
UCLA
UCLA Previously Published Works

Title
Efficacy of a Lung-Tuned Monopole Antenna for Microwave Ablation: Analytical Solution 
and Validation in a Ventilator-Controlled Ex Vivo Porcine Lung Model

Permalink
https://escholarship.org/uc/item/8jb5s7xj

Journal
IEEE Journal of Electromagnetics RF and Microwaves in Medicine and Biology, 5(4)

ISSN
2469-7249

Authors
Chiang, Jason
Song, Lingnan
Abtin, Fereidoun
et al.

Publication Date
2021-12-01

DOI
10.1109/jerm.2021.3066103
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8jb5s7xj
https://escholarship.org/uc/item/8jb5s7xj#author
https://escholarship.org
http://www.cdlib.org/


Efficacy of Lung-Tuned Monopole Antenna for Microwave 
Ablation: Analytical Solution and Validation in a Ventilator-
Controlled ex Vivo Porcine Lung Model

Jason Chiang [Member, IEEE],
Department of Radiology, Ronald Reagan UCLA Medical Center

Lingnan Song [Member, IEEE],
Department of Electrical and Computer Engineering, University of California, Los Angeles, Los 
Angeles, CA 90095 USA

Fereidoun Abtin,
Department of Radiology, Ronald Reagan UCLA Medical Center

Yahya Rahmat-Samii [Life Fellow, IEEE]
Department of Electrical and Computer Engineering, University of California, Los Angeles, Los 
Angeles, CA 90095 USA

Abstract

The goal of this study was to optimize a lung-tuned monopole antenna to deliver microwave 

energy at 2.45 GHz into a novel ventilator-controlled ex vivo lung model. An analytic and 

parametric approach was utilized to create an optimized monopole antenna that was impedance-

matched to aerated lung tissue. This lung-tuned antenna was then fabricated using a copper 0.085” 

semi-rigid copper coaxial cable. For validation, the lung-tuned antenna was inserted centrally into 

lobes of a ex vivo porcine lung that was fully inflated to physiologically appropriate volumes. 

Microwave ablations were then created at 50 and 100 W for 1 minute and 5 minutes. Reflected 

power, cross sectional ablation sizes and spherical shape of the lung-tuned antenna were compared 

against a liver-tuned antenna in the ventilator-controlled ex vivo lung tissue. The study showed 

that the lung-tuned antennas delivered energy significantly more efficiently, with less reflected 

power, compared to the conventionally-used liver-tuned antennas at 50 W at 1 minute (11.8±3.0 vs 

16.3±3.1 W; p value=0.03) and 5 minutes (16.2±2.8 vs 19.4±2.9 W; p value=0.04), although this 

was only true using 100 W at the 1 minute time point (29.0±3.5 vs 38.0±5.3 W; p value=0.02). 

While overall ablation zone sizes were comparable between the two types of antenna, the lung-

tuned antenna did create a significantly more spherical ablation zone compared to the liver-tuned 

antenna at the 1 minute, 50 W setting (aspect ratio: 0.43±0.07 vs 0.38±0.04; p value=0.04). In 

both antenna groups, there was a significant rise in the ablation zone aspect ratio between 1 and 5 

minutes, indicating that higher power and time settings can increase the spherical shape of ablation 

zones when using tuned antennas. Adapting this combined analytic and parametric approach to 
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antenna design can be implemented in adaptive tissue-tuning for real-time microwave ablation 

optimization in lung tissue.

Keywords

Thermal ablation; monopole antenna; computational modeling; microwave; antenna design; ex 
vivo tissue

I. INTRODUCTION

Lung cancer remains the leading cause of cancer deaths among men and women, comprising 

of nearly 25% of all cancer deaths [1]. While surgical lobectomy remains the standard of 

care, only a fraction of the patients are considered eligible due to associated comorbidities 

such as poor pulmonary reserve, concommitent pulmonary fibrosis, or advanced frailty [2]. 

Percutaneous image-guided thermal ablations have become an attractive option due to their 

association with fewer complications, quicker recovery and minimal blood loss [3]. During 

thermal ablation procedures, energy is transmitted through an antenna or applicator under 

image guidance toward target tumor tissue. The ablation process continues until the tumor 

tissue is heated to cytotoxic temperatures with sufficient margins, all while minimizing 

damage to normal surrounding tissue [4]. For treating lung malignancies, thermal ablations 

are also associated minimal effect on pulmonary function, a side effect that can be seen in 

both radiation therapy or surgical resection [5].

Major considerations when choosing ablation modalities include the size and anatomic 

location of the target tumors. Larger tumors are associated with more advanced cancer 

stages and higher rates of recurrence. For that reason, using microwave ablation has gained 

traction over radiofrequency ablation and cryoablation because of its ability to be tuned 

to the target tissue, delivering higher levels of power into the tissue and creating larger, 

more homogeneous ablation zones [6], [7]. In addition, when compared to radiofrequency 

ablation, microwave ablation has been associated with less post-procedural pain [8]. Despite 

these advantages, the outcome data from microwave ablation remains heterogeneous due 

to variations in target patient population and follow up periods. Current single-institution 

studies using microwave ablation have survival rates ranging from 47-83% at 1 year, 24-73% 

at 2 years and 14-62% at 3 years [8]–[10].

The concept of tuning a microwave antenna toward a target tissue has been well established 

in present literature [4], [11]–[16]. Reflected power is often a heavily weighted variable in 

antenna optimization strategies because it can be related to how well matched an antenna 

or transmission line is to the target organ [15]. Low reflected power can be indicative of 

optimal impedance matching and translates into efficient power deposition into the tissue. 

Conversely, high reflected power can signify an impedance mismatch between the target 

tissue and antenna, leading to decreased power delivered into the tissue. A mismatch 

between the antenna and the tissue can also cause power to be reflected back into the 

generator and cause the formation of a standing wave into the feeding line, leading to 

excess heating loss along the shaft of the antenna. The other important metric in antenna 

optimization strategy is the shape of the ablation zone within the tissue. More spherical 
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ablation zones are desirable as it can encompass a round tumor with appropriate margins 

and minimize the risk for backward heating. Heat that spreads backward along the shaft 

of the antenna can damage the superficial surfaces of the organ, often times leading to 

post-procedural pain. In the lungs, inadvertent backward heating can lead to more severe 

complications such as pneumothorax or bronchopleural fistulas.

Validation studies for organ-tuned antennas have largely been performed on in vivo and 

ex vivo liver tissue. Within lung tissue, however, optimization and validation of lung-tuned 

antennas currently remains in its nascency. Part of the reason is that lung tissue composition 

varies by gas exchange during respiration and anatomic location, with the central regions 

being more heterogeneous compared to peripheries [17]. The validation component of 

lung-tuned antennas is also challenging in an ex vivo model where gas content needs to 

be maintained. As a result, current literature on the performance and clinical outcomes of 

lung ablations is limited and confounded by heterogeneous data.

In this study, we revisited the usage of an existing analytical solution and tailored it to 

optimize a monopole antenna to transmit energy efficiently into the dielectric load of an 

air-expanded lung while maintaining a spherical ablation zone. This lung-tuned antenna was 

then used to create microwave ablation zones in a ventilator-controlled ex vivo porcine lung 

model. The advantages of lung-tuning were then quantified by comparing its performance 

against a liver-tuned antenna control. The contributions of the work are embodied in three 

major step-wise components: (a) utilizing an analytic solution to optimize a monopole 

antenna design that efficiently delivers microwave energy into lung tissue, (b) combining the 

analytic solution with a parametric approach to simultaneously create a spherical ablation 

zone within the lung while preserving heating efficiency, and lastly (c) experimentally 

validating these optimized antenna designs utilizing a novel ventilator-controlled ex vivo 
lung model. Starting with an analytical solution in microwave antenna tuning minimizes the 

computational steps required to optimize an antenna design. The findings of this study 

lay the foundation for adaptive tissue-tuning for real-time microwave antenna ablation 

optimization.

II. METHODS

A. Numerical Simulation

1) Analytical Modeling: Modern microwave ablation antennas utilize semi-rigid copper 

coaxial cables to act as the transmission line between the power generator and the target 

tissue. The impedance load of the microwave antenna is modulated by changing the 

geometry at the end of the coaxial cable. The monopole antenna is one of the most widely 

used class of antennas and its general geometry can be constructed by stripping off a section 

of outer conductor at the end of coaxial cable. The dimensions of the 0.085” copper coaxial 

cable are listed in Table I. The length of the underlying exposed dielectric is specified by 

length of Lant = λeff/4, where λeff represents the effective wavelength for the design of the 

coaxial antenna. Fig. 1 illustrates the generalized structure of a coaxial monopole antenna.

The optimal exposed dielectric length was analytically calculated by evaluating the 

insulating antenna as an inner conductor wrapped within multiple dielectric layers and 
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immersed in a lossy dielectric medium [18]. This methodology treats the insulating antenna 

as multiple sections of a lossy transmission line with generalized propagation constants 

to account for both ohmic losses as well as radiative losses from the antenna to the 

ambient medium. The multi-layered insulated antenna is then able to be represented by 

a multi-sectioned transmission line, with each section terminated with a load impedance 

equivalent to the input impedance of the preceding section [19]. In the case of the monopole 

design, the insulating monopole antenna consists of a central conductive cylinder with radius 

a and length h (representing the inner conductor of coaxial cable), wrapped by cylindrical 

dielectric region with radius b and dielectric constant ϵ2 (representing the Teflon filled 

in coaxial cable), immersed in infinite homogeneous medium with dielectric constant ϵ3 

and conductivity σ3. The three regions corresponding to different dielectric properties are 

identified in Fig. 1. In this case, the electrical properties of an inflated lungs were utilized as 

a surrogate variable to account for the presence of air that is present within the lungs.

The wavenumber in the insulating and lossy dielectric regions is therefore:

k2 = ω μ0ϵ2, k3 = ω μ0 ϵ3 − jσ3/ω (1)

where μ0 is the free space permeability assumed to apply in all regions. Throughout the 

paper an ejωt time convention is applied. This approach also requires that the wavenumber in 

ambient medium is greater than that of the insulating dielectric, and that the cross section of 

the antenna is electrically small:

k3/k2
2 ≫ 1, k2b 2 ≪ 1 (2)

Assuming the antenna is excited with voltage source V0
e, the current carried by the antenna 

central conductor is thus given as [18]:

I(z) = I(0)sin keff(ℎ − z )
sin keffℎ

= j V 0
e

2Zc

sin keff(ℎ − z )
cos keffℎ

(3)

where I(0) represents the current at z = 0. The characteristic impedance Zc and the effective 

propagation constant keff are given by [18]:

Zc = ωμ0keff
2πk2

2 [ln b
a + k2

2

k3
2

H0
(1) k3b

k3bH1
(1) k3b

] (4)

keff = k2[
ln b

a k3bH1
(1) k3b + H0

(1) k3b

ln b
a k3bH1

(1) k3b +
k2

2

k3
2H0

(1) k3b
]1/2

(5)

keff = βeff + jαeff (6)
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where H(1) represents Hankel function of the first kind. To corroborate its validity, it can be 

readily verified that in a case where k3 approaches to k2, the effective propagation constant 

keff also approaches to k2, reducing the case to a monopole immersed in dielectric material. 

The real part of the effective propagation constant βeff can then be directly linked to the 

effective wavelength λeff = 2π/βeff, from which the optimal exposed dielectric length of 

monopole antenna is determined.

2) Antenna Optimization: The major requirements for optimizing microwave ablation 

antennas included: (a) small diameter for ease of percutaneous insertion; (b) good 

impedance matching for efficient power transmission; (c) localized spherical ablation pattern 

for more precise ablation treatment. A computational parametric approach was utilized to 

find the optimal ablation design, weighing not only the reflection coefficient but also the 

shape of the ablation zone. The specific absorption rate (SAR) was calculated for various 

lengths of the exposed monopole dielectric in the vicinity of the optimal length described 

above. These lengths were altered in 0.5 mm intervals as that was our fabrication tolerance 

in the laboratory. Simulations were performed in a two dimensional domain assuming a 

rotational symmetry on the longitudinal axis of the antenna. Analysis was performed using 

finite-element approach to solve Maxwell’s equations in the transverse magnetic (TM) 

propagation mode (COMSOL Multiphysics 5.5; Burlington, MA)

∇2E = − ω2μ0(ϵ0ϵr(f) − jσ(f)
ω )E, (7)

where E is the electric field vector (V/m), ω is the angular frequency (rad/sec), ϵr is the 

relative permittivity and σ is the effective conductivity (S/m). Lung and liver properties 

from Table I were utilized to visualize the SAR map. To create the most spherical ablation 

zone, we calculated an aspect ratio (AR) from the SAR map, which we defined as twice the 

maximum radial dimension (diameter) divided by the longitudinal dimension (length) of the 

SAR = 300 W/kg isocontour in the SAR maps.

An optimization function Ψ was utilized to find the antenna that balanced antenna 

impedance matching at 2.45 GHz in terms of S11 (in dB scale) with the most spherical 

ablation zone, characterized by the highest AR [20]. Ψ was defined as:

Ψ S11, AR = 1
1 + eA1 S11 + B1

+ 1
1 + eA2 AR + B2

, (8)

where A1 and A2 represented slopes of the sigmoidal curves at inflection points B1 and 

B2. In general, reflection coefficients greater than −20 dB or heating aspect ratios less than 

0.7 were considered too inefficient or too elongated of an ablation zone, respectively. With 

these constraints, the coefficient values selected for the above equation were A1 = 0.7, A2 

= −20, B1 = −15 and B2 = 0.7. This equation can be adapted for various organs, based on 

expected S11 and aspect ratio. The optimization function in this case was able to provide 

discriminatory value in filtering out antennas that were too elongated in shape or had too 

high of a reflection coefficient.A propensity score was calculated for each permutation in the 

parametric analysis, with the highest score indicating the most optimal design that balanced 

reflected power against most spherical ablation zone design.
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B. Experimental Setup

Lung-tuned and liver-tuned monopole antennas were constructed from 

polytetrafluorethylene (PTFE) filled, semi-rigid coaxial cable (UT-085C; Micro-Coax LLC, 

Pottstown, PA) with exposed dielectric lengths calculated from the analytical solution. An 

industrial high-powered solid state 2.45 GHz microwave generator (Sairem, Neyron, France) 

was used to create the ablation zones.

Microwave ablation experiments were performed on freshly excised ex vivo porcine lung 

tissues with attached airways. The lungs were removed en-bloc and allowed to reach room 

temperature (25° C) over a period of 1-2 hours. The lung tissue was mechanically ventilated 

to maintained a 600 mL volume controlled airspace to mimic a fully expanded lung. The 

lung tuned 15.5 mm antennas were inserted 5 cm into the central portions of the upper, 

middle and lower fields of the right lung. Microwave ablations were created at 50 W and 100 

W for 1 and 5 minute with reflected power being recorded in 10-second intervals from the 

microwave generator display (2). Corresponding matched ablations were then created in the 

left lung with the liver-tuned 13.0 mm monopole antennas as controls using the same power 

and time settings. Sample images of the two antennas and ventilated lung are shown in Fig. 

2. Ablation zones (n=7 for each power/time combination) were created in the ex vivo lung 

tissue using the lung-tuned antenna and liver-tuned antenna.

After the ablations were completed, ablation zones were sectioned across their insertion 

path, revealing a cross section of the ablation zone. The congestive component of the 

ablation zone was measured and served as the outer border of the ablation zone. Ablation 

length and width were recorded and compared between antennas. Student t-test was 

performed to evaluate differences in each ablation zone metric. P-values less than 0.05 

were considered significant.

III. RESULTS

A. Analytical Modeling

1) Analytical Modeling: The effective quarter wavelength was computed with λeff/4 = 

π/2βeff and plotted in Fig. 3 for 0.085” cable with varying tissue dielectric constant and 

conductivity. In an air-filled lung environment, an exposed dielectric length of 15.5 mm was 

found to provide the optimal impedance match. In a liver environment, an exposed dielectric 

length of 13.0 mm was identified, consistent with presently known literature on liver-tuned 

antennas [12], [15]. Note in Fig. 3 that the effective quarter wavelength for the lung was not 

sensitive to the variation of tissue dielectric property, which varied only within the range of 

±1 mm for ϵr from 10 to 90 and σr from 4 to 0.5 S/m.

2) Antenna Optimization: The optimal design for the lung and liver was based on the 

optimization function in equation (8) and the global maximum was found at the exposed 

dielectric length of 15.5 mm and 13 mm, respectively. From the parametric study, it was 

seen that the reflection coefficient was very sensitive to the exposed dielectric length, with 

the global minimum seen at the 15.5 mm length when using a lung-tissue medium, as seen 
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in Fig. 4. The parametric study also confirmed the analytic solution to this study in targeting 

the optimal length for minimizing the reflection coefficient.

On the other hand, the aspect ratio of the monopole antenna demonstrated a monotonic 

increase in value with increasing exposed dielectric length. The aspect ratio only increased 

minimally with each unit increase in length, while the reflection coefficient increased by up 

to 10 dB for each millimeter increase in length. The cost function also demonstrated similar 

drop off in value after 15.5 mm, confirming the minimal improvement in performance even 

when accounting for aspect ratio.

In order to expand on the parametric study of the monopole antenna targeting the lungs 

with air, the relationship between air content percentage was first related to the constitutive 

parameters of the lung model. These parameters included the relative dielectric constant and 

the conductivity. Air content of 0% represented the fully deflated state and air content of 

100% represented the fully inflated state of the lung. Intermediate states with the lung model 

partially inflated were evaluated using logistic regression modeling. The resulting curves 

of the relative dielectric constant and conductivity were calculated for air content varying 

from 0% to 100%. Full-wave simulations for 13.0 mm and 15.5 mm monopole antennas 

were carried out for each of the air content states, and results were compared in Fig. 5. 

It was clearly observed that 15.5 mm monopole results in improved S parameter for high 

air content (80% and 100% air filling), while 13 mm performed better in a deflated lung 

compared to an inflated lung.

B. Experimental Results

Within the ex vivo ventilator-inflated lung tissue, both the 13.0 mm liver-tuned and 15.5 mm 

lung-tuned antenna exhibited a monotonic increase in reflected power over time in both the 

50 W and 100 W groups. At 50 W, the lung-tuned antenna trended toward less reflection 

power at the 1 minute mark (mean ± standard deviation, 12.7±3.1 vs 16.6±6.5 W, p=0.33) 

and the 5 minute mark (16.2±2.8 vs 19.4±2.9 W, p=0.04)(Fig. 6). At 100 W, the lung-tuned 

antenna had a significantly less reflected power at the 1 minute mark (29.0±3.5 vs 38.0±5.3 

W, p=0.02) but this trend did not continue to 5 minutes, where the reflected power was not 

significantly different (40.8±7.5 vs 44.8±5.1 W, p=0.35).

In the 50 W cohort at 1 minute, the lung-tuned antennas, compared to the liver-tuned 

antennas, created a slightly larger ablation zone width (1.4±0.2 vs 1.3±0.2 cm, p=0.40) and 

a shorter ablation length (3.4±0.5 vs 3.6±0.9 cm, p=0.53), although neither differences were 

found to be statistically significant. However, this resulted in the lung-tuned antenna having 

a significantly larger ablation aspect ratio compared to the liver-tuned antenna (0.43±0.07 

vs 0.38±0.04, p=0.04). In the 50 W, 5 minute ablation group, the lung-tuned antenna 

created similar sized ablation zone widths (2.8±0.2 vs 2.9±0.3 cm, p=0.77) and ablation 

zone lengths (5.1±0.6 vs 5.4±0.6 cm, p=0.47), resulting in aspect ratios that were not 

significantly different from each other (0.56±0.06 vs 0.54±0.09, p=0.74). Within the samples 

that underwent 1 minute ablations at 100 W, the lung-tuned antennas created ablation 

zones with widths and lengths that were not significantly different from the liver tuned 

antennas (2.8±0.2 vs 2.8±0.4 cm, p=0.77 and 5.1±0.6 vs 5.3±0.6 cm, p=0.65, respectively). 

In the group that underwent 5 minute ablations at 100 W, the lung-tuned antennas showed 
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similar-sized widths as the liver-tuned antennas (4.4±0.8 vs 4.9±0.5 cm, p=0.34) but had a 

significantly shorter ablation zone length (5.4±0.5 vs 6.9±0.8 cm, p=0.01). As a result, the 

lung-tuned antenna created a more spherical ablation zone, although this was not found to be 

significant (0.80±0.1 vs 0.71±0.14, p=0.38)(Fig. 7).

When comparing the aspect ratio across different time points at 50 W, the study also 

demonstrated a significant rise in aspect ratio in both the lung-tuned and liver-tuned antenna 

between 1 minute and 5 minutes (0.43±0.06 vs 0.55±0.06, p=0.007 and 0.37±0.04 vs 

0.54±0.09, p=0.001). Within the 100 W group, the change in aspect ratio was found to be 

larger, where the change in aspect ratio in the lung and liver-tuned antenna between 1 and 5 

minutes was also found to be significant (0.55±0.06 vs 0.80±0.1, p=0.002 and 0.55±0.05 vs 

0.72±0.5, p=0.03) (Fig. 8).

IV. DISCUSSION AND CONCLUSION

While the majority of existing literature on microwave antenna tuning has been validated in 

liver tissue, there has been comparatively fewer studies on antenna tuning for lung tissue. 

This is partially due to the heterogeneous composition of the lung, which contains a mixture 

of air, blood vessels and lung parenchyma. Further complicating the physiology are the 

physical deformation of the lung during each respiratory cycle and corresponding changes to 

the blood and air flow within each lung lobe. In this study, we re-introduced an analytical 

approach to fabricate a lung-tuned microwave antenna and evaluated its performance at 

conventional time-power settings that could treat small lesions but minimize the risk for 

shaft heating and pleural damage. The lung-tuned antenna was validated against a liver-

tuned antenna control in an ex vivo lung connected to a clinical-grade ventilator, keeping 

the lung inflated for the entirety of the ablation. The lung-tuned antenna was able to create 

significantly more spherical ablation zones at 1 min using 50 W, as well as at 5 min at 

100 W. This study also showed that despite high reflected power, lung-tuned antennas still 

offered 15-25% heating efficiency over liver-tuned antennas at the 1 minute time point with 

both 50 and 100 W, as well as the 5 minute time point with 50 W.

The majority of preclinical lung ablation studies in the past have utilized ex vivo deflated 

lung tissue [21]–[23]. However, a fully deflated lung by itself has similar electrical 

properties as a liver and can be limited in validating lung-based cancer therapies. The ex 
vivo ventilated lung model presented in this paper is a novel tool that may create a more 

accurate representation of the lungs compared to strictly deflated lung tissue. By connecting 

the main bronchus to a ventilator, air can be added into the lung parenchyma in a controlled 

setting and recapitulate the electrical and thermal properties of the lung. While adding 

ventilation alone does not account for blood perfusion or lymphatic architecture of the 

lung, this ventilator controlled ex vivo model is a more accurate representation to what is 

seen in completely-collapsed ex vivo models. Success in using a ventilated ex vivo model 

can provide more accurate information on treatment efficacy prior to transitioning in vivo 
models, which can be expensive and resource intensive due to the need for anesthesia and 

veterinary surveillance.
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An ex vivo ventilated lung model can provide a similarly controlled and accurate 

environment at a fraction of the cost and complexity of an in vivo porcine lung model.

The amount of reflected power remained higher than expected for the duration of the 

ablation period. The reason for the mismatch likely lies within the local anatomy of 

the central aspects of the lung. The lung parenchyma is increasingly heterogeneous 

centrally, which is made up of proportionally greater volumes of bronchioles, lymphatics 

and pulmonary vasculature. This is in contrast to the more peripheral regions of the 

lungs, which are more homogeneous, comprising primarily of air with a small fraction 

of microvasculature, alveoli and respiratory ducts. As a result, the anatomy in the peripheral 

lung fields appears homogeneous on even high-resolution CT imaging. Given the small size 

of the ex vivo lungs, the high reflection coefficient most likely resulted from the lung-tuned 

antennas being placed more centrally and interfacing with a combination of large airways 

and pulmonary vasculature. Similar trends have been noted in prior clinical studies where 

higher microwave power and time settings were required to treat lung lesions in the central 

zone compared to the peripheral zone [17]. In that study, a surrogate metric was used to 

account for the effects of higher ventilation and perfusion in the central parts of the lungs, 

where ablation zone sizes appear smaller. The high reflected power recorded in our ex 
vivo lung study fits in line with this clinical trend. Future work in lung-tuning microwave 

antennas should take into account the higher contribution of blood flow and airways in the 

central lungs compared to the lung peripheries.

A parametric optimization function was utilized to balance the antenna reflection coefficient 

with the ablation aspect ratio, metrics that are useful for characterizing antenna performance. 

While there was a significantly larger aspect ratio using the lung-tuned antenna at the 50 

W, 1 minute interval, there was not a significant difference seen between antennas at other 

power-time combinations. One notable trend was that there was a significant increase in 

aspect ratio when higher powers or higher time settings were utilized. Utilizing powers of 

100 W for 5 minutes led to ablation zones with aspect ratios that averaged 0.8, which was 

nearly spherical in shape. Future studies that optimize lung ablation shapes should take into 

account the amount of power that is being delivered to help better modulate the shape over 

time.

Antenna tuning for microwave ablations in the lung remains an active area of investigation. 

A prior in vivo study of the lungs using an open thoracotomy approach had described a 

manually-tuned antenna using a triaxial design [13]. An accompanying follow up study 

also found positive results using lung-tuned triaxial antennas, with the microwave ablation 

probes were placed near the peripheries of the lungs where the lung parenchyma was more 

homogeneous [24]. There has been increasing interest in also implementing microwave 

antenna ablations into flexible antennas for the purpose of bronchoscopically guided 

ablations [22], [25]. Characterizing temperature-dependent dielectric properties of lung 

have only begun being investigated, although varying air content within the lung remains 

unaccounted for [21]. The dielectric properties of a decompressed lung approaches that of 

the liver, which can be expected given that a decompressed lung has minimal air content. 

This study utilized a fully expanded lung model to better match the known dielectric and 

conductivity of a fully inflated lung [26]. However, the fully expanded lung also likely 
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represents the upper limits of performance for a lung-tuned antenna given that there will 

be increasing load mismatches that occur during lung decompression. Additional ex vivo 

validation studies for lung-tuned antenna design will benefit from using ventilator-controlled 

models, which can control the phase of respiratory cycle during which the ablation is 

performed.

Many antenna designs have been investigated for the purposes of improving load matching 

and localized heating to the antenna tip [27]. King et al. developed the first analytical 

solution and derived the radiation fields of a multi-section insulated antenna in a conductive 

media. This solution was naturally expanded to interstital monopole and dipole antennas for 

hyperthermia treatment [28], [29]. Early antenna designs focused on optimized matching to 

the tissue load and localized heating pattern but its energy delivery efficiency was highly 

dependent on insertion depth and there was high amounts of backward heating along 

the antenna shaft from power loss. A well-known alternative to reduce backward heating 

problem independent of load matching was to electrically connect a metallic choke to the 

antenna’s outer conductor to minimize axial current flow and localize power deposition 

near the tip of the antenna. The cap choke antenna was described using an annular cap 

and a coaxial cap in a coaxial antenna – together utilized to match an antenna to a coaxial 

transmission line [30],[31]. This cap choke design minimized SAR at the insertion point 

of the catheter antenna and minimized the amount of reflected power up the transmission 

line. The cap choked antenna design also allowed energy to be delivered into the tissue 

without being affected by the depth of insertion. A floating sleeve microwave antennas, 

offered another approach by utilizing a metal conductor that was electrically isolated from 

the outer connector of the antenna coaxial body, creating a highly localized heating zone 

independent of insertion depth [32]. The floating sleeve prevented backward heating of 

the antenna, while creating an efficient ablation zone in the liver. However, many of these 

designs required a large diameter on the order of 6 or 7 gauge that often precluded its use 

in percutaneous therapies. Other alternatives to using a choke design to minimize backward 

heating is to utilize slot antennas. Slot antennas are capable of actively localizing the heating 

zone to the tip and is also not affected by insertion depth, utilizing overlapping surface 

currents from each slot [20], [33]. Highly resonant antennas such as the triaxial antenna 

have also been utilized that can be fabricated with thinner, less invasive designs, and do not 

require the outer conductor to be connected to the antenna itself [14].

There are notable limitations to this study. For the optimization function, there was a 

potential risk for singularity in the region of interest. However, we had constrained our 

function such that the input variables (exposed length) were within the practical limits of 

fabrication. This was a study performed on a ventilator that kept the air volume constant 

during the entirety of the ablation. The constant air volume exaggerated the effects of 

inflation compared to that seen in a physiologic environment where there is constant cycling 

between inflation and deflation. The results of this study thus likely represent the best-case 

scenario for a lung-tuned ablation zone given that there was minimal influence of tissue 

desiccation and no cycling toward lung deflation. Blood flow was also absent in this ex 
vivo lung model. Blood flow normally would act as a strong heat-sink and lead to smaller 

ablation zones compared to ex vivo tissue, which has been well documented in liver tissue. 

Air within the lungs was accounted for as a function of dielectric, but the cooling effects 
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from the mass transport of air was not incorporated into the model. These effects can 

potentially affect the size and shape of the final ablation zone but would require additional 

investigation into the mass and heat transfer process within the lung. The addition of these 

other ares of energy transfer should be accounted for in future studies to fully capture the 

energy transfer from microwave antenna to lung tissue.

V. CONCLUSIONS

Locoregional therapy such as microwave ablation for lung malignancies remain an 

important tool in an interventional oncologist’ armament. While advances in lung-tuning 

for microwave ablations has steadily progressed over the last two decades, there remains 

substantial room for optimization with regards to the lung parenchyma and anatomy. 

Antenna designs can be optimized to accommodate for the fraction of air within a specific 

phase of respiration, as well as localization within a particular lung lobe. in this study, we 

utilized a novel ventilated ex vivo lung model to validate a lung-tuned antenna design. This 

lung-tuned antenna showed improved heating efficiency compared to a liver-tuned antenna 

within the ventilated ex vivo lung model. Future studies include utilizing the analytic 

solution to perform real-time adaptive tuning during microwave ablations to improve heating 

efficiency and ablation shape within the lung. Optimizing lung ablation antenna performance 

can play a critical role in the final ablation size and margin, directly affecting the risk 

for local tumor progression in both primary and oligometastatic lung tumors. Continued 

optimization of lung-tuned microwave antennas will be critical for its continued adoption 

into clinical practice.
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Fig. 1. 
Coaxial monopole antenna formed by stripping off a section of outer conductor at the end of 

coaxial cable by λeff/4, with the dimensions corresponding to 0.085” standard listed in Table 

I. Region 1, 2 and 3 correspond to the inner conductor, PTFE dielectric material and lossy 

organ tissue (lung or liver), respectively.
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Fig. 2. 
a) Sample set up of the ex vivo porcine lung study and positioning of the microwave 

antenna within the lung parenchyma. b) The microwave generator with real-time forward 

and backward power displayed. c) Images of the liver-tuned and lung-tuned monopole 

antennas, with exposed monopole lengths of 13 mm and 15.5 mm, respectively.
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Fig. 3. 
a) The effective quarter wavelength computed with λeff/4 = π/2βeff, for the coaxial antenna 

consisting of an inner conductor wrapped with dielectric coating and inserted into lossy 

dielectric medium. Note that the exposed length of the dielectric was insensitive to large 

variations in conductivity and relative dielectric constant. b) Specific absorption rate (SAR) 

mapping of a microwave ablation zone in an air-filled lung parenchyma using a lung-tuned 

antenna (left) and a liver-tuned antenna (right). The green isocontour line represents the 300 

W/kg SAR used to calculate the aspect ratio. The maximum diameter of the lung-tuned 
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antenna based on the isocontour was 1.2 cm, compared to 0.70 cm in the liver-tuned 

antenna.
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Fig. 4. 
a) Chart showing the reflection coefficient (S11) and aspect ratio as a function of increasing 

exposed dielectric length. b) Reflection coefficient (dB) as a function of operating frequency. 

An example of the tissue model used to calculate the reflection coefficient is also shown. 

The cost function was utilized to weigh the benefit of each performance metric to provide 

the best organ-tuned antenna performance.
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Fig. 5. 
Simulations of the S parameter vs frequency for the 6 air content states utilizing the 13 mm 

and 15.5 mm monopole lengths. The 15.5 mm monopole resulted in an optimal S11 for high 

air content (80% and 100% air filling), while the 13 mm monopole antenna had an optimal 

S11 in a deflated lung.
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Fig. 6. 
Reflected power at 2.45 GHz across each organ-tuned antenna using the ex vivo ventilated 

porcine lung model at: (a) 50 W for 5 minutes (top) with a magnified view of the first 

minute (inset image) and (b) 100 W for 5 minutes with the corresponding magnified view 

of the first minute (inset image). The dashed lines specify the upper and lower bounds of 

the reflected power. In general, the lung-tuned antenna was found to be more efficient in 

delivering microwave energy, recording less reflected power compared to the liver-tuned 

antenna. In the 50 W group, this difference in reflected power was found to be significant 
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at both the 1 minute and 5 minutes while in the 100 W group, there was significantly less 

power reflected only at the 1 minute time point.
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Fig. 7. 
Microwave ablation size in lung tissue over a period of 1 and 5 minutes using: (a) 50 W 

and (b) 100 W. The lung-tuned antenna created significantly more spherical ablation zones 

compared to the liver-tuned antenna at the 1 minute time point using 50 W. There was a 

significant rise in ablation zone sphericity in both antenna types as power and time was 

increased. P-values less than 0.05 were deemed significant.
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Fig. 8. 
Samples of ablated lung tissue at the following ablation parameters: a) Lung-tuned antenna 

at 100 W for 1 minute, b) Liver-tuned antenna at 100 W for 1 minute, c) Lung-tuned antenna 

at 100 W for 5 minutes and d) Liver-tuned antenna at 100 W for 5 minutes. While there was 

not a significant difference in ablation dimension or aspect ratio between the two antennas 

using 100 W at the 1 minute time point, the lung-tuned antennas created a significantly 

more spherical ablation zone compared to the liver-tuned antennas at 5 minutes. This may 
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be related to improved energy delivery seen in the lung-tuned antenna compared to the 

liver-tuned antenna.
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TABLE I

THE DIMENSIONS OF COAXIAL CABLE WITH THE 086 STANDARDS AND THE DIELECTRIC PROPERTIES FOR LUNG AND LIVER TISSUES.

Cable Dielectric ϵr Di (mm) Dd (mm) Do (mm)

0.085” 2.1 0.51 1.68 2.21

Tissue Relative Permittivity Conductivity (S/m) Notes

Liver 48 1.7 Normal

Lung 20.5 0.804 Inflated

48.4 1.680 Deflated
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