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CORRECTION AND OPTIMIZATION OF WAVE REFLECTION IN BLOOD VESSELS

FIELD OF THE INVENTION

[0001] The invention relates generally to methods and devices that can treat symptoms

and conditions in the vascular system, and more specifically, by using wave optimization

technology.

BACKGROUND

[0002] Congestive heart failure (CHF) has reached an epidemic proportion in the U.S.

and worldwide with serious consequences in terms of human suffering and economic impact. In

the U.S. alone, there are 60,000 patients dying each year with CHF as the underlying cause.

Approximately 5,800,000 Americans have been diagnosed with this condition and this number is

increasing every year. In the absence of myocardial infarction, hypertension is a primary risk

factor of CHF (D. Lloyd-Jones et al. (2002) Circulation 106: 3068-3072) mainly due to the

chronic elevation of the left ventricular (LV) workload and the development of left ventricular

hypertrophy (LVH) (W. Kannel et al. (1994) British Heart Journal 72: S3-S9; G. Mitchell et al.

(2010) Circulation 121: 505-51 1; and M. Moser et al. (1996) J Coll Cardiol 2 ' : 1214-1218).

[0003] Healthy heart function is based on a delicate balance between its pumping

capacity (cardiac output, stroke volume) and the input resistance of the receiving vascular

system. The pumping mechanism of the heart is pulsatile —with each heartbeat, the heart sends a

wave of pressure surge accompanied by local vessel dilation throughout the vascular conduits.

The intensity and pulsatility of this pressure and the dilation wave decreases as the waves enter

smaller vessels and eventually disappear in the capillary bed. Therefore, wave dynamics

dominates the hemodynamics of large vessels such as the ascending, descending and abdominal

aorta.

[0004] In this respect, vascular resistance in large arteries is composed of a primary

viscous component and a dynamic component that is a function of wave characteristics such as

frequency (heart beat), amplitude (stroke volume), wave length, and pressure-flow phase



difference which depends on the elastic and viscoelastic properties of the carrier vessel. In the

electrical circuit terminology, the frequency-dependent component of vascular resistance is

known as "impedance." Essentially, this dynamic resistance is the response of the vascular

system as a compliant system to the pressure and wall expansion waves that originate at the root

of the aorta during the systolic phase.

[0005] It is known (W. Nichols et al. (2005) "McDonald's Blood Flow in Arteries:

Theoretical, Experimental and Clinical Principles") that pressure wave reflection from branching

points (renal arteries etc.), or from sudden changes in the wall properties such as thickness,

diameter or stiffness can grossly change the resistance that the heart experiences during the

cardiac cycle. Stiffening of the aorta due to aging or vascular diseases, for instance, hampers the

ability for blood vessels to vasodilate. This effect is a major source of elevated systemic

resistance and thus blood pressure. Such stiffening also results in a change in the wave speed

and length of forward propagating waves as well as the nature of their interaction with the

reflective waves.

[0006] While efforts have been made trying to elucidate the role of wave reflections in

heart failure (S. Curtis et al. (2007) Am J Physiol Heart Circ Physiol 293: H557-562; and GF

Mitchell et al. (2001) Hypertension 38: 1433-1439), and clinical studies have confirmed that

abnormal pulsatile loads play an important role in the pathogenesis of LVH and CHF {Supra G.

Mitchell et al. (2010); H. Ooi et al. (2008) Congestive Heart Failure 14: 31-36), conventional

cardiology in general ignores this wave dynamic and its impact on the vascular resistance mainly

due to the complexity of the wave interaction process. Therefore, there is a need for novel

methods and devices that take advantage of recently gained insights in hemodynamics in the

treatment and prevention of heart diseases and heart failure.

SUMMARY OF THE INVENTION

[0007] While it is known in the art to use a ventricular assistance device (VAD) which

includes an artificial pump to treat patients suffering from congestive heart failures, the inventors

are not aware of any attempt at utilizing reflective waves to lessen the workload on the patient's

heart.



[0008] Accordingly, the present invention provides methods and devices aimed at

creating an artificial refiection wave in the vascular system for the purpose of reducing a cardiac

load.

[0009] According to one aspect, the invention features a device implantable in a

mammal. The device comprises a biocompatible material configured to generate an artificial

pressure wave reflection site in a blood vessel in the mammal, the artificial pressure wave

refiection site configured to reduce a hemodynamic load on the mammal's heart as compared to

a hemodynamic load exerted by the blood vessel without the artificial pressure wave refiection

site.

[0010] In one embodiment, the device further comprises a band that can be configured to

have curvature for constricting the blood vessel at the reflection site or otherwise applying

pressure at the reflection site.

[0011] In another embodiment, the device is configured to be changed by an adjustment.

[0012] In yet another embodiment, the device is configured to be changed in at least one

parameter selected from the group consisting of an activation state, an axial distance from the

aortic root, an axial width, a diameter, a flexibility, a durometer and a shape.

[0013] In still another embodiment, the device comprises multiple reflection-changing

elements that can be individually activated and deactivated.

[0014] In a further embodiment, the multiple reflection-changing elements are each

selected from the group consisting of a ring, a band, a graft, and a stent.

[0015] In yet a further embodiment, the device is in communication with a control

module that effects the adjustment.

[0016] In an additional embodiment, the control module is configured to be set by at least

one actor selected from the group consisting of a human operator, a microcomputer-based device

having instructions recorded on a machine -readable medium, and a remote device in

communication with the control module

[0017] In one more embodiment, the control module is in communication with a sensor

configured to detect at least one physiological parameter related to blood flow.

[0018] In yet another embodiment, the at least one physiological parameter is selected

from the group consisting of a heart rate, a pressure wave at the aortic root, a flow wave at the



aortic root, an arrival time of incoming pressure wave in the blood vessel, an arrival time of

incoming flow wave in the blood vessel, and a rigidity of the blood vessel.

[0019] In still a further embodiment, the control module is in communication with a

pacemaker.

[0020] According to another aspect, the invention relates to a kit, comprising an

implantable device comprising a biocompatible material configured to generate an artificial

pressure wave reflection site in a blood vessel in the mammal, the artificial pressure wave

reflection site configured to reduce over a range of heart rates a hemodynamic load on the

mammal's heart as compared to a hemodynamic load exerted by the blood vessel without the

artificial pressure wave reflection site; and an instruction as to where to implant the implantable

device in the mammal.

[0021] In one embodiment, the kit further comprises a control module configured to

make adjustment to the device.

[0022] In another embodiment, the kit further comprises a sensor configured to

communicate with the control module, the sensor configured to detect at least one physiological

parameter related to blood flow.

[0023] In yet another embodiment, the sensor is implantable.

[0024] In still another embodiment, the device comprises a band.

[0025] In a further embodiment, the control module is in communication with a

pacemaker.

[0026] According to another aspect, the invention relates to a method of reducing a

hemodynamic load on a mammal's heart, the method comprising the step of affecting a reflective

wave in the mammal's blood circulation system.

[0027] In one embodiment, the method further comprises providing a new artificial

pressure wave reflection site in a blood vessel in the mammal.

[0028] In another embodiment, the new reflection site is in the abdominal aorta.

[0029] In yet another embodiment, the new reflection site is proximate to the renal

bifurcation.

[0030] In still another embodiment, the method further comprises adjusting a rigidity of a

blood vessel.



[0031] The details of one or more embodiments of the invention are set forth in the

accompanying description below. Although any methods and materials similar or equivalent to

those described herein can be used in the practice or testing of the present invention, the

preferred methods and materials are now described. Other features, objects, and advantages of

the invention will be apparent from the description. In the specification and the appended

claims, the singular forms also include the plural unless the context clearly dictates otherwise.

Unless defined otherwise, all technical and scientific terms used herein have the same meaning

as commonly understood by one of ordinary skill in the art to which this invention belongs. In

the case of conflict, the present Specification, including definitions, will control. In addition, the

materials, methods, and examples are illustrative only and not intended to be limiting.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] The objects and features of the invention can be better understood with reference

to the drawings described below, and the claims. The drawings are not necessarily to scale,

emphasis instead generally being placed upon illustrating the principles of the invention. In the

drawings, like numerals are used to indicate like parts throughout the various views.

[0033] FIG. 1 is a side view of an aorta model with reflection-changing elements of the

invention placed over parts of the aorta.

[0034] FIG. 2 is a side view of an aorta model with another embodiment of the

reflection-changing element shown over the aorta.

[0035] FIG. 3 is a flow chart showing the relations among components of a dynamic

embodiment the invention when in operation.

[0036] FIG. 4 shows an embodiment of the invention that includes multiple reflection-

changing elements and their placement on an aorta model.

[0037] FIG. 5A and FIG. 5B are graphs illustrating the LV pulsatile power at different

heart rates for an aorta model. Each plot line represents data collected for a given aortic rigidity.

[0038] FIG. 6 is a schematic view of an aortic simulator used for collecting data

presented in FIG. 9 to FIG. 11.

[0039] FIG. 7 is a perspective view of a ring used as an embodiment of the reflection-

changing element.



[0040] FIG. 8 shows two locations for a band as an embodiment of the reflection-

changing element on the aortic simulator illustrated in FIG. 6 .

[0041] FIG. 9 charts the resulting LV pulsatile power as a ring is placed at different

distance from the aortic root (heart rate at 60 bpm).

[0042] FIG. 10 charts the resulting pulsatile power at different heart rates for each ring

location.

[0043] FIG. 11 charts the resulting pulsatile power at different heart rates for each band

location.

DETAILED DESCRIPTION

DEFINITIONS

[0044] Malleable: capable of being extended, shaped or bent by mild impact or pressure

without losing its physical integrity, i.e., without breaking.

[0045] Biocompatible: suitable for exposure to the body or bodily fluids without causing

chemical reactions known to be adverse to the organism.

[0046] In a series of in-depth in vitro experimental, theoretical and computational

studies, Gharib and his students at California Institute of Technology have affirmatively shown

that wave reflection can result in added positive or negative pumping effect in flow loops that

consist of a compliant tube connected to well-defined reflective sites. In particular, studies done

by Hickerson and Gharib (J. Fluid Mech. (2006) 555: 141-48) as well as by Avrahami and

Gharib (J. Fluid Mech. (2008) 608: 139-60) have demonstrated that in tubes with dimensions

similar to adult human aorta and with similar compliance properties, one can produce forward or

retrograde flow by simply changing the frequency and duty cycle of pulsatile flows. Through

these studies, it was shown that the observed pumping effects are due to the positive and

negative interaction between incoming and reflective waves at the reflection sites.

[0047] The present invention is based on the recent discovery that the wave reflection

process in parts of the vascular system, e.g., the aorta, can be manipulated (through constructive

interaction with reflective waves) to produce a forward pumping effect and/or to correct an

adverse pumping effect that may exist due to negative interactions between forward waves with

reflective waves. These interactions are complex. In a healthy, young adult, the pressure wave

originating from the heart can be traveling at the speed about 6 m/s in the aorta, making several



rounds in the aorta and the rest of the arterial system in the duration of a single heartbeat.

Therefore, before a cardiac pressure wave dies out, reflections stemming from it could encounter

other waves in additive/constructive or interruptive/destructive manners due to phase differences.

In the case of a constructive interaction, the reflective wave serves as a net forward flow (away

from the heart). The pump (or the heart) receives added help from a compliant tube (the aorta)

due to its ability to provide additional pumping in series with the main pump (heart), reducing

the heart's overall loading. In the case of a destructive interaction, the reflective wave serves as

a net retrograde flow (towards the heart). The pump (or the heart) is presented with additional

resistance since the elastic tube (or aorta) now acts as an anti-pump against the pump's (or the

heart's) output.

[0048] The present invention encompasses methods and modalities that can modify wave

reflection in the vascular system in order to create constructive interactions between existing

wave dynamics and reflective waves for the purpose of increasing net forward flow or reducing

vascular impedance. This lowers the workload on the heart and increases cardiac output,

providing a viable option for the prevention and treatment of many heart conditions and diseases,

especially those associated with different types of heart failure such as congestive heart failure

(CHF), acute heart failure (AHF), and systolic heart failure. For example, patients with

hypertension (high blood pressure) of any type (essential hypertension, secondary hypertension,

isolated systolic hypertension, or resistant hypertension) and left ventricular hypertrophy (LVH)

who are in danger of suffering from heart failures can benefit from therapeutic embodiments of

the present invention as reduction of pulsatile load through the present techniques can

significantly improve left ventricular (LV) function in patients. In addition, the device of the

invention can also be used as a medical assistance device for all of the above mentioned diseases

as well as others cardiovascular diseases such as diastolic heart failure and ischemic heart

disease.

[0049] According to the present invention, in order to reduce the workload on the heart, a

reflective wave in the blood circulation, e.g., in the aorta is provided. In one embodiment, this is

achieved through modifying the physical property of an existing part or locus in the vascular

system, e.g., the rigidity of a portion of the aortic wall (e.g., through the use of a band). In

another embodiment, this is achieved through the introduction of a new, artificial reflection site.

A single device or multiple devices can be used to on a single patient to practice the invention



and these devices are individually and collectively termed "reflection-changing element" or

"reflection-changing elements" for purposes of this disclosure.

[0050] Referring to FIG. 1, the simplest form of the reflection-changing element is a

band 10, which is a strip of material configured to have curvature for constricting part of the

vasculature and can fully encircle or partially encircle around a blood vessel. The band can be

made of any suitable material, and for implanting purposes, a biocompatible material, such as a

metal, an alloy, a plastic, a fabric or a combination of any of the above. In some embodiments,

the band 10 is made of one or more malleable materials such that an operator (e.g., a surgeon)

can manually adjust its curvature to achieve the right amount of constriction over a selected

vascular site. The band 10 can have a variety of configurations that vary in thickness, axial

width and diameter. In some embodiments, the band 10 has an axial width between about 4 cm

and about 8 cm. In one embodiment, the band 10 is a full-circle ring 12. The reflection-

changing element of the invention is placed or implanted at a predetermined position to create a

new reflection site or shift an existing reflection site from its natural position to a new position

that is more favorable in terms of added wave pumping capability. The band 10 can be a strip of

biocompatible fabric wrapped around that location in a constricting manner similar to a bandage.

It can be immobilized through the use of an adhesive or other conventional attachment device

such as a suture. If the band 10 is a full circle ring 12, it can be an open ring that is closable after

being delivered to the desired implanting location, e.g., in a mechanism similar to rings found in

a three-ring binder. In one embodiment, the ring 12 is secured to the vessel wall by a strip of

self-adhesive bandage wrapped around the ring.

[0051] FIG. 1 shows the reflection-changing element implanted over a tube designed to

simulate an aorta 20, the largest artery in human and other mammals. The aorta originates from

the left ventricle of the heart (not shown) at the point of aortic input or aortic root 22, and can be

divided into a section called the ascending aorta 24, a section called the Arch of aorta 26, and a

section called the descending aorta 28, which ends at the iliac bifurcation 30 where the aorta

divides into the common iliac arteries 32. In the lower part of the descending aorta 28 called the

abdominal aorta 33, there is also a renal bifurcation 34 where the aorta braches and extends,

through renal arteries 35, into the kidneys 36. The reflection-changing element of the invention

can be placed at or near any suitable site in the vasculature, preferably in close proximity to a

major artery such as the aorta. In one embodiment, the reflection-changing element of the



invention is implanted at the descending aorta, preferably the abdominal aorta. In a particular

embodiment, the reflection-changing element of the invention is implanted between the renal

bifurcation site 34 and the iliac bifurcation site 30 of the aorta, e.g., underneath or distal to the

renal bifurcation site 34, e.g., ring 12 as shown in FIG.l.

[0052] When multiple elements are used, the reflection-changing elements of the

invention can be implanted at multiple locations in the vasculature at the same time or in

sequence. At any given time in a patient, the reflection-changing elements can be of the same

configuration or different. While the embodiments illustrated in FIG. 1 are placed outside a

blood vessel, one skilled in the cardiovascular art should readily understand that they can be

placed inside a blood vessel, for example, by use of delivery and deployment devices similar to

those used with stents and other cardiovascular implants (e.g., a balloon catheter). For example,

a collapsible ring, band, graft or stent can be placed over a balloon in a catheter and delivered via

the femoral veins to a desired site before being expanded and immobilized against the artery wall

as the balloon is inflated.

[0053] The reflection-changing elements illustrated in FIG. 1 may be passive in the sense

that they are meant to be permanent or semi-permanent implants that, once implanted, would

remain the same configuration in the same location for an extended period of time, possibly for

life. Some of the materials suitable for making the passive embodiments include fabrics such as

silk, polyester (e.g., sold under the trade name Dacron ®), shape memory alloys and thermoplastic

polymers such as polyethylene (PE) and polytetrafluoroethylene (PTFE). Moreover, there are

also dynamic or interactive embodiments where a reflection-changing element of the invention is

adjustable and adjusts according to a changing physiological condition of the patient.

[0054] Referring now to FIG. 2, a dynamic embodiment of the reflection-changing

element of the invention is shown as a cuff 40 that can be wrapped around an aorta 20 at a

strategic position (e.g., proximate to the renal bifurcation 34). The cuff 40 consists of one or

multiple controllable, smaller bands that are susceptible to remote adjustment and control. Three

such bands 42a, 42b and 42c are shown in the figure. Materials that can be used to makes these

adjustable bands include and are not limited to active polymers, inflatable materials, ferro

magnetic materials, and shape memory alloys. One or more adjustable bands can be implanted

in a patient at a given time. Each of the adjustable bands 42a, 42b and 42c is in communication

with a control module 50. In some embodiments the control module 50 is remote (e.g., outside



the patient body). In other embodiments, the control module 50 may be implanted within the

body of the patient. In one embodiment, the control module 50 can effect changes in various

parameters of the adjustable band, e.g., its activation state (on or off), axial distance of the

artificial reflection site from the aortic input (location), axial width, diameter, flexibility,

durometer and shape. As an example, one embodiment of the adjustable band can change in

terms of flexibility such that it can be more or less stiff through the use of piezoelectric materials

or a ferro-magnetic gel (or fluids) around the band.

[0055] The change may be based on a control input with feed back from a sensor 60,

shown here as fastened to the aorta wall next to the cuff 40, to change the reflection site

dynamically in order to promote constructive wave interaction. In some embodiments, the

sensor 60 is a pressure sensor. In other embodiments, the sensor is a motion sensor. For

example, the sensor 60 could be based on an interdigitated array of elements that provide a

capacitive signal. In some embodiments, a dual array of interdigitated elements, having on array

aligned to measure an axial signal, and a second array aligned to measure a longitudinal signal,

can be used to obtain values for axial and longitudinal pressures or motions. In the case of

having ferro-magnetic gel in the reflection-changing element, the sensor can be an electrical

current sensor that sends out feedback signal based on transmural pressure changes and the

control module in turn sends control signal to change the current in the gel and consequently

change the stiffness or flexibility of the gel.

[0056] The control module 50 can be set by at least one or more of the following: a

human operator (e.g., a surgeon), a microcomputer-based device having instructions recorded on

a machine-readable medium, and a remote device in communication with said control module

50. FIG. 3 illustrates how various components in a dynamic embodiment of the invention

operate. One or more sensors 60 detect one or more physiological parameter related to blood

flow, e.g., a heart rate, a pressure wave at an aortic input, a flow wave at an aortic input, an

arrival time of incoming pressure wave in the blood vessel, an arrival time of incoming flow

wave in the blood vessel, and a rigidity of the blood vessel. In step 90, sensor 60 sends the

detected information to the control module 50, which processes the information and executes a

command in step 92 for the reflection-changing element 100 to make an adjustment (e.g., to

activate by changing from a relaxed state to a constricted state or vise versa). The control

module 50 may be further in communication with a third implant device that can affect one of



the physiological parameters being detected by the sensor 60 such that the control module 50

can, via this third implant device, change the value of the parameter. For example, as described

below, efficacy of the reflection-changing element 100 of the present invention may depend on

the heart rate of the patient. Therefore, when the control module 50 also controls a pacemaker

70 through step 94, it can modify the heart rate such that the reflection-changing element of the

invention could be better utilized to assist the patient in lessening the workload on the heart. The

individual electrical connections between any two of sensor 60, control module 50, pacemaker

70 and reflection-changing element 100 can be wired or wireless. Wireless communication

among all parts listed in FIG. 3 can be achieved, as one skilled in the art readily understands, by

using currently available communication technologies and protocols such as those relying on

radio waves and are not described in further detail here.

[0057] Referring now to FIG. 4, in one embodiment, the implantable device of the

invention includes multiple reflection-changing elements 100 that can be individually activated

and deactivated. In one exemplary method to practice the invention, an area of the vasculature,

e.g., the entire aorta, is first identified in an adult male patient as the potential site for implanting

the device of the invention. The patient's aorta is then determined to be about 52 cm long, e.g.,

through imaging techniques such as MRI. Four adjustable bands or rings, marked as 1-4, are

selected to be implanted over the length of the aorta starting at about 15 cm from the aortic input

and then with a space of about 10 cm in between each other as summarized in Table 1. All four

bands are wirelessly connected to a control module (not shown). A sensor is implanted in

proximity to the left ventricle, e.g., at the aortic input, to determine if workload on the left

ventricle has been sufficiently lessened as the control module activates the adjustable band 1 first

and the bands 2, 3, and 4 in sequence (always with the other three inactive). Alternatively, a

network of sensors that measures blood pressure and flow over various parts of the aorta can be

employed to calculate LV workload. Then the operator can decide which of the four bands

should remain active based on feedback from the sensor. Alternately, a control module can be

linked wirelessly to the sensor and can decide which band to activate (and which bands to

deactivate) based on continued feedback from the sensor.



Table 1

Item Distance from Aortic Root Axial width

Band 1 15 cm About 0.5 cm

Band 2 25 cm About 0.5 cm

Band 3 35 cm About 0.5 cm

Band 4 45 cm About 0.5 cm

[0058] Further embodiments of the invention include kit embodiments where various

combinations of the reflection-changing elements, the control module, the sensor, the delivery

devices, are included with appropriate instructions of use. In one embodiment, instruction on

where to implant the reflection-changing elements is also include, e.g., directing the user to

implant them in aortic locations such as the abdominal aorta.

Examples

[0059] Aortic wave dynamics depend on heart rate, aortic compliance/wall rigidity, and

the locations of reflection sites {Supra, I . Avrahami et al. (2008); and A . Hickerson et al. (2005)

Experiments in Fluids 38: 534-540). The inventors have demonstrated, in "Aortic Wave

Dynamics and Its Influence on Left Ventricular Workload" (201 1, in press at PLos), that aortic

waves have an optimum condition at which the left ventricular (LV) workload is minimized.

FIG. 5A and FIG. 5B show that at any given aortic rigidity, there exists an optimum heart rate

(HR) that minimizes the LV power requirement for a set amount of cardiac output. For example,

for aortic rigidity value E l the optimum HR is around 100. At that HR, the LV pulsatile power

reaches a minimum value of around 50 mWatt in an three-dimensional axisymmetric aorta model

based on physiological data from C. Caro et al. (1978, Oxford University Press) "The Mechanics

of the Circulation." Since the total LV power consists of the pulsatile power and a steady power,

the total workload on LV is minimized when the pulsatile load on LV reaches the minimum

value. FIG. 5A and FIG. 5B also show that the optimum HR shifts to higher values as the aorta

becomes more rigid, i.e., goes from E1 to E
2

E
3

E4, E E and E7, where E1 < E2 <E3 < E4 < E <

E < E .



[0060] Referring now to FIG. 6, an aortic simulator 200 was used to study whether the

reflection-changing elements of the invention can reduce the workload on a patient's LV. The

simulator 200 was a hydraulic model with physical and dynamical properties similar to the

human aorta and was used for in-vitro hemodynamic study of the mammalian, in particular,

human vascular system. The model included aortic arc 26 and main branches of the aorta, and

was built in a 1-1 scale of a typical human aorta. Geometrical parameters were within the range

of published physiological data. Syringes 210 were provided at the end of each branch to

simulate the compliance of omitted vascular bed. The syringe 210 was half filled with air to give

the requisite compliance. The arterial resistance was control by using the syringe 210 at each

branch and a resistance valve 250 at the end of the hydraulic circuit (before the reservoir 260).

[0061] In-vitro experiments were performed using the aortic simulator 200 illustrated in

FIG. 6 . The aortic simulator 200 was set up and run for an artificial compliant model of the aorta

for various heart rates in the range {60, 72, 100, 120, 160} beats per minute (bpm). Cardiac

output was fixed at 5 liters/min for all cases. The pressure and velocity (flow) data at the aortic

input (aortic root) was collected to compute pulsatile ( Pp e ) and total left ventricular power

(P
total

) using Equation 1 and 2 (shown below). No ring or band was used, and data was collected

as control.

— 1
Ptot ai = \ P ) q t ) (1)

0

where p(t) is the pressure, q(t) is the flow, and is the period of the cardiac cycle.

A. Ring

[0062] Referring to FIG. 7, a ring 300 with a single snap grip, was used as an

embodiment of the reflection-changing element of the invention. The ring 300 has two grip ends

3 1OA and 3 10B, and by squeezing the two grip ends 3 1OA and 3 10B, an operator can decrease

the diameter of the ring 300 and lock in the diameter by virtue of the engaged teeth. The ring

300 had an axial width of about 0.5 cm and was made of plastic. The ring was placed over a pre-



selected site over the aorta simulator as shown in FIG. 4 (one ring at all times), and its inner

diameter adjusted to be about 1 mm narrower than the tubular diameter at the site of placement.

The four preselected sites correspond anatomically to the Aortic Arch, Thoracic Aorta, Upper

Abdominal Aorta and Lower Abdominal Aorta from position 1 to 4, respectively (see Table 2

below for more detail).

B. Band

[0063] Referring to FIG. 8, a band made of Polytetrafluoroethylene (PTFE) and about 7

cm wide was used as an embodiment of the reflection-changing element of the invention. The

band was wrapped around the simulated aorta at one of two preselected sites on the aorta: upper

abdominal aorta or lower abdominal aorta. As the band was significantly stiffer than the

compliant tube of the aortic tube, it created an extra reflection site without significantly

constricting the encircled aorta. Geometrical data of the ring and band are summarized in Table

2 below.

Table 2

[0064] Experiments were repeated with the same setup as the control, but with a ring or a

band placed at different location along the aorta as depicted in FIG. 4 and FIG. 8 in order to

create an artificial reflection site. The pulsatile LV power ( P ' ) and the total LV power { Ptotal )



were calculated as described above. This artificial reflection site altered the wave dynamics in

the simulated aorta, showing that it would be possible to control waves in such a way that the

load on the heart can be reduced.

[0065] Results for the ring experiment are shown in FIG. 9 and FIG. 10. As illustrated in

FIG. 9, LV pulsatile load can increase or decrease depending on the ring location. These specific

data were collected at HR = 60 bpm, and showed that in this particular embodiment and when

HR is about 60 bpm, the ring implanted at both abdominal aorta locations (locations 3 and 4)

significantly lowered the LV workload.

[0066] FIG. 10 shows the LV pulsatile power for the control case (no ring) versus having

a ring at location 1 to 4 at different heart rates (HR). There was a clear advantage of using a ring

at low HR (60 bpm) and medium low HR (72 bpm). At locations 3 and 4, the passive ring was

shown to reduce the hemodynamic load on the heart for a range of heart rates, namely, between

about 60 to about 80 bpm for the specific rigidity tested here, which approximately equals the

aortic rigidity of a 45-50 year old healthy male.

[0067] FIG. 11 shows the pulsatile power for the control case versus two different band

locations at different heart rates (HR). There is a clear advantage of using the band at the lower

abdominal location at low-medium HRs (60 and 72). Similar to the ring, at the lower abdominal

location, the passive band was shown to reduce the hemodynamic load on the heart for a range of

heart rates, namely, between about 60 to about 80 bpm for the specific rigidity tested which

approximately equals the aortic rigidity of a 45-50 year old healthy male.

[0068] For the aortic rigidity condition under which data for FIG. 9 to FIG. 11 were

collected, the control system was at its optimum condition with a HR in the range of 100-120

bpm (pulsatile power reached zero), making it impossible for a reflection-changing element to

make much difference close to the optimum HR of 100 bpm. However, as shown in FIG. 5A

and FIG. 5B, as the arterial rigidity increases, the optimum HR also increases, going past 180

bpm, Therefore, as arterial rigidity increases, it becomes much broader for the range of heart

rates over which the reflection-changing element of the invention can be used to reduce the

cardiac workload. In various embodiments, that range of effective heart rates may be no less

than 5, 10, 20, 30, 40, 50, 60, 70, 80, 90 or 100 bpm. Also, in various embodiments, the

percentage of reduction in the LV load may be no less than 5, 10, 20, 30, 40, 50 or 60%.



[0069] Any patent, patent application, publication, or other disclosure material identified

in the specification is hereby incorporated by reference herein in its entirety. Any material, or

portion thereof, that is said to be incorporated by reference herein, but which conflicts with

existing definitions, statements, or other disclosure material set forth herein is only incorporated

to the extent that no conflict arises between that incorporated material and the present disclosure

material. In the event of a conflict, the conflict is to be resolved in favor of the present

disclosure.

[0070] While the present invention has been particularly shown and described with

reference to the preferred mode as illustrated in the drawing, it will be understood by one skilled

in the art that various changes in detail may be affected therein without departing from the spirit

and scope of the invention as defined by the claims.



We claim:

1. A device implantable in a mammal, comprising:

a biocompatible material configured to generate an artificial pressure wave reflection site

in a blood vessel in the mammal, said artificial pressure wave reflection site configured to reduce

a hemodynamic load on the mammal's heart as compared to a hemodynamic load exerted by said

blood vessel without said artificial pressure wave reflection site.

2 . The device of claim 1, further comprising a band that can be configured to have curvature

for constricting the blood vessel at said reflection site or otherwise applying pressure at said

refiection site.

3 . The device of claim 1, wherein the device is configured to be changed in at least one

parameter selected from the group consisting of an activation state, an axial distance from the

aortic root, an axial width, a diameter, a flexibility, a durometer and a shape.

4 . The device of claim 1, wherein said device comprises multiple reflection-changing

elements that can be individually activated and deactivated.

5 . The device of claim 4, wherein said multiple reflection-changing elements are each

selected from the group consisting of a ring, a band, a graft, and a stent.

6 . The device of claim 1, wherein said device is in communication with a control module

that effects the adjustment.



7 . The device of claim 6, wherein said control module is configured to be set by at least one

actor selected from the group consisting of a human operator, a microcomputer-based device

having instructions recorded on a machine-readable medium, and a remote device in

communication with said control module.

8. The device of claim 6, wherein said control module is in communication with a sensor

configured to detect at least one physiological parameter related to blood flow.

9 . The device of claim 8, wherein the at least one physiological parameter is selected from

the group consisting of a heart rate, a pressure wave at the aortic root, a flow wave at the aortic

root, an arrival time of incoming pressure wave in the blood vessel, an arrival time of incoming

flow wave in the blood vessel, and a rigidity of the blood vessel.

10. A kit, comprising:

an implantable device comprising a biocompatible material configured to generate an

artificial pressure wave reflection site in a blood vessel in the mammal, said artificial pressure

wave reflection site configured to reduce over a range of heart rates a hemodynamic load on the

mammal's heart as compared to a hemodynamic load exerted by said blood vessel without said

artificial pressure wave reflection site; and

an instruction as to where to implant said implantable device in the mammal.

11. The kit of claim 10, further comprising a control module configured to make adjustment to

said device.



12. The kit of claim 11, further comprising a sensor configured to communicate with said control

module, said sensor configured to detect at least one physiological parameter related to blood

flow.

13. A method of reducing a hemodynamic load on a mammal's heart, said method

comprising the step of affecting a reflective wave in said mammal's blood circulation.

14. The method of claim 13, further comprising providing a new artificial pressure wave

reflection site in a blood vessel in said mammal.

15. The method of claim 13, further comprising adjusting a rigidity of a blood vessel.
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