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Abstract

Purpose—To test the hypothesis that the geometry of probe placement with respect to the pleural
puncture site affects the risk of pneumothorax after microwave (MW) ablation in the lung.

Materials and Methods—Computed tomography—guided MW ablation of the lung was
performed in 8 swine under general anesthesia and mechanical ventilation. The orientation of the
17-gauge probe was either perpendicular (90°) or parallel (< 30°) with respect to the pleural
puncture site, and the ablation power was 30 W or 65 W for 5 minutes. After MW ablation, swine
were euthanized, and histopathologic changes were assessed. Frequency and factors affecting
pneumothorax were evaluated by multivariate analysis.

Results—Among 62 lung MW ablations, 13 (21%) pneumothoraces occurred. No statistically
significant difference was noted in the rate of pneumothorax between the perpendicular and the
parallel orientations of the probe (31% vs 14%; odds ratio [OR], 2.8; £P=.11). The pneumothorax
rate was equal for 65-W and 30-W ablation powers (21% and 21%; OR, 1.0; A= .94). Under
multivariate analysis, 2 factors were independent positive predictors of pneumothorax: ablation
zone inclusive of pleural insertion point (OR, 7.7; P=.02) and time since intubation (hours) (OR,
2.7, P=.02).

Conclusions—Geometries where the pleural puncture site excluded the ablation zone decreased
pneumothorax in swine undergoing MW ablation in the lung. Treatment planning to ensure that
the pleural puncture site excludes the subsequent ablation zone may reduce the rate of
pneumothorax in patients undergoing MW ablation in the lung.

The most common complication after percutaneous thermal ablation in the lung is
pneumothorax. Pneumothorax may occur in 11%-63% of patients; a few of these patients
require chest tube placement that may result in prolonged hospitalization (1-7). In
radiofrequency (RF) ablation of pulmonary tumors, risk factors for pneumo-thorax include
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emphysema, small tumor size, absence of prior pulmonary surgery, and traversal of major
fissure by the probe (1-5). Prior studies of RF ablation showed that contact of the ablation
zone with the pleura can lead to delayed or recurrent pneumothorax and that tract ablation
should be avoided (8,9). Microwave (MW) ablation can be used at much higher energy than
RF ablation and results in larger tumor ablation volumes, higher intratumoral temperatures,
and less susceptibility to heat sink effect (10,11). However, there have been reports of
intractable pneumothorax and the formation of bronchopleural fistula after MW ablation in
the lung (12,13). It is unknown how the MW energy deposition directly on the pleura affects
the risk of pneumothorax. The purpose of this study was to test the hypothesis that the
geometry of probe placement with respect to the pleural puncture site affects the risk of
pneumothorax after percutaneous computed tomography (CT)-guided MW ablation in a
porcine lung model.

MATERIALS AND METHODS

Animals

All experiments were performed with approval from the Institutional Animal Care and Use
Committee of our institution and in accordance with the Guide for Care and Use of
Laboratory Animals issued by the National Research Council. Eight swine (Yorkshire
female) weighing 35-45 kg were used in this study.

Experimental Setup

The swine received sedation (tiletamine/zolazepam and xylazine), anesthesia (isoflurane),
and preemptive analgesics (buprenorphine and carprofen). After endotracheal intubation,
mechanical ventilation was initiated without positive end expiratory pressure (ventilatory
pressure, 18-22 cm H,0O; tidal volume, 5-10 mL/kg). Under CT guidance (LightSpeed 16;
GE Healthcare, Milwaukee, Wisconsin), a 17-gauge MW ablation probe (Certus 140 PR 15
Probe; NeuWave Medical, Madison, Wisconsin) was percutaneously inserted into the
porcine lung by a single operator in either the perpendicular or the parallel orientation. The
needle orientation was defined as “perpendicular” if the angle between the needle and the
pleural puncture site was 90° (Fig, a). The needle orientation was defined as “parallel” if the
angle between the needle and the pleural puncture site was < 30° (Fig, d). For each ablation,
a single pleural puncture was made during the insertion of the MW probe. If there was any
adjustment of the probe position with respect to the pleura, the pleural puncture site
remained constant, and only minor angle changes were made. The tip of the ablation probe
did not violate any lung fissures, and all ablations were performed away from any major
bronchus. There was no violation of the instructions for use of the MW ablation device.

Randomization was performed with regard to probe orientation and lung laterality during
MW ablation. The first lung to be ablated was randomized—in four swine, the right lung
was ablated first; in four swine, the left lung was ablated first. The probe orientation was
also randomized—in four swine, the perpendicular orientation was used as the initial
ablative approach; in four swine, the parallel orientation was used as the initial approach.
For the first four swine, MW ablations were performed for 5 minutes at 30 W; for the second
four swine, ablations were performed for 5 minutes at 65 W. During each ablation, the
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maximum temperature of the probe was recorded. Immediately after each ablation, CT
images were acquired to evaluate the size of the ablation zone. CT images of the entire chest
were obtained immediately after and 5 minutes after ablation to identify any pneumothorax.
When a pneumothorax occurred, an 8-F chest tube was placed percutaneously into the
thorax under CT guidance. The chest tube was connected to a drainage system and placed
onto continuous low wall suction. If a pneumothorax developed in one lung, no further
ablations were performed in that lung, and the contralateral lung was used for subsequent
ablations. The animals were euthanized with an overdose of pentobarbital after the
procedure.

Measurements

Based on the CT images, the following measurements were obtained: dimensions of the
ablation zone (long axis and short axis), distance from the emitting point of the MW probe
to the pleural puncture site (the emitting point was 1 cm from the tip of the probe), distance
from the emitting point to the nearest adjacent pleura, length of pleural contact with the
ablation zone, and whether or not the ablation zone includes the pleural puncture site. The
time elapsed since endotracheal intubation was recorded. The number of ablations
performed in each lung was also documented.

Histopathologic Examination

At the conclusion of the MW ablation session, the swine was euthanized using intravenous
injections of pento-barbital and phenytoin. Subsequently, gross dissection was performed,
and lungs were removed en bloc. Gross photographs of the ablated lung and pleura were
obtained. The ablation zone and surrounding pleura were harvested from the lungs, fixed by
immersion in 10% neutral buffered formalin, routinely processed for histology, embedded in
paraffin, sectioned at 4-um thickness, and stained with hematoxylin and eosin.

Statistical Analysis

RESULTS

To determine the factors predicting pneumothorax after MW ablation, univariate logistic
regression was performed for both categorical variables (perpendicular or parallel geometry,
ablation zone includes pleural puncture site yes/no, presence of pneumothorax) and
continuous variables. The factors significant in the univariate model underwent a
multivariate logistic regression. P values < .05 were considered statistically significant.
Statistical analysis was performed using SAS software version 9.4 (SAS Institute, Cary,
North Carolina).

There were 62 percutaneous CT-guided MW ablations performed in the porcine lung (Table
1). The ablations were performed for 5 minutes at 30 W in 34 (55%) of the cases and at 65
W in 28 (45%). In 36 (58%) ablations, the probe was in a parallel orientation with respect to
the pleura, and in 26 (42%) ablations, the probe was perpendicular to the pleura. The mean
distance between the pleural puncture site and the emitting point of the MW ablation probe
was 2.4 cm + 1.2. The mean distance between the emitting point of the probe and the nearest
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adjacent pleura was 1.2 cm £ 0.4. The ablation zone included the pleural puncture site in 32
(52%) of the cases and did not include the pleural puncture site in 30 (48%) ablations.

Pneumothorax occurred in 13 of 62 (21%) MW ablations (Table 2). No statistically
significant difference was noted in the rate of pneumothorax between the two different
orientations of the probes, although more pneumothoraces did occur with the perpendicular
approach versus the parallel approach (31% vs 14%; odds ratio [OR], 2.8; P=.11). The
pneumothorax rate was equal for both ablation powers, 65 W and 30 W (21% and 21%; OR,
1.0; P=.94). The maximum probe temperature did not differ between the ablations with
pneumothorax and the ablations without pneumothorax (93°C + 15 and 91°C £ 17; OR, 1.0;
P=.66).

Under univariate analysis, there were three factors that were significantly associated with
pneumothorax after MW ablation (Table 3): ablation zone includes pleural puncture site
(OR, 4.1; P=.049), number of ablations in each lung (OR, 1.5; P=.04), and time since
intubation (h) (OR, 2.8; P=.01). Other factors that did not reach significance in predicting
pneumothorax included distance between emitting point to pleural puncture (cm) (OR, 0.6;
P=.14), distance between emitting point to closest pleura (cm) (OR, 0.5; P= .42), ablation
zone long axis (cm) (OR, 0.6; £=.33), ablation zone short axis (cm) (OR, 0.4; P=.21),
ablation zone area (cm?) (OR, 0.8; £=.18), and pleural contact with ablation zone (cm)
(OR, 0.9; P=.74). Under multivariate analysis, two of the three significant univariate factors
remained independent positive predictors of pneumothorax after MW ablation: ablation zone
inclusive of pleural insertion point (OR, 7.7; P=.02) and time since intubation (h) (OR, 2.7;
P=.02) (Table 4).

Histopathologic Results

When the ablation zone included the pleural puncture site, there was disruption of the full
thickness of the pleura (connective tissue and monolayer of mesothelial cells) (Fig, ¢, i). The
ablation zones were characterized by a central area displaying basophilic discoloration and
hyalinization of collagen (thermal effect), mild cellular cytoplasmic hypereosinophilia and
nuclear shrinkage (early morphologic evidence of cell death), and alveolar edema. When the
ablation zone was exclusive of the pleural puncture site, the pleura remained intact with a
rim of vascular hyperemia associated with the periphery of the ablation zone (Fig, f).

DISCUSSION

The results of this study show that the two factors associated with the occurrence of
pneumothorax after MW ablation in porcine lung were (/) the ablation zone included the
pleural puncture site and (/) time elapsed since endotracheal intubation. Although the
pneumo-thorax rate for the perpendicular probe orientation was higher than the
pneumothorax rate for the parallel approach, this difference was not statistically significant.
Even for the parallel approach, there was an increased risk of pneumothorax if the ablation
zone included the site of pleural puncture. The results of this swine study indicate that to
minimize the risk of pneumothorax it is prudent to avoid overlapping the ablation zone with
the pleural puncture site. If general anesthesia is used during MW ablation in a patient,
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minimizing the time elapsed since endotracheal intubation may result in less air entry into
ablation-related pleural defects and reduce the risk of pneumothorax.

This study of MW ablation is consistent with a prior study of RF ablation in which
Yoshimatsu et al (9) concluded that the contact of the ground-glass opacity that emerged
around the ablated lesion with the pleura significantly correlated with the occurrence of
delayed or recurrent pneumothorax. Clasen et al (8) reported that tract ablation during
pulmonary RF ablation may contribute to bronchopleural fistula and hypothesized that
coagulation of the visceral pleura and adjacent lung tissue induces dehydration and reduces
the elastic properties of the lung tissue to seal the puncture. However, there is also
contradictory literature from Tajiri et al (14), who found that higher pleural temperature
appeared to be associated with pleural effusion but not pneumothorax.

The visceral pleura comprises a single layer of meso-thelial cells and a thick layer of
connective tissue (composed primarily of collagen) (15). When the ablation zone includes
the pleural puncture site, there is dual disturbance of the pleura in the form of thermal injury
from MW energy and mechanical trauma from the probe. Similarly, there is mechanical and
thermal injury to the surrounding alveoli resulting in alveolar rupture. When these injuries
lead to communication of the alveoli (or airway) with the intrapleural space, air flows from
the alveoli into the intrapleural space until the pressure difference is eliminated. There is
resultant accumulation of air in the intrapleural space (ie, a pneumothorax, or rarely a
bronchopleural fistula) (16). Histologic analysis of the ablated lung in this swine study
demonstrated evidence of pleural injury and thermal ablation that disrupted the pleural
collagen and mesothelium, causing a rent in the visceral pleura that can communicate with a
ruptured alveolus to yield an iatrogenic pneumothorax (17,18). The findings in this swine
study are consistent with prior studies in rabbit lung models using RF ablation (19). In the
study by Okuma et al (19), histologic examination showed pleural sloughing at the point of
needle insertion and ring-shaped thermal injury in the chest wall similar to the histology
seen in the evidence of pleural thermal injury after RF ablation of lung tissues adjacent to
the pleura (14).

Time elapsed since intubation was the most significant factor associated with the
development of pneumothorax after MW ablation in this swine study. Mechanical
ventilation is known to induce barotrauma with an incidence of 4%-15% (20,21). Ventilator-
associated pneumothorax is related to rupturing of the alveoli with dissection of air into the
intrapleural space. In animal studies, there is evidence that transalveolar pressure and
alveolar overdistention, rather than high airway pressure, are the primary causes of
barotrauma and ventilator-induced lung injury (21,22). Pneumothorax is unusual in
intubated patients with normal lungs, and most patients with pneumothorax related to
mechanical ventilation have underlying pulmonary disease, most often acute respiratory
distress syndrome in which the lung is physiologically small with low compliance (20).
Thermal ablation induces an acute injury to the lung that may mimic acute pulmonary
pathology; combining thermal ablation and mechanical ventilation likely has a multiplicative
effect on the risk of pneumothorax. Although no positive end expiratory pressure was used
in this experiment, mechanical ventilation increases the flow of gas through a pleural defect
after ablation, and there may be a more rapid increase in intrapleural pressure with earlier
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progression to pneumothorax (23). Longer time on mechanical ventilation may allow for
greater volume of gas to enter the ablation-related pleural defect, resulting in an increased
occurrence of pneumothorax.

This study has limitations. The porcine lungs used in this experiment were normal without
evidence of emphysema or malignancy. Emphysema and small tumor size are known risk
factors for pneumothorax after thermal ablation (2—4). In this study, multiple ablations were
performed in each lung, and the pneumothorax may be the result of cumulative effect of the
ablations and not attributable to a single ablation performed in a particular manner. The
sample size of this study was small with only 62 MW ablations in eight swine, and certain
parameters known to be risk factors in prior studies, such as aerated lung traversed by probe,
may not have reached statistical significance. Another limitation was that the observer was
not blinded to the therapy when the pneumothorax was assessed because a chest tube needed
to be placed immediately after a pneumothorax occurred. Only MW ablation was studied,
and the results of this experiment may not be applicable to other forms of ablation including
cryoablation and RF ablation. All experiments in this large animal study were done under
general anesthesia using mechanical ventilation, which is not always the case in clinical
practice, in which many thermal ablations are performed using only moderate conscious
sedation. Lastly, delayed or recurrent pneumothorax after thermal ablation is not rare and
occurs at a mean duration of 24 hours after ablation (22,23); this issue could not be
addressed because this experiment was a nonsurvival study. Despite these limitations, this
experimental study identified two factors that should be considered to perform MW ablation
in the lung safely.

In conclusion, geometries where the pleural puncture site excluded the ablation zone
decreased pneumothorax in swine undergoing MW ablation in the lung. Treatment planning
to ensure that the pleural puncture site excludes the subsequent ablation zone may reduce the
rate of pneumothorax in patients undergoing MW ablation in the lung.
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Figure.
(a—c) MW ablation performed with the probe in a perpendicular orientation and the ablation

zone including the pleural puncture site. (a) CT image shows the probe is perpendicular with
respect to the pleura, and the ablation zone includes the pleural puncture site (arrow) (scale
bar = 1 cm). (b) Gross specimen shows a hole in the pleura (arrow) with surrounding
concentric ring of ablation changes in the lung (scale bar = 1 cm.) (c) Photomicrograph of
the ablated lung shows disruption of the pleura (arrow) (hematoxylin-eosin [H&E] stain,
scale bar = 1 mm). (d—f) MW ablation performed with the probe in a parallel orientation and
the ablation zone excluding the pleural puncture site. (d) Axial CT image shows the probe is
parallel with respect to the pleura, and the ablation zone does not include the pleural
puncture site (arrow) (scale bar = 1 cm). (e) Gross specimen shows intact pleura with
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erythema (scale bar = 1 cm). (f) Photomicrograph of the ablated lung shows intact pleura
(arrow) (H&E stain, scale bar = 1 mm). (g—i) MW ablation performed with the probe in a
parallel orientation and the ablation zone including the pleural puncture site. (g) Axial CT
image shows that the probe is parallel with respect to the pleura, and the ablation zone
includes the pleural puncture site (arrow) (scale bar = 1 cm). Note the small pneumothorax
that developed after the ablation with probe in place. (h) Gross specimen shows a hole
(arrow) in the pleura with surrounding erythema from ablation change (scale bar = 1 cm). (i)
Photomicrograph of the ablated lung shows disruption of the pleura (arrow) (H&E stain,
scale bar =1 mm).
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Swine Demographics and Ablation Characteristics

Variable
Sex
Female, n
Weight (kg)
Ablation power
30W
65 W
Ablation time
5 min
Probe geometry, n
Parallel
Perpendicular
Lobe, n
Left lower lobe
Left upper lobe
Right lower lobe
Right middle lobe
Right upper lobe
Emitting point to pleural puncture distance (cm)
Emitting point to closest pleura distance (cm)
Ablation zone includes pleural puncture site
Yes
No
Ablation zone long axis (cm)
Ablation zone short axis (cm)
Ablation zone area (cm?)

Pleural contact with ablation zone (cm)

Value

8 (100)
40431

34 (55)
28 (45)

62 (100)

36 (58)
26 (42)

19 (31)
6 (10)
22 (35)
7(12)

8 (13)
24+12
12+04

32 (52)
30 (48)

3107
2005
5020
22+12

Note—Continuous values were presented as mean + SD. Values in parentheses are percentages.
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Table 2

Pneumothorax after Microwave Ablation

No.
Ablation power
30W
65 W
Temperature (°C)
Probe geometry, n
Perpendicular
Parallel
Probe angle (°)
Emitting point to pleural puncture distance (cm)
Emitting point to closest pleura distance (cm)
Ablation zone includes pleural puncture site, n
No
Yes
Ablation zone long axis (cm)
Ablation zone short axis (cm)
Ablation zone area (cm?)
Pleural contact with ablation zone (cm)
No. ablations in each lung

Time since intubation (min)

No Pneumothorax
49 (79)

27 (79)
22 (79)
93+15

18 (69)
31 (86)
4%33

25+12

12405

27 (90)
22 (69)
3207
20£05
52+21
22+12
27+15
69 +53

Pneumothorax
13 (21)

7(21)
6 (21)
91 +17

8(31)

5(14)

966 30
19+11
1.1+03

3(10)
10 (31)
3007
18+04
43+16
21+10
38+19
122+ 62

Note—Continuous values were presented at mean + SD. Values in parentheses are percentages.
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Univariate Analysis of Factors Predicting Pneumothorax after Microwave Ablation

Table 3

Ablation power (W)

Temperature (°C)

Probe geometry (perpendicular vs parallel)
Probe angle (°)

Emitting point to pleural puncture distance (cm)
Emitting point to closest pleura distance (cm)
Ablation zone includes pleural puncture site (yes vs no)
Ablation zone long axis (cm)

Ablation zone short axis (cm)

Ablation zone area (cm?)

Pleural contact with ablation zone (cm)

No. ablations in each lung

Time since intubation (h)

Odds Ratio
1.0
1.0
2.8
1.0
0.6
0.5
41
0.6
0.4
0.8
0.9
15
2.8

Confidence Interval
0.97-1.04
0.95-1.03
0.78-9.71
1.00-1.04
0.35-1.16
0.12-2.38
1.00-16.7
0.23-1.64
0.10-1.65
0.55-1.12
0.54-1.55
1.03-2.28
1.33-5.84

P Value
.94
.66
A1
A1
14
42
.05
.33
21
.18
74
.04
.01
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Table 4

Multivariate Analysis of Factors Predicting Pneumothorax

PValue Odds Ratio Confidence Interval

Ablation zone includes pleural puncture site (yes vs no) .02 7.7 1.34-445
No. ablations in each lung .08 1.6 0.95-2.54
Time since intubation (h) .02 2.7 1.18-6.02
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