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(57) ABSTRACT 

A system for applying focused ultrasound energy to a nerve 
Surrounding an artery of a patient includes a piezoelectric 
array comprising a plurality of piezoelectric elements, a con 
troller configured to control at least a subset of the piezoelec 
tric elements so that at least one of the piezoelectric elements 
in the Subset is in a signal transmitting mode, in a signal 
sensing mode, or both, a first platform on which the piezo 
electric elements are coupled and a second platform, wherein 
the second platform is configured to Support at least a part of 
the patient, a programmable generator configured to generate 
output power for one or more of the piezoelectric elements, 
and a programmable processor configured to process a signal 
sensed by at least one of the piezoelectric elements. 
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Ser. Nos. 13/048.837, 13/048,842, and 13/048,844, all filed 
on Mar. 15, 2011. 
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“incorporated by reference' in this application, they are in 
fact deemed described in this application. 

BACKGROUND 

0008 Energy delivery from a distance involves transmis 
sion of energy waves to affect a target at a distance. It allows 
for more efficient delivery of energy to targets and a greater 
cost efficiency and technologic flexibility on the generating 
side. For example, cellular phones receive targets from towers 
close to the user and the towers communicate with one 
another over along range; this way, the cellphones can below 
powered and communicate over a relatively small range yet 
the network can quickly communicate across the world. Simi 

Jan. 26, 2012 

larly, electricity distribution from large generation stations to 
the users is more efficient than the users themselves looking 
for Solutions. 
0009 Interms of treating a patient, delivering energy over 
a distance affords great advantages as far as targeting accu 
racy, technologic flexibility, and importantly, limited inva 
siveness into the patient. In a simple form, laparoscopic Sur 
gery has replaced much of the previous open Surgical 
procedures and lead to creation of new procedures and 
devices as well as a more efficient procedural flow for disease 
treatment. Laparoscopic tools deliver the Surgeon's energy to 
the tissues of the patient from a distance and results in 
improved imaging of the region being treated as well as the 
ability for many Surgeons to visualize the region at the same 
time. 
0010 Perhaps the most important aspect is the fact that 
patients have much less pain, fewer complications, and the 
overall costs of the procedures are lower. Visualization is 
improved as is the ability to perform tasks relative to the 
visualization. 
0011 Continued advances in computing, miniaturization 
and economization of energy delivery technologies, and 
improved imaging will lead to still greater opportunities to 
apply energy from a distance into the patient and treat disease. 

SUMMARY 

0012. In some embodiments, a system for applying 
focused ultrasound energy to a nerve Surrounding an artery of 
a patient includes a piezoelectric array comprising a plurality 
of piezoelectric elements, a controller configured to control at 
least a Subset of the piezoelectric elements so that at least one 
of the piezoelectric elements in the Subset is in a signal trans 
mitting mode, in a signal sensing mode, or both, a first plat 
form on which the piezoelectric elements are coupled and a 
second platform, wherein the second platform is configured 
to Support at least a part of the patient, a programmable 
generator configured to generate output power for one or 
more of the piezoelectric elements, and a programmable pro 
cessor configured to process a signal sensed by at least one of 
the piezoelectric elements. 
0013. In other embodiments, a system for delivering 
energy to nerves Surrounding a blood vessel in a patient 
includes a first ultrasound transducer configured to apply 
therapeutic energy across the blood vessel to heat nerves on 
both sides of the blood vessel, a receiver configured to receive 
reflected energy resulting from an ultrasound pulse, and a 
processor configured to receive first data from the receiver at 
a first time point, receive second data from the receiver at a 
second time point, compare the first data with the second data, 
and provide an output signal to a mover to control a position 
of the first ultrasound transducer. 
0014. In other embodiments, a system for applying 
focused ultrasound energy to a patient includes a piezoelec 
tric array comprising a plurality of piezoelectric elements, a 
controller configured to control at least a Subset of the piezo 
electric elements so that at least one of the piezoelectric 
elements in the Subset is in a signal transmitting mode, in a 
signal sensing mode, or both, a first platform on which the 
piezoelectric elements are coupled, and a second platform, 
wherein the second platform is configured to support at least 
a part of the patient, a programmable generator configured to 
generate output power for one or more of the piezoelectric 
elements, a programmable processor configured to process a 
signal sensed by the at least one of the piezoelectric elements, 
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and a medium storing a treatment plan, wherein the treatment 
plan is configured to be processed by the programmable pro 
cessor to cause the piezoelectric array to deliver ultrasound 
energy through a skin of the patient about a circumference of 
a blood vessel in the patient, to thereby affect a function of 
one or more nerves Surrounding the blood vessel. 
0015. Other and further aspects and features will be evi 
dent from reading the following detailed description of the 
embodiments. 

DESCRIPTION OF FIGURES 

0016 FIGS. 1A-1B depict the focusing of energy sources 
on nerves of the autonomic nervous system. 
0017 FIG.1C depicts an imaging system to help direct the 
energy Sources. 
0018 FIG. 1D depicts a system integration schematic. 
0019 FIG. 1E depicts a box diagram of an integrated 
system schematic. 
0020 FIG. 2 depicts targeting and/or therapeutic ultra 
Sound delivered through the stomach to the autonomic ner 
Vous system posterior to the stomach. 
0021 FIG. 3A depicts focusing of energy waves on the 
renal nerves. 
0022 FIG.3B depicts a coordinate reference frame for the 
treatment. 

0023 FIG. 3C depicts targeting catheters or energy deliv 
ery catheters placed in any of the renal vessels. 
0024 FIG. 3D depicts an image detection system of a 
blood vessel with a temporary fiducial placed inside the blood 
vessel, wherein the fiducial provides positional information 
with respect to a reference frame. 
0025 FIG. 3E depicts a therapy paradigm for the treat 
ment and assessment of hypertension. 
0026 FIG. 4A depicts the application of energy to the 
autonomic nervous system Surrounding the carotid arteries. 
0027 FIG.4B depicts the application of energy to through 
the vessels of the renal hilum. 
0028 FIGS. 5A-5B depict the application of focused 
energy to the autonomic nervous system of the eye. 
0029 FIG. 5C depicts the application of energy to other 
autonomic nervous system structures. 
0030 FIG. 6 depicts the application of constrictinglesions 

to the kidney deep inside the calyces of the kidney. 
0031 FIG. 7A depicts a patient in an imaging system 
receiving treatment with focused energy waves. 
0032 FIG. 7B depicts visualization of a kidney being 

treated. 
0033 FIG.7C depicts a close up view of the renal nerve 
region of the kidney being treated. 
0034 FIG. 7D depicts an algorithmic method to treat the 
autonomic nervous system using MRI and energy transduc 
CS. 

0035 FIG. 7E depicts a geometric model obtained from 
cross-sectional images of the area of the aorta and kidneys 
along with angles of approach to the blood vessels and the 
kidney. 
0036 FIG. 7F depicts a close up image of the region of 
treatment. 

0037 FIG.7G depicts the results of measurements from a 
series of cross sectional image reconstructions. 
0038 FIG.7H depicts the results of measurements from a 
series of cross-sectional images from a patient in a more 
optimized position. 
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0039 FIG. 7I depicts an algorithmic methodology to 
apply treatment to the hilum of the kidney and apply energy to 
the renal blood vessels. 
0040 FIG. 7J depicts a clinical algorithm to apply energy 
to the blood vessel leading to the kidney. 
0041 FIG. 7K depicts a device to diagnose proper direc 
tionality to apply energy to the region of the kidney. 
0042 FIG. 7L depicts a methodology to ablate a nerve 
around an artery by applying a cloud of heat or neurolytic 
Substance. 
0043 FIG.7M depicts a clinical algorithm to apply energy 
along a renal blood vessel. 
0044 FIG. 7N depicts a cloud of heat to affect the nerves 
leading to the kidney. 
0045 FIG. 7O depicts a close up of a heat cloud as well as 
nerves leading to the kidney. 
0046 FIGS. 7P-7Q depict modeling and simulation that 
correspond with a dosing and motion control algorithm in 
accordance with some embodiments. 
0047 FIG. 8A depicts a percutaneous approach to treating 
the autonomic nervous system Surrounding the kidneys. 
0048 FIG. 8B depicts an intravascular approach to treat 
ing or targeting the autonomic nervous system. 
0049 FIG. 8C depicts a percutaneous approach to the 
renal hilausing a CT scan and a probe to reach the renal blood 
vessels. 
0050 FIG. 8D depicts an intravascular detection tech 
nique to characterize the interpath between the blood vessel 
and the skin. 
0051 FIGS. 8E-8F depict cross sectional images with 
focused energy traveling from a posterior direction. 
0.052 FIGS. 8G-I depict results of a targeting experiment 
to localize an intravascular targeting beacon. 
0053 FIGS.9A-9C depicts the application of energy from 
inside the aorta to regions outside the aorta to treat the auto 
nomic nervous system. 
0054 FIG. 10 depicts steps to treat a disease using HIFU 
while monitoring progress of the treatment as well as motion. 
0055 FIG. 11A depicts treatment of brain pathology using 
cross sectional imaging. 
0056 FIG. 11B depicts an image on a viewer showing 
therapy of the region of the brain being treated. 
0057 FIG. 11C depicts another view of a brain lesion as 
might be seen on an imaging device which assists in the 
treatment of the lesion. 
0.058 FIG. 12 depicts treatment of the renal nerve region 
using a laparoscopic approach. 
0059 FIG. 13 depicts a methodology for destroying a 
region of tissue using imaging markers to monitor treatment 
progress. 
0060 FIG. 14 depicts the partial treatment of portions of a 
nerve bundle using converging imaging and therapy wave. 
0061 FIGS. 15A-15C depict the application of focused 
energy to the vertebral column to treat various spinal patholo 
gies including therapy of the spinal or intravertebral nerves. 
0062 FIG. 16A depicts the types of lesions which are 
created around the renal arteries to affect a response. 
0063 FIG. 16B depicts a simulation of ultrasound around 
a blood vessel I support of FIG. 16A. 
0064 FIG. 16C depicts data from ultrasound energy 
applied to the renal blood vessels and the resultant change in 
norepinephrine levels. 
0065 FIGS. 16D-16H depict a simulation of multiple 
treatment spots along a blood vessel. 
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0066 FIGS. 16I-16K depict various treatment plans of 
focused energy around a blood vessel. 
0067 FIGS. 16L-16M depict data indicating that focused 
energy applied from the outside can affect sympathetic nerve 
Supply to organs. 
0068 FIG. 16N depicts results of a time course of an 
experiment in which sympathetic nerves were inhibited. 
0069 FIG. 17A depicts the application of multiple trans 
ducers to treat regions of the autonomic nervous system at the 
renal hilum. 
0070 FIGS. 17B-17C depict methods for using imaging 
to direct treatment of a specific region Surrounding an artery 
as well as display the predicted lesion morphology. 
(0071 FIG. 17D depicts a method for localizing HIFU 
transducers relative to Doppler ultrasound signals. 
0072 FIG. 17E depicts an arrangement of transducers 
relative to a target. 
0073 FIG. 17F depicts ablation zones in a multi-focal 
region in cross-section. 
0074 FIG. 18 depicts the application of energy internally 
within the kidney to affect specific functional changes at the 
regional level within the kidney. 
0075 FIG. 19A depicts the direction of energy wave 
propagation to treat regions of the autonomic nervous system 
around the region of the kidney hilum. 
0076 FIG. 19B depicts a schematic of a B mode ultra 
Sound from a direction determined through experimentation 
to provide access to the renal hilum with HIFU. 
0077 FIGS. 19C-19D depict a setup for the treatment of 
the renal blood vessels along with actual treatment of the 
renal blood vessels. 
0078 FIG. 19E is a schematic algorithm of the treatment 
plan for treatment shown in FIG. 19C-D. 
007.9 FIG. 20 depicts the application of ultrasound waves 
through the wall of the aorta to apply a therapy to the auto 
nomic nervous system. 
0080 FIG. 21A depicts application of focused energy to 
the ciliary muscles and processes of the anterior region of the 
eye. 
0081 FIG. 21B depicts the application of focused non 
ablative energy to the back of the eye to enhance drug or gene 
delivery or another therapy Such as ionizing radiation. 
0082 FIG.22 depicts the application of focused energy to 
nerves Surrounding the knee joint to affect nerve function in 
the joint. 
I0083 FIGS. 23A-23B depict the application of energy to 
the fallopian tube to sterilize a patient. 
0084 FIG. 24 depicts an algorithm to assess the effect of 
the neural modulation procedure on the autonomic nervous 
system. After a procedure is performed on the renal nerves, 
assessment of the autonomic response is performed by, for 
example, simulating the autonomic nervous system in one or 
more places. 
0085 FIG. 25 depicts an optimized position of a device to 
apply therapy to internal nerves. 
I0086 FIG. 26A depicts positioning of a patient to obtain 
parameters for system design. 
0087 FIG. 26B depicts a device design based on the infor 
mation learned from feasibility studies. 
0088 FIG. 27 depicts a clinical paradigm for treating the 
renal nerves of the autonomic nervous system based on fea 
sibility studies. 
0089 FIGS. 28A-28C depict a treatment positioning sys 
tem for a patient incorporating a focused ultrasound system. 
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(0090 FIGS. 28D-28I illustrate system configurations for a 
system to treat nerves inside a patient using focused energy. 
0091 FIG. 28J is a depiction of an underlining for the 
patient with partial or fully inflated elements. 
0092 FIG. 28K is a configuration of a system built into a 
table for a patient. 
0093 FIG.28L depicts a multi-dimensional mechanism to 
move an ultrasound transducer in accordance with some 
embodiments. 
0094 FIG.28M is patient interface configuration in which 
the patient is Supine and an ultrasound transducer is placed 
underneath the patient. 
(0095 FIG. 28N is close up of the table on which a patient 
lays Supine. 
(0096 FIGS. 29A-D depict results of studies applying 
focused energy to nerves Surrounding arteries and of ultra 
sound studies to visualize the blood vessels around which the 
nerves travel. 
(0097 FIG. 29E depicts the results of design processes in 
which the angle, length, and Surface area from CT scans is 
quantified. 
(0098 FIGS. 30A-30I depict results of simulations to 
apply focused ultrasound to the region of a renal artery with a 
prototype device design based on simulations. 
0099 FIG. 30J depicts an annular array customized to 
treat the anatomy shown for the kidney and renal blood ves 
sels above. 
0100 FIG. 30K highlights the annular array and depicts 
the imaging component at the apex. 
0101 FIGS. 30L-N depict various cutouts for ultrasound 
imaging probes. 
0102 FIGS. 30O-P depict projection from the proposed 
transducer designs. 
(0103 FIG.30Ois a depiction of a focal Zone created by the 
therapeutic transducer(s) to focus a single region. 
0104 FIGS. 30R-30S depict a multi-element array in a 
pizza slice shape yet with many square elements. 
0105 FIGS. 30T-30U depict simulations of the annular 
array specific for the anatomy to be treated around a kidney of 
a patient. 
0106 FIG. 30V depicts a housing for the custom array. 
0107 FIG. 30W depicts focusing of energy from the cus 
tom array along a blood vessel. 
0.108 FIG.31A depicts an off center focus from an alter 
native arrangement of the annular array transducer. 
0109 FIG. 31B depicts focusing of energy from an alter 
native embodiment of the customized transducer array in the 
clinical embodiment in which a catheter is placed within the 
patient. 
0110 FIG. 31C is a depiction of a movement mechanism 
within a patient table. 
0111 FIG. 31D is an overall block diagram of the system 
Subsystems. 

DETAILED DESCRIPTION 

0112 Hypertension is a disease of extreme national and 
international importance. There are 80 million patients in the 
US alone who have hypertension and over 200 million in 
developed countries worldwide. In the United States, there 
are 60 million patients who have uncontrolled hypertension, 
meaning that they are either non-compliant or cannot take the 
medications because of the side effect profile. Up to 10 mil 
lion people might have completely resistant hypertension in 
which they do not reach target levels no matter what the 
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medication regimen. The morbidities associated with uncon 
trolled hypertension are profound, including stroke, heart 
attack, kidney failure, peripheral arterial disease, etc. A con 
Venient and straightforward minimally invasive procedure to 
treat hypertension would be a very welcome advance in the 
treatment of this disease. 

0113 Congestive Heart Failure (“CHF) is a condition 
which occurs when the heart becomes damaged and blood 
flow is reduced to the organs of the body. If blood flow 
decreases sufficiently, kidney function becomes altered, 
which results in fluid retention, abnormal hormone secretions 
and increased constriction of blood vessels. These results 
increase the workload of the heart and further decrease the 
capacity of the heart to pump blood through the kidneys and 
circulatory system. 
0114. It is believed that progressively decreasing perfu 
sion of the kidneys is a principal non-cardiac cause perpetu 
ating the downward spiral of CHF. For example, as the heart 
struggles to pump blood, the cardiac output is maintained or 
decreased and the kidneys conserve fluid and electrolytes to 
maintain the stroke volume of the heart. The resulting 
increase in pressure further overloads the cardiac muscle Such 
that the cardiac muscle has to work harder to pump against a 
higher pressure. The already damaged cardiac muscle is then 
further stressed and damaged by the increased pressure. 
Moreover, the fluid overload and associated clinical symp 
toms resulting from these physiologic changes result in addi 
tional hospital admissions, poor quality of life, and additional 
costs to the health care system. In addition to exacerbating 
heart failure, kidney failure can lead to a downward spiral and 
further worsening kidney function. For example, in the for 
ward flow heart failure described above, (systolic heart fail 
ure) the kidney becomes ischemic. In backward heart failure 
(diastolic heart failure), the kidneys become congested vis-a- 
vis renal vein hypertension. Therefore, the kidney can con 
tribute to its own worsening failure. 
0115 The functions of the kidneys can be summarized 
under three broad categories: filtering blood and excreting 
waste products generated by the body's metabolism; regulat 
ing salt, water, electrolyte and acid-base balance; and secret 
ing hormones to maintain vital organ blood flow. Without 
properly functioning kidneys, a patient will Suffer water 
retention, reduced urine flow and an accumulation of waste 
toxins in the blood and body. These conditions result from 
reduced renal function or renal failure (kidney failure) and are 
believed to increase the workload of the heart. In a CHF 
patient, renal failure will cause the heart to further deteriorate 
as fluids are retained and blood toxins accumulate due to the 
poorly functioning kidneys. The resulting hypertension also 
has dramatic influence on the progression of cerebrovascular 
disease and stroke. 

0116. The autonomic nervous system is a network of 
nerves which affect almost every organ and physiologic sys 
tem to a variable degree. Generally, the system is composed of 
sympathetic and parasympathetic nerves. For example, the 
sympathetic nerves to the kidney traverse the sympathetic 
chain along the spine and synapse within the ganglia of the 
chain or within the celiac ganglia, then proceeding to inner 
vate the kidney via post-ganglionic fibers inside the "renal 
nerves.” Within the renal nerves, which travel along the renal 
hila (artery and to some extent the vein), are the post-gangli 
onic sympathetic nerves and the afferent nerves from the 
kidney. The afferent nerves from the kidney travel within the 
dorsal root (if they are pain fibers) and into the anterior root if 

Jan. 26, 2012 

they are sensory fibers, then into the spinal cord and ulti 
mately to specialized regions of the brain. The afferent 
nerves, baroreceptors and chemoreceptors, deliver informa 
tion from the kidneys back to the sympathetic nervous system 
via the brain; their ablation or inhibition is at least partially 
responsible for the improvement seen in blood pressure after 
renal nerve ablation, or dennervation, or partial disruption. It 
has also been suggested and partially proven experimentally 
that the baroreceptor response at the level of the carotid sinus 
is mediated by the renal artery afferent nerves such that loss of 
the renal artery afferent nerve response blunts the response of 
the carotid baroreceptors to changes in arterial blood pressure 
(American J. Physioogy and Renal Physiology 279: F491 
F501, 2000). 
0117. It has been established in animal models that the 
heart failure condition results in abnormally high sympathetic 
activation of the kidneys. An increase in renal sympathetic 
nerve activity leads to decreased removal of water and sodium 
from the body, as well as increased renin secretion which 
stimulates aldosterone secretion from the adrenal gland. 
Increased renin secretion can lead to an increase in angio 
tensin II levels which leads to vasoconstriction of blood ves 
sels Supplying the kidneys as well as systemic vasoconstric 
tion, all of which lead to a decrease in renal blood flow and 
hypertension. Reduction in Sympathetic renal nerve activity, 
e.g., via de-innervation, may reverse these processes and in 
fact has been shown to in the clinic. Similarly, in obese 
patients, the sympathetic drive is intrinsically very high and is 
felt to be one of the causes of hypertension in obese patients. 
0118 Recent clinical work has shown that de-innervation 
of the renal sympathetic chain and other nerves which enter 
the kidney through the hilum can lead to profound systemic 
effects in patients (rats, dogs, pig, sheep, humans) with hyper 
tension, heart failure, and other organ system diseases. Such 
treatment can lead to long term reduction in the need for blood 
pressure medications and improvements in blood pressure 
(O'Brien Lancet 2009 373; 9681). The devices used in this 
trial were highly localized radiofrequency (RF) ablation to 
ablate the renal artery adventitia with the presumption that the 
nerves Surrounding the renal artery are being inhibited in the 
heating Zone as well. The procedure is performed in essen 
tially a blind fashion in that the exact location of the nerve 
plexus is not known prior to, during, or after the procedure. In 
addition, the wall of the renal artery is invariably damaged by 
the RF probe and patients whose vessels have a great deal of 
atherosclerosis cannot be treated safely. In addition, depend 
ing on the distance of the nerves from the vessel wall, the 
energy may not consistently lead to ablation or interruption. 
Finally, the use of internal catheters may not allow for treat 
ment inside the kidney or inside the aorta if more selective. In 
many cases, it is required to create a spiral along the length 
and inside the blood vessel to avoid circumferential damage 
to the vessel. 

0119 Cross-sectional imaging can be utilized to visualize 
the internal anatomy of patients via radiation (CT) or mag 
netic fields (MRI). Ultrasound can also be utilized to obtain 
cross-sections of specific regions but only at high frequen 
cies; therefore, ultrasound is typically limited to imaging 
superficial body regions. CT and MRI are often more ame 
nable to cross sectional imaging because the radiation pen 
etrates well into tissues. In addition, the scale of the body 
regions is maintained such that the anatomy within the coor 
dinate references remains intact relative to one another; that 
is, distances between structures can be measured. 
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0120. With ultrasound, scaling can be more difficult 
because of unequal penetration as the waves propagate deeper 
through the tissue. CT scans and MRIs and even ultrasound 
devices can be utilized to create three dimensional represen 
tations and reconstructed cross-sectional images of patients; 
anatomy can be placed in a coordinate reference frame using 
a three dimensional representation. Once in the reference 
frame, energy devices (transducers) can be placed in position 
and energy emitting devices directed Such that specific 
regions of the body are targeted. Once knowledge of the 
transducer position is known relative to the position of the 
target in the patient body, energy can be delivered to the 
target. 
0121 Ultrasound is a cyclically generated sound pressure 
wave with a frequency greater than the upper limit of human 
hearing . . . 20 kilohertz (kHz). In medicine, ultrasound is 
widely utilized because of its ability to penetrate tissues. 
Reflection of the sound waves reveals a signature of the 
underlying tissues and as such, ultrasound can be used exten 
sively for diagnostics and potentially therapeutics as well in 
the medical field. As a therapy, ultrasound has the ability to 
both penetrate tissues and can be focused to create ablation 
Zones. Because of its simultaneous ability to image, ultra 
Sound can be utilized for precise targeting of lesions inside the 
body. Ultrasound intensity is measured by the power per cm 
(for example, W/cm at the therapeutic target region). Gen 
erally, high intensity refers to intensities over 0.1-5 kW/cm. 
Low intensity ultrasound encompasses the range up to 0.01 
0.10 kW/cm from about 1 or 10 Watts per cm. 
0122 Ultrasound can be utilized for its forward propagat 
ing waves and resulting reflected waves or where energy 
deposition in the tissue and either heating or slight disruption 
of the tissues is desired. For example, rather than relying on 
reflections for imaging, lower frequency ultrasonic beams 
(e.g. <1 MHz) can be focused at a depth within tissue, creat 
ing a heating Zone or a defined region of cavitation in which 
micro-bubbles are created, cell membranes are opened to 
admit bioactive molecules, or damage is otherwise created in 
the tissue. These features of ultrasound generally utilize fre 
quencies in the 0.25 Megahertz (MHz) to 10 MHz range 
depending on the depth required for effect. Focusing is, or 
may be, required so that the Surface of the tissue is not exces 
sively injured or heated by single beams. In other words, 
many single beams can be propagated through the tissue at 
different angles to decrease the energy deposition along any 
single path yet allow the beams to converge at a focal spot 
deep within the tissue. In addition, reflected beams from 
multiple angles may be utilized in order to create a three 
dimensional representation of the region to be treated in a 
coordinate space. 
0123. It is important when planning an ultrasound therapy 
that sharp, discontinuous interfaces be avoided. For example, 
bowel, lung, bone which contain air and/or bone interfaces 
constitute sharp boundaries with soft tissues. These interfaces 
make the planning and therapy more difficult. If however, the 
interfaces can be avoided, then treatment can be greatly sim 
plified versus what has to be done for the brain (e.g. MR 
guided HIFU) where complex modeling is required to over 
come the very high attenuation of the cranium. Data provided 
below reveals a discovery through extensive experimentation 
as to how to achieve this treatment simplicity for treatment of 
specific structures such as nerves Surrounding blood vessels. 
0.124 Time of flight measurements with ultrasound can be 
used to range find, or find distances between objects in tis 
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Sues. Such measurements can be utilized to place objects Such 
as vessels into three dimensional coordinate reference frames 
so that energy can be utilized to target the tissues. SONAR is 
the acronym for Sound navigation and ranging and is a 
method of acoustic localization. Sound waves are transmitted 
through a medium and the time for the sound to reflect back to 
the transmitter is indicative of the position of the object of 
interest. Doppler signals are generated by a moving object. 
The change in the forward and reflected wave results in a 
velocity for the object. 
0.125. The concept of speckle tracking is one in which the 
reflections of specific tissues is defined and tracked over time 
(IEEE Transactions on Ultrasonics, Ferroelectrics, AND Fre 
quency Control, Vol. 57, no. 4, April 2010). With defined 
points in space, a three dimensional coordinate reference can 
be created through which energy can be applied to specific 
and well-defined regions. To track a speckle, an ultrasound 
image is obtained from a tissue. Light and dark spots are 
defined in the image, these light and dark spots representing 
inhomgeneities in the tissues. The inhomegeneities are rela 
tively constant, being essentially properties of the tissue. With 
relatively constant markers in the tissue, tracking can be 
accomplished using real time imaging of the markers. With 
more than one plane of ultrasound, the markers can be related 
in three dimensions relative to the ultrasound transducer and 
atherapeutic energy delivered to a defined position within the 
three dimensional field. 

0126. At the time one or more of these imaging modalities 
is utilized to determine the position of the target in three 
dimensions, then atherapy can be both planned and applied to 
a specific region within the three dimensional Volume. 
I0127. Lithotripsy was introduced in the early part of the 
1980's. Lithotripsy utilizes shockwaves to treat stones in the 
kidney. The Dornier lithotripsy system was the first system 
produced for this purpose. The lithotripsy System sends ultra 
Sonic waves through the patient's body to the kidney to selec 
tively heat and vibrate the kidney stones; that is, selectively 
over the adjacent tissue. At the present time, lithotripsy sys 
tems do not utilize direct targeting and imaging of the kidney 
stone region. A tremendous advance in the technology would 
be to image the Stone region and target the specific region in 
which the stone resides so as to minimize damage to Sur 
rounding structures such as the kidney. In the case of a kidney 
stone, the kidney is in fact the speckle, allowing for three 
dimensional targeting and tracking off its image with Subse 
quent application of ultrasound waves to break up the stone. 
In the embodiments which follow below, many of the tech 
niques and imaging results described can be applied to clini 
cal lithotripsy. For example, imaging of the stone region and 
tracking of the stone region can lead to an improved targeting 
system for breaking up kidney Stones. Rather than wasting 
energy on regions which don’t contain stones and destroying 
healthy kidney, energy can be concentrated on the portions of 
the kidney which contain the stones. 
I0128. Histotripsy is a term given to a technique in which 
tissue is essentially vaporized using cavitation rather than 
heating (transcutaneous non-thermal mechanical tissue frac 
tionation). These mini explosions do not require high tem 
perature and can occur in less than a second. The generated 
pressure wave is in the range of megapascals (MPa) and even 
up to or exceeding 100 MPa. To treat small regions of tissue 
very quickly, this technique can be very effective. The border 
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of the viable and non-viable tissue is typically very sharp and 
the mechanism of action has been shown to be cellular dis 
ruption. 
0129. In one embodiment, ultrasound is focused on the 
region of the renal arteries and/or veins from outside the 
patient; the ultrasound is delivered from multiple angles to the 
target, thereby overcoming many of the deficiencies in pre 
vious methods and devices put forward to ablate renal sym 
pathetic nerves which surround the renal arteries. 
0130 Specifically, one embodiment allows for precise 
visualization of the ablation Zone so that the operator can be 
confident that the correct region is ablated and that the incor 
rect region is notablated. Because some embodiments do not 
require a puncture in the skin, they are considerably less 
invasive, which is more palatable and safer from the patient 
standpoint. Moreover, unusual anatomies and atherosclerotic 
vessels can be treated using external energy triangulated on 
the renal arteries to affect the sympathetic and afferent nerves 
to and from the kidney respectively. 
0131 With reference to FIG. 1A, the human renal 
anatomy includes the kidneys 100 which are supplied with 
oxygenated blood by the renal arteries 200 and are connected 
to the heart via the abdominal aorta 300. Deoxygenated blood 
flows from the kidneys to the heart via the renal veins (not 
shown) and thence the inferior vena cava (not shown). The 
renal anatomy includes the cortex, the medulla, and the 
hilum. Blood is delivered to the cortex where it filters through 
the glomeruli and is then delivered to the medulla where it is 
further filtered through a series of reabsorption and filtration 
steps in the loops of henle and individual nephrons; the ultra 
filtrate then percolates to the ureteral collecting system and is 
delivered to the ureters and bladder for ultimate excretion. 
0132) The hila is the region where the major vessels (renal 
artery and renal vein) and nerves 150 (efferent sympathetic, 
afferent sensory, and parasympathetic nerves) travel to and 
from the kidneys. The renal nerves 150 contain post-gangli 
onic efferent nerves which Supply sympathetic innervation to 
the kidneys. Afferent sensory nerves travel from the kidney to 
the central nervous system and are postganglionic afferent 
nerves with nerve bodies in the central nervous system. These 
nerves deliver sensory information to the central nervous 
system and are thought to regulate much of the sympathetic 
outflow from the central nervous system to all organs includ 
ing the skin, heart, kidneys, brain, etc. 
0133. In one method, energy is delivered from outside a 
patient, through the skin, and to the renal afferent and/or renal 
efferent nerves. Microwave, light, vibratory (e.g. acoustic), 
ionizing radiation might be utilized in some or many of the 
embodiments. 
0134 Energy transducers 500 (FIG. 1A) deliver energy 
transcutaneously to the region of the sympathetic ganglia 520 
or the post-ganglionic renal nerves 150 or the nerves leading 
to the adrenal gland 400. The energy is generated from out 
side the patient, from multiple directions, and through the 
skin to the region of the renal nerves 624 which surround the 
renal artery 620 or the sympathetic ganglion 622 which house 
the nerves. The energy can be focused or non-focused but in 
one preferred embodiment, the energy is focused with high 
intensity focused ultrasound (HIFU) or low intensity focused 
ultrasound. 
0135 Focusing with low intensity focused ultrasound 
(LIFU) may also occur intentionally as a component of the 
HIFU (penumbra regions) or unintentionally. The mechanism 
of nerve inhibition is variable depending on the “low” or 
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“high” of focused ultrasound. Low energy might include 
energy levels of 25 W/cm-200 W/cm. Higher intensity 
includes energy levels from 200 W/cm to 1 MW/cm. Focus 
ing occurs by delivering energy from at least two different 
angles through the skin to meet at a focal point where the 
highest energy intensity and density occurs. At this spot, a 
therapy is delivered and the therapy can be sub-threshold 
nerve interruption (partial ablation), ablation (complete inter 
ruption) of the nerves, controlled interruption of the nerve 
conduction apparatus, partial ablation, or targeted drug deliv 
ery. The region can be heated to a temperature of less than 60 
degrees Celsius for non-ablative therapy or can be heated 
greater than 60 degrees Celsius for heat based destruction 
(ablation). To ablate the nerves, even temperatures in the 40 
degree Celsius range can be used and if generated for a time 
period greater than several minutes, will result in ablation. 
For temperatures at about 50 degrees Celsius, the time might 
be under one minute. Heating aside, a vibratory effect for a 
much shorter period of time attemperatures below 60 degrees 
Celsius can result in partial or complete paralysis or destruc 
tion of the nerves. If the temperature is increased beyond 
50-60 degrees Celsius, the time required for heating is 
decreased considerably to affect the nerve via the sole mecha 
nism of heating. In some embodiments, an imaging modality 
is included as well in the system. The imaging modality can 
be ultrasound based, MRI based, or CT (X-Ray) based. The 
imaging modality can be utilized to target the region of abla 
tion and determined the distances to the target. 
0.136 The delivered energy can be ionizing or non-ioniz 
ing energy in some embodiments. Forms of non-ionizing 
energy can include electromagnetic energy Such as a mag 
netic field, light, an electric field, radiofrequency energy, and 
light based energy. Forms of ionizing energy include X-ray, 
proton beam, gamma rays, electronbeams, and alpha rays. In 
Some embodiments, the energy modalities are combined. For 
example, heat ablation of the nerves is performed and then 
ionizing radiation is delivered to the region to prevent re 
growth of the nerves. 
0.137 Alternatively, ionizing radiation is applied first as an 
ablation modality and then heat applied afterward in the case 
of re-growth of the tissue as re-radiation may not be possible 
(complement or multimodality energy utilization). Ionizing 
radiation may prevent or inhibit the re-growth of the nervous 
tissue around the vessel if there is indeed re-growth of the 
nervous tissue. Therefore, another method of treating the 
nerves is to first heat the nerves and then apply ionizing 
radiation to prevent re-growth. 
0.138. Other techniques such as photodynamic therapy 
including a photosensitizer and light source to activate the 
photosensitizer can be utilized as a manner to combine 
modalities. Most of these photosensitizing agents are also 
sensitive to ultrasound energy yielding the same photoreac 
tive species as if it were activated by light. A photoreactive or 
photosensitive agent can be introduced into the target area 
prior to the apparatus being introduced into the blood vessel; 
for example, through an intravenous injection, a Subcutane 
ous injection, etc. However, it will be understood that if 
desired, the apparatus can optionally include a lumen for 
delivering a photoreactive agent into the target area. The 
resulting embodiments are likely to be particularly beneficial 
whereuptake of the photoreactive agent into the target tissues 
is relatively rapid, so that the apparatus does not need to 
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remain in the blood vessel for an extended period of time 
while the photoreactive agent is distributed into and absorbed 
by the target tissue. 
0139 Light source arrays can include light sources that 
provide more than one wavelength or waveband of light. 
Linear light Source arrays are particularly useful to treat elon 
gate portions of tissue. Light source arrays can also include 
reflective elements to enhance the transmission of light in a 
preferred direction. For example, devices can beneficially 
include expandable members such as inflatable balloons to 
occlude blood flow (which can interfere with the transmission 
oflight from the light Source to the intended target tissue) and 
to enable the apparatus to be centered in a blood vessel. 
Another preferred embodiment contemplates a transcutane 
ous PDT method where the photosensitizing agent delivery 
system comprises a liposome delivery system consisting 
essentially of the photosensitizing agent. Light Sources may 
be directed at a focus from within a blood vessel to a position 
outside a blood vessel. Infrared, Red, Blue, Green, and ultra 
violet light may be used from within a blood vessel to affect 
nervous tissue outside the blood vessel. Light emitting diodes 
may be introduced via catheter to the vein, the artery, the 
aorta, etc. After introduction of the photoreactive agent (e.g. 
via intravenous, Subcutaneous, transarterial, transvenous 
injection), the light is applied through the blood vessel wall in 
a cloud of energy which activates the photoreactive agents. 
0140. Yet another embodiment is drawn to a method for 
transcutaneous ultrasonic therapy of a target lesion in a mam 
malian subject utilizing a sensitizer agent. In this embodi 
ment, the biochemical compound is activated by ultrasound 
through the following method: 
0141 1) administering to the subject a therapeutically 
effective amount of an ultrasonic sensitizing agent or a ultra 
Sonic sensitizing agent delivery system or a prodrug, where 
the ultrasonic sensitizing agent or ultrasonic sensitizing agent 
delivery system or prodrug selectively binds to the thick or 
thin neointimas, nerve cells, nerve sheaths, nerve nuclei, arte 
rial plaques, vascular Smooth muscle cells and/or the abnor 
mal extracellular matrix of the site to be treated. Nerve com 
ponents can also be targeted, for example, the nerve sheath, 
myelin, S-100 protein. This step is followed by irradiating at 
least a portion of the Subject with ultrasonic energy at a 
frequency that activates the ultrasonic sensitizing agent or ifa 
prodrug, by a prodrug product thereof, where the ultrasonic 
energy is provided by an ultrasonic energy emitting source. 
This embodiment further provides, optionally, that the ultra 
Sonic therapy drug is cleared from non-target tissues of the 
Subject prior to irradiation. 
0142. A preferred embodiment contemplates a method for 
transcutaneous ultrasonic therapy of a target tissue, where the 
target tissue is close to a blood vessel. Other preferred 
embodiments contemplate that the ultrasonic energy emitting 
Source is external to the patient's intact skin layer or is 
inserted underneath the patient's intact skin layer, but is exter 
nal to the blood vessel to be treated. An additional preferred 
embodiment provides that the ultrasonic sensitizing agent is 
conjugated to a ligand and more preferably, where the ligand 
is selected from the group consisting of a target lesion spe 
cific antibody; a target lesion specific peptide and a target 
lesion specific polymer. Other preferred embodiments con 
template that the ultrasonic sensitizing agent is selected from 
the group consisting of indocyanine green (ICG); methylene 
blue; toluidine blue; aminolevulinic acid (ALA); chlorin 
compounds; phthalocyanines; porphyrins; purpurins; texa 
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phyrins; and any other agent that absorbs light in a range of 
500 nm-1100 nm. A preferred embodiment contemplates that 
the photosensitizing agent is indocyanine green (ICG). 
0143. Other embodiments are drawn to the presently dis 
closed methods of transcutaneous PDT, where the light 
Source is positioned in proximity to the target tissue of the 
Subject and is selected from the group consisting of an LED 
light Source; an electroluminesent light Source: an incandes 
cent light source: a cold cathode fluorescent light source: 
organic polymer light Source; and inorganic light Source. A 
preferred embodiment includes the use of an LED light 
SOUC. 

0144. Yet other embodiments of the presently disclosed 
methods are drawn to use of light of a wavelength that is from 
about 500 nm to about 1100 nm, preferably greater than about 
650 nm and more preferably greater than about 700 nm. A 
preferable embodiment of the present method is drawn to the 
use of light that results in a single photon absorption mode by 
the photosensitizing agent. 
0145 Additional embodiments include compositions of 
photosensitizer targeted delivery system comprising: a pho 
tosensitizing agent and a ligand that binds a receptor on the 
target tissue with specificity. Preferably, the photosensitizing 
agent of the targeted delivery system is conjugated to the 
ligand that binds a receptor on the target (nerve or adventitial 
wall of blood vessel) with specificity. More preferably, the 
ligand comprises an antibody that binds to a receptor. Most 
preferably, the receptor is an antigen on thick or thin neoin 
timas, intimas, adventitia of arteries, arterial plaques, Vascu 
lar smooth muscle cells and/or the extracellular matrix of the 
site to be treated. 
0146 A further preferred embodiment contemplates that 
the photosensitizing agent is selected from the group consist 
ing of indocyanine green (ICG); methylene blue; toluidine 
blue; aminolevulinic acid (ALA); chlorin compounds; phtha 
locyanines; porphyrins; purpurins; texaphyrins; and any 
other agent that absorbs light in a range of 500 nm-1100 nm. 
0.147. Other photosensitizers that may be used with 
embodiments described herein are known in the art, includ 
ing, photofrin. RTM, synthetic diporphyrins and dichlorins, 
phthalocyanines with or without metal substituents, chloro 
aluminum phthalocyanine with or without varying Substitu 
ents, chloroaluminum Sulfonated phthalocyanine, O-substi 
tuted tetraphenyl porphyrins, 3.1-meso tetrakis 
(o-propionamido phenyl) porphyrin, Verdins, purpurins, tin 
and Zinc derivatives of octaethylpurpurin, etiopurpurin, 
hydroporphyrins, bacteriochlorins of the tetra(hydroxyphe 
nyl) porphyrin series, chlorins, chlorin e6, mono-1-asparty1 
derivative of chlorine6, di-1-aspartyl derivative of chlorin e6, 
tin(IV) chlorin e6, meta-tetrahydroxphenylchlorin, ben 
Zoporphyrin derivatives, benzoporphyrin monoacid deriva 
tives, tetracyanoethylene adducts of benzoporphyrin, dim 
ethyl acetylenedicarboxylate adducts of benzoporphyrin, 
Diels-Adler adducts, monoacid ring “a” derivative of ben 
Zoporphyrin, sulfonated aluminum PC, sulfonated AlPc, dis 
ulfonated, tetrasulfonated derivative, sulfonated aluminum 
naphthalocyanines, naphthalocyanines with or without metal 
Substituents and with or without varying Substituents, Zinc 
naphthalocyanine, anthracenediones, anthrapyrazoles, ami 
noanthraquinone, phenoxazine dyes, phenothiazine deriva 
tives, chalcogenapyrylium dyes, cationic selena and tellu 
rapyrylium derivatives, ring-Substituted cationic PC, 
pheophorbide derivative, pheophorbide alpha and ether or 
ester derivatives, pyropheophorbides and ether or ester 


































































