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Purpose: To compare microwave ablation zones created by using 
sequential or simultaneous power delivery in ex vivo and 
in vivo liver tissue.

Materials and 
Methods:

All procedures were approved by the institutional ani-
mal care and use committee. Microwave ablations were 
performed in both ex vivo and in vivo liver models with 
a 2.45-GHz system capable of powering up to three an-
tennas simultaneously. Two- and three-antenna arrays 
were evaluated in each model. Sequential and simulta-
neous ablations were created by delivering power (50 W 
ex vivo, 65 W in vivo) for 5 minutes per antenna (10 and 
15 minutes total ablation time for sequential ablations, 5 
minutes for simultaneous ablations). Thirty-two ablations 
were performed in ex vivo bovine livers (eight per group) 
and 28 in the livers of eight swine in vivo (seven per 
group). Ablation zone size and circularity metrics were 
determined from ablations excised postmortem. Mixed ef-
fects modeling was used to evaluate the influence of power 
delivery, number of antennas, and tissue type.

Results: On average, ablations created by using the simultaneous 
power delivery technique were larger than those with the 
sequential technique (P , .05). Simultaneous ablations 
were also more circular than sequential ablations (P = 
.0001). Larger and more circular ablations were achieved 
with three antennas compared with two antennas (P , 
.05). Ablations were generally smaller in vivo compared 
with ex vivo.

Conclusion: The use of multiple antennas and simultaneous power 
delivery creates larger, more confluent ablations with 
greater temperatures than those created with sequential 
power delivery.
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vivo model was then used to evaluate the 
effect of physiologic blood flow. Some 
authors have financial interests in Neu-
Wave Medical (Madison, Wis), such as 
stock holdings (C.L.B., F.T.L., J.L.H.), 
patents issued or pending (C.L.B., 
F.T.L.), royalties received (F.T.L.), 
board membership (F.T.L.), consultancy 
(C.L.B.), or grant support (M.G.L.). 
NeuWave did not provide financial or 
material support for this study. All data 
were collected and controlled by authors 
without relevant interests in NeuWave.

Ex Vivo Model
Bovine livers were chosen for this por-
tion of the experiment because of their 
large size, which minimizes the effect 
of the insulating liver-air boundary on 
ablation growth. Livers were harvested 
at a local slaughterhouse and brought 
to room temperature (approximately 
20°C). Ablations were performed by 
using a 2.45-GHz clinical microwave 
ablation system that provides coherent 
power to all antennas (Certus 140 with 
PR 15 antennas; NeuWave Medical). 
Four protocols were evaluated: simul-
taneous activation of two or three an-
tennas and sequential activation of two 
or three antennas (eight per group; 32 
ablations overall). Antenna spacing was 

simultaneous multiple-electrode deliv-
ery creates larger and more confluent 
ablation zones (10,11). However, RF 
electrical current cannot be applied 
continuously during thermal ablation 
as simultaneous activation of multiple 
electrodes can lead to ineffective heat-
ing in the center of the array (12). 
Thus, multiple-electrode RF ablations 
are created by using a switching algo-
rithm (13).

Conversely, electromagnetic waves 
in the microwave frequency range will 
transmit through desiccated tissue and 
can be applied to multiple antennas 
simultaneously to create a more uni-
form heating zone (14–16). The rela-
tive phases of the applied waves can 
be controlled to produce constructive 
interference and enhance tissue heat-
ing in and around the antenna array 
(17,18). Therefore, we hypothesized 
that simultaneous energy delivery cou-
pled with constructive electromagnetic 
interference between the antennas can 
produce larger and more confluent ab-
lations in less time than sequential en-
ergy delivery. The purpose of our study 
was to compare the sequential and 
simultaneous methods of microwave 
energy delivery by comparing ablation 
zones created with each technique in ex 
vivo and in vivo liver tissue.

Materials and Methods

Studies were performed in both ex 
vivo and in vivo tissue models (Fig 1).  
The ex vivo model provided a more con-
trolled test medium owing to the absence 
of blood flow in large vessels and tissue 
and the lack of breathing motion. An in 
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Advances in Knowledge

 n Simultaneous delivery of power 
to multiple antennas can create 
larger ablation zones than mul-
tiple insertions of a single an-
tenna (P , .05).

 n Simultaneous ablations were sig-
nificantly more circular than 
sequential ablations independent 
of the presence of blood perfu-
sion (P = .0001).

 n Blood perfusion decreased the 
size of all ablations, but the 
effect was slightly lower with si-
multaneous energy delivery or 
three antennas.

Implications for Patient Care

 n The larger, more confluent abla-
tions created by means of simul-
taneous use of multiple antennas 
may improve ablative margins 
and decrease the likelihood of 
tumor recurrence.

 n Simultaneous activation of mul-
tiple antennas decreases ablation 
time and circumvents the need to 
precisely reposition a single an-
tenna after previous ablations.

Imaging-guided thermal ablation is 
an increasingly accepted treatment 
option for tumors of the liver, kid-

ney, lung, and bone. Improved ablation 
devices and techniques have resulted in 
increasing effectiveness, a low rate of 
serious complications, and a rapid re-
turn to the activities of normal daily life 
(1). However, a high rate of local tumor 
progression remains the most impor-
tant factor preventing more widespread 
adoption of ablation, particularly com-
pared with hepatic resection (2). The 
primary cause of local tumor progres-
sion is an inadequate ablation zone that 
fails to cover the targeted tumor and 
a circumferential ablative safety margin 
(5–10 mm) (3,4). Despite recent im-
provements, current ablation devices 
and techniques are unable to consis-
tently treat tumors larger than 3 cm 
with a single application of energy (5), 
often necessitating the use of multiple 
overlapping ablations.

Two methods for generating over-
lapping ablations have been used: (a) 
multiple insertions of a single applica-
tor to overlap ablations in a sequential 
fashion and (b) multiple applicators 
acting in concert to simultaneously gen-
erate a confluent ablation. Although 
both methods have been used in clin-
ical studies of radiofrequency (RF) 
and microwave ablation, an optimal 
delivery method has not yet been de-
termined (6–9). Comparison studies 
of sequential and simultaneous RF ab-
lation techniques have concluded that 
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simultaneous technique took 5 minutes 
in all cases.

Temperatures were measured 
throughout each ablation by using fiber 
optic sensors as in previous studies 
(Neoptix, Quebec, Canada) (10). Four 
temperature probes were placed in a 
line bisecting an axis of symmetry be-
ginning at the array center, with 1 cm 
spacing between probes (Fig 2). Tem-
peratures were recorded every second 
for the entirety of each ablation, includ-
ing the simulated repositioning times.

In Vivo Model
Animal procedures were approved by 
our institutional research animal care 
and use committee and were compliant 
with regulatory guidelines (21).

Ablations were performed in the 
livers of eight female domestic swine 
(weight, 60–70 kg), which were se-
lected on the basis of their size simi-
larity to humans. Animals were initially 
sedated by using 7 mg/kg intramuscu-
lar tiletamine hydrochloride–zolazepam 
hydrochloride and 2.2 mg/kg intramus-
cular xylazine hydrochloride. Endotra-
cheal intubation was facilitated with 
0.05 mg/kg intramuscular atropine. 
Isoflurane was used for inhalational 
anesthesia throughout the duration of 
the procedure. The liver was exposed 
by means of a ventral midline incision.

Microwave antennas (PR 15, Neu-
Wave Medical) were placed into the 
surgically exposed liver via an acrylic 
spacer (M.B., M.M., C.M.H., with 1–8 
years of experience) to ensure accu-
rate and consistent antenna spacing 
similar to that of ex vivo studies (1.6 
cm for two antennas, 2.0 cm for three 
antennas). Four protocols were again 
evaluated: simultaneous activation of 
two or three antennas and sequential 
activation of two or three antennas 
(seven per group, 28 ablations overall). 
The anatomic location of each ablation 
and the order in which ablations were 
performed (ie, sequential before simul-
taneous or vice versa) were randomized 
to minimize potential bias from the liver 
anatomy. The antenna maximum power 
of 65 W was used in vivo to offset the 
cooling effects of tissue perfusion, with 
the goal of creating ablations similar to 

antenna repositioning, and repeating 
the procedure for each additional an-
tenna. Simultaneous activation was pro-
vided by applying 50 W to each antenna 
for a total of 5 minutes for both two- 
and three-antenna experiments. Thus, 
the sequential technique took a total of 
either 15 minutes (two antennas) or 25 
minutes (three antennas), whereas the 

1.6 cm for two antennas and 2.0 cm 
for three antennas in an equilateral tri-
angle configuration to ensure adequate 
overlap of the growing ablations (Fig 2)  
(14,19,20). An acrylic template was 
used to ensure consistent placement. 
Sequential activation was provided by 
applying 50 W to one antenna for 5 
minutes, waiting 5 minutes to simulate 

Figure 1

Figure 1: Experimental design. Ex vivo and in vivo tissue models and two- or three-antenna arrays were 
used to assess differences in ablations created with sequential ablation or simultaneous ablation with 
multiple antennas.

Figure 2

Figure 2: Placement of temperature sensors (+) for two- (2) or three (3)–antenna arrays (). Temperature 
sensors were placed in ex vivo tissue such that sensor A was at center of array, whereas sensors B–D were 
separated by 1 cm along a radial line.
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power delivery (Fig 3). Ablation di-
ameters increased by an average of 
10% when using simultaneous power 
delivery, corresponding to an average 
increase in volume of 15%. A com-
plete tabulation of ablation dimen-
sions and significance testing results 
can be found in Tables 1 and 2. The 
most significant differences between 
sequential and simultaneous power 
delivery were noted for inscribed di-
ameter (Fig 4). The largest ablations 
overall were produced with three an-
tennas and simultaneous power de-
livery. Simultaneous power delivery 
also created more circular ablations 
(11% on average) compared with se-
quential power delivery (P = .0001;  
Fig 5).

Although the differences between 
simultaneous and sequential delivery 
were less appreciable in the ex vivo 
tissue model, temperatures measured 
ex vivo increased at a faster rate and 
to a higher maximum when using 

plots of the response variables suggested 
that perfusion in vivo may have a greater 
effect against the growth of sequential 
ablations, so an interaction between tis-
sue model and power delivery technique 
was included. Visual inspection of re-
sidual plots did not reveal any obvious 
violations of normality or homoscedas-
ticity. Maximum tissue temperatures 
from ex vivo ablations were compared 
by using the Student t test. P , .05 was 
considered to indicate a significant dif-
ference. Analyses were conducted by us-
ing software (R Core Team, 2015, R: A 
language and environment for statistical 
computing; R Foundation for Statistical 
Computing, Vienna, Austria).

Results

Simultaneous versus Sequential Power 
Delivery
Simultaneous power delivery resulted 
in larger ablations than did sequential 

those produced in the ex vivo model. At 
the end of the procedure, animals were 
euthanized by using 0.2 mL/kg intrave-
nous barbiturate overdose (390 mg/mL 
pentobarbital sodium and 50 mg/mL 
phenytoin sodium). The liver was then 
removed en bloc for sectioning.

Ablation Zone Measurements
In both ex vivo and in vivo tissues, the 
proximal and distal aspects of each ab-
lation zone were located by dissection 
and ablation zone length was measured 
to the nearest 0.1 mm with a digital 
caliper. The tissue was then sliced into 
approximately 5-mm-thick sections 
in a plane orthogonal to the antenna 
insertion tract. Section thicknesses 
were measured to the nearest 0.1 mm. 
The slices were scanned optically and 
stored as digital images. Similar to 
previous studies of multiple-applicator 
ablation, ablation zone minimum and 
maximum diameter, area, circular-
ity, and maximum inscribed diameter 
were measured from the digital images 
by using ImageJ (v1.47, U. S. National 
Institutes of Health, Bethesda, Md). 
Measurements were performed only 
on the central zone of coagulative ne-
crosis (22,23). Circularity was defined 
from the isoperimetric quotient, as fol-
lows: (4 3 p 3 area)/perimeter2. Max-
imum inscribed diameter was defined 
as the maximum circle diameter that 
fits inside the ablation zone, which is 
more indicative of the area that could 
be treated with the ablation than min-
imum or maximum diameter (10). Ab-
lation volume was estimated by sum-
ming the product of ablation area and 
slice thickness over all slices.

Statistical Analysis
Data were analyzed by using linear 
mixed effects models. Response vari-
ables included the ablation zone max-
imum diameter, minimum diameter, 
inscribed diameter, volume, and cir-
cularity. Fixed effects included power 
delivery technique (sequential or si-
multaneous), number of antennas (two 
or three), and tissue model (ex vivo or 
in vivo), whereas animals and ablation 
location (medial or lateral lobes) were 
modeled as random effects. Diagnostic 

Figure 3

Figure 3: Representative images of two- and three-antenna ablation zones illustrate differences between 
energy delivery and number of antennas. Sequential ablation zones are markedly less confluent, with clefts 
noted between each ablation (arrows). Scale is in centimeters.
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the tissue model did not have an effect 
on the circularity of ablations (P = .65; 
Fig 7).

Other Results
There was an observable trend toward 
larger ablation zones in the medial 
lobes of the animal, which appeared 
to be due to a bias in the number of 
three-antenna ablations performed 
in the medial lobes (five two-antenna 
and nine three-antenna ablations). 
Ablation location was not found to 
be a significant factor in mixed model 
analysis (P . .13, all metrics). The 
animal was a significant factor in 
the maximum diameter and volume 
models (P , .05) but not in any other 
metric (P . .19).

Discussion

The results of our study suggest that 
microwave ablations created by using 
simultaneous activation of multiple mi-
crowave antennas are larger, are more 
confluent, and achieve greater periph-
eral temperatures than ablations cre-
ated by using sequential activation. 
These differences were noted despite 
the fact that simultaneous activation re-
quired only one-third to one-half of the 

antennas were also more circular than 
those created with two antennas (P = 
.025; Fig 3).

Ex Vivo versus in Vivo Tissue Model
As expected, ablations created in the 
in vivo liver model were generally 
smaller than those created ex vivo. 
The effect of tissue type was signifi-
cant for all size metrics except maxi-
mum diameter (P , .05) and appeared 
more pronounced when using sequen-
tial energy delivery; however, the in-
teraction between delivery technique 
and tissue model was not significant 
(P . .10). Unlike the number of an-
tennas or energy delivery technique, 

simultaneous power delivery, which sug-
gests that simultaneous power delivery 
may be of benefit in a perfused model  
(Fig 6).

Two versus Three Antennas
The number of antennas had a pro-
found influence on ablation geometry. 
Ablation zone diameters and volume 
were larger with three antennas than 
with two antennas for either tissue 
model or power delivery technique (P 
, .05). Of note, the number of an-
tennas was the most significant factor 
on minimum diameter and inscribed 
diameter but not on maximum diame-
ter. Ablation zones created with three 

Table 1

Ablation Zone Size, Shape, and Temperature Metrics

Technique

Diameter (mm)

Length (mm) Volume (cm3) Circularity (au)*
Maximum  
Temperature (°C)Maximum Minimum Inscribed 

Ex vivo
 Two antennas
  Seq 38.8 6 6.0 22.1 6 3.4 25.2 6 2.9 39.5 6 1.8 32.1 6 5.8 0.74 6 0.04 93.2 6 6.2
  Sim 35.6 6 3.9 26.6 6 2.9 27.9 6 2.8 45.1 6 6.3 32.1 6 5.5 0.89 6 0.03 103 6 11
 Three antennas
  Seq 37.6 6 2.0 33.0 6 2.1 32.0 6 4.6 45.7 6 3.7 46.2 6 4.3 0.84 6 0.05 95.2 6 6.2
  Sim 39.7 6 2.9 34.1 6 3.1 35.6 6 2.3 49.7 6 3.2 45.8 6 8.8 0.94 6 0.01 104 6 9.7
In vivo
 Two antennas
  Seq 31.8 6 8.5 20.0 6 4.2 20.9 6 4.0 35.2 6 5.1 17.8 6 5.6 0.79 6 0.16 NA
  Sim 33.3 6 8.0 22.7 6 8.3 22.7 6 7.9 37.2 6 9.3 21.3 6 13 0.81 6 0.12 NA
 Three antennas NA
  Seq 35.3 6 3.4 27.6 6 2.8 26.0 6 3.7 40.3 6 8.8 30.5 6 7.5 0.82 6 0.06 NA
  Sim 40.2 6 5.1 35.6 6 8.3 33.0 6 6.8 46.8 6 4.4 47.8 6 13 0.91 6 0.08 NA

Note.—Data are means 6 standard deviations. NA = not applicable, Seq = sequential delivery, Sim = simultaneous delivery.
* au = arbitrary units.

Table 2

Significance Testing Results with the Linear Mixed Effects Model

Parameter

Diameter

Length Volume CircularityMaximum Minimum Inscribed 

Sequential vs simultaneous  
delivery

.0060 .0178 .0004 .0011 .0007 .0001

Two vs three antennas .0405 ,.0001 ,.0001 ,.0001 ,.0001 .0248
Ex vivo vs in vivo tissue .1767 .0391 .0086 .0050 .0252 .6493
Tissue-energy interaction .0954 .6938 .4900 .9297 .0018 .3246

Note.—Data are P values.
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minimally irregular tumors or devi-
ations in antenna placement of a few 
millimeters can result in inadequate 
margins when a single-applicator tech-
nique is used. This is primarily due to a 
precipitous drop in tissue heating away 
from a single centrally placed applica-
tor, resulting in the coolest tempera-
tures applied to the tumor periphery 
(24), where high biologic activity and 
microsatellites are located (25). Hence, 
virtually all cases of local tumor pro-
gression after thermal ablation appear 
at the periphery of ablation zones.

The use of multiple overlapping 
ablations provides the dual advantages 
of creating a larger ablation zone and 
more aggressively treating the tumor 
periphery (24). Overlapping micro-
wave ablations can be achieved in one 
of two ways: (a) insertion of a single 
antenna with sequential activation to 
multiple locations or (b) insertion of 
multiple antennas with simultaneous 
activation of all antennas. The results 
of this study demonstrate that these 
methods do not result in equivalent 
ablation zones. In clinical practice, 
the sequential technique is hampered 
by difficulty in precisely repositioning 
the antenna after previous ablations 
owing to obscuration of the tumor by 
gas bubbles, bleeding, tissue shrink-
age, and charring. Despite these lim-
itations, the sequential method ap-
pears to be in widespread clinical use 
(26–30). The primary advantage of the 
sequential technique appears to be a 
lower monetary cost for one antenna 
compared with multiple antennas.

Ablation zone sizes were generally 
smaller in the normally perfused in vivo 
liver model compared with the ex vivo 
model, but the difference was less sub-
stantial when using simultaneous power 
delivery and three antennas. This pro-
vides evidence to suggest that a greater 
number of antennas or greater total 
power in the array can more effectively 
overcome the heat-sinking effect of blood 
perfusion. Other factors, such as tissue 
permittivity, thermal conductivity, and 
permeability, may also differ between 
ex vivo and in vivo tissues. The effect 
of such factors on ablation size was not 
the focus of our study but is likely to be 

is a persistent need for larger ablation 
zones to account for both the tumor 
and an ablative margin. Lack of an ad-
equate margin (at least 5 mm for he-
patocellular carcinoma and 10 mm for 
hepatic metastases) is associated with 
an increase in local tumor progression 
and a decrease in survival (3,4). Even 

ablation time required for sequential 
activation. The effect of simultaneous 
activation was most marked in vivo and 
with three antennas.

Despite numerous technologic ad-
vances in the past decade that have in-
creased the ablation zone size created 
by a single microwave antenna, there 

Figure 4

Figure 4: Box-and-whisker plot of maximum inscribed circle diameter. Simultaneous power 
delivery and the use of three antennas produced larger ablation zones. Ablations were slightly 
larger in ex vivo model. Seq = sequential, Sim = simultaneous.  = outlier.

Figure 5

Figure 5: Box-and-whisker plot of circularity. Simultaneous power delivery and use of three 
antennas produced significantly greater ablation circularity. Unlike ablation size metrics, circu-
larity was not influenced significantly by tissue model. Seq = sequential, Sim = simultaneous. 
 = outliers.
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multiple-electrode RF ablation can only 
benefit from thermal synergy without 
a contribution from overlapping elec-
trical fields. The larger ablation sizes 
produced with microwaves in our study 
may indicate more effective heating 
with microwave energy in general or 
may also be additional evidence of the 
enhanced efficiency of in-phase antenna 
arrays. However, a direct RF versus mi-
crowave comparison was beyond the 
scope of this study.

There were certain limitations in 
our study. All ablations were performed 
in normal liver because of the paucity 
of large-animal tumor models. For this 
reason, we evaluated two extremes of 
tissue perfusion. Normally perfused 
liver represents a “worst possible case” 
in terms of perfusion-mediated cooling 
and vascular heat sinks, whereas ex vivo 
liver lacks any blood perfusion. Neither 
model is a perfect surrogate for human 
tumors or pathologic liver; however, to-
gether they illustrate the spectrum of 
blood flow that may be encountered in 
a clinical environment (32). The swine 
liver anatomy also differs from that in 
humans in that it contains four separate 
lobes, each containing a vascular pedi-
cle and flatter than a human liver of the 
same volume. Additional clinical study 
will be needed to determine the impact 
of the methods evaluated here.

Our results may not be repre-
sentative of all microwave systems, 

RF electrodes, the microwave ablation 
zones in our study were larger, even 
though the ablation time was less than 
half that of the RF study. Because that 
particular RF ablation system relied on 
rapid switching between electrodes to 
simultaneously produce multiple abla-
tions, only one electrode was active at 
a given time to avoid counterproductive 
electrical interference (12). Therefore, 

lower than the effect of perfusion on the 
basis of previous analyses (31).

The results of our study corroborate 
similar studies with RF ablation, where 
the use of multiple rapidly switched 
electrodes created larger and more 
confluent ablation zones than did over-
lapping sequential ablations (10). Com-
pared with the ablation zone sizes cre-
ated during experiments with multiple 

Figure 6

Figure 6: Graphs show mean temperatures recorded during simultaneous (black) and sequential (red) power delivery 
at points A (solid), B (long dashes), C (short dashes), and D (dots) in Figure 2. Two-antenna (left) and three-antenna 
(right) ablations are shown. Heating was faster when using simultaneous power delivery compared with sequential 
energy delivery (16°C/sec vs 10°C/sec for two antennas; 14°C/sec and 8.7°C/sec for three antennas; P , .001).

Figure 7

Figure 7: Box-and-whisker plot of volume with side-by-side comparison of tissue type. Abla-
tions were slightly larger in ex vivo model, but the effect of tissue model was reduced by using 
simultaneous energy delivery or three antennas.
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