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Abstract
Benign periablational enhancement (BPE) response to thermal injury is a barrier to early detection
of residual tumor in contrast enhanced imaging after radiofrequency (RF) ablation. The objective
of this study was to evaluate the role of quantitative of contrast-enhanced ultrasound (CEUS) in
early differentiation of BPE from residual tumor in a BD-IX rat subcutaneous colon cancer model.
A phantom study was first performed to test the validity of the perfusion parameters in predicting
blood flow of two US contrast imaging modes – contrast harmonic imaging (CHI) and microflow
imaging (MFI). To create a simple model of BPE, a peripheral portion of the tumor was ablated
along with surrounding normal tissue, leaving part of the tumor untreated. First-pass dynamic
enhancement (FPDE) and MFI scans of CEUS were performed before ablation and immediately,
1, 4, and 7 days after ablation. Time-intensity-curves in regions of BPE and residual tumor were
fitted to the function y=A(1−exp(−β(t−t0))+C, in which A, β, t0 and C represent blood volume,
flow speed, time to start and baseline intensity, respectively. In the phantom study, positive linear
correlations were noted between A, β, Aβ and contrast concentration, speed, and flow rate,
respectively, in both CHI and MFI. On CEUS images of the in vivo study, the unenhanced ablated
zone was surrounded by BPE and irregular peripheral enhancement consistent with residual tumor.
On days 0, 4 and 7, blood volume (A) in BPE was significantly higher than that in residual tumor
in both FPDE imaging and MFI. Significantly greater blood flow (Aβ) was seen in BPE compared
to residual tumor tissue in FPDE on day 7 and in MFI on day 4. The results of this study
demonstrate that qualitative CEUS can be potentially used for early detection of viable tumor in
post-ablation assessment.
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INTRODUCTION
Radiofrequency (RF) ablation has become one of the most frequently utilized interventions
in the management of unresectable tumors (Gazelle et al. 2004; Machi et al. 2006; Joosten
and Ruers 2007; Park et al. 2008) but local recurrence rates at the treatment site have been
reported to be as high as 12% (McWilliams et al. 2010). Radiologic follow-up techniques
capable of detecting residual or recurrent tumor soon after the intervention are, therefore, an
essential component of the management process. However, early detection of residual or
recurrent disease on follow-up imaging using common anatomic imaging techniques, such
as CT or MRI, has proven to be challenging. The accuracy of assessment is often limited
because of the presence of an ablation-induced hyperemic rim around the margin of ablated
tissue which is referred to as benign periablational enhancement (BPE) as recommended by
the International Working Group on Image-Guided Tumor Ablation (Goldberg et al. 2009).
BPE can be seen immediately after thermal ablation and remains for 2–6 months (Lencioni
et al. 2001; Lim et al. 2001; Lu et al. 2005; Solbiati and Arsizio 2007; Kuehl et al. 2008;
Rutherford et al. 2008). Previous clinical imaging and pathology correlation studies showed
that the BPE is usually uniform in thickness. In contrast, viable residual or recurrent tumor
shows focal irregular peripheral rim enhancement on contrast enhanced CT or MR images
(Goldberg et al. 2000; Hsu et al. 2005) but detecting viable tumor at early time points after
treatment based solely on these morphological findings can be difficult. According to one
review, the inflammatory response “…is impossible to distinguish from a rim of
vascularized residual tumor” (Curley 2003). Dromain et al., reported that CT and MR
imaging may depict tumor recurrence at 4 months after RF ablation at the earliest since the
BPE disappeared over time and was present in only 8% of the RF-ablated areas after this
time interval (Dromain et al. 2002). The overall sensitivity to detect residual tumor after RF
ablation when assessed with CT or MRI ranges between 44% and 89% (Lim et al. 2001;
Dromain et al. 2002; Blokhuis et al. 2004). Since early detection of residual tumor allows
initiation of additional treatment with potential benefits for patient survival (Curley 2001;
Izzo et al. 2001; Veit et al. 2006), improved or novel imaging methods are needed for early
detection of residual tumor and accurate follow-up of local tumor ablation.

One possible solution may be found is using the latest generation of ultrasound (US)
contrast agents and related imaging technologies, such as contrast sequence imaging,
contrast harmonic imaging (CHI), etc. These techniques allow continuous, real-time imaging
of contrast enhancement with higher temporal resolution than CT or MRI. Moreover, these
new techniques have been recently used for tumor detection, guidance of tumor ablation and
to evaluate post RF ablation both in animal studies and clinical studies with promising
results (Solbiati et al. 2004; Chen et al. 2007; Lu et al. 2007; Bartolotta et al. 2008).
However as in contrast enhanced CT or MR, peripheral reactive hyperemia following RF
ablation treatment can also be seen on CEUS, and this might confuse the evaluation of
residual tumor (Vogt et al. 2007; Hoeffel et al. 2010). In previous studies, differences
between BPE and residual tumor were evaluated by qualitative visual inspection, and early
differentiation of residual tumor (within 1 month after RF ablation) from inflammatory
tissue was still problematic. One study by Vilana et al., reported that the sensitivity of
contrast-enhanced US (CEUS) detection of residual hepatocellular carcinoma 24 hours after
ablative treatment was 27.3% (Vilana et al. 2006).
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US contrast enhanced microflow imaging (MFI) was recently introduced to better visualize
tumor vasculature. MFI is an image processing method based on maximum intensity
projection (MIP), also called max-hold processing. This method uses a destruction-
replenishment technique, which consists of transmitting a time-sequence of ultrasound
waves at a high mechanical index (MI) to destroy microbubbles in the scan plane, and then
imaging the subsequent microbubble replenishment at low MI with MIP (Kamiyama 2004).
This reveals tumor microvasculature which can be helpful in differentiating benign from
malignant hepatic lesions (Hotta et al. 2005) and for detecting prostatic lesions in order to
guide biopsies (Linden et al. 2007). To the best of our knowledge, this technique has not
been previously utilized in the post-ablation assessment.

Quantitative CEUS has recently been used to explore tumor perfusion by using different
mathematical models to fit the time-intensity-curves of lesion contrast enhancement. The
proposed parameters derived from these models can be used as early indicators of tumor
diagnosis and treatment response evaluation, such as in antiangiogenic therapy (Guibal et al.
2010). We hypothesize that quantitative CEUS could be more sensitive in differentiation of
residual tumor from BPE in the post-ablation assessment than conventional CEUS imaging.
In the current study, we first designed a phantom study to test the validity of the perfusion
parameters of a mono-exponential model in predicting the blood flow with CHI and MFI.
We then created a partially ablated tumor model, and tested the possibility of differentiation
of residual tumor from the BPE following RF ablation by CEUS using quantification of
first-pass dynamic enhancement (FPDE) and MFI, in hopes that differences in perfusion
would lead to an effective means of differentiating these regions in ablation follow-up.

MATERIALS AND METHODS
Preparation of Ultrasound Contrast Agents

The lipid shells of microbubbles were composed of 1, 2-Dipalmitoyl-sn-Glycero-3-
Phosphocholine (DPPC), 1, 2-Dipalmitoyl-sn-Glycero-3-Phosphoethanolamine (DPPE), and
1, 2-Dipalmitoyl-sn-Glycero-3-Phosphate (DPPA) (Avanti Polar Lipids, Inc.; Alabaster,
AL) with a mass ratio of 5:2:1. The lipid mixture was dissolved in chloroform and dried for
two hours under a hood. Glycerol (Sigma-Aldrich Corp.; St. Louis, MO) and phosphate
buffered saline (pH 7.0, Sigma-Aldrich Corp.; St. Louis, MO) were then added to the dried
lipids and incubated at 37°C for 30 min. An aliquot of the solution was then transferred into
gas-tight vials into which perfluoropropane gas (C3F8) was added. Microbubbles were
formed using a VialMix mixing machine (DuPont Pharma Co., Billerica, MA) to
mechanically agitate the solution for 45 s. The morphology of the resulting microbubbles
was determined using an optical microscope (Carl Zeiss Achroplan 100, NA 1.0;
Thornwood, NY) and the diameter was measured with 90plus Particle Size Analyzer
(Brookhaven Instruments Corporation, NY). The diameter of the bubbles was approximately
1 μm. The details of microbubble preparation and size measurement were reported in our
previous paper (Krupka et al. 2010).

In Vitro Phantom Study
Setup of the phantom study is shown in Fig 1a. To make this phantom, a plastic tube (0.74
mm outside diameter) was used to form a channel in 2% agarose gel. After cooling and
setting of the agarose gel, the tube was removed and each side of the channel was connected
with a 200 μl pipette tip. The phantom was then infused with microbubble solution at
different dilution factors in normal saline (1:250, 1:1250, 1:6250, and 1:31250) at eight
constant flow rates using an infusion pump. The calculated flow speed ranged from 0.73
mm/s to 72.8 mm/s. US scans were performed with an Aplio™ SSA-770A Ultrasound
system (Toshiba Medical Imaging Systems, Tokyo, Japan) using a 10MHz linear transducer.
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The transducer was immobilized using a clamp and aligned longitudinally with the phantom
vessel (Fig 1b). 60s perfusion images of CHI and MFI with flash replenishment every 20
seconds were acquired with the following settings: CHI frequency, H6.6 (MHz); mechanical
index (MI), 0.1; imaging frame rate, 45 fps; dynamic range, 90 dB; 2D gain, 80 dB. Both
CHI and MFI sequence of images were exported as AVI clips (Codec, MPEG-4 V2; video
frame rate, 15 fps; image quality, low) for off-line data processing. A typical time-gray
intensity-curve of a ROI in the vessel phantom is shown in Fig 1c.

Animal Model
A well-established rat tumor model, DHD/K12/TRb adenocarcinoma was used in this study
(Krupka et al. 2007). The experimental protocols were approved by the Institutional Animal
Care and Use Committee at our institution. Anesthesia was conducted with 3% isoflurane in
oxygen (1 L/min) via a vaporizer (EZ150 Isoflurane Vaporizer, EZ Anesthesia™). The
DHD/K12/TRb cell line, originating from a 1, 2-dimethylhydrazine-induced colon
adenocarcinoma in BDIX rats, was cultured in RPMI-1640 media with 10% fetal bovine
serum and passaged weekly. Eight six-week-old male BDIX rats (body weight 150–180g,
purchased from Charles River Laboratories Inc., Wilmington, MA) were used for
inoculation. Tumors were inoculated subcutaneously with a bilateral injection of 0.05 mL
cell suspension (2 × 106 cells/mL) on the thigh using a 26-gauge needle. Five weeks later,
the tumors were used for this study, and the maximum tumor diameter ranged from 0.5–0.9
cm.

Initiation of Inflammatory Response by RF Ablation
RF ablation was performed by using a 500 kHz RF generator (Radionics, Cool-tip RF
system, Radionics Inc., Burlington, MA) and a custom-designed 21-gauge monopolar needle
electrode. Here, the 21G disposable hypodermic needle was used as a RF antenna covered
with a Teflon tube with the 0.5 cm tip exposed, and a thermocouple located in the central
core of the needle to monitor temperature during ablation. A grounding pad was placed on
the abdomen, and US gel was used to ensure proper contact. To create a simple model of
BPE only the peripheral portion of the tumor was ablated along with surrounding normal
tissue, leaving part of the tumor untreated. To carry out the ablation the electrode was
inserted at a depth of 0.5 cm, and tumors were treated to a temperature of 80°C ± 2 for 3 min
at 1–2W. Preliminary studies showed that this setting could obtain a proximal 0.5cm ablated
zone in diameter, thereby ablating part of the tumor and adjacent normal tissue.

US Imaging Protocol
US scans were obtained before RF ablation, immediately post treatment (within 10 minutes)
and 1, 4, 7 days after RF ablation with the same US system and transducer by two
radiologists (H.W. and Y.Z., with 10 and 9 years of experience in ultrasound imaging,
respectively). The transducer was immobilized using a clamp, and the rat thigh was laid
supine on the probe with a custom designed gel mold. The position of the tumor was
adjusted so that the field of view included the ablated region, residual viable tumor and
normal muscle with a 2D Doppler scan. A solution of 0.05 mL of contrast was injected as a
bolus via the tail vein and flushed with 0.5 mL normal saline. The first 60 s of first-pass
dynamic enhancement (FPDE) images after contrast administration were acquired using the
contrast harmonic imaging (CHI) mode with the following imaging settings: CHI frequency,
H6.6 (MHz); Mechanical index (MI), 0.1; imaging frame rate, 45 fps; dynamic range, 90
dB; 2D gain, 80 dB. Then the scan mode was switched to MFI with the same imaging
settings to acquire a series of destruction-replenishment images with 10 s duration. Both
FDPE and MFI sequence of images were exported as AVI clips. The time interval between
pre-ablation and immediate post-ablation CEUS scans was 30 minutes to allow complete
microbubble clearance.
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Imaging Analysis
The AVI clips of CEUS scans were transferred to a PC, and the data was imported into
ImageJ 1.42 for analysis. In the phantom study, a rectangular ROI was set in the center of
the tubing (Fig 1c). In the in vivo study, since only part of the tumor was ablated, BPE
(located at the distal side of unenhanced ablated zone) and residual tumor (located at the
proximal part of the tumor) could be accurately discerned on enhanced FPDE and MFI
images. A crescent shaped ROI was drawn in the BPE or residual tumor on FDPE image
with the consent of 2 authors (H.W. and Y.Z.). Representative ROI selection is shown in Fig
2(a–c). Here, the ROI of BPE covers most of the enhanced part of the hyperemic rim of the
ablated region. The residual tumor is composed of a less enhanced inner core and a more
enhanced peripheral zone. The ROI of residual tumor was positioned in the more enhanced
peripheral zone. The locations of ROIs on MFI images were identical to the corresponding
FDPE images at each time point. The mean time-video-intensity of each ROI was then
calculated and then imported into Matlab for further analysis using a custom algorithm.
Since the linearized signal intensity (SIlinear) is proportional to contrast concentration (Arditi
et al. 2006), the video intensity data was converted to SIlinear as previously described
(Guibal et al. 2010). Briefly, the video intensity data was first converted to SI in decibels
(SIdB) by using the grayscale bar. Then, the SIlinear was calculated by using the reverting
log-compression law: SIlinear = 10(SIdB/10). The time-SIlinear curves were then fit with an
mono-exponential function (Wei et al. 1998): y=A(1−exp(−β(t−t0)))+C, where y is the
perfusion model function, A is the plateau value as an estimate of the regional blood
volume, β is the replenishment rate as an estimate of microbubble velocity, t0 is the delay, C
is the baseline and Aβ is an estimate of flow. In some experimental FPDE data, a decay of
signal intensity was encountered after the peak. In these cases, the data was truncated to 10
sec after peak signal intensity was reached. A typical example of FPDE and MFI curve
fitting outputs is shown in Fig 2d and 2e.

Histopathologic Examination
Animals were euthanized on day 7 following treatment. Tumor and ablated tissue were
dissected and sectioned at an orientation corresponding to the plane of the ultrasound image.
The tissue was fixed in 10% formalin solution and embedded in paraffin. Slides of 5 μm
thickness were cut and stained with hematoxylin and eosin (H&E). All histological
processing was carried out by the Histology Core Facility of the Case Comprehensive
Cancer Center. Histopathologic examination of the tumors was conducted by analysis
blinded to the US findings (Carl Zeiss Achroplan 100, NA 1.0; Thornwood, NY). The
locations of the ablated region, the BPE and residual tumor on US images were verified by
histology findings with the consensus opinion of a pathologist (N.P.Z).

Statistical Analysis
All data was presented as mean ± standard deviation (SD). In the phantom study, linear
correlation coefficients between perfusion parameters and bubble concentration, speed and
the product of concentration and speed were calculated. In the in vivo study, at each
observation time point the values of perfusion parameters of two ROIs were compared with
the Wilcoxon Signed-Rank test. Statistical analyses were performed with VassarStat online.

RESULTS
In vitro phantom study

In these experiments, the parameters A, β and Aβ in the mono-exponential function
correspond to the microbubble concentration (C), infusion speed (S) and flow rate (product
of C and S). Results of in vitro phantom validation are shown in Fig 3. Fig 3a shows the
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correlations between A and C at high (72.8 mm/sec), medium (41.7 mm/sec) and low speeds
(8.5 mm/sec). Fig 3b shows the correlations between β and S at the highest (1:250 dilution)
and lowest bubble concentrations (1:31250 dilution). Fig 3c shows the correlations between
Aβ and C*S in lumped data. In both CHI and MFI modes, positive linear correlations were
noted between A, β, Aβ and C, S, C*S respectively (r > 0.91). At every flow condition, the
parameters A, β and Aβ calculated with CHI were greater than those with MFI, but the
relative changes were consistent between the two imaging modes.

In vivo analysis
FPDE and MFI at peak enhancement of a representative tumor before RF ablation,
immediately following (day 0) and 1, 4, 7 days after RF ablation are shown in Fig 4. Before
ablation, the overall tumor enhancement varied based on the extent of central necrosis, yet
the border between the tumor and non-tumor regions was distinct due to tumor rim
enhancement. Immediately following ablation the treated ablation zone did not show
enhancement. A homogenous rim enhancement (BPE) in muscle adjacent to the ablation
zone indicated a hyperemic rim induced by ablative treatment. Additionally, nodular
enhancing abnormalities were noted in the residual tumor zone, which showed a
heterogeneous enhancing core with an enhanced rim. A distinct boundary was noted by
visual inspection between the unenhanced coagulation zone and the surrounding hyperemic
rim or residual tumor. However, from day 1 to 7 after ablation, this boundary became
increasingly difficult to discern, as the width of the hyperemic inflammatory rim increased
and the size of unenhanced region decreased. This effect was particularly pronounced on
day 7. In all of these time points, MFI showed the boundaries between the enhanced and
non-enhanced regions more clearly than FPDE.

In addition to qualitative visual examination, differences in signal echogenicity between
BPE and residual tumor were also quantified as described above. Changes in blood volume
(A), flow velocity (β), and blood flow (Aβ) values in BPE and residual tumor regions on
FPDE and MFI are shown in Fig 5 and Tables 1–2. With FPDE imaging, a greater blood
volume (A) in BPE compared to that in residual tumor was noted in 7/8, 5/8, 7/8 and 7/8
tumors on days 0, 1, 4, and 7, respectively. With MFI, a greater blood volume in BPE
compared to that in residual tumor was noted in 6/8, 4/8, 8/8 and 7/8 tumors on days 0, 1, 4,
and 7, respectively. The mean value of blood volume calculated using both FPDE and MFI
in BPE was significantly higher (p<0.05) than that in residual tumor on 0, 4 and 7 days after
ablation.

A higher blood flow (Aβ) in BPE compared to that in residual tumor was noted in 5/8, 6/8,
4/8, 7/8 tumors with FPDE imaging, and in 3/8, 4/8, 6/8, 6/8 tumors with MFI on days 0, 1,
4, 7, respectively. However, the difference in blood flow was significant (p<0.05) only on
day 7 on FPDE and on day 4 on MFI. The difference in flow speed (β) in BPE and residual
tumor was not significant except on day 7 in FPDE where the former is significantly higher
than the latter.

Histological examination of tissue one week after ablation showed extensive coagulation
necrosis and granulation tissue with microvasculature at the boundary of the ablation zone.
Central necrosis was noted in the residual tumor, and numerous lymphocytes were seen in
the fibrous capsule of the residual viable tumor (Fig 6).

DISCUSSION
CEUS is used as a new modality to explore perfusion in cardiac muscle, tumor, and liver
tissue. The replenishing contrast enhancement curves of harmonic imaging or phase-inverse
imaging when microbubbles are homogenously distributed in blood pool fitted with a mono-
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exponential function y=A(1−exp(−βt)) is a standard method to calculate the flow parameters
– A, β and Aβ (Quaia 2007). MFI is a relatively new technique of highlighting
microvasculature. By combining a flash-replenishment (FR) sequence and max-hold
processing (Quaia 2007), MFI has been shown to be an excellent tool for revealing the
vascular network of lesions (Yang et al. 2007; Du et al. 2008). In this imaging procedure,
the FR sequence destroys all bubbles in the imaging plane using a burst scan at high MI.
Subsequently, during the bubble replenish phase, the maximum bubble intensity at each
location is collected and stored until a higher intensity signal at the same location is reached.
Then, this higher signal intensity is registered and replaces the previous value using max-
hold processing. Along with good microvessel display, MFI has the advantage of repetitive
trials within an injection. These repeated trials make it easy to change scan planes and
improve the post-ablation assessment imaging. MFI has not been used in qualification of
blood flow in CEUS. The phantom study in this experiment noted that A, β and Aβ in both
CHI and MFI modes were proportional to contrast concentration, speed and flow rate,
respectively. Furthermore, in vivo our fitting results confirmed that both FPDE and
replenishing MFI time-signal intensity curves obey this mono-exponential function, and
MFI demarcated the boundaries between the enhanced and non-enhanced region more
clearly than FPDE. These suggest that MFI could be used in qualification of flow in CEUS
as well.

In this study, we designed a small rodent model to mimic the residual tumor and BPE after
RF ablation and overcome the aforementioned problems. In the current model, subcutaneous
colorectal tumors were inoculated, and an adjacent hyperemic rim was intentionally induced
by ablating normal muscle in addition to half of the tumor. Part of each tumor remained
viable and was used to simulate a situation where a residual tumor may remain after
ablation. There are several advantages to using this model. First, we can be certain that no
residual tumor was located within the hyperemic rim. This is useful to examine and
distinguish the underlying differences between tumor tissue and the hyperemic rim. Second,
this model is especially beneficial for the study of arterial phase tumor perfusion, since there
is no interference from the portal vein. This allows us to have a better understanding of the
perfusion before moving on to a more complex, clinically relevant model, such as
hepatocellular carcinoma. Finally, motion artifacts due to respiration can be avoided because
of the remote location of the tumor.

Using this subcutaneous tumor model, the current study explored changes in the perfusion
profiles of BPE and residual tumor using FPDE and MFI of CEUS examination at different
time points up to 1 week after RF ablation. We found enhancement surrounding the
coagulation zone, which included BPE and nodular enhancing abnormalities and a distinct
border between an unenhanced coagulation zone and surrounding enhanced tissue
immediately after ablation with harmonic CEUS imaging. However, this border became less
distinct over time. This is most likely due to the typical inflammatory response and
granulation tissue formation after RF ablation (Wu et al. 2009). However, it was difficult to
differentiate BPE from residual tumor by visual judgment alone due to contrast
enhancement in both regions.

In order to differentiate viable residual tumor from BPE, we analyzed the difference of
perfusion parameters (blood volume, speed and blood flow) in these 2 regions. Our data
showed that a significantly higher blood volume in BPE was noted on days 0, 4 and 7 when
compared with the blood volume in residual tumor with both FPDE and MFI. A similar
difference was seen in blood flow (Aβ); however, the differences were significant only on
day 7 in FPDE imaging and on day 4 in MFI. No obvious difference in flow speed was
noted in these regions except on day 7 with FPDE imaging. These differences suggest that
blood volume might be the most sensitive parameter to use in order to differentiate residual
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tumor from BPE in post-ablation assessment using CEUS. The histology analysis on day 7
showed coagulation in the ablated region, granulation tissue at the boundary of the ablation
zone (normal tissue but not the residual tumor) and the formation of a fibrous capsule with
some small vessels in the vicinity of the residual viable tumor. These suggest that higher
blood volume and blood flow in the hyperemic rim of the ablated zone than in the residual
tumor on days 4 and 7 may most likely be due to more vasculature in inflammatory tissue
than in residual tumor in this particular tumor model after ablation. Immediately after
ablation, higher perfusion in BPE might be due to the vessel dilation in response to heat
(Emami et al. 1980).

The changes in perfusion parameters at different time points after ablation reflect the
pathophysiological changes in the ablated tissue, surrounding normal tissue and residual
tumor. We found blood volume and blood flow in BPE decreased on day 1 and increased on
days 4 and 7 after ablation. Histology changes in the same tumor model on days 2 and 7
after RF ablation were reported in our previous study (Wu et al. 2009). In short, the
peripheral rim of ablated tumor presented with a hyperemic reaction with dilated vessels and
congestion on day 2 after ablation and numerous inflammatory vessels and granulation
tissue formation on day 7. Based on these post-ablation histological findings, it is possible
that on day 1, a blood hypercoagulable state or thrombosis caused by endothelial cell
damage leads to congestion and decreased blood perfusion. However, on days 4 and 7, the
process of granulation tissue formation will increase the perfusion.

There are several limitations to this study. First, parameter A and Aβ calculation requires
post-acquisition image processing and data analysis techniques, as the small difference
between these parameters in hyperemic rim and viable tumor rim might not be discerned by
simple viewing of the video clips. Although some ultrasound scanners are equipped with a
perfusion analysis package, which can fit the perfusion curve and calculate the parameter
immediately after examination, we opted to use ImageJ and created a Matlab code to
analyze the offline videos although the algorithm is similar to the vendor software. Second,
there may be a difference in the perfusion in BPE and residual tumor after ablation in
different tumor species and organs due to a different microvasculature profile. For example,
Kim TJ, et al reported MR perfusion analysis using a blood pool contrast agent permitted
accurate differentiation of BPE from residual tumor in a rabbit muscle VX2 carcinoma
model after ablation. However, the enhancement in residual tumor was significantly higher
than that in BPE and the microvessel density in residual tumor was significantly higher than
that in BPE as well in this tumor model (Kim et al. 2005). In our study, histology showed
that more vessels were found in BPE than residual tumor on day 7 after ablation. We
assumed that the MVD in BPE was higher than that in residual tumor on days 0 and 4 after
ablation. The findings of Kim’s study and our study indicate that both MR perfusion and US
perfusion can be used to characterize vasculature, and applied to differentiate BPE from
residual or recurrent tumor. However, it is possible that the difference between BPE and
residual tumor may be tumor specific and may not be perceptible in all tumor types, which
may limit the broader application of this technique. Furthermore, since liver and kidney
tumors are more clinically relevant in RF ablation treatment than subcutaneous tumor, our
technique needs to undergo further testing in the renal tumor model which has extremely
high cortical blood flow, and the liver tumor model which should account for portal vein
perfusion.

CONCLUSION
In this study, we explored the differences in perfusion values of FPDE and MFI in BPE and
residual tumor after RF ablation in order ascertain whether quantitative CEUS can be used
to differentiate viable tumor from BPE after tumor thermal ablation. Our results demonstrate
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that it is indeed able to detect early differences in the various ablation zones and that blood
volume may be the most sensitive parameter for this evaluation. If sufficiently refined and
demonstrated in clinical practice, this technique may lead to improved follow-up after
interventional oncology procedures.
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Fig. 1.
In vitro vessel phantom study. (a) Top view of a wall-less vessel phantom (arrow) made
with 2% agarose gel. (b) US probe placement longitudinally to the wall-less vessel phantom
(arrow). (c) Contrast harmonic image (CHI) of the phantom with microbubble solution
flowing through. (d) Time- intensity curves of CHI and MFI with destruction of
microbubbles (flash, arrow) every 20 seconds.

Wu et al. Page 12

Ultrasound Med Biol. Author manuscript; available in PMC 2013 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
2D US (a), FPDE (b) at peak enhancement and MFI (c) images at 40 s after injection of a
representative tumor on day 4 after RF ablation. ROIs in BPE (1) and residual tumor (2)
were drawn manually. Contrast uptake kinetics of the first pass dynamic enhancement and
of the MFI processing in the two ROIs (d, e). Corresponding fitted curves using a mono-
exponential perfusion model are shown on the same plots.
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Fig. 3.
Summary of flow phantom validation experiments. Scatter plots show correlations between
A and C at different contrast infusion speeds (a), correlations between β and S at different
bubble concentrations (b), and the correlations between Aβ and C*S with lumped data (c).
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Fig. 4.
Representative FPDE and MFI images of a tumor before RF ablation, and days 0, 1, 4, 7
after RF ablation. T, untreated tumor; A, RF ablation zone; B, BPE; R, residual tumor.
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Fig. 5.
Scatter plots showing the changes of A, β, and Aβ values in BPE and residual tumor of first
pass perfusion (a, b, c) and replenishing microflow perfusion (d, e, f). * Wilcoxon Signed-
Rank test, P < 0.05, ΔP = 0.05.
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Fig. 6.
Histopathologic images (H&E stain) of a representative tumor on day 7 after RF ablation. A
coagulation region (dotted line) locates at the side of the tumor. Central necrosis is visible in
the residual viable tumor. Graphs b, c, d show the inflammatory rim of ablated region,
residual viable tumor and residual tumor rim, respectively. Granulation tissue with
inflammatory vessels is shown in inflammatory rim of ablated region (b). Extensive
lymphocyte infiltrate is visible in the fibrous capsule of residual viable tumor with small
vessels (d).
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Table 1

Comparison of the fitting parameters of time-signal-intensity-curve of FPDE in BPE and residual tumor
following RF ablation.

Day BPE Residual tumor W p

A

 0 4.25E-8 ± 3.71E-8 1.93E-8 ± 3.13E-8 30 0.025

 1 1.83E-8 ± 1.24E-8 1.35E-8 ± 1.07E-8 12 > 0.05

 4 3.61E-8 ± 2.34E-8 1.98E-8 ± 1.37E-8 28 <0.05

 7 9.13E-8 ± 1.05E-7 3.04E-8 ± 2.7E-8 30 0.025

β

 0 0.91 ± 0.41 0.62 ± 0.37 16 >0.05

 1 1.01 ± 0.51 0.62 ± 0.22 22 >0.05

 4 0.97 ± 0.67 0.81 ± 0.25 12 >0.05

 7 1.46 ± 0.58 0.82 ± 0.59 26 0.05

Aβ

 0 4.13E-8 ± 4.03E-8 1.54E-8 ± 2.81E-8 24 >0.05

 1 2.16E-8 ± 2.19E-8 9.63E-9 ± 9.88E-9 10 >0.05

 4 3.14E-8 ± 3.06E-8 1.61E-8 ± 1.19E-8 10 >0.05

 7 1.35E-7 ± 1.72E-7 2.94E-8 ± 3.11E-8 32 <0.025

Wilcoxon Signed-Rank test, one-tail.
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Table 2

Comparison of the fitting parameters of time-signal-intensity-curve of MFI in BPE and residual tumor
following RF ablation.

Day BPE Residual tumor W p

A

 0 1.86E-7±1.48E-7 1.19E-7±1.61E-7 30 0.025

 1 5.05E-8 ± 3.63E-8 4.76E-8 ± 4.41E-8 6 >0.05

 4 3.58E-7 ± 8.57E-7 3.06E-8 ± 2.37E-8 36 0.005

 7 3.57E-7 ± 3.32E-7 1.11E-7 ± 4.37E-8 30 0.025

β

 0 0.71 ± 0.29 0.91 ± 0.46 −16 >0.05

 1 0.84 ± 0.40 0.97 ± 0.55 −6 >0.05

 4 1.40 ± 1.44 1.19 ± 0.90 0 >0.05

 7 1.06 ± 0.35 1.03 ± 0.36 −6 >0.05

Aβ

 0 1.47E-7 ± 1.80E-7 1.27E-7 ± 2.01E-7 4 >0.05

 1 5.00E-8 ± 5.56E-8 3.61E-8 ± 3.53E-8 10 >0.05

 4 6.87E-7 ± 1.77E-6 2.76E-8 ± 2.00E-8 28 <0.05

 7 3.45E-7 ± 2.85E-7 1.22E-7 ± 9.13E-8 24 >0.05

Wilcoxon Signed-Rank test, one-tail.
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