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Background: Transbronchial microwave ablation (MWA) is a promising novel therapy. Despite advances 
in bronchoscopy and virtual navigation, real time image guidance of probe delivery is lacking, and distal 
maneuverability is limited. Cone-beam computed tomography (CBCT) based augmented fluoroscopy 
guidance using steerable sheaths may help overcome these shortcomings. The aim of this study was to 
evaluate feasibility and accuracy of augmented fluoroscopy guided transbronchial MWA with a steerable 
sheath and without a bronchoscope.
Methods: In this prospective study, procedures were performed under general anesthesia. Extra-bronchial 
lung synthetic targets were placed percutaneously. Target and airways extracted from CBCT, with planned 
bronchial parking point close to the target were overlaid on live fluoroscopy. Endobronchial navigation 
was solely performed under augmented fluoroscopy guidance. A 6.5 Fr steerable sheath was parked in the 
bronchus per plan, and a flexible MWA probe was inserted coaxially then advanced through the bronchus 
wall towards the target. Final in-target position was confirmed by CBCT. Only one ablation of 100 W-5 min 
was performed per target. Animals were euthanized and pathology analysis of the lungs was performed.
Results: Eighteen targets with a median largest diameter of 9 mm (interquartile range, 7–11 mm) were 
ablated in 9 pigs. Median needle-target center distance was 2 mm (interquartile range, 0–4 mm), and was 
higher for lower/middle than for upper lobes [0 mm (interquartile range, 0–4 mm) vs. 4 mm (interquartile 
range, 3–8 mm), P=0.04]. No severe complications or pneumothorax occurred. Two cases of rib fractures in 
the ablation zone resolved after medical treatment. Median longest axis of the ablation zone on post-ablation 
computed tomography was 38 mm (interquartile range, 30–40 mm). Histology showed coagulation necrosis 
of ablated tissue.
Conclusions: Transbronchial MWA under augmented fluoroscopy guidance using a steerable sheath is 
feasible and accurate. 
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Introduction

Bronchoscopic delivery of microwave energy through 
the airways using a flexible probe, proposed in 2013 
by Ferguson et al. (1), aims to decrease complications 
related to percutaneous transpleural probe placement, 
namely pneumothorax (2). Pre-clinical studies (3,4) have 
demonstrated feasibility and early trials demonstrate 
encouraging results in humans (5-8). Despite technical 
advances, such as virtual navigation with electromagnetic 
n a v i g a t i o n  b r o n c h o s c o p y  ( E N B )  ( 9 ) ,  r o b o t i c  
bronchoscopy (10), ultrathin bronchoscopy and radial 
endobronchial ultrasound, transbronchial microwave 
ablation (MWA) faces two major limitations. Guidance 
wise, simultaneous visualization of probe delivery and 
accurate assessment of its position in the target are lacking. 
Indeed, although this is possible with radial endobronchial 
ultrasound, most virtual navigation bronchoscopy 
techniques rely on preprocedural computed tomography 
(CT) imaging and are thus subject to “CT to body 
divergence” that decreases navigation accuracy (11,12). 
Device wise, the bronchoscopic approach is associated 
with limited stability and flexibility when targeting 
peripheral lung nodules, despite improvements with robotic 
bronchoscopy (10,13). These drawbacks become particularly 
relevant in interventional oncology, where accurate probe 
placement in the tumor and ability to contemporaneously 
visualize the ablation zone are key for technical success and 
local tumor control (14). 

Fluoroscopy and cone-beam computed tomography 
(CBCT) may help overcome these limitations (15,16). 
CBCT provides intraprocedural three-dimensional 
imaging from which structures of interest can be extracted 
and overlaid on fluoroscopy: this augmented fluoroscopy 
provides a real-time three-dimensional roadmap guidance 
that has been shown to increase endobronchial biopsies’ 
diagnostic yield when used with ENB (17,18). In spite 
of lack of direct visualization, de Ruiter et al. recently 
showed that augmented fluoroscopy allows the operator to 
accurately navigate steerable sheaths through the airways 

and perform biopsies without the use of a bronchoscope 
(19,20). Contrary to electromagnetic navigation and 
intermittent cone-beam CT, this real-time fluoroscopy 
offers the possibility to target moving lesions and/or nodules 
located outside the airways that would not be directly 
visualized on bronchoscopy. CBCT can also accurately 
assess probe positioning with respect to the targeted nodule 
(11,21) as well as the ablation zone shape and dimensions 
and monitor treatment effect (22). Additionally, given 
their smaller outer diameter compared to bronchoscopes, 
steerable sheaths might offer increased maneuverability 
in certain specific presentations, and have been shown to 
offer increased accuracy compared to precurved guiding 
sheaths (19,20). However, successful MWA of lesions 
located beyond the airways using this novel approach—
i.e., steerable sheaths and augmented fluoroscopy without 
bronchoscopy—has not been previously evaluated.

In this study, it was hypothesized that navigation under 
CBCT-based augmented fluoroscopy guidance using 
a steerable sheath and other common interventional 
radiologic techniques and supplies allows transbronchial 
MWA of extra-bronchial targets without the use of 
bronchoscopy. The primary aim was to evaluate feasibility 
and accuracy of CBCT-based augmented fluoroscopy 
guided transbronchial MWA in an in vivo swine lung model 
with tumor mimicking targets. The secondary aim was to 
describe histological and correlative radiological findings. 

We present the following article in accordance with 
the ARRIVE reporting checklist (available at https://tlcr.
amegroups.com/article/view/10.21037/tlcr-21-864/rc).

Methods

Experiments were performed under an animal study 
protocol (No. 07-11-018) and approved by the Institutional 
Animal Care and Use Committee. Animals housings 
were accredited by the Association for Assessment and 
Accreditation of Laboratory Animal Care International 
and in compliance with the United States Department of 
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Agriculture Animal Welfare Act and the Guide for the Care 
and Use of Laboratory Animals.

Procedures and follow-up

Procedures were performed by three interventional 
radiologists (M.G., F.R., S.B.S.) with 3–20 years of 
experience in endovascular and percutaneous procedures. 
Pigs were in a supine position and under general 
inhalational anesthesia with isoflurane (1–5%). To simulate 
extra-bronchial lung tumors, two synthetic targets were 
placed for each pig in separate lobes and outside the airways. 
Targets were equally distributed between upper/middle 
and lower lobes and between left and right lungs. Each 
target consisted of a 0.1–0.2 mL mixture of ethiodized oil: 
n-butyl cyanoacrylate at 2:1 or 3:1 ratio added to 0.2–0.3 g  
of Tantalum Powder (Trufill, Cordis, Miami Lakes, FL, 
USA). The solution was percutaneously injected through a 
21G-22G needle under CT guidance. A non-contrast CT 
scan of the chest was repeated after percutaneous injection 
of lung targets to rule out eventual complications and 
confirm target positioning outside the airways.

After target placement, the pig was transferred to the 
angiosuite (Innova 4100, GE Healthcare, Chicago, IL, 
USA). A middle inspiration breath hold CBCT of the 
chest was obtained for navigation planning and processed 
on a dedicated GE workstation: using a semi-automatic 
extraction tool, the target lesion, the airways to be navigated 
and the origins of the other bronchi in the ipsilateral lobe 
were extracted; the operator then determined a desired final 
position of the steerable sheath in an airway in proximity to 
the target, landmarked as “parking point”. Parking point, 
target volume, and segmented airways were automatically 
overlaid on live fluoroscopy (ASSIST software, GE 
Healthcare, IL, USA) to guide the endobronchial 
navigation. Augmented fluoroscopy provided a real-time 
three-dimensional roadmap updated automatically with 
any change in table position, image intensifier rotation, or 
magnification. Transbronchial MWA navigation planning 
and guidance steps are illustrated in Figure 1. The interested 
reader can find imaging acquisition parameters detailed in 
Appendix 1.

Endobronchial access was obtained through a 3.5-mm  
laparoscopic trocar or a 5-mm ENDOPATH XCEL 
Bladeless Trocar® (Ethicon, Johnson & Johnson, USA) 
placed in a T-connector connected to the endotracheal 
tube. The laparoscopic trocar provided the seal at the 
endotracheal tube to avoid any air leakage around the 

steerable sheath. Endobronchial navigation was performed 
under augmented fluoroscopy only, without bronchoscopy. 
The primary approach involved navigating through airways 
to the intended parking point using only a 6.5 Fr steerable 
sheath (65 or 90 cm length; Destino Twist, Oscor Inc., FL, 
USA) (Figure 1C,1D). When this approach was unsuccessful, 
a 4-Fr or 5-Fr vascular catheter with or without 0.035” 
guidewire was used to navigate the steerable sheath to 
parking point (secondary approach).

Once at parking point, the catheter’s steerable tip was 
used to aim for the target under augmented fluoroscopy. 
While the steerable sheath’s tip remained in the parking 
position, the flexible probe was introduced through the 
steerable sheath’s lumen. Once outside the steerable 
sheath, the probe was advanced through the bronchial wall 
towards the target under augmented fluoroscopy. Indeed, 
the MWA probe has a sharp tip that allows to penetrate 
the wall of the airway and travel across the pulmonary 
parenchyma. When the probe positioning was deemed 
optimal based on augmented fluoroscopy, a breath hold 
confirmatory CBCT was performed (Figure 1E). If the 
probe position was incorrect, the probe was repositioned 
at the operator’s discretion under augmented fluoroscopy, 
and the confirmatory CBCT was repeated. Navigation to 
technically challenging locations requiring a sharp curve of 
the sheath is illustrated in Figure 2A,2B. 

Two types of flexible MWA probes (FLEX4 and FLEX 
6, NEUWAVE, Ethicon, Johnson & Johnson) were 
provided by the manufacturer for the study. The interested 
reader can find FLEX probe and system presentation, 
including photos and technical details in Appendix 1. 
Regardless of target size and location, each target was only 
ablated once at a power of 100 W for 5 minutes. After the 
end of MWA, a CBCT was acquired at 10–15 minutes  
to assess for target coverage by the ablation zone and 
eventual complications (Figure 2C,2D). The sheath and 
probe were then removed from the pig’s airways, and the 
operator navigated and ablated the second target following 
the same procedural steps. A non-contrast and a contrast 
enhanced CT scan of the chest were obtained immediately 
after (Figure 1F), at 24 h, each following week, and before 
euthanasia. 

Clinical parameters including animal’s appetite, cough, 
and temperature were monitored daily. Pigs were euthanized 
at the following time points: immediately, 24–48 h, 7–8 days,  
13–15 days, and 19 days after MWA, and pathology analysis 
of the lungs was performed, including measurement of 
ablation margins (Figures 3,4) and examinations of airways, 
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as detailed in Appendix 1. The aim of the euthanasia at 
different survival time points was to evaluate the histological 
modifications of the ablation zone and surrounding lung 
parenchyma over time.

Study endpoints 

Feasibility was defined as the ability to navigate using 
only augmented fluoroscopy without a bronchoscope and 
perform a transbronchial MWA following predefined MWA 
parameters (100 W-5 minutes). Navigation accuracy was 
measured on final confirmatory CBCT performed before 
MWA as the shortest distance in millimeters between the 
probe and the center of the target. Similarly, the distance 

between the steerable sheath’s tip, when at parking position, 
and the target’s center was measured to evaluate the travel 
distance of the probe outside the sheath and airways through 
the lung parenchyma. Navigation times were measured as 
the time interval in minutes between the introduction of 
the steerable sheath through the endotracheal tube until: 
(I) reaching the parking point and (II) correct positioning 
of the probe in the target on final confirmatory CBCT. 
The number of confirmatory CBCTs performed (excluding 
initial CBCT used for navigation planning) was recorded. 
Complications were reported according to the SIR grading 
system (23).

Ablation zone was defined as the non-enhancing region 
or the ground glass opacity with a dense rim (24), and was 

Figure 1 Transbronchial microwave ablation under cone-beam computed tomography based augmented fluoroscopy guidance. Using 
semi-automatic segmentation on a dedicated GE workstation, the target (white arrow), the targeted airway and the origins of the other 
bronchi in the ipsilateral lobe were segmented on CBCT (A). The operator determined the desired final position of the sheath in an airway 
at proximity of the target (white arrow), landmarked as “parking point” (dotted white arrow, B). Extracted structures, here displayed in 
volume rendering mode (B), were automatically overlaid on live fluoroscopy (ASSIST software, GE Healthcare, IL, USA) to guide the 
endobronchial navigation (C,D). First step of navigation consisted of parking the steerable sheath’s tip (black arrow) at the parking point (C). 
Once the steerable sheath’s tip was aimed towards the target, the flexible MWA probe (dotted black arrow, D) was inserted and advanced 
transbronchially in the target (white arrow), while the sheath remained in the airway (D). CBCT was repeated to confirm the probe’s 
position in the target (white arrow) before ablation (E). The procedure was successful, with the ablation zone (white arrowheads) covering all 
the target (white arrow) with ≥2 mm ablation margins, as shown on post-procedural CT coronal section (F). CBCT, cone-beam computed 
tomography; CT, computed tomography; MWA, microwave ablation.

A B C
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measured on post-procedural CT multiplanar reformatted 
images (25) created from non- and post-contrast acquisitions: 
longest axis diameter (LAD) parallel to the probe’s insertion 
direction, and two orthogonal shortest axis diameters (SAD1 
and SAD2). Cavitation on imaging was defined as an air-
filled cavity in the ablated parenchyma, excluding the probe’s  
tract (26). The same ablation zone measurements were 
performed on gross section images. Since ablation time, 
power adjustments, and/or a second ablation were not 
allowed, ablation margins were not study endpoints. 

Statistical analysis

Continuous and categorical variables were described as 
medians [interquartile ranges (IQR)] and raw numbers 
(proportions, percentages), respectively. Navigation approach 

(primary vs. secondary) and cavitation on pathology were 
compared using Fisher’s test. Navigation distances, navigation 
times, number of confirmatory CBCTs, and ablation zone 
dimensions on pathology were compared between lobes 
using Mann-Whitney test. Ablation zone dimensions at 
imaging time points were compared using Friedman test, and 
Wilcoxon signed-rank tests with a Bonferroni correction was 
used for post hoc analysis. Statistical analysis was performed 
with SPSS (IBM Corp. Released 2019. IBM SPSS Statistics 
for Windows, Version 26.0). A P value <0.05 was considered 
statistically significant.

Results

Pigs and targets characteristics 

Nine Yorkshire pigs were included in this study. Eighteen 

A B

C D

Figure 2 Example of a technically challenging location in left upper lobe. In cases where a sharp curve of the steerable sheath was required, 
typically for upper lobe targets (white arrow) as shown in this example on real time augmented fluoroscopy images (A,B), the probe was 
preloaded in the steerable sheath before navigation. Once the parking point was reached, the probe tip was pulled back 1–3 cm upstream 
of the sheath end to avoid compromising the flexibility of the sheath’s tip. The steerable sheath’s tip was then used to aim for the center of 
the target as previously described, and the MWA flexible probe (black arrow) was advanced. Once this sharp curve was crossed, the sheath’s 
tip partially lost its flexibility. In this case, the MWA probe was successfully placed in the target, with a final 5 mm distance from the target 
center. Post-ablation CBCT (axial in C and sagittal in D) showed complete coverage of the target by the ablation zone (white arrowheads). 
Note the slight distortion of the bronchial anatomy induced by the introduction of the steerable sheath and the probe (A). CBCT, cone-
beam computed tomography; MWA, microwave ablation.
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A B

C D

2 mm

Figure 3 Ablation zone imaging and correlation with histology. Post-ablation CT showing the ablation zone as a ground glass opacity with 
a peripheral dense rim (white arrowheads) entirely covering the target (white arrow) (A). On the correspondent gross section image, a well-
demarcated area of discoloration (coagulation necrosis) surrounded by a fibrotic rim (white arrowheads) is seen (B). Slices were imaged 
using Faxitron MX20 Specimen Radiography System to confirm target presence in the ablated area (C). Gross image (B) and corresponding 
radiography (C) were merged and rescaled (D), which allowed to measure minimal and maximal margins using image J software. Here, the 
minimal ablation margin is illustrated, measured at 2 mm (D). CT, computed tomography.

A B a b

c d

a

b c

d

5 mm

Figure 4 Macroscopic and histological evaluation of ablation zone. Example of an upper lobe ablation zone examined 24 h after ablation. 
On macroscopic examination, an ablation zone was immediately apparent as a well-demarcated area of discoloration, with a global ovoid 
form and a longest diameter parallel to the probe’s tip axis (A). On the corresponding histology section stained with hematoxylin and eosin (B, 
scale bar =5 mm), three zones were noted from the center to the periphery: coagulation necrosis of all structures (alveoli, airways, and blood 
vessels) with thermal change (hyalinization of tissues) (a), coagulation necrosis of all structures (alveoli, airways, and blood vessels) with 
vascular thrombosis, hemorrhage, and edema (b) and viable tissue with acute interstitial inflammation (neutrophils, macrophages, edema) 
and inflammatory exudate in airways (fibrin, neutrophils) (c). Peripheral lung tissue was normal (d). Note an air-filled cavity seen on both 
gross image (white arrow in A) and corresponding histology (black arrow in B). Photomicrographs’ scale bar =100 μm (a-d). 
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synthetic targets with a median largest diameter of 9 mm 
(IQR, 7–11 mm) were ablated. Ten (10/18, 56%) targets 
were in the middle third of the lung, and 8 (8/18, 44%) were 
located at the peripheral third. No CT bronchus sign was 
observed. Complications after transthoracic percutaneous 
target placement occurred in 4 (4/9, 44%) pigs: 2 (2/9, 
22%) small, asymptomatic and stable pneumothoraxes 
not requiring chest tube placement, 1 (1/9, 11%) minimal 
asymptomatic intra-alveolar hemorrhage that resolved 
without intervention (grade: mild), and 1 (1/9, 11%) 
complete and symptomatic pneumothorax that required 
an 8.5-Fr pigtail catheter placement (grade: moderate). 
The pneumothorax was completely drained before starting 
the procedure, which did not affect the endobronchial 
navigation. The chest drain was removed the second day. 
It is worth mentioning that these complications occurred 
following target placement in lungs and were not due to the 
transbronchial MWA procedure. Targets characteristics are 
detailed in Table 1.

Feasibility, navigation accuracy and time

Transbronchial MWA using augmented fluoroscopy 
guidance and without a bronchoscope was feasible in all 
target locations. Median needle to target distance was 2 mm 
(0–4 mm). Accuracy was higher for lower/middle than for 
upper lobes [0 mm (IQR, 0–4 mm) vs. 4 mm (IQR, 3–8 mm), 
P=0.04]. The primary approach using only a steerable sheath 
allowed adequate navigation in 11 (11/18, 61%) targets, and 
was more frequently used for middle/lower lobes. Median 
navigation time to reach the parking point and the target 
were, respectively, 6.5 minutes (IQR, 3.3–22 minutes) 
and 27 minutes (IQR, 13–40 minutes). Navigation times 
were shorter for middle/lower lobes. Similarly, navigation 
time to target decreased with experience, with a median of  
36 minutes (IQR, 20–73 minutes) for the first three pigs vs. 
24 minutes (IQR, 12–39 minutes, P=0.3) for the following 
pigs. Probe positioning was correct the first time in most 
cases (10/18, 56%), with only one confirmatory CBCT 
required. The MWA probe was repositioned only once, 
which required a second confirmatory CBCT, in 5 cases 
(5/18, 28%). Navigation outcomes and comparisons are 
detailed in Table 2.

Table 1 Pigs (total =9) and targets (total =18) characteristics

Variables Median [IQR] or numbers [%]

Sex

Female 6 [67]

Male 3 [33]

Age (months) 3.5 [3.3–4.0]

Weight (kg) 44 [41–45]

Post ablation survival 

0 Day 1 [11]

1 Day 2 [22]

7–8 Days 2 [22]

13–19 Days 4 [45]

Target dimensions (mm)  

Largest diameter 9 [7–11]

Smallest diameter 6 [4–7]

Target side 

Right 11 [61]

Left 7 [39]

Target lobe

Upper  7 [39]

Middle 2 [11]

Lower 9 [50]

Target segment

Apical 5 [28]

Anterior 6 [33]

Medial 1 [6]

Lateral 6 [33]

CT bronchus sign† 0 [0]

Target zone

Peripheral third of lung 8 [44]

Middle third of lung 10 [56]

Target distance from visceral 
pleura or chest wall (mm)

12 [6–20]

†, targets were placed percutaneously outside the airways. CT, 
computed tomography; IQR, interquartile range.
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MWA outcomes and imaging findings

On immediate post-procedural CT, the ablation zone 
consisted of consolidation with hypodense non-enhancing 
center in 13 ablations (13/18, 72%), ground glass opacity 
with a dense rim in 2 ablations (2/18, 11%), and only 
ground glass opacity in 3 ablations (3/18, 17%). On 
immediate post-procedural CT, median LAD was 38 mm 
(IQR, 30–40 mm). Ablation zone size peaked on day 7–8 
then decreased on day 13–19 (Table 3). Cavitation was 
immediately observed after 10 ablations (10/18, 56%), 
and partially decreased in size or remained stable on 1 and 
2 weeks follow-up. In 9 ablations (9/18, 50%), there was 
atelectasis, consolidation, and/or air bronchograms in the 
parenchyma, downstream from the parking point. No signs 
of pulmonary infarct were observed. 

Complete coverage of the target by the ablation zone 

was achieved in 17 (17/18, 94%) targets. In the single case 
where the target was outside the ablation zone, the target 
was in the anterior part of the left upper lobe, with a final 
needle-target distance of 10mm. The probe exited a large 
airway (>5 mm) and was immediately in contact with a 
large (>5 mm) pulmonary artery, which may have resulted 
in heat-sink effects and yielded a small ablation zone of 
15×12×10 mm3 on CT. The median maximum temperatures 
reached during ablation and at the end of the ablation 
were measured through the flexible probe thermocouple at 
88.5 ℃ (IQR, 83–90 ℃) and 73.5 ℃ (IQR, 66.3–79.5 ℃), 
respectively. 

Safety

No severe or life-threatening complications occurred during 
transbronchial MWA, in particular, no pneumothorax or 

Table 2 Navigation outcomes

Variable
Total targets 

(n=18)
Upper lobes 

(n=7)
Middle/Lower 
lobes (n=11)

P

Parking point

Bronchus order –

Second 1 (5.5%) 1 (14%) 0 (0%)

Third 11 (61%) 5 (72%) 6 (55%)

Fourth 5 (28%) 1 (14%) 4 (36%)

Fifth 1 (5.5%) 0 (0%) 1 (9%)

Parking point-target distance (mm) 15 [8–22] 13 [10–16] 15 [8–23] –

Navigation technique

Primary approach (steerable sheath) 11 (61%) 3 (43%) 8 (73%) 0.33

Secondary approach (catheters and wires) 7 (39%) 4 (57%) 3 (27%) –

Needle-target center distance (mm) 2 [0–4] 4 [3–8] 0 [0–4] 0.04

Time from start of navigation till reaching parking point (minutes)†  6.5 [3.3–22] 19 [10–27] 5 [3–10] 0.15

Time from start of navigation till reaching target (minutes) 27 [13–40] 36 [24–58] 24 [12–36] 0.08

Number of confirmatory CBCTs till final probe positioning 1 [1–2] 2 [1.5–2] 1 [1–1.5] 0.16

Cumulative air Kerma (Gy) per pig (2 targets)‡ 0.66 [0.62–0.85] – – –

Dose area product (Gy.cm2) per pig (2 targets)‡ 163 [129–200] – – –

Fluoroscopy time (min) per pig (2 targets)† 28 [23–41] – – –

Continuous variables are presented as medians [interquartile ranges] and categorical variables are presented as raw numbers (percentages). 
†, median navigation time to reach the parking point was not statistically significantly different between second and third order vs. 
fourth and fifth order bronchi, measured respectively at 9 minutes (IQR, 4.5–23.5 minutes) and 6 minutes (IQR, 3–11 minutes) (P=0.2). ‡, 
cumulative Air Kerma, dose area product and fluoroscopy time were measured for each pig (2 targets per pig), with a mean of 0.37 Gy, 
81.7 Gy.cm2 and 15 min respectively per target. CBCT, cone-beam computed tomography.
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hemorrhage. Post-procedural pain (inappetence) occurred 
in 1 pig (Pig 8) and was treated medically (buprenorphine 
0.005 mg/kg intravenously and meloxicam 0.4 mg/kg 
injectable or oral). Rib fractures were observed in the 
ablation zone in 2 pigs (Pigs 6 and 7) and were treated 
medically (grade: moderate). These ablations were in the 
apical segment of the right upper lobe, which is particularly 
narrow in pigs, and both ablation zones covered adjacent  
ribs (27). A slight pleural effusion was observed in 1 pig (Pig 7)  
the day following MWA and spontaneously resolved on 
1-week follow-up (grade: mild). Pig 7 also had inappetence, 
intermittent cough and leukocytosis on day 9, but no fever 
or new consolidation on imaging were observed. Symptoms 
resolved after 3 days of intramuscular injections of ceftiofur 

at 4 mg/kg (grade: moderate).

Pathology

Eight pigs had histopathologic analysis for a total of 16 
ablated targets. The first study pig only underwent post-
procedural CT analysis before euthanasia. At macroscopic 
examination, ablation zones appeared as well-demarcated 
areas of discoloration with an ovoid form (Figure 3B, 
Figure 4A and Figure 5A). Heat sink effect in contact 
with >3 mm vessels and >3 mm bronchioles occurred in 6 
(6/16, 38%) targets. An example of heat sink effect seen 
on both macroscopic examination and corresponding 
histology section is shown in Figure 5A,5B. Ablation zone 

Table 3 Evolution of ablation zone dimensions on imaging follow-up.

Ablation zone 
dimensions 

CBCT 10–15 minutes 
after end of ablation

Same day  
post-procedural CT

Day 1 CT Day 7–8 CT Day 13–19 CT P

LAD (mm) 38 [33–42] 38 [30–40] 43 [37–48] 45 [37–51] 29 [24–41] 0.02*

SAD1 (mm) 25 [20–27] 28 [22–30] 27 [24–30] 27 [22–30] 22 [19–25] –

SAD2 (mm) 23 [19–26] 26 [20–28] 27 [21–31] 28 [22–33] 21 [20–23] –

Continuous variables are presented as medians [interquartile range]. *, there was a statistically significant difference in ablation zone LAD 
depending on the day of imaging assessment (P=0.02). Post hoc analysis with Wilcoxon signed-rank tests was conducted with a Bonferroni 
correction applied, resulting in a significance level set at P<0.017. Median LAD increased from post-procedural CT to days 7–8 (P=1) then 
decreased from days 7–8 to days 13-19 (P=0.012). CBCT, cone-beam computed tomography; CT, computed tomography; LAD, longest axis 
diameter; SAD, shortest axis diameter.

A B a b

c d

a b

c

d

2 mm

Figure 5 Ablation zone with heat sink effect. Example of heat sink effect (arrow in A and B) in contact with a 3-mm artery, here shown 
on an examination performed 8 days after ablation, on both macroscopic examination (A) and corresponding histology section stained 
with hematoxylin and eosin (B, scale bar =2 mm). Three zones were noted from the center to the periphery (B): coagulation necrosis with 
thermal change (a), coagulation necrosis with marked neutrophilic and histiocytic inflammation, hemorrhage, and edema (b) and viable 
tissue with fibrosis, epithelial hyperplasia, and neutrophilic inflammation of airways and alveoli (c). Peripheral lung tissue was normal (d). 
Photomicrographs’ scale bar = 100 μm (a-d).
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dimensions on gross pathology were larger in upper lobes 
and peripheral targets (Table 4). LAD on gross pathology 
correlated well with LAD on the CT done the day of 
euthanasia (Pearson correlation coefficient =0.80, P<0.01). 

On histology (Figure 4B), ablation zones were composed 
of three zones in pigs euthanized at 24 h after ablation, 
from center to periphery: (I) coagulation necrosis with 
thermal change, (II) coagulation necrosis with vascular 
thrombosis, hemorrhage, and edema, and (III) viable tissue 
with acute interstitial inflammation. In pigs that survived 
7–8 days (Figure 5B), inflammation zone displayed fibrosis 
and epithelial hyperplasia of airways and alveoli. Fibrosis 
was more apparent in pigs euthanized after 2 weeks. The 
lung tissue outside the ablation zone was normal. Air-filled 
cavitation (Figure 4A,4B) in the necrotic zone occurred in 
10 (10/16, 63%) cases. Additional findings and ablation 
margins are in Table 4.

Discussion

This is the first study demonstrating feasibility and 
accuracy of transbronchial MWA under CBCT- augmented 
fluoroscopy guidance using only a steerable sheath without 
bronchoscopy. In a swine model with extra-bronchial tumor 
mimics, the procedure was feasible in all target locations, with 
a final median distance from the needle to the target center 
of 2 mm, and no ablation-related pneumothorax or life-
threatening complications. This high accuracy is in line with 
a previous study on CBCT-augmented fluoroscopy guidance 
that reported a 4.0–4.9 mm error for airway navigation 
with the same sheath but without tumor targets (19). In 
comparison, Eberhardt et al. reported a mean error of 9 mm 
for ENB, and Yarmus et al. reported a median of 4 mm miss 
with robotic bronchoscopy, despite larger lesions and higher 
CT bronchus sign rate (10,28). Accuracy comparison to 
bronchoscopy is however limited given differences in target 
locations, with 56% targets placed in the middle third of the 
lung in this study. Accuracy reported in our study reflects 
“real life” performances with this technique, and is in fact 
related to augmented fluoroscopy guidance errors and to 
the flexibility/maneuverability of the devices used for probe 
positioning. 

Most endobronchial navigation systems rely on chest CT 
performed several days before the procedure. Differences in 
lung anatomy between the preprocedural CT and the day 
of the procedure can lead to significant mismatch between 
the real target location and the virtual navigation map 
(“CT to body divergence”), decreasing navigation accuracy 

(11,12). In contrast, CBCT is performed immediately 
before navigation, in the same position and under the 
same ventilation and anesthesia parameters. The provided 
augmented fluoroscopy map is automatically registered 
to the patient without manual fusion and allows real time 
assessment of probe positioning relative to the lesion 
during the procedure. Besides eliminating issues related 
to “CT to body divergence”, real-time fluoroscopy offers 
the ability to target lesions located away from the airways 
that would not be visualized on bronchoscopy. As shown 
in this study, the bronchus was punctured away from the 
target, and optimal needle positioning under imaging 
guidance was not dependent on a bronchus leading to the 
nodule. Another advantage of real-time imaging is the 
possibility to target moving nodules, without the need for 
multiple probe positioning and repeat CBCT. Although 
this approach does not allow mediastinal staging, most of 
lung thermal ablations are performed on lung metastasis 
where lymph node staging is not required. Regarding 
radiation safety, dose area product per target was measured 
at a mean of 81.7 Gy.cm², in concordance with the patient 
dose reference levels proposed for fluoroscopically guided 
interventional procedures (29).

Although a slight distortion of the bronchial anatomy 
compared to the augmented fluoroscopy map was 
sometimes noticed with probe introduction in some 
challenging locations (Figure 2A,2B), this was less with 
the sheath than a bronchoscope. A confirmatory CBCT 
clarified needle position in the target. This confirmatory 
CBCT can be used to update the augmented fluoroscopy 
navigation map once the parking point is reached, although 
this was not needed in this study (19). Navigation time was 
compatible with regular clinical settings, with a median time 
to reaching the target of 27 minutes compared to a mean of 
116.2 minutes with transbronchial MWA using ENB (7). 

As for flexibility of the devices, the obtained high 
accuracy provides further evidence supporting the use of 
steerable sheaths and the ability to maneuver them through 
distal airways (19,20). However, higher accuracy and lower 
navigation times were obtained for lower lobes compared 
to upper lobes. Difficulty negotiating upper lobes after a 
sharp curve was due to a limited maximum delivery angle 
of the steerable sheath, which was particularly reduced after 
insertion of the MWA probe. Indeed, the MWA probe has 
a straight rigid tip of 1 cm that made the sharp turns more 
difficult. This is similar to maximum needle delivery angle 
loss previously described after insertion of a biopsy needle 
through the steerable sheath (22), and emphasizes two main 
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Table 4 Pathology results

Numbers [%] or medians [IQR] P

Ablation zone LAD—Gross section (mm)

Total (n=16) 32 [23–43]

Upper lobes (n=7) 41 [30–51] 0.04

Middle/lower lobes (n=9) 28 [20–37] –

Central (n=10) 24 [20–41] 0.3

Peripheral (n=6) 34 [30–45] –

Ablation zone SAD1—Gross section (mm)

Total (n=16) 24 [19–29]

Upper lobes (n=7) 24 [20–38] 0.2

Middle/lower lobes (n=9) 22 [16–28] –

Central (n=10) 20 [16–32] 0.6

Peripheral (n=6) 25 [20–31] –

Ablation zone SAD2—Gross section (mm)

Total (n=16) 22 [19–29]

Upper lobes (n=7) 27 [20–30] 0.5

Middle/lower lobes (n=9) 23 [17–29] –

Central (n=10) 20 [17–24] 0.03

Peripheral (n=6) 30 [25–33] –

Ablation margins (mm) †

Minimal margin 3 [2–4] –

Maximal margin 12 [8–16] –

Air filled cavitation 

Total (n=16)

Central (n=10) 5 [50] 0.3

Peripheral (n=6) 5 [83] –

Adjacent (<5 mm) to airways >3 mm diameter (n=3) 1 [33] 0.5

Distant (>5 mm) from airways >3 mm diameter (n=13) 9 [69] –

Associated findings‡

Fibrinous and neutrophilic pleuritis 14 [88] –

Pericardial fibrosis 1 [6] –
†, since ablation time and power adjustments and/or a second ablation were not allowed, ablation margins were not endpoints of the study. ‡, 
fibrinous and neutrophilic pleuritis was detected each time that the ablation zone was in contact with the pleura. Pericardial fibrosis was 
noted in a target that was close to the pericardium. IQR, interquartile range; LAD, longest axis diameter; SAD, shortest axis diameter.
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limitations of this technique. First, the operator’s ability 
to advance the steerable sheath and to steer its tip may be 
compromised after negotiating the sharp curve required to 
reach upper lung lobes. Improvements in flexibility of the 
steerable sheaths may overcome this shortcoming. Second, 
managing sharp curves with the probe’s straight rigid tip 
of 1 cm may be challenging. Preloading the probe in the 
steerable sheath before navigation can be helpful. A less stiff 
microwave probe would also help facilitate the procedure. 
Considering these limitations, careful attention must be 
given to navigation planning. 

In comparison to a percutaneous approach, one of the 
major strengths of transbronchial MWA is that the flexible 
probe does not transgress the pleura, which resulted in 
no pneumothorax. Rib fractures within the ablation zone 
have been previously described following percutaneous 
ablations performed close to the chest wall (30). These 
fractures are probably a consequence of bone necrosis 
induced by high temperature of the MWA (30). Tethering 
of the rib to the ablation zone resulting in extensive traction 
on the bone may also be involved (30). Transbronchial access 
may also facilitate ablation of central tumors in proximity 
to major airways or major vessels, offering an alternative 
or complementary approach for nodules difficult to target 
percutaneously. Regarding hemoptysis, none occurred 
following transbronchial MWA in our study. Although it is 
acknowledged that this remains a major concern, and that 
lack of direct visualization when only using steerable sheaths 
may be a limitation, it is often asymptomatic in the lungs (31), 
and life-threatening hemorrhage are very rare (32). If massive 
hemoptysis occurs after or during ablation, an endobronchial 
blocker may be placed under fluoroscopic guidance (using 
the catheter or wire already in place) in order to stabilize 
the patient before definitive treatment such as arterial 
embolization (33).

Histology confirmed complete coagulation necrosis, with 
some cases of susceptibility to heat sink effect (26). Ablation 
zones were larger in upper lobes and peripheral targets due 
to regional variations in ventilation and perfusion, again 
similar to percutaneous ablations (34). However, occlusion of 
the bronchus by the steerable sheath may induce atelectasis. 
Putting in communication the lung parenchyma with the 
airways or ablations proximity to segmental bronchi probably 
explains the high rate of cavitation observed (26,35,36), 
although the clinical significance remains uncertain (37). In 
contrast to transbronchial MWA, percutaneous procedures 
can be performed under conscious sedation (38).

While the use of CBCT-based augmented fluoroscopy 
guidance is expected to improve endobronchial navigation 
accuracy, percutaneous lung biopsy is still associated 
with higher diagnostic yield compared to endobronchial  
biopsies (17). This supports the need for prospective 
randomized clinical trials comparing endobronchial MWA 
outcomes to the established percutaneous approach that 
has been associated with high local tumor control rates, in 
particular for lesions <2–3 cm (39-42). 

This study has several limitations. First, this was a small 
animal study and further data are required to evaluate the 
safety of this technique. Second, thermal ablations were 
only performed on synthetic targets in a healthy lung. Effect 
of tumor histology and density on needle penetration and 
ablation outcomes could not be assessed. Third, differences 
in airways anatomy between swine and humans might 
limit generalization of accuracy results (27). Fourth, no 
randomization of target locations was performed, although 
care was taken to equally select bilateral targets, in both 
upper and lower lobes. Fifth, tool-in-catheter deflection was 
not measured. Finally, a bronchoscopy was not performed 
after the ablation to assess for endobronchial complications, 
but this was ruled out by clinical and imaging follow-up and 
gross examination of the airways.

Conclusions

In summary, transbronchial MWA under CBCT-based 
augmented fluoroscopy using a steerable sheath and 
without bronchoscopy is feasible and accurate. While it 
offers an interesting alternative that decreases the risk of 
pneumothorax, comparison to the established percutaneous 
approach is needed to determine optimal patient selection 
parameters. Central tumors located near large airways, 
tumors with a CT bronchus sign or patients who would not 
tolerate a pneumothorax may be potential targets. 
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Supplementary

Appendix 1 Methods
Imaging acquisition parameters

Cone beam computed tomography images were acquired with a 40 cm × 40 cm flat-panel detector angiosuite (Innova 4100, 
GE Healthcare, IL, USA); 244 projections were obtained through a 200° rotation at 10°/s (for planning and ablation zone 
assessment) and 20°/s (for probe position confirmation). Computed tomography images were all acquired in supine position 
with breath hold (LightSpeed RT16, GE Healthcare, IL). Acquisition parameters were: tube voltage, 120 kV; tube current, 
440 mA; slice thickness, 0.625 mm; pitch, 1.375:1; matrix, 520×520. Contrast enhanced images were obtained 35–45 s, 90 s, 
and 180 s after intravenous injection of 80–100 mL of Iohexol (Omnipaque 300, GE Healthcare, Milwaukee) at a 2.5 mL/s 
rate (25). 

NEUWAVE FLEX microwave ablation system description

The NEUWAVE FLEX System is a fully featured soft tissue ablation system that uses small diameter flexible ablation probes, 
a single microwave source with a 100 W microwave power amplifier operating at 2.45 GHz, a CO2 based cooling system, 
and a Power Distribution Module (PDM). Microwave energy is applied to the target tissue, heating the tissue to the point of 
necrosis. 

One, easy to use, touch-screen user interface controls the system. Microwave energy is delivered through one distinct 
channel to the ablation probe. The CO2 cooling system helps limit the temperature of the probe cable. The PDM is designed 
to have a highly efficient large cable from the PDM to the power amplifier, which allows for more energy delivery to the 
ablation probe.

Two flexible ablation probe types are available for use with the NEUWAVE FLEX System: the FLEX4 and the FLEX6. 
The probe types have different tips to aid in tissue access. The model number indicates the sharpness of the tip: the higher 
the number, the sharper the tip. FLEX probe models are French gauge 6 (outer diameter of less than 2 mm). Each ablation 
probe contains temperature measurement sensors that help monitor performance and ensure patient and operator safety.

The NEUWAVE FLEX System has several safety features which monitor system performance. The system will 
automatically stop delivering energy to the patient in response to system performance issues.

Pathology analysis

Pigs were euthanized with an intravenous injection of pentobarbital sodium (87 mg/kg) and phenytoin sodium (11 mg/kg)  
at the following survival timepoints: immediately, 24–48 h, 7–8 days, 13–15 days, and 19 days after microwave ablation. 
Following euthanasia, the lungs and trachea were removed en bloc. The lungs were filled through an endotracheal tube with 
10% neutral buffered formalin at a pressure of 20 cm of water and were distended to their approximate in vivo inspiratory 
volume (26). They were immersed in formalin for 48–72 h then entirely sectioned at 5–7 mm intervals in the axial plane. 
Photographs of gross sections with a measurement reference were obtained. All slices with a visible ablation zone were 
processed in alcohol and xylene, embedded in paraffin, sectioned at 5 micro thickness, stained with hematoxylin and eosin 
and were reviewed by a board-certified veterinary pathologist. Since the target material could not be visualized on gross or 
histologic examination following the first pig’s examination, gross slices from the subsequent pigs that had a visible ablation 
zone on gross analysis were radiographed using a digital Faxitron MX20 Specimen Radiography System (Qados, Cross 
Technologies plc, Berkshire, UK). Radiographies of gross slices were rescaled and overlaid on corresponding gross slices 
photos, and minimal and maximal ablation margins were measured on the merged photos using image J software (43).
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Figure S1 FLEX probe and system presentation (photos and technical details). Images of the FLEX ablation probe showing the conical tip 
geometries (A) of the FLEX4 (top, A) and FLEX6 (bottom, A) and some key probe features (B) including antenna section (white brace) and 
distal end marker bands (white arrows) at 3, 4, and 5 cm from the tip. These features are visible in two-dimensional X-ray imaging (C) of the 
FLEX Probe (white arrows) as seen deployed through the steerable sheath (Destino Twist, Oscor Inc., FL, USA) (black arrow).
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