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Abstract—We compared a quasi-static ultrasound elastography technique, referred to as electrode displacement
elastography (EDE), with acoustic radiation force impulse imaging (ARFI) for monitoring microwave ablation
(MWA) procedures on patients diagnosed with liver neoplasms. Forty-nine patients recruited to this study under-
went EDE and ARFI with a Siemens Acuson S2000 system after an MWA procedure. On the basis of visualization
results from two observers, the ablated region in ARFI images was recognizable on 20 patients on average in
conjunction with B-mode imaging, whereas delineable ablation boundaries could be generated on 4 patients on
average. With EDE, the ablated region was delineable on 40 patients on average, with less imaging depth depen-
dence. Study of tissue-mimicking phantoms revealed that the ablation region dimensions measured on EDE and
ARFI images were within 8%, whereas the image contrast and contrast-to-noise ratio with EDE was two to three
times higher than that obtained with ARFI. This study indicated that EDE provided improved monitoring results
for minimally invasive MWA in clinical procedures for liver cancer and metastases. (E-mail: wyang37@wisc.
edu) � 2017 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Microwave ablation (MWA) is a minimally invasive
treatment modality used for thermal necrosis of liver tu-
mors (Murakami et al. 1995). MWA can be performed
with multiple antennas simultaneously to cover larger
treated volumes, with additional benefits such as an
improved heating rate while avoiding the risk of skin
burns caused by the grounding pad in radiofrequency
ablation (RFA) procedures (Harari et al. 2016; Liang
and Wang 2007; Lubner et al. 2013; Qian et al. 2012;
Wells et al. 2015; Ziemlewicz et al. 2016). Promising
treatment outcomes were reported for solitary tumors
less than 2 cm in diameter (Lencioni and Crocetti 2012;
Shiina et al. 2012), and more recent studies indicate
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that MWA is successful in treating tumors larger than
3 cm (Thamtorawat et al. 2016; Ziemlewicz et al. 2015,
2016). The key factor contributing to a successful
MWA procedure is the generation of a sufficient
ablation margin covering the entire targeted volume
(Liang and Wang 2007; Maluccio and Covey 2012).
Thus, effective monitoring of the location and
dimensions of the ablated region is crucial. The most
widely used clinical monitoring approach for liver
ablation procedures is contrast-enhanced computed to-
mography (CT) because of the relatively fast imaging
speed and ablation equipment compatibility compared
with magnetic resonance imaging (MRI). However, CT
scans expose both the patient and the clinician to ionizing
radiation, require use of intra-venous contrast and gener-
ally result in longer treatment durations and higher cost.

Ultrasound, the most cost-efficient and portable im-
aging modality, is often used to guide the insertion of the
MWA antenna into the tumor (Lubner et al. 2013; Wells
et al. 2015; Ziemlewicz et al. 2016). The ablated tumor
dison from ClinicalKey.com by Elsevier on December 29, 2020.
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region can be visualized on conventional ultrasound B-
mode images from the hyper-echoic region generated
from the outgassing of the water vapor bubble cloud dur-
ing the procedure. However, a delineable ablation zone
boundary is not always achievable, particularly on the
distal side of the ablation zone, because of the increased
attenuation caused by the bubble cloud during the abla-
tion procedure and the similar echogenicity between the
ablated region and surrounding liver tissue after the pro-
cedure (Bharat et al. 2008b; Rubert et al. 2010; Varghese
et al. 2002; Yang et al. 2016).

Shear modulus, which denotes the local stiffness of
tissue, varies significantly between the ablated region and
surrounding normal tissue (Sarvazyan et al. 1998). Ther-
mal ablation causes tissue protein denaturation, inducing
an increase in the shear modulus or stiffness in the ablated
region (Varghese et al. 2003a, 2004). These changes
appear as regions that incur less strain on deformation
than surrounding untreated tissue (Varghese et al. 2002,
2003a, 2004). With strain and modulus imaging,
ablated regions exhibit high contrast with respect to the
normal, untreated background liver tissue. Because
strain and modulus imaging can be performed during
(Varghese et al. 2004) or immediately after the ablation
procedure (Jiang et al. 2010; Rubert et al. 2010),
complete monitoring of ablation, from guidance to
preliminary follow-up, is possible using ultrasound
(Zhou et al. 2014). Ultrasound elastography for ablation
monitoring was initially developed using methods based
on external compression (Ophir et al. 1991; Van Vledder
et al. 2010) or physiologic deformation (Varghese and Shi
2004; Varghese et al. 2003b).

To overcome the limitation of external compression
apparatus in clinical application, we introduced an ultra-
sound elastography technique referred to as electrode
displacement elastography (EDE), which was designed
specifically for RFA or MWA monitoring (Bharat and
Varghese 2006; Bharat et al. 2008a, 2008b; Jiang et al.
2010; Rubert et al. 2010; Varghese et al. 2002; Yang
et al. 2016). EDE uses minute manual perturbations of
the ablation needle (Jiang et al. 2010; Rubert et al.
2010) by clinicians to introduce tissue deformations
internally at the ablation site. We have reported its
feasibility in both ex vivo (Bharat et al. 2005, 2008a;
Pareek et al. 2006) and in vivo (Jiang et al. 2010; Rubert
et al. 2010) experiments using porcine models and in
human patients (Yang et al. 2016).

In this study, we compare the MWAmonitoring per-
formance of EDE with that of a commercially imple-
mented ultrasound elastography technique, referred to
as acoustic radiation force impulse (ARFI) imaging
(Nightingale et al. 2001). ARFI produces stiffness images
of local tissue by applying ultrasound push beams with
acoustic intensities and durations significantly higher
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than those in diagnostic imaging to deform the local tis-
sue, and then using beams with diagnostic intensity to
analyze the local tissue displacement along the direction
of the push beams. With the advantage of local compres-
sion using the push beams and decreased inter-operator
variability, ARFI has been used for breast cancer detec-
tion (Nightingale et al. 2001) and RFA monitoring
(Fahey et al. 2008). However, to the best of our knowl-
edge, there are no existing literature reports on MWA
monitoring using ARFI on liver neoplasms in a signifi-
cant number of clinical cases.

We previously reported that the ablated region is
close to an ellipsoidal shape in EDE images with
enhanced signal- and contrast-to-noise ratios (SNRe and
CNRe) compared with conventional B-mode images
(Yang et al. 2016). In this study, we compared the delin-
eation performance of EDE and ARFI on both tissue-
mimicking (TM) phantoms and a clinical application
for monitoring MWA ablation procedures. Phantom in-
clusion dimensions, image contrast and CNRe were
compared for the phantom study, followed by a binary
evaluation of the delineation of the ablated region for
49 patients with liver cancer in a clinical study.
METHODS

Tissue-mimicking phantom
Two TM phantoms previously constructed using an

oil-in-gelatin matrix with a stiffer partially ablated inclu-
sion (mimicking a partially ablated tumor) (Ingle and
Varghese 2014) were scanned using both ARFI and
EDE. The centers of the inclusions in the two phantoms
were located at depths of 3.5 and 5.5 cm, respectively.
The Young’s modulus contrast of the stiff ellipsoidal in-
clusion (mimicking the ablated region), irregularly
shaped target (mimicking tumor) and background was
1.9:1.2:1, measured using a Supersonic Imagine (Super-
sonic, Aix-en-Provence, France) system. The three
distinct regions can be distinguished on B-mode images
by the different and distinct backscatter levels that were
incorporated into the TM phantom manufacture, as illus-
trated in Figure 1(a,d). A stainless-steel needle was
bonded to the inclusion to mimic the MWA antenna.

In Figure 1(b,e and c,f) are EDE and ARFI images of
the TM phantom, respectively. Image contrast and
contrast-to-noise ratio (CNRe) were used to quantify the
visibility of the inclusion on EDE and ARFI images.
Two rectangular regions of interest (ROIs) with dimen-
sions of 10 3 10 mm were placed inside and above the
inclusion to calculate the image contrast and CNRe using
the equation

Image contrast5
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Fig. 1. B-Mode, electrode displacement elastography (EDE) and acoustic radiation force impulse (ARFI) images of the
corresponding tissue-mimicking phantoms. (a–c) Phantom with inclusion at a 3.5-cm depth. (d–f) Phantom with a deeper
inclusion at 5.5 cm. In the three columns are B-mode (reconstructed from radiofrequency data), EDE and ARFI images for
the two phantoms, respectively. The bright regions on the right side of (a) and (d) are caused by the phantom container
because of thewide field of view of the curvilinear transducer. The gray areas at the boarder of the sector images in (b) and
(e) are dummy A-lines to preserve the original physical dimension. Numbers 1–3 in (a) denote the inclusion, irregularly
shaped target and background, respectively. All images were acquired with a Siemens Acuson S2000 system and 6 C1 HD
transducer operating at a center frequency of 4 MHz. The unit on the color bar for the strain images is strain as a percent-

age of the applied deformation (e.g., 0.01 corresponds to a 1% strain).
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where Ib and Io denote the mean pixel values of the ROIs
placed in the background and object (inclusion), respec-
tively. For EDE images, as illustrated in Figure 1(b),
one ROI was placed in the inclusion slightly off-center
to reduce strain artifacts caused by the needle, and the
other ROI was placed as close as possible to the inclusion
above the saturated halo to avoid decorrelation tracking
noise (Bharat et al. 2008b). For ARFI images, as illus-
trated in Figure 1(c), the ROI inside the inclusion was
placed similarly off-center of the inclusion, whereas the
other ROI was placed in the upper background which
was above the irregular shaped region. CNRe was calcu-
lated using the equation

CNRe 5
jIo2Ibjffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
o1s2

b

p (2)

where Ib and Io are the mean values as defined above, and
sb and so are the standard deviations of the ROIs placed
in the background and the object (inclusion), respectively.
CNRe denotes the detectability of the inclusion taking
into account the effect of noise.

Dimensions of the inclusion on EDE and ARFI im-
ages were used to compare precision of delineation be-
tween these two modalities. As illustrated in
Figure 1(e,f), the long and short axes of the inclusion
were measured on EDE and ARFI images, respectively.
For EDE images, these dimensions were measured on
strain images, as illustrated in Figure 1(e), whereas for
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ARFI and B-mode images, they were measured using
the distance measurement built into the ultrasound sys-
tem. The short axis of the inclusion was measured without
the irregularly shaped region because this region cannot
be visualized on ARFI images, as illustrated in
Figure 1(f). The contrast, CNRe, and inclusion dimen-
sions were all determined from 10 independent experi-
ments with EDE and ARFI, respectively.
Patients and MWA procedure
Forty-nine patients diagnosed with hepatocellular

carcinoma (HCC), adenoma, or liver metastases and
treated with a MWA procedure were recruited into our
study, with both EDE and ARFI imaging performed for
each patient. This study was conducted under a protocol
approved by the institutional review board of the Univer-
sity of Wisconsin—Madison, with informed consent
obtained for each patient. Patient demographic character-
istics included 35 male and 14 female patients, who
ranged in age from 33 to 87. Detailed demographic char-
acteristics of the patients recruited to this study are out-
lined in Table 1.

Microwave ablation was performed on patients un-
der general anesthesia, with patients placed in a supine,
lateral or prone position on a CT imaging table, depend-
ing on the location of the liver tumors. MWA was per-
formed using a Certus 140 system (Neuwave Medical,
Madison, WI, USA). Single or multiple antennas were
dison from ClinicalKey.com by Elsevier on December 29, 2020.
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Table 1. Patient demographics

Age (y)
Range 33–87
Mean 6 SD 62.0 6 11.9

Gender (M/F) 35/14
Tumor type (HCC/adenoma/metastases) 37/2/10
Tumor size (mean 6 SD) 2.3 6 0.9
Cirrhosis (yes/no) 33/16
Fatty liver (yes/no) 1/49
Prior treatment (yes/no) 12/37

HCC 5 hepatocellular carcinoma; SD 5 standard deviation.
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inserted based on the tumor dimensions and location, un-
der ultrasound B-mode imaging guidance. Typical abla-
tion power and duration were 65 W and 5 min,
respectively.
EDE and ARFI data acquisition
Both ARFI and EDE studies were performed using a

Siemens Acuson S2000 system (Siemens Medical Solu-
tions, Mountain View, CA, USA) with a 6 C1 HD curvi-
linear transducer. For the phantom study, EDE and ARFI
images were acquired at imaging depths of 6 and 7 cm,
with a focus set at 3.5 or 5.5 cm, respectively, for the
two phantoms, using a center frequency of 4 MHz.
ARFI images were obtained using Virtual Touch soft-
ware, and images were generated in real time. EDE strain
images were obtained from a continuous loop of in-
phase/quadrature data acquired during manual perturba-
tion of the ablation antenna, with an amplitude of
1–2 mm. EDE strain images were computed between
two in-phase/quadrature frames within the loop using a
2-D cross-correlation algorithm (Chen et al. 2009). These
two frames of in-phase/quadrature data were selected
manually by observing the movement of the ablation re-
gion in the B-mode images. The cross-correlation kernel
dimension was selected as 0.45 3 1.41 mm to generate
strain images with high SNR (Varghese 2009; Varghese
and Ophir 1997). Because the A-lines with curvilinear
transducers are sparser toward the bottom of the image,
the tracking and processing kernel width expands
accordingly with depth (Yang et al. 2016).

For the clinical study, EDE and ARFI images were
sequentially acquired immediately after the MWA pro-
cedure. Imaging depth was selected to span the entire ab-
lated region, with the focus selected to lie slightly below
the ablation zone to reduce shadowing from gas bubbles
generated during the ablation procedure. ARFI and EDE
image acquisition protocols were similar to that used for
the phantom study, and manual perturbation of the abla-
tion needle was performed by a physician. The displace-
ment of the MWA antenna was performed manually by
the clinician in a sinusoidal manner along the axis of
the antenna. Out-of-plane displacement of the antenna
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was minimized. For patients for whom multiple antennas
were placed, only the central antenna was perturbed to
obtain the EDE strain image. For patients with multiple
tumors, only the first treated tumor was analyzed in this
study to avoid artifacts caused by repositioning of the an-
tennas. The 2-D cross-correlation kernel dimension used
for the clinical study was 1.35 3 3.29 mm, which was
larger than that used for the phantom study to include
more echo signal to improve deformation tracking caused
by the increased attenuation present in clinical data sets
(Varghese 2009; Varghese and Ophir 1997; Yang et al.
2016). The monitoring ability of EDE and ARFI was
assessed based on whether a visible boundary could be
delineated to differentiate the ablated zone from the
surrounding untreated tissue. In some ARFI images, the
location of ablated region could be reasonably
recognized with reference to the B-mode images, even
though they were depicted without a clear boundary.
For these cases, the monitoring ability of ARFI is
defined as recognizable, which is inferior to the
definition of delineable. Image analysis and reporting of
the success rate for monitoring MWA using EDE and
ARFI were performed by two observers based on the
criteria described above. The observers include a
graduate student (observer 1) with more than 4 y of
experience in the processing, visualization and analysis
of strain images, and a physician (observer 2) with
more than 10 y of experience with MWA procedures.
RESULTS

In Figure 1(b,c and e,f) are the EDE and ARFI im-
ages of the TM phantoms. The inclusion in the EDE im-
ages of the TM phantom was identified from the
background by a saturated bright halo surrounding a
low-strain or darker region. In the ARFI images, the in-
clusions can be reasonably differentiated from the back-
ground by a dark boundary with a relatively increased
noise level. The irregularly shaped target marked by the
number 2, as illustrated in Figure 1(a), could be identified
in EDE images (Fig. 1b,e), whereas it is not visible in
ARFI images (Fig. 1c,f).

Ten independent EDE and ARFI images were ac-
quired for both TM phantoms. The image contrast and
CNRe of the phantom with the inclusion at 3.5 cm were
3.45 6 0.68 and 2.82 6 0.81, respectively, and the
same quantities measured on ARFI images for the same
phantom were 1.036 0.13 and 0.626 0.32, respectively.
The image contrast and CNRe for this phantom was two
to three times higher with EDE than with ARFI images
as illustrated in Figure 2 (phantom 1). For the phantom
with the deeper inclusion at 5.5 cm, image contrast and
CNRe in EDE images were 3.91 6 1.63 and
2.45 6 1.02, respectively; in ARFI images, these two
dison from ClinicalKey.com by Elsevier on December 29, 2020.
opyright ©2020. Elsevier Inc. All rights reserved.



Fig. 2. Image contrast and CNRe comparison obtained on electrode displacement elastography (EDE) and acoustic ra-
diation force impulse (ARFI) images of tissue-mimicking phantoms. (a) Image contrast comparison of EDE and ARFI
performed on the phantom with inclusion at a 3.5-cm depth (phantom 1) and at a 5.5-cm depth (phantom 2) (b) Compar-
ison of CNRe on the same two phantoms. The height of the bars represents the mean value of 10 independent experiments,

and the error bar denotes the standard deviation of the measurements.
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quantities were 1.00 6 0.05 and 0.18 6 0.11, respec-
tively. The detectability of the inclusion with EDE was
about 4 to 10 times higher than that with ARFI in the sec-
ond phantom with a deeper inclusion, as illustrated in
Figure 2 (phantom 2).

The precision of delineation in terms of inclusion di-
mensions for 10 independent realizations for both EDE
and ARFI images is illustrated in Figure 3. The long
axis (height) of the inclusion of phantom 1 was
25.67 6 0.49, 26.21 6 0.92 and 27.86 6 0.92 mm
measured with B mode, EDE and ARFI images, respec-
tively, and the short axis (width) of this inclusion
measured with these imaging modalities was
18.33 6 0.26, 19.85 6 0.20 and 19.83 6 0.70 mm. For
phantom 2, the long axis of the inclusion measured
with B mode, EDE and ARFI was 25.86 6 0.26,
Fig. 3. Dimensions of phantom inclusion comparison among B
acoustic radiation force impulse (ARFI) images. (a) Long- and s
(phantom 1) measured in B-mode, EDE and ARFI images. (b)
sion at 5.5 cm (phantom 2). The height of the bars represents th

and the error bars denote th
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26.41 6 0.40 and 27.38 6 0.39 mm, respectively, and
the short axis measured with these three modalities was
19.43 6 0.28, 20.70 6 0.79 and 21.55 6 0.35 mm,
respectively. Differences in the inclusion dimensions
measured with these three modalities were within 8%
(2.2/25.67 z 8%).

For the clinical study, results from observer 1 indi-
cate that the liver neoplasm targeted with the MWA pro-
cedure was successfully delineated with EDE for 45 of
the 49 patients. The ablated region could be delineated
on two ARFI images, both presenting with tumors at
depths of around 4 cm. The ablation zone with EDE
was delineated by the dark region surrounded by a bright
halo as illustrated in the TM phantom study. The bound-
ary of the ablated region was relatively blurred in the
ARFI images, as illustrated in Figure 4(a,d). Ablation
-mode, electrode displacement elastography (EDE) and
hort-axis lengths of the phantom with inclusion at 3.5 cm
Same comparison conducted for the phantom with inclu-
e mean value of the 10 independent imaging experiments
e standard deviation.
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Fig. 4. Comparison of electrode displacement elastography (EDE) and acoustic radiation force impulse (ARFI) images
immediately after microwave ablation. (a,c) B-Mode and ARFI images of the ablated region. (b,d) EDE images generated

from radiofrequency data. The ablated region is somewhat delineable in the ARFI images (a,c).
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zones were delineated using ARFI images from observer
2 for 6 of 49 patients, with 4 of the tumors at a depth lower
than 5 cm, 1 tumor located between 5 and 10 cm and 1
tumor at a depth .10 cm. The number of ablation zones
delineated using EDE images from observer 2 was 34.

For most of the 49 patients, the ablated region was
not clearly delineable with a visible boundary as illus-
trated in Figure 5(a,d) for ARFI imaging. However,
with reference to B-mode images, the location of the ab-
lated region could be recognized in 13 patients with ARFI
images from observer 1, as illustrated in Figure 5(d). The
delineation success rate of EDE and ARFI is summarized
in Table 2. It was found that the success rate decreased
from 40% to 11.1% as the imaging depth increased
from shallow, that is, 5 cm to deeper than 10 cm. Partially
visualized ablation regions were identified on 27 patients
by observer 2. The imaging depth dependence was
similar to that of observer 1, dropping from 80% to
22.2% when the imaging depth increased from ,5 cm
to .10 cm, as outlined in Table 3.

The total success rates for boundary delineation with
EDE in the 49 patients were 91.8% and 69.4%, whereas
those with ARFI were 4.1% and 12.2%, respectively,
for observers 1 and 2. EDE exhibited less imaging depth
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dependence with a relatively stable success rate for each
depth range. The success rate with ARFI improved to
26.5% and 55.1%, respectively for the two observers,
for partial visualization of the ablated region in conjunc-
tion with B-mode imaging. However, as tumor depth
increased, the entire ablated region, especially toward
the bottom of the tumor, was blurred. The numbers of de-
lineable and partially visualized ablation regions for the
two observers are illustrated in Figure 6.
DISCUSSION AND CONCLUSIONS

We have compared the performance of EDE and
ARFI for monitoring minimally invasive MWA treat-
ments for liver neoplasms in human patients along with
a TM phantom study. ARFI imaging reported in this pa-
per is based on the commercial software available on
the Siemens Acuson S2000 system.

The TM phantom study revealed that both ARFI and
EDE reasonably delineate a stiffer inclusion embedded in
a homogeneous background. The dimensions of the in-
clusion in the EDE and ARFI images were in a similar
range within 8% difference, although the long and short
axes appeared slightly larger on ARFI images. The
dison from ClinicalKey.com by Elsevier on December 29, 2020.
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Fig. 5. Comparison of electrode displacement elastography (EDE) and acoustic radiation force impulse (ARFI) images
immediately after microwave ablation (MVA). (a,c) B-Mode and ARFI images of the ablated region. (b,d) EDE images
generated from radiofrequency data. The ablated region was not delineable in the ARFI images (a,c), although with refer-

ence to the B-mode image, the location of the ablated region is recognizable with a distorted shape in (c).
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detectability of the inclusion was enhanced in EDE im-
ages with a two to three times higher image contrast
and CNRe and with less imaging depth dependence be-
tween the two phantoms evaluated. As illustrated in
Figure 3, the image contrast and CNRe are similar in
EDE images for the two phantoms, whereas the image
contrast and CNRe were lower in the ARFI images of
the phantom with a deeper inclusion (phantom 2). Stiff-
ness contrast (Varghese and Ophir 1997), which denotes
the ratio of the strain of the background to that of the
target, is a widely used metric for evaluating the contrast
achieved with ultrasound elastography. However, for the
analysis in this study, we only had access to the final
ARFI image without the strain distribution from the
Siemens Acuson S2000 system. We therefore used the
Table 2. Patient imaging results with both

Tumor depth (cm) No. of patients Partially visualized o

,5 15 6/15 (40%)
.5 but ,10 25 6/25 (24%)
.10 9 1/9 (11.1%)
Total 49 13/49 (26.5%)
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image contrast as defined in eqn (1), to prevent the de-
nominator from becoming too small and introducing nu-
merical instability. Image processing to enhance the
image contrast for the EDE strain images was not per-
formed in this study.

The delineation rate obtained with EDE was signif-
icantly higher in the clinical studies compared with that
for ARFI. One important factor is that the displacement
of local tissue perturbed with EDE occurs with larger am-
plitudes in the millimeter range, compared with the
amplitude of ARFI deformation in the range of submilli-
meters (Nightingale et al. 2001). Insufficient displace-
ment of local tissue with ARFI is due mainly to the
increased attenuation incurred by the push beams for
larger depths (Correa-Gallego et al. 2014). The relatively
EDE and ARFI by the first observer

n ARFI

Method used to delineate ablated region

ARFI EDE

2/15 (13.3%) 15/15 (100%)
0/25 21/25 (84%)
0/9 9/9 (100%)
2/49 (4.1%) 45/49 (91.8%)

dison from ClinicalKey.com by Elsevier on December 29, 2020.
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Table 3. Patient imaging results with both EDE and ARFI by the second observer

Tumor depth (cm) No. of patients
Partially visualized with

ARFI

Method used to delineate ablated region

ARFI EDE

,5 15 12/15 (80%) 4/15 (26.7%) 9/15 (60%)
.5, but ,10 25 13/25 (52%) 1/25 (4%) 19/25 (76%)
.10 9 2/9 (22.2%) 1/9 (11.1%) 6/9 (66.7%)
Total 49 27/49 (55.1%) 6/49 (12.2%) 34/49 (69.4%)
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deep location of the ablation zone, the presence of
cirrhotic livers and the gas bubbles generated by the abla-
tion procedure contribute to the high attenuation incurred
by the push beams (Correa-Gallego et al. 2014). The de-
lineable ablated regions in ARFI images in this study
were within 5 cm, which is consistent with previous
ex vivo (Bing et al. 2011; Nightingale et al. 2001) and
in vivo (Mariani et al. 2014) studies. For ARFImonitoring
of MWA procedures in the study, the ablation zone was
stabilized by the antenna. Because the displacement of
local tissue is caused by external pushing beams with
ARFI, the amplitude of the displacement may have been
further suppressed. Although the numbers of delineable
cases from the two observers differed for EDE and
ARFI, note that both observers indicated that a significant
number of delineable cases were obtained with EDE.

The ARFI technique reported in this article was
based on utilization of the commercial software, Virtual
Touch, on the Siemens Acuson S2000 system. Although
ARFI was initially developed for superficial and small
Fig. 6. Number of patient ablated regions delineated with elec-
trode displacement elastography (EDE) and acoustic radiation
force impulse (ARFI), respectively, along with the number of
ablated regions partially visualized in conjunction with B-
mode and ARFI imaging. There were 12 and 2 ablated regions
partially visualized and delineable with ARFI imaging, respec-
tively, from observer 1. The corresponding results from observer
2 were 27 and 6, respectively. The numbers of ablation regions
delineable with EDE images were 45 and 34, respectively, from

observer 1 and 2.
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masses such as early-stage breast cancer (Nightingale
et al. 2001), methods to improve the monitoring ability
of thermal ablation for larger masses and deeper locations
have been reported (Fahey et al. 2008). In the Fahey et al.
study, ARFI was processed off-line with sophisticated
tracking algorithms and filters for monitoring RFA pro-
cedures. Time-gain control was also applied to compen-
sate for the varying radiation force magnitude caused
by attenuation and focal effects (Fahey et al. 2008). The
tumor depth for the six patients in the Fahey et al. study
was mostly in the range 5–6 cm. Delineable boundaries
were achieved for most of the six patients. Performance
of ARFI with improved techniques at deeper locations
and application to MWA requires further investigation.

In addition to the ARFI processing techniques dis-
cussed above, techniques enhancing the perturbation
amplitude might also be helpful in improving the perfor-
mance of ARFI for monitoring thermal ablation. In the
study by Sarvazyan et al. (1998), an optimized waveform
for the push beams was simulated to form a sawtooth
wave in the focal zone to enhance the spatial energy den-
sity delivered to the local tissue. The generation of this
optimal waveform is depth dependent and varies for
each patient. U.S. Food and Drug Administration stan-
dards for clinical ultrasound output constitute another
limiting factor for the intensity of the push beam with
ARFI, although the standards might be conservative for
the short bursts of push beams used (Nightingale et al.
2001).

The rate of delineation of ablation regions with EDE
was less dependent on imaging depth because the defor-
mation of local tissue is delivered to the center of the
ablation zone by the ablation needle. With less limitation
on the perturbation amplitude, processing for EDE could
be performed using a relatively compact 2-D cross-
correlation-based algorithm. The processing time for
EDE was about 2 min on an Intel Core 2 desktop using
MATLAB (The MathWorks, Natick, MA, USA), with
the pre- and post-compression frames selected by an
experienced operator. An algorithm for automatic selec-
tion of the pre- and post-compression frames will be im-
plemented as part of future work. For clinical monitoring,
real-time feedback to the clinician is essential and could
significantly improve strain image quality. Because no
dison from ClinicalKey.com by Elsevier on December 29, 2020.
opyright ©2020. Elsevier Inc. All rights reserved.
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specific parameter optimizations are needed for different
patients with EDE, the computational time could be
significantly improved with faster software implementa-
tion on commercial systems for real-time imaging.

Based on the TM phantom and patient studies re-
ported here, EDE and ARFI were compared with respect
to their imaging performance in monitoring MWA.
Because of the limited number of delineable ablation re-
gions in ARFI images, the patient study was designed as a
binary evaluation. A quantitative analysis of EDE and B-
mode image assessments was performed in our previous
study (Yang et al. 2016). The performance of the com-
mercial ARFI software, Virtual Touch imaging, could
be improved with more advanced processing techniques
or advanced push beam profile design, as discussed
above. However, the overall ability of ARFI in moni-
toring MWA is limited by the relatively small perturba-
tion amplitudes produced with radiation force, the
increased attenuation in cirrhotic livers and the larger
depth range needed for ablation procedures. EDE, with
its advantage of not being significantly dependent on tu-
mor depth, stable perturbation amplitudes at all depths
and relatively straightforward real-time implementation
for commercial systems, could be an alternative tech-
nique for monitoring minimally invasive MWA during
ablation procedures.
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