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SYSTEMS AND METHODS FOR PROMOTING CELLULAR ACTIVITIES FOR
TISSUE MAINTENANCE, REPAIR, AND REGENERATION

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of the filing date

of US Provisional Patent Application No. 62/130,513, filed March
9, 2015, entitled “SYSTEM AND METHOD FOR PROMOTING CELLULAR
ACTIVITIES FOR TISSUE REPAIR AND REGENERATION,” which is

incorporated by reference herein in its entirety.

GOVERNMENT RIGHTS

[0002] This invention was made with Government support under
Grant Nos. RO1AR52379 and RO1AR61821, awarded by National
Institute of Health; Grant No. W81 XWH-07-1-0337 awarded by the
U.S. Army Medical Research and Materiel Command; and the
National Space BRiomedical Research Institute through NASA
contract, NCC 9-58. The U.S. Government has certain rights in

the invention.

TECHNICAL FIELD

[0003] The present invention relates generally to therapeutic
ultrasound systems for treating human and animal tissue and more
particularly, to therapeutic ultrasound systems that emit
ultrasound signals capable of promoting cell activity for tissue

growth.

BACKGROUND OF THE INVENTION

[0004] Musculoskeletal disorders represent a substantial
burden for the health care system and significantly affect the
quality of 1life for people who experience these disorders,
particularly the aging population. Musculoskeletal disorders
include deterioration to hard tissue (e.g. osteoporosis),
deterioration to soft tissue (e.g. ostecarthritis); injuries to
hard-tissue (e.g. fractures, non-union fractures, and stress

fractures); and injuries to connective soft-tissue (e.g. torn
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or strained ligaments, tendons, and muscles). To minimize the
impact of these musculoskeletal disorders, it is desirable to

initiate and speed tissue growth, as well as mitigate tissue

deterioration.
[0005] However, as we age tissue growth slows, making it
unable to reduce deterioration and repair injury. This 1is

because cells that form the tissue are less able to differentiate
(specialize and mature to tissue cells), proliferate (growth and
multiply), turn-over (replace old cells or change types), and
regulate (maintain homeostasis). In addition, reduced physical
activity causes reduced blood flow and interstitial fluid flow
(fluid in the tissue that provides cells with nutrients and
waste removal, as well as physical shear stress). Therefore, a
major goal 1in optimizing tissue maintenance, repair, and
regeneration 1s to increase cell differentiation, cell
perforation, motility, cell regulation, tissue remodeling,
tissue regeneration, mineralization, blood flow, and
interstitial fluid flow in the region of interest.

[0006] It is well known that cells in the body respond to
mechanical loading. Cellular mechanisms convert the mechanical
loading into chemical activity (mechanotransduction), which
increases cell differentiation and regulation. For vyears,
acoustic energy in the form of low intensity pulsed ultrasound
("LIPUS”) has been used to provide mechanical loading to tissue
to accelerate healing (see U.S. Pat. No. 4,530,360 to Duarte).
[0007] However, studies investigating the results of
ultrasound on accelerating healing have produced inconsistent
results. One explanation for the inconsistency is the lack of
a comprehensive understanding of the biological mechanisms at
work in the complex process of tissue growth. Researchers have
worked very hard over the past several decades in an attempt to
understand the effect of physical stimuli on tissue growth.
Recent findings have given a Dbetter understanding of the

biological mechanisms at work. It has been found that in



WO 2016/144931 PCT/US2016/021317

addition to cell proliferation and differentiation; calcium
release, gene expression, cellular and molecular pathway
signaling, and nutrient transportation are important components
of tissue growth. In a new study, 1t has been discovered that
mechanical 1loading and fluid flow induces these biological
mechanisms. See Qin, Yi-Xian and Hu, Minyi “Mechanotransduction
in Musculoskeletal Tissue Regeneration: Effects of Fluid Flow,

(4

Loading, and Cellular-Molecular Pathways,” Hindawi Publishing
Corp. BioMed Research International, Epub 2014 Aug 18, PMID:
25215295, which is herein incorporated by reference.

[0008] Prior art ultrasound systems emit acoustic pressure
waves for providing loading to the tissue and the cells, however
the acoustic pressure waves emitted by those systems do not
induce controlled fluid flow within the tissue. Therefore,
there 1is a need to provide an ultrasound system that emits
acoustic energy to provide mechanical loading and induce

controlled fluid flow within the tissue for enhanced and

consistent tissue maintenance, repair, and regeneration.

SUMMARY OF THE INVENTION

It is accordingly an object of the present invention to provide
ultrasound systems and methods for emitting acoustic energy in
a manner that provides mechanical loading and induce controlled
fluid flow for enhanced and consistent tissue maintenance,
repair, and regeneration. The invention 1in its presently
preferred form achieves the foregoing objectives by emitting
focused acoustic energy to locations within a region of interest
("ROI”) at a scan rate in a scan direction to induce fluid flow
within the tissue. The c¢ycle of emitting focused acoustic
pressure waves and inducing fluid flow is repeated at a sweep
rate that consistently stimulates cell activity in the ROI.
Unlike prior art systems where the fluid flow may have been
generated unexpectedly and randomly, the fluid flow created by

the ultrasound systems and methods of the present invention is
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controlled and consistent. The ultrasound systems and methods
of the present invention induce a pressure dJgradient, a sheer
stress, interstitial fluid flow, a strain rate, a strain
gradient, and a loading at a frequency necessary for calcium
release, gene expression, cellular and molecular pathway
signaling activation, and nutrient transportation; thus
providing enhanced and consistent cellular stimulation for
tissue maintenance, repair and regeneration.

[0009] The present invention comprises methods, systems, and
a controller for achieving the foregoing objectives. The
systems comprise an ultrasound array transducer having a
plurality of transducer elements and a controller. 1In different
embodiments, the ultrasound array transducer may have a linear
format, including a linear array and a phased array; or a two-
dimensional format, including a two-dimensional matrix and an
annular ring. The controller 1is programmed to actuate the
transducer to emit focused acoustic energy as described below.
[0010] The methods of the present invention comprise locating
the ultrasound array transducer having a plurality of transducer
elements in the vicinity of the ROI, and actuating the plurality
of transducer elements to emit focused acoustic energy to a
plurality of focal zone locations in a scan direction at a focal
zone scan rate. The actuating of the plurality of transducer
elements to emit focused acoustic energy to the plurality of
focal zone locations is repeated for a plurality of sweep cycles
at a sweep rate.

[0011] In various embodiments, the scan direction is opposite
for alternate sweep cycles. In some embodiments, the focal zone
locations are uniformly spaced throughout the region of
interest. In some embodiments, actuating the plurality of
transducer elements to emit focused acoustic energy to the
plurality of focal zone locations is performed in two spatial

dimensions or in three spatial dimensions.
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[0012] In various embodiments, the focused acoustic energy
may have an intensity in the range of 5 mW/cm® to 180 mW/cm® at
the region of interest to provide a therapeutic treatment. In
the various embodiments, the focal zone scan rate may be in the
range of 0.2 kHz to 0.5 MHz and the sweep rate may be in the
range of 0.2 Hz to 1 kHz.

[0013] In various embodiments, performing the plurality of
sweep cycles may occur for a treatment duration that may have a
time range of five minutes to sixty minutes. In some embodiments,
the treatment duration may include a rest period. The
therapeutic treatment may be repeated over periods of days to

promote tissue growth.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows an illustration of an example ultrasound system
emitting focused acoustic energy to a region of interest.

Fig. 2 shows a high level illustration of an example ultrasound
array transducer emitting focused acoustic energy to stimulate
molecular and cellular mechanisms.

Fig. 3A shows a drawing of an example linear array transducer
and its maximum sweep distance.

Fig. 3B shows a graph that illustrates the loading response.
Fig. 4A shows a drawing of an example linear array transducer
and a corresponding graph of an oscillatory acoustic energy
pattern generated by multiple sweep cycles.

Fig. 4B shows a drawing of an example linear array transducer
and a corresponding graph of a sinuscidal acoustic energy
pattern generated by multiple sweep cycles.

Fig. 5A shows a drawing of an example two-dimensional matrix and
an example acoustic energy focal zone emitted from the two-
dimensional matrix.

Fig. 5B shows a drawing of an example two-dimensional matrix and
an example acoustic energy focal zone emitted from the two-

dimensional matrix.
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Fig. 5C shows a graph that illustrates the actuation sequence
of the plurality of transducer elements to generate the example
acoustic energy focal zones shown in Figures 5A and 5B.

Fig. 6A shows a drawing of an example two-dimensional matrix
with numbered transducer elements.

Fig. 6B shows a drawing of the two-dimensional matrix of Fig.
6A providing focused acoustic energy for different focal zone
volumes.

Fig. 6C shows a graph that illustrates the actuation sequence
of the numbered transducer elements to generate the focal zones
shown in Fig. 6B.

Fig. 7 shows a graph that illustrates the acoustic energy
parameters and timing for a plurality of transducer elements for
one embodiment of the present invention.

Fig. 8 shows a block diagram that illustrates an embodiment of
a system of the present invention.

Fig. 9 shows a flow diagram that illustrates an embodiment of a

method for stimulating cell activity within tissue.

DETAILED DESCRIPTION

[0014] The 1invention will be described in detail for a
presently preferred embodiment, in conjunction with the
accompanying drawings. Referring to Fig. 1, an example of an
ultrasound system 1 emitting focused acoustic energy 25 to a
region of interest (“ROI”) is shown. The ultrasound system 1
of the present invention has an ultrasound array transducer b5
having a plurality of transducer elements 10 and a controller
20 programmed to actuate the plurality of transducer elements
10 to emit focused acoustic energy 25 in a manner that provides
mechanical 1loading and induces controlled fluid flow for
enhanced and consistent tissue maintenance, repair, and
regeneration. The ultrasound array transducer 5 may communicate
with the controller 20 over a wired connection or a wireless

connection. The ultrasound array transducer 5 may be held in
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place for the treatment by hand or may be part of a wearable
device that holds it in place for the treatment duration. The
ultrasound array transducer 5 can be coupled to the skin surface
of a body 15 or directly to tissue surfaces, such as bone or
cartilage tissue, as known to one skilled in the art.

[0015] By way of illustration, Fig. 1 shows the focused
acoustic energy 25 targeting the femoral neck within a patient’s
body 15. It should be understood that the ROI may be within any
tissue (soft or hard), external or internal to a body 15 (human
or animal), and includes any region (e.g. arms, hands, legs,
feet, hips, shoulders, knees) within the body 15 in which cell
stimulation is being promoted. Cell stimulation may be used for
fracture healing, bone regeneration, bone repair, bone density
maintenance, bone grafting, skeletal reconstruction of bone
defects, stem cell differentiation to the different pathways,
tissue engineering, enhancing drug delivery, gene therapy, and
chondrocyte differentiation in the formation of cartilage,
ligaments and tendons.

[0016] The phrase “in a vicinity of the region of interest”
as used herein means an area near the tissue receiving targeted
focused acoustic energy. For example, as shown in Fig. 1, the
ultrasound array transducer 5 1s physically positioned on the
patient’s body 15 in the hip area in order to focus the acoustic
energy 25 to the femoral neck. Placement of the ultrasound
array transducer 5 on the hip also allows treatment of the great
trochanter region and cartilage in the Joint of the hip.
Similarly, placement of the ultrasound array transducer 5 on the
leg allows treatment of a tibia bone fracture, placement of the
ultrasound array transducer 5 on the knee allows treatment of
cartilage in the knee joint, and placement of the ultrasound
array transducer 5 on the shoulder allows treatment of cartilage
in the shoulder.

[0017] Referring to Fig. 2, an illustration of a plurality

of transducer elements 10 emitting focused acoustic energy 25
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to stimulate tissue response through molecular and cellular
mechanism activation is conceptually illustrated. The plurality
of transducer elements 10 are actuated to emit acoustic energy
25 that combines to form a focal zone 40 at a focal =zone
location, shown as F1l. The term “focal zone” as used herein
means the resulting point, area, line, or volume at the targeted
location of the focused acoustic energy 25. The term “focal
zone location” means the location within the tissue in which a
focal zone 40 impinges on the tissue cells. The first of the
plurality of focal zone locations is shown as Fl1 and the last
of the plurality of focal zone locations is shown as Fn in this
illustration. Fach focal zone 40 creates a pressure dgradient
30 in the nearby tissue, which provides a local shear stress to
the cells.

[0018] At a time interval after emitting acoustic energy 25
to focal zone location Fl, the plurality of transducer elements
10 are then actuated to emit acoustic energy 25 that combines
to form an additional focal =zone 40 (not shown), which 1is
displaced from the first focal zone location Fl. The focal zone
locations may be uniformly spaced throughout the treatment
region or may be selected as a biased pattern, where some focal
zone locations are located closer together while others are more
spatially separated. The actuation of the plurality of
transducer elements 10 to form the focal zones 40 is repeated
for n focal zone locations, shown as Fn. The term “focal zone
scan rate” as used herein means the rate of generating the focal
zones 40 at the different focal zone locations, F1 to Fn. The
term “scan direction” as used herein means the direction of
movement of the focal zone 40 from one focal zone location to
the next focal zone location, i.e. from Fl towards Fn.

[0019] The impingement of the focal zone 40 on the cells in
the tissue generates a pressure wave which induces a pressure
gradient 30. When another pressure wave is generated within a

certain time and distance, the pressure gradient 30 is enhanced
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because the cells of the tissue do not recover to their original
position. The enhanced pressure gradient 30 induces fluid flow
35 in the same direction as the scan direction. The term “sweep
cycle” as used herein means the sequence for emitting focused
acoustic energy 25 in a scan direction to a plurality of focal
zone locations that encompass a ROI. The ROI is used loosely
to include the ftreatment area (region) or a portion of the
treatment area.

[0020] In the present invention, the sweep cycle is performed
for a plurality of times; i.e. Fl1 to Fn, Fl to Fn, Fl1 to Fn ...
In some embodiments, the scan direction 1is opposite for
alternate sweep cycles, i.e. from Fl1 to Fn in one sweep cycle;
and then from Fn to Fl1 in the next sweep cycle. The term “sweep
rate” as used herein means repetition rate of performing the
sweep cycle. Sweep cycles may be performed for the duration of
the treatment time. The term “treatment” as used herein means
the use of therapeutic ultrasound (or acoustic) energy to affect
cells within tissue. The term “treatment duration” as used
herein means the duration of time that the treatment is used to
affect cells within tissue, which may be in the range of five
to sixty minutes per day, preferably in the range of fifteen to
twenty minutes per day.

[0021] The various embodiments of the present invention may
have different ultrasound array transducer configurations, focal
zone sizes, focal zone scan rates, focal zone locations, scan
directions, sweep rates, acoustic energy levels, and acoustic
frequency; as described below. However, unlike the prior art
systems where the fluid flow 35 may have been generated
unexpectedly and randomly, the different embodiments of the
present invention create controlled and enhanced fluid flow 35.
In addition, unlike the prior art systems where acoustic
pressure from the acoustic energy is dilational and compresses
cells in the ROI, the wvarious embodiments of the present

invention emit pressure waves that induce pressure gradients 30
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with a deviatoric effect on the cells. The deviatoric effect,
which presses the cells to the side rather than compressing
them, occurs 1in the scan direction because as the focused
acoustic energy 25 is transmitted to each focal zone location
at the focal zone scan rate, the pressure gradient 30 is enhanced
in the scan direction. This deviatoric effect has been shown
to stimulate the cells’ membrane.

[0022] In some embodiments, the pressure gradient 30 and
fluid flow 35 may be induced in two or three spatial dimensions,
as described below. Two (or three) dimensional pressure
gradients 30 and fluid flow 35 may stimulate different cell
types at different local anatomic locations. The two (or three)
dimensional pressure gradients 30 and fluid flow 25 may also
stimulate cellular response through wvarious spatial channels
within the tissue. This may compensate for tissue that is
anisotropic and in-homogenous.

[0023] In the various embodiments of the present invention,
the ultrasound array  transducer 5 may have different
configurations. In the preferred embodiment, the ultrasound
array transducer 5 is a non-invasive ultrasound transducer. The
ultrasound array transducer 5 may be a linear array, a phased
array, a two-dimensional matrix, or an annular ring. The linear
array and the phased array may contain any number of transducer
elements 10. The two-dimensional matrix may be any size with
any number of transducer elements 10, including for example 2x2,
2x6, bxb, 10xb, 2bx2b5, etc. The annular ring may contain any
number of ring sections as transducer elements 10. The
controller 20 may actuate all the transducer elements 10 to form
the focal zone 40 or may actuate a portion of the transducer
elements 10 to form the focal zone 40. Different aspects of the
present invention may be described herein in terms of wvarious
configurations of the ultrasound array transducer 5. However,

it should be appreciated that the different aspects of the
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present invention may be realized with many ultrasound array
transducer 5 configurations and controller 20 configurations.

[0024] Referring to Fig. 3A, an example linear array or
phased array transducer 5 with five transducer elements 10 1is
shown. The size of the linear array or phased array transducer
5 may be dependent on the number of transducer elements 10, the
size of the transducer elements 10, the pitch size, and the
packaging of the ultrasound array transducer 5. The length of

the ultrasound array transducer b provides a steering angle a,

as known to one skilled in the art. The steering angle a and
the distance from the ultrasound array transducer 5 to the ROI,
shown as L, and L., form the maximum distance that can be covered
in a sweep cycle, shown as D; and D, respectively. However, the
distance covered by a sweep cycle may be selected to match the
ROI, which is typically a smaller distance than the maximum
distance that can be covered in a sweep cycle. When treating
tissue 1injury or deterioration within the body 15, the ROI
corresponds to the size of a bone defect or damaged cartilage,
which is typically in the range of 1 cm to 3 cm. It should be
understood that the ROI may be larger for other types of
treatments, i.e. bone maintenance.

[0025] To determine the focal zone locations throughout the
ROI, the size of the focal zone 40 may be selected first.
Preferably the focal zone size is selected to match the cell
size in the tissue to be stimulated. This may be in the range
of 1 ym to 100 pm depending on tissue type. However, the focal
zone size can be expanded to 1 mm and still generate a sufficient
pressure gradient 30 and fluid flow 35 within the ROI. The number
of focal zones 40 may be determined by dividing the size of the
ROI by the size of the focal zone 40 to allow the focal zones
40 to be evenly located over the ROI. However, it should be
understood that other focal zone location patterns may be used,

such as a bias pattern.
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[0026] The focal zone scan rate 1is preferably selected to
enhance the pressure gradient 30, and is dependent on the cell
response rate, which is in the range of 2.0 Hz to 1 MHz,
depending on the cell type. Therefore, the focal zone scan rate
is preferably selected to be in the range of 0.2 kHz to 0.5 MHz,
and more preferable in the range of 10 kHz to 500 kHz. The
focal zone scan rate, focal zone size, and size of the ROI may
be selected in combination to meet the sweep rate requirements
for tissue growth, as shown in Fig. 3B. The graph of Fig. 3B
shows that as the loading rate is increased, the loading induced
pressure in the tissue increases. The loading induced pressure

induces the pressure gradient 30, which increases fluid flow 35

and initiates tissue adaption and growth. Fig. 3B shows that
at lower loading rates, 0.1 Hz - 1 Hz, the loading induced
pressure 1in the tissue 1s increased three-fold. At loading

rates of approximately 20 Hz, the loading induced pressure in
the tissue starts to plateau and at loading rates of
approximately 60 Hz, the loading induced pressure in the tissue
reaches a threshold. Hence, optimal tissue growth may be
achieved at a loading rate between 0.1 Hz and 500 Hz (above this
rate the cells may be over stimulated). Since the sweep rate
is twice the loading rate; for optimal tissue growth, the sweep
rate may be in the range of 0.2 Hz to 1 kHz, and more preferably
in the range of 2 Hz to 240 Hz. The focal zone scan rate, focal
zone size, and size of the ROI are preferably selected in
combination to accomplish a sweep rate for optimal tissue
growth.

[0027] Thus, if the ROI is selected, for example as lcm,
which is typical for fracture healing and bone repair, and the
focal zone size is selected to be 10 pm, then the number of
focal zones becomes 1 cm/10 pm = 1000. The focal zone scan rate
can then be selected as 100 kHz, to provide a sweep rate of 100
Hz (the sweep rate equals the focal zone scan rate divided by

the number of focal zones, in this embodiment).
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ROI sizes,

rates for this example embodiment.

focal zone sizes,

13
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focal zone scan rates,

Table 1 provides additional examples of corresponding
and sweep

It should be understood that

these parameters may vary in the wvarious embodiments of the

present invention.

Table 1
ROT Focal Zone Number of Focal Zone Sweep Rate
Size Focal Zones Scan Rate
2 cm 10 pm 2000 200 kHz 100 Hz
3 cm 10 pm 300 10 kHz 33 Hz
4 cm 50 um 800 16 kHz 20 Hz
5 cm 50 um 1000 100 kHz 100 Hz

[0029] Referring to Fig. 4A, an example linear array or

phased array transducer 5 with five transducer elements 10 1is
shown emitting focused acoustic energy 25 to a plurality of

focal zone locations. For simplicity, only three focal =zones

40 are shown, with focal zone locations of left, center, and

right. However, it should be understood that there may be many

other focal zones 40 located between the left and right focal

zone locations. The scan direction for each sweep cycle may

provide an oscillatory pattern, which is shown 1in the

corresponding graph below the linear arrays. This graph shows

the acoustic energy at the center of the ROI for a consistent

scan direction. It can be seen that the acoustic energy

increases and decreases as the focal zone 40 moves across the
scan direction, shown as the “+”

center of the ROI 1in the

direction. The cells in this oscillatory pattern are pushed in
the scan direction (and then recover to their resting position)
at the sweep rate.

[0030] Referring to Fig. 4B, an example linear array or
phased array transducer 5 with five transducer elements 10 1is

shown emitting focused acoustic energy 25 to a plurality of
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focal zone locations. In this example, the scan direction is
from left to right in one sweep cycle and then from right to
left in the next sweep cycle. The opposing scan directions
provides a sinusoidal pattern, which is shown in the
corresponding graph below the linear arrays. This graph shows
the acoustic energy pattern at the center of the ROI. It can
be seen that the acoustic energy 25 increases and decreases as
the focal zone 40 moves across the center of the ROI from left
to right in the first sweep cycle, shown as the “+” direction;
and then the acoustic energy 25 increases and decreases in the
opposite direction in the second sweep cycle, shown as the “-”
direction. The cells in this sinusoidal pattern are pushed in
one direction and recover to their resting position in the first
sweep cycle; and in the next sweep cycle, the cells are pushed
in the opposite direction and recover to their resting position.
[0031] Referring to Fig. bA, an example two-dimensional
matrix with a plurality of transducer elements 10 emitting
focused acoustic energy 25 as a line focal zone 40, is shown at
the beginning of a sweep cycle (focusing to the left). Referring
to Fig. 5B, the same two-dimensional matrix with the plurality
of transducer elements 10 emitting focused acoustic energy 25
as a line focal zone 40, is shown at the end of the sweep cycle
(focusing to the right). Referring to Fig. 5C, the graph shows
the actuation sequence for emitting focused acoustic energy 25
in line focal zones 40, as shown in Figs. b5A and bRB. In this
embodiment, determining the focal zone locations, as described
above, may be accomplished using the size of the width of the
line focal =zone 40. In this example, the length of the line
focal zone 40 allows a two-dimensional cell stimulation. In
this example, the scan direction is across the x axis with
stimulation to cells along the vy-axis. However, 1in other
embodiments, the scan direction may along the y-axis or a

diagonal axis of the two dimensional matrix.
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[0032] In some embodiments, the cell stimulation may take
place along two axes including along the z-axis (perpendicular
to the x-y axis) for a three-dimensional cell stimulation. For
cell stimulation along the =z-axis, the depth of the acoustic
energy 25 varies. This may be accomplished by increasing (and/or
decreasing) the power of the acoustic energy 25 at the focal
zone scan rate 1in the scan direction. This also may be
accomplished by focusing the focal zone 40 proximal to distal
(or distal to proximal) at the focal zone scan rate in the scan
direction. When cell stimulation takes place along two or three
axes, emitting the focused acoustic energy 25 along one axis may
be interleaved emitting the focused acoustic energy 25 along
another axis (or two other axes) during each sweep cycle.
[0033] Referring to Fig. 6A, an example two-dimensional
matrix with a numbered plurality of transducer elements 10 is
shown. Referring to Fig. 6B, the two-dimensional matrix of Fig.
6A 1s shown emitting a volume of focused acoustic energy 25 for
a three-dimensional cell stimulation. Referring to Fig. 6C, the
timing of the actuation sequence of the plurality of transducer
elements 10 is shown for creating the volume of focused acoustic
energy 25 shown in Figs 6B. In this embodiment the center of
the focal zone 40 remains stationary and the size of the focal
zone 40 is varied to create a volumetric pressure gradient 30.
In this embodiment, the different sizes of the focal zone 40
correspond to the different focal zone locations in the
embodiments described above, and may be similarly selected. The
size of the focal zone 40 is increased (or decreased) at the
focal zone scan rate. In this example, the focus size of the
focal zone 40 starts at a larger size, becomes smaller, and then
becomes larger creating a sinusoidal pattern.

[0034] Referring to Fig. 7, an example linear array or phased
array transducer 5 with five transducer elements 10 is shown
emitting focused acoustic energy 25 to a plurality of focal zone

locations. For simplicity, only three focal zones 40 are shown,
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in focal zone locations of left, center, and right; however, as
above, 1t should be understood that there may be many other
focal zones 40 located between the left and right focal zone
locations. Beneath each depicted focal zone 40, is a graph
showing the corresponding acoustic signals from each of the five
transducer elements 10, shown as Txi, Tx,, Tx3, Txy4, and Txs.
Below the graph is a chart indicating the timing parameters of
the acoustic signals that contribute to cell stimulation for
tissue maintenance, repair, and regeneration. It should be
understood that the timing parameters will be different for the
various embodiments and configurations of the ultrasound system
1.

[0035] The phase difference 50 between the emitted acoustic
signals, Txi, Tx., Tx3, Tx4, and Txs, creates the focused acoustic
energy 25, as known to one skilled in the art. The phase
differences 50 between the emitted acoustic signals, Txi, Txg2,
Tx;3, Txs4, and Txs; may vary as a function of the focal =zone
location, the size of the focal zone, and the frequency of the

acoustic signals.

[0036] The frequency 51 of the acoustic signals is depicted
in this chart as a time period (1/f). The frequency 51 may be
selected based on the tissue type being treated. In the

preferred embodiments, the frequency of the ultrasound signals
for hard tissue treatment is in the range of 0.3 MHz to 3.5 MHz,
more preferably between 0.5 MHz to 1.5 MHz. In the preferred
embodiments, the frequency of the ultrasound signals for soft
ftissue treatment is in the range of 0.5 MHz to 7.5 MHz, more
preferably between 1.0 MHz to 2.5 MHz.

[0037] The focal zone scan period 52 is one over the focal
zone scan rate. The focal zone scan rate is selected as described

rr

above. The term %“duty cycle, as used here in, means the time
the emission time of the acoustic signals, Txi, Tx,, Tx3, TxXa,
and Txs; in proportion the focal zone scan period 52. The duty

cycle may be selected to be less than 100 percent to allow the
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cells to recover to a neutral status in order to respond to the
next acoustic energy 25 emission. Because tissue may fatigue
at a 100 percent duty cycle, in the preferred embodiments, the
duty cycle of the acoustic signal emission is in the range of
10 percent to 80 percent.

[0038] The sweep period 53 is one over the sweep rate. The
sweep rate 1is selected as described above. In the preferred
embodiments, the power of the ultrasound beams 25 at the ROI is
preferably low intensity ultrasound, in the range of 5 mW/cm® to
180 mW/cm?, and more preferably between 20 mW/cm® to 80 mW/cm?.
These intensity levels are at the site of the ROI, not the actual
output of the transducer elements 10. Since the acoustic
signals, Txi, Txz, Tx3, Tx4, and Txs; from the actuated transducer
elements 10 combine to produce the power of the focused acoustic
energy 25 at the ROI, the intensity 56 of the ultrasound signal
is dependent on the ultrasound array transducer 5 configuration
and the location of the ROI.

[0039] In some embodiments, the power of the focused acoustic
energy 25 at the focal zone 40 may have a programmed profile in
which the focused acoustic energy 25 power may be controlled as
a function the the focus zone location, in which the power of
the focused acoustic energy 25 emitted to one focal zone 40 may
be greater than the power of the focused acoustic energy 25
emitted to a neighboring focal zone location. This may create
a spatial acoustic energy gradient, which may generate a
customized pressure gradient 30. In addition, the power of the
focused acoustic energy 25 emitted to each focal zone 40 may

have an energy profile that is different for each focal zone

location. The energy profile may be repeated for each sweep
cycle.
[0040] The treatment duration 55 may last a number of

minutes; for example, for bone healing, fifteen to twenty
minutes per day. Furthermore, the ultrasound system 1 may be

used for a number of days per week for a number of weeks; for
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example, for bone healing approximately four to six weeks.
Different types of tissues may require a different treatment
duration, which may take place over a different number of days
per week, and/or a different number of weeks. In some
embodiments, the treatment duration 55 may include a rest
period, which may be in a pattern, for example: repeating a
five-minutes-on/five-minutes-off pattern or applying the
treatment five minutes in the morning, afternoon, and evening.
Different types of tissues may require applying the treatment
on alternative days of the week such as Monday, Wednesday, and
Friday. Furthermore, after performing the freatment for a
number of days, which may be in the range of 20 to 150 days,
preferably 30 to 90 days, a rest period of a number of days,
such as 30 days, may be taken before repeating the treatment.
[0041] Referring to Figure 8, a Dblock diagram of the
preferred embodiment of the ultrasound system 1, comprising
controller 20 and ultrasound array transducer 5, 1is shown.
Although the controller 20 and the ultrasound array transducer
5 are shown as separate modules, it should be understood that
the components of each may be embodied in one module. The
controller 20 may control the ultrasound array transducer 5 over
wired or wireless communications, as known to one skilled in the
art. The controller 20 may be a dedicated hand-held unit, a
personal computing device, or a component of a larger control
system.

[0042] As described above, the ultrasound array transducer 5
may vary 1in configuration and size, and can be designed in
various ways as known 1in the art. The plurality of transducer
elements 10 each have piezoelectric elements that vibrate to
produce acoustic energy (ultrasound energy) when an electrical
current 1is supplied to the piezoelectric element. The
microcontroller 60 may perform steps stored in ROM 63 to
initialize the ultrasound system 1. The microcontroller 60 is

configured to control the supply of power to the transducer
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elements 10 (shown as a single transducer element 10 for
simplicity) so that the transducer elements 10 can be actuated
to deliver particular intensity levels of acoustic signal at
specific times. The selections of the various intensity levels
and various times allows the ultrasound system 1 to provide
focused acoustic energy 25 at the required intensity levels,
frequencies, duty cycles, focal zone sizes, focal zone
locations, focal zone scan rates, and sweep rates for optimal
tissue growth. It is understood that the microcontroller 60 may
include related hardware and software, and may be any processor
capable of performing the steps of the different methods of the
present invention.

[0043] To initialize the ultrasound system 1, the user may
be prompted for treatment locations and parameters on the
display 85. The display 85 may display treatment settings and
other information. The user may input his/her selections into
the input device 90. The input device 90 may be a touch screen,
a keyboard, a mouse, a dial, or any other similar device.
Conversely, the microcontroller 60 may initialize the ultrasound
system 1 based on preprogrammed parameters stored in ROM 63.
During initialization, the microcontroller 60 may set a tTimer
64 to monitor the duration of the treatment and other assorted
durations, such as rest periods. The microcontroller 60 may also
determine the specific energy and timing signals for each
transducer element 10 for the treatment duration. This
information may then be stored in the FIFO memory 65 as an output
profile.

[0044] In order to actuate the transducer elements 10 to
emit the focused acoustic energy 25 at the required intensity
levels, frequencies, duty cycles, phase intervals, focal zone
scan rates, sweep rates, and treatment durations; the
microcontroller 60 may read the output profile from the FIFO
memory 65 and at time periods generated by the oscillator 80,

control the signals to the drivers 67. To accomplish this, the
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microcontroller 60 may control the power converters 70 to
convert the power level from the power supply 75 to a power
level required by the drivers 67 to actuate the transducer
elements 10 to emit the focused acoustic energy 25 at the
necessary energy level. At a corresponding time, the controller
60 may control the pulse generators 66 to supply the converted
power signals to the drivers 67 to actuate the plurality of
transducer elements 10 at the required time to generate the
focused acoustic energy 25. The power converters 70, pulse
generators 66, and drivers 67 are depicted in Fig. 8 as single
components, but it is understood that each may be a plurality
of components matching the plurality of transducer elements 10
(or a subset). It should be appreciated that various components
can be incorporated to accomplish the foregoing, as known by one
skilled in the art.

[0045] Referring to Figure 9, an example method of the
present invention will be described. In this example, the ROI
may be identified and the type of tissue to be treated may be
selected, step 100, by a medical professional, a therapist, or
a user of the therapy system. The ROI may be determined using
various imaging systems, including ultrasound, MRI, CT scan, and
X-rays. In various embodiments the type of tissue and/or the
ROI may be preprogrammed into the ultrasound system 1.

[0046] The ultrasound array transducer 5 is then placed on
the body 15 in the wvicinity of the ROI, step 105. In some
embodiments, the body 15 may be a container holding the tissue
to be treated. The ultrasound array transducer 5 may be
acoustically coupled to the skin of a body 15 by applying gel
to the surface of the body 15 or the ultrasound array transducer
5. Alternatively, the ultrasound array transducer 5 may be
acoustically coupled to the body using water (or a water bath),
as known to one skilled in the art. 1In certain embodiments, the
ultrasound array transducer 5 1is placed on the tissue to be

treated.
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[0047] Next, the distance to the ROI is selected, step 110.
This distance may be pre-programmed 1in various embodiments.
Next the acoustic power, acoustic frequency, focal zone scan
rate, and focal zone locations are determined, step 115, as
described above. Next the duty cycle and the treatment duration
are determined, step 120. This may be a function of the selected
type of tissue to be treated, as described above. Next the
timing and power level parameters for the transducer element 10
actuation are determined and this data i1s stored in the FIFO
memory 65, step 125. In certain embodiments, the duty cycle,
treatment duration, power levels and timing may be pre-
programmed into the ultrasound system 1, causing these steps to
be unnecessary. Next the controller 20 actuates the plurality
of transducer elements 10 to emit focused acoustic energy 25 to
the plurality of focal zone locations at the focal zone scan
rate, step 130. Next, for each sweep cycle the controller 20
determines 1f the treatment duration is completed, step 140. If
the treatment duration is not completed, the step of actuating
the plurality of transducer elements 10 to emit focused acoustic
energy 25 to the plurality of focal zone locations at the focal
zone scan rate will be initiated. When the treatment duration
is completed, the controller 20 will stop emitting the focused
acoustic energy 25, step 145. It should be appreciated that the
above steps can be performed in many variations and with
additional steps incorporated to accomplish the foregoing, as
known by one skilled in the art.

[0048] While the above is a complete description of selected
embodiments of the present invention, it is possible to practice
the invention using various alternatives, modifications,
combinations and equivalents. For example, ultrasound
transducers with a single transducer element may work in concert
with other ultrasound transducers with a single transducer
element strategically located on the body to accomplish the

method of the present invention. In addition, an annular array
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format may be used instead of two-dimensional format. In

general, in the following claims, the terms used should be
construed to include all possible embodiments along with the
full scope of equivalents to which such claims are entitled.

Accordingly, the claims are not limited by the disclosure.
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I CLAIM:

1. A method of stimulating cell activity within a tissue at a
region of interest, the method comprising:
locating in a vicinity of the region of interest an
ultrasound array transducer, the ultrasound array transducer
comprising a plurality of transducer elements;
actuating the plurality of transducer elements to emit
focused acoustic energy to each of a plurality of focal zone
locations in a scan direction at a focal zone scan rate; and
repeating the step of actuating, for a plurality of sweep

cycles at a sweep rate.

2. The method of claim 1, wherein the scan direction is opposite

for alternate sweep cycles.

3. The method of claim 1, wherein actuating the plurality of
transducer elements to emit focused acoustic energy to the
plurality of focal zone locations 1s performed in two spatial

dimensions.

4. The method of claim 1, wherein actuating the plurality of
transducer elements to emit focused acoustic energy to the
plurality of focal =zone locations 1is performed in three

spatial dimensions.

5. The method of claim 1, wherein the focused acoustic energy
has an intensity in the range of 5 mW/cm? to 180 mW/cm® at the

region of interest.

6. The method of claim 1, wherein the focal zone scan rate is in

the range of 0.2 kHz to 0.5 MHz.



7.

10.

11.

12.

13.

14.
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The method of claim 1, wherein the focal zone locations are

uniformly spaced throughout the region of interest.

. The method of claim 1, wherein the sweep rate is in the range

of 0.2 Hz to 1 kH=z.

. The method of claim 1, wherein performing the plurality of

sweep cycles at the sweep rate is performed for a treatment
duration, the treatment duration having a time range of five

minutes to sixty minutes.

The method of claim 9, wherein the treatment duration

further comprises a rest period.

A system for stimulating cell activity within a body at a
region of interest, the system comprising:
an ultrasound array transducer, the ultrasound array
transducer comprising a plurality of transducer elements; and
a controller programmed to:
actuate the plurality of transducer elements to emit
focused acoustic energy to each of a plurality of focal zone
locations in a scan direction at a focal zone scan rate,
repeat the step of actuating, for a plurality of sweep

cycles at a sweep rate.

The system of claim 11, wherein the ultrasound array

transducer is in a linear format.

The system of claim 11, wherein the ultrasound array

transducer is in a two-dimensional matrix format.

The system of claim 11, wherein the focused acoustic energy
has an intensity in the range of 5 mW/cm? to 180 mW/cm® at the

region of interest.
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15. The system of claim 11, wherein the scan direction 1is

opposite for alternate sweep cycles.

16. The system of claim 11, wherein the focal zone scan rate

is in the range of 0.2 kHz to 0.5 MHz.

17. The system of claim 11, wherein the focal zone locations

are uniformly spaced throughout the region of interest.

18. The system of claim 11, wherein the sweep rate is in the

range of 0.2 Hz to 1 kHz.

19. The system of claim 11, wherein performing the plurality
of sweep cycles at the sweep rate is performed for a treatment
duration, the treatment duration having a time range of five

minutes to sixty minutes.

20. A controller for stimulating cell activity within a body
at a region of interest, the controller programmed to:
actuate the plurality of transducer elements to emit
focused acoustic energy to each of a plurality of focal zone
locations in a scan direction at a focal zone scan rate; and
repeat the step of actuating, for a plurality of sweep

cycles at a sweep rate.
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AMENDED CLAIMS
received by the International Bureau on 1 August 2016 (01.08.2016)

I CLAIM:

1. A method of stimulating cell activity within a tissue at a

4.

region of interest, the method comprising:

locating in a vicinity of the region of interest an

ultrasound array transducer, the ultrasound array transducer

comprising a plurality of transducer elements;

actuating the plurality of transducer elements to emit
focused acoustic energy to each of a plurality of focal zone

locations in a scan direction at a focal zone scan rate in

the range of 0.2 kHz to 0.5 MHz; and

repeating the step of actuating, for a plurality of sweep

cycles at a sweep rate.

The method of claim 1, wherein the scan direction is

opposite for alternate sweep cycles.

The method of claim 1, wherein actuating the plurality of
transducer elements to emit focused acoustic energy to the
plurality of focal zone locations is performed in two spatial

dimensions.

The method of claim 1, wherein actuating the plurality of
transducer elements to emit focused acoustic energy to the
plurality of focal zone locations is performed in three

spatial dimensions.

The method of claim 1, wherein the focused acoustic energy

has an intensity in the range of 5 mW/cm2 to 180 mW/cm2 at the

region of interest.

AMENDED SHEET (ARTICLE 19)
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6. (Cancelled)

7. The method of claim 1, wherein the focal zone locations are

uniformly spaced throughout the region of interest.

8. The method of claim 1, wherein the sweep rate is in the

range of 0.2 Hz to 1 kHz.

9. The method of claim 1, wherein performing the plurality of
sweep cycles at the sweep rate is performed for a treatment
duration, the treatment duration having a time range of five

minutes to sixty minutes.

10. The method of claim 9, wherein the treatment duration

further comprises a rest period.

11. A system for stimulating cell activity within a body at a

region of interest, the system comprising:

an ultrasound array transducer, the ultrasound array

transducer comprising a plurality of transducer elements; and

a controller programmed to:
actuate the plurality of transducer elements to emit focused
acoustic energy to each of a plurality of focal zone locations
in a scan direction at a focal zone scan rate in the range of

0.2 kHz to 0.5 MHz,

repeat the step of actuating, for a plurality of sweep cycles

at a sweep rate.

12. The system of claim 11, wherein the ultrasound array

transducer is in a linear format.

AMENDED SHEET (ARTICLE 19)
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13. The system of claim 11, wherein the ultrasound array

transducer is in a two-dimensional matrix format.

14. The system of claim 11, wherein the focused acoustic

energy has an intensity in the range of 5 mW/cm2 to 180 mW/cm2

at the region of interest.

15. The system of claim 11, wherein the scan direction is

opposite for alternate sweep cycles.
16. (Cancelled) .

17. The system of claim 11, wherein the focal zone locations

are uniformly spaced throughout the region of interest.

18. The system of claim 11, wherein the sweep rate is in the

range of 0.2 Hz to 1 kHz.

19. The system of claim 11, wherein performing the plurality
of sweep cycles at the sweep rate is performed for a treatment
duration, the treatment duration having a time range of five

minutes to sixty minutes.

20. A controller for stimulating cell activity within a body at

a region of interest, the controller programmed to:

actuate a plurality of transducer elements to emit
focused acoustic energy to each of a plurality of focal zone
locations in a scan direction at a focal zone scan rate in the

range of 0.2 kHz to 0.5 MHz; and

repeat the step of actuating, for a plurality of sweep

cycles at a sweep rate.

AMENDED SHEET (ARTICLE 19)
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