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August 20, 2004

Dr. Yoseph Bar-Cohen

Jet Propulsion Laboratory (MS 82-105)
4800 Oak Grove Drive

Pasadena, CA 91108

Re: U. S. Patent Application Serial No. 10/093,866
TRANSCUTANEOUS SPINE TRAUMA AND DISORDERS
TREATMENT USING ULTRASONICALLY INDUCED CONFINED
HEAT (ULICH) ZONE"

Inventors:  Yoseph Bar-Cohen, et al.
Filing Date: March 7, 2002
Our Docket No. 1279-346XX/10024933

Dear Dr. Bar-Cohen:

| am enclosing a copy of an Office Action that we recently received for the
subject application, along with copies of references cited by the examiner. Also
enclosed is a proposed response, for your review. A reply to the Office Action is due by
October 22, 2004. Extensions of time are available at increasing cosis up to January
22, 2005.

Claims 1, 2, 3, 16-20, 22, 24, 25, 27 and 28 are rejected as anticipated by U.S.
Patent No. 5,743,863 to Chapelon. However, Chapelon teaches an ultrasound therapy
method and apparstus that provides a wideband electronic signal, as described in
column 4, lines 1-57 and shown in Figures 3 and 4 of the patent. As a result, an
ultrasonic wave of varying frequency is produced. Thus, rather than teaching a pulsed
wave as called forin claims 1, 2, 3, 16-20, 22, 24, 25, 27 and 28, Chapelon teaches a
continuous wave of varying frequency. Moreover, Chapelon discounts any use of
pulsed waves by indicating that pulse methods cannot heat tissue and that pulsed
“'waves cannot be incorporated into his invention (col. 3, lines 16-21).

Claims 1-3, 7 and 16-21 are rejected as aniicipated by U.S. Patent No. 6,325,762
to Klopotek. The Klopotek patent concems a method and apparatus for treating skin
that involves the use of ultrasonic waves. Klopotek teaches the use of pulsed ultrasonic
waves to create negative pressure zones in the skin (col. 9, lines 48-57). The frequency
of the pulsed waves is between 1 MHz and 500 MHz, and preferably between 10 and
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80 MHz (col. 8, lines 51-56). As shown in the proposed response, | suggest amending
independent claims 1, 16 and 22 to recite pulsed waves greater than 500 KHz, which is
described at paragraph [0024], line 6 of the patent application. This frequency range
will distinguish over Klopotek and other prior art cited by the examiner. As shown in the
proposed response, claims 10, 15, 24 and 29 are amended in accordance with the
frequency range of amended claims 2 and 22.

Claims 1-29 are rejected as obvious over European patent application No. EP 0
872 262 of Lidgren et al. in view of U.S. Patent No. 5,413,550 to Castel. The Lidgren &t
al. application concerns an apparatus that incorporates two ultrasound transducers.
Although, Lidgren et al. discuss ultrasonic waves of frequency 0.5 - 2.5 MHz, they do
not teach or suggest the use of pulsed waves. Castel describes an ultrasound
apparatus that can provide pulsed ultrasound waves. However, the pulsed waves are
limited to just two frequencies, either 1 MHz or 3 MHz (col. 5, In. 32-35; col. 5, In. 49-
33). As shown in the proposed response, | suggest arguing that neither reference
teaches pulsed waves in the 500 to 900 KHz range.

Claims 1-29 are rejected as obvious over Lidgren et al. in view of U.S. Patent No.
5,752,924 to Kaufman et al. The Lidgren et al. application is directed to the use of
ultrasound to heat tissue, whereas Kaufman et al. are concerned with the use of
ultrasound to alter fluid flow characteristics of bone tissue. | suggest arguing that the
claims are not obvious because the references are concerned with completely different
effects of ultrasound. All of this is explained in greater detail in the proposed response.

Claims 1-21 are rejected as obvious over Lidgren et al. in view of Klopotek, and
claims 22-29 are rejected as obvious over Lidgren et al. in view of Klopotek and a)
Kaufman et al . or b) Castel. As discussed in mare detail in the proposed response, |
suggest combining the arguments presented above by arguing that none of the Lidgren
et al., Klopotek et al. and Castel references teach pulsed waves greater than 500 KHz,
and Kaufman et al. are concerned only with the fluid flow effects of ultrasound.

Please review the proposed response and let me know if you agree with its
substance. | would appreciate receiving your comments well in advance of the October
22, 2004 due date.

In the meantime, please contact me if you have any guestions or would like me
to elaborate on any of the foregoing.

Very truly yours,

("UVKLQ;, %{J«w,m,x 4&/

Miles Yamanaka
Enclosures
o Ms. Linda 5. Stevenson
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DRAFT
PATENT

IN THE UNITED STATES PATENT AND TRADEMAREK OFFICE

Application No.: 10/093,866 Confirmation No. 2733
Applicant; Yoseph Bar-Cohen et al.

Filed: March 7, 2002

Art Unit: 3737

Examiner: Ruth S. Smith

Atty. Dkt, No.: 1279-346/10024933

Customer No.: 000167

865 South Figueroa Street, 29th Floor
Los Angeles, California 20017-2576

Commissioner for Patents
P.O. Box 1430
Alexandnia, VA 22313-1450

AMENDMENT

In response to the July 22, 2004 Office Action, please amend the above-identified
application as follows:

Amendments to the Claims are reflected in the listing of claims which begins on page 2
of this paper.

Remarks/Arguments begin on page 5 of this paper.
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Parent Appl. 10:/093 866
Response to OfTice Action dated July 22, 2004

Amendments to the Claims:

This listing of claims will replace all prior versions, and listings, of the claims in the

application:

Listing of Claims:

1.

[ ]

10.

ElL.

12.

15441955 _L.DOC =

(currently amended) A method of heating a tissue of the body of a life form, comprising:
(a) directing pulsed ultrasonic waves of about 500 to 900 KHz in frequency to a selected
site of the tissue: and
(b) depositing at the selected site an amount of ultrasonic wave energy sufficient to heat
the selected site without adversely damaging other areas of the body.

(original) The method of claim 1 in which the pulsed ultrasonic waves are pulsed focused
ultrasonic waves.

(original) The method of claim 1 in which the fissue is an internal tissue.
(original) The method of claim 1 in which the tissue 1s a ligamentous tissue.

(original) The method of claim 4 in which the ligamentous tissue is associated with an
intervertebral disc of the spine or a joint of the body.

(original) The method of claim 5 in which the ligamentous tissue associated with an
intervertebral disc is the nucleus pulposus.

(original) The method of claim 1 in which the selected site is heated so that collagen
crosslinking at the site is altered without adversely damaging other areas of the body.

(original) The method of claim 1 in which the selected site is heated so that tissue in the
selected site shrinks without adversely damaging other areas of the body.

(currently amended) A method of treating a ligamentous tissue, comprising :

(a) directing pulsed focused ultrasonic waves of about 500 to 900 KHz in frequency to a
selected site of the tissue; and

(b) depositing at the selected site an amount of ultrasonic wave energy sufficient to heat
the site without adversely damaging other areas of the tissue.

(currently amended) The method of claim 9 in which the waves have a frequency of about
10K Hzto-abeut43Hz 700 to 900 KHz.

(original) The method of claim 9 in which the waves have a pulse duration of microseconds
to seconds.

(original) The method of claim 9 in which wave amplitude of the pulsed focused ultrasonic
waves is determined by a signal amplitude of about 1V to about 20V before amplification.
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3.

14.

15.

16.

I7.

18.

19.

(original) The method of claim 9 in which the waves have a pulse rate of about 100
repetitions per second to about 1000 repetitions per second.

(original) The method of claim 9 in which the waves have a pulse shape in the form of a
sime-wave or a square-wave.

(currently amended) The method of claim 9 in which the waves have e fregusney-of aboui
100K Hz o sheur AMHL 3 pulse duration of microseconds to seconds, a pulse rate of about
100 repetitions per second to about 1000 repetitions per second, 2 pulse shape in the form of
a sine-wave or a square-wave, and wave amplitude of the pulsed focused ultrasonic waves is
determined by a signal amplitude of about 1V to about 20V before amplification.

(currently amended) An apparatus for heating a tissue of the body of a life form,
COMPprising:

(a) an ultrasonic source for producing pulsed ultrasonic waves;

(b) a lens for focusing said pulsed ultrasonic waves on a selected site of the tissue; and

(c) a controller for controlling wave frequency in the range of about 500 to 900 KHz and
transmission parameters of said pulsed ultrasonic waves so that ultrasonic wave energy is
deposited at the selected site in an amount sufficient to heat the selected site without
adversely damaging other areas of the tissue.

(original) The apparatus of claim 16 in which the ultrasonic source is an ultrasonic
transducer.

(original) The apparatus of claim 16 1 which the lens is an ultrasonic lens.

(original) The apparatus of claim 16 in which the controller is a signal generator.

. (origmal) The apparatus of claim 16 in which the ultrasonic transducer comprises both the

ultrasonic source and the lens.

. (original) The apparatus of claim 16 further comprising a temperature monitor for

measuring the temperature of the selected site during heating.

. [ currently amended) An apparatus for treating ligamentous tissue comprising:

(a) a transducer assembly compnising an ultrasound transducer for producing pulsed
focused ultrasonic waves, the transducer comprising a curved piezoelectric erystal;

(b) a signal generator for controlling wave frequency in the range of about 500 to 900
KHz and transmission parameters of said pulsed ultrasonic waves so that ultrasonic wave
energy is deposited at a selected site of the tissue in an amount sufficient to heat the selected
site without adversely damaging other areas of the tissue; and

(c) an amplifier for amplifying the signal from the signal generator; said amplifier being
coupled to the output of the signal generator. said amplifier driving the ultrasound transducer.

. (original}) The apparatus of claim 22 further comprising a mounting fixture for helding the

transducer assembly, and a positioning fixture for moving the transducer assembly.
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24.

23.

26.

27.

(currently amended) The apparatus of claim 22 in which the waves have a frequency of
about 300K H=tesbeut A0 700 10 900 KHz.

(original) The apparatus of claim 22 in which the waves have a pulse duration of
microseconds to seconds.

(original) The apparatus of claim 22 in which wave amplitude of the pulsed focused
ultrasonic waves is determined by a signal amplitude of about 1V to about 20V before
amplification.

(original) The apparatus of claim 22 m which the waves have a pulse rate of about 100
repetitions per second to about 1000 repetitions per second.

. (original) The apparatus of claim 22 in which the waves have a pulse shape in the form of a

sine-wave Or 2 Square-wave.

. (currently amended) The apparatus of claim 22 in which the waves have a-frequeney-ef

abeut 100K Hz to-sheur4MHz: a pulse duration of microseconds to seconds, a pulse rate of
about 100 repetitions per second to about 1000 repetitions per second, a pulse shape in the
form of a sine-wave or a square-wave, and wave amplitude of the pulsed focused ultrasonic
waves is determined by a signal amplitude of about 1V to about 20V before amplification.
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REMARKS/ARGUMENTS

Claims 1-29 are pending.

Independent claims 1, 9, 16 and 22 are amended to clarify that the frequency of the
pulsed waves 1s in the range of about 500 KHz to about 900 KHz. Support for this amendment is
found in paragraph [0024], line 6. Accordingly, no new matter is added.

Claims 10, 15, 24 and 29 are amended to accord with the freguency range of amended
claims 9 and 22. Support for the range of about 700 to 900 KHz recited in claims 10 and 24 is
found in paragraph [0040], lines 11-12.

Rejections under 35 USC § 102

The rejection of claims 1, 2, 3, 16-20, 22, 24, 25, 27 and 28 under 35 USC § 102(b) as
anticipated by Chapelon (U.S. Patent No. 5,743,863) is respectfully traversed. Chapelon teaches
an ultrasound therapy method and apparatus that incorporates a signal generator for supplying an
ultrasound transducer with a wideband electronic signal. The wideband signal provides a
frequency spectrum that varies around a central frequency (col. 4, lines 1-3; Figure4). Asa
result, an ultrasonic wave of varying frequency is produced, as shown in Figures 3 and 4. Thus,
rather than teaching a pulsed wave as called for in claims 1, 2, 3, 16-20, 22, 24, 25, 27 and 28,
Chapelon teaches a continuous wave of varying frequency (col. 4, lines 6-64). Moreover,
Chapelon discounts any use of pulsed waves by indicating that pulse methods cannot heat tissue
and that pulsed waves cannot be incorporated into the subject invention (col. 3, lines 16-21).
Because Chapelon does not teach or suggest the use of pulsed waves to heat tissue, claims 1, 2,
3. 16-20, 22, 24, 25, 27 and 28 are not anticipated.

The rejection of claims 1-3, 7 and 16-21 as anticipated by Klopotek (U.S. Patent No.
6,325,769) is respectfully traversed. The Klopotek patent concerns a method and apparatus for
treating skin that involves the use of ultrasonic waves. Klopotek teaches the use of pulsed
ultrasonic waves to create negative pressure zones in the skin (col. 9, lines 48-37). The
frequency of the pulsed waves is between 1 MHz and 500 MHz, and preferably between 10 and
80 MHz (col. 8, lines 51-36). In contrast, amended claims 1-3, 7 and 16-21 call for a frequency
of about 500 to 900 KHz. Because Klopotek does not teach or suggest frequencies in the
kilohertz range, claims 1-3, 7 and 16-21 are not anticipated.

Refections under 35 USC § 103

The rejection of claims 1-29 as obvious over Lidgren et al. (European patent application
No. EP 0 872 262 A2) in view of Castel (U.S. Patent No. 5.413,550) is respectfully traversed.
The Lidgren et al. application concerns an apparatus that incorporates two ultrasound transducers
to treat a tissue. Although, Lidgren et al. indicate that ultrasonic waves of frequency
0.5 - 2.5 MHz can be utilized, they do not teach or suggest the use of pulsed waves. Castel
describes an ultrasound apparatus that can provide pulsed ultrasound waves. However, Castel
teaches that wave frequency is restricted to two frequencies, either 1 MHz or 3 MHz, depending
on the location of the target tissue (col. 5, In. 32-35; col. 5, In. 49-55).
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As amended, claims 1-29 call for a pulsed ultrasound wave having a frequency of about
500 to 900 KHz. Lidgren et al. do not describe or even mention the use of pulsed waves of any
frequency. Castel only teaches waves of 1 MHz and 3 MHz, and therefore does not teach or
suggest pulsed waves in the kilohertz range. Because neither reference teaches or suggests
pulsed waves 1 the 500 to 900 KHz range, all claim limitations are not taught. Accordingly,
claims 1-29 are not obvious.

The rejection of claims 1-29 as obvious over Lidgren et al. in view of Kaufman et al.
(U.S. Patent No. 5,752.924) is respectfully traversed. To establish a prima facie case of
obviousness, “there must be some suggestion or motivation, either in the references themselves
or in the knowledge generally available to one of ordinary skill in the art, to modify the reference
or to combine reference teachings.” MPEP § 2143. “The mere fact that references can be
combined or modified does not render the resultant combination obvious unless the prior art also
suggests the desirability of the combination.” MPEP § 2143.01.

As amended. claims 1-29 are directed to a method and apparatus for heating a target
tissue using pulsed ultrasonic waves. According to the Office Action, it would be obvious to
combine the system of Lidgren et al. with the pulsed mode of operation as taught by Kaufman et
al. However, there is no motivation or suggestion to combine the references in this manner.

Lidgren et al. are concerned with heating intervertebral discs by directing two or more
ultrasonic waves onto the same focal area from different directions (col. 3, In. 12-25 and
Figure 1). In such an arrangement, only the focal area receives energy from both ultrasonic
waves, whereas other tissue locations receive energy from only one or the other wave. The
combined heating due to both waves raises the focal area temperature higher than the
surrounding tissue locations. In contrast, Kaufman et al. are concemed with the use of pulsed
ultrasonic waves to alter fluid flow characteristics of bone tissue (col. 5, In. 31-36). As pointed
out by Kaufman et al., concentrating on fluid flow as the primary aspect of the ultrasonic signal
leads to more effective and efficacious treatment (col. 3, In. 36-39). Kauiman et al. do not
describe or even mention heating tissue. Because Lidgren et al. are concerned with controlling
one effect of ultrasonic waves, heating, while Kaufman et al. are concerned with controlling a
completely different and independent effect of ultrasonic waves, fluid flow characteristics, there
is Ti0 suggestion or motivation to combine the references. Accordingly, claims 1-29 are not
obvious.

The rejection claims 1-21 as obvious over Lidgren et al. in view of Klopotek is
respectfully traversed. As amended, claims 1-21 call for a pulsed ultrasonic wave frequency of
about 500 to 900 KHz. As noted above, Lidgren et al. do not describe or even mention the use of
pulsed waves of any frequency. Also, as noted above, Klopotek only teaches waves in the
megahertz, not kilohertz, frequency range. Because neither reference teaches or suggests pulsed
waves in the 500 to 900 KHz range, all claim limitations are not taught. Accordingly, claims 1-
29 are not obvious.

The rejection of claims 22-29 as obvious over Lidgren et al. in view of Klopotek and
Kaufman et al. is respectfully traversed. Amended claims 22-29 call for an ultrasonic wave
frequency of about 500 to 900 KHz. As noted above, neither Lidgren et al. nor Klopotek teach
or suggest pulsed waves in this frequency range. Moreover, as discussed above, there is no
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suggestion or motivation fo combine the Kaufman et al. patent, which deals with the effect of
ultrasonic waves on fluid flow characteristics, with the Lidgren et al. application, which deals
with the heating effects of ultrasonic waves. Similarly, there is no reason to combine the
Kaufman et al. patent with the Klopotek patent, which deals with the shock wave effects of
pulsed ultrasonic waves (col. 2, In. 43 —col. 3, In. 6; col. 9, In. 48-57). Because the combination
of Lidgren et al. and Klopoiek does not teach every element of claims 22-29 and there is no
motivation to combine these references with Kaufman et al., claims 22-29 are not obvious.

The rejection of claim 22-29 as obvious over Lidgren et al. in view of Klopotek and
Castel is respectfully traversed. Amended claims 22-29 call for an ultrasonic wave frequency of
about 500 to 900 KHz. As noted above, neither Lidgren et al. nor Klopotek teach or suggest
pulsed waves in this frequency range. Moreover, as discussed above, Castel only teaches
ultrasonic waves of 1 MHz and 3 MHz, not in the kilohertz range. Because all claim limitations
are not taught or suggested, claims 22-29 are not obvious.

In view of the foregoing amendments and remarks, Applicants submit that the present
application is in condition for allowance. A Notice of Allowance is therefore respectfully
requested.

Dated: Respectfully submitted.

Miles Yamanaka
Reg. No. 45, 665
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Application/Control Number: 10/083,868 Page 2
Art Unit: 3737

Claim Rejections - 35 USC § 102
The following is @ quotation of the appropriate paragraphs of 35 U.S.C. 102 that

form the basis for the rejections under this section made in this Office action:

A person shall be entitled to 2 patent unless -

{b) the invention was patented or described in a printed publication in this er 2 foreign country or in public
use o on sale in this country, more than one year prar to the date of application for patent in the United
Slates.

{e) the invention was described in (1) an application for patent, published under section 122(b), by
another filed in the United States before the invertion by the applicant for patent or (2) a patent
granted on an application for patent by another filed in the United States before the invention by the
applicant for patent, except that an imernational application filed under the treaty defined in section
351(a) shall have the effects for purposes of this subsection of an application fiied in the United States

only if the imternational application designated the United States and was published under Article 21(2)
of such treaty in the English language.

Claims 1,2,3,16-20,22,24,25,27,28 are rejected under 35 U.S.C. 102(b) as being
anticipated by Chapelon ('863). The claims are directly readable on Chapelon which
disclose an ultrasound therapy aystem using pulsed focussed ultrasound waves fo heat
tissue. The wave parameters are within the ranges set forth in the claims.

Claims 1-3,7,16-21 are rejected under 35 U.S.C. 102(e) as being anticipated by
Klopotek (‘769). The claims are directly readable on Klopotek which discloses an
ultrasonic hyperthermia device which includes transmitting pulsed focussed ultrasound
waves into a patient such that they are focused into a particular Iayer of the skin. The
device includes an ultrasound source, focussing lens and controller. The device further

includes means for monitoring the temperature of the selected site.

Claim Rejections - 35 USC § 103
The following is a quotation of 35 U.S.C. 103(2) which forms the basis for all

obviousness rejections set forth in this Office action:

(a) A patent may not be obtained though the invention is not identically disclosed or described as set
forth in section 102 of this title, if the differences between the subject matier sought to be patented and
the prior art are such that the subject matter as a whole would have been obvious st the time the
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invention was made to a person having ordinary skill in the art to which said subject matter perains.
Patentability shall not be negatived by the manner in which the invention was made.

This application currently names joint inventors. In considering patentability of
the claims under 35 U.5.C. 103(a), the examiner presumes that the subject matter of
the various claims was commonly owned at the time any inventions covered therein
were made absent any evidence to the contrary. Applicant is advised of the obligation
under 37 CFR 1.56 to point out the inventor and invention dates of each claim that was
not commonly owned at the time a later invention was made in order for the examiner to
consider the applicability of 35 U.5.C. 103(c) and potential 35 U.S.C. 102(e), (f) or (g)
prior art under 35 U.S.C. 103(a).

Claims 1-28 are rejected under 35 U.S.C. 103(2) as being unpatentable over
Lidgren et al in view of Castel. Lidgren et al disclose an ulirasocund therapy system for
treating disc disease. The ultrasound is focused in the intervertebral disc which
includes the nucleous pulposus. The ultrasound is focused such that it does not
adversely damage other areas of the body. The frequency is set between .5-2.5 MHz.
The temperature in the area being treated is also monitored. With regard to claims 7,8,
these limitations appear to be inherent results of using the system of Lidgren etal on &
patient. Lidgen et al is silent with respect to many of the operating parameters of the
system. Castel discloses an ultrasound therapy system. Castel discloses that many of
the operating parameters are selected based upon the type of treatment being
performed. It should be noted that while Lidgren et al is further silent with respect to the
use of an amplifier, the use of such is old and well known in the art 2s shown for
example by Castel. The use of an amplifier in the system of Lidgren et al would have
been obvious in that such is a well known expedient in the art to aid in providing the
desired signal effect. Castel discloses that it is well known that ultrasound therapy can
be provided in a pulsed mode or continuous mode. The pulsed mode is used to reduce
the average power delivered to the patient. It would have been obvious to one skilled
in the art to have modified Lidgen et al such that it operates in a pulsed mode. The

selection of such merely involves the selection of a known operating maode in the art
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based upon the type of treatment being performed. It appears that any pulse selected
would have a pulse duration that can be quantified in the second or microsecond range.
Furthermore, Castel discloses that the pulse duration as well as duty factor should be
selected based upon cdlinically tested parameters, Therefore, the operating parameters
of the system, such as signal amplitude and pulse repetition rate, would have been
obvious to one skilled in the art without undue experimentation based upon the desired
effects of the system.

Claims 1-22 are rejected under 35 U.S.C. 103(a) as being unpatentable over
Lidgren et al in view of Kaufman et al. Lidgren et al disclose an ultrasound therapy
system for treating disc disease. The ultrasound is focused in the intervertebral disc
which includes the nucleous pulposus. The ultrasound is focused such that it does nat
adversely damage other areas of the body. The frequency is set between .5-2.5 MHz.
The temperature in the area being treated is also monitored. With regard to claims 7,8,
these limitations appear to be inherent results of using the system of Lidgren etal on a
patient. Lidgen et al is silent with respect io many of the operating parameters of the
system. It should be noted that while Lidgren et al is further silent with respect to the
use of an amplifier, the use of such is old and well known in the art as shown for
example by Kaufman et al. The use of an amplifier in the system of Lidgren et al would
have been obvious in that such is a well known expedient in the art to aid in providing
the desired signal effect. Kaufman et al further disclose in column 1, that it is known in
the art of ultrasound therapy to use pulsed waves. The pulsed mode can be used to
reduce the average power delivered to the patient. It would have been obvious fo one
skilled in the art to have modified Lidgen et al such that it operates in a pulsed mode.
The selection of such merely involves the selection of a known operating mode in the
art based upon the type of treatment being performed. It appears that any pulse
selected would nave a pulse duration that can be quantified in the second or
microsecond range. Column 1 of Kaufman further discloses the use of a pulsed sine
wave at a frequency within the range of 1.3-2.0 MHz and at a repetition rate of 100 to
1000 HZ. The selection of the operating parameters such as the signal amplitude,
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frequency, repetition rate and pulse duration would have been obvious to one skilled in
the art without undue experimentation based upon the desired effects of the system.
The use of a wide range of such parameters are well known in the art and the selection
of these is based upon the desired results of the treatment and the location of the
treatment.

Claims 1-21 are rejected under 35 U.S.C. 103(a) as being unpatentable over
Lidgren et al in view of Klopotek ('769). Lidgren et al disclose an ultrasound therapy
system for treating disc disease. The ultrasound is focused in the intervertebral disc
which includes the nucleous pulposus. The ultrasound is focused such that it does not
adversely damage other areas of the body. The frequency is set between .5-2.5 MHz.
The temperature in the area being treated is also monitored. With regard to claims 7,8,
these limitations appear to be inherent results of using the system of Lidgren et al on
patient. Lidgen et al is silent with respect to many of the operating parameters of the
system. Klopotek which discloses an ultrasonic hyperthermia device which includes
transmitting pulsed focussed ultrasound waves into a patient such that they are focused
into & particular layer of the skin, The device includes an ultrasound source, focussing
lens and controller. The device further includes means for monitoring the temperature
of the selected site. |t would have been obvious to one skilied in the art to have
maodified Lidgen et al such that it operates in a pulsed mode. The selection of such
merely involves the selection of a known operating mode in the art based upon the type
of treatment being performed. It appears that any pulse selected would have a pulse
duration that can be guantified in the second or microsecond range. The selection of
the operating parameters such as the signal amplitude, frequency, repetition rate and
pulse duration would have been obvious to one skilled in the art without undue
experimentation based upon the desired effects of the system. The use of 2 wide range
of such parameters are well known in the art and the selection of any of these is based
upon the desired results of the treatment and the location of the treatment.




Application/Control Number: 10/093,866 Page 6
Art Unit; 3737

Claims 22-28 are rejected under 35 U.S.C. 103(a) as being unpatentable over
Lidgren et al in view of Klopatek ('769) and Kaufman et al or Castel. Lidgren et al
disclose an ultrasound therapy system for trealing disc disease. The ultrasound is
focused in the intervertebral disc which includes the nucleous pulposus. The ultrasound
is focused such that it does not adversely damage other areas of the body. The
frequency is set between .5-2.5 MHz. The temperature in the area being treated is also
monitored. With regard to claims 7,8, these limitations appear o be inherent results of
using the system of Lidgren et al on a patient. Lidgen et al is silent with respect to many
of the operating parameiers of the system. It should be noted that while Lidgren et al is
further silent with respect to the use of an amplifier, the use of such is old and well
known in the art as shown for example by Castel and Kaufman et al. The use of an
amplifier in the system of Lidgren et al would have been obvious in that such is a well
known expedient in the art to aid in providing the desired signal effect. Kiopotek which
discloses an ultrasonic hyperthermia device which includes transmitting pulsed
focussed ultrasound waves into a patient such that they are focused into a particular
layer of the skin. The device includes an ultrasound source, focussing lens and
controller. The device further includes means for monitoring the temperature of the
selected site. It would have been obvious to one skilled in the art to have modified
Lidgen et al such that it operates in a pulsed mode. The selection of such merely
involves the selection of a known operating mode in the art based upon the type of
treatment being performed. It appears that any pulse selected would have a pulse
duration that can be quantified in the second or microsecond range. The selection of
the aperating parameters such as the signal amplitude, frequency, repelition rate and
pulse duration would have been obvious to one skilled in the art without undue
experimentation based upon the desired effects of the system. The use of a wide range
of such parameters are well known in the art and the selection of any of these is based
upon the desired results of the treatment and the location of the treatment.
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13
whersin said preselected periodic therapeutic sine modu-
lated ulrasonic sine signa!l is a frequency and ampli-
tuds modulated signal with a carier frequency having
2 zelected value in the rangs beteeen zhout 25 kcH: and
about 2 MHZ. and having a sweep rmage berwesn the
selected value and about 2 MHZ;
= modulating frequency haviog 2 selectsd value in the
range up to about 25 kKHr. and having = sweep range
berwasn the selected value and about 25 kH
a modulation index being up to 1000
= pilse width being between about 0.1 ms and about 1.0
5]
a durstion of & puise and & pause for one repetition being
between abaut 0.01 ms aod abow 1.0 5
a number of pulée repetitions within a cycle being up o
5000
a cycle duration being between abor: 0.2 ms and about 1.0
5}
zn inlznsity being in the rangs of 20-100 mW/em™: and
2 duration of exposure being berwesn shout 5 minutes and
about 1 howr for 1 o 3 times 8 dsy
& The method of non-invasively therapeutically meating
2 hane Hisee in vive according to claim 7, wherein said
presclected periodic therspeatic sine modulared ulrasonic
sire signal is the frequency and amplimds modulated signal
wilh:
ths carrier frequency being 1.1 MEZ
the modulating frequency being 500 Hz. said modulating
frequency having a swesping range between 500 Hz
and 2000 Hz;
the modulation index being 1.
the pulse width being 4 ms.
the duration of ¢ pulse and 5 pause for ooe repetition being
8 ms,
the pumber of pulse repetiticos within & cycle being 25,
the cycle duration being 1 =, and
the intensity being 45 mW/em®,
9. The methed of non-invasively therapeutically treating
a bone Gssee in vive according to claim 1. wherdn said
thickness of said soft tssus it caloulsted as

d=,71

where d, is the desired thickmess: v, Is the velocity of
ulgascund in sofl tissue; and 1 is 2 round-trip transit ime for
s2id acoustic pulse to ravel from & souree thereod through
the =off tisswe, to the bone tssue. 2nd back theough the soft
tissue.

10. The method of non-invasively tharapeutically treating
& bope Hssue in vive according 1o claim 1. wherein said
initiz] interrogating acoustic ulrasoaic pulse is an exponcr-
tially damped sinuscidal sipnal 2t 1.1 MHz. with s duration
of about 2 ps.

11. A method of non-invasively therapeatically trealing 2
boos tissue in vive using wltresoric signals, comprising the
sieps off

(A} generating & preselecied periodic therapeutic ultra-

sonic signal:

(B) selecting a power intensity of said therapeute signal

by virtue of
{B&) goncrating an inemogating ultrasopie pulse,
{Bb) ransmitting said imrmogating ulresonic pulse o

14
{Be) recsiving a portion of seid iplegrogaries pulse
refisct=d from sald booe Hssue.
{Bd) det=rmining the thickness of said soft dssue using
szid reflected portion, and
3 {Bz) adjusting the amplitude of said thesapentie nlma-
somic signal as 1o ensure that 2 spatizl-average dme-
average power intensity thereof reaching aid bonie
fiteils comesponds to & predetermined value: and
[C) exposing said bone Hssue to szid therspeutic vlira-
sopic signal mansmitted through soft Hssue overlying
said bane tissue,
12 The method of non-iovasively therapeutically geating
2 bope tizsue in vivo according lo claim I1. whersin said
preselected periodic therapeutic uloasonic signal is ampli-
15 mrde modulated and has
a carrier frequency being berwsen about 25 kiz and about
2 MHz.
a modalzting frequency being up to #bout 25 EHz.
a modnlation index being up to 100
a effactive doty cycle being betwesn aboar 0.0031 and
about 1,
an intessity being in the range of 20100 mW/cm®, and
2 durstion of exposure being between sbout 5 minutes and
zhout 1 hour for 1 w7 times & day.
13. The method of non-invasively thermpeutically reating
2 bope Hssus in vivo according to claim 12, wherein said
amplituds modulated sighal has
the camio fequency of 1.1 MH2.
the modulating frequency of 20 kHz
the modulation index of 0.3,
e pulss width of 0.5 ms.
the cycle domation of 3 me. and
the intepsity of 45 mW/om®,
14. The m=thod of non-invasively therspentically Teating
3 bope dssus in vivo accerding to claim 12, whersin said
amplitide modylated signal has
the carrier frequency of 1.1 MHz
the modulating frequency of 20 kHz,
the medalation index of 0.3,
the pulse width of 0.1 ms.
the cycls duration of (.5 ms. and
the intensiry of 45 mWien®,
15. The method of pon-invasively therapeutically weating
2 bene tissne in vivo according 1o leim 12, whercin said
amplimids modulated signal has:
a pulse width of between abowm (1.1 ms and about 1.0 5.
& guration of & pulse and @ pauss for one repetition of
between aboat 0.1 ms and about 1.0 5.
& nomber of pulsc repetitions within 2 oycle of up te SO0D.
and
= cycle durstion of between about (1.7 me and sbout 105
16, The method of non-invasively therapeugcally reating
2 bans tisspe in vivo according in claim 15, whersin said
amplitude modulated signal hes
the cartier frequency of 1.1 ME:
e modulsting frequency of 5 kHz.
the moduletion index of 03.
the polse width of 4 ms.
the duration of 3 pulse and a psuse for one repetiion of
£ ms.

e e I e
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the intensity of 45 mWion®
17. The method of pon-invasively therapeutically treating
2 bons tissue in vivo acconding to claim 11, wherein said
Eeselecied periodic therapeutic wltrasopic signal is a fre-
gquency and amplinede modolated signat with

a carrier fequency having 2 selecred value in the range
between ahout 25 kHz 2ed zbout 2 MHz. 20d having 2
sweep range between the selected valoe and about 2
MHz,

a modulating frequency having a selacied value in the
range up (o abowt 25 kHi. and having a sweop range
between the selected value and about 15 kHz;

a modulation index being up to 1H00, :

a pulse width being betwesg about (.1 ms and about 1.0
L.

dumatjon of a pulss and a pauss Tof one repefition being
between zhout (.1 ms and about 1.0 s,

a pumber of pulse repetidons within 2 cycle being up to
SO0,

2 cycle duration being betwesn aboat 0.2 ms and about LO
5.

n intensity being in the range of 20-100 mWicm?, and

& duration of exposure being betwesn sboot 5 minutes and
about 1 hoor for 1 to 3 tmes 2 day.

18. The method of non-iovesively therapettically treating

& boge Hssue in vive according to claime 17, whersin said
frequency and amplitude modnlsted signal has

the carrier frequency of 1.1 MHZ.

the modulating frequency of 500 He said modulating
frequency sweeping range of betwresn 500 Hz and 204

the modulation Index of L.

the palse width of being 4 ms.

the duration of a pulse and a pauss for one repelition of
§ ms.

the mumber of pulse repetitions within 3 cycle of 25.

e cycle duration of 1 5. and

the intensity of 45 mWicm™

1%. The meathod of poa-invasively themspeutically treating

a boas tissue in vivo according o claim 11, wherein said
thickmess of sald soft tissue iz calcuizted ag

5

n

b

2

16

A

where d, is the desired thickmess; v, is the velodny of
ulerzsennd in soft Hssue; and T is a round-ip ransi time for
szid zcobisic pulse to Tavel from 2 soures thesof through
the soft tizsue. 1o the bone tssue, 2nd back through the soft
{issue.

20, The method of nop-invazively Giorzpeugcally reating
z bope tssue in vivo according to claim 11, wherein said
initial interrogating scoustic ulmasonic palse is 20 cxponen-
tielly damped sinuscidal. signal ar 1.1 MHz with a duration
of about 2 us.

21 An apperatus for non-invasively therepeticel |y meat-
ing boge dssue io vivo comprising:

2 waveform synthesizer for producing

an isPfal jnt=mogabing acoustc ultzsonic signal w
determine the thickness of a soft dusur ovelyiog
said booe tissue. and

&n excitation sipnai to be applisd 1o said booe Hssue,
said excitatiop cigpal being a finite darstion sine
waye camier signal with a frequency selected in the
Wtrasonic region (o approzimately 11 MHz modu-
fared by a modulating sine signal with a frequency
azlected between about § Hr and aboat 25 kHz, said
excitation signul being repeated subsantally in the
rzoes 1 to 5000 Hz;

an urasenic tansducer haviog

2 Tansmitting clement being conpected to szid wave-
form synthesizer and edepted for scoustic coupling
o nearhy skin and for conveying said interrogating
znd s=2id excitation signals along 2p ascertained path
1o said bone Lissue,

& receiving element for receiving = reflected portion of
said inlerrogating signal reflected from said booe
tissps: and

a compater coupled to said mansducer and said receiving
clement. for adjusting said eacitstion signal responsive

10 saié received reflected signal
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[57] ABSTRACT

An ultrasound therapy system with aofomstic dose
control includss an ultrasound transducer, sn ultra-
sound generator controllable in freguency and power
output cannected to the transducer, & system controller
interfaced to the genemator, input switches interfaced to
the controller to enshle the input of sslectad ubrasound
treatment parameters, and a display imterfaced to the
controller. The controller is programmed to calcnlate
=0 ulresound treatment dossge In terms of frequency,
ulirasound imtensity, and treatment time from the en-
tered treatment parameters. Once reatment Is staried,
the controller tracks the sccumulated dosege spplied to
the tespe. The clinician can vary the intensity or treat-
ment tims, and the controller will recsleniate the other
facter for the Temaiming portion of the vnapplied treat-
ment dosgge.

16 Claims, 3 Drawing Sheets
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1

ULTRASQUND THERAPY SYSTEM WITH
AUTOMATIC DOSE CONTROL

BACKGROUND OF THE INVENTION

Ultresound has been psed z< a therapeutic techniqoe
in physical medicine for aver forty years. By 1953, the
Council on Physical Medicine and Rehabilitation of the
American Medical Association recommended the tach-

nigue as an adjunctive therapy for the treatment of pain,

saft tissus injury, and joint dvsfonction mcleding ostec-
arthritis, perisrthritis; bureitis, tenosynovitis, and a var-
ety of muscuioskelets] syndromes. Other apolications
zuch as acceleration of wound besling, phonophoresis
of topiczl drugs, treatment of scar tssus, and trezcment
of sports injuries have been reported.

Ultrasonic therapy relizs on mechanical vibration of
tizspe 1o cause thermal and nonthermal effects, using the
conventional therapeutic freqguency of 1 Mhz (mega-

herrz) or the newer 3 Mhe frequency. Basically, the 2

elzgrrical output from the nltrasonic genesator is con-
verted into mechanical vibration throonsh a ransdueer
made generally of 2 crystalbine matedal, such as lead
Zirconate titanate (P21} or other synthetic or natural

crystals. The mechanical vibration prodeces an acoustic 2

wave which travels through the Gsue and is sbsorbed
in the process. The rate of sbsgrption and, thus, the
thermal effect is based on the tssn= type encountered,
the frequancy of the ultresound beam, and the intensity

of the ultrasonizc sutput. The energy is trensferred from 2

the transducer to the patisnat’s tissus wsing a coupling
medium or couplant, sech &5 oltresonic gel, loton, hy-
drogel, or water. Outpat may be continuous wave or
pulsed depending on the therapentic indication. Cutput

intensities of 0.1-3.0 W/cm? (watis per square centime- 3

ter) are typically applied for thermpeutic purposes in
pulsed or continuous modes with ohrescund therapy.

Power output of an wtresonic transducer may be
indicated in watis as the towzl power emanating from the
transducer or a5 intensity in’ W /cm® which is the 1ol
acoustiz power output divided by the effective radiat-
ing areq or surface (ERA) of the transducer. [ntansity is
commonly used for therapeutc ultrasound applications.
Caonrinuous wave nltrasoend owtpat may also be mea-
sured in energy units of joules (weit-seconds) which is
the amount of total deliversd scouvstic power applied to
the dssue over the total trestment time Contmuous
wave ultrasound is generally used for thermal applicy-
tioms.

Pulsed output is also referred 10 23 amplitude modu-
lated waveform operation. This means that the ootput
wrns on and off in short periodic imtervals. This reduces
the average power delivered to the patient, as compared
10 continuous output. Output power is displayed as the
averape power during the pules of ultraconic energy. In
order 1o calculate the average power over time, the
indicated power output is multplisd by 2 duty factor,
which s defined as the op-time per period divided by
the total time of the period, that i, duty factor=-
(timseq)/(Hmegq+timeyy). Palsed outputs are geasrally
used in pain control and tissue healing applications at
non-thermal levels. Pulse dorztiane and duty factors
should be selected based on chinically tested parameters.
Ultrasonic therapy systems should provide a full rznge
of pulsed modes, allowing the clinician 1o trest acute 25
well a5 chronic injury.

In order to accuraicly portray the ootpat charactens-
tics of ultrasonic therepy ansducers, an evaluption of
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the radiating surface must be mads. This can be done
psng sophistcated iesting systems which scen each
porticn of the trapsducer with an underwater micro-
phone known g5 gn acoustic hydrophone. Evalustion of
the radiztng surface of most rransducers demonstrates
that in the near field (gencrally within 10-20 cm of the
sound besd surface), significant nregulenties iIn output
intensity exisz. These range from little or no intensity to
very high peak intensitics.

The effective radiating area (ERA) of &n ultrasound
transdecer & determined by scanning the rransdueer at
2 distsnce of 3 mm (millimeters) from the r2diating
surface snd recording all areas in excass of 5 percent of
the meximom power output found at any location on
the zurfaze of the transducer. The ERA i zlways
smaller than the actunl trensducer serfzce; thus, the
apparent size of the transducer is not indicative of the
gffective redising surface. For this resson, ndividual
scans of each transduocer should be performed to ensure
proper celibration of intensity in W/cm?® of ultrasonic
ogtpel. A common mistake i5 10 ssepme that the enrire
surface of an ultrazound transducer radiztes ultrzsound
otpal. This is generally not true, particular with larger
tranednesrs, such as 10 cm?, There is no point in having
g large transdocer with a small effective radisting sur-
face because such an srrangement mechamcslly hmits
the coupling in smaller areas, The tr=nsducer ERA
should match the physical transducer head size’ as
closslv as possible for cese of application w various
body surfaces in order {0 mainizin the most effective
couphng.

The major measure of beam homogensity of an ultr-
tomic trensducer 5 the basm nonuniformity rato

.(BNR). Beams from practical ultresound wensdoecers

are not homogensous in intensity across their wave-
fronts. The BNR is the ratio of the highest inteasity
fornd in the ficld to the average intensity, s indicated
on the oustput display of the generator. 1f, for ezample,
the BNE of a transducer is 6:1, 25 iz typiczl for many
ultrazonic therapy transducers, and the intensity is set at
1.5 W /cm?, intensities in the order of 9.0 W/cm? would
be present in the held. The high pesk intensities with
high BNR's are responsible for the discomfort or perios-
tea! pam often associated with elirasound treatment.

The higher the BNR, the more important it is
move the transducer faster dudng treatment to avioid
hot spots and azeas of tssue damage or cavitation,
which refers (o microbubble implosions causing small
vexss] and eell membrane damage. Apphbcston tech-
mique &, thus, BNR dependent. The allowable intensity
of the ultrasound beam should be the lower of patient
tolerarcs o the beam intensity or the tr=nsient cavita-
tion threshold of 8 W/omi, which is calculated by mul-
tinlyinp the BNR by the output intensity. The lower the
BNER, that is, the more even the spacial mtensity of the
beem, the slower the operator mey apply the nltrasound
1o the tresmment 2rea withowt fear of periostzal burning
or tramsient cavitstion). Low BMNR's provids highly
uniform oliresonic therapy ficlds, allowing zapid bulk
hesting, since the cliniclan is able 1o move slowly in the
treatment zrez with a homogensous beam. Accurate
mezsurement of BNR also allows the clizician to select
trancduecers which ensure comsistent, umilorm beam
characteristics.

Ahsyrption characteristics of ultresound =re unique in
that the absorption coefficients for meny tisnes vary
linearly with frequency over the range of 10 to 50
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MHz. For this reason, transducers operating at hoth |
and 3 MHz eltrasonic frequencies should be available 1o
provide the clinician eontrol the depth of beam and
biolagical effects. Ultrasound energy at 1 MHz has 2
Ealf walue layer (30 per cent ensrgy absorprion layer) of
30¢em in muscle, whereas 3 MHz hss a half value layer
of 1.0 em in muscle, The 3 MHz frequency i selected
where the effect is required superficially. This would
include reduction of edema in recent injuries and tres:-
ment of skin ahrasions, bruising, epicondylitis, arthritis
of small jeints, scar ristue, perinstitis, uleers, and pres-
sure sores. Aclie injury responds well to 3 MHz ultra-
sound treatment, and thers is = good anaipesic effect.
The lower frequency of | MHz common to most ultre-
sonic therapy gpenerators is vsed to treat more desply
seated lesions where Abrotic or sclerotic conditions
exist, widespread comtractores in tendon and muscie,
znd large joints affected by ostecarthritis.

The biological effects of ultrascund may be catege- 2

rized sccording to two mejor areas: thermal effects and
nonthermal effects, including acoostic streaming, cavi-
tation, and other mecharical sffects,

In loeal regions of tissue subjected 1o an ulirasonic
plana travelling wave, heat is produced ata rate per unit
volume proporticnal to the Jevel of intensity and the
abzorption coefficient of the tissue. Under stable condi-
lions, temperature incresses 2t a constant tate, provided
the treatment area is limited 10 &n area of approximately
twice the ERA of the transducer. Treating too large of

an area at a time will result in cooling effects by the =

normal blood flow, and 20 insdeguate tissus tempera-
ture ineresse will result. Surprisingly, many therapentic
oltresound treatments ziven every day in the clinic do

not resolt in temperatuse increzses of noteworthy valoe, 3

although the clinician's intent was 1o provide thermal
effects. This is due in part 1o the uneven distribution of
ultracound across the transducer smrface (high BNER),
the treatment of too laree of =n ares for too short of a
tims, and the lack of condderation of tssee arget loca-
ton and coupling media

Tissues with high collagen content most strongly
aisorb ultraconic energy &t the frequencies commoniy
esed therapentically. Most soft tissuss have gSmilar ab-
sorption coefficients. As previopsly described, besm
pensiration is & function of frequency. Thus, if one
wishes deep heating, the use of 1 MHz wltrasound 3
indicared, as compared to surface where 3 MHz would
b used,

The capahility of obtaining reliable temperature in-
creasss in the tissue is the key to achieving therapeuric
effects. Alterations in c=ll membrane diffusion, extensi.
bility of collagen, and catzlytic re=ctions times are spe-
cifically temperature dependent Ia general, the applica-
ten of therapeutic wrscoind = ns=d to prodece heat-
ing effects ranging from mild (1" C. tssue temperature
increase), moderate (2% C), of vigorous (#° C). The
higher temperalure increases zre uzeful in the treatment
of chronic connective tisspe 2nd joint disezses such as
contraciure, chronic scars, =nd gstegerthritis, wheraas
the lower temperalure increases are used in the treat-
ment of subacute injury and to aceslerate tssue repair.
[t has been noted that thermal levals of ultrasound in-
dece local release of histamine, further inereasing blood
flow and local microcirculation. Otber researchers have
d=monstrated that the selective heating of nerve fissue
msy produce temporary conduction biocks in nerve
action potentizl propagation. This may be a factor n
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blecking pain with ultrasonic therapy applied at ther-
mel levels

Regarding nonthermal effects, acoostic streaming is
an effect prodoced by the ultresopic beam within the
tissue which ocecurs primanly =t the c2ll membrane
interfazs Streaming is the unidirectiona! movement of
ssie components exposad 1o the whresonic feld, This
effect has been observed by many investgzators, and is
thought to be responsible for affectng cellular diffgion
rat=s, membrane permeability, and acceler=ted synthesis
of collagen. It should be noted thar these stimulatory
effects genarally occor at low inlensity, pulsed modes of
3 MH= ultrasound 2nd are not evident at higher intensi-
ties and different frequencies. The primary effects on
collagen synthesis and healing rates appear to ocour at
an early stape of the regeneration procsss during achve
growth and proliferation. Reactioas limited by diffusion
rates including the re-absorption of sxndstes may be
accelerated by streaming effecte, Thee= movements also
contzin epough enesgy to snhance the making or break-
mg of weak secondary hydrogen bonds, thes accelera:-
ng enzymatic reactions,

It has also been found that platelets exposad o vlira-
sonic fields release serotonin. This may help to explain
pain reduction effects, since serotonin 55 an important
neuroiransmitter invalved in the relezse of endogenons
opiates, such as enkephalins and dynorphins. Increased
phzgocyviic actvity and bactericidz! capacity have also
been observed with five minute ultresonic energy expo-
sure a1 therapeutic levels of insonation.

Cavitatign is a condition where gaz bubbles form
withio the tissues as a result of ulfsssonic rediation,
These bubbles oscillate within the ultresoond field at
the ultresonic frequency. Stable bubble formation in
vive has been observed using acoustic imsging tech-
niques at mtensities in the therapeutie range st intermus-
colar interfaces. Low level cavitation snd mechanical
micramatzage at the cellular level is thought to be re-
tpomable for cellular stimulation, ed=m= redoction in
post taumatic injury, as well a£ the stimnlation of
mechanoreceptors and the aulonomsic mervous system.
Sympathetic, parasympathetic, and sensory stimulation
by ultrasound in puls=d modes may sccount for the pain
relisving effects ofien associated with uhrasonic ther-
2py. Some researchers have demonstrzted increased
nerve conduction velocity following msonstion of
nerve tssues. [t is apparent from meny chnics! observe-
tions that ulirasound producss significant analgesic
effects in 2 lerge percentapge of patients on account of
both nesrologic stmulation and the snt-inflammatory
effects of ohrasound on tizsues.

As deseribed sbove, ultrasound therapy has measur-
able and otherwdse verifiable thermal and ronthermal
effests om various types of Hssues depending on varions
parameiers of the applied acoustic epergy and manner
of applicztion to tissues, Thus, contzol of the parameters
of therapeutic ultrasound would provide a clinician
with the capability of treating a grezt variery of ailments
with predictable results. However, the great majority of
uitcasound treatments are applied with fixed parame-
terz, esally | MHz at 1.5 W/cm? for five minutes with
a relatively high BNR transducer, regardless of the area
or depth of intended tissue {réatment. Although some
nonthermal bepefits meay be derived from such an ap-
proach, the thermal benefits osuslly intended are sel-
dom realized from such an imprecise application of
ultresound.
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While eliricians, such as osizopaths, chiropractors,
and physical therapists, and others who employ there-
pentic oltrasound are ususlly kmowisdpezble in their
respective areas of specizlty, they zre wsually not
trzined 10 make the necessery =djustments to therapen-
tic plrrasound instruments which woold enzble the wide
vanety of treatments of which the zpplication of ulira-
sound is capshle, Therefors, an appzoach which would
facihtate the contral of ulirasound transducer parame-
ters in relation to the type and location of tissue 1o be
treated snd the desired effect oa the treated tssue
would be of considersble benefit to the patient receiv-
ing the treatment.

SUMMARY OF THE INVENTION

The present mvention providss apparatns and meth-
ods for 2pplying oltrasound 1o the treatment of tissues
which [acilitates the insonation of dssuss with a precise
“dose” of ultrasound eoergy which is calculated on the
basis of reatment parameters input into the apparatuos.
In generzl the appasame inclndes an ultrasonic trans-
duocer, an ultrasound generafor comtrollsble in Fre-
guency and power oulput connscted to the transducer,
an nlrrasoumd controller including a microprocessor
irterfaced o the ultresound penerstor, nigasound pa-
rameter input switches interfaced to the controller, and
2 display interfaced to tha coptrolier. The transducer
preferably has a low beam non-uniformity retio (BNE),
and the apparatus prefersbly inclodes muldple trans-
ducers having heads with different effective radiating
aress o facilitate treatment of different sized areas of
tisspz, The ultsasound generstor mcludes a radio fre-
quency oscillator operable at on= and three megsherts
zlong with a radio freguency amplifier with a controlla-
ble power output.

The controller is programmed to celoulate & treat-
ment dose of ultrasound energy in terms of treatment
frequency, output intensity (W/cm®), and tresiment
time based on the clmoan's =eleetion of a number of
treatment parameters. The treatment parameters in-
clode primarily the depth of tissus w be tweated, the
desired fissue temperature rize a3 & resuli of treatment,
the area of tissue to be treatsd, and 2 sslscton of an
uitrasound couplant. The teatment parameters may
gizo inglude a sefection of dssue type and doty factor of
the ultrasound ontpot signsl Preferably, the control
program reverts to defanlt foestment parameters if oo
Ireatment parameters are sntersd.

The selected tissne depth determines the frequency of
the ulrraspund putput sigeal. A thres megahertz signal
is absorbed within a relatively shallow depth of tissoe,
depending on the character of the tissoe. A one mega-
hertz signal has less sbzorption in shallow layers and
therefore penetrates to grester depths in comparison to
& three megaheriz signal

The outpet intensity of the trensducer for & given
treatment 15 determined by the desired temperature riss
of the target tissue and the type of the wmrget tissue, the
nitratonic transmission charactsristcs of the coupling
medivm employed and of tssue mtervening betwesn
the transducer and the t=rget Gsoe, and the arex of
gpplication of the terget tisspe. Thermal ultrasownd
trestments are characierired as mild, moderate, and
vigooous, corresponding 1o tissue tEmpersture increases
respectively of one, two, and four degrees Celsius. The
ultresonic transmissivity of coupling mediz or cotplants
r=nge from nearly 1009 for water and 9696 for agueous
gl 1o 689 for hydrogel. The control program of the
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present invention provides for the selection of one of 2
number of common Wirasonic couplants. Ultrzsound
en=rgy sbsorption in the selected couplent is factored
inte the determination of the smount of ulrasound
enerzy which can e iransferred to the target tissue.
Vanous types of dssues have different nltzasound ab-
sorption characteristics, ranging from low shsorption in
fat, modsratz absorption in muscles, kigher abzarption
in connective tissue such as tendons and lisaments, and
the lighest absorption in bone tissue:

The oluasound power output of the wansducer is
applied over iis zffective radiating area (ERA). The
controller is programmed to bresk down a relztively
large treatment area entered into & number of weetment
segments consistng of a few muldples of the ERA of
the transducer employved. The contral program tracks
the completion of each treatment segment and alerts the
clinician as each segment is complete. This avoids
spreading the available ultrasound energy over an ares
to0 kargs which would otherwise result in no effective
treaunent being applied. The duty factor of the output
signzl iz a maasuse af the ultrasound powsr applisd over
tmme by 2 pulsed oltrasound signal 2nd & defined as the
ratio of op-tme to thz total period of = polsed ulirz-
sound sigmal

After the treatment parameters have besn entered
and the trearment dosage has been calculared, the clini-
cian may inftate the teatment of a fisst segment. In
gensral, it is desirable to apply the maximom amount of
ubtrasound intensity for the shortest perind of time con-
sistent with the avoidance of tissue damage and with the
comicn of the patient, to avoid cooling effects caused
by mcressed bloodflow triggered by the increase in
temperature of the treated tissue. A low BNE trans-
dueer allows the applicution of a high average intensity
owver the ERA of the transducer withoot the problems
gssocisted with high peaks of energy from the trans-
ducer. The control program limits the output intensity
to below the transient cavitation threshold of 8 W/cm?.
An incresse o output intensity canses 2 decreass in the
remaining treatment me to maintsin the sams cumyla-
tive dos= of ulasonie energy.

In practice, the clinician increatss the output inten-
sity until the patient experiences discomfom, at which
point the intensity is decreased in increments. The con-
trol progrem trazcks the comuletive energy 2pplied and
recalcplates the remaining treatment fime based on the
new imtensity level and the remaning treatment dosage
1o be zpplied. Alternatively, the clinician can vary the
treatment time wharsby the control program recalcu-
lates the output intensity for the remsining dosage
When treatment of the ares segment 5 complets, the
conirol program aleris the clinician to move to the next
segment, and the process is repeated.

OBIECTS AND ADVANTAGES OF THE
INVENTION

The principal objects of the present invention are to
provice zn improved therapeutic ultrasound system; to
provide such a system which more effzctively exploits
the therapeutic capabilides of ultrasound treatment than
existine cyvstems: 1o provide such a svstem which facili-
tetes the precise use of ultresound therapy by climicians
for more beneficial treatment of patisnts; o provide
such = system in which an ultrasoond ransducer is
controlled by & computer which is programmed to
calcolzie & treatment dosage of oltrasound energy in
terms of 2 c=lcolated ultrasound output intensity overa
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calculated Ireatment ime based an treatment parame-
ters ensered by the clinician: to provide such & system in
wiiich the treatment dosage is ealcnlated based on the
depth of tssite 1o be trested, the desired tissue tempera-
ture risg in response o the oeatment, the zrea of tisspe
o receive ultrasonnd trestment, the ultrasound cou-
pling medium, the type of fGssus w be treated, and the
duty facior of the eltrescund semal: to provide such a
system which tracks the cumulative dossge applied and
which aflows the cliniciar to vary either the intensity or
treatment Uime and receloulates the other factor for the
romaining portion of the trezunent desage stil] to be
applied; 1o provide such a system which prevents ed-
Justments bevond 2 range which might cause tissuse
injury from the ultrasound ensrgy; and (o provide such
& therzpeutic ultrasound sysiem which is economical to
manufasture, which &= preciss and convenient in opera-
tien, and which is particoiarly well adapted for its in-
tended purpose.

Cnher obiects and advantzpes of this invention will
become apparent from the following deseniption taken
in conjunction with the zccompanying drawings
wherein are set forth, by way of illesiration and exam-
ple, cerizin embodiments of thas mvention,

The drawings constitate 2 pert of this specification,
melode exemplary smbodiments of the present inven-
tion. and illustrate varions ohjects and festures thereof,

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a block diagram illustrating the principal
companents of a therapeutc oltresoend system which
embodies the present invention.

FIG. 2 s 2 frapmentary perspective view of an ulora-
sound transducer unit suitsbis for wee in the svstem of
the present invention.

FIG: 3 is a conceplual block diagram of the ultra-
sound contro] syszem of the pretent invention in which
the ultrasonnd intensity of & calculated treatment dos-
2ge iz varied.
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Flt. 4 i5 a conceptuz! block disgram of the ultre- 40

sound control sysiem of the present mvention m which
1he treatment time of 2 calenlated desape is vaned.

FIG. 5 is a flow dizgrem of the main components of
the control progrem of the therzpentic ultrasoond sys-
t=m of the present invention.

DETATLED DESCRIFTION OF THE
INVENTION

As reguired, detailed embodiments of the present
mvention are disclosed herein; however, it is to be op-
derstond thet the disclosed embodiments are merely
exzmplary of the invendon, which may be embodied in
varions forms. Therefore, specific structural and fune-
tional details disclased herein =re not 0 be intarpreted
as limiting, but merely as & hass for the claims and as a
representative basis for teacking one skilled in the art to
vanously employ the presant invention in virtually any
appropriately detsiled strociure.

Referring to the drawings in mare detail:

The reference numeral 1 genssally designates a thers-
peotic ulirasound system which embodies the present
invention, The sysiem 1 gensrally includes an ulira-
sound transducer unit 2, uitrasound generator circuitry
3, 2 system controller 4 (FIG. 1), 2 plurality of treat-
ment parameter input switches 5, znd 2 system display
6. In general, the system 1 calcolstes 2 trestmens dosage
of ultrasound energy to be zpplied by the transducer
umit 2 based on trestment parameters entered by opers-

25

a0

3,413,550

8
nion of the mput switches 5 and maintsing the celculated
ouipor intzasiy of the unit 2 aver the celeulated treat-
ment time to achieve the calculated treatment dosage.

The wansducer unit 2 (FIG. 2} includes = hovsing 9
ferming 2 handle 10 for manipulation of the unit 2 by =
clinieian 11 to apply ultrasound enerey fo the ussue 12
of 2 patient A distzl end of the housing 9 supports a
ramsdocer head 14 having an ultrasomiz transducer
element 15 mounted therein. Excitstion of the trans-
ducer efement 15 by a radio freguency signal from tha
gemerator 3 capses ultrasonic vibration of the element
15 which is wltrasopically conpled to the tissu= 13 by an
ultresonic coupling medium or couplent 16. The ilus-
trzted onit 2 has 3 switch papel 17 thereon with intensity
up/down switches 18, ‘@ delistermperature switch 19,
and a freqeency select switch 20. Further details of 2
representative type of wlirasonic transdvcer ooit suit-
abl= for use in the system 1 of the present inventdon can
be found im U.S. Pat. Mo. 5,086,788, tmued Feb. 11,
1992, which i= incorporated hersin by referencs.

The tranzdecer element 15 and & radizting membrans
21 of the transducer head 14 are muinally confisured to
result in 2 low beam non-uniformity retio (BNE) which
is not greater than &1 and which is preferably on the
order of 2:1. The use of a low BNR t=nsducer unit
allows the application ol 2 high average miensity with-
out exceeding the tranzient cavitation threshold or cans-
ing excessive patient discomfort which can result from
intensity peaks present in the ultrasound beam of an
transdocer with 2 higher BNR.

The uitresound generator circuitry 3 includes a radio
frequency (RF) oscillator controilzble in frequency and
& power amplifier controllable in power oerput. Prefer-
abiv, the cscillator is controllable to select either one
megzheriz for relatively deep tissne treatment or thres
megeherts for shallower fresunent. The amplifier por-
tion of the gensrator 3 may be controllzble for cutput
power throogh a continuous rangs or may be controlla-
ble in convenient power output increments In other
respects, the components of the nlwrasound gencrator
circuitry are esseatially: conventional in construction
and operation. An ullratonic doive Sgnzl s commauni-
cated from the gencrator circuitry 3 o the ransducer
eit 2 over a drive cable or dove portion of & cable 22,

The system controller 4 is ess=nti=lly = microproces-
sor with smiteble support circuoitry, such as imterface
circuitry (not shown), read-only memory (ROM) 24,
readSwrite memory (RAM) 25, and the like. An exem-
plary microprocessar for use in the system 1 i5 the Intel
2088, although & number of other microprocessars and
microcontrollers conld alternatively be smploved. A
control program 26 is stored in the ROM 24 and in-
cludes routines for the overall control of the system 1,
including dizgnostic routines, =5 well 25 &n ultrasound
treziment control program 27 (FIG. 5) which controls
operztion of the transducer 15 during ultrasound treai-
ments. The microprocessor & also includes a clock cir-
cuit 28 which controls tming fonctons of the micro-
processor 4

The transducer housing mounted switches 18-20 are
interfar=d 1o the controller 4, and conductors 29 there-
for are routed within the structure of the drve cable 22,
The display 6 s preferzbly mounted on z console (not
shown) having other portions of the svstem 1, other
than the transdocer unit 2, mounted therein, The treat-
ment parameater input switches 5 are alts mounted on
such 2 consofe and are interfaced to the controller 4,
The primary tregtment parameter input switches 5 in-
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clude 2 tissue depth selection switch 32, a tissue temper-
sturs ingrease selection or delts-temperatre switch 33,
2 treatment area selection switch 34, and & couplant
selection switch 35, Secondzry treatmen: parameter
input switches include 2 tissee type selection switch 36
2nd a duty factor selection swisch 37, The secondary
perameter input switches 36 znd 37 =ro preferzbly in-
cleded in the system 1 and imeresse the fexibility
thereof, but are not essential to its besic operation. Al-
ternative to entering indivigual reatment parameters, a
clinicizn may simply select a desired ultresound dosage
by operation of & dosage selection switch 38, The
switches 32-38 may be operated in cooperaton with the
display & to oycle through & plossticy of selections for
e=ch trezmment paramster.

The present imvention spprosches the ultrasonic
treatment of tissue in terms of 2 “dosage™ of ultrasonic
enargy applied to the target tssue. The treatment dos-
age has energy density wmits of joules per square centi-
meter (J/cm?®) whick i dimensicnally equivaient to
wati-seconds per sguare cennmeter (Wesec/cm?), Ul-
tresonic output intensity s messured in walls per square
ceatimeter (W cm®); thus, oltrasound treatment dosage
can also be considered to be the application of ulira-
zound enargy to tissne at a cartain mtensity (W/em?) for
& reguired treatment time (sec). Ultrzeound intensity
and treatment time are referred 1o herein 25 dosage
factars since the trestment dosape is the mathematical
produect of intensity and trestment time. In ultrasound
{reatments mtended to czuse thermal effects in the tar-
get ssne, the dosage it caleulared 1o cavss a selected
temperature rise in the selected teue, given the other
treatment parametars which affect the transfer of ulers-
somic energy from the transdocer to the wrget tissue.

In generzl, the system 1, and the treatment control
rootine 27 in portculer, ensbles the enty of vanoos
treatment parameters, celouiates the frequency of oper-
atiom and treatment dosage based on the entered param-
eters, and s=ts the oscillator and amplifier portions of
the ultrasound gensrator 3 1o outpot an nltrasound drive
signzl of the calculated frequency and power to the
transducer 15 having a piven sffective radiating arca
(ER.A) and sets a imer coatrol 40 (FIG. 3) 1o the tme
required at the sst power level 1o output the calculated
dosage from the transducer 15 of & given ERA. Onee
tr==mment is started, the system 1 gecks the cumulative
doszge applied. Either the outpot intensity or the treat-
ment tims can be varisd durmg treatment, and the rou-
tme 27 will recaloulate the other dosapge factor for the
remaining portion of the originally calculated dosage to
compensate for the varation in the first dosage factor,

Referring to FIG. 5, the trestment control routine 27
is disgrammatically illustrated. At 45, the treatment
parameters are entered by operation of the parameter
selaction switches 32-37. At 46, the routine 27 checks to
sz if treatment parameters have been entered. I any of
the trestment parameters bave oot been eatered, the
routine 27 uses comrespanding defadlt parameters. The
defzalt parameters may, for exsmple, be a tssue temper-
amre rise of 4° C., desp tissue (implyving 1 MHz opera-
tian), agueous gel a5 & couplant, end = trestment area af
2 ERA’s. The system 1 can zhermnatively be set up to uss
other default parameters.

The ultrasonnd energy from the transducer 15 must
be applied to a definite 2rea of Hesne 12 in order to canse
the desired fissuc temperature riss. The eatered treat-
ment eres is divided into eatment ares segments at 47.
To the extent possible, the treatment arez 15 divided ioto
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egual area segments of several ERA's each for the trans-
ducer pnit 2 employed. Thereafier, the dosags is calen-
lated individually for each segment or ihe totzl dosage
for the entire treatment area can be calcularzd and di-
vided mto segment dosages proportionz] to the area of
the segments. At 49, the tregtment is si=rted whereby
the tr=nsducer element 15 is energized =t the zslscted
frequency and at the calculated dossge or energy der-
Druring treatment, time 15 measured by the imer con-
tred fenction 40 which is updated by a tfime €ignal or
clock imierrept from the sysiem clock 28. The clinician
can apply the treament at the calculeted imtensity for
the caleulated reatment time, as indicsted by the de-
fault line 51. However, bacause heating of tssoe will
evenrually trigeer increased bloodflow in the treated
arez which will cause an effective cooldown, it 15 ad-
wvantsgeons {0 increase the output intensity 1o the oler-
znice level of the patient and conduct the bestment n 2
minimnm amopat of time,

A variation in the outpur intensity at 52, by operation
of the switches 18, causes the routine 27 to recalculate
the treatment Wme a1 53 for the Temaining portion of the
unzpplisd dosage initially calculated. The recalculated
imes iz zar fnro the timer control funcdon 40 of the
routine 27 at 54, and weatment continues a3 55, Alterns-
tively, the clinician can vary the treamment tims at S8 by
oper=ton of 2 timer control 59 (FIG. 4), in which case,
the routine 27 recalculates the output intensity at 60 for
the prapplied dosage and sets the recalculated intensity
at 61 toan int=nsity contro] function 62 of the rocting 27
(FIG. 4) The intensity control function 62 is used by the
routine 27 to physically adjust the power cutput of the
amplifier section of the vliresound generator 3. Thereai-
1er, treztment continues at 55, Either the intensity or
trestment tdme can be vared at any fime prior to expire-
tion of the trestment time. The routine 37 checks in-
creasss in intensity to prevent the peaks of ootpat inten-
sity, 2= determined from the BNR of the trensducer wnit
2 emploved, from being increase beyond the transisnt
czvitstion potentizl of 3 Wicm?

Pericdically, the rogtine 27 polls the timer control 40
gt 65 to determine if the treatment is eomplete for the
corrent ares segment. If not, treatment continues at 33
If treatment of the current segment i complete, the
routins 27 checks a sepment counter a1 66 to determine
if all sagmeants have been treated. If not, the segment
counter is incremented #t 67, and the dossge for the next
are: segment is calculzted at 48, Aliemnatively, if the
segments are of equal area, control may be retmmed to
the st=rt treatment block 49, When all segmenis have
besn traated, the souting 27 enters & wait mode at “fin-
ish™ 68, &t which calculations and control for a new
tredtment can be initizted.

The tresiment conirol routne 27 & an exemplary
embodiment of ths oltrasound theragy method of the
present inventon. Varations in the routine 27 ars fore-
s2=n znd are mtended to be encompessed within the
spirit of the invention. FIGS. 3 and 4 diagrammartically
iilustrate the control functions of the svsiem 1 based on
varatinn of the nlirasound output mtensity i FIG. 3
and variation of the treatment time in FIG. 4

The rowtne 27 has been described in terme of calculs-
tion of & trestment dosage based on-a desired tempera-
tore ipcyease in the ireated ticsue For non-thermal
trestments end for repetitions of treamment of 2 particu-
lzr tissne of = patient, it might be more convenient for
the clinician to enter a treatment dosege directly, by use
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of the dosage selection switch 38, When the dosage i
entered directly, the rourine 27 calculstes and maintains
= defanlt ultrasoond intensity and tresrment time or
compensates for menpal veriations in the intensity or
treatment Time.

It is to be understood that while certain forms of the
present invaotion have been flluetrated and described
herein, it is not to be limited 10 the specific forms or
arrangement of perts described znd shown.

What is claimed and desired to be secured by Lettess
Papenris as follows:

1. A method for automartically controlling by avto-
matc conirol circuitry & therapeutic ultrasound trans-
ducer for ultrasonically tresting tiesue and comprising
the steps of:

(2) providing means for inputtng tssue trestment
parameters info anlomatic comirol circuitey opera-
tively connected 1o 2 therapeusic ulmasound 1rans-
ducer:

{B) upon tissue treatment parameises being entered,
automatically calculating by szid control circeitry
zn ulerasound treatmen! dosage based on input
1550 reatment parzmelers ssid freatment dosage
imcluding at least two dosage factors which are
mathematically relaied 1o s2id dosage;

ic) opon no tssue treatment parameters being en-
tered, automaticelly calcolating by said comtrol
crcultry an Witratound treztment dosage based on
selected default tissue trestment parameters;

{d) automatically coatroliing said uwltrasound trans- 3

ducer by said control circoitry to maintain the
calenlated wltrasonnd tresiment dosage:

(=) manually varying a first of s=id dossge factors; and

{f}) automatically varyine a zzcond of said dosage

factors to compensate for variation of the Frst des-
age factor to thereby mamsin the previously cal-
culated dosage,

2. A method as set forth in cl=im 1 wherein szid treat-
ment dosage includes 3¢ dosaee factors uhrasonic inten-
gity of said transducer and a treatment time, znd
wharein steps (2] znd {f) further include the steps of

{a) antomatically tracking the pereentape of the cal-

culated dosage applied to said tssoe;

(b} prior to expiration of said trestment time, manu-

ally varying a first of said dossg= factors; and

(c) zetomatically varying 2 sécond of said dosage

factors in Inverse propormion to varation of said
first dosage fuctlor for = Temeimng percentage of
the previousiy calculated treatment dosage to be
zpplied to said tissus.

3. A method as set forch in claim 2 and incinding the
steps.of:

{2) pricr to expiration of s=id treatment time; manu-

zlly varying said treatment time: and

{b) antomatically varyving said ulirasound intensity in

inverse proportion to varston of said treatment
tme for a remaining percentage of s=id caloulated
treatment dosage to be applied to said tissue.

4. A method as set forth in claim 2 and including the
steps oft

{2) pricr to expiration of sid treatment Hme, manuy-

ally varving said ultrasenic intensity; and

() automatically varving s3id treatment time in in-

verse pioportion to varation of said ultrasonic
intensity for a remaming percentzge of said celou-
lated treatment dosage to be appiizd o said tissus.

5. A method as set forth in claim 1 and including the
step of:
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{a) manually inputting 25 a tissne trestment paramerar
a telection of an wliresonic couplant between said
transducer and an external surface of 2 par of the
body heving said tissue theréebelow.

6. A method as set forth in cleim 1 and including the

step of:

(2} mamielly mputting as a tisste Testmen?: perameter
2 selection of ‘a desired tissee tomperziure incresse
of said tissue in response to zpplicanion of said
treatment dosage thersio,

T A method as set forth in claim 1 2ad ncluding the

siep of

(=) menpally inpuming as a tissue trestment perameter
= seleciion of a tissue depth of s=id dssue to receive
zhirazonic energy by application of said treatment
gosage thersto.

8. A method as set forth in cleim 1 and including the

step of:

(=) manually inputting as a fissee treztment parameter
a selection of a treatment eres of szid nssue 1o
receive said treatment dosage.

9. A method as set forth in claim 1 and meluding the

step of:

{2) providing an ultrasonic transduesr having = beam
noouniformity ratio (BNE) which is not grester
than 4:1.

10. A method for automatically controlling by anto-
mztic contrel circuitry ¢ therapeutic oit=soend trans-
ducer for ultrasonically trealing tissu= =nd comprising
the steps of;

{2) lnputting a selestion of a desired Hssue treatment
depth to awtomatic contrel circuitry operstively
connected 1o & therapeutic ultrasound transducer;

(b) inpuotiing 1o said control circoitry 2 tissues temper-
zturs increase al the selected fssue depth;

(c} zutomatically calculating by s2id contral circuitry
an ultresound trestment dosage in t=rms of dosage
factors of an ultrasound intensity =pplied to said
tisme over A tregtment time Based on the fmput
lissne temperature INCToass;

{d) energizing said transgucer et a freguency corre-
sponding to the input tissus treztment depth;

() antomatically maintaining an output of ultzasonic
energy from said transducer a1 the calculated treat-
ment dosage;

i) prior to expirafion of said treatment time, manu-
ally varying = first of said dosage factors; and

(=} automatcally varving a second of said dosage
factors to compensate for variation of the first of
zaid dosase factors o thereby meintaim the orgi-
nally calculated treatment dosags.

11. A method as set forth in claim 10 and wherein

stzps (f) and (g) forther include the steps oft

(z) avtomatically tracking the percentase of the cal-
colzted dossge applied to said tissus

{b) prior to expiration of szid treatment time, mano-
ally varying said {reatment time; and

{c) automatically varying said vlt=sonnd intensity in
inverss proportion o vanaton of said treatment
time for a remaining percentage of szid caloplated
weatment dosage 10 be applied 1o t2id tsue

12. A method 25 set forth in claim 11 and including
the steps of:

(2} uniil 2 patient receiving said dosage experiences

discomfort:
(1) manually decreasing siid treatment time in fime
increments: and
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{2} for each increment of decresse of said treatment
tme, mnometicelly increasing said ultraconic
intensity to maintain s=id calculated dosage, 1o
thereby apply a maximum mtensity of eitrasonic
encrgy to said tissue in 2 mintmum of trezmment
tme commensurate with the comfort of said
patient.
13. A method as set forth in cleim 12 and including
the steps of
() upon szid patient experiencing wid discomfors:
(1) manueally increasing =id wearment time in Hme
Imcrements; and
(Z) for each increment of increase of said treatment
time, awtomatically decressing eaid ulirasonic
intensity to maintain said caleulated dosage, to
tharaby retum to & maximum wltrasonic intensity
lewel which does not camse diseomfort in said
paticnt.
14. A method as set forth in claim 10 and wherein
steps (T} and (g) further includs the steps of:
(a) antomatically tracking the percentaze of the czl-
culated dosage applied to s=id tssps:
(B} pricr to expiration of ssid treatment tme, many-
2lly varying said ultratonic intensity: and
(2) sutomatically varving said treatment time in in-
verse proportion o vabation of sid ultrasonic
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mrznsity for a remaining percentage of swid calcy-
Iated treatment dosage to be 2pplied o said tissue.

15. A method as set forth in cizim 10 and including

ihe step of:

() providing an ultrasonic trapsducer having a beam
nonuniformity ratio (BNR) which is not greater
than 4:1.

16. A method as set forth in claim 10 and including

the steps oft
(2) inputding as a tissue treatment paremeter st |east
one af:
(1)z selection of ane of @ plurslity 3 weatment arzas
of s2id hsve to receive said treatment dosage;
(2) 2 selection of one of a plorality of wltasonic
conplants betwern said transducer and an exter-
nzl surfice of a part of the body heving said
titsue therehalowr;

(3) 2 s=lection of one of & plurality of rypes of tssue
to receive said treatment dosage =ad

(4) 2 selection of 2 duty factor of zn ultrasonic
signal patput to be cutput from s=id mansducer
from & range of duty factors; and

(b) automstically calculating ssid trestment dosage
‘basad upon 2 selection within any tissne trestment
parameter which has been input

x & [
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ULTRASONIC BONE-THERAFPY APPARATUS
AND METHOD

This is a continuetion of applicetine Ser. MNo. (8329015,
filed oa Oect. 25, 19594, and now U5, Par No. 5347459,

FIELD OF THE INVENTION

The invention pertains 1o apparatis and method for non-
invasively therapeutically treating boos tissus in vive.

BACKGROUND OF THE INVENTION

In recent vears, vanous attemois bave besn made (o
stimulate bone growth. These approachss have been essen-
tially ad hoc, with no consisteat Eamewaork within which to
identify the most effective stimulation

Kaufman &t al., U.5. Pat No. 5309808 disclosss an
apparatus gnd method for therapeutically geating andfor
guantitatively evaluating bone tissue in vivo. The Kanfman
method includes subjecting boss 1o an ulimsopic acoustic
signal pulse of finite duration. aod involving a composite
sips-wave signol consisting of plural discretz frequencies,
Thess frequancies are spaced in the ulmasonic region o
approzimately 2 MHz; the excimdor signal is repeated
schstantelly in the range from §io 10600 He

Duane. US, Pat. No. 4530360 discloses an apparatus
and 2 method of using ultrasonic epergy for therapeutic
treatment of bone tissue in vive, using 3 pulsed sine wave al
smbstantizlly a single frequency within the range from 1.3 (o
2.0 MHz and at a pulse repetition rate of 100 to 1000 Hz.

McLeod et al. LS. Pat Nos, 5.103.806 and 5.191.830
disciose metheds for promoting boge Sssue growth and the
prevention of osteopenis. ssing mechanical loading of the
hone tissps. 1o both patents. the ioventors apply a mechani-
i load to the bone tissue al a relatvely low level ob the
sxder of between about 10 and abowt 1000 microstrzin, peak
to peak. and at a frequency in the raags of about 1010 100
Hewl

Bassett et gl.. 1.5, Par. No, 4.928 930 disclose a method
znd device for providing sctive esercise ireatment for a
patiznt suffering from a bons disorder. A patieat is subjected
to an impact load in order to simulats bope growth, with an
impast load sensor being used 10 monitor the treatment
srength. The ioventors poted that high frequency (up to
100,000 Hz) farce componsnts wers imporant for simu-
Isting bane growth,

MNumerous other patcnts discioss methods for stimulating
boce growth relying on the gencrstion of clectromagnetic
signals. For example. Ryaby et al., LS. Pat Nos. 4.105.017
and 4 315,505 describe methods for premeting bone healing
ir delayed =od noounicn bone frachures, using 2 asymmel-
ric palsed waveform. In U.S. Pat Na. £.993.413. McLeod et
al. dizciose 3 method and spparsms for inducing a curreat
and voftage in living tissue 1o prevent cstzoparosis and to
ephance new bone formation. They disclose the uss of &
symmetrical Iow frequency and low intensity cleciromsg-
satic signal substantially in the range of 11000 Herz. In
Libef et al., U5, Par Wo. 5318561 (and others). methods
are disclosed that incorposate the combined use of a static
and time-varying magnetic ficid to stimulaie bone healing
and growth. Specific amplitudes and frequencies are dis
dosed for optimal eshancemeat of bone growth. based on
the theory of “ion-cyclotron rescnance”.

A recent publication by Weinbaum ot a2l provides a
comprehensive and theoretically copsistent basis o charac-
terize the means by which bone growth occurs. The seminal
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article “A model] {or excilaion of osteocyies by mechanical
lesding-indoced bone fluid shear stresses.”™ may be found in
the Journsl of Biomechanics, Vol 27, 15954, pp 339-360, In
this publiztion. they propose that it is nol sréin magnitude
bur strais rate that is the primary relevant varzbls respon-
sible for adaptive bone growth and remodeling

The prior art. exemplified by the refereaces that have been
bricfiy discussed. have used primarily 2d hoc approaches or
empirics] findings for determining exogenoos stimulstions
used up to oow for the promotion of bone growth and
healing. Somes have focussed on the generation of specific
values of bicmechanical strain in the Hssue a5 the pamary
modality of actiop. However, this invention incorporates the
realization that fuid flow induced in pormal physiclogical
loading is the critically important varizble in boss healing,
and moreover. iocludes an efficient me=ags for gensrating this
fluid floww in living tissues. Specifically. this inventon
inchdt=s 2 means for stimulating Auid Gow at reladvely high
frequanciss by taking tnique advaniage of the ncnolinear
cheracteristics of ulimsound propagaticn in an jonic-fuid-
saturzt=d porous medium such as bons In addition. this
invention incorporates the important features of repetitve
etirpulsticn in apalogy to that found in pormal physiologic
loading. and of adaplive faedback control for =nsuring thal
an optimal signal dose arrives ) the desized hons tissoe site.

SUMMARY OF THE INVENTION

It is an object of this invention to provids an improved
method and apparatus for oop-iovasively tharapeutically
treating bone tissue in wivo. to promots booe healing and
bone growth.

Anczher object is to meet the above object. such thal bope
healing 2nd bons growth may be more efficiently and more
cffectively sumulated than heretofore.

A specific object is 1o achieve the above ofjects with an
optimal ==t of wirasonic signals chosen with respedt to the
specific noalinear characteristics of their ropagation within
the bone tssue and with respect (o the empulation of physi-
clogical loading.

A further specific objoct is to enable adaptive and on-line
evaluation of the optimal dose of 2o applied exogencus
ulrasonic acoustic therepeolic signal.

It is = gen=al object of the ioveption lo achieve the
foregoing chjects with apparatus componests that 2re for the
mest part commercially available,

The inventon in its presently preferred form achieves the
foregoing objectives by subjecting bope 1o an ultrazonic
acoustic cxcitation sigeal pulse of finite duration in the
ultrasonic region of approximately 1.1 MHr supplicd to 2
trznsducer adanted for acoustic coupling to the sidn surface
overiying = bose; the cxcitation sigoal is repeatzd in the
range of sbout 1 Hz to about 5000 Ha. The cxposure time for
therzpy js choten 1o be in the range of 5 minutes 1o 1 hour,
for 1 to 3 times a dsy. for a period of days as gecessary for
complate healing or for promoting bope growth or ingrowth.

Befors olresonic therapy is staried, ac inital interogat-
ing acoustic wiresonic pulse is preferebly essmitted in
arder to detormine the actual thickness of sofi dssue over-
Iying the bons treatment site, (Note that the thickmess may
change over time due to tissue swelling. for example.) The
bope treatment sits may be the zone of facture. the interface
between an implanted device (e.g.. hip) and bone, or an
igtact bons which has reduced bone mass, as for cxampls
with osteoporosis. Using the round-mip palss transmit me
berwess the transducer and the pear-bone sarfsce and the
nomiral aeguation ¥alue associzted with the soft tissue, the
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input signsl amplimde supplicd to the ransducer is adjusted
i ensore that the spatisl-sversge tme-average (SATA)
power depsity (i.c., intensity Ly, ) reaching the pear-boac
surface is approximately 45 mWiom’. The received signal is
alzo monitored during the aciual treatmen! exposire (o
epsure that the patient is receiving the prescribed {hegapy
during the prescribed treatment Hme.

With these and other objects and zdvantages in view, the
present invention will be cleardy understood from the enosu-
ing detailed description in cogpection with the drawings.

BRIEF DESCRIPTION OF THE DEAWINGS

FIG. 1 is a diagram diagrammaticz{ly showing the inler-
connections of components of an spparaius of the invention,
FIGS. 2. 3 and 4. respectively. illustrate & set of aconstic
ulrasonic signals used for stimulation of bope growth and
ncaling for several of the cupenily prefared embodiments.

DETAITED DESCRIFTION OF THE
PREFEREED FMBODIMENTS

FIGG. 1 diagrammaticaily flustrates selected intercon-
pacted components for constructing an apparatus for per-
forming methods associated with this inveation. namely for
noa-invasively therapeutically treating bone tissue in viveo.
e stimulate bone growth (ingrowth) and bone healing.
Thes= components are. in gepersl. commercially available
from different sources and will be identifisd as the detailed
description of their wal operation is provided.

Referring now Lo FIG. 1, the bone focale 10, such a5 a
fracure site. an area affected by osteoporosis. ar any other
par of bone Gssue to be treated pon-invasively. is shown
surroiusded by soft tissue 12. Ulmasopic fansducer 14 is
placed near bope locale 14, adjacent soft tissue 12. By way

of example. transducer 14 can be a rectangular piezoelectric o

rransducer of approximately ooe by two inches placed on the
suriace of the skin pverlying the fracmred bone at approzi-
mately the site of fracture. The ransdicer may have a single
piczoclecic clement that is adepted for both transmilting
2nd receiving, or onc TEnsmining element and ons or more
receiving elements (not specifically showa) Such trensduc-
o= are available from Paralle] Designs. Inc. Phoenix. Ariz.
As shown, ransducer 14 js wsed for signa! lsunching and
receiving the launched signals after reflecting back from
bone 10 and passing through sorroonding soft tissue 12, An
ulrasonic couplant (pol shown) sach as a gel is applied
berween transducer 14 and the pati=nt”s outer skin strround-
ing the soft Hesue 12

Basic operation is governed by 2 signal processing unit
16, which specifically may be 3 competer, and more
specifically, & personal compoisr. such as the 66 Mz
Peatium available from Gateway 2000, [nc. North Sioux
Ciry., 5 Dak As its designation suggests. this
coatains a 60 MHz clock-pulse pencrator. and an Intel 586
{Pentium) processof. with provision for keyboard insguc-
tions at 18, Computer 16 performs constent oo-line moni-
tofng of proper functioning of the spparams according o
the present invention. Specifically. computer 16 ensures
providing = presoribed therapy to 2 patizat by responding 1o
and watching the reflected signals to calculsts sn appropriste
treatment dose of ultrasonic expostre.

A sinusoidal function-gensrator 2t a card 24 s relied upon
o generate an excitation signal which is supplied to launch
transducer 14, via power amplifier means 22 The power
amplifier is suitably Model No. 2401, an RF power amplifier
product of EIN, Inc., Rochester, MY This produd provides
2 50 dB gain over the moge 20 kHz to 10 MHz.
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The excitation signal produced by the geocrator at card 24
is 2 pulsed sine wave signal in the ultrasonic range m about
2 MHz, which is sinc wave modulsted in the moge of (10
25 kHz. The geperaior at card 20 may suitshly be o com-
mercially available waveform symthedzo. 2 product of
Quaiech. Inc.. Akron, Ohio. identified by Quatech part No.
WEB-100. This waveform synthesizer provides generation
of analog sigzals indspendent of bost computer 16. allowing
full processar power o be used for other tasks, including

0 calcoletion of wavelform dats. Card 20 pecfevebly has the

cepacily [0 genssals an oulpol sipnal comgeing literally
thousapds of points in the indicsted ulrasonic frequency
rRogs.

Another czrd 24 is also shown installed in computer 16.

= for converting aaalop signals obdained from the receiving

elemes! of trapsducer 14 into digital focmat for further
procassing in compitsr 16. A known in the art switching
clemesnt (oot shown) can be used for disconnecting trans-
ducer 14 from card 20 and comnecting it 1o card 24 which
fetter card may soitably cootain a 100 MHz waveform
digitizer, part number STR*8100. a prodoct svailable from
SONIX, of Springfield, Va A conneciicn 26 (shown by
broken lines) connects signal-generator card 20 1o AD card
23. for synchronizing purposes and for the purposes of
digitizing the reflected waveform, to epsble computer 16 to
perform 2 snitably compenssicd. continuously operative
updating average of the signals received af wansduee 14 A
conventional reamplifier (nof shown) for inoreasing the level
of the reflected waveform before being fnput 1o cazd 24 can
be includad.

In ordsr to obtein an estimate of the thickmess of the
raversed toft tssue overlying the fracture sits and properly
adjug the amplinide of the therapeutic ultrasonic signal, an
initial inferrogating acoustic ultrasonic puiss is preliminarily
ransmitzad by card 26 via transdicer 14, An exponentally
damped sinuzoidal signal ar 1.1 MHz with a duration of
about 1 ps conld be an example of such & pulse.

Transducer 14 is then used as 2 receiver 1o recond the
reflected signal from the near bone surface. The arrival Lime
of the reflected signal provides a measire of the round-Tip
transit ime. T for the acouwstic pulse to travel from the
tansducer through the soft tissue to the boos susface (where
it is pertizlly reflected). and back through the soft tissue. The
sofi-tissue thickness, d,, can then be aloulsted 2

d=21

whers v, is the velocity of ulmasound in soft dssus and is
given by v, =1540 ms™.

Once an estimate of soft tissus thickmess ¢ oblajned. it
may be used for adjusting the input signal amplitade 1o
ulirasonic trepsducer 1d to cosure that the optimal power
iotensity impinges on the fractured bone. This is preferably
camied out a5 follows. Through & reflection measurement. an
above mentionped estimate of soft tissue thickness. d, [cm].
is acquired. Then. eccording 10. for exzmpls. Biomedical
Ultrasopics. by BN.T, Wells. Acadernic Presz. London.
1577, & pomina! value for ultrasonic aflequation 3t 1.1 MHz
in soft tissue can be obtained as o,=] dB/crm Thus. for a sofi
tissue thickness given by d_. the total decrsase in signal
ampliteds. Ao in dB at the bone surface is

Ap=c

The followiog formuls mey then be uzed 10 coastuct a
look-up table which provides the necessery vaiues for the
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relafive amplification. A. applied fo the inpur signal. The
signal smplificaticn is calculsted from

A=A,

For example, the associated ioput signal amplifications o
be used may be calculated for & range of soft tissue thick-
L

Soft Tissue Thickness [om] Sipml Amplificasion
1 B12
2 128
3 141
4 158
5 178
& m

It is poted that these signal amnlifications ars relative w
the pominal signal value used for producing the desired
power density {intensicy Tp, -.=45 mW/icn®). within the n=ar
fizld of the ulrasound Tansducer in 2 medivm of aegligible
artepuation, such as water, It should alse be noted that for
safaty considerations. it may oof be possible to use arbi-
trarily large incident power inlensities (8t the skin surface).
which may, for exampls, be needed in case of excessively
thick soft tissue overlying the fractured bage. In these cases
2 mavimum power intensity will be specified & prier;
anything above this value will be saturated to this maximum

The therapeutic signal is specifically designed 1o opt-
mally stimulate the frachors hesbing process. The optimal
signal characteristics, which are sef forth in more detail
belorw. are derived using nonlinear wave-propiagation theory
and stimulate bone healing and growth theough its direct
effecton Auid fow. The reliance on acoustic micTostreaming
25 the primary biv-effective aspect of the eodogenouas ultra-
sonie $ignal has led o a mose cffective and. efficzcious
tr==tmeat for bone repair. in coatrast o the prior art, which
r=lice on, for example, the endogeaous piczoclsotricity of
bone (se= Thuarte. supra), the peneretion of mechenical
sirains in the bone tssue (see Basser 2t 20, ULS, Pan Nos,
4928955 and 5.046.484, and Mcleod ef &l supm), or on
the induction of slectrical cuments in bone tissue (see Ryaby
et al. U.5. Pat No, 4266533

For better understanding the fiuid Gow pahoe of the
oltrasound stimulation of bone growth 2od repair, it should
be taken into consideration that the mduction of Guid fow
arises out of a complex set of inleractions of the extarnally
applied ultrasonic sigoal with the bans tssue. The interac-
Licne can be characterized using a genmeralized theory of
acoustics in porous media thar indudss the efects of an
fonic fluid in the pore spaces. as exins in bone tissue. A
sumpmmary of this theery given below providss the basis for
which the optimal ultrasonic therapeutic signals are derived

Fluid Bow iz assumed to be the fupdamental entity which,
when stimulated, will eshance boos growth and healing, In
what follows. W is defined to be the dispiacement vector of
the fuid relative to the sclid marrix (kmown also as specific
dischasge relative to the solid) 2nd E=—"-w is the increment
of the Auid content per unit volums of the madiom. Here WV
is the nabla operator, and (-} is the scalar Therefare,
wp-n= chw/dtn is the Eulerian fux (ms™} of fuid crossing
2 umit ares whoss normal unit vecter i 0. (This Aux isrelated
to the fuid fow in acoustic microsteaming.) In this case,
S5/ is the oot fludd flux eatesing the ooit velume (ie., Guid
inflem).
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A peoeralived Darcy equation can be usad 1o express the
reletionship between Huid flux and releted guantities in the
porous medium by taking into account the cootribution of
Marwell's stress (ensor in the fund:

(ﬂ."""’* _?_)515
& & o) or

g
~Vor~ er Ve Ton = —— 7oy T

1n this expression. 7] (kgm "5 ") is the viscosity of the fluid.
£_ is the (high frequency) trtuosity of the porous medium.
k. (m*) is the (low frequency) Dercy pamesbility. g~ and &,
(Fo™'} me the diclecoic parmittivities of the Buid asd
vacuum. respectively (e o>eg). Ip i the volummetric
poresity, and pe(kzm ™} is the fuid density, The function ¢,
(3 is the scalar electric potcntial in the fluid that resolts
from the permrbation of the endopenous electric poteptial by
the sxogenous acousiic sxposurs {i.e. the uirasonic sipnal}.
The endogenous slectric poleotinl arises from several
sources, incloding primarily the interaction of the jonic fluid
with the charged solid matrix surface. [t also shouild be noted
that the clecoic field within the fuid is equal 1o =Vige
{Vm ). The pressure in the finid is denoted by p, (Nm™™).
and is the pressure resulting from the int=raction of the
eXogenous Bcoustc exposure with the fuid-fillad porous
bone srocrare.

Afier some reasonable simplifying assumptions apd using
“z =7 to denote dme average. the previots equition can be
wied 1o cxpress the time average Eulerian Auid (sreaming)
flux 2= = Tunction of the time average fiuid pressure and
electric potential as:

=

. e —

==

% -) T Ty Vi

——:3- Tapes+ ;:— ( 1=

This cquation demonsirates that the sverzge Enlerian flux
af fluid in the porcas medium s dependent oa the elecmic
field squared. and that the latter's spatial variarion can give
rise 1o a pon-2era mean (or net) Suid Aux Erespestive of the
time waveloon of the patwbation inducsd by the ultrazound
cxpostme on the elecmic field —Viy, Morsovern, the steady
composent of the fiuid fux ocours whether or nod the applied
mear pressure (Lo, Hme averzge) is 2ero. as may anss for
example, with the ultmasonic inpat

Some of the equations necessary fo svaluste all the
componzots of the acoustic field are omitied. as the details
are guite cumbersonye and do not add additionzl insight into
the results presented above. It should be noted that the oet
averape fiuid fux eoting the uait velume is zero. fe.

—— =
-

thus providing an alternating pulsatile Suid infiix.

| should slso be pointed out that the theory pressoted can
alsc charscterize two other sources of pogplincarty in the
interaction of the ultrasonie signal with the bone tissue. The
first is related to convertive flow snd iz one souree of the
well-known “radiston pressure™ exerted by an acoustic
weve. This phenomenon arises from hydrodynamical
copsideratioas. and in the notadon vsed may be writlen as
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o= o
we—g e Ve T

where y; is the material of Lagrappien fluid (streaming) fiux
and (w,-V)w is the convective nonlinearity.

Another source of nonlinearity and oos which may also b
ineerporated {nto the fundemental theary arises duc to the
constimotive relationship between pressure and density,

[ezen s (e ]

Where Dp and Ppy are the unperturbed fuid density and
pressure, respectively, and A and B are the well-known
oenlinear parameters of the fidd where BfA o orpically be
s [arge as 11, This reladonship applies to the fluid phase,
Anslogously. a nonlinear constinstive relationship can also
be written for the solid phass of the bons tissus, which will
account for additional nonlinsarities in the overall sofution
for fuid fux, Funhermore. the coamiboton of Manwell's
sress lemsor (o the solid matrix is anather source of non-
lipearity.

As may be seen readily from the deteribing equations.
both constant and oscillatory fuid Sows for promoting bone
growth and repair can be stimulszed through apmopriate
d=sign of the applied acousdc signai that will be discussed
below in more detgil, The sbhove theory darifies that for
ctiaining both constant and oscillstory fuid fows at rates
relevant to therapeutic bore dynamics. the leading term is
the square of the spplied ultrasonic sigeal p). ie. pin.
This noalinearity enables the “in vivo™ demodulation of the
cxogenous ulrasonic wavefomm. aliowing if to have maxi-
mal therapeutical effects an boge growth and healing. The
signals are specifically dezsign=d to be modulated by rela-
tvely high frequencies (generally sbove 500 Hz) in & pulsed
sxcitation mode, which permits the bope tisste to respond
maximally doring each stimulatory cycle,

The foregoing aspects of the nonlinear scoustc theory
provids the underlying basis for determining znd thereby
inducing fluid flow by the sxogencos ulresonic therapeutic
51

It alzo should be poted that the received uitrasonic signal
iz wsed 25 & means for providing oo-Lipe fzolr datection. o
cosure that the required therapentic signal is reaching the
fracture site dizing all periods of the treatment presaibed ta
a patieol.

Gen=ral signal-processing/displayisiorags software for
the signal processing control snd operation of computer 16
is pot shown but will be pndersiood (o be contained oo a
conventional Aoppy disk loaded at 28 ioto computer 16; this
software is suftably the MATT AB-386, available from The
MarhWorks, Inc., Marck Mass. Further software (ool
illusTated) includes the signel processing toolbox, also
available from MathWorks. a5 well 25 Fortran 5.0, available
from Micoosoft Corpocation. Bothell, Wash., and LabView.
svailable ffom Nationzl Instuments Corporation, Austin.
Tex.

In the presz=otly prefered smbodiments of this invention
and with additional referencs o FIGS. 2. 3 and 4. showing
the general outlook of the signals employed without con-
oete details specifically regarding freguency and power
parameters thereof, bony member 10 surrounded with soft
tissee 12 is placed pext 1o wiresound ransducer 14, An
ciTesound signal is wensmitted from Tansducer 14, passes
through soft tssue 12, is partially wansmitted into the bony

oF—om
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member, and is partially refiected from bone tssue 10 back
through soft dssue 12 to be received by the receiving
clement (pot specifically shown) of tensducer 14, The
transmined wlrzsound signal is pencrated using a finite-
duratiog sins-wave signal. which Is sine-wave modolated. A
single cycle of this waveform is described by

= E pdr— T, 9
repeating every T scconds { UT He). where pft) is given by
the following equation:

i1k}

I v eae(niilanidedr, 02127,

i,
In eguaziang }a and Bb, the range of sipnal perameter values
are {=f_ =25 kHz (preferably withoul the zero value = in
most cases f_2), 25 kHz<f, 52 MHz 02 mesST=1.0 s
(corresponding to pulse repetition retes of 1 Hz—5 kHz), 0.1
msST,<L0 5. 0.1 ms<T,S1.0 s (comesponding to 3 duty
cyde =NT,/T. or effective duty cycle taking into account
the integraced “on-time™ (the overall pulse durarions) within
a cycle, BT +Tet . . . +T )T, of 0.000L=y<l),
1=N=100K, The range of the modulzgon index, a, is
given oy 0=a= 100{. The constant K is adjusted so that the
eC0gFic Wirgsonic wave impinging at the near bons surface
has an intensity (Tg,p,) [0 the range of 20~100 oW/,
In a special case (N=1), whers pli=p,{tL this waveform
is described by

Fif=

PUEK] Lea sk (S sin (2, Do
repeating every T secoonds. for @ pariod of fme prefoably
rznging from 5 mingtes to 1 bour. The renge of parameters
is: 0=f_=25 kHz (preferably withoul the 2ero value, i.c.. in
most cs=s f_=20); 25 kEHzSf,=2 MHz 02 ms=T=1 3
{cexr=sponding to pulse repetition mtes of 1 Hz-5000 Hz)
and (0.1 ms=T, 51 s (comesponding to 2 duy cyele. =TT,
of 0.000LS <1}, The eoastant ¥ is adjusted soch thal an
intensity {1y ., ) of the acoustic ultrascaic wave impinging at
the near bone surface {s in the range of 20-100 mWiem®.

Operating In the pulsed regime takes advantage of the
acoustic ponlinssrities when high ampBEmde waves are
preceat The mazimum peak emplitode i= E(1+a), and ic
constrained not to exceed normal safery levels. Amplitude
modulasion of the easier signal at & rlstively high fre-
gquency is specifically used to generate fluid fiux at relativaly
high rates. For the preferred embodimeats of this invention.
the amplinide of the signal. as noted above, is adjusted to
provide I, of approximately 45 mW/om® at the fmcture
site

It iz poted that dynamic straing induced in the bone tissue
are primarily in the ulirasonic spectrel region. that is, at the
nominz] freqguency of the applied ulrasonic signsl. For the
presently preferred embodiment, this Frequency is 1.1 MHz,
and in 2ll cases iz above 25 kKHz. Additonally. the sorain
levels induced in the bone tissue, assuming & characteristic
length of 10 centimeters. are exiremely small The peake-to-
pezk somin valse can be reasonably well approximated from
the well imown equation for induced particle displacements
asspoisted with an witrasonic input (sec for cxampls Physi-
cal Principies af Medical Ultrasorics. ed.. R Hill. Halsted
Prees, 1986 p. 57). The particle displacement D, is given by

B=uE e
where [ is the ultrasonic power intensity in the bone dssue,
Pe is the unperturbed bope density. c© is the velodty of
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oitrasound in the bone, and f 5 the vlesonic frequency.
Using valvss associaled with bone. and for the prefered
uirasopic signal embediments. & valos of D of zbout 0,016
microns (2t 1.1 MHz2) can be obtsined, and thersfore the
induced peak-to-peak sirain is Tound to be l2ss than about
(L2 microstrain.

For the purposes of the present invention. the thres
presently preferred cmbodiments {nslude ulitasonic signals
that are specifisd as follows:

1. As jllusgated in FIG. 2. signal 30 is fepeatzd at a
repetition rate of 200 Hz (T=5 ms). A single cycle of the
wavefomn it a 0.5 ms doration sipe wave of carier fre-
quency 1.1 MHz modulated by & 20 k¥Hz sine wave. fol-
lowed by 4.5 ms of “off time™, with the modulation index.
==(13, This signal is described by the following equation:

K1 + 0. 3sin b - 30 - O&Era0Sme
poiel & 10 ksinf2s - 00 - 10Pn
o 05wt S 5 my

§ ai 100 Hz, and K is adjusted so that I, =45
mw.h:m

2 As {llustrated in FIG. 3. signal 40 is repeated at &
repetiticn rate of 2000 Hz {T=0.5 ms}. A single cycle of the
waveform is £ 0.1 ms duration sims weve of carier fre-
gueacy 1.1 MHz modolated by = 20 kHz sine wave. fol-
lowed by 0.4 ms of “off time". with the modulaton index,
2= This sipnal i5 described by the following equation:

K0+ 0 dsinl 3 - 20 OFrS 00 ms
ol 100 e 2 1.1 - 30
0 O meXr S 05 e

§.1r.1€]00 Hz. and K it adjustzd =0 that [5,.,=45
wicm

3. As lustrated in FIG. 4. signal 50 is repeated at a
repefition rate of 1 Hz, A single cycle of the waveform
consists of 25 Tepetitions (N=25) of 2 4 ms duration (T =4
ms) L1 MHz sine wave modulated by 2 5 EHz sine wave
{f =3 kHz), each such 4 ms “on im=" bejag followed by 4
ms af sigaal “off time™ (T,'=8 ms), The entire sequence of
25 sinusoidally modulated sinusoidal puaises, together with
their zssociated 4 me “of Hme:”, lzae for 200 me. afier
which time the signal is off for 800 ms. The sequence is then
repeated at | second intervals {1 Hz), the modulation index
baing a=03.

This sigpal is described by e foflowing cquation:

24
n‘ﬁ:éﬂp;{r-f-ﬂm‘}.npmh;ﬂllh
wrbere
K1+ 03xindn - 5- CEr&dmr

163 simizm - 1.1 - 1082,
L1

wri =
elorwhere

and K is adjusted 50 that [g,p=45 mWiem™

In order to synthesize the second signal of the prescntly
prefered embodiments, the shove-mentioned Quatech card
is used in conjunction with another instnurne=nt, suitably &
Wavetek Model No. 178 Programmable Waveform Synthe-
sizer availabie from Wavetel San Dicgo. Calif, In this case.
the Cuarech card ouiputs the modulatag wavefonn as input
o the Waveick Waveform Synthesizer 1o amplimde modu-
late the 1.1 MHz camier signal.

5
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Asn splarged class of ultrasonic therapeutic signals
indudes waveforms, which are frequescy modulated in
addition to them being amplitude modulated in order 1o Taks
Turder 2dvantage of the nonlincer propagation characteris-
tics of bone tissue. In this case. swesping oot only the
modulating frequeacy but also the camier feguency con-
tribirtes haoth to changing and manipalating so-call=d hot and
cold spots in ulmasonic weating a Hssoe, and to bdoging
enzgy o & bogs at different frequencies. These things
considered. the cfficiency of weating bons tissues io accor-
dance with the present invention is additionally increased.

The waveiorms of this class ean be d=seribed a5 follows:

111}

- !-’_Fil P
= E pdr-ily),
5]15

repesting every T scconds. where

pIrER] T ain [Ze (T, rlin [ 2 (L " —£ T, i) (25}
(05t=T,. where all the paremeters are contzined in the same
ranges as defined before, (% and §* d=fine the upper limit
vilues of sweeping for modulating and carmier frequencies.
respectively, with £, =f, *S25 kHz ané £,5f.<2 MHz.

For the purposes of the present iovention. e prescatly
prefored embodiment of this class of sign=lz includs Zn
ultrasonic waveform that is specifisd as follows, with {*=
fo=1.1 MHZ f =500 Hz and _*=2000 H=

]
I pdr=1+8eul, repaatmg o 1 Hz

Pt =

=0
whes

K41 = sim [ (500 + {2000 - DEsdsms
pATI= & SO0jMerfi)2n - 11 - 108},

o e T

and K is adjosted so that Tp,r =45 mWicm®.

From the aforesaid it follows that according to the prescnt
invention the following four types of sigoals could be
emplioyed in its implementation, with the specific param-
eters discussad in the above:

- sips wave modulated sine wave sigpals:

- swepl tine wave modulaied sine wave sigoals;

- sinz wave modulsted swept sinc wave signals;

- swepl sine wave medulated swept sine wave signals,

For the purpases of this invention. a sins wave can be
zsstmed to be used to depote 3 sinusoidal fupetion at 2
single Frequeacy or a sinuspidal fugctiop with frequancy
modntation, 15, a swept sine wave. It i3 also aporeciated
that for most cases the modulating frequency in these sipnals
it por supposed 10 assurme the zevo value, However. [n some
conrreis instances i can begin or end at or pess through this
value

The main and inportant advantages of the preseat inven-
tion can be summarized as follows:

- the reliance on fluid fow as the pamary bio-physical
phenomenon related o bone growth. which is affected in a
nesr optimal fashion by the ultrasonic signal,

- the use of an analytic model for cheracterizing ulrasonic
wave propagation in a porous medium such s bone. in order
{0 extablich the hcph:.rﬁ:lu.l parameters of interest (e, Guid
ﬁnw}l.m comparison to the prior art which used cither

chservations ooly or ad hoc approaches;

- the use of relatively high frequency (prefoably greater
than 500 Hz mod less than 25 kHz) sipusoidal amplimds
modulstion 85 2 means for directly 2fecting Suid fow;
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- the use of a relatively low carsier frequency. allowing
ersater soft Ussuc and booe penstration duc to significantly
decreaced signal adcnuation:

- the use of a repetitive stimulation, emulating physiologi-
cal loading;

- the ability to construct the device with components that
&re largely commercially availahls;

- the use of reflection measrements to estimate actual
soft tssue thickness, to thereby adjust the amplitude level
(t=. dose) appropriate for cach petient and to provide
on-lins fanll detection.

It should be undersicod that though the appararis and
method in accordance with the present inventica have been
deseribed in detail they may be subjectzd o modifications
and other embodiments incoeporating the inventive featmes.
Specifically, the apparatus can be constructed with the use of
analog compenents alops, in ofder to raduce significantly
the overall cost and complexity. Accordingly, It is intended
that the foregoing disclosure is to be considersd as fllustrat-
ing the principles of the invention as an example of those
Teanwres and pot a5 a delimiting d=scripdon. which is the
paposs of the claims that follow.

What is claimed is:

L A method of non-invasively fherapeotically reating =
bons tissuz in vivo using ultrasonic signals. comprising the
steps of

prodecing & preselected periodic thesspeutic sine modu-

lated ulirasonic sine signal;

exposing said bone tissue 1o sald therspeutic ulirasonic

signal transmitted through soft tssus overlying said
bone tissue;

transmiting an intcrrogating accustic ultrasonic pulse to

said bone Hssue through said soft dssue overlying said
bone tissue;

receiving a portion of said interogeting signal refiected

from said bone tissne;

determining the thickness of szid soft tssue using said

rzflected portion; and

adjusting the amplitude of ssid theapeutic ulirasonic

signal as 1o ensure thst spadal-average time-nverage
power intensity thereof reaching ssid bone tissue cor-
respoads to 8 predeterminsd value.

2. A method of non-invasively theepeutically treating o
bons tasue in vivo using ulirasonic signals. comprizing the
sieps oft

producing & preselected pericdic therspeutie sine modu-

lated ultrasonic sine signal; and

sxposing said bone Hssue to s=id therzpeatic ulrasonic

signal transmitted throogh soft tssue overlying said
bone tissue

wherein said sine modulated clrasonic sine signal is

amplitude modulated and incluges

= camier frequency being selectsd in 2 range betwesn

about 25 kHz and about 2 MHZ,

a modulating frequency being seiecied in & range up to

about 25 kHz,

2 modulation index being up to 1000,

a pulse width being betwess sbout (.1 ms and about 1.0

%
a cycle duration being betwe=n about 1.2 ms and about 1.0
5.

an intrnsity (1,5, ) being in the range of 20-100 mW/om®,

and

a duration of exposure being between about 3 minutes and

about ] how for | to 3 times = day

L~
"
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3. The method of nos-invasively therapeutically teating
a bene Hssue in vivo acoording to claim 2. wherein said sine
modolat=d ulrasonic sine signal is the armplimds modulatad
tignal having
the camrier frequency being 1.1 MHz
the modularing frequency being 20 kHz.
e madulstion index. being 0.3,
the palss width being 0.5 ms.
the cycl= duration being 5 ms. and
the intensity being 45 mW/em®.
4. The method of non-invasively thermpeutically oeating
a bope Gesee in vivo according (o claim 2. whersiz said sine
modolatad pltrasopic sine signal is the amplimds modulsted
signal having
the camier frequency being 1.1 MHz,
the madolating frequency being 20 kHz
5. A method of non-invasively therapeutizally reating a
boae tissue in vivo using ultrasonic signalc, comprising the
steps of:
producing a preselected periodic therepeutic sine modu-
lzted ultrasonic sinc signal: and
exposiag s=id bone tissue 1o said therepeutic uloasonic
signal transmitied through sofl tissue overlying safd
bons tssue
wierein sald preselected periodic therapeotic sine modu-
lzted ultrasonfe sine signal is the amplitud= modolated
sipnal with
2 carmsr frequency being selected in 2 rznge berwesn
about 25 kHz and about 2 MHZ
a modulsting frequency being selected in a range up 1o
oot 15 kHz
a madilation index being up to 1000,
3 pulse width being between about (.1 ms and about 1.0
L

& durazion of a pulse and 2 pause for ooe repetition being
between about 0.1 ms and abour 1.0 =,
& pumber of pulse repetitions within 2 cycle being up to
5000,
2 cycle doradon being berwesn about 0.2 ms and about 1.0
5
an iotegsity being in the range of 20-100 mW/cm®, and
&duration of exposure being between zbowm 3 minues and
about | hour for 1 to 3 times a day.
6. The method of non-invasively therspeutically trearing
& boas tissue in vivo according to claim 8, wherein sajd
preselecied periodic therapeutic sine modulated wlmmsonic
sine signal is the amplitude modularad signal having
the camier frequency being 1.1 MHZ.
the modulating frequency being 5 kHz.
the modnlation index being 0.3.
the pule= width being 4 ms,
the durstion of a pulse and & pause for ope repetition being
£ ms.
the nuraber of pulse repetiions within a cycle being 25,
the cycle duration beinpg 1 5, and
the intensity being 45 mWicm™
7. A method of non-invasively therapeutically oeating a
bone tissue In vivo using ultrasonic signals, comprising the
steps of:
producing & presclected perindic therapeutic sine modu-
lated oltrasonic sine signal; and
exposing said bone dssue to said therapsutic nlrasonic
signal ransmitied through soft Gscue overlying said
boge tissue






