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AIM 1 Implement operational modifications and integrate custom multi-slice or 
volumetric MR temperature guidance and system control as required to utilize the 
InSightec 2100 ER array to deliver targeted and long-duration continuous hyperthermia 
(versus pulsed hyperthermia).   
 

We have worked closely with Insightec to establish the existing system constraints (imposed by 
original design for producing and monitoring short, tightly focused sonications specific to 
ablation) and devised communication protocols to control the Insightec Prostate phased array 
through the CPC interface. During our interactions we were able to work with the engineers to 
determine some parameters such as maximum allowable power levels and duration of CW 
application, and have now applied these values to our control algorithms. In this fashion, we can 
modify the applied surface intensity, individual or customized complex phase patterns, 
sequence duration, position regeneration, phasing patterns, and other applicator parameters – 
as demonstrated to allow protracted or long duration hyperthermia over a large contiguous 
volume.  Custom multi-slice MRTI using RTHawk was developed for this application and 
implemented to monitor the hyperthermia temperature elevations over the loner intervals 
required.  (See attached SPIE publication and submitted manuscript). 

Next steps: include streamlining control with a GUI specific to this application, which can 
implement the phasing patterns and control techniques from Aim 2 studies.  RTHawk multi-slice 
MRTI will be modified to measure defined temperature ROI’s and be used to apply feedback 
control of applied power.  

 

AIM 2 Design and evaluate treatment delivery strategies using patient-specific 
simulations.  
3D patient specific models were created, selected to bracket anticipated clinical treatment sites.  
MR images that clearly delineate focal disease were obtained and used to generate 3D 
biothermal models, together with complex acoustic field calculations within the prostate and 
defined intraprostatic lesions.  The acoustic simulations were specific to the Insightec array 
layout and wiring (this information was given to us on a confidential and proprietary basis).  
Determination and assessment of various phasing patterns for generating conformal and 
effective hyperthermia for various locations and dimensions of tumor target were performed. 
General phasing patterns, with either multipoint single focus, diverging, converging, and planar 
static patterns were investigated, as well multi-point electronic scanning, and clearly 
demonstrated feasibility of this approach and potential for implementation in human studies.  
(See attached SPIE publication and submitted manuscript for details). 

Next steps: include investigation of temperature-based feedback control schemes for real-time 
modulation of phased array sonications.  Placing temperature ROI’s from RTHawk MRTI 
measurements in control loops, to vary applied surface intensity.   



 

AIM 3 Validate and characterize system performance within tissue phantoms and in vivo 
models.  The modified ER ablation system and preliminary controlling software, along with 
calculated phasing patterns (from Aim 2) for a variety of tumor shapes and target localization 
were evaluated in static tissue mimicking phantom within the MR using RTHawk to setup and 
monitor temperature.  These experiments demonstrated hyperthermia delivery can be 
performed, albeit in a non-perfused environment.  Key points demonstrated that there is very 
little ripple in the temperature distributions achieved accounting for hardware limitations, and 
that total acoustic power output is not limited and appears to be sufficient.  (See attached SPIE 
publication and submitted manuscript for more details).  

Next steps: we plan to generate more complex beam patterns and implement control feedback 
algorithms, and evaluate in phantoms and ex vivo tissues. We will also investigate approaches 
to use the internal mechanical positioning of the Insightec system for real-time mechanical 
scanning, at least in the discrete versus continuous movement setting, and we will use multi-
baseline MRTI with RTHawk. Finally, we will evaluate in animal studies as proposed, following 
our currently approved protocol (see attached Approval Letter - AN088193-01 - MR-guided 
cardiac focused ultrasound ablation – PI, Viola Rieke), as amended to include endorectal 
heating and targeting thigh muscle, as we proposed, in addition to cardiac studies. Specifically, 
the complex acoustic waveforms, MRTI, and feedback control will be validated and performance 
characterized to define the Insightec capabilities to generate and control ultrasound intensity 
distributions and hyperthermia delivery in vivo within porcine perfused tissue models.  These are 
critical performance indexes to track this technology quickly into clinical implementation. 

 

Administrative Notes:  we required considerable ramp-up time due to unforeseen closure of 
the MR suite (the shield room ceiling fell in, and reconstruction was required).  We are 
requesting a no-cost extension to extend this effort for four additional months, to end March 31, 
2014 instead of November 2013.   
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ABSTRACT   

Feasibility of hyperthermia delivery to the prostate with a commercially available MR-guided endorectal ultrasound 

(ERUS) phased array ablation system (ExAblate 2100, Insightec, LTD) was assessed through computer simulations and 
ex vivo experiments.  

The simulations included a 3D FEM-based biothermal model, and acoustic field calculations for the ExAblate phased 

array (2.3 MHz, 2.3×4.0 cm
2
) using the rectangular radiator method. Array beamforming strategies were investigated to 

deliver 30-min hyperthermia (>41 
o
C) to focal regions of prostate cancer, identified from MR images in representative 

patient cases. Constraints on power densities, sonication durations and switching speeds imposed by ExAblate hardware 

and software were incorporated in the models. T>41 
o
C was calculated in 14–19 cm

3
 for sonications with planar or 

diverging beam patterns at 0.9–1.2 W/cm
2
, and in 3-10 cm

3 
for curvilinear (cylindrical) or multifocus beam patterns at 

1.5–3.3 W/cm2, potentially useful for treating focal disease in a single posterior quadrant. 

Preliminary experiments included beamformed sonications in tissue mimicking phantom material under MRI-based 

temperature monitoring at 3T (GRE TE=7.0 ms, TR=15 ms, BW=10.5 kHz, FOV=15 cm, matrix 128x128, FA=40º). 

MR-temperature rises of 2-6 
o
C were induced in a phantom with the ExAblate array, consistent with calculated values 

and lower power settings (~0.86 W/cm
2
, 3 min.). 

Conformable hyperthermia may be delivered by tailoring power deposition along the array length and angular expanse. 

MRgERUS HIFU systems can be controlled for continuous hyperthermia in prostate to augment radiotherapy and drug 

delivery. [FUS Foundation, NIH R01 122276, 111981].  

Keywords: hyperthermia, MR-guided HIFU, endorectal ultrasound, phased array, beamforming, modeling, simulation.  

1. INTRODUCTION  

Hyperthermia has been combined successfully with radiation therapy and chemotherapy to improve cancer treatment 

outcomes.1, 2 For maximum clinical benefit, uniform temperature profiles are desired within target volumes for 30 – 60 

min duration, with minimum temperature greater than 40 
o
C and 6 – 10 min cumulative thermal dose at 43 

o
C.

3-5
 

Administering hyperthermia to tumors situated deep inside the body presents significant clinical challenges such as, 
selective energy deposition within the tumor while thermally sparing surrounding structures, and sufficient thermometry 

for reliable treatment monitoring.
6
 These difficulties are also associated with hyperthermia delivery to focal tumors in 

prostate and other organs inside the pelvic cavity.  

Hyperthermia applicators based on ultrasound energy have been under development because they enable spatially 

controlled energy deposition and selective tumor heating. Devices designed for prostate hyperthermia include interstitial 

linear array applicators with tubular ultrasound transducers
5, 7

 and endorectal ultrasound (ERUS) phased arrays
8-10

 used 

in combination with radiation therapy. Currently, MR guided high intensity focused ultrasound (HIFU) systems are 

being increasingly utilized for noninvasive or minimally-invasive thermal ablation of soft tissue tumors in multiple organ 

Energy-based Treatment of Tissue and Assessment VII, edited by Thomas P. Ryan, Proc. of SPIE 
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 Typically, these are multi-element phased array applicators capable of delivering ultrasound energy with precise 

spatial control. Combined with MR-based thermometry, such HIFU ablation procedures can be monitored and guided in 

real time. Endorectal ultrasound applicators, consisting of phased arrays or multi‐sectored devices, have been 

investigated for delivering hyperthermia under MR guidance and control.
8, 9

 Recent animal studies have utilized 

commercial MR-guided HIFU systems for enhancement of drug delivery This has been achieved through pulsed-mode 

operation of the HIFU system for enhancement of uptake of free flowing drug
12

 or rapid electro-mechanical translation 
of the HIFU focus to heat small volumes and deliver drugs encapsulated in temperature sensitive liposomes.13  

ExAblate 2100 (InSigtec LTD) is a commercially available MR-guided ablation system. It consists of an ERUS phased 

array designed for prostate ablation (Figure 1) and software platform for treatment planning and monitoring. In contrast 

to HIFU which utilizes highly-focused, high-power and short-duration sonications, hyperthermia requires diffused 

energy deposition to establish uniform temperature distribution in the entire tumor volume over a long time interval. 

Hence, in this study, feasibility of protracted (as opposed to pulsed) hyperthermia to large prostate targets (focal tumors, 

posterior quadrants, hemi-gland) with the ExAblate array was assessed through simulations, modeling and preliminary 

experiments. Operational modifications required for continuous wave (CW) mode sonications and continuous volumetric 

multi-plane MRTI were identified within system hardware and software constraints. The ExAblate system is already in 

clinical trials for prostate ablation. If it can be successfully adapted for mild hyperthermia, it can be potentially fast-

tracked for clinical application. With this motivation, the initial study presented here was planned to identify operational 
modifications, feasibility and capability of safe and reliable MR-guided prostate hyperthermia with ExAblate 2100.  

 

Figure 1: Photograph of ExAblate 2100 endorectal phased array prostate ablation system is shown. Positioning and motion 
units are useful for array placement, rotation and translation. The device is coupled to the rectal wall using a latex 
balloon containing temperature regulated water for transducer cooling and rectal wall protection. 

2. SIMULATIONS 

2.1 Acoustic models 

Acoustic pressure field distributions generated by ExAblate 2100 phased array were simulated using the rectangular 

radiator method.
14

 Specifications of ExAblate 2100 such as operating frequency (2.3 MHz), array dimensions (23×40 

mm
2
), independent power channels (~990), proprietary element size, element layout and electrical connections, 

proprietary hardware switching speeds and power limitations were incorporated in the acoustic models. For a planar 

phased array in plane z = 0, the mathematical expression for acoustic pressure was written as  
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In Eq. 1, ρ is density, c is speed of sound, λ is wavelength, k is wave-number, un = |un|×exp(-jφn)
 
is complex particle 

velocity at the surface of the n
th

 element and φn is phase, ∆w, ∆h, ∆A are width, height and surface area of an element 
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respectively , xn and yn are centers of the n
th

 element, and R = [z2 + (x-xn)
 2 + (y-yn)

2] 0.5
. Throughout this paper, x, 

y and z dimensions of the array have been referred to as azimuth, elevation, and axial depth or range, respectively. When 

computing the absorbed ultrasound energy (Qac), acoustic attenuation changes only in the axial or Z-directions were 

included and de-phasing or defocusing due to tissue non-homogeneity was not included in the models. Reflection, 

refraction or scattering phenomena at soft tissue – water and soft tissue – bone interfaces were also not included in the 

models. 100% transmission of longitudinal acoustic waves was assumed at the bone-tissue interface. 

 

Figure 2: An example of patient-specific model geometry is shown with critical anatomical structures segmented on MRI in 
axial plane.  

2.2 Biothermal models 

During clinical hyperthermia procedures, it is desired that the temperature distributions be held steady above 41 oC 

within a given target volume. Such a situation can be modeled using the steady-state version of Pennes bioheat transfer 

equation.
15

 Mathematically, this can be expressed as 

0),,(]),,([)],,([ =+−⋅⋅−∇⋅∇ zyxQTzyxTCzyxTk acbbbω . (2) 

In Eq. 3, T is tissue temperature, k is thermal conductivity, ωb is blood perfusion, Cb is specific heat of blood, Tb is 

blood temperature, and∇ operator refers to partial derivative in space. 

This model was tested on generalized and patient-specific models. The generalized model geometry consisted of the 

ERUS phased array situated inside a 15-mm radius cylindrical latex balloon (acoustically transparent) sonicating a 

homogenous soft tissue with constant blood perfusion, acoustic parameters and thermal properties. Patient-specific 

models were created from MRI axial scans of representative patient cases. Anatomical structures in the pelvic cavity, 

such as prostate, hyperthermia target volume, rectum, bladder, urethra and pubic bones, were manually segmented using 
a commercially available radiation treatment planning software program (Oncentra, Nucleotron, Netherlands). All soft 

tissues were assumed to have identical acoustic and thermal properties, and blood perfusion. Bone was assumed to have 

higher acoustic attenuation and absorption, and no blood perfusion. The ERUS array (within a cylindrical balloon) was 

positioned such that the prostate would be centered over its length (40-mm dimension), and it was oriented to direct US 

energy towards a defined target volume (Figure 2). 

Finite element methods (FEM) were employed to evaluate Eq. 2 using COMSOL Multiphysics (Comsol Inc., Palo Alto, 

CA, USA). To obtain a stable temperature solution, mesh size was restricted to 1.0 mm at the applicator-rectum 

interface, bone-soft-tissue interface, and in the region of maximum heating Dirichlet boundary conditions were set at 

constant body/basal temperature (37 
o
C) at the extremities of the simulation domain and constant cooling water 

temperature (30 - 35 
o
C) at the applicator-rectum boundary. Values of all constants and material parameters can be found 

in Table 1.  
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Table 1: List of parameters used in acoustic and biothermal models16-18 

Parameter Units Value 

k (thermal conductivity) W/m/
o
C 0.56 

ωb (blood perfusion) kg/m
3
/s 

2.0 (soft-tissue) 

0 (bone) 

Cb (specific heat of blood) J/kg/oC 3720 

Tb (body/blood temperature) 
o
C 37 

c (sound speed) m/s 1500 

ρ (density) Kg/m
3
 1060 

f0 (center frequency) MHz 2.3 

α (absorption coefficient) Np/m/MHz 
5.3 (soft tissue) 

250 (bone) 

µ (attenuation coefficient) Np/m/MHz 
5.3 (soft tissue) 

250 (bone) 

 

2.3 Hyperthermia-specific beamforming and sonications 

Phase delays were computed for ERUS array channels based on array dimensions and layout. Beamforming techniques 
were employed and several sonication patterns, as shown below, were simulated.  

 

Multi-point focusing: To selectively heat small targets, beamforming techniques which simultaneously focus the ERUS 

array at multiple (4 - 8) points were explored. An example of such targeting is shown in Figure 3a where hyperthermia to 

a small focal tumor in right posterior quadrant of the prostate was simulated. Focal point placement was ascertained 

through a manual iterative process to maximize target coverage, and the ERUS array was simultaneously focused on 6 

points such that the resultant heating best conformed to the tumor shape. In the example shown here, acoustic intensity 

was 2.4 W/cm
2
 (electrical power ~ 25 W) and maximum temperature was 44.2 

o
C. Calculated 41 

o
C contour covered the 

target volume. 

 

Cylindrical or curvilinear focusing To simulate focusing behavior of a curvilinear or cylindrically focused transducer, 

the ERUS array was focused at constant depth along the entire array length in the elevation direction. Phase delays were 

computed based on the distance between ERUS elements and a cylindrical focus axis. This sonication pattern allowed 

heating in wedge-shaped patterns. For the representative case shown here, only elements in the central 2/3
rd

 elevation 

span of the array were excited. The input was set to 0.7 W/cm
2
 (electrical power ~ 8 W) and maximum temperature was 

45 
o
C (Figure 3b). 

 

Planar sonications: Planar beam patterns were simulated by setting uniform phase values for all power channels (Figure 

3c). This achieved the effect of synchronous operation of all ERUS array elements to mimic the functionality of a planar 

rectangular transducer with a large aperture. Diffused energy deposition enabled treatment of large targets in the 

posterior quadrant of the prostate or hemi-gland prostate. Large volumes could be heated at relatively low power (~4 W) 

with low maximum temperature values (42.5 
o
C). 

 
Diverging sonications: Diverging acoustic beam patterns were simulated to heat wide targets in posterior prostate 

(Figure 3d). Patient specific models were used to explore the possibility of heating bilateral targets with this 

configuration. To heat representative target shown in Figure 3d, the synthetic focus was placed 10 mm behind the array 

along the entire array elevation. This resulted in wave fronts similar to tubular transducer elements (cylindrically 

diverging or defocused). For the case shown here, urethra was close to the target and hence maximum temperature of 

43.2 
o
C was calculated near the urethra. Some bone heating was also calculated (maximum = 41.5 

o
C). 
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Figure 3: (a) In this model, a multi-focus pattern was employed to treat localized tumor in posterior prostate 

with acoustic input intensity was 2.4 W/cm2 (~25 W electrical power) and maximum temperature was 44.2 
o
C. (b) Here, a cylindrical or curvilinear focus pattern was employed for hyperthermia delivery. Acoustic 

input intensity was 0.7 W/cm
2
 (~8 W electrical power) and maximum temperature was 45.0 

o
C. (c) 

Normalized acoustic intensity in a coronal plane because of planar or uniform-phase sonication is shown at 

axial depth = 40 mm. Relative position of the transducer is shown by dotted rectangle. (d) Temperature 

distribution from a model of hyperthermia with diverging sonication demonstrates bilateral tumor targeting. 

 

Generalized models were used to estimate treatment volume coverage and limits on the shapes of beamformed sonication 

patterns. Large treatment volumes could be heated with planar and diverging configurations. For input power of 10 – 14 

W (0.9 – 1.2 W/cm
2
), 41 

o
C iso-temperature volumes of 14 - 19 cm

3
 and 40 

o
C iso-temperature volumes of 26 – 30 cm

3
 

could be established with maximum temperature between 43.5 – 44.7 
o
C. For divergence angles below 60

o
, energy 

deposition in the side lobes did not cause excessive heating. With multi-focus sonications, relatively small volumes 3 – 6 
cm3 could be heated to T>41 oC. This required high input power of 40 W (~3.5 W/cm2) and also resulted in maximum 

temperatures between 45 – 46 
o
C in small volumes. Steering angles greater than 15

o
 resulted in energy deposition in the 

side lobes (>15%). With curvilinear focusing, 10 cm
3
 volumes could be heated above 41 

o
C with input power of 18 W 

(1.5 W/cm
2
) and maximum temperature of 45 

o
C. Shallow focusing (<20 mm) and wide steering angles (>15

o
) resulted 

in heating in the side lobes.  

3. PRELIMINARY EXPERIMENTS     

Preliminary experiments were conducted in tissue mimicking phantom material. The phantom was sonicated using 

ExAblate 2100 ERUS ablation array. Array beamforming schemes identified in the simulation study were programmed 

in the ExAblate system using the built-in CPC computer interface. Continuous-wave (CW) sonications at 0.86 W/cm
2
 

were applied for 3 minute durations. The experiment was conducted in a 3T MRI scanner (GE Healthcare MR750) and 
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MR images were acquired using two 5-inch surface imaging coils (schematic shown in Figure 4a). The MR images were 

recorded with sequences optimized for MR temperature monitoring (echo time = 7 ms, field-of-view = 15 cm, and image 

size = 128×128 pixels). MR thermometry was performed in real time using RTHawk (HeartVista Inc, Palo Alto, CA), a 

commercially available software platform which enabled real time access to the MR scanner settings and parameters, 

volumetric multi-plane imaging and dynamic image plane positioning, and fast temperature reconstruction from the MR 

images. 

 

                    

                             (a)                                                         (b)                                                          (c) 

Figure 4: (a) ExAblate 2100 was operated to deliver hyperthermia and tested in a phantom model under MR temperature 

monitoring and a schematic diagram of the experiment set up is shown. Example MR temperature images (axial) 

captured during CW sonications in tissue mimicking phantoms with ExAblate 2100 array are shown here 

(0.86 W/cm2, 3 min.). Heating from (b) electronically scanned sonications and (c) diverging sonications are 

shown in central axial plane through the US array. 

Based on the geometry and element layout, phase delays were computed for ExAblate 2100. With these phase values, the 

array elements were excited at uniform signal amplitude to obtain 

� planar sonication (iso-phase or synchronous operation) 

� diverging  beam pattern (60
o
 angle) 

� curvilinear or cylindrically focused beam pattern (40 mm focal depth along the array elevation) 

� electronically scanned curvilinear beam patterns (three time multiplexed focal positions at 40 mm depth and  5 

mm, 0, -5 mm azimuth) 

ExAblate 2100 was operated in a low-intensity (0.86 W/cm2), CW (3 min) mode. Sonications in tissue-mimicking 

phantoms were monitored using multi-plane MR thermometry. 2 – 6 
o
C temperature rises were recorded during all 

sonications, with low measurement artifacts (examples shown in Figure 4b and Figure 4c). The azimuthal/angular expanse 

of temperature distribution was controlled through beamforming. Maximum width of 4 
o
C contour (corresponding to 41 

o
C in a clinical case) was 2.4 cm for planar, 3.6 cm for diverging, 0.5 cm for curvilinear and 3 cm for scanned sonication 

patterns. 

 

4. SUMMARY 

Simulations and preliminary experiments demonstrate the feasibility of delivering mild hyperthermia to the prostate with 

ExAblate 2100 ERUS prostate ablation system. Phased array beamforming techniques may be used to tailor acoustic 

energy deposition pattern in 3D, along array length and angular expanse. Hyperthermia-specific phasing was 

implemented on the ExAblate system and continuous wave sonications generated therapeutic temperature rises during 

phantom experiments. MRTI could be accurately performed with low artifacts during such prolonged sonications. Within 
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hardware and software constrains imposed by the ERUS array design, it may be possible to administer protracted 

hyperthermia to posterior quadrants or hemi-gland prostate. 

Inverse planning algorithms developed for phased array hyperthermia can be applied to this scenario to optimize 

beamforming schemes.
19-21

 Such planning was beyond the scope of this initial study, but will be implemented in future 

investigations. Clinical trials for prostate ablation using the ExAblate 2100 system are already underway. As shown in 

this study, it can be modified for mild hyperthermia delivery under MR-guidance. ERUS-based hyperthermia with 
precise tumor targeting can be combined with hypofractionated SBRT high dose rate radiation treatments.

22
 It may be 

also be used in conjunction with temperature sensitive liposomes for targeted delivery of anti-cancer drugs to focal 

tumors.
6, 13

 The treatment may be potentially extended to other tumor sites in the pelvic cavity, such as rectum and anal 

canal, and uterine cervix. 
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Abstract 

Purpose: Feasibility of targeted and volumetric hyperthermia (40 - 45 oC) delivery to the prostate 

with a commercial MR-guided endorectal ultrasound (MRgERUS) phased array system, 

designed specifically for thermal ablation and approved for ablation trials (ExAblate 2100, 30 

Insightec Ltd.), was assessed through computer simulations and tissue-equivalent phantom 

experiments with intention of fast clinical translation for targeted hyperthermia in conjunction 

with radiotherapy and chemotherapy. 

Methods: The simulations included a 3D finite element method (FEM) based biothermal model, 

and acoustic field calculations for the ExAblate ERUS phased array (2.3 MHz, 2.3×4.0 35 

cm2, >1000 elements) using the rectangular radiator method. Array beamforming strategies were 

investigated to deliver protracted, continuous-wave hyperthermia to focal prostate cancer targets 

identified from representative patient cases. Constraints on power densities, sonication durations 

and switching speeds imposed by ExAblate hardware and software were incorporated in the 

models. Preliminary experiments included beamformed sonications in tissue mimicking 40 

phantoms under MR temperature monitoring at 3 T (GE Discovery MR750W). 

Results: With Tmax<45 oC, T>41 oC was calculated in 13–23 cm3 volumes for sonications with 

planar or diverging beam patterns at 0.9–1.2 W/cm2, in 1.5-4 cm3 volumes for simultaneous 

multi-point focus beam patterns at 2 – 3.4 W/cm2, and in ~6.0 cm3 for curvilinear (cylindrical) 

beam patterns at 0.75 W/cm2. Focused heating patterns may be practical for treating focal disease 45 

in a single posterior quadrant of the prostate and diffused heating patterns may be useful for 

heating quadrants, hemi-gland volumes or even bilateral targets. Treatable volumes may be 

limited by pubic bone heating. Therapeutic temperatures were achieved for a range of 

physiological parameters, sonication duty cycles and rectal cooling. Phasing patterns 

implemented on the ExAblate prostate array produced 4-12 oC temperature rises during phantom 50 

experiments (~0.86 W/cm2, 15 min).  

 2 



Conclusions: The ExAblate 2100, designed specifically for thermal ablation, can be controlled 

for delivering continuous hyperthermia in prostate to augment radiotherapy and drug delivery, 

while working within operational constraints.  

  55 
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INTRODUCTION 

Hyperthermia has been combined successfully with several cancer treatment modalities, such as 

radiation therapy, chemotherapy and hormonal therapy, and is known to improve treatment 

outcomes (1-6). Mild hyperthermia (40 – 45 oC) can induce direct cytotoxicity in tumors, 

radiosensitize cancer cells by impairing DNA repair mechanisms, and enhance blood flow in 60 

tumor microenvironments to increase tumor oxygenation and facilitate drug delivery (7). It may 

also be used to enhance localized drug delivery (8) and gene therapy (9) as reported in some 

recent investigations. Hyperthermia treatment can be administered by applicators that deliver 

radiofrequency energy, microwaves, or ultrasound energy (10-12). These devices may be 

designed for extracorporeal placement, intracavitary or endoluminal deployment, or interstitial or 65 

percutaneous insertion (13-15). Typically, these treatments involve heating tumor targets for 30 – 

60 min duration. For maximum clinical benefit, uniform temperature profiles are desired within 

target volumes, with minimum temperature greater than 40 oC and 6 – 10 min cumulative 

thermal dose at 43 oC (16-18). Administering hyperthermia to tumors situated deep inside the 

body presents significant clinical challenges such as, selective energy deposition within the 70 

tumor while thermally sparing surrounding structures, and sufficient thermometry for reliable 

treatment monitoring (19, 20). Such difficulties may be encountered during hyperthermia 

delivery to focal cancer targets in prostate and other organs inside the pelvic cavity.  

Endorectal ultrasound (ERUS) transducer arrays have been investigated for hyperthermia 

delivery to the prostate and studies devoted to design and pre-clinical evaluation of such devices 75 

have been reported (21-26). Clinical studies have demonstrated feasibility of safe, reliable and 

effective application of prostate hyperthermia with ERUS applicators (27-30). Currently, MR 

guided high intensity focused ultrasound (MRgHIFU) systems are being increasingly utilized for 

noninvasive or minimally-invasive thermal ablation of soft tissue tumors in multiple organ sites 

(31, 32). Typically, these are multi-element phased array applicators capable of delivering 80 

ultrasound energy with precise spatial control. Integration with MRI and MR thermometry has 

enabled real-time guidance and monitoring of HIFU ablation procedures (33). Endorectal 
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ultrasound applicators, consisting of phased arrays or multi‐sectored devices, have been 

investigated for delivering hyperthermia under MR guidance and control (25, 26, 34).  

Recent studies have utilized MR-guided HIFU systems for enhancement of drug delivery 85 

in cancer treatment. This has been achieved through pulsed mode operation of the HIFU system 

(35-37), rapid mechanical (38) or electronic translation (39) of the HIFU focus, or simultaneous 

multi-point focusing of HIFU phased array (34) to heat small volumes. Enhancement in uptake 

of free-flowing (35-37) and liposome-encapsulated drug has been achieved (38, 39). 

ExAblate 2100 (InSigtec Ltd.) is a commercially available MR-guided thermal ablation 90 

system. It consists of an ERUS phased array designed for prostate ablation (Figure 1a). 

Treatments are planned using detailed anatomical MR images that facilitate identification of 

target zones, and help in ERUS array placement and orientation. Based on real time MR 

temperature imaging (MRTI), the ERUS array can be utilized to translate a small HIFU focal 

pattern in 3D and perform repetitive ablations to coagulate overlapping lesions that will 95 

cumulatively cover the entire target volume (40, 41). In contrast to HIFU, hyperthermia requires 

more diffused energy deposition sustained over longer durations to establish uniform 

temperature distribution and sufficient thermal dose within the entire targeted volume. Array 

beamforming and phasing requirements of these sonications are very different from conventional 

HIFU exposures (Figure 1b, Figure 2a). Hence, in this study, the feasibility of protracted 100 

hyperthermia to prostate targets (focal targets, posterior quadrants, hemi-gland) with the 

ExAblate 2100 array was assessed through simulations, modeling and preliminary experiments. 

Operational modifications required for continuous wave (CW) sonications, unlike previous 

studies where pulsed-HIFU was utilized to maintain hyperthermic temperatures (35-37), and 

continuous volumetric multi-plane MRTI were identified within system hardware and software 105 

constraints.  

The ExAblate 2100 system is already in clinical trials for prostate ablation (40-42). If it 

can be successfully adapted for protracted hyperthermia, it can be potentially fast-tracked for 

clinical application. With this motivation, this initial study employed theoretical and 
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experimental techniques to identify operational modifications, and assess the feasibility and 110 

capability of safe and reliable MR-guided prostate hyperthermia with the ExAblate 2100 prostate 

applicator. 
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METHODS 

In this study we utilized computer simulations and thermal dosimetry experiments to assess the 115 

feasibility of prostate hyperthermia with the ExAblate 2100 MRgERUS phased array. The 

simulation studies consisted of acoustic pressure calculations, and array beamforming for 

generating hyperthermia-specific US energy deposition patterns. Biothermal models were 

employed to ascertain US-induced heating for the various sonication strategies considered. 

Clinical images were used to generate anatomical geometries and FEM meshes for representative 120 

patient datasets. The initial experiments were employed to demonstrate implementation of 

hyperthermia-specific sonication strategies on the ExAblate phased array ablation system. 

Acoustic power deposition calculations 

Acoustic calculations were performed for the ExAblate 2100 prostate phased array. To ensure 

realistic modeling, all array design specifications and details provided by Insightec Ltd. were 125 

incorporated. This included operating frequency (2.3 MHz), array dimensions (23×40 mm2) 

independent power channels (~1000), individual rectangular element size, proprietary element 

layout and electrical connection scheme which includes clustering of distributed elements to 

have same phasing, phase encoding and round-offs, sonication intensities and sonication duration 

limitations, duty cycles, and software constraints. 130 

The acoustic pressure field from an individual array element was computed using the 

rectangular radiator method developed by Ochletree and Frizzel (43). Considering each element 

as a simple rectangle-shaped baffled piston source, the cumulative acoustic pressure (p0) 

generated in a lossless aqueous medium because of continuous wave excitation of N elements 

can be calculated using the following equation. 135 

 
𝑝𝑜(𝑥,𝑦, 𝑧) =  𝑗𝜌𝑐∆𝐴

𝜆
∑ 𝑢𝑛

𝑅
𝑁
1 𝑒−𝑗𝑘𝑅𝑠𝑖𝑛𝑐 �𝑘(𝑥−𝑥𝑛)∆𝑤

2𝑅
� 𝑠𝑖𝑛𝑐 �𝑘(𝑦−𝑦𝑛)∆ℎ

2𝑅
�  (1) 
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In Eq. 1, the phased array transducer is assumed to be in plane z = 0, ρ is the density, c is the 140 

speed of sound, λ is the wavelength, k is the wave-number, un = |un|×exp(-jφn) is the complex 

particle velocity at the surface of the nth element and φn is the phase, Δw, Δh, ΔA are the width, 

height and surface area of an element respectively , xn and yn are the centers of the nth element, 

and R = [(x-xn)2 + (y-yn)2 + z2]0.5. The accuracy of the sinc function approximation in Eq. 1 is 

dictated by the expression Δw ≤ (4λz/F)0.5, where a larger value of F implies greater accuracy in 145 

pressure estimation at a given distance of z. For the simulation space in this study, dimensions of 

the square array elements and the operating frequency, F always exceeded 150. 

The acoustic energy (Qac) deposited at a point in the simulation space is given in Eq. 2. 

 

𝑄𝑎𝑐(𝑥,𝑦, 𝑧) = 2 ∝ (𝑥, 𝑦, 𝑧) |𝑝0(𝑥,𝑦,𝑧)|2

2𝜌𝑐
𝑒𝑥𝑝�−2𝑧 ∫ 𝜇(𝑧) ∙ 𝑑𝑧𝑧

0 � (2) 150 

In Eq. 2, p0 is peak pressure, α is acoustic absorption, μ is acoustic attenuation, ρ is density, and c 

is sound speed. An averaged acoustic attenuation was applied along the ultrasonic beam path. All 

scattered energy was assumed to be absorbed locally. 60% transmission of longitudinal acoustic 

waves was assumed at the bone-tissue interface (more details in patient specific modeling that 

follows) with reflection, refraction and shear wave conversion being neglected (44). Modeling 155 

constants related to acoustic properties of tissues have been compiled in Table 1. 

Array Beamforming 

To modify/tailor energy deposition patterns, ERUS elements were excited with specific phase 

delay values. These values were computed based on element position and focusing 

characteristics required to generate the requisite beam patterns. Phasing schemes investigated in 160 

this study are described next. In this description, azimuth refers to dimension along array length 

(40 mm), elevation refers to the dimension along array width (23 mm), and range or depth refers 

to orthogonal distance from the array surface. 

Multi-point focusing: To selectively heat small targets, such as localized focal cancer targets 

located in the posterior peripheral zone of the prostate (10 – 15 mm wide, 1 – 2 cm3 volume), 165 
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beamforming techniques which simultaneously focus the ERUS array at multiple (4 - 8) points 

were explored (Figure 3a). In clinical scenarios considered here, cancer targets were located at a 

distance of 10 – 20 mm from the rectal wall and 25 – 35 mm from the ERUS array (accounting 

for ~15 mm radius of the cooling balloon). Hence, the array focus points were placed between 25 

– 35 mm depth and 5 – 10 mm transverse distance from the array axis. For such focusing, phase 170 

delays were first computed for all channels in order to focus the array at each individual focusing 

point. An averaged set of phase values was then computed and applied to the array elements.  

Cylindrical or curvilinear focusing: To simulate focusing behavior of a curvilinear or 

cylindrically focused transducer, the ERUS array was focused along the array elevation direction 

(Figure 4a). Phase delays were computed based only on the distance between ERUS elements 175 

and a cylindrical focus axis (based only on the focusing depth and element elevation). Here the 

focusing depth was set between 25 – 35 mm for delivering zonal hyperthermia (10 – 15 mm 

wide targets) along the prostate length.  

Diverging sonications: This approach was explored to heat wide focal targets near the posterior 

periphery of the prostate or posterior quadrant of the gland. To heat such target, the synthetic 180 

focusing point of the array was placed 10 – 60 mm behind the array along the entire array 

elevation. Phase delays were again computed using only the focusing depth and elevation 

position of the array elements. This scheme was employed to generate defocused or cylindrically 

diverging wavefronts (Figure 5a) that may heat targets close to the array but wider than its 

elevation dimension (23 mm).  185 

Planar sonications: Planar beam patterns were simulated by setting uniform phase values for all 

power channels (Figure 6a). This achieved the effect of synchronous operation of all ERUS array 

elements to mimic the functionality of a planar rectangular transducer with a large aperture. 

These sonications were explored for hyperthermia to hemigland prostate or posterior quadrants 

of the gland.  190 
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Biothermal Models 

Heat transfer was modeled using the Pennes bioheat equation as shown below (45). 

 195 
𝜌𝑐𝑝𝑡

𝜕𝑇′
𝜕𝑡

= ∇ ∙ [𝑘𝑡∇𝑇′]− 𝜔𝑏𝑐𝑝𝑏𝑇′ + 𝑄𝑎𝑐 (3) 

In eq. 3, ρ is the density, cpt and cpb are specific heat capacity values for tissue and blood 

respectively, kt is thermal conductivity, T’ is the temperature rise over basal/blood temperature, 

ωb is the blood perfusion and Qac is the heat generated due to acoustic energy deposition. 

Modeling constants related to thermal properties of tissues have been compiled in Table 1. 200 

Model geometry 

The biothermal models were employed to calculate temperature profiles on generalized and 

patient-specific geometries. Acoustic intensity was varied to achieve a maximum temperature 

close to 45 oC, and dimensions of resulting simulated 40 oC and 41 oC temperature clouds were 

computed.  205 

Generalized model geometry consisted of the ERUS phased array situated inside a 15-

mm radius cylindrical balloon filled with degassed water sonicating homogenous soft tissue. For 

these models physiological parameters, such as blood perfusion, acoustic parameters and thermal 

properties of soft tissue were assumed to be homogeneous.  

Patient specific model geometry was created from two representative patient data sets 210 

(example shown in Figure 1(b) and Figure 2(a)). Critical organ structures such as the prostate 

and cancer target volume, bladder, rectum, urethra and pubic bones were manually segmented 

from serial MR or CT axial images by using contouring tools available in a radiation therapy 

treatment planning program (Oncentra, Netherlands) and a 3D modeling software (Mimics and 

3-Matic, Materialise, Belgium). Both patients had focal prostatic tumor nodes in the posterior 215 

peripheral zone near the gland apex. The first patient had a unilateral target confined to the right 

side (prostate volume = 22 cm3, tumor volume = 1.2 cm3). The second patient had a bilateral 
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target, but predominantly on the left (prostate volume = 19 cm3, target volume = 1 cm3). Due to 

the high acoustic absorption of bone and acoustic penetration depth at 2.3 MHz, acoustic energy 

may cause some heating in the pubic symphysis located anterior to the gland. To study the 220 

impact of bone heating on treatment quality, patient cases were selected with pubic bone located 

far (25 – 30 mm, case 1) or near the gland (8 – 10 mm, case 2). The ERUS phased array was 

assumed perfectly coupled to the rectal wall by a distensible cooling balloon that contained 

temperature-regulated circulating water for cooling of rectal tissue, and protection of the phased 

array. Position and orientation of the ERUS phased array was set to direct acoustic energy at the 225 

target volume. In a treatment scenario with the ExAblate ERUS array, such positioning would be 

achieved using translation and rotation module of the ExAblate system. Bladder was assumed to 

contain water and urethral cooling was applied as required. 

Boundary conditions 

For both generalized and patient-specific geometries, the outer simulation boundaries were 230 

assumed to have constant temperature, which was set to the same value as blood/basal 

temperature (37 oC). The ERUS cooling balloon and urethral cooling balloon were modeled to 

have constant temperature dictated by cooling water flow (Tcool = 22 – 41 oC).  

Numerical evaluation 

The biothermal and acoustic models were evaluated using COMSOL Multiphysics 3.5a and 4.3 235 

(Comsol Inc., Burlington, MA), a finite-element method (FEM) software program, and Matlab 

7.5 (MathWorks Inc., Natick, MA). Patient specific geometry was created by converting the 

segmented organ contours to 3D volumes using Mimics (Materialise, Belgium) and then to FEM 

mesh using 3-Matic (Materialise, Belgium) software packages. The FEM mesh parameters, in 

terms of mesh element dimensions, were selected through an iterative process to ensure a stable 240 

thermal solution. Implicit FEM solvers (PARDISO for steady state solutions and geometric 

multigrid for transient solutions), available within COMSOL Multiphysics, were utilized. In the 

generalized models, mesh element sizes <1.5 mm were employed close to the applicator cooling 

balloon and mesh element sizes <1.2 mm were employed between 5 – 25 mm axial distance from 
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the ERUS array. The latter corresponds to the region where maximum heating occurs. In the 245 

patient specific models, mesh element sizes were <1.8 mm near the applicator and rectum, <1 

mm within cancer target, and <1.5 mm near the proximal bone surface.   

Steady state implementation of  Eq. 3 was utilized during all patient-specific models. The 

generalized models employed steady state or transient version (Figure 7) of Eq. 3. The 

generalized models were also used for a parametric study that investigated the impact of blood 250 

perfusion, applicator cooling and sonication duty cycle on heating performance of the array.  

Evaluation in Tissue Phantom under MRTI 

To demonstrate beamforming strategies developed in the simulation studies, some hyperthermia-

specific sonications were implemented on ExAblate 2100 ERUS phased array ablation system. 

Phasing patterns, specific to the proprietary layout of the ERUS array, were applied to the phased 255 

array using research GUI and tools provided in the InSightec ablation system. This research 

version consists of utility interfaces (CPC 5.3.2) which allow the ablation system to be 

programmed with greater flexibility. Through these GUI packages, it is possible to set sonication 

parameters such as input power and exposure time, and also implement customized beamforming 

patterns on the system. 260 

In the preliminary tests presented here, the ExAblate prostate array was employed to heat 

tissue-mimicking phantoms provided for quality assurance and calibration by InSightec (Model 

TXS-100, ATS Laboratories, Inc, Bridgeport, CT). The phantom was shaped like a lightly 

tapered cylinder ~10.2 cm in diameter and ~12.7 cm in height with acoustic attenuation = 0.503 

dB/cm/MHz and sound speed = 1538 m/s (46). Experiments were conducted in a 3 T MRI 265 

scanner (GE Healthcare Discovery MR750W) where imaging and temperature data was obtained 

by a birdcage head coil (GE). Complex MR images were acquired in multiple imaging planes for 

MRTI, with all slices in the same orientation. For the data presented here, image slices were 

either in axial or coronal orientation. Five axial planes were recorded with slice thickness of 5 

mm, inter-slice spacing of 1.0 mm and the center slice was positioned at the array center. Five 270 

coronal planes were recorded with slice thickness of 5 mm, inter-slice spacing of 0.5 mm and the 
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center slice was positioned at the 35 mm distance from array surface. MRTI was performed 

using a spoiled gradient echo sequence with the following imaging parameters: TE = 16 ms, BW 

= +/- 31.2 kHz. The FOV was 14 cm, slice thickness = 5 mm, flip angle = 30, and matrix size = 

256×256 pixels. The complex images were transferred to a workstation in real-time and 275 

temperature images were reconstructed with the proton resonance frequency (PRF) method (47). 

For these initial experiments, conservative exposure parameters were employed. 

Electrical power was set at 10 W (surface acoustic intensity ~ 0.86 W/cm2). For this power level, 

operational constraints of the ExAblate 2100 system only allowed sonication durations of 5 min. 

Three sets of such 5-min sonications were conducted to obtain a total heating time of 15 minutes. 280 

Time duration between consecutive sonications was 5 – 10 s. After a single sonication, the 

system required re-initialization and it resulted in this short time delay between consecutive 

sonications. To ensure safe operation and protection of the prostate array, cooling water (22 oC) 

flow was maintained throughout the exposures (Figure 8). 
  285 
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RESULTS 

Acoustic Calculations 

Acoustic fields for various focusing patterns were calculated to investigate simultaneous multi-

point focusing and shaped energy deposition patterns for generating hyperthermia. Calculated 

acoustic fields indicated that the ExAblate ERUS array was capable of creating tight focal spots 290 

along its axis. The 3-dB beam-width for focusing depths of 20 – 40 mm was 0.6 – 1.15 mm in 

the elevation dimension and 0.4 – 0.65 mm in the azimuth dimension. Off-axis focusing resulted 

in some energy deposition in the side lobes. The ratio of maximum acoustic intensity values in 

the side lobe and the main lobe was computed in the focusing plane and was used to quantify 

capability for off-axis focusing and beam steering. At a focusing depth of 20 mm and off-axis 295 

focusing position of 5 – 10 mm, maximum energy in the side lobe was 5 – 20.0% of maximum 

energy in the main lobe. At a 30 mm depth, this proportion was 2.5% – 15.5% and at 40 mm 

depth it was 1.4% - 6.0%. Similar trends were observed when curvilinear focusing was employed. 

When focused in the elevation dimension, focusing depths below 25 mm resulted in peak side-

lobe intensity values in excess of 10% of peak intensity in the main lobe.    300 

Generalized Models 

Therapeutic volumes V40 and V41 (volumes of iso-thermal clouds of 40 oC and 41 oC respectively) 

were determined for different sonication/beamforming strategies and the results are presented in 

Table 2 - Table 5 from. For these models, the input power was empirically adjusted to obtain a 

maximum temperature in the range of 44.5 – 45 °C, within operational limits of the ERUS array 305 

(surface acoustic intensity < 3.4 W/cm2). A constant blood perfusion rate of 2 kg/m3/s was 

assumed for these models. With simultaneous multi-point focusing V40 and V41 were small. For 4 

– 8 focusing points, V40 was between 3.8 – 7.2 cm3 and V41 was between 1.5 – 3.9 cm3. For 8-

point sonications, using the maximum allowed acoustic intensity resulted in Tmax < 43 oC. With 

curvilinear focusing in elevation direction at depth of 25 and 35 mm along the propagation axis, 310 

V40 = 12 cm3 and V41 = 6 cm3, respectively, were calculated. Larger treatable volumes were 
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calculated for diffused sonications. With diverging and planar patterns, V40 = 24 - 35 cm3 and 

V41 = 12 - 22 cm3 were computed. 

Parametric Analysis     

Results from a parametric study utilizing planar sonications are presented in Table 6 - Table 8. 315 

Impact of blood perfusion variation on heating performance was studied by changing perfusion 

between 0.5 - 8.0 kg/m3/s. The input acoustic intensity was varied with perfusion between 0.61 - 

2.15 W/cm2 to maintain maximum temperature close to 45 °C. Dimensions of the 40 and 41 °C 

iso-temperature contours were computed. In the azimuthal direction (along applicator width), 

dimensions of these contours varied from 33 - 26 mm and 27 - 22 mm, respectively, with 320 

increasing perfusion. In the elevation direction (along applicator length), variations in contour 

dimensions were lower, spanning 40 - 37 mm and 35 - 33 mm. Depth of tissue heating for both 

contours were 71.5 - 69 mm and 67 - 59 mm. For these models, applicator cooling was held 

constant at 30 oC.  

The impact of applicator cooling for long duration sonication with the ExAblate 2100 325 

array was studied by varying Tcool between 22 - 35 °C for planar sonication configuration 

discussed above (Table 7). Perfusion was held constant at 2.0 kg/m3/s. Across the range of Tcool 

values considered, slight changes in applied power ranging from 1.05 - 0.92 W/cm2 were needed 

to maintain Tmax ~ 45 °C. With changes in Tcool, dimensions of the 40 °C and 41 °C contours 

showed minimal changes (< 2 mm) in azimuth or elevation dimensions. In the range dimension, 330 

reduced cooling caused some reduction in heating depth.  

Hardware constraints imposed on the ExAblate 2100 system for applicator protection 

during long duration sonications, may require shorter duty cycles instead of continuous 

sonication. Hence, transient models employing planar sonications were implemented to study the 

impact of duty cycle variation on heating performance. Duty cycle was varied between 80%, 88% 335 

and 100% with pulse repetition frequencies of 0.0104 Hz, 0.011 Hz and CW. The blood 

perfusion rate was set to 2.0 kg/m3/s and Tcool was held constant at 30 °C. Peak acoustic intensity 

was varied such that the total energy delivered in a single pulse cycle was constant and the 
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maximum temperature was close to 45 °C. After 12 minutes into the treatment, steady 

temperature levels were achieved with 100% duty cycles. After this time instance, the observed 340 

temperature ripple in Tmax was below 0.1 °C and 0.3 °C for the 88% and 80% duty cycle cases, 

respectively. Similar small ripples were also seen in iso-temperature volumes (Figure 7). For this 

comparison, dimensions of volume contours for thermal doses of 6 and 10 CEM43 were also 

calculated. For 100%, 88% and 80% duty cycles, the iso-dose cloud dimensions were within a 

millimeter agreement (Table 8). 345 

Patient-specific Models 

Multi-point focusing: An example of such multi-point focusing is shown in Figure 3, where 

conformal hyperthermia to a small focal target in right posterior quadrant of the prostate was 

simulated (patient case 1). For this preliminary effort, focal point placement was ascertained 

through a manual iterative process to maximize target coverage. The ERUS array was 350 

simultaneously focused on 6 points at an axial depth of 35 mm (Figure 3a). Foci were placed in 

the transverse plane such that the resultant heating best conformed to the target region shape. In 

the example shown here, acoustic intensity was 3.4 W/cm2 (electrical power ~ 40 W) and 

maximum temperature was 44.5 °C. 

Cylindrical or curvilinear focusing: The example shown in Figure 4 shows curvilinear focusing 355 

employed to target the cancer site from patient case 1. In this case, the focusing axis was placed 

along the array azimuth and the focal depth was 35 mm from the array surface. This sonication 

pattern allowed heating in wedge-shaped patterns. The input was set to 0.7 W/cm2 acoustic 

intensity (electrical power ~ 8 W), which yielded a maximum temperature of 45 °C. 

Planar sonications: Planar beam patterns were simulated by setting uniform phase values for all 360 

power channels. This achieved the effect of synchronous operation of all ERUS array elements 

to mimic the functionality of a planar rectangular transducer with a large aperture (Acoustic: 1.2 

W/cm2 or Electrical ~ 14 W). As shown in Figure 5, diffused energy deposition spread out over a 

larger volume was possible with this configuration. For this representative case, therapeutic 
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hyperthermia could be delivered to targets in the posterior quadrant of the prostate could be 365 

treated, extending to the prostate boundary.  

Diverging sonications: Diverging acoustic beam patterns were simulated to heat wide targets in 

posterior prostate (Figure 6). Patient specific models were used to explore the possibility of 

heating bilateral targets with this configuration. The representative case shown in Figure 6 

contains a target primarily in the left posterior quadrant with a section extending past the urethra 370 

into the right quadrant. To heat this target, the synthetic focus was placed 10 mm behind the 

array along the entire array elevation. This resulted in wave fronts similar to tubular transducer 

elements (cylindrically diverging or defocused). As compared to the planar sonication strategy, 

angular expanse of energy deposition across the array azimuth was increased. However, higher 

input power (Acoustic: 1.35 W/cm2, Electrical ~ 16 W) was required to achieve therapeutic 375 

temperatures. Also, energy deposition in the side lobes was more difficult to control.  

Evaluation in Tissue Phantom under MRTI 

Based on the proprietary irregular transducer element layout and wiring scheme of the ExAblate 

2100 array, phasing patterns were calculated to generate the following sonication patterns and 

applied within phantom to evaluate generated temperature distributions (Figure 8). 380 

• Planar sonication was performed using iso-phase/synchronous excitation of the 

transducer array elements. This was similar to placing a single focal point at a very large 

distance from the array and resulted in heating volumes close to the array determined by 

the width of the array.    

• Diverging pattern was created by placing the synthetic focus 20 mm behind the array, on 385 

its axis and along array elevation dimension. This caused heating in a cylindrically 

defused volume with its extent greater than the array width. 

• Curvilinear pattern with synthetic focus at 35 mm distance on the array axis, and along 

array elevation dimension. This resulted in wedge shaped heating volumes caused by 

cylindrical focusing.  390 
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• Simultaneous multipoint focusing was demonstrated using 6-point focusing pattern 

applied in the simulation example shown earlier (Figure 3). The six foci were placed at 

35 mm distance from the array. The heating pattern was created to treat gibbous target 

shapes. This is evident from the irregular shaped temperature distribution seen in the 

coronal plane.  395 

Phase delays associated with these beamformed sonications were programmed into the ExAblate 

system using the CPC software interface. Figure 8 depicts temperature profiles in tissue 

mimicking phantoms showing up to 12 °C temperature rises after 15 min heating with a 

relatively low power setting of 0.86 W/cm2 (acoustic). MRTI was performed with minimum 

measurement artifact. These preliminary experiments illustrate the ability to successfully employ 400 

beamforming to control the shape of energy deposition and resulting heat generation, and to 

deliver long duration power output with the ExAblate 2100 MRgERUS system.  
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DISCUSSION 

Feasibility of adapting the ExAblate 2100 ERUS ablation array within its hardware, software and 405 

operational constraints for delivering protracted mild hyperthermia to contiguous volumes in the 

prostate has been examined through simulations and preliminary experiments. Array 

beamforming can be utilized effectively to tailor energy deposition based upon the size and 

location of target volumes. Appropriate phasing patterns can enable targeting specific volumes in 

the posterior region of the gland, posterior quadrant hyperthermia and hemi-gland hyperthermia. 410 

Simultaneous multipoint focusing and curvilinear focusing can be employed to heat small targets 

(1.5 – 6.6 cm3). With these sonications, energy can be delivered selectively with tailoring along 

the array length and in axial distance. Wide targets in the posterior prostate can be effectively 

heated using divergent/diffuse sonications. These along with planar sonications may be effective 

in delivering quadrant or hemi-gland hyperthermia to large contiguous volumes (13.3 – 22.8 415 

cm3). Initial experiments in tissue mimicking phantoms demonstrated the feasibility of 

implementing hyperthermia-specific array beamforming on the ExAblate array and delivery of 

protracted continuous wave sonications to generate hyperthermia in contiguous volumes under 

MRTI.   

ExAblate 2100 has approval for clinical trials pertaining to prostate ablation (40-42). 420 

Potentially, it can be fast tracked into the clinic for hyperthermia applications as well. Feasibility 

of safe hyperthermia delivery to the prostate using transrectal ultrasound arrays (~1.5 MHz, 4 – 

16 elements) has been reported in the past (28 - 30). Diverging sonications with ExAblate array 

can be used to deliver diffuse hyperthermia similar to cylindrical-element applicators described 

in the aforementioned studies. Greater control of heating may be possible due to greater array 425 

beamforming possibilities arising from larger number of elements, mechanical rotation and 

translation capabilities, and volumetric thermal dosimetry through MR temperature monitoring. 

This may enable precise energy delivery to the prostate while limiting thermal dose to critical 

structures such as urethra, neurovascular bundles and pubic bones. 
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Some recent studies have reported hyperthermia delivery to small tissue volumes using 430 

commercial MR-guided extracorporeal HIFU ablation applicators. These studies consisted of 

animal experiments designed to study enhanced delivery and uptake of drugs using sub-lethal 

thermal doses. In refs. (35-37), extracorporeal phased array included in ExAblate 2000 by 

InSightec was employed for pulsed-HIFU sonications in small (~45 mm3) implanted murine 

tumors under MR-guidance with the goal to cause mild temperature increases. These sonications 435 

were only limited to sequential focusing at multiple points, available as part of ablation tools 

within the ExAblate system. Short duty cycles were employed to limit temperature rises. CW 

sonications which employ electronic and mechanical scanning of a single HIFU focus under 

MR-guidance have also been explored to deliver hyperthermia with another commercial ablation 

system (Sonalleve, Philips Medical Systems, Vantaa, Finland). The animal study in ref. (39) 440 

demonstrates treatment of small volumes (treatment cell diameter of 4 – 16 mm) with fast 

translation of the HIFU focus. In another study by the same group, multi-point focusing was 

implemented on the same HIFU system to treat target volumes with  ~15 mm diameter (34). 

The prostate array from ExAblate 2100 system is designed for endocavity placement as 

opposed to the external arrays employed in the aforementioned studies, and hence has stringent 445 

size and design constraints. Hyperthermia delivery to large treatment volumes with this small 

array requires more meticulous planning, but it can also offer therapeutic advantages. Targeted 

CW sonications to treat large and deep cancer targets are more feasible with an endocavity array 

because it is less susceptible to organ motion and intervening tissue structures as compared to an 

external applicator. Effective heating of larger volumes opens the possibility of heating hemi-450 

gland prostate or bilateral targets. Simultaneous multi-focus beamforming can also be 
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implemented on InSightec prostate array to conformably heat smaller targets, and it can 

potentially produce more steady temperature profiles than electronic scanning of HIFU focus. 

 Array design constraints on the ExAblate 2100 prostate array such as element layout and 

element connections place limits on electronic scanning, focal gains and side-lobe generation 455 

when compared to ERUS arrays considered for hyperthermia during earlier studies  (21 - 30). 

Whole gland hyperthermia may not be possible simply through beamforming alone. However, 

the ExAblate 2100 has a rotational and translational positioning module that affords accurate 

positioning and orientation of the applicator within the patient. Hence, lateral regions of the 

gland can be treated sequentially to effectively produce whole gland heating. Further, it may be 460 

possible to apply frequent and rapid mechanical translation/rotation of the applicator to combine 

electronic and mechanical scanning. However motion-associated artifacts in MR thermometry 

could be problematic and may require MR-thermometry techniques which employ multiple 

baseline images for reliable temperature measurements in such scenarios (48, 49).  

The relatively small size and low operating frequency of the array also limits targeting 465 

capability. The array can be used more effectively to target cancer in the posterior periphery of 

the gland, however, focal gain is reduced when targeting volumes placed toward the anterior 

border (for depths of greater than 45 mm). The low frequency can also result in energy 

deposition anterior to the prostate gland, especially during hemi-gland heating. This may result 

in heat generation in the pubic bone, especially in cases where it is close (within 5 - 10 mm) to 470 

the prostate. As seen in the representative patient case 2 (Figure 6), where the pubic bone is less 

than 1 cm from the gland, undesired heating can occur in the bone. Urethral cooling may also be 

necessary when heating hemi-gland or quadrant volumes. The patient cases shown here have 

cancer targets at the posterior periphery of the prostate close to the rectal wall. Cooling flow 
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which protects the device and the rectum has to be carefully applied as excessive cooling can 475 

negatively impact hyperthermia delivery. Clinical hyperthermia treatments with this approach 

should be carefully planned taking these factors into consideration. 

The ExAblate prostate array following operational modifications can be potentially used 

to exploit new treatment paradigms where hyperthermia may be combined with hypofractionated 

SBRT high dose rate radiation treatments (30, 50). It may be also be used in conjunction with 480 

temperature sensitive liposomes for targeted delivery of anti-cancer drugs to focal tumors (19, 

39). Such transrectal hyperthermia delivery may be effective as part of multimodality regimens 

which incorporate chemotherapy and immunotherapy (51, 52) to treat advanced or salvage cases 

of prostate cancer. Transurethral (53) or transrectal (54) hyperthermia has also been employed 

for treating chronic prostatitis, and similar treatments may be possible with the InSightec prostate 485 

array. The ExAblate prostate array may be potentially extended to hyperthermia treatments of 

other tumor sites in the pelvic cavity, such as rectum and anal canal. Future investigations that 

would be useful for implementing hyperthermia with this system could include the development 

of inverse planning algorithms to optimize beamforming schemes (such as multi-focal patterns) 

specific for phased array prostate hyperthermia (55-57). Temperature-based feedback control 490 

methods could possibly be implemented to improve target heating and avail the full power of 

MRTI for full 3D volumetric temperature feedback.   
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CONCLUSIONS 495 

Simulations and preliminary experiments demonstrate the feasibility of delivering protracted 

mild hyperthermia 40-45 oC for >15-30 min to the prostate with ExAblate 2100 ERUS prostate 

ablation system. Phased array beamforming techniques may be used to tailor acoustic energy 

deposition pattern in 3D, along array length and angular expanse. Hyperthermia-specific 

beamforming strategies were implemented on the ExAblate system and continuous wave 500 

sonications generated therapeutic temperature rises during phantom experiments. Within 

hardware and software constraints imposed by the ERUS array design, it may be possible to 

administer protracted hyperthermia to posterior quadrants or hemi-gland prostate.  
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Figure 1: (a) MR-compatible ExAblate 2100 endorectal ultrasound phased array (2.3 MHz) 

ablation system. (b) Illustration showing differences in sonications patterns required for ablation 

and mild hyperthermia in the prostate to treat focal cancer lesions. The axial MR scan belongs to 695 

the representative patient case number 1 utilized during patient specific models presented in this 

paper.  
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(a) (b) 

Figure 2: (a) Axial MRI scan of with tumor target in prostate identified and segmented along 

with other critical anatomical structures. It belongs to the representative patient case number 2 700 

utilized during patient specific models presented in this paper.  (b) 3D model geometry created 

from serial axial scans following segmentation of organs. 
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Figure 3: Conformable hyperthermia to a small focal region in the right quadrant of the 

prostate containing cancerous tissue. (a) Multi-focal pattern (six simultaneous foci) employed 

in hyperthermia delivery (plotted SAR contour = 300 W/kg) is overlaid upon 3D anatomical 

geometry along with temperature on tumor surface. Temperature distribution plotted in (b) 715 

axial, (c) coronal and (d) sagittal planes through target center (I = 3.4 W/cm2, Tmax = 44.9 oC). 
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                                              (c)                                                                       (d) 
Figure 4: Hyperthermia to a small focal cancer target region in right quadrant of the prostate 725 

using curvilinear focusing. (a) Curvilinear focusing (35 mm depth) pattern (plotted SAR contour 

= 300 W/kg) is overlaid upon 3D anatomical geometry, along with temperature on tumor surface. 

Temperature distribution plotted in (b) axial, (c) coronal and (d) sagittal planes through tumor 

center (I = 0.75 W/cm2, Tmax = 44.7 oC). 

730 
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                           (a)                                                                      (b) 

                                   
 735 
                       (c)                                                             (d)  

Figure 5: (a) SAR distribution obtained by planar sonication is plotted in the central axial 

plane of a representative case. Temperature and anatomy overlay to show hemi-gland heating 

of the prostate is shown in (b) 3D, (c) coronal plane 30 mm from the applicator and (d) 

sagittal plane through the applicator. Applicator is shown in green, prostate is shown in blue 740 

(I = 0.9 W/cm2, Tmax = 43.7 oC). 
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                                                 (a)                                                       (b) 745 

 

                       
                        

                                             (c)                                                        (d) 

Figure 6: (a) SAR distribution obtained by cylindrically diverging sonication is plotted in the 750 

central axial plane (b) Corresponding temperature distribution obtained in the same central 

axial plane is shown. Temperature distribution in an oblique sagittal slice (c) and an oblique 

coronal slice is also shown. For all sub-plots, tumor contour is shown in blue, organs are 

shown in white and applicator placement is shown in green (I = 1.35 W/cm2, Tmax = 44.8 oC). 

755 
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                                     (a)                                                              (b)                    

Figure 7:  Comparison of (a) Tmax vs. time, (b) V40, V41 vs. time for 80%, 88% and 100% duty 

cycle for planar sonication in generalized model is shown here. Acoustic intensity was adjusted 

to maintain constant energy. 760 
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(a) (b) 

                 
(c) (d) 

Figure 8: MR temperature images captured during CW sonications in tissue mimicking phantoms 

with ExAblate 2100 prostate array are shown here (0.86 W/cm2, 15 min.). Heating from (a) Iso-

phase/planar, (b) diverging and (c) curvilinear in axial plane and (d) simultaneous multi-focused 

sonications in coronal plane are shown. 765 
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Parameter Units Value 

k (thermal conductivity) W/m/oC 0.56 

ωb (blood perfusion) kg/m3/s 

0.5 – 8.0 (Range used in 
generalized model) 

1 (bone) 

2.5 (prostate) 

5 (peri-prostatic tissue) 

4 (rectum) 

Cb (specific heat of blood) J/kg/oC 3720 

C (specific heat of tissue) J/kg/oC 3600 

Tb (body/blood 
temperature) 

oC 37 

c (sound speed) m/s 1500 

ρ (density) Kg/m3 1060 

f0 (center frequency) MHz 2.3 

α (acoustic absorption),  

µ (acoustic attenuation) 
Np/m/MHz 

5.3 (Generalized model) 

5.3 (prostate) 

6 (rectum) 

5 (peri-prostatic tissue) 

250 (bone) 

 

Table 1: Constants used in biothermal and acoustic models are tabulated here. These values have 

been obtained from Refs. (44, 58-60). Physical and physiological properties of tissue were 

assumed to be homogeneous in generalized models, and varied with tissue type in patient-770 

specific models.    
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Number Is (W/cm2) Tmax (oC) V40 (cm3) V41 (cm3) 

4 2 44.6 5.5 2.7 

6 3.4 44.7 7.2 3.9 

8 3.4 42.3 3.8 1.5 

Table 2: Treatable volumes obtained by multi-point focusing in generalized models. The number 

of simultaneous focusing points was varied. Power input was adjusted to achieve maximum 

temperature close to 45 oC, within limits and constraints necessary for safe operation on 775 

ExAblate 2100. Constant blood perfusion of 2 kg/m3/s was assumed. 
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Depth (mm) Is (W/cm2) Tmax (oC) V40 (cm3) V41 (cm3) 

25 0.75 45.1 12.1 6.0 

35 0.7 44.9 12.7 6.6 

Table 3: Treatable volumes obtained by cylindrical or curvilinear focusing in generalized models. 

The focal depth was varied. Power input was adjusted to achieve maximum temperature close to 780 

45 oC, within limits and constraints necessary for safe operation on ExAblate 2100. Constant 

blood perfusion of 2 kg/m3/s was assumed. 
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Pos. (mm) Is (W/cm2) Tmax (oC) V40 (cm3) V41 (cm3) 

10 1.05 44.7 24.4 13.3 

20 1.13 44.7 26.3 13.8 

40 1.2 44.8 37.2 21.5 

Table 4: Treatable volumes obtained by divergent focusing in generalized models. The 785 

divergence angle was varied. Power input was adjusted to achieve maximum temperature close 

to 45 oC, within limits and constraints necessary for safe operation on ExAblate 2100. Constant 

blood perfusion of 2 kg/m3/s was assumed. 
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 790 

Type Is (W/cm2) Tmax (oC) V40 (cm3) V41 (cm3) 

Planar 0.94 44.7 35 22.8 

Table 5: Treatable volumes obtained by planar or iso-phase focusing in generalized models. 

Power input was adjusted to achieve maximum temperature close to 45 oC, within limits and 

constraints necessary for safe operation on ExAblate 2100. Constant blood perfusion of 2 

kg/m3/s was assumed. 

  795 

 44 



 

 40 oC contour dimensions 41 oC contour dimensions 
ωb I Tmax Azim Elev Range Spare Azim Elev Range Spare 
(kg/m3/s) (W/cm2) (oC) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 
0.5 0.61 45.02 33 40 71.5 21.5 27 35 67 23 
2.0 0.99 45.06 29 38 71 20 24 34 65 21 
4.0 1.43 44.98 26 37 70 19 23 34 62.5 20 
8.0 2.15 44.96 26 37 69 17.5 22 33 59 18.5 
 

Table 6: Parametric study was conducted using planar sonication implemented in steady state 

generalized models to study the impact of perfusion on heat delivery. The perfusion was varied 

between 0.5 – 8.0 kg/m3/s. Acoustic intensity was varied such that the maximum temperature 800 

was close to 45 oC. Dimensions of 40 oC and 41 oC contours are reported here. Azim refers to 

dimension along transducer width, Elev refers to the dimension along array length, Range refers 

to axial depth from transducer surface, and Spare refers to distance of tissue from 

cooling/coupling balloon which was thermally spared (not heated above 40 oC or 41 oC). Cooling 

around the device was held constant and the balloon was modeled as a constant temperature 805 

boundary at 30 oC. 
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 40 oC contour dimensions 41 oC contour dimensions 
Tc I Tmax Azim Elev Range Spare Azim Elev Range Spare 
(oC) (W/cm2) (oC) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 
22 1.05 45.01 28 38 71.5 22.5 24 34 66.5 23.5 
30 0.99 45.06 29 38 71 20 24 34 65 21 
35 0.92 44.94 28 38 69.5 17.5 24 34 63 19 
 

Table 7: Parametric study was conducted using planar sonication implemented in steady state 

generalized models to study the impact of applicator cooling on heat delivery. Cooling was 810 

varied from 22 – 35 oC. The perfusion was set to 2.0 kg/m3/s. Acoustic intensity was varied such 

that the maximum temperature was close to 45 oC. Dimensions of 40 oC and 41 oC contours are 

reported here. Azim, Elev, Range and Spare are same as in previous table.  
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 t43 > 6 min contour dimensions t43 > 10 min contour dimensions 
Duty 
Cyc. 

I Tmax Azim Elev Range Spare Azim Elev Range Spare 

(%) (W/cm2) (oC) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 
100 0.99 45.06 20 32 56 23 18.8 28 53 23 
88 1.12 45.06 20 32 56 23 18 28 53 23 
80 1.25 45.28 20 32 56 23 18 28 53 23 
 815 

Table 8: Parametric study was conducted using planar sonication implemented in transient 

generalized models to study the impact of sonication duty cycle on heat delivery. Duty cycle was 

varied between 80%, 88% and 100% with pulse repetition frequency 0.0104 Hz, 0.011 Hz  and 

CW. The perfusion was set to 2.0 kg/m3/s and cooling temperature was held constant at 30 oC. 

Peak acoustic intensity was varied such that the total energy delivered in a single pulse cycle was 820 

constant and the maximum temperature was close to 45 oC. Dimensions of t43 > 6 min and t43 > 

10 min contours are reported here. Azim, Elev, Range and Spare are same as in previous tables. 
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INSTITUTIONAL ANIMAL CARE AND USE 
COMMITTEE 

Office of Research, Box 0547 
University of California San Francisco 

 
A P P R O V A L   L E T T E R 

December 13, 2012 
 
Viola Rieke  
Box 0946 
 
APPROVAL NUMBER: AN088193-01 

Approval Date:  December 13, 2012 
Expiration Date:  December 13, 2013 

 
Title:  MR-guided cardiac focused ultrasound ablation 
 
The IACUC approval number should be used for ordering animals and should be 
included in any correspondence regarding this study.  This approval letter supersedes all 
previous approvals.   
 
All individual participants must read the final approved protocol which must be followed 
exactly as written.  Any modifications to this protocol must be submitted using the RIO 
online system.  Modifications may not be implemented until reviewed and approved by 
the IACUC. 
 
Non-compliance with any of these conditions violates federal and state laws and 
regulations, and University policies and guidelines governing the care and use of 
laboratory animals.  Violations may have serious consequences for the welfare of your 
animals, your laboratory’s ability to conduct animal research, and may impact funding 
from NIH. 
 
UCSF requires health & safety review of all animal use protocols. Refer to OEH&S 
review letter for details. You may not work with hazardous materials in animals until 
OEH&S authorizations are current. 
 
If you have questions, contact the IACUC Office at 476-2197 or email iacuc@ucsf.edu. 
 

Animals Approved 
Swine - USDA Type D, Acquired - 4 
 
 

Personnel Approved 
Rieke, Viola - Emergency Contact 1, Principal Investigator 
 
Saeed, Maythem - Alternate Responsible, Emergency Contact 2 
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