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CATHETER MALFUNCTION DETERMINATIONS
USING PHYSIOLOGIC PRESSURE

TECHNICAL FIELD

The present invention relates generally to systems and methods for

identifying malfunctions in the implanted catheter of an infusion system by sensing

fluid pressure within the catheter.

BACKGROUND

Infusion systems may be used, for example, when administration of a

therapeutic substance (e.g., a pharmaceutically active agent) to an internal delivery

site within a patient is desired. The internal delivery sites may include, e.g.,

vascular delivery (arterial, venous, etc.), intraparenchymal solid organ sites (e.g.,

IPA brain, liver, etc.), intrathecal locations (containing the cerebrospinal fluid

(CSF) of a patient), etc. An implantable infusion system including a catheter may

be preferred when it is important to deliver the therapeutic substance to the internal

delivery site in controlled, often minute, dosages.

Typically, an infusion system includes a reservoir containing a supply of

therapeutic substance awaiting delivery to a the patient. A pump may be fluidly

coupled to the reservoir for creating fluidic pressure to facilitate delivery of the

therapeutic substance to the patient. A catheter provides a pathway for delivering

the therapeutic substance to the internal delivery site of the patient. All parts of the

infusion system need to operate adequately to ensure proper delivery of therapeutic

substances using the system.

While perhaps the least complex component of an infusion system,

catheters can have and/or can develop operational problems. For example,

catheters may be placed in the wrong location when originally deployed or the

catheters may move (migrate) over time such that fluids (e.g., therapeutic

substances) delivered through the catheters are not delivered to the selected internal

delivery site.

Catheters can also become obstructed or clogged during use. A partial or

complete blockage could prevent the therapeutic substance from reaching the

selected delivery site of the patient or, in the case of a partial obstruction, could



prevent an adequate supply of the therapeutic substance from reaching the internal

delivery site of the patient.

Catheters can also leak due to cuts, tears, etc. A leak, small or large, can

also prevent the therapeutic substance from reaching the selected internal delivery

site of the patient. In addition to the lack of therapeutic substance supplied to the

selected internal delivery site of the patient, the therapeutic substance could be

dispersed outside of the selected internal delivery site which may create further

issues.

SUMMARY OF THE INVENTION

The present invention provides a variety of methods of determining

whether an implanted catheter used to deliver fluids to the selected internal

delivery site of a patient is not properly located or has migrated away from the

selected internal delivery site, is leaking, is blocked, etc. The determination is

made by analyzing the pressure modulation of fluid within the catheter and

determining whether the pressure of the fluid in the catheter is modulated by

physiologic pressure changes present at the selected internal delivery site.

The selected internal delivery site may include, e.g., any fluid-filled internal

space in the body, including, but not limited to the intrathecal space (where the

intrathecal space contains the CSF of the patient, blood vessels, etc.). Other

potential internal delivery sites may include, e.g., solid (parenchymal) organs,

hollow (luminal) organs, etc. The physiologic pressure changes at the selected

internal delivery site may be caused by, e.g., cardiac activity, respiration, changes

in patient posture, etc.

When a catheter is properly located with an infusion section positioned at

the selected internal delivery site, pressure modulations at the selected internal

delivery site are preferably transmitted to the fluid in the catheter. When pressure

measurements of the fluid in the catheter exhibit pressure modulations similar to

the expected physiologic pressure modulations, it may be possible to determine

that a catheter malfunction does not exist, i.e., that the infusion section of the

catheter is located at the selected internal delivery site and that the catheter itself is

not leaking or blocked. Conversely, the absence of expected physiological

pressure modulations in the fluid within the catheter (as caused by, e.g., cardiac



activity, respiration, changes in patient posture, etc.), may serve as the basis for a

determination that the catheter has malfunctioned, e.g., that the infusion section of

the catheter is not located at the selected internal delivery site (e.g., within the CSF,

etc.), is leaking, is blocked, etc.

The pressure modulation profiles developed based on the fluid pressure

measured within the catheter may be analyzed using a variety of techniques. For

example, the pressure modulation profile may be compared to a selected pressure

profile to determine whether the pressure modulation profile includes physiological

pressure modulation as a component. In another example, the pressure modulation

profile may be analyzed to determine if the pressure modulation profile includes

physiological pressure modulation caused by patient cardiac activity. In another

alternative, the pressure modulation profile may be analyzed to determine if the

pressure modulation profile includes physiological pressure modulation caused by

patient respiration. In still another example, the pressure modulation profile may

be analyzed to determine if the pressure modulation profile includes physiological

pressure modulation caused by patient activity (e.g., movements from the supine to

upright postures, etc.).

Although the methods of the present invention could potentially be

performed continuously, it may be advantageous (from, e.g., a power conservation

standpoint) if the pressure modulation measurement, data collection, and/or

analyses were performed at selected times. The selected times may include, e.g., at

a predetermined time (on, e.g., a daily/weekly/monthly basis), at the request or

direction of an individual (the patient, a caregiver, physician, health care

monitoring service, etc.), or on any other suitable basis. If the measurement and/or

analyses are to be performed at the request or direction of an individual, the

commands required to initiate the process may be delivered using, e.g., remote

administration systems such as telemetry, wireless networks, etc.

As discussed herein, the pressure modulation profiles are based on the

measured pressure of fluids within the catheters. Although the fluids may

preferably contain one or more therapeutic substances that are to be delivered to

the patient through the catheter, the fluids are not required to contain any

therapeutic substances. For example, the fluids may be supplied only to confirm



proper catheter placement and/or operation without supplying any specific

therapeutic effect.

It may be preferred that the pressure modulation profiles used in connection

with the present invention are based on measurements of the fluid in the catheter

that are taken when the fluid is stationary within the lumen of the catheter.

Pressure modulation profiles obtained when the fluid is stationary may be preferred

to limit pressure modulation caused by, e.g., movement of the fluid as it passes

through the catheter (as driven by a pump or other fluid delivery mechanism).

Such unwanted pressure modulation may potentially interfere with accurate

assessment of the presence of catheter malfunctions based on measured fluid

pressure.

When it is determined that a catheter malfunction exists, a variety of actions

may be taken. In some instances, an alert may be provided to the patient and/or a

third party after determining the existence of the catheter malfunction. The alert

may take any suitable form, e.g., audible, visual, tactile (e.g., vibrations, etc.).

Another action that may be taken in response to a catheter malfunction is that the

delivery of fluid (including, e.g., a therapeutic substance) to the lumen of the

catheter may be terminated after determining the existence of a catheter

malfunction.

The pressure modulation profiles used in connection with the present

invention may be developed based on pressure measurements obtained over only

selected time intervals. The intervals may each have a duration of, e.g., 5 minutes

or less, 1 minute or less, etc. over which the pressure is monitored. Although the

pressure measurements may be taken continuously, it may be preferred to use only

the pressure data generated during the selected time interval(s) to develop the

pressure modulation profiles used in connection with the invention. The selected

time intervals may be chosen based at least in part on the patient's circadian rhythm

(e.g., when a patient is sleeping, etc.). In another alternative, the selected time

intervals may be selected based on manual or other input during a troubleshooting

procedure, routine checkup session, etc.



The methods of the present invention may also involve the storage of data

representative of the pressure modulation profile in a data storage device before

comparing the pressure modulation profile to a selected pressure profile or

performing any other analyses on the pressure modulation profile to determine the

patency of the catheter. In those embodiments in which the data is stored, any such

analyses may be performed within the system itself (using, e.g., a self-contained

controller) or the analyses may be performed external to the system by, e.g.,

transmitting the data to an external device (using, e.g., telemetry, etc.).

As discussed herein, the methods may be performed in real-time or the

pressure data may be stored to allow for analysis at a later time. If performed in

real-time, the infusion system may preferably include hardware and/or software to

allow for the required functions.

In one aspect, the present invention provides a method of identifying the

presence of a catheter malfunction in an implanted catheter by measuring pressure

of a fluid located within a lumen in a catheter implanted in a patient, wherein the

lumen extends to an infusion section that is located at a selected internal delivery

site in the patient; developing a pressure modulation profile based on the measured

pressure of the fluid in the lumen; and comparing the pressure modulation profile

to a selected pressure profile.

In another aspect, the present invention provides a method of identifying

the presence of a catheter malfunction in an implanted catheter by measuring fluid

pressure of a fluid located within a lumen in a catheter implanted in a patient,

wherein the lumen extends to an infusion section that is located at a selected

internal delivery site in the patient; developing a pressure modulation profile based

on the measured fluid pressure of the fluid in the lumen; and determining if the

pressure modulation profile includes pressure modulation caused by patient cardiac

activity.

In another aspect, the present invention provides a method of identifying

the presence of a catheter malfunction in an implanted catheter by measuring fluid

pressure of a fluid located within a lumen in a catheter implanted in a patient,

wherein the lumen extends to an infusion section that is located at a selected



internal delivery site in the patient; developing a pressure modulation profile based

on the measured fluid pressure of the fluid in the lumen; and determining if the

pressure modulation profile includes pressure modulation caused by patient

respiration.

In another aspect, the present invention provides an implantable infusion

system that includes a pump mechanism fluidly coupled to a reservoir to receive

fluid contained within the reservoir; a catheter having a delivery lumen fluidly

coupled to the pump mechanism, wherein the delivery lumen extends to an

implantable infusion section in the catheter; a pressure sensor positioned to monitor

fluid pressure within the delivery lumen of the catheter and provide a pressure

signal representative of the fluid pressure; and control electronics connected to

receive the pressure signal from the pressure sensor, wherein the control

electronics develops a pressure modulation profile based on the fluid pressure

measured in the delivery lumen and compares the pressure modulation profile to a

selected pressure profile.

In another aspect, the present invention provides an implantable infusion

system that includes a pump mechanism fluidly coupled to a reservoir to receive

fluid contained within the reservoir; a catheter comprising a delivery lumen fluidly

coupled to the pump mechanism, wherein the delivery lumen extends to an

implantable infusion section in the catheter; a pressure sensor positioned to monitor

fluid pressure within the delivery lumen of the catheter and provide a pressure

signal representative of the fluid pressure; and control electronics connected to

receive the pressure signal from the pressure sensor, wherein the control

electronics develops a pressure modulation profile based on the fluid pressure

measured in the delivery lumen and determines if the pressure modulation profile

includes pressure modulation caused by patient cardiac activity.

In another aspect, the present invention provides an implantable infusion

system that includes a pump mechanism fluidly coupled to a reservoir to receive

fluid contained within the reservoir; a catheter comprising a delivery lumen fluidly

coupled to the pump mechanism, wherein the delivery lumen extends to an

implantable infusion section in the catheter; a pressure sensor positioned to monitor

fluid pressure within the delivery lumen of the catheter and provide a pressure



signal representative of the fluid pressure; and control electronics connected to

receive the pressure signal from the pressure sensor, wherein the control

electronics is configured to develop a pressure modulation profile based on the

fluid pressure measured in the delivery lumen and determine if the pressure

modulation profile includes pressure modulation caused by patient respiration.

The above summary is not intended to describe each embodiment or every

implementation of the present invention. Rather, a more complete understanding

of the invention will become apparent and appreciated by reference to the

following Detailed Description of Exemplary Embodiments and claims in view of

the accompanying figures of the drawing.

BRIEF DESCRIPTION OF THE VIEWS OF THE DRAWING

The present invention will be further described with reference to the figures

of the drawing.

FIG. 1 is a flow diagram of one exemplary method according to the present

invention.

FIG. 2 is a graph of fluid pressure (y-axis) versus time (x-axis) in a catheter

having an infusion section located within the CSF in the intrathecal space of a

subject.

FIG. 3 is a graph of fluid pressure (y-axis) versus time (x-axis) in a catheter

having an infusion section located outside of the intrathecal space of a subject.

FIG. 4 depicts one exemplary implanted infusion system according to the

present invention.

FIG. 5 is block diagram of the components in one exemplary infusion

system according to the present invention.

FIG. 6 is an enlarged partial cross-sectional view of a catheter that may be

used in connection with the methods and infusion systems of the present invention.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

In the following detailed description of illustrative embodiments of the

invention, reference is made to the accompanying figures of the drawing which

form a part hereof, and in which are shown, by way of illustration, specific

embodiments in which the invention may be practiced. It is to be understood that



other embodiments may be utilized and structural changes may be made without

departing from the scope of the present invention.

It is noted that the terms "comprises" and variations thereof do not have a

limiting meaning where these terms appear in the accompanying description and

claims. Moreover, "a," "an," "the," "at least one," and "one or more" are used

interchangeably herein.

As discussed herein, the methods and systems of the present invention

involve monitoring fluid pressure within the fluid-filled lumen of a catheter where

the fluid in the lumen is in fluid communication with the physiological pressure at

a selected internal delivery site. The infusion section of the catheter is preferably

located at the selected internal delivery site such that pressure modulations

experienced at the selected internal delivery site can be transmitted to the fluid in

the catheter lumen. A pressure sensor operably connected to the catheter to

measure fluid pressure within the catheter lumen will, therefore, preferably be

capable of measuring the pressure modulations transmitted into the fluid in the

lumen at the selected internal delivery site.

Although the following description of illustrative embodiments focuses on

an internal delivery site that is located within the intrathecal space of the patient

(where the intrathecal space is the space that contains the CSF of the patient), it

should be understood that the methods and systems of the present invention may be

used in connection with a catheter having an infusion section located at any

selected internal delivery site at which physiological pressure modulations may be

used to determine the existence of catheter malfunctions as discussed herein.

Examples of some alternative internal delivery sites may include, e.g., any fluid-

filled internal space in the body, including, but not limited to the blood vessels, etc.

Other potential internal delivery sites may include, e.g., solid (parenchymal)

organs, hollow (luminal) organs, etc.

FIG. 1 is a flowchart of one exemplary method according to the present

invention. The method involves measuring pressure of a fluid within the catheter

lumen of an infusion system that includes a catheter having an infusion section

implanted within a patient (box 10 in FIG. 1). The method also includes

developing a pressure modulation profile based on the measured fluid pressure

(box 12 in FIG. 1). The pressure modulation profile is then compared to a selected



pressure profile (box 14 in FIG. 1). Based on the comparison, a determination can

be made whether or not a catheter malfunction has occurred where the developed

pressure modulation profile differs from the selected pressure profile. The

differences between the developed pressure modulation profile may preferably

include the presence or absence of physiological pressure modulations in the

developed pressure modulation profile.

FIGS. 2 & 3 depict various pressure modulation profiles to illustrate the

principles upon which the methods and systems of the present invention are based.

The pressure within the CSF located in the intrathecal space (which is one example

of a potentially suitable selected internal delivery site) varies with physiological

activity of a patient. The data plotted in FIG. 1 demonstrates those variations,

where the plot 20 represents pressure of fluid within a lumen located in fluid

communication with the CSF and includes major peaks 22 representative of patient

respiration activity and minor peaks 24 representative of cardiac activity (i.e.,

heartbeats). The major peaks 22 and minor peaks 24 are transmitted into the fluid

in the lumen from the CSF (into which the lumen opens).

In contrast, the data plotted in FIG. 3 demonstrates the pressure recorded

within the fluid of the lumen when the opening (e.g., infusion section) of the lumen

is located outside of the intrathecal space. As seen in plot 30 of FIG. 3, the

pressure profile of the fluid located within the lumen when the opening is located

outside of the intrathecal space is not noticeably modulated by physiological

activity (such as, e.g., respiration or cardiac activity). It is theorized that the

interstitial fluid pressure, i.e., the fluid pressure within the body but outside of any

enclosed system (e.g. fluid-filled space (such as a blood vessel, intrathecal space,

etc.), in an organ, etc.) is relatively constant throughout the body. When a catheter

lumen opens within this interstitial space, significant pressure modulations are not

typically observed in the lumen - with the resulting pressure modulation profile

appearing similar to that depicted in FIG. 3 . Pressure modulation profiles for

catheters that are blocked or are leaking within the interstitial space will also not

typically include modulations indicative of physiological pressure modulations.

FIGS. 2 & 3 depict pressure measurements as a function of time to illustrate

the principles of the present invention. It should be understood that these pressure

curves are exemplary in nature only. Although scales may be included, the



systems and methods of the present invention are not limited to catheters in which

these same pressures are developed. Rather, the profiles or shapes of the pressure

curves may be used to identify catheter malfunctions in connection with the present

invention.

Although physiological pressure modulations may be caused by respiration

and/or cardiac activity at the selected internal delivery site, other physiological

pressure modulations may be caused by, e.g., changes in posture. For example, as

a patient moves from a horizontal (e.g., supine, prone, etc.) position to an upright

position, the spinal column of a human moves from a generally horizontal

orientation to a generally vertical orientation. In response to such posture changes,

the fluid head of the CSF within the intrathecal space will change. Fluid-head

pressure modulations caused by posture changes will typically be greater towards

the lower end of the spinal column due to the larger volume of CSF located above

the lower end of the spinal column when the spinal column is generally vertical.

Such physiological pressure modulations may be controlled by directing a patient

to change posture and measuring/detecting the resulting pressure modulations.

One or more of these physiological pressure modulations may be used to

determine if the infusion section of the catheter is located at the selected internal

delivery site (e.g., within the intrathecal space). If the infusion section is located

at the selected internal delivery site, then the fluid pressure of fluid within the

catheter lumen will be modulated by the physiological pressure modulations

present at the selected internal delivery site. Conversely, if the infusion section of

the catheter is not located at the selected internal delivery site (due to

misplacement, migration after placement, etc.), then the pressure of the fluid within

the catheter lumen will not exhibit modulations caused by the physiological

pressure modulations that are present at the selected internal delivery site.

In some embodiments, it may be desirable to halt any flow of fluid (e.g.,

therapeutic substance) into the catheter when measuring the pressure of the fluid

within the lumen to reduce the influence of pump pressure modulations on the

pressure of the fluid within the lumen. This may be particularly true if the fluid is

delivered using pulsed delivery methods, peristaltic pumps, etc. that could,

themselves, cause pressure modulations.



The pressure measurements used to develop pressure modulation profiles

may be taken over selected time intervals where the selected intervals may

coincide with a variety of activities. For example, the selected intervals may occur

when no fluid is being delivered through the catheter such that the fluid within the

catheter is stationary. The selected intervals may also be chosen based at least in

part on the patient's circadian rhythm (e.g., when a patient is sleeping, etc.).

Determination as to whether a patient is sleeping (or resting in, e.g., the supine,

prone or another generally horizontal position) may be made based on external

input (e.g., a clock, an indicator activated by the patient or a third party, etc.).

Alternatively, the system and method may be adaptive. In an adaptive

system/method, fluid head pressure changes that occur as a result of movements

between the upright and horizontal postures may be used to determine whether the

patient is sleeping (or otherwise resting). Other methods and/or systems for

determining when a patient is sleeping or resting may be described in, e.g., U.S.

Patent Application Publication No. US 2005/02095 12 (DETECTING SLEEP);

U.S. Patent Application Publication No. US 2005/0209513 (COLLECTING

SLEEP QUALITY INFORMATION VIA A MEDICAL DEVICE); U.S. Patent

Application Publication No. US 2005/0234514 (COLLECTING POSTURE

INFORMATION TO EVALUATE THERAPY); and U.S. Patent Application

Publication No. US 2005/02345 18 (COLLECTING ACTIVITY AND SLEEP

INFORMATION VIA A MEDICAL DEVICE).

Because the methods and systems that are developed to identify a catheter

malfunction are based on determining whether or not the pressure of fluid

delivered through the catheter is modulated by physiological pressure modulations

at the selected internal delivery site, the methods may involve a variety of different

analyses. Those analyses may include, e.g., comparing the pressure modulation

profile to a selected pressure profile where the selected pressure profile includes

physiological pressure modulations. Potential analytical methods may include,

e.g., direct observation of the pressure modulation profile (e.g., on a display),

comparison of the pressure modulation profile to a selected pressure profile (using,

e.g., a look-up table, etc.), etc. In some methods, the physiological events that

impact the pressure modulation profile may be tracked and correlated to changes in



the pressure modulation profile (e.g., heart rate may be monitored, respiration may

be monitored (using, e.g., thoracic impedance, etc.).

The selected pressure profile used in connection with some embodiments of

the invention may, for example, include physiological modulations based on

patient respiration and/or cardiac activity. In other embodiments, the selected

pressure profile may include physiological pressure modulations based on changes

in posture (e.g., movement from an upright posture where the patient is

sitting/standing to a horizontal posture where the patient is, e.g., lying down on a

horizontal surface - or vice versa). The absence of the selected physiological

pressure modulations in the developed pressure modulation profile could be one

indicator that a catheter malfunction has occurred.

In some embodiments the selected pressure profile may not include

physiological pressure modulations. If the selected pressure profile does not

include physiological pressure modulations, then the comparison may be made to

determine if the developed pressure modulation profile contains physiological

pressure modulations that are not present in the selected pressure profile. If it does,

then a determination can be made that the infusion section of the catheter is located

at the selected internal delivery site (e.g., in the CSF). In other words, the

systems/methods can be compared to selected pressure profiles that do or do not

include physiological pressure modulations to assist in determining the existence or

absence of a catheter malfunction.

Among the catheter malfunctions that may result in an absence of expected

physiological pressure modulations in the developed pressure modulation profile is

that the infusion section of the catheter is not located at the selected internal

delivery site (e.g., in the CSF). Such a condition may occur when, for example, the

infusion section is placed outside of the selected internal delivery site (e.g., the

intrathecal space) when originally implanted. Alternatively, the infusion section

may be properly located at the selected internal delivery site (e.g., within the

intrathecal space) as originally deployed, but may have migrated away from the

selected internal delivery site (e.g., outside of the intrathecal space) such that the

expected physiological pressure modulations are not detected after the initial

deployment.



Another catheter malfunction that may cause an absence of physiological

pressure modulations in the developed pressure modulation profile is that the

catheter lumen may become blocked downstream from the location at which

pressure is measured such that physiological pressure modulations at the selected

internal delivery site (e.g., from the CSF) cannot be transmitted to the pressure

sensor. Such a blockage would also typically be expected to prevent or

significantly limit the delivery of any fluids through the catheter.

Still another malfunction that may cause an absence of physiological pressure

modulations in the developed pressure modulation profile is a leak in the catheter

lumen. To limit the presence of physiological pressure modulation in the catheter,

the leak may typically be located outside of the selected internal delivery site (e.g.,

outside of the intrathecal space, blood vessels, selected organ, etc.) because a leak

within the same general region of the selected internal delivery site (e.g., within the

intrathecal space, blood vessels, selected organ, etc.) could still result in the

transmission of expected physiological pressure modulations to the pressure

sensor. Also, it should be noted that smaller leaks may not be detectable using the

methods and systems of the present invention. A leak occurring outside of the

selected internal delivery site would also typically be expected to prevent or

significantly limit the delivery of any fluids to the selected internal delivery site.

If it is determined that a catheter malfunction exists, a variety of actions

may be taken. For example, the delivery of fluid through the catheter may be

terminated, the rate of delivery of the fluid may be changed, etc. In addition to, or

in place of, terminating or changing the fluid delivery rate, other actions may be

taken. For example, an alert may be provided to the patient and/or a third party

(caregiver, medical personnel, etc.). The alert may be provided locally in the form

of an audible signal (e.g., a buzzer), visual signal (e.g., a light), tactile signal (e.g.,

vibrations), etc. The alert may, in some embodiments be transmitted from the

infusion system to another device, e.g., personal computer, wireless

computer/telephone network, modem, etc.

Although many different infusion systems could be used to practice the

methods of the present invention, some exemplary infusion systems will be

described herein. FIG. 4 illustrates one exemplary embodiment of an implantable

infusion system that may be used in connection with the present invention. The



depicted infusion system is implanted within a patient's body. Infusion systems

may be used for a wide variety of therapies including treatment of pain, spasticity,

and other medical conditions. Although exemplary infusion systems that may be

used in connection with the present invention are described herein, reference may

also be had to U.S. Patent Application Publication No. US 2005/0075624 A l , titled

PRESSURE SENSING IN IMPLANTABLE MEDICAL DEVICES (Miesel).

The infusion systems and methods of the invention are preferably capable

of infusing a fluid from a reservoir to the selected internal delivery site (e.g., the

CSF, etc.) through a catheter having an infusion section positioned at the selected

internal delivery site (e.g., within the intrathecal space containing the CSF).

Although the fluid may preferably contain one or more therapeutic substances that

are to be delivered to a patient through the catheter, the fluids are not required to

contain any therapeutic substances. For example, the fluids may be used within the

methods and systems to confirm proper catheter functioning without supplying any

specific therapeutic effect.

As used herein, the term "therapeutic substance" means a substance

intended to have a therapeutic effect on the patient, e.g., pharmaceutical

compositions, genetic materials, biologies, and other substances. "Pharmaceutical

compositions," as used herein, may include chemical formulations intended to have

a therapeutic effect such as antispasmodics, pain medications, chemotherapeutic

agents, and the like. Pharmaceutical compositions are often configured to function

effectively in an implanted environment by possessing various characteristics

including: stability at body temperature to retain therapeutic qualities;

concentration to reduce the frequency of replenishment; and the like. "Genetic

materials," as used herein, may include substances intended to have a direct or

indirect genetic therapeutic effect such as genetic vectors, genetic regulator

elements, genetic structural elements, DNA, and the like. "Biologies," as used

herein, may include substances that are living matter, or derived from living matter,

and offer a therapeutic effect to the patient such as stem cells, platelets, hormones,

biologically produced chemicals, and the like. "Other substances" may include

most any other substance that is intended to have a therapeutic effect, yet does not

clearly fit within one of the categories identified above. Examples of other

substances may include saline solutions, fluoroscopy agents, and the like.



The exemplary infusion system depicted in FIG. 4 includes an infusion

pump assembly 110 and catheter 120 having a proximal end 122 attached to the

pump assembly 110. The pump assembly 110 may preferably be surgically

implanted subcutaneous Iy in the pectoral, abdominal or other region of the

subject's body. The distal end 124 of the catheter 120 is preferably implanted in a

patient such that the distal end 124 is located at the selected internal delivery site in

the patient (in the intrathecal space of the patient as depicted in FIG. 4). The pump

assembly 110 also preferably includes a reservoir that contains a fluid (e.g., a

therapeutic substance) to be infused using the system. The fluid contained within

the reservoir may preferably be replenished periodically using known techniques

and structures.

Although the present invention also includes embodiments in which the

catheter 120 is implanted with a proximal end outside the body of the patient so

that it may attach to an external pump assembly, the remainder of this description

is, for the sake of brevity, directed to implantable infusion systems that are entirely

implanted in the body of the patient. As used herein, the term "implantable" means

that at least a portion of the system, apparatus or device is adapted for implantation

in the body of subject where it is located at least subcutaneous Iy.

Although the infusion system of FIG. 4 is depicted as infusing a fluid into

only one location in the intrathecal space, it should be understood that a single

system could infuse one or more fluids to one or more selected internal delivery

sites. Also, although depicted in connection with a human body, it should be

understood that the infusion systems of the present invention could also be used on

non-human animals.

The pump assemblies used in connection with the invention may include

any suitable mechanism or structure capable of delivering one or more fluids to a

patient. The structures used to drive fluids in the pump assemblies may be

powered (e.g., piston pumps, diaphragm pumps, peristaltic pumps, etc.) or they

may be activated based on pressure to drive fluid out of a reservoir (e.g., using

collapsing diaphragms, expanding bladders, etc.). Examples of some potentially

suitable pump assemblies may include, e.g., commercially available implantable

infusion pumps such as, for example, the SYNCHROMED EL pumps, Models

8626 and 8627, manufactured by Medtronic, Inc., Minneapolis, Minnesota.



The components of one exemplary pump assembly 110 are depicted in FIG. 5 . The

depicted pump assembly 110 may preferably include a pump mechanism 112

coupled to the catheter 120 such that fluid within the reservoir 114 can be delivered

to the catheter 120 through the pump mechanism 112. The pump assembly 110

may also preferably include a power supply 116 and control electronics 118

connected to the power supply 116 and the pump mechanism 112 such that the

infusion of fluids using the system can be controlled. Although not specifically

depicted, the pump assembly 110 may also include other components such as, e.g.,

communication devices (e.g., telemetry modules, etc.) to provide for control and/or

communication between the infusion system and external devices.

Another component depicted in FIG. 5 is a pressure sensor 130 that, in the

depicted embodiment, is connected to the control electronics 118. The pressure

sensor 130 is preferably connected to the catheter 120 in a manner that allows the

pressure sensor 130 to measure the fluid pressure of fluid located within the

catheter 120 and to provide a pressure signal (to, e.g., the control electronics 118)

that is representative of the fluid pressure of the fluid in the catheter 120.

Examples of some potentially suitable pressure sensors and their interconnection

with control electronics 118 may be described in, e.g., U.S. Patent Application

Publication No. US 2005/0075624 (Miesel) titled PRESSURE SENSING IN

IMPLANTABLE MEDICAL DEVICES.

FIG. 6 depicts a portion of the catheter 120 in an enlarged cross-sectional

view. The catheter 120 includes an elongated tubular portion 123 that preferably

extends from the proximal end (not shown) to the distal end 124. The catheter 120

depicted in FIG. 6 includes a lumen 126 that terminates at opening 128 at the distal

end 124. Therapeutic substances (or other fluids) delivered from the pump

assembly 110 to the catheter 120 pass through lumen 126 and preferably exit the

catheter 120 through opening 128.

The body of catheter 120 may preferably be constructed of any suitable

material, e.g., an elastomeric tube. Examples of some suitable materials include,

but are not limited to, silicone rubber (e.g., polydimethyl siloxane) or polyurethane,

both of which can provide good mechanical properties and are very flexible.

Suitable materials for the catheter 120 are also preferably chemically inert such



that they will not interact with therapeutic substances, body tissues, or body fluids

while implanted in the patient.

Where the catheter is to be used for intrathecal fluid delivery, it may be

preferred that at least a portion of the catheter 120 be sized to fit in the gap between

the spinal cord and the dura within the intrathecal space. Catheters intended for

delivering fluids to other internal delivery sites will be sized appropriately for those

locations. As another consideration in sizing the catheter, the diameter of the

lumen 126 is preferably large enough to accommodate expected infusion rates with

acceptable flow resistance. The wall 121 of the catheter 120 is preferably thick

enough to withstand normal handling during the implant procedure and forces from

body tissues during normal motion. As an example, a catheter intended for use in

intrathecal fluid delivery may have an outside diameter of 1.25 millimeters (mm),

an inside diameter of 0.5 mm, and a wall thickness of 0.375 mm. Such a catheter

may have a length of, e.g., 50 centimeters (cm) long to reach from, e.g., a drug

infusion pump implanted in the patient's abdomen to the spine.

Although the opening 128 through which the fluid exits the catheter 120 is

depicted as a simple opening in the distal end 124 of catheter 120, the opening 128

is only one embodiment of an infusion section that may be provided in catheters

used in connection with the present invention. Other embodiments of infusion

sections may be may include, e.g., multiple openings, permeable membranes, etc.

Although the infusion section (opening 128) of the depicted catheter 120 is located

at the distal end 124 of the catheter 120, the infusion section(s) may be positioned

at any location along the length of the catheter 120 that can be used to deliver the

fluid to the selected internal delivery site. Examples of some potentially suitable

catheters with a variety of infusion sections may be described in, e.g., U.S. Patent

Application Publication No. US 2004/0220548, titled PERMEABLE

MEMBRANE CATHETERS, SYSTEMS AND METHODS.

Because physiological pressure modulations at the selected internal

delivery site are preferably transmitted into the fluid located within the lumens of

catheters used in connection with the invention, the construction of the infusion

sections is preferably selected to provide for that pressure transmission. In other

words, the infusion sections used in connection with the present invention are

preferably capable of transmitting physiological pressure modulations (e.g., from



the CSF where the infusion sections may be located) into the fluid located within

the catheter lumen.

The components of the pump assembly 110 to which the catheter 120 is

connected may be contained within a single housing 111 that may be manufactured

from a biocompatible material such as titanium, tantalum, stainless steel, plastic,

ceramic, and/or the like. However, one or more components of the pump assembly

110 may also be located in separate housings that are appropriately coupled to each

other. For example, the reservoir 114 could be attached to or placed within the

housing 111, or it could be separated from the housing 111 and provided within a

different housing that is connected to housing 111 via, e.g., a fluid coupling.

If provided in the pump assembly 110, the power supply 116 may be in the

form of, e.g., a battery, capacitor, etc. The power supply 116 may preferably be

connected to supply power to the pump mechanism 112, control electronics 118,

pressure sensor 130, and any other components requiring electric power.

The control electronics 118 may be provided in any suitable form and may,

for example, preferably include memory and a controller. The controller may be,

e.g., an Application Specific Integrated Circuit (ASIC) state machine, a gate array,

and/or may include a microprocessor. The control electronics 118 are preferably

configured to operate the pump mechanism 112 (e.g., controlling infusion rate,

etc.) and the pressure sensor 130. The control electronics 118 may also include

components, etc. to operate other features not depicted in the exemplary system

such as valves, temperature sensors, density sensors, alarms, etc.

The memory provided within the control electronics 118 may be used to

store the pressure data collected using the pressure sensor 130. The pressure data

may be stored and analyzed on-board within the control electronics 118 and/or

using a remote device. The memory may be in any suitable format, e.g., flash

memory devices, magnetic memory devices, optical data storage devices, etc.

The control electronics 118 may further include telemetry components configured

to receive and/or send information after the pump assembly 110 and/or catheter

120 are implanted in a patient. Telemetry may also be used to transmit any data

stored within the control electronics 118 of the infusion system relating to pressure,

etc. as discussed herein. The pressure data may be transmitted to allow for analysis



of the data, remote data storage (where, e.g., the amount of data may otherwise

exceed the data storage capacity within the infusion system itself), etc.

Telemetry may also be used to, e.g., allow programming of the infusion

rate, infusion times, selected pressure profiles, etc. Telemetry may further be used

to provide information from the infusion device such as, e.g., the amount of fluid in

the reservoir, etc. Such information may be used to determine whether the

reservoir requires refilling, etc.

To detect pressure within the lumen 126 of catheter 120, pressure sensor

130 may be placed in contact with fluid in the lumen 126 of catheter 120 anywhere

along the lumen 126 of the catheter 120 as long as the pressure sensor 130 is

located proximal of the opening 128 (infusion section) of the catheter 120. It may,

however, be preferred that the pressure sensor 130 be positioned outside of any

location that would experience the same physiological pressure modulations as

those expected at the selected internal delivery site where the infusion section of

the catheter 120 is to be located. As depicted in FIG. 5, the pressure sensor 130

may preferably be contained within the housing 111 of the pump assembly 110

along with pump mechanism 112. The pressure sensor 130 may alternatively be

located outside of the housing 111, although it may preferably be located close to

the pump mechanism 112 such that leaks located between the pressure sensor 130

and the selected internal delivery site can potentially be detected.

The pressure sensor 130 may be adapted to read either gauge or absolute

pressure of the fluid in the lumen 126 of the catheter 120. Because the methods of

the present invention rely on comparison of pressure modulation profiles, changes

in ambient pressure may be of limited importance in implementing the present

invention because ambient pressure changes can typically be expected to exert the

same influence on fluid in the lumen 126 as it does at the selected internal delivery

site (e.g., on the CSF in the intrathecal space).

In those instances where, however, it is desirable to use pressure

measurements from sensor 130 that are adjusted to account for ambient pressure

outside of the catheter 120, a reference pressure may be detected within the

patient's body in which catheter 120 is implanted or the reference pressure may be

detected outside of patient's body. When detected within a patient's body, the

reference pressure may be detected in any suitable location, e.g., proximate the



pump assembly 110. The reference pressure may alternatively be obtained in any

location capable of providing a pressure indicative of the external environment.

Further discussions regarding reference pressures may be found in U.S. Patent

Application Publication No. US 2005/0075624 Al, titled PRESSURE SENSING

IN IMPLANTABLE MEDICAL DEVICES (Miesel).

In some methods and systems of the present invention, a reference pressure

may be detected directly at the selected internal delivery site or at another location

that would be expected to exhibit the same physiological pressure modulations

expected at the selected internal delivery site (e.g., within the CSF in the

intrathecal space using a separate pressure sensing system, etc.) . In such a

method/system, the reference pressure may also be used to detect physiological

pressure modulations directly. Detecting physiological pressure modulations

directly could potentially enhance detection of the presence or absence of

corresponding pressure modulations within the fluid in the catheter lumen because

the timing and frequency of the physiological pressure modulations at the selected

internal delivery site would be known using the directly-measured reference

pressure.

The complete disclosure of the patents, patent documents, and publications

cited in the Background, the Detailed Description of Exemplary Embodiments, and

elsewhere herein are incorporated by reference in their entirety as if each were

individually incorporated.

Illustrative embodiments of this invention are discussed and reference has

been made to possible variations within the scope of this invention. These and

other variations and modifications in the invention will be apparent to those skilled

in the art without departing from the scope of the invention, and it should be

understood that this invention is not limited to the illustrative embodiments set

forth herein. Accordingly, the invention is to be limited only by the claims

provided below and equivalents thereof.



CLAIMS:

1. A method of identifying the presence of a catheter malfunction in an

implanted catheter, the method comprising:

measuring pressure of a fluid located within a lumen in a catheter

implanted in a patient, wherein the lumen extends to an infusion section

that is located at a selected internal delivery site in the patient;

developing a pressure modulation profile based on the measured

pressure of the fluid in the lumen;

comparing the pressure modulation profile to a selected pressure

profile; and

determining that a catheter malfunction exists if the pressure

modulation profile differs from the selected pressure profile.

2 . A method according to claim 1, wherein developing the pressure

modulation profile is based on measuring the pressure of the fluid in the

lumen when the fluid is stationary within the lumen.

3 . A method according to claims 1 or 2, further comprising providing

an alert to the patient and/or a third party after determining the existence of

the catheter malfunction.

4 . A method according to claims lor 2, further comprising terminating

delivery of the fluid to the lumen after determining the existence of a

catheter malfunction.

5 . A method according to claims 1 or 2, wherein the selected pressure

profile is based at least in part on patient respiration.

6 . A method according to claims 1 or 2, wherein the selected internal

delivery site is in a blood vessel of the patient.



7 . A method according to claims 1 or 2, wherein the selected pressure

profile is based at least in part on patient cardiac activity.

8. A method according to claims 1 or 2, wherein the selected internal

delivery site is in the intrathecal space of the patient.

9 . A method according to claim 8, wherein the selected pressure

profile is based at least in part on changes in the pressure of the fluid as the

patient moves between supine and upright postures.

10. A method according to claims 1 or 2, wherein the pressure

modulation profile is developed based on pressure measurements obtained

at only selected intervals.

11. A method according to claim 10, wherein the selected intervals are

chosen based at least in part on the patient's circadian rhythm.

12. A method according to claims 1 or 2, further comprising storing

data representative of the pressure modulation profile in a data storage

device before comparing the pressure modulation profile to a selected

pressure profile.

13. A method of identifying the presence of a catheter malfunction in an

implanted catheter, the method comprising:

measuring fluid pressure of a fluid located within a lumen in a

catheter implanted in a patient, wherein the lumen extends to an infusion

section that is located at a selected internal delivery site in the patient;

developing a pressure modulation profile based on the measured

fluid pressure of the fluid in the lumen;

determining if the pressure modulation profile includes pressure

modulation caused by patient cardiac activity or patient respiration; and



determining that a catheter malfunction exists if the pressure

modulation profile does not include pressure modulation caused by patient

cardiac activity or patient respiration.

14. A method according to claim 13, wherein developing the pressure

modulation profile is based on measuring the pressure of the fluid in the

lumen when the fluid is stationary within the lumen.

15. A method according to claims 13 or 14, further comprising

providing an alert to the patient and/or a third party after determining the

existence of the catheter malfunction.

16. A method according to claims 13 or 14, wherein the selected

internal delivery site is in a blood vessel of the patient.

17. A method according to claims 13 or 14, wherein the selected

internal delivery site is in the intrathecal space of the patient.

18. A method according to claims 13 or 14, wherein the pressure

modulation profile is developed based on pressure measurements obtained

at only selected intervals.

19. A method according to claim 18, wherein the selected intervals are

chosen based at least in part on the patient's circadian rhythm.

20. An implantable infusion system comprising:

a pump mechanism fluidly coupled to a reservoir to receive fluid

contained within the reservoir;

a catheter comprising a delivery lumen fluidly coupled to the pump

mechanism, wherein the delivery lumen extends to an implantable infusion

section in the catheter;



a pressure sensor positioned to monitor fluid pressure within the

delivery lumen of the catheter and provide a pressure signal representative

of the fluid pressure; and

control electronics connected to receive the pressure signal from the

pressure sensor, wherein the control electronics are configured to:

develop a pressure modulation profile based on the fluid

pressure measured in the delivery lumen; and

compare the pressure modulation profile to a selected pressure

profile.

2 1. A system according to claim 20, wherein the pump mechanism, the

reservoir, and the control electronics are contained within one or more

implantable housings along with a power source.

22. A system according to claims 20 or 2 1 wherein the control

electronics are further configured to determine if the pressure modulation

profile includes pressure modulation caused by patient cardiac activity.

23. A system according to claims 20 or 2 1 wherein the control

electronics are further configured to determine if the pressure modulation

profile includes pressure modulation caused by patient respiration.
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