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Thermal therapy of pancreatic tumors using endoluminal 
ultrasound: parametric and patient-specific modeling

Matthew S. Adamsa,b,*, Serena J. Scotta, Vasant A. Salgaonkara, Graham Sommerc, and 
Chris J. Diedericha,b

aThermal Therapy Research Group, University of California San Francisco, 2340 Sutter Street, 
S341, San Francisco, CA 94115

bUniversity of California, Berkeley – University of California, San Francisco Graduate Program in 
Bioengineering, California

cStanford Medical Center, 300 Pasteur Drive, Stanford, CA 94305

Abstract

 Purpose—To investigate endoluminal ultrasound applicator configurations for volumetric 

thermal ablation and hyperthermia of pancreatic tumors using 3D acoustic and biothermal finite 

element models.

 Materials and Methods—Parametric studies compared endoluminal heating performance for 

varying applicator transducer configurations (planar, curvilinear-focused, or radial-diverging), 

frequencies (1–5 MHz), and anatomical conditions. Patient-specific pancreatic head and body 

tumor models were used to evaluate feasibility of generating hyperthermia and thermal ablation 

using an applicator positioned in the duodenal or stomach lumen. Temperature and thermal dose 

were calculated to define ablation (>240 EM43°C) and moderate hyperthermia (40–45 °C) 

boundaries, and to assess sparing of sensitive tissues. Proportional-integral control was 

incorporated to regulate maximum temperature to 70–80 °C for ablation and 45 °C for 

hyperthermia in target regions.

 Results—Parametric studies indicated that 1–3 MHz planar transducers are most suitable for 

volumetric ablation, producing 5–8 cm3 lesion volumes for a stationary 5 minute sonication. 

Curvilinear-focused geometries produce more localized ablation to 20–45 mm depth from the GI 

tract and enhance thermal sparing (Tmax<42 °C) of the luminal wall. Patient anatomy simulations 

show feasibility in ablating 60.1–92.9% of head/body tumor volumes (4.3–37.2 cm3) with dose 

<15 EM43°C in the luminal wall for 18–48 min treatment durations, using 1–3 applicator 

placements in GI lumen. For hyperthermia, planar and radial-diverging transducers could maintain 

up to 8 cm3 and 15 cm3 of tissue, respectively, between 40–45 °C for a single applicator 

placement.
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 Conclusions—Modeling studies indicate the feasibility of endoluminal ultrasound for 

volumetric thermal ablation or hyperthermia treatment of pancreatic tumor tissue.

Keywords

Ultrasound; thermal therapy; pancreatic cancer; catheter-based ultrasound; thermal ablation; 
hyperthermia

 2. Introduction

Pancreatic cancer causes the fourth highest number of cancer-related mortalities in the 

United States, and the current 5-year survival rate is 4% [1]. At clinical presentation, over 

80% of patients are diagnosed with locally advanced or metastatic disease, which precludes 

curative treatment in the form of surgical resection [1]. The current standard clinical 

treatment for these patients involves gemcitabine-based chemotherapy with or without 

adjuvant radiation therapy, but these therapies have been shown to result in only modest 

survival and palliative benefit [2]. To relieve pain-related symptoms, which affects over 90% 

of advanced-staged patients, oral analgesics are typically administered; however, these 

require around-the-clock dosing for suitable palliation and have debilitating side effects, 

such as constipation [3,4]. Other current palliative techniques, such as alcohol ablation of the 

celiac plexus, have limited efficacy in some patients and may cause severe complications 

[4].

Thermal ablation has been applied for treatment of many malignancies, including cancers of 

the liver, lung, prostate, uterus, bone, and others [5]. It has also been demonstrated to 

provide palliative relief in patients with advanced pancreatic cancer through tumor debulking 

and neurolysis/denervation mechanisms, even in cases where only partial tumor volume 

ablation is achieved [6–9]. Ablation of locally advanced and metastatic pancreatic cancer 

can also potentially produce a survival advantage, as highlighted by recent efforts integrating 

high-intensity focused ultrasound (HIFU) ablation with chemotherapy [10]. Many ablative 

modalities, including radiofrequency ablation (RFA), cryoablation, microwave ablation, 

HIFU, photodynamic therapy, and electroporation are currently being developed or clinically 

investigated for treatment of pancreatic cancer [6]. With the exception of HIFU, all of these 

methods rely on invasive percutaneous or interstitial operation, which can be difficult to 

safely perform in the pancreas due to the close proximity of sensitive bowel tissues and 

major blood vessels, leading to many treatment-related complications [11]. As a result, 

better RFA treatment safety has been achieved by applying it in a laparotomy setting, which 

is highly invasive [11,12]. While HIFU is much less invasive than these other techniques, its 

application through the abdomen can be challenging and is precluded in many patients due 

to respiratory motion and obstructions in the acoustic pathway to the pancreas, caused by 

intervening organs, bowel, and gas within the GI tract [7,8].

In addition to thermal ablation, there is also potential clinical benefit in developing 

hyperthermia treatments for advanced pancreatic cancer. Pancreatic tumors are often 

characterized by hypovascularity, hypoxia, and desmoplastic stroma, which have been 

hypothesized to minimize the effectiveness of standard chemotherapy and radiation 
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treatments [13]. By transiently increasing the perfusion and oxygenation of treated tissues, 

hyperthermia has been shown to be an effective adjuvant therapy for both chemotherapy and 

radiation treatments in many cancer models [14–16]. Clinical studies evaluating the efficacy 

of combining regional hyperthermia and gemcitabine with or without cisplatin for patients 

with advanced pancreatic cancer have begun in both Europe and Japan [17,18]. 

Hyperthermia may also enhance the delivery of encapsulated drugs into desmoplastic 

pancreatic tumors through increasing local perfusion and, in the case of thermally sensitive 

drug-containing liposomes, directly triggering the release of the drug at the target site [19].

Endoluminal and intracavitary catheter-based ultrasound applicators can provide a 

minimally-invasive solution for delivery of thermal ablation or hyperthermia to tumors 

accessible from body lumens. Significant advantages of this ultrasound-based approach for 

thermal therapy include the high degree of control over the spatial distribution of energy as 

compared to other modalities, direct localization of the energy source and therapy adjacent 

to the target zone, as well as compatibility with diagnostic ultrasound or MR guidance 

techniques for possible real-time treatment monitoring and feedback control [20,21]. 

Specific applicator configurations for placement in the upper gastrointestinal (GI) tract have 

been applied clinically for endoluminal ablation of esophageal and biliary tumors [22,23]. 

An endoscope with a miniature spherically-focused transducer at the tip has also been 

developed and experimentally validated to create ablation lesions in porcine pancreas and 

liver under endoscopic ultrasound guidance [24,25].

Simulation studies incorporating parametric analysis and patient specific anatomical models 

have been applied for device design and performance evaluations of endoluminal and 

interstitial ultrasound technologies for thermal therapy (e.g. [26–33]). The objectives of this 

study are to investigate the feasibility and to characterize the performance of delivering 

volumetric thermal therapy to target regions within the pancreas using an endoluminal 

ultrasound applicator positioned within the GI tract. 3D acoustic and biothermal finite 

element models were developed to calculate power deposition patterns and resulting 

temperature and thermal dose distributions for both ablation and hyperthermia treatment 

paradigms. Full 3D multi-component models were used to perform parametric studies across 

applicator design parameters and anatomical variations to determine favorable designs and 

establish ranges of expected performance. Comprehensive patient-specific models, based on 

segmentation of CT images of pancreatic tumors and surrounding anatomy, were developed 

to serve as generalized anatomy models that bracket a range of representative geometries 

and potential target volumes. Using specific device configurations, as informed by the 

parametric studies, both thermal ablation and hyperthermia treatments were independently 

simulated in these models to evaluate delivery strategies and capabilities for achieving 

volumetric coverage of pancreatic tumor tissue while minimizing exposure to surrounding/

intervening normal tissues.

 3. Materials and Methods

 3.1 Endoluminal Ultrasound Applicator

As shown in Figure 1, the endoluminal applicator would be inserted orally through the 

esophagus, and, akin to an endoscope, positioned in the stomach or duodenal lumen adjacent 
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to the tumor-bearing region of the pancreas. Acoustic energy would be directed through the 

GI luminal wall into the tumor by an ultrasound transducer array on the distal tip of the 

applicator. A balloon covering the transducers, containing circulating cooled water, would 

provide coupling of the acoustic energy into the adjacent tissue and cool the wall tissue to 

protect it from thermal injury.

The dimensions of the applicator and transducer assembly were conservatively chosen to be 

within a 15 mm diameter limit, following general constraints of the gastrointestinal anatomy 

on dimensions of endoscopic devices [34]. As illustrated in Figure 2, four separate 

transducer configurations were considered for this study: planar, tubular section, curvilinear 

along the azimuthal axis of the applicator (lightly focused), and curvilinear along the 

elevation axis (strongly focused). The dimensions of the planar and curvilinear transducers 

were modeled as 10 mm width × 20 mm length, and the tubular transducer was modeled 

with a 20 mm length, 80° active acoustic sector angle, and 6 mm radius of curvature. These 

geometries were chosen both due to their practical implementation and to examine diffuse 

vs. focal acoustic distributions. The distal tip of the applicator transducer assembly was 

modeled as a 12 mm diameter × 50 mm length cylinder with a single central transducer and 

the cooling balloon boundary situated 6.5 mm from the transducer surface, based off existing 

devices developed by our group.

 3.2 Theory

3D acoustic and bioheat transfer models were implemented to calculate the acoustic 

intensity patterns and resulting transient temperature and thermal dose profiles produced by 

ultrasound applicators in an endoluminal anatomical setting. The preliminary modeling 

framework for endoluminal ablation of pancreatic tumors was developed by Prakash et. al., 

and expanded upon herein [35]. Temperature distributions were simulated using an implicit 

finite element method (FEM) solver (COMSOL Multiphysics 4.3, COMSOL, Inc.) and the 

Pennes bioheat transfer equation (Eq. 1) [36]:

(1)

where ρ (kg m−3) is tissue density, C (J kg−1 °C−1) is the specific heat of tissue, T (°C) is 

tissue temperature, k (W m−1 °C−1) is thermal conductivity, ωb (kg m−3 s−1) is blood 

perfusion, Cb (J kg−1 °C−1) is the specific heat of blood, and Tb (°C) is capillary blood 

temperature (37 °C). Qac (W m−3) is the acoustic heat deposition in tissue, and is derived 

from the acoustic pressure field (Eq. 2):

(2)

where α (Np m−1) is the acoustic absorption coefficient and p0 (Pa) is the acoustic pressure 

amplitude. The acoustic absorption coefficient was approximated as equal to the acoustic 

attenuation coefficient μ (Np m−1) for each tissue, as all scattered energy was assumed to be 
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absorbed locally. The acoustic pressure field was calculated for all considered transducer 

configurations using the Rayleigh-Sommerfeld diffraction integral, through a MATLAB 

(MathWorks, Inc.) implementation of the rectangular radiator approximation (Eq. 3) [37]:

(3)

where c (m s−1) is the speed of sound, Δw and Δh (m) are the width and height of each 

rectangular sub-element, λ (m) is the wavelength, N is the total number of radiator sub-

elements, R (m) is the distance from the radiator sub-element to the point in the tissue, k 
(m−1) is the wavenumber, and xn and yn (m) are the difference in azimuthal and elevation 

coordinates between the tissue point and the radiator center. un (m s−1) is the surface 

velocity for element n, and is calculated using the expression below (Eq. 4):

(4)

where I is the transducer surface intensity (W m−2), which is proportional to the electrical 

power applied to the transducer by the acoustic efficiency.

Temperature distributions were calculated using a direct implicit stationary solver 

(PARDISO) in COMSOL. Dirichlet boundary conditions constrained the outer boundaries of 

the tissue to 37°C, and a convective heat flux boundary condition was imposed at the 

balloon-tissue interface, with a heat transfer coefficient of h = 500 (W m−2 °C−1) [38]. The 

range of temperatures for the cooling water flow was 7–25 °C, based on practical ranges 

typically used for ablation and hyperthermia devices. 7–10 °C cooling temperature was used 

for the ablation simulations to more efficiently reduce heating of the luminal wall. 20–25 °C 

water-cooling was applied in the hyperthermia simulations, with inherently lower applied 

power levels and resulting temperature and thermal dose, to avoid over-cooling and to 

extend therapeutic temperatures to tissue regions close to the luminal wall. Heterogenous 

tissue properties and perfusion values for stomach wall, duodenal wall, pancreas, tumor, and 

surrounding soft tissues were incorporated and are shown in Table I [39–44]. The material 

properties of pancreatic tumor tissue were assumed to be the same as pancreatic tissue, 

except for the attenuation coefficient where values equal to and slightly (1.25 times) higher 

than normal pancreatic tissue were included. This estimated higher value was used to 

account for the higher collagen content and fibrotic nature of the pancreatic tumor stroma, as 

collagen density has been shown to correlate with acoustic attenuation in other soft tissues 

[2,45,46]. While a range of attenuation values for pancreatic tissue was extracted from 

literature, and is specifically examined along with the corresponding tumor attenuation value 

in the parametric studies, all other modeling incorporated the highest values of these ranges, 

as shown in Table I, to give the most conservative estimates of achievable thermal lesion 

volumes and heating penetration. Proportional-integral (PI) feedback control of the applied 

power was integrated into the transient thermal solver, with the set-point evaluated between 
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70–80 °C to control the maximum temperature in the tumor. This controller was 

implemented to provide a standard point of comparison between simulations and to simulate 

a feasible feedback control scheme for treatment monitoring under either invasive 

thermometry or MR temperature imaging guidance [47]. Thermal dose distributions were 

calculated using the Sapareto-Dewey formulation (Eq. 5) [48]:

(5)

where t43 is the equivalent minutes at 43 °C (EM43 °C), R = 0.5 above 43 °C and 0.25 

otherwise, and T is the average temperature at each point over a time interval Δt. The 

thermally destroyed or ablated tissue region was defined as the tissue in which the dose 

exceeded 240 EM43 °C, which has been shown to correspond to an approximate threshold for 

coagulative necrosis in many soft tissues [49–51]. In order to simulate the dynamic cessation 

of perfusion during ablation, a binary switch was implemented to reduce tissue perfusion 

from nominal to 0 kg m−3 s−1 during heating when tissue temperature exceeded 52 °C or 

thermal dose exceeded 300 EM43 °C [52].

 3.3 Parametric Studies

A simplified 3D model of a pancreatic head tumor, with surrounding normal pancreas and 

intervening tissue regions adjacent to the duodenum, was created (Figure 3) to provide the 

framework for parametric studies of general applicator design and performance. The 

applicator was positioned with the transducer off-set 6.5 mm from the duodenal wall, with 

water-cooling of the luminal wall surface adjacent to the applicator cooled by 10 °C or 25 °C 

water for ablation and hyperthermia treatments, respectively. The proximal edge of the 

pancreatic tumor tissue was 5 mm deep from the inner duodenal wall, and the overall 

dimensions of the tissue block were 50 × 50 × 73.5 mm. The duodenal luminal wall was 

modeled as distended with a 2 mm thickness [53]. Tissue thermal domains closer to the 

transducer were meshed at a finer resolution (equivalent to the acoustic wavelength) to 

appropriately capture the steep heating gradients near the applicator. The mesh size 

gradually increased to a maximum of 4 mm at the peripheral edges of the model. The 

acoustic calculations to obtain Qac were performed on a finer mesh (quarter-wavelength 

element length), which was then decimated to fit the thermal solver mesh. Convergence 

studies for both acoustic and bioheat transfer modeling were performed to ensure that the 

mesh element sizes were sufficiently small for accuracy and solution stability.

For parametric studies of ablation, the feedback controller was set to limit maximum tumor 

temperature to 80 °C. The following transducer design parameters were varied: the 

transducer configuration (planar, tubular section, lightly focused curvilinear, or strongly 

focused curvilinear), frequency (1–5 MHz), and the radius of curvature (ROC) for 

curvilinear geometries (15–100 mm). In order to capture the range of anatomical variation in 

adults, the duodenal wall thickness was varied between 1 and 5 mm. A range of values for 

the attenuation coefficient of pancreatic and tumor tissues, based off values reported in 

literature, was also incorporated. The range for pancreatic tissue was 4.37f1.2 Np/m – 
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11.9f0.78 Np/m, and the tumor attenuation was varied between 1–1.25 times greater than the 

corresponding pancreatic value [39,54]. The effects of all of these parameters on the 

penetration depth of the thermal lesion, the total thermal lesion volume, and the maximum 

luminal wall temperature and thermal dose were evaluated. For each study, transient 

temperature solutions at a single applicator orientation were obtained with a variable time-

stepping scheme for 5 minutes of total power application and heating time, followed by three 

minutes of cool-down with continued accrual of thermal dose and thermal spread of 

temperature contours. The PI controller proportional gain (Kp) and integral gain (Ki) 

parameters were adjusted for each case (Kp: 0.11–0.28 W °C−1, Ki: 0.0012–0.005 W °C−1 

s−1) to achieve a 5 minute rise time to the maximum set-point temperature. This scheme was 

selected empirically to minimize power requirements and to set an appropriate time frame 

for image-guided control such as MRTI. It also resulted in minimal temperature overshoot 

and reduced thermal exposure of the luminal wall relative to shorter duration, high power 

schemes.

For parametric studies of hyperthermia, only the planar and tubular transducer 

configurations were considered, due to their larger volumetric coverage of heating. The 

frequency was varied between 1–4 MHz for both configurations, and the volumes and 

dimensions of the 40 °C and 43 °C contours were measured as endpoints. Simulations were 

designed to approach pseudo-steady state during 10 minute long transient solutions. The 

controller parameters, Kp and Ki, were chosen to elevate the max temperature to 45 °C 

within 2–3 minutes and sustain it for 7–8 additional minutes. These final isothermal 

contours approximate the steady-state hyperthermia distributions that could be maintained 

for desired treatment lengths.

 3.4 Patient Anatomy Models

3D patient anatomy models were created based on axial CT imaging studies of patients with 

pancreatic cancer. Four geometries were incorporated, with details of each shown in Table 

II. These examples, while limited in representing the full scope of disease manifestation, 

were chosen to capture a range of distinct geometries, in terms of tumor size, location, and 

proximity to sensitive structures. Example 1 included a ~2 cm diameter pancreatic head 

tumor with boundaries immediately adjacent to the duodenum. Example 2 represents a ~2 

cm diameter pancreatic head tumor located deeper (~5 mm from inner duodenal wall to 

closest proximity) in the pancreas and adjacent to the superior mesenteric artery (SMA), 

pancreatic duct, and bile duct. A strategy of preserving the bile duct during ablation 

treatment by using a simulated cooling balloon catheter was evaluated in this model. 

Example 3 represents a very advanced case, consisting of a large (~5 cm diameter) 

pancreatic head tumor close in proximity to the aorta, vena cava, portal vein, SMA, and 

superior mesenteric vein (SMV). While its size and proximity to vasculature may limit its 

candidacy for thermal therapy treatment, this model is incorporated in the analysis to 

investigate generalized heating performance and potential strategies that may be applicable 

in extreme cases. As such, multiple large position changes of the applicator along the 

duodenum were considered in this model to extend coverage of the tumor. Example 4 

included a ~4 cm diameter pancreatic body tumor peripheral to the stomach, portal vein, 

SMV, splenic artery, splenic vein, hepatic artery, and the right gastroepiploic vein. In this 
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model sonication from the stomach lumen was simulated with a longer (10 × 30 mm) 

transducer geometry at two discrete applicator positions. For all cases, the applicator was 

rotated about the long (elevation) axis during therapy by discrete amounts in order to extend 

treatment coverage.

Mimics (Mimics Innovation Suite, Materialise) was used to segment the CT images and 

generate 3D surface meshes of nearby and relevant anatomical structures, including the 

tumor, pancreas, duodenum/stomach, luminal wall, ducts, and nearby significant vasculature 

in each model. Using 3-matic (Mimics Innovation Suite, Materialise), models of the 

applicator within a 2 cm diameter cooling balloon were positioned in either the duodenum or 

stomach lumen adjacent to the target volume, and the 3D object contours were converted 

into finite element meshes. Applicators were empirically positioned into a section of lumen 

close in proximity to the targeted region, such that large volumetric coverage of tissue could 

be achieved by rotation or minute translation of the applicator, and such that there were not 

sensitive structures (such as ducts, vessels) along the beam path. For models with multiple 

applicator positions, these placements were selected with the additional criteria that they 

should afford minimal overlap of thermal coverage. Interior luminal surfaces adjacent to the 

applicator were modeled as smooth, under the assumption that the cooling balloon provides 

distension of luminal folds with no trapped gas present at the interface. Convergence studies 

of mesh size were performed to ensure solution stability and accuracy, with a maximum 

mesh size of .75 mm in the region adjacent to the transducer surface extending 3–4 cm over 

the tumor volume, gradually transitioning to a maximum mesh size of 5–8 mm at the outer 

peripheries of the models. Each model consisted of 1.5–3 million elements, and Example 3 

had three separate meshes which corresponded to the three distinct positions of the 

applicator.

Specific transducer configurations, empirically selected according to the model geometry 

and informed by the general performance characteristics revealed from the parametric 

studies, were chosen for ablation and hyperthermia simulations for each patient anatomy 

model. Each finite element mesh was imported into MATLAB for calculation of the acoustic 

intensity field using the rectangular radiator method, and all biothermal simulations were 

performed in COMSOL 4.3. Heterogeneous tissue properties, as shown in Table I, were 

incorporated. The attenuation coefficients of pancreatic and pancreatic tumor tissue were 

selected as the highest value in the aforementioned range (11.9f0.78 and 1.25 × 11.9f0.78, 

respectively). When visibly distended, ducts were modeled with the properties of static 

water. Localized cooling effects of major blood vessels were modeled using heat flux 

boundary conditions at the inner surface of the blood vessels, with an ambient blood 

temperature of 37 °C, and the heat transfer coefficient h value was calculated using the 

method detailed by Haemmerich et al., with vasculature parameters obtained from literature 

[55–60]. The duodenal and stomach walls were modeled as 2 mm and 3 mm thick, 

respectively [53,61,62]. Feedback control over the maximum tumor temperature was applied 

for the ablation simulations and transient temperature solutions were obtained. For 

hyperthermia studies, a single applicator position was considered. A constant input power to 

the transducer was applied to obtain temperature distributions at steady-state. Thermal 

treatment parameters, including cooling water temperature, maximum set-point temperature 

for the feedback controller, heating time lengths, and applicator orientations underwent 
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minor iteration for each case to limit thermal exposure to luminal and other sensitive tissues, 

and to extend volumetric coverage of tumor tissue, but were not rigorously optimized.

 4. Results

 4.1 Parametric Studies

The characteristic temperature and thermal dose contours produced by each transducer 

configuration for ablation treatment simulations are shown in Figure 4, for the frequency and 

curvatures specified in the caption. The effects of transducer configuration and frequency on 

ablation volume, penetration depth, and maximum luminal wall temperature/thermal dose 

are shown in Figure 5. The ablation volume for these five minute sonications ranged from 

2.2–11.6 cm3, and the penetration depth from the inner luminal wall into the targeted tumor 

tissue ranged from 18.6–43.4 mm depending on which configuration and frequency was 

used. Both frequency and transducer configuration had a significant effect on the sparing of 

the luminal wall, with the maximum temperature ranging from 37.3–44.5 °C at 1 MHz and 

46.2–51.9 °C at 5 MHz across configurations. Maximum thermal dose exposure of the 

luminal wall exceeded 15 EM43 °C for tubular transducers (at all frequencies), for planar and 

lightly curvilinear transducers operating at or above 4 MHz, and for strongly focused 

curvilinear transducers at 5 MHz.

For curvilinear transducer geometries, the effect of the degree of focusing on thermal lesions 

was examined by varying the radius of curvature (ROC) at a set frequency of 2 MHz, as 

shown by Figure 6. The influence of this parameter on the resulting lesion parameters was 

more pronounced with the strongly focused design. Increasing the radius curvature resulted 

in larger lesion volumes, ranging from 1.1–5.1 cm3 as the ROC varied from 15–100 mm. A 

maximum penetration depth of 44.2 and 33.6 mm were obtained for the strongly focused 

and lightly focused transducers, respectively, at a 60 mm ROC. Sparing of the luminal wall 

was improved with lower ROCs down to approximately 20 mm, until the geometric focus of 

the transducer was within 10 mm of the luminal tissue.

As the luminal wall thickness increased from 1–5 mm, the maximal luminal wall 

temperature varied from 37.0–56.3 °C for planar, 37.0–54.8 °C for lightly focused 

curvilinear (30 mm ROC), 37.0–51.8 °C for strongly focused curvilinear (30 mm ROC), and 

38.6–61.8 °C for tubular section transducers, all operating at 2 MHz. The relationship 

between luminal wall thickness and maximum wall temperature was approximately linear 

for all transducer configurations.

Sensitivity of the thermal lesion parameters to pancreatic and tumor attenuation coefficients 

varied with transducer configuration, as shown in Figure 7. For 2 MHz planar transducers, 

the lesion volume decreased 8.4–5.0 cm3, the penetration depth decreased 50.5–34.5 mm, 

and the maximum luminal wall temperature increased 41.7–43 °C as pancreatic attenuation 

increased from 4.37f1.2 Np/m – 11.9f0.78 Np/m, with tumor attenuation 1.25x greater. When 

tumor attenuation was equal to pancreatic attenuation, the penetration depth and thermal 

lesion volume increased, by up to ~5 mm and 1 cm3, respectively. The strongly focused 

transducer was insensitive to attenuation changes with regard to lesion volume, and the 

tubular section was relatively insensitive in terms of luminal heating. The penetration depths 
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of both configurations were less sensitive to attenuation compared to the planar and lightly 

focused transducers.

Parametric studies for hyperthermia treatments investigated the temperature distributions at 

steady-state, with maximum temperature set to 45 °C, and revealed similar trends as the 

ablation cases above. Tissue volumes elevated above 40 and 43 °C for the tubular section 

and planar transducers across 1–4 MHz frequencies are shown in Figure 8, in addition to the 

penetration depth of each temperature contour. The azimuthal extent of tubular section 40 

and 43 °C contours were an average of 34.3 and 22.1 cm3 across frequencies, while the same 

for the planar transducer were 14.2 and 7.4 cm3, respectively. The contours’ extents in the 

elevation direction were approximately equal (22.2 cm3 and 15.1 cm3 for tubular 40 and 

43 °C contours vs. 21.8 cm3 and 15.3 cm3 for planar), and frequency independent. 

Maximum luminal temperatures for all tested configurations were below 39.5 °C, with 

maximum temperatures occurring with the 4 MHz tubular section configuration.

 4.2 Patient Anatomy Models

 Example 1 – Small Head Tumor—Ablation studies for this geometry (Figure 9) were 

simulated using an applicator placed in the duodenal lumen for two separate transducer 

configurations: a 2 MHz planar transducer and a 2 MHz lightly focused curvilinear 

transducer with an ROC of 25 mm. These were chosen due to the near proximity of the 

tumor boundary to the duodenal lumen and their capability to cover the majority of the 

tumor volume solely through rotation of the applicator. As shown in Table III, which details 

ablation treatment delivery parameters and results for all four cases, use of either 

configuration demonstrated ablation of over 90% of the tumor volume under twenty-five 

minutes without exceeding a duodenal wall thermal dose of 5 EM43 °C. More (5 vs. 3) 

discrete rotations of the applicator were necessary using the curvilinear transducer to extend 

tumor coverage. The curvilinear transducer resulted in a lower maximal thermal dose 

exposure of luminal tissue and the distal pancreatic duct.

Details of hyperthermia treatment simulations for all four geometries are shown in Table IV. 

A 1 MHz tubular transducer (80° active sector) was chosen for this geometry due to the 

relatively short depth of the tumor boundaries from the duodenum. With a constant applied 

surface intensity of 2.8 W/cm2, 95% of the tumor volume could be elevated above 40 °C, as 

shown in Figure 9 (c). No rotation or translation of the applicator was necessary for full 

tumor coverage.

 Example 2 – Small Head Tumor—The ablation study was simulated using an 

applicator placed in the duodenal lumen with a 2 MHz strongly focused curvilinear 

transducer (ROC of 32.5 mm) to more effectively target the deeper tumor depth and limit 

exposure to the adjacent sensitive tissues. Both rotation and minor translation (< 1 cm) of the 

applicator were necessary to increase tumor coverage. Over 80% of the tumor volume could 

be ablated in less than 20 min, with minimal thermal exposure to the SMA and pancreatic 

duct, as shown in Table III and Figure 10. Intraductal cooling of the bile duct using a 

simulated balloon catheter, with circulating coolant at 33 °C, was necessary to achieve 

adequate sparing of the bile duct, as shown in Figure 10 (b), for the simulated applicator 
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placements. Hyperthermia was performed with the applicator in a single position by rotating 

a 1.5 MHz planar transducer to cover the extent of the tumor, and could elevate 86.5% of the 

tumor volume above 40 °C at steady state, as shown in Figure 10 (c).

 Example 3 – Large Head Tumor—Three discrete positions of the applicator along the 

length of the duodenum were used for the ablation study, as shown in Figure 11, with 

multiple rotations of the applicator at each position to increase tumor coverage. A planar 2 

MHz transducer was chosen due to its large volumetric capabilities. Using this approach, 

about 60% of the 37 cm3 volume could be ablated within 50 minutes of cumulative heating 

and cooling time. The maximal thermal doses applied to the adjacent vasculature, pancreatic 

duct, and duodenal wall were all less than 15 EM43 °C. Within this same model, 

hyperthermia was simulated using a 1.5 MHz transducer at a single position shown in Figure 

11 (c). With rotation of the applicator, 7.6 cm3 (20.4%) of the tumor volume could be 

elevated above 40 °C at steady state.

 Example 4 – Body Tumor—The applicator was positioned at two discrete locations in 

the stomach, and minutely translated and rotated at each to increase tumor coverage. For 

ablation, a 2 MHz planar transducer was chosen for volumetric capabilities, and generated 

ablation of 79.8% of the tumor volume in a 29 min total treatment time, as shown in Figure 

12. Thermal damage to the 3 mm thick stomach wall was minimized (< 15 EM43 °C) by 

using a lower cooling water temperature of 7 °C, and there was no substantial heating of the 

surrounding major blood vessels in the region (all < 1 EM43 °C) or the pancreatic duct (< 5 

EM43 °C). For hyperthermia, a 1.5 MHz planar transducer was used at a single applicator 

position, and could elevate 66.6% of the tumor volume above 40 °C at steady state by 

rotating the applicator to cover the tumor extent, as shown in Figure 12 (c).

 5. Discussion

This study has applied preliminary parametric and patient-specific acoustic and biothermal 

models to demonstrate the feasibility of generating ultrasound-based volumetric thermal 

ablation and hyperthermia within pancreatic tumors through the GI wall using an 

endoluminal delivery approach. Applicator transducer designs were investigated by 

evaluating four configurations (planer, lightly focused curvilinear, strongly focused 

curvilinear, and tubular section) across ranges of operating frequency and degree of 

focusing, with regard to heating capabilities and sparing of the luminal wall. Sweeps across 

transducer frequency for all configurations indicated that lower frequencies (1–3 MHz) were 

generally advantageous compared to higher frequencies (4–5 MHz), as they produced larger 

thermal lesion volumes and deeper penetration, while retaining the luminal wall at lower 

temperatures and thermal doses (Figure 5). In consideration of increased applied power 

requirements due to decreased absorption, cavitation thresholds within the applicator cooling 

fluid and tissue, and possibly excessive penetration of energy toward distal tissues and 

interfaces at frequencies at or below 1 MHz, a nominal low frequency of 2 MHz was 

selected for ablation simulations of the generalized patient anatomy models (Table III). With 

regards to heating characteristics of each transducer configuration, parametric studies 

revealed that the planar transducer has the most favorable general-performance profile: deep 

(~30–35 mm) penetration, high lesion volume capability (up to 6 cm3 for a single position 
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and 5 minute application), and suitable sparing (T < 45 °C, dose < 10 EM43 °C) of the 

luminal wall at frequencies below 3 MHz (Figure 5). The strongly focused curvilinear 

transducer offers significantly superior sparing (3–4 °C lower max temperature, ~tenfold less 

thermal dose) of luminal tissue and the capability of tailoring the penetration and thermal 

lesion volume through a priori selection of the ROC (Figures 5, 6). These properties would 

make it appropriate as a more specialized design option, suitable for selective targeting of 

smaller target regions deeper from the GI tract or sonication through thicker (> 3 mm) 

luminal walls. Lightly curvilinear transducers represent an intermediate between the planar 

and strongly focused designs, allowing some control over heating depth and volumetric 

coverage (Figures 5, 6), but without a distinct significant advantage. Ablation studies across 

varying normal pancreatic and tumor tissue attenuation coefficients revealed that heating 

characteristics of focused transducers were less influenced by tissue attenuation as compared 

to the more diffuse configurations (Figure 7). Thus, in the absence of quantitative tissue 

property measurements, focused transducer designs could be advantageous due to their more 

predictable and consistent performance. Tubular sector transducers, in contrast, were 

demonstrably the least suitable for ablation due to shallow heat penetration and comparably 

higher thermal exposure (4–7 °C higher max temperature) of the luminal wall relative to 

other configurations (Figure 5). However, low-frequency tubular transducers could be 

appropriate for delivering hyperthermia to small target volumes within 3 cm of the luminal 

wall (Figure 9). Planar transducer devices would require rotation to cover equivalent 

azimuthal extent, but could be advantageous for generating hyperthermia within larger/

deeper targets due to greater penetration and potential volumetric coverage. As an alternative 

to having an assortment of these fixed transducer configurations available for a procedure, it 

may be possible to incorporate a more complex phased array transducer capable of 

dynamically producing variations of these focused and diffuse beam patterns, thereby 

permitting more flexibility from a single device in treatment delivery [63–65].

One of the primary safety requisites for endoluminal ultrasound delivery of thermal ablation 

to pancreatic targets is precluding thermal damage to the stomach or duodenal wall. This 

concern is relatively minimal for hyperthermia delivery, due to the much lower temperature 

elevation requirements, as shown by the parametric studies. While specific thermal dose 

thresholds of thermal damage for human duodenal or stomach wall tissues have not been 

distinctly established, approximate damage thresholds can be inferred from experimental 

investigations in porcine GI tract (esophagus, small intestine, rectum) [66–68]. These studies 

indicate that significant acute and chronic damage, including degenerative necrosis of the 

tissue or thromboses of blood vessels, occur at thermal dose levels greater than 80–120 

EM43 °C and temperatures greater than 45–47 °C [67,68]. As such, the maximum luminal 

temperatures and doses obtained in the ablation simulations for the patient anatomy model 

studies (< 45 °C and < 15 EM43 °C) were considered to be within the safe limit to avoid 

significant thermal injury. As shown by the parametric studies, maximum luminal wall 

thermal exposures were strongly dependent on the luminal wall thickness. As such, 

sonicating through the stomach wall would likely have a higher risk of thermal injury as 

compared to through the duodenal wall, due to its greater thickness. However, there are 

many treatment parameters that could be adjusted to compensate for the increased risk of 

sonication through thicker GI luminal walls, including lowering the maximum set-point 
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temperature or decreasing the cooling water flow temperature, as shown in the body tumor 

model (Figure 12). Using more focused transducer configurations, tailoring the ROC, and/or 

using lower frequency transducers could also improve sparing of the luminal wall (Figures 5, 

6). In practice, it could be beneficial to distend the stomach or duodenum lumen to stretch 

and thin the luminal wall. This would be particularly important in the presence of folds or 

rugae, which could cause an increase in effective wall thickness or harbor air bubbles that 

could impact acoustic transmission and increase localized heating [25]. Distension of the 

lumens may be achievable either through filling the stomach or small intestines with water, 

through endoscopic manipulation, or by incorporating large distensible balloons onto the 

applicator that would be inflated once the applicator was positioned [69].

Simulations of these applicators incorporating patient anatomy models of pancreatic tumors 

and surrounding tissues illustrated feasibility of safely generating conformal ablation or 

hyperthermia across a range of tumor positions, sizes, and applicator positioning. 

Positioning the applicator within the duodenum provided the most access to tumors in the 

head of the pancreas (Figures 9–11), whereas the body tumor was most accessible to an 

applicator placed in the stomach lumen (Figure 12). All models necessitated sequential 

rotation and/or repositioning of the applicator to extend coverage of tumor volumes, leading 

to slightly scalloped or irregular outer boundaries of the lesions, as typical for heating with 

discretely rotating planar and curvilinear devices [70]. Substantial portions (> 80% of total 

volume) of head tumors under 3 cm diameter could be targeted for ablative or hyperthermic 

temperature exposures in short (< 30 minutes) heating times without any major applicator 

repositions (Figures 9, 10). Furthermore, fewer manipulations were needed for applicators 

with a planar transducer as compared to lightly or strongly focused transducer 

configurations, due to its greater volumetric coverage (Figure 9 (b)). However, tailoring the 

ROC of focused transducers to the target anatomy provided more preferential heating of the 

tumor and enhanced sparing of normal tissues proximal/distal to the tumor, as compared to 

the non-focused geometry (Table III, Figure 9 (b)). Obtaining suitable volumetric ablation of 

large pancreatic tumors (> 4 cm diameter) places additional demands on applicator 

positioning and manipulation to access different portions of the tumor, as shown in Figure 

11. These large target volumes and re-positional requirements could increase technical and 

time demands, and may be impractical for extended hyperthermia delivery, depending upon 

temperature range and time regimen required. In addition to size, the proximity of pancreatic 

tumors to sensitive anatomy, such as ducts, bowel, or significant vasculature, limits 

volumetric tumor coverage for ablation and imposes the need for highly accurate placement 

and manipulation of the applicator to ensure that energy is directed precisely towards target 

tissues. Integrating the applicator with an endoscope may provide sufficient control for 

positional accuracy [25]. Image-guidance techniques, incorporating MRI or ultrasound 

guidance, could also be employed to verify positioning, monitor treatments, and permit 

feedback control [25,71,72]. While the PI feedback control scheme employed herein 

permitted conformal lesion formation, more advanced schemes incorporating pilot/

boundary-control points or model predictive control could further improve targeting and 

reduce undesirable thermal exposure [52,73]. Additional strategies to preserve sensitive 

tissues, such as internal cooling of major ducts using a cooling catheter, as shown in Figure 

10 (b), may be considered. Further optimization of designs and delivery strategies can be 
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achieved with more extensive modeling inclusive of additional and broader ranges of patient 

anatomy cases.

In principle, this endoluminal ultrasound approach may offer significant advantages over 

existing techniques for delivering thermal therapy to the pancreas. It can provide an 

attractive alternative to percutaneous RF or microwave ablation by minimizing complication 

risk through much more selective and targeted heating, and would not require major open 

surgery for its application [6,11,12]. Compared to extracorporeal HIFU, endoluminal 

ultrasound could provide overall shorter ablation treatment times or enhanced hyperthermia 

coverage due to its local volumetric heating capability (Tables III, IV). It could also provide 

easier access to tumors near or invading the duodenum or bowels that are often acoustically 

inaccessible from extracorporeal sources [7–9]. Further, although not investigated herein, 

application of these devices from within the body also suggests that in terms of energy 

delivery, compensating for respiratory or other sources of motion may be less challenging as 

compared to extracorporeal HIFU due to tissue and applicator motion being constrained 

together through endoscopic fixation. However, integrating the endoluminal approach with 

image-guidance treatment monitoring and feedback, e.g. by using MR thermometry, could 

still require respiratory gating or other motion-compensatory techniques [71].

 6. Conclusion

3D acoustic and biothermal models illustrate the feasibility of generating ultrasound-based 

thermal therapy within pancreatic tumors using an endoluminal applicator placed in the 

duodenal or stomach lumen. Four specific applicator transducer configurations, ranging 

from curvilinear-focused to planar or radial-diverging, were demonstrated to provide 

appreciable volumetric coverage for thermal ablation of pancreatic tumors or the delivery of 

moderate hyperthermia. Planar and curvilinear configurations could produce ablative 

temperatures and lethal thermal doses for tissue volumes of up to 8 cm3 for a single 

applicator placement and 5 minute sonication length, and for larger tumors additional 

rotations or translations of the applicator could be used to extend coverage. For moderate 

hyperthermia delivery, non-focused transducer geometries could sustain up to 16 cm3 of 

target tissue between a temperature range of 40–45 °C. Thermal simulations provide 

preliminary guidelines for appropriate frequency, transducer geometry, positioning, and 

treatment parameters to deliver conformal thermal therapy to pancreatic head or body target 

regions ranging from 20–45 mm deep from the GI wall while minimizing thermal exposures 

(dose < 15 EM43°C) to the intervening stomach or duodenal tissues. Additional modeling in 

the form of parametric studies and patient anatomy models can be applied for further 

optimization of device designs and delivery approaches.
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Figure 1. 
Schema and concepts of an endoluminal ultrasound applicator positioned in the GI tract for 

thermal therapy of pancreatic tumors. The applicator is illustrated as positioned in the 

duodenum for sonication of tumors in the head of the pancreas, following placement and 

insertion strategies common in endoscopy. Transducer arrays are configured for focused or 

diffuse patterns to provide a high degree of spatial control and volumetric heating.
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Figure 2. 
Considered transducer (yellow) configurations: (a) planar, (b) tubular section, (c) lightly 

focused curvilinear along the azimuthal direction, and (d) strongly focused curvilinear along 

the elevation direction, with respect to the (e) transducer coordinate system. The planar and 

curvilinear transducers are 20 × 10 mm along the elevation and azimuthal directions, and the 

tubular section is an 80° sector with a 6 mm radius of curvature and a 20 mm length.
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Figure 3. 
3D generalized pancreatic tumor model employed for parametric studies of endoluminal 

ultrasound thermal therapy.
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Figure 4. 
Cross-sectional temperature distributions and 240 EM43°C contours (black dashes) for 

ablation studies in the generalized tumor model for 10 × 20 mm planar, lightly focused, 

strongly focused, and 80° tubular transducer configurations operating at 2 MHz, after 5 

minutes of active sonication.
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Figure 5. 
Effects of transducer configuration and operating frequency on (a) tumor ablation volume 

(thermal dose > 240 EM43 °C), (b) penetration depth (measured from inner luminal wall) of 

thermal lesion, and maximum (c) temperature and (d) thermal dose of luminal wall tissue, 

after a single 5 minute sonication with a temperature set-point of 80 °C and 3 minutes of 

post-sonication cooling.
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Figure 6. 
Effects of radius of curvature for 2 MHz curvilinear transducers on (a) tumor ablation 

volume (dose > 240 EM43 °C), (b) penetration depth (measured from inner luminal wall) of 

thermal lesion, and (c) maximum temperature of luminal wall tissue, after a single 5 minute 

sonication with a temperature set-point of 80 °C and 3 minute post-sonication cooling.
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Figure 7. 
Effects of pancreatic tissue attenuation coefficient on (a, d) tumor ablation volume (dose > 

240 EM43 °C), (b, e) penetration depth (measured from inner luminal wall) of thermal lesion, 

and (c, f) maximum temperature of luminal wall tissue, after a single 5 minute sonication at 

2 MHz operating frequency, with a maximum temperature set-point of 80 °C and 3 minute 

post-sonication cooling period. The tumor attenuation coefficient is 1.25x the corresponding 

pancreatic tissue attenuation in (a)–(c), and equivalent to the pancreatic tissue attenuation in 

(d)–(f).
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Figure 8. 
Effects of transducer configuration and operating frequency on (a) tumor volume elevated 

above 40 and 43 °C, and penetration depth (measured from inner luminal wall) of 40 and 

43 °C temperature contours, at steady-state with a maximum temperature set-point of 45 °C 

for generation of moderate hyperthermia.
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Figure 9. 
(a) 3D model of the Example 1 anatomy, consisting of a small pancreatic head tumor 

directly adjacent to the duodenal lumen and positioned applicator. (b) 240 EM43 °C contours 

for ablation simulations using a 2 MHz planar (blue with dashes) and 2 MHz lightly focused 

curvilinear transducer with a 25 mm ROC (red with dots) across the central transverse slice 

through the applicator. (c) Temperature distributions and 40 and 43 °C contours (grey with 

dashes) are given for a hyperthermia simulation using a 1 MHz tubular section transducer. 

A: applicator, T: tumor, P: pancreas, DW: duodenal wall, PD: pancreatic duct.
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Figure 10. 
(a) Ablated lesion volume (dose > 240 EM43 °C) overlaid with the Example 2 model 

anatomy, consisting of a small head tumor surrounded by the SMA, PD, and BD, using a 2 

MHz strongly focused curvilinear transducer. (b) Maximum temperatures and 240 EM43 °C 

contours across a sagittal plane for two ablation simulations: without (top) and with (bottom) 

simulated cooling of the bile duct, all other treatment parameters being identical. Sparing of 

the bile duct (BD) could be achieved by perfusing it with cooling water during the duration 

of the ablation treatment. (c) Temperature distributions and 40 and 43 °C contours (grey 

with dashes) for hyperthermia produced by rotating a 1.5 MHz planar applicator. A: 

applicator, T: tumor, P: pancreas, DW: duodenal wall, PD: pancreatic duct, BD: bile duct, 

SMA: superior mesenteric artery.
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Figure 11. 
(a) 3D model of the Example 3 large pancreatic head tumor and surrounding anatomy, 

illustrating proximity of tumor to significant vasculature. (b) Ablated lesions (orange) were 

produced in the tumor by translating an applicator with a 2 MHz planar transducer to three 

individual positions along the length of the duodenum, with the cumulative thermal lesion 

shown at the bottom. (c) Temperature distribution and 40 and 43 °C contours (grey with 

dashes) across an axial plane for hyperthermia simulation using a 1.5 MHz planar 

transducer, rotated at a single position in the duodenum. A: applicator, T: tumor, P: pancreas, 

D: duodenum, PD: pancreatic duct, PV: portal vein, SMV: superior mesenteric vein, SMA: 

superior mesenteric artery.
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Figure 12. 
Maximum temperature distributions and 240 EM43 °C contours (dashed) across (a) axial and 

(b) sagittal planes after ablation treatment for the Example 4 body tumor model, as treated 

with an applicator positioned in the stomach lumen with a 30×10 mm 2 MHz planar 

transducer. (c) Temperature distribution and 40 and 43 °C contours (grey) across an axial 

slice for hyperthermia by rotating a 1.5 MHz planar applicator. T: tumor, SW: stomach wall, 

P: pancreas, PV: portal vein, SMA: superior mesenteric artery, HA: hepatic artery, SA: 

splenic artery.
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