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Ivan Kuang Hsin Huanga, Justin Kwana, Gavin Hock Tai Lima, Fred T. Lee Jr.a,c and Uei Puaa

aDepartment of Diagnostic Radiology, Tan Tock Seng Hospital, Singapore, Singapore; bDepartment of Radiology and Biomedical
Engineering, University of Wisconsin, Madison, WI, USA; cDepartment of Radiology and Urology, University of Wisconsin, Madison, WI, USA

ABSTRACT
Objective: To explore various microwave (MW) time/power combinations to achieve maximum single-
probe system performance in a live pig liver model.
Methods: Fifty-one microwave ablations performed in 12 female pigs using the following time/power
combinations: 65W for 10min (65W 10MIN), ramped from 20 to 65W (RAMPED), 95W pulses with
cooling periods (95W PULSED), 40W for 16min 15 s (LOW POWER), 1min 95W pulse then 8min 65W
then a second 1min 95W pulse (BOOKEND 95W) and 65W for 15min (65W 15MIN). Temperatures
1.5 cm from the antenna were measured. Livers were excised, and ablations were measured
and compared.
Results: At fixed overall energy, LOW POWER produced ablation zones with the smallest volume com-
pared to 65W 10MIN, RAMPED and 95W PULSED. At a fixed time of 10-min, BOOKEND 95W protocol
achieved wider and larger ablation zones than 65W 10MIN (p¼ 0.038, p¼ 0.008) and 95W PULSED
(p¼ 0.049, p¼ 0.004). The 65W 15MIN combination had significantly larger diameters (p¼ 0.026), larger
lengths (p¼ 0.014) and larger volumes (p¼ 0.005) versus 65W 10MIN. Maximum temperatures were
highest with BOOKEND 95W (62.9 �C) and 65W 15MIN (63.0 �C) and lowest with LOW POWER
(45.9 �C), p¼ 0.009.
Conclusions: Low power ablations, even if controlled for total energy delivery, create small ablation
zones. High peak powers are associated with larger ablation zones and high margin temperatures if
cooling pauses are avoided. Ramping and pulsing protocols with interleaved cooling appear to be of
no benefit versus continuous 65W for creating large ablation zones.
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Introduction

Percutaneous thermal ablation with radiofrequency (RF) and
microwave (MW) is accepted for the treatment of small,
unresectable liver tumors [1]. The overall goal of thermal
ablation procedures is to deliver lethal temperatures to both
the tumor and an ablative margin. The creation of an
adequate (10mm) circumferential ablation margin is known
to decrease local tumor progression (LTP) and improve sur-
vival for patients with both hepatocellular carcinoma and
liver metastases [2–6]. However, despite recent improve-
ments in ablation technology, high reported rates of LTP
(5–48%) suggest that ablation zones and margins are often
inadequate [5,7,8].

With a particular system and antenna, the proceduralist
has some ability to adjust the size and shape of MW ablation
zones by varying generator power and time. Still, the vast
array of time and power combinations makes choosing a
specific protocol to maximize system performance unclear.
While increasing time and power are known to create larger

ablation zones, the relationship between these variables is
complex and non-linear [9]. For example, doubling either the
time or power does not necessarily double the volume of
the ablation zone [10]. In practice, ablation zone sizes and
shapes are heavily influenced by physiologic factors such as
blood flow, lipid content, cirrhosis, prior chemotherapy,
tumor properties, and physical factors such as mechanical tis-
sue deformation (shrinkage) and tissue property changes in
response to ablative heating [9,11–13]. High peak powers are
known to help drive maximum ablation zone size, but the
exact time of peak power for maximum effect is unknown
[9]. Questions also remain as to the precise relationship
between total delivered energy (Energy¼ Power� Time) and
the impact of various power/time combinations. To date,
these uncertainties have led to a lack of standardization,
resulting in a wide range of parameters, technical success,
local tumor progression and procedural-related complications
amongst different users, manufacturers and cen-
ters [5,14–22].
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The purpose of this study is to determine the effect of
varying time, peak power, and total delivered energy on
ablation zone size and shape in a live animal model using
six representative power and time protocols.

Materials and methods

Live pig model and ablation

This protocol was approved by the Institutional Animal Care
and Use Committee and included a total of twelve female
domestic swine (mean weight 42.5 kg, range 40–44 kg). The
animals were initially sedated with a pre-mixed cocktail of
2.5mg/kg of ketamine (Ceva Animal Health, Glenorie, NSW,
Australia), 2.5mg/kg of xylazine (Ilium/Troy Laboratories,
NSW, Australia), 5.0mg/kg of tiletamine HCl and zolazepam
HCl (Zoletil 50, Virbac Animal Health, Carros Cedex, France)
and 1ml of atropine via an intra-muscular injection.
Isoflurane was then used for inhalational anesthesia through-
out the procedure.

The liver was exposed through a bilateral subcostal inci-
sion. Using ultrasound, a 3-dimensional region of liver paren-
chyma approximately 5.0� 5.0� 5.0 cm devoid of large
vasculature (>4mm in diameter) was identified. A
6.0� 1.2� 1.2 cm solid acrylic block with laser-cut parallel
holes 1.5 cm apart was applied to the liver surface, and a
MW antenna (PR 15; NeuWave Medical, Madison Wisconsin,
USA) was advanced 4.5–5.0 cm through the center hole. All
MW antennas used for this study were 17-gauge, ‘modified
triaxial’ design operating at 2.45GHz. The antenna’s radiating
segment length is 15mm, and the system uses carbon diox-
ide gas to ensure the antenna shaft never exceeds 41 �C. [23]
A second microwave 17G antenna was then advanced
through an adjacent hole to equal depth and used passively
as a thermocouple to measure maximum temperature 1.5 cm
from the heating antenna. Power was never applied to this
second antenna. Lastly, an 8 Fr flexible latex catheter was
advanced over a Chiba needle through the last hole of the

acrylic block as a fixed position marker to account for the
known tissue contraction during MW (Figure 1) [12]. The
Chiba needle was removed before the start of ablation. MW
power was applied using one of the six protocols described
in Table 1.

The various protocols are summarized in Table 1. The
power refers to the power setting at the generator; the
actual power delivered is estimated to be 65% of the power
setting at the generator. The first 4 protocols were designed
to each deliver a fixed total energy of 650W-min (39 kJ): (1)
65W continuous for 10min (65W 10MIN), (2) 25W-65W
ramped protocol (RAMPED), (3) high-power pulses with
31–32 s cooling pauses (95W PULSED), and (4) low-power
40W continuous for 16min 15 s (LOW POWER). Protocol 3
(95W PULSED) was designed to deliver total energy of
650W-min (39 kJ) in 10min, six 95W/1-min pulses were per-
formed with 31–32 s cooling pauses (570W-min) followed by
a shorter 51 s 95W pulse (total 650W-min). The rationale for
including RAMPED and 95W PULSED protocols was to evalu-
ate if techniques used in RFA to reduce charring are also
advantageous in MWA. Protocols 5 and 6 were designed to
explore power levels nearing the system limit (BOOKEND
95W), and prolonged high-power ablations (65W 15MIN),
respectively. The BOOKEND 95W protocol consisted of a
95W pulse for 1min, followed by continuous 65W for 8min,
then a second 1min 95W pulse with no interleaved cooling
pauses (710W-min, 42.6 kJ). The 65W 15MIN protocol was
the longest and highest total energy protocol (975W-min,
58.5 kJ) employed in this study. The different protocols were
randomly distributed throughout the various lobes of the pig
liver to minimize bias based on the assigned lobe. After abla-
tions were completed, pigs were euthanized using an intra-
venous barbiturate overdose (300mg/ml pentobarbitone
sodium). Completing all ablations in 1 pig takes approxi-
mately 1 h–1 h 15min. The liver was then harvested en-bloc
and the ablations were sectioned in sequence.

Figure 1. Diagrammatic illustration of a microwave ablation cross-section (left). Actual photograph of a microwave ablation performed in an in-vivo pig liver model
(right).
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Ablation zone measurements

All ablation zones were sliced, measured, and recorded by a
single radiology resident with three years of research and
radiology experience using previously described methods
[12]. The ablation zones were sectioned sequentially starting
from the first ablation performed in that pig. The ablation
zones were cut into 5-mm-thick sections in the axial plane
parallel to the insertion tracts of the microwave antennas
and catheter across the largest diameter of the ablation
zone. [24] The ablation zones were then stained with tri-
phenyl tetrazolium chloride (TTC, 2,3,5-triphenyl-2H-tetrazo-
lium chloride) to help distinguish metabolically active (alive)
versus non-viable ablated tissue [25,26]. The ablation zone
dimensions were measured to the nearest 1mm with a
Vernier caliper. Figure 2 illustrates how the ablation zones
were measured. The diameter (D) was defined as the max-
imal diameter of the ablation zone measured in the plane
perpendicular to the antenna. The length (L) was defined as
the distance between the proximal and the distal edges of
the ablation zone, in the axis of the antenna. When L of the
ablation extended beyond the liver surface, the distance
from the deep edge of the ablation zone to the widest part
of the ablation along the antenna track was measured and
multiplied by 2 to obtain an estimated L for that ablation. To
account for tissue contraction, the maximum distance the
ablation zone extended beyond (or failed to reach) the

known fixed distance catheter (15mm from the MW
antenna) was measured as ‘x’ mm. Effective D (ED) was the
calculated diameter that accounted for contraction, and
determined using the formula: Effective D ¼ 30mm þ 2x. If
the ablation zone did not reach the catheter, x was negative,
resulting in effective D being less than 30mm. Ablation vol-
umes (assuming an ellipsoidal shape) were calculated using
both ‘diameter’ and ‘effective diameter’ and denoted as
‘volume’ and ‘effective volume’, respectively, using the for-
mula (4/3pabc). Ellipticity index (EI) for both ‘diameter’ and
‘effective diameter’ were calculated and denoted as
‘ellipticity index’ and ‘effective ellipticity index’, respectively.
Ellipticity index was calculated using the formula: diameter/
length [24,27].

Statistical analysis

Treatments were distributed randomly amongst lobes which
were considered as independent subjects. A one-way ANOVA
was performed on all variables as all variables have passed
Shapiro-Wilk’s Normality test. Based on the ANOVA results, a
Bonferroni’s post-hoc test was applied to determine compari-
sons between any two groups. Statistical analysis was per-
formed using Stata (version 13.1, College Station, TX:
StataCorp LP), significance tests were 2-sided at the 5% sig-
nificance level.

Results

The overall results are summarized in Table 2 and Figures 3
and 4. A total of 56 ablations were created in 12 pigs (mean
4.7 ablations per pig, range: 4–5 ablations per pig). Five abla-
tion zones were excluded as they were distorted by the adja-
cent blood vessel. Fifty-one ablation zones were included in
our analysis: 65W 10MIN (n¼ 9), RAMPED (n¼ 9), 95W
PULSED (n¼ 8), LOW POWER (n¼ 8), BOOKEND 95W (n¼ 8),
65W 15MIN (n¼ 9).

Comparison of protocols with equivalent overall energy

Among the four protocols with equivalent delivered energy
(65W 10MIN, RAMPED, 95W PULSED, LOW POWER), the small-
est ablation zone was created by LOW POWER (volume ¼
2.9 cm3) while the largest ablation zone was created by 65W

Table 1. The 6 protocols.

PROTOCOL INPUT POWER (W) TIME ON (MIN:S) TIME OFF (MIN:S) TOTAL TIME (MIN:S) AVERAGE POWER (W) TOTAL ENERGY (W-MIN)

65W 10MIN 65 10:00 – 10:00 65 650
RAMPED 25 00:30 – 10:46 60.4 650

35 00:30
45 00:30
55 00:30
65 8:46

95W PULSED 95 6:51 3:09 10:00 95 650
LOW POWER 40 16:15 – 16:15 40 650
BOOKEND 95W 95 1:00 – 10:00 71 710

65 8:00
95 1:00

65W 15MIN 65 15:00 – 15:00 65 975

Figure 2. Diagrammatic illustration of how each microwave ablation zone was
measured. L: Length; D: Diameter.

670 T. C. H. HUI ET AL.



10MIN (volume ¼ 26.7 cm3). LOW POWER produced ablation
zones with significantly smaller effective D compared to 65W
10MIN (p¼ 0.019) and 95W PULSED (p¼ 0.042). LOW POWER
also produced ablation zones with the smallest D (mean D ¼
21.1mm), smallest L (mean L ¼ 32.5mm) and smallest vol-
ume (mean measured volume ¼ 8.5 cm3; mean effective vol-
ume¼ 9.4 cm3) amongst all protocols, though no statistical
significance was found.

Comparison of protocols with fixed time (10-min)

At a fixed time of 10-min, BOOKEND 95W made ablation
zones with a larger D than 65W 10MIN (p¼ 0.038) and 95W
PULSED (p¼ 0.049) protocols, and a larger effective D than
95W PULSED (p¼ 0.042). BOOKEND 95W ablations were also

significantly larger in volume when compared to 65W 10MIN
(volume, p¼ 0.008; effective volume, p¼ 0.008) and 95W
PULSED (volume, p¼ 0.004; effective volume, p¼ 0.002),
respectively. BOOKEND 95W also produced larger L (mean
length ¼ 51.3mm) though no statistically significant differ-
ence was found.

Effect of extending ablation time from 10 to 15min

Ablation zones created by 65W 15MIN had significantly
larger D (p¼ 0.026), larger L (p¼ 0.014) and larger volumes
compared to 65W 10MIN (volume, p¼ 0.002; effective vol-
ume, p¼ 0.005). While the 15-min ablations had a larger
effective D than at 10min (39.6mm versus 31.8mm), this dif-
ference was not statistically significant.

Table 2. Summary of all 6 protocols.

N
D (MM),

MEAN± SD
ED (MM)
MEAN± SD

L (MM)
MEAN± SD

VOLUME (CM3)
MEAN± SD

EFFECTIVE
VOLUME (CM3)
MEAN± SD

ELLIPTICAL
INDEX

MEAN± SD
EFFECTIVE ELLIPTICAL
INDEX MEAN± SD

MAXIMUM
TEMPERATURE
(�C) MEAN

65W 10MIN 9 27.9 ± 4.3 31.8 ± 5.8 42.7 ± 6.1 18.0 ± 6.6 23.4 ± 9.9 0.66 ± 0.11 0.73 ± 0.10 50.0
RAMPED 9 26.4 ± 5.3 29.1 ± 7.0 39.0 ± 6.5 15.4 ± 7.3 18.7 ± 9.8 0.68 ± 0.10 0.75 ± 0.16 52.6
95W PULSED 8 27.9 ± 3.6 31.3 ± 4.1 43.6 ± 3.3 17.6 ± 5.0 22.0 ± 5.5 0.66 ± 0.10 0.74 ± 0.13 49.6
LOW POWER 8 21.1 ± 5.0 22.0 ± 5.9 32.5 ± 7.4 8.5 ± 6.0 9.4 ± 7.2 0.66 ± 0.14 0.69 ± 0.17 45.9
BOOKEND 95W 8 35.3 ± 5.0 40.5 ± 6.6 51.3 ± 9.7 34.6 ± 13.2 46.5 ± 19.7 0.70 ± 0.12 0.80 ± 0.10 62.9
65W 15MIN 9 35.3 ± 5.0 39.6 ± 5.2 54.0 ± 6.4 36.3 ± 12.9 45.3 ± 13.7 0.66 ± 0.09 0.74 ± 0.10 63.0
p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.95 0.77 0.009

One-way ANOVA test results indicate diameter, length, effective diameter, volume and effective volume are significantly difference across all six protocols.
D: diameter; ED: effective diameter; L: length.

Figure 3. Representative images of the ablation zones after TTC staining illustrate differences between the various protocols. The photographs are to scale. (A)
65W continuous for 10min (65W 10MIN), (B) 25W–65W ramped protocol (RAMPED), (C) high-power pulses with 31–32 s cooling pauses (95W PULSED), (D) low-
power 40W continuous for 16min 15 s (LOW POWER), (E) 95W pulse for 1min, followed by continuous 65W for 8min, then a second 1min 95W pulse with no
interleaved cooling pauses (BOOKEND 95W), (F) 65W continuous for 15min (65W 15MIN).
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Comparison of protocols with high delivered energy

The two protocols with the highest amount of delivered
energy were 65W 15MIN and BOOKEND 95W (58.5 kJ and
42.6 kJ, respectively). Despite the difference in total energy
delivery, there was no statistically significant difference found
between D, L, effective D, volume and effective volume for
both of these protocols.

Ellipticity index

Among the protocols, the ablation zones made by BOOKEND
95W were the roundest (mean EI ¼ 0.7, mean effective EI ¼
0.8), though no statistically significant difference was found
(Figure 5).

Temperatures

Figure 6 illustrates the maximum temperatures at 1.5 cm
from the heating antenna for each of the protocols in the
scatter plot diagram. The highest temperatures were
recorded with 65W 15MIN (mean maximum temperature ¼
63.0 �C). The lowest temperatures were recorded with LOW

POWER (mean maximum temperature ¼ 45.9 �C). Statistically
significant differences were only found between these 2 pro-
tocols (p¼ 0.045).

Discussion

The results of this study demonstrate the complex nature of
tissue and microwave energy interactions and underscore
the importance of how energy is applied. To maximize abla-
tion zone size with a single antenna, there appear to be sev-
eral important considerations. First, the application of more
total energy appears to increase ablation zone size, but only
when ablations are performed above a certain power thresh-
old. Exploring this exact threshold was beyond the scope of
this study, but 65W appeared to outperform a lower power
protocol (40W) even when controlled for total energy
applied. Increasing ablation time also increased ablation
zone size when performed at high power (65W). Peak power
also appears to play a role in ablation zone size with some
of the largest ablations created using 95W pulses at the
beginning and end of a 65W ablation.

Lower applied powers created smaller ablation zones,
even when an identical amount of energy was delivered to

Figure 4. Comparison of 6 protocols.
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tissue. In an earlier study at a fixed input energy of 30 kJ,
Bedoya et al. found that ablations produced at 25W were
significantly smaller in volume compared to 50W or 100W
[9]. The etiology of the smaller ablations created using low

power in this and the prior study is likely due to in vivo per-
fusion mediated cooling. At low powers, blood vessels divert
the applied heat away from the ablation zone, limiting abla-
tion zone size. However, at higher powers and temperatures,

Figure 5. Comparison of elliptical index of 6 protocols.

Figure 6. Scatter plot diagram of the maximum temperatures recorded for each of the protocols.
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blood vessels are overpowered and more likely to throm-
bose, thus limiting the primary source of tissue cooling [9].
This has implications for clinical practice, but also likely
explains the over-estimation of ablation zone sizes by manu-
facturer’s charts in ex vivo non-perfused tissue, particularly at
low powers [28]. The rate of power application may also
have critical biologic effects. Velez et al. showed that low
power ablations may have undesirable pro-oncogenic peri-
ablation inflammatory and off-target effects that are not
seen at high powers in an animal model [29].

Sequential increases in power application (ramping) is a
vestige of RF ablation in which early use of large amounts of
power can result in impedance spikes, tissue charring, and
ultimately small ablations [30]. In this study, there appeared
to be no particular benefit of ramping MW power in terms
of ultimate ablation size. Continuous application of 65W pro-
duced slightly larger ablations than ramped in a slightly
shorter time (18.0 cm3 versus 15.4 cm3, 10min versus 10min
46 s, respectively). In fact, the reverse strategy of rapidly
heating tissue (BOOKEND 95W) created the largest ablations
of all the strategies examined.

The system and probes that were used for this study are
rated for a maximum of 65W in continuous power (ablation)
mode. However, short 95W pulses of up to one minute are
possible in “surgical mode.” Thus, we explored two different
methods of applying 95W pulses: (1) one-minute 95W
pulses with interleaved 32 s cooling periods, and (2) bookend
95W pulses with no cooling pauses. BOOKEND 95W achieved
ablation zones equivalent with those made by 65W 15MIN
despite less total energy delivered (42.6 kJ versus 58.5 kJ) and
a shorter duration (10 versus 15min). This implies that high
peak powers can contribute to larger ablation zones if
applied with no cooling pauses, suggesting that systems
with the ability to add short high-power pulses can increase
ablation size and/or reduce procedure time without creating
unpredictable shapes. The 95W pulses with interleaved cool-
ing periods (95W PULSED) appear to have no advantages
versus 65W 10MIN, a finding similar to that of Bedoya et al.
[9]. In that study, there was no difference between continu-
ous power (50W, 600 s) and pulsed high power with cooling
(100W, 75 s time-on, 75 s time-off, 50% duty-cycle) equating
for total energy (30 kJ) and average power (50W). This sug-
gests that the cooling pauses in this and the Bedoya study
caused significant peripheral heat dissipation; as a result,
much of the following pulse was used to reheat previously
ablated tissue before further expansion of the ablation zone.
When cooling pauses were avoided (BOOKEND 95W), the
ablation zones expanded in size. Based on this finding, even
larger ablation zones may be possible with an increased
number of 95W pulses interleaved with 65W and no cooling
pauses. However, testing all the potential combinations of
95W pulses, cooling pauses, and 65W power was beyond
the scope of this study.

The highest temperatures at a point 1.5 cm radially from
the heating antenna were found with BOOKEND 95W and
65W 15MIN. However, the only statistically significant differ-
ence was between LOW POWER and 65W 15MIN protocols.
Higher maximum temperatures appeared to correlate with

the largest ablation zones, an expected result. High tempera-
tures at the periphery of ablation zones are a desired result
as local recurrences are almost exclusively located at the per-
iphery due to the exponential decrease in temperatures
away from the applicator [14]. Our study suggests that using
a continuous delivery of high-energy achieves higher periph-
eral temperatures and has the potential to decrease the rate
of local tumor progression, primarily by expanding the abla-
tion zone at the periphery and increasing ablation margins.

There were certain limitations to this study, the first being
the use of a healthy porcine liver model. Ablation zone
propagation is likely to differ in a heterogeneous tumor with
a pseudocapsule in cirrhotic liver versus metastatic tumors in
healthy or steatotic livers. Additionally, the swine model has
liver lobes which are flatter and more anatomically separated
by deep fissures and a separate blood supply when com-
pared to the human liver. While there is no perfect surrogate
for human clinical tumors in a diseased background liver,
pigs are widely used for pre-clinical studies of human ther-
mal ablation devices due to the scale of the model
[12,27,31,32]. Secondly, the protocols were randomized
across liver lobes, and each liver lobe in each pig was con-
sidered to be an independent subject. It can be argued that
early ablations might alter the pig’s hemodynamic status and
hepatic blood flow in an animal. Nevertheless, this potential
effect is at least minimized by randomization. Thirdly, the
size and shape of the ablation zone are potentially altered
by the passive antenna and the latex catheter. To our know-
ledge, there is no prior in vivo MWA study using the same
probe with similar protocols in a porcine model for compari-
son; such a study would help account for these effects. An
additional limitation was the limitation in resources, resulting
in a limited number of power and time combinations that
could be tested. The results of this study demonstrate that
several other power and time combinations may be of inter-
est, including multiple 95W pulses interleaved with 65W,
65W for 20min, etc. Likewise, this study focused on achiev-
ing the largest ablation zones feasible with a single antenna,
a situation that might not apply to specific clinical scenarios
where narrower or shorter ablation zones are desired. Lastly,
in this particular MW system, the power is measured at the
generator (applied power), not at the probe tip (delivered
power). Therefore, systems with different probe and system
designs could have different delivered power and the results
obtained in this study may not be directly applicable to all
manufacturers.

In conclusion, this study demonstrates that the method of
power application is highly impactful on the size of the
ultimate ablation zone. Low powers, even if applied for pro-
longed times, are associated with smaller ablation zones and
lower temperatures. High peak powers are associated with
larger ablation zones if cooling pauses are avoided. Longer
ablation times and higher total energy delivered also create
large ablations if a power threshold is met. Ramping and
pulsing protocols with interleaved cooling (similar to those
used in RFA to minimize charring) appear to be of no benefit
versus continuous 65W for creating large ablation zones
with MWA.
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