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Abstract

Purpose: To assess the impact of duration of energy delivery on adverse events (AEs) and heat 

sink effects during high power microwave ablation (MWA) of normal swine lung.

Materials and Methods: High power (100 Watts) MWA was performed with short (2 minutes, 

18 ablations) or long (10 minutes, 9 ablations) duration of energy delivery in unilateral lung of 

swine (n=10). CT imaging was done prior to sacrifice at 2 or 28 days post-treatment, with 

additional imaging at 7 and 14 days for the latter cohort. Ablation zones were assessed with CT 

imaging and histopathology analysis. Differences in AEs and ablation characteristics between 

groups were compared with Fisher’s exact test and Student’s t-test, respectively.

Results: There were no significant differences in formation of air-filled needle tract, cavitation, 

and pneumonia (p>0.5) between the treatment groups. Intra-procedural pneumothorax requiring 

chest tube placement occurred in 3 animals. Substantial (>20%, p=0.01) intra-procedural ablation 

zone distortion was observed in both groups. Presence of large airways or blood vessels did not 

result in heat sink effect within the ablation zones and was not indicative of reduced ablation size. 

Increased energy delivery yielded larger (8.9±3.1cm3 vs 3.4±1.7 cm3, p<0.001) spherical ablations 

(sphericity: 0.70±0.10 vs.0.56±0.13, p=0.01).
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Conclusion: High power MWA of normal lung with longer duration of energy delivery can 

create larger spherical ablations, without significant differences in post-procedure AEs when 

compared with shorter energy delivery time.
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INTRODUCTION

Thermal ablation with microwave or radiofrequency energy has emerged as an efficacious 

treatment option for unresectable lung tumors, and has been used to treat both primary and 

secondary thoracic malignancies [1, 2, 3, 4, 5, 6, 7]. Microwave ablation (MWA) at high 

power (100 – 180 W) is capable of rapid destruction of both small and large tumors with 

single or multiple applicators [3, 4, 5, 6, 7]. High power MWA may also potentially provide 

a more complete ablative margin by reducing the heat sink effects of large blood vessels [8, 

9]. Despite these potential benefits, the clinical rationale to apply longer durations of high 

power energy delivery in the lung with a single applicator is unclear due to limited 

information on the associated risks and benefits.

Clinical studies report that MWA performed even at low power settings (10– 80 W) can 

cause adverse effects such as pneumothorax [10, 11, 12, 13, 14], bleeding [15], 

bronchopleural fistula [14], and air leak [16]. MWA has been attempted at high power, at 

80–120W[5, 6, 7] and 180 W [3], albeit with energy delivery for a short duration (under 4 

minutes for a single applicator). Despite the short duration of energy delivery, pneumothorax 

requiring a chest tube has been reported in 13 [7]-20% [6] of these cases. Furthermore, 

MWA at high power can rapidly elevate tissue temperature (100°C in less than a minute), 

resulting in desiccation, distortion or contraction of tissue within the ablation in ex vivo lung 

and liver [17]. Hence, there is a need to assess the in vivo dynamics of intra-procedural 

pulmonary parenchyma/tissue distortion within the ablation site, and clarify the risks and 

benefits associated with high power MWA delivered at long durations. The purpose of this 

study was to evaluate high power MWA in an in vivo normal swine lung model and to assess 

the impact of duration of energy delivery on adverse events (AE) and heat sink effects.

MATERIALS AND METHODS

Studies were performed in a swine lung model in vivo with the Emprint™ Ablation System 

incorporating the Thermosphere™ Technology (Medtronic, Boulder, Colorado) in a 

prospective study approved by the Institutional Animal Care and Use Committee. The 

Thermosphere MWA system (2,450 Mhz/100W) was designed to produce spherical zones of 

ablation based on three types of energy control (thermal, field, and wavelength control) [18].

Study design

The primary endpoint of this study was incidence of AEs comparing short (2 minutes, 12 kJ) 

versus long (10 minutes, 60 kJ) duration of energy delivery at a generator power output of 

100 W. The device has an estimated cable efficiency of 60% or cable attenuation of 40%. 
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The 10-minute ablation was considered ‘high’ dose and the 2-minute ablation was 

considered ‘low’ dose. The experimental energy delivery durations were chosen to 

approximately match the lower (17 kJ) and higher (52 kJ) total energy used to perform 

MWA of lung tumors in patients. Secondary endpoints of the study were the incidence of 

heat sink effects and the dose-dependent variations in ablation shape and size.

In Vivo Porcine Lung Ablation

Ten male swine (3–4 months old; weight range, 50–70 kg) were used in the study. The 

animals were sedated, and general anesthesia was maintained using continuous inhalation of 

isoflurane while percutaneous MWA was performed in unilateral swine lung (right lung in 

one animal, left lung in the remaining animals). CT imaging (Lightspeed RTLS, GE 

Healthcare, Milwaukee, Wl) was used for insertion of 2 or 3 antennas per animal, and each 

antenna was used to create a single ablation. Antenna insertion was synchronous, and energy 

delivery was performed sequentially one antenna at a time for each ablation. In total, twenty-

seven sites were treated at 2450 MHz and 100 W, for either 2 minutes (low dose, 18 

ablations in 10 animals) or 10 minutes (high dose, 9 ablations in 9 animals). Intra-procedural 

AEs were collected by monitoring vital signs and through CT fluoroscopy performed at one-

minute intervals. Animals that demonstrated post-ablation pneumothorax underwent 

additional imaging up to 2 hours post-treatment. Chest tube placement was performed only 

in animals with worsening pneumothorax. Animals were euthanized through an intravenous 

overdose of pentobarbital at 2 (n=5) or 28 (n=5) days post-ablation.

CT Imaging and Measurements

Non-contrast and dual-phase (30s and 90s) CT imaging with contrast (Omnipaque 300 

mg/ml; GE Healthcare, Princeton, NJ; 4 ml/s; 2 cc/kg; using auto injector) was performed 

before, during, and within 10 minutes of ablation, and at 2, 7, 14 and 28 days post-ablation. 

Imaging parameters were as follows: tube voltage of 120 kV, tube current as determined by 

automatic exposure control, CT gantry rotation time of 0.8sec, pitch factor of 0.9375, image 

slice thickness of 1.25 mm, and data collection diameter of 500 mm. The ablation zone on 

CT was defined as the region demonstrating ground-glass opacity enclosed within a 

hyperdense rim on lung window settings, and as a non-enhancing region on the mediastinal 

window setting. Figure 1 shows the serial change of CT image following MWA with short- 

and long-duration energy delivery. Treatment-related AEs, including pneumothorax, 

hemorrhage, pneumonia, and cavitation seen on CT were recorded. When consolidation was 

observed at a site other than the ablation zone and elevation of body temperature was 

detected, it was defined as pneumonia. Air density area within the ablated parenchyma, 

which was differentiated from antenna tract or airway, was defined as cavitation. Rapid 

heating and high tissue temperatures during MWA induce rapid desiccation, causing 

distortion of the ablated tissue. Three separate measurements were performed on CT images 

acquired immediately before and after each ablation to record MWA-related distortion of 

lung tissue (See Appendix 1 for details). The distortion ratio was calculated using the 

formula: Distortion ratio = (Db-Da)/Db where Da and Db were the distance between 

anatomic landmarks and the center of the ablation probe measured immediately after or 

before the ablation, respectively. Ablation zone sphericity was calculated using the following 
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formula: Sphericity = Short-axis diameter/Long-axis diameter. Perfect sphere was indicated 

by sphericity of 1.

Pathology Analysis

Immediately following euthanasia at days 2 and 28, the trachea and both lungs were 

removed en-bloc and were formalin-fixed using a gravity assisted fixation technique (See 

Appendix 2 for information on the procedure used for pathology sample and slide 

preparation). Large slides were prepared to capture the entire ablation zone corresponding to 

the largest cross-section on imaging. H&E stained samples were evaluated by a board-

certified veterinary pathologist (S.M.) for evidence of AEs such as airway fistula, severe 

hemorrhage, loss of tissue integrity, and vascular injury. Measurements of the maximum 

width of hyperemic rim or fibrotic rim, maximum diameter of completely ablated bronchus 

or vessel inside the ablation zone, and minimum diameter of incompletely ablated bronchus 

or vessel at the ablation margin were also performed.

Adverse Event Assessment

Adverse event (AE) was assessed based on Society of Interventional Radiology (SIR) 

classification. Major complication was defined as an event that led to substantial morbidity 

and disability, increasing the level of care [19]. All other complications were considered 

minor. Adverse event assessments were performed through regular clinical assessments of 

the animal by an experienced staff veterinarian (L.P), and by the investigators (H.K. and 

E.U.) during planned intra- and post-procedural CT follow-up imaging.

Statistics

Frequency of AEs on CT was compared between short and long duration treatments using 

Fisher’s exact test. Ablation zone size, sphericity, distortion ratio, and the diameter of 

bronchus/vessels inside the ablation zone or at the ablation margin were compared between 

short and long duration treatments using Student’s t test. The distortion ratio was compared 

between pre- and post-treatment shift of anatomical features within and outside the ablation 

zone, and with the contralateral lung. All statistical analyses were conducted using EZR 

software (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a 

graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria) 

(26). A p-value of<0.05 was inferred as indicating a significant difference between 

measurements.

RESULTS

The duration of energy delivery does not impact incidence or severity of adverse events 
seen on CT imaging

The major treatment-related AE was intraprocedural pneumothorax requiring chest tube 

placement, which occurred in 3 of 10 animals (Table 1). Continuous air drainage with wall 

suction was necessary to maintain lung expansion in 2 animals, while the pneumothorax 

stabilized without suction in 1 animal. Pneumothorax in the latter animal was controlled 

using a flutter valve and was observed to resolve on CT imaging on day 2 post-ablation. 

Resource and experimental constraints did not permit continuous wall suction in 2 of 3 

Kodama et al. Page 4

Int J Hyperthermia. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



animals, and they were euthanized within four hours after MWA. Data acquired with these 

animals were included only for evaluation of intra-procedural AE.

Minor post-procedural AEs occurred in 6 of 10 animals, including pneumothorax not 

requiring chest tube placement (n=6), cavitation within the ablation zone (n=1), and 

pneumonia (n=2) (Table 1). Minor pneumothoraces were typically observed within 10 

minutes post-ablation. Cavitation completely enclosed within the ablation site was observed 

with CT imaging at 7-day follow-up in a single animal. The cavitation reduced in size 

without additional intervention. Pneumonia was observed in 2 animals at 7-day follow-up on 

both CT imaging and through clinical assessment of symptoms (high temperatures in both 

animals; coughing and appetite loss in one animal). Both animals recovered after treatment 

with antibiotics (ceftiofur, 3 mg/kg, oral once daily for 3 days). There were no significant 

differences in cavitation (p=1.0) and pneumonia (p=1.0) between the long and short-duration 

energy treatment groups.

The duration of energy delivery does not affect the formation of air-filled needle tract

For the 2 animals with pneumothorax requiring chest tube placement and receiving 

continuous air drainage with wall suction (Table 1), CT images revealed the formation of a 

visible needle tract along the path of ablation probe placement, which allowed passage of air 

from the lung into the pleural space (Figure 2a). Such tract was present in a low dose 

ablation site in one animal, and in a high dose ablation site in another animal. Similar air-

filled needle tracts were observed in 18.5% of all ablations, however these tracts did not 

appear to allow passage of air into the pleural space. Such tracts were observed in 16.7% 

ablations performed at low energy dose and in 22.2% of the high dose ablations, but the 

difference was not found to be statistically significant (p=0.99) (Table 2). Histologic 

examinations of such air-filled needle tracts revealed no evidence of thermal injury at the 

site of the needle tract. The presence of air-filled needle tract or passage of air to the pleura 

was not observed in animals with minor pneumothorax (Table 1).

Increasing the duration of energy delivery does not reduce heat sink effect at the ablation 
boundary

Tissue samples from the two swine that were sacrificed acutely were not included for 

evaluation of heat sink effect on histology samples. Comparison of histopathological 

findings were performed using 22 specimens from 8 animals: 4 long duration and 6 short 

duration ablations from animals sacrificed 2 days post-ablation (n=4), and 4 long duration 

and 8 short duration ablations from animals sacrificed at 28 days post-ablation (n=4). All 

examined airways and blood vessels within the ablation zone appeared completely necrotic 

in samples from both treatment groups at the 2-day time point. The maximal diameter of 

airways and blood vessels observed within ablations zones were 5.1 mm and 4.1 mm, 

respectively. The mean diameter of airways and blood vessels within the ablation zone was 

not significantly different between the two treatment groups (Table 3). Airways and blood 

vessels at the ablation boundary demonstrated incomplete necrosis in both treatment groups. 

Occasional evidence of concave distortion of ablation margin consistent with heat sink effect 

was seen in samples from days 2 and 28 in both treatment groups (Figure 3f). The mean 

Kodama et al. Page 5

Int J Hyperthermia. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



diameter of airways and blood vessels showing incomplete necrosis at the edge of ablation 

zone was not significantly different between the two treatment groups (Table 3).

MWA induces significant intra-procedural distortion of lung parenchyma within the 
ablation

Following MWA, there were considerable changes in the position of anatomic landmarks 

(such as blood vessels and airways) within the ablation site when measured relative to the 

microwave probe. The change in anatomical landmark position was consistent with 

distortion or contraction of tissue, which was significant when compared to untreated 

parenchyma outside the ablation or equivalent measurements performed on the contralateral 

lung (Figure 4). The distortion ratio calculated for the ablation zone was 19.9±20.1 while 

equivalent measurements made in the contralateral lung was 1.9±4.1 (p<0.01). The relative 

position of anatomical landmarks outside the ablation and the center of the ablation did not 

demonstrate significant change (p=0.86), suggesting the distortion effect to be limited to the 

ablation. The distortion ratio was not significantly different between short (18±22) and long 

(24±18) duration energy delivery (p=0.38).

Longer duration MWA yielded larger and more spherical ablations relative to shorter 
duration of energy delivery

Ablation size of longer duration treatments was significantly larger than shorter duration 

treatments (Table 2, Figure 1). Longer energy delivery also duration produced more 

spherical ablation zones when compared with shorter duration energy delivery (Table 2). 

Increased duration of energy delivery was associated with greater increase (76.7%) in the 

short axis diameter of the ablation zone when compared to change in the long axis diameter 

(37.5%). This finding may underlie the increased size and sphericity observed in long-

duration ablations. Using Pearson’s coefficient analysis, the maximum diameter of ablated 

bronchus or vessels on pathological specimen did not correlate with ablation zone size on 

pathological specimen both at day 2 (airway, p=0.14 [long] and 0.25 [short], vessel, p=0.25 

[long] and 0.66 [short]) and day 28 (airway, p=0.16 [long] and 0.13 [short], vessel, p=0.61 

[long] and 0.18 [short]), suggesting that heat sink effects do not affect or reduce ablation 

size.

Histologic patterns of tissue injury and healing are similar following short and long 
duration ablations

Common findings at day 2 included a well-demarcated area of complete coagulation 

necrosis of all structures (alveoli, airways, blood vessels), with a rim of hyperemia, 

hemorrhage, and fibrin exudation in the peripheral portion of the necrotic zone (Figure 3a). 

Variable thermal change, including basophilic discoloration of collagen, was present within 

the area of necrosis. At day 28, common findings included a well-demarcated area of 

complete coagulation necrosis and multifocal calcification of all structures, surrounded by a 

rim of dense fibrosis and inflammation characterized by infiltration of numerous neutrophils, 

macrophages, lymphocytes, and plasma cells (Figure 3b). The calcification observed on 

H&E stained slides was microscopic, and was not detected on CT images. Airway and blood 

vessel perforation were not observed in any of the samples. The architecture of the necrotic 

bronchi was maintained at day 2 (Figure 3d). There was no evidence of airway regeneration 
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or recovery within the ablation zone in either treatment group at day 28 (Figure 3e). Width 

of the hyperemic inflammatory rim at the ablation margin at day 2, and the fibrotic rim at 

day 28 were not significantly different between short and long duration ablations (Table 3). 

Overall, histologic findings and the appearances of cavitation and other features appeared 

remarkably similar in samples from both ablation groups.

DISCUSSION

The results of this study did not reveal any significant differences in the incidence or severity 

of AEs based on the duration of energy delivery during high power MWA in the lung. 

Results also suggest that the major benefit of increasing the duration of energy delivery is 

the creation of ~3 cm spherical ablations with a single applicator. Increasing the duration of 

energy delivery provides more time for heat convection through tissue and thereby may have 

contributed to increasing ablation size radial to the applicator, creating ablations that were 

more spherical in shape. A five-fold increase in the duration of energy delivery yielded 

roughly a three-fold increase in ablation volume, for short and long duration treatments 

respectively, suggesting a proportional relationship between energy delivered and ablation 

volume. MWA generators employ different energy delivery strategies, and our results should 

be considered specific to the generator/antenna combination that we have tested.

Results from this study show that the MWA appears to be well-tolerated. Three animals had 

pneumothorax that required chest tube placement; pneumothorax was eventually stabilized 

in all 3 animals. The experimental design of study, where 2–3 ablations were performed in 

each animal, is not common in clinical practice, and may have inadvertently increased the 

incidence of pneumothorax. CT imaging immediately after the ablation revealed formation 

of air-filled needle tract in 26% of ablations, including 2 cases with passage of air into the 

pleural space. The duration of energy delivery did not influence incidence or severity of this 

finding. Passage of air through the needle tract to the pleura was identified as the underlying 

cause of pneumothorax in some of the animals. While the etiology of air-filled needle tract is 

unclear, this complication may be prevented by adjusting the approach of the probe 

placement [20] and ensuring at least a 2 cm spacing between the boundary of the served 

ablation zone and the pleural surface [21]. The incidence of cavitation observed in our study 

was much lower than the incidence rate (43%) reported by Wolf et al. [22] in patients 

undergoing MWA of lung tumors. Hence, ablation of the normal lung may be less prone to 

cavitation than tumors that may already be largely necrotic. Cavitation within the ablation 

can have both favorable and unfavorable implications. It has been attributed as a significant 

indicator of reduced cancer-specific mortality in patients [22], but at the same time can 

increase the possibility of infection and pneumonia [23]. In our study, 1 of 2 animals with 

pneumonia had cavitation within the ablation, which may have contributed to the 

development of pneumonia. This study was performed with a single device, and AE arising 

from the trauma of applicator placement was not studied. Our reported AE profile may not 

be extensible to other applicators having a different diameter or trocar profile. Likewise, 

other AEs such as skin or chest wall burns are closely related to the control of energy 

delivery at the antenna. While our study does not report such incidents, it is unknown 

whether energy delivery with other device/generator combinations will result in similar 

outcomes.
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In an ex vivo study by Brace et al. [17], where ablations were performed at low power 

energy settings (40 W for 10 minutes), it was reported that normal lung tissue contracted 

15%−50% after MWA. The lung tissue inside the ablation zone contracted significantly 

within the ablation zone in a heterogeneous fashion without any significant difference 

between the two treatment groups. However, it must be noted that even within each ablation 

cohort, significant variation was observed in the measured distortion ratio, and the 

underlying reasons are not readily apparent. While it is evident that MWA ablation can 

induce significant distortion in the lung, predicting the extent of distortion at this point 

remains a challenge. Furthermore, placement of the antenna itself can distort regional 

anatomy, and sham-controlled measurements were not performed to quantify this effect. As 

all measurements were performed following antenna placement in both low and high dose 

groups, we anticipate its contribution to the final distortion in the treated lung to be similar 

for all samples. Distortion effects were present only within the ablation and were not 

observed in normal lung outside the ablation zone. This differential effect suggests that heat 

sensitive structures such as the heart, nerves or pleura will be safe from the effects of MWA-

related distortion as long as the ablation is planned such that these structures remain outside 

the region receiving treatment.

In this study, all bronchi and blood vessels were observed within the ablation zone and were 

completely necrotic, regardless of size and the duration of energy delivery. This suggests 

that tissue temperature during ablation, and not the total time of energy delivery, may be 

crucial to overcome the protective effects of heat sinks within the ablation. However, this 

finding does not extend to the ablation boundary as incomplete ablation or concave 

distortion of the ablation was found in histologic samples of both treatment groups. 

Therefore, adjusting probe placement to include all blood vessels and the airway within the 

ablation zone may be crucial to obtaining good margins during MWA of the lung.

The ability of high power MWA to influence the size of the post-ablation inflammatory rim 

and subsequent immunologic response was the subject of a recent study [24]. The histologic 

findings of this study indicate that duration of energy delivery does not affect the size of the 

inflammatory rim in the acute setting and the fibrotic rim during longer term follow-up. 

Microscopic calcifications were observed in a number of tissue samples on histology, and 

examination of peripheral tissue suggest this may be the result of increased activity of 

macrophages clearing tissue debris at the ablation site. Overall, high power MWA of lung 

tumors may allow complete tumor eradication while preserving immunologic benefits 

associated with thermal ablation.

This study has several limitations. Ablations were performed in normal lung rather than 

tumor; the absence of representative tumor models remains a significant limitation of most 

preclinical large animal studies. The animals that were ablated in this study were young 

animals and in robust health; older patients with co-morbidities and tumor burden may be 

more prone to AEs. Distortion of lung tissue was evaluated only via CT imaging. Since 

multiple ablations were performed in each animal, this design does not allow accurate 

identification of the energy setting that may have caused pneumothorax.
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CONCLUSION

In conclusion, the duration of energy delivery during high power lung ablation does not 

seem to increase the overall risk of ablation-related AEs in a porcine model. The absence of 

heat sink effect and complete tissue destruction within the ablation zone during MWA is 

independent of the duration of energy delivery, supporting longer energy delivery to achieve 

good ablation margins. The number of interventions in each animal, and the ablation size 

may also have contributed to reported AEs, and must be taken in consideration when 

translating our findings to patient treatment.
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Appendix 1: Measurements for evaluating lung distortion in this study

The following measurements were performed on CT images to assess lung distortion:
    • Distance between the center of the ablation zone (low density point on probe) and landmark bronchus/vessel (≥2 
mm in diameter) present within the ablation.
    • Distance between the center of the ablation zone and a landmark bronchus/vessel (≥2 mm in diameter) outside the 
ablation.
    • Distance between bronchi or vessels and fixed anatomical landmarks in contralateral untreated lung.

Measurements in contralateral lung were used to compensate for respiratory motion

The landmark used for measurements on the blood vessel or bronchi was chosen by the presence of anatomical features 
such as a bifurcation or other unique CT imaging feature

Ablations where suitable anatomic landmarks matching our criterion were not found were excluded from evaluation

Appendix 2: Procedure for pathology slide preparation

1. An endotracheal intubation tube was placed into the trachea, and whole lungs were fixed by instillation of 10% 
neutral buffered formalin (NBF) solution into the airway with pressure of 0.04 MPa for 30 minutes.

2. Following fixation, the treated lung was examined to identify needle insertion tracts, and ablation zones were 
sectioned parallel to the tract when identified.

3. The entire lung was step-sectioned at 3–5 mm intervals when the needle path could not be observed.

4. The representative ablation sections were fixed in 10% NBF solution, processed routinely in ethanol and xylene, 
embedded in paraffin, sectioned at 4-μm thickness, and stained with hematoxylin and eosin.

5. The largest cross section of each ablation with surrounding untreated lung parenchyma was captured in large 
histology slides.
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Figure 1. Serial change of CT image following microwave ablation at high power
CT images taken before ablation (a,c) and within 10 minutes after ablation (b,d) for short 

(a,b) and long (c,d) duration energy delivery. Compared to CT before ablation (a, c), low 

density area appeared around the electrode, surrounded by ill-demarcated consolidation on 

CT immediately after both short (b) and long duration (d) energy delivery. Ablation after 

long duration (d) treatment appears more spherical when compared to short duration (b) of 

energy delivery. Dotted lines demarcate the ablation zone from untreated lung.
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Figure 2. Complications
a) Pneumothorax; Pneumothorax appeared immediately after the removal of the antenna (*). 

This lesion was ablated with short duration of energy delivery. Air-filled needle tract 

connecting to pleural space (yellow arrow) was also visible. b) Cavitation within the 

ablation; Cavitation (blue arrow) was seen on CT at 7 days after the treatment and was 

completely enclosed with the ablation. This lesion was ablated with long duration of energy 

delivery. Dotted lines demarcate the ablation zone from untreated lung.
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Figure 3. Histology of ablation zone
Histological specimen at day 2 (a, 1,25x, short duration) shows a well demarcated area of 

complete coagulation necrosis with a rim of hyperemia, hemorrhage, and fibrin exudation at 

the edge of the area of necrosis. At day 28, a rim of dense fibrosis and inflammation 

characterized by infiltration by numerous neutrophils, macrophages, lymphocytes, and 

plasma cells is seen (b, 1.25x, long duration). Some lesions show cavitation within the dense 

rim (c, 1.25x, short duration). All bronchi were completely ablated inside the ablation zone. 

At day 2, the structure, including epithelium (blue arrow) or cartilage (yellow arrow) of 

bronchus is maintained (d, 20x, short duration energy delivery), but is destroyed at day 28 

(e, 20x, short duration energy delivery). A 5mm pulmonary artery at the edge of the necrotic 

zone shows incomplete necrosis, and the ablation zone margin is concaved (f, 1.25x, short 

duration energy delivery). A, ablated area; M, ablation margin; N, non-ablated area; *, 

antenna tract; V, pulmonary vein. Dotted lines demarcate the ablation zone from untreated 

lung.
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Figure 4. Distortion of lung tissue following high power microwave ablation
Distances between the center of the ablation zone, and bronchus or large vessels both inside 

(yellow arrow) and outside (blue arrow) the ablation zone were measured on CT images 

before (a) and immediately after ablation (b). The distance between the ablation center and 

these structures decreased significantly within the ablation when compared with structures 

outside the ablation zone, or equivalent measurements performed in untreated contralateral 

lung. (c). The distortion ratio between short (2 min) and long duration (10 min) was not 

significantly different (d). Dotted lines demarcate the ablation zone from untreated lung.
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Table 1:

Adverse Event Results

No. of ablation Follow-
up
(days)

Complication

Animal
No.

High dose
(100W/10min)

Low dose
(100W/2min)

SIR
criteria

Severity Details

1 1 1 2 C Major Pneumothorax requiring
chest tube

2 1 1 2 A Minor Pneumothorax

3 1 2 28 A Minor Pneumothorax

4 1 2 28 -

5 1 2 28 A Minor Pneumothorax

6 1 2 0 C or
more Major Pneumothorax requiring

chest tube

7 1 2 28 A Minor Pneumothorax

8 1 2 28 B Minor Pneumothorax with
pneumonia

9 1 2 28 B Minor Cavitation at ablation
site with pneumonia

10 0 2 C or
more Major Pneumothorax requiring

chest tube

Total Major complication rate: 30%
(3/10)

9 18 Minor Complication rate: 60%
(6/10)
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Table 2:

CT findings at day 0

Short duration
Long

duration
p-value

Air-filled needle tract

    Yes 3 2 NS

    No 15 7

Passage of air through needle tract
to pleural cavity

    Yes 1 1 NS

    No 17 8

Long-axis diameter (cm)

    Mean±SD 2.4±0.5 3.3±0.4 <0.001

    Range 1.4–3.4 2.6–3.8

Short-axis diameter (cm) 1.3±0.4

    Mean±SD 2.3±0.3 <0.001

    Range 0.7–2.0 1.7–2.9

Volume (cm3)

    Mean±SD 3.4±1.7 8.9±3.1 <0.001

    Range 1.3–6.9 3.7–12.5

Sphericity

    Mean±SD 0.56±0.13 0.70±0.10 0.01

    Range 0.34–0.74 0.56-0.85

Distortion ratio (%)

    Mean±SD 18±22 24±18 NS

    Range 4–67 5–45
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Table 3:

Histological findings at day 2 and 28

Short duration Long duration p-value

Day 2

    Airways within Ablation (Complete Necrosis) (mm)

        Mean±SD 3.2±1.5 2.5±1.3 NS

        Range 0.6–5.1 0.7–3.7

    Vessels within Ablation (Complete Necrosis) (mm)

        Mean±SD 1.5±1.2 2.5±1.1 NS

        Range 0.2–3.3 1.9–4.1

    Airways at Ablation Boundary (Incomplete Necrosis) (mm)

        Mean±SD 2.0±2.0 2.8±3.0 NS

        Range 0.3–5.5 0.6–7.2

    Vessels at Ablation Boundary (Incomplete Necrosis

        Mean±SD 2.5±1.1 1,5±1.2 NS

        Range 0.5–3.1 1.0–4.0

    Width of hyperemic rim (mm)

        Mean±SD 2.6±0.9

        Range 1.5–3.3 1.8–3.7 NS

Day 28

    Width of fibrotic rim (mm)

        Mean±SD 1.9±0.6 2.1 ±0.1 NS

        Range 1.0–2.5 2.0–2.2

Int J Hyperthermia. Author manuscript; available in PMC 2019 December 01.


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Study design
	In Vivo Porcine Lung Ablation
	CT Imaging and Measurements
	Pathology Analysis
	Adverse Event Assessment
	Statistics

	RESULTS
	The duration of energy delivery does not impact incidence or severity of adverse events seen on CT imaging
	The duration of energy delivery does not affect the formation of air-filled needle tract
	Increasing the duration of energy delivery does not reduce heat sink effect at the ablation boundary
	MWA induces significant intra-procedural distortion of lung parenchyma within the ablation
	Longer duration MWA yielded larger and more spherical ablations relative to shorter duration of energy delivery
	Histologic patterns of tissue injury and healing are similar following short and long duration ablations

	DISCUSSION
	CONCLUSION
	Appendix 1: Measurements for evaluating lung distortion in this study
	Table T4
	Appendix 2: Procedure for pathology slide preparation
	Table T5
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1:
	Table 2:
	Table 3:

