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ABSTRACT
Purpose: To assess the feasibility of delivering microwave ablation for targeted treatment of aldoster-
one producing adenomas using image-based computational models.
Methods: We curated an anonymized dataset of diagnostic 11C-metomidate PET/CT images of 14
patients with aldosterone producing adenomas (APA). A semi-automated approach was developed to
segment the APA, adrenal gland, and adjacent organs within 2 cm of the APA boundary. The seg-
mented volumes were used to implement patient-specific 3D electromagnetic-bioheat transfer models
of microwave ablation with a 2.45GHz directional microwave ablation applicator. Ablation profiles
were quantitatively assessed based on the extent of the APA target encompassed by an ablative ther-
mal dose, while limiting thermal damage to the adjacent normal adrenal tissue and sensitive crit-
ical structures.
Results: Across the 14 patients, adrenal tumor volumes ranged between 393mm3 and 2,395mm3. On
average, 70% of the adrenal tumor volumes received an ablative thermal dose of 240CEM43, while
limiting thermal damage to non-target structures, and thermally sparing 83.5–96.4% of normal adrenal
gland. Average ablation duration was 293 s (range: 60–600 s). Simulations indicated coverage of the
APA with an ablative dose was limited when the axis of the ablation applicator was not well aligned
with the major axis of the targeted APA.
Conclusions: Image-based computational models demonstrate the potential for delivering microwave
ablation to APA targets within the adrenal gland, while limiting thermal damage to surrounding non-
target structures.
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Introduction

Primary aldosteronism (PA) is the principal cause of secondary
hypertension and accounts for 5–12% of all hypertension
worldwide [1–4]. PA is characterized by dysregulated
aldosterone secretion from unilateral or bilateral aldosterone
producing adenoma (APA), aldosterone producing macronod-
ules (MAPN)/micronodules (MAPM), or aldosterone-producing
diffuse hyperplasia (APDH). Primary hyperaldosteronism is
associated with greater levels of cardiovascular and renovas-
cular co-morbidities when compared to matched primary
hypertension, including atrial fibrillation, ventricular hyper-
trophy, hypokalemia, and cerebrovascular ischemic events
[5,6]. Hyperaldosteronism may arise from one (unilateral PA)
or both (bilateral PA) adrenal glands and distinguishing uni-
lateral from bilateral disease (lateralization) is the key step

following diagnosis to determining the most appropriate
therapeutic approach to resolving PA. The gold-standard lat-
eralization procedure is adrenal vein sampling (AVS), although
functional imaging using 11C Metomidate PET/CT has demon-
strated high specificity in not just lateralizing disease, but
also localizing offending nodules within the gland [7]. The
current recommended definitive management for patients
affected by unilateral APA or APCC is adrenalectomy – i.e.,
complete surgical resection of a single adrenal, while in
patients with bilateral disease pharmacological therapy is the
treatment of choice with primacy given to mineralocorticoid
receptor antagonist (MRA) therapy. Bilateral adrenalectomy is
not indicated for patients with bilateral disease given
unavoidable and unacceptable adrenocortical insufficiency
arising from this approach. Pharmacotherapy with MRAs is
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also not always well tolerated in males [8,9] due to feminizing
off-target effects at the androgen receptor. While in women
of reproductive age, MRA carry teratogenic potential to
the fetus.

Image-guided thermal ablation may provide a minimally-
invasive approach for targeted destruction of aldosterone
producing lesions which have been located in one or both
adrenal glands. Specific, targeted delivery of thermal ablation
could also thermally spare adjacent normally functioning
adrenal tissue, while avoiding damage to adjacent sensitive
structures [10]. Thermal ablation may therefore present a
non-pharmacologic treatment for patients with PA under-
pinned by both unilateral and bilateral disease.

In using an adrenal-sparing, targeted approach to unilat-
eral or bilateral PA, it is necessary to localize the offending
aldosterone producing lesions within each adrenal gland in
order to plan effective targeting. 11C-metomidate PET/CT
imaging provides a modality for localizing functioning, aldos-
terone producing adrenal lesions, with PET imaging overlaid
on anatomic detail available through CT imaging.

Both radiofrequency [10] and microwave ablation (MWA)
have been successfully applied to treat unilateral functioning
adrenal adenomas causing both PA and hypercortisolism (�
20mm) [11–13]. These approaches have demonstrated suc-
cess in obtaining complete adenoma thermal ablative cover-
age during a single treatment, achieving biochemical and
complete cure comparable to that achieved with adrenalec-
tomy [13–15]. Additionally, we have previously demonstrated
in an animal model, the feasibility of bilateral subtotal abla-
tion within the adrenal gland to achieve ablation zones of
�1 cm3, while preserving adjacent adrenal cortex and normal
post-procedural adrenocortical function [16].

Targetable aldosterone producing lesions are typically
between 300 and 2500mm3 in diameter. Currently available
MWA devices are well suited to creating near-spherical abla-
tion zones >2 cm in diameter (volume: >4.2 cm3), due to the
relatively long wavelength at the commonly used frequen-
cies of 2.45GHz and 915MHz. These probes are not ideally
suited to creation of smaller ablation zones. Dielectric con-
trast between peri-adrenal fat and the adrenal cortex can
also constrain microwave power toward the gland [17].
Finally, present MWA probes typically require penetration
into the offending lesion in order to deliver radiation. We
have developed MWA devices with directional control of
radiation pattern that may offer the opportunity to target
smaller lesions, such as aldosterone producing lesions with-
out requiring direct penetration into the adrenal gland and
which can be directed away from peri-adrenal fat when
applying ablation [18–20].

We used directional probes and specifically applied this
approach during in vivo porcine studies which demonstrated
therapeutic potential for subtotal, targeted bilateral adrenal
ablation in this context, when the MWA device was positioned
during laparotomy [16]. However, this pre-clinical study was
limited by the fact that MWA was undertaken in normal por-
cine adrenal gland as there are no current large animal models
of adrenal nodules, and did not therefore consider the location
of potential adrenal nodules. Moreover, the MWA probe

placement was performed during laparotomy, rather than
using a minimally invasive approach and therefore organs adja-
cent to the adrenal could be reflected away from the field of
radiation to avoid damage. Computational models provide an
approach to overcome these limitations, prior to application in
the in vivo model and can investigate the potential to deliver
effective conformal thermal ablation to site-specific targets,
within a simulated patient environment derived from clinical
imaging [21–24].

The objective of this study was to characterize microwave
ablation profiles within APA targets using computational mod-
els derived from representative clinical imaging datasets.
Coupled electromagnetic-bioheat transfer simulations were
implemented incorporating the adrenal gland, APAs, and sur-
rounding tissue structures, as informed by a dataset of 11C-
metomidate PET/CT images from 14 patients. Ablation profiles
were quantitatively assessed based on the extent of the APA
target encompassed by an ablative thermal dose, while limiting
thermal damage to the adjacent normal adrenal tissue and
avoiding damage to sensitive critical structures. The results pro-
vide insight into the range of APA targets that can be ablated
with 2.45GHz directional microwave ablation applicators con-
sidered in this study.

Methods

Patient imaging dataset

Clinical evaluation was performed on patients attending a
resistant/young hypertension clinic at Galway University
Hospital between 2014 and 2018, who met the following cri-
teria: (i) diagnosis of PA, (ii) had undergone lateralization with
AVS, 11C-metomidate PET/CT or both, (iii) had outcome data
for >6months following adrenalectomy or commencement
of MRA (for bilateral disease or those awaiting adrenalec-
tomy). Each patient (n¼ 14) had been referred for work-up
and management of hypertension from primary or secondary
care for the following reasons: (i) young age of hypertension
onset (<40 years), (ii) hypertension complicated by cardiovas-
cular disease or hypokalemia, (iii) difficulty in controlling
hypertension on three or more anti-hypertensive medications.
Approval was received from the Research Ethics Committee
at Galway University Hospital (GUH) and data were used with
their informed consent.

Screening and diagnosis of primary aldosteronism

All patients underwent standardized screening and diagnos-
tic approach for endocrine hypertension. PA was diagnosed
according to Endocrine Society Guidelines [25]. Screening
used a mid-morning aldosterone renin ratio (ARR) following
two hours of ambulation with each patient seated for 15min
prior to venesection. Washout of interfering medications was
performed on all patients. Confirmatory testing was per-
formed using the seated saline infusion test (SSIT) [26,27].
Blood pressure was controlled during screening and diagno-
sis using a combination of doxazosin and a calcium channel
antagonist. Potassium was corrected where necessary in
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advance of all blood sampling. Threshold ARR and aldoster-
one values are reported according to locally determined
laboratory reference ranges: suppressed plasma renin activity
(PRA) was accepted at values <1.0 ng/mL/h, and direct renin
concentrations (DRC) <9.0 mIU/L; raised aldosterone renin
ratio (ARR) was accepted at values >800 pmol/L:ng/mL/h
when calculated using the PRA and >35pmol:mIU when
using the DRC.

Lateralization

Upon diagnosis of PA, each patient underwent 3mm slice CT
scan of the adrenal glands (pre-contrast and venous phases).
Lateralization was assessed using adrenal vein sampling
(AVS) and/or 11C-Metomidate PET/CT. AVS was the lateraliza-
tion modality of choice and was considered for all patients.
11C-Metomidate PET/CT was chosen as an adjunct or alterna-
tive lateralization modality under the following circumstan-
ces: (i) prior failed AVS; (ii) unable to stop interfering
medications for diagnosis or lateralization; (iii) patient refusal
of AVS; (iv) equivocal lateralization using AVS (defined as a LI
between 2 and 4 using ACTH-unstimulated AVS); (iv) discord-
ance between CT appearance of the adrenals and the LI
on AVS.

11C-Metomidate PET/CT

11C-Metomidate PET/CT was performed at Addenbrooke’s
Hospital Cambridge. All patients were pretreated with 0.5mg
dexamethasone 6 hourly for 72 h prior to scanning [28,29].
11C-Metomidate was manufactured on site in compliance
with good manufacturing practice using a GE Medical
Systems PETtrace cyclotron (Milwaukee, WI), as previously
described [29].

PET-CT was performed on a GE Discovery 690 PET-CT
scanner (GE Medical Systems). Noncontrast CT images were
acquired over the adrenals (140 kV, 64mA, slice width
3.75mm). After an iv injection of 11C-metomidate (150–500
MBq), dynamic PET images were acquired for 45min.
Attenuation and decay-corrected images were converted to
SUV maps through division by (injected activity per patient
weight). The maximum standardized uptake values (SUVmax)
over regions of interest were determined for 10-min static
images starting 35min after the injection. Images were ana-
lyzed and reported in line with previously published stand-
ards [28]. Lateralization of 11C-Metomidate PET/CT was
interpreted as an SUVmax ratio of 1.25 to the lateralizing
sidem [28], or focal uptake of metomidate within a lateraliz-
ing nodule.

Image-based computational model of microwave
ablation of APA

Computational models of thermal ablation are widely used
for guiding the design, optimization, and assessment of can-
didate devices in a range of tissue types [30]. During early-
stage design of devices, computational models often employ
simplified characterization of tissue as homogeneous or

layered media [18,31–35]. More advanced models consider-
ing anatomy of targeted tissue regions and adjacent organs,
informed by anonymized and de-identified medical imaging
data, are highly informative for assessing the impact of
device design parameters and energy delivery settings on
thermal dose coverage of targeted tissues, as well as off-
target heating of surrounding structures [21,22,36,37]. Such
models are also informative for assessing the impact of the
trajectory/approach for delivering needle- or catheter-based
ablation devices on predicted thermal profiles in targeted
and non-target tissue. In the present study, we generated
computational models for assessing microwave ablation of
adrenal APAs based off 11C-metomidate PET/CT images.

Segmentation of the target nodule and surrounding tissue
structures
A two-step process was used to localize and then segment
APAs within the adrenal gland. First, the APA location was
determined as the region within the adrenal gland with max-
imum intensity in PET images. Then, the co-registered CT
image was used to manually segment irregular shapes (i.e.,
the APA) within the respective adrenal gland. Furthermore,
we segmented any organ or large blood vessel, which was
located within 2 cm from the tumor boundary. Other relevant
tissue types were segmented with the use of semi-automatic
approach based on two steps. In the first step, we manually
placed multiple points along the target boundary. In the
second step, a closed curve was assembled by automatic
connection of points from the first step by finding a path of
least pixel intensity difference between two neighboring
points. This procedure was repeated for each axial slice of CT
image. Furthermore, we have chosen the positions of micro-
wave applicator for each case by defining two points along
the applicator axis. The first point was selected on the outer
surface of APA near its center of mass, where we intended
to achieve the most intense heating. The position of applica-
tor was further refined by moving it away from any organ
with the risk of unacceptable collateral damage. The second
point was chosen between the ribs such that the applicator
followed direction of feasible introduction to the considered
position and its axis avoided any organs, therefore simulating
clinical approach. All segmented volumes and proposed
applicator positions were reviewed, and either accepted or
modified, by a board-certified radiologist (G.R.) to yield a
final set of verified segmentations which were used to con-
struct computational models.

Computational models for assessment of transient ther-
mal profiles in tissue
We employed a coupled 3D electromagnetic-bioheat transfer
models for simulating thermal profiles created by a water-
cooled 2.45 GHz directional microwave ablation applicator,
which consisted of 6mm long s-shaped monopole at the
radiating tip of UT34 coaxial cable inside stainless-steel tube
with hemi-cylindrical reflector according to our previous
study [18]. This computational modeling approach has previ-
ously been validated against volumetric MRI thermometry
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data in ex vivo tissue [38]. Briefly, the finite element method
(FEM) was used to discretize and solve the coupled electro-
magnetic – heat transfer problem at time points as deter-
mined by the Backward Differentiation Formula (BDF) solver
with maximum order 2 and relative tolerance 0.0005 to aid
the computation convergence. The simulation space con-
sisted of cylinder with diameter 6 cm and height 8 cm, which
was centered around the ablation applicator. Tissue regions
and organs segmented as described in the prior section
were imported into the simulation space (see Figure 1).
Regions within the simulation space not assigned to one of
the organs/tissues specified at Table 1, were assigned prop-
erties of muscle tissue to approximate general soft tissue.
Simulations were run for up to 10min, with an applied
power level of 80W at the coaxial feedline input port.

A non-uniform mesh with tetrahedral elements was
employed, with mesh density highest around the input port
of applicator (maximal tetrahedral element edge length ¼
0.2mm). The element size was allowed to grow up to
0.5mm around the applicator shaft, and 1mm around vari-
ous tissue boundaries. The mesh was coarsest in the regions
furthest away from antenna and tissue boundaries with a
maximum element edge length of 4mm. The maximum rate
of mesh element growth was set to 1.5.

At each time step as taken by the solver, the time har-
monic Helmholtz electromagnetic wave equation was solved
to determine the spatial distribution of the electric field

r2Eþ b20 er �  
jr
xe0

� �
E ¼ 0, (1)

where E is the electric field [V/m], b0 is the wavenumber in
free space [1/m], er is relative permittivity [–], r is electric
conductivity [S/m], x is the angular frequency [rad/s] and e0
is the permittivity of free space [F/m]. The time-averaged
microwave power absorbed, Qmw, was calculated with:

Qmw ¼ 1
2
r Ej j2 (2)

Transient temperature profiles were calculated using
Pennes’ bioheat transfer equation [39]

qc Tð Þ oT
ot

¼  r:k Tð ÞrT þ Qmw �mbl Tð Þcbl T � Tblð Þ (3)

where qcðTÞ is volumetric heat capacity [J/m3/K], T is tem-
perature [K], kðTÞ is the thermal conductivity [W/m/K], mbl Tð Þ
is the blood mass perfusion rate [kg/m3/s], cbl is the specific
heat capacity of blood [J/kg/K], and Tbl is the blood tempera-
ture [K]. Furthermore, the heatsink associated with large ves-
sels like the aorta or vena cava was approximated by
omitting the electromagnetic heat source from such volumes
(i.e., setting Qmw ¼ 0W/m3 in these volumes) and assigning
a large blood perfusion value as listed in Table 1. Tissue
dielectric and thermal properties are temperature-dependent;
nominal values of tissue physical properties at physiologic
temperature (37 �C) used in our simulations are listed in
Table 1.

At each time step of the computation, tissue properties
were updated according to their temperature dependencies.
Expressions for the normalized values (unit value at physio-
logic temperature) of temperature dependent tissue proper-
ties for each tissue type are presented in the accompanying
Supplementary Materials (Table SI). Expressions for dielectric
and thermal temperature dependencies were adopted from
[43,44] and from [45] respectively. Temperature dependency
of relative permittivity, effective conductivity, and thermal
conductivity was piecewise linear function, while for volu-
metric heat capacity and blood perfusion coefficient, we uti-
lized piecewise constant function. All functions were
smoothed to have a continuous second derivative, with the
absolute size of transition zone in the range 5–20 �C.

In all regions of the simulation domain, the initial tempera-
ture was set to physiologic temperature 37 �C. To speed-up
convergence of the electric field solver, the initial value of
the electric field intensity was set to 1000 V/m (isotropic) in
all tissue regions. At the simulation boundaries, we applied
first order scattering boundary condition approximating the
Sommerfeld radiation condition [18] for a spherical wave and
a thermal insulation boundary condition. Additionally, we set
perfect electric conductor boundary condition to all surfaces
of metallic parts of the microwave applicator. Finally, we
applied a convective heat-flux boundary condition (heat-flux
coefficient 200W/m2/K and external temperature 20 �C) at the
outer surface of the applicator shaft to approximate the cool-
ing effects of circulating water through the applicator.

Figure 1. (A) Example CT image illustrating MWA applicator insertion path, adrenal gland, and adjacent structures. (B) computational model representing this case
constructed from the segmented tissue regions and application position.

INTERNATIONAL JOURNAL OF HYPERTHERMIA 1267

https://doi.org/10.1080/02656736.2022.2125590


Assessment of thermal damage in targeted APAs and
non-targets

The thermal damage induced in tissue following ablation
was estimated using the Sapareto-Dewey thermal dose
method [46]:

CEM43 T , tð Þ  ¼
XN

i¼1
RCEM

43�Ti � ti , (4)

where CEM43 T , tð Þ are cumulative equivalent minutes at
43 �C [min], Ti is spatial temperature profile observed at i-th
time-step with duration ti, and N is total number of time
steps. Previously established threshold value of 240 CEM43
was chosen as an estimate of the ablation boundary [47–50].
For each case, we assessed the fraction [%] of the APA target
volume heated to an ablative threshold (i.e., 240 CEM43), as
well as the volume [mm3] of non-target tissue regions
heated to an ablative thermal dose. Since APAs are benign
tumors, we did not consider ablating a margin of normal tis-
sue circumscribing the targeted APA, as is desired for abla-
tion of malignant disease [51]. Since a goal of ablation
procedures for treating PA is to maximally preserve normal
adrenal tissue, we also computed the fraction [%] of the
adrenal gland excluding the APA that was heated to an abla-
tive thermal dose.

Ablation simulations were run for up to 10min, unless
one of two events triggered termination of the simulation at
an earlier timepoint. The first triggering event was based of
an assessment of the rate of growth of the ablation; if after
the first minute of heating, the rate of growth of the ablation
zone between in consecutive timesteps dropped below 1%
of the rate of ablation zone growth during the first minute
of ablation, the ablation zone was considered as saturated,
and the simulation was terminated. The second triggering
event was damage to non-target structures exceeding pre-
defined acceptable thresholds. The table of threshold vol-
umes for acceptable collateral damage is provided in
Table 2.

Values of acceptable damage thresholds in Table 2 were
chosen based on consultation with board certified radiolog-
ists (G.R. and D.S.). Additionally, simulated ablations were ter-
minated if >60% of the volume of the normal adrenal gland
regions were heated above the ablative threshold. For critical
structures such as the aorta and vena cava, where no

damage can be tolerated, simulations were terminated when
a non-zero value of ablation volume was observed.

Results

Image-based computer models were generated from PET/CT
imaging datasets for a total of 14 patients. Table 3 and Table
SII (Supplementary Materials) provide a summary of target
APA nodule characteristics, criteria for terminating ablation
simulations, duration of simulated ablations, total volume of
ablated tissue, fraction of APA heated to an ablative thermal
dose, and thermally affected organs/tissue regions for abla-
tions estimated by 240 CEM43 and 55 �C respectively. APA
volumes considered in this study were of volumes ranging
between 393mm3 and 2395mm3. Cumulative volumes of all
tissue regions heated to an ablative thermal dose ranged
between 981mm3 and 11,328mm3. Across all 14 cases, the
average fraction of the target volume receiving an ablative
thermal dose was 70%. In 8/14 cases, simulations indicated
>70% (range: 71.3–93.7%) of the targeted volume would be
heated to ablative doses. Of the eight cases where >70% of
the APA received an ablative thermal dose, four simulations
were terminated due to the saturation of ablation zone
growth criterion, two simulations were terminated due to
thermal damage to surrounding structures, and the remain-
ing two simulations extended for the full 600 s ablation.

Figure 2 illustrates the specific absorption rate (SAR) pro-
file in tissue regions surrounding the MWA applicator for
case 1. The SAR profiles are shown in three orthogonal
planes, as well as overlaid on 3D renderings of the targeted
tumor, adrenal gland, and surrounding structures. These data

Table 1. Tissue biophysical properties employed in FEM simulation at 2.45 GHz.

Tissue

Tissue property [40–42]

Relative permittivity
er
[–]

Electrical conductivity
r [S/m]

Volumetric heat capacity
qc [J/m3/K]

Thermal conductivity
k [W/m/K]

Blood perfusion rate
mbl

[kg/m3/s]

Adrenal gland 58 1.07 3.61 � 106 0.44 26.8
Adrenal tumor (APA) 32.4 1.2 3.82 � 106 0.52 26.8
Fat 10.8 1.75 2.14 � 106 0.52 0.6
Kidney 52.7 2.43 4.01 � 106 0.53 69.7
Blood vessel� 58.3 2.54 3.79 � 106 0.52 12.5
Stomach 62.2 2.21 4.01 � 106 0.53 8.5
Liver 43 1.69 3.82 � 106 0.52 15.8
Spine�� 11.4 0.394 2.68 � 106 0.32 0.18
Spleen 52.4 2.24 3.92 � 106 0.53 28.6
Small Intestine 53.9 2.04 3.76 � 106 0.54 14.2
Muscle 44 1.75 3.82 � 106 0.52 0.55
�Aorta, vena cava, other large vein. ��Modeled as cortical bone.

Table 2. Acceptable volumes of collateral damage in different organs.

Organ V [mm3]

Spine 2000
Liver 1000
Stomach 0
Kidney 1000
Spleen 0
Small veins 1000
Aorta� 0
Vena Cava� 0
Other� 0
�A value of 0mm3 indicates no ablation to the structures was consid-
ered acceptable.
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Table 3. Summary data for 14 simulated APA microwave ablation cases and ablation boundary estimated by threshold of 240 CEM43.

Case

APA
volume
[mm3]

Stopping
criterion

Ablation
time [s]

Total volume
of ablated

tissue. [mm3]

Fraction of
APA

ablated [%]
Short axis
[mm]

Long axis
[mm]

Height
[mm]

Thermally affected
organs/regions

1 650 Saturation 270 3,877 90 16.8 17.5 26.6 Gland: 9.7%
Kidney: 242mm3

2 393 Organ at risk 90 1,484 58 11.9 13.3 21.0 Gland: 13.9%
Kidney: 324mm3

3 628 Saturation 240 3,701 94 23.1 21.7 26.6 Gland: 12.8%
Veins: 27mm3

4 1,905 – 600 2,500 80 14.0 15.4 21.7 Gland: 0.6%
Liver: 181mm3

5 448 Saturation 390 2,657 88 14.7 14.0 21.0 Gland: 16.5%
Kidney: 399mm3

Veins: 2mm3

6 883 Organ at risk 120 2,230 78 16.8 16.8 24.5 Gland: 5.9%
Veins: 86mm3

7 1,872 Organ at risk 90 1,875 30 14.7 16.8 22.4 Gland: 3.7%
Veins: 98mm3

8 2,078 Saturation 540 10,065 75 24.5 25.2 32.2 Gland: 13.8%
9 1,600 Organ at risk 360 3,141 71 18.2 16.8 21.7 Gland: 16.5%

Liver: 1.1mm3

Kidney: 29mm3

10 995 Organ at risk 90 1,553 38 13.3 14.0 20.3 Gland: 5.3%
Kidney: 24mm3

Veins: 31mm3

11 2,395 Organ at risk 540 5,823 65 21.7 20.3 28.7 Gland: 3.6%
Liver: 997mm3

12 995 Organ at risk 60 981 62 12.6 13.3 19.6 Gland: 2.3%
Veins: 1mm3

13 1,659 – 600 11,328 81 25.2 25.9 34.3 Gland: 16.3%
Bone: 4mm3

14 985 Organ at risk 120 3,124 66 19.6 22.4 30.1 Gland: 8.4%
Average 1249 ± 654 293.6 ± 208 3881 ± 3142 70 ± 19 17.6 ± 4.5 18.1 ± 4.3 25.0 ± 4.8

Figure 2. Specific absorption rate in tissues near applicator in (A) radial, and (B), (C) longitudinal (B), (C) slices along the applicator (white space) as well as D) 3D
visualization of applicator (blue), tumor (temperature map), kidney (beige), spine (white) and other (purple) with SAR map overlaying tumor volume.
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illustrate that while the microwave power is generally distrib-
uted over a suitably large volume relative to the targeted
tumor volume, substantial power is absorbed in regions
beyond the tumor that are likely to lead to thermal damage
to surrounding structures, if no additional thermo-protective
measures are employed.

Figure 3 illustrates the temperature profiles around the
applicator for case 1 at t¼ 270 s, when the simulated ablation
was terminated due to the saturation termination criterion.
Temperature maps are displayed in three orthogonal planes;
additionally, in the volumetric plot, the temperature map is dis-
played within regions of the targeted volume where a thermal
dose exceeding 240 CEM43 was attained. These images illus-
trate that ablative heating is generally localized to the target
tumor, however, ablative doses do generally extend into the
adrenal gland and may affect other adjacent tissue/organs.

For some cases, e.g., case 2, 7, 10, and 12, simulations
indicated the ablation should be terminated in under 2min,
due to predicted thermal damage to surrounding structures.
Figure 4 illustrates the temperature profile in the targeted
tumor and surrounding structures for case 10 at the termin-
ation time of t¼ 90 s. It is evident from Figure 4 that the
long axis of the ablation zone is almost perpendicular to the
axis of the tumor target. Thus, although the volume of tissue
ablated is on the order of the target volume, only �38% of
the target volume was ablated before substantial ablative
heating occurred in adjacent tissue.

Simulations indicated the sensitivity of applicator position-
ing relative to the target volume on the predicted ablation

volume. For example, considering case 4, in a pilot simulation,
the applicator was positioned 1.5mm away from the tumor
boundary (Figure 5A), with periadrenal fat between the appli-
cator and the adrenal gland/tumor. This resulted in relatively
modest tumor ablation coverage of �48%, impacted by the
substantially low dielectric properties of fat which alter the
power absorption and resultant thermal profiles. More careful
positioning of the ablation applicator adjacent to the adrenal
gland (Figure 5B) yielded target tumor coverage of �79%.

Discussion

The present study was undertaken to assess the feasibility of
safely delivering targeted thermal ablation to benign aldos-
terone producing adenomas (APAs) using a previously
described 2.45GHz water-cooled directional MWA applicator.
In a prior experimental study, we demonstrated sub-total
ablation of normal porcine adrenal gland in vivo, with the
MWA applicator positioned under open surgery [16]. The
ability to thermally spare and preserve functional status of a
substantial fraction of the adrenal gland suggested potential
for treating patients with bilateral disease, for whom adrena-
lectomy is precluded. Here, we employed a computational
approach, generating 3D patient-specific computational
models from diagnostic 11C-metomidate PET/CT scans to
simulate MWA of APAs.

The data in Table 3 illustrate that the volume of ablated
tissue across all tissue regions ranged between 981mm3 and

Figure 3. Temperatures in tissues near applicator in (A) radial, and (B), (C) longitudinal (B), (C) slices along the applicator (white space) as well as (D) 3D visualiza-
tion of applicator (blue), tumor (temperature map), kidney (beige), spine (white) and other (purple) with temperature map overlaying tumor volume.
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11,328mm3, exceeding the volume of targeted APAs, which
ranged between 393mm3 and 2,395mm3, in 13/14 cases;
the APA volume (995mm3) slightly exceeded the ablated tis-
sue volume (981mm3) in 1/14 case. Thus, while the ablation
applicator seems well suited to creating adequately-sized
ablation zone volumes to treat APAs, image-based computa-
tional models show that the volume of ablated tissue may
not overlap with the targeted APA, thus leaving some unab-
lated residual tumor. Across all considered 14 cases, the aver-
age fraction of the APA covered with an ablative thermal

dose was 70%. Importantly, simulations indicated 83.5–96.4%
of normal adrenal gland remained below the ablative thresh-
old across all cases, supporting the potential to preserve sub-
stantial normal adrenocortical tissue following targeted
ablation of APA.

In 4/14 cases, the simulation terminated prior to the max-
imum simulated ablation duration of 600 s, due to the satur-
ation termination criterion. With the simulated ablation zone
growing at less than 1% the growth rate in the first min of
ablation, further extending the ablation duration would

Figure 4. Thermal profiles for case 10 at the termination time of t¼ 90 s. The ablation applicator axis is approximately perpendicular to the long axis of the tumor,
resulting in substantial fraction of the ablation zone extending beyond the target in one direction, but lateral extents of the target volume remaining unablated.
The ablation duration is limited by unacceptable collateral damage in structures like the adjacent pancreas and intestines (see Table 2).

Figure 5. Illustration of the impact of applicator positioning relative to the adrenal gland on thermal profiles. (A) Applicator is approximately 1.5mm away from
the adrenal gland/tumor, separated by a layer of peri-adrenal fat (tumor coverage: �48%) (B) The applicator is adjacent to the adrenal gland/tumor boundary
(tumor coverage: �79%).
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present increased thermal damage to non-targeted tissue,
with little likelihood of substantially increasing the fraction of
APA ablated. When ablating malignant disease with curative
intent or for achieving local control, interventionalists aim to
ablate the entire tumor and a circumferential margin of nor-
mal tissue [52]. For ablation of symptomatic benign disease
such as APA, the fraction of the nodule that must be ablated
to achieve clinical effect is not well understood. Simulated
ablations ran through 10min in 2/14 cases. In the remaining
6/14 cases, simulations were terminated due to thermal dam-
age to surrounding non-targeted tissue.

Figures 2 to 5 illustrate example power absorption and
thermal profiles in select cases (thermal profiles for all 14
cases are provided in the Supplementary material), and these
provide some insights into reasons why 6/14 cases resulted
in predicted ablation zones extended over <70% of the tar-
geted APA (range: 38–66%). The most common factor was
the position of the ablation applicator axis relative to the
major axis of the targeted APA. As illustrated in our prior
work [18], the extent of the ablation zone generally ranges
between �25–35mm along the applicator axis, �15–18mm
perpendicular to the axis in the direction of maximum power
absorption (the ‘forward’ direction), and �25–35mm laterally
along the other axis perpendicular to the applicator. When
the major axis of the APA was not well aligned with the
applicator axis (as in Figure 4), ablation coverage of the tar-
geted APA would be anticipated to be relatively modest.
Increasing the duration of ablation, or applied power, for
such cases would be unlikely to yield meaningfully improved
coverage, as the primary limitation is the orientation of
power radiated by the antenna relative to the target. Rather,
considering other applicator insertion trajectories and/or
repositioning the patient so as to leverage the gravitational
effect to achieve a more favorable position of the adrenal
gland may provide approaches for better aligning the appli-
cator with the target APA.

Of note, there is no consensus gold standard for patient
position for adrenal ablation. Adrenal tumors are most read-
ily accessible via a posterior or lateral approach with the
patient in an ipsilateral decubitus position. These positions
minimize the risk of ipsilateral lung injury and pneumothorax
as the lung is hypoinflated [12]. The lateral decubitus pos-
ition also minimizes the craniocaudal motion of the adrenal
gland due to respiration induced diaphragmatic movements.
Our computational modeling was based on images acquired
in the standard supine position for diagnostic imaging, there-
fore did not include the gravitational effect of optimal
patient position on organs susceptible to thermal damage.
Additionally, since our models were developed based on
diagnostic imaging scans, the applicator positioning was esti-
mated based on feasible paths for insertion; the impact of
applicator insertion on deformation of the APA, adrenal
gland, and adjacent soft tissue were not considered. Imaging
datasets acquired during interventional procedures with a
needle positioned to access the targeted APA (e.g., during
ablation or biopsy) may allow for an even more anatomically
representative simulation of adrenal ablation. A challenge
with image-based modeling of needle/catheter-based

interventional procedures is that the tumor extents may not
be as readily visible on interventional imaging, and may be
obscured by artifacts due to the interventional tool.

In this computational modeling study, 8/14 simulated
ablations were terminated due to thermal damage to sur-
rounding non-target structures exceeding pre-defined toler-
able thresholds. In clinical practice, structures around the
ablation target can be displaced by the injection of gas/
liquid as a thermoprotective measure. Hydrodissection, which
involves the infusion of fluid between the target tissue and
adjacent structures is a common technique used to protect
adjacent structures from thermal damage [53]. This fluid
becomes a physical barrier between the target zone of abla-
tion and neighboring tissue. Our models did not include the
effect of hydrodissection on structure location when estimat-
ing organ thermal exposure damage. Incorporating hydro-
disscetion in computational models of ablation is technically
challenging, as the extent of displacement is often operator-
and patient-specific, with the volume and rate of infusion of
the liquid impacting the barrier size and duration.

Prior studies have demonstrated the impact of peri-
adrenal fat on modulating power absorption profiles from
microwave ablation antennas [17]. While fat, which has low
relative permittivity, generally serves to constrain power
toward higher permittivity adrenal/tumor tissue, placement
of the ablation applicator such that there is a layer of fat
between the applicator and the adrenal gland can substan-
tially diminish the power transferred to the targeted tumor
(Figure 5). Thus, when using an MWA applicator positioned
adjacent, rather than within, the targeted APA, accurate
placement of the applicator is important to ensure maximal
power transfer to the APA for efficient ablation. The use of
stereotactic and robotic-assisted positioning of ablation
applicators [54] may serve to enhance the accuracy of local-
ized ablation within the targeted APA.

A semi-automated approach was employed to segment
targeted APA lesions and surrounding tissues in the present
study. Although Artificial intelligence (AI) methods are
becoming increasingly utilized in modern healthcare technol-
ogies to evaluate medical imagery, there are still several
challenges when using such techniques for segmentation
and analysis of adrenal and peri-adrenal tissue to facilitate
image-based modeling. Segmentation of adrenal glands and
adjacent tissue with AI-assisted techniques is technically chal-
lenging, due to the adhesion of the adrenal gland with sur-
rounding organs [55]. The proximity of the adrenal glands to
abdominal vessels [56] and intra-subject variability in gland
size and shape, position and boundaries with adjacent tissue
(e.g., liver, spleen, pancreas) present further technical chal-
lenges with localization and segmentation of nodules with
AI-based methods [57,58]. Further, it has been difficult to
establish the robustness and reproducibility of segmenting
small adrenal tumors due to the large imbalance between
the proportions of foreground and background voxels [57].
There is no established segmentation pipeline or technique
for adrenal tumors of various shapes, sizes, and locations
[58]. Convolutional Neural Networks (CNN) have been the
most preferred method of processing PET/CT image data
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due to their feature extraction capabilities and their general-
izability across variations in input data. However, a challenge
with their use is the requirement of large volumes of data to
train the network to ensure accurate segmentation of the
adrenal gland adenomas. A further challenge when using
this approach is the ability to localize the nodules on intra-
procedural imaging, where the environment is dynamic, for
example due to the presence of potential deformation
caused by applicator insertion. The use of real-time interven-
tional imaging modalities, such as ultrasound, can be used
to assist this, where innovative modeling techniques require
to be explored suited for processing such time dependent
data. Biologically-inspired AI techniques such as Spiking
Neural Networks (SNN) have had success in classification
problems with similar time-varying data, however with less
accuracy using static images. To address this segmentation
challenge may require more than one AI technique that can
exploit both intra-procedural and pre-procedural imaging
data. For example, a committee-system of a CNN with diag-
nostic pre-procedural scan (PET/CT) data and SNNs with real-
time intra-procedural imaging data, could provide increased
accuracy or confidence in the segmentation decision. This
approach sets the focus of our future work in addressing the
adrenal segmentation challenge.

We note that this study considered only a single applied
power level (80W), similar to power settings used in our
prior experimental studies with the directional water-cooled
MWA applicator [16,18]. Consideration of other applied
power level/ablation duration combinations may provide
more degrees of freedom for achieving ablation more local-
ized to the targeted tissue. Further, this study only consid-
ered one applicator position relative. For irregularly shaped
targets, where the extents of the target are not relatively
well matched in orthogonal axes, it may be appropriate to
translate and reposition the applicator so as to better cover
the target volume, as is performed for some thyroid ablation
procedures [59].

Conclusion

We developed patient-specific computational models of
microwave ablation of benign adrenal tumor targets for a
14-patient dataset of diagnostic PET/CT scans. Across the 14
patients, adrenal tumor volumes ranged between 393mm3

and 2,395mm3; cumulative volume of ablated tissue pre-
dicted by simulations, including both target and non-target
tissue, ranged between 981mm3 and 11,328mm3, indicating
the importance of positioning and aligning the ablation
applicator with the targeted tumor. On average, 70% of the
adrenal tumor volumes could be heated to an ablative ther-
mal dose of 240CEM43, while limiting thermal damage to
non-target structures and thermally sparing 83.5–96.4% of
normal adrenal gland. Simulations considered rate of growth
of the ablation zone and tolerable thermal damage to sur-
rounding structures for constraining the ablation duration;
the average ablation duration was 293 s (range: 60–600 s).
Consideration of thermoprotective measures such as hydro-
dissection and patient positioning so as to favorably orient

the adrenal gland relative to the applicator may allow for
even greater coverage of the target volume with an ablative
thermal dose.
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