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Abstract

Introduction—For computational models of microwave ablation (MWA), knowledge of the 

antenna design is necessary, but the proprietary design of clinical applicators is often unknown. 

We characterized the specific absorption rate (SAR) during MWA experimentally and compared to 

a multi-physics simulation.

Methods—An infrared (IR) camera was used to measure SAR during MWA within a split ex 
vivo liver model. Perseon Medical’s short-tip (ST) or long-tip (LT) MWA antenna were placed on 

top of a tissue sample (n=6), and microwave power (15W) was applied for 6 min, while 

intermittently interrupting power. Tissue surface temperature was recorded via IR camera (3.3 fps, 

320×240 resolution). SAR was calculated intermittently based on temperature slope before and 

after power interruption. Temperature and SAR data were compared to simulation results.

Results—Experimentally measured SAR changed considerably once tissue temperatures 

exceeded 100 °C, contrary to simulation results. The ablation zone diameters were 1.28 cm and 

1.30 ± 0.03 cm (transverse), and 2.10 cm and 2.66 ± −0.22 cm (axial), for simulation and 

experiment, respectively. The average difference in temperature between the simulation and 

experiment were 5.6 °C (ST) and 6.2 °C (LT). Dice coefficients for 1000 W/kg SAR iso-contour 

were 0.74 ± 0.01 (ST) and 0.77 (± 0.03) (LT), suggesting good agreement of SAR contours.

Conclusion—We experimentally demonstrated changes in SAR during MWA ablation, which 

were not present in simulation, suggesting inaccuracies in dielectric properties. The measured 

SAR may be used in simplified computer simulations to predict tissue temperature when the 

antenna geometry is unknown.
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Introduction

Microwave ablation (MWA) procedures have been playing an increasingly important role in 

the treatment of cancer. Compared to radiofrequency ablation, MWA induces faster heating 

over a larger volume of tissue, is more effective near vasculature, is effective in tissues with 

relatively high electrical impedance (such as lung or charred tissue), can utilize multiple 

applicators, and does not require ground pads [1]. MWA procedures are typically performed 

with image guidance (X-ray Computed Tomography (CT) or Ultrasound) to help localize the 

disease, inform device placement, and facilitate post-ablation confirmation of the treated 

zone. Nevertheless, on a patient specific basis, MWA still has many unknowns with regard to 

the power dissipation from the antenna, as well as biophysical effects in tissue adjacent to 

the antenna and at the treatment margin [2,3].

Pre-operative patient-specific planning and visualization tools have the potential to improve 

the reliability of MWA procedures as both a palliative and curative treatment modality. 

Predictive planning is becoming increasingly important for MWA procedures as clinicians 

move toward standardizing therapeutic approaches. The attempted clinical goal for most 

MWA procedures is to ablate the entire tumor with an additional margin (typically ~ 5–10 

mm) along the target circumference to account for any residual cancerous cells that may not 

be detected via imaging [4,5]. An inadequate ablation margin may result in residual disease 

left behind after treatment that leads to tumor recurrence [6,7].

The current standard for MWA planning is restricted to 2D comparison of the desired 

treatment effect region with the dimensions of ellipsoidal parameterizations derived from 

applicator-specific ex vivo tissue tests. Some new systems provide overlays of these 

ellipsoids on pre-treatment imaging [8]. This approach to estimating the treatment effect 

region is independent of any specific patient and ignores the effects of tissue perfusion, 

tumor type and location, and the influence of surrounding anatomy present in actual clinical 

procedures. Furthermore, the use of 2D ablation zone predictions on 3D anatomy places a 

considerable burden on the physician’s spatial treatment planning skill, and treatment 

accuracy may be skewed by physician experience. To facilitate personalized treatment 

delivery and simplify planning for physicians, there has been renewed interest in the 

development of modeling and visualization techniques towards treatment planning of 

ablation treatments [9,10,11].

Mathematical models of the thermoelectric processes that occur during MWA have been 

employed during the design and optimization of devices for MWA [12,13,14,15,16,17,18]. 

These models use numerical techniques to solve the partial differential equations that govern 

electromagnetic propagation, power deposition, and bioheat transfer [19,20]. Such models 

may help physicians to choose the treatment parameters (e.g. number of antennas, applied 

power levels, antenna insertion paths) that maximize the likelihood of a desired treatment 

outcome. Predictive modeling tools are of particular clinical relevance due to the shortage of 

practical techniques for intra-operative monitoring of thermal damage. Relatively few 

simulation platforms have been adapted for planning ablation procedures [10, 11, 21, 22]. 

Challenges with creating an MWA simulation framework include: limited patient-specific 
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knowledge of tissue biophysical properties, integrating data from clinical imaging datasets 

with computational models, impracticality of lengthy computational times within the clinical 

workflow, and, critically, ignorance of the vendor-proprietary applicator geometries and 

antenna material properties.

Current MWA models often include multi-physics simulation techniques to compute the 

electric field and electromagnetic power absorption profile within tissue. Calculation of the 

electric field radiated by a particular applicator, requires knowledge of the antenna geometry, 

and antenna material properties. However, the proprietary design of applicators currently in 

clinical use is almost always unknown. Alternative simulation techniques that characterize 

the power absorption pattern during MWA without requiring knowledge of proprietary 

antenna design information could facilitate bioheat transfer modeling within clinical 

treatment planning.

Infrared thermographic SAR measurement, which has been in use for several decades [23], 

is well suited to temperature measurements because of the high spatial resolution afforded 

by commercial thermal cameras, and the wide field of view that enables temperature 

measurement of an entire cross-sectional plane in a single experiment. Some work has been 

done to investigate thermographic SAR measurements and minimizing associated 

measurement errors under experimental conditions for external applicators [24]. Gladman et 
al. measured SAR for interstitial hyperthermia devices using an IR thermogaphic system 

using a technique similar to the one we adopted in this work [25]. They acquired serial IR 

thermograpahic measurements during multiple heating and cooling periods using a tissue 

equivalent phantom and computed the errors caused by thermal conduction and convection 

when calculating SAR from thermography. In that study, the phantom was layered so that 

the interstitial device was not exposed during heating; so, temperature data acquisition was 

limited to the period immediately following heating. Another study used thermocouples to 

acquire temperature data and then used these data to correct for thermal conduction errors 

during tissue heating [26].

The goal of this study was to examine any differences between the SAR profile predicted by 

multi-physics simulations and the corresponding SAR profile computed from experimentally 

measured temperature profiles with an infrared camera. This study employed commonly 

used commercial antennas (Perseon Medical Short Tip and Long Tip antennas) with 

geometry known by the authors. This study served two purposes: 1) it provided an 

experimental validation of the multi-physics model using proprietary geometry information, 

and 2) the experimental SAR data enables us to demonstrate an alternate modelling strategy 

using experimentally measured SAR profiles to guide MWA simulations without knowledge 

of the antenna geometry.

Methods

Experimental Setup

We used the experimental setup illustrated in Fig. 1 to estimate the SAR profile in fresh ex 
vivo porcine liver tissue. We performed a total of 6 studies and measured the change in 

temperature during ablation with either of two clinically employed 915 MHz MWA 
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antennas: Perseon Medical’s (Salt Lake City, UT) short-tip (ST) antenna (n=3), or long-tip 

(LT) antenna (n=3). Liver tissue samples were placed in 0.9% saline until tissue temperature 

was completely equilibrated with water bath temperature (21 °C). The MW antenna was 

placed in firm contact on top of a tissue sample. An infrared camera (Mikron M7500; 

Hancock, MI) was positioned above the sample and additional thermocouples (Model IT-18; 

Physitemp ;Clifton, NJ) were placed on the tissue surface approximately 5 cm from antenna 

(outside heated zone) to calibrate temperature values derived from the IR camera. We 

assumed tissue emissivity of 0.9 [27]. The tissue surface temperature was recorded via IR 

camera (~3.3 fps, 320×240 resolution) for the duration of the experiment and the image 

sequence was stored for later image analysis. Microwave power (15 W) was applied to the 

antenna for a total of 6 minutes, and antenna cooling by room temperature water was 

initiated just before power was turned on. Power was interrupted for ~5 s, every 20 s (0–2 

min), or every 30 s (2–6 min). At the end of each study, a photographic image was taken to 

visualize the coagulation zone.

The initial rate of temperature rise was calculated for each pixel from the IR imaging data 

(Fig. 1. B,C). In addition, slope of temperature rise/fall was calculated just before, and just 

after each time power was turned off (t−off, t+off) with a ~3 s time interval for slope 

calculation. Similar to a prior study [26], SAR was calculated during heating from these two 

slopes as specified in equations 1 and 2.

(1)

(2)

In both equations c is the specific heat, k is the thermal conductivity, and ρ is the density of 

the tissue sample. Since the tissue temperature is equal immediately before (t−off), and 

immediately after (t+off) the power is turned off, the heat conduction term (first right-hand 

term in equations 1 and 2) also has to be identical as it depends on the temperature gradient; 

however, SAR equals 0 immediately after power is switched off (t+off), leaving only the 

thermal conduction term in equation (2).

SAR during MW heating (i.e. just before power is turned off) can then be calculated by 

subtraction of equation (2) from equation (1), i.e. by subtraction of the two temperature 

slopes before and after power is turned off (equation 3):

(3)
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Thus, we were able to calculate SAR at the beginning of each experiment, as well as each 

time power was transiently turned off, every 20 s (0–2 min), or every 30 s (2–6 min) as 

illustrated in Figure 2.

Data Analysis of Experiments

Experimental infrared temperature measurements and subsequent transient SAR spatial 

profiles were post processed using MATLAB R2013b (The Mathworks, Inc., Natick, MA). 

The spatial temperature changes captured by the infrared camera were compared to a 

previously validated simulation model using the Perseon ST antenna [9] that mimicked the 

same experimental setup (discussed in the next section). The initial and transient SAR 

profiles were compared to the simulation as well. The simulated ablation zone and SAR 

profile (SARsim) were compared to the experimentally measured ablation zone and SAR 

profile (SARexp) using a Dice coefficient (Equation 4).

(4)

Simulation Framework

Biophysical Model—A 3D model was employed in this study as illustrated in Figure 3. 

The simulation geometry illustrated is similar to the experimental setup previously discussed 

in which half of the antenna was immersed within liver tissue sample and half was exposed 

to air. The FEM model was implemented in COMSOL Multiphysics v4.4 (Burlington, MA) 

to simulate the described experiment. The model used to simulate the ablation experiments 

for this study was used in a previous study to quantify clinical margin variability during 

MWA treatments [9].

Material Properties—Equations 5 – 7 show the electromagnetic and heat transfer 

processes solved for in the simulation:

(5)

(6)

(7)

In (5)–(7), μr is the relative permeability ratio which is unity for all of the materials in this 

model, E [V m−1] is the electric field, k0 is the propagation constant in free-space, εr is 

Deshazer et al. Page 5

Int J Hyperthermia. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relative permittivity ratio, σ [S m−1] is electrical conductivity, ε0 [F/m] is the permittivity of 

free-space, and ω[rad s−1] is angular frequency. ρ [kg m−3] is the density, Cp [J kg−1 °C−1] is 

the heat capacity at constant pressure for the tissue, T [°C] is the temperature, k [W 

m−1 °C−1] is the thermal conductivity, and SAR [W/kg] is the specific absorption rate. Table 

1 presents the temperature dependent dielectric and thermal properties used in our 

simulations within liver. The parameterizations of permittivity and electrical conductivity in 

liver tissue were also employed in a prior investigation for modeling MWA procedures 

within liver at 915 MHz [9]. Moreover, a similar linear approximation for thermal 

conductivity was used, where k0 is the thermal conductivity at the reference temperature, k1 

is a temperature coefficient, and T and T0 are the transient and reference temperatures 

[28,29]. Determinations of k0 and k1 were based on experimental data previously reported 

for experiments performed on human and porcine liver [30,31]. We used a temperature 

dependent specific heat capacity parameterization in our simulation. A Gaussian function 

centered at the boiling point of water is used to simulate the added heat sink associated with 

tissue water evaporation [32]. We assumed constant physical properties for air (σair = 0 S 

m−1, kair =.0257 W m−1 °C−1, Cp air =1.005 J kg−1 °C−1)

Results

The spatial profiles of SAR and temperature at several time points during the ablation for the 

short-tip (ST) and long-tip (LT) applicators are illustrated in Figures 4 and 5 – both for 

experimental data and for computer simulation. For both figures the thermal conduction 

correction (equations 1–3) was applied for SAR calculations from experimental temperature 

data. Figure 6 shows a photograph of the ablation zone following a 15 W, 6 min ablation 

using the short-tip and long-tip applicators. Figure 7 provides a comparison of the simulated 

and experimentally measured radial temperature profiles after 6 min using the short-tip and 

long-tip applicators. The average difference in temperature between the simulation and 

experimentally measured temperature for Figure 7 data, for the short-tip and long-tip 

applicators was 5.6 °C and 6.2 °C, respectively. Figure 8 is a comparison of ablation zone 

dimensions between simulation and experiment using a short-tip applicator. The 60 °C 

isothermal contour was used to compare the extent of the ablation zone of simulation vs. 

experiment. The ablation zone diameters were 1.28 cm and 1.30±0.03 cm (transverse) and 

2.10 cm and 2.66 ± 0.22 cm (axial), for simulation and experiment, respectively. Dice 

coefficients for the 1000 W/kg SAR iso-contour were 0.74 ± 0.01 (ST) and 0.77 (± 0.03) 

(LT), suggesting good agreement of SAR contours. Figure 9 shows a comparison of transient 

SAR profile between experiment and simulation, for a short-tip antenna. Table 2 contains 

Dice coefficient comparison of the SAR profiles for the ex vivo ablation experiments to the 

simulated transient profile at various time points, and for both antennas.

Discussion

In this study, we quantified tissue temperature and SAR of two clinically employed MWA 

antennas via infrared camera measurements on ex vivo liver tissue, similar to prior studies 

[23,24,25]. By intermittently turning power off, we were able to correct for thermal 

conduction (equations 1, 2, 3) and thus calculate SAR both initially and during ablation, to 

characterize changes in SAR. We used the results of these experimental measurements to 
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validate a prior multi-physics MWA model [9]. There was reasonable agreement in 

temperature, with an average error of 5.9 °C between model and experiment (Fig. 7). 

Similarly, shape and dimension of the ablation zone (defined by the 60 °C isotherm) agreed 

well, with deviations of 0.3 cm (traverse diameter) and 0.4 cm (axial diameter) (Figures 6, 

7). There was, however, a considerable change in SAR over the course of the ablation 

observed during the experiments, which was apparent to a much lesser extent in the 

computer models. In experimental studies, hot spots were apparent during the first 150 

seconds but disappeared later in both short-tip and long-tip applicator experimental studies 

(Figures 4, 5). While SAR also changed in the computer models and became more uniform 

during heating, the change was much less pronounced. This suggests that the temperature 

dependence of tissue properties – particularly that of dielectric properties – was not 

adequately captured in the simulation, resulting from limited dielectric property data 

available at high temperatures. This lack of available data is likely due to the difficulty of 

directly measuring the temperature dependence of dielectric properties at high temperatures 

(> 100 °C). While there is lack of temperature dependent dielectric data for 915 MHz at high 

temperatures, measurements at 2.45 GHz suggest values of tissue electrical conductivity and 

permittivity drop considerably at temperatures in excess of ~ 80 °C, presumably attributable 

to loss of tissue water [33,34]. Assuming a similar trend at 915 MHz would explain the 

reductions in SAR at tissue temperatures in excess of 100 °C. The experimental results 

support this explanation since considerable changes in SAR occur only once tissue 

temperature exceeds 100 °C (see Figures 4, 5, t=360 s). These differences in SAR 

correspond to parallel differences in the temperature profiles, with more uniform 

temperature surrounding the antenna in experimental studies, and larger temperature 

gradients in the computer simulations.

A comparison of simulated SAR profile to experimentally measured SAR profile for a 15 W, 

6 min ablation with the short-tip (ST) applicator at different time points is illustrated in 

Figure 8. Table 2 shows approximately 72–83 % agreement between the simulated and 

experimentally measured transient SAR profiles, for both short-tip (ST) and long-tip (LT) 

applicators. The 18–20% discrepancy between simulation and experiment depicted in Table 

2 and Figure 9 can be explained by the differences in SAR described above, and because the 

simulated ablation captured the SAR along the shaft of the antenna (see Fig. 9, arrow).

In this study, we experimentally demonstrated considerable change in SAR during MW 

ablation. SAR also changed in the computer simulation; however, it was to a much lesser 

extent, likely due to inaccuracies in temperature dependence of dielectric properties. 

Nevertheless, the ablation zone dimensions between simulation and experiment agreed 

reasonably well suggesting that the impact of this change in SAR during heating is 

somewhat limited. Thus, current modeling approaches are reasonably accurate, but could 

benefit from knowledge of high temperature dielectric property data.

Our data also suggest feasibility of a novel modeling approach of incorporating 

experimentally measured SAR during the course of an ablation may provide a simplified 

technique for modeling MWA procedures with clinical applicators without requiring detailed 

knowledge of the applicator construction. Such a simulation approach would also be 

computationally less demanding as the electromagnetic problem (Equation 5) does not need 
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to be solved. While we employed infrared thermometry in this study, the proposed technique 

to estimate SAR changes during heating may also be employed with magnetic resonance 

thermometry [35] to facilitate 3D measurements in vivo.

It is important to note that our approach was evaluated for a single tissue type (liver), and 

that future studies should assess this approach in other tissues (e.g. kidney, lung). Moreover, 

the measurements and simulations were performed based on normal liver tissue only. 

However, since prior studies measured only a small difference in dielectric properties 

between malignant and normal human liver tissue [36,37], our data are likely applicable also 

to liver tumor tissue. This premise is further supported by a recent computer modeling study, 

where MWA ablation zones varied only slightly when considering heterogeneity between 

tumor and normal tissue dielectric properties, compared to assuming homogeneous 

properties [9]. Additional studies have identified other heterogeneous tissue properties such 

as blood perfusion between tumor and normal tissue, to be a more relevant factor for 

accurate modeling of MWA than dielectric properties [9,38]. As such, the proposed 

approach affords inclusion of patient-specific blood perfusion in thermal models to address 

the growing interest in MWA treatment planning.

Conclusion

The focus of this study was to experimentally characterize the transient power deposition 

pattern during MWA given a commercially available antenna with known geometry, and 

compare these to a computer model. The experimental results suggest significant changes in 

SAR during heating which were not present in simulation results. While tissue temperature 

and ablation zone dimensions agreed reasonably well between model and experiment, 

knowledge of dielectric properties at high temperatures will likely improve model accuracy. 

The experimentally measured SAR data may potentially be used in simplified computer 

simulations to predict ablation zone dimensions for MWA when the antenna geometry is 

unknown, without the need to solve the electromagnetic equations.
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Fig. 1. 
Setup for experimental measurement of SAR. (A) Tissue sample is heated with MW antenna 

and temperature is recorded with infrared (IR) camera data and thermocouples. (B) 

Transient temperature data is analyzed for each pixel and (C) SAR calculated. 

Thermocouples are used to calibrate IR camera data temperature.
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Figure 2. 
Example temperature change at a specific location during an ablation experiment in which 

the power was intermittently turned off to correct for thermal conduction. Green lines 

indicate slopes of temperature change.
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Figure 3. 
Simulation geometry of the MWA antenna at an air-liver boundary that was compared to the 

experimental temperature and SAR data. Note that the ablation zone is on the surface of the 

liver (not in air), and distance from the ablation zone to the simulation boundary (edge of 

liver) is approximately 6–8 cm.
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Figure 4. 
(a) Experimental (top) and simulated (bottom) temperature profiles during the course of an 

ablation experiment using the short-tip (ST) applicator. (b) Experimental (top) and simulated 

(bottom) SAR spatial profiles during the course of an ablation experiment using the short-tip 

(ST) applicator. Black lines indicate antenna position. White dotted lines in (a) at t=360 s 

mark the position where temperature profile is plotted in Fig. 7.
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Figure 5. 
(a) Experimental (top) and simulated (bottom) temperature profiles during the course of an 

ablation experiment using the long-tip (LT) applicator. (b) Experimental (top) and simulated 

(bottom) SAR spatial profiles during the course of an ablation experiment using the long-tip 

(LT) applicator. Black lines indicate antenna position. White dotted lines in (a) at t=360 s 

mark the position where temperature profile is plotted in Fig. 7.
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Figure 6. 
Axial view of a 15 W, 6 minute ablation on an ex vivo liver sample using the short-tip (ST) 

applicator (left) and long-tip (LT) applicator (right).
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Figure 7. 
Radial temperature profile along dotted line in Fig. 4 and 5, compared between simulation 

and experiment using the short-tip (ST) (a) and the long-tip (LT) (b) applicators. 

Temperature is shown after 6 min ablation. Average difference between experiments and 

simulation was 5.6 °C (ST applicator) and 6.2 °C (LT applicator).
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Figure 8. 
Comparison of simulation and experiment using the short-tip (ST) applicator. The solid 

black line is the simulation and each individual shade of gray line corresponds to a different 

actual experiment. The 60 °C isothermal contour was used to compare the extent of the 

ablation zone of simulation vs. experiment (n=3) at 1 minute (DSC agreement = 0.79 

± 0.07)), 3 minutes (DSC agreement = 0.83 ± 0.03) and 6 minutes (DSC agreement = 0.85 

± 0.03). Temperature maps are shown from simulation.
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Figure 9. 
Comparison of simulated transient SAR profile to experimentally measured SAR profile 

during ablation for short-tip antenna. Note that only simulated SAR profile captures antenna 

outline (see arrow), which contributes to discrepancy in dice coefficients between model and 

experiment.
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Table 1

Temperature dependent liver dielectric and thermal property parameterization used in models

εr (T) σ (T) κ(T) T(°C)

0–95

95–100

30 0.82 >100
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