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Introduction 

Image-guided thermal ablation (IGTA) of tumors has been 

used clinically for the treatment of focal tumors in the liver, 

lung, kidney, and bone [1–5]. While IGTA can be performed 

as a standalone therapy, more recently the procedure has 

been combined with chemotherapy or radiotherapy [6,7]. 

Minimally invasive IGTA procedure offers several advantages 

over trad- itional surgical resection, which include lower 

morbidity, improved preservation of surrounding tissue, and 

a reduction in hospitalization costs and length of stay [8]. 

Technology development and clinical studies of thermal 

ablation were ini- tially performed with radiofrequency (RF) 

energy-based sys- tems operating at frequencies in the 

range ~350 – 500 kHz. While RF ablation remains the most 

widely-used platform available in clinical use worldwide, it 

suffers from several sig- nificant limitations: relatively long 

treatment times, limited penetration, difficulties in creating 

uniform ablation zones of tissue, and biophysical tissue 

interactions that ultimately limit RF heating including 

tissue charring and vaporization [1]. 

Microwave (MW – commonly referring to frequencies 

between 915 MHz and 2.45 GHz, although higher frequency 

systems have also been explored) ablation platforms have 

been devel- oped and investigated [9,10], and offer 

advantages including the ability to achieve higher 

temperatures (> 100 oC) with larger ablation zones in less 

time. MW is less vulnerable to 

blood flow-induced heat sink effects [10–12] and to imped- 

ance-driven performance variability compared to RF 

ablation. Commercial microwave ablation (MWA) platforms 

have become available [13] with initial clinical studies 

demonstrat- ing their safety and efficacy [9,14–17]. MWA 

systems are increasingly used in the clinical setting, with 

several new MWA systems currently under development 

[18,19]. 

Despite these technological improvements, reliably 

achieving large-volume heating (> 2–3.5 cm) during clinical 

MWA procedures remains a challenge [20,21]. To overcome 

this challenge, one approach is to apply simultaneous abla- 

tion with multiple antennas [22] or single antenna serial 
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anatomical difficulties in antenna placement and 

inconsistent ablation results due to varying energy 

penetration, tumor tis- sue differences and collateral tissue 

injuries, e.g., to the bile duct, nerves, and gall bladder [24]. 

While temperatures near the MW antenna can exceed 

110 oC during ablation, tissue thermal conductivity is gener- 

ally low such that steep temperature gradients are observed 

which limit the radial penetration of the ablation zone out- 

wards from the applicator [25]. The goal of an ablation pro- 

cedure is to extend the ablation zone over the tumor and a 

surrounding margin of normal tissue (referred to as a treat- 

ment margin). Biophysical factors that contribute to the 

rela- 

tively high local recurrence rate (>30%) are the heat 

sink 

effect and insufficient energy penetration [26]. The former is 

likely due to heat loss rendered by rapid blood flow through 

large blood vessels adjacent to the ablation site. The latter is 

primarily due to the attenuation of electromagnetic energy 

radiated by the antenna and low thermal conductivity of tis- 

sue leading to the creation of a narrow elliptical heating pat- 

tern along the antenna shaft, resulting in a shorter ablation 

reach in the transverse plane. Over the past two decades, 

attempts to overcome these barriers and increase the 

ablated volume have been made with modest success [20]. 

These include (a) introduction of saline solutions into the 

heating zones which resulted in burns along the least resist- 

ant channel through which the hot vapor could escape [27] 

and (b) insertion of additional antennas into adjacent spaces 

for broader ablation coverage, which is challenging from a 

safety perspective and can cause collateral injury to adjacent 

organs and other non-target tissues such as the bile ducts, 

ureters, and nerves [28]. 

To mitigate these challenges and improve treatment 
out- 

comes we have developed a thermal accelerant (TA) that 

aims to increase the ablation volume by more effective local 

absorption of the electromagnetic energy (microwave and 

radiofrequency energies). The thermal accelerant is a honey- 

like viscous fluid, with a viscosity of approximately 7,000 

cP at room temperature. Molecules with higher dipole 

moments (e.g., NaCl, CsCl) were initially evaluated. Although 

these demonstrated some improvement in ablation 

performance, technical limitations and safety concerns 

outweighed the benefits [29,30]. Bovine serum albumin 

(BSA) is a large, bio- compatible polymer protein with a 

favorably high dipole moment. However, by themselves even 

highly concentrated solutions of BSA did not produce the 

expanded temperature profiles desired during 

electromagnetic exposure because of strong internal 

protein-protein interactions [31]. To relieve these reciprocal 

actions and allow each albumin molecule to freely respond 

to the microwave energy, a chaotropic agent was introduced 

(e.g., NaCl); chaotropic agents are molecules in aqueous 

solution that can disrupt the network of hydro- gen bonds 

between water molecules, weakening the hydro- phobic 

effect, and thereby impacting the stability of the native 

state of macromolecules in solution. The BSA-based TAs 

with chaotropic agent demonstrated approximately fifty 

times greater thermal efficiency than ablation without the TA 

during the initial temperature rate increase and also aug- 

mented MW energy deposition more efficiently at larger 
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distances from the antenna feed point (> 1.5 cm) to 

produce a larger ablation volume. 

Based on these successful results in an animal model, a 

human TA formulation (e.g., HeatSYNCTM gel [32]) was 

designed to have similar physical properties to the albumin 

counterpart. In prior in vivo animal studies, we 

demonstrated that ablation with the HeatSYNC gel 

produced a larger abla- tion volume and a more spherical 

shape than that of abla- tions without the gel in all tissues 

examined (e.g., liver, lung, muscle and kidney) under 

clinically-relevant MWA conditions [32–34]. When using a 

915 MHz microwave ablation antenna powered with 60 W 

for 10 min together with the HeatSYNC gel, ablation 

zones were 6.80 ± 0.62 cm3 and 4.3 ± 2.1 cm3, respectively, 

in porcine liver and lung in vivo, compared to 

2.69 ± 0.36 cm3 and 2.1 ± 1.5 cm3 without the HeatSYNC 

gel. Using a 2.45 GHz antenna powered at 100 W for 10 min 

with the  HeatSYNC  gel  yielded  ablation  zones  of  

volume 

41.9 ± 4.2 cm3 in porcine muscle tissue in vivo compared 

to 

28.7 cm3 without the HeatSYNC gel. Example ablation zones 

achieved in porcine liver in vivo when using the 

HeatSYNC gel, and corresponding ablation zones in the 

absence of the gel, are illustrated in Figure 1. Application of 

the highly absorbing HeatSYNC gel at suitable locations 

from the MW applicator may also provide a means to serve 

as a thermo- protective agent. More sophisticated 

asymmetric tissue sculpting may be feasible when 

directional microwave anten- nas or multiple 

omnidirectional antennas with phase focus- ing are used 

with the HeatSYNC gel [19]. 

Computational models of microwave ablation have 
played 

an important role in the development of new ablation 

devices [35–39], comparative assessment of energy-delivery 

strategies [40], assessing the impact of heterogeneity in 

tissue properties on ablation profiles[41,42], and have 

contributed toward devel- oping an understanding of the 

factors that influence the transi- ent evolution of microwave 

ablation zones [43]. These models are also under 

investigation as part of treatment planning plat- forms that 

may serve as a clinical decision support tool to guide 

selection of treatment parameters on a patient-specific 

basis [44]. Advances in modeling of MW ablation 

procedures have benefited from detailed characterization of 

the electrical and thermal properties of tissue over the 

microwave frequency range, including dynamic changes as 

a function of temperature [45–48]. For the purposes of 

developing computational models of microwave absorption 

and thermal profiles in tissue during thermal ablation 

experiments involving the HeatSYNC gel, it is necessary to 

accurately know both the electrical and thermal properties 

of the materials for use in bioheat transfer models. 

The present study was undertaken to develop a 
computa- 

tional model for predicting ablation zone profiles during 

microwave ablation with the HeatSYNC gel. The model incor- 

porates experimental measurements of the temperature- 

dependent dielectric and thermal properties of the 

HeatSYNC gel. Model predictions of transient temperature 

profile and ablation zone extents are compared against 

experiments conducted in fresh ex vivo bovine tissue. Finally, 

the model is employed to assess ablation zones under 

in vivo conditions in attempt to understand experimental 

observations from prior studies in porcine liver in vivo. 
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Figure 1. Example ablation zones in porcine liver in vivo following 60 W, 10 min MWA with a clinical ablation system (Perseon MicrothermX) when 

ablation was performed with (left) vs. without (right) ~2 ml HeatSYNC gel. The illustrated tissue sections are taken approximately perpendicular 

to the axis of the MWA applica- tor and were stained with TTC viability stain. The grid markings in the figure represent a distance of 1 cm. 

 

Materials and methods 

Measurement of dielectric and thermal properties of the 

HeatSYNC gel 

The electrical properties (relative permittivity and electrical 

conductivity) help determine the actual microwave power 

absorption within a material. The dielectric properties, dens- 

ity, thermal conductivity and specific heat are necessary to 

accurately model the power absorption and conduction 

away from the heat source, and transient temperature pro- 

files. One important complication in this process is that these 

properties are not constant as a function of temperature. To 

produce the most accurate model of the heating patterns, 

it is critical to know these properties as a function of 

tempera- ture. For these experiments, published properties 

of liver tis- sue as a function of temperature are already 

available [45,46,49]. However, these properties are not 

known for the HeatSYNC gel. For this we performed a series 

of experiments to measure the dielectric properties, density, 

thermal con- ductivity and specific heat capacity of the 

HeatSYNC gel at temperatures over the range 20 – 90 oC. 

For the dielectric properties and density, the 

measurements were performed in a controlled temperature 

bath (Isotemp 2150, Fisher Scientific, Waltham, MA) where 

the bath was allowed to equilibrate for a series of 

temperatures from 20 oC to 90 oC in 10 oC increments for 20 

min at each temperature. Dielectric properties were 

measured with an 85070B dielectric probe kit and E5071B 

vector network analyzer (both from Agilent, Santa Rosa, CA). 

Following calibration of the probe with measurements on an 

open circuit, closed circuit, and deionized water, 

measurements on samples with known dielectric properties 

(ethanol, methanol) at room temperature were conducted. 

Density was determined from mass measure- ments 

performed with a Mettler Toledo XS105 mass scale 

(Columbus, OH) and volume measurements using a polyster- 

ene 1 ml pipette (BD Falcon) with 0.01 ml increments. Similarly 

for the thermal conductivity, the measurements were per- 

formed in a controlled temperature oven (Yamato-

Scientific 
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DKN602C, Santa Clara, CA) over a similar temperature 

interval with 15 min stabilizing times for each temperature. 

Thermal conductivity measurements were made with a 

Decagon Devices KD2 Pro thermal property measurement 

system (Pullman, WA). The specific heat measurements were 

per- formed using the TA Instruments DSC Q2000 (New 

Castle, DE) differential scanning calorimeter which is already 

automated to test small samples over a range of 

temperatures. The data was then parameterized as a 

function of temperature so that it could be incorporated 

into thermal simulations. 

 

Bench top experiments in ex vivo bovine liver 

To validate the computational model and evaluate the per- 

formance of the HeatSYNC gel in ex vivo tissue, we per- 

formed a set of ablations in room-temperature bovine liver. 

Specifically, n ¼ 3 heating experiments are conducted in 

liver without the HeatSYNC gel and another n ¼ 3 

experiments in liver tissue with the injected HeatSYNC gel. 

All ex vivo experi- ments are performed with a custom 2.45 

GHz water-cooled monopole applicator and with 50 W 

applied input power (assessed at the applicator connector) 

for 10 min. The appli- cator diameter is 2.1 mm and the 

outer shaft is made from polyimide. Room temperature 

water is circulated at a rate of 50 ml/min through the 

applicator. 

The system setup is shown in Figure 2. Microwave power 

is passed from the generator (GMS 200 W, SAIREM Inc., 

France) via a 3 ft-long RG393 coaxial cable (attenuation 

~0.12 dB/ft @2.45 GHz, Pasternack RF, Irvine, CA, USA) to a 

power meter (7022 Statistical, Bird, Solon, OH, USA), and 

continues through 3 ft-long RG400 coaxial cable 

(attenuation ~0.22 dB/ft @2.45 GHz, Pasternack RF) to the 

MW ablation applicator. A peristaltic pump (Masterflex L/S) 

was used to circulate ~20 oC room-temperature water 

through the applicator in a closed- loop flow circuit at a 

rate of approximately 50 ml/min. 

Temperatures were measured at three discrete locations 

within the ex vivo liver tissue as depicted in Figures 2 and 3 

with fiber optic sensors (NeoptixTM ReflexTM, Canada 

LP). 
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Figure 3 also shows the custom built template, which facili- 

tates repeatable positioning of an approximately 6 x 6 

x 6 cm3 section of liver tissue, the microwave ablation 

applica- tor, and fiber optic sensors. In pilot experiments 

within ex vivo tissue, it was observed that free injection 

of the HeatSYNC into ex vivo liver parenchyma would lead 

to spreading of the gel through the vessels that are air-filled 

in the ex vivo setting. In order to localize the gel at the 

time of injection, a cavity was created within the liver 

tissue sample using a Dremel tool, and the HeatSYNC gel 

was injected into the cavity using a 15 G needle. Needle 

was held in same position during injec- 

tion and subtracted from cavity when gel fully filled the cav- 

ity. Ablations were commenced shortly (< 5 min) after 

injecting the HeatSYNC gel into the cavity. The template 

facili- tates sectioning of the tissue sample in a plane 

including the applicator shaft and the HeatSYNC gel, which 

allows for post- heating verification and measurement of the 

actual position- ing of the applicator and fiberoptic 

probes relative to the 

location of injected gel. In ablation control experiments with- 

out the HeatSYNC gel, fiber optic sensor distal tips are set at 

radial distances of 4–5 mm (Channel 1), 4–5 mm (Channel 2), 

and 19–21 mm (Channel 3), respectively. For ablation experi- 

ments with the HeatSYNC gel, fiber optic sensor distal tips 

are set at radial distances of 4–4.5 mm (Channel 1), 4–6.0 mm 

(Channel 2), and 18.5–19 mm (Channel 3), respectively. 

Measured area of gel and specific positions of applicator and 

fiber optic probes from each experiment are 

subsequently 

used to set up corresponding geometries in computational 

models of microwave ablation with the thermal accelerant. 

On completion of the ablation, the tissue was 

sectioned in a plane along the axis of the ablation applicator 

and the fiber optic temperature sensors. Tissue cross-

sections with achieved ablation and solidified thermal 

accelerant (seen as the white region in Figure 3B), are 

digitally scanned using a flatbed scanner (Epson v550 

Perfection) and ablation zones segmented with a custom 

algorithm implemented in MATLAB (R2020a). The 

segmentation approach consists of a two-step process, 

where the first step utilizes a k-means clus- tering algorithm 

applied to RGB space of the scanned image to separate the 

image into ablated/non-ablated areas. The second/final step 

smooths the separated areas of the image and filters out 

spurious regions marked as ablated tissue but that are not 

contiguous from the ablation zone. 

 

Computational model of microwave absorption and heat 

transfer in ex vivo tissue 

A coupled electromagnetics-bioheat transfer computational 

model was implemented in COMSOL Multiphysics (v5.6, 

COMSOL Inc., Burlington, MA) to study the effects of the 

HeatSYNC thermal accelerant on spatial and temporal distri- 

bution of temperature profiles in liver tissue. The model was 

adapted from models previously developed and experimen- 

tally validated in a range of tissue types [44,50,51]. Briefly, 

the model first solves for the time-averaged electric 

field 

 

 

Figure 2. Setup for experimental ablation procedures in ex vivo bovine liver. 
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Figure 3. (A) Fixture template for holding liver sample, applicator and fiber optic probes and B) sample of position measurement of 

applicator and fiber optic probes with respect to injected gel after heating. 
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intensity in tissue using the time-harmonic electromagnetic 

Helmholtz wave equation: 

r2E þ b2

er

erðTÞ- 
jrðTÞ

E

E ¼ 0, (1) 

where E is the electric field intensity [V/m], b0 is the 

wavenum- ber in free space [m-1], erðTÞ is temperature-

dependent rela- tive permittivity [-], r (T) is temperature-

dependent effective electrical conductivity [S/m], x is 

angular frequency [rad · s-1], and e0 is the permittivity of free 

space. The time-averaged power loss density, Qmw, in all 
regions is determined using: 

Qmw ¼ 
1 

rðTÞjEj2: (2) 
2 

The incremental change in temperature at each time 

step is then determined with the transient heat transfer 

equation 

qcðTÞ 
@T 

¼ r · kðTÞrTþQmw, (3) 

@t 

where qcðTÞ stands for temperature-dependent volumetric 

heat capacity [J/m3/oC], and k(T) is temperature-dependent 

thermal conductivity [W/m/oC]. We employ a transient solver 

with backward differentiating formula (BDF) of low 

order 

(maximum 2) and relative event tolerance 0.005. Time steps 

are adaptively chosen by the solver according to computa- 

tion error and were no longer than 20 s. 

The simulation domain consists of a cylinder of height 

10 cm and diameter 8 cm, with material properties 

assigned to approximate bovine liver. The microwave 

applicator is positioned along the central axis of tissue 

cylinder, with the tip of the antenna positioned 1.35 cm 

above the cylinder base. In the case of simulations for 

comparison with ex vivo experiments, the microwave 

applicator is a water-cooled coaxial monopole operating at 

2.45 GHz and monopole length 7.5 mm. Polyimide tubes 

(Zeus Inc., Orangeburg, SC, USA) of outer diameters ~1.3 mm 

and ~2.2 mm are used for water-inflow tube and outer 

applicator shaft respectively. The overall diameter of 

applicator is 2.2 mm. The thermal accelerant is modeled as 

ellipsoid with dimensions corre- 
sponding to the measurements from each individual 
experi- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Geometry of simulation space for ex vivo simulations with 
the 
2.45 GHz MWA applicator and the HeatSYNC gel. 

 

 

temperature as well as functions for temperature depend- 

ency approximation are summarized in Table 1. 

Similarly, expressions for the dielectric and thermal prop- 

erties of the HeatSYNC gel and their temperature dependen- 

cies are summarized in Table 2. 

 

Extension and adaptation of the computational model for 

simulating ablations in vivo 

Next, we employ the computational model to simulate abla- 

tion under in vivo conditions, similar to the conditions under 

prior experiments in porcine liver in vivo (from [30,34] and 

Theromics’ internal results). 

Thermal simulations are setup to solve the Pennes’ bio- 

heat transfer equation: 

ment in ex vivo tissue as illustrated in Figure 4. 

Initial tissue temperature for simulations mimicking 

ex 

qciðTÞ 
@T 

¼ r · kðTÞrTþQmw - 

xblðTÞcblq 
@t 

ðT - TblÞ: (7) 

vivo experimental conditions is T ¼ 25 oC. At all outer boun- 

daries of simulation space, we apply a first order Sommerfeld 

radiation boundary condition 

n x ðr x EÞ - jkn x ðE x nÞ ¼ 0 , (4) 

where n denotes unit normal vector to the corresponding 

simu- lation boundary, and thermal insulation boundary 

condition 

n · ðkrTÞ ¼ 0: (5) 

To approximate the internal water cooling of the micro- 

wave applicator, we employ a convective heat-flux boundary 

condition on outer shaft of the applicator 

q0 ¼ h · ðText - TÞ: (6) 

bl 
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with heat-flux coefficient h ¼ 200 W/m2/oC and external tem- 

perature Text ¼ 20 oC. 

Material properties of the bovine liver are simulated as 

temperature dependent and their initial values at 

room 

where xblðTÞ denotes temperature dependent blood perfu- 

sion coefficient (18e-3 [s-1]), cbl stands for specific heat cap- 

acity of blood (3617 [J/kg/K]) [52], qbl is the density of blood 

(1050 [kg/m3]) [52] and Tbl is physiologic blood temperature 

(37 oC). The value of xblðTÞ is scaled by a factor 0.1 for 

regions with the thermal accelerant present, to 

approximate 

the impact of the accelerant on reduced blood flow. 

Furthermore, to approximate the effects of thermally 

induced microvascular stasis, xblðTÞ is modeled as a 

smoothed step function, such that its value decreases to 

50% of its initial value at 52.5 oC, and to 0 s-1 at 60 oC [53]. 

While the Pennes’ bioheat transfer model has 

acknowledged limitations [54,56], 

it remains an effective and widely used bioheat transfer 

model for simulating thermal ablation in vivo . 

Example tissue sections, illustrating ablation zones with 

and without the HeatSYNC gel are provided in Figure 1. 

Unlike  the  conditions  considered  in  ex  vivo  ablation 
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Table 1. Dielectric and thermal properties of bovine liver used in ex vivo simulations. 

Property Value @25 oC T dependency function Reference 

Er [-] 46.17 Piecewise linear, frequency dependent fit [0.5 – 6 GHz] [49] 

r [S/m] 1.795 Piecewise linear, frequency dependent fit [0.5 – 6 GHz] [49] 

qc, T 2 ð25, 95Þ 

qc [J/m3/oC] 4e6 qcðTÞ ¼ 
qc þ qcv þ 

qw LC 
, T 2 ð95, 

105Þ 

 
[53–55] 

2 DT 
qcv, T > 105 

k [W/m/o C] 0.454 kðTÞ ¼ 0:49 þ DkðT - 37Þ, T 2 ð25, 
100Þ 

0:49 þ Dkð100 - 37Þ, T > 100 oC 

[47, 53, 55] 

 
 

* qcv stands for volumetric heat capacity of vaporized tissue with value of 6e5 [J/m3/oC], qw is the density of 
water, L is latent heat of vaporization of water with value 2260 kJ/kg, C is the water content in tissue (0.73[-]), 
DT is temperature interval around boiling point of water, where vaporization takes place, and Dk is rate of 
change of thermal conductivity 0.003 [W/m/oC2]. 

 

experiments where efforts were made to localize the 

HeatSYNC gel to a position lateral to the ablation applicator, 

the results from prior in vivo experiments suggest that the 

HeatSYNC gel impacts the ablation zone across the angular 

expanse. We did not anticipate the impact of the HeatSYNC 

gel would remain substantial on the contra-lateral side, if the 

HeatSYNC gel remained localized to the injection site. 

Thus, we considered two approximations as illustrated in 

Figure 5: (A1) modeled to approximate the HeatSYNC gel 

spread out over a broader volume following injection, but 

remains static over the course of the ablation procedure; and 

(A2) modeled to approximate the HeatSYNC gel that 

spreads over the course of an ablation when local 

temperature of the gel is in 

the range 40 < T < 55 oC. 

In vivo model approximation A1: we introduce a 
volume 

with mixture of tissue and thermal accelerant properties. 

Two mixtures are studied, the first with 50% of thermal 

accelerant and 50% of tissue (50/50 mixture) and the second 

with 10% of thermal accelerant and 90% of tissue. The 

material properties of the mixture are set as a weighted aver- 

age of tissue and thermal accelerant properties with weights 

corresponding to ratio of tissue/thermal accelerant in the 

mixture volume. The mixture volume is simulated as a 

sphere with volume of thermal accelerant, which corre- 

sponded to 2 cm3 (2 ml) divided by gel concentration in the 

mixture. The center of the mixture volume is placed on the 

applicator axis. 

In vivo model approximation A2: This model was 

devel- 

Table 2. Parameterizations for temperature dependencies of the 

dielectric and thermal properties of the HeatSYNC gel. 
 

Property T dependency function 
 

Er [-] Er ðTÞ ¼ Er þ DEr · ðT - 25Þ, T 2 ð25, 

90Þ 
r [S/m] r ðTÞ ¼ r þ Dr · ðT - 25Þ, T 2 ð25, 
90Þ 
qc [J/m3/oC] qcðTÞ ¼ qc þ Dqc · ðT - 25Þ, T 2 ð25, 
90Þ 

k [W/m/oC] kðTÞ ¼ k þ DkTA · ðT - 25Þ, T 2 ð25, 

90Þ 
 

 

where x0, y0, z0 ¼ ð15 mm, 0 mm, 0 mmÞ are initial coordi- 

nates of center of gel volume, and xs, ys, zs ¼ ð13 þ 

0:1 · t, 13 þ 0:1 · t, 26 þ 0:1 · tÞ define initial dimensions of 

gel area and its spread over time [mm]. It is noted that this is 

a rough approximation, rather than a model derived 

formally from first 

principles, to evaluate the potential impact of gel spreading 

dur- ing heating on the ablation profile. Tissue dielectric 

thermal properties and blood perfusion are consequently set 

as the weighted average of tissue and gel properties. For 

example, for relative permittivity, the following expression 

was used: 

er ¼ er gel · gmðt, TÞ þ er tissue · ð1 - gmðt, TÞÞ: (9) 

Blood perfusion coefficient xgel  (i.e., in regions where 

gm(t,T) ¼ 0) for gel was set to 0 Wm-3K-1: 

Ablation boundary estimations. Transient temperature 

maps from simulations are used to estimate the ablation 

extents using the Arrhenius thermal damage and thermal 

iso-effective dose models. The Arrhenius thermal damage 

coefficient, X, is calculated with: 

oped to approximate observations that the HeatSYNC 

gel viscosity generally decreased with increasing 

temperature 

ðtiÞ ¼ 
Ti 

ti¼1 

 Ea  

Dt · Ae R·TðtiÞ, (10) 

from room temperature (~20 oC) to physiologic tempera- ture (37 oC). As a first order approximation of the spread 
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y s 

of the gel in regions with increasing temperature, we 

employed the following time and temperature dependent 

model of gel presence gmðt, TÞ throughout the tissue 

domain: 

where A is the frequency factor (5.51e41 [s-1] in liver), Ea 

is the activation energy (2.77e5 [J/mol] in liver) [55], R is 

the gas constant 8.3143 [J/mol/oC,] ti is time index, Ti is the 

total number of time-steps Dt, and T(ti) is the 

temperature at time ti. We also calculate the thermal 

isoeffective dose, which translates an arbitrary time-

temperature profile to 

 

 
 

0, T < 40 oC 

 

gmðt, TÞ ¼ exp

 

-4 

· 

ðx - 

x0Þ2 
 

 

2 
s 

ðy - 
y0Þ2 

þ 
2

 

s 

ðz - 
z0Þ2 

þ 
z2

 

, 40 oC � T � 55 oC , (8) 

0, 55 oC < T 

 

  

x 

!! 
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Figure 5. Geometries illustrating approximations used for modeling the impact of potential spread of the HeatSYNC gel on ablation profiles 

under in vivo condi- tions. (A) Model A1 – HeatSYNC gel spreads after injection, but remains static over the course of the ablation. (B) Model 

A2 – HeatSYNC gel spreads during the course of an ablation in tissue regions with temperature in the range 40 < T < 55 oC. 

 

Figure 6. Temperature dependent dielectric properties of the HeatSYNC gel at 915 MHz and 2.45 GHz. 

 

equivalent minutes of heating at 43 oC (CEM43) dose 

accord- ing to 

HeatSYNC gel measured over the temperature range 

20 

– 90 oC. 
Figure 7 illustrates the temperature dependent (A) 
dens- 

CEM43ðtiÞ ¼ 
Ti 

ti¼1 
Dt · 

R 

CEM 
43-TðtiÞ, (11) 

ity, (B) thermal conductivity, and (C) specific heat capacity 

of 

where RCEM is unit-less factor of 0.25 (T < 43 oC) and 

0.5 (T> ¼43 oC). The volume where X(ti) > 1 and CEM43(ti) 

> 240 min is used to determine the extents of the ablation 

zone. 

 

Results 

Experimentally measured dielectric and thermal 

properties of the HeatSYNC gel 

Figure  6  illustrates  the  temperature  dependent 

relative  permittivity  and  electrical  conductivity  of  the 
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the HeatSYNC gel measured over the temperature range 

20 

– 90 oC. 

 

 

Experimental ablations in ex vivo tissue 

Figure  7A  shows  an  example  ablation  zone  along 

the applicator axis in ex vivo liver without the HeatSYNC 

gel present; Figure 7B–D illustrate example ablation 

zones with the HeatSYNC gel injected at a distance 

of  10 mm  radially  from  the  applicator  surface.  For  

all 
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Figure 7. Temperature dependent thermal properties of the HeatSYNC gel: (A) density, (B) thermal conductivity, and (C) specific heat capacity. 

 

Figure 8. Ablation extents as observed in tissue cross-section after experiments (black contours). Depicted cases include case without thermal 

accelerant gel (a), and experiments 1 (B), 2 (C), and 3 (D) with present thermal acceleration gel. White arrows mark the position of gel. White 

labels in the lower left corner label 1 cm distance within image. 

 

 

figures, ablations are conducted with 50 W power applied 

for 10 min using a 2.45 GHz water-cooled monopole 

antenna. 
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The white mass visible in Figure 8 is the solidified thermal 

accelerant. This phase change from liquid to solid takes 

place between 60 oC and 70 oC. 



16 J. SEBEK ET 

AL. 

 

 

 

 

Figure 9. Ablation extents as observed in tissue cross-section after experiments (black contours) and as predicted by simulation, specifically 240 

CEM43 (red con- tours) and Arrhenius thermal damage model for liver whitening (white contours). Depicted cases include case without thermal 

accelerant gel (A), and experiments 1 (B), 2 (C), and 3 (D) with present thermal acceleration gel, respectively. 

 

Table 3. Extents of the ablation zone from experiments in ex vivo bovine 

liver and corresponding simulations, when Arrhenius thermal damage 

is used for extents prediction. 
 

 W1 [mm] W2 [mm] H [mm]  
 

Control 33.4 – 37.8 
Control, simulation 31.5 31.5 36 
Exp. 1, measurement 32.1 – 38.3 
Exp. 1, simulation 31.5 31.5 36 
Exp. 2, measurement 31.9 – 43 
Exp. 2, simulation 31.5 31.5 36 
Exp. 3, measurement 30.9 – 38.4 
Exp. 3, simulation 31.5 31.5 36 
Mean ± STD, Measurement 32.9 ± 2.6 – 40.2 ± 

2.3 
Mean ± STD, Simulation 31.5 ± 0 31.5 ± 0 36 ± 0 

Ablation experiments considered 50 W power applied for 10 min. 

 

Figure 9 shows simulated temperature profiles in ex vivo 

liver corresponding to experiments where the HeatSYNC gel 

is not present (Figure 8A) and where it is present (Figure 8B–

D), respectively, with 50 W applied for 10 min using a 2.45 

GHz water-cooled monopole antenna. Also included are 

estimated extents of the ablation zone with the thermal dose 

and Arrhenius thermal damage models, as well as the 

extent of the thermal ablation zone from experiments. Note 

that for each simulation resulted presented in Figure 9B–D, 

the pos- ition of the HeatSYNC gel in the model was 

determined from 
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the estimated position of the gel observed in the 

correspond- ing experiment in ex vivo liver (Figure 8B–D). 

The measurements of the diameter (W1 and 

perpendicular W2) and height (H) along the applicator axis 

of the ablation zone from simulations and corresponding 

experiments are summarized in Table 3. 

Figure 10 illustrates transient temperature profiles, which 

are captured at locations of fiber optic probes (Channel 1, 

Channel 2, and Channel 3) during 50 W, 10 min ablation 

experiments in ex vivo bovine liver with and without the 

HeatSYNC gel. 

These transient temperature profiles are compared 

against the temperatures from simulations for three 

performed con- trol experiments (without gel, Figure 11A, 

B, and C) and for three cases with injected thermal 

accelerant and results are shown in Figure 11D, E, and F. 

Figure 12 shows simulated radial temperature profiles at 

various time points along ablation duration for ex vivo 

experiment 1 with thermal accelerant location shown in 

Figure 7B. Temperatures are shown along the line, which 

goes through middle point of thermal accelerant and is per- 

pendicular to the applicator shaft. 

Ablation extents as predicted for the porcine liver in vivo 

scenario A1 with the 2450 MHz applicator and with 

thermal 
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Figure 10. Transient temperature profiles as measured in respective fiber optic channel locations in ex vivo bovine liver tissue. legend symbol 

‘ctrl-mean’ stands for average temperature curve from control experiments (without gel) and ‘std’ denotes standard deviation. Channel 1 is 

located 5 mm away from applicator shaft just in front of volume with thermal accelerant, channel 2 is placed 5 mm away from applicator at 

opposite side of applicator and channel 3 is 15 mm away from the applicator just behind the thermal accelerant. 

 

Figure 11. Comparison of simulated (dotted lines) vs measured (solid lines) transient temperature profiles in ex vivo bovine liver tissue without 
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(A, B, and C) and with (D, E, and F) the HeatSYNC gel during 50 W, 10 min microwave ablation with a water-cooled 2.45 GHz antenna. 
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Figure 12. Simulated radial temperature profiles at 60, 180, 300 and 600 s after start of ablation experiment with thermal accelerant location 

shown in Figure 8B. 

 

accelerant distribution in tissue over a broad volume are 

illustrated in Figure 13A, C (90% tissue, 10% gel) and Figure 

13B, D (50% tissue, 50% gel), respectively. Consistent with 

the corresponding in vivo experiments from previous studies 

[30,33], these simulations consider 50 W applied for up 

to 10 min. 

Figure 14 shows ablation extents as predicted for the 
por- 

cine liver in vivo scenario A2 with the 2450 MHz 

applicator and transient gel distribution in tissue. 

Values of the predicted ablation extents under in 
vivo 

conditions along three orthogonal axes are provided 

in Table 4. 

 

Discussion 

Prior studies have demonstrated the feasibility of enhancing 

microwave ablation volumes in a range of tissue types with 

the use of a thermal accelerant, such as the HeatSYNC 

gel. The present study was undertaken to develop a 

computa- tional model for predicting the extent of 

microwave ablation zones in liver tissue when ablations are 

performed in con- junction with the HeatSYNC gel. The 

temperature-dependent dielectric and thermal properties of 

the gel are experimen- tally measured and implemented 

within computational bio- heat transfer models. Model-

predicted extents of the ablation zone were compared 

against measurements in ex 
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vivo bovine liver tissue under similar conditions, as well as 

against measurements from prior ablation studies for in vivo 

porcine liver. 

Measurements of the dielectric properties of the 

HeatSYNC gel at both 915 MHz and 2.45 GHz (Figure 6) 

show that the electrical conductivity of the HeatSYNC gel is 

substantially higher than that of liver tissue at room 

temperature. At 

2.45 GHz, the electrical conductivity of the HeatSYNC gel is 

approximately 83% higher than that for liver tissue at room 

temperature, indicating greater absorption can be 

anticipated in the gel. Moreover, as the HeatSYNC gel is 

heated to tem- peratures up to 90 oC, the electrical 

conductivity of the gel increases nearly linearly with 

temperature, in contrast to the dielectric properties of liver 

tissue that tend to drop with increasing frequency, with a 

rather sharp drop at tempera- tures exceeding ~80 oC 

[45,46,49]. These measurements indi- cate that preferential 

microwave absorption within the HeatSYNC gel relative to 

tissue increases substantially as the gel heats up during an 

ablation procedure. The thermal con- ductivity of the gel is 

approximately 20% lower than liver tis- sue (Figure 7B), and 

the volumetric heat capacity is approximately 40% lower 

(Figure 7C) at room temperature. These imply that the gel 

will generally tend to retain the heat locally more than liver 

tissue. Transient temperature profiles measured within the 

HeatSYNC gel when confined within a tube, and 

corresponding temperature measurements without 
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Figure 13. Sample of ablation extents estimated by 240 CEM43 (dotted lines) and Arrhenius thermal damage model with liver whitening kinetic 

parameters (solid lines). in case of in vivo liver without the HeatSYNC gel (blue line) and with the HeatSYNC gel (red line) at following 

ablation with a 2450 MHz applicator using 50 W applied for 5 min (a and B) and 10 min (C and D), respectively. Position of the gel/tissue 

mixture (90% tissue, 10% gel in a), C), and 50% tissue, 50% gel in B), 
D)) is illustrated with the black contour. 

 

the HeatSYNC gel illustrated the greater local absorption and 

heating to higher maximum temperatures within the 

HeatSYNC (see Appendix, Figure A2). 

As can be seen from the data in Figures 6 and 7, the 

changes in properties after the gel solidified (at approxi- 

mately ~80 oC) were generally minimal. The two that showed 

any noticeable changes were the relative permittivity for the 

915 MHz measurements and the specific heat capacity 

(Cp). For the former, the relative permittivity demonstrated a 

fairly constant increase from 20 to 60 oC as a function of 

tempera- ture. After the solidification process (between 60 

and 70 oC), the relative permittivity increased at a slightly 

greater, but relatively constant, rate. Similarly for the specific 

heat cap- acity, it also increased at a slight, but constant 

rate from 20 to 60 oC as a function of temperature. Only after 

the solidifi- cation process did the slope of the specific heat 

capacity increase as a function of temperature. In the case of 

the spe- cific heat capacity, the changes were relatively 

subtle. For all of the other properties, there does not 

appear to be any 
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noticeable changes in the trends with respect to 

temperature after the solidification process. 

These material property data suggest that when a con- 

tiguous volume of gel is positioned in proximity to the abla- 

tion applicator where considerable microwave power is 

incident on the gel, substantially greater tissue 

temperatures can be anticipated in the gel as compared 

to tissue regions at a similar distance from the applicator. 

Conversely, when a contiguous volume of gel is 

positioned at regions further away from the ablation 

applicator (i.e., in regions where the thermal ablation zone 

spreads primarily by thermal conduc- tion), the lower 

thermal conductivity may act to limit the spread of the 

ablation profile. 

Transient temperature profiles measured in ex vivo 

bovine liver tissue (Figure 10) with the fiberoptic sensor 

positioned proximal to the gel in the radial direction from 

the ablation applicator (Channel 1) indicate a more rapid 

rate of heating, 

0.61 oC/s,  and  higher  maximum  temperature  (exceeds 

~100 oC)  compared  to  control,  0.27 oC/s  and  maximum 
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Figure 14. Simulated ablation extents (A, B) and gel distribution (C, D) in tissue at 5 (A, C) and 10 min (B, D). ablation extents are estimated by 

240 CEM43 (dotted lines) and Arrhenius thermal damage of 63% (solid lines) with (red lines) and without present HeatSYNC gel (blue lines). 

 

Table 4. Simulated extents (W1, W2 being maximum and minimum diameter) of the ablation zone following 50 W heating with the 2450 MHz 

microwave abla- tion applicator for 5 and 10 min in porcine liver in vivo, with and without the HeatSYNC gel. 

5 min 10 min 
Volume 

 W1 [mm] W2 [mm] Height [mm] Volume[cm3] W1 [mm] W2 [mm] Height [mm] [cm3] 

Control, simulation (no 
gel) 

28.5 28.5 31.5 15.86 31.5 31.5 33 20.36 

Approximation A1, 50% 
gel 

26.25 27 28.5 12.12 31.5 31.5 30.75 20.36 

Approximation A1, 10% 
gel 

31.5 31.5 32.25 18.5 33 33 33.75 22.2 

Approximation A2 30 30.7 33 18.39 34.5 35.2 36 26.26 

 

temperature does not exceed 100 oC (i.e., measurement 

at the same location in experiments without the gel 

present). On the contra-lateral side of the ablation 

applicator (i.e., in the direction away from the gel; Channel 

2), rate of heating for experiments with the gel present is 

0.50 oC/s compared to 0.26 oC/s in control experiments, 

with similar observations in maximum temperature as for 

Channel 1. At a distance of 

~20 mm from the ablation applicator in the direction of the 

HeatSYNC gel (i.e., beyond the gel), temperatures are 

consist- ent (and slightly lower) with measurements from 

control sim- ulations. These observations are in alignment 

with the impact the gel would be anticipated to have based 

on the dielectric and thermal property measurements. 

Model-predicted transient temperature profiles were gener- 

ally in alignment with experimental measurements across the 
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three measurement locations when considering ablation 

with- out (Figure 11A, B, C) and with (Figure 11D, E, F) the 

HeatSYNC gel, with mean absolute error (MAE) ranging 

between 1.5 oC - 

5.8 oC for the no gel case, and between 0.3 oC - 11 oC with 

the HeatSYNC gel present, respectively. The greater 

variability between predicted and experimentally measured 

temperatures for cases with the HeatSYNC gel present may 

be in part due to differences in the idealized ellipsoidal 

shape profile of the gel used in simulations and the actual 

shape profile of the gel in experiments. Spread/migration of 

the gel during heating was not accounted for in the 

simulations of ablation under ex vivo conditions. The 

extents of the ablation zone predicted by the computational 

model and experimentally observed in ex vivo tissue were 

in good agreement (model: 31.5 ± 0 mm x 36 ± 0 mm 

vs. experiment: 32.9 ± 2.6 x 40.2 ± 2.3 mm). 
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While both the experiments in ex vivo tissue and the 

computational model predict similar thermal profiles and 

ablation zones in ex vivo tissue when using the HeatSYNC 

gel compared to ablations without the HeatSYNC gel, these 

findings are in contrast to observations from prior in vivo 

experimental studies [34] which indicated considerably 

larger ablation volumes when using the HeatSYNC gel 

(e.g., up to 50% larger in liver tissue [30]). Indeed, as seen 

in Figure 1, the ablation zone observed in vivo was generally 

larger circumferentially around the applicator axis, not just 

on the side for which the HeatSYNC gel was injected. 

Given the substantially higher microwave absorption in the 

HeatSYNC gel compared to liver tissue, we hypothesize 

that the use of the HeatSYNC gel may yield larger ablation 

profiles if it spreads out over a relatively large region. 

For the ex vivo tissue experiments, the gel remained in a 

con- stant volume cavity, and the corresponding scenario 

was modeled in simulations. However, in prior in vivo experi- 

ments, the gel was injected directly into liver parenchyma. 

We constructed computational models to simulate ablation 

zone profiles in liver under in vivo conditions (i.e., with per- 

fusion included and with an initial temperature of 37 oC) 

with the gel spread out over a larger region to approxi- 

mate a liver/HeatSYNC gel mixture, considering two scen- 

arios. Models of the first scenario (Model A1), were 

constructed to approximate the gel spreading out within 

liver tissue following injection into the parenchyma but 

remaining in a static position over the course of the abla- 

tion. We considered 50% liver/50% gel and 90% liver/10% 

gel mixtures. In the second scenario, model A2, we 

attempted to approximate the transient spread of gel as a 

function of temperature, to emulate observations that the 

HeatSYNC gel viscosity generally decreased with increasing 

temperature, before congealing at ~70 oC. These simula- 

tions were conducted at 2.45 GHz, similar to ablation 

experiments conducted earlier studies in porcine liver 

in vivo, where not only volume but linear dimensions of 

ablation extents were recorded with MRI thermometry [34]. 

For modeling scenario A2, it is noted that in the absence 

of any heating (e.g., if the gel is injected and heat is not 

applied), the gel would not diffuse per the current approxi- 

mate model. 
For modeling scenario A1 with 10% gel mixture in liver, 

short axis diameter increased by up to 5% at 10 min, com- 

pared to control, and the height of the ablation zone 

increased by 2%. When simulating 50% gel mixture in 

tis- sue, no appreciable change in ablation extents was 

observed. These results suggest that spread of the gel 

prior to the ablation, but with the gel remaining static 

during the course of the ablation, has limited impact on 

overall volume of ablation zone. For modeling scenario 

A2, at 10 min, simulation results indicate a 9.5–11.7% 

increase in ablation zone short axes diameters, 11.7% 

increase in height of the ablation zone, and 28.9% 

increase in volume of ablation extents when compared to 

control. A prior experimental study in porcine liver in vivo 

with a clinical 

2.45 GHz  MWA  applicator  (100 W  at  generator;  power 

applied for 10 min) showed that short axis diameters of 

the 
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ablation zone as measured by MRI thermometry 

increased by 19.4–24.7% and height of the ablation zone 

increased by 7.4% when using the HeatSYNC gel compared 

to no gel control; a 39.6% increase in volume of the 

ablation zone was observed [34]. It is noted that the 

computational mod- els reported here employed a 2.45 

GHz water-cooled mono- pole antenna, which may differ 

from the proprietary antenna design used in the 

epxerimental studies. While the increase in short axis 

diameters and volume of ablation zones predicted by 

these models are smaller than those observed 

experimentally on MRI thermometry, these results suggest 

a potential role of the HeatSYNC spread during the course 

of the ablation in augmenting ablation profiles. Further 

studies are warranted to model spread of the HeatSYNC 

gel during ablation based on first principles, and to 

experimentally assess potential spread of the gel during 

ablation with suitable imaging techniques. Our studies 

to date have not considered the impact of spatially 

distribut- ing gel injection sites (e.g., in quadrants), which 

may offer another degree of freedom for shaping ablation 

profiles. Further refinement and validation of the model 

is antici- pated to support comparative assessments of the 

impact of HeatSYNC gel injection parameters (e.g., volume 

of gel injected; number of gel injection sites; gel injection 

loca- tion(s) relative to the ablation applicator; applied 

power/- time; others) for various treatment scenarios. The 

role of injection needle on ablation profile would also be 

of inter- est; during our preclinical pig studies, we have 

used a var- iety of needle types, including: 10 cm 5 Fr 19 

G YUEH centesis needle (COOK Medical) with a hand-

held pump (10 ml injection capacity), and a 19 G Luer 

lock needle with 1 ml syringe without a pump. Smaller (15–

18 G) Luer lock needles can be readily used with a 3–5 

ml syringe. 

Overall, the experiments and computational models 

reported in this study contribute to an improved 

understand- ing of microwave absorption and heat transfer 

during abla- tion with the HeatSYNC gel present. The 

computational model predictions of ablation zones and 

temperature profiles in ex vivo tissue are generally aligned 

with experimental measurements. While the computational 

model of the in vivo scenario with the gel spreading during 

ablation offers a plausible mechanism by which the 

HeatSYNC gel contributes to larger ablation zones in vivo, 

further experimental studies are warranted to investigate 

this hypothesis. Future attempts at modeling should more 

carefully consider the shape profile of the gel following 

injection into tissue and during the course of the ablation, 

as well as impacts of tissue shrinkage (both with and without 

the HeatSYNC gel) on ablation pro- files. Modeling efforts 

would also benefit from experimental characterization of 

the HeatSYNC gel viscosity as a function of temperature. 

The contributions of possible impact of the presence of the 

gel on blood perfusion rates also merits fur- ther 

investigation. 
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Appendix 
 

To verify the local heating enhancement in HeatSYNCTM gel, as antici- 

pated by the dielectric property measurements, we conducted an 

experiment designed to measure the temperature within the HeatSYNC 

gel, in addition to regions adjacent to the gel. To facilitate this, 

we filled a polyimide tube (3 mm diameter) with either agar (for 

control) or the HeatSYNC gel and placed the polyimide tube 

between fiber optic sensor channels 1 and 4 on one side of 

applicator as shown in Figure A1. Spacing between sensors and 

applicator agree with all other ex vivo experiments in liver. The 

agarose mixture consists of 74.75% deionized water, 23% sugar, 0.25% 

salt, and 2% agar. To prepare the phantom, we heated deionized 

water poured in beaker with hot plate and magnetic stirrer. Once 

temperature reached 50 oC, we added all other ingredients and 

continued heating until temperature reached 85 oC while 

continuously mixing. After reaching 85 oC, the hot plate was turned 

off and the mixture was left to cool down. Before solidifica- tion of 

mixture, we poured respective amounts of the phantom into the 

fixture templates and one polyimide tube for experiments. The 

measured dielectric (at 2.45 GHz) and thermal properties of agar are 

specifically  relative  permittivity  ~61 ± 2,  effective  conductivity 

~2.45 ± 0.05 S/m, volumetric heat capacity ~3.5 ± 0.2 MJ/kg/K, and 

ther- mal conductivity ~0.5 ± 0.06 W/m/K. 

From the measured temperature data, transient temperatures 

at each sensor were compared between control, when agar was 

present in polyimide tube, and the test experiment with 

HeatSYNCTM gel pre- sent in polyimide tube. Figure A2 shows 

transient temperature rise at the four fiber optic temperature sensor 

locations. As anticipated by the higher electrical conductivity of 

the HeatSYNC gel compared to the phantom (and given that 

the electrical conductivity of the HeatSYNC gel increases with 

temperature), we observed greater rate of heating and maximum 

temperature at channel 3 when the polyimide tube was filled with 

the HeatSYNC gel compared to agar (i.e., control). It was also 

observed that the temperature measured at channel 1, in between the 

polyimide tube and the ablation applicator, was higher for the 

experiment with the HeatSYNC gel compared to control, which 
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could be attributed to the thermal gradient established by the hotspot 

within the polyimide tube filled with HeatSYNC. There were no sub- 

stantive differences in temperatures observed at Channel 2 and 4. 

These data support the anticipated greater absorption in the 

HeatSYNC 

gel compared to control based on dielectric properties, and suggest 

that overall extent of ablation zone due to the HeatSYNC gel is 

limited in situations where the gel position is tightly constrained 

(e.g., as in the polyimide tube). 

 

 

 

Figure A1. MWA applicator and fiber Optics positioning around polyimide tube with either agar or HeatSYNCTM. Figure A) shows schematic, 

and figure B) shows example of probe spacing measurement. 

 

 

Figure A2. Temperatures as measured at the four fiber optic locations illustrated in Figure A1. Channel 1 (A) depicts temperature between 

gel and applicator, 5 mm away from applicator axis. Channel 2 (B) stands for temperature measured at opposite side of applicator also 5 mm away 

from applicator axis. Channel 3 (C) depicts temperatures measured inside polyimide tube with either thermal accelerant (gel) or agar (control). 

Channel 4 (D) shows temperatures measured on the other side of gel away from applicator. 


