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ABSTRACT

Background and Aims: Microwave ablation (MWA) under different imaging guidance is a new
technique for treating liver malignancies. The ablation creates a transitional zone at the periphery
of the ablated region. In this zone, few cancer cells might escape heat causing local recurrence.
Therefore, a more defined transitional zone is required to avoid residual cancer.

Study Design: Experimental study with a block design.

Place and Duration of Study: Departments of Hepatobiliary and Pancreatic surgery, department
of Radiology and department of Histopathology; University hospitals of Leicester, UK. May-July

*Corresponding author: Email: ahmedwahabf@googlemail.com;
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2011.

Methodology: MWA with different powers (50 W, 70 W, 90 W) were created in five ex vivo
perfused porcine livers. The ablations were evaluated on morphology, grey-scale US, CEUS and
histology. Statistical analysis of the data was performed using ANOVA test.

Results: CEUS showed better demarcation of the lesion’s border when compared with the grey-
scale US. There was a significant difference in the long axis of the ablation among morphology,
grey-scale US and CEUS (P < 0.0001), and a significant difference in the lesion size between
powers (P = 0.0064). There was no difference in the short-axis, but a significant difference in the
lesion size between powers (P = 0.0306). A significant difference in the width of the transitional
zone (TZ) was noticed between powers 50W and 90W (P= 0.015).

Conclusion: CEUS shows better demarcation of the ablated zone when compared with the grey-
scale-US, a finding that could provide guidance in the assessment of the ablation zone during
treatment. CEUS does not show superiority over morphology or grey-scale US in reflecting the
actual size of the lesion. Histology remains the only method to provide exact measurements of the
transitional zone width when compared with morphology. Further research is required to confirm

these results.

Keywords: Microwaves; ablation; liver; contrast.

ABBREVIATIONS

Microwave ablations (MWA); Contrast-enhanced ultrasound (CEUS); ultrasound (US); transitional
zone (TZ); computerised tomography (CT); magnetic resonance imaging (MRI); portal vein (PV);
hepatic artery (HA); inferior vena cava (IVC); contrast agent (CA); long axis (LA); short axis (SA);
Haematoxylin-Eosin (HE),; hepatocellular carcinoma (HCC); radiofrequency ablation (RFA); contrast-

enhanced intraoperative ultrasound (CE-IOUS).
1. INTRODUCTION

MWA is one of the new developing trends for
treating cancer. Its mechanism of action is based
on heat generation by inserting an applicator
“‘connected to a microwave generator’ into
tumours [1,2]. The emitted electromagnetic
waves cause friction movements of water
molecules which generate heat ranging from 900
MHZ to 2500 MHz [1,3-5]. The heat is evenly
conducted throughout the surrounding tissues
around the applicator resulting in a spherical
thermocoagulation zone [1,6,7]. Like with other
trends of thermal ablation, although to a lesser
extent, the generated heat with MWA can cause
charring of the central tissue around the probe,
especially with high power and long duration [8].
This carbonated layer acts as a barrier to heat
conduction to the surrounding zones mainly at
the periphery, an area called transitional zone
(TZ) [2]. This is the zone where few cancer cells
might escape heat leaving behind a residual
tumour which consequently causes local
recurrence. After ablation, the reactive tissue
inflammation is shown as a hyperaemic rim
surrounding the ablated zone [9,12]. This rim
makes it difficult to differentiate between
complete ablation and residual tumour [9-13].

The rim is not visible on grey-scale US, but with
contrast (CT, MRI, CEUS), it is shown as uniform
in thickness in benign lesions and irregular if
residual tumour is still present in the ablated
lesion [11,13]. Hence, immediate evaluation of
the ablated zone is required to achieve complete
lesion destruction in situ [13,14].

Different in vivo and ex vivo experimental and
clinical studies have been performed to evaluate
the relation between power, type of probe and
ablation size on morphology, histology, and
radiology. Gravante G and colleagues concluded
that the correct use of MWA with technical
improvement in the equipment could achieve a
large ablation size with a high rate of complete
tumour destruction [15]. That conclusion was
also confirmed by four more studies [5,8,16,17].
Other experiments assessed ablation lesions on
morphology, histology and imaging. Matsukawa,
et al. [18] compared the created MWA lesions in
12 cadaveric porcine livers and 9 live rabbit livers
on histology and grey-scale US. He found that
the hyperechoic areas measured with grey-scale
US were significantly larger than the actual
necrotic areas (p < 0.01) on histology, probably
due to air bubbles which developed within the
tissue. Correlation between histology and MRI
intensity signal (low in the central necrotic zone,
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a high in the intermediate zone and an
isointensity in the outer zone) was demonstrated
in other studies [19,20]. CT showed a hypodense
necrotic ablated lesion with no enhancement with
contrast [17,19,21]. Lesion evaluation with these
methods has few practical and logistical issues
such as efficiency of the imaging technique,
exposure to radiation, cost, time, experimenting
on live animals and the need for a well-trained
radiographer or surgeon with enough knowledge
to assess targeted lesion during or after
treatment [22,23].

Hypothesis: In this study, we wanted to find out
whether the use of contrast-enhanced ultrasound
(CEUS) would provide better assessment of the
transitional zone of the MWA in an ex vivo
perfused porcine liver model.

2. MATERIALS AND METHODS

2.1 Liver Procurement

Five white pigs weighing between 45 and 60 kg
(already being killed for consumption) were
humanely sacrificed in accordance to the Home
Office regulations. A pre-heparinised non-
pyogenic container with 5000 Units of Heparin
was used to collect the autologous blood. The
livers were then retrieved with a minimal warm
ischemic time and two litres of cold Soltran
solution (Baxter Healthcare, Thetford, United
Kingdom) were perfused, one litre into the portal
vein (PV) and one litre into the hepatic artery
(HA). After the cold perfusion, the liver was

transported on ice from the abattoir to the
laboratory.

2.2 Circuit Preparation

The autologous heparinised blood was used to
prime the circuit during the backbench
preparation. Cannulation of the PV, HA, bile duct,
supra- and infra-hepatic inferior vena cava (IVC)
was carried out during the priming. Before
connecting the liver to the circuit, 1 litre of 0.9%
Normal Saline solution (Baxter Healthcare,
Thetford, United Kingdom) was perfused through
the PV and HA to flush out the Soltran solution
and remove air from the organ and the cannulae.
The liver was then placed in a non-pyogenic

perfusion container and connected to the
extracorporeal circuit.

2.3 Perfusion

The extracorporeal circuit (Medtronic Inc.,
Minneapolis, Minnesota - United States)

consisted of an automatic centrifugal pump which
provided the hepatic arterial flow and pressure,
an oxygenator, a heat exchanger unit and a
blood reservoir to simulate the venous flow and
pressure (Fig. 1). The venous blood was
collected from the supra- and infra-hepatic IVC
and returned to the centrifugal pump. Parenteral
nutrition, vasodilating prostacyclins, sodium
bicarbonate, sodium taurocholate and insulin
were added to the circulation to optimise the
physiological condition of the system. Perfusion
was carried out for six hours.

Portal
VENOUs
reservoir

Flow
transducer

Supra-hepatic
C

Venous
resarvoir

OxyEsnator

Centrifugal

pump

Fig. 1. Schematic drawing of the circuit for the ex-vivo perfusion of the liver
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2.4 Microwave Ablation

In each liver, MWA lesions were created one
hour after liver perfusion to make sure all
physiological parameters have settled. The
microwaves were generated by a Microsulis
Tissue Ablation Sulis TMV Generator (Microsulis
Ltd., Denmead, Hampshire, UK) at a frequency
2.45 GHz and delivered via the Accubi applicator
(Microsulis Ltd., Denmead, Hampshire, UK)
which has a shaft diameter of (9 mm) and a
biocompatible non-stick coating.

The applicator was inserted to 2 cm beneath the
surface of the liver in all applications to achieve a
consistent shape throughout the study. Nine
lesions were created at power 50W, 70W and 90
W (three lesions for every power). Each lesion
was created for two minutes (Fig. 2).

2.5 Liver Scanning

Baseline liver images were taken without and
with contrast agents CA. After MWA, the liver
was again scanned without and with CA. All
images and cine loops were saved on a LOGIQ 9
US machine (GE Healthcare, Chalfont St Giles,
UK). The CA (Sonovue, Bracco, Milano, Italy)
consisted of phospholipid-stabilized MBs
containing Sulphur Hexafluoride gas with a
diameter of less than 8 ym (mean 2.5 um)
reconstituted with 5 ml of 0.9% normal saline
solution. The CA was injected in the hepatic
artery (HA) valve and flushed with 5ml normal
saline.

2.6 Quantification of MBs in the Ablated
Zone

The US machine was equipped with a specific
contrast software to create “wash-in"/*wash-out”
curves, a measure of the contrast acquisition and
removal in a particular scanned area, evidenced
during the imaging acquisition and processing.
The software provided real-time images with and
without the presence of contrast, and the
intensity of the acoustic signal was assessed on
the video recording extracted every 5s following
injection. Standardized 12- to 18-mm regions of
interest were chosen for analysis from
hyperechoic, hypoechoic, and anechoic areas.
The parameters which were evaluated from the
time—intensity curves included “time to peak”
(time elapsed from the start of the scan to the
maximum intensity of the medium contrast in a
defined region, evaluating how quickly the
medium contrast peaks in that region),

301

“maximum gradient” (maximum difference
between the lowest and highest values recorded
of the medium contrast intensity from the start to
the end of the scan, evaluating the net increase
of contrast reaching that region), and the “area
under the curve” (the area under the actual time—
intensity curve of the medium contrast, a
measure of the total amount of contrast reaching
the area over the scan).

2.7 Lesion Analysis

The lesions were sliced and the dimensions
(long-axis “LA” and short-axis “SA”) of the whole
lesions were measured on morphology, grey-
scale US, CEUS and then compared. Wedge
biopsies were taken from the lesion for histology.
All biopsies were saved in Formalin and then
assessed with Haematoxilin-Eosin (HE) stain. All
data were entered into an Excel database.
Numerical data reported as mean (M) +/_
standard deviation (SD). Analysis of data was
performed with ANOVA test. A (P value of <0.05)
was considered significant.

3. RESULTS
3.1 Grey-scale US

All  baseline images showed homogenous
enhancement of liver tissue. The ablations were
reported as one hypoechoic area compared to
the normal isoechoic  surrounding liver
parenchyma (Fig. 3, “left panel”). For powers 50
W, 70 W and 90 W, the mean values for the LA
dimensions were (25.8 +/_ 1 mm), (28.9 +/_ 2.8
mm), (34.6 +/_ 2 mm) respectively, and for the
SA were (25.2 +/_ 0.8 mm), (28.1 +/_ 2.2 mm),
(26.3 +/_ 2.7 mm) respectively. There was a
significant difference in the LA between power
50W and 90W (P 0.05) (Fig. 4). There was no
difference in the SA among the powers.

3.2 CEUS

All  baseline images showed homogenous
enhancement of the liver tissue with the CA. The
ablations were reported as anechoic with well-
demarcated borders separating them from the
contrast-enhanced liver parenchyma in the
arterial and venous phase (Fig. 3 “right panel”).
The ablated areas did not show any contrast in
them apart from the probe insertion site. The LA
mean values for powers 50 W, 70 W and 90 W
were (26.2 +/_ 1.1 mm), (30.7 +/_ 2.2 mm), (44
+/_ 4 mm), and for the SA were (27.9 +/_ 06
mm), (30.8 +/_ 1.6 mm), (31.5 +/_ 1.8 mm),
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respectively. There was a significant difference in  axis between powers 50 W and 90 W (P 0.001)
the LA between powers 70 W and 90 W (P (Fig. 5). There was no difference in the SA
0.015) and a significant difference in the long- dimensions among the three powers.

Fig. 2. Example of the created lesions in the porcine liver

TOW-1 MB

Fig. 3. Hypoechoic lesions with different powers on grey-scale ultrasound (left panel-A) and
with CEUS (right panel-B), Notice the enhancement of the probe insertion site with CA (white
arrow), LA (long axis), SA (short axis)
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3.3 Histology

3.3.1 Gross morphology

Each lesion consisted of three zones; central
charring “black” around the probe insertion site,
surrounded by a white pale zone, and then a red-
purple perinecrotic zone separating it from the
normal looking liver tissue (Fig. 6). The zones
were all spherical in shape. The whole diameter
of the lesion was taken including all zones

a0

(Fig. 7). The LA mean values for power 50 W, 70
W and 90W were (31.7 +/- 3.1 mm), (35.18 +/_
1.1 mm), (43.3 +/_ 3.3 mm) respectively, and for
the SA were (28.9 +/_ 1.6 mm), (30.3 +/_ 2.3
mm), (32.18 +/_2.1 mm), respectively. There was
a significant difference in the long-axis diameter
between power 50 W and 90 W (P 0.034) (Fig.
8), but no difference in the short axis diameter.
The mean values for the perinecrotic zones were
(2.3 +/_0.09 m), (2.9 +/_ 0.2 mm), (2.9 +/_ 0.3
mm) respectively, with no difference.

404

304

204

104

Long axis - Gray US (mm)

50

o a0

POWER (watts)

Fig. 4. Comparison of the lesion’s long-axis on grey-scale ultrasound among the three
different powers showing the significant difference between power 50W and 90W, P = 0.05
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Fig. 5. Comparison of the lesion’s long axis among the three different powers on CEUS
showing significant difference between power 70W and 90W (P = 0.015), and between power
50W and 90W (P = 0.0015)
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e TR

Fig. 6. A microwave ablation lesion sample showing the different zones; probe insertion site
“a”, necrotic zone “b”, perinecrotic zone “c”, and normal liver tissue “d”

Fig. 7. Measurements of a lesion dimensions on morphology
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Fig. 8. Comparison of the lesion’s long-axis on morphology among the three powers showing
a significant difference between power 50W and 90W “P =0.034"
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3.3.2 Microscopy

Thermal damage was shown around the probe
insertion site with signs of central coagulative
necrosis with unrecognizable cell boundaries and
collapsed collagen fibres consistent with the
white zone (Fig. 9). This zone was surrounded by
a TZ with signs of vacoulisation of hepatocytes,
sinusoidal dilatation and haemorrhagic

extravasation of red blood cells from the
sinusoids into the liver parenchyma, consistent
with the red-purple perinecrotic zone on

macroscopy (Fig. 10). The mean values for the
TZ width for powers 50W, 70W and 90W were
(0.4 +/_ 0.02 mm), (0.5 +/_ 0.06 mm), (0.6 +/_
0.02 mm), respectively. There was a significant
difference in the dimensions between powers 50
W and 90 W (P = 0.015) (Fig. 11).

Fig. 9. Histological examination of the ablated zone showing central coagulative
necrosis “A1” with unrecognizable cell boundaries and collapsed collagen fibres “X 40”.
Transitional zone “A2”

Fig. 10. Histological examination of the transitional zone showing vacoulisation
of hepatocytes, sinusoidal dilatation and haemorrhagic extravasation of red blood
cells from the sinusoids into the liver parenchyma “X 100”
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3.4 Data Comparison

There was a significant difference between the
LA of the ablations on morphology, grey-scale
US and CEUS (P=0.0001). There was also a
significant difference in the lesion size between
powers (P= 0.0064) (Fig. 12). There was no
difference in the SA for the ablations on
morphology, grey-scale US and CEUS, but there
was a significant difference in the lesion size
between powers (Fig. 13).

T

3.5 Quantification of the MBs
Ablated Area

in the

The whole ablated areas (centre and periphery)
did not show signs of enhancement with CA
during the “Wash in” and “Wash out” phases and
all curves were flat, corresponding to the central
necrotic and perinecrotic zones (due to stasis),
while the healthy perfused liver tissue around the
ablations showed homogeneous enhancement
(Fig. 14).

dek

0.8

0.6

0.4

T.Z. Histology (mm)

024

a0

70 a0

POWER (watts)

Fig. 11. Comparison of the transitional zone width on histology among the three different
powers a significant difference in the dimensions between powers 50 W and 90 W “P = 0.015”

-a Morphology
-m- Gray ultrasound
- CEUS

D I 1 1
40 A0 =] T0 a0
P ower

Fig. 12. Data analysis “ANOVA test” showing the correlation in the long-axis of the
lesion between morphology, grey-scale US
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Fig. 13. Data analysis “ANOVA” test) showing the correlation in the short-axis of the lesion
between morphology, grey-scale US and CEUS showing no difference. There is a significant
difference in the lesion size among the powers “P = 0.03”

MaxGrad.

n

6.19

Fig. 14. Example of the quantification of the CA in the ablated area showing different time—
intensity curves. The flat (orange, green and purple) curves correspond to the necrotic area
with no perfusion. The “yellow, blue and red” curves correspond to the perfused normal liver
tissue during “Wash in” and “Wash out” The coloured circles in the left upper panel represent
the regions of interest “12-18 mm” where data were sampled during the contrast
administration “colour figure online”
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4. DISCUSSION

Due to its flexible approach (laparoscopic,
percutaneous, with open surgery), MWA has
become of the new trends for treating liver
cancer [6,24,25]. Its advantages over other
thermal ablative techniques include higher
intratumoural temperatures, faster ablation times,
improved heating of cystic lesions, less

procedural pain as it does not require the
placement of grounding pads, and is less
susceptible to heat sink which means

consistency in the size and the shape of the
ablated zone [1,8,17].

These advantages have made MWA useful for
treating primary liver cancer and secondary
metastases. Primary liver cancer is the sixth
cancer worldwide with hepatocellular carcinoma
(HCC) accounting for 70%-90% of the total
incidence [26,27]. MWA can be performed under
CT, MRI or US guidance. US-guided MWA is
more convenient as it allows scanning body in
different positions, does not involve radiation and
is less costly [28-30]. On the other hand, US
does not always show tumour target because of
its texture or even differentiate residual tumour
from the treated area after ablation [13,31,32].
The recommended guideline of ablation is to
destroy cancerous lesions with a normal tissue
circumferential safety margin of 5 mm to 10 mm
to make sure that the whole lesion is treated
[10,33]. After thermal ablation of a tumour, a
hyperaemic rim appears which surrounds the
ablated area [11,12]. The rim is not visible on
grey-scale US, but contrast CT, MRI and CEUS
show this rim as uniform, homogeneous, larger
than the initial lesion in benign tumours, and
irregular, with a size similar to the initial
cancerous lesion if the ablation is not complete
[10,13]. Irregular borders mean that residual
cancer might still exists as some cancer cells
escape heat causing local recurrence. By
definition, residual tumour is the hyperenhanced
area in the ablated area in the arterial phase,
with portal and late wash-out [13]. This means
multiple reinsertions of the probe may be
required to achieve complete destruction of the
lesion, prolonging operation time, risking
exposure to radiation or even causing
unnecessary damage to normal tissues around
the lesion [34]. Grey-scale US lacks the
capability of showing targets clearly during
treatment because of the generated steam from
the ablation which obscures the view [33,35].
The steam creates a problem with differentiating
healthy from necrotic tissue “especially in

patients with borderline liver volume and
function”, identifying lesions in difficult anatomic
positions which can only be treated with a probe,
or even inserting the probe for overlapping burns
[8,10,33].

CEUS allows imaging of liver tissues in real-time
(arterial phase, venous phase and parenchymal
phase [10,36]. It also guides viable tissue, avoids
necrotic areas, evaluates the therapeutic effect
immediately post-procedure, and possible
reintervention in case of partial response [13].
The superiority of the CEUS in the detection of
focal liver lesions outweighs the limitation of cost
when compared to grey-scale US. Contrast
agent needs special software installed on US
machine for it to be detected. Furthermore, the
cost of the CA itself should also be taken into
consideration. In their study on 25 patients who
underwent ablation of hepatic tumours, Andreano
and colleagues [11] suggested including the
enhanced peripheral rim to achieve complete
ablation of tumours. They assessed the lesions
with  CEUS and found a highly significant
difference (P<0.0001) in the lesion size before
and during the arterial phase of contrast
enhancement. Meloni et al. [10] assessed the
diagnostic accuracy of CEUS immediately after
ablation, after 24-h, and compared it with the
diagnostic accuracy of CT after 24-h and then
with both imaging methods after 3 months. He
evaluated 55 tumours in the liver (37 treated with
radiofrequency ablation “RFA” and 18 with MWA)
in 53 patients and concluded that the immediate
postprocedural CEUS was comparable to 24-h
CEUS and CT in terms of detecting residual
disease. In a pilot study on twenty one patients
with known hepatic lesions, contrast-enhanced
intraoperative ultrasound (CE-IOUS) detected
additional 4 lesions and helped change
management in three patients [22].

In this study, although CEUS did show better
demarcation of the lesions in the images when
compared with grey-scale ultrasound, when
ANOVA test was performed, there was a
significant difference in the long-axis among
morphology, grey-ultrasound, and CEUS. The
same test did not show a significant difference in
the short-axis when all evaluation modalities
were compared. These results suggest that
CEUS in this study is not superior to grey-scale
US or morphology in the assessment of the
lesion size. Lesion dimensions did increase with
increasing powers, but this is not a new
discovery, and the results match what has been
published by other investigators. Yang et al.
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Hines-Peralta et al. and Kuang et al. showed a
sigmoid curve correlation between increasing
power and the duration of treatment and the
ablation size in ex vivo models [37-39].

In their review of the histological changes post
MWA in porcine livers, Gravante G et al. [15]
concluded the microscopic changes in three

different zones. First; a central zone of
coagulative necrosis with loss of cell
membranes, amorphous cytoplasm, pyknotic

nuclei, loss of nucleoli and reduction in the
intercellular spaces. Second; an intermediate
zone of swollen and dead hepatocytes,
undefined cell walls, granular debris and
erythrocyte remnants in the sinusoids, and
indistinct Kupffer cells with no nuclei and
separated from liver cell plates. Third: A
peripheral haemorrhagic zone consisting of intact
liver cell plates, sharply defined cell wall, normal
nuclei, oedematous sinusoids with intact
erythrocytes, normal outline of the lobules and
normal septal fibrocollagenous tissue. Our study
also confirmed similar results. To our knowledge,
no study has correlated the width of the
transitional zone with increasing ablation power
or with CEUS in an ex vivo liver model yet. In our
experiment, microscopic examination of the
lesion did show an increase in in the width of the
transitional zone with increasing power, but the
results did not correlate with the width of the
perinecrotic red zone on morphology. This
means that histology is the only way to properly
evaluate the transitional zone, while morphology
failed to do so because of the inflammation which
masks the picture. This was also obvious with
the CEUS which showed a central hypoechoic
zone surrounded by the enhanced liver with
normal blood flow. The perinecrotic zone was not
visible due to stasis which is caused by the
inflammatory process.

5. LIMITATIONS OF THE STUDY

Our experiment had few limitations. First: the
small sample of experiments. Second: the short
life span for the ex vivo model which could be
kept live for a maximum of six hours only in order
to achieve convincing results. Third: the absence
of other interacting organs which have an
important effect on liver physiology which
influences data.

6. CONCLUSION

Our results match the previous studies which
showed similar correlation between power and

lesion size, and histological characteristics of the
ablated zones. There is better demarcation of the
ablated zone border with CEUS when compared
with grey-scale US, an advantage that could be
very useful if it was to be implemented in clinical
practice to immediately aid lesion evaluation post
MWA therapy. On the other hand, CEUS does
not reflect the actual size of the lesion when
compared with grey-scale US or morphology.
Furthermore, histology remains the only way to
reflect the exact width of the transitional zone.
Another advantage of the study is that all
experiments were performed on an ex vivo liver
model without the need for live animals. Further
similar studies are still required to confirm and
support our findings.
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