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Microwave Treatments for Prostate Disease
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Abstract—This paper describes three novel microwave tech- potential of improving local recurrence rates of prostate cancer
niques that show promise for being useful in treating diseases of gver the rates that are obtained when only radiation treatments
the prostate. They are: microwave urethroplasty for providing - 5re given: and 3) microwave poration therapy, a therapy that,
immediate symptomatic relief of urinary obstructions caused by h bined with eith . | v admini d
benign prostatic hyperthrophy—this technique uses microwave when combined with either systemic or cha y a m.|n|§ter.e
balloon catheters for producing biological stems in the urethra. Chemotherapy, has been shown to be effective in shrinking im-
Initial results obtained in an Federal Drug Administration planted prostatic tumors in rats. Work on these three techniques

approved Phase | clinical trial are highly encouraging, hyper- was supported by the National Cancer Institute, Bethesda, MD.
thermia produced in the prostate by dual microwave balloon

catheters—when combined with external beam radiation or
implanted radioactive seeds, this technique has the potential of Il. MICROWAVE URETHROPLASTY
improving local recurrence rates of prostate cancer over the rates The goal of microwave urethroplasty is to enlarge the lumen

that are obtained when only radiation treatments are given, and fth th t the site of . d db | d
microwave poration therapy—a therapy that, when combined OI'thée Uretia at tne Site of a Narrowing prodlced by an eniarge

with either systemic or locally administered chemotherapy, has Prostate gland (i.e., BPH). The procedure consists of heating the
been shown to be effective in shrinking implanted prostatic prostate via the urethra with microwave power and simultane-

tumors in rats. The potential clinical advantages of microwave ously dilating the part of the urethra that surrounds the prostate
poration/chemotherapy over electrochemotherapy using dc pulses \yith “an expansion balloon [1], [2]. The catheter that is used
for treating cancers are discussed. . . .
_ _ ~ to perform this procedure is referred to as a transurethral mi-

Index Terms—Benign prostatic hyperthrophy, hyperthermia,  crowave balloon catheter. Fig. 1 is a schematic drawing of such

poration, prostate cancer. a catheter. The catheter consists of a plastic tubing with a lumen
for inserting a miniature coaxial cable that is terminated by a

|. INTRODUCTION microwave antenna and lumens for inflating a compression bal-

HE prostate is a chestnut-shaped gland that surrounds Iglon with circulating cooled deionized water. Heating is with

urethra of males immediately below the bladder. Disea;g‘s%_MHz microwaves that are fed into the coaxial cable and

) . : roadcast into the prostate gland by the microwave antenna. An

of the prostate include benign prostatic hypertrophy (BP . ;

C . . hchoring balloon is usually added to keep the catheter securely
which is an increase in the volume of the gland, and cancer. ine lace during the procedure
prevalence of both BPH and prostate cancer increases with ageo, 9 P '
although cancer lags by 15-20 years. BPH is a very commgn
disorder, affecting approximately 50% of men between the R ) ) )
ages of 51-60 years. By the age of 80, 80% of men have'Ve performed a series @f vitro experiments using excised
this disorder, making BPH one of the most common medicapvine veins to study the effectiveness of simultaneous bal-
disorders of older man. During an 80-year lifespan, there id@Pn dilation and microwave heating. An uninflated 36 French
10% probability that an American man will develop prostat€l2-mm-diameter) balloon catheter with a coaxial gap antenna
cancer. BPH is the most common cause of bladder outfldil the central lumen was pushed through a length of excised
obstruction in the male. Prostate cancer is the most commoHRzVine vessel such that the vessel extended over the full balloon
diagnosed cancer in American men and is the second |eadlig@gth. A miniature thermocouple and a fiber-optic temperature
cause of cancer mortality in these men. probe were fastened to the outer surface of the balloon. The bal-

In this paper, we describe three new microwave techniqu|9§n was fully inflated, and the assembly was placed in a saline
that show promise for being useful in treating diseases of tRath that was heated to 3C to simulate normal body temper-
prostate, which are : 1) microwave urethroplasty for providingfure. Microwave power was then applied to the input to the
immediate symptomatic relief of urinary obstructions causéitenna until the local temperatures as measured by the ther-
by BPH; 2) hyperthermia produced in the prostate by dugnocouple and the fiber-optic probe rose by about@Owhich
microwave balloon catheters, which, when combined wil.tl"?Ok about 150 s. This microwave heating caused only negli-

external beam radiation or implanted radioactive seeds, has @€ increases in the temperature of the saline bath.
The combined heating and dilation resulted in increases in
. . _ the diameters of the vessel that ranged from 27% to 34%. Ad-
Manuscript received November 23, 1999; revised Ocotber 16, 2000. .
F. Sterzer and D. D. Mawhinney are with MMTC Inc., Princeton, NJ ossadlitional tests showed that the balloon pressure caused the larger
USA. portion of the increase, but the addition of microwave heating
J. Mendecki and A. Melman are with the Albert Einstein College of Medicingsgntributed significantly to the observed increases in diameters.
Montefiore Medical Center, Bronx, NY 10467 USA. .
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Fig. 1. Schematic diagram of transurethral microwave balloon catheter.

during the entire treatment. In one experiment, a thermocouple
was positioned near the external sphincter. This temperature
also remained at safe levels, which is of critical importance
because damage to the sphincter can lead to permanent incon-
tinence.

The increase in the size of the lumen of the prostatic urethra
after microwave urethroplasty was demonstrated by removing
and dissecting the prostate from a euthanized dog after the pro-
cedure. Fig. 4 is a photograph of the cross section of the prostate
of this dog after a single microwave urethroplasty treatment. The
figure clearly shows a significant dilation, which can be consid-
ered as the production of a biological stent.

C. Clinical Trials

In a Phase-I clinical trial approved by the Federal Drug Ad-
ministration (FDA), Rockville, MD, and funded by the Celsion
Corporation, Columbia, MD, 20 patients were treated with mi-
crowave urethroplasty. With the patient recumbent on an exam-
ining table, a 20 French (6.7-mm-diameter) microwave balloon
catheter was inserted without anesthesia into the urethra. A ther-
mocouple was placed in the rectum to monitor the temperature
of the rectal wall. Heating was for 45—-60 min using about 45 W
of 915 MHz. The treatments were very well tolerated. Patients
who presented with obstructive urinary symptoms were usually
able to urinate freely after one treatment. Based on these results,
the FDA recently gave approval for Phase Il clinical trials.

I1l. HYPERTHERMIA TREATMENT OF LOCALIZED PROSTATE
(b) CANCER

Fig. 2. Excised bovine vein: (a) before and (b) after exposure to dilation and For localized prostate cancer, radical surgery and radiation
microwave heating. are the only potentially curative therapies currently available. A
significant fraction of prostate cancer patients are not candidates
for surgery for a variety of reasons, ranging from poor surgical
Dilation experiments using approved protocols were perisks to refusal of surgery, and these patients are, therefore, can-
formed on several anesthetized dogs. Fig. 3 is a typical pltilates for radiation therapy. Local control of cancers treated
of the temperature profiles measured during microwave uneith radiation therapy range from 83% to 95% over a five-year
throplasty. Note that temperature of the rectum, which caeriod (These rates are for stages A2 and B, which are cancers
be seriously damaged by overheating, remained at safe levbkt are believed to be confined to the prostate gland. For an

B. In Vivo Dog Dilation Experiments
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Fig. 3. Typical plot of temperature versus time from thermocouples mounted at various locations in the prostate and rectum of an anesthetired dog duri
microwave urethroplasty. Thermocouples 1- 3 were inserted into the prostate, thermocouple 4 was adjacent to the cooled urethra, and tiemasdaupke
rectum.

for hyperthermia treatments have never been accurately estab-
lished, but often used values are approximately@3or about
45 min.

Studies of the response of spontaneous animal tumors to
combined radiation/hyperthermia treatments (thermoradio-
therapy) have shown that the response rate of these tumors
depends strongly on the minimum temperature reached in any
part of the tumor during the therapy: the higher the minimum
temperature, the better the response rate. High minimum tumor
temperatures can only be safely maintained if the tumor temper-
atures during the hyperthermia treatments are nearly uniform.
If the tumor temperatures are highly nonuniform, it becomes
impossible to reach high minimum tumor temperatures without
causing unacceptable burning of the hotter part of the tumor or
of the healthy tissues surrounding it.

_ _ , _ The first clinical hyperthermia equipment for treating local-
Fig. 4. Cross section of the prostate of a dog after a single microwaye

urethroplasty treatment showing dilation (production of a biological stent). iZed _pTOState cc'_;mcer was de\_/eloped about 20 Y_ears ago by a
physician/technical team that included three of this paper’s au-

exact definition of these stages, see [3].) The addition of hypdfers (i-e., Friedenthal, Mendecki, and Sterzer). In this early

thermia to the radiation treatment has the potential ofimprovif%grk' hyperthermia was produced in the part of the prostate
the local control rates achieved with radiation treatments alorf2S€st to the rectum by means of coaxial rectal applicators, and

In hyperthermia treatments of cancer, malignant tissues gpg local hyperthermia was combined with external beam irradi-

heated and maintained at elevated temperatures for a cer@fjAn- The anecdotal results obtained were encouraging. Similar

length of time. Hyperthermia treatments are usually combinE§couraging results were obtained with regional hyperthermia
with either chemotherapy or radiation treatments or, in some ##ind large waveguide applicators [6]-{8]. o
stances, with both treatment modalities. Numerous animal and?€Cent results obtained by a group from Duke University,
clinical studies have demonstrated that combined radiation/fgdrham, NC, using combined external beam irradiation and ex-
perthermia treatments provide local control of cancer superf&n@l régional hyperthermia to treat locally advanced prostate
to that of radiation treatments alone, provided that the tempef&Cer are ?ISO encouraging [9]. To quote from the conclusion of
tures of all malignant tissues are raised to sufficiently high terffliS Study: “In spite of the inability to achieve high tumor tem-

peratures and maintained at these temperatures for sufficieffatures, the relapse-free survival rate in this population of pa-

long durations [4], [5]. The safe implementation of these twiients with very advanced localized prostate cancer treated with

seemingly simple requirements is, in practice, often very diffadiation therapy plus hyperthermia compares favorably with

cult because there are only narrow ranges of temperature BIRSt Series using radiation therapy alone. Further studies aimed
ration that produce good therapeutic effects in malignant i@t improving the ability to deliver hyperthermia to the prostate

sues without damaging healthy tissues. If the temperature-@€ Warranted.”
ration ranges of the hyperthermia treatments are too high, all
exposed tissues, whether malignant or healthy, are permaneﬁt_l
damaged. If, on the other hand, the temperature-duration ran
of the treatment are too low, both malignant as well as healthyln the approach we are currently exploring, the prostate
tissues are spared. The optimum values for temperature duratioreated by means of two cooperating microwave balloon

eneration of Hyperthermic Temperatures in the Prostate
Microwave Balloon Catheters
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Fig. 5. lllustration of the method for uniformly heating prostate glands with cooperating transurethral and transrectal microwave ballasn Tathateenna
of the transrectal catheter is directional, broadcasting most of its energy in the direction of the prostate.
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Fig. 6. Calculated SARs for two microwave balloon catheters facing each
other.

7. Heating patterns in tissue-equivalent phantom with two applicators
catheters—one catheter with its balloon located in the prostq&gced 4.5 cm apart.

urethra and the other with its balloon in the rectum opposite

the prostate gland [2]. This approach, which is illustrated in

Fig. 5, was chosen because prostatic tumors develop primadbtheters facing each other tends to be much more nearly uni-
within the posterior lobe located between the rectum arfidrm (see Fig. 6).

urethra. The amount of microwave power deposited by eachThe concepts illustrated by Figs. 5 and 6 were tested in
individual catheter decreases with distance from the surfacetisbue equivalent phantoms. The microwave power from a
their respective balloons. However, calculations show that tB&5-MHz generator was timeshared between a transurethral
combined specific absorption rate (SAR) of the two ballooand transrectal applicator. The measured heating pattern when
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Fig. 8. Experimental setup. The power generated by a magnetron oscillator passes through a waveguide to a ceramic applicator that servetettheoncentra
microwave power into tissues.

the two applicators were placed 4.5 cm apart is shown ir
Fig. 7. Note the overlap of the heating patterns produced b
the individual applicators. On the basis of these encouragin
results, we plan to proceed to testing the dual microwave
balloon catheter concept in an animal model.

IV. MICROWAVE PORATION THERAPY

The success of chemotherapy in treating malignant tumor
depends on the ability of drugs to access and accumulate in su
ficient quantity in the cells of the tumors. In many cases, the
natural resistance of the malignant cell membranes to penetr:
tion by foreign molecules prevents the necessary access, and the _ _ _ _ _
ability of malignant cells to pump out foreign molecules Iimité:'g' 9. Ratwith four implanted tumors five days after microwave poration and

. . . s%stemic injection of Taxol.
the accumulation of those that did manage to penetrate into the
cells.

The resistance of malignant cells to penetration by foreigh Poration Using Microwaves
molecules and their ability to pump out foreign molecules can be\we have demonstrated in an animal model that high-power

countered by creating temporary pores in the membranes of i@ owave pulses, just like multikilovolt/centimeter dc pulses,
mahgnant cells. While the cells are pqrated, large molecules i3 enhance the uptake of large chemotherapeutic molecules
cluding genes, large chemotherapeutic molecules, etc. can eg{ehalignant tumors, and can thereby enhance the anticancer
into the cells. Once the pores reseal themselves, these molecy Rity of chemotherapy [14]. The animal model we used in

are trapped inside the cells. our experiments were Copenhagen rats with transplanted AT2

Cells can be temporarily porated with short dc pulses thg{sstatic tumors. The tumor model was obtained from the Johns
generate electric fields of several kilovolts/centimeter [10, opkins Medical Center, Baltimore, MD.

Poration using dc pulsing combined wiFh. Iow-dqse systemic The high-power microwave pulses were generated using a
chemotherapy or chemotherapy directly injected into tumors,ised magnetron oscillator that was lent to us by the Army Re-

procedure referred to as electrochemotherapy, is now clinicallyrch | aboratory, Adelphi, MD. The electrical characteristics
in use to treat a variety of cutaneous tumors, including head a(ﬂdmagnetron oscillator were as follows:

neck tumors, melanomas, superficial breast cancer lesions, et(frequency 2 82 GHz:

[11]-[13]. To generate the required electric fields in the tumors, i
: eak power 166 kW,

electrodes are placed across the tumors that are being treateB. ) _

Electrodes for treating small cutaneous tumors can be placed ORUIsew'dth 0.2%:s;

the skins of the patients. Treatment of large cutaneous lesionéluty cycle  0.0005%.

or deep-seated tumors requires invasive needle-type arrays. Fig. 8 shows a photograph of the experimental setup.
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In the experiments, a thermocouple was inserted into th@crowave urethroplasty, Dr. R. D. Kaul, Army Research Labo-
tumor that was exposed to pulsing. The average power fraoatory, Adelphi, MD, Dr. B. S. Periman, U.S. Army Communi-
the magnetron was adjusted to keep tumor temperatures beé@ations and Electronics Command (CECOM), Fort Monmouth,
39 °C. The rats were injected with fluorescin isothiocyanatdJ, for use of the high-power equipment used in the microwave
Dextran molecular weight 10 000 and the tumors were expogearation experiments, and J. Milden, MMTC Inc., Princeton,
for 30 min to microwave pulsing. There was almost no uptakeJ, for expert help in building most of the experimental equip-
of Dextran by tumors that were not pulsed. On the other harmdent.
there was significant uptake of Dextran by tumors pulsed with
microwaves.

There waso significant uptake of Dextran by pulsed healthy
muscle tissues of rats. This may be because the membranes @1ff F. Sterzer, “Localized heating of deep-seated tissues using microwave
malignant cells are weaker than those of healthy cells [15]. Also, balloon catheters,” ilNew Frontiers in Medical Device Technolqgy.

. . o Rosen and H. D. Rosen, Eds. New York: Wiley, 1995, ch. 4.
microwave pulses tend to generate higher local electric field 2] — . “Catheters for treating prostate disease,” U.S. Patent 5007 437,

in the membranes of malignant cells than in those of healthy  Apr. 16, 1991.
Ce”s Thls |s because ma“gnant Ce”s tend to have more |rreg_[3] M. S. Ernstoffet al., Prostate Cancer OXfOrd, U.K.: BIackweII, 1998,

ular shapes with sharp protrusions than do normal cells. This,; S'w2:
p pp - TN1g4] 3. Overgaardet al, “Hyperthermia as an adjuvant to radiation therapy

causes local field enhancement, a phenomenon well known to  of recurrent or metastatic malignant melanoma. A multicenter random-
microwave tube engineers [16]. ized trial by the European Society for Hyperthermic Oncologyt” J.

. . . . Hyperthermiavol. 12, no. 1, pp. 3-30, 1996.
Fig. 9 shows a rat with four implanted tumors five days 5] R. J. Myerson, “A phase I/ll study to evaluate radiation therapy and

after microwave poration and systemic injection of Taxol. The  hyperthermia for deep-seated tumors: A report to RTOG 89408,
head-end nonpulsed tumors increased in size, while the twq _ Hyperthermiavol. 12, no. 4, pp. 449-459, 1996.

tail dt h h K d b | Ipable. | 6] J. Mendecki, E. Friedenthal, C. Botstein, R. Paglione, and F. Sterzer,
all-end tumors have shrunk and are barely palpable. In a “Microwave applicators for localized hyperthermia treatment of cancer

ongoing program sponsored by the National Cancer Institute, of the prostate,nt. J. Radiat. Oncovol. 6, pp. 1583-1588, Nov. 1980.
Bethesda, MD, we plan to optimize treatment protoc0|5 in [7] F. Sterzer and R. W. Paglione, “Nonsymmetrical bulb applicator for hy-

ith i | d . both . perthermic treatment of the body,” U.S. Patent 4311 154, Jan. 19, 1982.
rats with implanted prostate tumors using both systemic and[8] R. Paglione, F. Sterzer, J. Mendecki, E. Friedenthal, and C. Botstein, “27

intratumor chemotherapy, and investigate immunological = MHzridged waveguide applicators for localized hyperthermia treatment

responses of distant metastases. of deep-seated malignant tumorsficrowave J, pp. 71-80, February
1981.

[9] M. S. Anscheret al, “Combined external beam irradiation and external
regional hyperthermia for locally advanced adenocarcinoma of the
prostate,’Int. J. Radiat. Oncol.pp. 1059-65, Mar. 1997.
[10] J. C. Weaver and Y. Chizmadzhev, “Electroporation,Handbook of
V. CONCLUSION Biological Effects of Electromagnetic Field@nd ed, C. Polk and E.
Postow, Eds. Boca Raton, FL: CRC Press, 1996, pp. 247-274.
The three new microwave modalities that have been describddft! L. M. Mir et al. “Electrochemotherapy potentiation of antitumor effect
. . . L . of bleomycin by local electric pulsesEuropean J. Cancewol. 27, pp.
in this paper have the potential to make significant contribu-  gg_75 1901
tions to the treatment of diseases of the prostate. Microwave urgt2] C. Domengest al, “Antitumor electrochemotherapy: New advances in
throplasty, unlike transurethral thermal ablation, shows promisg _the clinical protocol,'Cancer vol. 77, no. 5, pp. 956-63, Mar. 1, 1996.
. . L . . . 13] L. F. Glasset al, “Bleomycin-mediated electrochemotherapy of
of.prowdlng pat!ents W'th immediate symptomatic r?“ef frqm metastatic melanomagrch. Dermatol, vol. 132, pp. 1353-1357, Nov.
urinary obstructions without the need for temporary indwelling ~ 1996. ' _ _
urinarv catheters. Heating of prostate tumors with multiple bal{l4] F. Sterzer, “Method for enhancing delivery of chemotherapy employing
Y 9 . P . . P high-frequency force fields,” U.S. Patent 5386 837, Feb. 7, 1995.
|00_n catheters ShOW_S promise of being ab_le to aCh'e\_/e the near[Iir‘:'z] Y. Okada,Cell Fusion and Cell Technology Tokyo, Japan: Kodansha,
uniform hyperthermic temperatures required for optimum local 1979, p. 4. _
control with radiation/hyperthermic therapy. Microwave pora_[16] A. S. Gilmour, Jr. Microwaves Tubes Norwood, MA: Artech House,
. X . 1986, ch. 15.
tion therapy, the most immature of the three modalities, shows
promise of being effective against prostate cancer when com-
bined with chemotherapeutic agents that by themselves show
little activity against prostate cancer. The difference in uptake
of chemotherapeutic agents between normal and malignant cells
due to microwave pulsing is intriguing because it might be pos-
sible to exploit this effect to lessen the harm to normal cells |

chemotherapy.
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