08�1.56 2.94�0.01
6 2.72�0.056 5.31�1.25 NA 5.31�1.25
7 1.58�1.24 2.31�1.33 1.19�1.13 2.57�1.54
8 1.13�0.001 0.66�0.001 0.72�0.001 0.98�0.003
9 3.17�0.98 2.12�1.04 4.61�1.20 4.02�0.86
10 2.44�0.07 7.61�0.15 2.03�1.38 2.60�0.06
11 1.23�0.54 1.57�0.59 1.14�0.435 1.46�0.81
12 1.75�0.05 2.02�0.058 2.57�0.33 0.02�0.05
13 3.03�0.57 3.03�0.57 0.59�0.22 10.74�0.06

FIG. 4. Comparison of the areas of thermal ablation zones in the marked
imaging plane using automated segmentation of strain images. The dashed
line indicates a line with slope of 1, or measurements when an exact match
between areas measured on pathology and strain images are obtained. The
linear regression between the pathology area and the strain area shows a

correlation coefficient, r=0.828 �p�0.001�.
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duce. A linear regression was also performed for the auto-
mated segmentation, and the linear fit was found to have a
correlation coefficient r=0.828 �p�0.001�.

III.B. Blood vessels and strain imaging

An interesting phenomenon worth noting on the strain
images produced during this study is presented in Fig. 5.
Ultrasound imaging has long been used to image blood ves-
sels, and strain images generated during this study show that
strain imaging preserves this functionality. In Fig. 5, the
B-mode image of an ablation zone �Fig. 5�a�� illustrates the
presence of a blood vessel, possibly above the ablation zone.
In the strain image the blood vessel manifests as a bright
artifact in the image. The strain image �Fig. 5�c�� confirms
the presence of the blood vessel cutting across the ablation
zone, where it manifests as a bright decorrelation artifact in
the image. The pathology image also shows this blood ves-
sel. For this particular ablation, we were unable to expose the
imaging plane when cutting through the ablation zone, and
the pathology photograph shows a cross-section of the abla-
tion zone perpendicular to the needle track. In the gross-
pathology photograph, the two holes visible on either side of
the ablation zone indicate the presence of the blood vessel.
Reliably imaging blood vessels during RF ablation is par-
ticularly important because blood vessels act as heat sinks
during ablation procedures and reduce the efficiency of the
procedure.

In addition, the stiffer region in the strain image appears
to encompass the entire image. If the entire dark region is
assumed to be the thermal ablation zone, this yields a cross-
sectional area of approximately 9 cm2, an unrealistically
large value for the ablated area. This is possibly an artifact
due to the presence of the blood vessel. It is possible that the
displacement of the ablation electrode was not transmitted
above the blood vessel leading to reduced or no deformation
on the other side of the blood vessel. The displacement im-
age in Fig. 5�c� supports this hypothesis as the displacements
on the side of the blood vessel closer to the transducer are
very small compared to the local displacement on the other
side of the blood vessel. Thus the lower strain values in the
image may be attributed to mechanical boundary conditions
rather than an underlying modulus contrast, leading to the
overestimation of the ablation zone.

IV. DISCUSSION AND CONCLUSION

Previous phantom and ex vivo experiments have demon-
strated the accuracy of strain imaging for measuring the ex-
tent of tissue necrosis following RF ablation.13,16,24 In the ex
vivo studies, the correlation between pathology and strain
imaging for cross-sectional imaging was found to be as high
as 0.9371 �p�0.000 01� for a sample of 40 thermal ablation
zones. In this study, electrode displacement elastography was
performed in vivo on normal porcine liver parenchyma after
RF ablation to create the thermally coagulated regions. A
smaller sample size of 13 ablation zones was used and three
human observers manually segmented the ablation zones ob-

tained from strain images. A linear regression between elas-
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tographic and pathologic areas yielded a correlation coeffi-
cient of 0.894 �p�0.0001�. For the case of automated
segmentation, a linear regression between elastographic and
pathologic area measurements yielded a correlation coeffi-
cient of 0.828 �p�0.001�.

The strain images illustrated in this paper indicate that
thermally ablated liver tissue may be differentiated from
healthy liver parenchyma using an in vivo animal model.
Comparison of the ablated areas between gross-pathology
and strain images was performed using boundary contour
delineation, which results in reasonably good agreement be-
tween strain and gross-pathology measurements. This was
shown for the case with multiple human observers and using
automated segmentation based on morphological operators.
The automated segmentation algorithm can be improved or
augmented using manual interventions to improve the seg-
mentation performance. Although several of the segmenta-
tions show good agreement, some of the manual segmenta-
tions presented in Table II show considerable interobserver
variability. This is probably due to the alignment of the ul-
trasound imaging plane to the 2D slice utilized for the gross-
pathology measurements. As previously mentioned, no fidu-
cial markers were introduced into the scan plan to indicate
the exact plane for gross-pathology measurements. Coregis-
tration was performed based on the shape of the respective
gross-pathology and strain contours for the scan plane iden-
tified based on a line burned onto the liver parenchyma after
the ablation procedure. Clinicians generally treat a normal
tissue margin of approximately 1 cm beyond the tumor
boundary to ensure that the entire tumor has been treated.

FIG. 5. Images illustrating an interesting case with an RF ablation procedure
B-mode image. �b� The corresponding local displacement image where the
image, and the �d� gross-pathology image are also shown. Notice the presenc
the ablation zone in the strain image.
Results reported in the literature indicate that an ablative
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margin of at least 5 mm or larger is necessary to reduce local
tumor recurrence.30 Note that the boundary discrepancies
shown in Table II are still less than the 5 mm safety margin.
We anticipate that with accurate registration the boundary
discrepancies between strain imaging and gross-pathology
would be minimized further. These results also demonstrate
the need for 3D strain imaging for complete tracking and
measurement of the lesion volume.29 Volume imaging of the
ablation zone will reduce errors associated with area
measurements.29

The other limitations of this study include the use of a
high transducer center frequency, which is not feasible for
imaging human patients during a percutaneous procedure.
Ultrasound imaging was performed using an open-chest
preparation with the transducer placed directly on the liver
surface. This study, therefore, does not evaluate the impact of
attenuation introduced by overlying tissue encountered with
percutaneous procedures. The mechanical boundary condi-
tions also impact the information depicted on the strain im-
age. Note that the quality of the strain images presented in
this paper can be significantly improved with the implemen-
tation of the strain estimation algorithm in real-time to en-
able assessment of the mechanical boundary conditions and
the corresponding impact on the strain images during data
acquisition.

Future works will assess the viability of this technique in
more realistic percutaneous animal models, using 3D volume
imaging29 along with improved registration between patho-
logical and imaging planes. Tumor models in animals will
also be used to evaluate the ability of electrode displacement

location of the blood vessel is indicated by the arrow in �a� the ultrasound
s for displacement estimated are in mm, �c� electrode displacement strain
blood vessel which manifests itself as a bright decorrelation streak through
. The
unit

e of a
elastography to delineate and differentiate the volume treated
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from the volume to be treated. If successful, these results
would enable the use of this technology for clinical applica-
tions.
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