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Abstract
High-temperature hyperthermia or thermal therapy is being applied for destruction of cancerous
tissue, eradication or reduction of benign tumours and targeted tissue modification and remodelling.
Many of these high-temperature technologies provide a minimally-invasive alternative with lower
morbidities compared to the traditional surgical procedures. The effects of high-temperature thermal
exposure on tissues, examples of heating technology and procedures of clinical practice related to
high-temperature thermal therapy are reviewed. This brief review encompasses interstitial, endocavity,
intraluminal and external applications of RF, microwave, ultrasound, laser and thermal conduction
energy sources. The technology is prevalent and in various levels of advancement, with the
move toward more spatially-accurate and controllable heating systems combined with image-guidance
and treatment verification warranted, especially for the treatment of cancer.

Keywords: Thermal ablation, thermal coagulation, minimally-invasive surgery, hyperthermia, image
guidance, cancer, prostate, breast, liver, bone, spine

Introduction

High-temperature thermal therapy is currently being implemented as a minimally-invasive

alternative to traditional surgery in the treatment of benign disease and cancer, as well as

repair of sports injuries and tissue re-shaping or modification. Thermal ablation, thermal

coagulation, high-temperature hyperthermia, coagulative therapy and thermotherapy are

other terms often used to describe this use of heat to directly modify or destroy tissue.

Many different types of energy sources are applied, including laser, radiofrequency (RF)

current, microwave, ultrasound and thermal conduction based devices. Heating energy

can be applied by external means or internally via interstitial, intraluminal or intracavitary

approaches. The use of high-temperature thermal therapy is prevalent, with increasing
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commercial interest and clinical implementation. New heating technologies with

improved precision or control of the heating patterns, combined with non-invasive MR

thermal monitoring or other image-based approaches, have potential to improve accuracy

and verification of therapy delivery which is most critical for the treatment of cancer.

This paper provides a brief review of the following: thermal effects and dosimetry of

high-temperature therapy on tissues; and selected examples of clinical heating technology,

strategies of use and clinical efficacy.

Thermal mediated effects of high-temperature exposure

In delivering high-temperature thermal therapy, most devices are used to generate target

temperatures typically in excess of 48–508C up to �95–1008C. The outer boundary of

tissue destruction is often defined by the 50–548C contour and a lethal thermal dose

exposure (as defined below) of t43 > 240–540 min. The duration of thermal exposure

varies, depending upon the type of heating modality, target location and dimensions,

temperature distributions and treatment strategy. For example, the thermal exposures

may range from 10–20 s for high-intensity focused ultrasound (HIFU) to produce

single-shot 2 mm diameter� 10 mm long lesions [1], a few minutes for laser ablation of

�1.5 cm diameter volumes in prostate [2], �10–15 min for RF ablation of 2–3 cm

diameter liver tumours [3], 30–60 min for transurethral microwave ablation of �3 cm

diameter� 2 cm volumes of prostate for treatment of Benign Prostatic Hyperplasia

(BPH) [4] and longer duration (�1.5–2þ h) for treating appreciable volumes using

sequential summation of single shots with the very precise HIFU techniques [5, 6].

The higher thermal exposures irreversibly damage and coagulate critical cellular proteins,

tissue structural components and the vasculature leading to immediate tissue destruction

[7]. In the areas of lower but still lethal thermal exposure, typically at the borders of

the thermal coagulated lesion, the tissue will die within 2–3 days [8]. Beyond the

effective border of tissue destruction, non-lethal hyperthermic temperatures mediate

physiological changes such as increases in blood flow, permeability and tissue

oxygenation [8]. It is within these regions outside the direct lethal zone that adjunct

therapies to thermal ablation are being proposed (e.g. radiation therapy [9] or

chemotherapy [10]) to accentuate the penetration and thoroughness of tissue destruction.

An example of a thermal coagulative lesion produced in a canine prostate gland in vivo

[11] is shown in Figure 1(a), demonstrating the gross appearance of the different regions

of thermal damage [12]. Contrary to the use of heat for outright tissue destruction,

high temperatures for thermal shrinkage of structural collagen alone (e.g. skin, ligaments)

require exposures greater than 60–758C for effect [13].

Tissue thermal damage at high-temperature exposures can be predicted by using

an Arrhenius analysis or the Sapareto-Dewey iso-effect thermal dose relationship

[8, 14–16]. These relationships have been applied to different cell lines and in vivo systems

and demonstrate that within defined temperature ranges tissue thermal damage is approx-

imately linearly dependent upon exposure time and exponentially dependent upon the tem-

perature elevation (Figure 1(b)). Based upon this relationship, the thermal exposure can be

quantified as a thermal dose which can be expressed in equivalent minutes at 438C
(EM438C or t43). Thermal doses of 120–240 min at 438C generate considerable tissue

necrosis, but the sensitivity between tissue types is variable [8, 15]. The application of

thermal dose and thermal damage values have been validated for high temperature (>488C)
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thermal therapy in vivo including humans in such tissues as brain [17, 18], prostate [19–22],

breast [23], muscle [24], skin [16] and liver [25].

Examples of technology and clinical implementation

Thermal ablative therapy is being applied to treat localized cancerous tumours in sites such

as liver [26–28], kidney [29], brain [30, 31], lung [32], breast [23, 33], prostate [5, 34, 35]

and bone [36]. Furthermore, non-oncological uses of high-temperature thermal therapy

include treatment of prostatic hyperplasia [4, 37], cardiac arrythmias [38, 39], uterine

fibroids [33, 40] and mennorhagia [41], vision correction [42], varicose veins [43], low back

pain [44], reduction of upper palate and turbinates to reduce snoring [45, 46], stabilization

of skeletal joints [47, 48] and cosmesis such as dermal tightening [49, 50].

Thermally fixed zone
immediate death

Coagulative necrosis
acute cytotoxicity

Peripheral zone
sub-lethal thermal exposure

Red zone
hyperemic rim

Partial ablated zone-
latent cytotoxicity

Position of directional
ultrasound applicator

(a)

(b)

Figure 1. Thermal mediated effects of high-temperature thermal exposures: (a) Example of a
thermal coagulative lesion in canine prostate produced from a rotated directional interstitial
ultrasound applicator [11], with distinct regions of the thermal damage labelled [12]; (b) Plot
of temperature-time thresholds of acute thermal damage measured by Henriques and Moritz [16, 83]
in pig and human skin in vivo bracketed by iso-effect thermal dose thresholds of 240 EM438C and
900 EM438C.
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Minimally-invasive devices and procedures

One of the most prolific areas of development of thermal therapy technology is for

treating disease of the prostate. There are numerous examples of clinical thermal therapy

techniques that provide a minimally-invasive alternative to surgical transurethral resection

(TURP) for treating BPH [4], including transurethral microwave delivery [51, 52],

transurethral RF energy [53] and transrectal high-intensity focused ultrasound (HIFU)

[54]. These approaches have demonstrated durability and efficacy close to TURP but with

lower morbidity. The HIFU techniques are integrated with transrectal ultrasound imaging

for guidance and treatment planning to accurately ablate target regions in the prostate

and have been applied for treating localized prostate cancer [5, 55, 56]. Recent efforts

have coupled ultrasound elastography with the transrectal ultrasound imaging to visualize

the HIFU thermal lesions and provide a means of treatment verification [57].

Recent clinical studies have demonstrated the feasibility of using implants with multiple

interstitial microwave antennae to produce a contiguous high-temperature thermal exposure

for thermal ablation of recurrent prostate cancer [58]. This approach, when combined

with an hydrodissection technique to separate the rectum from the prostate, appears to

effectively treat the peripheral zone of the prostate gland while preserving the rectum.

Another interstitial technique utilizes an implant of ferromagnetic seeds which thermo-

regulate at 70þ8C. These seeds are surgically placed throughout the prostate gland, similar

to procedures followed for permanent brachytherapy implants, and exposed to an oscillating

magnetic field to induce an ablative temperature distribution for treatment [59, 60].

Catheter-based ultrasound devices for interstitial or transurethral prostate ablation are

currently being developed to be combined with MR temperature imaging and have

demonstrated enhanced dynamic spatial control and ability to conform the ablation to the

periphery or targeted regions of the gland [11, 61–63].

Other interstitial or intraluminal technologies would include miniature ultrasound arrays,

with rotating planar transducer segments, developed and applied for precise thermal abla-

tion of digestive tumours [64], such as biliary carcinomas [65]. Implantable laser fibres

[66, 67] and RF devices [68] are being used for ablating uterine fibroids, significantly

reducing fibroid volume and offering symptomatic improvement. Water-cooled laser

applicators can be used for treating liver metastases [69] and have been investigated for

combining laser ablation with high-dose rate brachytherapy [70]. Cooled laser applicators

with a small cross-section, combined with MR thermal imaging for temperature and thermal

dose feedback control, are under development for precise applications in brain [71]. The

treatment of discogenic back pain with high-temperature therapy is being performed

using small diameter heating catheters (thermal conduction or RF sources) placed under

fluoroscopic guidance directly into the intervertebral disc [72, 73]. Possible mechanisms

of action include thermal destruction of nociceptive nerve fibres infiltrating the damaged

disc and sealing of annular fissures.

Interstitial or percutaneous RF ablation techniques are more commonly being used

under image guidance to treat inoperable tumours in sites such as liver, kidney, adrenal

gland and lung [74, 75]. Devices with deployable electrodes can cover spherical tumour

volumes ranging from 1–3 cm, possibly up to 5 cm diameter with newer configurations.

Some of these devices have multiple temperature sensing on electrodes. Alternatively,

single needle devices with internal water-cooling can reduce surface charring and

allow for greater amounts of RF energy to be applied to produce large thermal lesions.

These RF devices can also be used to treat painful bone metastases, providing pain

reduction and quality of life improvement [32, 76].
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Non-invasive and external devices and procedures

Local high-temperature thermal therapy can also be applied using external heating

techniques. A microwave adaptive phased array system, consisting of dual-opposed

915 MHz apertures positioned to compress the target tissue, has been used to ‘focus’ the

energy and deliver 48–508C for 60 min to breast tumours. Thermal dose t43 > 210 min

and peak temperature >49.78C have been shown predictive of 100% tumour necrosis for

treating early stage breast cancer [23].

Extra-corporeal high-intensity focused ultrasound (HIFU) can be applied for ablation

of deep-local tumour sites. In one approach, positioning of the HIFU treatment zone is

based upon pre-treatment planning with CT/MR images and during therapy using

integrated real-time diagnostic ultrasound. Instead of sequential discrete shots to produce

a series of small ablation zones, the focal zone is scanned continuously to ablate large

regions. This approach has been used to treat over 1000 tumours, including bone, breast,

liver, kidney, lung, sarcomas and benign tumours [77, 78]. The most precise thermal

ablation technology uses high-intensity focused ultrasound in combination with magnetic

resonance (MR) imaging and MR thermal monitoring; this platform provides image

based treatment planning combined with real-time control and assessment of the treatment

and has been applied for sites such as breast [79, 80] and uterine fibroids [6, 81]. Non-

invasive thermometry using MRI is now being utilized to guide many forms of thermal

therapy where accuracy of treatment is required [82].

Current status and future directions

Thermal ablation and high-temperature thermal therapy techniques are becoming more

acceptable as a minimally-invasive alternative to surgery for the treatment of some cancers

and many forms of benign disease. Currently, many of these procedures are applied

with limited or no temperature sensing and with limited image guidance, making control

and verification of treatment delivery difficult. The more precise heating technologies are

integrated with MR thermal imaging or ultrasound imaging to provide a means of treatment

monitoring, making them more acceptable for thermal ablation of cancer. Ongoing advances

in real-time image guidance, treatment monitoring and treatment planning for thermal

therapy, coupled with improved heating devices with more precise localization and

spatial control of thermal exposure, can be integrated together to dramatically improve

clinical efficacy and acceptability of this form of therapy. Arguments could be made that

such platforms are too complex, not practical nor commercially viable; however, as

demonstrated with the MRI-guided HIFU systems, these sophisticated platforms are

accurate and practical, especially for the treatment of cancer with a curative intent.

In addition, the combination of thermal ablation with complementary therapies appears

to provide a viable therapeutic enhancement.

References

1. Diederich CJ, Hynynen K. Ultrasound technology for hyperthermia. Ultrasound in Medicine and Biology

1999;25:871–887.

2. Mueller-Lisse UG, Thoma M, Faber S, Heuck AF, Muschter R, Schneede P, Weninger E, Hofstetter AG,

Reiser MF. Coagulative interstitial laser-induced thermotherapy of benign prostatic hyperplasia: Online imaging

with a T2-weighted fast spin-echo MR sequence—experience in six patients. Radiology 1999;210:373–379.

Thermal ablation and high-temperature thermal therapy 749



3. Goldberg SN, Gazelle GS, Mueller PR. Thermal ablation therapy for focal malignancy: A unified approach to

underlying principles, techniques, and diagnostic imaging guidance. AJR. American Journal of Roentgenology

2000;174:323–331.

4. Larson TR. Rationale and assessment of minimally invasive approaches to benign prostatic hyperplasia therapy.

Urology 2002;59(Suppl 1):12–16.

5. Uchida T, Sanghvi NT, Gardner TA, Koch MO, Ishii D, Minei S, Satoh T, Hyodo T, Irie A, Baba S.

Transrectal high-intensity focused ultrasound for treatment of patients with stage T1b-2n0m0 localized

prostate cancer: A preliminary report. Urology 2002;59:394–398; discussion 398–399.

6. Tempany CM, Stewart EA, McDannold N, Quade BJ, Jolesz FA, Hynynen K. MR imaging-guided

focused ultrasound surgery of uterine leiomyomas: A feasibility study. Radiology 2003;226:897–905.

7. Thomsen S. Pathologic analysis of photothermal and photomechanical effects of laser-tissue interactions.

Photochemistry and Photobiology 1991;53:825–835.

8. Dewhirst MW, Viglianti BL, Lora-Michiels M, Hanson M, Hoopes PJ. Basic principles of thermal dosimetry

and thermal thresholds for tissue damage from hyperthermia. International Journal of Hyperthermia

2003;19:267–294.

9. Horkan C, Dalal K, Coderre JA, Kiger JL, Dupuy DE, Signoretti S, Halpern EF, Goldberg SN.

Reduced tumor growth with combined radiofrequency ablation and radiation therapy in a rat breast tumor

model. Radiology 2005;235:81–88.

10. Ahmed M, Liu Z, Lukyanov AN, Signoretti S, Horkan C, Monsky WL, Torchilin VP, Goldberg SN.

Combination radiofrequency ablation with intratumoral liposomal doxorubicin: Effect on drug accumulation

and coagulation in multiple tissues and tumor types in animals. Radiology 2005;235:469–477.

11. Nau WH, Diederich CJ, Ross AB, Butts K, Rieke V, Bouley DM, Gill H, Daniel B, Sommer G. MRI-guided

interstitial ultrasound thermal therapy of the prostate: A feasibility study in the canine model. Medical Physics

2005;32:733–743.

12. He X, McGee S, Coad JE, Schmidlin F, Iaizzo PA, Swanlund DJ, Kluge S, Rudie E, Bischof JC.

Investigation of the thermal and tissue injury behaviour in microwave thermal therapy using a porcine kidney

model. International Journal of Hyperthermia 2004;20:567–593.

13. Hayashi K, Markel MD. Thermal capsulorrhaphy treatment of shoulder instability: Basic science.

Clinical Orthopedic Related Research 2001;390:59–72.

14. Sapareto SA, Dewey WC. Thermal dose determination in cancer therapy. International Journal of Radiation,

Oncology, Biology and Physics 1984;10:787–800.

15. Dewey WC. Arrhenius relationships from the molecule and cell to the clinic. International Journal of

Hyperthermia 1994;10:457–483.

16. Henriques FC. Studies of thermal injury V. The predictability and significance of thermally induced

rate processes leading to irreversible epidermal injury. Archives of Pathology 1947;43:489–502.

17. Kangasniemi M, Diederich CJ, Price RE, Stafford RJ, Schomer DF, Olsson LE, Tyreus PD,

Nau WH, Hazle JD. Multiplanar MR temperature-sensitive imaging of cerebral thermal treatment

using interstitial ultrasound applicators in a canine model. Journal of Magnetic Resonance Imaging 2002;

16:522–531.

18. Vykhodtseva N, Sorrentino V, Jolesz FA, Bronson RT, Hynynen K. MRI detection of the thermal effects of

focused ultrasound on the brain. Ultrasound Medicine & Biology 2000;26:871–880.

19. Hazle JD, Diederich CJ, Kangasniemi M, Price RE, Olsson LE, Stafford RJ. MRI-guided thermal therapy

of transplanted tumors in the canine prostate using a directional transurethral ultrasound applicator. Journal of

Magnetic Resonance Imaging 2002;15:409–417.

20. Larson TR, Bostwick DG, Corica A. Temperature-correlated histopathologic following microwave thermo-

ablation of obstructive tissue in patients with benign prostatic hyperplasia. Urology 1996;47:463–469.

21. Peters RD, Chan E, Trachtenberg J, Jothy S, Kapusta L, Kucharczyk W, Henkelman RM. Magnetic resonance

thermometry for predicting thermal damage: An application of interstitial laser coagulation in an in vivo canine

prostate model. Magnetic Resonance in Medicine 2000;44:873–883.

22. Osman YM, Larson TR, El-Diasty T, Ghoneim MA. Correlation between central zone perfusion defects on

gadolinium-enhanced MRI and intraprostatic temperatures during transurethral microwave thermotherapy.

Journal of Endourology 2000;14:761–766.

23. Vargas HI, Dooley WC, Gardner RA, Gonzalez KD, Venegas R, Heywang-Kobrunner SH, Fenn AJ. Focused

microwave phased array thermotherapy for ablation of early-stage breast cancer: Results of thermal dose

escalation. Annals of Surgical Oncology 2004;11:139–146.

24. Damianou CA, Hynynen K, Fan X. Evaluation of accuracy of a theoretical model for predicting the necrosed

tissue volume during focused ultrasound surgery. IEEE Transactions on Ultrasonics, Ferroelectrics, and

Frequency Control 1995;42:182–187.

750 C. J. Diederich



25. Graham SJ, Chen L, Leitch M, Peters RD, Bronskill MJ, Foster FS, Henkelman RM, Plewes DB.

Quantifying tissue damage due to focused ultrasound heating observed by MRI. Magnetic Resonance

in Medicine 1999;41:321–328.

26. Garcea G, Lloyd TD, Aylott C, Maddern G, Berry DP. The emergent role of focal liver ablation techniques

in the treatment of primary and secondary liver tumours. European Journal of Cancer 2003;39:2150–64.

27. Erce C, Parks RW. Interstitial ablative techniques for hepatic tumours. British Journal of Surgery

2003;90:272–289.

28. Ahmed M, Goldberg SN. Thermal ablation therapy for hepatocellular carcinoma. Journal of Vascular Interval

Radiology 2002;13:S231–S244.

29. Murphy DP, Gill IS. Energy-based renal tumor ablation: A review. Seminars in Urology & Oncology

2001;19:133–140.

30. Leonardi MA, Lumenta CB. Stereotactic guided laser-induced interstitial thermotherapy (SLITT) in gliomas

with intraoperative morphologic monitoring in an open MR: Clinical expierence. Minimally Invasive

Neurosurgery 2002;45:201–207.

31. Anzai Y, Lufkin R, DeSalles A, Hamilton DR, Farahani K, Black KL. Preliminary experience with MR-guided

thermal ablation of brain tumors. American Journal of Neuroradiology 1995;16:39–48; discussion 49–52.

32. Dupuy DE, Mayo-Smith WW, Abbott GF, DiPetrillo T. Clinical applications of radio-frequency tumor

ablation in the thorax. Radiographics 2002;22:S259–S269.

33. Hayashi AH, Silver SF, van der Westhuizen NG, Donald JC, Parker C, Fraser S, Ross AC, Olivotto IA.

Treatment of invasive breast carcinoma with ultrasound-guided radiofrequency ablation. American Journal

of Surgery 2003;185:429–435.

34. Chaussy C, Thuroff S. The status of high-intensity focused ultrasound in the treatment of localized prostate

cancer and the impact of a combined resection. Current Urology Reports 2003;4:248–252.

35. Sherar MD, Trachtenberg J, Davidson SR, McCann C, Yue CK, Haider MA, Gertner MR. Interstitial

microwave thermal therapy for prostate cancer. Journal of Endourology 2003;17:617–625.

36. Rosenthal DI, Hornicek FJ, Torriani M, Gebhardt MC, Mankin HJ. Osteoid osteoma: Percutaneous treatment

with radiofrequency energy. Radiology 2003;229:171–175.

37. Zlotta AR, Djavan B. Minimally invasive therapies for benign prostatic hyperplasia in the new millennium:

Long-term data. Current Opinions in Urology 2002;12:7–14.

38. Yee R, Connolly S, Noorani H. Clinical review of radiofrequency catheter ablation for cardiac arrhythmias.

Canadian Journal of Cardiology 2003;19:1273–1284.

39. Lin D, Marchlinski FE. Advances in ablation therapy for complex arrhythmias: Atrial fibrillation and

ventricular tachycardia. Current Cardiology Reports 2003;5:407–414.

40. Hindley JT, Gedroyc WM, Regan L. Interstitial laser coagulation for uterine myomas. American Journal

of Obstetrics & Gynecology 2003;188:859; author reply 860.

41. Garside R, Stein K, Wyatt K, Round A. Microwave and thermal balloon ablation for heavy menstrual bleeding:

A systematic review. Bjog: An International Journal of Obstetrics & Gynaecology 2005;112:12–23.

42. Bower KS, Weichel ED, Kim TJ. Overview of refractive surgery. American Family Physician

2001;64:1183–1190.

43. Perkowski P, Ravi R, Gowda RC, Olsen D, Ramaiah V, Rodriguez-Lopez JA, Diethrich EB. Endovenous

laser ablation of the saphenous vein for treatment of venous insufficiency and varicose veins: Early results from

a large single-center experience. Journal of Endovascular Therapy 2004;11:132–138.

44. Saal JA, Saal JS. Intradiscal electrothermal therapy for the treatment of chronic discogenic low back pain.

Clinical Sports Medicine 2002;21:167–187.

45. Boudewyns A, Van De Heyning P. Temperature-controlled radiofrequency tissue volume reduction of the

soft palate (somnoplasty) in the treatment of habitual snoring: Results of a European multicenter trial.

Acta Otolaryngologica 2000;120:981–985.

46. Fischer Y, Gosepath J, Amedee RG, Mann WJ. Radiofrequency volumetric tissue reduction (RFVTR) of

inferior turbinates: A new method in the treatment of chronic nasal obstruction. American Journal of

Rhinology 2000;14:355–360.

47. Noonan TJ, Tokish JM, Briggs KK, Hawkins RJ. Laser-assisted thermal capsulorrhaphy. Arthroscopy

2003;19:815–819.

48. Enad JG, Kharrazi FD, ElAttrache NS, Yocum LA. Electrothermal capsulorrhaphy in glenohumeral

instability without Bankart tear. Arthroscopy 2003;19:740–745.

49. Ruiz-Esparza J, Gomez JB. The medical face lift: A noninvasive, nonsurgical approach to tissue

tightening in facial skin using nonablative radiofrequency. Dermatology & Surgery 2003;29:325–332;

discussion 332.

50. Goldberg DJ. Lasers for facial rejuvenation. American Journal of Clinical Dermatology 2003;4:225–234.

Thermal ablation and high-temperature thermal therapy 751



51. D’Ancona FC, Francisca EA, Witjes WP, Welling L, Debruyne FM, de la Rosette JJ. High energy

thermotherapy versus transurethral resection in the treatment of benign prostatic hyperplasia: Results of a

prospective randomized study with 1 year of followup. Journal of Urology 1997;158:120–125.

52. Ramsey EW, Dahlstrand C. Durability of results obtained with transurethral microwave thermotherapy in the

treatment of men with symptomatic benign prostatic hyperplasia. Journal of Endourology 2000;14:671–675.

53. Bruskewitz R, Issa MM, Roehrborn CG, Naslund MJ, Perez-Marrero R, Shumaker BP, Oesterling JE.

A prospective, randomized 1-year clinical trial comparing transurethral needle ablation to transurethral

resection of the prostate for the treatment of symptomatic benign prostatic hyperplasia. Journal of Urology

1998;159:1588–1593; discussion 1593–.

54. Sanghvi NT, Foster RS, Bihrle R, Casey R, Uchida T, Phillips MH, Syrus J, Zaitsev AV, Marich KW, Fry FJ.

Noninvasive surgery of prostate tissue by high intensity focused ultrasound: An updated report. European

Journal of Ultrasound 1999;9:19–29.

55. Chaussy C, Thuroff S. Results and side effects of high-intensity focused ultrasound in localized prostate cancer.

Journal of Endourology 2001;15:437–440; discussion 447–448.

56. Gelet A, Chapelon JY, Bouvier R, Rouviere O, Lyonnet D, Dubernard JM. Transrectal high intensity focused

ultrasound for the treatment of localized prostate cancer: Factors influencing the outcome. European Urology

2001;40:124–129.

57. Souchon R, Rouviere O, Gelet A, Detti V, Srinivasan S, Ophir J, Chapelon JY. Visualisation of HIFU lesions

using elastography of the human prostate in vivo: Preliminary results. Ultrasound Medicine & Biology

2003;29:1007–1015.

58. Sherar MD, Gertner MR, Yue CK, O’Malley ME, Toi A, Gladman AS, Davidson SR, Trachtenberg J.

Interstitial microwave thermal therapy for prostate cancer: Method of treatment and results of a phase I/II trial.

Journal of Urology 2001;166:1707–1714.

59. Tucker RD, Platz CE, Huidobro C, Larson T. Interstitial thermal therapy in patients with localized prostate

cancer: Histologic analysis. Urology 2002;60:166–169.

60. Master VA, Shinohara K, Carroll PR. Ferromagnetic thermal ablation of locally recurrent prostate

cancer: prostate specific antigen results and immediate/intermediate morbidities. Journal of Urology

2004;172:2197–2202.

61. Diederich CJ, Nau WH, Ross AB, Tyreus PD, Butts K, Rieke V, Sommer G. Catheter-based ultrasound

applicators for selective thermal ablation: Progress towards MRI-guided applications in prostate. International

Journal of Hyperthermia 2004;20:739–756.

62. Diederich CJ, Stafford RJ, Nau WH, Burdette EC, Price RE, Hazle JD. Transurethral ultrasound applicators

with directional heating patterns for prostate thermal therapy: in vivo evaluation using magnetic

resonance thermometry. Medical Physics 2004;31:405–413.

63. Ross AB, Diederich CJ, Nau WH, Gill H, Bouley DM, Daniel B, Rieke V, Butts K, Sommer G. Highly

directional transurethral ultrasound applicators with rotational control for MRI guided prostatic thermal

therapy. Physics in Medicine and Biology 2004;49:189–204.
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