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Purpose:

Materials and
Methods:

Results:

Conclusion:

To determine how close to the heart pulmonary micro-
wave ablation can be performed without causing cardiac
tissue injury or significant arrhythmia.

The study was performed with approval from the insti-
tutional animal care and use committee. Computed to-
mographic fluoroscopically guided microwave ablation of
the lung was performed in 12 swine. Antennas were ran-
domized to either parallel (180° * 20°) or perpendicular
(90° = 20°) orientation relative to the heart surface and
to distances of 0-10 mm from the heart. Ablations were
performed at 65 W for 5 minutes or until a significant
arrhythmia (asystole, heart block, bradycardia, supra-
ventricular or ventricular tachycardia) developed. Heart
tissue was evaluated with vital staining and histologic ex-
amination. Data were analyzed with mixed effects logistic
regression, receiver operating characteristic curves, and
the Fisher exact test.

Thirty-four pulmonary microwave ablations were per-
formed with the antenna a median distance of 4 mm from
the heart in both perpendicular (n = 17) and parallel (n
= 17) orientation. Significant arrhythmias developed dur-
ing six (18%) ablations. Cardiac tissue injury occurred
with 17 ablations (50%). Risk of arrhythmia and tissue
injury decreased with increasing antenna distance from
the heart with both antenna orientations. No cardiac com-
plication occurred with a distance of greater than or equal
to 4.4 mm from the heart. The ablation zone extended to
the pleural surface adjacent to the heart in 71% of parallel
and 17% of perpendicular ablations performed 5-10 mm
from the heart.

Microwave lung ablations performed more than or equal
to 5 mm from the heart were associated with a low risk of

cardiac complications.

©RSNA, 2016
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ercutaneous microwave ablation

is an effective treatment option

for patients with primary or oligo-
metastatic lung cancer who are medi-
cally unfit to undergo surgical resection
(1-3). The treatment of lung tumors in
close proximity to the heart presents
technical challenges, because precise
antenna placement near vital medi-
astinal structures is essential to avoid
complications related to nontarget tis-
sue puncture or ablation. In addition,
creating ablation zones near the heart
may be unpredictable due to severe
perfusion-mediated tissue cooling cre-
ated by the heart and large pulmonary
vessels, and because of the dynamic
relationship between the ablation zone
and the continuously beating heart.
For instance, ablations performed too
close to the heart may damage cardiac
tissue or provoke dangerous arrhyth-
mias (4), while placement of ablation
applicators too far away from the heart
may result in viable tumor left be-
hind along the cardiac margin of the
tumor (5). To date, in the treatment
of lung tumors adjacent to the heart,

Advances in Knowledge

® Cardiac tissue injury and signifi-
cant arrhythmias can be pre-
vented by positioning the micro-
wave antenna at least 5 mm from
the heart with either a parallel
or perpendicular orientation rel-
ative to the heart surface.

B Microwave ablations performed
less than 5 mm from the heart
are associated with an approxi-
mately 50% risk of permanent
cardiac tissue injury and an 18%
risk of significant intraprocedural
arrhythmia.

B Complete coagulation necrosis of
lung tissue immediately adjacent
to the heart can be produced in
71% of cases by positioning the
antenna 5-10 mm from the heart
in a parallel orientation relative
to the heart surface; this tech-
nique may reduce the incidence
of viable tumor remaining on the
cardiac margin of the tumor after
an ablation.

this balance of treatment effectiveness
versus safety has not been adequately
quantified. Therefore, the purpose of
our study was to determine how close
to the heart a percutaneous pulmonary
microwave ablation can be performed
without causing cardiac tissue injury or
a significant arrhythmia in a pig model.

Materials and Methods

Animal Subjects and Anesthesia

This study was performed with approval
from our institutional animal care and
use committee and was in compliance
with National Research Council guide-
lines (6). Twelve female swine (mean
weight, 70 kg; Arlington Farms, Ar-
lington, Wis) were sedated with tilet-
amine and zolazepam (Telazol; Zoetis,
Kalamazoo, Mich), atropine (Phoenix
Pharmaceutical, St Joseph, Mo), and
xylazine (AnaSed; Lloyd, Shenandoah,
lowa) administered by means of intra-
muscular injection. The animals were
intubated, and anesthesia was main-
tained with inhaled isoflurane (Halo-
carbon Laboratories, River Edge, NJ)
during mechanical ventilation. Intrave-
nous fluids were administered through
an auricle vein.

Ablation Protocol

All ablations were performed by using
a 17-gauge gas-cooled 2.45-GHz micro-
wave ablation system (Certus 140 PR
15 antenna; NeuWave Medical, Madi-
son, Wis). Two authors (F.L. and C.B.)
are consultants for NeuWave Medical,
which did not provide any support for
the study. The authors who are not
consultants for the company (remain-
ing authors) had control of study data.
Antennas were positioned by two au-
thors (G.C. and E.N., each with 4 years
of experience) with the use of com-
puted tomographic (CT) fluoroscopic

Implication for Patient Care

B Microwave ablation of lung
tumors near the heart is safe
with adherence to specific an-
tenna positions and a standard
power-time protocol.

guidance. Each antenna insertion tract
was positioned at either a perpendic-
ular or parallel orientation relative to
the surface of the heart. Perpendicular
positioning was defined as a mean angle
=+ standard deviation of 90° = 20°, and
parallel orientation was defined as an
angle of 180° * 20° between the an-
tenna shaft and the surface of the heart
(Fig 1). The binary orientation of the
antenna (perpendicular or parallel) was
randomized for each ablation.

The distance between the heart and
antenna (a) tip, if in perpendicular ori-
entation, and (b) emission point (1 cm
proximal to the tip), if in parallel orien-
tation, was also randomized to 0.75 mm
increments of 0-10 mm from the heart
surface before each ablation (Fig 2).
All percutaneous ablations were per-
formed for 5 minutes at 65 W unless
a significant arrhythmia developed, at
which point the ablation was stopped.
No more than three ablations were per-
formed in each animal to prevent over-
lapping pulmonary ablation zones.

CT Protocols

CT fluoroscopy (LightSpeed; GE, Mil-
waukee, Wis) with collimation of 2.5
mm, rotation time of 0.5 second, and
40 mA was used to position the micro-
wave antennas according to the pre-
scribed antenna-heart distance and ori-
entation. A brief period of continuous
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Figure 1

Figure 1:

Examples of perpendicular versus parallel antenna orientations relative to heart. A, Oblique

coronal and, B, oblique axial multiplanar CT images from separate ablations reconstructed along axis of
microwave antenna show perpendicular antenna orientation in, A, defined as a mean antenna-heart angle
of 90° =+ 20° and a parallel antenna orientation in B, defined as a mean antenna-heart angle of

180° = 20°.

CT fluoroscopy was performed for at
least one full cardiac cycle after place-
ment of each antenna to record the fi-
nal position of the antenna relative to
the surface of the beating heart (Fig 2).
Once all of the ablations in an animal
were complete, a chest CT (LightSpeed;
GE; 1.25-mm section thickness, 0.625-
mm interval, Smart mA, 120 kVp) ex-
amination was performed with the an-
tennas in place to facilitate pulmonary
ablation zone measurements along the
axis of the antenna shaft and to eval-
uate for the presence of postablation
complications.

Electrocardiographic Monitoring

Before the percutaneous ablations,
four surface limb electrocardiographic
(ECG) electrodes and a precordial elec-
trode were placed on each study animal,
and baseline cardiac rate and rhythm
were recorded. An electronic ECG
monitor (BM3; Bionet America, Tustin,
Calif) was used to track the heart rate
and rhythm continuously during the
ablations. The baseline cardiac rhythm
and the continuous ECG tracings were
printed for blinded review.

During each ablation, one investiga-
tor (G.C.) continuously monitored the
cardiac rhythm to identify the develop-
ment of significant arrhythmia, which

was defined as asystole, heart block,
bradycardia, supraventricular tachycar-
dia, or ventricular tachycardia or fibril-
lation. The ablation was terminated as
soon as a significant arrhythmia was
recognized on the cardiac monitor. If
a significant arrhythmia developed,
the ECG data were recorded until the
rhythm returned to baseline. A board-
certified cardiologist (P.M., with 16
years of experience) who was blinded
to the position of the microwave an-
tennas independently and retrospec-
tively reviewed all ECG tracings. The
specific cardiac rhythm and time until it
developed and resolved were recorded.

Postablation Data Collection

CT measurements and analysis.—The
CT images were aligned along the long
axis of the microwave antenna with the
use of multiplanar reconstructions on a
picture archiving and communications
system workstation (McKesson Med-
ical, San Francisco, Calif) and were
reviewed by two authors in consensus
(G.C. and E.N.). From these recon-
structions, bone windows (Hounsfield
unit window, 2000 HU; level, 250 HU)
were used to digitally measure the an-
gle that the antenna formed with the
surface of the heart to confirm parallel
or perpendicular antenna positioning

(Fig 1). The zone of ground-glass opac-
ity corresponding to each ablation zone
was then measured by using digital cali-
pers in three dimensions (length, width,
and depth), per the accepted method
of measuring pulmonary ablation zones
at CT (7). The ablation zone volumes
were calculated by using an ellipsoid as-
sumption: V=Pi - L - [(W1 + W2) -
(D1 + D2)/6]; where V is volume, L is
the ablation zone length, W1 and W2
are the anterior and posterior radius
of the ablation zone (if perpendicular
antenna orientation) or medial and lat-
eral radius of the ablation zone (if par-
allel antenna orientation), respectively;
and D1 and D2 represent the cranial
and caudal radius of the ablation zone
(Fig 3). Whether the ground-glass
opacity produced by each ablation ex-
tended to the pleural surface adjacent
to the heart was also recorded. The
CT images were also reviewed for the
presence of pneumothorax, pericardial
effusion, and pleural effusion.

The shortest distance between the
antenna and the surface of the beat-
ing heart (representing the distance
between the antenna and the heart in
diastole) was measured retrospectively
from the recorded continuous CT fluo-
roscopic images by using bone win-
dows. The digital calipers were placed
at the closest edge of the metallic mi-
crowave antenna and extended to the
nearest surface of the heart (Fig 3c).
These measurements of antenna-heart
distance from the CT fluoroscopic im-
ages represented the study data used in
the statistical analysis.

Gross dissection protocol and via-
bility staining.—The animals remained
anesthetized and ventilated for 3 hours
after the last pulmonary ablation to al-
low histologic changes of cardiac tissue
injury to occur (8). The animals were
then sacrificed with an intravenous in-
jection of Euthasol (390 mg/mL pento-
barbital sodium and 540 mg/mL phenyt-
oin sodium; Virbac, Fort Worth, Texas),
and the heart and lungs were removed
en bloc. The pericardium was removed
and the heart was placed in a 400-mL
solution of 1% tetrazolium chloride for
60 minutes at room temperature to stain
viable epicardium (9-11). Normal tissue
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Diastole
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v

.

Parallel Antenna Orientation

Ablation A
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-

Perpendicular Antenna Orientation

Ablation)B

Systole

9 mm

7 mm

-

Figure 2:  CT fluoroscopy to record cardiac excursion and to measure antenna distance from heart during
diastole. Axial CT fluoroscopic images from ablations performed with, Ablation A, parallel and, Ablation B,
perpendicular orientation. Note change in antenna-heart distance from diastole to systole (double arrows).
Antenna-heart distance was measured from antenna emission point for parallel ablations and from tip for

perpendicular ablations.

reduces tetrazolium chloride to a visible
red pigment by means of the activity of
cell membrane-bound diaphorases that
use nicotinamide adenine dinucleotide,
whereas necrotic tissue does not stain
red. Digital photographs of the epicar-
dium adjacent to a ruler were taken
before and after staining with the 1%
tetrazolium chloride solution.

The lung ablation zones were sliced
along the orientation of the antennas,
digitally photographed on a flatbed
scanner, and three-dimensional mea-
surements were made of the ablation
zone length, width, and diameter by
two authors (G.C. and E.N) in consen-
sus. The outermost red-brown (hemor-
rhagic) rim of the ablation zones was

included in the gross ablation zone
measurements. The position of the
central dark tan portion of the ablation
zone, representing coagulation necrosis
(12), was recorded with particular at-
tention to whether this zone extended
to the pleural surface adjacent to the
heart. This observation was used as a
surrogate for the ability to ablate the
lung tissue effectively between the an-
tenna and heart surface.
Histopathologic evaluation.—A
transmural section of the cardiac
chamber wall that corresponded to
the location of the antenna in adjacent
lung tissue was excised, placed in 10%
formalin for fixation, then trimmed
to maximize the amount of affected

tissue, and was processed. Heart sec-
tions were embedded in paraffin, cut
to S5-pm-thick sections, stained with
hematoxylin and eosin, and examined
by a blinded board-certified veterinary
pathologist (D.S., with 11 years of ex-
perience). Cardiac tissue injury was de-
fined as either a thermal burn on the
epicardium before application of 1%
tetrazolium chloride vital tissue stain,
the presence of unstained epicardium
at gross examination after application
of the vital stain, or the presence of ei-
ther epicardial or myocardial coagula-
tion necrosis at histologic examination.

Statistical Methods

The primary outcomes of significant ar-
rhythmia or cardiac tissue injury were
compared between the two antenna
orientations (parallel and perpendic-
ular relative to the heart) by using a
generalized estimating equation with
the R package (13) “geepack” and
function “geeglm.” The presence of
significant arrhythmia as the outcome
and distance to the heart as the pre-
dictor, while accounting for pig subject
as a cluster value, was fit to assess the
association between distance to the
heart and presence of arrhythmia. A
generalized estimating equation was fit
separately for each of the two antenna
orientations. Similar generalized esti-
mating equations were fit for the pres-
ence of cardiac tissue injury. Receiver
operating characteristic curves were
then constructed and Youden method
of optimizing sensitivity and specificity
was used to calculate the best cutoff
distance from the heart associated with
primary outcome or lack thereof (14).
The two-tailed Student ¢ test was per-
formed to compare gross and CT abla-
tion zone sizes. The Fisher Exact test
was used to compare the frequency of
arrhythmias when an ablation was per-
formed adjacent to the right versus the
left ventricles.

General Ablation Data

Thirty-five ~ CT-guided percutaneous
pulmonary microwave ablations were
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Figure 3

Figure 3: Multiplanar image reconstruction along axis of microwave antenna to measure ablation zone size. A, Oblique axial CT image shows elliptical ground-glass
opacity from pulmonary ablation and provides total length of ablation zone (double arrow). B, Oblique coronal CT image provides cranial-caudal dimension of ablation
zone (double arrow). C, Image is magnified view of ablation zone from, B, and provides dimensions of ablation zone medial and lateral to antenna. Note how ground
glass-opacity of pulmonary ablation zone extends to heart surface in, C (double arrows).

performed in 12 pigs. Fourteen (40%)
ablations were performed in the left
lung and 21 (60%) were performed
in the right lung. One perpendicular
ablation in the left lung was excluded
because retrospective multiplanar re-
constructed CT measurements revealed
an antenna angle with the heart of less
than 70°, which did not meet the exper-
imental criteria for a perpendicular ori-
entation. Thus, in 17 (50%) ablations,
the probe was in a parallel orientation
and in 17 (50%) ablations, the probe
was in a perpendicular orientation for a
study total of 34 ablations.

In 17 (50%) ablations, the pulmo-
nary ablation zone was adjacent to the
right ventricle; in 11 (32%) it was ad-
jacent to the left ventricle. In four ab-
lations (12%), the ablation zone was
adjacent to the right atrium; in two
(6%), it was adjacent to the left atrium.
The median distance from the antenna
tip to the heart in perpendicular orien-
tation was 4 mm (range, 0-9.8 mm).
The median distance from the antenna
emission point when in parallel orien-
tation was 3.9 mm (range, 0-9.9 mm).

Twelve of the 34 (35%) ablations
were associated with a small grade 1
pneumothorax according to the Com-
mon Terminology Criteria for Ad-
verse Events of the National Cancer
Institute (15), which did not require
chest tube placement. None of the

pneumothoraces resulted in separation
of the lung from the adjacent surface of
the heart. No immediate postprocedure
pericardial effusion, large intraparen-
chymal hemorrhage, or pleural effusion
was observed.

Cardiac Arrhythmias

In six of 34 (18%) ablations, a signifi-
cant arrhythmia developed and the ab-
lation was terminated. Five of six (83%)
of these arrhythmias were ventricular
arrhythmias and one (17%) was a sup-
raventricular tachycardia. No brady-
cardic rhythm, heart block, or asystole
occurred. All significant arrhythmias
were preceded by an ECG alteration
before they developed (Table 1).

The median time for a significant
arrhythmia to develop into the abla-
tion was 71 seconds (range, 38-100
seconds). After termination of the ab-
lation, all significant arrhythmias self-
terminated, converting to normal sinus
rhythm a median time of 50 seconds
later (range, 10-94 seconds). Four of
the six (67%) significant arrhythmias
developed after a pulmonary ablation
adjacent to the left ventricle, and two
(33%) developed after ablation adja-
cent to the right ventricle. Of all pul-
monary ablations performed next to
the left and right ventricles, four of 11
(36.3%) and two of 17 (11.8%) resulted
in a significant arrhythmia, respectively

(P = .174). All six (100%) of the abla-
tions that resulted in a significant ar-
rhythmia showed evidence of cardiac
tissue injury at pathologic evaluation.

Logistic regression analysis of the
data demonstrated a decreasing risk
of significant cardiac arrhythmia with
increasing antenna distance from the
heart (Fig 4). The areas under the re-
ceiver operating characteristic curve
generated from the parallel and per-
pendicular antenna orientations for
distances less than 4.2 mm and 1.2
mm, respectively, were 0.817 mm? and
0.875 mm?. No significant arrhythmia
occurred at distances of more than
4.4 mm or 1.5 mm for parallel and
perpendicular antenna orientations,
respectively.

Cardiac Tissue Injury

In 13 of the 34 (38%) ablations, a
gross thermal burn was present on
the epicardial surface of the heart
after the vital stain was applied. The
epicardial burns appeared either pale
or dark purple with either elliptical or
punctate morphology (Fig 3). In four
additional cases, coagulation necro-
sis attributed to thermal injury that
was initially occult, with vital staining
seen at histologic evaluation. In total,
17 of 34 (50%) ablations, each with
the antenna positioned less than 35
mm from the heart, resulted in gross
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Table 1

Subgroup of Ablations Resulting in Significant Cardiac Arrhythmia

Resolution
Arrhythmia  Distance (mm)*  Antenna Orientation*  Significant Arrhythmia Ablation to Arrhythmia®™  Preceding Minor ECG Alteration (min:sec)
1 0 Parallel Ventricular tachycardia and 1 min 40 sec Premature ventricular contractions 111
ventricular fibrillation
2 0 Parallel Ventricular tachycardia 0 min 52 sec Ventricular ectopy 0:50
3 0.86 Perpendicular Ventricular tachycardia 1 min 01 sec Peaked T waves, slight ST segment  1:34
elevation
4 24 Parallel Supraventricular tachycardia 0 min 38 sec Ventricular ectopy 0:50
5 3.7 Parallel Ventricular tachycardia and 1 min 20 sec Premature ventricular contractions 0:10
ventricular fibrillation
6 41 Parallel Ventricular tachycardia 1 min 20 sec Hyperacute T waves and transient 0:27

ST segment elevation

*In relation to the heart.
*Time from the start of ablation to arrhythmia.
*Time from start to spontaneous resolution of arrhythmia.

or histologic evidence of tissue injury.
No cardiac tissue injury occurred at
distances of more than 4.4 mm and
4 mm, for parallel and perpendic-
ular antenna orientations, respec-
tively. The range of antenna-to-heart
distances that did not result in car-
diac tissue injury was 5-9.9 mm with
a parallel antenna orientation and
2.5-9.8 mm with a perpendicular ori-
entation (Fig 6).

Logistic regression demonstrated a
decreasing risk of epicardial injury with
increasing antenna distance from the
heart. The areas under the receiver op-
erating characteristic curve generated
from each parallel and perpendicular
orientation at the distances of less than
4.2 mm and 3.5 mm, respectively, were
1 and 0.964 mm? (Fig 6).

Pulmonary Ablation Zones

In 24 of the 34 (71%) ablations, the
heart or chest wall was at least partially
included in the ablation zone margins,
which limited the ability to measure the
entire ablation zone and allowed under-
estimation of ablation zone volumes.
Furthermore, ablation zone sizes were
not corrected for degree of associated
tissue contraction. The mean pulmo-
nary ablation zone volumes measured
grossly and at CT were 15.2 cm® = 5.9
(95% confidence interval: 13.3, 17.2)
and 11.8 cm® * 7.5, (95% confidence

interval: 9.3, 14.3), respectively (P =
.048). Mean ablation zone diameters at
gross evaluation and CT were 29.4 mm
+ 5.8 (95% confidence interval: 27.3,
31.3) and 27.1 mm * 4.6 (95% confi-
dence interval: 23.6, 28.6), respectively
(P =.809).

At postablation CT, the ground-
glass opacity extended to the heart sur-
face in all ablations (100%) performed
with a parallel antenna orientation and
positioned 5-10 mm from the heart (n
=7) (Fig 3c). At gross pathologic evalu-
ation of the ablation zones, the zone of
coagulation necrosis extended up to the
pleural surface, contacting the heart in
five (71%) of these ablations (Fig 7).
In two (29%) cases, only the peripheral
rim of hemorrhage indicative of poten-
tially viable lung tissue (12) contacted
the cardiac pleural surface (Table 2).
Of the ablations performed with a per-
pendicular antenna orientation and
positioned 5-10 mm from the heart (n
= 6), one (17%) resulted in extension
of the zone of coagulation necrosis to
the pleural surface in contact with the
heart.

The purpose of our study was to deter-
mine the closest distance to the heart
at which a percutaneous pulmonary
microwave ablation can be performed

safely. We found that a distance of 5
mm or greater should be maintained
between either the antenna emission
point (if the antenna is positioned
parallel to the heart surface) or the
antenna tip (if positioned perpendicu-
larly) to avoid cardiac tissue injury or
significant arrhythmia. Shorter anten-
na-heart distances were highly predic-
tive of cardiac complications. No inad-
vertent puncture of the heart or other
vital mediastinal structure occurred
during the study and no pericardial ef-
fusion was present at postablation CT
examination.

Two varying antenna orientations
were used for the ablations in our study.
Different antenna approaches are often
required during clinical cases of pulmo-
nary ablation, depending on the loca-
tion of the target lesion. The microwave
antenna used in our study produces an
elliptical ablation zone with a length of
approximately 40 mm and a maximal
diameter of 30 mm that extends approx-
imately 3 mm off the tip of the antenna
(7). Because of its shape and relation-
ship to the antenna shaft, a larger sur-
face area of the ablation zone contacts
the heart with a parallel orientation than
that with a perpendicular orientation.
The increased contact area associated
with parallel orientation is the likely rea-
son for the higher rate of significant ar-
rhythmias seen at a given distance. This
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Figure 4:  Graphs show receiver operating characteristic curves for (a) parallel and (b) perpendicular antenna

distance. Logistic regression graphs show relationship between (c) parallel and (d) perpendicular antenna position and
risk of significant cardiac arrhythmia. Several parallel ablations performed less than 5 mm from heart resulted in no sig-
nificant arrhythmia (c). Single arrhythmia occurred among ablations performed with perpendicular antenna positioning

(d). Cl = confidence interval.

suggests that physicians should place
antennas farther from the heart when a
parallel orientation is needed for a pul-
monary ablation than when a perpendic-
ular orientation is used.

All ablations resulting in a signif-
icant arrhythmia were performed less
than 5 mm from the heart. When sig-
nificant arrhythmias were encountered,
the ablation was immediately stopped,
and the heart rhythm spontaneously
returned to normal sinus rhythm a
median time of 50 seconds later. De-
spite the shortened ablation time pe-
riod, epicardial necrosis was evident

at pathologic evaluation after these
pulmonary ablations. This finding sug-
gests that although an arrhythmia may
be reversible, associated permanent
tissue injury is likely, and pulmonary
ablations at less than 5 mm should be
avoided. We believe that any degree of
cardiac tissue injury should be avoided
in patients with chronic cardiovascular
disease, who comprise a large portion
of patients referred for percutaneous
tumor ablation. Minor ECG fluctuations
preceded all significant arrhythmias,
suggesting that these changes may her-
ald a potentially dangerous arrhythmia,

giving the operator a chance to stop
the ablation immediately. This finding
reinforces the need for the operator
to monitor the ECG carefully and con-
tinuously in cases of ablation near the
heart.

The safety of performing micro-
wave ablations 5-10 mm from the
heart is likely related to both the
degree of perfusion-mediated tissue
cooling (“heat sink”) from the highly
vascular myocardium and to the vari-
able exposure of the heart to the abla-
tion zone. Although vascular heat sink
has been shown to have an effect in
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Figure 5

’f

Figure 5:  Two pulmonary ablations in swine performed less than 5 mm from heart. A—C, Microwave ablation performed W|th the antenna in

a parallel orientation relative to the heart surface with the emission point 0 mm from the left ventricle. A, Axial CT image from CT fluoroscopy
reveals emission point of antenna abutting heart surface. B, Gross photograph of heart surface after ablation and before application of vital stain
reveals large, lobular dark purple burn on heart surface (black arrow; scale bar = 1 cm). Note cleft between two elliptical epicardial burns (white
arrow), which is likely a result of continuous cardiac and respiratory motion during ablation. This ablation resulted in ventricular tachycardia

that resolved after ablation was terminated. C, Photomicrograph of cardiac specimen shows severe acute myocardial and epicardial necrosis
(hematoxylin-eosin stain, scale bar = 20 wm). D-F, Microwave ablation performed in perpendicular orientation relative to heart with antenna tip
0 mm from right ventricle. D, Axial CT image from CT fluoroscopy shows tip of antenna abutting heart surface. No arrhythmia developed during
ablation. £, Gross photograph of heart surface after ablation and vital staining reveals pale, rounded lesion on left ventricular epicardium repre-
senting nonviable cardiac tissue (arrow) (scale bar = 1 cm). £, Photomicrograph of excised cardiac tissue specimen confirms focal coagulation

necrosis of the epicardium (hematoxylin-eosin stain, scale bar =

radiofrequency pulmonary ablations
near the heart (5,16), the variable
exposure of the heart to the nearby
pulmonary ablation zone as a result
of continuous cardiac and diaphrag-
matic motion may also have a signif-
icant effect. Since all measurements
for the study were made during car-
diac diastole with the use of contin-
uous CT fluoroscopy, the heart was
observed to move away from the an-
tenna in the axial plane during systole,
increasing the antenna-heart distance

20 pm).

with each contraction. In a similar
way, because the lung bases move in
conjunction with the diaphragm while
the heart remains fixed in the medi-
astinum (thus moving the heart away
from the antenna in the cranio-caudal
axis), the microwave field may only in-
termittently contact the same location
on the heart for the duration of the
ablation. In fact, several of the epicar-
dial thermal burns showed overlapping
elliptical morphology with an interven-
ing cleft at gross examination, which

suggests that the microwave field
contacted more than one area of the
heart surface. This continuous motion
between the pulmonary ablation zone
and the heart appears to be a signifi-
cant protective mechanism against car-
diac thermal injury.

Although we found that an antenna
distance of at least 5 mm protects the
heart from a pulmonary ablation, we
also intended to determine if the lung
tissue between the antenna and heart
would be susceptible to or resistant to
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Figure 6: (a, b) Receiver operating characteristic curves and (c, d) logistic regression graphs show relationship

between antenna position and risk of cardiac tissue injury. There is high risk of causing cardiac tissue injury when
microwave antenna is positioned less than approximately 4 mm from heart with either antenna orientation (a, b). This
risk decreases with increasing antenna distance from heart at both antenna orientations (c, d).

thermal injury, given the significant ef-
fect of the adjacent cardiac heat sink.
This has important implications for
treatment of a mass immediately adja-
cent to the heart. We found that the
lung tissue between the antenna and
the heart was completely coagulated at
pathologic evaluation in 71% of paral-
lel ablations performed 5-10 mm from
the heart. The ability to destroy lung
tissue successfully at the pericardial
margin of the pulmonary ablation zone,
where authors of prior studies (5,16)
have shown difficulty with radiofre-
quency ablation, may be related to the
use of microwave energy, which, unlike

radiofrequency energy, is not limited by
the electrical conductivity of the lung
and is less affected by vascular heat
sink (17,18). The difference in suscep-
tibility to thermal injury of the interven-
ing lung and cardiac tissue also may be
related to the fixed position of the lung
as opposed to the dynamic position of
the moving heart relative to the micro-
wave field.

There were limitations to be ac-
knowledged in our study. First, a single
microwave antenna from one manufac-
turer was used for the pulmonary ab-
lations, and we have not assessed how
different or multiple antennas would

perform adjacent to the heart. Fur-
thermore, the safety of antenna orien-
tations that are not either perpendicu-
lar or parallel relative to the heart was
not assessed. Nevertheless, the ability
to use microwave energy in lung tissue
close to the heart without cardiac elec-
trical interference is universal with mi-
crowave systems. Second, both human
and swine hearts have variable levels of
epicardial fat that acts as a thermal in-
sulator. Combined with the degree of
cardiac motion and wall thickness that
differs with the chamber of the heart
adjacent to the pulmonary ablation, a
given antenna-heart distance may be a

radiology.rsna.org = Radiology: \olume 282: Number 3—March 2017



Radiology

VASCULAR AND INTERVENTIONAL RADIOLOGY: Pulmonary Microwave Ablation Near the Heart

Carberry et al

Figure 7

Figure 7:  Microwave pulmonary ablation extending to heart surface. A, Oblique transverse and, B, coronal postablation CT images show
elliptical ground-glass ablation zone around distal microwave antenna extending to heart surface (arrow). C, Gross digital photograph of lung
specimen oriented in transverse plane similar to that in, A (left upper corner image insert), with white line indicating path of antenna. Inner,
necrotic portion of ablation zone extends to visceral pleural surface (arrow) along heart. For comparison, note outermost layer of same gross
ablation zone that represents hemorrhage and potentially viable cells (arrowheads; scale bar = 1 cm). Med. = medial, Post. = posterior.

Table 2

Percutaneous Microwave Ablations according to Distance from the Heart and

Orientation
0-4.9 mm 5-10 mm
Result Parallel (n=10)  Perpendicular (n=11)  Parallel (n=7)  Perpendicular (n = 6)
Cardiac tissue injury 9 (90) 8(73) 0(0) 0(0)
Significant arrhythmia 5(50) 109 0(0) 0(0)
Ablation zone necrosis 10 (100) 10 (90) 5(71) 1(17)

extends to pleural
surface adjacent
to heart

Note.—Data are number of subjects, with percentage in parentheses.

variable risk of cardiac complications.
Third, this experimental study was per-
formed in pigs with healthy lungs and
no tumors. Swine are a commonly used
animal model for procedures involving
the human heart (9,10), given their
similar anatomy and lower threshold
for developing cardiac arrhythmias than
that in humans (19), but differences
between the species remain, and direct
translation of data to a human popula-
tion may yield different results. Finally,
the pulmonary and cardiac lesions pro-
duced with our study were evaluated
in the acute phase, a minimum of 3

hours after ablation. Although a sur-
vival study may reveal different changes
in the heart tissue, the application of
tetrazolium chloride vital stain to acute
cardiac tissue has been shown to be
sensitive and reliable by prior investi-
gators (20) and to allow accurate pre-
diction of the extent of necrosis, even
at histologic evaluation in the chronic
phase (10,21,22).

In summary, we found that percutane-
ous microwave ablation of lung tissue near
the heart can be performed safely and
effectively with adherence to specific an-
tenna orientations and distances relative

to the heart. This approach to treating
lung tumors near the heart may prevent
cardiac complications such as myocardial
injury and significant arrhythmia. Micro-
wave lung ablations performed greater
than or equal to 5 mm from the heart
are associated with a low risk of cardiac
tissue injury and significant arrhythmias.
Positioning the antenna 5-10 mm from
the heart in a parallel orientation relative
to the heart surface results in a high rate
of coagulation necrosis of all intervening
lung tissue.

Practical application: This exper-
imental animal study provides in vivo
safety and efficacy data of percutane-
ous microwave pulmonary ablation near
the heart that may be applied to clinical
ablations performed in a human popu-
lation, although there are limitations
inherent to a study performed in a
healthy animal model.
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