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Purpose:

Materials and
Methods:

Results:

Conclusion:

To determine whether variable hepatic microwave ablation
(MWA) can induce local inflammation and distant pro-onco-
genic effects compared with hepatic radiofrequency ablation
(RFA) in an animal model.

In this institutional Animal Care and Use Committee—approved
study, F344 rats (150 gm, n = 96) with subcutaneous R3230
breast adenocarcinoma tumors had normal non-tumor-bear-
ing liver treated with RFA (70°C X 5 minutes), rapid higher-
power MWA (20 W X 135 seconds), slower lower-power MWA
(5 W X 2 minutes), or a sham procedure (needle placement
without energy) and were sacrificed at 6 hours to 7 days (four
time points; six animals per arm per time point). Ablation
settings produced 11.4 mm = 0.8 of coagulation for all groups.
Distant tumor growth rates were determined to 7 days after
treatment. Liver heat shock protein (HSP) 70 levels (at 72
hours) and macrophages (CD68 at 7 days), tumor prolifera-
tive indexes (Ki-67 and CD34 at 7 days), and serum and tissue
levels of interleukin 6 (IL-6) at 6 hours, hepatocyte growth
factor (HGF) at 72 hours, and vascular endothelial growth fac-
tor (VEGF) at 72 hours after ablation were assessed. All data
were expressed as means * standard deviations and were
compared by using two-tailed ¢ tests and analysis of variance
for selected group comparisons. Linear regression analysis of
tumor growth curves was used to determine pre- and post-
treatment growth curves on a per-tumor basis.

At 7 days, hepatic ablations with 3-W MWA and RFA increased
distant tumor size compared with 20-W MWA and the sham
procedure (5-W MWA: 16.3 mm = 1.1 and RFA: 16.3 mm =
0.9 vs sham: 13.6 mm * 1.3, P < .01, and 20-W MWA: 14.6
mm * 0.9, P < .035). RFA and 5-W MWA increased postablation
tumor growth rates compared with the 20-W MWA and sham
arms (preablation growth rates range for all arms: 0.60-0.64
mm/d; postablation: RFA: 0.91 mm/d = 0.11, 5-W MWA: 0.91
mm/d = 0.14, P < .01 vs pretreatment; 20-W MWA: 0.69 mm/d
+ 0.07, sham: 0.56 mm/d =+ 1.15; P = .48 and .65, respectively).
Tumor proliferation (Ki-67 percentage) was increased for 5-W
MWA (82% = 5) and RFA (79% = 3), followed by 20-W MWA
(65% = 2), compared with sham (49% = 5, P < .0l). Likewise,
distant tumor microvascular density was greater for 5-W MWA
and RFA (P < .01 vs 20-W MWA and sham). Lower-energy
MWA and RFA also resulted in increased HSP 70 expression
and macrophages in the periablational rim (P < .05). Last, IL-6,
HGF, and VEGF elevations were seen in 5-W MWA and RFA
compared with 20-W MWA and sham (P < .05).

Although hepatic MWA can incite periablational inflamma-
tion and increased distant tumor growth similar to RFA in
an animal tumor model, higher-power, faster heating proto-
cols may potentially mitigate such undesired effects.

©RSNA, 2016
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hermal ablation with radiofre-

quency (RF) electrical current is

used to treat a wide range of tu-
mors in the liver, ranging from focal pri-
mary hepatocellular carcinoma (HCC)
to metastatic colorectal and breast can-
cers (1-3). Advantages include lower
associated morbidity and mortality
compared with conventional surgery,
use in patients who are not surgical
candidates, and greater cost effective-
ness (4,5). RF-based systems have been
the standard thermal ablation modal-
ity for the treatment of focal tumors
(5,6). However, to address challenges
of achieving larger ablation zones and
to overcome physiologic barriers, such
as blood flow-induced heat sink effects,
alternative thermal ablation platforms
involving microwave (MW) energy have
been actively developed and are gaining
increased utility and clinical acceptance
for tumor ablation (7,8). Potential ad-
vantages of MW ablation (MWA) that
have led to its widespread use in clinical
practice include the ability to generate
higher tissue temperatures in shorter

Advances in Knowledge

B [nflammation-mediated cytokine
expressions after thermal abla-
tion are in part based on the
heating strategy selected rather
than solely on the ablative energy
source of microwave ablation
(MWA) or radiofrequency abla-
tion (RFA).

® Reduced local periablational in-
flammatory cellular infiltration
and expression of interleukin 6
(IL-6), vascular endothelial
growth factor (VEGF), and he-
patocyte growth factor (HGF)
were observed for higher-tem-
perature, short-duration MWA
compared with slower, lower-
power MWA or RFA protocols
(P < .05).

B Reduced distant tumor growth
was also noted for higher-tem-
perature, short-duration MWA
compared with slower, lower-
power MWA or RFA protocols
(P < .05).

durations that could potentially lead to
larger coagulation zones (8).

Nonlethal hyperthermic injury that
occurs as a byproduct of thermal ab-
lation can incite a host of local tissue
reactions within the periablational rim,
including increased local heat shock
protein (HSP) expression and down-
stream elevated levels of cytokines
such as interleukin 6 (IL-6) within the
serum (9,10). More recently, there is
increasing clinical and experimental
evidence that local periablational ef-
fects of RF ablation (RFA) contribute
to systemic effects (“off-target” effects)
that stimulate tumor development,
growth, or more aggressive biology at
separate sites within the same organ or
in distant tumors (11-13). For example,
Rozenblum et al (12,14) demonstrated
that hepatic RFA can incite increased
global liver regeneration and increased
new tumor development in the Mdr2
knockout model of chronic inflamma-
tory cirrhosis and HCC tumorigenesis.
Similarly, RFA of normal liver, which
simulates the standard required clini-
cal end point of achieving an ablative
margin of 5-10 mm, can also stimulate
distant subcutaneous breast tumors in
a small-animal model (15).

Tissue responses within the periab-
lational rim have been shown to vary
according to ablative modality and
thermal dose (16). Differences in var-
ious inflammatory markers, including
interleukin-1B, IL-6, and HSP 70, have
been noted between RFA and MWA
(9,10). Thus, it remains unclear to what

Implications for Patient Care

B For a given size ablation zone,
thermal ablation algorithms can
potentially be modified and tai-
lored to modulate secondary
periablational inflammation and
distant tumorigenesis.

B Postablation hepatic inflamma-
tory cell recruitment, hepatic
and serum IL-6, HGF, and VEGF
expression mirror increases in
distant tumor growth and may be
used as surrogate biomarkers to
predict potential for distant
tumor stimulation.

extent different thermal energy sources
or the manner in which thermal energy
is applied may contribute to (or, con-
versely, may be used to mitigate) the
recently reported off-target tumorigenic
effects of hepatic thermal ablation. Ac-
cordingly, the purpose of our study was
to determine whether variable hepatic
MWA can induce local inflammation and
distant pro-oncogenic effects compared
with hepatic RFA in an animal model.

Materials and Methods

Overview of Experimental Design

Approval of the institutional Animal
Care and Use Committee was obtained
for all studies. Our study was per-
formed in three parts, for which a total
of 96 Fischer 344 rats were used. Three
different thermal ablation protocols
were compared (lower-power, longer-
duration MWA at 5 W for 120 seconds;
higher-power, shorter-duration MWA at
20 W for 15 seconds; and RFA applied
at 70°C for 5 minutes, each of which
resulted in equivalently sized ablation
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VEGF = vascular endothelial growth factor
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zones) in normal liver to simulate the
standard clinical end point of ablating
a margin of normal liver (12,17,18). A
control arm of probe placement with-
out applicator activation or ablation
was also studied. First, the effects of
the three hepatic ablation protocols on
periablational inflammation and HSP 70
expression were compared at 24 hours
after treatment (four arms with six an-
imals each = 24 animals). Second, the
effects of hepatic ablation protocol on
cytokine (IL-6 at 6 hours) and growth
factor (hepatocyte growth factor [HGF]
and vascular endothelial growth factor
[VEGF] at 72 hours) expression were
compared (four arms with six animals
each at two time points = 48 animals).
IL-6 was measured 6 hours after abla-
tion in periablational tissue and serum,
while HGF and VEGF were measured
72 hours after ablation in periablational
tissue, serum, and distant subcutane-
ous R3230 tumor (18,19). Additionally,
a-smooth muscle actin (a-SMA)-posi-
tive hepatic stellate cell/activated myo-
fibroblast presence in the periablational
border zone was evaluated at 72 hours.
Third, the effect of each hepatic abla-
tion protocol on distant tumor growth
was compared. R3230 breast adenocar-
cinoma tumors were implanted in situ
in the mammary fat pads of Fischer 344
rats, and tumors were measured daily
until they reached a mean diameter of
10-11 mm, at which point they were
randomly assigned to one of four arms
(four arms with six animals each = 24
animals). Tumor growth was measured
daily for 7 days, followed by sacrifice
and harvesting of the treated liver and
distant tumor tissues. The primary
outcome was the evaluation of tumor
growth (tumor size and growth curve
analysis comparisons), with secondary
measurements of tumor proliferation
(Ki-67), microvascular density (with
CD34 staining), and macrophage accu-
mulation (CD68 staining). Macrophage
accumulation was also evaluated in
nonablated liver and distant tumors.

Animal Models

For all experiments and procedures,
anesthesia was induced with intra-
peritoneal injection of a mixture of

ketamine (50 mg per kilogram of body
weight, Ketaject; Phoenix Pharmaceu-
tical, St Joseph, Mo) and xylazine (5
mg/kg, Bayer, Shawnee Mission, Kan),
and postprocedure analgesia was pro-
vided with standardized subcutaneous
buprenorphine (0.3 mg/kg). Animals
were sacrificed with an overdose of
carbon dioxide (SMARTBOX CO2
Chamber System; EZ Systems, Palmer,
Pa). In the first part of our study,
Fischer 344 rats without tumors were
used. In the second and third phases,
experiments were performed in a well-
characterized R3230 mammary ade-
nocarcinoma model in which hepatic
RFA leads to distant tumor growth
(18,19). Cell lines were implanted sub-
cutaneously in the mammary fat pads
of female Fischer 344 rats (150 g *
20; 14-16 weeks old, Charles River,
Wilmington, Mass). Tumor implanta-
tion, evaluation, and preparation tech-
niques were performed as previously
described (19). Briefly, one tumor was
implanted into each animal by slowly
injecting 0.3-0.4 mL of tumor sus-
pension into the mammary fat pad of
each animal with an 18-guage needle.
All animal studies were performed by
several authors (E.V., G.K., Y.YW., with
1-4 years of experience; supervised by
M.A., with 16 years of experience).

Hepatic Thermal Ablation

Hepatic RFA was performed by using
a conventional monopolar 500-kHz RFA
generator (model 3E; Radionics, Burl-
ington, Mass), as has been previously
described (18,19). The liver was ex-
posed by means of laparotomy using a
subcostal incision in sterile conditions
while the animal was anesthetized. The
1-cm tip of a 21-gauge electrically in-
sulated electrode (SMK; Cosman Medi-
cal, Burlington, Mass) was placed in the
liver. To complete the RF circuit, the
animals were placed on a standardized
metallic grounding pad (Radionics). RF
energy was applied for 5 minutes with
generator output titrated to maintain
a designated tip temperature of 70°C
+ 2. Immediately after ablation, small
quantities of saline were applied to wet
the exposed tissue, preventing it from
drying and adhering to the abdominal

wall after surgical closure. This stan-
dardized method of RF application has
been previously demonstrated to pro-
vide reproducible coagulation volumes
with the use of this conventional RFA
system (18,19).

MWA procedures were performed
in a similar fashion by using a single
prototype dual-slot antenna (18 g) and
a 8-GHz energy source (Emblation,
Alloa, Scotland). The power and time
combinations of 20 W for 15 seconds
and 5 W for 120 seconds were opti-
mized in preliminary studies to create
reproducible coagulation volumes (11.4
mm =* 0.4) that were similar in size and
volume to those at RFAs (Fig 1). For
sham treatments, the applicator was
placed for 5 minutes, but no energy was
administered, and the applicator was
not connected to a generator. The MW
applicator was used as the needle for
sham studies. Results of prior studies
have demonstrated that tumor growth
rates were equivalent in control arms
of laparotomy with needle placement
alone or no surgery (19).

Tumor Growth Measurements

Tumors were measured in longitudinal
and transverse diameters by using me-
chanical calipers, and an average diam-
eter was calculated (E.V., G.K., Y.W.)
(15). Measurements were taken every
1-2 days until the tumors reached 6-7
mm, at which point they were mea-
sured daily. Once tumors reached the
target mean diameter of 10 mm, they
were randomly allocated to treatment
arms. After ablation or sham treat-
ment, measurements were obtained
daily for 7 days.

Quantification of IL-6, HGF, and VEGF

Serum and tissue samples (periabla-
tional and/or distant tumor, where
specified) were harvested 6 hours af-
ter treatment for IL-6 and 72 hours
after treatment for VEGF and HGEF,
as previous studies have demonstrated
peak concentrations at these times
(14,15,18). For liver samples, tissues
were specifically harvested from the
periablational rim. Samples were as-
sayed for IL-6 (rat/R6000B Quantikine
kit; R&D Systems, Minneapolis, Minn),
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RF

Figure 1:

SW-MW

20W-MW

Optimization of low- and high-power MWA to create reproducible coagulation volumes similar

to RFA. Animal livers were exposed by laparotomy using a subcostal incision. RF and MW probes were
placed in the liver, and treatment was as follows: RFA (70°C X 5 minutes), longer-duration lower-power
MWA (5 W X 2 minutes), or shorter-duration higher-power MWA (20 W X 15 seconds). Treatment areas
(arrows) were reproducible and similar between all treatment groups.

HGF (rat/MHGOO Quantikine kit; R&D
Systems), and VEGF (rat/RRV00 Quan-
tikine kit; R&D Systems) by using an
enzyme-linked immunosorbent assay,
or ELISA, kit according to the manufac-
turer’s instructions. Flash-frozen liver
and tumor tissue was homogenized in a
cold lysis buffer (Cell Signaling Technol-
ogy, Beverly, Mass) consisting of 0.1%
proteinase inhibitor (Sigma-Aldrich,
St Louis, Mo). The homogenates were
then centrifuged at 14000 rpm for 20
minutes at 4°C, and the total protein
concentrations were determined by
using a bichinchoninic acid method
(Sigma-Aldrich). IL-6, VEGF, and HGF
values were then normalized to protein
concentration. Undiluted serum was
used. All samples were measured in
duplicate, and the average value was re-
corded (E.V., G.K., YYW.) (19).

Immunochistochemistry

Histopathologic evaluation was per-
formed on tissues from the primary
site of liver ablation, from untreated
liver tissue from the contralateral lobe
where specified, and from distant sub-
cutaneous tumors (E.V., G.K., Y.W,,
S.G., S.N.G., M.A.). All samples were
fixed in 10% formalin for 48 hours at
4°C, embedded in paraffin blocks, and
sliced at a thickness of 5 wm. Specimen

slides were imaged and analyzed by us-
ing a Micromaster I microscope (Fisher
Scientific, Pittsburgh, Pa) and Micron
Imaging Software (Westover Scien-
tific, Mill Creek, Wash). Four random
high-power fields were analyzed, for a
minimum of three specimens per pa-
rameter. Immunohistochemical stain-
ing and quantification for macrophages
(CD68, number of positive cells per
high-power field) and HSP 70 (rim
thickness) were performed to assess
ablation-induced tissue responses, as
has been described previously (12,18).
On the basis of prior work demon-
strating optimal detection with spe-
cific markers, immunohistochemical
protocols were performed to assess
proliferative indexes. CDC47 antibody
was used to assess hepatocyte prolifer-
ation and liver regeneration (47DC141;
Diagnostic  BioSystems, Pleasanton,
Calif), Ki-67 antibody was used to as-
sess distant tumor cellular proliferation
(Ab16667; Abcam, Cambridge, Mass),
and CD34 was used to assess distant
tumor microvascular density (AF4117,
R&D Systems). For Ki-67 and CDC47,
percentage cell positivity (ratio of pos-
itive cells to the sum of positive and
negative cells) was calculated for each
field and averaged for each sample.
Quantification was performed for CD34

by counting the number of cells positive
per high-power field.

Statistical Analysis

All data were expressed as means =*
standard deviations. Selected mean tu-
mor sizes (day 0 and at the time of sacri-
fice) and immunohistochemical quantifi-
cations were compared by using analysis
of variance (ANOVA) with testing that
included a posttreatment interaction
term. Additional post-hoc analysis was
performed with a two-sample, two-tailed
Student ¢ test if and only if the ANOVA
achieved statistical significance. P < .03
was considered to indicate a significant
difference. Tumor growth curves before
and after treatment were analyzed by
using linear regression analysis models
to determine the slope of the pre- and
posttreatment growth curves on a per-
tumor basis. From these data, mean
posttreatment growth curve slopes *
standard deviations were then calcu-
lated and compared by using ANOVA
and paired two-tailed t tests.

Comparison of Periablational Markers
of Thermal Injury (ie, HSP 70) and
Inflammatory Cell Recruitment

Cells staining positive for HSP 70 ac-
cumulated in the periablational zone in
all three treatment arms. At 24 hours,
the RFA and 5-W MWA treatment arms
had increased expression of HSP 70
compared with the 20-W MWA treat-
ment arm (Fig 2). The periablational
rim thickness, as determined by HSP
70 expression, was similar between
RFA (163.9 wm * 8.6) and 5-W MWA
(151.8 pm = 13.7) but was significantly
greater than that of 20-W MWA (87
pm * 12.9, P < .01).

An increase in macrophages was
seen in the periablational border zone
for all ablation methods at 7 days (Fig 3).
The number of macrophages was most
elevated in the RFA arm, with sig-
nificant differences seen between all
treatment modalities and background
normal liver from untreated sham-pro-
cedure animals (RFA: 40.4 = 14.8; 5-W
MWA: 29.5 £ 8.9; 20-W MWA: 16.3 *
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Figure 2

e A

Figure 2:

Effects of MWA and RFA on periablational

rim thickness. Representative images of background liver stained for HSP 70. (Original magnification,

1

x10.) Rats were treated with liver ablation with, A, RFA, B, lower-power, longer-duration 5-W MWA, and, C, higher-power, shorter-duration 20-W MWA. Rats
were sacrificed, and tissues were stained 24 hours after treatment. Periablational rim thickness, as determined by HSP 70 expression, was seen in all treat-
ment arms (arrows). As shown, rapid higher-power MWA produced a significantly smaller periablational zone than did RFA and lower-power MWA (P < .01).

5.2; sham: 4.9 = 2.6; P < .05). Mac-
rophages were also noted in the unab-
lated liver lobe and in distant tumor.
In the unablated liver lobe, there were
fewer macrophages in the 20-W MWA
treatment arm (2.5 * 1.4) compared
with the RFA (7.8 = 1.8), 5-W MWA
(5.8 £ 4.3), and sham-treatment (4.9
+ 2.6) arms (P < .05), with no other
differences between arms noted. How-
ever, there was no significant difference
in macrophages between treatment
arms and the sham-treatment arm in
the distant tumor (sham: 5.3 = 2.4;
RFA: 3.6 = 1.8; 5-W MWA: 6.2 = 2.3;
20-W MWA: 3.8 = 3.1; P > .05).

In the liver, the number of cells en-
tering mitosis (CDC-47, number of cells
positive per high-power field) in the ab-
lated lobe was highest for 5-W MWA
(18.5 = 13.9), followed by RFA (14.4
+ 7.0); both were significantly higher
than that for 20-W MWA (1.6 = 1.4,
P < .01). The number of CDC-47-pos-
itive hepatocytes in the unablated lobe
was similarly elevated for RFA (17.9 =
10.8); however, it was less prominent in
5-W MWA (3.1 = 3.3), although it was
significantly higher for both 5-W MWA
and RFA than for 20-W MWA (0.7
1.0, P < .05). Additionally, the number
of a-SMA-positive cells expressed in the
periablational zone at 3 days was ele-
vated in the 5-W MWA group (24.2 =
10.3) compared with that in the 20-W
MWA group (13.1 £ 5.0, P < .01); how-
ever, no differences were seen between

e L el O R by, Y =

Figure 3: Macrophages in periablational zone after hepatic ablation. Representative images of background

liver surrounding the ablation zone stained for macrophages (CD68). (Original magnification, ><40.) Fisher
rats were treated with liver ablation with RFA, lower-power MWA, or higher-power MWA. At day 7, the
animals were sacrificed. Liver tissue was harvested in the periablational zone and was subsequently immu-
nohistochemically stained for CD68 for assessment of macrophage infiltration. B, RFA and, C, lower-power
MWA stimulated a higher number of macrophages to the periablational zone compared with, A, the sham

procedure and, D, higher-power MWA (P < .01).

the 20-W MWA and RFA arms (RFA:
11.9 = 6.8). There was no difference in
o-SMA-positive cells in untreated liver
between various treatment arms.

Growth Factor and Cytokine Elevation
after Different Hepatic Ablations

Elevations of serum and periablation-
al liver levels of IL-6 were seen in all
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Figure 4:  Bar graphs show, A, liver and, B, serum levels of IL-6 after ablation. Serum and liver IL-6 levels were determined by using an enzyme-linked immuno-
sorbent assay, or ELISA, protocol in animals treated with RFA, lower-power MWA, or higher-power MWA liver ablation. Levels were tested 6 hours after ablation, and
elevations in both liver and serum IL-6 were seen in all treatment arms 6 hours after ablation. Levels of IL-6 were significantly higher in the RFA and lower-power

MWA groups than in the higher-power MWA group.

treated animals compared with sham-
treated animals (P < .05) (Fig 4). The
intrahepatic IL-6 levels in the vicinity
of the border zone were significantly
higher at 6 hours after treatment for
RFA (80 pg/mL *= 3) and 5-W MWA
(80 pg/mL = 3) compared with both
20-W MWA (67 pg/mL = 5, P < .05)
and untreated rats (55 pg/mL * 3, P
< .01). Serum levels followed the same
trend, with increased IL-6 concentra-
tions in RFA and 5-W MWA compared
with 20-W MWA and sham (RFA: 183
pg/mL * 15; 5-W MWA: 173 pg/mL
+ 19 vs 20-W MWA: 110 pg/mL = 13;
and sham: 75 pg/mL = 11, P < .01),
with a significant difference between
the 20-W MWA and sham arms as
well (P = .03). No differences in dis-
tant tumor IL-6 levels at 6 hours were
seen between the treatment and sham
arms.

Liver periablational zone levels of
HGF were elevated in RFA (11224 pg/
mL = 5397) and 5-W MWA (12124 pg/
mL *= 1078) 72 hours after treatment
compared with those in 20-W MWA
(9445 pg/mL = 1830, P < .01) and
sham (9156 pg/mL * 767, P < .01),
with no significant difference between
20-W MWA and sham (Fig Sa). Tumor
HGF levels were also increased for RFA
and 5-W MWA compared with those
for 20-W MWA and sham (RFA: 2897
pg/mL *+ 261; 5-W MW: 2813 pg/mL

+ 219 vs 20-W MW: 1960 pg/mL =
208 and sham: 1924 pg/mL = 300, P
< .01). However, no differences were
seen in serum levels of HGF at 72 hours
(Fig 5, B).

Tumor VEGF levels at 72 hours
after treatment were elevated in all
treatment arms compared with those
in the sham-treatment arm (P < .03),
with significantly lower levels of VEGF
in 20-W MWA compared with RFA and
5-W MWA (P < .05) (RFA: 5170 pg/mL
+ 305, 5-W MWA: 5952 pg/mL = 1068,
20-W MWA: 3915 pg/mL * 881, sham:
2777 pg/mL = 119) (Fig 5, D). Very low
levels of VEGF were seen in the livers of
all groups (Fig 5, C), and serum levels
of VEGF were undetectable.

Effect of Different Hepatic Ablation
Protocols on Distant Tumor Growth

For the R3230 tumors, preoperative
tumor sizes and growth rates were
equivalent, at 9.8 mm/d = 0.8 and 0.61
mm/d * 0.07, respectively (Table).
Hepatic ablation with RFA and low-
power 5-W MWA increased the growth
of the distant untreated subcutaneous
tumor, resulting in significantly larger
tumors at 7 days compared with sham
(5-W MWA: 16.3 mm = 1.1; RFA: 16.3
mm * 0.9 vs sham: 13.6 mm = 1.3,
P < .01). High-power 20-W MWA tu-
mor growth (14.6 mm * 0.9) was sig-
nificantly lower than both low-power

5-W MWA and RFA tumor growth (P <
.05) and was not significantly different
from that in sham-treated animals (P =
.15) (Fig 6). Additionally, RFA and 5-W
MWA increased tumor growth rates
after treatment (preablation growth
slopes: RFA: 0.60 mm/d = 0.07; 5-W
MWA: 0.62 mm/d %= 0.07; postabla-
tion slopes: RFA: 0.91 mm/d = 0.11;
3-W MWA: 0.91 mm/d = 0.14; P <
.01), whereas no significant difference
was seen in 20-W MWA or untreated
liver (preablation growth slopes: sham:
0.60 mm/d = 0.11; 20-W MWA: 0.64
mm/d = 0.02; postablation slopes:
sham: 0.56 mm/d = 1.15; 20-W MWA:
0.69 mm/d * 0.07; P = .48 and P = .65,
respectively).

In the distant R3230 tumors, in-
creased cellular proliferation (Ki-
67, percentage cell positivity per
high-power field) was observed in all
treatment groups compared with the
sham treatment group (49% = 5, P <
.01) at 7 days after treatment (Fig 7).
Additionally, a statistically significant
increase in the amount of cells under-
going mitosis was seen in RFA (79% =+
5) and 5-W MWA (82% = 5) compared
with 20-W MWA (65% = 2, P < .01).
Increases in distant tumor microvascu-
lar density (CD34 staining, number of
vessels positive per high-power field)
were also observed for RFA and 5-W
MWA compared with 20-W MWA and
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Figure 5:  MWA and RFA of normal liver upregulate distant tumor levels of HGF and VEGF. A, B, Bar graphs show HGF levels 3 days after liver ablation in, A, liver

and, B, tumor. C, D, Bar graphs show VEGF levels 3 days after liver ablation in, C, liver, and, D, tumor. Similar increases in both liver and tumor HGF levels were seen
after lower-power MWA and RFA. No changes were observed between the sham procedure and higher-power MWA energy. Minimal levels of VEGF were detected in
the liver after treatment. However, intratumoral levels of VEGF were seen in all treatment arms, with significantly less pronounced effects for higher-power MWA.

Summary of Subcutaneous R3230 Tumor Growth and Proliferative Index after Thermal Ablation of the Normal Liver

Treatment-to-End-Diameter

Treatment Arm  End Diameter (mm)  Change (mm) Preablation Growth Slope Postablation Growth Slope  Ki-67 Cell Positivity (%)  Microvascular Density*
Sham 13.6 £ 1.3 6.8 +0.9 0.60 = 0.11 0.56 + 0.15 485+ 5.0 10.6 = 1.0
RFA 16.3 = 1.11 9.3 0.7t 0.60 =+ 0.07 0.91 = 0.111 78.8 = 5.01 151 £ 6.7
5-W MWA 16.3 = 0.9 9.5+ 0.8 0.62 = 0.07 0.91 = 0.14t 81.7 = 471 17.0 + 4.4t
20-W MWA 146 = 0.9 7.8 = 0.6 0.64 = 0.02 0.69 = 0.07 65.0 + 2.0 11.3+19

Note.—Data are means =+ standard deviations. Tumors were followed for 7 days after ablation and were subsequently harvested for quantification of proliferative indexes (percentage Ki-67 cell

positivity and CD34 microvascular density).
* Expressed as number of vessels per high-power field.
P < .05 when compared with sham group.

no treatment (RFA: 15.4 = 2.8 and
5-W MWA: 17.1 = 2.1 vs 20-W MWA:
11.3 = 1.9 and sham: 10.6 = 0.9; P
< .01) (Table). However, no difference
was seen between the 20-W MWA and
the sham arms (P = .30).

There is increasing clinical and experi-
mental evidence that percutaneous RFA
may stimulate tumor growth separate
from the primary ablation site, either

within the same organ or in distant
organs. Along these lines, Lencioni et al
(1) reported excellent local tumor con-
trol in treating solitary HCCs but ob-
served substantially higher rates of new
visible tumors at 5 years after RFA than
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Figure 6:  Graph shows that RFA and lower-power MWA of normal liver increase the growth of distant

subcutaneous R3230 tumors significantly more than higher-power MWA. Animals implanted with subcutane-
ous R3230 tumors were treated with hepatic RFA, 5-W MWA, or 20-W MWA. After hepatic ablation (day 0),
the growth rates of the distant R3230 tumors significantly increased for RFA and lower-power MWA com-
pared with the sham procedure and higher-power MWA. This resulted in significantly increased tumor size
(P < .05) at day 7 for RFA and 5-W MWA compared with the sham procedure and 20-W MWA. A significant
increase in tumor growth was still seen in higher-power MWA compared with the sham procedure (P < .05);

however, the effect was much less pronounced.

typically expected in populations that
have not undergone hepatic ablation
(80% vs 25%-45%) (20). Others have
described an increased incidence of in-
trasegmental tumors after RFA of HCC
or more aggressive tumor biology in
partially ablated liver tumors (11-13).
Periablational inflammation (including
IL-6 expression and recruitment of in-
flammatory cell populations), HSP ex-
pression, and growth factor production
(eg, HGF/c-Met and VEGF production)
have all been implicated as potential
contributors to off-target pro-oncogenic
effects of RFA (14,18,21,22). Several
recent studies have linked increases in
posthepatic RFA local inflammation and
growth factor production to greater tu-
morigenesis in animal models of HCC
and cirrhosis and of distant subcutane-
ous breast tumors (12,14,18). Simulta-
neously, there has been a proliferation
of tumor ablation, with alternative en-
ergy sources and different mechanisms
of tissue injury (5,23,24). However,

the extent to which inflammation and
growth factor-mediated pro-oncogenic
effects vary between different ablation
modalities and whether modification of
ablation algorithms can be used to miti-
gate unwanted effects is unknown.

In our study, we demonstrate that
for the same-sized ablation zone, vary-
ing the application protocol between
a high-power, short-time and a low-
power, longer-time application can re-
duce the extent of periablational par-
tial hyperthermic injury, inflammation,
and reactive cytokine and growth fac-
tor expression for at least one energy
source—MW. One potential explana-
tion for this difference between high-
and low-power heating is that with a
higher MW energy, heat is being gen-
erated throughout the target zone from
the interaction of MW energy with tis-
sues directly, while at lower energies,
heat is being generated near the probe,
and heating within the remainder of
the ablation zone (and indeed, at the

margin) is achieved by means of trans-
mission of heat through the adjacent
tissue (ie, thermal conduction). This
thermal tissue gradient, in turn, may
create a wider rim of periablational tis-
sue that is exposed to lower nonlethal
levels of heating, similar to what has
been described as the “inflammatory
rim” or “red zone” in early RFA litera-
ture (25,26).

To date, device protocols have been
developed to optimize local ablation
treatment by maximizing overall abla-
tion size, shortening ablation duration
for a given size, or achieving a more
spherical ablation geometry (5). How-
ever, some approaches, such as lower
power ablation with longer heating to
achieve greater ablation sphericity, may
increase periablational inflammation,
as we demonstrate (27). This is partic-
ularly relevant given the proliferation
of many different ablation platforms in
clinical practice and the highly variable
application algorithms used—for which
any data on the degree to which they
incite or reduce periablational inflam-
mation are currently lacking. Thus,
given the increasing awareness of re-
gional and systemic off-target effects
of hepatic ablation, optimized device
algorithms may also need to take these
secondary tissue effects into account to
maximize overall treatment efficacy, not
just ablation zone size or morphology.

We further showed that modify-
ing ablation protocols to reduce local
periablational effects and secondary
cytokine/growth factor expression can
be ultimately used to suppress effects
of hepatic ablation on distant tumor
growth stimulation. This is an alterna-
tive approach to other recent studies
that have used targeted molecular in-
hibition to suppress distant off-target
tumor effects (15,18). Recent experi-
mental and clinical studies have impli-
cated pathways linking periablational
inflammation, 1L-6, HGF/c-Met, and in-
tratumoral VEGF after ablation of both
normal and cirrhotic liver to off-target
secondary tumorigenic effects (14,28).
Here, we demonstrated that distant
tumor growth after MWA hepatic ab-
lation is based on similar mechanisms.
For both low-power MWA and RFA
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Figure 7. MWA and RFA of normal liver parenchyma cause higher proliferation of distant tumor
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proliferation at day 7. Representative images of background tumor stained for proliferation marker
(Ki-67). Animals were treated with liver ablation with RFA, lower-power MWA, or higher-power MWA and
were sacrificed on day 7. Tumors were stained for Ki-67, a proliferation marker of cell division. RFA and
lower-power MWA resulted in a higher number of dividing cells (percentage Ki-67 positivity) than the

sham procedure and higher-power MWA (P < .01).

arms, the degrees of local periablation-
al HSP expression, inflammation, and
cytokine/growth factor paralleled each
other closely and resulted in similar
increased stimulation of distant tumor
growth. In our study, higher-power,
shorter-duration MWA led to less local
periablational inflammation and sec-
ondary responses and much less stimu-
lation of distant tumor growth. This is
consistent with a prior study that has
reported greater periablational rim
thickness and serum IL-6 levels for he-
patic RFA versus MWA performed with
variable ablation protocols (MWA with
20 W X 2-3 minutes vs RFA with 10
W X 7-12 minutes) in animals (9).
Overall, our study findings strongly sug-
gest that the inflammation-mediated
IL-6, VEGF, and HGF-driven effects are
based on the heating strategy selected
rather than on differences between
MW and RF energy alone. Thus, mod-
ulation of how ablation is performed,

particularly by using protocols that rap-
idly achieve ablative effects, may ulti-
mately prove more effective in manag-
ing these off-target effects for at least
thermal-based therapies.

Our observations of local inflam-
mation, systemic increases in cytokine
and growth factor levels, and potential
stimulation of distant tumor for two
different ablation modalities, RFA and
MWA, also support earlier clinical and
experimental studies. For example, in
36 patients undergoing ablation of liver,
kidney, and lung tumors, Erinjeri et al
(16) reported approximately 10-fold
and approximately twofold increases
in 48-hour postablation serum levels
of IL-6 and interleukin-10, respectively,
with the highest IL-6 levels observed
after cryoablation (50-fold) compared
with RFA and MWA (3.5-fold). Re-
cently, in an Mdr2 knockout model of
liver cirrhosis and de novo tumorigen-
esis, Bulvik et al (29) reported greater

increases in de novo tumorigenesis for
irreversible electroporation than for
RFA. Thus, our findings may also have
direct relevance to other non-thermal
ablation modalities, where increased
cytokines or tumorigenesis may also be
dose dependent.

Finally, we observed many sim-
ilar trends and changes in the various
markers (inflammatory cell recruitment,
cytokine and growth factor expression)
for hepatic lower-power MWA and RFA,
with similar distant tumor growth rates
and reduced marker expression with
higher-power MWA with relatively less
distant tumor growth. This may provide
an opportunity to use markers such as
IL-6 or c-Met (and potentially others)
as surrogate biomarkers to predict the
potential for distant tumor stimulation.
This approach has been proposed by
others, where postablation biopsy of the
ablation zone and histopathologic stain-
ing for proliferative markers may pre-
dict higher rates of tumor recurrence
and poorer long-term outcomes (30). In
a similar manner, the potential for dif-
ferent ablation modalities, device plat-
forms, and application algorithms to in-
cite off-target effects could be compared
by using changes in local or serum levels
of key growth factors or cytokines.

There were several limitations to
our study. Although these effects were
not seen in our study, RFA has also
been reported to induce potentially
beneficial immunologic effects, includ-
ing an abscopal effect in some tumor
models that can be further enhanced
with adjuvant therapies (31-33).
Therefore, further studies of the differ-
ences between ablation modalities in a
wide range of tumor lines and types
(particularly those that demonstrate
abscopal effects after RFA) are needed
to determine those circumstances in
which modification of ablation param-
eters can be used to augment antitu-
mor immunity. Additionally, all the ab-
lations in our study were performed in
only one tissue type, normal liver (as
this closely simulates the clinical prac-
tice of achieving an ablative margin),
and only one tumor model, subcuta-
neous in situ breast tumors. Although
similar findings after hepatic RFA for
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other tumor types (de novo HCC in
inflammatory cirrhosis in the Mdr2
knockout mouse model) and organs
(eg. the kidney) have already been re-
ported, additional verification will be
required for MWA in other settings to
understand the true clinical impact of
our study’s findings. Furthermore, we
acknowledge that each ablation energy
source can be applied using numerous
applicator designs and with a multi-
tude of energy parameters, including
durations and intensities. All of these
may potentially affect the outcomes of
the treatments, both in terms of the
ablation size and the extent of inflam-
mation produced. Thus, although the
duration and intensities of RFA and
MWA used in this study accurately re-
flect a reasonable range of applications
and MW frequencies in clinical set-
tings, further study is likely warranted
(5,34). Finally, especially in light of the
unexplained elevation in activated myo-
fibroblasts seen for lower-energy MW,
we acknowledge that our understand-
ing of all of the differences in postabla-
tion reactions for the different ablation
strategies is currently incomplete and
that further mechanistic study is likely
warranted.

In summary, thermal ablation of
normal liver parenchyma, regardless of
energy source used, can incite systemic
inflammatory reactions and increase
distant tumor growth, although modify-
ing the heating strategy toward higher-
power, shorter-duration ablation can be
used to reduce periablational inflamma-
tion and associated off-target effects in
the short term. This suggests that mod-
ifying ablation protocols along these
lines may offer an opportunity to reduce
unwanted stimulation of distant tumor
growth in some clinical cases. However,
further understanding of the underlying
mechanisms behind ablation-induced
tumorigenesis is needed to determine
which tumors and patients are likely to
benefit from this approach.
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