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ABSTRACT
Purpose: To evaluate safety and efﬁcacy of percutaneous hepatic microwave (MW) ablation performed near the heart.
Materials and Methods: This study reviewed 118 consecutive peripheral (ablation zone margins within 5 mm of liver capsule)
percutaneous MW hepatic ablations performed between June 2010 and August 2015. Ablation zones of 27 tumors (22.8%)
extended to r 5 mm from myocardium, and these ablations comprised the study group; the remaining ablations formed the
control group. The study cohort included 14 men and 10 women (mean age, 59 y) with 16 hepatocellular carcinomas, 9
metastases, and 2 hemangiomas. Periprocedural imaging was used to evaluate tumor size and distance from the heart, ablation
zone size, and complications. Mean tumor size and distance to myocardium were 2.6 cm ⫾ 1.7 and 1.1 cm ⫾ 1.1, respectively.
The electronic medical record was used to retrospectively assess local tumor progression (LTP) and electrocardiogram and
hemodynamic alterations during and after ablation. Statistical analysis was performed with Fisher exact test and t test.
Results: Median follow-up was 13.6 months (range, 1.2–38.7 months). No arrhythmias occurred during or after ablation in the
follow-up period (0/27). There was no difference between groups in frequency of alterations in periprocedural blood pressure
(25.9% vs 29.6%, p¼0.81) or heart rate (18.5% vs 24.2%, P ¼ .61) or rate of LTP (12.0% vs 10.8%, P ¼ 1.0).
Conclusions: Percutaneous MW ablation near the heart may be safe and effective, without increased risk of cardiac
complications and with similar rates of LTP, compared with a control group of peripheral liver ablations.

ABBREVIATIONS
LTP = local tumor progression, MW = microwave

Percutaneous microwave (MW) ablation is an effective,
minimally invasive treatment option for patients with
both benign and malignant liver tumors (1–3). However,
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safety data regarding ablation performed near the heart
are limited with any ablation modality. Tumor proximity to the heart has been used as an exclusion criterion
for patients being evaluated for hepatic radiofrequency
ablation as a result of theoretical interference with
cardiac conduction (4,5), and Mulier et al (6) have
reported a 0.3% incidence of arrhythmias developing
during or shortly after radiofrequency ablation.
Irreversible electroporation has also been contraindicated
for patients with cardiac disease (7) without the use of
cardiac gating (8).
Although prior percutaneous MW ablation studies
have described the safety of treating tumors in the liver
dome (9,10), the effect of ablation proximity to the heart
on cardiac parameters, including arrhythmias and hemodynamic alterations during and after the procedure, has
not been assessed. Additionally, no data are currently
available regarding the possible effect of cardiac perfusion–mediated convective heat loss (ie, “heat sink
effect”), which occurs with thermal ablations near large
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blood vessels (11–13). This effect may limit intratumoral
temperatures and result in narrower ablation margins
and increased risk of local tumor progression (LTP).
Therefore, the objective of this study was to evaluate the
safety and efﬁcacy of hepatic MW ablation performed
adjacent to the heart.

metastasis was conﬁrmed by percutaneous biopsy.
A decision to perform MW ablation was made
in consensus by a multidisciplinary tumor board
consisting of transplant and hepatobiliary surgeons;
hepatologists; and medical, radiation, and interventional
oncologists.

MATERIALS AND METHODS

MW Ablation Procedure

Patient Selection
This study was approved by the institutional review
board and complies with the Health Insurance Portability and Accountability Act. All hepatic tumors (primary
malignant, primary benign, and metastases) receiving
MW ablation at our institution between 2010 and 2015
with at least 1 month of imaging follow-up were
reviewed for ablation zones that extended to r 5 mm
from the capsule in the hepatic dome using biphasic
abdominal computed tomography (CT) performed
immediately after ablation. There were 118 such peripherally located ablation zones identiﬁed, and this group
was divided into 2 cohorts: patients with ablation zones
that extended to r 5 mm from the myocardium and
patients with ablation zones 4 5 mm from the myocardium (Fig 1).
This population of peripheral liver ablations consisted
of 98 patients (70 men; mean age, 60 y ⫾ 11) with 118
tumors (73 hepatocellular carcinomas, 38 metastases, 4
hemangiomas, and 3 adenomas). The study group
consisted of 27 of these 118 ablations (22.9%) for which
the ablation zone extended to r 5 mm from the
myocardium. The remaining peripheral dome ablations
(91 of 118; 77.1%) served as the control group. Distance
to the myocardium was deﬁned as the shortest distance
from the ablation zone margin to any portion of the
myocardium.
Hepatocellular carcinoma was diagnosed according to
the Organ Procurement and Transplantation Network
guidelines with either enhanced multiphasic CT or magnetic resonance (MR) imaging (14). Diagnosis of

All percutaneous MW ablations were performed under
general anesthesia, and patients were continuously
monitored with an electrocardiogram. The MW ablation
system comprised a 17-gauge gas-cooled antenna and
2.45-GHz generator with peak output of 140 W (Certus
140; NeuWave Medical, Inc, Madison, Wisconsin). The
MW antennas were positioned in the liver using either
ultrasound (US) (Vivid E9; GE Healthcare, Waukesha,
Wisconsin) or CT ﬂuoroscopy (Optima CT660; GE
Healthcare) for guidance. Regardless of guidance modality, an unenhanced CT scan was performed after
antenna placement to verify antenna spacing, precise
location within the target tumor, and proximity to
nontarget anatomy. The gas cloud created during each
ablation was monitored with US during each procedure
and used to help determine when adequate tumor
margins were achieved.
Procedures were performed by 5 board-certiﬁed radiologists with 1–20 years of experience in percutaneous
ablation. The decision to instill intraperitoneal ﬂuid
(artiﬁcial ascites) for protection of nontarget anatomy
and decisions regarding the number of MW antennas,
output power, and duration of ablation were made at the
discretion of the performing radiologist. Immediately
after the ablation procedure, a contrast-enhanced
CT scan of the abdomen was performed according
to a biphasic protocol (late arterial and portal
venous phases) to evaluate for residual tumor and
complications. All patients were admitted for overnight
observation.

Measurements and Data Collection

Figure 1. Flowchart illustrating the inclusion criteria and study
(n ¼ 27) and control (n ¼ 91) groups.

Imaging Review. CT or MR imaging obtained before
the procedure was reviewed to measure the tumor size and
the distance from the tumor to the myocardium using
coronal and sagittal images (Fig 2a, b) by 3 radiologists in
training with 3–5 years of imaging interpretation
experience. Axial, sagittal, and coronal reconstructions
from the biphasic abdominal CT examination performed
immediately after the procedure were used to measure the
following parameters: ablation zone size, length of
displacement between diaphragm and liver capsule if
intraperitoneal ﬂuid was used, distance from the edge of
the ablation zone to the myocardium, and length of the
ablation zone along the liver capsule (Fig 2c, d). Tumor
and ablation zone size were deﬁned as the mean of the
longest and orthogonal diameters. The presence of
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Figure 2. Imaging obtained before and after ablation demonstrating measurements of study data. (a) Coronal T1 fat-saturated MR
image after contrast administration obtained before ablation in a 59-year-old man with metastatic neuroendocrine cancer beneath the
heart. Tumor size was measured as the mean of maximum orthogonal diameters (solid and dashed lines). Tumor distance to enhancing
myocardium measured 3 mm (arrows). (b) Coronal reconstruction CT image after contrast administration obtained before ablation in a
61-year-old man with metastatic colorectal cancer located in the peripheral liver but remote from the heart (15 cm; arrow). (c) Portal
venous phase enhanced coronal reconstruction CT image obtained after ablation in patient (a) demonstrates measurement of the
ablation zone (solid and dashed lines). The length of the ablation zone along the liver capsule was also measured (arrows). The ablation
zone shape is augmented by heat sink from the adjacent heart and diaphragm insulation. (d) Portal venous phase enhanced coronal
reconstruction CT image obtained after ablation in patient (b) demonstrates measurement of the ablation zone based on mean
maximum orthogonal diameters.

pericardial effusion after the procedure was assessed from
the images of the lower chest.
Electronic Medical Record Review. Electronic
medical records were reviewed for the development of arrhythmias during the procedure recorded by the anesthesia
staff and after the procedure recorded by the nurses in the
postanesthesia care unit and during the subsequent hospital admission. The baseline cardiac rhythm and any alteration, including bradycardia, tachycardia, hypertension,
or hypotension, were recorded. Bradycardia and tachycardia were deﬁned as heart rates o 60 beats/min and
4 100 beats/min, respectively. Hypertension and hypotension
were deﬁned as blood pressures 4 140/90 mm Hg and
o 100/60 mm Hg, respectively. The initial and mean

severity of each patient’s pain (on a 0–10 scale) after the
procedure as well as whether or not the patient complained of chest pain during hospitalization were recorded.
Clinical notes recorded before the procedure and 12-lead
electrocardiogram reports before and after the procedure
were reviewed to determine if patients had a preexisting
arrhythmia and whether they developed an arrhythmia
after the ablation within the study period. Procedure-related
complications were graded according to the Society of
Interventional Radiology (SIR) classiﬁcation system (15).

Follow-up Imaging Review
Contrast-enhanced CT or MR imaging was performed
at target intervals of 1, 3, 6, and 12 months after the
procedure and every 6 months thereafter to evaluate for
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LTP. The studies were interpreted by the abdominal
imaging section of the Department of Radiology, consisting of 12 board-certiﬁed, fellowship-trained abdominal radiologists with a mean of 13 years of experience
(range, 1–23 y), at the time the examinations were
performed. The radiology reports were retrospectively
reviewed to record primary technique efﬁcacy, cases of
LTP, and complications after ablations. LTP was
deﬁned by the recurrence of tumor along the ablation
margin after a ﬁrst follow-up imaging study that demonstrated lack of residual tumor.

Statistical Analysis
Categoric variables were tabulated by group. A 2-tailed
Fisher exact test and an unpaired t test were used to
compare tumor and ablation zone characteristics, differences in ablation technique, and episodes of cardiovascular events between the study and control groups, with
statistical signiﬁcance deﬁned by a P value o .05.
Tumor ablations served as the unit of analysis, and
multiple ablations within the same patient were assumed
to be independent. All statistical computations were
obtained in R software (version 3.0.l; R Foundation
for Statistical Computing, Vienna, Austria).

RESULTS
There was no signiﬁcant difference between groups in
mean patient age (P ¼ .4), sex ratio (P ¼ .09), frequency
of underlying cardiac conduction disorders (P ¼ .55), or
length of imaging follow-up (P ¼ .37) (Table 1). No
patients had implantable cardiac devices.

Tumor Location and Ablation Zone Size
The mean tumor distance to the heart in the study group
was 1.3 cm ⫾ 1.1 (Table 1), which was signiﬁcantly less
than the mean tumor distance in the control group (5.9
cm ⫾ 3.3; P o .01). The mean size of the ablation zones
created in proximity to the heart was 4.1 cm ⫾ 1.2,
which was not signiﬁcantly different than the mean size
of the ablation zones remote from the heart (4.3 cm ⫾
1.1; P ¼ .42). There was no signiﬁcant difference in the
number of MW antennas used between the 2 groups of
peripheral liver ablations (P ¼ .13), and there was no
signiﬁcant difference in mean generator output (P ¼ .29)
or ablation time (P ¼ .21) (Table 2).

Cardiovascular Alterations
There was no signiﬁcant difference between the 2
ablation groups in the number of patients with a
preexisting arrhythmia or conduction disorder (P ¼
.55) (Table 1). Among all peripheral liver ablations, 28
(23.7%) patients experienced at least 1 cardiovascular
alteration during the ablation procedure, and 22 (18.6%)
patients experienced at least 1 cardiovascular alteration
recorded during their hospitalization (Table 3). All
cardiovascular alterations were transient, and the
patients’ vital signs returned to baseline before
discharge. There was no signiﬁcant difference in the
number of episodes of cardiovascular alterations
between the study and control groups (P 4 .05)
(Table 3). There were no episodes of a ventricular
arrhythmia (ventricular tachycardia or ﬁbrillation) or
pericardial effusion after the procedure in any of the
patients.

Table 1 . Patient and Tumor Characteristics
Liver Ablations Near Heart (n ¼ 27)

Liver Ablations Remote from Heart (n ¼ 91)

P

Age, y

59 ⫾ 10

61 ⫾ 11

.4

Sex
Male

15

68

Characteristic

.09

Female

12

23

3 (12.5)

14 (18.9)

Supraventricular arrhythmia

2

2

Ventricular arrhythmia
Bradyarrhythmia

0
0

0
4

Conduction disorder

1

8

No. patients with preexisting arrhythmia
or conduction disorder (%)

Tumor type
HCC

.56

16

57

Metastasis

9

29

1

Other
Tumor size, cm

2
2.6 ⫾ 1.7

5
2.3 ⫾ 1.4

.66
.36

Tumor distance from heart, cm

1.3 ⫾ 1.1

5.9 ⫾ 3.3

.0001

Note–Data are presented as mean ⫾ SD or number.
HCC ¼ hepatocellular carcinoma.
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Table 2 . Ablation Technical Data and Outcomes

Characteristic

Liver Ablations Near

Liver Ablations Remote from

Heart (n ¼ 27)

Heart (n ¼ 91)

P

57.7

62.6

.64

1.8 ⫾ 2
2 ⫾ 0.6

4.3 ⫾ 1.1
2.2 ⫾ 0.6

.0001
.13

Use of artiﬁcial ascites, %
Tissue displacement if artiﬁcial ascites used, mm
No. antennas
Ablation time, min

6.9 ⫾ 3.2

6.2 ⫾ 2.3

.21

Ablation power, W
Ablation zone size, cm

67.4 ⫾ 8.1
4.1 ⫾ 1.2

71.2 ⫾ 18.1
4.3 ⫾ 1.1

.29
.42

Length of ablation zone along liver capsule, cm

3.3 ⫾ 1.3

3.4 ⫾ 1.2

.71

Technical success rate, %
Primary technique efﬁcacy rate, %

96.3
96.2

100
97.8

.23
.53

Overall success rate, %

100

100

No. SIR category C or higher complications
Rate of local tumor progression, %

0
12

3
10.8

1
1

13.6 ⫾ 11.3

11.2 ⫾ 12.4

.37

Median imaging follow-up, months

Table 3 . Patient Cardiovascular Data during and after Ablation

Periprocedure Cardiovascular Data
Intraprocedural arrhythmia
Total episodes of intraprocedural hemodynamic alteration (%)
Sinus tachycardia

Liver Ablations Near
Heart (n ¼ 27)

Liver Ablations Remote from
Heart (n ¼ 91)

0

0

P

1 (3.7)

7 (7.7)

.68

Sinus bradycardia

3 (11.1)

6 (6.6)

.43

Hypotension
Hypertension

0 (0)
2 (7.4)

0 (0)
13 (14.3)

1
.52
1

No. patients with Z 1 episode of intraprocedural

6 (22.2)

22 (24.1)

hemodynamic alteration (%)
Chest pain after procedure

0

0

Pericardial effusion after procedure

0

0

Total episodes of hemodynamic alteration after procedure (%)
Sinus tachycardia

0 (0)

4 (4.4)

Sinus bradycardia

1 (3.7)

5 (5.5)

.57
1

Hypotension
Hypertension

0 (0)
5 (1.9)

1 (1.1)
13 (14.3)

1
.56

No. patients with Z 1 episode of hemodynamic alteration

5 (18.5)

17 (18.6)

1

after procedure (%)
Total heart rate alterations during and after procedure (%)

5 (18.5)

22 (24.2)

.61

Total BP alterations during and after procedure (%)

7 (25.9)

27 (29.6)

.81

BP ¼ blood pressure.

Artiﬁcial Ascites
There was no signiﬁcant difference in frequency of use of
artiﬁcial ascites between the study group (57.7%) and the
control group (62.6%; P ¼ .64). However, when artiﬁcial
ascites was instilled, the amount of tissue displacement
before ablation was signiﬁcantly smaller among the
group of ablations performed near the heart (1.8 mm ⫾
2.0 vs 4.3 mm ⫾ 1.1; P o .01) (Table 2).

Pain and Complications
The mean initial and serial pain scores (0–10 scale) recorded
during hospitalization were not statistically signiﬁcant

between groups (3.9 ⫾ 3.2 and 3.2 ⫾ 2.0 in the study
group and 3.1 ⫾ 3.1 and 2.7 ⫾ 2.2 in the control group;
P ¼ .19 and P ¼ .29, respectively). No patient in either
cohort complained of chest pain after the procedure or
throughout hospitalization (Table 3). There were no SIR
category C or higher complications in the study group.
There were 3 (3.3%) SIR category C or higher complications
in the control group (1 intraperitoneal hemorrhage after
antenna removal requiring intraprocedural cauterization of
the bleeding hepatic vessel; 1 right pleural effusion requiring
thoracentesis; and 1 pneumothorax secondary to
transpleural antenna placement, which resolved with
centesis catheter evacuation and pleural blood patch).
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Although the study sample size was small, there was
no signiﬁcant difference in rates of SIR category C or
higher complications between the 2 study cohorts (P ¼ 1)
(Table 2).

Technical Success, Primary Technique
Efﬁcacy, and LTP
Of ablation, 26 (96.3%) in the study group and 91 (100%)
in the control group were technically successful (P ¼ .23).
Primary technical efﬁcacy in the study group was
achieved in 96.2% of study group ablations (25 of 26)
and 97.8% of control group ablations (P ¼ .53). The
single case of technical failure and all instances of residual
unablated tumor identiﬁed on 1-month follow-up imaging
were successfully treated during a subsequent session for
an overall success rate of 100% in both groups (Table 2).
Only ablations that had at least 3 months of imaging
follow-up were included in determining the rate of LTP

495

for each group of ablations. Of ablations, 25 (92.6%) in
the study group and 83 (91.2%) in the control group met
this criterion. The LTP rates of the study group (12%)
and control group (10.8%) were not signiﬁcantly different (P ¼ 1) (Table 2). Figure 3a–d shows images from 1
patient in the study cohort.

DISCUSSION
The primary objective of the present study was to evaluate
the safety of hepatic MW ablation in close proximity to the
heart. This study suggests that there is no increased risk of
periprocedural arrhythmia or hemodynamic alterations
with ablations performed near the heart. The secondary
objective was to assess the efﬁcacy of MW ablation for liver
ablations performed near the heart, as cardiac heat sink and
the precarious location may inﬂuence resultant ablation
zone size and adequate antenna placement, respectively.

Figure 3. A 67-year-old man with cryptogenic cirrhosis, congestive heart failure and atrial ﬁbrillation, and a solitary hepatocellular
carcinoma in Couinaud segment VIII near the heart. (a) Late arterial phase enhanced T1-weighted MR imaging shows a 2.2-cm
hepatocellular carcinoma near the right atrium (arrow). The heart is markedly dilated. (b) Single MW antenna placed into the tumor
(arrows) with US guidance. US guidance allows for continuous visualization of the right atrium (RA) during antenna placement and
ablation. (c) Late arterial phase enhanced CT image demonstrates no residual enhancing tumor after ablation (arrow). (d) Subtraction
T1-weighted MR imaging, obtained 22 months after ablation, shows no LTP (arrows).
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There was no difference in procedural success or LTP rates
between the 2 groups of peripheral liver ablations.
Several normal physiologic factors may account for
the safety of performing a liver ablation in proximity to
the heart. The highly perfused myocardium acts as a
large source of convective heat loss (heat sink), protecting tissue from thermal injury. This concept plays an
important role during thoracoscopic epicardial MW
ablation for the treatment of atrial ﬁbrillation when
cardiac output must be reduced to create transmural
myocardial lesions (16,17). In addition, the continuous
motion of the beating heart results in only intermittent
and brief exposure of the ablation heat to the pericardium and heart. Finally, the continuous movement of
the diaphragm sliding over the ﬁxed subcapsular liver
ablation theoretically dissipates heat across an area of
vascularized diaphragm tissue that is larger than the heat
source in the liver, acting as an additional barrier to
cardiac injury. These factors likely explain why many
ablations extended laterally along the liver capsule a
mean of 3.3 cm rather than cranially to cause signiﬁcant
cardiac disturbance (Fig 2).
Although artiﬁcial ascites was used at the same
frequency between the study and control groups, it
resulted in less actual tissue displacement, which may
be explained by the difﬁculty in maintaining nondependent ﬂuid between the subcardiac diaphragm and left
hepatic lobe; by the difﬁculty in instilling ﬂuid into the
bare area of the liver; and by cardiac pulsations which
may more easily disperse the instilled ﬂuid. Despite the
reduced mechanical tissue displacement, pain scores
were no different in the 2 groups of patients, and no
cardiac injury was observed. These ﬁndings are likely
explained by the sumplike conduction of extracapsular
liver ablation heat through the instilled artiﬁcial ascites
away from the diaphragm and body wall and into a
larger volume of peritoneal ﬂuid, protecting against
unintended thermal injury (18–20). The use of artiﬁcial
ascites has been shown to improve visibility of hepatic
dome tumors with US (21) and may have utility during
tumor localization before the procedure and antenna
placement in this region of the liver.
The distance from the ablation zone, rather than the
tumor margin, to the myocardium was used to separate
study from control groups for several reasons. First, to
establish safety of an ablation near the heart, the
location of the ablation zone (acting as a surrogate for
the generated MW ﬁeld) must be known. If ablation
groups were separated based on tumor location, operator variability in creating speciﬁc ablation zone margins
may confound the data. Second, using this study design,
ablation zone sizes could be compared, indicating the
degree of cardiac heat sink, with no difference found
between the groups. In practice, these data suggest the
ablation zone can extend along the liver capsule beneath
the heart, as needed to cover the target tumor with margins,
without increased risk of cardiovascular complication.
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Third, the ablation zones in both groups were closely ﬁtted
around the target tumor with no difference in tumor size,
ablation zone size, or LTP across the groups.
This study has some limitations. This was a retrospective study, and recorded cardiovascular complications rely on the anesthesia and nursing notes
documented at the time of the ablation procedure.
Histologic evaluation for cardiac tissue injury was not
possible in this retrospective human study. However, the
surrogates of intraprocedural cardiac rhythm and periprocedural vital sign alterations as well as the subsequent development of arrhythmia based on medical
record documentation suggest that if cardiac tissue
injury occurred, it was likely minor and clinically
insigniﬁcant. In addition, there was also a relatively
small cohort of ablations performed beneath the heart
and a variety of tumors that were ablated, which may be
relevant in larger series. Furthermore, all ablations were
performed with a single MW ablation system operating
at a speciﬁc frequency, and results may differ across
systems. Although imaging was performed at target
intervals after the procedure, the variation of actual
patient follow-up was not recorded. Although this may
confound comparisons with other study data, the variation was likely similar between the study groups. In
addition, the median length of clinical and imaging
follow-up was only approximately 14 months, but this
interval is likely sufﬁcient to detect iatrogenic cardiac
injury that alters heart rhythm as well as most LTP.
Finally, tumor ablations were considered separate
events, and calculations did not account for patients
contributing 4 1 ablation. Multivariable analysis was
not performed because of the shortage of observed
complications and the lack of statistical signiﬁcance
detected between the study groups.
In conclusion, the results from this clinical study
suggest that hepatic MW ablation in close proximity to
the heart is an effective treatment option for both benign
and malignant liver masses. Furthermore, ablations that
extend in close proximity to the heart carry a low risk of
cardiac-related complications.
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