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ABSTRACT 
 

This work was undertaken to investigate the feasibility of using a cylindrical phased array for 

transoesophaeal thermal ablation under Magnetic Resonance (MR) imaging guidance. Sixty 

four transducers (0.45-mm wide by 15-mm tall), operating at 4.6 MHz, were spread around 

the periphery of a 10.6-mm diameter cylinder. The head of the applicator was covered with a 

65-µm thick latex balloon attached using watertight seals. This envelope was inflated with 

degassed water to provide acoustic coupling between the transducer and the tissues. The 

underlying operating principle of this applicator is to rotate a plane ultrasound beam 

electronically. For this purpose, eight adjacent transducers were excited with appropriate 

delay times so as to generate a plane wave. The exposure direction was changed by exciting a 

different set of eight elements. Ex vivo experiments conducted on 47 samples of pig liver 

under MR temperature monitoring demonstrated the ability of this applicator to generate 

cylindrical or sector-based coagulation necroses at depths up to 19 mm with excellent angular 

precision by applying 20 W/cm
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2. MR-thermometry was performed in “real-time” with 

segmented echo-planar imaging gradient echo sequences. The temporal resolution was 

approximately 3s / image. The average value for the temperature baseline in liver tissue close 

to the applicator was 0.3°C (±0.6°C). The thermal dose delivered in tissues was computed on-

line during temperature imaging. Excellent MR compatibility was demonstrated, all MR 

acquisitions were performed without susceptibility artefacts or radiofrequency interferences 

with the ultrasound device. Thermal lesions identified on post-treatment follow up showed 

good correlation with on line MR thermometry data. The individual differences between 

measurements performed visually and using MRI thermal dose maps were about 11% of 

volume. This study demonstrated the feasibility of thermal ablation using a phased array 

intraluminal ultrasound applicator and on line MR monitoring. 

 

Keywords: Ultrasound, phased array, MR, intraluminal, therapy, oesophagus. 
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INTRODUCTION 

 

New curative and palliative treatments must be proposed to respond to the bad long-term 

prognosis of oesophageal cancers. A large proportion of oesophageal tumours develop 

initially inside the circumference of the lumen. These tumours may be sector-based and the 

tumour thickness can vary significantly from one point to another (three millimetres to 12 mm 

in most cases). Furthermore, in most instances, this type of cancer is not amenable to curative 

resection because of the extent of the tumour at diagnosis and the presence of a comorbid 

condition
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1. In addition, non-resectable tumours of the oesophageal duct respond poorly to 

chemotherapy and/or radiotherapy2. In this context, new methods for local tumour 

destruction, such as the use of physical agents, have raised interest. For example, endoscopic 

clearance of the esophagus is already routine with laser photocoagulation3,4 being widespread 

although its action remains superficial and several sessions are generally needed to achieve 

symptomatic improvement. Thus, for this form of cancer, a minimally invasive local 

treatment, leading to an immediate, deep and complete destruction of the targeted tissues, 

should be envisaged as both a curative and palliative strategy for a large number of patients. 

Tissue coagulation by high intensity ultrasound is a well-established method of cancer 

treatment. Excellent results have been obtained (both experimentally and clinically) at 

inducing homogeneous and reproducible tumour destruction by thermal coagulation necrosis5-

8. Treatments are well-delimited; damages to surrounding tissues are minimal. In several 

applications of focused ultrasound for thermal surgery, the active part consists of an array of 

individual transducers so the location and intensity of the pressure field created can be 

controlled electronically by modulating the amplitude and phase applied to each separate 

element. The location of the beam focus can then be moved without the need for mechanical 

displacement. Several configurations have been suggested: applicators with linear-mounted 

elements do not completely dispense with the need for mechanical movement9,10, but if the 

elements are carried on the concave surface of a focused applicator, both electronic and 

geometric focusing are possible11-13. Since it is possible to move the focal point electronically, 

the time necessary for complete treatment is substantially reduced14. The success of focused 

phased array transducers for surgery is particularly due to the possibility of providing 

treatment with well-defined depth and geometry.  

In spite of its great potential, difficulties are encountered in evaluating precisely the heat 

deposition and the extent of the necrotic zone during treatment15. Magnetic resonance 

imaging (MRI) is a suitable completely non-invasive tool for guiding ultrasound treatments16. 
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In addition to the three dimensional visualization of the target region, MRI can provide 

quantitative fast thermometry based on the proton resonance frequency (PRF) method17 and 

allows online, automatic control of temperature evolution18. MRI is currently used in 

association with many heating technologies such as laser19, radio-frequency20, electrothermal 

annuloplasty21 and microwaves22. Several authors using focused ultrasound transducers23,24,  

transurethral
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25, transrectal26, interstitial27,28 or intraluminal applicators29 have combined 

ultrasound surgery with MRI for treatment monitoring.  

Since oesophageal tumours are deep-seated and protected by the rib cage, they are not 

amenable to focused ultrasound surgery or interstitial techniques. In order to provide an 

appropriate clinical technique we have reconsidered the idea of intraluminal plane rotating 

transducers which are already in use in the treatment of biliary and oesophageal cancers30,31. 

This system requires mechanical rotation of the shaft of the applicator so that precise angles 

of treatments may be difficult to transmit in vivo. Moreover, motion of the device during MR-

thermometry can induce inhomogeneities in the static field which could lead to false 

temperature estimates. In a previous feasibility study32, we have used a prototype with 16 

transducers distributed over a quarter of a cylinder to show that plane propagation, which 

penetrates deeply in the tissues, can be generated using eight consecutive elements excited 

with the appropriate delay times. However, this prototype was not evaluated with transducers 

distributed around the entire periphery of a cylinder and with an appropriate imaging method. 

Thus, the aim of the work presented herein was to develop an intraluminal high intensity 

ultrasound cylindrical phased array applicator compatible with real-time MRI monitoring of 

the treatment (anatomy, temperature and thermal dose assessment). Sixty-four individual 

transducers were distributed around the entire periphery of a 10-mm diameter cylinder. In this 

configuration, the ultrasound field is naturally divergent. Plane propagation was generated 

using eight consecutive transducers and electronic rotation of the ultrasound beam is 

performed by exciting another set of eight transducers when the exposure direction needs to 

be changed. In this case the treatment is more accurate, independent of mechanical constraints 

and allows acquisition of MR-thermometry data continuously during treatment. Therefore, 

several hypotheses were investigated. First, that all MR acquisitions can be performed without 

susceptibility artefacts or radiofrequency interferences with this new ultrasound device. 

Second, that temperature monitoring can be performed accurately and that MRI-derived 

thermal dose information provided simultaneously during the exposures is a good predictor 

for tissue damage. Finally, the coagulated depth must be sufficient for treating oesophageal 

tumours. 
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MATERIALS 

 

Ultrasound equipment 

The cylindrical phased array is composed of sixty-four Imasonic 1-3 piezocomposites 

adjacent transducers (Imasonic, Besançon, France) separated from each other by a distance of 

70-μm. The transducer elements and their quarter-wave plate were diced out of a single 

cylindrical transducer. Each individual transducer is 390-μm thick and operates at a frequency 

of 4.6 MHz. The transducers are 0.45-mm wide by 15-mm tall and cover the whole periphery 

of a 10.6-mm diameter cylinder (figure 1). Inter-element cross-coupling is on average –29 dB 

(σ=1 dB). The applicator is composed of two parts. The first, with an outer diameter (O.D.) of 

9-mm, is introduced in the oesophagus during clinical treatments. Radiofrequency 

connections were made via 64 coaxial cables: 90 cm long, 50 ohms, with an O.D. of 0.3 mm 

in order to conform to miniaturisation constraints (efficiency of cable 82%). The second part 

(O.D. 85 mm) was developed to connect the applicator to the shielded room. Radiofrequency 

connections were made via 64 RG58 coaxial cables (2.10 m long) in order to avoid electrical 

loss (efficiency of cable 98%). To avoid interference with the MRI signal each transducer was 

electrically matched and sixty-four λ/4 narrow band rejection filters (tuned at 63.9 MHz) were 

inserted in the power transmission cables. The 64 electrical matching networks (one for each 

transducer) were placed in a grounded aluminium screening box. A 90-cm long biocompatible 

envelope (MT3000, Specitec, France) covered the part of the applicator to be introduced in 

the oesophagus. This envelope conforms to medical device safety requirements USP VI (U.S. 

Pharmacopoeia, class VI). A 1.1-mm outer diameter PTFE tube (ETP, Lyon, France) over the 

whole length of the applicator is for holding a guide wire, O.D. 0.46 mm, (Model 450/.18, 

Boston Scientific, Waterdown, MA, USA) previously introduced in the oesophagus for 

clinical treatments. The head of the applicator was covered with a 65-µm thick latex balloon 

attached using watertight seals. This envelope attenuated the ultrasound pressure by about 9% 

and was inflated with degassed water to provide acoustic coupling between the transducer and 

the tissues. A radiation force balance, to the design of Hill
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33, was used to measure the 

electroacoustic efficiency of the 64 transducers operating at a frequency 4.6 MHz (figure 2). 

During treatments, the transducer was cooled using a continuous flow of degassed water at 

room temperature (25°C) at a rate of 0.2 L/min. A peristaltic Masterflex pump (L/S model 

7518-60, Cole-Parmer Instruments Co., Chicago, IL, USA) drove the water around a closed 

cooling circuit and through a 1-liter watertight tank of degassed water at room temperature. 
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Electrical power was provided by 64 AHF 855 power amplifiers (Adece, Artannes, France) 

which converted the TTL signals generated by two 50-channels pattern generator (PG1050 

Acute, Hsin Chuang City, Taiwan) into a sine wave. Thirty-two channels were used on each 

pattern generator. The delay can be adjusted for each channel with a resolution of 10 ns. 0-10 

V digital-analogue output cards were used to adjust the gain on each amplifier. Input cards 

captured analogue voltages which are directly proportional to direct and reflected power 

measured using a directional coupler inside each amplifier. A Pentium 4 PC controlled both 

input-output cards and the pattern generator. An I/O card management program developed 

under Dynamic C was used to capture and store the values of gain and power provided during 

each ultrasound exposure. A significant increase in reflected power indicates a problem 

(vaporization of cooling water, incorrect acoustic coupling, bubble formation or overheating 

of the transducer) which can damage the ultrasound emitters. For this reason, if the reflected 

power was 10% greater than the incident power, the program automatically cut signal 

generation. 
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MR Imaging 

Experiments were performed on a 1.5 T Philips ACS-NT clinical scanner (Philips Medical 

Systems, Best, Netherlands) equipped with a PT-6000 gradient system (gradient strength 23 

mT/m, gradient slope 105 mT/m/ms). A 9 cm outer diameter C3 surface coil (Philips Medical 

Systems, Best, Netherlands), running at 64 MHz, was used to receive the MRI signals. 

Magnitude and phase images were transferred on-line from the scanner to the workstation 

using software supplied by Philips Medical Systems. 

 

 

METHODS 

 

MRI compatibility of the applicator 

An initial series of experiments was performed to verify the applicator compatibility with the 

MR clinical scanner. The applicator was embedded in a 1% Agar gel. The applicator was 

oriented successively parallel and perpendicular to the static field B0 for each MR sequence. 

First, anatomic images were produced using a turbo spin echo (TSE) sequence (TR=800 ms; 

TE=20 ms; flip angle=90o; slice thickness=6 mm; field of view (FOV) 128×128 mm2). 

Second, a fast field echo sequence (commonly used for temperature mapping) was applied 

(TR=500 ms; TE=21 ms; flip angle=35o; slice thickness=3 mm; FOV=128×128 mm2). 
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Since the device will be in contact with the tumours during treatment, the view of the tissular 

structure in contact with and close to the applicator must be free of magnetic susceptibility 

artefacts and radiofrequency interference. Thus, a second series of tests was performed ex vivo 

using 10 fresh liver samples. The water used for all experiments was deoxygenated to less 

than 0.1 mg O2/L. The liver was cut into samples approximately 50×30×50 mm3 in size and 

placed in a plastic cylinder (outer diameter 60 mm; height 120 mm) filled with degassed 

water thermostatically maintained at 37
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oC. This cylinder was pierced with a 10 mm diameter 

hole, to allow for passage of the applicator which was positioned in the middle of the tissues. 

Before starting experiments, a thermocouple was inserted in the sample until the temperature 

of tissue was close to 37oC. The MRI signal receiver was placed around the cylindrical tank, 

about 1 cm above the applicator (figure 3). In order to make sure that the applicator could be 

placed in contact with the tissues to be treated without performing susceptibility artefacts or 

radiofrequency interference, T2-weighted spin echo sequences (TR=2000 ms; TE=100 ms; 

field of view 96×96 mm2; slice thickness 3.9 mm; slice gap 0.1 mm; flip angle 90o) and T1-IR 

sequences (TR=2000 ms; TE=8 ms; TI=250 ms; field of view 96×96 mm2; slice thickness 3.9 

mm; slice gap 0.1 mm; flip angle 90o) were applied. 

 

Monitoring thermal treatments 

PRF-based MR-thermometry was used in this work, as the PRF-shift temperature coefficient 

is constant and tissue-type independent over the full temperature range of interest for an 

ultrasound treatment34. Fast gradient echo, segmented EPI sequences were used (single slice, 

axial orientation, 8 mm thick, TR/TE=250/16 ms, flip angle 35°, 15 lines/TR, acquisition 

matrix 128 x 120, field of view 200×200 mm²) and the temporal resolution was approximately 

3s / image. MR thermometry was always performed with the applicator in situ and the water 

balloon inflated (O.D. of approximately 20 mm) for normal operation of the ultrasound 

device. Relative phase map were temporally unwrapped, then the phase difference with 

respect to the reference map (a temporal average on first eight scans) was converted into a 

temperature rise using a PRF temperature dependence of 0.01 ppm/°C17. 

Before sonication, the stability of the temperature baseline was verified in all the voxels 

distributed around the ultrasound applicator in the first tissue layers (approximately 1-2 mm 

deep) and in deep liver tissues, approximately 10 mm from the ultrasound transducer. Water 

circulation was started 5 seconds before the MR acquisition. Water flow continued during MR 

acquisition in order to avoid possible transducer overheating. A single slice acquisition was 

used for MR thermometry, and the main water stream was perpendicular to this slice. The 
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average stream velocity inside the balloon was relatively low (approximately 10 mm/s, 

laminar regime). Therefore, the distance moved by water over the period from the RF pulse 

until the end of the echo train acquisition was approximately 0.3 mm, which is much smaller 

than the slice thickness (8 mm). No significant flow artefact should be expected under such 

conditions, and this was never detected experimentally. 5 

Temperature maps were displayed on-line using Thermoguide software (IGT SA, Pessac, 

France). At relatively high temperatures ( 55-60°C), cell death occurs via thermal 

coagulation, even when the exposure time is short. Such temperatures will likely be the 

desired endpoint for guiding thermal therapies to ensure with confidence that the target tissue 

is killed. However, it is known from hyperthermia studies that tissue damage can occur at 

substantially lower temperatures, depending on the heating time. The accumulated effects of 

such low-level heating need to be taken into account to protect normal tissue near the target 

volume. These effects will be important near the edge of the thermal lesion. Thus the thermal 

dose, a nonlinear function of the temperature and time described by Sparato and Dewey
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35, 

was computed by the Thermoguide software during thermometry: 

   ∑
=

=

− Δ=
finalt

0t

)T43(
43 tRt

t43 is the thermal dose in equivalent min at 43oC, T is the average temperature during time Δt 

and R is a constant that equals 0.5 above 43oC and 0.25 below 43oC. Temperature and thermal 

dose maps were displayed on-line simultaneously during each ultrasound exposure. Tissues 

were considered as coagulated if the equivalent time at 43oC is 120 minutes or higher36. 

Tests were performed ex vivo on 47 samples of pig liver. Exposure conditions and 

corresponding sequence names are given in Table 1. Each elementary lesion was induced by 

exciting a group of eight adjacent transducers with appropriate delay time (0, 100, 170, 200, 

200, 170, 100 and 0 ns for transducers 1 to 8 respectively) such as a plane wave can be 

generated. These values were determined in a preliminary study where phase off-sets at the 

amplifier channel and at each transducer sector were determined from hydrophone 

measurements32. Acoustic intensities were set to 12, 15, 17 and 20 W/cm2 (spatial average at 

the surface of the transducer) for a constant time of exposure: 90 seconds. Power levels were 

adjusted to keep acoustic intensities of each sector constant according to measured force-

balance acoustic power. Electronic rotation of the ultrasound beam was performed between 

two consecutive exposures. The time between two consecutive exposures was set to 20 

seconds in order to visualize diffusion effects on temperature maps. Thirty-two sonications 

were performed with 12o-increments of electronic angular rotation to create cylindrical 
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lesions. Two sonications (sequence F) were performed with 90o-increments to clearly observe 

electronic angular rotation on the MR temperature maps. Exposure conditions come from our 

experience in the treatment of biliary and oesophageal cancers in terms of thermal ablation 

with miniature nonfocused transducers30,37. In order to make comparisons, five lesions were 

produced by generating cylindrical waves. Eight elements of the cylindrical array were 

excited with no delay. The acoustic intensity for all the transducers was 20 W/cm² and the 

exposure time was 90 seconds. 
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Samples were frozen just after treatment to make the lesion easier to cut and examine. When 

the tissue temperature was close to –6oC, the tissues were sliced along a plane perpendicular 

to the applicator axis situated at midheight from the transducer. The dimensions of the 

necroses were measured visually and compared with those determined from the thermal dose 

computed during treatment. 

 

 

RESULTS 

 

MRI compatibility of the applicator 

All MR acquisitions were performed without susceptibility artefacts or radiofrequency 

interferences with the ultrasound device. Figure 4 shows the applicator in the Agar gel block 

using TSE sequences. The diameter of the applicator measured on these figures is 10.5 mm, 

which is close to the actual diameter (10.6 mm). Figure 5 shows the applicator in the Agar gel 

block using fast gradient echo sequences. The diameter of the applicator is 10.8 mm, which is 

also close to the actual diameter. There were no artefacts or radiofrequency interferences 

around the ultrasound device. Figures 6a and 6b show T2w and T1-IR images of the device in 

the longitudinal plane. The balloon is inflated around the applicator. The tissues close to the 

applicator can be displayed without magnetic susceptibility atefeacts.  

 

Monitoring thermal treatments 

The best phase stability was achieved in deep liver tissues, approximately 10 mm from the 

transducer. The average value was 0.3°C (±0.6°C, range: -0.7°C to 1°C). Maximum 

fluctuations correspond to the first tissue layers. The average value was 0.8°C (±1.2°C, range: 

-1.3°C to 2.1°C). These values were acquired before sonication in 32 voxels located in the 

first tissue layers. Figures 7a to 7h show temperature maps obtained during sequence F. The 

first exposure was performed with an acoustic intensity of 15 W/cm2 (figures 7a to 7c). The 
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second exposure was performed with an acoustic intensity of 20 W/cm2 (figures 7d to 7g). As 

expected the heat deposition occurs with the shape of a parallelepiped rectangle with a depth 

that could be varied by adjusting the intensity of exposure. This shape corresponds to the 

absorption of a plane wave38. Figure 7h shows thermal diffusion following the sonication. 

Figure 8 shows the temperature time course for two successive sonications along the same 

direction (sequence G). Three locations (every 4.5 mm) along the acoustic axis of the 

recreated plane wave were considered. The standard deviation in the data is about 4%. Figures 

9a to 9d shows several temperature maps obtained during one exposure of sequence D. Figure 

9A to 9D shows the corresponding thermal dose maps computed simultaneously during 

sonications.  
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All the lesions had well-defined borders and were reproducible. Cuts perpendicular to the axis 

of the applicator (figure 10a and 10b) allowed measurement of the radius of the coagulation 

necrosis volumes, which represent the maximal lesion depth along the acoustic axis. This 

cross-section demonstrates that the therapeutic depth of a cylindrical coagulation necrosis is 

constant around the applicator. Figure 10a shows a typical lesion induced by sequence C. 

Figure 10b shows a typical lesion obtained by varying the power emitted according to the 

angular position (sequence H). Edges of the coagulated area are well-delimited and the angle 

of treatment is 90o. The mean, minimal and maximal values of the treatment depth are given 

in figure 11 as a function of intensity for constant exposure duration (sequences A, B, C and 

E). The depths of the lesions were reproducible with a standard deviation of less than 5%. 

Cylindrical lesions, up to 17 mm-deep can be induced by applying 20 W/cm2 for 90s. Table 2 

shows the individual differences between measurements performed visually and using MRI 

thermal dose maps. The measurements are in good agreement. Average values of the ablated 

region for single exposures predicted by imaging were 79.2 mm2 (18.0×4.4) and 70.5 mm2 

(17.2×4.1) for the volume measured visually after dissection. This is a 11 % difference, 

mainly due to the uncertainty of visual measurement. Figure 12 shows a lesion obtained by 

simultaneously exciting eight elements. The lesion covered 45 degrees and extended down to 

a depth of 8±1 mm. The height of the thermal damage was considered as being the same as 

the height of the transducers39 (15 mm). 
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DISCUSSION 

 

This new ultrasound applicator is designed for intraluminal use and is compatible with MRI 

clinical scanners. All MR acquisitions were performed without susceptibility artefacts or 

radiofrequency interferences with the ultrasound device. The tissues in contact with and close 

to the applicator can be displayed without magnetic susceptibility artefacts and it may be 

possible to clearly visualize the edges of the tumour to be treated in clinical applications. 

Phase stability measurements and trials carried out with the applicator embedded in an Agar 

gel illustrate full compatibility with MRI “real-time” temperature mapping. Heat deposition 

can be measured close to the transducer with an accuracy of 0.8°C as shown by in vitro 

experiments. It is important to be able to measure temperature close to the transducer if this 

method is used for clinical treatment since, in this case, the oesophageal lumen is obstructed 

and the applicator will be in contact with the tumour.  
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The main advantage of an MRI compatible device is to use PRF based MR thermometry to 

monitor thermal therapy. Several existing ultrasound applicators require mechanical 

movements during treatment to treat the whole region of interest. Motion of the device during 

MR-thermometry can induce inhomogeneities in the static field which could lead to false 

temperature estimates. To avoid that, MR-thermometry sequences can be stopped after the 

end of each ultrasound exposure and the temperature baseline has to be checked after the 

displacement of the ultrasound device. A new reference phase map has to be defined for each 

ultrasound exposure. This procedure can lead to long treatment time. The device described in 

this paper can perform treatments without mechanical movements. The location of the heated 

region can be rotated without mechanical displacement. The time of treatment is then 

significantly reduced and MR-thermometry may be performed continuously during treatment 

with accurate temperature monitoring. Since a 4.6 MHz ultrasound beam propagates fairly far 

in tissue careful attention will be paid to surrounding tissue (bone, gas interface …) using MR 

temperature monitoring. 

All the lesions induced ex vivo were reproducible. The coagulated tissues were clearly 

distinguishable from untreated tissue; the lesion has an off-white colour, sometimes dark at 

the most heated points. The greatest coagulated depth was about 17 mm for an acoustic 

intensity of 20 W/cm2 with a sonication time of 90 seconds. This treatment depth would be 

sufficient for treating oesophageal tumours (the thickness of which varies from three to 

twelve millimetres in most cases). Although the sonications time are long, the depths of ex 

vivo and in vivo thermal damage would be close together in the oesophagus because the effect 
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of blood flow in this organ is a minor factor when it comes to lesion formation37.  However, 

the depth of lesions may change with perfused tumours. In this case, power levels to each 

sector will be adjusted according to MR-temperature monitoring and MR estimation of the 

necrotic area. 

Furthermore, these ex vivo experiments show that electronic rotation of the applicator makes 

it possible to induce coagulation necrosis with well-defined shapes. The difference between 

the angle chosen and the angle experimentally obtained was no greater than ±3°, meaning that 

sector-based tumours can be treated accurately. The difference between the planned treatment 

angle and the observed result can be explained by thermal diffusion (the heat delivered 

beyond the treatment margin) due to long exposure duration and by uncertainty of 

measurement. 
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As has been experimentally demonstrated, when all eight elements are excited in phase, the 

necrosis obtained is much more superficial (8 mm) because of divergence of the ultrasound 

beam. Although the possibility of using diverging beam with increased acoustic intensity to 

treat areas deeper than 8 mm might be of interest to reduce the treatment time, in our 

experiment we restricted ourselves to a power of 20 W/cm² to avoid damaging the transducer 

elements. Thus, if the depth of a local tumour extends less than 8 mm it may be possible to 

treat all the malignant cells in a single exposure. In this case, the number of the active 

transducers must be adjusted for the area involved. However, if the depth of a local tumour 

extends beyond 8 mm it is necessary to use plane waves. 

The difference between the ablation volume predicted by imaging and the volume measured 

after dissection is 11 % which is satisfactory since the accuracy of the ultrasound treatment is 

about 1 mm32. This difference is mainly due to the uncertainty of visual measurement. In 

addition, there is probably uncertainty in the use of t43=120 minutes as defining a boundary 

of visible thermal coagulation in perfused tissue. A larger and more detailed study involving 

in vivo measurements in soft tissue, correlated with gross and histopathologic findings, could 

determine more accurately the correlation between the ablation volume predicted by imaging 

and the actual extent of ablated regions of tissues. Other possible sources of error include 

noise in the MR temperature maps, uncertainty in the baseline temperature and other possible 

errors in the temperature mapping40. Even with the combination of all of these uncertainties, 

the MRI-derived thermal dose information was provided simultaneously during the exposures 

and was proved to be a good predictor for tissue damage41,42.  

For in vivo studies in the oesophagus and clinical implementation, the MRI signal would be 

acquired by synchronising the acquisition with breathing and cardiac signals to correct for 
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tissue motion during MRI temperature monitoring29. In addition, suppression of flow artefacts 

from large vessels in the vicinity of the tumour would improve the stability of PRF 

thermometry. 

In conclusion, this work enabled us to study and develop an intraluminal ultrasound 

cylindrical phased array with 64 elements. This applicator, designed for the treatment of 

oesophageal cancers is fully compatible with use in a magnetic resonance imaging 

environment and other sites of the digestive duct like colorectal cancer may be treated with 

this applicator technology. It was also shown that the electronic apparatus controlling the 

transducers provides electronic rotation of the ultrasound beam, which ensures precise spatial 

control of the deposited power. The principle of the plane rotating beam makes it possible to 

adjust the treatment depth according to the angular position of the region to be treated by 

using different power levels or different sonication time. 
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Sequence Number of samples 
Number of 

exposures in each 
sample 

Angular step 
between two 
exposures (o) 

Intensity (W/cm2) 

A 4 32 12 12 
B 4 32 12 15 
C 6 32 12 17 
D 5 4 90 20 
E 7 32 12 20 
F 4 2 90 15 and 20 
G 4 2 0 15 
H 8 9 6 12 and 17* 

 

Table 1. Description of the different sequences of treatment. The time of exposure was set to 

90 seconds for all elementary sonication. 

 * 12 W/cm2 for the exposures 1-4 and 17 W/cm2 for exposures 5-9. 5 
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 MRI  Visual inspection 
 Min Average Max  Min Average Max 
Width (mm) 4.0 4.4 4.8  4.0 4.1 5.0 
Depth (mm) 17.2 18.0 19.0  16.0 17.2 18.0 

 
Table 2.  Comparison of lesion size between MRI and visual inspection. Minimal, average 

and maximal values across twenty elementary lesions (sequence E). 

5  

 19

H
A

L author m
anuscript    inserm

-00123180, version 1



FIGURE CAPTION 

 

Figure 1. Head of the applicator. (1) Transducers. (2) Hole for the water cooling circuit. 

(3) Place for watertight seals. 
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Figure 2. Efficiency of the transducers. 

Figure 3.  Experimental system and electrical equipment for in vitro experiments. 

Figure 4. Applicator embedded in Agar gel block viewed with turbo spin echo 

sequences. TR=800 ms; TE=20 ms; flip angle=90o; slice thickness=6 mm; 

field of view (FOV) 128×128 mm2 (a) Longitudinal plane. (b) Axial plane. 

Figure 5. Applicator embedded in Agar gel block viewed in transverse plane with fast 

gradient echo sequences. TR=500 ms; TE=21 ms; flip angle=35°; slice 

thickness=3mm; field of view 128×128 mm2. (a) Magnitude. (b) Phase. The 

applicator is in the centre of the figure. 

Figure 6. (a) T2w image of the ultrasound device (longitudinal plane) inserted in a 

sample of pig liver. (b) T1-IR image of the ultrasound device (longitudinal 

plane). The balloon is inflated around the applicator. 

Figure 7. Temperature monitoring in a transverse plane during two ultrasound exposures 

(sequence F). Colour map: red above 52oC, green 47 to 52 oC, blue 42 to 47 oC. 

Figure 8. Temperature time course for two successive sonications along the same 

direction (sequence G). Three locations along the acoustic axis were 

considered. 

Figure 9. (a to d) Temperature and (A to D) equivalent time at 43oC (thermal dose) 

monitoring in a transverse plane during sequence D.  

(a to d) colour map: red above 52oC, green 47 to 52 oC, blue 42 to 47 oC. 

(A to D) colour map: red above 20 hours equivalent time at 43oC, green 2 

hours equivalent time at 43oC, blue 1 hour equivalent time at 43oC. 

Figure 10. Liver tissue treated ex vivo (section perpendicular to the axis of the applicator). 

(a) using sequence C. (b) using sequence H. 

Figure 11. Mean, minimal and maximal values of the treatment depth for circular lesions 

in function of the acoustical intensity (sequences A, B, C, E). 

 

Figure 12. Lesion obtained by exciting eight transducers with the same phase (20 W/cm² -

90 seconds). 
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